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Abstract. We present the analysis of the impact of con-
vection on the composition of the tropical tropopause layer
region (TTL) in West-Africa during the AMMA-SCOUT
campaign. Geophysica M55 aircraft observations of water
vapor, ozone, aerosol and CO2 during August 2006 show
perturbed values at altitudes ranging from 14 km to 17 km
(above the main convective outflow) and satellite data indi-
cates that air detrainment is likely to have originated from
convective cloud east of the flights. Simulations of the BO-
LAM mesoscale model, nudged with infrared radiance tem-
peratures, are used to estimate the convective impact in the
upper troposphere and to assess the fraction of air processed
by convection. The analysis shows that BOLAM correctly
reproduces the location and the vertical structure of convec-
tive outflow. Model-aided analysis indicates that convection
can influence the composition of the upper troposphere above
the level of main outflow for an event of deep convection
close to the observation site. Model analysis also shows that
deep convection occurring in the entire Sahelian transect (up
to 2000 km E of the measurement area) has a non negligible
role in determining TTL composition.

Correspondence to:F. Fierli
(f.fierli@isac.cnr.it)

1 Introduction

The role of deep convection and of large scale transport in de-
termining the composition of the upper troposphere region is
still a question of debate. The height where convection domi-
nates is an important question to answer, since it impacts sub-
stantially the chemical composition, hence the radiative equi-
librium in the tropical tropopause layer (TTL) (Fueglistaler
et al., 2009; Corti et al., 2006).

Several studies (see for instanceFolkins and Martin
(2005); Fueglistaler and Fu(2006)) pointed out that TTL
composition is controlled by slow upwelling driven by ra-
diation, while convection determines the composition up to
the lower boundary of the TTL (350 K in potential tempera-
ture coordinates) through fast vertical transport. The deter-
mination of the height of convective clouds and their subse-
quent impact on TTL composition is difficult to achieve from
satellite measurements due to the low sensitivity of observed
parameters from, for example METEOSAT, at the tropical
tropopause due to the limited vertical resolution of satellite-
borne profilers. The information on the height where deep
convection outflow occurs and modifies water vapour and
trace gas distributions can be derived from in-situ observa-
tions that offer an adequate vertical resolution. Several ob-
servational analyses based on in-situ aircraft data show that
deep convection can impact up to the tropical tropopause
(Dessler, 2002). Locally, convection can overshoot up to
the lower stratosphere influencing directly the water budget
above the tropopause as observed during the convective sea-
son in Brazil (Chaboureau et al., 2007), above the Hector
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convective system in northern Australia (Corti et al., 2008),
and in West Africa (Khaykin et al., 2009).

The role of convection in West Africa is still poorly
known; local convection superimposes its signature on the
large scale circulation that is characterized by an easterly
jet that transports air in the UT-LS from the Indian Ocean
where deep convection in monsoon area occurs (Barret et al.,
2008). A large field campaign in the framework of AMMA
(African Monsoon Multidisciplinary Analyses,Redelsperger
et al. (2006)) was devoted to the study of the dynamics and
chemical composition of atmosphere in West Africa (Reeves
et al., 2010) and, in August 2006, a specific observational ac-
tivity focused on the TTL based on the M55-Geophysica ob-
servations took place (Cairo et al., 2010). The meteorological
situation and phases of convective activity during 2006 wet
season have been described in detail byJanicot et al.(2008).

Ancellet et al.(2009) analysed the role of local convec-
tion on tropospheric aircraft observations and concluded that
convective transport played a role in governing concentra-
tions of ozone and other chemical tracers during the wet sea-
son up to 250 hPa in August 2006. Signatures of convection
can be identified as deviations of tracer concentrations from
mean profile due to rapid vertical transport from the plane-
tary boundary layer; several typologies of air masses have
been identified with highly variable values of CO and O3
mixing ratios depending on the emissions in the region where
convection occurred and subsequent chemical processing in
the upper troposphere. West Africa is characterized by the
presence of potentially important and poorly known sources
of aerosol and ozone precursors. Large latitudinal variabil-
ity of nitrogen oxides emissions in West Africa during the
wet season was observed during AMMA and is reported by
Stewart et al.(2008); NOx levels in the Sahelian area are high
leading to higher ozone mixing ratios (Saunois et al., 2009)
while ozone precursors from biomass burning in the south-
ern hemispheric African continent can be transported by deep
convection in the upper troposphere up to 10◦ N (Mari et al.,
2008; Real et al., 2010).

A companion paper (Law et al.(2010) hereafter Law2010)
presents the analysis of transport based on European Center
for Medium Range Weather Forecast (ECMWF) data show-
ing that large scale transport plays a pivotal role in deter-
mining average vertical distribution of trace species in the
UTLS over West Africa while local convection has a domi-
nant impact up to the lower boundary of the TTL (on average
180 hPa); air masses are lifted from the troposphere in the
Indian Ocean and warm pool region and then advected west-
ward by the tropical easterly jet.Schiller et al.(2009) anal-
ysed satellite observations coupled to a Lagrangian transport
model showing that average values of water vapour in the
UTLS appear to be controlled by large-scale transport. Nev-
ertheless, the analysis of aircraft and balloon-borne observa-
tions indicates that local convection, i.e. convection formed
in the Sahelian region extending from Sudan to West Africa
between 10◦N and 15◦N, are likely to be superimposed on

this zonal transport and directly influence the composition
in the tropical upper troposphere above 200 hPa over West
Africa and downwind. Law2010 gives some indications of
large scale organised uplift estimated from trajectories based
on large scale analyses, that likely underestimates the effects
of local convection. Here we use a mesoscale model to in-
vestigate the role of convective uplift on trace gas and aerosol
concentrations over West Africa during August 2006.

