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Abstract. During June, July and August 2006 five aircraft The ozone data exhibits an “S” shaped vertical profile
took part in a campaign over West Africa to observe thewhich appears to result from significant losses in the lower
aerosol content and chemical composition of the tropospheré&roposphere due to rapid deposition to forested areas and
and lower stratosphere as part of the African Monsoon Mul-photochemical destruction in the moist monsoon air, and
tidisciplinary Analysis (AMMA) project. These are the first convective uplift of 0zone-poor air to the upper troposphere.
such measurements in this region during the monsoon pefhis profile is disturbed, particularly in the south of the re-
riod. In addition to providing an overview of the tropospheric gion, by the intrusions in the lower and middle troposphere of
composition, this paper provides a description of the mea-air from the southern hemisphere impacted by biomass burn-
surement strategy (flights performed, instrumental payloadsing. Comparisons with longer term data sets suggest the im-
wing-tip to wing-tip comparisons) and points to some of the pact of these intrusions on West Africa in 2006 was greater
important findings discussed in more detail in other papers irthan in other recent wet seasons. There is evidence for net
this special issue. photochemical production of ozone in these biomass burning
plumes as well as in urban plumes, in particular that from
Lagos, convective outflow in the upper troposphere and in
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deposition to the forested areas, contributes to a latitudinatonvection occurs in organised systems known as Mesoscale
gradient of ozone in the lower troposphere. Biogenic volatileConvective Systems (MCS) (Mathon and Laurent, 2001).
organic compounds are also important in defining the com-Deep convection in the tropics associated with the ITCZ
position both for the boundary layer and upper troposphericcan lead to the rapid uplift and large-scale redistribution of
convective outflow. gaseous pollutants and aerosols.

Mineral dust was found to be the most abundant and Model studies suggest biogenic emissions of volatile or-
ubiquitous aerosol type in the atmosphere over Westerrganic compounds (VOCs) from West Africa to be important
Africa. Data collected within AMMA indicate that injec- for tropospheric ozone (Aghedo et al., 2007, Pfister et al.,
tion of dust to altitudes favourable for long-range transport2008). However measurements of biogenic VOCs (BVOCs)
(i.e. in the upper Sahelian planetary boundary layer) can ocfrom African vegetation have previously been focussed in
cur behind the leading edge of mesoscale convective syssouthern (Otter et al., 2003; Greenberg et al., 2003; Otter
tem (MCS) cold-pools. Research within AMMA also pro- et al., 2002; Guenther et al., 1996) and central Africa (Serca
vides the first estimates of secondary organic aerosols across al., 2001; Guenther et al., 1999; Greenberg et al., 1999;
the West African Sahel and have shown that organic masKlinger et al., 1998). BVOCs are also important in forma-
loadings vary between 0 and 2 ugfwith a median con-  tion of secondary organic aerosols (SOA) (Kavouras et al.,
centration of 1.07 ug m?. The vertical distribution of nu- 1998). The vegetation can also act as a rapid sink for ozone
cleation mode particle concentrations reveals that significanvia dry deposition (Cros et al., 2000).
and fairly strong particle formation events did occur for a  The West African region can also be a source of biogenic
considerable fraction of measurement time above 8 km (andnitrogen oxides (N¢) both from soils (Jaegle et al., 2004)
only there). Very low concentrations were observed in gen-and from lightning (Schumann and Huntrieser, 2007). Note
eral in the fresh outflow of active MCSs, likely as the re- that both these sources are linked to the meteorology, with
sult of efficient wet removal of aerosol particles due to heavythe emissions from Sahel soils triggered by the wetting of
precipitation inside the convective cells of the MCSs. This soils by precipitation, particularly at the onset of the wet sea-
wet removal initially affects all particle size ranges as clearly son, and the lightning often associated with the MCSs.
shown by all measurements in the vicinity of MCSs. Biomass burning in West Africa is linked to agricultural
practice at latitudes south of 10N. Its pattern follows a well
determined annual cycle related to the seasonal shift in the
ITCZ. In the wet season, the peak emissions of anthro-
1 Introduction pogenic biomass burning aerosol and trace gases occur in

the southern Hemisphere, outside of W. Africa, between the
The African tropical regions are critical for climate because equator and 10S (Hao and Liu, 1994). However verti-
the high solar irradiance and humidity make this region im- cal profiles of ozone observed above Lagos (Sauvage et al.,
portant for determining the global oxidative capacity and 2005) and elsewhere in Africa (Nganga et al., 1996) sug-
hence the lifetime of some greenhouse gases. The tropics aggest biomass burning in the southern hemisphere can have
also an important source of gases and aerosols from biogenig widespread affect, even into the northern hemisphere and
emissions (Guenther et al., 1995), biomass burning (Hao andver West Africa.
Liu, 1994), industrial and urban areas (Aghedo et al., 2007; Aerosols are known to significantly affect the solar and
van Aardenne et al., 2001), and aeolian erosion (Goudieterrestrial radiation budget and the cloud properties of the
1992; N'Tchayi Mbourou, G., 1997, N'Tchayi Mbourou, African region at the regional scale thereby modifying the
1994). planetary albedo and the outgoing long-wave radiation, re-

The West African Monsoon (WAM) leads to a strong zonal ducing the radiation flux available to the surface, heating the
gradient in precipitation and consequently vegetation. Thisatmosphere and impacting the dynamics of the synoptic flow,
is characterised by forest along the Guinea coast, shrub anidteracting with the ITCZ and the monsoon cycles (Forster et
grasslands in the Sahel, with bare soil and desert in the nortal, 2007; Denman et al, 2007). Intense source regions as
of the region. The onset of the monsoon is typically in June,well as horizontal transport processes near such sources can
with the wet season associated with the northernmost posibe identified by radiometry from satellite (Generoso et al.,
tion of the Inter-Tropical Convergence Zone (ITCZ). In the 2003, 2008; Legrand, 1997), but one of the main difficulties
lower troposphere (LT) the wind flow is characterised by theremains to precisely identify the characteristics of particles
south-westerly, moist and relatively cool monsoon flow andand their vertical extent, which is critical for their dispersion
the north-easterly, dry, warm Harmattan wind which meet atin the atmosphere and the estimation of their radiative im-
the Inter-Tropical Discontinuity (ITD). Above the monsoon pact. To date, little is known about aerosol emissions and
flow is the African Easterly Jet (AEJ) (Thorncroft and Black- properties in West Africa and their spatial and temporal vari-
burn, 1999; Parker et al., 2005; Thorncroft et al., 2003) atability (Echalar et al., 1995; Formenti et al., 2003; Haywood
around 600 hPa, whilst in the upper troposphere (UT) thereet al., 2003; Yoshioka et al., 2005). Amongst the major areas
is the Tropical Easterly Jet (TEJ) (Peyrille et al., 2007). Deepof uncertainties remain: (i) the contribution of soil erosion by
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mesoscale convective systems in the Sahel to the global budeing transported into W. Africa (Mari et al., 2008; Real et
get of mineral dust (Tegen and Fung, 1995; Yoshioka et al.al., 2010; Thouret et al., 2009; Williams, 2010; Fiedler et al.,
2005); (ii) the processes leading to the emission of organi2010)? What are the physico-chemical properties of biomass
aerosols from vegetation and biomass burning, and the paiburning aerosols, in particular their composition (Matsuki et
titioning between primary and secondary formation are faral., 2010a)?
from being elucidated (Volkamer et al., 2006; Kanakidou et A key area of study was the role of convection on redis-
al., 2005). tributing pollutants and its impact on oxidants and aerosols
During June, July and August 2006 a multi-aircraft cam- in the upper troposphere and lower stratosphere. What are
paign took place over West Africa to observe the aerosolthe roles of convective physical processes, vertical transport
content and chemical composition of the troposphere andind mixing on the budget of major oxidants and aerosols in
lower stratosphere as part of the African Monsoon Multi- the free troposphere over West Africa (Ancellet et al., 2009;
disciplinary Analysis (AMMA) project (Redelsperger et al., Bechara et al., 2009; Fierli et al., 2010; Law et al., 2010;
2006; Lebel et al., 2009). These measurements on board BHoman et al., 2010)? How do deep convective processes in-
research aircraft provide the first detailed, in-situ characterifluence the distributions of chemical constituents in the trop-
sation of the aerosol and trace gas composition of the tropoical tropopause layer (TTL) compared to other transport pro-
sphere in this region. The aircraft were equipped with instru-cesses (Barret et al., 2008; Barret et al., 2010; Fierli et al.,
ments to make measurements of ozong)(@any of its pre-  2010; Homan et al., 2010; Law et al., 2010; Mari et al., 2008;
cursor species (e.g. carbon monoxide (CO)xM@d VOCs), Real et al., 2010; Williams, 2010; Schiller et al., 2009; Voigt
as well as photochemical products (e.g. radical species andt al., 2008; Palazzi et al., 2009)? What is the composition of
oxygenated VOCs (OVOCs)) and properties and composithe lowermost stratosphere and to what extent is it influenced
tion of atmospheric aerosols. Details of the meteorologicalby local convection (Fierli et al., 2010; Khaykin et al., 2009;
situation over West Africa during the summer of 2006 are Borrmann et al., 2010; Liu et al., 2010)?
given in Janicot et al. (2008). Overall, what are the impacts of all these emission sources
The aim of this paper is to provide an overview of the onthe major sources and sinks of the oxidants over W. Africa
flights made by the 5 research aircraft and to provide the firs{Saunois et al., 2009; Stone et al., 2010; ArsdHeri@andez
comprehensive characterisation of aerosols and trace gases al., 2010; Commane et al., 2010)? What are the relative
over West Africa during the monsoon period. The scientific roles of the anthropogenic and natural emissions on the tro-
questions that the aircraft campaigns addressed are given bpespheric oxidant loading (Saunois et al., 2009; Williams,
low. This paper focuses on the average patterns observe@010; Williams et al., 2009)? What is the impact of the pro-
and in particular those gained by looking at the data acrossluction of NQ, from lightning within the convective systems
several measurement platforms, and how these address tli& ozone formation (Andres-Hernandez et al., 2009; Barret
scientific questions. More detailed or case studies which adet al., 2010; Williams et al., 2009)?
dress individual aspects of the scientific questions are dealt Regarding aerosols, a key issue was the potential for sec-
with by other papers, as indicated below. In this paper theondary organic particle formation from biogenic and anthro-
aircraft data are also compared to other data sets that angogenic gas-phase precursors (Capes et al., 2009) and for
available for this region from ozone sondes and satellites. aerosol nucleation in the free troposphere. Attention was
One of the main questions was the role of natural versugjiven to investigating the emission processes and properties
anthropogenic emissions from W. Africa on the oxidizing ca- of mineral dust. It was considered important to better un-
pacity of the atmosphere. What evidence was there for exderstand the processes leading to dust emissions and the ver-
tensive emissions of BVOCs and to what degree were theyical redistribution of dust after emission, in particular with
transported throughout the troposphere (Bechara et al., 2009espect to the role of convective systems and of vegetation
Garcia-Carreras et al., 2010; Murphy et al., 2010)? Were théneterogeneities (Bou Karam et al., 2008; Bou Karam et al.,
observed BVOC distributions consistent with that expected2009; Crumeyrolle et al., 2008, 2010; Flamant et al., 2007;
from emission models (Ferreira et al., 2010)? Could emis-Flamant et al., 2009a, b; Marsham et al., 2008). An outstand-
sions of NQ from recently wetted soils be detected in the ing issue was the physico-chemical properties driving the cli-
boundary layer and what was the impact on ozone (Delon ematic impacts of mineral dust, in particular with respect to
al., 2008; Stewart et al., 2008)? Were major coastal citiegheir variability between Saharan and Sahelian sources, emis-
such as Lagos a large source of ozone precursors (Hopkins ston versus transport conditions, and modifications of hygro-
al., 2009; Minga et al., 2010)? scopic properties induced by cloud-processing (Crumeyrolle
Another issue was the impact of biomass burning emis-et al., 2008; Formenti et al., 2010; Matsuki et al., 2010a, b).
sions from the southern hemisphere on the tropospheric com-
position over W. Africa. Could the impact implied by ozone
soundings be confirmed by observations of biomass burning
tracers (Murphy et al., 2010)? How widespread was the ef-
fect and what were the routes by which these pollutants were
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Table 1. Aircraft detachment periods for each SOPs 1 & 2. The names of the aircraft campaigns that took place within the wider AMMA
SOPs were given the suffixeaN” where “a” signifies “aircraft” and ‘N” is the number of the aircraft campaign within that SOP. Operational
bases are colour-coded (red = Niamey, blue = Dakar, yellow = OQuagadougou).

