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Abstract. The African Monsoon Multidisciplinary Analyses
(AMMA) fourth airborne campaign was conducted in July–
August 2006 to study the chemical composition of the middle
and upper troposphere in West Africa with the major objec-
tive to better understand the processing of chemical emis-
sions by the West African Monsoon (WAM) and its associ-
ated regional-scale and vertical transports. In particular, the
french airborne experiment was organized around two goals.
The first was to characterize the impact of Mesoscale Con-
vective Systems (MCSs) on the ozone budget in the upper
troposphere and the evolution of the chemical composition
of these convective plumes as they move westward toward
the Atlantic Ocean. The second objective was to discrim-
inate the impact of remote sources of pollution over West
Africa, including transport from the middle east, Europe,
Asia and from southern hemispheric fires. Observations of
O3, CO, NOx, H2O and hydroperoxide above West Africa
along repeated meridional transects were coupled with trans-
port analysis based on the FLEXPART lagrangian model.
The cross analysis of trace gas concentrations and transport
pathways revealed 5 types of air masses: convective uplift of
industrial and urban emissions, convective uplift of biogenic
emissions, slow advection from Cotonou polluted plumes
near the coast, meridional transport of upper tropospheric
air from the subtropical barrier region, and meridional trans-
port of Southern Hemisphere (SH) biomass burning emis-
sions. O3/CO correlation plots and the correlation plots of
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H2O2 with a OH proxy revealed not only a control of the
trace gas variability by transport processes but also signifi-
cant photochemical reactivity in the mid- and upper tropo-
sphere. The study of four MCSs outflow showed contrasted
chemical composition and air mass origins depending on the
MCSs lifetime and latitudinal position. Favorables condi-
tions for ozone production were found for MCSs with in-
creased MCS lifetime (>1.5 days), which allowed for more
H2O2 formation, and with trajectories crossing the 10◦ N lati-
tude, which increased CO transport to the upper troposphere.
The upper tropospheric concentrations sampled in the MCS
outflow regions showed mixed origins including local ver-
tical convective transport, and uplifting of air from the low
troposphere over the middle-east related to the summer Asian
low pressure system or from the southern hemispheric fires.

1 Introduction

The West African Monsoon (hereafter WAM) is character-
ized by the migration of zonally banded rainfall from the
Guinea coast to the Sahel. This migration is associated with
a northward intrusion of a relatively cool, moist air from the
Gulf of Guinea into the continent, the so-called monsoon
flux (Hall and Peyrilĺe, 2006). The rainy season over the Sa-
hel corresponds to the northernmost placement of the inter-
tropical convergence zone (ITCZ) – the local signature of the
ascending branch of the Hadley cell. The WAM is a com-
plicated system which involves many interactions between
the atmosphere, the land surface and the ocean (Zeng et al.,
1999; Grodsky and Carton, 2001; Giannini et al., 2003) and
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which is influenced by processes occurring over a range of
spatial scales, down to individual rain events on the order of
tens of kilometers (Redelsperger et al., 2002; Diongue et al.,
2002). In the Sahel region, deep convection occurs in rela-
tively large organized systems known as mesoscale convec-
tive systems (MCS) (Chong et al., 1987; Redelsperger et al.,
2002; Laing et al., 2008). Based on TRMM measurements,
Zipser et al.(2006) identified West Africa as one of the lo-
cations on earth with the most very intense storms during
the boreal summer season. In the lower troposphere, over
West Africa the temperature structure particular to the con-
tinent creates a distinct seasonal easterly jet known as the
African easterly jet (AEJ) (Thorncroft and Blackburn, 1999;
Parker et al., 2005). The West African MCSs intensities
and positions are strongly modulated by the AEJ (Mohr and
Thorncroft, 2006). In the upper troposphere, a characteris-
tic feature of the WAM is the persistence of a tropical east-
erly jet (TEJ) which is in evidence over the African conti-
nent and the Gulf of Guinea at about 10◦ N and 16 km alti-
tude (Peyrille et al., 2007). The African Monsoon Multidis-
ciplinary Analyses (AMMA) fourth airborne campaign was
conducted in July–August 2006 to study the chemical com-
position of the middle and upper troposphere in West Africa
(Mari and Prospero, 2005; J.L.Redelsperger et al., 2006) and
see also Reeves et al. (2009) for a review of the general
AMMA achievements and the results of the aircraft measure-
ment intercomparison . One major objective was to provide a
better understanding of the processing of chemical emissions
by the WAM and its associated regional-scale and vertical
transports, briefly described above.

Over Africa, ozone precursors are emitted from soils and
vegetation, particularly between 5◦ N and 15◦ N over West
Africa (Guenther et al., 1995; Serca et al., 1998; Jaegle et al.,
2004, 2005), and from industrialized areas, especially in
Nigeria (Olivier et al., 1999; Aghedo et al., 2007). When
these emissions are collocated with convective clouds, the
emitted gases are transported efficiently in the upper tropo-
sphere by convective updrafts depending on their solubil-
ity. Since the late 1990s, the subsequent ozone production
in the upper troposphere perturbed by deep convection has
been inferred from aircraft observations (Thompson et al.,
1994) and models (Scala and et al., 1990; Pickering et al.,
1991, 1993; Thompson et al., 1996; Pickering et al., 1996).
Moreover, the electrical activity associated with deep con-
vection systems at the ITCZ (Christian. et al., 2003) is a ma-
jor source of NO in the upper troposphere (Pickering et al.,
1996; Martin et al., 2000; DeCaria et al., 2000; Labrador
et al., 2005; Huntrieser et al., 2008) and see alsoSchumann
and Huntrieser(2007) for a review. More recently, it was
shown that lightning produced NOx is of great influence on
the ozone distribution in the middle and upper troposphere
over Africa (Sauvage et al., 2007c; Saunois et al., 2008) and
could be a dominant contributor to the tropical South At-
lantic ozone maximum observed during the austral summer
(Thompson et al., 2000; Martin et al., 2002; Edwards et al.,

2003; Sauvage et al., 2006, 2007b). An additional source of
ozone precursors over Africa is related to biomass burning
which leads to large emissions of CO, hydrocarbons and ni-
trogen oxides. The ozone production above and downwind
of the biomass burning regions has been the subject of nu-
merous studies mainly based on aircraft observations during
the dry seasons over the Northern Hemisphere (TROPOZ –
Jonquieres et al., 1998; Jonquieres and Marenco, 1998– DE-
CAFE – Fontan et al., 1992) or the Southern Hemisphere
(TRACE A/SAFARI –Andreae et al., 1996; Fishman et al.,
1996) In contrast, only a few studies have been devoted to the
possible impact of biomass burning emissions to the ozone
budget on the opposite hemisphere.Edwards et al.(2003)
have shown the potential for northern hemispheric fires emis-
sions to be uplifted by the convection and transported south-
westward above the Gulf of Guinea in the upper troposphere
during the boreal winter. Based on the airborne MOZAIC
program,Sauvage et al.(2005) have showed the possible im-
pact of southern hemispheric fires on the ozone observations
north of the equator, near the guinean coast during the bo-
real summer. This hypothesis was further confirmed byMari
et al.(2008) with an extensive study of fire tracers during the
July–August 2006 period.

The french airborne experiment was organized around
two objectives. The first was to characterize the impact of
mesoscale convective systems on the ozone budget in the
upper troposphere and the evolution of the chemical com-
position of these convective plumes as they move westward
toward the Atlantic Ocean. The second objective was to
discriminate the impact of remote sources of pollution over
West Africa. This includes transport from the middle east
(Li et al., 2001), from Europe (Roca et al., 2005), from Asia
(Barret et al., 2008) and from southern hemispheric fires
(Sauvage et al., 2005; Mari et al., 2008). In this work, we
provide an overview of the french airborne experiment with
the French Falcon 20 (F-F20) equipped with gaseous mea-
surements of ozone, CO, NOx and hydroperoxide (i.e. H2O2
and the sum of the organic peroxides ROOH) during the
second special operation period (hereafter SOP 2). For the
first time, measurements of complementary chemical species
were obtained in the upper troposphere over West Africa dur-
ing the rainy season.

With this paper, we attempt to analyze the aircraft data in
the light of the WAM main dynamical features to (1) provide
the horizontal variability of trace gas species in the outflow
region of MCSs and (2) document the regional scale distribu-
tion of trace gas species, mainly across the vegetation gradi-
ent over Benin and southwestern Niger and through the tran-
sition zone between the continent and the Gulf of Guinea.
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Fig. 1. Aircraft tracks superimposed on MSG/Meteosat pictures at flight mid-time.