The analysis is restricted to flights where there was poten-
tially a strong influence from local convection and data col-
lected on these specific flights are used to examine whether
signatures of local deep convection can be seen in the chem-
ical data. Moreover, the mesoscale simulations are used to
estimate the variability in convective outflow through the use
of the in-situ observations coupled to the trajectory analysis.
The main aims of this study are to: (1) evaluate the capabil-
ity of the model to reproduce the vertical structure of con-
vective outflow and the presence of convectively processed
layers above 355 K and, (2) identify the extent of such layers
and compare with the observed impact of convection in the
upper troposphere. In this respect these approaches are com-
plementary with Law2010 analysing the interplay of large-
scale transport and convection and this paper examining the
role of local deep convection in more detail.

2 Observations

The M55 Geophysica aircraft performed 5 local flights and
2 transfer flights in West Africa from 1 to 16 August 2006.
The objective was to characterize the TTL composition un-
der different regimes (local convection, background, large
scale westerly flow, and long-range transport of biomass
burning emissions). M55 observations show that the ther-
mal tropopause was located at 375 K potential temperature
level (17 km) and that TTL boundaries ranged between 350
and 420 K. Moreover observations indicates the presence of
enhanced aerosol due to convection in the lowermost TTL
(355 K); further details are provided in Fig. 2 of Law2010.
The same paper reports the analysis of average profiles of
aerosol and chemical tracers during the whole M55 cam-
paign coupled to synoptic back trajectories showing that dur-
ing three flights (7 August from 12:00 to 16:00 UTC, 8 Au-
gust from 12:00 to 16:00 UTC and 11 August from 14:00
to 18:00 UTC) there was a presence of organized convec-
tive systems either close to the flights or upwind over eastern
and central Africa with a likely impact in the observed upper
tropospheric composition. In the following subsections we
present the satellite observations of deep convection and the
observed vertical profiles of aerosol and chemical tracers for
each one of the three selected flights.
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Fig. 1. METEOSAT cloud top brightness temperature time evolution prior to the M55 flight on 7 August 2006 (left panels), 8 August 2006
(central panels), and 11 August 2006 (right panels). Color scale indicates cloud top temperature expressed in K. Flight paths are shown by
the red lines; red capital letters identify matches between back trajectories and deep convection as described in the text.

2.1 Satellite observations

In order to analyse the lifetime and position of Mesoscale
Convective Systems (MCS) upwind and in proximity of the
flight region, we use Cloud Top Brightness Temperature
(CTBT) at 10.8 µm measured by the SEVIRI instrument on-
board the Meteosat Second Generation satellite (MSG). Syn-
optic back trajectories calculated from ECMWF data and
originating from flight path are used to identify air masses
likely influenced by convection. To do so, positions derived
from back trajectories are matched with MSG CTBT to iden-
tify MCS outflows that likely influenced M55 observations.
Figure 1 shows CTBT at the time of M55 flight (top row)
and at the time of matches between back trajectories and ob-
served deep convection for each event (central and bottom
rows). A temperature threshold (CTBT< 220 K) was ap-
plied to select deep convective clouds (Schmetz et al., 1997).

2.1.1 7 August 2006

Left column in Fig. 1 shows MSG CTBT on 6 August at
06:00 UTC, at 21:00 UTC and on 7 August at 15:00 UTC.
Back trajectory matches with an MCS located in northern
Nigeria the evening of 6 August, i.e. 18 h prior to the flight
(labeled as A in Fig. 1, left column central panel) with min-
imum CTBT ranging between 205 and 210 K. A second
match is observed 33 h prior to the flight with an MCS in

South Chad (B, Fig. 1 left column, bottom panel) with mini-
mum CTBT below 200 K. Moreover, the western part of the
flight (indicated with the red line in Fig. 1, top panel) was
close to a dissolving intense MCS in Southern Mali.

2.1.2 8 August 2006

Central column in Fig. 1 shows the MSG CTBT on 7 Au-
gust at 00:00 UTC, 7 August at 18:00 UTC and on 8 August
at 15:00 UTC. Back trajectory matches with a squall line be-
tween northern Nigeria and Niger late afternoon of 7 August,
i.e. 21 h prior to the flight (labeled as A in Fig. 1, central col-
umn middle panel) with minimum CTBT ranging between
195 and 200 K. A second match with an MCS in South Chad
is observed 39 h prior to the flight (B, Fig. 1 central column,
bottom panel) with minimum CTBT below 195 K. Sparse
convective activity with CTBT higher than 210 K is observed
simultaneously to the flight.

2.1.3 11 August 2006

Right column in Fig. 1 shows the MSG CTBT on 9 August
at 15:00 UTC, 11 August at 03:00 UTC and on 11 August at
15:00 UTC. The flight was carried out in the outflow of a vast
MCS observed above western Niger 12 h prior to the flight
with CTBT lower than 195 K (labeled as A in Fig. 1, right
column middle panel). The MCS propagated westward and
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was observed in its decaying phase west of the flight region
at 15;00 UTC. A second match is observed 39 h prior to the
flight with two MCSs (B and C, Fig. 1 right column, lower
panel) with minimum CTBT above 200 .