wWeek | 29/5 | 5/6 | 12i6 | 19/6 | 26/6 | 37 | 10i7 | 177 | 247 | 317 | 78 | 14/8 | 21/8 | 28/8 | 419 | 1119

SOP # SOP1 SOP2
Dates 1 Jun—30 Jun 1 Jul-15 Sep
Aircraft SOP la SOP 2al SOP 2a2 SOP 2a3
Dates 1-15 Jun 1-15 Jul 17 Jul-25 Au 1-15 Sep
BAe146 22-28 Aug
Aerosols and
atmospheric
structure

1-16 Aug
Chemistry and
aerosols
1-13 Aug
Chemistry and

aerosols

2 Field campaign As part of the coordinated flight planning several differ-
_ ent flight strategies were designed to address different sci-
2.1 Flying programme entific questions. Each of these flight strategies was called

) B . an Intensive Observational Period (IOP). The types of IOPs
The AMMA field measurement programme was divided into .vn during SOP1 and SOP2 are given in Table 3. IOP1.1

several different types of observational periods (International, 55 aimed at exploring of the inter-tropical front (ITF) and
Science Plarhttp://science.amma-international.org/science/ g eying of the spatial and temporal evolution of the at-
docs/AMMA.ISP_May2005.pdf (Table 1). The measure- mqgphere in the coupled monsoon-harmattan-AEJ system.
ments presented here are from the Special Observational Pgnp1 2 focussed on the description of the role of mesoscale

riods 1 and 2 (SOP 1 and SOP 2). SOP1 targeted the presgnyective systems on the emission budget of mineral dust
onset period of the Monsoon development in June. SOP%., the Sahel. 10Ps 1.4, 1.5 and 1.6 were designed to in-

then followed and targeted the monsoon onset and maximuestigate the impact of local (W. African) emissions on the
in July and August 2006 with the aircraft instrumented for .hemical composition of the PBL. In particular, IOPs 1.4 and
cheml_cal measurements. i ) 1.5 aimed at investigating the impact of biogenic emissions
During June, July and August 2006 five research aircrafty o soils of different moisture characteristics from different
(three based in Niamey, Niger: FAAM BAe-146, SAFIRE vegetation types, while IOP1.6 targeted anthropogenic emis-
Falcon (F-F20) and ATR-42; and two in Ouagadougou, siong from urban areas. IOP2 was aimed at investigating the
Burkina Faso: DLR Falcon (D-F20) and Geophysica (MS5) jjnact of MCSs on the transport and transformation of pollu-
(Table 2) made comprehensive measurements of aerosols agghs i, air as it was convectively uplifted. This included co-
trace gases from the boundary layer to the lower stratospherg,ginated flights with some aircraft probing the PBL prior to
(around 50hPa), f_rom N to 2P N_' and between TON uplift and others sampling the UT in regions of detrainment.
and PE. The horizontal and vertical ranges covered by |op3 targeted air masses undergoing long range transport, ei-
each aircraft are illustrated in Fig. 1. The ATR-42 focussedihar into the W. African region (e.g. biomass burning plumes
on the lower troposphere, the BAe-146 on the lower andg,m the southern hemisphere) or those in the UT following
mid-troposphere, the two Falcons on the upper tropospherg,nyective uplift some days previously. In addition to these
and the M55 on the upper troposphere/lower stratospherg, yeted studies, data were also collected throughout the dif-
(UTLS). In combination this provides coverage throughout e rent flights to build up a large scale picture of the chemical

the full depth of the troposphere. composition and processing of air over W. Africa.

Atmos. Chem. Phys., 10, 7578601, 2010 www.atmos-chem-phys.net/10/7575/2010/
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Fig. 1. Flight tracks of the 5 research aircraft during SOPs 1al (top), 2al (middle) and 2a2 (bottom).

Table 2. Aircraft capabilities.
Aircraft F-F20 ATR-42 BAe-146 D-F20 M55
Operating altitude (km)  0.15-13 0.15-8 0.015-11 0.015-12 15-22
Payload (kg) 1200 2500 4000 1200 1500
Range (km) 3200 3000 3700 3200 3500
Staffing 3 crew, 2 scientists 3 crew, 7 scientists 3 crew, 18 scientists 3 crew, 3 scientists 1 crew
Duration (hrs) 4 4 55 3-4 5.5
Ground speed (m/s) 170-200 95 120-180 170-240 210

Table 1 of the Supplementary Information shows when2.2 Aircraft payloads
each aircraft flew and which IOP was addressed by each
flight, whilst Tables 2a-e of the Supplementary Information The aircraft were fitted with a range of instrumentation for
give details about each flight aircraft by aircraft. In all a total measuring chemical species (Tables 3a-e of the Supplemen-
of 107 science flights were made involving over 389 hours oftary Information).
flying time.

www.atmos-chem-phys.net/10/7575/2010/ Atmos. Chem. Phys., 10, 76052010
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Table 3. Intensive Observational Periods (IOPs). The IOP number-3 Intercomparison of aircraft data

ing system is based on that widely used in the implementation of the . )
AMMA programme. Flights relating to the 10Ps listed were flown The airborne observation dataset from AMMA was collected

during the campaigns when the aircraft were fitted with instrumen-from several different aircraft operated in different locations

tation for chemical and aerosol measurements.

and at different times. The true value of the complete dataset
can only be realised if the measurements are integrated to-

IOP  Description gether in a consistent manner. The assimilation of the data
; must take account of the uncertainty in the measurements
1.1  Surface-atmosphere: Inter-tropical front and heat low . . - .
surveys assoqated with sys.tematlc a}nd randgm errors estlmateq for
1.2 Surface-atmosphere-aerosol: Squall-line  related each instrument. Itis esse_nt|al to estimate th_ese errors in an
aerosol emissions surveys operating environment, which for aircraft entails wingtip-to-
1.3 Surface-atmosphere: North-South  land-ocean- Wingtip comparison flights along straight and level runs at
atmosphere interactions surveys various altitudes.
1.4  Surface-atmosphere: Land-atmosphere interactions On 16 August 2006 four of the aircraft participated in a
1.5  Vegetation and soil emission surveys comparison flight to the west of Niamey. The BAe-146 flew
1.6 Urban surveys N alongside three aircraft in turn at a variety of altitudes: the
1.7 Aerosol mixing and hygroscopicity D-F20, F-F20 and ATR42. Therefore, differences between
;'8 gurb”'e_”ce 4 chem . e C _ measurements are all estimated relative to the BAe-146 mea-
Sg;?:]n'scs(M&g‘S) chemistry of Mesoscale Convective o, -aments. For details of the flights and how the data were
3 Long range transport surveys processed see Appendix A. L.
6 Intercomparison flights Table 4 shows the mean, standard deviation and rank cor-

