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Abstract. The EU HIBISCUS project consisted of a series balloons circumnavigating the globe to study the contrast be-
of field campaigns during the intense convective summers irtween land and oceans.

2001, 2003 and 2004 in the State @dSPaulo in Brazil. Its Analyses of observations of short-lived tracers, ozone and
objective was to investigate the impact of deep convection once particles show strong episodic local updraughts of cold
the Tropical Tropopause Layer (TTL) and the lower strato- ajr across the lapse rate tropopause up to 18 or 19 km (420—
sphere by providing a new set of observational data on me440K) in the lower stratosphere by overshooting towers.
teorology, tracers of horizontal and vertical transport, waterthe long duration balloon and satellite measurements re-
vapour, clouds, and chemistry in the tropical Upper Tropo-veal a contrast between the composition of the lower strato-
sphere/Lower Stratosphere (UT/LS). This was achieved ussphere over land and oceanic areas, suggesting significant
ing short duration research balloons to study local phenomyglobal impact of such events. The overshoots are shown to
ena associated with convection over land, and long-duratiorbe well captured by non-hydrostatic meso-scale Cloud Re-
solving Models indicating vertical velocities of 50-60 rts

at the top of the Neutral Buoyancy Level (NBL) at around

Correspondence tal.-P. Pommereau 14km, but, in contrast, are poorly represented by global
BY (jean-pierre.pommereau@latmos.ipsl.f) chemistry-Transport Models (CTM) forced by Numerical
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Weather Forecast Models (NWP) underestimating the overean occur above tropical cyclones (Ebert and Holland, 1993;
shooting process. Finally, the data collected by the HIBIS-Tuck et al., 1997).

CUS balloons have allowed a thorough evaluation of tem- However, such systems are generally thought rare and thus
perature NWP analyses and reanalyses, as well as satellitmimportant at the global scale. On average, convection
ozone, nitrogen oxide, water vapour and bromine oxide meareaches only the upper troposphere where a barrier to ver-
surements in the tropics. tical mixing could be generally observed around 14 km, the
bottom of the so-called Tropical Tropopause Layer (TTL)
(Folkins et al., 1999). The proposal thus made by Sherwood
and Dessler (2000) for troposphere-stratosphere exchange is
a two-step process: a vigorous convective lifting up to the
bottom of the TTL followed by a slow ascent after radiative
heating in the TTL, a process known as the “mixing layer”
The tropical Upper Troposphere/Lower Stratospherepynothesis. A revised concept of TTL and a thorough de-
(UT/LS) is a key region for both stratospheric ozone deple-gcription of the vertical transport process within the layer
tion and climate. Itis the source region of ozone-depletingare provided by Fueglistaler et al. (2009), who noted in their
substances, like organic chlorine, bromine and possiblyzonclusion that “the effect of overshooting convection on the
iodine, as well as long-lived source gases such as nitrougeat palance of the TTL is still a major unknown”.

oxide, methane, which after oxidation at high altitude and  ggfore HIBISCUS, most observations had been carried
transport at mid-and high latitude by the Brewer-Dobson gt gyer oceanic areas because of the many problems in mak-
circulation are controlling ozone chemistry. It is also the jng in_sjty aircraft or balloon observations next to deep con-
region controlling the water vapour content of air entering yection over land. In addition, the frequency of occurrence
the stratosphere, partly responsible for the cooling of theqt gyratosphere-penetrating land mesoscale systems was hard
stratosphere. The tropical UT/LS is the altitude level whereto assess. It is only recently that space-borne precipita-

ozone, an efficient greenhouse gas at this altitude, is foungo ragar (PR) and visible-IR imager (VIIRS) observations
to be highly variable for several possible reasons: (a) itSyhoard the NASA Tropical Rainfall Measurements Mission
convective uplift from the surface; (b) its formation by giejlite (TRMM) have shown that land convective systems,

photochemical precursors; (c) the quasi-horizontal exchang@eyeloping in the afternoon, reached higher altitudes than
with the lowermost stratosphere; and (d) because the regiog,itime systems (Nesbitt et al., 2000; Alcala and Dessler,
is the most exposed to NCproduction by lightning within - 5002 Nowicky and Merchant, 2004; Liu and Zipser, 2005).
thunderstorms. Within this context, the objectives of HIBISCUS were to
However, there are a number of unresolved issues irprovide a set of new observational data on meteorology, trac-
the tropical UT/LS, such as the impact of local convec- ers of horizontal and vertical transport, water vapour, clouds,
tive overshooting on troposphere-to-stratosphere transpodind chemistry in the tropical UT/LS from balloon observa-
(TST), on the hydration/dehydration processes of air entertions at local scale within a subtropical convective land area
ing the stratosphere, and on the concentration of short-livedn Brazil, as well as at global scale using circumnavigat-
chemical species in the UTLS, which is highly dependenting long-duration balloons, for studying the contrast between
on the speed of their lofting. Based on the assumption thatontinents and oceans, the representation of temperature and
the largest vertical motion into the stratosphere occurs whergvind in the Numerical Weather Prediction (NWP) models
the temperature of the tropopause is the lowest, Newell anénalyses, and the performances of satellite ozone and chem-
Gould-Stewart (1981) suggested the idea of a limited regioricals measurements in the tropics. This overview describes
of entry of dehydrated tropospheric air into the stratospherethe background of the project, including the available obser-
namely the “Stratospheric Fountain” above Indonesian Iswational and modelling tools, and highlights the most signif-
lands and Micronesia, also called “the Maritime Continent”. jcant results.
A remarkable characteristic of convection in this region, and
to some extent in the entire tropical belt, is its large intra-
seasonal variability associated with the phase of the Madder?  Campaign context
Julian oscillation (MJO) (Wheeler et al., 2009 and references
therein). However studies from a number of years (e.g.,The campaigns took place in Bauru (2233 49 W) in the
Danielsen (1993) from ER-2 observations during the STEPsubtropics, 330 km west of&® Paulo in Brazil during the
mission over Northern Australia in 1987, and analyses of ra-Southern Hemisphere summers in 2001, 2003 and 2004. Lo-
diosondes or radar observation in Darwin and Samoa in theated in the South Atlantic Convergence Zone (Fig. 1), dur-
Southern Pacific, e.g., Folkins et al., 1999; Gettelman et al.jng the Southern Hemisphere summer, it is one of the most
2002; May and Ballinger, 2007), maritime convection is on intense convective regions on Earth (Liu and Zipser, 2005).
average less intense and hardly penetrates the stratospheéfbe experiment was conducted in collaboration with the
compared to continental systems, although large overshootsleteorological Research Institute (IPMet) of th&oSPaulo

