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Abstract. We analyze ozone observations recorded overl Introduction

Equatorial Africa between April 1997 and March 2003 by the

MOZAIC programme, providing the first ozone climatology Tropospheric ozone acts both to control the oxidizing capac-
deriving from continental in-situ data over this region. Three-ity of the atmosphere and as a greenhouse gas (Logan and
dimensional streamlines strongly suggests connections beKirchhoff, 1986; Crutzen, 1987). Most of the oxidation of
tween the characteristics of the ozone monthly mean verticalong-lived gases by hydroxyl radicals (OH) takes place in
profiles, the most persistent circulation patterns in the tropothe tropics, where high UV and humidity promote the forma-
sphere over Equatorial Africa (on a monthly basis) such asion of OH from the photolysis of ozone (Logan et al., 1981;
the Harmattan, the African Easterly Jet, the Trades and th@hompson, 1992). Ozone is produced within the troposphere
regions of ozone precursors emissions by biomass burningasy the photochemical oxidation of hydrocarbons, methane
During the biomass burning season in each hemisphere, th@gCH,) and carbon monoxide (CO) in the presence of nitro-
lower troposphere exhibits layers of enhanced ozone (i.e. 7gen oxides (NQ=NO+NQ,) (Crutzen, 1974, 1988; Fishman
ppbv over the coast of Gulf of Guinea in December-Februaryet al., 1979; Marenco et al., 1989) and is also transported
and 85 ppbv over Congo in June-August). The characterisdown from the stratosphere. Ozone photochemical forma-
tics of the ozone monthly mean vertical profiles are clearlytion occurs in three main ways (Logan et al., 1981, 1985):
connected to the regional flow regime determined by sea{1) a rapid formation from reactive hydrocarbons (urban pol-
sonal dynamic forcing. The mean ozone profile over thelution, biomass burning) close to their source, followed by
coast of Gulf of Guinea in the burning season is charac-its mixing within the troposphere, and (2) a slow and de-
terized by systematically high ozone below 650 hPa ; thesdayed formation (2 or 3 weeks) from less reactive precursors,
are due to the transport by the Harmattan and the AEJ obuch as CO and CH during or after their redistribution in
the pollutants originating from upwind fires. The confine- the troposphere by horizontal and vertical atmospheric mo-
ment of high ozone to the lower troposphere is due to thetions (Logan et al., 1981, 1985). This has been summarized
high stability of the Harmattan and the blocking Saharan an-as “cook then mix” or “mix then cook” by Chatfield and De-
ticyclone which prevents efficient vertical mixing. In con- lany (1990). (3) A very slow process of production in the
trast, ozone enhancements observed over Central Africa dutippermost troposphere which results from background tro-
ing the local dry season (June-August) are not only found inpospheric carbon species and nitrogen oxides. The latter pro-
the lower troposphere but throughout the troposphere. Moreeess can be accelerated by lightning N&3 the dry season
over, this study highlights a connection between the regiongjives way to thunderstorms of the wet season (Edwards et
of the coast of Gulf of Guinea and regions of Congo to theal., 2003; Chatfield et al., 2004). While this appears to be
south that appears on a semi annual basis. Vertical profiles ia non-pollution process, the organic radical producers may
wet-season regions exhibit ozone enhancements in the lowendeed be increased by pollution.

troposphere due to biomass burning products transport from The first rapid process is illustrated by polluted biomass
fires situated in the opposite dry-season hemisphere. burning plumes sampled during the TROPOZ campaign
showed that ozone concentrations increase from 90 to
105 ppbv after only two days (Jonquieres et al., 1998). Thus
Correspondence td3. Sauvage the photochemical impact of pollutants must be considered
(saub@aero.obs-mip.fr) both on regional and hemispheric scales.
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Fig. 1. Fires counts during DJf&) and JJA(b) from the ATSR World fire Atlastttp://sharkl.esrin.esa.it/ionia/FIRE/Average over the
years 1998 to 2002.

The equatorial African region is of great interest becausechronously of the ITCZ, with a northward shift during the
of a particular combination of dynamical processes, highmonsoon season (JJA). They both contribute to the well de-
chemical activity from intense biomass burning. Figdre fined and stable trade-wind inversion and the highly strati-
shows the position of the fires as seen by ATSR on board ofied nature of the atmosphere (Andreae et al., 1994). Com-
ERS2, and averaged over the years 1998-2002, for the twpared with West Africa, East Africa exhibits slightly dif-
dry seasons. ferent regimes due to the topography and the proximity of
the Indian Ocean. Several major structural elements can be

We begin with a schematic overview of the dynamical situ-
g y identified: the ITCZ and the Arabian and Mascarene anticy-

ation over Africa for two opposite seasons. FigRshows an . . A
example of the monthly mean streamlines from the ECMWFCIc_m_eS' The East African Iow—leyel jetor Somali jet (Faf),
analyses for January and July 2002 (left and right columnPriginates atthe nor’Fh-eastern tip ofMadagaspar (Hastenrath,
respectively), for three different pressure levels (250 hPa: a1990); and the Tropical Easterly Jet prevails in the upper tro-
and b; 650hPa: ¢ and d; and 850 hPa: e and f). One of thgospher_e.

main synoptic flow features is the West African monsoon; In Africa as a whole, the forest and the savannas occupy

7 1?2 i )
a flow from the south-west due to the strong thermal gradi-areas of 10° and 1X1.O km®, _respgctlvely. The annu
ent between continent and ocean in boreal summer Pig. ally burned dry matter biomass is estimated atxtL@ tons

—1 . .
The zone of confluence between north-easterly (Harmattanzr (De'”_‘as etal., 19.9 1). quan activities are the primary
ause of biomass burning, which serves a variety of purposes:

and south-westerly trade winds is represented by the inter= ) .
continental convergence zone (hereafter, ITCZ, Fgs.f clearing of forest and brush land for agricultural use, conver-

red lines) which shifts each boreal summer into the north-Sion of forests to agricultural and pastoral uses, energy pro-

ern hemisphere. The African Easterly Jet (hereafter, AEJ)dUCtion for cooking, heating and fuel, control of pests, in-

is a thermal wind responding to temperature gradients be_sects'and weeds, nutrient mobilization, and r.emoval of b“.JSh
P g b g nd litter (Crutzen and Andreae, 1990). Biomass burning

tween the warm Sahara Desert area and the cool Gulf of] ) T .
as long been recognized as a significant source of reactive

Guinea in southern West Africa. It is located around 700— _ has CO. hvd b ich pl
650 hPa (Fig2c). The equatorward side of the jet coincides Species such as » nydrocarbons and‘mlc. piay an
important role in the chemistry and the radiative budget of

with maximum cyclonic shear and may also be the birthplace
of easterly waves which reach their maximum from May to the troposphgre (Crutzen et al., 1985; Crutze'n and Andrgae,
October. Two anticyclones dominate at 500 hPa. The Sahalggo)' I_Emssmns of ozone precursors from biomass buming
ran Anticyclone is centered at 15—1C°E ; and the South a_nd their consequent photochemistry have been observed at
Atlantic Subtropical Anticyclone (hereafter SASTA, or St. d'ﬁere”F scales (Andreae et al., 1988’ 1992; Marenco et al,
Helena anticyclone) is centered att¥®-15 W (at 850 hPa 1990; Fishman et al., 1990; Jonquieres et al., 1998).

level for both, Fig.2e and f). These two highs migrate syn-

Atmos. Chem. Phys., 5, 31335 2005 www.atmos-chem-phys.org/acp/5/311/
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Fig. 2. Monthly mean streamlines from the 2002 ECMWF analy$&s250 hPa Januar{h) 250 hPa July(c) 650 hPa January¢) 650 hPa
July; (e) 850 hPa Janurayf) 850 hPa July. Main dynamical features are written in blue. ITCZ is represented by a red doted line. Red points
symbolize the position of the fires in January and July (as in Fig. 1). Shaded areas symbolize the AEJ location.

