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Abstract. Observations obtained during the Tropical Con- ter vapour condensing into ice, which then precipitates fur-
vection, Cirrus and Nitrogen Oxides (TROCCINOX) golden ther. Various dehydration hypotheses have been proposed,
day have revealed the presence of ice particles up to 410 Kncluding fast ascent in cumulus clouds (e.g., Danielsen,
(18.2km) 2km above the local tropopause. The case wad4982, 1991), slow, large-scale ascent (e.g., Folkins et al.,
investigated using a three-dimensional quadruply nested999), and convective overshoot followed by a radiative as-
non-hydrostatic simulation and Meteosat Second Generationent (e.g., Sherwood and Dessler, 2000).

(MSG) observations. The simulation reproduced the mea- The Tropical Convection, Cirrus and Nitrogen Oxides-2
surements along the flight track fairly well. A reasonable (TROCCINOX-2) campaign took place in the state @&oS
agreement with MSG observations was also achieved: thé*aulo, Brazil in early 2005. Three instrumented research
10.8-pm brightness temperature (BT) minimum of 187 K wasaircrafts were operated to investigate the impact of tropical
reproduced (a value 6 K colder than the environmental cold-deep convection on the chemical composition of the tropo-
point temperature) as was the positive BT difference betweersphere and the lower stratosphere. During the golden day, on
the 6.2- and 10.8-um bands, an overshoot signature. The sim#February 2005, the mission of the Geophysica stratospheric
ulation produced several overshooting plumes up to 410 Kaircraft was thunderstorm interception. Ice particles were
yielding an upward transport of water vapour of a few tons observed up to an altitude of 410K potential temperature,
per second across the tropical tropopause. The estimateice. about 2 km above the local tropopause. Several items of
mass flux agrees with those derived from over tracer bud-observational evidence suggest that the particles originated
gets, indicating that convection transports mass across thitom overshooting plumes that occurred during this severe
tropopause. convective event.

Here, this tropical convective event over land is inves-
tigated using a Cloud Resolving Model (CRM). Since a
CRM resolves convective circulations, it is able to represent
the overshoots with their cloud plumes that are missed by

Water vapour transport across the Tropical Tropopause Layef '€ 9lobal models. There are a few three-dimensional (3-

(TTL) is a key process for interpreting the observed increase®) Numerical studies on convective overshoots across the
in stratospheric water vapour of about 1% per year (O|t_trop0pause using CRMs. Most of them consider an ide-

mans et al., 2000; Rosenlof et al., 2001), which influences thé'ized framework showing cross-tropopause transport via
ozone layer and climate change. Half the increase in stratoMid-latitude deep convection (e.g. Skamarock et al., 2000;

spheric water vapour is attributed to changes in methane an’ang, 2003; Mullendore et al., 2005). Other studies ad-

its oxidation (Etheridge et al., 1998) while the other half is dréss the impact of convection in the TTL. Some cases

believed to be due to water vapour transport across the tropi‘-jo not produce overshoot .penetrating above the _COId point
Potter and Holton, 1995; #pper et al., 2004) while oth-

cal tropopause. The concentration of the water vapour trans{ ) X 4 i

ported in the stratosphere is controlled by the cold point, thet"s find deep overshoots that produce diabatic cooling near

coldest temperature. The air is eventually dehydrated by wath€ tropopause (Kuang and Bretherton, 2004; Robinson and
Sherwood, 2006).

Correspondence to: J.-P. Chaboureau Another novel aspect of the present work is the use of a

(jean-pierre.chaboureau@aero.obs-mip.fr) 3-D quadruply nested numerical simulation initialised with

1 Introduction

Published by Copernicus GmbH on behalf of the European Geosciences Union.
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The vertical grid had 90 levels up to 27 km with a level spac-
ing of 40m close to the surface to 400m at high altitude
Model number ~ Grid mesh  Grid points  Model start (including the TTL). A sponge layer was installed from 22
(km) (Nx Ny Nz) (UTC) to 27 km in order to damp the upward-propagating gravity
waves generated by convection. The different model grids

Table 1. Characteristics of the nested domains.