relation between the time series from all comparable instru-
ments on the different aircraft during the formation flight
segments. Longitude and latitude measurements have an in-
significant bias with an average difference of approximately
40 m, consistent with the aircraft separation. Measurements
Flights were planned using a number of tools dependingof static pressure do indicate small biases, the largest being
on the IOP to be flown. Meteorological forecast reports between the ATR-42 and BAe-146 (3.6 hPa). However on
were provided by a team of local forecasters at ACMAD this comparison the BAe146 was flying slightly higher than
(African Centre of Meteorological Application for Develop- the ATR-42 as a precaution of the turbulence experienced at
ment)_ These indicated the predicted positions of such fea0-9 km altitude. The turbulence also accounts for the lower
tures as the AEJ, the TEJ, the ITD, African Easterly WavesPressure correlation between these two aircraft.
(AEW) and organised convection at 06:00 and 18:00UTC. From the initial comparison an error was identified in the
Meteosat infra-red images were used for now-casting the loprocessing to obtain wind components for the BAe-146, ac-
cation of MCSs, which was particularly useful for IOP2. Tra- counting for aircraft motion. This was corrected and the
jectories calculated from ECMWEF data were used for plan-comparison re-performed as shown in Table 4. Mean and
ning I0P3 (long range transport). Flight planning for IOP1.4 standard deviation of the differences are less than 1'ms
used near real-time Land Surface Temperature Anomaly dat¥Vind data from the F-F20 was not submitted for compari-
derived from LandSAFHttp://landsaf.meteo.ptto identify son.
regions of recent precipitation and for IOP1.5 MODIS tree  Temperature differences were approximately 1K and rel-
cover data from Land Processes Distributed Active Archiveative humidity (RH) differences were a few percent. It is
Center http://lpdaac.usgs.gpwas used. worth noting that on the comparison legs RH varied between
One Chemical Transport Model (LMDz-INCA) and one 40 and 85% with rapid fluctuations at FL190. On the profiles
regional model (Meso-NH) driven by ECMWF meteorologi- Very thin cirrus cloud layers were crossed and these fluctua-
cal products delivered chemical, biogenic and lightning trac-tions are likely to be associated with old cirrus layers. Rela-
ers forecast continuously during the mission. A Lagrangiantive humidity with respect to ice was measured on the highest
model, FLEXPART-GIRAFE, was used to track the biomasslegs (FL190) and with respect to liquid water below this.
burning plumes from the southern hemisphere (Mari et al., Differences in ozone measurements were lower than
2008). MOPITT data were also available in near real-timeduring comparison flights from previous campaigns (e.g.,
over West Africa. ICARTT,; Fehsenfeld et al., 2006) with means and standard
deviations of only 1 ppbv. Figure 2 compares the ozone time
series from all 4 aircraft during the comparison legs. Note
that the time stamp from the F-F20 instrument had not been
synchronised and suffered an obvious lag of 60s which has
been corrected for in Table 4 and Fig. 2.

2.3 Flight planning
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Table 4. Results from comparison flight legs in formation with BAe-146. For each aircraft, the difference from the BAe-146 measurement
is summarised by its mean, standard deviation and rank correl@joi\(running median filter with a window width of 10s was applied to
all data before putting on common time-base.

Variable Units D-F20 F-F20 ATR42
mean sdev R mean sdev R mean sdev R
Longitude deg 0.00016 0.00102 1.000 0.00025 0.00102 1.000 0.00015 0.00044 1.000
Latitude deg —0.00022 0.00037 1.000 0.00015 0.00077 1.000 0.00012 0.00069 0.994
Pressure hPa —0.93 0.29 0.978 -1.18 0.18 0.949 3.61 0.32 0.663
U ms1 017 0.33 0.989 0.15 0.65 0.957
\ ms1 -0.23 0.40 0.982 -0.21 0.42 0.890
Temperature K -0.09 0.13 0.999 1.11 0.22 0.996 -0.83 0.09 0.976
RH % 2.4 3.3 0.973 —-1.6 2.6 0.962 -34 1.7 0.914
Ozone ppbv 0.1 0.9 0936 -2.4 1.0 0.980 1.2 1.4 0.763
Cco ppbv 0.1 4.3 0.906 4.7 4.6 0.715 18.1 7.1 0.746
14:06 to 17:58 UTC 16/08/2006 Table 5. Results from comparison flight legs between BAe-146
50 T . ‘ . ‘ ‘ and D-F20 in formation. The mean and standard deviation of BAe-

146 measurements is shown. The difference between D-F20 and

45 - BAe-146 is summarised by its mean, standard deviation and rank
[ correlation R). A running median filter with a window width of
g 40 - 10s was applied to all data before putting on common time-base.
a [
;J’ 35" Variable  Units BAe-146 D-F20
C |8
Q [ mean sdev mean sdevR
o 30 co, ppmv 3736 1.4 11 0.8 0.756
t NOy pptv 276 92 32 97 0.828
25 HCHO pptv 372 51 13 42 0374
20

15 16 17 18

Time (hours from 00UTC) together to create average plots. The ATR-42 standard was

not involved in the comparison, so CO data from the ATR-42
are not included in this analysis.

Additional measurements were available for comparison
between the BAe-146 and D-F20 (Table 5). The mean and
standard deviation between @@easurements is approxi-

The initial carbon monoxide comparison was much Mately 1 ppmv and therefore of the same order as the stan-
worse than had been observed in previous campaigns (e.gdard deviation in the time series itself since £i@s a small
ICARTT). This motivated a comparison of the CO-standardsdynamic range. Nevertheless the correlation is almost as high
used during AMMA against two NOAA standards. The per- as for CO.
centage differences of the measured concentration of each Averaging across the entire comparison window the mean
AMMA standard from its quoted concentration wered.3%  difference between N measurements is approximately
for D-F20, +6.9% for BAe-146 and-7.2% for the F-F20. 12%. The correlation is also high. However, the BAe-146
The comparison of CO mixing ratios is shown in Table 4 measurement showed less dynamic range, reporting of the or-
after multiplying the time series by the appropriate scalingder 100 pptv higher at 697 hPa and 100 pptv lower at 485 hPa.
factors: D-F20 (0.997), BAe-146 (1.069) and F-F20 (0.928). The reasons for this have not been resolved and the compar-
The correction eliminates the bias between the D-F20 andson was not as good as when the UK instrument was in-
BAe-146 measurements, but the F-F20 measurements remaffialled on the Met Research Flight C130 aircraft (Brough et
high relative to the BAe-146 CO, although comparable with al., 2003).
the standard deviation in the case of the F-F20. These scaling Formaldehyde (HCHO) mixing ratios have only been
factors have been applied to the data before integrating themompared on the profile ascent and higher flight leg (485 hPa)

Fig. 2. Comparison of ozone measured on board the BAe-146
(black), D-F20 (blue), F-F20 (brown) and ATR42 (red) during
wing-tip to wing-tip flights.
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because the BAe-146 data showed an unrealistic oscillation =) _
on the lower leg. 150+

A comparison has also been made of peroxy radicals as .| =
measured on board the BAe-146 using the FAGE (Laser in-

—_— b 5 T - g Ozond]
T Average Ozone I crage Ozone

150

350 - 350-]

450 - 450

Pressure (hPa)

Pressure (hPa)

duced fluorescence) (Heard, 2006) (#+@hly) and by PER- 501 —§ ™1 I

CAs (Peroxy Radical Chemical Amplifier) (RG- HO) on i E“ E i

board both the BAe-146 (Green et al., 2006) and the D-F20 - o B e ¥ ‘
Falcon (Andres-Hernandez et al., 2009). The results are re- 1 : il wi—— !__—‘—.:_r
ported in Andres-Hernandez et al. (2010). ? ladeltegeen ® Longiude Degees)

The intercomparison exercise for aerosols concerned only
three aircraft, the BAe-146, the D-F20 and the ATR-42 (theFig. 3: Average ozone concentrations _in bins of 100 hPa of atmo-
F-F20 did not carry any in situ aerosol instrumentation). In- SPheric pressure ar(@) 1 degree of latitude an(b) 1 degree of
tercomparing aerosol measurements onboard aircraft is chalo"9itude based on 1-min data from the BAe-146, the DLR Falcon,
lenging for a number of reasons (see Appendix A) and a the French Falcon, French ATR and the M55 between 20 July and

the diff t | datasets h tbh S21 August. Note that the ozone concentrations in the top layer are

a consequence_, € dilierent aerosol datasets have no . egOerages between of 100 and 50 hPa and are off the colour scale,
merged to _prowde mean patte_rns_ b_ut, whenever approprlqt_eextending up to 1700 ppbv.
they have instead been used individually to answer specific
science questions.

50 ge CO b) 50 |Average CO
3 aircraft D-F20, 3 aircraft D-F20,
150 |F-F20 & BA 150 |F-F20 & BAe
all scaled all scaled
0 250 T

350

4 Overview of results

4.1 Large scale patterns of trace gases

Pressure (hPa)
Pressure (hPa)

Figure 3a shows average;@oncentrations from the 5 air-
craft plotted as a function of latitude and altitude. The av-

erages are created by taking 1-min data for each flight from L) (Degr;;s 20 s Lm;}wdemeies] i
each aircraft, separating them into bins of 100 hPa of atmo-

spheric pressure and 1 degree of latitude and then caIcuIatingig' 4. Average CO concentrations in bins of 100 hPa of atmo-
the mean. Figure 3b is the same as 3a except longitude bingyheric pressure an@) 1 degree of latitude antb) 1 degree of
are used instead of latitude bins. A number of features evijongitude based on 1-minute data from the BAe-146, DLR Falcon
dent in the @ distribution can be related to the dynamics of and French Falcon between 20 July and 21 August. Note that the
the region. concentrations have been scaled according to the comparisons of
There is a general vertical gradient with concentrations de-Standards.
clining towards the surface. A sharp gradient is observed
around 100 hPa, with concentrations up to 1700 ppv above
in the lower stratosphere, whilst concentrations in the tropofected by the dynamics, but also by the land surface which
sphere rarely exceed 100 ppbv. This vertical gradient |arge|yil’an8iti0ns from ocean in the south, via mosaic forest and
reflects an anti-correlation with water vapour, with high con- savanna to desert in the north. The impact of this on the
centrations of ozone in the drier stratosphere and lower conchemical composition in the lower atmosphere is discussed
centrations in the humid monsoon layer air in the lower tro-in Sect. 4.5.
posphere. The vertical gradient will be considered in more Figure 4 shows latitudinal and longitudinal average pro-
detail in Sect. 4.2. files of CO from the D-F20, F-F20 and BAe-146 scaled ac-
Note that there is no obvious pattern of ozone concen-cording to the results of the comparison of standards. There
tration with longitude, at any altitude. However there areis no strong spatial pattern longitudinally; however there
a couple of features that can be identified when looking atare a number of interesting features in the latitudinal pro-
the latitude versus pressure plots. At low latitudes, aroundile. There is a tendency for higher concentrations in the
650 hPa, air was sampled that contained higher concentrasouth at all altitudes, except over the ocean in the bound-
tions of ozone than at other latitudes at similar pressuresary layer. In the lower troposphere the highest concentra-
This air also tended to be drier. It was influenced by biomasdions were found betweert and 13 N over the vegetated re-
burning and had been advected into the region (see Sect. 4.3jions and urban regions. The influence of landing at Cotonou
A second feature is that at the lowest altitudes bins (pressurand a low level circuit of Lagos can be seen aiN7and of
>800 hPa) there is a tendency for concentrations of ozondandings at the aircraft bases of Ouagadougou and Niamey
to be lower in the moister air to the south and higher in theat 13 N. The influence of the biomass burning plumes can
drier air to the north. Not only is the latitudinal gradient af- be seen in the southerly region of the mid-troposphere. The
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average vertical profile of CO (Fig. 5), exhibits a “C” shape
with highest median concentrations in the lower and upper ]
troposphere. However the impact of biomass burning inthe 21 : : : , . , :
mid-troposphere is evident in the high values of the 90th per- T Longiuce egress) R

centiles and the outliers-@9th percentiles).

