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Abstract. A three-dimensional cloud-resolving model is 1 Introduction
used to investigate the vertical transport from the lower to the
upper troposphere in a mesoscale convective system (MC3} has long been recognized that deep convection in the trop-
that occurred over Niger on 15 August 2004. The redistri-iCS has a primary role in the global atmospheric circulation
bution of five passive tracers initially confined in horizon- and energetics of the tropical atmosphere by extracting heat
tally homogeneous layers is analyzed. The monsoon layefnd momentum from the planetary boundary layer and redis-
tracer (0—1.5 km) is the most efficiently transported in the up-tributing it to the upper troposphere. Inthe 1980s, the pioneer
per troposphere with concentrations 3 to 4 times higher tharyvorks of Chatfield and Crutze(i.984 andDickerson et al.
the other tracers in the anvil. On the contrary the African (1987 have shown the potential role of deep tropical convec-
Easterly Jet tracer(3 km) has the lowest contribution above tion in the redistribution of trace gases from the lower to the
5km. The vertical profiles of the mid-troposphere tracersupper troposphere. Since then, the role of deep convection
(4.5-10 km) in the MCS exhibit two peaks: one in their initial s a venting process for trace gases and aerosols has been in-
layers, and the second one at 13-14 km altitude, underlyinderred from aircraft measurements, satellite observations and
the importance of mid-tropospheric air in feeding the uppertheoretical studies.
troposphere. Mid-tropospheric tracers also experience effi- The impact of convection on atmospheric chemistry is
cient transport by convective downdrafts with a consequencomplex. Sensitivity studies show potential for both the en-
increase of their concentrations at the surface. The concerlancementand diminution of ozone formatitel{eveld and
tration of the upper troposphere—lower stratosphere tracer exCrutzen 1994 Thompson et al.1997). Despite major im-
hibits strong gradients at the edge of the cloud, meaning alProvements over the last two decades, further progress is
most no entrainment of this tracer into the cloud. No down-still needed to parameterize deep convection in large-scale
ward transport from the upper troposphere is simulated bemodels Randall et al. 2003 Arakawa 2004 Barret et al.
low 5km. A proxy for lightning produced NQis trans- ~ 201Q Ruti et al, 2011). As a major consequence, there is
ported preferentially in the forward anvil in the upper tropo- currently no consensus on the net effect of convective trans-
sphere. Additionally, lateral inflows significantly contribute port on the ozone budget in the upper troposphere. Based
to the updraft and downdraft airflows emphasizing the three-0n analyses with global modelsawrence et al(2003, and
dimensional structure of the West African MCSs. Doherty et al(2009 reached opposite conclusions that deep
convection induces a net increase or decrease of ozone in
Keywords. Meteorology and atmospheric dynamics (Con- the upper tropospherdost et al.(2006 pointed out the pa-
vective processes) rameterization of deep convection as the main source of un-
certainties in determining the sign and magnitude of ozone
production in the global models. Based on a global model
calculation Prather and Jacqi997 demonstrated that con-
vective transport turns over the upper troposphere at rate

Cor_responqence taC. Mar! (0.08day ') comparable to photochemical processes con-
BY (celine.mari@aero.obs-mip.fr) trolling the abundance of HQand NGQ. Using aircraft
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measurement®8ertram et al(2007) calculated a compara- canimpact the ozone and aerosols budgets at continental and
ble convective turnover rate of 0.1-0.2ddy Gettelman hemispheric scale®(ospero and Lam003 Saunois et a).

et al. (2002 showed that the convective turnover rate can2008 Barret et al. 2008 Real et al. 2010. The concen-
vary drastically with the seasons and increases exponentialljration levels and geographical extension of these enriched
with altitude above the tropopause. Based on cloud bright-air masses depend directly on the frequency and intensity of
ness temperature analysis, the authors found turnover timesgeep convection over West Africa.

shorter than a month at 11-12 km but exceeding a year at A common approach when studying the netimpact of deep
16 km altitude. The rate at which air in the upper troposphereconvection is the use of passive tracers. At mid-latithdial-

is replenished by convection has strong implications in termdendore et al(2005 performed three-dimensional (3-D) sim-

of chemical equilibrium Rrather and Jacoi997) and oxi-  ulations of supercellular storms. Using tracers from different
dising capacity of the upper troposphededgé et al, 1997 levels of the troposphere, they showed irreversible transport
Collins et al, 1999. into the stratosphere of the tracer originating from the bound-