; ig 12071563090 %% covered a domain centred oveaidsPaulo state in Brazil (see
Table 1 for the various characteristics). The simulation was

3 2 360 256 90 00 initialized at 00:00 UTC 4th February 2005. It was integrated

4 0625 400 400 90 18 initialized at 00: ebruary . Itwas integrate

forward for 18 h using the three outer models and keeping
outputs every hour. At 18:00 UTC, i.e. 15:00 local time (LT,
UTC minus 3h), the approximate time of the Geophysica
*ake—off, the simulation was integrated forward for 6 h using
the four models and keeping outputs every ten minutes. The

real meteorological conditions allows a direct comparison hoi f the model confiauration w. trade-off between
with the observations taken by the Geophysica along itsﬁ. oice o the model configuration was a trade-oft betwee
igh resolution and computing cost.

flight track. In addition, the simulation was evaluated at the . .
For the two coarser-resolution grids (40 and 10 km), the

mesoscale against Meteosat Second Generation (MSG) ob- ) . )
servations. We adopted a model-to-satellite approach (Mor—SUb(‘:’”d'_SCaIe convection was parametrized by a mas_s—flux
crette, 1991), in which satellite brightness temperature (BT)convectlon scheme (Bechtold et al., 2001). For the inner

images were directly compared to BTs computed from pre-grids (2.5kmand 625 m), the convection was explicitly re-
dicted model fields. This approach is especially powerful inSOIVed and the convection scheme was switched off. The mi-

identifying discrepancies of cloud cover forecasts with BTs crophysical sch_e_me_included the thre_e_wa_ter pha_ses with f_ive
at 10.8-um (Chaboureau et al., 2000, 2002). The model-toSPECIes (.)fpreC|p|tat|ng.and non-preC|p|tat|ng.I|.qU|q and solid
satellite approach associated with the BT difference (BTD)Water (Pinty gnd Jabounle,.199_8), and a-modmed Ice to snow
technique can also verify specific forecasts such as Cirruggtoconversmn parameterization foIIovv_lng.Chaboureau and
cover (Chaboureau and Pinty, 2006) and dust occurrenceinty (2006). The turbulence parametrization was based on
(Chaboureau et al., 2007). The BTD technique is based off 1.5-order closure (Cuxart et al., ZQOO). For the three outer
the contrasted absorption property of emitters (gas or parti-m(?dels’ the_tqrbulent flux computations were purely vertical
cles) at two wavelengths. Positive BTDs between the 6.2USN9 the mixing length of Bougeauit and Lace&gr (198_9)
and 10.8-um bands were used to identify convective OVer_vvhlle,for the mnermodel_, thgywere fully three-dimensional
shoots (Schmetz et al., 1997). As the simulation was suf-bas_ed, on the parametrization of Deardorff (1974).  The
ficiently realistic in reproducing some overshooting plumes,rad'at've scheme was the one used at ECMWF (Gregory

it was used to estimate water vapour and mass fluxes acro$y al., 2000) including the Rapid Radiative Transfer Model

the tropopause. The paper is organised as follows. Section &QRTM) param;terizatir:)n (Mlaw%r et al.., 1997). Synthetic q
describes the model and the experimental design. Section 3.5 corresponding to the MSG observations were compute

gives an overview of both the observation and the simulationOfﬂlne using the Radiative Transfer for Tiros Operational

of the convective event. Section 4 describes the overshootinzertlcal Sounder (RTTOV) code version 8.7 (Saunders etal.,
plumes reaching the lower stratosphere. Section 5 presen 05).

the estimates of mass and water vapour transport in the lower

stratosphere. Section 6 concludes the paper.

operational weather forecast analyses. The framework o

3 Overview of the convective event

2 Model and experimental design The time evolution of the convective event was first illus-
trated by the BT minimum at 10.8-um in the model-3 do-