To put the aircraft data into the wider context, both spa-Fig. 6. Top panel: average CO concentrations based on 1-min data
tially and temporally, and to help explain the features ob-from the BAe-146, DLR Falcon and French Falcon between 20 July
served, they are compared to satellite measurements of C@nd 21 August for the layers 650—750 hPa (left) and 200-300 hPa
from MOPITT (Emmons et al., 2009). Figure 6 shows the (right). Note that the concentrations have been scaled according
aircraft and satellite data in layers centred on 700 hPa andP the comparisons of standards. Middle panel: average CO con-

centrations for August 2006 from MOPITT for the levels 700 hPa
iig: P@h;memhggtP;;F;g:?C?;t ];’(I)ir lej%tljes::%(;%ethe month(Ieft) and 250 hPa (right). Lower panel: MOPITT CO anomalies
g h he el 9 he ai N f for August 2006 compared to the average for the years 2000-2008
At700hPa the elevated CO seen by the aircraftis part of gg, | ding 2001) for the levels 700 hPa (left) and 250 hPa (right).

large scale feature originating over the western part of south-
ern Africa (centred around Angola and Zaire) and extending
north westward into the Gulf of Guinea. The aircraft tended , . . .
to observe higher CO in the southern legs of the flights thanthIS COis dlscusse.d in several papers (Barret et al., 2008;
measured by satellite. Much of this is due to some flights tar—Ancellet etal., 2009; Law et al., 2010).
geting these southern hemispheric plumes. At 250 hPa this At 700 hPa the aircraft data suggest slightly higher CO
feature, although much weaker, is still evident. It is not clearconcentrations in the north-west of the region. This is in
how much of this CO at 250 hPa results from convective up-agreement with the satellite data which shows extensive re-
lift of CO-rich air from W. Africa, or how much is due to 9ions of CO above 100 ppbv across northern Africa, with a
long-range upper tropospheric transport into the region fol-not spot over Sudan (not shown).
lowing up-lift elsewhere. Either way, the satellite data sug- Comparing the MOPITT data for August 2006 with Au-
gests that emissions in southern Africa contributed to elegusts of previous years (2000-2008, excluding 2001 for
vated CO throughout much of the troposphere along the Gulivhich there is insufficient data) (Fig. 6, bottom panel), it can
of Guinea coast. be seen that at 700 hPa, CO was considerably higher than in
At 250 hPa the aircraft tended to observe higher CO in theother years. As an average for the region shown in the figure
region 4-10 N than measured by satellite, largely becauseit was 10 ppbv above the mean. This anomaly is highest in
many of the flights at this altitude where aimed at samplingthe south of the region with values up of 60 ppbv. It suggests
outflow from MCSs. There is sparse data coverage from thehat the influence of biomass burning in the southern hemi-
satellite in this zone due to the frequent occurrence of cloudsphere on CO in the lower troposphere over the West African
however there is still some suggestion of elevated CO in thigegion was greater in 2006 then is typical of recent years.
region, certainly compared to further north. The source ofNote that the CO in the north of the region at this altitude
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Fig. 7. Ozone and CO correlations coloured by a) water vapour and 9 8- Average tropospheric column densities of N(op) and
b) acetonitrile. Data from the BAe-146 only. HCHO (bottom) for July and August 2006 from SCIAMACHY.

in 2006 was also higher than the mean. Unlike 700 hPa, Cas due to anthropogenic (non-biomass burning) emissions as
at 250 hPa in August 2006 was close to the mean of recerbserved in a flight in the moist boundary layer around La-
years. gos, Nigeria. Figure 7 suggests that with the exception of a

Figure 7 shows the relationship between ozone and Cdew polluted air masses where there were clear enhancements
(for the BAe-146 data only). The bulk of the data falls of ozone with increased levels of CO (e.g. the Cotonou/Lagos

into a population where there is a negative correlation be Sty plume as discussed in Ancellet et al., 2009), most of the

tween these two chemical compounds. This correlation il Sampled over W. Africa shows a tendency for net photo-
related to water vapour in that the air with higher ozone chemical loss of ozone.

and lower CO concentrations tends to be drier, whilst the Measurements from the satellite instrument SCIA-
air with lower ozone and higher CO concentrations tends toMACHY can be used to get a picture of the overall distri-
be moister. This illustrates the stratospheric source of trobution of NG, (Richter et al., 2005) and HCHO (Wittrock
pospheric ozone and the re|ative|y short photochemica| |ife_et al., 2006) In contrast to the aircraft measurements, these
time of ozone in the moist, monsoon |ayer air into which data give the integratEd trOpOSpheriC column without vertical
CO is emitted. A second population of data shows a positiveprofile information and have a spatial resolution of the order
relationship between ozone and CO. It occurs at a range off 30 x 60kn? for individual pixels. In Fig. 8, the tropo-
water vapour concentrations and typically displays a ratio ofspheric NQ and HCHO fields from SCIAMACHY averaged

1 ozone molecule to 4 CO molecules. This population canover all data from July and August 2006 are shown.

be subdivided into 2 groups: 1 that is influenced by biomass The NG distribution is characterised by high values over
burning as indicated by the elevated concentrations of aceregions of intense biomass burning and anthropogenic emis-
tonitrile (Murphy et al., 2010) (Fig. 7b) and is in relatively sions and low values over desert and ocean. In the Sahel re-
dry air and 1 that does not show increased acetonitrile bugion, NG, is slightly elevated probably as result of soil NO
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emissions (also observed by the aircraft; Stewart et al., 2008)
with no sharp gradient with latitude before about I8 In- 250
terestingly, NQ values over the ocean close to the coast are . ,., |
also elevated, and backward trajectories indicate that this ist ,, |
a result of transport of biomass burning affected airmassess sso
from central Africa. No vertical information is available £ es0
from the measurements but as the distances involved are 750+
rather large, transport must have taken place at higher alti- 8507
tudes where the NQlifetime is larger. 90 A P e e e
Formaldehyde as an indicator of VOC chemistry is shown 0 2 40 60 8()Ozon1eo((;pbv1)20 140 160 180 200
in the lower panel of Fig. 8. Its main sources are biogenic
isoprene and biomass burning. Consequently, high valuegig. 9. Average vertical profile of ozone concentrations in bins of
are observed over the region with fires and also over thel00 hPa of atmospheric pressure based on 1-minute data from the
densely vegetated part of the AMMA region. Some indica- BAe-146, the DLR Falcon, the French Falcon, French ATR and the
tion of transport from the biomass burning region can also beM55 between 20 July and 21 August 2006. The black marker is the
seen in the HCHO map, but to a much smaller degree thanedian, the red box the range of the 25 to 75 percentiles, the blue
in the NO. In spite of the general similarities between the Whi_skers the range of the 10 to 90 percentiles and the green poir_1ts
NO, and HCHO distributions, several important differences outliers less than the_l per_centlle and greater than the 99 pe_rcentlle.
exist. Firstly, no anthropogenic (non-biomass burning) Sig_Note that the x- axis is limited to 200 ppbv to_shov_v the variation of
nals can be discerned in the region shown. Secondly, t|,](I(e)zqne in the troposphere. Ozone concent.ratlons in the top layer are
. - . S . imited to data between 100 and 50 hPa bin and exceed 200 ppbv.
HCHO maximum attributed to biomass burning is shifted to
the north, indicating secondary production and contributions
from biogenic emissions. And lastly, as no soil emissions
are expected for HCHO, the drop off in the AMMA region is

150 —

Average ozone profile
from 5 Aircraft
Median

25-75%iles
10-90%iles

111“”]

to low concentrations of ozone convectively lifted to this alti-

more to the south than for NQwith generally larger values tude. At 10 N there is again no obvious sign of detrainment
and some hot spots south of*10 and low values north of of convectively lifted ozone-poor air at 250 hPa. Instead of
15° N an “S” shape profile, the ozone concentrations increase from

dthe surface to 550 hPa where they remain reasonably con-

As satellite measurements are all taken in relatively clou tant up to 250 hPa. before increasing into the stratospher
free situations, the averages shown have a clear sky biad OUD 0 e a, belore increasing Into the stratosphere.
At 13° N the “S” shape profile is apparent with clear minima

Also, for comparison with the in-situ data discussed in theat the surface and at 250 hPa. AP Mthere is also an “S”

following sections, the integrated nature of the remote sens- h file with the mini t 250 hPa. althouah th
ing has to be taken into account as well as the fact that NO]:C’ ape profi ?th' € m|n|mutm atlh ¢ tr?’ at t?]UQ tf] sur-h
is measured. not NO ace concentrations are greater than further to the south suc

that up to 750 hPa the ozone concentrations are fairly similar,
if anything decreasing with altitude.