However Africa remains a poorly understood and docu-sions from tropical ecosystems and on the photochemistry
mented continent. Several campaigns have been conductexf lower and middle troposphere. The first results came
within the last decades to learn more about emissions anffom DECAFE (1988 — Congo), FOS/DECAFE (1991 Ivory
transport of biogenic and anthropogenic trace constituent€oast) followed by EXPRESSO (1996 Central Africa); and
over the South Atlantic and Africa (Tableand references SAFARI/TRACE-A (1992-2000 Southern Africa). They
therein). These field missions focused mainly on emis-provided evidence of biomass burning emissions over Africa.

www.atmos-chem-phys.org/acp/5/311/ Atmos. Chem. Phys., 53812005
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Table 1. Major African campaigns wich provided in-situ 0zone measurements.

B. Sauvage et al.:

Tropospheric ozone over Equatorial Africa

Acronym Publication (Special issues; papers) Period/Place

TROPOZ | and Il [J. Geophys. Res., 103 (D15), 11-22 Dec. 1987 West Africa
“TROPospheric OZone Jonquieres et al., 1998] 9 January to 1 February 1991
experiment”

DECAFE [J. Geophys. Res., 97 (D6), 1992] February 1988 Congo

“Dynamique Et Chimie
Atmosplerique en Fait

special issue “FOS/DECAFE 91
Experiment” in J. Atmos. Chem.,

Northern Hemisphere Dry season
1991 Ivory Coast

Equatoriale”

FOS/DECAFE
SAFARI-92/TRACE-A

“Transport and Atmospheric
Chemistry near the Equator-Atlantic”
SAFARI-2000

“Southern African

Regional Science Initiative”
Polastern cruises

22 (1,2), 1-239, 1995

[Fontan et al., 1992]

[J. Geophys. Res., 101 (D19), 1996]
[Fishman et al., 1996]
[Lindesay et al., 1996]

[South African J. of Sci., August—September 1999 and 2000

98, 2002] Southern Hemisphere Dry season
special issue, J. Geophys. Res., 108 (D13), 2003 Zambia (Lusaka)
[1987, 1988; Smit et al.,]

1989; Weller et al., 1996]

South Africa
21-09-1992 to 26-10-1992

Aerosols99 cruise [Thompson et al., 2000] January February 1999
Northern Hemisphere Dry season
(New York City Cape Town)

from 1998 on. once a week

Nairobi (over Africa)

SHADOZ

“Southern Hemisphere
ADditional Ozonesondes”
EXPRESSO

Part of DECAFE programme

[Thompson et al., 2002]

November 1996 to December 1996
Central Africa

[Cautenet et al., 1999]
[Delmas et al., 1999]

High concentrations of gases (CO, §NMHC, NO and  sensitivity of sensors to the lower troposphere ozone, pre-
O3) and particles were observed in biomass burning plumesumably due to Rayleigh scattering. Even the recent TOMS
and haze layers occurring in the mid-troposphere (altitudegproduct using the Scan-Angle Method overestimates clear-
between 1 and 4 km) (Andreae et al., 1988, 1992). The rolesky tropospheric ozone columns in areas with particular low
of the ITCZ in the redistribution of carbon monoxide from ozone and underestimates amounts in areas with high ozone
biomass burning near Central Africa has been demonstrate(Kim et al., 2001). Indeed the TOMS Tropical Tropospheric
by Cautenet et al. (1999). However, only a few measure-Ozone Content (TTOC) do not capture the seasonal maxi-
ments were made throughout the troposphere. The few onesium due to biomass burning found in observations and mod-
performed during the TROPOZ | and Il campaigns confirmedels over sub-Saharan northern Africa (Thompson et al., 2002;
that fires in northern Equatorial Africa are effective in pro- Martin et al., 2002). This insensitivity in the lower tropo-
ducing large amounts of ozone with photochemical ozonesphere increases the “tropical Atlantic paradox” (Thomp-
formation rates of 15-35 ppbvs@ 1 in the middle tropo-  son et al., 2000), i.e. the north-south gradient reversal in
sphere (Jonquieres et al., 1998). During the SAFARI 20000zone over the tropical Atlantic during the northern African
experiment, the flux of organic and elemental carbon frombiomass burning season in December—February (DJF).
African savannas burning was estimated at-14g.yr*, The lack of in-situ tropospheric measurements over Equa-
and the flux of nitrogen species a2 Tg.yr* with much  torial Africa restricts the assessment of its regional bud-
of this pollution exported from the east coast towards the In-get and validation of both global models and satellite prod-
dian Ocean (Swap et al., 2003). ucts. The objective of this paper is to establish a climatol-
From a climatological point of view, observations of 0zone ogy of tropospheric ozone (in terms of seasonal and vertical
over Africa are only available from satellite observations variations) over Equatorial Africa from the first regular in-
(TOMS) that can be interpreted to give a total troposphericsitu data recorded there by the MOZAIC programme. The
column ozone (Fishman and Brackett, 1997; Kim et al., MOZAIC programme and the methodology will be described
2001). There is however significant uncertainty in the tro-in Sect. 2. In accord with the climatological approach of this
pospheric ozone columns products because of the very pograper we present the data merged by region and season so as

Atmos. Chem. Phys., 5, 31335 2005 www.atmos-chem-phys.org/acp/5/311/
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Fig. 3. Location of the most documented airports in the three different regions as defined in the text, along with the different vegetation type.

order to produce a catalogue of monthly mean vertical pro-seconds for ozone, water vapour, temperature and wind. The
files. Our analysis in Sect. 3 further investigates the verti-vertical take-off speed of the aircraft is around 5-7ths

cal distributions of a set of descriptors, i.e. biomass burn-leading to a vertical resolution of the data of about 20—
ing periods, meteorology particularities, vegetation, etc. The28 m. For ozone a dual-beam UV absorption instrument
ozone monthly mean distributions presented here exhibit perThermo-Electron, model 49-103) is used, and the mea-
sistent and repetitive characteristics. We aim to establislsurement accuracy was estimatect&ppbv +2%; details
connections between these characteristics and the most peare given in Thouret et al. (1998b). An inter-comparison
sistent circulation patterns in the troposphere over Equatorialvith the available ozone soundings has shown the ability
Africa, such as the Harmattan, the AEJ and the Trades thadf the MOZAIC ozone data to produce accurate and reli-
have a weak variability in terms of location, on a monthly able ozone distributions (Marenco et al., 1998; Thouret et
basis. For that purpose we have examined back-trajectorieal., 1998b;http://www.aero.obs-mip.fr/mozajc/ Since the
based on ECMWF monthly mean analyses, corresponding tend of 2001, MOZAIC has also provided additional mea-
3-dimensional streamlines of a stationary flow, so as to in-surements of N on board only 1 aircraft, (Volz-Thomas
vestigate such connections. et al., 2004) and CO on board all 5 aircraftgdlec et al.,
2003). The data set used for this analysis corresponds to
measurements of ozone and water vapour recorded between
April 1997 and March 2003. We also make a specific use of
the CO data recorded in January 2002 and January 2003 over
Lagos.