2.2 M55 observations

In this work observations of aerosol backscatter ratio (BSR),
aerosol depolarization (δa), ozone (O3), water vapour (H2O),
carbon dioxide (CO2) and particle fine fraction (N6−14) from
7, 8 and 11 August 2006 are presented. Measurements of O3
were made using FOZAN (Fast OZone ANalyzer,Yushkov
et al. (1999)), H2O using FISH (Fast In-situ Stratospheric
Hygrometer,Schiller et al. (2009)), CO2 using HAGAR
(High Altitude Gas AnalyzeR,Volk et al. (2000)), NO us-
ing SIOUX (seeVoigt et al. (2008) and references therein)
CO using COLD (Cryogenically Operated Laser Diode,Vi-
ciani et al.(2008)), N6−14 using COPAS (COndensation PAr-
ticle counter Systems) (Borrmann et al.(2010)), BSR andδa

by MAS (Multiwavelength Aerosol Scatterometer,Adriani
et al. (1999)). Relative humidity with respect to ice freez-
ing (RHI) is estimated from observed H2O, temperature and
pressure using the formula prescribed by the World Meteoro-
logical Organization and theMarti and Mauersberger(1993)
formula for saturation pressure over ice. The description of
the campaign and the overview of each flight is provided in
Cairo et al.(2010) where a list of available observations are
presented. Enhanced values of BSR indicate the presence of
aerosols and values ofδa above 10% indicate the presence of
ice crystals (Cairo et al., 1999). The mechanism of cirrus for-
mation in the uppermost troposphere is still matter of debate,
in particular whether ice particles formation can be directly
linked to deep convective systems (see for instancePfister et
al. (2001) andMace et al.(2006)). The use of ice particles as
tracer for convection may be ambiguous.

Ultrafine particles (N6−14) are estimated as the differ-
ence between the concentration of particles larger than 6
nm and larger than 14 nm; enhanced values of N6−14 (up to
1000 cm−3) indicate that formation must be recent because
nucleation mode particles exist only for few hours to one day.
Such values can be observed in recent outflow of deep con-
vective clouds (Curtius, 2006). Observations of O3, H2O,
CO2 in air masses possibly influenced by local convection
can be identified as deviations with respect to their average
value assuming that air masses uplifted by convection are
characterized by tracer concentrations close to those repre-
sentative of the lower troposphere (Bertram et al., 2007). Al-
ternatively, convective processing can act as an ozone source
through lightning activity (Schumann and Huntreiser, 2007)
with susbstantial production in the TTL (Riviere et al., 2006).
As outlined in the introduction and discussed in Law2010,
O3 in the UT can come from advection of pollutants sources
so in that respect, and because of its relatively long lifetime,
identification of local convection signatures is not straight-
forward. A non convective average profile, used to iden-

tify observed outliers, was calculated from data collected on
the 4 and 13 August flights. These flights were large-scale
north-south transects and provide information on the back-
ground conditions in the uppermost troposphere as shown by
Law2010 where background observations are compared to
average convective profiles.

Figure 2 shows the M55 observations on 7 August; there
and in the following Figs. 3 and 4 dashed lines represent non-
convective average profile plus (and minus) one standard de-
viation; the flight was carried out between 11◦ N and 13◦ N
and sampled a region east of the MCSs indicated by (1) in the
top left panel of Fig. 1. Two layers of enhanced aerosol depo-
larization were observed at 350 and 370 K. Observations with
enhanced aerosol concentrations (BSR>1.2) are labeled with
open triangles. It can be seen that particles are in the solid
phase sinceδa is larger than 20% when BSR is enhanced.
Total water is enhanced with respect to the average profile
in both aerosol layers where RHI exceeds 100%. O3 mixing
ratios range between 45 and 60 ppbv at 350 K (where BSR is
enhanced) and increase steadily above 360 K. N6−14 shows
enhanced values (above 100 cm−3) in the lower aerosol layer.
In the higher layer, enhanced BSR were observed together
with O3 mixing ratios of 80 ppbv which is above the values
measured below 360 K. CO2 data were not available for this
event.

Figure 3 shows the observations for 8 August; the M55
performed a north-south cross section between 8◦ N and
18◦ N (see Fig. 1, top-central panel), and measurements are
likely to have been influenced by MCS outflow 20 h prior
to observation. Enhanced BSR andδa were observed be-
tween 11◦N and 14◦ N below 355 K, at 17◦ N at 365 K and at
lower latitudes (11◦ N) between 370 and 375 K. In the lower
layer, H2O mixing ratios are much larger (15 to 200 ppmv) at
14◦ N with respect to 11◦ N. Values of RHI are above 100%
inside the three aerosol layers. O3 shows mixing ratios rang-
ing between 40 and 70 ppbv below 360 K that corresponds
to the enhanced BSR (triangles) with lower mixing ratios
(O3 <50 ppbv) observed at lower latitudes (<12◦ N). CO2
concentrations are quite variable below 350 K (larger values
at 11◦N than at 14◦ N) and steadily increase above. Slightly
reduced CO2 concentrations were observed between 365 and
375 K. This can be interpreted as a signature of convective
outflow that transport depleted CO2 from below. In fact CO2
mixing ratios are reduced above continents due to vegeta-
tion uptake; moreover, since convection in West Africa has
a marked daily cycle with maxima in the evening and dur-
ing night, when mixing layer CO2 is around its minimum,
convective uplift can be identified as negative anomaly with
respect to the average vertical profile.

