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Abstract. The aim of this paper is to study the impacts of mum values of about 3.7 ton' for the Chad case (4 Au-
overshooting convection at a local scale on the water disgust) and 1.4tong for the Air case (5 August), and a to-
tribution in the tropical UTLS. Overshooting convection is tal upward cross tropopause transport of about 3300tén h
assumed to be one of the processes controlling the entrfor the Chad case and 2400 tonthfor the Air case in the

of water vapour mixing ratio in the stratosphere by inject- third domain of simulation. The order of magnitude of these
ing ice crystals above the tropopause which later sublimatenodelled fluxes is lower but comparable with similar studies
and hydrate the lower stratosphere. For this purpose, wén other tropical areas based on models. These two estima-
quantify the individual impact of two cases of overshoot- tions exhibit significant differences and highlight variability
ing convection in Africa observed during SCOUT-AMMA: among the cases of the impact of overshooting convection in
the case of 4 August 2006 over Southern Chad which ishydrating the lower stratosphere. We show that the regional
likely to have influenced the water vapour measurements byenhancement of water above the tropopause is between 0.21
micro-SDLA and FLASH-B from Niamey on 5 August, and to 0.67 ppmv between 380 and 400 K, generally in the range
the case of a mesoscale convective system ovieroA 5 of other model estimations. The amount of water which re-
August 2006. We make use of high resolution (down to mains in the stratosphere after the overshoot is estimated for
1km horizontally) nested grid simulations with the three- both cases. A range of 330 to 507 tons is found for the Chad
dimensional regional atmospheric model BRAMS (Brazilian case and an upper limit of 200 tons is found for tie ease.
Regional Atmospheric Modelling System). In both cases,Finally we emphasize that the hydrated area in the LS by
BRAMS succeeds in simulating the main features of the con-overshooting convection can be advected relatively far away
vective activity, as well as overshooting convection, thoughfrom the overshoot initial location, with locally mixing ra-
the exact position and time of the overshoots indicated bytios of more than 3 ppmv higher than the background level,
MSG brightness temperature difference is not fully repro-which is compatible with the balloon borne measurements
duced (typically ® displacement in latitude compared with performed above Niamey in the same air mass, 30 h after the
the overshoots indicated by brightness temperature differovershoot.

ence from satellite observations for both cases, and several
hours shift for the A case on 5 August 2006). Total water
budgets associated with these two events show a significarit
injection of ice particles above the tropopause with maxi-

Introduction

Water vapour is a key component of the stratosphere, both for
climate and chemistry. As the most important greenhouse

Correspondence toX. M. Liu gas in the atmosphere, the amount of water vapour in the
BY (xiaoman.liu@univ-reims.fr) stratosphere can significantly affect the earth’s climate. It
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also affects the ozone layer chemistry since water vapour i®zone measurements has been carried out within a SCOUT-
one of the main sources of OH hydroxyl radicals in the strato-AMMA (Stratosphere-Climate Links With Emphasis On The
sphere and favours ozone depletion in winter by polar stratoUTLS — African Monsoon Multidisciplinary Analysis) cam-
spheric cloud formation. A 1% increase of water vapour perpaign in August 2006 from Niamey, Niger (138) in West
year in the stratosphere was observed (Oltmans et al., 200@frica (Cairo et al., 2010). This is a location of frequent
Rosenlof et al., 2001) during the second half of the last cen-overshoots during the monsoon season according to Liu and
tury, which is believed to be partially due to water vapour Zipser (2005).
transport across the tropical tropopause. This trend is still Although during SCOUT-AMMA the set of water mea-
debated since Scherer et al. (2008) estimate a 0.7% increaseirements by several types of instruments onboard differ-
but Randel et al. (2006), Jones et al. (2009) and Solomon e¢nt platforms provides an unprecedented documentation of
al. (2010) rather conclude a decrease after 2000. The undethe UTLS tropical water vapour distribution, they are not suf-
standing and the prediction of water vapour distribution in ficient to provide a full picture of the relative impact of the
the tropical upper troposphere (UT) and lower stratospheralifferent processes affecting this distribution in the tropics.
(LS) is currently a key issue since this region is likely to con- Conversely, a modelling approach, evaluated by such a set
trol the entry of water vapour in the stratosphere. At local of measurements can be used to complement these observa-
scale, one important process controlling the water amount irions and to quantify the impact of these processes. In par-
the LS is overshooting convection, injecting directly ice crys- ticular three-dimensional limited-area meteorological mod-
tals above the tropopause which later sublimate and hydratels (mesoscale models) with fine resolution, down to that of
the LS (Pommereau and Held, 2007). cloud resolving simulations can solve explicitly deep convec-
Until recently, the most accepted mechanism driving thetion, and are able to represent in a consistent manner dynam-
water vapour mixing ratio in the lower stratosphere is de-ical and microphysical processes responsible for the water
hydration by freezing. This freezing is followed by sedi- amount in the LS. Quantifying precisely the impact of sin-
mentation during the very slow ascent (6 months betweergle overshooting deep convection events on the LS hydration
15 and 20 km) of tropospheric air due to positive radiativeis a key step before those results can be extrapolated at a
heating (Holton and Gettelman, 2001; Randel et al., 2001 wider scale and before parameterizations of overshoots can
Gettelman et al., 2002; Fueglistaler et al., 2004; Fueglistalebe developed for global models. The relative impact of over-
et al.,, 2005) in the Tropical Tropopause Layer (hereaftershoots with respect to the freezing/drying mechanism in the
TTL, Fueglistaler et al., 2009). This is often referred to asTTL on the water budget could be then estimated. Recent
the cold trap hypothesis. Concurrently, recent total waterstudies (Schiller et al., 2009; James et al., 2008; Fueglistaler
and water vapour measurements from aircraft and balloongt al., 2005) conclude that the slow ascent leading to freez-
show the presence of thin layers of enhanced water vapoung/drying in the cold trap is predominant, with trajectory
or sometimes ice crystals up to several kilometres abovecalculations roughly explaining the water distribution above
the tropopause (Pommereau and Held, 2007; Nielsen et althe tropical tropopause. Nonetheless Schiller et al. (2009)
2007; Chaboureau et al., 2007; Corti et al., 2008; Khaykin etalso conclude that the impact of overshooting convection is
al., 2009). They are attributed to convective overshoots andgtill detectable at the local scale up to 420 K. Another im-
lead to the hydration of the lower stratosphere. As also seeportant argument showing that the cold trap cannot explain
by the TRMM Precipitation Radar and Lightning Imaging alone the amount of water entering the tropical stratosphere
Sensor, these injections seem to occur mainly over land (Litconcerns the trends of the tropical tropopause temperature: a
and Zipser, 2005; Zipser, 2006) even if the earlier study ofdecrease by 0.5K decadereported in Seidel et al. (2001)
Gettleman et al. (2002) concludes that the maximum occurshould lead to an enhancement of the dehydration at the
above the Pacific region. Although such events can be simutropopause, and thus to a decrease of the water amount in the
lated by Cloud Resolving Models (Chaboureau et al., 2007 stratosphere. This is not consistent with the observed trends
Grosvenor et al., 2007; Chemel et al., 2009) they have a to@f water vapour (Oltmans et al., 2000), suggesting that other
small horizontal size (10—-20 km) and are of a too short dura-mechanisms must play a significant role.
tion (typically of one hour or less) to be captured by global Only few estimations of the impact of single overshooting
Numerical Weather Prediction (NWP) models in which their events are available in the literature and correspond to dif-
representation cannot be taken into account explicitly. Theferent areas of the globe - Maritime continent for Chemel et
existence of such events is how widely accepted but what isl. (2009), Brazil for Chaboureau et al. (2007) and Grosvenor
still unknown is their importance at the seasonal scale andet al. (2007) — and different models, leading sometimes to
at global scale, which depends of their frequency in a givendifferent impact at the local scale. The present work focuses
convective area. Also unknown is their relative quantitativeon Africa, an area known for the relatively high frequency
impact with respect to large-scale mechanisms such as thef overshoots according to Liu and Zipser (2005), and where
cold trap. Aiming at a deeper investigation of the mechanismno estimation of LS water injection by overshoot has been
of hydration of the lower stratosphere by convective over-provided by CRMs up to now. Thus the aim of this study is
shoots, a series of simultaneous water vapour, particle antb quantify the amount of water injected into the stratosphere
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by two overshooting events in Africa: the first one is com- g7
posed of several cloud clusters, and the second one is a wel _j
organised MCS. We also aim at complementing the few esti- 18 {F
mates already available in the literature which are necessary g £
before parameterization of overshoots in global models can'= }’
be developed. . 17E :