2 Falcon 20 data set

2.1 Flight description

The goals of the F-F20 flights were twofold: (i) measure-
ments of the chemical species in the outflow of various MCSs
which have developed during the WAM period, (ii) measure-
ments during the dry spell (i.e. between two convective peri-
ods (Cowden et al., 2008)) at a regional scale. The first kind
of flights allow a direct study of the chemical composition
in the MCS outflows while there are still active. The second
kind of flights is important to assess the impact of convective
transport at a broader scale and to distinguish this transport
pathway from other dynamical processes. The F-F20 aircraft
was based in Niamey (13.5◦ N, 2.1◦ E) and performed 8 sci-
entific flights from 11 August to 20 August, plus an intercom-
parison flight with the British BAe-146 aircraft on 16 August
(Table1).

Four flights were performed in the outflow of active MCSs
and the flight patterns are presented in Sect.4. Four flights
were conducted during two dry spells (12 August–13 Au-
gust) and (19–22 August) to establish a meridional cross-
section of the chemical composition in the mid- and upper
troposphere over Benin and Niger. These flights are dis-
cussed in Sect.3 and generally include long horizontal tracks
at 2 or 3 different altitude levels. The horizontal projection of

the flight patterns are shown on the Meteosat Second Gener-
ation (MSG) images in Fig.1. On 20 August, the goal was to
fly along the 1◦ E line across the core of the African Easterly
Jet (AEJ) located at 15◦ N on this day. For these flights, me-
teorological dropsondes have been launched every 1 degrees
from the uppermost altitude level of the aircraft (i.e. 10 or
12 km). The water vapor vertical stratification given by the
dropsondes provides a more complete picture of the merid-
ional cross-sections of the chemical tracer than the use of
in-situ measurements at 2 or 3 altitude levels. Examples are
given in Sect.3.3 (see Figs.7a to 7d). The dropsonde wind
vertical profiles have been also useful to check the good qual-
ity of the ECMWF wind data which have been used in this
work for trajectory calculations (Sect.3.2).

2.2 Instrument description

In this paper, concentrations of O3, CO, NOx, H2O2, and
ROOH will be used together with the standard meteorolog-
ical measurements available on the aircraft. Details on the
meteorological measurements can be found on the SAFIRE
aircraft management team web site (http://www.safire.fr).
The relative humidity (RH) measurements are made by the
AERODATA capacitive sensor. The chemical measurements
are described in the following sections.

www.atmos-chem-phys.net/9/383/2009/ Atmos. Chem. Phys., 9, 383–411, 2009
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Table 1. List of the F-F20 flights during the AMMA-SOP2.

Day (UTC) Location Features

11 August (12:00–15:30 UTC) Niger Long-lived MCS propagating westward over Mali and Burkina Faso
13 August (12:15–15:30 UTC) Niger-Benin Upper tropospheric meridional transect from Niamey to Cotonou
14 August (06:30–09:30 UTC) Niger MCS west of Niamey
15 August (12:30–15:45 UTC) Benin Short-lived MCS north of Benin
16 August (09:00–12:00 UTC) Niger Intercomparison flight
17 August (09:00–12:00 UTC) Niger MCS north-west of Niamey
19 August (09:00–12:00 UTC) Niger-Benin Meridional transect from Niamey to Cotonou, plus sortie over the Gulf of Guinea
19 August (13:30–16:00 UTC) Niger-Benin Meridional transect from Cotonou to Niamey, plus northward exploration over Mali
20 August (14:00–17:30 UTC) Niger AEJ exploration west of Niamey

2.2.1 O3 and CO measurements

The O3 and CO instrument has been manufactured by Lab-
oratoire d’Áerologie and DT-INSU (CNRS Technical Divi-
sion). It is a compact instrument developed using the ex-
perience gained from the MOZAIC measurement program
on commercial Airbus A340 aircraft. The O3 measurement
principle and cells are coming from a commercial fast re-
sponse ozone analyzer (Model 49C TEI Thermo Environ-
ment Instruments, USA). The instrument is based on clas-
sic UV absorption in two parallel cells (zero, sample), with
a precision of 2 ppb, 2% for an integration time of 4 s. It
is compensated for aircraft pressure and temperature varia-
tions. For O3, the instrument is calibrated against a NIST
referenced O3 calibrator Model49PS, at levels 0, 250, 500
and 750 ppb. No difference (<1%) has been observed during
the calibrations before and after the campaign

The CO analyzer is based on a commercial infrared ab-
sorption correlation gas analyzer (Model 48C, TEI Thermo
Environment Instruments, USA). Its accuracy has been im-
proved by the addition of periodical (20 min) accurate zero
measurements, new IR detector with better cooling and tem-
perature regulation, pressure increase and regulation in the
absorption cell, increased flow rate to 4 l/min, water vapor
trap and ozone filter (Nedelec et al., 2003). The precision
achieved for a 30-s integration time (corresponding to the re-
sponse time of the instrument) is 5 ppb or 5% CO, with a
lower detection limit of 10 ppb.

For CO, the instrument has been calibrated before and af-
ter the campaign, with no significant difference (<2%). We
used a CO in N2 bottle manufactured by Air Liquide, ref-
erence OTO-SL24, 478.8 ppm, NIST referenced±1%. This
bottle was prepared on 14 November 2005, with validity up
to 13 November 2008. This bottle has been again measured
in 2007 by CNRS and Air Liquide and the concentration was
found unchanged. On 23 May 2007, this bottle has been inter
compared by DLR with 2 NOAA standards and was found to
have a concentration 7.2% lower. No clear explanation is
available for these standards differences, all normally com-
parable to NIST references. CO concentrations given in this

paper are not corrected for this difference and must be di-
vided by 1.072 for comparison with the other aircraft.

2.2.2 Peroxide measurements

Peroxide has been measured by well-established enzyme cat-
alyzed fluorescence technique using modified AEROLASER
AL2002 H2O2 analyser. This method has been widely used
for the airborne H2O2 measurements and past studies have
shown that this instrument is sufficiently accurate and sen-
sitive for the ambient H2O2 detection, although not suitable
for the accurate quantitative analysis of the organic perox-
ides (Reeves and Penkett, 2003; Lee et al., 2000). The latter
is still useful for a qualitative analysis of the role of organic
peroxides.

In this instrument, ambient air was continuously drawn
by PTFE membrane compressor (KNF N860) through the
rear facing inlet and a 2-m Teflon (PFA) tubing into cylindri-
cal 500 cm−3 Teflon (PFA) manifold with flow rate of about
10 slm at altitude of 11 km (p=200 torr). The manifold was
maintained at the pressure and temperature of the aircraft
cabin and served as a sampling volume for several instru-
ments, including the H2O2 analyzer.

The H2O2 measurements are based on the aqueous phase
enzyme catalyzed reaction of the peroxides with para-
hydroxy phenol acetic acid producing fluorescent dimer
(Lazrus et al., 1988). To distinguish between H2O2 and or-
ganic peroxides (ROOH), both being catalyzed by the perox-
idise enzyme, the air sampled from the PFA cylinder at the
flow rate of 2 slm is equally divided between two channels.
In each channel the gaseous peroxides are trapped in the liq-
uid solution using 10 turns glass stripped coils. In one of the
channels the H2O2 is partially destroyed by addition of cata-
lase. The concentration of H2O2 in air is derived from the
difference of the fluorescence signals from the two channels
with accounting for the destruction efficiency of the catalase,
about 95% for all measurements as determined by calibra-
tion. As the stripping efficiency of the ROOH is different
from that of the H2O2, the measurements of the organic per-
oxides mixtures of unknown composition is uncertain. The
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data presented here as ROOH were derived by taking for all
the organic peroxides the same stripping efficiency of 60% as
for the methylhydroperoxide (Lazrus et al., 1988). For mea-
surements in remote area or in the free troposphere, the latter
is the main organic hydroperoxide and the uncertainty on the
ROOH concentration is less important.

The calibration of the instrument has been performed be-
fore or after each flight (and occasionally during the flight)
using aqueous phase H2O2 standard solutions. The standards
with mixing ratios (2 to 6)×10−7 M were freshly prepared by
serial dilution of 10−2 M stock solution. The concentration
of the stock solution has been periodically verified by titra-
tion with potassium permanganate.

The base line has been measured about once per hour dur-
ing the flight by passing the sampled air through the trap con-
taining H2O2 scrubber. With freshly prepared solutions the
zero signal was about 0.1 V at 5 V full scale adjusted to cor-
respond to about 10 ppb maximum gaseous H2O2 concentra-
tion. During the same flight the variation of the zero signal
was always less than 10% corresponding to H2O2 concentra-
tion of about 20 ppt.

Based on the stability of the blank the detection limit for
the H2O2 was estimated to be 50 ppt. The estimated accuracy
of H2O2 measurements is 20%, including the uncertainties
in concentration of aqueous H2O2 standards, blanks, gas and
solution flow rates, losses of the H2O2 in sampling lines and
temperature and pressure variations inside the aircraft.

2.2.3 NOx measurements

The NOx measurements were performed by the LISA labo-
ratory instrument using two high sensitivity chemilumines-
cent analyzers (Eco Physics CLD 780 TR). The instrument
has been flown during previous field measurements (Marion
et al., 2001) and it has been modified for operation on the
F-F20.

