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Abstract

During the wet season of the African Monsoon Multidisciplinary Analyses (AMMA) cam-
paign, airborne measurements of several chemical species were made onboard the
French Falcon-20 (FF20) aircraft. The scientific flights were planned in order to docu-
ment, on one hand the regional distribution of trace gas species related to the oxidizing
capacity of the troposphere, and on the other hand their spatial variability in the outflow
of mesoscale convective systems (MCSs). The main objectives of this paper are the
analysis of the main transport processes responsible for the observed variability, and
the discussion of differences and similarities related to the convective transport by 4
different MCSs. This work is needed before using this data set for future studies of
the convective transport of chemical species or for modeling work in the frame of the
AMMA project. Regarding the regional distribution, five air masses types have been
identified using the Lagrangian particle dispersion model FLEXPART, and by consider-
ing relationship between the measured trace gas concentrations (O3, CO, NO,, H,0,
and hydroperoxides). This paper specifically discusses the advantage of hydroperoxide
measurements in order to document the impact of recent or aged convection. The high-
est values of O3 are found to be related to transport from the subtropical tropopause
region into the mid-troposphere at latitudes as low as 10° N. The lowest ozone values
have been always explained by recent uplifting from the monsoon layer where O; is
photochemically destroyed. Regarding the analysis of the MCS outflow, the CO and
H,O, enhancements are related to the age and the southernmost position of the MCS.
The analysis of the long range transport of the air masses where convection occurred,
shows a connection with the Persian Gulf emissions for the largest CO concentrations
in MCS outflow. However for our observations, Lagrangian particle dispersion mod-
elling shows that this possible source is always modified by the convective transport of
CO from the African lower troposphere when the air masses encounter a convective
system at latitudes below 10° N.
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1 Introduction

In order to get a better understanding of the coupling between tranport processes and
ozone photochemistry during the West African monsoon period, it is important to build
a comprehensive data set including basic meteorological information (e.g. wind and
water vapour) and chemical observations. This kind of data set is mandatory for the
modelling exercises which will take place during the AMMA framework. Chemical mea-
surements at very low altitudes (<1000 m) already exist in West Africa, e.g. the DE-
CAFE experiment (Cros et al., 1987; Fontan et al., 1992) and the following set up of
the IDAF program (IGAC/DEBITS/Africa) which has been initiated in 1994 by French
and African scientists within the scope of the DEBITS (Deposition of Biogeochemically
Important Trace Species) program (Galy-Lacaux and Modi, 1998). The goals of these
projects aimed at studying atmospheric emissions and depositions in the tropical re-
gions and little attention was given to free tropospheric measurements. Measurements
at upper altitude were made during the aircraft TROPOZ experiment above the Atlantic
ocean but only for the dry season (Jonquieres et al., 1998). The only upper tropo-
spheric measurements available during the wet season are the O; and CO data set
provided by some on service aircraft operated in the frame of the program MOZAIC
(Sauvage et al., 2007). In this paper we present a new data set based on aircraft mea-
surements performed above West Africa, mainly in the mid and upper troposphere,
across a large latitude gradient (2°N to 15°N) and near Mesoscale Convective Sys-
tems (MCSs). Indeed the scientific flights of the aircraft data discussed here were
planned for two different objectives:

— to provide the horizontal variability of trace gas species in the outflow region of
MCSs

— to document the regional scale distribution of trace gas species, mainly across the
vegetation gradient over Benin and southwestern Niger and through the transition
zone between the continent and the Gulf of Guinea.
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This new data set is more comprehensive for modelling purposes as it includes other
measurements than O5 and CO, provides a characterization of the mid and upper
tropospheric levels and improves the analysis of the impact of tropical convection by
comparing 4 flights near MCS. Modelling of the data set is not within the scope of this
paper which aims at discussing first the actual meaning of the observations before their
use for process studies and model validation. Therefore the goals of this work are the
analysis of the main transport processes responsible for the observed variability, and
the discussion of differences and similarities related to the convective transport by the
4 different MCSs. Moreover, an additional objective is to look at the complementarity
of chemical measurements like O3, CO, NO,, H,O and hydroperoxides for discussing
the impact of tropical convection on the chemical composition of the troposphere in
Western Africa.

2 Falcon 20 data set
2.1 Flight description

The French Falcon-20 (FF20) aircraft was based in Niamey (13.5°N, 2.1° E) and per-
formed 8 scientific flights from 11 August to 20 August, plus an intercomparison flight
with the British BAe-146 aircraft on 16 August (Reeves et al., 20081).