Traditional parameterizations of convection represent onlyary layer, and weaker ascent of the tracer immediatly above
the ensemble mean of the small scales as a deterministithe boundary layer on the flank of the updraBarth et al.
function of a large-scale flow, disregarding fluctuations aris-(2007 used eight cloud-resolving models to simulate the
ing at the small scales. Hence, small scale deviations fron10 July 1996 STERAO storm observed near the Colorado-
the ensemble mean can drive the large-scale variability, ifNebraska-Wyoming border. They showed that all the mod-
particular in the presence of mesoscale organizati@elin els reproduced an efficient transport of high concentration of
et al, 2008. This is the case in the Sahel region where deepCO originating from the boundary layer by updrafts, up to
convection frequently occurs in relatively large organizedthe cloud anvil, while both numerical simulations and in-situ
propagating systems known as mesoscale convective systenobservations revealed thag @hich concentration increases
(MCS) (Chong et al. 1987 Laing and Fritsch1993 Re- with altitude in the troposphere was depleted in the cloud.
delsperger et gl2002 Laing et al, 2008 Schwendike etal.  Over the tropicsl.afore and Moncrief{1989 realized two-
2010. During the West African Monsoon (WAM), MCSs dimensional simulations (2-D) of a West African squall line
are responsible for 70—-80 % of the rainfall in the wet tropicsto investigate the organization and interaction between the
while they only represent 10—-20 % of the regional popula-convective and the stratiform regions. Three tracers were in-
tion of the convective system#lphr et al, 1999. MCSs  troduced in the lowest 6 km where most of the inflow orig-
have a well-defined structure which can be maintained whileinates. They showed that, depending on the vertical profile
they propagate during a day or more. Most of these systemsf the zonal wind and in particular on the intensity of the
move faster than the surrounding air at all levels. They con-African Easterly Jet (AEJ), the MCS can be fed mainly by
sist of a leading line of cumulonimbus clouds followed by the front inflow or by both the front and rear inflow¥a-

a large region of more stratiform structure in the extensivesunaga et a[2004) performed 2-D simulations at 1-km hor-
precipitating trailing anvil cloudHouze et al.1989 Zipser, izontal resolution of convection to study the detrainment of
1977 Redelsperger and Lafqre988 Lafore and Moncrieff ~ boundary layer air mass from convective systems over trop-
1989. Within the framework of the African Monsoon Mul- ical oceans. They detected two peaks of detrainment at 600
tidisplinary Analysis (AMMA) programfRedelsperger etal. and 200 hPa, the latter being the height of the most intense
2008 Mari et al, 2010 several cloud resolving models suc- clouds.

ceeded in reproducing MCSs main features (eBarthe The objective of the paper is to provide a numerical de-
et al, 201Q Tulet et al, 2010. On the other hand, an in- scription of the transport of air masses into a typical West
tercomparison exercise with six mesoscale models showed African MCS, that is a squall line, never investigated so far in
wide spread in the rainfall rates across the simulations whictthree dimensions. To achieve this goal, the transport of ide-
was reduced only when sub-kilometric horizontal resolutionsalized passive tracers by a propagating organized MCS over
were considered3uichard et a].2010. West Africa is simulated with a 3-D high resolution cloud-

Over West Africa, betweern®®N and 15 N, ozone precur-  resolving model. A MCS observed over West Africa during
sors are emitted from soils and vegetaticdBuénther et al.  the summer 2004 serves as a real cloud for the idealized nu-
1995 Serca et a.1998 Jaegk et al, 2004 Delon et al, merical experiment. Passive tracers were followed so as to
2008 and from urban areasA@hedo et al. 2007 Minga  deduce an integrated view of entrainment and detrainment
et al, 2010. When on the MCSs path track, the emitted pathways of air masses as a function of their initial verti-
gases and aerosols are transported efficiently by convectiveal distribution. A particular attention was paid on the con-
updrafts in the upper troposphere where they modify the budirasted signature of transport in the convection and stratiform
get of ozone Ancellet et al, 2009 Law et al, 2010, wa- regions of the cloud system. The paper is structured as fol-
ter vapor Homan et al. 2010 Khaykin et al, 2009 and lows. Section 2 presents the model set-up. Section 3 gives an
aerosols Borrmann et al.2010. Once in the upper tro- overview of the MCS and its environmental conditions from
posphere, gases and aerosols are advected downwind of tlodservations and simulation. Section 4 shows the resulting
African continent by the Tropical Easterly Jet (TEJ) and theytracers transport, and Sect. 5 concludes the paper.

Ann. Geophys., 29, 73747, 2011 www.ann-geophys.net/29/731/2011/
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2 Model deSCfiption (a) Potential temperature (K) and wind at 925 hPa 15 Aug 2004 - 12 UTC

The online-coupled model used in this study is the Meso-NH
model (afore et al, 1998. A full description of the model
capabilities is available ohttp://mesonh.aero.obs-mip.fr/

20N
2.1 Numerical framework

The case study was simulated with three two-way nestedion
models with a horizontal grid spacing of 40, 10 and 2.5 km,
respectively. The vertical grid has 90 vertical levels up to
31km with grid spacings from 60 m (bottom) up to 400m °
(model top). A sponge layer was applied from 18 to 31 kmin
order to dampen the upward-propagating gravity waves gen-
erated by the convection. The outer domain covered the West
African region with an area of about 6000 k320 km. 30N
The location of the domains is shown in Fita. The time
step was 40, 10 and 2s, respectively. The simulation was
integrated from 00:00 UTC 15 August 2004 to 00:00 UTC 20N
16 August 2004. The initial and lateral boundary conditions
were obtained from European Center for Medium-Range
Weather Forecast (ECMWF) analyses. 1N
The physics of the model included the prognostic calcula-
tion of turbulence followindBougeault and Lacagre(1989.
A convection scheme based on mass-flux calculations was
used for the two outer models at 40 and 10 Kae¢htold

et al, 200]). For the inner grid (2.5km), convection was rig 1 | arge-scale fields at 12:00 UTC 15 August 2044) po-
eXp||C|_t|y resolved. Mlxed-_phase m'CrOphySWB"Qty and  tential temperature (K) and wind vectors at 925 hPa @mdvater
Jabouille 1998 and subgrid cloudines<Chaboureau and  vapor thickness (mm) and wind vectors at 700 hPa. The rectangles
Bechtold 2005 were available for these simulations. The indicate the position of the two inner domains.