1 Introduction
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Fig. 1. Precipitation (mm) in South America in January. ITCZ is the
Intertropical Convergence Zone near the equator. Bauru{&2.3 Fig- 2. Meridional cross-section of potential vorticity (pv unit) at
4% W) is located in the convectively active region of the South At- 50° W on 31 January 2004, the day of largest northward shift of the
lantic Convergence Zone (SACZ) and has a 260 mm average rainfaffub-tropical barrier during the campaign. The vertical line indicates
during the month. the latitude of Bauru. In the upper troposphere and the lower strato-
sphere it is still north of the maximum PV meridional gradient, the
location of the sub-tropical jet, in a region of tropopause at 2 PV
State University (UNESP). Importantly, Bauru offers a suit- unit at 380 K, that is still in the Tropical Tropopause Layer.
able balloon launch area, and crucially, a Doppler radar for
thunderstorms monitoring during launch operations. 10N

2.1 Meteorology

LATITUDE

As shown by the potential vorticity altitude-latitude cross-

section and the maps displayed in Figs. 2 and 3, Bauru is
located in an area of easterly wind north of the subtropical
jetin the lower stratosphere and on the south-east side of thEig. 3. Potential Vorticity (pv unit) maps on the same day at 475K

Bolivian upper tropospheric high in a W-SW wind regime in the stratosphere (left), at 380K at the tropopause level (middle),

(see Huntrieser et al., 2007). From Bauru, Sh(?"t'duraﬁo”and at 350K in the troposphere (right). The location of Bauru is in-
balloons can fly west towards accessible areas with safe payicated by a white star. At 475K in the stratosphere is in a region of

load recovery for short-duration balloons and towards the Paeasterly wind north of the sub-tropical jet (the region of maximum
cific for the long-duration balloons to start their tropical cir- meridional PV gradient) and at 350K in a region of W-SW wind
cumnavigation. Even during an episode of maximum north-blowing around the South American upper tropospheric high. The
ward shift of the sub-tropical barrier, such as on 31 Januaryropopause level at 380K, around 15.5km, is a level of light wind
2004, shown in Figs. 2 and 3, the UTLS above this regiOHOf maximum mixing between the mid-latitude and the tropics.

is still tropical in nature. The lapse rate tropopause (LRT,

dr/dz < +2°Ckm~1 following WMO definition) is on av- . . . . )

erage at around 16 km (370K), surmounted by a cold point@dar, lidar, lightning network) provided by IPMet in the
tropopause (CPT) 1.5-2km higher. In February 2004, thefram_e of a Brazman cqllaboratlv_e project Tropical Con-
frequency of days when one or more echo tops was observetfction and Cirrus Brazil (TroCCiBras) (Held et al., 2007,
above 15km was of 58% (Fig. 4 from Gomes and HeId,2008)' There was close collaboration with the European
2004), displaying a strong daily maximum at around 16:00—troPical project TROCCINOX (Tropical Convection, Cirrus
17:00 local time. The average maximum latitude of echo-2nd Nitrogen Oxides Experiment) (Huntrieser et al., 2007),

tops was 18 km (Fig. 5 from Pommereau and Held, 2007). with the I?eutsche; Zentruriif Luft- und Raumfahrt_ (DLR)
Falcon aircraft being deployed from a nearby airport. In

2.2 Observational context addition, collaboration was established with the European
Space Agency giving access to the data of the Environmen-
The short- and long-duration balloons were operated by thdal Satellite (ENVISAT) measurements prior to their public
French Centre National d’Etudes Spatiales (CNES). Theseelease, and with the ODIN Swedish-Canada-Finish-French
were complemented by a set of radiosondes, backscatteyatellite for reinforced observations over the area during the
and ozone-sondes, and ground-based observations (Dopplperiod. Finally, collaborations were agreed with the US
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Fig. 4. Frequency of days in February 1996-2004 (no survey in —_—

2003) when one or more echo tops (10 dBZ threshold reflectivity, 0 3 10 15 20

storm volume>50 krr?) was observed above 15 km altitude within LOCAL TIME (H)

the 240 km range of the IPMet S-band radar in Bauru (Gomes and

Held, 2004). February 2004 was among the most active monthig 5. pijurnal variation of maximum echo-top height average and

among the 8 yr of observation. standard deviation seen by the Bauru radar within its 240 km range
during the high and medium convective days (2800 counts/day av-
erage).

National Oceanic and Atmospheric Administration (NOAA) 9

ozonesonde stations of Samoa and Fiji, as well as with the

French Reunion Island station for dedicated ascents duringn the tropics. Balloon operations and measurements were

the overpass of the long-duration balloons. complemented by several ground-based and satellite obser-

The deployment of such a complex experiment at a rela-vations, and a variety of models. They are briefly described

tively new facility in a region prone to thunderstorms dur- below.

ing the rainy season (only two short-duration flights in 1997,

Pommereau et al., 1999) was challenging, especially as i8-1 Short-duration balloons

included the deployment of several new instruments and he ball dfor th fiiah f1h )
payloads and the use of new balloons designed for slow! € balloons used for these flights were of three types:

overnight descents across the TTL. The preparation of the ; gman zodiac stratospheric balloons (SF) of 3060 m
HIBISCUS campaign involved a number of instrument test volume of 25um material, carrying 150kg at 22 km.
flights in France as well as in the tropics in 2001-2003. Two They were designed to descend slowly after sunset by

preliminary campaigns took place in Bauru during the austral radiative cooling to allow in situ measurements in the
summer 2000-2001 and later in February 2003, whose data, 1L

available in the HIBISCUS database, have been also used for

scientific purposes. ii. Zodiac Light (ZL) of 16 pm polyethylene and 10 008 m
A decisive advantage was the interest of Brazilian scien- volume balloons, carrying 120 kg for an ascent to 30 km
tists to participate in the project through a number of collab- followed by a short float for 1-2 h at sunset for solar

orative observations, as well as in the analysis and interpreta-  occultation measurements, and

tion of the data. Under the coordination of IPMet and the um- __ .