Four flights of the first kind were performed over different MCS and the flight pat-
tern are presented in Sect. 4. Four flights at the regional scale have been conducted
during days with low convective activity. For each flight of this second kind, which are
discussed in Sect. 3, two long horizontal tracks at 2 or 3 different altitude levels have
been performed and the horizontal projection of the flight patterns are shown on the
Meteosat (MSG) images in Fig. 1. On 20 August, the goal was to fly along the 1° E line

1Reeves, C., Ancellet, G., Borgon, A., F.Cairo, Law, K., Mari, C., Methven, J., Schlager,
H., and Thouret, V.. Chemical characterisation of the troposphere over West Africa during the
monsoon period as part of AMMA, Atmos. Chem. Phys. Discuss., to be submitted, 2008.
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across the core of the African Easterly Jet (AEJ) located at 15° N on this day. During
flight of the second kind, meteorological dropsondes have been launched every de-
grees from the uppermost altitude level of the flight (see Fig. 7a to d in Sect. 3.3). This
provides a more detailed picture of the vertical stratification using the water vapour
vertical profiles and a mean to check the ECMWF wind data which have been used in
the trajectory calculations (Sect. 3.2).

2.2 Instrument description

In this paper, concentrations of O3, CO, NO,, H,O,, and ROOH will be used together
with the standard meteorological measurements provided by the SAFIRE French air-
craft management team. Details on the meteorological measurements can be found
on the SAFIRE web site (http://www.safire.fr/). The humidity measurements are made
by the AERODATA capacitive sensor. The chemical measurements are described in
the following sections.

2.2.1 0Oz and CO measurements

The O3 and CO instrument has been manufactured by Laboratoire d’Aérologie and DT-
INSU (CNRS Technical Division). It is a compact instrument developed using the ex-
perience gained from the MOZAIC measurement program on commercial Airbus A340
aircraft. The Oz measurement principle and cells are coming from a commercial fast re-
sponse ozone analyser (Model 49C TEI Thermo Environment Instruments, USA). The
instrument is based on classic 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 pres-
sure and temperature variations. For Og, 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 analyser is based on a commercial infrared absorption correlation gas anal-
yser (Model 48C, TEI Thermo Environment Instruments, USA). Its accuracy has been
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improved by the addition of periodical (20 min) accurate zero measurements, new IR
detector with better cooling and temperature regulation, pressure increase and regula-
tion in the absorption cell, increased flow rate to 4 I/min, water vapour trap and ozone
filter (Nédélec et al., 2003). The precision achieved for a 30-s integration time (cor-
responding to the response 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 after the campaign, with no
significant difference (<2%). We used a CO in N, bottle manufactured by Air Liquide,
reference 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 comparable to NIST references.
CO concentrations given in this paper are not corrected for this difference and must be
divided by 1.072 for comparison with the other aircraft.

2.2.2 Peroxide measurements

Peroxide has been measured using modified AEROLASER AL2002 H,O, analyser.
Ambient air was continuously drawn by PTFE membrane compressor (KNF N860
through the rear facing inlet and a 2-m Teflon (PFA) tubing into cylindrical 500 cm™
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 instruments, including the H,O, analyser.
The H,O, measurements are based on the aqueous phase enzyme catalyzed reac-
tion of the peroxides with para-hydroxy phenol acetic acid producing fluorescent dimer
(Lazrus et al., 1988). To distinguish between H,O, and organic peroxides (ROOH),
both being catalyzed by the peroxidise enzyme, the air sampled from the PFA cylinder
at the flow rate of 2 sIm is equally divided between two channels. In each channel the
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gaseous peroxides are trapped in the liquid solution using 10 turns glass stripped coils.
In one of the channels the H,0, is partially destroyed by addition of catalase. The con-
centration of H,O, 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 calibration. As the stripping efficiency of
the ROOH is different from that of the H,O,, the measurements of the organic per-
oxides mixtures of unknown composition is uncertain. The data presented here as
ROOH were derived by taking for all the organic peroxides the same stripping effi-
ciency of 60% as for the methylhydroperoxide (Lazrus et al., 1988). For measurements
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 before or after each flight (and
occasionally during the flight) using aqueous phase H,O, standard solutions. The
standards with mixing ratios (2 to 6)><10_7 M were freshly prepared by serial dilution
of 1072 M stock solution. The concentration of the stock solution has been periodically
verified by titration with potassium permanganate.

The base line has been measured about once per hour during the flight by passing
the sampled air through the trap containing H,O, scrubber. With freshly prepared so-
lutions the zero signal was about 0.1V at 5V full scale adjusted to correspond to about
10 ppb maximum gaseous H,O, concentration. During the same flight the variation
of the zero signal was always less than 10% corresponding to H,O, concentration of
about 20 ppt.

Based on the stability of the blank the detection limit for the H,O, was estimated to
be 50 ppt. The estimated accuracy of H,O, measurements is 20%, including the un-
certainties in concentration of aqueous H,O, standards, blanks, gas and solution flow
rates, losses of the H,O, in sampling lines and temperature and pressure variations
inside the aircraft.
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2.2.3 NO, measurements

The NO, measurements were performed by the LISA laboratory instrument using two
high sensitivity chemiluminescent analyzers (Eco Physics CLD 780 TR). The instru-
ment has been flown during previous field measurements (Marion et al., 2001) and it
has been modified for operation on the FF20.