surface fluxes were provided by the ISBA (Interaction among

Soil-Biosphere-Atmosphere) modeNgilhan and Planton

1989 for the natural patches and TEB (Town Energy Bal- uble. FollowingMullendore et al(2005, five tracers were
ance) modelNlasson 2000 for the urbanized patches. The initially confined in layers from 0. to 1.5km, 1.5 to 4.5km,
radiative scheme was the one used at ECMW&fegory  4.5to 7.5km, 7.5 to 10 km and 10 to 20 km. The first tracer,
et al, 2000. Synthetic brightness temperatures (BT) cor- TR1, was initialized in the monsoon layer, close to the sur-
responding to the Meteosat Second Generation (MSG) obface. The second tracer, TR2 was in the driest layer corre-
servations in the infrared channels were computed offlinesponding to the AEJ. TR3 and TR4 were initialized in the
using the Radiative Transfer for Tiros Operational Vertical region above the AEJ but below the major convective cloud
Sounder (RTTOV) code version 8.34unders et gl2005, outflows. The last tracer, TR5, initially occupied the upper
and compared against observations followi@ibaboureau troposphere and lower stratosphere (UT/LS). The tracer is

0

et al.(200Q 2002. intended to represent air masses at the highest altitudes of
the model but with no distinction between tropospheric and
2.2 Tracers initialization stratospheric origin. The role of this tracer was to eventually

detect large scale subsidence associated with the convective
The major goal of this work is to quantify the mass transportcloud but not to trace fine stratosphere-troposphere exchange
from the lower to the upper troposphere produced by a MCSevents. Another practical reason for not refining this altitude
over West Africa. For this purpose, it is convenient, follow- range is that increasing the number of tracers increases the
ing the work ofLafore and Moncrieff(1989, Scala et al.  numerical cost of the simulation.
(1990, Lu et al. (2000, Yasunaga et al(2004 and Mul-
lendore et al(2009 to describe the redistribution of passive
tracers that were initially confined within horizontally ho- 3 Meteorological situation on 15 and 16 August 2004
mogeneous layers. Each tracer was initialized with a mixing
ratio of 1 nmolmot? throughout its source layer and zero The MCS born around 12:00 UTC on 15 August 2004 east
outside that layer. The tracers were considered to be insolef the Air Mountains as seen with MSG observations (not

www.ann-geophys.net/29/731/2011/ Ann. Geophys., 29, 7812011
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African continent, up to the & mountains at 18N, 9° E.
Large values of water vapor thickness were found between
5°N and 15 N, and over the & mountains, in association
with a strong AEJ at 700 hPa. These conditions are common
during the summer period and lead to frequent convective
developments over theiAmoutains in the afternoon.

To underline the connection between African Easterly
Wave (AEW) and convection, Fig.presents a Hoviiller di-
agram of the 700-hPa meridional winds from ECMWF anal-
yses, averaged betweeh®and 15 N for the 11-20 August
2004 period. The 265-K isoline of the averaged 10.8-pum BT
observed from MSG was superimposed and used as a proxy
for MCSs. This 10-day period was characterized by the
prevalence of northerly winds at 700 hPa. Two African East-
erly Wave troughs were characterized by a cyclonic change in
the meridional wind component, and propagated westward:
the first (T1) from O at 12:00 UTC 11 August to 20V at

1 00:00UTC 13 August and the second (T2) fronf BOat
20 z - N 12:00UTC 13 August to ZOW at 12:00UTC 19 August.

Day (August 2004)

20W 10w 0 10E 20E 30E As in Berry and Thorncroft2005 the location of the trough
v Longitude (deg) was defined as the zero value of the 700 hPa meridional wind.
e Many studies IcBride and Gray1979 Barnes and Sieck-

Fig. 2. Time-longitude diagram of 700-hPa meridional wind (color) man 1984 have shown that the region ahead of the AEV\_/

and MSG 10.8-um BT contour at 265K (dashed line) averaged oventroth' where nor.th—easterly ﬂO\,N aloft both advects dry air

5°-15° N from 11 to 20 August 2004. The black thick line indicates €quatorward and increases vertical shear, promote MCS or-

the location of the MCS in the simulation while the two red lines 9anization as shown by the 265-K MSG 10.8-um BT isoline

show the position of the troughs T1 and T2. in Fig. 2. The MCS studied here developed ahead of trough
T2 from 5 E at 00:00 UTC 16 August. The simulated MCS
(thick line in Fig.2) was also located ahead of trough T2, but

shown). The initiation of the MCS was a consequence of thet propagated more slowly than in the actual observations.

convergence of the southwesterly monsoon flux and of thelogether with the surge of the monsoon flow up to thie A

easterly winds at low levels, as decribed next. One hour laternountains and the dry AEJ at 700 hPa, this situation was fa-

the cloud developed vertically and the cloud top reached arvorable for convection triggering.