The aerosol layer at 365 K is also associated with en-
hanced H2O (15 ppmv) and saturated RHI while no clear
signature in CO2, CO and O3 is visible. The highest
layer at 372 K is associated with enhanced H2O and RHI
>100% while CO2 does not show any deviation with re-
spect to the average profile. N6−14 cannot be estimated since
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Fig. 2. Vertical profiles of observed depolarizationδa , ozone O3, carbon dioxide CO2, particle fine fraction N6-N14, water vapour H2O and
relative humidity with respect to ice RH on 7 August 2006. Colors indicate the measurement latitude; triangles indicate the observations
within air parcels containing aerosol (BSR>1.2). Dashed lines indicate average values +/− one standard deviation of O3, CO2 and H2O.

observations have a partial coverage. However the analy-
sis of total number of particles available above 360 K height
do not show any increase in concentration due to nucleation
event.

Figure 4 shows the observations for 11 August, taken be-
tween 12◦ N and 16◦ N (see Fig. 1, bottom right panel). Sev-
eral layers with enhanced BSR andδa are observed up to
376 K. H2O is enhanced in the 355–365 K layer at 16◦ N of
latitude where no particles were observed while RHI were
unsaturated. Increased H2O was also observed between 365
and 380 K at 14◦N of latitude at the same time as enhanced
ice particles. N6−14 is higher (with values between 100 and
3000 cm−3) up to 370 K and larger values are observed with
background BSR. Moreover, large N6−14 is in general cor-
related to depleted CO2. O3 mixing ratios range between
45 and 60 ppbv below 355 K. Between 355 and 370 K O3 is
highly variable (45 to 90 ppbv) depending on the sampled
latitude and increases steadily above that level. CO2 shows
constant mixing ratios below 355 K (377 ppmv) and reduced
mixing ratios (374 ppmv) from 355 to 368 K.

From the data collected during these 3 flights, it is evi-
dent that convective impact is visible below 355 K with si-
multaneous enhancements in water vapour, BSR and aerosol
fine fraction, together with reduced concentrations of CO2.
Enhanced concentrations of ice particles were also observed

up to these altitudes indicating that in the main outflow they
were formed as a result of deep convection. Above 355 K
several layers of particles under saturated conditions were
observed. During 7 and 8 August these layers were less
ubiquitous with respect to the main outflow below 355 K and
were, on average, not correlated to a clear signature on chem-
ical tracers. Nevertheless, small and sporadic signatures in
CO2 (and NO – not reported here) were observed above the
main convective outflow level.Homan et al.(2010) presents
the analysis of CO2 profiles for 8 August and indicates that
“tape recorder” signal is less compact than as during the other
flights which might be an indication of convective transport
while on 11 August the CO2 depletion can be attributed to
the effect of local deep convection. In fact, observations
on 11 August show a different picture with ice aerosol ob-
served throughout the vertical profile up to 375 K. In this
case, convective impact reached up to 365 and 370 K based
on depleted CO2 concentrations and the presence of ultra-
fine particles. O3 mixing ratios are variable below 355 K
and increase above during the first two flights (7 and 8 Au-
gust) while the last analyzed event (11 August) shows a
nearly constant profile up to 360 K. As observed on 8 Au-
gust, O3 in the lowermost TTL can present a latitudinal gra-
dient that, according to Law2010, can be attributed to higher
NOx emissions and/or lightning NOx that might be more
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Fig. 3. As Fig. 2 but for 8 August 2006

relevant further north and directly related to the main latitude
of convective activity. The role of long-range transport on
the variability of chemical tracers in the TTL during AMMA
is presented in Law2010, showing that local sources of O3
over West Africa can be convectively uplifted and mix with
air masses advected from upwind regions in the upper TTL;
this leads to a less straightforward identification of convec-
tive signatures in O3 in the West African troposphere with
respect to oceanic convection as discussed for instance in
Folkins et al.(2002). The same analysis shows also evidence
for enhanced CO2 in convection further east in air masses
originating from central African BB emission regions.

Observations of ice particles and outliers in chemical
species (and ultrafine particles) are often uncorrelated in the
layer between the average convective outflow at 355 K and
the tropopause, leading to the qualitative conclusion that this
region is composed of air masses with different processing
and lifetimes in the TTL. To quantify the convective transport
during the M55 observations we will use now a mesoscale
model as detailed below.

3 Mesoscale simulations

BOLAM (BOlogna Limited Area Model) is a meteorologi-
cal mesoscale model based on primitive equations in the hy-
drostatic approximation and uses wind components u and v,
potential temperatureθ , specific humidity q and surface pres-

sure ps and includes the advection of passive tracers. Vari-
ables are defined on hybrid coordinates and they are dis-
tributed on a non-uniformly spaced Lorenz grid. The hori-
zontal discretization uses geographical coodinates, with lat-
itudinal rotation on an Arakawa C-grid. The model imple-
ments a Weighted Average Flux (WAF) scheme for the three
dimensional advection. The lateral boundary conditions are
imposed using a relaxation scheme that minimises wave en-
ergy reflection. Deep convection is parameterized using the
scheme of Kain-Fritsch (Kain, 2004). The boundary layer
scheme is based on the mixing length assumption and on the
turbulent kinetic energy explicit prediction; the surface tur-
bulent fluxes are computed according to the Monin-Obukhov
similarity theory. The parameterization of the effects of veg-
etation and soil processes is based on water and energy bal-
ance in a four layer soil model, and includes diagnostic com-
putation of skin temperature and humidity, seasonally depen-
dent vegetation effects, evapo-transpiration and interception
of precipitation. The radiation is computed with a combined
application of the scheme fromRitter and Geleyn(1992) and
that from the operational ECMWF model (Morcrette et al.,
1998). BOLAM uses a microphysical scheme derived from
Schultz(1995) and described inDrofa (2003) that treats five
categories of condensate: liquid cloud, pristine ice (cloud
ice), rain, snow and graupel. The amount of pristine ice and
the crystal growth by water vapour diffusion are both depen-
dent on the supersaturation level and are parameterized via
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Fig. 4. As Fig. 2 but for 11 August 2006