NO is directly measured by the first analyzer. In order to improve the detection
limit for NO2 we use a special designed photolytical converter (Eco Physics PLC-762)
where NO2 is converted to NO with a high conversion efficiency 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 pre-
vent a possible thermal decomposition of PAN.

The measurement cycles are divided into two different steps. The first step cor-
responds 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 30s. 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 design 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 contamination, and a subsequent
memory effect, of the analytical system. To maintain efficient operation of the analyzers
at all altitudes it is necessary to fix the sample flow of each analyzer. 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 chosen pressure does not allow
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operation above 12km a.s.l. For each analyzer the pressure is controlled with a loop
control process using a Teflon needle valve (Whitey) driven by a motor (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 chemilumines-
cent analyzers before take off and after landing. All the procedure is computer driven
to ensure the best accuracy of this calibration. A standard 8.47 ppmv NO (Alphagaz)
(8 ml/min STP) diluted in a 10 I/min STP N2/02 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 calibration coefficients have been corrected.

3 Analysis of the regional vertical cross-section
3.1 0Og, CO, and NO, 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
Fig. 2a to d. 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 variability.
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

Ozconcentrations (<50 ppb) at altitudes above or near 10 km especially at the begin-

ning of the flight campaign (13 August), the same is true for exactly the opposite case,
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i.e. low CO (<110 ppb) and high O5 concentrations (>70 ppb) mainly in the Northern
part of the measurement domain (19 August, 20 August). Only few observations cor-
respond to air masses where CO and Og are correlated positively.

In the altitude range 0—4 km, data are obtained mainly from take off and landing of
the FF20 in Niamey and Cotonou and significant differences have been observed be-
tween the vertical profiles of CO and O4 at these two places. Ozone concentrations
higher than 60 ppb are only observed near Cotonou (6.4° N, 2.5° E) and large CO con-
centrations 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 layers can be identified: the planetary boundary layer up to 1 km with
low O, 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 O; and CO values.

Following (Andreae et al., 1994), one can study the chemical history of sampled
air masses using the correlation of ozone excess versus CO excess, A[O3] versus
A[CO]. Ozone excess is defined here as the ozone concentration corrected by a ref-
erence ozone vertical profile which increases linearly with altitude from 20 ppb at 3km
to 50 ppb at 12km, while CO excess is the CO concentration corrected a mean CO
value of 100 ppb corresponding to non polluted tropospheric conditions (Sauvage et al.,
2007). In Fig. 4, the correlation plot of A[O3] versus A[CO] shows a negative correla-
tion which suggests a combined influence, on one hand of convective uplifting of low
level air masses with high CO and low ozone (i.e. where NO, was eliminated by wet
scavenging in the monsoon layer or where O was titrated in very polluted areas: oil in-
dustry, urban cities like Lagos or Cotonou) and on the other hand of dry intrusions from
the upper troposphere 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 cor-
responding 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
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with ozone chemical loss as measured at midlatitudes in polluted air masses during the
winter time (Parrish et al., 1998). Although part of this correlation could be related also
to mixing of stratospheric intrusions with polluted air masses, i.e. with large CO values
and Og, this is not very likely at tropical latitudes where the stratospheric intrusions re-
main at high altitudes and do not cap urban pollution plume as they do at mid-latitudes
(Cho et al., 2001). The polluted air mass corresponds 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 between A[O3] and A[CO] of the order
of 0.3.

3.1.2 NO, and relative humidity

The NO, concentrations are only available on 19 August 2006 and 20 August 2006
and ranges between 100 ppt and 400 ppt above 7 km while concentrations ranges from
600—4000 ppt below 4 km. The ratio NO, over NO is generally higher than expected
suggesting either very reduced NO, photodissociation coefficient or high RO, radical
concentrations considering that [O3] is often smaller than 50 ppb (not shown). In this
paper we will only use the total NO, concentration to distinguish air masses with high
or low NO, content. The analysis of the NO, partitioning relevant for O3 production
assessment is not within the scope of this paper. The high NO, concentrations near
7 km are often related to a relative increase of relative humidity 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 highest NO, concentrations
near Cotonou do not reach 4 km but remains below 2.5 km. Therefore transport pro-
cesses controlling the composition of the transition layer (1-2.5 km) and the lowermost
free troposphere (2.5—4 km) are different although homogeneity would have been in-
ferred from the O; and CO profiles.

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

3.1.3 Air mass clustering using chemical tracer observations

Looking at positive or negative anomalies of the O3/CO/NO,/H,0 concentrations along
the FF20 tracks, one can identify five different types of air masses:

— Type | where the main characteristics are low O (<50 ppb) and high CO concen-
trations (2150 ppb) i.e. possible export of polluted air mass with O3 chemical loss
in the monsoon layer

— Type Il where the main characteristics are opposite to the previous one with low
CO (£100ppb) and high O3 concentrations (>70 ppb) together with low relative
humidity (RH<30%). This could be related to dry intrusions of ozone rich air
masses from the tropopause region into the free troposphere.