In this paper, we use vertical profiles corresponding
to takeoff and landing at 8 airports regularly visited by
MOZAIC aircraft. Airports have been merged into 3 groups
regarding their geographical position: Gulf of Guinea (Abid-
jan, Douala and Lagos), Central Africa (Brazzaville and Lu-
gffmda) and East Africa (Entebbe, Kigali, Nairobi). Fig3re
Oshows their locations on a map.

2 Data and Methodology

The MOZAIC programme (Measurement of Ozone and Wa-
ter Vapor by Airbus In-Service Aircraft) was designed to col-

lect ozone and water vapour data, using automatic equip-
ment installed aboard 5 long range Airbus A340 aircraft
flying regularly all over the world (Marenco et al., 1998;
http://www.aero.obs-mip.fr/mozaidbr more details con-

cerning access and use). The programme started in 19
and more than 20000 flights have been already performe
The MOZAIC programme provides measurements every 4

www.atmos-chem-phys.org/acp/5/311/ Atmos. Chem. Phys., 538612005
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parisons with ozonesondes (which ascend more steeply than

0,25 T T
] aircraft) (Thouret et al., 1998a) and lidar (which provides
0,20 4 a two-dimensional coverage of layers) (Stoller et al., 1999)
. have shown that the assumption is satisfactory. Table 2 gives
TLE B Faiuiniaieieieeeieinte ettt a the number of profiles available over Equatorial Africa since
| ] April 1997 as a total and per month. Note that each region
010 . is well documented throughout the year (except East Africa
005 ] :"f__-;_.: from February to April).
I - ~ . In order to determine a reliable climatology over equa-
I — , : : : : torial Africa, we need to assess the statistical significance
g I3 4 5D D of our observations. The methodology is based on statisti-
0.25 . : . cal laws, like in Logan (1999) with ozonesondes data. Fig-
g : | = ssousoiea] ure 4 gives the standard error on the ozone monthly mean
= 020 (SE=s/\/N, with o the square root of the sample variance
E‘ 1 . and N the number of flights) as a fraction of the monthly
g 0191 mean versus the number of flights per month. The 95% con-
% . m: iy fidence intervals for the monthly means (2SE) clearly depend
E I O T L on both the inherent variability of ozone and the number of
NTE SRR Ehr] S By measurements. Logan (1999) found that in the tropics, 20
E ] R ozone soundings were required for 1 SE tob&5% of the
g opodp A mean below 500 hPa.
2 eoofeo2E0ooAn &0 B0 Applying this criterion (the 95% confidence interval) to

our data set shows that only 15 measurements are required

R I B jpen——— in the lower troposphere (LT) over Gulf of Guinea for 1 SE
] to be <5% of the mean. In the mid troposphere (MT), 18
0,20
| measurements are necessary for 1 SE te<b& and 8 for
oasd . 1SE <7.5%. This value falls to 6 measurements in the up-
I per middle troposphere, for 1 SE to kd 2.5% of the mean,
oo o L as the variability of ozone at this altitude is weaker in the
frmm B e tropics than mid-latitudes due the higher tropopause height
0.0% 5 ___.,._,_':;. T R REREEEEEEEEEEEEEE that reduces the stratospheric influence. For the other re-
- . gions (not shown) the variability is similar for each tropo-
P SR S e spheric level and within the sites. However fewer measure-
ments are necessary for the LT and MT over Central Africa,
Number of flights/tlonth over Gulf with 12 and 7 measurements for 1 $&5% respectively. For

of Guinea region Central Africa in the UT, 6 measurements are required, for

1 SE <5%. This clearly shows the different degrees of vari-
Fig. 4. Fractional standard error versus the number of fIi_ghts in agbility seen over Africa. The tropical region is known to be
month, for the pooled data over the Gulf of Guinea region. The ¢ wigh tropospheric ozone variability as recently shown by
horizontal dashed lines are fqr relative standard errors of 0.05 anq'hompson et al. (2003b). However, these results show that
0.075 for the lower and the middle troposphere (800—700 and 550— -
450 hPa, respectively), and for 0.125 and 0.15 for the upper tropo-the Ozor?e mqnthly means over each airport ShOUId. be rep-
sphere. Each point is the value for a given station and given month[esentatlve W_'th 15 measurements over Gulf of Guinea, _13
over East Africa and 8 over Central Africa. Over the main
visited cities (Brazzaville, Lagos, Abidjan), these criteria are
satisfied (Table 2).
As introduced before we aim to establish connections be-
To study monthly mean distributions, ozone concentra-tween the ozone monthly mean vertical profiles characteris-
tions have been vertically averaged into 20 layers, 12 beiics and the main transport processes that also have a persis-
tween the surface and 400 hPa with a 50 hPa thickness andt@nt signature on a monthly basis. One approach could have
between 400 hPa and 200 hPa with a 25 hPa thickness. Thiseen to use seasonal streamlines at constant pressure level,
resolution is fine enough to assess the general characterisveraged over the MOZAIC sampling period (1997-2003),
tics of the monthly mean distributions. We consider the air-as performed in similar studies (Jenkins and Ryu, 2004b for
craft measurements during ascent and descent to be verticakample). However, this approach only gives a two dimen-
profiles even though there is significant (350 km) horizon- sional vision of the transport. We aim to further document
tal travel between the ground and cruising altitude. Com-the preferred pathways associated with the main dynamical

for one of the indicated pressure level.

Atmos. Chem. Phys., 5, 31335 2005 www.atmos-chem-phys.org/acp/5/311/
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Table 2. Number of MOZAIC profiles per month over Africa, from April 1997 to March 2003.

AFRICA

Town/Month Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Abidjan 32 12 12 18 6 12 16 14 8 26 18 6
Ivory Coast, 5.4 N/4° W

Douala 8 24 31 4 - - - - 2 6 9 -
Cameroon, 4N/9.8° E

Lagos 14 28 20 55 12 2 14 16 4 24 20 10
Nigeria, 6.6 N/3.3 E

GULF OF GUINEA 54 64 53 77 18 14 30 30 14 56 47 16
Brazzaville 7 16 6 10 9 12 18 12 14 8 - -
Congo, 4.3S/15.3 E

Luanda 6 - 2 8 5 1 10 4 4 4 2 2
Angola, 8.8 S/13.3 E

CENTRAL AFRICA 13 16 8 18 14 13 28 22 18 12 2 2
Entebbe 2 - - - 8 4 8 12 6 7 2 -
Uganda, ON/32.# E

Kigali - - - - 10 10 8 12 14 6 2 2
Rwanda, 2 S/30.P E

Nairobi 2 - - - 18 14 16 24 20 14 4 2
Kenya, 1.2 S/36.7 E

EAST AFRICA 4 36 28 32 48 40 27 8 4
Total 71 84 79 113 80 57 114 106 76 109 59 28

processes and to link them with the vertical structure of
ozone monthly mean distributions. For that purpose we have
computed back-trajectories with the Lagrangian-model, LA-
GRANTO (Wernli and Davies, 1997; Wernli, 1997) using the
3-dimensional winds from the ECMWF monthly mean anal-
yses (0.8x0.5° latitude longitude grid, 60 vertical model
levels) calculated with a time step of 30 min. As is typical of
these lagrangian approaches convection and turbulence a
not represented in these calculations. Furthermore, monthl
analyses only provide stationary wind fields, and hence tra-
jectories computed here actually represent three-dimension&l
streamlines (hereafter 3-D streamlines).