brella of the TroCCiBras Brazilian project, HIBISCUS and lli- aerostar plastic balloons of 240 and 1500walume for
TROCCINOX could develop a mutually beneficial scientific soundings with payloads of 10-20kg.

collaboration with a number of Brazilian research institutes. 14 jist of instruments included:

i. in situ sensors operating during the ascent and the
3 Balloons and ground-based instrumentation, slow night time descent of the balloons: a light
satellites and modelling tools weight DIRAC (Determination in situ by Rapid An-
alytical Chromatography) Gas Chromatograph and a
A number of in situ and remote sensing instruments have DESCARTES ([&termination et 8paration par Chro-
been flown during HIBISCUS on short- and long-duration matographie lors de I'Analyse deseéBultats des
platforms. The balloons, their instrumentation, as well as Traceurs Echantilloréss dans la Stratosphe) grab sam-
the models used were essentially those developed during the  pler of UCAM for tracers and short-lived species, two
1990's for investigating polar ozone depletion in the Arctic tuneable diode lasers, a TDLAS (Tuneable Diode Laser)
(Newman et al., 2002), and subsequently adapted for use of NPL and the uSDLA (micro-Spectrometric Diode

Atmos. Chem. Phys., 11, 2308339 2011 www.atmos-chem-phys.net/11/2309/2011/
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Laser) of CNRS-SA for water vapour and methane, spectral bands between 0 and 100 Hz was transmitted to the
a surface acoustic wave (SAW) hygrometer and anground.
ozone solid state sensor (O3SSS) of UCAM, a Laser Depending on the flight, the MIRs were carrying one or
Basckscatter Sonde (LABS) of CNR-ISAC for aerosols, two payloads: a CNES service gondola controlling the flight
and an electric field probe of CETP; (Inmarsat telemetry and remote control) hosting a micro-
o . lidar, or the service payload and an independent SAOZ pay-
ii. five remote sensors: a Sgste d'Analyse par Ob- |9ad suspended 40 m below. The service payloads included
servation Zenitale (SAOZ) UV-visible spectrometer of 4 GPS, a pressure sensor and two thermistors, as well as a
CNRS-SA for G and NG profiles and a UV extended  jightweight (160 g) global IR radiometer of CNRS-SA based
version of the same instrument fosONO,, BrO and oy a design proposed Suomi and Kuhn (1958). The nadir-
aerosols profiles by solar occultation during the daytimeboking MULID micro-lidar was similar to those flown on
ascent of the balloon and from float altitude at sunset,short duration balloons, but only operated every 15 min dur-
a UV radiometer of NILU for daytime photolysis rates jnq the night for backscatter and depolarization profiles under
retrievals, a downward looking MULID micro-lidar of the palloon. The SAOZ long-duration version was similar to
ENEA and CNR-ISAC for aerosols and clouds vertical that used on short-duration balloons, but with two important
profiling, and an optical lightning detector; and, differences: (i) the spectral range extended up to 1000 nm
for the measurement of stratospheric water vapour around
760 and 940 nm; and (ii) onboard spectral analysis was used
due to the limitation in the telemetry capacity of the ARGOS

iii. ozone Electro-Chemical-Cell (ECC) and aerosols
backscatter (BKS) sondes.

A short description of each is provided in the Appendix. ~ System. Results of the analysis only (slant columns and fit-
ting errors) were transmitted, whilst the spectra were stored
3.2 Long-duration balloons on board in case of recovery at the end of the flight, which

was always the case when the flight ended over a continent.
Two types of long-duration balloons were used: (i) con- The SAOZ payload was equipped with a GPS, Vaisala RS80
stant level 8.5 m or 10 m diameter spherical 12 um thick My- pressure and temperature sensors and two optical detectors
lar constant altitude super-pressure balloons (SPB) carryrespectively nadir- and zenith-viewing for the detection of
ing 20kg at respectively 18 and 19km; and (ii) Infra-Red lightning flashes and at zenith for blue-jets.
Montgolfier (MIR) balloons of 45000 fvolume in 15 um
aluminized Mylar for the upper part and 12 um transparent3-3  Ground-based observations and operational
polyethylene for the bottom, carrying 60 kg at 28 km during modelling

daytime and 20—24 km at night depending on the cloud cover

(Pommereau and Hauchecorne, 1979). The payloads Carrie%rognd-b::xsed instrum_ents and_meteorological products were
on each type of balloon were chosen based on their technicdl’®Vided by the TroCCiBras project (Held etal., 2007, 2008),

maturity with respect to the severe thermal, power weightWhiCh were essential for operations and interpretation of bal-

and telemetry constraints. loon data:

The payload on SBP flights designed by CNRS-LMD, i. two Doppler S-band Doppler radars at Bauru (BRU) and
called RUMBA, included a Global Positioning System at Presidente Prudente (PPR) located 240 km west of
(GPS) for location £10m) and horizontal wind calcula- Bauru in the direction of the balloon flights were exten-
tion (+£0.01 ms1), a pressure£0.6 hPa) and two temper- sively used for balloon flight decisions;
ature sensors#0.25K at night, 0.3 K during daytime). The i
measurements were sampled every 15min and transmitted
via the ARGOS telecommunication system. The tempera-
ture sensors were small thermistors, mounted Ejart on iii. the Meso-Eta meteorological model of the Centro de
a 1-m boom, hanging 5m below the gondola. Two types Previsio de Tempo e Estudos Cliticos (CPTEC), cen-
of small passenger instruments were mounted: a combina- tred over Bauru and covering the whole State @bS
tion of O3SSS and SAW sensors on the balloons flying at Paulo with a 10« 10 km resolution grid run twice a day
18 km near the cold point tropopause and a prototype of tur-  (00:00 and 12:00 UT) providing 3-hourly forecasts;
e s s o .y -0 bac o clules by the CRTEC

. Regional Atmospheric Modelling System (RAMS)
those flown on the short-duration balloons, even though the model used for optimising the flights:
operational methods were tailored to the constraints of the '
long-duration flights. The turbulence sensor was made of v. meteorological data from the automatic weather sta-
a micro-accelerometer (18g resolution) sampled at high tion network and those of a Lightning Detection Net-
frequency (200 Hz) measuring the motion of the gondola in- work (RINDAT) and GOES-E images (available every
duced by atmospheric turbulence. The variance in several 30 min) was archived in the TROCCIBRAS data base.