The numerical simulation was performed with the anelasticmain (Fig. 1). The observed BT minimum had a diurnal
non-hydrostatic mesoscale model Meso-NH (Lafore et al.,evolution with a maximum of 250K at 09:00 LT and val-
1998). The two-way interactive grid-nesting method (Steinues less than 220K before 06:00 LT and after 12:00 LT.
et al., 2000) enabled the simultaneous running of severaAt 11:00 LT, the minimum BT dropped 35K in one hour,
models on the same vertical levels but with different horizon-which is characteristic of the triggering of deep convec-
tal resolutions. The lateral boundary conditions were givention. The time evolution was typical of convection over
by large-scale operational analyses from the European Cedand with a regime of deep convection in the afternoon
tre for Medium-Range Weather Forecasts (ECMWF) for the(e.g.Chaboureau et al., 2004; Guichard et al., 2004). A mas-
outermost model, and they were provided at every time stefsive amount of convective available potential energy (CAPE)
by the outer models for the inner models. was present with maximum values larger than 38003 keg

The case was simulated with quadruply nested models13:00 LT. Once deep convection had been triggered, the cold-
with a horizontal grid spacing of 40, 10, 2.5km and 625 m. est clouds occurred between 15:00 and 18:00 LT (during the

Atmos. Chem. Phys., 7, 1731-1740, 2007 www.atmos-chem-phys.net/7/1731/2007/
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Geophysica flight). The diurnal evolution was rather well re- 260 L e e e M LA B s

duced by the simulation. A mini f 187 K-86°C - — Observed
produced by the simulation. A minimum o 86°C) [ — gpsened

was observed between 15:00 and 19:00 LT while the simu- — -
lation gave 186K at 16:00 LT. The close time-evolution of < 240
the convective events between the simulation and the MSG '5
observation was confirmed at each hour (e.g. see Fig. 3). =
Note that this case occurred in a period with little organized
convection over 8o Paulo state and it was well forecast in
real time during the TROCCINOX campaign by the Meso-
NH model operating in regional mode with a horizontal grid
mesh of 30 km (Chaboureau and Pinty, 2006).

The realism of the simulation was further illustrated by 1800 v v v ]
measurements obtained with the Fluorescent Advanced Hy- 0 3 6 9 12 15 18 21
grometer (FLASH), the Rosemount temperature sensor, and Time (LT)
the Forward Scattering Spectrometer Probe (FSSP)-100 on
board the Geophysica. The FLASH instrument (Sitnikov Fig. 1. Time evolution of observed and simulated minimum BT
et al., 2007) is a water vapour sensor based on the Lymani) at 10.8 pm in the model-3 domain. The temporal resolution is
« fluorescence technique with an average time of 1s and a h-
accuracy of 0.2 umolmol (or ppmv). The FSSP-100 is a
laser-particle spectrometer that samples the size distribution ‘
of aerosols in four size ranges between 2.7 and 30 um (in i

RH,/w- i o
that special case) every 2 s with an accuracy of 60% for these E/A((M MM{\\
/ |