— the date of initialisation for four different years (2000,
2001, 2002, 2003); months of January and July; and
for which the day is one of the following: the 30th, the
27th, 25th, 22nd and 20th of each month. (Limitations
in varying the year and the day are due to data storage
restrictions)

;I%m robustness of the 3-D streamlines is established in terms

their ability to reproduce the same connections (between

egions of fires and regions of ozone enhancements) as those
stablished with backtrajectories. Connections with both ap-
proaches are quantified as the number of air parcels that

As a validation, the robustness of this methodology haspassed over a selected source region of biomass burning

been assessed by a statistical comparison between 3-
streamlines and individual backtrajectories computed with
6-hourly ECMWEF analyses. This comparison has been car
ried out for an ensemble of air parcels histories for which the
sub-monthly variability of dynamical fields is included by
defining the following set of initial parameters for backward
movement computations over 5 days:

— the region defined by a 1°51.5 latitude-longitude

oducts (compared to the initial number of air parcels re-

eased) following a particular direction. Thus we define se-
lection criteria §Q as a combination of:

— acontinental source region, geographically defined with
the map of fires (Figl)

— a pressure level dependence (characteristic of the alti-
tude of the Harmattan, the Trades or the AEJ).

square centered around one of the airports visited by thé\0te that the year of the ECMWF monthly mean analyses

MOZAIC aircraft (as the analyses have aOt®rizon- chosen for the 3-D streamlines simply fits with the year of
tal resolution, such a 1°51.5° square corresponds to the most frequent sampling by MOZAIC aircraft (depending

air parcels defined by»44 grid points over the region) ~ ©n the region and the season). The investigation of the inter-
annual variability of ozone monthly means and its possible

— the pressure level choosen among mandatory level oflependence on one of dynamical fields is out of the scope of
ECMWEF analyses the present study.

www.atmos-chem-phys.org/acp/5/311/ Atmos. Chem. Phys., 538512005
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Fig. 5. Monthly mean ozone vertical profiles in parts per billion by volume (ppbv) as a function of pressure, over the different areas: for the
Gulf of Guinea in Decembdgr), January(c), February(e) with: Abidjan (black), Douala (red), Lagos (green); for Central and East Africa in
Decembeib), Januaryd), Februaryf) with: Brazzaville (black), Luanda (red), Nairobi (green). The horizontal bars represent one standard
deviation.
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Fig. 6. Monthly mean vertical profiles over Lagos during January 2002 and 2003. Dynamical parg@etersed meridional components
of the windv (m/s), in black: zonal components of the windm/s), in blue: potential temperature (K), Chemical parametaxsin red:
CO (ppbv), black: @ (ppbv), blue: RH (%). The three different layers described in the text are highlighted in grey.

3 Distribution and variability of tropospheric ozone: For a complementary analysis, Figshows the January
seasonal and regional dependence. Monthly mean monthly mean vertical profiles of the MOZAIC dynami-
vertical profiles and seasonal cycles over Equatorial cal, thermal ¢, v, 6, Fig. 6a), and chemical (§ RH, CO,
Africa Fig. 6b) parameters over Lagos. In order to take advantage

of availability of the CO data these profiles have been com-

3.1 December-January-February (DJF): Biomass burninguted from January 2002 and January 2003. The boundary

season in the northern tropics layer is fed by maritime air masses embedded in the mon-
soon flow up to 900 hPa and characterized by south-westerly

As shown previously (Figsla andZ2e), biomass burning winds, high relative humidity and low ozone (40—60 ppbv).

throughout the northern part of Equatorial Africa is at its High CO concentrations (500—-600 ppbv) probably character-

maximum during the dry season and is an important sourcgze |ocal pollution. The monsoon flow is capped by the Har-
of ozone precursors (Hao et al., 1994). Figirshows the  mattan layer (900750 hPa) with north-easterly winds bring-

ozone monthly mean vertical prOﬁIeS during December, Jan'ing ozone-rich §65 ppbv), dry and stable air masses from a

uary, and February, over the Gulf of Guinea and over Centrakontinental origin. The contribution of thermal winds asso-

Africa plus Nairobi. For clarity reasons, Fi§.shows the  cjated with the meridional temperature gradient between the

ozone vertical profiles only over Nairobi. Other sites from Gyif of Guinea and the continent, peaks into the AEJ (7hns

East Africa are given in FidL9. for monthly-mean and up to 10-15 mison individual pro-

files between 750 and 550 hPa).

In order to explain the origin and formation of the ob-
During the Northern Hemisphere dry season, hereafteS€rved enhanced ozone layers, F@grepresents 3-D stream-
named DJF, ozone concentrations maximize in the lower trolin€s initialized in the ozone maximum at 850 hPa over La-
posphere of the Gulf of Guinea. In this region, the highest90S and traced backward for 5 days using the monthly mean
concentrations reach 60 to 80 ppbv with the overall maxi-W_'”d fields of Janua_ry 2002. Such trajectories show an ori-
mum occurring in January over Lagos (Fig). The polluted 9N from north-east in the Iovyer troposphere.(820—900 hEa)
layers are 150 hPa to 300 hPa thick, with a central pressur@Ver the eastern African region (Central African Republic,
at 750-700 hPa. This enhancement is estimated to be abogdan, Zaire, Uganda and Ethiopia), where biomass burning
+20-30 ppbv over a background concentration level. In thisiS active at this time of the year (Figka and2e).
study the term background has to be understood as the av- As explained before, in order to validate this methodol-
eraged concentration the profile would exhibit in case of noogy, we aim to quantify the robustness of such a connec-
pollution. For example, a background profile for this seasontion. For that purpose we have compared the 3-D stream-
would be around 50 ppbv throughout the troposphere. Fronlines initialized in the ozone enhancement, at 850, 800 and
the end of February the concentrations decrease. 750 hPa over Lagos and over Abidjan, with 5 days individual

3.1.1 Gulf of Guinea
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Table 3. Results of the statistical comparison between 3-D streamlines (from monthly mean analyses) and back-trajectories (from 6-hourly
analyses) characteristic of DJF. For each region (Gulf of Guinea, Congo and Angofey 1155 square of air parcels ¢4 grid points

centered around the airports) have been initialized, for one pressure level, for one month, and for one date. 5 days back-trajectories are
computed every month for the 5 different dates (the 30th, 27th, 25th, 22nd and 20th). Numbers in brackets summarize the total of grid points
initialized within each region for the four different years and the different pressure levels.

January 2000, 2001, 2002 and 2003

Region of initialisation  Initialisation Pressure level Selection criteBh 5 days 3-D streamlines 5 days back-trajectories
[Total number of air parcels]  [Total number of air parcels]
Gulf of Guinea 850-800-750 hPa SCHflow from the north-east 90% 88%
through northern regions of fires [384] [1280]
0°-3PE-#N-12N
P>700hPa
Gulf of Guinea 700-650-600 hPa SC2flow from the east 97% 78%
through north-eastern regions of fires [384] [1280]
5°-3PE-# N-12N
P>600hPa
Congo 700-650 hPa SC3=flow from the north-east 91% 81%
through north-eastern regions of fires [288] [1152]
20°-3P E-# N-12N
P>650hPa
Angola 700-650 hPa SC3+flow from the north-east 6% 20%
through north-eastern regions of fires [288] [1152]
20°-3P E-# N-122N
P>650hPa

back trajectories. Table 3 summarizes the statistical comtialized at 850 hPa in January 2002 and the same easterly ori-
parison. Selection criteria are the followin@Clis sat-  gin (characteristic of the AEJ) at 650 hPa. The main differ-
isfied when air parcels are connected to northern regiongnce concerns the transport speed. Back-trajectories initial-
of fires (O°-37° E—4° N-12° N), staying below 700 hPa along ized at 850 hPa visit regions situated a little bit further north.
their north-easterly/south-westward pathwe®C2is satis-  This is obviously due to the stationary state represented with
fied when air parcels are connected to north-eastern regiornthe 3-D streamlines, for which monthly analyses represent
of fires (8-37° E—4 N-12° N) along their easterly-westward smoothed winds fields. This smoothing also prevents 3-D
pathway, staying below 600 hPa. The Harmattan allows astreamlines representing dynamical features with short vari-
connection to be established between north-east regions ability (few days), such as easterly waves. But the goal of
fires and Gulf of Guinea while AEJ allows connections to be this study is to establish the connections between regions of
established with eastern regions of fires. Both connectiondire and ozone enhancements.