altitude of 14 km just above the top of the mountains. The

MCS then grew steadily while propagating southwestward3.2 Life-cycle of the MCS from the simulation

during the afternoon and until 21:00 UTC. From 00:00UTC

16 August onwards, the MCS split into two parts and further The Meso-NH simulation is now evaluated through the envi-

propagated westward to finally dissipated over the Guinegonmental conditions (Fig), the MCS propagation (Figh)

highlands at 00:00 UTC 17 August. and structure (Figs5 and 6). Figure 3a shows the verti-
cal profile of equivalent potential temperatuég)(averaged
3.1 Life-cycle of the MCS from analysis and over the model-3 domain, prior to the MCS triggering. The
observations strong gradient of between the ground and 6 km altitude

reached—28 K due to the very dry midlevel (329K) and
The large scale environment of the MCS is illustrated atthe relatively warm and moist surface (357 K). Such a gra-
12:00UTC on 15 August at 925 and 700 hPa over Westdient is indicative of a significant initial convective instabil-
Africa (Fig. 1). This simulation shows similar meridional ity (Lafore and Moncrieff1989. The vertical profiles of the
kinematic and thermodynamic structure to the one derivedzonal and meridional wind (Figgb—c) between 0 and 2 km
from observed profiles biparker et al(2005. At 925hPa,  altitude clearly show the signature of the southwesterly mon-
the potential temperature showed a strong meridional gradisoon flow. This is consistent with the large-scale fields at
ent with the largest values over the Sahara where a continert2:00 UTC that shows the penetration of the monsoon flux
tal depression (also called “Heat Low”) resides in summer-up to 18 N. The water vapor profile (Fig3d) also shows
time (Lavaysse et gl2009 Chauvin et al.201Q Lavaysse the signature of the monsoon flow with high mixing ratio
et al, 2010. This strong contrast from the Guinea coast to values~10-15gkg?! below 2 km altitude. Above 2 km al-
the Sahara drove the meridional circulation. Remarkablytitude, the flow was mainly easterly (Figb), and reached
the southwesterly monsoon flux penetrated deeply into the-10 m st at 4 km which is the signature of the AEJ. Above,

Ann. Geophys., 29, 73747, 2011 www.ann-geophys.net/29/731/2011/
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Fig. 3. (a) Equivalent potential temperaturés(in K), (b) zonal ¢ in ms~1) and(b) meridional wind ¢ in ms~1), and(d) water vapor
mixing ratio ¢ in g kg~2) profiles at 12:00 UTC 15 August 2004 averaged over the model-3 domain, prior to the triggering of the MCS.

the zonal wind was easterly and peaked (10#) st 13km
which corresponds to the TEJ. i L

The simulated MCS exhibits similarities with the ob- i 1 i
served one. Both were generated in the early afternoon 47 [\ ' B
of 15 August over the A Mountains, then propagated
southwestward. Figuréd shows the Hovraller diagram of
the maximum radar reflectivity between 4.5 and 2E&5
As in MSG observations, convection was initiated around
9°E at 11:00UTC. The maximum radar reflectivity ex-
ceeded 30 dBZ one hour later. The system propagated wes
southwestward at10 ms™1. From 16:00 UTC, another sys-
tem was located ahead of the studied MCS (seeTyiddow-
ever, the horizontal extension of the observed MCS as de-5
picted by the 10.8-um brightness temperature (hereinafter re,i_D
ferred to as BT(10.8 um)) is larger than the simulated one all=>
along the afternoon (Fidp). After 20:00 UTC, the first MCS
weakened and merged with the second MCS which revigo-
rated. At 23:00UTC, the MCS was out of the simulation
domain. In terms of intensity, both the simulated and the
observed MCSs had large areas of 10.8 um BT lower than
206.5K, though this area is significantly lower in the sim-

day 15°Aug 2004

ulation. Thus, the convective area is probably lower in the 5E 6E 7E 8E 9E  10E
simulation. This may also be a consequence of the high con- Longitude

centration of dust aerosols (that can serve as good ice nuclei)

near the tropopause in this regiofu(et et al, 2010 which \ \ [ (dB2)
is not taken into account in the simulation. Therefore, the 15 30 45

synthetic brightness temperature computed from the Meso-

NH minOphySical variables with the RTTOV code may be Fig. 4. Hovmdller plots from 15 August 2004 00:00 UTC to 16 Au-
impacted gust 2004 11:00 UTC of the maximum radar reflectivity (dBZ) in

a grid cell column simulated by Meso-NH (grey areas). The black
Figure6 displays the horizontal cross-section of the maxi- line shows the 5 mmtt instantaneous precipitation rate.

mum radar reflectivity simulated by Meso-NH at 19:00 UTC

on 15 August. The MCS was located at 8\ 7° E, south-

west of the Ar Mountains. The system presents a classical

www.ann-geophys.net/29/731/2011/ Ann. Geophys., 29, 7812011
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Fig. 5. Top: observed METEOSAT and bottom: simulated cloud-top infrared brightness temperature at 10.8 um for 15 August 2004 at 17:00,
19:00 and 21:00 UTC. Horizontal wind fields simulated by Meso-NH and relative to the motion of the MCS are shown at 6 km altitude.