This change in vertical profile with latitude suggests that
Figure 9 shows the average vertical profile of ozone concenthe maximum in the convective uplift of ozone poor air is
trations measured on all aircraft. Rather than simply exhibit-around 12-124N. This is slightly further north than the loca-
ing an increase from the surface to the stratosphere, the prdion of the inter-tropical convergence zone (ITCZ) which was
file is “S” shaped with a maximum in the median at around centred around 10-2A as indicated by the outgoing long-
400 hPa and a minimum at around 250 hPa. This is typicawave radiation (OLR) for July and August 2006 (Janicot et
of that seen elsewhere in the tropics where the minimumal., 2008). It should be noted that some flights were designed
at 250 hPa can be explained by the detrainment of ozonépecifically to target high altitude outflow from MCSs. This
poor air that has been convectively lifted from lower alti- may therefore have biased the average profiles and latitudinal
tudes (Folkins et al., 2002). Note that the maximum in thelocation of the maximum effect of this convective uplift.
outlier concentrations=99 percentiles) at 650 hPa is asso-  Figure 11a shows the general profile behaviour of tro-
ciated with the biomass burning plumes in the south of thepospheric 0zone concentrations recorded by ozone sondes
region (see below and Fig. 10a). launched from Cotonou {8\) between 21 July and 22 Au-

Figure 10 illustrates how the vertical profile changes with gust. Concentrations from 9 individual soundings have been
latitude. At & N the “S” shaped profile is exaggerated with a averaged into bins 100 hPa thick as for the aircraft data pre-
maximum and large variability at 650 hPa due to some airsented in Fig. 10. Further details on these soundings data can
masses having been influenced by biomass burning emisie found in Thouret et al. (2009). In general, the compos-
sions. Although there is a minimum in the median at 350 hPate profile from aircraft data at°dN (Fig. 10a) and the av-
it is not clear if this is generated by the enhanced ozone coneraged profile from the soundings highlight the same tropo-
centrations below resulting from the biomass burning or duespheric behaviour described above as an ”S” shape (i.e. low

4.2 Tropospheric profiles of ozone
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Fig. 10. Average vertical profiles of ozone concentrations in bins of 100 hPa of atmospheric preqs)&® &t, (b) 10° N, (c) 13° N, and

(d) 16° N based on 1-min data from the BAe-146, the DLR Falcon, the French Falcon and the M55 between 20 July and 21 August. The
black marker is the median, the red box the range of the 25 to 75 percentiles, the blue whiskers the range of the 10 to 90 percentiles and the
green points outliers less than the 1 percentile and greater than the 99 percentile. Ozone concentrations in the top layer are limited to datz
between 100 and 50 hPa bin and exceed 200 ppbv.

surface concentrations, high ozone between 800 and 400 hPegnvective uplift. For example a siginifcant ozone concentra-
lower ozone around 250 hPa and higher ozone in the UT bytion difference (20-30 ppbv) is seen at 250 hPa for the F-F20
100 hPa). flights around MCS and during the dry spells (Ancellet et al.,
Both data sets exhibit high to very high ozone concentra-2009).
tions in layers between 800 and 400 hPa. This highlights the Figure 11b shows the average profile for 29 ozone son-
seasonal characteristic called “intrusions of biomass burningles that were released from Niamey (13 N) between 26 July
products from the southern hemisphere”. As firstly revealedand 25 August. Although the concentrations are similar to
by the MOZAIC data recorded over Lagos and Abidjan those observed by the aircraft near the surface (Fig. 10c),
(Sauvage et al., 2007; Sauvage et al., 2005), these high ozottike the Cotonou sondes the Niamey ozone sonde data gives
concentrations go along with high CO values as well as othehigher concentrations in the UT than the aircraft data. This
biomass burning tracers like acetonitrile (Fig. 7b). Consis-might be the different measurement technique and sampling
tent with the MOPITT CO data discussed above, Thouretstrategy. For Cotonou the ozone sondes were launched on
et al. (2009) found by comparing the ozone sondes fromprescribed days regardless of conditions and for Niamey the
Cotonou during AMMA with vertical profiles obtained by strategy was to smoothly cover the campaign with ozone
MOZAIC in other years, that these southern intrusions ofsoundings, whereas the aircraft flights were for specific mis-
biomass burning were particularly frequent in 2006 com-sions and many of those in the UT were sampling around
pared to other wet seasons. MCSs. No remarkable difference can be seen in the ozone
In the upper troposphere, above 400 hPa, data from th&ata from ozone sondes that were launched to target convec-
soundings show higher concentrations with a median valudive systems and in fact one profile which diverges dramati-
close to 70 ppbv between 400 and 200hPa and close t6ally from the rest does not have any noticeably different his-
85 ppbv between 100 and 200 hPa while the aircraft datdory. It was a clear sky observation on 1 August 2006 early
exhibit around 20 ppbv less. This may reflect the differ- afternoon.
ences in the measurement techniques (Thouret et al., 2009) The M55 observing strategy was directed partly to sample
and in sampling strategies. The soundings were launchethe direct effects of MCSs on the UTLS and partly to char-
on predefined days irrespective of the conditions, but somecterize the UTLS in as nearly an unperturbed state as possi-
flights were designed specifically to target high altitude out-ble, i.e. far from MCS events (Cairo et al., 2010). The flight
flow from MCSs. This may therefore have biased the averagdours were nearly evenly distributed across these two goals.
profiles and latitudinal location of the maximum effect of this Following an analysis of air mass origins in the TTL (Law
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150 -] I —— cursors. In some cases the precursors observed in the UT
250 — (- originated from biomass burning in the southern hemisphere
S 350 e over Central Africa and have been calculated to contribute to
= 450 - continued net @ production for several days as the air was
5 550 - — s iy ot transported out over the ocean (Real et al., 2010), possibly
B :22: T ——) T Jies contributing to the @ maxima previously identified over the
gl s gl southern Atlantic (Weller et al., 1996; Thompson et al., 1996;
OO ; Jenkins and Ryu, 2004a, b). The role of convection ang NO
o w0 o o A 200 from lightning on the composition of the UT over W. Africa
Ozone (ppbv) has been further examined in a study using 4 global chemi-
cal transport models (Barret et al., 2010), which showed that
150 - R important differences between the UT CO and ozone distri-
250 rm—— butions simulated by each of the models could be explained
a igg— Frm— by differences in the convective transport parameterizations
?.E; odl : P T and, more partlcula_lr_ly_, the al'gltude reac_heo_l by convective up-
2 om0 — Nk sakioine drafts. Model sensitivity studies clearly indicated that the CO
& 250 — ;n;g’i:;_ maxima and the elevated ozone concentrations south of the
850 — 50 equator are due to convective uplift of air masses impacted by
9050 | tmem—t - S ey — — | Southern_ African biomass byrning, in agreement with previ-
0 40 80 120 160 200 ous studies. Moreover, during the West African Monsoon,
Ozone (ppbv) NOy from lightning over W. Africa is calculated to be re-

sponsible for 10-20 ppbv enhancements in UT ozone over
Fig. 11. Average ozone profiles based on (top) 9 soundings fromthe tropical Atlantic.
Cotonou (8 N, 2° E) launched at 10:00 or 11:00a.m. local time
between 21 July and 22 August 2006 and (bottom) 29 soundingst 3  Biomass burning
from Niamey (13 N 2° E) between 26 July and 25 August 2006.

The black marker is the median, the red box the range of the 25 to 7%3 already mentioned above, elevated concentrations
percentiles, the blue whiskers the range of the 10 to 90 percentile; ’

. 1 v) of ozone wer rved in th hern mid-
and the green markers are less than the 1 percentile and greater th 5 100 ppbv) of ozone were observed in the southe d

n . .
the 99 percentile. roposphere of the region sampled by the aircraft dur-

ing AMMA. Ozone vertical profiles collected through the

MOZAIC program between 1997 and 2003 over Lagos and

Abidjan, Ivory Coast, during July and August, a similar time
etal., 2010), the M55 flights appear to be reasonably reprepf year to the AMMA flights, also exhibit elevated concen-
sentative of air masses impacting these altitudes over Wesfations around 650 hPa (Sauvage et al., 2005). This feature
Africa. Model aided analysis confirms the presence of directj, the MOZAIC data was not systematic, but rather a variable
injection up to the tropical tropopause by intense convectivegne, Similarly the range in the percentiles at 750 and 650 hPa
systems and indicates that composition is dependent on thgt & N (Fig. 10) illustrate that this was a variable feature in
residence time in the TTL after convective uplift (Fierlietal., the AMMA aircraft data.
2010). June to August is the wet season in West Africa when

Observations of coupled variations of total peroxy radi- biomass burning is at a minimum. Sauvage et al (2005), how-

cals with NO and non-methane hydrocarbons (NMHC), in- ever, attributed the enhanced ozone observed in the MOZAIC
cluding isoprene, made on board the D-F20 and F-F20 indata to biomass burning in the southern hemisphere by using
some of regions of convective outflow indicate uplift of rad- trajectory analysis and fire count data. The acetonitrile data,
ical and G precursors coincident with either uplift of NO collected during AMMA on the BAe-146 aircraft (Murphy et
or an emission of NO from lightning (Andres-Hernandez etal., 2010), unequivocally confirms that biomass burning had
al., 2009; Bechara et al., 2009). Significant ngtgoduc- influenced these air masses. During SOP2, observations of
tion rates of around 1 ppbv/h have been calculated from meathe size-resolved chemical composition of individual aerosol
surements made in this outflow. Backward trajectories haveparticles by transmission and scanning electron microscopy
also been overlaid on Meteosat Second Generation imagesoupled with energy dispersive X-ray analysis (Fig. 12) show
to identify convectively influenced flight segments followed the presence of submicron biomass burning aerosol particles
by forward photochemical modelling, initialised with data, to even in the area around Niamey. Biomass burning particles
estimate net @production in these air masses. This showshave been identified as K (in addition to S) enriched particles
that not only is @ poor air lifted from the lower troposphere composed mainly of C (and O), whereas particles showing a
to the UT in these convective systems, but that this is counfractal or chain like aggregate structure and giving only the
teracted to some degree by the uplift and emissionzghi®@- X-ray peak of C have been classified as elemental carbon. A
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Fig. 12. Various types of aerosol particles identified by individ- 0 100 200 0 100 200
ual particle analysis in the submicron and supermicron sizes, and Particle scattering coefficient, Mm™
their relative abundance averaged over all ATR-42 flights during
SOP2az2. Fig. 13. Vertical profiles of the aerosol scattering coefficient mea-

sured during flights V024 of SOP 1al and V030 of SOP 2al at 450
(blue line), 550 (green line), and 700 nm (red line) by the ATR-42.
detailed discussion of the particle identification procedure is

presented in Matsuki et al. (2010a).