The present work is based on the use of the three- F { ]
dimensional regional and cloud resolving model BRAMS = 6| =
(Brazilian Regional Atmospheric Modelling System) (Fre- © g R, 1
itas et al., 2009). It will be used to examine how a single over- 15 E g
shooting deep convective system affects the water content o g ) %
the TTL at the local scale in Africa. Here we study two over- B i Y
shooting cases observed in Niger and Chad during SCOUT- N '
AMMA (Cairo et al., 2010), a European funded campaign N
part of the SCOUT-O3 programme, synchronous with the in-

ternational AMMA project (Redelsperger et al., 2006). the Fig. 1. UTLS water vapour profiles from Balloon-borne micro-

case of 4 August 2006 over Southern Chad that likely in-gn, A (red line) and FLASH-B (green) measurements from Ni-
fluenced the water vapour balloon-borne measurements of mey at 18:40 and 18:52 UT (launch time) on 5 August 2006, re-

August in Niamey (Khaykin et al., 2009, hereafter K2009), gpectively.
and the case of 5 to 6 August 2006 of a mesocale convec-
tive system (MCS) generated over central Niger which later

pr?rrr)]agated toyvard Nla_medy andf B"urkma gas?. 2 i between the cell mirrors. #D is monitored at 1.39 pm us-

€ pap;a;hls organlzt_e as Ot ow;. " ec '303 g_|\[;es tahning the differential detection technique. The payload also in-
OVerview ot the convective events. Section escribes ludes pressure and temperature sensors. The accuracy of the
numerical tool used in this study as well as the experimenta ,O measurements within 160 ms is 5%. Micro-SDLA was

data. Section 4 discusses the ability of the model to SimUIat%lready flown successfully in the tropics during the HIBIS-
the observed cases. Section 5 is dedicated to the calculatio| ;g campaign (Mdrcal et al., 2007). FLASH is a Lyman-

of water transport to the lower stratosphere by OverShOOtin%ygrometer. The instrument z,is well as its measurements per-
convection gnd its impact at local/regional scale in the LS.¢ .04 o1 5 August 2006, 12 min later than micro-SDLA
The conclusions are given in Sect. 6. is described in K2009. Although the fine structures of the
micro-SDLA profile shown in Fig. 1 are qualitatively con-
sistent with FLASH observations on the same day, micro-
SDLA shows a still unexplained dry bias. We suspect this

. . ... .bias could be due to a mis-adjustment of the optical multi-
Two cases of overshooting convection are presented in thi ass cell so that a wrong value for absorption path length

paper. Both of them occurred in a relatively active perIOd'Was used in the concentration retrieval process for the water
The first one took place over Southern Chad on 4 AugusR,

2006 and is referred hereafter as the “Chad case”. The second’jlpour channel.

case occurred in# (central Niger) on 5 August 2006. Inthe 1€ study of this case was motivated by a layer of en-
following, it will be referred as the “A case”. hanced water vapour around 17-17.5km altitude, seen by

both instruments in Fig. 1. The enhancement of water
2.1 Description of the Chad case vapour with respect to the background value in this layer

is about 2 ppbv for both instruments, and the correspond-
Balloon borne water vapour measurements on 5 Au-iNg mixing ratios are 8 ppmv for FLASH and 7 ppmv for
gust 2006 from the Niamey military airport (129 N, micro-SDLA. This layer is located significantly above the
02°19 E) by micro-SDLA onboard the “water vapour flight tropopause{16.5km). Using backward trajectories based
no. 1” launched at 18:40 UT and by FLASH-B launched at ©" ECMWF operational analysis winds, K2009 have related
18:52 UT are shown in Fig. 1. Micro-SDLA is a tunable this enhancement to overshooting convection from deep con-
diode laser spectrometer devoted to the in situ measuremen€ction over Southern Chad on 4 August 2006, 14:30 UT.
of H,O, CH; and CQ by infrared absorption spectroscopy  Figure 2 shows a series of Meteosat Second Generation
(Durry et al., 2004). Three near-infrared telecommunication-(MSG) IR images in the 10E to 30 E and OGN to 20° N
type InGaAs laser diodes are connected by means of optidlomain describing the time evolution of the convective
cal fibres to an open multi-path optical cell providing an ab- activity in the Sudan/Chad area for this “Chad case”. The
sorption path-length of 28 m. The laser beam is absorbedonvective activity begins at 10:30 UT on the Sudan-Chad
by ambient gas molecules as it is bouncing back and forthoorder. It develops further in a cluster of several cloud

/
ude (kr

10 5 20 25

H20 mixing ratio (ppmv)

2 Overview of the observation of the convective event
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Fig. 2. Meteosat Second Generation Infrared images in tfteEL® 30 E longitude range and in theé’ 0l to 20° N latitude range on 4
August 2006 afa) 10:30 UT(b) 12:00 UT(c) 14:30 UT(d) 17:00 UT(e) 20:00 UT.

systems, South-East of Chad at 12:00UT (Fig. 2b). AtCALIOP measurements confirm that at about 12:12UT
~12:14 UT, the Lidar instrument CALIOP onboard the the cloud top is very close to the tropopause. At 14:30UT
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Ob- (Fig. 2c), the convective area is composed of an East-West
servation (CALIPSO) satellite scanned the convective cloudband of clouds (from 22E to 16 E; ~11° N). North-East
cluster (not shown). The CALIPSO measurements highlightof this band, there is another cloud system area that joins the
that the cloud top of the cloud cluster is typically at 16.5 km first one while it is decaying. East of the Chad/Sudan border,
in the latitude range N to 13 N and that some parts of cluster of several convective clouds are growing. This is the
this cloud top are classified as “stratospheric features” intime when K2009 identify overshooting convection from the
the version 2.0.1 of the feature mask products. Althoughl1°® N East-West band of cloud from brightness temperatures
the class “stratospheric features” is not always unambiguousnalysis. They identified from a trajectory analysis that the
(see CALIPSO Quality Statement Lidar level 2 vertical fea- LS air coming from the overshoot moved toward the Niamey
ture mask ahttp://eosweb.larc.nasa.gov/PRODOCS/calipso/area and was sampled by the FLASH-B instrument above
Quality Summaries/CALIOBR.2VFMProducts2.01.htm), Niamey (Fig. 1). At 17:00 UT (Fig. 2d), the 1N East-West

Atmos. Chem. Phys., 10, 8263286 2010 www.atmos-chem-phys.net/10/8267/2010/
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band spreads South and North while convective activity

develops on the Eastern to North-Western part of it. At ) PR
20:00 UT (Fig. 2e) the convective activity is mainly around
17 E, 12.5 N, coming both from the North-East and from
the former 12 N band that join together.

To identify the location and time of the overshoots associ-
ated with the convective activity in the Southern Chad area
we use a detection method of overshoots from Meteosat Sec
ond Generation (MSG) observations. This method (Schmetz \ ‘
et al., 1997) is based on the brightness temperature differ- ~ o
ence (hereafter BTD) between the 6.2 um and the 10.8 um ’ -
channel. The first channel is sensitive to the water vapour
emission in the warmer temperature of the lower stratosphere
with respect to the adiabatically cooled overshooting turretrig. 3. MSG pixels with brightness temperature difference (BTD)
temperature. The BTD threshold for the detection of over-higher than 3K between the 6.2 pm channel and the 10.8 um chan-
shoot is set to 3K as in Chaboureau et al. (2007) and K2009nel in Southern Chad from 12:30 UT to 19:30 UT on 4 August 2006.
In a study of deep convection over the Indian Ocean, Rocd he time resolution of MSG data is 15 min.
et al. (2002) use a larger BTD threshold of 5 K. However, it
has been checked for a specific overshoot observational case . ) .
of SCOUT-AMMA in the afternoon of 23 August 2006, that in _the Alr_mountam area (centre Niger) at about 13:3_0 uT
the MSG BTD was about 3.2K while the MIT radar at Ni- (FI9- 42) in the 8.5E, 17N to 1% N area. Another active
amey sampled a convective cell reaching 18.3 km well abové:loud area is observed close to the Niger/Nigeria/Chad bor-

the tropopause~16.5km). This proves that the threshold 4€'- The Ar system grows and extends to"Téand 7 E on
of BTD=3K for the detection of overshoot is realistic in this > August (Fig. 4b) becoming an organized Mesoscale Con-

region of Africa. Figure 3 shows the MSG pixels with BTDs ve_ctive _Sys_tem (MCS) at 18:00UT. At the same time, the
higher than 3K for the 12:15 UT to 19:15 UT with a 15-min VI9€r/Nigeria cloud system grows and propagates westward.
time resolution. It shows that the overshooting convection € Alr MCS grows and moves westward until 18:00UT
activity mainly occurs in the FIN East-West band of clouds, (Fig. 4c) when it reaches its top activity. At the same time the
and moves with time Westward. 14:30 UT is the time when Niger/Nigeria/Chad cloud cluster has decayed and split into
K2009 identify 23 overshooting pixels in this area, to be of two different parts: the first one stays at the Chad Niger bor-

the same air mass as the one sampled by FLASH 30 h Iate(iler yvhile the second, at the Niger/Nigeri_ar_1 bor?erO(E[D
above Niamey. From 15:45 UT, overshooting pixels appea/cOntinue to propagate westward. It later joins ttie MCS
North of this band (typically 12N, 20.5 E). From 17:00 UT, wr_nle the latter propagates south—westyvard tqwards Nlamey
an area of overshoot is given by MSG observations in Wes{F19- 4d). The tota! system reaches N|gmey in the morning
Sudan (12N, 23 E) and corresponds to a large red area in of 6 August and will later move to Burkina Faso while de-