NO is directly measured by the first analyzer and NO2 is
measured by a second instrument after conversion to NO. In
order to improve the detection limit for NO2 we use a spe-
cial designed photolytical converter (Eco Physics PLC-762)
where NO2 is converted to NO with a high conversion effi-
ciency by the use of a long path photolytic cell (0.91 m) and a
1-kW UV xenon lamp. The Pyrex chamber is cooled to 22◦C
below the ambient temperature by the use of Peltier elements
in order to prevent a possible thermal decomposition of PAN.

The measurement cycles are divided into two different
steps. The first step corresponds to the zero determination by
introducing excess ozone into a pre-reaction chamber. The
second step is the direct measurement by adding ozone into
the main chamber. The duration of both steps was 12 s during
the campaign, allowing a sample time step of 30 s. For this
integration time the detection limit for each NO analyzer is
50 ppt and the precision of the measurements is 0.5%. These
values are calculated using a statistical treatment following a
French norm (AFNOR NF X20-300).

The NO and NO2 instruments are connected to an air-
intake stainless steel with a backward-facing inlet. This de-
sign allows us to assume that the air sample corresponds
solely to the gas phase and that there is no intake of clouds
and aerosols. PFA Teflon is used for all the sampling lines,
connectors and valves. The sampling lines are flushed with
purified air at ground level in order to prevent contamina-
tion, and a subsequent memory effect, of the analytical sys-
tem. To maintain efficient operation of the analyzers at all
altitudes it is necessary to fix the sample flow of each ana-
lyzer. Instead of flow rates control with mass flow controllers
which can induce a possible modification of the air sample by
their metallic surfaces, the flow is controlled by the use of a
fixed 200 hPa pressure applied to a critical orifice. The cho-
sen pressure does not allow operation above 12 km a.s.l. For
each analyzer the pressure is controlled with a loop control
process using a Teflon needle valve (Whitey) driven by a mo-
tor (MKS) and a PID pressure controller (MKS Model 252).
Pressure is monitored with a MKS Baratron (Type 122A).

For each flight, calibrations are performed simultaneously
for the two chemiluminescent analyzers before take off and
after landing. All procedures are computer driven to ensure
the best accuracy. A standard 8.47 ppmv NO (Alphagaz) (8
ml/min STP) diluted in a 10 liter/min STP N2/O2 synthetic
air (Air Liquide) stream allows us to generate 6.77 ppbv NO
calibration gas. This gas is then supplied simultaneously to
the two analyzers. Since the chemiluminescent analyzers
have shown a temperature dependent sensitivity, the calibra-
tion coefficients, which were determined at a given temper-
ature, have been corrected at each sampling time by linear
interpolation.

3 Analysis of the regional vertical cross-section

3.1 O3, CO, and NOx variability and air mass attribution

Measured concentrations along the vertical cross-sections at
the same longitude (2◦ E on 13 August 2006 and 19 August
2006 and 1◦ E on 20 August 2006) are shown in Figs.2a
to 2d. As expected a significant variability of the chemical
species concentrations is observed as a function of altitude
and latitude. Hereafter we will discuss the large increase or
decrease of the concentrations compared to their mean value.
The aim is also to propose an air mass identification using
relationship between the measured concentrations which are
based on possible transport processes driving their variabil-
ity. This is the first step needed to assess the meaning of the
aircraft data.

3.1.1 Ozone and CO

First, the vertical distributions show large area with high CO
values (>140 ppb) and low O3 concentrations (<50 ppb) at
altitudes above or near 10 km especially at the beginning of
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Fig. 2a. Altitude vs. latitude distribution of O3 and CO mixing ratio in ppb along the 13 August LRT flight (no NOx measurements).

Fig. 2b. Altitude vs. latitude distribution of O3, CO, and NOx mixing ratio in ppb along the 19 August LRT flight (a.m.).

Atmos. Chem. Phys., 9, 383–411, 2009 www.atmos-chem-phys.net/9/383/2009/
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Fig. 2c. Altitude vs. latitude distribution of O3, CO, and NOx mixing ratio in ppb along the 19 August LRT flight (p.m.).

Fig. 2d. Altitude vs. latitude distribution of O3, CO, and NOx mixing ratio in ppb along the 20 August LRT flight.
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Fig. 3. Profiles of O3, CO and NOx in ppb during landing (19
August a.m. – downwind) and take-off (19 August p.m. – upwind)
from Cotonou (Benin).

the flight campaign (13 August). The same is true for ex-
actly the opposite case, i.e. low CO (<110 ppb) and high O3
concentrations (>70 ppb) mainly in the Northern part of the
measurement domain (19 August, 20 August). Only a few
observations correspond to air masses where CO and O3 are
correlated positively.

In the altitude range 0–4 km, data are obtained mainly
from take off and landing of the F-F20 in Niamey and
Cotonou and significant differences have been observed be-
tween the vertical profiles of CO and O3 at these two places.
Ozone concentrations higher than 60 ppb are only observed
near Cotonou (6.4◦ N, 2.5◦ E) and large CO concentrations
are observed at both latitudes but below 2 km above Niamey
and up to 4 km near Cotonou. The profiles measured near
Cotonou on 19 August 2006 are shown in Fig.3. Three lay-
ers can be identified: the planetary boundary layer up to 1 km
with low O3, a transition layer with the free troposphere up
to 2.5 km and the lowermost free troposphere between 2.5
and 3.5 km. Only the transition layer and the lowermost free
troposphere show the elevated O3 and CO values.

Following Andreae et al.(1994), one can study the chem-
ical history of sampled air masses using the correlation of
ozone excess versus CO excess,1[O3] versus1[CO]. Ozone
excess is defined here as the ozone concentration corrected
by a reference ozone vertical profile which increases linearly
with altitude from 20 ppb at 3 km to 50 ppb at 12 km. The
CO excess is defined as the difference of the measured CO
concentrations with a threshold CO value of 100 ppb which
corresponds to non polluted tropospheric conditions accord-
ing to Sauvage et al.(2007a). In Fig. 4, the correlation plot
of 1[O3] versus1[CO] shows a negative correlation which
suggests a combined influence, on one hand of convective

Fig. 4. Scatter plot of O3 excess vs. CO excess in ppb as measured
by the F-F20 during the four LRT flights.

uplifting of low level air masses with high CO and low ozone
(i.e. where NOy was eliminated by wet scavenging in the
monsoon layer or where O3 was titrated in very polluted ar-
eas: oil industry, urban cities like Lagos or Cotonou) and
on the other hand of dry intrusions from the upper tropo-
sphere with high ozone and low CO. Two different lines with
high and low gradient have been drawn in Fig.4 and they
correspond to the two main groups identified in this figure.
The first one has a gradient of−0.7 close to the value of
−1 corresponding to stratospheric intrusion as shown by the
analysis of the MOZAIC aircraft data (Brioude et al., 2007),
while the higher one (−0.3) can be related to air masses with
ozone chemical loss as measured at mid-latitudes in polluted
air masses during the winter time (Parrish et al., 1998). Al-
though part of this correlation could be related also to mixing
of stratospheric intrusions with polluted air masses, i.e. with
large CO values and O3, this is not very likely at tropical lat-
itudes where the stratospheric intrusions remain at high al-
titudes and do not cap urban pollution plumes as they do at
mid-latitudes (Cho et al., 2001). The polluted air mass corre-
sponds to the data collected during landing and take off from
Cotonou on 19 August and the corresponding data appears on
the plot as the region with positive gradient between1[O3]
and1[CO] of the order of 0.3.

3.1.2 NOx and relative humidity

The NOx concentrations are only available on 19 Au-
gust 2006 and 20 August 2006. Mixing rations ranges
between 100 ppt and 400 ppt above 7 km and from 600–
4000 ppt below 4 km. The ratio NO2 over NO is generally
higher than expected (not shown) suggesting either very re-
duced NO2 photodissociation coefficient or high RO2 radical
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concentrations shifting the NOx partitionning towards large
NO2, especially for low [O3] concentrations. A detailed and
careful analysis of the NOx partitioning relevant for a quan-
titative O3 production assessment is not within the scope of
this paper. In this work, only the total NOx concentration
will be used to distinguish air masses which have been ex-
posed to high or low NOx emissions. The high NOx con-
centrations above 7 km are often related to a relative increase
of RH suggesting influence of convective activity (vertical
transport of soil emissions or NO production by lightning).
Below 4 km, contrary to the CO vertical distribution the high-
est NOx concentrations near Cotonou iare only found be-
low 2.5 km. Therefore transport processes controlling the
composition of the transition layer (1–2.5 km) and the lower-
most free troposphere (2.5–4 km) are different although ho-
mogeneity would have been inferred from the O3 and CO
vertical profiles.