— Type lll where the main characteristics are low altitudes (<4 km), very high CO
(2200 ppb) and high NO, concentrations (21 ppb) while significant O production
is also observed with concentrations higher than 60 ppb. These air masses have
been encountered near Cotonou.

— Type IV where the main characteristics are [CO]>130 ppb with [O3]~70 ppb and
[NO,]~300 ppt. This group has been chosen as it corresponds to what is expected
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]<130ppb with
[O3]~60 ppb, [NO,]>500 ppt and RH>30%. This group has bee chosen to con-
sider an air mass with ozone production but not clearly related to biomass burning
or aged anthropogenic emissions (no elevated CO concentrations).
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The Table 1 summarizes the positions of the different air masses types for the 4 flights
discussed in this section. Regarding the type Ill air mass observed near Cotonou on
19 August (Fig. 3), ozone precursors emissions, related to this large city of 1 million
inhabitants with frequent air pollution problems, may explain the layer observed be-
tween 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
(during landing) of the Cotonou emissions. It shows a CO and NO, increase respec-
tively from 170 pbb to 240ppb and from 1.5ppb to 5ppb, while O3 increases from
25ppb to 70 ppb. The latter can be related to the ozone production in the Cotonou
plume. Although regional pollution including transport of biomass burning emissions
from the Southern Hemisphere can also produce similar level of CO and O3 production,
the southern boundary of this regional pollution plume would have to match exactly the
position of Cotonou. This is very unlikely as influence of regional pollution should be
found above the ocean. Indeed the influence of this regional pollution is more related
to the 170-ppb level of CO recorded upwind during take-off rather than the 240-ppb CO
level recorded downwind during landing.

In order to confirm the sources responsible for the chemical 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 correlation 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 Disper-
sion Model (LPDM) FLEXPART 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 excellent both for the wind speed
and the wind direction, namely the AEJ vertical structure is well reproduced as well as
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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, parameterizations of sub-grid scale convec-
tion and of topographic processes, as well as online computation of potential vorticity
(PV) for each air parcel. For a given simulation 2000 particles were released during
30min in a box with a 250-m vertical thickness and a 1°x1° horizontal area. This has
been done for 23 boxes at different altitudes from 6 to 11.75km (250 m step) and for
different latitudes (every degree) along the vertical cross-section defined by the aircraft
flight pattern. Then the positions of the 2000 particles were computed backward in
time for 3 days. The 2000 particles mean positions 3 days before the observations
are compared to the positions of the observations (released point) in order to produce
altitude/latitude plots (Fig. 5a to d) of:

— the relative altitude change of the air mass 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 regions potentially influenced by biogenic emissions
from the forest or even by biomass burning emissions from the Southern Hemi-
sphere, 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 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. 3.1.3 using the aircraft observations.

15954

ACPD
8, 15941-15996, 2008

Role of convective
transport on
tropospheric ozone
chemistry

G. Ancellet et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/15941/2008/acpd-8-15941-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/15941/2008/acpd-8-15941-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

3.2.1 Type | air mass

For the 13 August flight (Fig. 5a), the type | air mass at 11.5km 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 explanation 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 | air masses over Gulf of Guinea between 8.5 and 10 km also show
local uplift three days before.

3.2.2 Type Il air mass

On 19 August, the type Il air masses observed North of 11° N in the morning at 10 km
correspond to advection from latitudes >20° N. Although no clear subsidence is ob-
served, the strong meridional PV gradient at these latitudes would support the idea
of dry intrusion from midlatitudes for type Il air masses (Kowol-Santen and Ancellet,
2000). For the afternoon flight (Fig. 5c¢), type Il air masses are again related to advec-
tion from latitudes >20° N. The horizontal and vertical extent of the region influenced by
this advection between 7 and 10 km corresponds remarkably well to the large section
of this flight influenced by the observations labeled as type Il air masses. Finally for
the 20 August type Il air mass at 7.5 km (Fig. 5d), the FLEXPART simulation shows a
transport pathway which is different from the type Il 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 5.5km (type V), 7.5km (type Il) and 12km (no specific anomalies for
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all the parameters, so aged air masses advected by the Tropical Easterly Jet (TEJ)).
3.2.3 Type Ill 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 Niamey at the 4-km altitude there is a detrainment
layer related to the convergence between the monsoon flow and the Saharan 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 have been discussed by Sauvage et al. (2007).