Fig. 2d. From 19:00 UT, another area of overshooting pixelscaym_g‘ . .
appears around 12,81 17.8 E. It corresponds to the high Using the same MSG brightness temperature difference

convective activity shown in Fig. 2e coming both from the {€chnique as for the “Chad case”, we have checked the oc-

spreading of the former East-West cloud band and the North¢Uf"ence of overshoqting .activ?ty of the'|'rAl\_/|CS. Figure 5 '
ern cloud cluster. shows the overshooting pixels in central Niger for the period

To summarize, the period after 12:00 UT on 4 August 2006from _14:45 UT to 17:3(_) UT. It Sh".WS tha'_[ theTrAarea_ has
in Southern Chad is a period of severe deep convection ingaxperlenced overshooting convection during this period. The

cluding overshoots in several subareas: theN East-West qvershoqting area moves wgstward (slightly northward_) with
band of clouds at 14:30 UT, the area in Sudan close to thd!me, which is compatible with the westward propagation of

. he MCS during its maximum of activity. At 15:30 UT, 16:15
Chad border at 17:00 UT, and later the North-West area al ) ; . .
20:00 UT. Satellite images (Fig. 2) show that the different 2Nd 16:30UT the number of pixels with BEBK is 13,

; ; 4, and 16, respectively. These numbers are smaller than for
cloud bands interact with each other to create a large clou& ’ '
cluster g the Chad case: at 14:30 UT, K2009 have reported a total of

23 pixels with BTD>3K (see Table 2 of K2009 for details
about the Chad Case BTDs). Table 1 summarizes the time
evolution of the overshoot size in pixels. It shows that the

A mesoscale convective system was observed East/NortdNnost intense overshooting activity is between 15:30 UT and

East of Niamey at the time of the balloon-borne measure-16:30 UT with a maximum BTD of 4.8 K which is close to

ments on 5 August 2006. Figure 4 shows the time evolutiontn® 0vershoot criteria proposed by Roca et al. (2002).
of this “Air case” MCS as seen by MSG. Convection triggers

Latitude (°N)

Longitude (°E)

2.2 Description of the Arr case

www.atmos-chem-phys.net/10/8267/2010/ Atmos. Chem. Phys., 10, 82862010
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Table 1. Time evolution of the overshoot size in MSG pixels for the Table 2. Model setting used for the Chad (4 August 2006) afid A
Air case, from 14:45UT to 17:30 UT. At each time, the maximum (5 August 2006) case simulations. Size, resolution and starting time
BTD is also reported. BTD: Brightness Temperature Difference be-for each grid are reported.

tween the 6.2 um and the 10.8 um channels.

Cases Grid setting
Time of Size of overshoot  Maximum BTD value Grid Horizontal Grid points Model start
overshoot (UT)  (number of pixels) of the overshoot resolution (km)  (NX, NY, N2) (UT)
5 August 14:45 3 3.49 Chad G1 20x 20 93,83,68 3 August, 18:00
5 August 15:00 3 3.06 G2 4x 4 242,157, 68
5 August 15:15 3 3.27 G3 Ix1 214,110, 68
5 August 15:30 13 4.8 Air G1 20x 20 152, 154,68 5 August, 00:00
5 August 15:45 5 3.87 G2 4x 4 162,197, 68
5 August 16:00 8 3.52 G3 1x1 106, 118, 68
5 August 16:15 14 3.87
5 August 16:30 16 3.89
5 August 16:45 11 3.87 venyi (2002) was chosen. The setup for microphysics makes
5 August 17:00 6 3.59 use of the two moment scheme developed by Meyers et
5 August 17:15 3 3.79 al. (1997). Seven types of hydrometeors are taken into ac-
5 August 17:30 2 3.92 count in the model: liquid cloud droplets and rain for liquid

particles, and pristine, snow, hail, graupel and aggregates for
ice particles. In this scheme, both hydrometeor number con-
centrations and mass mixing ratios are prognostic variables
In the following we study both the Chad case and tfie A of the model, assuming that each hydrometeor size distribu-
case with a mesoscale model. It will give an opportunity to tions follows a gamma function. In the simulation the shape
compare the impact of different types of system on the lowerparameter of the gamma function is assumed to be 2 for each
stratosphere hydration by overshooting convection. The nextategory of hydrometeors as successfully used with BRAMS
section describes the modelling tools and model setup usefh Pénide et al. (2010) for AMMA case simulations. Al-
in this study. though considered as a bulk scheme, this relatively detailed
scheme is particularly suitable for the quantification of water
transport across the tropopause by overshooting convection,
3 Modelling tools and simulation setup in which ice particles are supposed to play an important role
(Pommereau and Held, 2007; Grosvenor et al., 2007; Chemel
The Brazilian Regional Atmospheric Modelling System et al., 2009): as a matter of fact, the number of hydrometeors
(BRAMS) model is a mesoscale model tailored to the trop-is higher than for other CRMs already used for studying the
ics. It is the Brazilian version of the RAMS model (Cot- role of overshooting convection on the LS hydration. The
ton et al., 2003) of the University of Colorado/ATMET. Meso-NH model used in Chaboureau et al. (2007) and the
BRAMS (Freitas et al., 2009) was developed at CPTECARW model used in Chemel et al. (2009) have 5 types of
(http://brams.cptec.inpe.hr/ It is designed to simulate at- hydrometeors (including 3 classes of ice particles). Further-
mospheric circulations at different scales from large regionalmore double moment schemes used in BRAMS and ARW
simulations down to large eddy simulations. It includes aare said to be more precise than single moment schemes as
full set of parameterizations for surface processes, radiain Meso-NH. These differences among models are likely to
tive scheme, dynamics, sub grid scale convection and miinduce differences in the simulated amount of water injected
crophysics. BRAMS differs from RAMS in improvements by overshooting convection.
concerning cumulus convection parameterization, soil mois- Global ECMWF (European Centre for Medium-range
ture initialization and surface scheme. BRAMS/RAMS offer Weather Forecasts) 6-hourly analyses were used in this study,
the possibility to use nested grids, each grid communicatingooth for the initialization and the nudging at the lateral
in a two way process with its parent or child grid. BRAMS boundaries of the larger BRAMS domain (Grid 1). The set
was successfully used to simulate water vapour distributiorof analyses used are the special AMMA reanalyses done at
in the tropical UTLS in a deep convective environment over ECMWF (Agusti-Panareda et al., 2009, 2010), which take
Brazil (Marécal et al., 2007). into account all the radio sonde measurements of the AMMA
Two simulations were run using the BRAMS model for campaign in West Africa. Sensitivity tests have been per-
each of the case studies described in Sect. 2. For both simdermed using operational analyses instead of AMMA reanal-
lations, the radiative scheme of Harrington (1997) was used/ses and showed a significant improvement of the BRAMS
for short and long wavelengths. The sub grid scale paramfesults using the reanalyses in term of convective system for-
eterization of shallow and deep convection of Grell and De-mation, severity, lifetime and propagation.
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Fig. 4. MSG Infrared images centered on Niger on 5 August 208513:30 UT(b) 16:00 UT(c) 18:00 UT(d) 23:30 UT.
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Fig. 5. Same as Fig. 3 but for theiAcase from 14:45UT to
17:30UT on 5 August 2006.

3.1 Specific setting for the Chad case

The 4 August 2006 convective system simulation include

three nested grids as shown in Fig. 6a. The coarse grid (Gri

1) covers a domain from-8.20° E to 25.94 E in longitude
and from 2.39N to 17.78 N in latitude including the At-

www.atmos-chem-phys.net/10/8267/2010/

S

lantic Ocean in the South-West corner. Its horizontal grid
spacing is 20 km. A finer resolution second grid (Grid 2), in-
cluding the area where most of the deep convection was ob-
served, extends from 15.18 to 24.28 E in longitude and
from 8.88 N to 14.68 N in latitude with 4km grid spac-
ing. The finest grid has 1km grid spacing and covers a
214x110 km domain from 19.9& to 21.93 E in longitude
and from 11.15N to 12.19 N in latitude focused in the area
of the East-West cloud band in its mature phase in order to
properly take into account the overshoot area highlighted by
K2009. The topography is also reported in Fig. 6, indicat-
ing within Grid 3 a region with hills higher that 800 m, and
within Grid 2 an area in Sudan with topography higher than
1300 m. For all these grids, the vertical coordinate is terrain-
following height coordinate with 68 levels from the surface
to 30 km altitude with 300 m spacing in the UTLS. In order to
damp the gravity waves at the top of the domain, an absorb-
ing layer of 5 km thickness was prescribed at the top bound-
ary. The time steps used are 30s, 10s and 2s for Grid 1,
Grid 2 and Grid 3, respectively. The simulation was initial-
ized at 18:00 UT on 3 August 2006 and ended on 5 August at
12:00 UT. Model outputs were saved every hour except dur-
ing the most intense period of convection in the model from
4 August, 12:00 UT to 20:00 UT when model outputs were
$aved every five minutes. The choice of the model configu-
ation was a trade-off between high resolution and computing
cost.