The in-situ RH measurements made by the Falcon have
also been used since it gives information on vertical trans-
port, because high RH can be often related to recent uplift
from the Planetary Boundary Layer (PBL) and low RH to
subsidence from the upper troposphere. The aircraft RH data
have been compared to the dropsonde measurements (see
Figs.7ato 7d in Sect.3.3) and are in good agreement.

3.1.3 Air mass clustering using chemical tracer observa-
tions

Looking at positive or negative anomalies of the
O3/CO/NOx/H2O concentrations along the F-F20 tracks,
one can identify five different types of air masses:

– Type I where the main characteristics are low
O3 (<50 ppb) and high CO concentrations ('150 ppb)
i.e. possible export of polluted air mass with O3 chemi-
cal loss in the monsoon layer

– Type II where the main characteristics are opposite to
the previous one: low CO (/100 ppb) and high O3 con-
centrations (>70 ppb) together with low relative humid-
ity (RH<30%). This could be related to dry intrusions
of ozone rich air masses from the tropopause region into
the free troposphere.

– Type III where the main characteristics are very high
CO ('200 ppb) and high NOx concentrations ('1 ppb)
at low altitudes (<3 km), while significant O3 pro-
duction is also observed with concentrations higher
than 60 ppb. These air masses were encountered near
Cotonou.

– Type IV where the main characteristics are similar
to the previous ones but with lower concentrations:
[CO]>130 ppb, [O3]≈70 ppb and [NOx]≈300 ppt. This
group has been chosen to to correspond to what is ex-
pected for an air mass with ozone production related

to biomass burning emissions or aged anthropogenic
sources (high CO)

– Type V where the main characteristics are
100 ppb<[CO]<130 ppb with [O3]≈60 ppb,
[NOx]>500 ppt and RH>30%. This group has
been chosen to consider an air mass with ozone
production but not clearly related to biomass burning
or aged anthropogenic emissions (no elevated CO
concentrations)

Table 2 summarizes the position of the different air mass
types for the 4 flights discussed in this section. Regarding
the type III air mass observed near Cotonou on 19 August
(Fig. 3), ozone precursor emissions, related to this large city
of 1 million inhabitants with frequent air pollution problems,
may explain the layer observed between 1 and 3.5 km during
the descent to Cotonou. Indeed the comparison between the
vertical profiles recorded during landing at 12:00 and take-
off 1.5 h later allows the comparison between an air mass
15 km upwind (during take-off) and 10 km downwind (dur-
ing landing) of the Cotonou emissions. It shows a CO and
NOx difference of respectively 70 pbb and and 3.5 ppb, while
the O3 concentration is near 25-ppb in the upwind layer and
reaches 70 ppb in the layer downwind of Cotonou. Consid-
ering the downwind CO and NOx concentrations (respec-
tively 240 ppb and 5 ppb), photochemical production in the
Cotonou plume could explain the 70-ppb ozone level. Type
IV air masses related to biomass burning emissions can have
similar chemical characteristics (although lower NOx level)
and can be found at similar altitude levels during the WAM
period above the Guinea Gulf (Mari et al., 2008; Sauvage
et al., 2007a). Indeed the type IV air mass transport pathway
is the following: a baroclinic low-level circulations in a 2-
km layer at 5◦ S can uplift ozone precursors from the South-
ern Hemisphere (SH) and fire products are then transported
from the SH to the Northern Hemisphere (NH) by the south-
easterly trade wind above the monsoon layer. This transport
pathway can contributes to a regional CO increase (e.g. the
170-ppb CO concentrations found upwind of Cotonou), but
it cannot explain the sharp gradient in the ozone precursor
and ozone concentrations between the air mass upwind and
downwind of Cotonou. This is why we beleive that our data
set includes an air mass type corresponding to the influence
of city plumes.

In order to confirm the sources responsible for the chem-
ical characteristics of each group, one must determine the
transport processes associated to the different air masses.
This will tell us also if the classification based only on corre-
lation between chemical tracers is a valid approach for West
Africa.

3.2 Air mass transport analysis

The analysis of the air mass transport was made using the
Lagrangian Particle Dispersion Model (LPDM) FLEXPART
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Fig. 5a. Altitude vs. latitude FLEXPART plots of particles released along the 13 August flight track. The color scale indicates the altitude
(left in km), latitude (middle in◦), and longitude (right in◦) change of the air mass between the observation time and its position three days
before.

Fig. 5b. Altitude vs. latitude FLEXPART plots of particles released along the 19 August a.m. flight track. The color scale indicates the
altitude (left in km), latitude (middle in◦), and longitude (right in◦) change of the air mass between the observation time and its position
three days before.
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Fig. 5c. Altitude vs. latitude FLEXPART plots of particles released along the 19 August p.m. flight track. The color scale indicates the
altitude (left in km), latitude (middle in◦), and longitude (right in◦) change of the air mass between the observation time and its position
three days before.

Fig. 5d. Altitude vs. latitude FLEXPART plots of particles released along the 20 August flight track. The color scale indicates the altitude
(left in km), latitude (middle in◦), and longitude (right in◦) change of the air mass between the observation time and its position three days
before.
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Table 2. Classification of the air masses for the 4 meridional cross-sections.

Date 13 August 19 August a.m. 19 August p.m. 20 August
12:13–15:21 UT 09:14–12:08 UT 13:42–16:27 UT 14:03–17:30 UT

Type I CO>130 O3<50 CO>160 O3<50
air RH>50% RH>50%, NOx<0.1
mass 11.5 km, 6◦–11◦ N 10 km, 2◦–3◦ N

8 km, 6◦ N

Type II CO<110 O3>70 CO<110 O3>70 CO<110 O3>70
air RH<30% NOx<0.3 RH<30% NOx<0.5 RH<30% NOx<0.5
mass 10 km 11◦–14◦ N 7–10 km 11◦–14◦ N 7.5 km 11.5◦–14◦ N

Type III CO>200 NOx>1 CO>200 NOx>1
air mass <4 km 6◦ N <4 km 6◦ N

Type IV CO≈150 O3≈70
air RH<30% NOx<0.3
mass 7.5 km 2◦–4◦ N

Type V CO≈130 O3≈60 CO≈110 O3≈60 CO<110 O3≈55
air RH>50% NOx≈0.5 RH≈80% NOx>0.7 RH>40% NOx>0.7
mass 7.5 km 4◦–6◦ N 7.5 km 8◦–10◦ N 5.5 km 11◦–13◦ N

version 6.2 (Stohl et al., 1998, 2002) driven by 6-hourly
ECMWF operational analyses (T106L91) interleaved with
operational forecasts every 3 h. The quality of the wind
data used for the simulations have been checked using the
dropsonde wind data (not shown). The agreement is excel-
lent both for the wind speed and the wind direction, namely
the AEJ vertical structure is well reproduced as well as the
southerly flow in the monsoon layer. A southeasterly flow
(trade wind layer) is also visible in the 700–600 hPa layer
above the Gulf of Guinea on 13 August and 19 August.

FLEXPART includes turbulent diffusion, parameteriza-
tions of sub-grid scale convection and of topographic pro-
cesses, as well as online computation of potential vorticity
(PV) for each air parcel. For a given simulation 2000 parti-
cles were released during 30 min in a box with a 250-m ver-
tical thickness and a 1◦×1◦ horizontal area. This has been
done for 23 boxes at different altitudes from 6 to 11.75 km
(250 m step) and for different latitudes (every degree) along
the vertical cross-section defined by the aircraft flight pat-
tern. Then the positions of the 2000 particles were computed
backward in time for 3 days. The 2000 particle mean po-
sitions 3 days before the observations are compared to the
positions of the observations (released point) in order to pro-
duce altitude/latitude plots (Figs.5ato 5d) of:

– the relative altitude change of the air mass in order
to identify significant convective ascent or downward
transport from the tropopause region

– the relative latitude change of the air mass to identify, on
one hand transport from latitudes<10◦ N, i.e. from re-
gions potentially influenced by biogenic emissions from
the forest or even by biomass burning emissions from

the SH, and on the other hand from latitudes>20◦ N,
i.e. from the subtropics where downward transport from
the UTLS is often observed

– the relative longitude change of the air mass to assess
the fast zonal transport from regions outside of West
Africa i.e. mainly corresponding to influence of long
range transport from Asia and the Middle East.

The discussion of these figures will focus on the transport
processes related to the air mass groups which have been
identified in Sect.3.1.3using the aircraft observations.

Type I air mass

For the 13 August flight (Fig.5a), the type I air mass at
11.5 km corresponds to a 3–4 km uplift according to the
FLEXPART simulation and comes from latitudes always less
than 10◦ N. Upward motion is also resolved by the model
for the lower altitude range near 8 km over Cotonou at 6◦ N
with very small horizontal motions. Then vertical transport
of pollution sources on the Northern coast of the Guinea gulf
(Lagos, oil fields in the Niger delta) is the most likely ex-
planation for the observed large CO values. Indeed MSG
images (not shown) indicate deep convective cells at 6◦ N,
6◦–9◦ E on 10 August 2007 and 11 August 2007. For the
19 August a.m. flight (Fig.5b), FLEXPART simulations for
type I air masses over Gulf of Guinea between 8.5 and 10 km
also show local uplift three days before.