the average mass of a single nucleated pristine crystal and
a conversion rate control parameter. Ice is removed through
sedimentation, conversion to graupel, melting and evapora-
tion. Further details about the model are given inBuzzi
and Foschini(2000). The model is based on a 38 vertical
level hybrid coordinate system, from the ground to the top of
the atmosphere (0.1 hPa) with denser levels near the ground,
leading to a vertical resolution of 800 m in the upper tro-
posphere. The horizontal domain has 235×235 grid points
or 24 km horizontal resolution covering the whole Sahelian
transect (15◦ W to 40◦ E in longitude and 0 to 25 N in lati-
tude). In this study, the simulation was started at 00:00 UTC
on 4 August 2006 and run until 00:00 UTC on 14 August
2006. The model was continuously nudged with brightness
temperatures at 10.8 µm from Meteosat Second Generation
(MSG) satellite in order to accurately reproduce the evolu-
tion of mesoscale convective systems as already described in
Orlandi et al.(2010).

3.1 Validation

The nudged BOLAM simulation was evaluated by com-
paring model derived CTBT and the satellite observations
shown in Fig. 1. Figure 5 shows, for the same times re-
ported in Fig. 1, model CTBT calculated with the RTTOV-8
(Saunders and Brunel, 2004) radiative transfer model, using
BOLAM water vapour, temperature and hydrometeors pro-

files. Similarly to Fig. 1, only regions with CTBT<220 K
are plotted. Overall the comparison between observed and
simulated CTBT shows that the BOLAM model correctly re-
produces the location and temperature range of convective
clouds top even if it underestimates the area of convection.
In particular there is a good agreement with the convective
activity influencing the area sampled by M55 measurements,
discussed in Sect. 2.1.

BOLAM CTBTs prior to 7 August (shown in left column
of Fig. 5) correctly reproduce the observed MCSs in Fig. 1
and also the convection upwind of measurement area which
developed 18 and 33 h before the flight took place (labeled
A and B in Fig. 1). Model brightness temperatures for both
systems range between 200 and 195 K, similarly to MSG ob-
servations.

On the 8 August, BOLAM CTBTs (central panels of
Fig. 5) show the squall line (labeled as A in Fig. 1) and the
convective system (labeled as B) 39 h before the flight. The
modeled CTBT for MCS B is slightly lower than observed
by MSG. Right column of Fig. 5 shows CTBT prior to 11
August. The evolution and CTBT of MCS labeled as (A)
is correctly reproduced, although modelled clouds appear to
be more scattered. The aerosol backscatter data from the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vation (CALIPSO), shown in Fig. 6, sampled the Sahelian
region at longitudes ranging between 3◦ E and 5◦ E on 11
August at 01:30 UTC. It shows a deck of solid particles up
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Fig. 5. As Fig. 1 but for the BOLAM model

Fig. 6. Left: CALIPSO aerosol backscatter observed at 01:30 UTC
on 11 August. Aerosol observations (not shown) shows that aerosol
are in solid phase. Right: relative humidity with respect to ice es-
timated from BOLAM along the CALIPSO overpass. Shaded area
shows where relative humidity exceeds 100%.

to 17 km (380 K) between 7◦ N and 18◦ N and vast deep con-
vection area reaching up to 16.5 km (370 K) around 15◦N
corresponding to MCS (A) in Fig. 1 right column. BOLAM
relative humidity along the CALIPSO overpass is reported
in right panel of Fig. 6, showing a good agreement with ob-
servations: the model indicated that saturation occurs up to
17 km, the level of average tropopause during August 2006
(Cairo et al., 2010; Law et al., 2010), in correspondance with
the CALIPSO cloud top. The latitudinal extent of the MCS
is also well captured, with a slight northward shift in the BO-
LAM model, also visible from the comparison of system (A)
reported in Figs. 1 and 5, right column. A thorough com-
parison of the BOLAM simulations for this event and the

improvement due to nudging to satellite observations is re-
ported inOrlandi et al.(2010). In general, BOLAM gener-
ates less organized convective systems with respect to satel-
lite observations even if the position and the temporal evo-
lution of MCSs are well reproduced. Simulations also show
a coherent transport behavior in the presence of MCSs gen-
erated by nudging, with increased divergence in the upper
troposphere (Orlandi et al., 2010). Therefore, the transport
by convective uplift and outflow can be estimated from the
BOLAM simulation with an accuracy considered adequate
enough to be used for the interpretation of the M55 data.