Atmos. Chem. Phys., 10, 82862010
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Topography August 4th Grid 3 in longitude and from 15.36S to 16.45 N in latitude, is lo-
Niger ‘ / v [a cated South of the # Mountains. The location of Grid 3 is
16N ; L - chosen in the area where the modelled convection is the most
I””“ severe from a previous simulation with two grids only. The

1200

14N vertical coordinate and the time steps are the same as in the
Chad simulation. The simulation was initialized at 00:00 UT
on 5 August 2006 and was run for 24 h saving model outputs
every hour except during the period 18:00 UT to 00:00 UT
when model outputs were saved every 5min to follow the

detailed evolution of the overshoots.
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300 4 Evaluation of the simulations
7 Grid 1
In this section, we evaluate the results of the two simulations

10E 126 14E 16E 18E_20E 22E 24E . ) o
Longitude %E) —_— against observations. We focus on the ability of the model
] to reproduce the observed deep convective systems/clusters
Topograpliy Auguat St Gad 3 at the regional scale in which the overshoots are embed-

AN S

24N 1

N AR ded and also the observed overshoots locally. We compare
Sl i BRAMS outputs with TRMM (Tropical Rainfall Measur-
2INT ing Mission) estimates of surface rainrates. The TRMM
188 I;";i dataset used was produced by the 3B42 algorithm (Huff-
oo man et al., 2007http://trmm.gsfc.nasa.gdv It is 3-hourly
= 15N 1 o and 0.25><0.25° resolgtioq. The comparison is done usin_g
P o the Grid 1 resglts which include the mesoscale convectlve
2 systems affecting the overshoot area. Moreover Grid 1 res-
E ot e olution is close to TRMM products (20 km for Grid 1 and
o0 0.25 for TRMM). We also compare the model results to the
&N ] 4o MSG overshoot observations. This is done using the simula-
and tion fields from the finest resolution grid (Grid 3 with 1 km
T horizontal resolution). Overshooting convection can only be
EQ el /}A\r &G j 3 simulated when convective dynamical fields are explicitly re-
P R S~ GE 9 15 15E 1§E solved in the model, i.e. using a resolutigi km, as shown
Longitude () -y in previous studies (Grosvenor et al., 2007; Chaboureau et

al., 2007). Note that the observed overshoots are far from
Fig. 6. Topography of the 3 nested grids used for the BRAMS sim- the AMMA/SCOUT-AMMA campaign zone. Therefore it
ulation (iso-lines for Grid 1, and shaded contour for grids 2 and 3).was not possible to make comparisons with balloon borne or
(a) Chad case(b) Air case. aircraft measurements close to the overshoots.

4.1 Chad case
3.2 Specific setup for the Ar case

Figure 7 shows comparisons of surface rainrates (expressed
The Air system was also simulated with three nested gridsn mmh-1) between TRMM (Fig. 7a, ¢, ) and BRAMS
(Fig. 6b). Grid 1 covers a domain from 7.94% to 22.05 E model outputs (Fig. 7b, d, f) for 15:00 UT (between 13:30 UT
in longitude and from 2.02S to 26.10N in latitude with  and 16:30UT), 18:00 UT (between 16:30 UT and 19:30 UT),
20 km grid spacing. This includes a large fraction of Westand for 21:00 UT (between 19:30 UT and 22:30 UT). Rain-
Africa. A significant part of Grid 1 includes the Atlantic rates are accumulated over three hour periods. The focus be-
Ocean in order to better account for the monsoon flux. Theng on the observed overshoots, we have displayed the model
domain of Grid 2 is from 5.80E to 12.14 E in longitude and  and observed surface rainrates over the sub-domain of Grid 1
from 13.16 N to 20.36 N in latitude. This grid, with a rel- including the convective systems that are likely to affect the
atively fine horizontal resolution (4 km grid spacing) covers overshoots. Note that this sub-domain is larger than Grid 2
the Air Mountains with height higher than 1600 m in the cen- area and includes the whole Grid 2 domain. During the pe-
tral Niger where the MCS of interest developed, as shown byriod of interest, several convective systems develop and inter-
the topography in Fig. 6b. Grid 3 has 1 km grid spacing andact while advected as illustrated by the time evolution of the
covers a 106 km by 118 km domain from 7°&to 8.83 E many features appearing in the TRMM surface precipitation
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BRAMS

) Chocg Sudan. |

VT

16i30-19:30 Contral| Afr. Rep. |

Sudan.

fields (Fig. 7a, c, f) and already discussed for MSG observa-
tions (see Sect. 2). The features of interest have been identi
fied in Fig. 7a, c, e by blue and green colour contours. K '
The first one is highlighted by the green ellipse corre- ?
sponding to an area of precipitation in the North-East of |/
the domain close to the Sudan-Chad border. This rainbanc
hardly moves between 13:30UT to 22:30 UT. Only the in- « 2
tensity of the individual convective cells varies with time. '
BRAMS fairly well simulates the position of this rain area
(Fig. 7b). However, BRAMS overestimates the intensity of
this rain area with maxima over 10 mmhwhile the max-
ima from TRMM are usually between 5 and 10 mrth
The second important precipitation feature is highlighted
by a blue domain. At 15:00 UT both BRAMS and TRMM
show an East-West band of precipitation~at1-11.8 N
with the same intensity and distribution. This area corre-
sponds to the zone where the K2009 Chad overshoot has[¢ ¢
been highlighted. It corresponds to the purple to blue over- e\
shooting pixel zone in Fig. 3. South of this band, BRAMS
simulates a local maximum of the same intensity as the
TRMM estimation. BRAMS only fails in the North of the do- ‘ B
main where an isolated low precipitating cell seenby TRMM  jge/ =~ = = pj | N 7
is simulated by BRAMS much further West in a larger area. 12499 Centrali Afr. Rep..| [10:80-22:307 Centrol; Afr. Rep.]
Later at 18:00 UT (Fig. 7c) the TRMM products show that Fig. 7. Comparison between TRMMa( ¢, & and BRAMS b, d,
the precipitation zone spread North and South (Fig. 7c). This) surface rainrate accumulated over 3 h periods for the Chad case.
is also well captured by BRAMS (Fig. 7d), both in location Panel (a) and (b): from 13:30 UT to 16:30UT on 4 August 2006.
and intensity. The Northern cell in the West of the domain Panel (c) and (d) from 16:30 to 19:30 UT. Panel (e) and (f) from
given in TRMM products intensify, as well as the cell lo- 19:30UT to 21:30 UT.
cated more West in the BRAMS simulation which is at the
West edge of the Grid 2 domain. At 21:00UT the area ofto 14:15UT). This tendency both in time and location is in
precipitation in the centre of the domain atN. 19 E for good agreement with the BTD overshooting pixels shown in
TRMM and 11.8 N 20° E for BRAMS is decaying. Concur- Fig. 3, though the observed overshooting pixels are located
rently, further West, for both TRMM and BRAMS, there is along the 11.4N latitude. This good agreement of the model
an intensification of the precipitation from North to South. with observations must be balanced by the fact that ice which
A very intense area in the North-West is seen by TRMM is calculated to be produced in overshoots at 14:00 UT is ad-
(Fig. 7e) and corresponds to the orange overshooting pixelgected westward in the LS before it sublimates totally. Thus
in Fig. 3. A detailed analysis of the MSG infrared images the grid points with ice mixing ratio higher than 0.05 gRg
shows that this area is initially formed from an interaction should not all be considered as overshot grid points but as
between the Northern precipitating cells and theMJre-  grid points with ice of overshooting origin. On the other
cipitating band. In the BRAMS simulation (Fig. 7f), intensi- hand, it is possible that the BTD signature is also sensitive
fication of the precipitation in the West from North to South to advection of sublimating ice injected by overshoot when
is also visible, though the location is too far West. the cloud system below remains very active. Due to the lim-
To evaluate the overshooting activity in BRAMS with re- ited size of the Grid 3 domain to save computing resources,
spect to the MSG BTD observations, Fig. 8 shows the Gridthe overall overshooting activity observed by MSG in all
3 points for which there is a significant ice amount (massthe Southern part of Chad cannot fully be reproduced by
mixing ratio above 0.05gkg) above the tropopause, con- BRAMS. We chose to restrict our goal to reproduce the over-
sidered here as the 380K level (Holton et al., 1995), dur-shoots occurring in the time range and the location pointed
ing the time of overshoots in BRAMS. Dependence with out by K2009, shown to influence the FLASH-B/u-SDLA
time is indicated by the colour scale, chosen the same as imeasurements.
Fig. 3. Note that the horizontal resolution of the model in  Figure 9 shows a vertical cross section of total water along
Grid 3 (1 km) is higher than the MSG resolutiond.3km).  the 12 N latitude in the BRAMS Grid 3 domain at 14:15 UT.
It shows that the overshooting activity beginsa3:15UT It highlights that the simulated cloud system overshoots the
and ends at 14:45 UT. Except for a few overshooting points atropopause up to 17.8 km, above the 400K level. Note that
11.6 N from ~13:15 UT, most of them are along the°12 the position and the time of this overshooting plume is in very
latitude and move with time from East to West (from 13:15 good agreement with the overshoot highlighted by K2009.
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Liquid+lce(q/kq) AugustO4 14:15TU lat=12N G3
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Fig. 8. Chad case BRAMS simulation. Grid 3 time evolution of © 0001 0005 001 005 01 05 1 15 25 38 4
the grid points having an ice mixing ratio higher than 0.05g%g
above the tropopause (380 K). The same color scale as in Fig. 3 iig. 9. Longitude/Altitude cross-section of condensed water mixing
chosen. ratio (g kg~1) around the overshoot location inside Grid 3 at \2
latitude and 14:15UT on 4 August 2006. The solid lines indicate
the isentropic levels 370, 380, 390 and 400 K.