Further, using a particle dispersion model coupled withlayer remains unperturbed. This additional layer contributes
daily active fire products from MODIS, Mari et al. (2008) 0.15 to the column scattering optical depth (obtained by in-
identifies these air masses to have been impacted by biomassgrating the scattering profile over the depth of the layer),
burning which took place in southern Africa and subse-which is comparable to the annually-averaged median total
guently transported into West Africa in the easterly flow as-aerosol extinction optical depth estimated by the AEROCOM
sociated with the southern AEJ (S-AEJ). The variability in modelling exercise (Textor et al., 2006), especially when
the ozone concentrations reflects the variability in the occur<onsidering that the absorption optical depth (not accounted
rence of such transport events which is dependent on whethdor by the aircraft data) should be significant. Further, the
the S-AEJ is active or not. Real et al. (2010) also examined iraircraft sounding was topped at 3 km, so it is not possible to
further detail a particular event sampled by the M55 at 13 kmconclude anything about the presence of a secondary layer
over southern West Africa. It appears that northerly transporin the upper troposphere, as evident in some of the ozone
of biomass burning emissions into central Africa followed by profiles analysed by Thouret et al. (2009), which could also
convective uplift and westward transport by the TEJ was thecontribute significantly to the columnar light extinction.
main transport mechanism. Williams et al. (2010) show that  Although intrusions of such air during the wet season had
the ability of chemistry transport models to simulate thesebeen observed before (Sauvage et al., 2005), it was largely
biomass burning transport events is highly dependent on thexpected that biogenic emissions would dominate at this time
meteorological analysis data that is used to drive the model.of year. Despite this, one of the main features of the AMMA

The modification of the aerosol vertical profile induced campaign was the large impact of biomass burning in the
by such events is illustrated in Fig. 13 by the comparisonsouthern hemisphere on the composition of the troposphere
of the vertical profiles of the aerosol scattering coefficientover West Africa. However analysis of several years of verti-
measured by the AVIRAD aerosol sampling system onboardcal ozone profiles (Thouret et al., 2009) and the CO data from
the ATR-42 during two different flights over the Gulf of MOPPIT (see above) suggests that the impact of the biomass
Guinea in the 3-94N area (longitude 25E), the first con-  burning was in fact greater in the wet season of 2006 than in
ducted during SOP 1al and the second during SOP 2al (Fopther recent years.
menti et al., 2010). The spectral dependence of scattering
indicates that the aerosol size distribution is dominated by4.4 Land surface impact
particles in the accumulation mode. Flight V024 (14 June)
represents background marine conditions in the area, withFor ozone, the most noticeable gradient in the lower tropo-
low scattering values in the boundary layer50 Mm=1; sphere is a latitudinal one (Fig. 3). Focussing on data at pres-
1Mm~1=10"%m=1), decreasing to zero above. Transport sures greater than 900 hPa, average ozone concentrations de-
on biomass burning on 4 July (flight VO30 of the F ATR- cline from 30 to 20 ppbv from over the ocear? (§) inland
42) results in the appearance of an elevated layer extendingp around 11N (Fig. 14a). There is then a sharp increase
up to 3km and showing values up to 100 Minat 450 nm,  to over 40 ppbv at 15N, before declining again further to
whereas the aerosol vertical distribution in the boundarythe north. The ITD was located closer to°20 (Janicot et
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Fig. 14. Average latitudinal profile at altitudes below 900 hPa atmospheric pressure between 20 July and 21 August. The black marker is the

median, the red box the range of the 25 to 75 percentiles, the blue whiskers the range of the 10 to 90 percentiles and the green paoints outlier:

less than the 1 percentile and greater than the 99 perce(#)lezone (all aircraft)(b) CO (D-F20, F-F20, BAe only)c) benzene (BAe
only), (d) acetonitrile (BAe only)(e)isoprene (BAe only)(f) NOx (BAe only), (g) HCHO (BAe only), andh) acetone (BAe only).

al., 2008) so the reason for the pattern in thei®©unlikely

et al., 2000). The fact that ozone decreases in concentra-

to simply be a function of the south westerly monsoon airtion from the coast inland over the trees, in the direction
being lower in Q than the north easterly Harmattan. There of the predominant monsoon flow, suggests that the sink
is, however, a strong vegetation gradient around 12NL3 (chemical and depositional) is greater than the source. CO
(Janicot et al., 2008), with substantial tree cover to the souttconcentrations (Fig. 14b) are generally anticorrelated with
and scrubland and bare soil to the north. A similar patternozone, the highest values being between 9 arfd\LTThe
for O3 has been observed at surface IDAF (IGAC-DEBITS- exceptions are at®MN, which is largely due to emissions
AFRICA) sites during the wet season, which shows mixing from the coastal cities such as Lagos (Hopkins et al., 2009)
ratios to be around 10 ppbv higher over dry savannas in thend Cotonou, and at 18!, which coincides with the air-
north compared to wet savannas to the south (Adon et al.craft bases of Niamey and Ouagadougou. Interestingly the
2010). predominantly anthropogenic tracer, benzene, shows a sim-
The changing vegetation and land-use will not only af- ilar pattern to CO. Acetonitrile, the biomass burning tracer,
fect emissions of relevant trace gases but also depositiorshows no latitudinal gradient at these altitudes (Fig. 14d) sug-
The lower G concentrations between 6 and"Neare likely ~ gesting little contribution from anthropogenic sources. Iso-
to be at least partly due to rapid deposition to trees (Crog’rene (Fig. 14e), a biogenic species with a lifetime of only
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a few hours, had enhanced mixing ratios across abdwutf6 the supermicron fraction, with maximum concentrations be-
latitude (~700km), showing its widespread impact on the ing found above 2 km (Fig. 12, Matsuki et al., 2010b), even
composition of the boundary layer (Murphy et al., 2010). during SOP 2a2 in the mature Monsoon period, when pre-
Its short atmospheric lifetime means that it is largely con- cipitation is expected to reduce emission and enhance depo-
fined to locations close to its source, in this case the forestedition.
areas. Ferreira et al. (2010) confirm that this concentration During AMMA SOP l1la and SOP 2al, IOPs 1.1 and 1.2
distribution is largely consistent with the emission distribu- yielded data on mineral dust. Studies under IOP 1.1 (Ta-
tion predicted by MEGAN (Model of Emissions of Gases ble 3) used a rather novel combination of airborne lidars
and Aerosols from Nature (Guenther et al., 2006)). and dropsondes to investigate dust mobilisation and trans-
NOy (Fig. 14g), like CO and benzene is highest around theport over West Africa. In these studies, the structure of the
cities, but unlike them it does not decrease from 10-N1 aerosol fields was documented at the regional scale using the
northwards, but remains high until around® N (similar to ~ airborne lidar LEANDRE 2 (Bruneau et al., 2001) with res-
the column NQ observed by satellite). This is most proba- olutions of 15m in the vertical and 1.5 km in the horizontal.
bly due to emissions of NOfrom recently wetted bare soil LEANDRE-derived reflectivity at 730 nm is mostly sensitive
in the north (Delon et al., 2008; Saunois et al., 2009; Stew-to aerosols with radii ranging from 0.1 to 5 um, where a large
art et al., 2008). Assuming a NOQimited atmosphere, this fraction of the size distribution of dust aerosols is concen-
latitudinal gradient in NQ concentration should reflect the trated. Furthermore, reflectivity is sensitive to aerosol opti-
latitudinal gradient in photochemical production of ozone, cal properties and concentration, as well as relative humidity
which is consistent with the latitudinal gradient of ozone andin the case of hygroscopic aerosols, such as those generally
enhanced deposition over the trees. Stewart et al observepresent in the monsoon layer (e.g. Crumeyrolle et al., 2008).
enhanced @along with enhanced NO over recently wetted On the other hand, over the African continent and close to
soils supporting the idea of photochemical production ¢f O the sources, desert dust particles are generally considered to
from soil NO, emissions. The modelling study by Saunois et be hydrophobic (Fan et al., 2004). Therefore, reflectivity as-
al. (2009) confirms the hypothesis that the ozone latitudinalsociated with desert dust is generally not expected to be sen-
gradient in the lower troposphere over W. Africa is a result of sitive to relative humidity fluctuations, and can be used as a
the rapid deposition to trees in the south and enhanced NOproxy for dust concentration (Flamant et al., 2007; Flamant et
from bare soils in the north. al., 2009b; Flamant et al., 2009a). Observations within IOP
HCHO has a lifetime of a few hours and is often used 1.2 (Table 3) were mostly dedicated to the situ characteriza-
as a marker of isoprene emissions (Shim et al., 2005). Altion of the physico-chemical and optical properties of min-
though its concentration profile peaks at around 10NL1 eral dust emitted by MCSs (Formenti et al., 2010). The IOP
its concentration does not drop off so rapidly to the northtype 1.2 dedicated to this science issue consisted of two cou-
(Fig. 14h). This low altitude latitudinal gradient is similar pled flights, one before and one after the passage of an MCS,
to that of the column observed by SCIAMACHY, although and in coordination with observations at the ground super-
perhaps declining less rapidly northwards. Acetone, whichsite of Banizoumbou in Niger. Due to the poor predictability,

has a lifetime of several days, peaks at arourfdNLand re-  in practical terms encompassing an MCS was very compli-
mains reasonably high over the bare soils to the northerlycated, and could be achieved only on a couple of occasions.
extent of the aircraft observations at°™8 (Fig. 14f). Al- However, almost all the flights included vertical profiles and

though HCHO and acetone can both have primary sourcestraight and level runs sampling at various heights within the
they are also produced via oxidation of carbon compoundsaerosol layer and therefore provided a large extent of data of
The latitudinal profiles of these oxygenated VOCs, suggesthe physico-chemical properties of mineral dust transported
a combination of northward advection and in-situ oxidation over Western Africa. Within IOP 1.2, Crumeyrolle et al

chemistry in this northern region. The Saunois et al. (2009)(2008) showed that the passage of MCS involve significant
modelling study suggests that partially oxidised VOCs, pro-change in aerosol chemical properties. As a result, after the
duced from isoprene oxidation in the south, may, following MCS passage, the contribution of sulphate, nitrate and chlo-
northwards advection, also contribute to the enhanced ozonéde to the total aerosol mass is higher which increase the

in the north. hygroscopic properties of aerosols.
Bou Karam et al., (2008) have identified a new mech-
4.5 Mobilisation, transport and properties of mineral anism for dust emission over the Sahel during the sum-
dust mer, in which highly turbulent winds at the leading edge

of the monsoon nocturnal flow in the ITD region gener-
Models and observations agree in indicating that in the wetate dust uplifting. Airborne lidar data also contributed to
season mineral dust is the dominant aerosol type over westhe validation of model-derived quantification of dust emis-
ern Africa, both in terms of mass and light extinction (Textor sion in the ITD region (Bou Karam et al., 2009). Us-
et al., 2007; Rajot et al., 2008; Marticorena et al., 2010).ing the three-dimensional mesoscale humerical model Meso-
Mineral particles are ubiquitous in the vertical distribution of NH, Bou Karam et al. (2009) have shown that the daily mean