Vaisala RS80 radio-soundings four times per day for a
total of 107 soundings;

www.atmos-chem-phys.net/11/2309/2011/ Atmos. Chem. Phys., 11, 23892011
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be added), and (b) of short-duration balloons to test the op-
erational and the nighttime slow descent procedures. The
second deployment in February 2003 was dedicated to the

Table 1. Instruments flight tests in 2001.

Instrument (Institute) Parameter ZL1 ZL2 . . S

: . testing of new instruments and the validation of ENVISAT
SAOZ Vis, SA Os, NO profiles X X observations in the tropical stratosphere and also involved
SAQZ LV, SA BrO profile X X short and long-duration MIR balloon flights. The final and
SAOZ H,0O, SA H>O profile X X in HIBISCUS . inJ March 2004 and
SAW Hygrometer, UCAM  H0 X X main campaign was in January-Marc an
SSS Ozone sensor, UCAM O involved all types of balloons including constant level super-
Micro-lidar, ENEA/ISAC  Backscatter ratio/ pressure (SPB).

polarization

4.1 MIR and ZL balloons test flights on November 2000
and February 2001

Daily Oz and NG columns measurements from a SAOZ Two Infra-Red Montgolfier (MIR) test flights were per-
ground-based spectrometer deployed in Bauru since 1995 ifprmed by CNES from Bauru in November 2000, and an-
the frame of the Network for Detection of Atmospheric Com- other three in February 2001. They were organised to test the

position Change (NDACC) were also available. technological performance of the balloons in the tropics, and
additionally provided an opportunity for piggybacking scien-
3.4 Modelling tools tific instruments. The first two, purely technical in Novem-

ber 2000 lasted for 18 and 19 days before falling over deep
The interpretation of the large amount of observations col-convective cells in Northern Australia showing that the pay-
lected during the experimental period required the use ofoads were slightly too heavy for this latitude. The other three
modelling tools of different types. Meteorological infor- carried respectively an IR global radiometer, a SAOZ spec-
mation included the European Center for Medium rangetrometer and a LABS diode laser. The LABS flight lasted
Weather Forecasting (ECMWF) operational analyses (Ra49 days (though unfortunately the instrument did not perform
bier et al., 2000), the ECMWF ERAA40 reanalysis (Sim- properly), while that of the IR radiometer lasted 71 days pro-
mons and Gibson, 2000), and the NCEP/NCAR re-analysewiding a series of cirrus altitude and brightness temperature.
(Kistler et al., 2000); while atmospheric models included The SAOZ flight lasted for 39 days providing a unique set of
the Mocklisation Isentrope du transporté&doéchelle de 59 ozone, NQ@ and cloud profiles (Pommereau et al., 2003;
I'Ozone Stratospirique par Advection (MIMOSA) high-  Garnier et al., 2004; Borchi et al., 2005). In addition, two
resolution contour advection model (Hauchecorne et al. 10000 n? Zodiac light (ZL) flights were made in order to
2002), the p-TOMCAT CTM (O’'Connor et al., 2005), testseveralinstruments (Table 1), in the meteorological con-
the Reactive Processes Ruling the Ozone Budget in théitions summarized in Table 2. This exploratory campaign
Stratosphere (REPROBUS) CTM (leefre et al., 1994), offered a first opportunity for studying the impact of deep
a mesoscale Regional Atmospheric Modelling Systemconvection on the composition of the upper troposphere by
(RAMS) (Pielke et al., 1992) and its Brazilian version 3-D mesoscale simulations in an extreme storm case on 8
(BRAMS) coupled with 3-D back trajectory calculations at February 2001 (Mdrcal et al., 2006; Rigre et al., 2006).
mesoscale (Freitas et al., 2000), the Microphysical Photo-
chemical Lagrangian Stratospheric Model of Ozone (Mi-4.2 Pre-HIBISCUS/ENVISAT flights in February 2003
PLaSMO) Lagrangian photochemical model (Ri& et al.,
2003), the Microphysical Cloud Model of the Danish Mete- In total, seven balloons were flown: 3 of short duration: with
orological Institute, the UK Met Office Large Eddy Model two 10000 ni ZL ascending at 30 km and one 3008 ®F
(LEM) Cloud Resolving Model (Shutts and Gray, 1994; type ascending to 22 km in the late afternoon to test the feasi-
Swann 1998), and finally, the radiative transfer model of bility of the slow night-time descent across the TTL follow-
NILU. Their use in the interpretation of the HIBISCUS is ing their radiative cooling, and 4 long duration MIRs. The
given below. short-duration balloons carried most of the instruments be-
ing prepared for the main HIBISCUS campaign. The pay-
load combinations are given in Table 3 and the meteoro-
4 HIBISCUS field campaigns logical conditions encountered are summarized in Table 4.
The MIRs carried an improved version of the Inmarsat trans-
Three deployments took place within the HIBISCUS pro- mitter, a SAOZ-H0O, and a prototype of the RUMBA 4D
gramme, all from Bauru. The first in November 2000 and SAW/O3SSS payload in preparation for the future constant
February 2001 involved test flights of (a) Infra-Red Mont- level superpressure balloons (Garnier et al., 2005). In addi-
golfier long-duration balloons never previously flown in the tion, a number of radiosondes of different types (PTU RS-80,
tropics (to which a SAOZ and or micro-lidar payload could HoO SAW/O; SSS of UCAM) were flown for test purposes.