We have also computed the ice water content (IWC) in the
grid 3 domain from 14:00UT to 16:00 UT, and have com-
pared them to measurements of stratospheric ice during Prey
vious campaigns in other continents, provided in Fig. 1 of
Corti et al. (2008). This comparison shows that the IWC are
comparable in both cases, confirming that our simulation i

realistic, as discussed in more detail in Sect. 5.1. S : S )
To summarize. BRAMS succeeds in reproducing the mainupnatlon is located at the same place with a similar intensity.
' P 9 It is worth noticing that the convection triggers in a region of

features of the observed precipitation, except in the West parllnountains as shown in Fig. 6. Sensitivity tests on orography

of the domain from 18:00 UT where BRAMS produces pre- parameters used in the simulation show that orography plays

cipitation whlch is seen by the_satelhte much further Est._ Thean important role in the convection triggering. The area of
model provides good results in the center of the domain for

: L precipitation close to the Nigeria border is also reproduced
the East We§t b_and of precipitation w_here the_ K.2009 over by BRAMS, although it is located more West than the obser-
shoots are highlighted. The overshooting activity in the tlmevations
range from 12:00 UT to 15:00 UT is in good agreement with ' .
the observations, and the ice content in the stratosphere is of Around 18:00UT the observed and modelled rainrates
the same order Of magnitude as the ice sampled during pré)Oth indicate an intensification of the MCS North to South

iger/Nigeria border. The corresponding BRAMS simula-

tion (10b) shows a smaller area of precipitation in central
Niger because the convective system in BRAMS develops
Siater than in the observations. However the maximum of pre-

vious airborne campaigns in other regions of the globe.  (close to 8 E and between T8N and 18 N), and a westward
propagation. The core of high rainrates is comparable in both
4.2 Air case cases. The area of precipitation in the South-East propagates

slightly west-ward with a core of high rainrates similar in
As for the Chad case we evaluate the simulation of theboth cases but more Westin BRAMS, as at 15:00 UT. Around
Air MCS on 5 August 2006 by comparing model out- 21:00 UT both panels 10e (TRMM) and 10f (BRAMS) show
puts to TRMM rainrates and to BTD from MSG. Fig- a south-westward propagation of the MCS but slower in the
ure 10 shows comparisons of surface rainrates (expresseamodel. This is due to the fact that while propagating west-
in mmh~1) between TRMM (Fig. 10a, c, €) at 15:00UT, ward, the BRAMS MCS gets out of Grid 2 and enters in the
18:00 UT and 21:00 UT, respectively, and BRAMS model Grid 1 domain where convection is determined by a subgrid
outputs (Fig. 10b, d, f) for 14:00-17:00 UT, 17:00-20:00 UT, scale parameterisation, coarsening the key parameters which
and 20:00-23:00 UT respectively, thus 30 min time-shifteddetermine the MCS lifetime and propagation speed. The
with respect to the TRMM products. BRAMS outputs are Niger/Nigeria border area of precipitation propagates west-
displayed for Grid 1 in the whole geographical domain to ward in TRMM and BRAMS. Due to the south-westward
be comparable to the TRMM products resolution. Panel 10gropagation of the MCS, this area converges to the MCS and
shows a large area of precipitation in central Niger with alater forms a unique cloud system, shown in both satellite ob-
maximum at~17° N, 8.5’ E. Another area of precipitation servations and modelling. The TRMM outputs at 21:00 UT
is sampled in the South-East of the domain close to theshow that the activity of the MCS decays as highlighted by
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B H g 14 . .
e — The longitude range of the modelled overshoot is also com-
21:0 | Nigerio 4, 120:00-23:00 _ Nigerio 1, parable with the observed one in the first 75 min (Fig. 11a).

In contrast to the Chad case, the displacement of the over-

Fig. 10. Comparison between TRMM( c, 8 and BRAMS p, d, f) shooting signal in BRAMS is not only due to the horizon-
surface rainrate accumulated over 3 h periods for tiieae. Panel  tal advection of ice injected by the overshoot, since there are
(a): from 13:30 UT to 16:30 UT on 4 August 2006. (b) From 14:00 several stratospheric penetrations (first at 8B5nd later at
to 17:00 UT. Panel (c) from 16:30 to 19:30 UT. and (d) from 17:00 g 1 & E) at 19:10 UT and at 19:45 UT in our simulation. Af-
t2°3_2(§)(:)OJ)TPanel (e) from 19:30 UT 10 21:30 UT and (f) from 20:00 10 ¢ i time, BRAMS still produces ice injection above the

' ' tropopause but the geographical distribution of overshoots

differs from the observations. Overshoots are computed in

a maximum rainrate lower than 10 mmin the core of the  the South-West part of the Grid while the observations only
system while BRAMS still shows a very active core. This is Show a displacement of the overshooting pixels with time
partially due to the fact that BRAMS outputs are 30 min later from East to West-North-West. Nonetheless the overshoot-
than the TRMM outputs and that the observed MCS, after 4nd time evolution is very well reproduced by BRAMS in the
decaying phase, re-intensifies later from 23:00 UT. This timefirSt 75 min of the modelled overshooting period (see results
is taken into account into BRAMS in the evaluation of the in panel 11a) with the same direction of displacement, high-
rainrates but is not taken into account in the TRMM outputs lighting that during this period, the overshoots in BRAMS
of the corresponding period which ends at 22:30 UT. Thisare realistic even if late with respect to the observations. Ex-
also could be due to the fact that the modelled MCS is latemination of the modelled cloud top during the overshooting
with respect to the observed one, and thus is still active aP€riod shows that overshoots can reach 18.5km (Fig. 12).
that time. To summarize, the key parameters of the 5 August 2006

Figure 11 illustrates the overshooting activity as seen”lr MCS (location, propagation direction, intensity of pre-
by the BRAMS simulations within Grid 3. It shows lat- Cipitation, overshootlng actl\{lty) are generally well repro-
itude/longitude grid points having ice mass mixing ratio duced by the BRAMS simulation. Nevertheless the modelled
higher than 0.1 g kgt above the 380 K level in the time range MCS develops later than the observations and the overshoot-
between 18:30 UT and 21:15 UT. The threshold of 0.1gtkg NG activity is overestimated at the end of the simulation. The
is twice the one chosen for the Chad to make Fig. 11 more2nd of the simulation will not be taken into account in the cal-
readable. Figure 11 uses the same colour timescale as fHlation of the water fluxes across the tropopause presented
Fig. 5 but shifted in time by 3h and 15min with respect to i the next section.
the BTD overshooting pixels observations. This is done to
account for the time shift of the model MCS compared to ob-
servations. Panel 11b shows that the modelled MCS injects

www.atmos-chem-phys.net/10/8267/2010/ Atmos. Chem. Phys., 10, 82862010
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Since the tropopause height is locally disturbed by deep
convection, especially during convective events when waves
generated by convection can impact the tropopause height,
calculating the water flux across the tropopause needs to ac-
count for this variation. This tropopause height variation
with the convective activity is highlighted in Figs. 9 and 12.
£ 500 Therefore the isentropic vertical coordinate should be used
2 Jo0m0 i to locate the tropopause. Here we use the 380K level (cf.
= 11000 = T - Bunr B Holton et al. 1995).

10000 N N To compute the water flux across isentropic levels which

zggg - are potentially moving, the vertical velocity of tiielevels

2000 | QN Y needs to be determined, so that the relative vertical wind
5000 PSS EEE hy B I . speed with respect to thelevels displacement can be used.

AT X YN Y To compute the vertical speed of thdevel, the variation of
o s 01009 00T 00 0 s A I height with time of &-level is calculated. For this, a time-
step of 5min is used, justifying why the time frequency of
BRAMS outputs are of 5 min during the overshooting period.

The total water fluxes across tlielevel are computed
within the third grid of simulation through all the grid meshes
with positive relative wind speed. The same technique has
been applied by Chaboureau et al. (2007), but these authors

Liquid+ice(g/kg) Augustd5 19:10TU lat=16.15N G3

19000
18000
17000
16000
15000
= 14000 - !