197 15 Aug 2004

A
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U
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A7
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Reference Vector

Longitude

Fig. 6. Horizontal cross section of the maximum radar reflectivity (dBZ) in a grid cell column and the horizontal relative wind field at 5 km
altitude on 15 August 2004 at 19:00 UTC simulated by Meso-NH. The black boxes delineate the convective and stratiform parts of the MCS
used for budget calculations. The propagation axis is marked as a A1-A2 line. The dotted region corresponds tralgeapphy higher

than 1 km.

organization with the leading line of convective cells with regions: the convective region extends over 40 km while the
maximum reflectivity values exceeding 45 dBZ. At the rear stratiform region is 200-km long. Another convective system
of the convective region, the stratiform region shows lowerwas located 100 km southwestard of the studied MCS as also
reflectivity values £40dBZ). This allows us to define two depicted in Fig6. Figure7 shows the vertical velocity and

Ann. Geophys., 29, 73747, 2011 www.ann-geophys.net/29/731/2011/
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Fig. 7. (a)Cross line ) and(b) along line ¢) relative wind componentg¢) vertical velocity ), and(d) water vapor mixing ratior{,)

profiles on 15 August 2004 at 19:00 UTC averaged over the convective (solid lines) and stratiform (dashed lines) regions defired in Fig.
In (a), negative and positive cross-line winds correspond to rear-to-front (RTF) and front-to-rear (FTR) flow, respectii@yUmand
DOWN stand for upward and downward motion, respectively.

system-relative horizontal wind components perpendicularto4  Tracer transport by a MCS

the MCS ) and along the MCSuj), averaged in the convec-

tive and stratiform boxes (see Fig). The convective region 4.1 Redistribution of passive tracers

was characterized by strong updrafts (Figcompared to the

stratiform region. Mean updraft speed in the convective areat.1.1 Temporal evolution of the tracers

reached 1 ms! between 5 and 12 km altitude. Below 2 km,

a rear-to-front flow in the cold pool reached the convectiveFigure 8 shows the temporal evolution of maximum ver-

leading edge (negative relative cross line wind componentical velocity and concentration of each tracer at different

u). Between 2 and 3km, a strong front-to-rear flow fed the altitudes, and instantaneous precipitation rate. Tracer con-

convective system with humid air,(~ 12-15gkg?!). This  centration and instantaneous precipitation rate are averaged

layer experienced an efficient entrainment of surrounding aifover the sub-domain (16.6-198; 6.4-9.0 E), which en-

in the cloud updraft as also seen in Fi. The drier atmo- compasses the track of the MCS in the simulation. The

spheric layer between 3 and 5 km corresponds to the altitudenaximum vertical velocity is used as an indicator of con-

of the AEJ with little inflows in the convective clouds. The vection intensity. Between 02:00 and 08:00 UTC, before

depth of the rear-to-front flow behind the convective updraftthe triggering of the MCS, the maximum vertical velocity

is 2.5km which is comparable to the estimationGifiong  did not exceed 1 mg (shallow convection) in the low- and

et al.(1987. Below 5km, the stratiform region experienced mid-troposphere (3 km, 6 km and 9 km) and no precipitation

mean downward motion associated with a north-westwardvas produced. The maximum vertical velocity began to in-

front-to-rear flow. This corresponds to the return branch ofcrease around 12:00 UTC in the lower levels, and reached

the so called “return flow”. The system-relative airflow struc- 13ms? at 3km altitude at 20:00 UTC. Some oscillations

ture displayed the main features commonly observed in preof the maximum vertical velocity between 15 and 40Th s

vious studiesZipser, 1977 Roux et al, 1984 Roux, 1988 can be seen at 12 and 15km altitude between 16:00 and

Houze et al.1989 Caniaux et a.1994 Parker and Johnspn  21:00 UTC. The precipitation was initiated at 13:00 UTC,

2004 Chong 2010. peaked at 19:00 UTC (0.6 mnTh), then decreased rapidly

With regards to the MCS organization, radar reflectivity at 23:00 UTC after the MCS moved out of the sub-domain.

and brightness temperature intensities, the simulated MCS is Between 02:00 and 08:00 UTC, the small vertical veloci-

comparable to commonly observed MCSs. It thus provides &jes simulated in the low- and mid-troposphere changed the

representative West African cloud for the study of 3-D tracersconcentration of TR1, TR2, TR3 and TR4 in their initial

transport. layer or immediatly above or below. However, the con-
centrations of tracers TR1, TR2 and TR3 were durably af-
fected by this shallow convection at the lower levels (3 km).
Above, the concentrations almost restored their initial value
after 08:00 UTC. As soon as deep convection was triggered
(~12:00UTC), concentration of tracers decreased in their
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Fig. 9. Tracers concentrations (nmolndl) vertical profiles on
on 15 August 2004, TR1 (black), TR2 (red), TR3 (blue), TR4 ) )
(green) and TR5 (yellow) for five altitudes (15km, 12km, 9km, igg‘g%ﬁézoaﬁ at 02'OOtL_JTC befc(j)ret thfefMCS ”'993'@"3‘135"“" at
6 km and 3 km altitude). Black dashed and grey solid lines are max-th ) tm i e convectiveh) Zn S rﬁ:' ornécd) reglpnsl.e g(a)’g 0
imum vertical velocity (m51) and instantaneous precipitation rate & concentrations are averaged over the sub-domain (16.6-X19.

(mmH~1), respectively. The parameters are averaged over the Sub(_-‘;.4—9.(? E). The convective and stratiform regions are defined as
domain (i6 6-190N ; 6.4-9.0 E) areas with instantaneous precipitation rate higher and lower than

5mmh1, respectively.

initial layer. TR1 was the most effectively transported up-

ward tracer with concentrations of 0.35, 0.13, 0.10, 0.26was not transported to the lowest levels. Most of the peaks
and 0.14nmolmol! at 3, 6, 9, 12 and 15km, respectively. in the tracer concentration at each level occurred between
Mid-tropospheric TR2, TR3 and TR4 contributed very lit- 18:00 UTC and 20:00 UTC, which corresponds to the peaks
tle to the airmass composition at 15km height but all threeof vertical velocity. An exception is the tracers concentration

enriched the atmosphere between 3km and 12km. TR%t 12km that reached a plateau from 20:00 UTC onwards.
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In the following, we will focus on the tracers transport at stratiform region in accordance wittafore and Moncrieff
19:00 UTC, the moment of the maximum upward velocities. (1989.