To study more specifically the origin or the air mass just above the PBL the 19 August
near Cotonou, a 4-day backward 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 position 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 southwesterly flow and the impact
of the trade winds appears only 4-days before at 3.75km. The long residence time of
the air mass above the coast line near Cotonou means that the air mass influenced by
biomass burning from the Southern Hemisphere is probably dominated by mesoscale
circulations near the coast. Similar effect have been documented at mid-latitudes for
pollution transport in large cities located near the sea (Zhang et al., 1998; Drobinski
et al., 2007). Hypothesis of a significant influence of local emissions in the ozone
production observed near Cotonou is then supported by this weak influence of the
regional transport.
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3.2.4 Type IV air mass

On 19 August the type IV air masses at low latitudes between 2 and 4° N near 7.5 km
correspond to air masses coming from the Southern Hemisphere (10° S, 20° E). There-
fore 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/NO,, ratio (200) compared to the weaker ratio (20) ob-
served in type V air mass. The first evidences of southern hemispheric fire intrusions
were described by Sauvage et al. (2005) based on the MOZAIC profiles over Africa.
These authors showed that elevated concentrations of ozone observed between 600
and 700 mb over West Africa during the the wet season originated from fires in the
Southern Hemisphere. 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 pollution from the southern hemispheric fires. In Mari et al.
(2008), one can note that the ozone peak on 17 August Cotonou ozonesounding pro-
file corresponds to the active 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.

3.2.5 TypeV 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 iden-
tified 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
FLEXPART for the air mass at 7 km but is shown for air masses arriving 1.5 km higher
and originating from Northern Nigeria. 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 10km (see Fig. 7a to Fig. 7d in next section).
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So the O5 production in this type V air mass could be explained by an upward transport
of ozone precursors, namely organic compounds from biogenic emissions and by the
high NO, concentrations related to either lightning and/or NO, soil emission. 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
7.5km. This area correspond also to the 4 dropsondes where high RH is observed at
many vertical levels between ground and the aircraft (see Fig. 7a to d in next section).
Looking at the comparison of the trajectories for the two type V air masses of the am
and p.m. flights, it is encouraging to see that they are similar while the two air masses
were identified using only chemical tracer data. This demonstrates that the classifi-
cation of Table 1 which is based on relative 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 encounter-
ing convection 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 emissions.
The high NO, concentrations and subsequent O production characteristic of the type
V air mass must be related to lightning and/or upward transport of soil emissions at
latitudes above 10° N.

3.3 Variability of the hydroperoxides measurements

The H,O, concentrations are shown in Fig. 7a to d together with the relative humidity

and the fraction of H,O, relative to the total concentration of hydroperoxides. The lat-

ter parameter is quite useful in the mid and upper troposphere because, for air masses

showing a clear decrease of H,O, concentrations, it helps to distinguish on one hand

the impact of mixing by upper tropospheric air where there is low ROOH and on the
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other hand fast convective upward transport of depleted H,O, air masses within the
monsoon layer where ROOH will decrease more slowly than H,O, in presence of wet
scavenging and aqueous chemistry (Snow et al., 2007). For elevated H,O, concen-
trations, the H,O, fraction can measure the atmospheric chemical processing of an
air mass which is proportional to the duration of the atmospheric oxidation processes
responsible for OH formation. This will decrease the H,O, fraction as the hydrocarbon
oxidation will produce ROOH (Heikes et al., 1996).

Regarding the H,O, vertical distribution, there is a negative vertical gradient in the
free troposphere with a maximum near 2km (1.5-1.8 ppb) and lowest values ranging
from 200 to 500 ppt near 10 km. Below 2 km, H,O, concentrations decreases with a
significant sink related to wet scavenging and surface removal. Looking more precisely
at the free tropospheric data, the H,O, concentrations shows a sharp drop near 7 km
with concentrations often being above 1 ppb below 7 km and decreasing below 600 ppt
above 8km. This is in good agreement with previous observations over the ocean
(Heikes et al., 1996; Snow et al., 2007) showing that it is the direct result of a large
production of HO, and RO, at altitudes near 2—4 km.

Following (Heikes et al., 1996), a positive correlation is expected between [H,0,] and
[O3]*[H,0)/[CO] since OH will be proportional to the ratio [O3]*[H,O]/[CO]. Since the
photochemical time scale for H,O, is short enough (1-2 days), this correlation will hold
as long as recent vertical transport and related wet scavenging in the PBL cannot com-
pete with the net photochemical equilibrium. In Fig. 8, the correlation plot shows that
the positive correlation is kept although it is less compact as the ratio [O;]*[H,O}/[CO]
increases. Indeed air masses related to a recent vertical transport corresponds to a
small fraction of the observed data (mainly type | 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 scale in free troposphere and a larger fraction of the
data collected in West Africa during the wet season may have been influenced by up-
ward transport on a time scale of 1-2 weeks. The decrease in the compactness of
the plot are for the highest values of [H,O] in the troposphere (3—6 km) where the age
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of the air mass are largest and the range of H,O, concentrations depends on the air
mass composition following air mass transport. For example an increase of NO, and
a decrease of soluble carbonyl compounds will reduce the H,O, formation. This de-
pendence of hydroperoxide data with the influence of convective transport makes the
use of these data very useful to continue the discussion about the link between the air
mass types identified in Sect. 3.1.3 and the dynamical processes.