Liquid+lce(g/kq) Auqust0S 19:45TU lat=15.9N G3

2 14000 P . B . have used a time-step for model outputs of 10 min instead of
g 13000 ; 5min in our case. All variables needed for the flux calcula-
£ 12000 1 | v tion are interpolated in a new grid using potential temperature

as vertical coordinate.

5.1 Chad case

gooo| ._‘ a el BY T In order to estimate the impact of overshooting convection on
e R the water composition at mesoscale, Fig. 13 shows a Grid 3
¢ 0.001 0,006 0.01 0.05 Q.1 0.5 1 1.5 2.5 35 4 . . .
. s 100-05-13-157 scatter plot of UTLS total water at different times of the sim-

ulation: initial state, overshooting period, just after the over-
Fig. 12. Grid 3 vertical cross-section of condensed water (gRg shooting period, and after convection. At 14:15 UT (panel
for the Air case 'BRAMS' simulatign. Isentropic'levels are also b), the range of total water values is widely spread above the
shown. (a) Longitude/Altitude vertical cross-section at 1685 3541 |avel, with some values over 100 ppmv. This is due
latitude, at 19:10 UT(b) Longitude/Altitude vertical cross-section - . .
at 15.9 E latitude, at 19:45 UT, 'to the dgprgase in the altltude' of the 380K level at_ thqt time
in the vicinity of the overshooting plume as shown in Fig. 9.
Values as high as 50 ppmv have been observed by the FISH
5 Overshooting convection and cross-tropopause water instrument onboard the Geophysika M55 aircraft at 400K
vapour transport above the Hector cloud in the maritime continent (Corti et al.,
2008; Chemel et al., 2009) on 30 November 2005. During
In Sect. 4 we have shown that the simulations performed forAMMA in Africa, lower values are reported but reach some-
the two overshoot case studies are in good agreement wittimes 10 ppmv in filaments in the lower stratosphere (Schiller
observations. In the following we calculate water budgetet al., 2009). In order to go a step further in the comparison
across the tropopause. These two overshooting case studth measurements associated to overshoots, the IWC was
ies are interesting to compare since they have different charcomputed in the Grid 3 domain from 14:00 UT to 16:00 UT,
acteristics (organization, formation process, duration, sizeand has been compared to measurements of stratospheric
intensity). The two cases described above give an opportuice during TROCCINOX (Brazil) and SCOUT-O3 (Darwin,
nity in the same study to compare the impact of two differentAustralia) provided in Fig. 1 of Corti et al. (2008). At 390K
overshoots by their lifetime and area in Africa. This might the BRAMS model exhibits IWC up to 16...3.103gm~3,
be helpful to later determine a size/duration dependence ofvhile Corti et al. (2008) report measurements with max-
the amount of ice injected in the lower stratosphere by sucimum of IWC typically of 1.5¢1073...2.103gm3, thus
extreme events. in the same range as ours. At about 400K the Chad case
simulation exhibits IWC up to 1%...2.103gm~3, while
Corti et al. (2008) report measurements with maximum of
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Fig. 13. Scattergram of total plD/potential temperature within the Grid 3 domain of BRAMS at different times of the simulation for the
Chad case(a) Initial state at 18:00 UT on 3 Augustb) 14:15 UT on 4 August at the maximum of the overshooting actiity15:55 UT

after the overshooting activityd) 21:00 UT after the convective activity. The black solid line is the mean mixing ratio within the grid. The
blue dashed line is the initial mean mixing ratio. Purple crosses highlight grid points in the overshooting plume area (latitude ffaxh 11.95
to 12.06 N and longitude from 209E to 21.F E).

IWC typically of 1.1073...3.103gm~3. At this level, more  when comparing the pre-overshoot mean profile at 12:00 UT
cases have been sampled than at 390K in Corti et al. (2008pn 4 August and the mean profile at 14:15 UT. After the over-
Again, the measured and the observed IWCs are comparablehooting activity (panel ¢) stratospheric water values are less
Between 400 and 410K most of the BRAMS grid meshesscattered than during the overshoot. But there is still a lo-
containing ice have IWC in the range10to 103gm=2. In cal enhancement of 2 ppmv with respect to the mean profile
Corti et al. (2008), in the 400 K—-420K range, the same IWCbetween 380 and 390 K. A striking feature of panel b and ¢
values are reported but the maximum IWC values are generis the scatter of the very low water mixing ratios in the TTL
ally higher than for BRAMS. From this it can be concluded below the tropopause, showing that deep convection can also
that, although the IWC measurements reported in Corti efead to dehydration in the upper troposphere. This tendency
al. (2008) are from a different continent than Africa and can-is visible in the mean profile at 15:55 UT where it is lower
not be directly compared with our simulation, the strato- than the initial state in the TTL from 360K to 370 K. It is
spheric IWCs computed by BRAMS are of the same ordernot seen at 14:15UT since deep convection leads to a lo-
of magnitude and confirm that our overshoot simulation iscal large hydration that influences the mean profile. When
realistic. convection disappears from Grid 3 (21:00 UT), there is al-

In Fig. 13b purple crosses highlight grid points in the over- Most no variation of the water amount in the stratosphere,
shooting plume area (latitude from 11°3$to 12.06 Nand  €ven if the mean profile remains significantly higher than
longitude from 20.9E to 21.F E). They show that most of the initial one. Above the tropopause, the mean profile is
the high water mixing ratios in the stratosphere are due tdypically 0.21 ppmv at 400K to 0.67 ppmv at 380K higher

this overshoot, enhancing the water amount of 2 to 3 ppmvthan the pre-overshoot mean profile at 12:00UT between
above the 400K level. 380 and 400 K. In the modelling study of overshooting con-

T vection above the Hector Cloud (maritime continent) using
the ARW model, Chemel et al. (2009) report an estimation
a)f 0.12 ppmv water increase in the 405-410K range This

Important to notice is that the mean profile at 14:15U
is higher at any altitude than the initial profile, showing a
mean hydration at all level. The same conclusion is reache
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7 R crease rapidly to tend to the same value at levels higher than

. — 375 K when overshoot activity has disappeared in Grid 3, to
— 30K Ttal ter tend later to zero.

s v In order to compare our result with Chaboureau et
e al. (2007), upward fluxes for water vapour only at 380K

and 390K are reported in Fig. 14. At the maximum of the
overshooting activity the water vapour flux at 380K is 2.15
times the total water flux with a value of 1.75ton's This
confirms that ice injection above the tropopause is a key ele-
ment of the amount of water entering the stratosphere. How-
) o o o ever the water vapour contribution is far from negligible. In
1200 1215 1230, 1245 1500 1515 1300 {345 1400 1415 (430 1445 1500 1545 150 1545 1600 Chaboureau et al. (2007), the water upward flux reported
is 9tons! for the same isentropic level (380K). At 390K
Fig. 14. Upward total water flux across different isentropic levels they report an 8 tons while itis 1.14ton st in the present
within the BRAMS Grid 3 domain between 12:00 UT and 15:55UT study. Keeping in mind that in Chaboureau et al. (2007)
for the Chad case. For the 380K and 390K isentropic levels, thethe domain of calculation is 2.66 larger than in the present
water vapour flux are also shown (dashed line). study, the differences highlighted here should be moderated:
expressed in the same surface area as for the Chad case,
the Chaboureau et al. (2007) fluxes would be 3.38tdns
0.12 ppmv value corresponds to the maximum mean increasgt 380K and 3tons! at 390 K. Thus our calculations are
out of all the increases computed every 5K up to 425 K.compatible with the one of Chaboureau et al. (2007) with
This number is not directly comparable with the one giventhe same order of magnitude in the water modelling fluxes
in the present study since the size domain of the ARW sim-of typically a fewtons per second. However our maximum
ulation is 341341 km, that is 4.94 times our domain size estimation is still lower. This might be due to the use in
(214x 110 km). Thus the relatively low number of Chemel et our study of a double moment microphysical scheme and
al. (2009) is balanced by a larger domain. In Grosvenor eta budget calculation time step of 5min instead of a single
al. (2007) an idealized overshooting case over Brazil is dissmoment scheme. Macal et al. (2010) have shown in a con-
cussed. They report a mean moistening-6t3 ppmv above  vective cell simulation that the amount of ice of the cell core
the tropopause in the 16-17 km range for the most vigorousyas higher for a single moment microphysical scheme than
case of Grosvenor et al. (2007) with a domain size of £50  for a similar simulation using a double moment microphys-
150 km which is very close to the size of the present studyical scheme. Another possible explanation is a difference
Thus, this 0.3 ppmv increase is comparable with the mix-in the vertical velocities computed in each simulation. Dur-
ing ratio enhancement presented in the present study. Notgg the overshoot, the BRAMS simulation exhibits maximum
also that the Unified Model simulation of the Hector cloud values of typically 25 ms! with a peak value of 29 nTg
also presented in Chemel et al. (2009) which highlights a 5—at 14:00 UT, in contrast with the 75m&and 60ms!? re-
6 ppmv increase in the range 410-415K for a larger domairported in Chaboureau et al. (2007) which may not be realis-
(240x240km). This estimation is clearly higher than for the tic. Finally we have checked the influence of the time reso-
Chad case. lution to compute the fluxes on isentropic levels by choosing
Water fluxes of the Chad case are calculated for the mosthe same 10 min resolution as in Chaboureau et al. (2007).
active period in Grid 3 from 12:00 UT to 16:00UT on 4 Au- No important difference appears with the 5 min time step cal-
gust 2006. Figure 14 presents the times series of upwardulation.
total water flux through isentropic surface from 375K to Integrated over the 4h period covering the overshooting
400K. For all levels except 400K several peaks are foundevent and on the surface area of Grid 3, the mass of total wa-
at 13:50 UT, 14:00UT and 14:15UT. They correspond well ter crossing upward the-levels are given in Table 3. The
to the time of overshooting plumes in Grid 3, as shown in corresponding numbers per unit of time are also given. For
Fig. 9 for 14:15 UT. The overshooting signal is not obvious the 380K level which corresponds to the tropopause, a to-
at the 400K level. This can be explained by the fact that thetal mass of water ofv13kton has crossed this level dur-
overshooting plumes shown in Fig. 9 cross the 400K level ining the 4h period. This corresponds to a mean value of
amore limited area and that the ice mixing ratios are lower, in~3300ton ! or 0.91tons!. This computation does not
contrast to lowep-levels. Focusing on the tropopause level take into account potential removal of ice crystal by sedi-
(380K), the maximum instantaneous flux is of 3.77tohs  mentation. However, the total water relative humidity with
which is 3 times less than for the 370K (not shown) andrespect to ice computed by BRAMS highlights generally un-
1.66 times less than for the 375K level. At the same time,saturated conditions<80%) in the LS, except a local maxi-
note the instantaneous flux of more than 1 tohacross the  mum of 110% at 14:20 UT at 17 km. These conditions pro-
395K level. After 14:15UT, the instantaneous fluxes de-vide sublimation of ice crystal before they can be totally