Atmos. Chem. Phys., 11, 2308339 2011 www.atmos-chem-phys.net/11/2309/2011/
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Table 2. Meteorology of the 2001 flights.

Flight Date MinT °C  Alt km LRT km PV 380K PV475K PV550K Comments

ZL1 15 Feb —78.6 16.9 15.4 —-4.9 -16.7 —25.1 SACZ MCS 150 km SW
ZL2 21 Feb —78.3 17.6 15.2 —-4.5 -16.4 —25.3 SACZ MCS 200 S-SW

Table 3. List of ENVISAT Pre-HIBISCUS flights in 2003.

Instrument (Institute) Parameter ZL1 SF ZL2 ;
SAOZ Vis, SA O3, NO, profiles X X X -
SAOZ UV, SA BrO profile X X X E
SAOZ H,0O, SA H>O profile X X X B
DESCARTES, UCAM Halogen compounds X X X 5
DIRAC GC, UCAM N>O X X X ?
DIRAC, GC UCAM Halogen compounds X -

SAW Hygrometer, UCAM  Hy0O

SSS Ozone sensor, UCAM O3

Micro-lidar, ENEA/ISAC Backscatter ratio/
polarization

GHla

Altitude (km)

Overall, the short-duration flights and the sondes provided a
large amount of scientific data, as well as technical informa-
tion for improving the instruments. Two of the 4 MIR flights

were successful, even though of only 9 and 10 days duration

187

as the balloons fell above hurricanes over the Coral Sea anc Z:\\~ Ul “’v\ AL A\
NW Australia. a8 af A \'\m/' N
4.3 Main HIBISCUS campaign in January—March 2004 REAE e mm—— L R ot

A A A AA A AA AA BKS sondes
The campaign started on 20 January and ended on 6 Marct v v M vy o
2004. In total, 18 balloons (6 short- and 12 long-duration) ZL2 711~ SF2SFl  SF4SF3
were flown along with 15 small plastic balloon sondes (10 301 Fc;-‘ 4 “"m:c;“ 23 6“] “af-‘ 70 dlineyday 2004

BKS/O3, 3 ozonesondes and 2 NILUCUBE). The balloon

payloads and their performances are summarized in Tables I§ig. 6. HIBISCUS balloon and sonde flights in 2004. Top: poten-

to 9. tial vorticity as a function of potential temperature calculated by the

. MIMOSA contour advection model (the tropopause at 2 pvu is indi-
4.3.1 Short-duration balloons and sondes for mesoscale cated by a bold line); middie: 6-hourly ECMWF temperature devia-
studies tion compared to campaign average profile. Black markers show the
altitude of the 340K and 370 K potential temperature levels, whose
The objective was the study of vertical transport, water difference used as a convection index, is shown in the bottom panel
vapour, chemistry, cirrus clouds and electric field associatedred curve). Bottom markers: dates of radiosondes, ozonesondes,
with convective cells by dedicated balloon flights in coordi- backscattersondes, Nilucube and large balloon flights. The inten-
nation with Falcon aircraft flights and the ground-based measity of convection above Bauru varies with the slow back and forth
surements of the TROCC'BRAS pro]ect F|gure 6 ShOWS thedisplacement of the South Atlantic COnVergence Zone (SACZ) and
evolution of the meteorology during the campaign and thethe advection of cold front systems from the SW. Convection was
dates of the balloon and sonde ascents, whose payloads affif’ Strongest between 4-8 February (day 35-39) when the tropo-
meteorological conditions encountered are displayed in Ta> phere is warmer by 2-€ compared to the average_and_the region
) . . . .. of the tropopause cooler by 2°€, and was of medium intensity
bles 5, 6 and 7. On top of the figure is the potentlal vorticity during days 45-57 and 62—65. Two periods of low convection were
calculated by the MIMOSA contour advection model. The gynerienced from days 41-44 and 53-56 corresponding to the max-
middle plot shows the 6-hourly ECMWF temperature profile jmum displacement of the SACZ towards the NE.
anomaly with respect to the campaign mean. Even though

the summer season is on average very convective in South-
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Table 4. Meteorology of ENVISAT-Pre-HIBISCUS flights in 2003.

Flight Date MinT °C  Alt km LRTkm PV 380K PV 475K PV550K Comments

ZL1 18 Feb -80.1 17.9 154 —-1.34 —20.6 —27.7 MCS below
SF 19 Feb —79.3 17 15.6 —1.05 —18.3 —28.2 Large MCS 300-450 km SW
ZL2 23 Feb —-82.0 18.1 1.2 —3.38 -18.2 —28.6 Large MCS below

Table 5. HIBISCUS short duration balloon and sondes (Son) flights in 2004.

Instrument, Institute Parameter Zl1 Z7ZL2 SF1 SF2 SF3 SF4 Son
SAOZ Vis, SA O3, NO, profiles X X X X X X 10
SAOZ UV, SA BrO profile X X X X X X 13
DESCARTES, UCAM Halogen compounds X X X X X X 2

DIRAC GC, UCAM Halogen compounds X X X X

Micro DIRAC, UCAM Test instrument, CFC11 X X X X

Micro-SDLA, CNRS H50, CHy, CO X X X X

TDLAS, NPL H>0 X

SAW Hygrometer, UCAM  H>O X

SSS Ozone sensor, UCAM O3

Micro-lidar, ENEA/ISAC Backscatter ratio/polariz.
LABS, ISAC Backscatter ratio/polariz.
BKS sonde DMI, U. Wyo Backscatter ratio in situ
Optical Counter, UMIST Aerosol size distribution