4.1.2 Vertical distribution of the tracers 4.1.3 Analysis of the tracer transport across the MCS

At 19:00 UTC, in the convective region, the concentration of To investigate which dynamical features are responsible for
each tracer (Fig9b) in its original layer has decreased from such vertical distributions of the tracers, the tracer trans-
the initial state (Fig9a). TR1, TR2, TR3 and TR4 are now port along with the wind component across the MCS are
distributed over the whole cloud height, from the ground upanalyzed. FigurelO shows the perturbation of the hori-
to 18 km altitude. TR1 was efficiently transported by the con-zontal component of the wind from the initial wind field at
vective updrafts in altitude, with a first maximum at 2.5km 19:00 UTC. In the low levels, there is a rear-to-front pertur-
(0.57 nmol mot 1), above the upper limit of its initial layer, bation both at the front and at the rear of the system. This
and a secondary one at 14 km (0.43 nmol™dl The atmo-  is different from the numerical results aifore and Mon-
spheric layer between 12 and 15 km corresponds to the mainrieff (1989 who found a rear-to-front low level perturba-
convective outflow region characterized by strong verticaltion associated with the rotor, and a front-to-rear low level
velocity (Fig.8). TR2, TR3 and TR4 show a similar verti- perturbation at the leading edge of their 2-D simulated MCS.
cal distribution, with a first maximum close to their initial al- Here, a first system was located only 100 km ahead of the
titudes, at 4 km (0.28 nmol mot), 6 km (0.36 nmol mot?) studied MCS and therefore may influence the circulation be-
and 8 km (0.35 nmol mott), respectively, and a second peak hind it. This rear-to-front flow below 5km in the stratiform
at 13-14 km altitude~0.16 nmol mot1). It is worth noting  region can explain the concentration of TR2, TR3 and TR4
that TR2, TR3 and TR4 concentrations were increased neaat the ground (Fig9). A front-to-rear flow between 2.5 and
the ground (0.25, 0.20 and 0.06 nmol mblrespectively) as 6 km altitude was found ahead of the MCS in agreement with
a direct consequence of the downdrafts in the convective reLafore and Moncrief{1989. Above 10 km, one can observe
gion. The UT/LS tracer TR5 exhibits a well marked mini- an horizontal divergence that acted to reduce (intensify) the
mum (0.15 nmol mat?) at the main cloud detrainment level, TEJ behind (ahead) of the MCS (at the horizontal distance of
between 13-14 km altitude. This minimum signs the convec-190 km in Fig.10).

tive upward transport of TR5 poor air masses from the lower The front side of the two successive systems gives an
levels. Above the cloud (20 km), the concentration of TR5 overview of the tracer distribution before the MCS pas-
is almost 1 nmol mot! which shows that air at this altitude sage. The tracers mainly remained unperturbed with max-
was weakly affected by the MCS dynamics. The redistribu-imum concentration in the middle of their initial layer
tion of tracers by the MCS reveals that the upper troposphere-0.9 nmol mot™, but in a broader region. An exception is
was fed not only by boundary layer air masses (TR1) butthat TR2 can be found down to the ground with concentration
also by mid-tropospheric air masses (TR2, TR3 and TR4)~0.1 nmol mot ! between the ground and the lower limit of
For example, at 14 km, in the detrainment cloud anvil, for aits initial layer (Fig.10). This is in agreement with the find-
total tracer mixing ratio of 0.90 nmol mot, half of it origi- ing of Fig. 9 that shows the shallow convection in the morn-
nates from the mid-troposphere between 2 and 10 km altitudéng that acted to disperse the low level tracers just below and
(Fig. 9). This result highlights the role of mid-tropospheric above their initial layers.

entrainment in convective systems already showmMari Inside the main MCS, the five tracers were present in the
et al. (2000, Mari et al. (2003 and Lopez et al.(2006), anvil in various concentrations. TR1 was transported up-
and questions the simplified approach for the convection efward in the updrafts and diluted by the divergence above
ficiency calculation based on boundary layer and upper tro<10 km altitude in the front and rear anvils. TR1 shows sig-
pospheric concentrations onlZ¢han et al.1999 Bertram nificant values in the anvil (0.4 nmol o) while its con-