220]-

10.8 micro

200

420
400
380

volume concentration. The observed and simulated relativer
humidity with respect to ice, and the total particle concentra- =
tion recorded along the Geophysica flight are shownin Fig. 2. _ LogPyrticle Yolume)
The altitude and the potential temperature are also shown. g ' '
On the first ascent, the Geophysica reached an aItitude%S “‘;‘
of 18.7 kmallowing us to characterize the TTL. Following =&
the climatology study of Gettelman and Forster (2002), the 3
TTL can be locally defined as extending from the level of the
lapse rate minimum at 10-12 km to the cold-point tropopause
(CPT) at 16-17 kmWhen applied to the Geophysica obser- rig 2. Top: observed potential temperature (red line, K), relative
vations, these criteria put the TTL base around 12 kmand itsumidity (green line, %) and simulated relative humidity (blue line,
top at 17.2 km with a CPT 0f82.8°C and a potential tem- %) obtained during the Geophysica flight. Bottom: observed po-
perature of 378 K. However, at 16.3 km both temperature andential temperature (red line, K), altitude (cyan line, km), and total
water vapour underwent a strong change in their vertical graparticle volume concentration (black line, fzm~3) as measured
dient, remaining almost constant over a 1.5-km layer, withPy the FSSP-100 instrument.
local minima of—80.0°C and 3 ppmv, respectively. There-
fore the 16.3km altitude (or 362-K potential temperature)
was taken to define the TTL top while the value-e80.0°C tance of 1500 km between 360 and 378K, i.e. the TTL top
was taken as the environmental CPT. and the CPT level. Supersaturation with respect to ice of up
Two ascents within the lower stratosphere were decidedo 200% was observed with occasional presence of ice. In
on by the pilot in order to fly over huge clouds. They are the simulation, saturation was sometimes achieved, but with-
indicated by the vertical dashed lines, around 15:30 LT andout any supersaturation as the bulk microphysics parameter-
17:30 LT. During these two ascents, ice particles were deization imposed a humidity adjustment to saturation. Fur-
tected by the FSSP-100 up to an altitude of 410K, i.e. abouthermore, saturation was less frequently simulated than ob-
2 km above the local tropopause. The decrease of relative hiserved. This might be explained by expected differences in
midity detected by the FLASH hygrometer from 60% to 20% locations of the convective ascents between observation and
during the first ascent was correctly reproduced by the simusimulation. In conclusion, the direct comparison with the
lation. But at 17:30 LT the 40% relative humidity simulated Geophysica observations provided a fair qualitative agree-
was much lower than the 60% observed. The fact that thement.
particles were found in subsaturated air suggested they orig- The convective event was then investigated at mesoscale
inated from overshooting air parcels that mixed with strato-by using satellite observations. Here the results are shown
spheric dry air. over the model-3 domain whose grid spacing (2.5 km) cor-
Between the two ascents, the Geophysica flew over a disresponds to the MSG resolution (about 3.5 km over the S
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Fig. 3. (Left) Observed and (right) simulated MSG BTs over the model-3 domain at (top) 15:30 LT and (bottom) 17:30 LT on 4 February
2005. The colour scale indicates BT at 10.8 um. The 3-K isoline of the BTD between 6.2- and 10.8 um band is superimposed. The red lines
in the top and bottom panels indicate the Geophysica flight track between 15:15 and 15:30 LT, and 17:15 and 17:30 LT, respectively. The
square shows the location of the model 4 domain.

Paulo state). Observed and simulated MSG BT at 10.8-unsmaller mesoscale features in the initial conditions and sur-
are shown for 15:30 and 17:30 LT, when ice particles wereface forcing. In the central part of the domain, the simulated
detected above 390K (Fig. 3). The cloud systems sampledonvective cells appeared to be more scattered at 15:30 LT
by the Geophysica were characterized by 10.8-um BTs othan the observed ones, resulting in a cluster at 17:30 LT
less than 193 K£80°C), the coldest clouds being the thick- with a larger BT minimum. This suggests a poor representa-
est and deepest. The main cloud system was organized alorigpn of the turbulent mixing between the in-cloud air and its
a line that evolved from northwest-southeast to a zonal di-environment. This is to be expected from a simulation with
rection in two hours. In addition, convective overshoots werea 625-m horizontal grid spacing partly resolving turbulent
identified using satellite imagery with BTDs between the 6.2-fluxes of water vapour (e.g. Petch et al., 2002; Bryan et al.,
and 10.8-um larger than 3 K. Overshoots were defined her@003; Petch, 2006). Finally, convective overshoots (as seen
as clouds with their tops located higher than the cold pointby BTDs larger than 3 K) were also simulated over the cold-
altitude. In that case, BTs larger at 6.2-um than at 10.8-prrest clouds of several individual cells within and outside the
can be explained by stratospheric water vapour, which abmodel-4 domain (Fig. 3). In summary, the simulation repro-
sorbs radiation from the cold cloud top and emits radiation atduced the convective event reasonably well.

higher stratospheric temperatures (Schmetz etal., 1997). The

3- K threshold was arbitrarily chosen to highlight the BTD
signature. It is less than the empirical value of 5K used by
;g‘;\a;;eih_(28821;ﬂﬁ:?\tﬁ%‘l%i%;;gefﬁgﬂ? &g g‘.?DlgThe simulated overshooting plumes will now be investigated