ECC Ozone, DMI SA O3
NILUCUBE, NILU UV-Vis radiation
AIRS, CNRS CETP Electric field, conductivity

east Brazil, large modulations of intensity are observed assatypes: 10 m diameter floating at 55 hPal@ km) and 8.50 m
ciated with the motion of the South Atlantic Convective Zone diameter at 75 hPa~(18 km) i.e. above and at about the cold
(SACZ) and large scale Kelvin or Rossby waves (Pommereaypoint tropopause level. The list of flights, their instrumenta-
and Held, 2007). Black markers indicate the altitude of thetion, the dates of launch and their duration are given in Table
340K and 370K potential temperature levels whose differ-8, and the trajectories of the balloons displayed in Fig. 7.
ence, shown in the bottom panel, is an indicator of convectiveApart from a transmitter failure on BP2 and a small leak on
intensity. Convective periods exhibit a warmer troposphereBP1, which depressurised and fell after 13 days, all others
and a cooler TTL, while low or non-convective periods are remained at float for 1-2 months. All GPS and meteorologi-
marked by a cooler troposphere and a warmer TTL. As seeral sensors performed well, providing useful scientific prod-
in the PV cross-section, whose values for each flight at 380ucts (3-D trajectories, temperature and pressure fluctuations)
475 and 550 K are summarized in Table 6, most of the flightsfor studying gravity and Rossby waves. However, the wa-
were performed within tropical air pulses (low PV), with the ter vapour instrument did not work properly, likely because
exception of the first on 31 January, which was the closest t@f limited H,O deposition due to inadequate ventilation, and
the sub-tropical jet stream, but still in the TTL. A summary the ozone sensors stopped transmitting their information to
of convective activity encountered during each flight, pro- the main gondola after 14 and 3 days, respectively.

vided by the radar and GOES-E images, is given in Table 6. The instrumentation carried by the MIRs, the dates of their
More details can be found in Appendix B. Meteorological |aunch and their duration in flight are given in Table 9 and
radiosondes were launched four times per day between 5-2heir trajectories shown in Fig. 8. Of the four attempts, one
February, as indicated by markers at the bottom of the figurefzjled at launch and was replaced by a spare balloon. The
3 MIRs remained in flight for respectively 7, 39 and 9 days.
4.3.2 Long-duration balloon flights The relatively short flight of two of them was due to fast de-
scent over high-level clouds in the evening. These anoma-
The flight programme included 8 constant-level superpresious events have since been identified by CNES as due to the
sure balloons (SBP), and 3 MIRs. The SBP were of twosmall size of the aperture at the bottom of the MIRs which
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Table 6. Meteorology of HIBISCUS balloon flights in 2004.

Flight Date MinT °C  Alt km LRTkm PV 380K PV 475K PV550K Comments

ZL2 31 Jan —77.1 17.4 15.2 —4.56 -21.3 —29.8 SACZ, Convective cells 10—
11 km high at 60-100 km SE.

ZL1 5 Feb -81.1 16.9 16.2 —2.54 —-14.6 —26.6 SACZ, intense MCS 150 km
S-SW,

SF2 13 Feb -78 18 15.2 —-4.33 -16.5 —24.2 Intense 300 km large MCS
150 km W-NW

SF2 16 Feb —78 15.5 15.7 —-5.05 —-14.3 —25.2  South of SACZ, convection
free,

SF4 24 Feb —-78.7 18.0 14.8 -3.14 -17.8 —24.2 SACZ intense afternoon
convection

SF3 26 Feb —-79 17.8 15.2 —-4.00 —18.6 —23.8 Active thunderstorms 150 km
South

Table 7. Dates and type of HIBISCUS sondes (BKS: backscattgr;EICC ozonesonde, and NILUCUBE).

Date UT time  Instruments Max altitude and Comments

10 Feb 00:59 BKS, @ 28.5km No cirrus

11 Feb 23:57 BKS, @ 28.0 km Thin cloud layer at 9—-10 km

13Feb 13:00 NILUCUBE 20km. Clear sky. Bright low alt cumulus

13Feb22:35 BKS, 9 SF2, 26.9km, Thin cirrus up to 13kns app. 2km below bottom of
TTL

16 Feb 00:07 BKS, @ 28.4km. No cirrus

17 Feb 00:05 BKS, @ SF1. 26.9 km. No cirrus

19 Feb 00:07 BKS, @ 27.7km. Very thin cirrus up to 14 km

20Feb15:35 @ 33km

20 Feb 23:58 BKS, @ 25.4km. Thick (2—3 km) cirrus up to bottom of TTL at 14.4km. Un-
usual aerosol layer at 16.5-18 km only seen on descent. Close to local
thunderstorms.

21 Feb22:24 BKS, @ 33.2km. Very thin cirrus layer at the bottom of the TTL at 15 km, only
seen on descent. Launched close to local thunderstorms.

23 Feb22:41 BKS, @ 26.1km (G unreliable above 22.6 km). Thick cloud layer up to 13 km.
Launched downwind of convective systems.

24 Feb22:30 BKS, @ SF4. 28.7 km. Very thin cirrus layers up to 15 km. Thick cloud layer up
to 14 km. Launched downwind of convective systems. Depolarisation

data.
25Feb 15:00 NILUCUBE 20km. Overcast conditions by high altitude cirrus
26 Feb23:35 @ SF3. 30.1km.
6 Mar 23:00 e} 31.7km

caused a reduction of volume when the balloon is cooling andzonesondes ascents were performed during the overpass of
descending after sunset. MIR-1 provided limited data afterthe balloon over the SHADOZ stations of Samoa, Fiji and
the partial failure of the SAOZ detector at low temperature. Reunion Island, and from Bauru at launch. Unfortunately,
The other two were successful. The micro-lidar flown on high-altitude clouds, associated with the Gafilo hurricane in
MIR-2 measured a number of cloud profiles, although somethe Indian Ocean, prevented co-located ozone lidar observa-
of the measurements were noisy as a result of electrical intions at Reunion Island, as carried out in 2001 for checking
terference in the Inmarsat transmitter. The SAOZ on boardhe altitude registration of the retrievals. All meteorological
MIR-3 provided the longest ever series of profiles (78) of sensors, as well as the global IR radiometer and the lightning
O3, NO> and cloud extinction in the tropical UTLS, as well optical detectors performed well on all flights.

as for the first time HO. For comparison purpose, dedicated
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Table 8. HIBISCUS Super pressure balloon (SPB) flights in 2004: balloon diameter, instrumentation, date of launch and duration.