et al, 2007). centration varies between 0.2 and 0.8 nmolmdh its ini-

In the stratiform region (Fig9c), the vertical profiles of tial layer inside the cloud. While traces of TR2, TR3 and
the tracers concentration are fairly similar to the convectionTR4 are present in the anvil, their concentrations).(l—
ones, but some differences may be noted. The secondar§.2 nmol mot?) are less important than TR1. Thus, TR1
maximum of TR1, TR2, TR3 and TR4 concentration in the is the tracer the most efficiently transported in altitude with
12-15km altitude layer corresponds to the rearward outconcentrations 3 to 4 times more important than the other
flows detrainment and is significantly reduced compared tatracers in the anvil. The UT/LS tracer TR5 was “pushed”
the convective region. At this altitude, the minimum of TR5 upward by the updrafts and the associated upper level di-
concentration is less pronounced than in the convective revergence, and consequently, low concentrations of TR5 are
gion. Itis worth noting that about the same concentrations offound in the anvil €0.2 nmolmot?) while a very strong
each tracer are found at the ground. It is also interesting t@yradient of concentration is observed at the edge of the cloud.
note that TR2, which was initialized in the AEJ layer has the The relatively high concentration of TR5 at the front of the
lowest contribution above 5km in both the convective andsystem at 8—10 km altitude may be due to a downdraft located
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Fig. 10. Vertical cross section along the propagation axis (segment [A1 A2] inGFiof the tracers concentration (nmol md) and of the
perturbation of the horizontal component of the wind velocity from the initial wind field (dashed and dotted patterns are for the positive and
negative values, respectively) on 15 August 2004 at 19:00 UTC. The contours for the horizontal wind perturbation are fhiatﬁemarl.

The black solid line shows the cloud contour.

just ahead of the convective updraft and originating from The tracers have different vertical distributions after the
the evaporation of ice crystals falling from the leading anvil MCS passage. Lowest levels tracers TR1 and TR2 were sig-
(Lafore and Moncrieff1989 Roux 1988. Itis worth noting  nificantly reduced in their initial layers<(0.6 nmol mot1).

that the simulated convective system does not show signifi-The decrease of post-convective mixing ratios for TR3, TR4
cant downward transport of upper tropospheric tracer belonand TR5 is less important and these tracers remained trapped
5km. This result is in contradiction with the recent works in slightly thinner stratified layers compared to initial ones.
of Grant et al.(2008 andHu et al.(2010 who explain the At the rear of the system, the front-to-rear perturbation be-
increase of surface ozone by an efficient downward transportween 1.5 km and 5 km altitude overlays a front-to-rear per-
from the upper troposphere. turbation. Thus the tracers present in the [1.5-5]km layer
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(TR1 and TR2) may also enter the system from the rear withon Fig.6. The orientation of the boxes is defined according
the mesoscale inflow. A fraction of these tracers was therto the propagation axis of the MCS. The mags (kgs 1)
expelled rearward by the downward outflow. Asliafore  of air transported vertically through a horizontal rectangular
and Moncrieff(1989, a larger proportion of TR2 and TR3 areaA per unit time is expressed as:
was transported downwards, whereas a smaller proportion o
these tracers was transported upwards. X/[Z(Z) =r@w)A
wherep is the air density and the vertical velocity oven at
4.2 Redistribution of the lightning-produced NOy the reference level. M, is commonly called the convective
tracer mass flux. The net vertical ma$s can be calculated as the
differential mass transport between two horizontal surfaces
A tracer was also introduced to mimic the N@roduced by A separated by a vertical height; (Chong et al.1987:
lightning (hereafter called LINOX). A crude LINOx param-
e?erizatigogl was used in the inne? domain. When tﬁe maxi-f2(2 T A2/2) = M3(2) = Mz(z+ Az)
mum vertical velocity reached a threshold valsd b ms 1) The differential horizontal mass transporfs and Fy
(Barthe and Barth2008 and the three ice categories (ice (kgs?) through the respective vertical sectiohgAz and
crystals, snow and graupel) were present in the cloud, the firsL, Az can be calculated in a similar wayy and Fy are the
lightning was triggered with a lag of 8 min to mimic the time horizontal flux convergence components perpendicular and
necessary for the building of the electric fieBafthe and  parallel to the MCS respectively. Positive (negative) value
Pinty, 2007). A mean flash rate of 10 flashes per minute wasof Fy, Fy, F, indicates a net convergence (divergence). In
fixed. Assuming a mean flash length of 100 km, the pointsthe following —F; is discussed in terms of horizontal flux
where NO molecules are distributed were randomly chosertonvergence (divergence) if positive (negative). Horizontal
among the points where ice hydrometeors were present. Thifuxes are calculated using the system-relative horizontal ve-
number of NO molecules distributed at each grid point de-locity components, but their divergence is independant of the
pended on the flash length and altitude followifgng etal.  propagation speed.
(1998. The aim of this parameterization was to see how a Figure 11 shows the vertical profiles of the air mass flux
tracer initially located or produced in the convective core of and mass flux convergence components in the convective
the MCS is redistributed in the whole system. and the stratiform regions each hour from 16:00 UTC to
The LiNOXx tracer was present in the whole anvil with two 21:00 UTC. First, the air mass flux and mass flux conver-
distinct maxima at the front (1 nmolmot) and at the rear gence components in the convective region are examined. At
(0.9 nmol mot1) of the system in relation to the upper level all times, the convective mass flux indicates a general upward
divergence. In the convective region, LINOx were only found mass transportM; > 0) which decreases rapidly around
above 8 km altitude, with the maximum concentration in the 15 km altitude. Below 4 km, the horizontal flux convergence
front anvil. Since they were produced in the iced region of (—F; > 0) at every time was mainly driven by perpendicu-
the cloud (above the @ isotherm), this tracer behaves like lar (front-to-rear) flux convergencef > 0). Above 10km
TR3, TR4 and TR5 which were uplifted by the convective altitude, the perpendicular flux divergeBx(< 0) except at
updraft, then depleted from the convective core. In the strati-20:00 UTC at the end of the MCS lifetime. This leads to a
form part, LINOx can be produced locally or advected from strong decrease of the upward mass transpbrt Detrain-
the convective region by the front-to-rear flow. A small part ment in the upper troposphere above 10 km altitude is seen
of the LINOx tracer was transported to the ground, probablyduring the first four hours of the cloud lifetime. It is worth
by the mesoscale rear-to-front downdratft. noting that detrainment also occurs in the mid-troposphere
In order to decide between local production and advectionbetween 3km and 10 km altitude. The maximum of detrain-
from the convective core in the front and rear anvil, new sim-ment was obtained at the early stage of the cloud formation
ulations with a LINOx parameterization or an explicit elec- (16:00 UTC) with 110« 10° kg st of air detrained back to