Type II air mass

On 19 August, the type II air masses observed North of
11◦ N in the morning at 10 km correspond to advection from
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latitudes>20◦ N. Although no clear subsidence is observed,
the strong meridional PV gradient at these latitudes would
support the idea of dry intrusion from mid-latitudes for
type II air masses (Kowol-Santen and Ancellet, 2000). For
the afternoon flight (Fig.5c), type II air masses are again re-
lated to advection from latitudes>20◦ N. The horizontal and
vertical extent of the region influenced by this advection be-
tween 7 and 10 km corresponds remarkably well to the large
section of this flight influenced by the observations labeled
as type II air masses. Finally for the 20 August type II air
mass at 7.5 km (Fig.5d), the FLEXPART simulation shows a
transport pathway which is different from the type II air mass
identified on 19 August with a southeasterly flow linking the
observation area with eastern Africa at 10◦ N, 3 days before.
The connection with the UTLS is still possible as there is a
downward motion of 500 m per day. It is also noticeable on
this day that the vertical stratification of the air mass origin
in Fig. 5d corresponds well to three different air mass types
in the observations at 5.5 km (type V), 7.5 km (type II) and
12 km (no specific anomalies for all the parameters, so aged
air masses advected by the Tropical Easterly Jet (TEJ)).

Type III air mass

The differences between Niamey and Cotonou have been
noticed in Sect.3.1.1 and are related to differences in the
boundary layer dynamics (land/ocean transition for Cotonou
and semi-arid region for Niamey), but also to differences in
the lowermost free tropospheric dynamics. Indeed near Ni-
amey at the 4-km altitude there is a detrainment layer related
to the convergence between the monsoon flow and the Sa-
haran heat low which generally corresponds also to the top
of the layer influenced by the AEJ, while near Cotonou the
vertical stratification is driven mainly by the southerly flow
extending to 3–4 km and the easterly flow above. The latter
corresponds to the northern branch of the southeasterly trade
winds. This vertical layering frequently observed during the
wet season near 6◦ N along the coast has been discussed by
Sauvage et al.(2007a).

To study more specifically the origin or the air mass just
above the PBL the 19 August near Cotonou, a 4-day back-
ward FLEXPART simulation was performed in two 500-m
thick layers at altitudes of 2.25 km and 3.75 km. The 2000
particles are grouped into 5 clusters, the positions of which
are shown as a function of time for the two layers (Fig.6).
Advection was quite slow in both layers with a weak south-
westerly flow and a significant southeasterly transport path-
way appears only above 3.5 km on a 4-day timescale. The
long residence time of the air mass above the coast line near
Cotonou means that the air mass influenced by biomass burn-
ing from the SH is probably dominated by mesoscale circu-
lations near the coast. Similar effects have been documented
at mid-latitudes for pollution transport in large cities located
near the sea (Zhang et al., 1998; Drobinski et al., 2007). Hy-
pothesis of a significant influence of local emissions in the

ozone production observed near Cotonou is then supported
by the trajectory study.

Type IV air mass

On 19 August the type IV air masses at low latitudes be-
tween 2 and 4◦ N near 7.5 km correspond to air masses com-
ing from the SH (10◦ S, 20◦ E). Therefore ozone precursors
observed in this air mass can be related to the active biomass
burning which is very common during the austral winter
(Mari et al., 2008). This is also consistent with the high
CO/NOx ratio (200) compared to the weaker ratio (20) ob-
served in the type V air masses. The first evidences of south-
ern hemispheric fire intrusions were described bySauvage
et al. (2005) based on the MOZAIC profiles over Africa.
These authors showed that elevated concentrations of ozone
observed between 600 and 700 hPa over West Africa during
the the wet season originated from fires in the SH. In the
framework of the AMMA campaign, regular ozonesound-
ings were performed at Cotonou, which is located near the
Gulf of Guinea and therefore can be influenced by the pol-
lution from the southern hemispheric fires. InMari et al.
(2008), one can note that the ozone peak on the 17 Au-
gust Cotonou ozonesounding profile corresponds to the ac-
tive phase of the African Easterly Jet – South (AEJ-S) when
the Gulf of Guinea is under the influence of the fire plumes.
Actually, the F-F20 flights period is included in this second
active phase of the AEJ-S which goes from 9 August to 31
August.

Type V air mass

The air mass trajectory analysis is very interesting for the
type V air mass as it is the group where the identification
of the sources is the most uncertain. For air mass identi-
fied between 4◦ N and 6◦ N near 7.5 km on 19 August in the
morning, the FLEXPART simulation shows a slow horizontal
transport. Upward motion is not clearly resolved by FLEX-
PART for the air mass at 7 km but is shown for air masses
arriving 1.5 km higher and originating from Northern Nige-
ria. Notice that the RH vertical stratification revealed by the
two dropsondes in this area shows that the 7.5 km level is
at the lower boundary of a very humid layer between 7.5
and 10 km (see Figs.7a to 7d in next section). So the O3
production in this type V air mass could be explained by an
upward transport of ozone precursors, namely organic com-
pounds from biogenic emissions and by the high NOx con-
centrations related to either lightning and/or NOx soil emis-
sion. It is difficult to find lightning data matching exactly
the air mass positions during their transport through convec-
tive systems, but long term ground based monitoring network
like ZEUS (seehttp://sifnos.engr.uconn.edu/) can provide a
qualitative estimate of the lightning impact. We have indeed
found more frequent flash occurences east of 2◦ E during the
period 16 August to 18 August less than three days before
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Fig. 6. 5-days FLEXPART backward time position of five clusters of the 2000 particles released between 2 and 2.5 km (left panel) and
between 3.5 and 4 km (right panel) over Cotonou on 19 August at 12:00 UT. The clusters are plotted every 24 h, the color corresponds to
their altitude, and the size of each cluster is proportional to the number of particles.

the measurements of the F-F20. Thus the lightning source
cannot be ignored.

During the afternoon flight, the 3-km uplift of air masses
located initially from Northern Nigeria is in good agreement
with the type V air mass observed between 8◦ N and 11◦ N at
7.5 km. This area corresponds also to the 4 dropsondes where
high RH is observed at many vertical levels between ground
and the aircraft (see Figs.7a to 7d in next section). Look-
ing at the comparison of the trajectories for the two type V
air masses of the am and pm flights, it is encouraging to see
that they are similar while the two air masses were identi-
fied using only chemical tracer data. This demonstrates that
the air mass classification in Table2, which is based on rela-
tive impact of different transport processes, is indeed in good
agreement with a direct meteorological analysis.

For the type V air mass at 6 km from 11◦ N to 13◦ N on
20 August (Fig.5d), it shows a slow zonal advection and
a 1–2 km downward motion over West Africa (air mass at
12◦ E 3 days before). Although no indication of upward
transport is shown by the FLEXPART simulation, the slow
zonal motion increases the probability for encountering con-
vection with uplifting of an air mass. The low CO necessary
for this group is explained by the fact that, if convection has
occurred, it must have developed over an area with moderate
vegetation and little influence from biomass burning emis-
sions. The high NOx concentrations and subsequent O3 pro-
duction characteristic of the type V air mass must be related
to lightning and/or upward transport of soil emissions at lat-
itudes above 10◦ N.

3.3 Variability of the hydroperoxides measurements

The H2O2 concentrations are shown in Figs.7ato7dtogether
with the relative humidity and the fraction of H2O2 relative to
the total concentration of hydroperoxides (organic peroxides

and hydrogen peroxide). The latter parameter is quite use-
ful in the mid and upper troposphere because, for air masses
showing a clear decrease of H2O2 concentrations, it helps
to distinguish on one hand the impact of mixing by upper
tropospheric air where there is low ROOH and on the other
hand fast convective upward transport of depleted H2O2 air
masses within the monsoon layer where ROOH will decrease
more slowly than H2O2 in the presence of wet scavenging
and aqueous chemistry (Snow et al., 2007). For elevated
H2O2 concentrations, the H2O2 fraction can measure the at-
mospheric chemical processing of an air mass which is pro-
portional to the duration of the atmospheric oxidation pro-
cesses responsible for OH formation. This will decrease the
H2O2 fraction as the hydrocarbon oxidation will produce or-
ganic peroxides (Heike et al., 1996).