Balloon Instrument Start Dur. Comments

BP110m Met, turbulence LMD 6 Feb 13d Telemetry failed after few hours
BP28.5m Met, O3/H,0O UCAM 12Feb 1d No SSS/SAW data after 14 d
BP310m Met, turbulence LMD 12Feb 53d No SSS/SAW data after 3 d
BP48.5m Metsensors 29Feb 80d No turbulence data after 7 d

BP510m Met, O3/H,0 UCAM 6 Mar 39d
BP68.5m Met, turbulence LMD 7 Mar 56d
BP710m Met, O3/H,0 UCAM 9 Mar 27d
BP810m Met sensors 11 Mar 37d

Table 9. IR Montgolfier flights instrumentation, date of launch, duration, cause of termination.

Year Flight Instrument LaunchDate Flightdays Comments
2001 MIR1 SAOZ @, NOo, 13 Feb 39 Cut above thunderstorm in
Argentina
2001 MIR2 15 Feb 71 Inmarsat test flight, terminated
by end of power
2001 MIR3 03SS, LABS, Rumba 21 Feb 49 Terminated by end of power
2003 MIR1 SAOZ @, NO Lightning det., 20 Feb 9 Cut above tropical storm in NE
IR Radiometer Australia
2003 MIR2 SAOZ @, NOy, 23 Feb 10 New Lightweight MIR, Cut
above hurricane in Coral sea
2004 MIR1 SAOZ @, NOo, HyO, IR 4 Feb 9 SAOZ detector malfunction Cut
radiometer, met sensors above tropical storm in NW
Australia
2004 MIR2 SAOZ @, NOy, H20O, IR ra- 26 Feb 39 Cut above thunderstorm in the
diometer, met sensors Light- Southwest Pacific
ning detector
2004 MIR3 Micro-lidar IR radiometer, met 10 Mar 7 Noise in micro-lidar, Cut above
Sensors thunderstorm in the Southwest
Pacific
5 Results highlights 5.1 Local impact of convection on the thermal structure

and the composition of the TTL
The rich observational data set collected during the HIBIS-
CUS campaigns has been used for a variety of investigations:
(i) the impact of convection on the thermal structure, the The impact of convection on the thermal structure of the TTL
composition and the water vapour concentration in the TTLwas explored from the diurnal variation of temperature de-
and the lower stratosphere; (ii) the identification of possiblerived from the series of four daily radiosondes performed in
biases in NWP model temperatures in the lower stratospherBauru (Pommereau and Held, 2007). During the most in-
and trends in their re-analyses, by comparison with measuretense convective period, between 3-9 February, a system-
ments of French long duration balloons flights performed inatic cooling was observed in the afternoon at the altitude
the tropics since 1988; and (iii) the evaluation of ozone, waterof CPT around 17-18 km (380—-400K) in coincidence with
vapour, and chemical species satellite retrievals in the tropthe maximum development of convective systems seen by
ics. The most important findings are highlighted below. the S-band Doppler radar reporting echo-tops reaching 18-
19km (Fig. 9). The diurnal cycle in temperature and echo-
top in the TTL, similar to that reported at 80 hPa during the
monsoon season in Western Africa (Cairo et al., 2010) and
to that of the overshooting precipitation features (OPF) of
the TRMM Precipitation Radar by Liu and Zipser (2005),
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MIR1

Bauru 4 Feb Bauru 26 Feb Reunion 12 Mar ~ Bauru 10 Mar

Fall 14 Feb Fall 6 Apr ~ Samoa4 Mar  Fiji 5 Mar Fall 19 Mar

Fig. 8. MIR trajectories in 2004. MIR1 carrying a SAOZ lasted

in flight for 9 days before falling in the evening above a tropical
storm in NW Australia where it was recovered. MIR2 remained in
flight for 39 days between 20and 10 S, providing 78 profiles of

O3, NO», Ho0O and cloud extinction between 6 km or cloud top and
25km. Co-located ozonesonde ascents were made at the SHADOZ
stations of Samoa, Fiji and Reunion Island. The flight ended over
a thunderstorm in the South Pacific Convergence Zone. Although

Fig. 7. Trajectories of the 8 super pressure balloons. Thoseor.‘Iy Of. 8-day duration, I\/!IR3_enabIed cloud mea_tsurements by a
micro-lidar, flown for the first time on a long-duration balloon, to-

launched before 12 February remained at tropical latitudes, while . .
those flown later after a break of 17 days, were rapidly capturedgemer with the IR global radiometer.
by the mid-latitude westerly flow after crossing the tropical barrier.
The loops in the trajectories, particularly in the tropics, are due to in-
ertia gravity waves not adequately captured in the ECMWF model.

20+
provides evidence of strong impact of land convective sys-
tems on the thermal structure of the lower stratosphere, as
suggested by Danielsen (1982). Although gravity waves
and vertical diffusivity might also partly contribute, the sug- i 1T 1
gestion is that uplifting in the lower stratosphere associated 10 _ 1r 7

. . . . . r ——16h
with fast developing land convection in the afternoon, is a [ —22h

w
L B

Altitude (km)

significant contributor to troposphere-stratosphere exchange  ,f — *" 1L ]