are robust with 90% and 97% of air parcels satisfy81g1 Within the AEJ layer, ozone concentrations decrease with
and SC?respgctwera They a(r)e confirmed with individual it de (65 to 50 ppbv). Note that very similar vertical struc-
back-trajectories (88% and 78% respectively). tures are measured over the three sites of the region (Douala,

For each case, the comparison shows negligible differlagos and Abidjan). What could be the processes respon-
ences in the interpretation of the origin of air parcels. An ex-sible of the absence of any strong zonal gradient along the
ample of such a comparison for two pressure levels, one yeaAEJ over the Gulf of Guinea coast? The AEJ lies just on
and one date of initialization for individual back-trajectories the southern edge of the regions of fires (Figs.and d)
is shown in Fig.7. As said previously the choice of the year over a large longitudinal band and may be constantly sus-
2002 for the 3-D streamlines is function of the sampling fre- tained with ozone and/or ozone precursors by winds from
quency over the city in the MOZAIC database. Figiile  north-east, with ascending motion, so that one could expect
shows back trajectories initialized on the 30 January 2002, ato observe an ozone zonal gradient in it. Note that both tra-
850 hPa over Lagos. Figure gives back trajectories initial-  jectories and 3-D streamlines flowing from the east originally
ized on the 30 January 2002, at 650 hPa, while Figand c  come from the low levels (P800 hPa), with 28% and 21.5%
give the 3-D streamlines for the same altitudes respectivelyrespectively, due to synoptic upward motion below the AEJ.
Individual trajectories show the same north-easterly originThe absence of zonal gradient suggests that after ozone is
(characteristic of the Harmattan) as the 3-D streamlines inidnitially formed at regional scale in the Harmattan layer by
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Fig. 7. 5 days 3-D streamlines (left panels) and individual back-trajectories (right panels) computed with monthly and daily ECMWF
analyses respectively, and initialized over: Lagos in January 2002 at 85@j;Rad the 30th of January 2002 at 850 {Ba Lagos in
January 2002 at 650 hRe), and the 30th of January 2002 at 650 i€ Trajectories are colour-coded with pressure (hPa), from 650 hPa to
950 hPa (a and b); and from 600 hPa to 950 hPa (c and d).

rapid photochemical processes over the band of fires (Jorwiously loaded with pollution from northern biomass burning
quieres et al., 1998; Singh et al., 1996), the slower photo-emissions, as noticed by Edwards et al. (2003).

chemical enhancements of ozone during the transport along

the AEJ is either weak or balanced by mixing processes; oth3.1.2 Central and East Africa

erwise the zonal gradient of ozone should be stronger. A

Lagrangian aircraft campaign and model studies would ben the two other regions situated further south (Central and
needed to investigate whether the dominant process creatingast Africa), only Brazzaville shows such an ozone en-
the dry-season 0zone maximum can be attributed to rapid anBancement in the lower troposphere, near 650 hPa, within a
regional photochemistry or to slower and continental-scaldayer 200 hPa thick, with concentrations from 50 to 65 ppbv

photochemistry. This is beyond the scope of this study. (Figs. 5d and f). Luanda and Nairobi exhibit lower con-
centrations, never exceeding 20—40 ppbv on average. Such

The stability of the Harmattan layers combined with the enriched ozone layers over Brazzaville during the boreal
subsidence caused by the Saharan Anticyclone (found neairy season have been already observed during the TRACE-
500 hPa between°515° N, a feature which is present be- A campaign and attributed to fires in the northern regions
tween November and February) restricts ascending motiondNganga et al., 1996). The upper troposphere over Braz-
This prevents any efficient vertical transport towards thezaville, near 200 hPa, also presents high concentrations with
middle and upper troposphere (from 500 hPa to 200 hPajnore than 60 ppbv (Figéd and5f).
where ozone concentrations remains constant over the Gulf Figure 8a shows that the 3-D streamlines ending in the
of Guinea, with about 50 ppbv up to 200hPa. An excep-ozone maximum in the lower troposphere over Brazzaville
tion is seen in February over Abidjan, near 250 hPa, withhave a northeasterly origin (over the Sudan) from the north-
70 ppbv. The origin could be lightning activity, or detrain- ern boreal hemisphere where biomass fires are active. The
ment from ITCZ (situated just southward) of air masses pre-connection between north-east fires and lower troposphere
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Fig. 9. Seasonal ozone vertical profiles over Lagos (black) and
Brazzaville (red) in DJF (biomass burning season in the northern
tropics).

the vicinity of the convergence zone. Further south, this fea-
ture is absent from the January and February vertical profiles
over Luanda where o0zone concentrations are quite low. The
absence of such enhanced layers is explained by the lack of
north-easterly influence as seen in the ECWMF wind fields
(see Fig.2e): Most of the time Luanda is on the southern
side of the ITCZ. Both back-trajectories and 3-D streamlines

(b) show a monsoon flow influence, with more than 80% of this
origin. TheSC3north-easterly influence occurs only 20% of
_ \ ' ‘ the time with individual back-trajectories, and only 6% with
650 700 750 800 850 900 950 3-D streamlines (Table 3)

Fig. 8. 5 days 3-D streamline@) and individual back-trajectories
(b) computed with monthly and daily ECMWF analyses respec- Concerning the strong ozone enhanced layer appearing in
tively, and initialized over Brazzaville in January 2002 at 700 hPa, January and February over Brazzaville near 300—200 hPa,
and the 30th of January 2002 at 700 hPa. Trajectories are coloumygck trajectories show a possible north-easterly influence
coded with pressure (hPa), from 650 hPa to 950hPa (aand b).  griginating from the lower levels over regions of fires (fig-
ure not shown). Indeed, Chatfield et al. (2004) have ob-
served such an influence from Sahel fires in the upper tropo-
of Brazzaville and Luanda is robust with 91% of air parcels sphere over Ascencion Island (18outh). Besides, accord-
satisfying the selection criteriof5C3 Table 3), and is con- ing to Jenkins and Ryu (2004a and 2004b) there is a possi-
firmed with individual back-trajectories (81%) (see F8h). ble influence of lightning which is maximum in the opposite
However, the latter also show a possible monsoon flow in-hemisphere of the biomass burning activity. Using MOPITT
fluence (around 7% over the 4 years). Such a transport band GOME data, Edwards et al. (2003) have shown that at-
north-easterlies emanating from the semi-permanent Sahanospheric layers observed in the middle troposphere of the
ran High affects both the Gulf of Guinea and Central Equa-southern hemisphere and coming from the lower troposphere
torial Africa when the ITCZ peaks is in its southernmost over Sahel, could be exposed to lightning shortly after have
position (see Fig2e). This explains the similar shapes of been loaded by biomass burning emissions. Indeed polluted
the vertical profiles over Lagos and Brazzaville during DJF air masses from North-East fires regions could be entrained
(Fig. 9). However, note that the ozone maximum over Braz-into the ITCZ which is situated between fires regions and
zaville is shifted vertically compared to the one over Lagos.Brazzaville at this time of the year. Consequent®N@d CO
This reflects the higher altitude of the trade wind inversion atcould then be combined to explain such an enhancement.
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Fig. 10. Monthly mean ozone vertical profiles in parts per billion by volume (ppbv) as a function of pressure, over the different areas: for the
Gulf of Guinea in Junéa), July (c), August(e) with: Abidjan (black), Douala (red), Lagos (green); for the Central and East Africa in June
(b), July (d), August(f) with: Brazzaville (black), Luanda (red), Nairobi (green). The horizontal bars represent one standard deviation about
mean.