Regarding the H2O2 vertical distribution, there is a nega-
tive vertical gradient in the free troposphere with a maximum
near 2 km (1.5–1.8 ppb) and lowest values ranging from 200
to 500 ppt near 10 km. Below 2 km, H2O2 concentrations
decrease with a significant sink related to wet scavenging
and surface removal. Looking more precisely at the free tro-
pospheric data, the H2O2 concentrations show a sharp drop
near 7 km with concentrations often being above 1 ppb be-
low 7 km and decreasing below 600 ppt above 8 km. This is
in good agreement with previous observations over the ocean
(Heike et al., 1996; Snow et al., 2007) showing that it is the
direct result of a large production of HOx and RO2 at alti-
tudes near 2–4 km.

Following Heike et al.(1996), a positive correlation is ex-
pected between [O3]*[H 2O]/[CO] and [H2O2] since OH will
be proportional to the ratio [O3]*[H 2O]/[CO]. Since the pho-
tochemical time scale for H2O2 is short enough (1–2 days),
this correlation will hold as long as recent vertical transport
and related wet scavenging in the PBL cannot compete with
the net photochemical equilibrium. In Fig.8, the correlation
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Fig. 7a. Altitude vs. latitude distribution of H2O2 mixing ratio in ppt, relative humidity in % and fraction of H2O2 over total organic
peroxides in % along the 13 August flight.

Fig. 7b. Altitude vs. latitude distribution of H2O2 mixing ratio in ppt, relative humidity in % and fraction of H2O2 over total organic
peroxides in % along the 19 August a.m. flight.
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Fig. 7c. Altitude vs. latitude distribution of H2O2 mixing ratio in ppt, relative humidity in % and fraction of H2O2 over total organic
peroxides in % along the 19 August p.m. flight.

Fig. 7d. Altitude vs. latitude distribution of H2O2 mixing ratio in ppt, relative humidity in % and fraction of H2O2 over total organic
peroxides in % along the 20 August flight.
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plot shows that the positive correlation is kept although it is
less compact as the ratio [O3]*[H 2O]/[CO] increases. Indeed
air masses related to a recent vertical transport correspond to
a small fraction of the observed data (mainly type I air mass)
and it cannot control the correlation plot. It was different
for the correlation between CO and O3 because they have
longer photochemical time scales in the free troposphere and
a larger fraction of the data collected in West Africa during
the wet season may have been influenced by upward trans-
port on a time scale of 1–2 weeks. The decrease in the com-
pactness of the plot are for the highest values of [H2O] in
the troposphere (3–6 km) where the ages of the air masses
are largest and the range of H2O2 concentrations depends on
the air mass composition following air mass transport. For
example an increase of NOx and a decrease of soluble car-
bonyl compounds will reduce the H2O2 formation. This de-
pendence of hydrogen peroxide data with the influence of
convective transport is then very useful in the discussion of
the link between the air mass types identified in Sect.3.1.3
and the dynamical processes.

Type I air mass

Considering type I air masses, this study shows that low
H2O2 concentrations (<500 ppt) are related to these air
masses, this is consistent with the efficient wet scavenging
and/or reaction of H2O2 with SO2 related to recent uplifting
by well developed MCS. The H2O2 fraction is on the order of
0.4 lower than the fraction for other air masses with similar
H2O2 concentrations (H2O2 fraction near 0.8). Indeed this
corresponds to the lower solubility of ROOH which is less
depleted than H2O2 during convective uplifting.

Type II air mass

For the type II air mass observed in the upper troposphere,
H2O2 is as low as the concentrations observed for type I air
mass. This can be explained by the low water vapor con-
centrations which cannot maintain elevated HOx radical and
H2O2 production. Regarding the H2O2 fraction , the values
are larger than for type I air masses This is in good agreement
with the fact that type II air masses could correspond to ad-
vection of upper tropospheric air from the subtropics. Indeed
in this case mixing with upper tropospheric air dominates the
other sinks of hydrogen peroxide.

Type IV air mass

In previous papers (Lee et al., 1997; Snow et al., 2007),
the possibility of hydroperoxide formation in biomass burn-
ing plumes have been shown, especially for H2O2. This is
not observed in our study where concentrations of H2O2 re-
main near 700–800 ppt at 7.5 km. It is explained by the fact
that the time scale for the transport of SH biomass burning
near the coast of West Africa is longer than 1–2 days. In-
deed in this case, the H2O2 produced within the plume does

Fig. 8. Scatter plot of [H2O]*[O3]/[CO] in g/kg vs. H2O2 in ppt as
measured by the F-F20 during for the four LRT flights. The mea-
surements are colored with altitude (4 classes with a 3-km thickness
within the range to 0–12 km).

not contribute anymore to the hydroperoxide budget. The
H2O2 fraction is below 0.7 consistent with moderate atmo-
spheric processing being able to increase the formation of
ROOH. Thus, it appears that the time scale for the transport
of biomass burning cannot exceed 3–4 days.

Type V air mass

The horizontal variability of H2O2 near 7.5 km shows that the
higher values (>1 ppb) are often observed in the type V air
mass where high NOx and RH>50% are present. This indi-
cates that upward transport plays a significant role in type V
air mass. Uplift of a humid air mass from the lower tropo-
sphere increases the HOx radical production necessary for
subsequent hydroperoxide formation. Since we expect H2O2
removal in the humid PBL, this implies that the observations
correspond to convective processes older than at least 1–2
days , i.e. the time scale for hydrogen peroxide chemical pro-
duction. It is often the case for the flights discussed in this
section since they have been performed in clear air far away
from convective systems. Considering that the lifetime of
NOx is longer in the free troposphere than the hydrogen per-
oxide lifetime, this hypothesis is also in good agreement with
the elevated NOx concentrations resulting from either light-
ning processes in the convective system or upward transport
of soil emissions which are maximum over wet continental
surfaces (Delon et al., 2008; Stewart et al., 2008). It is also
interesting to examine the H2O2 fraction for the type V air
mass where there is this relative H2O2 enhancement. We no-
tice high fractions (>75%) on 19 August while the fraction
drops to 50% on 20 August. This means that atmospheric
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Fig. 9. Latitude vs. longitude distribution of O3, CO in ppb, and H2O2 in ppt along the 11 August MCS flight. The track has been
superimposed on the MSG/Meteosat picture taken at the beginning of the flight.

chemical processing during the upward transport has been
more intense for the 20 August type V air mass compared to
the 19 August type V air mass. This is also consistent with
lower RH and NOx values on 20 August. Indeed a longer
time since exposure to surface emissions and uplifting, al-
lows on one hand dehydration of the air mass in the upper
troposphere before subsidence to lower altitudes near 8 km
and on the other hand NOx chemical conversion to PAN or
nitric acid. We also notice that the trajectory analysis shows
more evidence of nearby upward motions for the 19 August
type V air masses.

4 Comparison of the MCS flight

4.1 Chemical composition of the MCS outflow

Four Mesoscale Convective Systems (MCS) have been stud-
ied using the F-F20 aircraft: 3 over the Sahelian region (11
August, 14 August, 17 August) and 1 over the Benin forest
(15 August). The F-F20 tracks are superimposed on the im-
ages of the MCS brightness temperatures at the times when
the F-F20 starts the MCS upper altitude exploration (Figs.9
to 12). The measurements always start at the western bound
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Fig. 10. Latitude vs. longitude distribution of O3, CO in ppb, and H2O2 in ppt along the 14 August MCS flight. The track has been
superimposed on the MSG/Meteosat picture taken at the beginning of the flight.

of the M shape flight track and the aircraft stays at the the
same altitude (12 km) during the 2.3 h upper altitude explo-
ration. So during the flight, the MCS moves westward by
approximately 1.5◦ from its initial position shown in Figs.9
to 12.

MCS characteristics

On 11 August, the upward development revealed by MSG
images indicates a strong MCS which formed 2 days before
over the border between Nigeria and Chad (10◦ N, 15◦ E) and

was followed by a second one that dissipated east of Niamey.
The aircraft has flown mainly in the outflow region of the
first MCS after its transport northward to Western Niger. On
14 August, another strong MCS was studied East of Niamey
with the beginning of the flight being near the leading edge
of the MCS and the end in the convective area. The MCS is
significantly younger than the previous one as it started only
15 h before the F-F20 flight, over the Zinder region (14◦ N,
10◦ E) before moving westward at the same latitude. On 15
August, the MCS is located at latitudes farther south (10◦ N)
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Fig. 11. Latitude vs. longitude distribution of O3, CO in ppb, and H2O2 in ppt along the 15 August MCS flight. The track has been
superimposed on the MSG/Meteosat picture taken at the beginning of the flight.

over Benin and it is significantly smaller than the previous
ones. It corresponds to the southern tip of a decaying system
which formed over Chad (15◦ N, 17◦ E) 36 h before. Again
the beginning of the flight took place in front of the MCS
and the end in the outflow. Finally on 17 August, the MCS
is also rather weak during the measurement period over Ni-
amey. It actually dissipated during the aircraft deployment
with the beginning of the flight in the leading edge of MCS
and the end in the convective area. The system formed over
the Äır region (18◦ N, 6◦ E) 18 h before the F-F20 flight and

moved southward to Niamey. Let us examine the horizontal
variability of the measured chemical species in the outflow
of these MCSs.