3.3.1 Type | air mass

Considering type | air mass, this study shows that low H,O, concentrations (<500 ppt)
are related to these air masses, this is consistent with the efficient wet scavenging
and/or reaction of H,O, with SO, related to recent uplifting by well developed MCS.
The H,0O, fraction is of the order of 0.4 lower than the fraction for other air masses with
similar H,O,concentrations (H,O, fraction near 0.8). Indeed this corresponds to the
lower solubility of ROOH which is less depleted than H,O, during convective uplifting.

3.3.2 Type Il air mass

For the type Il air mass observed in the upper troposphere, H,O, is as low as the con-
centrations observed for type | air mass. This can be explained by the low water vapour
concentrations which cannot maintain elevated HO, radical and H,O, production. Re-
garding the H,O, fraction, the values are larger than for type | air masses This is in
good agreement with the fact that type Il air masses could correspond to advection
of upper tropospheric air from the subtropics. Indeed in this case mixing with upper
tropospheric air dominates the other sinks of hydroperoxides.

3.3.3 Type IV air mass

In previous papers (Lee et al., 1997; Snow et al., 2007), the possibility of hydroperox-

ide formation in biomass burning plumes have been shown, especially for H,O,. This

is not observed in our study where concentrations of H,O, remain near 700-800 ppt
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at 7.5km. It is explained by the fact that the time scale for the transport of Southern
Hemisphere biomass burning near the coast of West Africa is longer than 1-2 days.
Indeed in this case, the H,O, produced within the plume does not contribute anymore
to the hydroperoxide budget. The H,O, fraction is below 0.7 so consistent with mod-
erate atmospheric processing being able to increase the formation of ROOH. So the
time scale for the transport of biomass burning cannot exceed 3—4 days.

3.3.4 TypeV air mass

The horizontal variability of H,O, near 7.5km shows that the higher values (>1 ppb)
are often observed in the type V air mass where high NO, and RH>50% are present.
This indicates that upward transport plays a significant role in type V air mass. In-
deed uplift of humid air mass from the lower troposphere increases the HO, radical
production necessary for subsequent hydroperoxide formation. Since we expect H,O,
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 hydroperoxide chemical
production. 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 NO, is longer in the free troposphere than the hydroperoxide lifetime, this
hypothesis is also in good agreement with the elevated NO, concentrations resulting
from either lightning processes in the convective system or upward transport of soil
emissions which are maximum over wet continental surfaces (Delon et al., 2008; Stew-
art et al., 2008). It is also interesting to examine the H,O, fraction for the type V air
mass where there is this relative H,O, enhancement. We can notice high fractions
(>75%) on 19 August while the fraction drops to 50% on 20 August. This means that
atmospheric 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 NO, values on 20 August. Indeed a longer time
since exposure to surface emissions and uplifting, allows on one hand dehydration of
the air mass in the upper troposphere before subsidence to lower altitudes near 8 km
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and on the other hand NO, chemical conversion. One can notice also that the trajec-
tory analysis also 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 studied using the FF20 aircraft:
3 over the Sahelian region (11 August, 14 August, 17 August) and 1 over the Benin
forest (15 August). The FF20 tracks are superimposed on the images of the MCS
brightness temperatures at the times when the FF20 starts the MCS upper altitude
exploration (Figs. 9 to 12). The measurements always start at the western bound of
the M shape flight track and the aircraft stays at the the same altitude (12 km) during
the 2.3 h upper altitude exploration. So during the flight, the MCS moves westward by
approximately 1.5° from its initial position shown in Figs. 9 to 12.

4.1.1 MCS characteristics

On 11 August, the upward development revealed by MSG images indicates a strong
MCS which has formed 2 days before over the border between Nigeria and Tchad
(10°N, 15° E) and was followed by a second one which has 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 has been 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 compared to
the previous one as it started only 15h before the FF20 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) over Benin and it is significantly smaller
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than the previous ones. It corresponds to the southern tip of a decaying system which
formed over Tchad (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 Niamey. It actually dissipated
during the FF20 flight with the beginning of the flight in the leading edge of MCS and
the end in the convective area. This system has formed over the Air region (18°N, 6° E)
18 h before the Falcon flight and has moved southward to Niamey. Let us examine the
horizontal variability of the measured chemical species in the outflow of these MCS.

4.1.2 Ozone and CO variability

Three flights (15 August, 14 August, 11 August) show large sections of the flight with
CO concentrations higher than 140 ppb and up to 190 ppb on 15 August. The question
arises whether it is related to transport of CO surface emissions uplifted from the West
African PBL or whether the elevated CO is already present in the upper altitude air
mass because of long range transport from regions outside the AMMA region. On 17
August, the encountered CO concentrations are lower than for the other as they never
exceed 140 ppb. 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 significant 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 concentrations are located in the northern part of the
measurement area, which is less influenced by the MCS outflow.