3.2 June-July-August (JJA) season : Biomass burning seasurements, for June (FigsOa and b), July (FigslOc and d),
son in the southern tropics and August (Figsl0e and f).

Figure 10 shows the monthly mean ozone vertical profiles
over Central and East Africa (right column), and over the
Gulf of Guinea (left column) for the whole period of mea-
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3.2.1 Central and East Africa CO/kg DM), than fires from savannas (65g CO/kg DM). It
seems reasonable to simply argue that higher CO concentra-
During the southern hemisphere dry season, there is an ozon@ns in the southern regions may contribute to higher ozone
enhancement in the lower troposphere over both Brazzaville&oncentrations (assuming that N@missions are also higher
and Luanda, between 900 and 600 hPa (E@. The con- in the south).
centrations maximize at 700 hPa with 90 ppbv on average. Even if the East Africa region does not present ozone en-
In contrast, Nairobi presents the lowermost concentrations ithanced layers in the lower troposphere, concentrations are
these lower levels, with only 20 to 40 ppbyv, although higher higher than during the DJF season. There is an obvious in-
than during DJF. fluence of the local biomass burning, occurring over Rwanda,
In Fig. 11, the 3-D streamlines clearly demonstrate that air Tanzania, Mozambique, Zimbabwe and Kenya in JJA, along
masses in the lower troposphere travel south-easterly fronthe south-eastern coast of Africa. Figutd shows the
west of Lake Malawi. This is a region of intense fire ac- MOZAIC dynamical parameters recorded over Kigali with
tivity (Figs. 1b and2f), with ozone precursors probably be- stable (strong gradient) flow from south easté2.5m.s 1,
ing injected into the continental south-easterlies as they pasg=—2.5m.s'1), characterized by high RH (80%). This flow
over the fires of the Democratic Republic of Congo, Zambiaoriginates from the south-eastern Africa in the confluence
and Zimbabwe before moving up to Brazzaville and Luanda.area of the Mascarene anticyclone and the east African low
This connection is robust with both the 3-D streamlines andievel jet, passes over the regions of fires where it may be
the individual back-trajectories with more than 86% and 81%loaded with ozone precursors, and then passes up to Kigali.
respectively, calculated over 2000, 2001, 2002 and 2003 (Ta- In the middle troposphere, above 600 hPa, Central Africa
ble 4). It confirms findings by Garstang et al. (1996) during and East Africa present higher concentrations than in DJF,
the TRACE-A campaign about the anticyclonic circulation with 60 ppbv ozone over Brazzaville and Luanda (Fif).
over the subcontinent during the winter half-year that reache\bove 400 hPa, Nairobi presents similar concentrations at
a 80% daily occurrence in July, allowing a circulation from around 50 ppbv.
the east on the northern edge of the high. The MOZAIC dy- The two regions are under complex influences, involv-

namical parameters also confirm this connection (EB),  ing variations in trans-central-African flow, especially dur-
with strong negative zonal wind=—10m.s'%; v=+5m.s’>.  ing the end of this season (August) and during austral spring
As observed in DJF over the Gulf of Guinea, ozone enhancedSON). Both South America and Asia can influence these re-
layers due to biomass burning products are particularly stagions through upper troposphere circulation (Krishnamurti
ble. Indeed, during the TRACE-A campaign, 5km stableet al., 1996; Jacob et al., 1996). The tropospheric ozone
layers have been observed, due to strong subsidence-inducedlumns from TOMS suggest a strong inflow from Indian
inversion, inhibiting vertical transport of pollution (Chatfield Ocean, which may have high ozone contents (Krishnamurti
et al., 1996 and Fuelberg et al., 1996). In the lower tropo-et al., 1996; Chatfield et al., 2004). As noticed by Thompson
sphere (up to 900-850hPa) Congo and Angola are subjegdt al. (2003b), this origin confined betweer? 400 E, over
during the entire year to the southern monsoon flux, charthe Indian Ocean, corresponds to a region that may be influ-

acterized by positive zonal and meridional winds (Fig)  enced by pollution from nearby East African regions of fires,
of up to 3-4 m.s? on the monthly mean basis, and relative or India (Lelieveld et al., 2001).

humidity higher than 90%. That explains the strong ozone
vertical gradient in the lower layers of the troposphere (se€3.2.2 Gulf of Guinea
Fig. 12a).

At this stage of the analysis, it is interesting to compare theFrom June to August (JJA, Fid0), the lower troposphere
dry seasons of Angola-Congo (in JJA) and Gulf of Guineaexhibits much lower ozone concentrations than during the
(in DJF). Figure 12 shows that they present the same shapdry season. Ozone concentrations from 20 to 30 ppbv have
in the lower troposphere, but with 0zone concentrations ovelbeen measured over Lagos and Abidjan from the ground up
Brazzaville being 15% higher within a thicker layer (250 hPa to 780 hPa. The monsoon event with clean oceanic flow from
against 150 hPa over Abidjan). Given that the magnitude ofsouth-west is particularly active over this region, from the
burning in northern and southern African tropical belts is ground up to 800 hPa with RH around 90% on average (figure
very similar (48% of the African fires are in the north and not shown).

52% in the south, according to Hao and Liu, 1994), the dif- Above this ozone-depleted layer, an ozone enhancement
ference in the ozone concentrations may partly reflect thés measured over Lagos in July, from 700 to 600 hPa, with
different types of vegetation found in the African northern 45 ppbv ozone (FiglOc). A similar behaviour is observed
and southern hemispheres. Fig@rghows that in the south- over Lagos and Abidjan in August with an enhanced ozone
ern hemisphere deciduous forest-woodland savanna predonf55 ppbv) layer between 750 and 600 hPa (Eig).

inates whereas brush-grass savannas become important in theThe 3-D streamlines ending within these ozone enhance-
north. According to Duncan et al. (2003) emission factors ofments do not exhibit a dominant transport process as robust
pollutant fires from tropical forest are higher for CO (104 g on a monthly basis as those observed during the northern
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Fig. 11. 5 days 3-D streamline@&) and individual back-trajectorig®) computed with monthly and daily ECMWF analyses respectively,
and initialized over: Brazzaville in July 2003 at 800 hPa (a), and the 30th of July 2003 at 800 hPa (b). Trajectories are colour-coded with
pressure (hPa), from 600 hPa to 950 hPa.
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Fig. 12. Monthly mean vertical profiles of ozone over Brazzaville during August. Dynamical paran@Yeirsred: v (m/s), black:u (m/s),
blue: potential temperature (K); Chemical paramegbjsin black: O; (ppbv), in blue: RH (%). Trades layer is in grey.