Ozone and CO variability

Three flights (15 August, 14 August, 11 August) show large
sections of the MCS outflow with CO concentrations higher
than 140 ppb and up to 190 ppb on 15 August. At the same
time, ozone concentrations are always weak (<50 ppb) ex-
cept on 15 August when they exceed 50 ppb mainly in the
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Fig. 12. Latitude vs. longitude distribution of O3, CO in ppb, and H2O2 in ppt along the 17 August MCS flight. The track has been
superimposed on the MSG/Meteosat picture taken at the beginning of the flight.

northern part of the convective area. These CO rich air
masses are different from the type I air masses defined ear-
lier as there are directly found in the MCS outflow and at
latitudes north of 10◦ N. They will be named as type VI air
masses hereafter. The question arises whether the CO en-
hancement is related to transport of CO surface emissions
uplifted from the West African PBL or whether the elevated
CO is already present in the type VI air mass because of long
range transport from regions outside the AMMA region. On
17 August, the CO concentrations never exceed 140 ppb and

are then lower than the ones measured in the other MCSs.
On 15 August and 17 August, the areas with the highest CO
values are found behind the convective system in its outflow
rather than in its leading edge. This points toward a sig-
nificant role of the convective transport rather than regional
scale circulation on the large concentrations encountered. It
is less obvious for the 14 August where the high CO concen-
trations are located in the northern part of the measurement
area, which is less influenced by the MCS outflow.
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Hydroperoxide variability

The H2O2 distributions show areas of high concentrations
(>600 ppt) but their horizontal extent are always smaller than
the high CO patterns. Looking at the average concentra-
tions over the whole convective area, the concentrations are
smaller (300–400 ppt) for the most active MCS on 11 August
and 14 August. This is consistent with the hydrogen per-
oxide sink in the humid PBL before rapid upward transport
at upper altitudes by the convective system. This hypothe-
sis is also supported by the low values of the H2O2 fraction
(<50%) also observed for these two flights since one expect
ROOH to be less depleted in the humid PBL. The only small
area with large H2O2 during the 11 August flight is found
in the southwestern corner with also low H2O2 fraction and
moderate CO concentrations≈120 ppb. This would indicate
that this particular part of the MCS convective area has been
influenced by a significant amount of atmospheric processing
to increase ROOH. It is not so surprising that old masses are
interleaved with fresh convective outflow in the older MCS.
The very important role of ROOH in the HOx budget of the
upper tropical troposphere has already been discussed in the
work of Prather and Jacob(1997).

The H2O2 concentrations are in the range of 500–600 ppt
for the less active MCS on 15 August and 17 August. The
H2O2 fraction remains high for the layer with the largest
H2O2 concentrations (>600 ppt) on these two days. This
would be consistent with an upward transport from the hu-
mid PBL which took place 1 or 2 days before the measure-
ment to allow some H2O2 production with significant ROOH
increase compared to H2O2.

To summarize the analysis of the CO, O3 and H2O2 con-
centrations shows that convective transport drives the vari-
ability of the chemical composition when they are intercom-
pared. The main key parameters appear to be the lifetime
and the latitudinal position of the MCS during its evolution.
Indeed one first notices no influence of polluted air mass on
17 August due to the northern origin of the MCS. Second,
regarding the 11 August and 15 August MCS, transport from
the lower layers at latitudes around 10◦ N may explain the
large CO concentrations found in type VI air masses. The
latter conclusion is based on the observation of a negative
latitudinal CO gradient by other aircraft in the lower layers
Reeves et al. (2009). Third, the lifetime of the MCS allows
for more H2O2 production meaning significant HOx radicals
formed in the outflow of a long lived MCS. To support this
interpretation of the observed comparison of the 4 MCS, it
is necessary to conduct an analysis of the air mass transport
using the meteorological analysis. For example, this would
help to understand why there are large CO concentrations on
14 August while the MCS has remained above 13◦ N during
its lifetime or why there are larger O3 concentrations for the
15 August MCS compared to the 11 August MCS.

4.2 Air mass transport analysis

The analysis of the air mass transport was made using again
FLEXPART version 6.2 driven by 6-hourly ECMWF analy-
ses (T106L91). For a given simulation 1500 particles were
released during 60 min in a box with a 1-km vertical thick-
ness and a 1◦×1◦ horizontal area. This has been done for
approximately 17 boxes at 12 km a.s.l. (i.e. the altitude of the
MCS survey flight) and for different latitudes and longitudes
(every degree) along the aircraft track. Owing to the limited
area of the MCS survey and the limited horizontal resolution
of the ECMWF analysis, the variability of the trajectories for
a given flight is rather small and is not really suitable for a
detailed analysis of mesoscale structure in the chemical com-
position. However the comparison of the trajectories from
one MCS to the other one is possible. So we have focused
our attention on a single trajectory computed from a single
position in the outflow of the MCS.

First the 4 FLEXPART trajectories ending at 12 km near
the center of the observation area can be compared (Fig.14).
It is interesting to observe that a significant fraction of parti-
cles have been uplifted by more than 5 km in the FLEXPART
simulations for the type VI air mass i.e. for the 3 days with
high CO in the MCS outflow. FLEXPART is then able to re-
produce some convective transport in this region. Part of this
transport is already resolved in the ECMWF analysis itself
since it remains when the FLEXPART convection is switched
off. The cluster in the lower layers indicate a source region
located above the Arabic Peninsula 5 days before and with a
likely connection further ahead with the Persian Gulf. Notice
that this connection is not present on 17 August when CO re-
mains low around the MCS. The question arise about the in-
fluence of the significant emissions related to the oil industry
in this region. This transport pathway is different from the
one analyzed inBarret et al.(2008), where MLS UTLS CO
observations first adjusted towards a climatological tropical
profile have been assimilated. At and above 150 hPa the main
contributors are westward transport by the Tropical East-
erly Jet and the Asian Monsoon Anticyclone of Asian pol-
luted air masses that have been uplifted up to 100 hPa result-
ing in maxima CO concentrations over North Africa around
25◦ N. Even if FLEXPART is able to resolve some uplifting,
it may miss strong upward transport due to MCSs encoun-
tered along the trajectories. To account for this contribution
to the CO distribution, occurrence of observed MCS by MSG
was searched along the FLEXPART trajectories. Examples
of the cluster positions are shown on the top of MSG images
at 00:00 UT on the measurement day and 00:00 UT on the
previous day in Fig.13. This analysis has shown that for the
11 August and 14 August MCS, another MCS encountered
previously must have changed the chemical composition of
the advected air mass, while for the 15 August and 17 Au-
gust MCS it is the influence of the MCS sampled by the air-
craft which must be taken into account. Assuming, that the
MCS occurrence connects efficiently the lower troposphere
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Fig. 13. Plot on MSG/meteosat pictures of the five FLEXPART clusters released at the center of the upper altitude flight track survey around
the MCS studied on 11 August, 14 August, 15 August and 17 August (top to bottom). Cluster position and altitude (color code) are given at
00:00 UT on the measurement day (left) and 00:00 UT on the previous day (right). The size of each cluster is proportional to the number of
particles.

below 2 km and the upper troposphere above 10 km, we cal-
culated a backward flexpart simulation releasing 1500 parti-
cles at the base of the MCS, i.e. in a 1◦

×1◦ box between 1.5
and 2 km, at the time when the upper altitude trajectory en-
counters the MCS. This low level backward simulation was
performed on the MCS encountered respectively on 10 Au-
gust at 10◦ N, 15◦ E and on 13 August 10◦ N, 20◦ E for the 11
August and 14 August cases, while it was performed for the

sampled MCS at 00:00 UT on the measurement day for the
15 August and 17 August cases. Looking at Fig.15, it shows
that a significant fraction of the 1500 particles are coming
from the equatorial region below 6◦ N for the 3 MCS corre-
sponding to the elevated CO observed by the aircraft in the
upper troposphere. More precisely, the fractions of particles
south of the 6◦ N limit are respectively 10%, 19% and 34%
for the 11 August, 14 August and 15 August observations.
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Fig. 14. 5-days FLEXPART backward time position of five clusters of the 2000 particles released at the center of the upper altitude flight
track survey around the MCS studied on 11 August (upper left), 14 August (upper right), 15 August (lower left) and 17 August (lower right).
The clusters are plotted every 24 h, the color corresponds to their altitude, and the size of each cluster is proportional to the number of
particles.