trical schemes might be conducted. the environment in the upper troposphere, and at the end of
the MCS lifetime (20:00 UTC) with 11% 10° kg s~ of air
4.3 Cloud-scale budgets of tracers transport detrained back to the environment in the mid-troposphere.

At 16:00 UTC, only 41 % of the air detrained above 10 km
In order to study the separate role of convective and strati-originated from the lower levels of the troposphere. Below
form components of the MCS in the three-dimensional air-5 km, parallel fluxes contribute mainly to the detrainment of
flow patterns and transport efficiency, a cloud-scale budgetir out of the cloud. At 16:00 and 18:00 UTC, the vertical
was calculated every hour from 16:00 to 21:00 UTC. Convec-profile of the parallel flux above 10 km signs entrainment of
tive and stratiform box regions for budget calculation were surrounding air £y, > 0) in the upper part of the cloud by par-
defined as rectangular areas in which instantaneous precipallel fluxes. Parallel fluxes can also have an opposite effect
tation exceeds 5mnth and is less than 5 mnTh, respec-  and contribute to increase the net detrainment rate in the up-
tively. An example of such boxes is shown at 19:00 UTC per troposphere (19:00 UTC). At the end of the MCS lifetime
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Fig. 11. Result of mass transport budget of the MCS in the convective (two columns left) and stratiform (two colums right) regions every
hour from 15 August 2004 at 16:00 UTC to 21:00 UTC (1st and 3rd column). Vertical profile of air mas#flix10°kgs~! (2nd and
4th column). Vertical profiles of line-transverdg (red), line-parallelFy (blue) and vertical-Fz (black) mass fluxes convergences in

10°kgs~L. The grey arrows represent the entrainment/detrainment air mass fluxe$ kig<¢).

(20:00 UTC), there was only one maximum of detrainment in The layer of convergence between 2.5 and 10 km, with di-
the mid-troposphere, while two maxima of entrainment werevergence both above and below this layer, was also observed
simulated in the lower and upper troposphere. by Gamache and Houz& 982 andChong et al(1987. At

The stratiform region is characterized by downdraft flows €ach time, the upper level divergence (17x38 kg S_l)liS
below 5km altitude and upward flows above. From higher than the lower level divergence (58-36E° kg s™?).
18:00 UTC, downdraft transport occurs above 14 km. Con-The line-parallel flux convergendg has a large contribution
Vergence in the stratiform region between 3km and 7 km isbetWeen 3 and 9 km altitude, il’l particular from 18:00 UTC.
driven by both parallel and transverse flux&g énd Fy > 0) This means that the lateral inflows contribute significantly to
at each time, as already shown Bpux and Sun(1990. the mesoscale updraft and downdraft.
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5 Conclusions trainment and entrainment highlighted in this study is still
a challenging issue for current convective parameterizations
This study analysed the 3-D simulated mass transport from{Mari et al, 200Q Liu et al, 200%; Barret et al.2010. Sub-
the troposphere to the upper troposphere associated with &antial entrainment of mid-level air in the convective column
MCS over Niger, east of Niamey on 15 August 2004. A MCS reduces the fraction of boundary layer air contained in the
was triggered ahead of a trough, in a region with large humid-upper tropospheric convective outflow. This result directly
ity in the low levels associated to the southwesterly monsoomyuestions the classical calculation of convective enhance-
flow, and dry air at 700 hPa. This MCS originated from the ment factor only based on upper tropospheric and boundary
Air mountains on 15 August and propagated southwestard. layer mixing ratios.

In order to have an integrated view of entrainment and de- It is worth noting that our findings are based on the sim-
trainment flows associated with the convective system, fiveulation of a single case study with only one cloud-resolving
passive tracers were initially confined within horizontal ho- model. Different flux and concentration values would be ex-
mogeneous layers. Inthe low levels, TR1 and TR2 originatechected if different resolutions (vertical and horizontal) are
from the monsoon layer and from the dry AEJ layer, respec-used. For simulations with parameterized deep moist con-
tively. TR1, which originated from the boundary layer, was vection, the choice of the convection parameterization would
the tracer the most efficiently transported upward. Its con-also be of importancei(teta et al, 2009 Tost et al, 2010.
centration in the anvil was 3 to 4 times higher than the con- The numerical strategy developped in this work will be ap-
centration of the four others. TR2 had the lowest contributionplied to further interpretation of the impact of West African
above 5 km altitude in both the convective and stratiform re-MCSs on atmospheric chemical composition in the frame-
gions. After the MCS passage, TR1 and TR2 concentrationsvork of the AMMA program.
were significantly reduced in their original layer. They were
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