Water flux (ton.s*1)
IS

©
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Table 3. Water budget associated to the overshooting convection for the Chad anit ttes@s across different isentropic surfaces. The
integrated flux is the total mass of water crossingatevels upward during the integration period covering the overshoot (4 h for the Chad
case and 1h 50 min for theidcase). Also shown are the same results divided by the period of integration. The lower limit and the upper
limit of the mass of water injected by the overshoot which remains in the stratosphere after the ice disappears are given for each case.

Extra mass of water after
Cases Isentropic levels (K) 370K 375K 380K 385K 390K 395K 400K the overshoot (tons)

Chad Integrated flux (ton) 29558 18171 13107 10581 8963 7726 6841 Upper limit: 507
Per unit time (ton 1) 7389 4542 3276 2645 2240 1931 1710 Lower limit: 330
Per unit time (ton 31) 21 1.3 0.9 0.7 0.6 0.5 0.5

Air Integrated flux (ton) 12172 6313 4332 3465 2966 2677 2471 Upper limit: 200
Per unit time (ton i) 6639 3443 2363 1890 1618 1460 1348
Per unit time (ton 31) 18 0.9 0.7 0.5 0.4 0.4 0.4

removed from the lower stratosphere by sedimentation. Nev- 1000
ertheless, ice particles do not sublimate instantaneously sc
that this process could lead to a significant loss of water in _ I J
the stratosphere as suggested by Corti et al. (2008): the bud® oo - I
get computed here should be seen as an upper limit. i
In order to estimate the amount of overshot water that re-
mains in the stratosphere, the mass of water between the
380K and 410K levels (the highest levels where the ice pen-
etrates) was computed in the grid 3 domain from 12:00 UT
to 16:00 UT (see Fig. 15). A reference value of zero was setg sool-
at the time when ice starts to appear in Grid 3 since the aim *
is to characterise the stratospheric water mass change du 3
to the overshoot alone and not to the whole convective sys- _, [ L T ‘
tem. Figure 15 shows from 13:30 UT a regular increase of 1700120 100 TR0 100 TR0 1900 190
water vapour followed by a sharp increase in stratospheric
ice mass. A local maximum is reached at 14:00 UT dueFig. 15. Stratospheric water mass change associated to the Chad
to a maximum of ice mixing ratio. The corresponding to- case overshoot computed from Grid 3 (thin lines) between the 380 K
tal overshot water is about 600tons. This is followed by and the 410K levels. Total water (solid line), water vapour (dashed
a decrease, mainly due to ice sedimentation, the amount d_fne), and ice (dotted?dashed line) are shqwn. The reference value
water vagour emainingcorsant. The overshotwater mas? %2 0 o 0 b2 2578 0 0o, e Soien, e
reaches its maximunm~(800tons) at 14:20 UT shortly after the stratosphere starts to exit from grid 3. From this time, the use of

the convection is the most severe. From this time ice de'several hypotheses is shown in thick lines. The dashed-dotted thick

creases while water vapour slightly increases due to ice Su%e is ice mass change computed in Grid 2. The thick dashed line

limation. The loss of ice is caused by both sedimentation ancissymes a constant vapour amount from 14:50 UT (no sublimation
sublimation. From 14:50 UT when the stratospheric hydratedf ice that is finally completely removed by sedimentation). The

plume starts to exit the grid 3 domain horizontally, the extrathick solid line is the sum of the corresponding thick vapour and
overshot mass decreases more sharply. This does not mearica lines. The thick lines with “plus” marks assume that all the ice
loss of mass for the stratosphere. From this time, several hysublimates into vapour without any loss by sedimentation.
potheses are made to estimate the amount of water that will

remains in the stratosphere once all the ice has disappeared.

Keeping in mind that the stratosphere is under-saturated witice computed from a sub-domain of Grid 2 which includes
respect to ice at locations where ice remains, it is unlikelythe hydrated plume from the overshoot. In this domain, no
that significant water vapour loss occurs by condensation omther source of stratospheric ice is included. This hypothesis
ice. The amount of overshot water which remains in theleads to a remaining extra mass of water~g30tons. (2)
stratosphere should be contained between two cases. (1) A€ontrarily to (1), we assume that all the ice sublimates with-
suming a constant water vapour concentration, we assumeut having the time to sediment. This is shown in bold lines
that all the stratospheric ice sediment without sublimating.with plus marks in Fig. 15. It leads to an amount of water
This is shown in bold lines in Fig. 15, using the amount of of 507 tons. Neither of these hypotheses is realistic but it is

water mass chang

heric

F

Chad Case from Grid 3
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Fig. 16. Total water at the 390 K isentropic level in the BRAMS Grid 3 domain at 14:1%a&);T14:30 UT(b), 14:45UT(c) and 15:10 UT

(d) for the Chad case simulation. Also shown are contours of ratio (%) of ice with respect to total water (black solid lines): (a) and (b) 10%
and 50%, (c) 10% and 20%, and (d) 10%. The maximum total water mixing ratios as well as the maximum ratio (%) of ice with respect to
total water are reported in each panel. The same colour scale applies to each panel.

likely that they give the range of water that remains in thethe area of maximum hydration is still 3 ppmv higher than
stratosphere, from 330 to 507 tons. These values are conthe background water content at the maximum (10.2 ppmv at
patible with the values given by Grosvenor (2010), from the 15:20 UT), 1 h and 5 min after the overshoetl00 km away
simulations reported in Grosvenor et al. (2007): his estima-from it. Note that the maximum of total water decreases with
tion is between 100 tons (weak case) and 1100 tons (vigorousme from the time of the overshoot to the time when the hy-
case) depending on the severity of the overshoot. Recentlydrated spot goes out of the Grid 3 domain. Despite a change
based on measurements from the A-Train constellation aboven the horizontal resolution from 1 km to 4 km, the signal is
the warm pool region, Iwasaki et al. (2010) estimated thestill advected trhough Grid 2 until 16:00 UT. In Grid 2, the
overshot mass that remains in the stratosphere to 100 tongotal water decrease with time is relatively slow long after
Although the estimation we give is of the same order of mag-the overshoot. This indicates that a local enhancement of
nitude, our case is at least 3 times higher. However, thesstratospheric water due to overshooting can travel relatively
estimations are seldom in the literature, and it is not possibldar from the overshoot. The maximum value at 15:55UT
to say what estimation is the most representative of a typicals slightly lower but close to 2 ppmv higher than the back-
overshoot. ground level. This is compatible with the K2009 hypothesis
Figure 16 shows the time evolution of the total water at Which explains that the local enhancement of water vapour
the 390K isentropic levels in the Grid 3 domain from the @bove Niamey is due to the overshooting convection of the
time of the most severe overshoot (14:15 UT). It shows thatChad system. This hydrated bulge has also been followed in
the hydrated signal is advected with the wind for one hour inthe Grid 1 domain with the coarser horizontal resolution (20
Grid 3. While travelling westward, the signal spreads North km). When the simulation ends, the hydrated signal is above
and South and the maximum of total water decreases due th'e Chad/Cameroun/Nigeria border with a maximum mixing
horizontal diffusion, and possibly vertical diffusion and sed- ratio ~0.7 ppmv higher than the environment. This value is
imentation of large ice particles. Fig. 16 also shows that thg'elatively low compared to the hydrated layer observed by
ratio of ice to the total water decreases with time while theMicro-SDLA and FLASH. However we cannot rule out an
area of maximum hydration travels westward. It varies at theeffect of the coarse resolution which would spread the over-
maximum from~98% at 14:15UT to~15% at 15:10UT, ~ Shot plume too fast.
showing that despite of slightly subsaturated conditions with
respect to ice, ice particles remains in the lower stratosphere
one hour after the overshoot. Before going out of Grid 3,
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=4
«

il E—— The same stratospheric water mass change calculation has
5 | e been applied to the A case as for the Chad case. How-
— 385K Total Water ever, considering the discrepancies between the model and