hemispheric dry season cases. Connections between firdhe monsoon flow from the south west is also seen, but do
occurrence over southern regions and these layers are not raot contribute to the transport of polluted air. Figuréb

bust on a monthly basis, with only 15.6% of back-trajectoriesshows the seasonal ozone distribution without any ozone
and only 7.5% of 3-D streamlines coming from fires over enhancements over Lagos and Abidjan. One example of
austral Africa to the Gulf of Guinea (see Table 4). Indeedthe associated connection is then represented by the indi-
ozone enhancements themselves are not a systematic featunelual back-trajectories, between the 29 and 24 July 2000.
within this season as characterized by strong standard deviFhey show a north-easterly influence originating from Saha-
ations. During JJA, the Gulf of Guinea can present two dif- ran regions (Figl5d). Such an example shows the limita-
ferent shapes of profile: with or without ozone enhanced lay-tion of monthly analyses to explain all the possible connec-
ers around 650 hPa. Figuid®a represents the seasonal JJA tions. However, we can still conclude that south-easterlies
ozone distribution over Lagos (black) and Abidjan (red) only are responsible for enhanced layers measured in the Gulf
when such enriched ozone layers appear in individual pro-of Guinea. Indeed, depending on the position of the ITCZ,
files. The daily trajectories initialized for such a case in the south or north of Lagos and Abidjan, south-easterlies from
700-600 hPa ozone enhanced layers reveal a south-easteflyes regions are, or are not the prominent feature over the
origin from Southern Hemisphere region of fires (Congo Gulf of Guinea. Moreover, this process may explain why the
Democratic Republic, see 5 days back-trajectories,F5g). shapes of the vertical profiles are similar between north and
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Table 4. Same as Table 3 for JJA. Selection criterion has been def8@tkair parcels with a flow from southeast that passes over regions
of fires and stay below 600 hPa; Results are given as % of the total of air parcels.

July 2000, 2001, 2002 and 2003

Region of initialisation  Initialisation Pressure level Selection criteSah 5 days 3-D streamlines 5 days back-trajectories
[Total number of air parcels]  [Total number of air parcels]
Gulf of Guinea 700-650-600 hPa SCZHflow from the south-east 7.5% 15.6%
through southern regions of fires [384] [1280]
13*-3PE-5S-25 S
P>600hPa
Congo and Angola 800-750-700 hPa SCZXHflow from the south-east 86% 81%
through southern regions of fires [288] [1152]
1P-3PE-5S-258 S
P>600hPa

2007 T The middle and upper troposphere show ozone concen-
" ? trations from 45 to 65 ppbv (Figdl5a and b). The mid-
T 0 dle troposphere shows higher concentrations than the lower
300 . \9 troposphere, as a consequence of the ozone-poor maritime
® ? boundary layer origin air of the monsoon flow below 600—
\-\_ \Qb 700 hPa. Between 300 hPa and 200 hPa, Lagos shows higher
4007| —w— LagosDJF N concentrations than during the dry season, with a +15 ppbv
500 —®— BrazzaJJA “ J difference (compared to Fi§c). As described by Thompson
\-\ O/\ et al. (2003b) a possible entrainment of air across the ITCZ
600 N T could explain this difference as biomass burning is occurring
700 1 \:>_ \O;O in the Southern Hemisphere at this time of year. Moreover,
8001 O/_/O lightning NO or local pollution uplifted in convective re-
lggg . '.'O/./.. . gions may be responsible for such ozone enhancements.
0 10 20 30 ‘é03 ppSSV 60 70 80 90 3.3 March-April-May and September-October-November

[MAM and SON], the intermediate seasons

Fig. 13. _Seasonal ozone ve_rtical prof_iles over Lagos (plack) andFiguresl? and 18 represent the monthly mean vertical pro-
Brazzaville (red) during their respective biomass burning $easoljas of 0zone during intermediate seasons, March-April-May
DJF and JJA. (Fig. 17), and September-October-November (Rifj); over

] ) ) ] the Gulf of Guinea (left column) and over Central Africa
south (Fig.16), with higher ozone concentrations (85ppbv 54 Nairobi (right column). Finally, as a summary of this

over Brazzaville, 70 ppbv over Lagos) measured in the SOUthtIimatoIogy, Fig.19 gives the annual overview through the

ern hemisphere at the same time, and shifted vertically Ovegeagonal cycles for three layers 100 hPa thick, centered on
the Gulf of Guinea. The decrease in the ozone concentrationss g hpa (Fig.1% and f), 500hPa (Figloc and d) and

(=15 ppbv) during transport may be attributed to convectivesgg hpa (Figl9a and b).

and turbulent mixing processes. As cross-equatorial advec-

tion is very slow with a wind speed around 2mtsmost of  3.3.1 Gulf of Guinea

the time, individual cases have shown that more than 8 days

are necessary to transport air masses from the regions of fird3uring the transition seasons, boreal spring (MAM) and fall
to Gulf of Guinea. Regional transport explains the similari- (SON), ozone concentrations are weaker in the lower levels
ties in the vertical profiles. South-easterlies emanating fronof the troposphere (Fid.7a and Fig.18a). This clearly con-

the SASTA anticyclone situated over Angola reach the Gulffirms the importance of the biomass burning in the African
of Guinea coast, as the ITCZ peaks in its northern positionnorthern tropics for ozone production. As the northern Hemi-
(10-15 N) at this time of the year. The vertical displace- spheric biomass burning seasons starts during November and
ment of the ozone enhanced layers between the two profilestops during March, some ozone enhancements in the lower
is associated with an increase in altitude of the trade windroposphere are seen over Abidjan in March (up to 60 ppbv,
inversion level downstream of the anticyclone. Fig. 17a), and over Lagos and Douala in November (up to
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20 T This region has been much studied during the TRACE-A
h and SAFARI-92 campaigns that took place in SON season.
7 At this time of the year, the dry season ends, with a max-
30 e imum of biomass burning activity around the south-eastern
Ny
—m— LagosJJA O_ max. v o@ countries of Africa (Mozambique, Zimbabwe, South Africa).
400(| —e— BrazzalJA ° "% Recirculation over Central Africa via the northern edge of
o T/ L the continental anticyclone could explain such high concen-
< 50 A~ 5 tration over Luanda in September (Fig8€b and 19f). Sta-
60 '\O\.X ble layers have been observed, around 600 hPa, and transport
7 "o~ to higher levels has been explained by strong deep convec-
/ Va . . . .
80 —" 8 tive lifting, as described by Garstang et al. (1996), during
90 /_/'5 q@ SAFARI-92 campaign (August 16 to October 31). This may
00 =~ _°~ OO OO OO explain the stratified structure in August and September over
0O 10 20 30 40 50 60 70 80 90 Luanda. Easterly winds give then the rise to the advection
03 mean JJA

of biomass burning ozone precursors from the eastern part
of Africa (Malawi, Zimbabwe and Mozambique), after they
have been transported vertically by convection into the mid-
gdle troposphere over Brazzaville and Luanda. A similar fire
influence has been observed by Thompson et al. (1996) and
Jenkins et al. (1997), during the TRACE-A and SAFARI 92
campaigns and can explain the continuity of high ozone con-
_centrations in both three levels of the troposphere, 750, 500

Fig. 16. Seasonal ozone vertical profiles over Lagos (black) and
Brazzaville (red) during the Southern Hemisphere biomass burnin
season JJA