Atmos. Chem. Phys., 10, 7576601, 2010 www.atmos-chem-phys.net/10/7575/2010/



C. E. Reeves et al.: Chemical and aerosol characterisation of the troposphere over West Africa 7591

a) b) 2009b; Karyampudi et al., 1999). This observation is clearly
V021, 13.5°N, 2.5°E | V021, 15.5°N, 4.5°E confirmed also from all measurements of the D-F20: Aerosol
particle number concentrations in the accumulation mode
size range (Fig. 16, right panel) as well as in the coarse mode
(not shown) are characterized by enhanced values mainly be-
tween 2 and 5 km altitude, reflecting the persistent presence
3 ——450nm|[ of dust within the AEJ over Burkina Faso during SOP 2a2. In
= this respect, Flamant et al. (2009c) have also shown that the
2 J dust load in the upper Sahelian PBL was also modulated by
the propagation of African Easterly waves, with alternating
high and low dust contents in the upper part of the Sahelian
PBL associated with the northerly and southerly sectors of
the AEWS, respectively.
A few hundreds of kilometres south, the aerosol vertical
distribution over Banizoumbou is more stratified, showing
Particle scattering coefficient, Mm” various plumes of about 500 m depth even in the boundary
_ _ _ _ o ~layer, as a result of dust mobilisation at the edges of localised
F'g'l Es'Yert'ca' promej g the aﬁ,rosto\'/%czal“ef”g%(;’iﬁ'f'e?;%fonzg‘l' convection (Fig. 15a). The contrast between local production
eral aust as measure uring Tiig (0] al a ue . . .
line), 550 (green line), and 700 nm (red line) by the ATR-42. and synoptic transport at the hundreds Qf k_|Iometres scale is
supported by temporally-resolved satellite imagery (such as
MSG), which also show that convective systems might mo-
bilise dust over areas of the order of hundreds of kilometres
values of dust load related to the strong winds on both Side%Crumeyrolle et al., 2008), and therefore needs to be repre-
of the ITD over Niger and Mali could reach 2 Tg on some gented by regional models. One should note the different in-
of the days in July 2006. Their study suggests that emis+ensity of the two episodes, the one observed over Banizoum-
sions driven by strong surface winds occurring on both sidesyoy giving rise to aerosol scattering up to five times higher
of the ITD while it lies across the Sahel may contribute sig- than observed farther north. Furthermore, previous measure-
nificantly to the total dust load over West and North Africa ments in the Niger area have indicated that agricultural fields
observed annually. are the only source of significant dust emission fluxes (Bield-
Airborne lidar measurements have highlighted the fact thaters et al., 2001, 2002; Rajot, 2001; Bielders et al., 2004),
the Sahelian planetary boundary layer (PBL) exhibits a two-therefore, mineral dust emitted by MCSs in the Sahel is of an-
layer structure, with a well-mixed convective boundary layer, thropogenic origin and must be accounted for when estimat-
topped by a layer of low static stability up to around 5- ing the aerosol forcing on climate at the regional and global
6 km above mean sea level, and that away from source rescales. Moreover, recent studies investigated the impact of
gions, long-range transport of desert dust mostly occurredregetation heterogeneities on the dynamics within the plan-
within the elevated part of the Sahelian PBL (Flamant etetary boundary layer (Garcia-Carreras et al., 2010; Taylor et
al., 2007, 2009a; Marsham et al., 2008). These measureal., 2007) and on the dust transport in the SAL (Crumeyrolle
ments also unambiguously show that injection of dust to al-et al., 2010). Indeed, vegetation anomalies are associated
titudes favourable for long-range transport (i.e. in the up-with an increase of the top of the boundary layer which leads
per Sahelian PBL) can occur behind the leading edge oto entrainment of dusty air from the SAL to the boundary
mesoscale convective system cold-pools, particularly at théayer.
beginning of the monsoon season, before the growing veg- The chemical composition of dust emitted by MCSs from
etation rapidly inhibits local dust emission (Flamant et al., the Sahel was distinguished from that of dust transported
2007, 2009a). Examples of the vertical distribution of min- from source regions in the Sahara due to its enrichment in
eral dust are shown in Fig. 15 in terms of the vertical pro-iron, which is consistent with knowledge of the mineralogy
files of the spectral aerosol scattering coefficient observedf Sahelian soils, enriched by light-absorbing iron oxides
during two soundings on one flight conducted on June 11y(Claquin et al., 1999). Iron-enriched aerosols were found
Fig. 15a shows the vertical profile encountered over Bani-in the continental boundary layer below 1.5 km a few hours
zoumbou (13.5N, 2.5’ E), whereas Fig. 15b shows the ver- after the passage of a convective event and in the upper Sa-
tical profiles encountered farther north over northern Nigerhelian PBL between 2 and 5km behind the leading edge
(15.8 N, 4.5 E). The contrast between the two situations is of mesoscale convective systems (Formenti et al., 2010).
striking: the vertical profile over the north of Niger corre- These aerosols should be more absorbing than those emitted
sponds to the classic situation expected for dust transport ifrom source regions in the Sahara, at least at UV-VIS wave-
the upper PBL across West Africa, associated with the AEJJengths. The in situ scattering and absorption properties mea-
within the so-called Saharan Air Layer (SAL) (Flamant et al., sured simultaneously to the composition tend to support this
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Fig. 16. Vertical distribution of aerosol number concentrations of nucleation mode (approx. 4-10 nm particle diameter; left panel), Aitken
mode (approx. 10—-150 nm particle diameter; middle panel), and accumulation mode (approx. 160—600 nm; right panel) over the Sahel region
from D-F20 flights in August 2008. Only data between 7 andl 26rthern latitude and out of clouds are included. Number concentrations

refer to standard conditions of 273K and 1013 hPa. Statistics are calculated for 800 altitude bins and illustrated as follows: thick line:
median; thin line: 25- and 75-percentile; dotted line: 10- and 90-percentile. The left panel does not include 10- and 25- percentile because
not significantly different from zero for all altitudes.

conclusion (Formenti et al., 2010). In the coarse mode thethe high concentrations of isoprene observed from the air-
number size distributions measured by optical counting forcraft observations and the elevated monoterpene concentra-
the Sahel and Sahara are consistent with those reported kions observed by Saxton et al. (2007) at a ground based site
Osborne et al. (2008) and McConnell et al. (2008) for Saha-in Benin during June 2006 could be significant sources of
ran mineral dust sampled in the dry season. The aircraft measecondary organic aerosol (SOA) across the region.

sured mass geometric mean diameter locates around 4 pm,

close to one of the modal mean diameters observed by Ra- Capes et al. (2009) investigated the extent of SOA in the
jot et al. (2008) for surface size distribution of mineral dust region using a Quadrupole Aerodyne Aerosol Mass Spec-
transported over the ground at the Banizoumbou supersittrometer (Q-AMS). They have provided the first estimates
in Niger. These authors report that the mass distribution ofof SOA across the West African Sahel and have shown that
locally emitted dust peaks around 8.7 um. To date, the inteorganic mass loadings vary between 0 and 2 fid mith a
gration of the observations acquired within AMMA has not median concentration of 1.07 ugth Further when they use
advanced to the point of providing new highlights of the dy- a simple approach based on product yields of methyl vinyl
namics of the dust size distribution during its atmospheric cy-ketone (MVK), methacrolein (MACR) and SOA from cham-
cle. Crumeyrolle et al. (2010) have pointed out discrepancieder experiments and measurements of MVK and MACR to
between size distributions observed during a dust event irderive an expected SOA abundance, along with an SOA
SOP1 and that expected from the Alfaro and Gomes (2001pbundance derived from selected monoterpenes, they show
model. The parametrisation of the dust size distribution inthat this approach under predicts SOA abundance by a fac-
chemistry-transport models should be considered a futuretor of 4-15 compared to measured concentrations. This re-

research priority. sult is consistent with findings from measurements of or-
ganic aerosol mass loadings in more polluted continental en-
4.6 Formation of biogenic secondary organic aerosol vironments throughout the mid-latitude northern hemisphere

(Zhang et al., 2007), which show measured SOA abundance
The UK BAe-146 extensively sampled the air in the monsooncan be significantly higher than model predictions based on
region during SOP2a2. Many flights were conducted at lowextrapolated chamber yield information (e.g. Volkamer et al.,
level within this layer above the densely vegetated region 0f2006). The under predictions of organic matter by these cal-
the southern Sahel between the Gulf of Guinea and southeulations and those in the mid latitudes are based on yields
ern Niger. The high isoprene concentrations of 1-3 ppbv, ob-extrapolated from chamber data obtained at higher mass con-
served at levels below 2 km throughout this region, have beemrentrations. However, Capes et al. show that more recent
shown to be a result of extensive biogenic emissions fronyield data obtained under atmospherically relevant mass con-
the vegetation. Isoprene and monoterpenes have been showentrations (Shilling et al., 2008) gives much closer agree-
to produce significant yields of secondary organic aerosol irment with measurements than yields which have been extrap-
chamber studies (e.g. Kroll et al., 2006). This implies thatolated from chamber studies at higher mass concentrations.
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global model results for the region (e.g. (Chung and Sein-
feld, 2002) and show that the concentrations are consistent
within the large uncertainties associated with measurement
and model outputs. However since these model results used
the older yield rates this result points to further differences
between global model estimates and measurements of SOA, Z?-, 0] + |
most likely caused by use of incorrect BVOC emission rates. '

Capes et al. (2009) also compare their measurements with 104 { | | T T ]

p=4
-

ratio

. . 0.2 - -
4.7 Aerosol nucleation in the upper troposphere E —
One of the main objectives of the D-F20 flights in SOP 2a2 004 | . . 1 | 1
was to study the influence of mesoscale convective systems 0 10 20 30 40 50 60
(MCSs) on the aerosol budget in the middle and upper tropo- outflow age (h)

sphere over the West African continent. Measurements were_ . . _
taken during eight local flights from Ouagadougou as well asHig. 17. Mean ratio of the number concentrations of nucleation
during the ferry flights from Germany to Burkina Faso and T°de particles (4-10 diameter rangej No) to the total number of
back (see Supplementary Information) particles &4 nm; Ng) measured in MCS outflow during 26 different