Ozone concentrations are rather weak (<50 ppb) for all the MCS flight except on 15
August when they exceed 50 ppb mainly in the northern part of the convective area.

4.1.3 Hydroperoxide variability

The H,O, distributions show areas of high concentrations (>600 ppt) but their hori-
zontal extent are always smaller than the high CO patterns. Looking at the average
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concentrations 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 hydroperoxide sink in the humid PBL before rapid upward transport at upper alti-
tudes by the convective system. This hypothesis is also supported by the low values of
the H,O, 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 H,O, during the
11 August is found in the southwestern corner with also low H,O, fraction and moder-
ate CO concentrations of the order of 120 ppb. This would indicate that this particular
part of the MCS convective area has been influenced by a significant amount of at-
mospheric processing to increase ROOH. It is not so surprising that old masses are
interleaved with fresh convective outflow in the older MCS.

The H,O, concentrations are in the range of 500—600 ppt for the less active MCS on
15 August and 17 August. The H,O, fraction remains high for the layer with the largest
H,O, concentrations (>600 ppt) on these two days. This would be consistent with an
upward transport from the humid PBL which took place 1 or 2 days before the mea-
surement to allow some H,O, production with significant ROOH increase compared to
H,0,.

To summarize the analysis of the CO, O; and H,O, concentrations shows that con-
vective transport drives the variability of the chemical composition when they are inter-
compared. The main key parameters appear to be the lifetime and the latitudinal po-
sition 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 area with large CO concentrations. The latter conclusion is based on
the observation of a negative latitudinal CO gradient by other aircraft in the lower layers
(Reeves et al., 2008"). Third the lifetime of the MCS allows for more H,O, production
and consequently also on available HO, radicals. To support this interpretation of the
observed comparison of the 4 MCS, it is also necessary to conduct an analysis of the
air mass transport using the meteorological analysis. For example, this would help to
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understand why there are large CO concentrations on 14 August while the MCS has
remained above 13° N during its lifetime or why there is larger O5 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 analyses (T106L91). For a given simulation 1500 parti-
cles were released during 60 min in a box with a 1-km vertical thickness and a 1°x1°
horizontal area. This has been done for approximately 17 boxes at the same altitude
(the altitude of the MCS survey flight) and for different latitudes and longitudes (ev-
ery 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 trajecto-
ries for a given flight is rather small and is not really suitable for a detailed analysis of
mesoscale structure in the chemical composition. However the comparison of the tra-
jectories 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 the observed MCS altitude can be com-
pared (Fig. 14). It is interesting to observe that a significant fraction of particles have
been uplifted by more than 5 km in the FLEXPART simulations for the 3 days with high
CO values observed in the outflow of the MCS. FLEXPART is then able to reproduce
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 remains low
around the MCS. The question arise about the influence of the significant emissions
related to the oil industry in this region. This transport pathway is different from the
one analysed in (Barret et al., 2008), where MLS UTLS CO observations preliminary
adjusted towards a climatological tropical profile have been assimilated. At and above
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150 hPa the main contributors are westward transport by the Tropical Easterly Jet and
the Asian Monsoon Anticyclone of Asian polluted air masses that have been uplifted
up to 100 hPa resulting in maxima CO concentrations over North Africa around 25° N.
Even if FLEXPART is able to resolve some uplifting, it may miss strong upward trans-
port due to MCSs encountered 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, an-
other MCS encountered previously must have changed the chemical composition of
the advected air mass, while for the 15 August and 17 August MCS it is the influence
of the MCS sampled by the aircraft which must be taken into account. Therefore as-
suming that the MCS occurrence connect efficiently the lower troposphere below 2 km
and the upper troposphere above 10km, we calculated a backward flexpart simula-
tion releasing 1500 particles at the base of the MCS, i.e. in a 1°x1° box between 1.5
and 2km, at the time when the upper altitude trajectory encounters the MCS. This
low level backward simulation was performed on the MCS encountered respectively
on 10 August 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 mea-
surement 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 corresponding 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. 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 burning source in the Southern Hemisphere contributes to the CO
distribution in the Northern Hemisphere upper troposphere as far as 15°N. This is in
agreement with (Barret et al., 2008) who showed that below 150 hPa, convective uplift
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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 latitudinal CO
maximum. The fact that the largest O5 concentrations are found for the 15 August 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 pathway revealed by the upper
level trajectories (Fig. 14).