) . . in the inner model (with a 625-m horizontal grid spacing).
over this particular threshold were effectively found over the i ;
) . At 15:30 LT many cells reached the tropopause as seen with
coldest clouds, where particles were observed in the lowe

lfLO.8-um BT less than 193K (Fig. 4). The coldest cloud tops
stratosphere. : . - .
were characterized with both a water vapour mixing ratio at
The simulated low BTs at 10.8-um presented a line patterrB90 K larger than the background values of 4 ppmv (black
similar to the observed ones (Fig. 3). However, there was notsoline) and BTDs between the 6.2- and 10.8-um larger than
an exact match between the observed and the simulated ind8 K (red isoline). The two fields do not exactly match as the
vidual cells, as can also be seen from the comparison alonfprmer is a water vapour amount at a certain level while the
the flight track. For example, the westernmost cloud sys-atter is sensitive to the relative humidity (temperature and
tems were missing. This might be ascribed to the absence ofater vapour) integrated over the atmospheric column above

4 Overshooting plumes

Atmos. Chem. Phys., 7, 1731-1740, 2007 www.atmos-chem-phys.net/7/1731/2007/
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Fig. 4. High-resolution simulated fields in the model 4 domain
at 15:30 LT: BT at 10.8 um (colour, K), BTD between 6.2- and
10.8 um band (3-K isoline in red), and water vapour mixing ra- __ ) ) ) ) )

Fig. 5. Time evolution of the vertical velocity maximum (rm$).

tio over a 390-K potential temperature surface (4-ppmv isoline in . s .
black). The boxes indicate different sub-domains with occurrence! € results are given from the inner model for the whole domain

of overshoots. The red line gives the position of the vertical cross-21d 6 boxes shown in Fig. 4. The temporal resolution is 10 min.
sections in Fig. 6.

unevenly with time. The several secondary maximum up-
the cloud top. This suggests that the BTD signal is an inter-draughts that occur every 60-80 min are the signature of sep-
esting indicator of water vapour anomalies in the stratospher@rate cells growing and dissipating as shown by the maxi-
above the cloud tops reaching the cold point. Future work ismum values for the different boxes (whose frames are dis-
needed to investigate the relationship between the BTD magplayed in Fig. 4). In box 5, the absolute maximum value
nitude and the stratospheric water vapour anomalies. Such ef 76 ms appears to be due to the interaction between two
radiative measure from space would further characterize theells (not shown). Also at 15:20 LT a second maximum value
water vapour transport across the tropopause. of 62m s is obtained in box 2, but due to a single cell.

The time evolution of the maximum vertical velocities in-  The convective event associated with the individual plume
side the inner model will now be examined (Fig. 5). A max- in box 2 is shown in detail with a series of vertical cross sec-
imum of 76 ms! was reached at 15:20 LT. Such dramatic tions along the mean stratospheric flow (Fig. 6). At 15:10 LT
values have been reported for mid-latitude deep convectivan updraught from 3 to 18 km was already established, re-
events with different CAPE amounts. Maximum vertical ve- sulting in a plume of total water larger than 2 gRgstand-
locities of 50-55m3! (60 ms 1) have been observed (sim- ing up to 15km, a cloud top just below 370K, and an out-
ulated) for a 3-D deep supercell storm characterized withflow at 14km (as depicted by the 1®9kgkg™? red line).
an environment of 3012 Jkg CAPE (Wang, 2003). Mul- The diabatic heating within the updraught resulted in a 4-
lendore et al. (2005) obtained a maximum of 88Th with km lowering of the 350-K isentrope. The environment, al-
a 1-km horizontal grid spacing 3-D simulation initialized ready perturbed by previous convective activities, was char-
with a sounding of very high CAPE (5034Jkb. The  acterized by a vertical decrease of the total water, with two
latter gave a fairly good reproduction of a deep convectiveremarkable values, 5gk§ near the freezing level (around
event with overshooting cloud tops reaching 18-19 km over4d-5km) and 0.25gkg! (around 4 ppmv) at 370K. (This
Kansas where the tropopause height was at 13.5km. Un4 ppmv background value came from the ECMWF analysis
der tropical conditions, Robinson and Sherwood (2006) rarand is slightly larger than the 3 ppmv measured during the
a series of 2-D simulations with increasing initial heating first Geophysica ascent.) At 15:20 LT the updraught attained
sources. As expected, the larger the CAPE, the higher thés climax with the vertical plume and its associated cloud
vertical velocity. Their simulation with a maximum CAPE cover reaching 19 km. The layer between 350 and 370K had
of 3520 Jkg? is characterized by a maximum of 55mis  doubled in thickness. At 17 km the rising air was first adia-
After 15:20 LT the maximum vertical velocities decrease batically cooled, resulting in a mean decrease of the CPT to