) ) . cases with varying outflow age between 2.5 and 60h. Each case

The aerosol instrumentation of the D-F20 consisted ofgpresents an average value calculated from typically a few hundred
a combination of a multi-channel condensation particle griginal data points sampled at 1 Hz.
counter system, an optical particle counter, a differential mo-
bility analyzer and a 3-wavelength particle absorption pho-
tometer, all connected to the near-isokinetic aerosol inlet ofinitially affects all particle size ranges as clearly shown by
the D-F20 as well as two optical aerosol spectrometer probeall measurements in the vicinity of MCSs.
mounted under the wings. With this payload the complete The vertical distribution of nucleation mode particle con-
size distribution of the aerosol particles could be assessedentrations reveals that significant and fairly strong parti-
As this combination of instruments had a lower size cut ofcle formation events did occur for a considerable fraction
4 nm, it was possible to detect the presence of freshly formeadf measurement time above 8 km (and only there). This is
ultrafine particles below 10 nm particle diameter. consistent with the fraction of observations exhibiting higher

Flights were performed in the close vicinity of active Aitken mode particle concentrations in the upper troposphere
MCSs, in aged outflows of MCSs, and in background con-because itis in general to be expected that particle nucleation
ditions with no apparent influence of active deep convection.events are followed by further growth of particles into the
Both tracer observations (NO, NDas well as aerosol num-  Aitken mode.
ber concentration measurements consistently showed that the Different flights provided measurements that span time
outflow region of deep convective systems is to be foundscales of air mass age in the outflow of MCS systems from
above 8 km altitude and reaches up to at least the maximurhours to a couple of days. The temporal evolution of prop-
flight altitude of the D-F20 Falcon of 12 km. erties of aerosols processed in deep convective systems and

Figure 16 presents the vertical distribution of nucleation,then released to the middle and upper tropical troposphere
Aitken and accumulation mode particles over the Sahel axan be studied when all the flights are combined. Figure 17
determined in August from the D-F20 flights. The vertical shows the fraction of particles in the nucleation mode com-
profile of Aitken mode particle number concentrations showspared to the total particle number. The age of outflow air was
the important contribution of ground sources and local urbarestimated depending on the proximity of the storm: in the
pollution of Ouagadougou, which is confined to the bound-close vicinity of active MCS the time since passage of the
ary layer (on average roughly below 2 km altitude). Aerosol coldest (i.e. highest and most active) point of the convection
concentrations are fairly low in the middle troposphere (be-cell at the measurement location was determined from the
tween boundary layer and approx. 8 km altitude) and parti-lateral movement of the MCS using satellite (MSG) imagery.
cle formation events are not observed at all in this altitudeWhen the outflow age was greater than about 10 hours, the
region. At altitudes above approximately 8 km, the profile age was determined by trajectory analysis using the trajec-
of the median Aitken mode particle concentration shows antory model LAGRANTO, the wind fields were provided by
increasing trend with altitude but the overall concentrationECMWF analysis data with a spectral resolution of T319L91
variability in the upper troposphere is remarkably high. Very in combination with MSG imagery. Figure 17 shows that
low concentrations were observed in general in the fresh outnew particle formation is observed in the outflow if the air
flow of active MCSs and are very likely caused by efficient processed by the convective system has aged for a few hours
wet removal of aerosol particles due to heavy precipitationat least. In MCS outflow cases of one day age or more, how-
inside the convective cells of the MCSs. This wet removalever, particle nucleation events are no longer observed.
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During a particularly useful case study performed during burning. Comparisons with MOPITT satellite CO data and
the flight on 11 August the temporal evolution of the aerosol O3 vertical profiles from sondes and MOZAIC aircraft show
size distribution could be documented while flying inside the these intrusions to be regular phenomena, but that their im-
outflow of an MCS system over Burkina Faso towards thepact on West Africa in 2006 was greater than compared to
east, whilst moving away from the active MCS centre andother recent wet seasons.
thereby spanning increasing outflow age (i.e. increasing pro- On the whole @ and CO were anticorrelated and this rela-
cessing time). The series of measured size distributions (ndionship tended to be a function of water vapour, illustrating
shown here) show a rapid (within hours) shift of the size the stratospheric source of tropospheric ozone and the rel-
distribution from being initially nucleation mode dominated atively short photochemical lifetime of ozone in the moist,
into Aitken mode dominated. monsoon layer air into which CO is emitted. There were a

Without knowing the exact nature of the aerosol precursorcouple of exceptions to this: urban plumes, in particular that
gases being lifted up in the convective cells, the following of Lagos; the biomass burning plumes. Net-photochemical
steps in the evolution of aerosol properties after MCS pas-0zone formation is inferred for these air masses and for some
sage appear to be consistent with the upper tropospheric otBiomass burning plumes production og @as been calcu-
servations during the AMMA monsoon season: (a) In freshlated to occur for several days downwind. In addition there
outflow (very close to the MCS) aerosol of all sizes is effi- is evidence for net ozone formation in convective outflow in
ciently removed. (b) Ageing of some hours leads to new parthe UT with observations indicating uplift of radical precur-
ticle formation while pre-existing aerosol surface area is verysors coincident with either uplift of NO or an emission of NO
low. (c) This is followed by an increase of particle concentra- from lightning, and in the boundary layer in the north fol-
tion in the Aitken mode due to the growth of particles, while lowing emission of NO from recently wetted bare soils. This
further nucleation does not appear to occur. The concentralatter effect, along with enhanced deposition to the forested
tion of accumulation and coarse mode particles remains vergareas contributes to a latitudinal gradient of i@ the lower
low at this point. (d) Some tens of hours later, in aged outflowtroposphere. Biogenic volatile organic compounds are also
(and in general in upper tropospheric “background”), nucle-important in defining the composition both for the boundary
ation does not occur and aerosol concentrations recover. Thigyer and upper tropospheric convective outflow.
latter observation is possibly due to lateral mixing, dry con- Mineral dust aerosols were found to be ubiquitous over the
vection and long-range transport. entire sampling area. Mobilisation of mineral dust was ob-

served at the leading edges of mesoscale convective system
cold-pools and of the monsoon nocturnal flow in the ITD re-
5 Summary gion. Measurements of the vertical distribution and proper-
ties illustrate the differences for dust mobilised from differ-
During June, July and August 2006 five research aircraftent soil types. The frequency and relative abundance of such
(BAe-146, F-F20, ATR-42, D-F20 and M55) made compre- events, and therefore their impact at the global scale, cannot
hensive measurements of aerosols and trace gases from the assessed by aircraft measurements only but require long-
boundary layer to the lower stratosphere (around 50 hPa)erm data series, ground-based and/or spaceborne. The inte-
from 2° N to 21° N, and between IOV and ? E. Wing-tip-  gration of different types of observations will be the priority
to wing-tip comparisons were performed between the BAe-of future research.
146 and 3 of the other aircraft (F-F20, ATR-42 and D-F20) Formation of secondary organic aerosols (SOA) was ob-
which aided the compilation of single data sets foy &d served over vegetated soils, yielding the first estimates of
CO concentrations for the region. SOA across the West African Sahel. Depending on the pro-

Very little longitudinal variation was found in eitherzO  duction yields used, either from data obtained under atmo-
or CO, but both showed strong vertical and latitudinal gradi- spherically relevant mass concentrations or from chamber
ents. The aircraft @data exhibited an “S” shaped vertical studies at higher mass concentrations, measurements may or
profile as seen elsewhere in the tropics, and also in agreementay not approach the SOA abundance predicted by models.
with sonde data collected from launches at Cotonou and Ni-This result points out to the necessity and the challenge of
amey. This profile appears to result from significant lossesperforming chamber experiments at atmospheric conditions
in the LT due to rapid deposition to forested areas and photoin order to reconcile laboratory measurements, field observa-
chemical destruction in the moist monsoon air, and convections, and model predictions.
tive uplift of Oz-poor air to the UT. The vertical profile of Particle nucleation in the upper troposphere is observed in
CO, on the other hand, exhibited a “C” shaped profile, whichthe outflow of MCSs after few hours of ageing. Nonetheless,
is thought to be due to emissions from the surface and thdresh outflow is a rather efficient sink for particles of all sizes.
convective uplift of CO-rich air to the UT. Both of these
profiles were disturbed, particularly in the south of the re-
gion, by the intrusions in the lower and middle troposphere
of air from the southern hemisphere impacted by biomass
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Appendix A on the instrument performances but also on the passing ef-
ficiency of the inlet to which the instruments are connected

Appendix A — Details of intercomparison of aircraft (Wendisch et al., 2002). Wing-mounted open-cavity instru-

data ments such as PMS probes (PCASP, FSSP) for measuring

the aerosol size distribution are preferred as they are not af-
On 16 August 2006 the D-F20 joined the BAe-146 in for- fected by inlet artefacts (Wendisch et al., 2002). The aerosol
mation for a straight and level run westwards at Flight measurement intercomparison exercise was only of limited
Level (FL) 100 (697 hPa) for around 15min (14:58:10- use in this case due to several facts: only the BAe-146 and
15:12:49 UTC). The two aircraft turned and then made a prothe D-F20 flew wing-to-wing; some instrumentation failed
file ascent in formation to FL190 (485 hPa) for an eastwards(e.g. PMS probes onboard the ATR-42, CN counter on the
run (15:24:29-15:44:36 UTC). Later the BAe-146 joined BAe-146); and finally the passing efficiencies are unknown
the F-F20 at FL190 for a westwards level run (15:51:51—for most of the inlets onboard the three aircraft.
16:07:40 UTC) followed by an eastwards run at FL100
(16:20:31-16:43:16 UTC). Finally the BAe-146 met up with Supplementary material related to this
the ATR-42 for a level run eastwards at an altitude of article is available online at:
0.94 km (906 hPa) (17:00:20-17:16:01 UTC). The level runshttp://www.atmos-chem-phys.net/10/7575/2010/
were all in clear air but dust layers were observed fromacp-10-7575-2010-supplement.zip
FL105 to FL160 and below FL100 to the boundary layer top

(~1.5km). In all cases the aircraft joining formation held T
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