The numbers are even higher (55%, 50% and 35%) if we
choose the 10◦ N limit which often corresponds to the largest
CO meridional gradient. This implies that the biomass burn-
ing source in the SH contributes to the CO distribution in the
NH upper troposphere as far as 15◦ N. This is in agreement
with Barret et al.(2008) who showed that below 150 hPa,
convective uplift of air masses impacted by biomass burning
in Southern Africa within the West African Monsoon region
between 0◦ N and 12◦ N is the main contributor to the latitu-
dinal CO maximum. A similar interaction between the two
hemispheres is discussed inEdwards et al.(2003) for the dry
season, as already mentioned in the introduction. The fact
that the largest O3 concentrations are found for the 15 Au-
gust MCS indicates also that this pathway is probably the
dominant one. Indeed the 15 August case corresponds to the
largest fraction of particles south of 6◦ N, while it is not very
different from the other MCS looking at the middle east path-
way revealed by the upper level trajectories (Fig.14).

5 Conclusions

In this paper, we have presented the airborne measurements
of tropospheric O3, CO, NOx, H2O and hydroperoxide above
West Africa during the summer monsoon season. Two dif-
ferent aircraft missions have been planned to study both (1)
the efficiency of vertical transport by MCSs with flights at
constant altitude (12 km) in the MCSs vicinity and (2) the
remaining influence of convection during the dry spell peri-
ods with meridional exploration of the free troposphere be-
tween the Gulf of Guinea and the Sahel region at 15◦ N. The
observed variability of the chemical composition during the
meridional transects was used to sort air masses into 5 types:

– convective uplift of polluted air masses by industrial
and urban emissions along the coast (type I) and of air
masses influenced by biogenic emissions over the con-
tinent (type V),

– meridional transport of upper tropospheric air from the
subtropical barrier region (type II),

Atmos. Chem. Phys., 9, 383–411, 2009 www.atmos-chem-phys.net/9/383/2009/



G. Ancellet et al.: Effects of regional-scale and convective transports on tropospheric O3 407

Fig. 15. 5-days FLEXPART backward time position of five clusters of the 2000 particles released at low altitudes (1500–200 m) below a
MCS position at 00:00 UT on 10 August (upper left), 13 August (upper right), 15 August (lower left) and 17 August (lower right). The 10
August and 13 August MCS have developed along the trajectories shown in Fig.14, while the 15 August, 17 August MCS are the studied
MCS. The clusters are plotted every 24 h, the color corresponds to their altitude, and the size of each cluster is proportional to the number of
particles.

– low level slow advection of the Cotonou plumes near
the coast (type III),

– meridional transport of Southern Hemisphere biomass
burning emissions related to the southeasterly winds
over the equatorial Atlantic ocean (type IV),

Further analysis of the origin of these air masses using
the FLEXPART Lagrangian Particle Dispersion Model con-
firmed the robustness of this classification. The analysis of
the four MCSs sampled by the french aircraft pointed out a
large variability of chemical composition according to their
lifetime and latitudinal position. A sixth type of air mass
was identified based on the MCSs chemical outflow proper-
ties. This type VI is a mix between fresh vented air from
the boundary layer and large scale transport in the upper tro-
posphere. Elevated CO concentrations in the rear outflow
region of the MCS can be related to rapid uplifting of air
from the low troposphere during the passage of the MCS. The
analysis of air mass transport with the FLEXPART model re-

vealed that these elevated concentrations could also have an
important contribution from remote convective activity fol-
lowed by advection by the TEJ in the upper troposphere.
These upper tropospheric air masses showed strong connec-
tions with the the middle-east region related to the asian sum-
mer low pressure system or the biomass burning which oc-
curs in the Southern Hemisphere in this season. The transport
pathways are sketched in Fig.16and the air masses of type I,
III and IV are found near the coast while type II and V air
masses are mainly north of the 10◦ N latitude.

Regarding the ozone production in air masses away from
the direct outflow of MCS, it is related to (i) the transport of
biomass burning emission from the SH, (ii) the city plume
near Cotonou and (iii) the aftermath of convective trans-
port over the continent (high NOx and high H2O2 concen-
trations). The photochemical reactivity of the air masses for
these flights are already noticeable in O3 and CO correlation
plots and in the correlation of H2O2 with a OH concentra-
tion proxy ([O3]*[H 2O]/[CO]), but for the WAM it remains
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Fig. 16. Schematic view of the main transport pathways (large ar-
rows for the synoptic scale transport, blue arrows for the convective
uplifting and the small red arrow for the slow advection of urban
pollution at low altitudes) which have been identified as controlling
the chemical composition of the mid and upper troposphere above
West Africa. The related air mass types defined in this work by the
chemical composition measured by the aircraft are also indicated.

difficult to separate photochemistry and dynamical processes
on these correlation plots. Regarding the chemical composi-
tion of the outflow of the different MCSs, it was shown here
that the increase of CO and H2O2 and the associated chemi-
cal reactivity necessary for subsequent O3 formation, are di-
rectly related to the position and the lifetime of the MCS dur-
ing its evolution. Increased lifetime (>1.5 days) allows more
H2O2 formation, while a trajectory of the MCS crossing the
10◦ N latitude increases the CO transport to the upper tropo-
sphere.
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Betz, H.-D., Brunner, D., Forster, C., Pinto Jr., O., and Calheiros,
R.: Lightning activity in Brazilian thunderstorms during TROC-
CINOX: implications for NOx production, Atmos. Chem. Phys.,
8, 921–953, 2008,
http://www.atmos-chem-phys.net/8/921/2008/.

Jaegle, L., Martin, R., Chance, K., Steinberger, L., Kurosu,
T., Jacob, D., Modi, A., Yoboue, V., Sigha-Nkamdjou, L.,
and Galy-Lacaux, C.: Satellite mapping of rain-induced ni-
tric oxide emissions from soils, J. Geophys. Res., 109, 21310,
doi:10.1029/2004JD004787, 2004.

Jaegle, L., Steinberger, L., Martin, R., and Chance, K.: Global
partitioning of NOx sources using satellite observations: Rela-
tive roles of fossil fuel combustion and biomass burning and soil
emissions, Faraday Discuss., 130, 407–423, 2005.

J.L.Redelsperger, Thorncroft, C., Diedhiou, A., Lebel, T., Parker,
D., and Polcher, J.: African Monsoon Multidisciplinary Analy-
sis: An International Research Project and Field Campaign, B.
Am. Meteorol. Soc., 87, 1739–1746, 2006.

Jonquieres, I. and Marenco, A.: Redistribution by deep convec-

tion and long-range transport of CO and CH4 emissions from
the Amazon basin and as observed by the airborne campaign
TROPOZ II during the wet season, J. Geophys. Res., 103,
19075–19091, 1998.

Jonquieres, I., Marenco, A., Maalej, A., and Rohrer, F.: Study of
ozone formation and transatlantic transport from biomass burn-
ing emissions over West Africa during the airborne TROPo-
spheric OZone campaigns TROPOZ I and TROPOZ II, J. Geo-
phys. Res., 103, 19059–19073, 1998.

Kowol-Santen, J. and Ancellet, G.: Mesoscale analysis of trans-
port across the subtropical tropopause, Geophys. Res. Lett., 27,
3345–3348, 2000.

Labrador, L. J., von Kuhlmann, R., and Lawrence, M. G.: The ef-
fects of lightning-produced NOx and its vertical distribution on
atmospheric chemistry: sensitivity simulations with MATCH-
MPIC, Atmos. Chem. Phys., 5, 1815–1834, 2005,
http://www.atmos-chem-phys.net/5/1815/2005/.

Laing, A., Carbone, R., Levizzani, V., and Tuttle, J.: The propa-
gation and diurnal cycles of deep convection in northen tropical
Africa, Q. J. Roy. Meteorol. Soc., 134, 93–109, 2008.

Lazrus, A., Kok, L., Lind, J., Gitlin, S., Heikes, B., and Shetter,
R.: Automated fluorometric method for hydrogen peroxide in
air, Anal. Chem., 58, 594–597, 1988.

Lee, M., Heikes, B., Jacob, D., Sachse, G., and Anderson, B.:
Hydrogen peroxide, organic hydroperoxide, and formaldehyde
as primary pollutants from biomass burning, J. Geophys. Res.,
102(D1), 1301–1309, 1997.

Lee, M., Heikes, B. G., and O’Sullivan, D. W.: Hydrogen peroxide
and organic hydroperoxide in the troposphere: a review, Atmos.
Environ., 34, 3475–3494, 2000.

Li, Q., Jacob, D. J., Logan, J. A., Bey, I., Yantosca, R. M., Liu,
H., Martin, R. V., Fiore, A. M., Field, B. D., Duncan, B. N., and
Thouret, V.: A tropospheric ozone maximum over the middle
east, Geophys. Res. Lett., 28, 3235–3238, 2001.

Mari, C. and Prospero, J.: African Monsoon Multidisciplinary
Analysis-Atmospheric Chemistry (AMMA-AC): a new IGAC
task, IGAC Newsletter, 31, 2–13, 2005.

Mari, C. H., Cailley, G., Corre, L., Saunois, M., Attié, J. L.,
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