5 Conclusions

The analysis of the O3, CO, NO,, H,O and hydroperoxide data of the FF20 was done at
two different spatial scales: regional variability along a North/South cross section from
the Guinea Gulf to the Sahara desert and characterization of the outflow of 4 different
MCSs. By considering extrema values of the 5 chemical species measured at several
altitudes in the troposphere, 5 different air mass types have been identified. The dy-
namical characteristics assumed from relationships between the chemical data have
been supported by a study of the air mass transport using Lagrangian Particle Diper-
sion Modelling with FLEXPART. It has been shown that the air mass type 2 correspond-
ing to the largest O3 values is related to the transport of ozone from the subtropical
tropopause region at altitudes between 5 and 10 km and down to 10° N. The opposite
case is the type 1 air mass corresponding to the lowest O3 values which were shown
to be related to recent uplifting from the monsoon layer where Oy is photochemically
destroyed. The 3 other air masses are characterized by some O3 production related
to (i) urban pollution near Cotonou (ii) biomass burning from the Southern Hemisphere
(iii) chemical evolution during 1-2 days following convective transport (high NO,, high
H,O, air masses). Some of the previous features are already noticeable in O and
CO correlation plots and also in the correlation of H,O, with a OH concentration proxy
([O3] [H,OJ[CQ]). Regarding the analysis of the observations in the outflow of differ-
ent MCSs, it was shown here that the increase of CO and H,O, and the associated
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chemical reactivity necessary for subsequent O5 formation, are directly related to the
position and the lifetime of the MCS during its evolution. Increased lifetime (>1.5 days)
allows more H,0, formation, while a trajectory of the MCS crossing the 10° N latitude
increases the probability of CO transport to the upper troposphere. The analysis of
the long range transport of the air masses where convection occurred, mainly shows
a connection with the Persian Gulf emissions for the largest CO concentrations. For
our observations this possible source is always modified by the convective transport of
CO when the air mass encounters a convective sytem at latitudes below 10° N. Indeed
combining FLEXPART analysis of the low level transport with MSG MCS observations
has shown that the northward transport of biomass burning from the Southern Hemi-
sphere followed by convective transport in the latitude band 5°~10° N probably domi-
nates the chemical composition in the upper layer when large CO concentrations are
encountered.
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Date 13 August 19 August a.m. 19 August p.m. 20 August

12:13-15:21UT 9:14-12:08 UT 18:42-16:27 UT 14:03-17:30UT
Type | CO>130 0,<50  CO>160 O3<50
air RH>50% RH>50%, NO, <0.1
mass 11.5km, 6°~11°N 10km, 2°-3°N

8km, 6°N
Type Il CO<110 0;>70 CO<110 03>70 CO<110 05>70
air RH<30% NO,<0.3 RH<30% NO,<0.5 RH<30% NO,<0.5
mass 10km 11°-14°N 7-10km 11°-14°N  7.5km 11.5°-14°N
Type Il CO>200 NO,>1 CO>200 NO,>1
air mass <4km6°N <4km 6°N
Type IV CO=~150 O4~70
air RH<30% NO, <0.3
mass 7.5km 2°—4°N
Type V CO=~130 O4~60 CO=~110 O4~60 CO<110 O4~55
air RH>50% NO,~0.5 RH~80% NO,>0.7 RH>40% NO,>0.7
mass 7.5km 4°-6°N 7.5km 8°-10°N 5.5km 11°-13°N
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Fig. 1. Aircraft tracks superimposed on MSG/Meteosat pictures at flight mid-time.
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Fig. 2d. Altitude vs. latitude distribution of O, CO, and NO, mixing ratio in ppb along the 20

August LRT flight.
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Fig. 3. Profiles of O3, CO and NO, in ppb during landing (19 August a.m. — downwind) and
take-off (19 August p.m. — upwind) from Cotonou (Benin).
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Fig. 4. Scatter plot of O3 excess vs. CO excess in ppb as measured by the F-F20 during the

four LRT flights.
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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.
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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. 5¢c. 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.
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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
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Fig. 7a. Altitude vs. latitude distribution of H,O, mixing ratio in ppt, relative humidity in % and
fraction of H,O, over total organic peroxides in % along the 13 August flight.
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Fig. 7b. Altitude vs. latitude distribution of H,O, mixing ratio in ppt, relative humidity in % and
fraction of H,O, over total organic peroxides in % along the 19 August a.m. flight.
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Fig. 7c. Altitude vs. latitude distribution of H,O, mixing ratio in ppt, relative humidity in % and
fraction of H,O, over total organic peroxides in % along the 19 August p.m. flight.
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Fig. 7d. Altitude vs. latitude distribution of H,O, mixing ratio in ppt, relative humidity in % and
fraction of H,O, over total organic peroxides in % along the 20 August flight.
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Fig. 9. Latitude vs. longitude distribution of O3, CO in ppb, and H,O, 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.
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Fig. 10. Latitude vs. longitude distribution of O3, CO in ppb, and H,O, 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.
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Fig. 12. Latitude vs. longitude distribution of O4, CO in ppb, and H,O, 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.
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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.
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Fig. 15. 5-days FLEXPART backward time position of five clusters of the 2000 particles re-
leased 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 Au-
gust 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 par-
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