3.2 Convective tracer

In order to quantify convective uplift of lower tropospheric
air with the BOLAM model, a set of Eulerian tracers are in-
cluded in the run. Tracer are injected instantaneously with
a timestep of 6 h in the two lowest model levels over the
whole domain with a mass mixing ratioχ i(φ,λ,θ) of 10
units whereφ, λ, θ are the model longitude, latitude and po-
tential temperature level. They are treated as passive tracers
for 6 h following the injection and then removed from the
mixed layer. The mixed layer top is the upper boundary of
the region where rapid mixing occurs and can be defined as
an abrupt decrease tracer mixing ratios. This approach has
been previously used byMullendore et al.(2005) for a single
tracer to estimate the upward mass fluxes in deep convection
from mesoscale model. Here, we extend this approach con-
sidering 31 independent tracers, injected from 4 August at
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00:00 UTC until the end of period under analysis (11 August
at 18:00 UTC). We remove the tracers below 400 hPa, that is
above the maximum mixed layer top and below the minimum
height of deep convective outflow as reproduced by the BO-
LAM model. Tracer profiles (not shown) indicate a mixing
ratio minimum, that appears at 400 hPa 3 h after emission,
above the region of rapid vertical mixing uplift tracer (that
can reach up to 500 hPa) while the effect of convective up-
lift is visible above 300 hPa. So each tracer can be uplifted
by convection only during the 6 h after emission, when it re-
sides in the mixed layer. For each of the convective flights
analysed, only the twelve tracer fields emitted in the previous
72 h have been considered. In order to quantify the amount
of mixed layer air uplifted by convection during the i-th 6 h
interval, the convective fraction of the i-th tracerf i

c can be
estimated for each model grid point and for each timestept

analogously to that reported inBertram et al.(2007) as:

f i
c (φ,λ,θ,t)=

χ i(φ,λ,θ,t)

χ i
ML

(1)

whereχ i
ML is the tracer mean mass mixing ratio in the mixed

layer andi is the tracer index representative of emission time.
The mixed layer top is estimated for each model grid point
as the minimum of the vertical gradient of tracer mixing ratio
vertical profile. The use of different tracers allows estimation
of the age spectrumFc(φ,λ,θ,t) of convective uplift from
mixed layer as:

Fc(φ,λ,θ,t,T ) =

T∑
i=1

f i
c (φ,λ,θ,t) (2)

whereT is the time in hours of tracer emission prior to the
analyzed time. The total convective fractionfc, that is used
to quantify the amount of mixed layer air regardless of the
uplift time, is estimated as the sum of thef i

c 72 h prior to
each analysed timet , i.e.Fc(φ,λ,θ,t,T = 72). We estimate
the convective timeTc(φ,λ,θ,t) as the time when 75% of
total tracer concentration is present for each model grid point
and time:

Fc(φ,λ,θ,t,Tc) = 0.75·Fc(φ,λ,θ,t,T = 72) (3)

and represents the time (prior to the analyzed timet) when
dominant convective uplift occurred. The results are slightly
sensitive to changes in the threshold (60% to 75%); a posi-
tive bias (for lower thresholds) is visible especially for older
outflow in limited regions but the spatial distribution remains
unchanged.

4 Convective outflow from tracer simulations

We report the spatial distribution of the model diagnostics
described above for each M55 flight under analysis. Fig-
ure 7 shows the convective fractionfc and the convective

Fig. 7. Left: maps offc estimated from the BOLAM model
(see text for definition) for two theta layers (368–369 K above the
main convective levels and at 352–354 K) for 7 August 2009 at
15:00 UTC. Yellow dots indicates where BOLAM RHice exceeds
100%. The M55 path is reported in the plot: yellow thick lines in-
dicates the part of flight occurring at the theta level reported in the
figure. Right: same as left but fortc.

time Tc on 7 August at 15:00 UTC for twoθ layers at 353 K
(representative of the main outflow) and 369 K (close to the
tropopause) . The whole flight area in the lower layer is char-
acterized by values of total convective tracer ranging between
0.1 and 0.7 indicating that convective uplift has a likely im-
pact. Convective age is highly variable with lower values
(few hours) in the western part of the analyzed domain and
higher values (24 to 48 h) in the eastern part indicating that
air parcels were uplifted at different times. Based on the
tracer analysis, more recent uplift occurs close to the con-
vective system observed west of the flight region (see Fig. 1
and Fig. 5 top left panel) while more aged uplift occurs at
two distinct times, in reasonable agreement with the conclu-
sions drawn in Sect. 2.1.1. BOLAM also shows the presence
of saturated air (RHice >100%) (yellow shaded area) corre-
sponding to convective outflow withTc less than 24 h. The
distribution offc andTc in the upper layer (369 K) shares
similar characteristics with the lower layer but with a smaller
area with significant convective impact (i.e.fc > 0.1) con-
fined to the east and west boundaries of flight region.

Figure 8 shows the same set of diagnostics for 8 Au-
gust. Although a similar picture to the previous event can
be inferred, the impact of deep convection in the higher
layer (369 K) is larger during this event. The model shows
the co-existence of air masses with different convective age
Tc with older uplift in the higher layer. Higher convective
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Fig. 8. As Fig. 7 but for the 8 August 2006 at 15:00 UTC .

fraction occurs in the northern part of the domain positively
correlated to the observed O3 latitudinal variability reported
in Fig. 3 with higher values of O3 (65 ppbv) observed north
of 14◦ N. Saturated air (yellow shade) is large and is present
also in the upper layer located close to the outflow.

The results for 11 August (Fig. 9) show a large convective
impact in both 352 and 365 K layers in the western part of
the flight area, mostly related to uplift occurring in the large
MCS labeled by (1) in Fig. 1 that is correctly reproduced by
BOLAM (Fig. 5, right column). Tc is lower than previous
events, ranging between 6 and 20 h, with values higher that
24 h only in the eastern part of the domain at 365 K. Both
layers are characterized by large areas of saturated air. In
the lower level saturation occurs in the western part of the
domain where older convection has a likely impact.