www.atmos-chem-phys.net/7/1731/2007/ Atmos. Chem. Phys., 7, 1731-1740, 2007
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Fig. 6. Vertical cross section of the total water mixing ratio (g% at 15:10, 15:20, 15:30, 15:40 15:50, and 16:00 LT 4 February 2005

along the line shown in Fig. 4. Black lines are the stream functions along the cross-section. Grey contours represent potential temperature:s
(intervals 310, 330, 350, 370, 410, 450, and 500K). The red line delineates the cloud limit with condensed water mixing ratio larger than
10-3kgkgL. The vertical axis range is 0-22 km and horizontal axis range 0-30 km. The aspect ratio is 1.

—88°C. The saturation mixing ratio was sufficiently reduced (around 6 ppmv) remained. Finally at 16:00 LT the cloud top
so that it could locally yield to air dehydration where ice sed- was at 17 km all along the cross section. Within the tropo-
imentation was fast enough. But the vertical motion wassphere, the dissipation of cloud by hydrometeor precipitation
so strong that ascending air crossed isentropes in the lowarontinued. Above the cloud cover, between 17 and 20 km,
stratosphere. the pockets of water vapour anomalies stretched into thin
At 15:30 LT the updraught ended leaving a perturbed cir-/aYers with a mixing ratio larger than 6 ppmv. This clearly
culation. In the troposphere below 15km, many rotors mix Shows that an individual overshooting plume can transport
environmental air with the cloud. In the lower stratosphere@nd deposit moisture into the stratosphere.
the cloud top drifted 6 km westward with water vapour larger  Figure 7 shows the temperature profile at 15:10 and
4 ppmv found up to 20 km. At 18:40 and 15:50 LT the atmo- 15:20 LT where the stratospheric penetration occurs (from
sphere continued to recover from the convective burst and.8 km to the y-axis in Fig. 6). At 15:10 LT, the simulated
the cloud dissipated by precipitation and mixing. In the temperature profile is representative of environmental con-
lower stratosphere, water vapour anomalies over 0.37§ kg ditions with an adiabatic gradient 6£10°Ckm™! up to

Atmos. Chem. Phys., 7, 1731-1740, 2007 www.atmos-chem-phys.net/7/1731/2007/
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16.6 km and a temperature increase aloft. At 15:20 LT, the =
temperature in the lower stratosphere is perturbed with lower 3 I 1
(higher) temperatures at 18 km (16.6 km) than at 15:10 LT. § 14 - -

The resulting temperature profile presents two minima, one <t
1 km lower than the environment CTP, the other 2 km higher il
in the stratosphere. The change in temperature fully corrob- 12 - -
orates the hypothesis of Danielsen (1982). I |

107 10™ 1073 107
Flux (kg/m ?/s)