25 | 300K Total Water the BTD observation from 19:50 UT when the model over-
= 395K Toral Water estimates the overshooting activity, it is not possible to study
B the evolution of the stratospheric hydrated plume. Contrarily
S5 aOKapor to the Chad case, the overshooting convection led to a strong
-

increase of ice (800t at 19:00UT) but was associated to a
loss of water vapour in the surrounding, so that the total wa-
ter increase at 19:50 UT is less than 200tons. This number
has to be compared with the 800tons of total water which
‘ are reached at maximum of the Chad case. We cannot con-
1800 1815 1830 1845 1900 1935 1930 1945 clude about the water amount that remains in the stratosphere
Time UT but it is clear that the Chad case hydrates significantly more
the stratosphere than thérAcase. Even assuming that the
200 tons of water would remain in the stratosphere, which is
likely not true, there would be at least a factor of two third be-
tween the Ar and the Chad case. This highlights once again
5.2 Air case and comparison with the Chad case that depending on the case studied, the impact on the strato-
o ] ] sphere hydration is significantly different. One of the reasons
Similar calculations were carried out for the case of Augustsy, the difference between theirand the Chad cases is the
5. The period of 18:00 UT to 19:50 UT has been used to comyitterence with respect to the saturation: the Chad case oc-

pute water fluxes across different isentropic levels in the grid.rs in a dryer environment than thérAcase. In the A

3 domain. We limit our calculation to this period in order to case while injecting total water in the stratosphere, the satu-
keep only the period when there is a good agreement betweegtion with respect to ice is reached in small area in the sur-
the MSG overshooting activity and the BRAMS overshoot- ronding of the overshoot for all time considered at 380 K.
ing activity (see Sect. 4.2). The results are given in Fig. 17\yater vapour condenses on ice particles which fall out. Con-
and flux values are summarized in Table 3. A two peak struCseqyently, the modelled stratospheric water mass tends to de-
ture is shown in Fig. 17, highlighting two different short pe- rease shortly after the overshoot. Concurrently for the Chad

riods of intense overshooting convection. The first peak, alcase, it was checked that the RHi was lower than 100% in the
19:10 UT, is visible for alb-levels showing that overshoot- \arshot plume. Thus ice particles tend to evaporate.

ing convection directly injects ice particles above the 400 K,

as shown in Fig. 12. At 380 K, this peak reaches a maxi-

mum of 1.1 ton 5 for total water, with a corresponding flux 6 Conclusions

for water modelling of 0.56 torrs (more than half the total

flux), which is less than the peak describe(_:i for the Chad caserpe aim of this study was to quantify the impact of two dif-
The latter number should be compared with the flux calculaerent overshooting events on the water budget in tropical
tion of Chaboureau et al. (2007), multiplied by the surfaceqpopause region during the African monsoon 2006. One of
area ratio Olf each simulation (19618/250<250=0.2), that  hese events was directly upstream of a pair of balloon flights
is 1.8tons™ at 380K and 1.6ton's" at 390 K. Again, the  from Niamey measuring water vapour in the UTLS in the
calculations of Chaboureau et al. (2007) are higher than oursyame of the SCOUT-AMMA campaign. During these flights
Thg second peak, at the end ofth'e ca_lculation period, reach%myer of enhanced water vapour of more than 2 ppmv was
a higher value of 1.49ton's that is still lower than for the  \easured. Three nested grids regional down to cloud resolv-

Chad case. The difference is likely due to the smaller surface;ng simulations were conducted with the BRAMS model. A
area of overshoots for theircase. Note for the second peak §ouble moment bulk microphysical scheme is used in our

that the overshooting signal is not seen at the 390K level andjmyjation. This study confirms previous estimates from
above. This illustrates that this overshoot penetrates thosg,gde| simulations that overshooting convection injects a
levels on smaller surface area that for the Chad case. Thg\ge amount of water via ice crystals which later sublimate
integrated fluxes during the whole period given in Table 3i 5 syp saturated environment, while sedimenting. How-
highlight lower values per unit of time than for the Chad gyer, our water modelling flux estimation is lower than the
case, though theiAcase is shorter in duration. Féflevels  one of Chaboureau et al. (2007) who studied an overshoot
in the stratosphere380K), the Ar case budgetis typically  oyer Brazil. This could be due to the use of a double mo-
0.75 times the Chad budget. This shows the variability of the,ant scheme in BRAMS in contrast with the single moment
impact of overshooting convection on the amount of watergcheme of meso-NH: single moment schemes are known
injected in the stratosphere among the cases. to overestimate precipitation and the concentration of ice

Fig. 17. Same as Fig. 14 but for theiicase, computed between
18:00UT and 19:50 UT on 5 August 2006.
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crystals with respect to double moment schemes which aréime scales needs to be studied first, in order to reconcile
more precise. For the case of 4 August 2006 over Souththe small scale and the larger scalglHtransport pathways
ern Chad, a total amount of 13kton is injected into the which are still highly debated. We propose as a first step to
stratosphere leading locally to an enhancement of total wabetter estimate the variability of the impact of overshooting
ter of 3ppmv at 400K and to mixing ratios higher than convection among a larger set of different cases and different
100 ppmv at the tropopause. At a regional scale, after thaype of overshooting convection. We also propose to check
overshoot, the mean water amount in the Grid 3 domainthe impact of key parameters in the model such as the mi-
above the tropopause is still enhanced by 0.21 ppmv at 400 Krophysical scheme or the model resolutions to pinpoint the
to 0.67 ppmv at 380 K. This result is comparable with the reasons for the differences among models on the LS hydra-
0.3 ppmv water enhancement given in an overshoot study iriion. Concurrently, it would be interesting in the future to
Brazil by Grosvenor et al. (2007) for a similar domain size, compare water budgets of the same case but with different
and is compatible with the ARW model simulated enhance-mesoscale models. From this, typical impact of overshoots
ment of 0.12 ppmv for Hector in Northern Australia (Chemel could be obtained and be included in larger scale models to
etal., 2009), in which the model size is larger than ours, mak-upscale the impact of overshooting convection on the whole
ing a direct comparison difficult. In the above mentioned tropical lower stratosphere.

study the water enhancement given by the UM model sim-

ulation is much |arger (591 ppmv) than is the present WOrk‘ACknOW|edgementSThiS work was Supported by the EUrOpean
This highlights the variability among mesoscale models tontegrated project SCOUT-O3 (GOCE-CT-2004-505390) and by
simulate the hydration of the lower stratosphere by deep cont€ Program LEFE/INSU in France (projects UTLS-tropicale and
vection, together with the variability of the impact of over- Tropopause 2009). The computer resources were provided by
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A mass of extra total water that remains in the strato-calcul Intensif). The TRMM data were provided by GSFC/DAAC,
sphere after the overshoot was computed: a range of 330 tNASA. The CALIPSO/CALIOP image was distributed by Atmo-
507 tons was found, in the range of various estimations (10Gpheric Science Data Center, at NASA Langley Research Center.
to 1100 tons) given by Grosvenor (2010). Our calculation isMeteosat Second Generation data were provided by the AMMA
higher than the estimation of 100 tons deduced from satellitedatabase and the Climserv database at Institut Pierre Simon Laplace
observations (Iwasaki et al., 2010). (IPSL). One of the authors, Xiaoman Liu is funded bgdion

After being advected for more than one hour afD0 km Champagne-Ardenne. GéRide and V. Giraud at Laboratoire de
away from the overshoot, the hydrated area at the 390 K Ieve_l?/létéorologie Physique (LaMP) are ackowledged for their advices

is still 3 higher than the back d t t in the BRAMS setting. We wish to acknowledge D. Grosvenor
IS St ppmv-higher than the background water amount,, ., qe comments helped to improve the manuscript. Finally,

showing that the impact of the overshoot can be seen far awaye are grateful to the micro-SDLA technical team of DT-INSU
from its location. Thus, it is likely that the water vapour en- (y. Amarouche, F. Blouzon and J. Belise) for their investment
hancement of more than 2 ppmv sampled by FLASH-B andduring the SCOUT-AMMA campaign in Niamey.
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Another more organised overshooting system was stud-
ied over Ar and the associated water budget across the
tropopause was computed. It shows a total mass of wat
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