Overall, the analysis also shows that modeled convection
has an important impact on the 353 K layer. At 365–369 K,
convective transport influence is visible to a smaller extent.
Moreover, the convective age (as given byTc values) is vari-
able showing that air masses influenced by very recent con-
vection (Tc <24 h) coexist (especially at higher altitudes)
with air masses influenced by older convection (Tc >48 h)
which likely formed to the east over central the Sahelian re-
gion above northern Nigeria and southern Chad.

5 Comparison with observations

Since modeled and observed ice particle presence can also
provide useful information, two additional diagnostics were
defined to estimate model ice clouds and the extent to which
such clouds might have been influenced by deep convection.

Fig. 9. As Fig. 7 but for the 11 August 2006 flight.

– The ice fraction,fi(θ,t), is the fraction of model grid
points with values of RHI>100%

– The convective fraction of ice,fic, is the fraction of
model grid points with values of RHI>100% and with
a total tracer concentrationFc(φ,λ,θ,t,T = 72) greater
than 0.1

We focus now on the vertical structure of convective out-
flow in the upper troposphere. The model diagnostics are
averaged in latitude and longitude over the flight area shown
in Figs. 7–9 and in the vertical over 12θ -levels with a verti-
cal resolution comparable to the model. In order to perform
a comparison of the modeled and the observed vertical pro-
files, a set of diagnostics analogous to those derived from
BOLAM output are applied to measurements: (1)fBSR is
the fraction of observations with BSR> 1.2 and describes
the vertical distribution of ice clouds to be compared with
fi ; (2) fCO2 is the fraction of observations with CO2 concen-
trations lower than the average value minus its standard de-
viation and describes the possible impact of deep convection
on CO2 profiles. Vertical profiles of diagnostics are plotted
in Fig. 10: observation-derived ones are colored in red and
model derived in blue. The vertical profile offc is shown by
the rightmost curve ofFc(θ,T ) contours.

On 7 August the BOLAM convective fractionfc has a
maximum of 0.4 at 350 K in agreement with observations
that show a similar fraction of aerosol measurements at the
same height;fc decreases rapidly with height becoming
small (<0.1) above 370 K. The convective age spectra indi-
cates that uplift occurred at three different times: less than
6 h, approximately at 31 h and more than 48 h before the
flight; recent uplift, likely originating from the convective
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Fig. 10. Vertical profiles of the diagnostics described in the text.
Model-derived ones are plotted in blue, observation-derived in red.
Left column: BOLAM ice fractionfi (solid blue line) and convec-
tive ice fractionfic (dashed blue line); observed aerosol fraction
fBSR (dotted red line), Right column: convective fractionfc; ob-
served fraction of outliars in CO2 fCO2 plotted as dashed red line;
fBSR is also plotted to be compared withfc. Top panels are for 7
August, middle for 8 August and bottom for 11 August.

system west of the flight path shown in Fig.1 , has a maxi-
mum impact at 350 K in the main convective outflow. Above,
older uplift (>48 h) becomes dominant. The vertical profile
of fBSR for 7 August flight (Fig. 10, upper left panel, red
solid line) shows the presence of two distinct layers (below
360 K and at 367 K) as shown in Fig. 2. The model-derived
vertical profiles office (left panel, solid blue line) andf c

ice
(left panel, dashed blue line) indicate that BOLAM predicts
the presence of ice clouds in the whole convective layer that
are formed inside air masses uplifted by deep convection. In
the uppermost layer, where enhanced depolarization was ob-
served, BOLAM reproduces a smaller amount of ice clouds
in connection to the older convective uplift.

On 8 August (middle panel) the vertical structure offBSR
is similar to the previous day but, in this case, BOLAM
shows a less steep decrease infc with height; enhancedfi

is simulated up to the tropopause level in agreement with ob-
servations that indicate several layers of ice particles up to
375 K. fic is equal tofi below 355 K indicating that model
ice clouds were formed in the convective outflow. Above
that level the BOLAM model shows the presence of ice par-
ticles also in upper tropospheric air masses not originating
from convective outflow. Above 370 K the model shows that
ice forms predominantly in the uppermost troposphere and is
uncorrelated to the convective uplift. Analogously to the pre-
vious event, recent uplift is confined below 355 K and above
that level uplift occurred more than 24 h prior to the flight.

On 11 August (lower panel) the model shows thatFc

reaches quasi-constant values up to 370 K indicating that

convective impact extended higher up in altitude with respect
to the 2 previous events. Convective outflow is mainly com-
posed of air mass recently uplifted (< 24 hrs). Nevertheless,
the presence of older air masses (up to 72 h) cannot be con-
sidered negligible throughout the vertical profile. BOLAM
shows also the presence of a thick ice cloud layer (peaking at
360 K) in agreement with the observations which show dis-
tinct thin layers of ice particles with a maxima infBSR at the
same height. BOLAM overstimatesfi with respect tofBSR
and 75% of model ice clouds are of recent convective origin
in the lower layer (estimated as the ratio betweenfic andfi

throughout the vertical range) whilst the fraction is around
30% in the upper layer. Within the 355–370 K layer,fCO2 is
large (up to 90%) and corresponds to regions where low CO2
was observed (see Fig. 3) .