5 Massand water vapour transport

Fig. 9. Mass flux estimates based orn @ed diamonds) and CO

T_h_e impact of such a deep.convective.event on the compO(grange triangles) budgets (Dessler, 2002), cloud imagery (cyan
sition of the stratosphere will now be discussed. The crosssquares; Gettelman et al., 2002), and cloud-resolving simulation

isentropic water vapour transport is given over the model-3from Kipper et al. (2004) (blue asteriks) and this work (black
domain. The transport of water vapour was calculated bycrosses).
summing the values of positive vertical flux across isentropic
surface for different values of potential temperature. As ex-
pected, the resulting water vapour fluxes were the largest a@3z and CO budgets by Dessler (2002) indicating that con-
16:00 LT and these maximum values decreased with increas#ection transports mass at the tropopause. These estimates
ing potential temperature (Fig. 8). It is worth noting that the are two orders of magnitude greater than the mass flux ob-
peak value of 8tons$ obtained across the 380-K surface tained by Kipper et al. (2004) from a CRM simulation (run
matches the value simulated by Wang (2003) for a North-to a radiative-convective equilibrium) representative of mar-
American Midwest severe thunderstorm. itime conditions. The present estimate is also larger than the
A further estimate of the total mass flux is shown in Fig. 9 one obtained from cloud imagery and re-analysis tempera-
following the presentation of #pper et al. (2004). The mass tures by Gettelman et al. (2002). Based on BTs at 11 um
flux derived from the simulation was obtained after averagingcolder than the tropopause, they found that convection rarely
over the model-3 domain and over the 24 h of the simulation penetrated more than 1.5 km above the tropopause.
The results derived from previous studies are also shown. However, recent studies on tropical overshoots have shown
All the mass flux estimates show decreasing values with althat these cases are not so infrequent. Liu and Zipser (2005)
titude but for different ranges within the TTL. The present use a 5-year Tropical Rainfall Measuring Mission (TRMM)
CRM results form an upper bound to those derived fromdatabase to detect large lifted ice particles that overshoot.
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Their overshooting criteria search for 20%rpixels with tation of the turbulent mixing between the in-cloud air and
more than 20dBZ of radar reflectivity above a referenceits environment within the troposphere, and the gravity wave
height. They find that 1.3% of tropical convection systemsbreaking aloft. Therefore, a higher-resolution simulation will
reach 14 km and 0.1% of them may even penetrate the 38(e run under an idealized framework. Then, the cloud mi-
K potential temperature level. Furthermore, stronger over-crophysics used here cannot allow supersaturation to occur,
shooting has been found over land, including South Amer-in contradiction with the observations in the upper tropo-
ica (Liu and Zipser, 2005). Another study from Geosciencesphere. This may result in an excess of latent heat release
Laser Altimeter System (GLAS) observations find more fre- by condensation. The sensitivity to a more elaborate cloud
guent occurrence of thick clouds in the TTL and above thescheme, like a double-moment scheme, will require further
tropopause than other studies, due to the high spatial resolstudy. Finally the use of passive tracers would give a more
tion of the lidar, with 76.8 m in the vertical and 1.4 km in the quantitative cross-tropopause transport in such very intense
horizontal. Dessler et al. (2006) found that 3.0% and 19% ofdeep convective events. The coming idealized case study
the thick and thin cloud observations, respectively, showed awill take advantage of measurements that have been not used
cloud top in the TTL and 0.34% and 3.1% showed a cloudhere, such as trace gases, aerosol profiles, and lightning activ-
top above the average level of the tropopause. ity. The present case represents a single tropical convective

Finally, in the absence of vertical shear, the individual event. A higher wind shear environment would enhance the
event studied here remained localized. A satellite analy-cross-tropopause transport by a wave breaking more easily in
sis of convective systems over the Indian Ocean shows thathe stratosphere. There is a strong need to study such cases
for mesoscale organized convection (spanning an area largde.g. squall line and other tropical mesoscale convective sys-
than 1d km?), the larger the deepest systems, the larger thdems). Another critical numerical issue concerns the fate of
fraction of overshoot areas (Roca et al., 2002). It is an-positive water vapour anomalies after the stratospheric pene-
ticipated that more import of water vapour in the strato- tration. This issue could be addressed with the combination
sphere should be found over organized systems as was olof high-resolution runs and large-scale models only, which
served during the African Monsoon Multidisciplinary Anal- run for sufficiently long periods in the framework of super-
ysis (AMMA) campaign (J.-P. Pommereau 2006, personalparametrization or global (at least regional) CRM.

communication).
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