55 ppbv, Fig.18). In the upper levels, concentrations are
similar in the two seasons at the three sites with about 50
60 ppbv. The annual cycle shown in FitQe exhibits the and 250hPa, up_to Octobe_r (Figf, d and b). . :
strong seasonal cycle in the lower troposphere with a maxi- The other origin Of, the high ozone v_alues durlng.th|s Séa-
mum from November to March, while Figtda and c clearly ~ SO" OVer Central Africa may be the biomass burning activ-
exhibit the noticeable characteristic of northern EquatorialIty in Brazil. It IS atits maximum during this period (Hao
Africa: absence of any strong seasonal variability in the mid-©t al.,_ 1994)' Kr_|shngmurtl et al. (1996) have shown such
dle and upper troposphere. This can be explained by the sut@n ongin, especially in the upper troposphere over the At.'
sidence caused by the Saharan Anticyclone found near 50 ntic, where nqrth—westt_—zrly and westgrly transport predomi-
hPa between-15 N, which is present between November nates. Convection may I|ft' ozone an.d its precursors from the
and February. Moreover, the stability of the Harmattan Iayersboundary layer over Brazil to the middle and the_upper _tro-
restricts ascending motions, and thus allows accumulation Or)osphere, where it is transported over the Atlantic by high-

pollutants in the lower troposphere by restricting ventilation evel wester!les, and with the easterlies emana ting from the
into the upper levels St-Helene high (SASTA) centered over Namibia (Browell et

al., 1996). This enhancement in the middle troposphere dur-
ing SON is also in agreement with the analyses made by Cros
et al. (1992), Kirchhoff et al. (1996), Nganga et al. (1996),
Thompson et al. (1996), Diab et al. (1996) and Olson et
During the intermediate season MAM, these regions do noty|. (1996) during the TRACE-A and SAFARI 92 campaigns.
exhibit any particular ozone feature. Concentrations are Another attributable origin of the high ozone concentra-
lower below 600 hPa with less than 50 ppbv. In the middletjons measured over Angola and Congo near 250 hPa in SON
troposphere concentrations may reach 50 ppbv (Bigs.d  may be the ozone production from lightning Némissions.
and ). Observations from space by the LIS senduttp(//thunder.
During SON, there is over Central Africa an extension of msfc.nasa.gov/data/query/distributions.htstiow high lev-
the seasonal maximum that starts in June, at both 750 hPals of lightning activity over Angola and Congo in SON, as
(except over Brazzaville), 500 hPa and 250hPa (Figb.  well as during DJF (see Se@&.1). The impact of lightning
and d). Indeed, the vertical profiles (Fi@8, right col- NOy emissions on ozone production is badly quantified, as is
umn) show three enhanced layers in September over Luthe magnitude of the emissions. Estimates of the source mag-
anda. The first one centered at 650 hPa with 100 ppbv, thaitude are highly variable, from 3Tg Nyt to 10 TgNyr?!
second at 450hPa (85ppbv) and the last one at 250 hP@ourdain and Hauglustaine, 2001; Staudt et al., 2002a). The
(75 ppbv). During October and November, there is just oneuncertainty of the global NQlightning source and its im-
thick layer with ozone mixing ratio up to 80 ppbv, centered pact on ozone concentrations remain one of the major issues
near 350 hPa, and a large perturbation from the backgroundh understanding the tropical ozone budget. However, this
(+20/+25 ppbv). Brazzaville shows a similar behaviour in region as well as West Africa and South Atlantic, is highly
October, with 70 ppbv of ozone around 350 hPa. sensitive to such influence, because of subsidence throughout

3.3.2 Central and East Africa
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the year due to the Walker circulation (Jacob et al., 1996). Over East Africa, during SON season (and from JJA sea-

For example, Martin et al. (2002) found a 10-15 DU TTOCSs son), the amplitude of the seasonal cycle at 750 hPa1Bi}.

enhancement due to lightning over the tropical Atlantic. is highly variable from one place to another. The airports are
situated east, west and north of Lake Victoria (Rj.with
different vegetation. The lowest concentrations appear over
this region. We note that the more continental the station, the
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higher the ozone concentrations (minimum over Nairobi andsured over Nairobi by the soudings from SHADOZ (Thomp-
maximum over Kigali). This shows that the major control- son et al., 2003a). In the lower troposphere, the oceanic ori-
ling factor is probably the proximity to surface continental gin of the south-easterlies may explain why the ozone val-
emissions. During the dry season, as well as during JJA, layues are lower over East Africa than over Central Africa. De-
ers with higher ozone are not observed as a mean, in contraspite the absence of such pronounced layers, ozone concen-
to Central Africa. Similar low concentrations are also mea-trations exhibit a seasonal cycle with a clear maximum at this
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time of the year (JJA), throughout the three levels (E®). coast of Africa into a low-pressure system over South Africa.
Higher up in the troposphere, concentrations are more simiNote that this region has the weakest MOZAIC data density,
lar at the three sites, both at 500 hPa and 250 hPa (F8gs. and therefore such strong pollution events can be missed. As
and b). However, note that Chatfield et al. (2002) have ob-stated previously, this region could also be influenced by long
served more polluted air masses at 8 km (in September) overange transport from Indian Ocean (Chatfield et al., 2004).
this region which can then be transported along the eastern
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4 Summary and conclusions June—November ozone maximum. Ozone distribution in the
middle and upper troposphere shows various influences with

More than 800 MOZAIC vertical profiles over Equatorial regional or global origin, in agreement with observations

Africa, recorded between April 1997 and March 2003, pro- from the TRACE-A and SAFARI 92 campaigns (Talle

vide a new and unique view of the tropospheric ozone dis-and more recently by Chatfield et al. (2004).

tribution over this previously poorly documented region.  gingjly the most interesting result of this study lies in the

Analyses of the ozone monthly mean vertical distributions cqonnection between the regions of Gulf of Guinea north of

combined with analyses of the most persistent dynamical feaghe Equator and Brazzaville to the south. This connection ap-

tures over different regions have shown: pears in the dry season of each hemisphere. During the north-

— A connection in DJF between northern regions of fires West Africa monsoon (JJA), some of the vertical profiles
and an observed ozone maximum over the Gulf Ofrecorded over the Gulf of Guinea exhibit enhanced ozone

Guinea, with more than 80 ppbv of ozone within a layer layers originating from the southern hemisphere fires. Sy-

of about 150 hPa thickness. centered near 800 hPa. Thi@etrically the vertical distribution of ozone over regions of

connection is due to transport in the Harmattan and iscongo (Brazzaville) in DJF clearly shows the influence of

associated with 0zone maxima extending downwind uptN€ northern hemisphere fires. _
to Congo. This study clearly suggests that the northern African trop-

ics play an important role in the regional and global ozone
— A connection during the same season, between northbudget. Perspectives of this study include the completion of
eastern regions of fires and ozone maximum over thea conceptual model that makes use of the continental African
Gulf of Guinea, due to a transport by the African East- connections shown up in this paper, with the large zonal
erly Jet. This maximum is centered near 700 hPa. Thewave-one feature to explain the role of the large scale circu-
absence of any zonal gradient suggests a slow phototation in the ozone budget over this part of the globe. Indeed,
chemical production or strong mixing processes duringstudies made on TOMS and SHADOZ network data have
the transport along the African Easterly Jet. highlighted that with regards to the global tropical ozone dis-
. . i tribution a zonal wave-one feature (Thompson et al., 2003b)
— A connection between southern regions of fires and_. : . : )
. . sits over the equatorial Atlantic and is accompanied by an
ozone maximum over Luanda and Brazzaville, due to,, dox” (Th | limi
the inflowing trade winds during JJA. Thus Central .C20N€ Paradox’ (Thompson et al,, 1999). However, limita-
Africa exhibits an ozone maxima centeréd near 800 hPatlonS of the previous studies still persist as they are inherent
with greater concentrations (up to 100 ppbv) than overm satellite sensors having weak capacities to capture deep
9 P PP tropospheric ozone features and inherent in the locations of

th_e Gulf of Guinea in north_ern h_emls_phere dry S€ASON.gADOZ sites that are mostly maritime and situated in the
Different types of vegetation with different emission .
southern hemisphere.

factors may be responsible for these differences.
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