The analysis shows that local convection hydrates the up-
per troposphere over West Africa and, in one case (11 Au-
gust), there is a significant impact up to 375 K. Convection
can induce an upward transport of water vapour and ice par-
ticles which can evaporate. This recent convection is super-
imposed on older convection which took place up to 3 days
before the observations. Even if a detailed analysis of cir-
rus formation mechanisms is outside the scope of this paper,
it is worth noting that modelled and observed layers of ice
particles are in good agreement.

Ice particles appear to be formed directly in the main out-
flow below 360 K and their presence is correlated to the uplift
seen by model. Above the main outflow, BOLAM humidity
indicates that ice clouds often form in the TTL at the top
of mesoscale convective systems. These results are in qual-
itative agreement with a recent analysis of CALIPSO and
CLOUDSAT observations which concluded that TTL cirrus
are likely observed close to deep convective clouds (Sassen
et al., 2009).

6 Conclusions

The analysis presented here aimed to characterize the im-
pact of deep convection on the West African upper tropo-
sphere in August 2006 using a combination of aircraft data
and mesoscale modelling. In particular, three M55 flights
were analysed where there was a clear presence of organized
convective systems either close to the flights or upwind over
eastern and central Africa up to 3 days earlier.

The observations of trace gases and aerosols collected dur-
ing these flights on 7, 8 and 11 August, showed that it is pos-
sibile to identify a main convective outflow characterized by
substantial hydration, low concentrations of CO2 and freshly
nucleated ice particles. Deep convection largely determined
the chemical composition up to a potential temperature level
ranging between 355 K to 360 K that is assumed to be the top
of the main outflow. These results confirm the results pre-
sented in Law2010 based on estimations using trajectories
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calculated from large-scale meteorological analyses. More-
over, convective signatures are often observed above the top
of the main outflow up to the thermal tropopause (375 K) and
can be identified by observations of thin ice cloud layers, en-
hanced fine particles concentration and CO2 depletion. In
particular, one specific event (11 August) clearly shows that
the distributions of CO2 and fine particles were strongly per-
turbed up to the tropical tropopause. On the other hand, large
perturbations in ozone are not always observed since this re-
gion is characterized by land based convection that transports
air masses containing different levels of ozone and its precur-
sors or aerosols (local pollution, biomass burning, soil NOx,
lightning NOx). As discussed further in Law2010, large-
scale easterly transport in the TTL can also bring lightning
NOx and pollutants from the Asian continent and air masses
with marine convective signatures such as low O3 into the
UT over West Africa and its superposition on different con-
tinental sources makes it difficult to use ozone as a tracer of
deep convective transport in this region. This is clearly vis-
ible for instance during one event (8 August) where ozone
is highly variable in the region of main convective outflow
correlated to the latitudinal dependence of local sources.

Nudged mesoscale simulations performed with the BO-
LAM model correctly reproduce the general pattern of con-
vection observed during the first 15 days of August 2006 and
therefore, can be used to estimate the convective outflow and
compared with the measurements. Passive boundary layer
tracers are used to estimate the convective age, identify when
uplift occurred and calculate the fraction of convectively up-
lifted air masses in the flight area.

BOLAM shows good agreement with convective perturba-
tions derived from observations of aerosol and chemical trac-
ers for the main convective outflow region below 355 K and
indicates that West Africa convection influences around 30%
of air masses resulting in substantial hydration and formation
of ice particles up to this level. Model tracers also indicate
that convective outflow can be highly spatially variable and
this might help to explain, at least on qualitative basis, the
large variability in trace species observed by M55, for ex-
ample, O3 on the 8 August event. BOLAM also correctly
reproduces the outflow of a recent MSC on 11 August and
simulates a large convective influence (up to 20%) between
355–370 K in acceptable agreement with the convective frac-
tion estimated from observations of CO2 and of freshly nu-
cleated small particles.

Recent uplift (less than 24 h) is mainly confined in the
main convective layer while older uplift is important above
355 K showing that deep convection in the central Sahel has
a non negligible role, at least with respect to the formation
of ice layers. The event of deep convection on 11 August is
characterized by air masses uplifted by recent convection up
to the tropopause level; this is superposed to an older uplift,
being responsible of the presence of thin ice clouds. This
is confirmed, at least on qualitative basis, by in-situ observa-
tions of CO2, water vapor and aerosol that show the presence,

in the upper troposphere, of perturbed trace gas concentra-
tions, hydrated air and particles. Air masses perturbed by
more recent convection are likely characterized by depleted
CO2 and large concentrations of freshly nucleated particles
whilst ozone shows concentrations slightly higher than in the
mean convective outflow.

In-situ observations and model data helped to identify and
quantify the role of deep convection in the TTL showing
that local convection generates a main outflow that was sam-
pled during the measurement campaign. The impact on at-
mospheric composition between the main outflow and the
tropopause is more difficult to assess due to different sources
and the role of large-scale westward transport. Nevertheless,
it is possible to identify a clear signature of local convec-
tion in the observations. Model aided analysis confirms the
presence of direct injection up to the tropical tropopause by
intense convective systems and indicates that composition is
dependent on the residence time in the TTL after convec-
tive uplift. An interesting extension of this work would be
to implement the same analysis considering the whole mon-
soon season in order to characterize on the longer term (and
larger scale) the impact of central/west African convection on
the UT. Climatological analysis of METEOSAT data (Laing
et al., 2008) shows Sahelian cold clouds often formed over
Nigeria, Chad and Sudan, and possibly fed by trace species
from biomass burning sources (Mari et al., 2008; Real et al.,
2010). Extensive regional model simulations coupled with
satellite data analysis would be necessary to quantify their
impact on upper tropospheric composition.
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