(Pommereau and Held, 2007). The suggestion is supported L

by non-hydrostatic regional model simulations displaying a [ A 10 ]
. . . 0 I | | saaa e b b laag

cooling of up to 15K at the altitude of the cold point above 6 4 2 0 2 4 60 5 10 15 2

convective towers (Chaboureau et al., 2007; Grosvenor et AT (°C) Local Time (h)

al., 2007; Jensen et al., 2007), although the diurnal cycle
of convection is still poorly simulated. This contrasts with Fig. 9. Impact of convection on the thermal structure of the UTLS.
oceanic areas, where less intense cooling is observed, whideft: change of temperature between 16:00, 22:00 and 04:00 h local
is limited to the altitude of the lapse rate tropopause at aroundime and 10 h during the most intense convective period (error bars
16 km (Sherwood et al., 2003). are showi_ng the standard deviation). Right: d_iurnal variatipn of
The local vertical transport has also been explored by calmean (sol_ld) and maximum (dotted) echo-top_he_lght seen during the
culating the equivalent diffusivity, required for explaining (Sggn,ﬁrﬁsrr;?ut;mhﬁe?(;bgggg()ppler radar within its 240km range
the high-resolution ozone, water vapour and methane pro- ' '
files recorded by the balloons (Pisso and Legras, 2008). It
was shown that the vertical transport in those case stud-
ies would require a vertical diffusivity of 0.5%s 1, sig-
nificantly larger than the 0.1fs~! value estimated by the
authors using the same technique at mid-latitude (Legra

1 .
et al., 2005) or the average 0.02 81! derived by Mote by the DIRAC in situ gas chromatograph (GC) and the

et al. (1998) from 5yr methane profiles measurements by ) .

. . DESCARTES grab samplers. The picture painted from the
he Halogen Itation Experiment (HALOE). However . L . .
the Halogen Occultatio periment ( OF). However, data is of a TTL rich in spatial structure. The long-lived

the respective contribution of small-scale turbulence, gravity

waves or convective overshooting to this extreme equivalenﬂl ?L%%arzﬁgivﬁealistltjlzae?/g:tzzzltrorr;?jisgaere _\I’_Vheéreeg\?vr;esriléym\’\ée”
diffusivity, is still an open question. ( 9 9 )-

suggestion of boundary layer enhancement. On some flights

A wide range of tracers was measured in both the 2003
and 2004 campaigns on board ZL and SF balloons. Halo-
carbons, of lifetime ranging from 85yr (CFC-113) to 3—
%months (chloroform), and /D measurements were made
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mixing ratios above-background levels could be observed irdroperoxides. However, the impact of convection on the air
long-lived tracers just below the TTL layer, which could in- composition of the lower stratosphere was found to be negli-
dicate uplift of boundary layer air (e.g., CFC-113 on SF1 gible in the BRAMS simulations in the absence of fast trans-
and SF3). The long-lived tracers again showed no verti-port process across the tropopause like in the previous 1-D
cal gradient across the TTL between 350 and 400 K. Onlymodel.
above 400 K was there a noticeable drop-off in the long-lived In this model, the ozone concentration in the TTL dur-
tracer-mixing ratio, indicating stratospheric aged air. Theing this event was found compatible with ozonesonde ob-
long-lived tracers are also anti-correlated with the co-locatedservations, showing that fast ozone variations over the con-
0zone measurements in this region vective system are mainly driven by horizontal transport
In the case of the shorter-lived halocarbon tracers be{Riviere et al., 2006). When averaged over the 24h pe-
low and inside the TTL region, much more variability was riod, the simulations suggest that convective activity is the
found in the vertical profiles. While the long-lived tracers main driver explaining 70% of the total ozone increase in
show little gradient or variability in the 350 to 400K re- the TTL, while chemical production contributes to 29% of
gion, the shorter-lived tracers show considerable variationthe ozone increase when the Nfroduction by lightning is
In the case of chloroform~6 months lifetime), there is a taken into account. Also shown is that downward motion at
decrease in mixing ratio of around 3 ppt between 350 andhe tropopause induced by gravity waves associated to deep
400K (amounting to some 50% of the tropospheric value).convection, contributes for 24% to the ozone increase.
In the case of dibromomethane (3 to 4 month lifetime), the  In summary, temperature, tracers and ozone observed
tracer distribution is more difficult to describe, since there profiles next to convectively active systems are all show-
is a slight drop-off between 350 and 400K, but there is ev-ing large changes in the TTL and the lower stratosphere.
idence of a maximum in the 360 to 380K region, consis- Consistent with fast transport of tropospheric air across the
tent with reasonably recent uplift from the boundary layer. tropopause by convective overshooting towers suggested by
Unfortunately, dibromomethane was only measured by theDanielsen (1982), those variations are well captured by a 3-D
DESCARTES grab samplers and so the vertical resolution isneso-scale model in the upper troposphere but not above in
low. A first attempt to explain the tracer vertical structure us- the lower stratosphere in the absence of fast vertical transport
ing the simple 1-D model introduced by Folkins et al. (1999) process in the model.
was unsuccessful. It was not possible to reproduce all the
profiles with a single vertical velocity. It is clear that this 5.2 Hydration of the lower stratosphere over land

model (while having been extremely influential) must now convective systems
be considered too simple. The overall structure of the TTL is
complex and three-dimensional. Several water vapour measurements in the TTL and the

In another modelling study, the impact on the compositionlower stratosphere are available, from the balloons with in
of UTLS of a strong convective storm that occurred during situ uSDLA and SAW and remote SAOZ sensors, and from
the first HIBISCUS campaign on 8 February 2001 was simu-satellite instruments, the Halogen Occultation Experiment
lated with the 3-D mesoscale RAMS model coupled on-line(HALOE), the Stratospheric Aerosol and Gas Experiment
with a chemistry model. Analysed were the impact on CO, (SAGE ll), the Global Ozone Monitoring by Occultation of
NOy, non-methane volatile organic and i(Marécal etal.,, Stars (GOMOS), the Michelson Interferometer for Passive
2006) and ozone (Riere et al., 2006) were analysed, and Atmospheric Sounding (MIPAS) and the Atmospheric In-
it was been shown that the distribution of CO with altitude frared Sounder (AIRS). As an example, Fig. 10 shows the
is closely related to the upward convective motions and condin situ measurements performed during a balloon slow de-
secutive outflow at the top of the convective cells leading to ascent between 20 and 12 km on 13 February together with
bulge of CO between 7 km altitude and the tropopause, conthe closest available satellite observations (Montoux et al.,
sistent with satellite-borne measurements at 700 hPa. Th2009). The uSDLA and SAW measurements in the upper
simulation also indicates enhanced amounts of; NP to troposphere show super-saturated mixing ratios (MR) up to
2 ppbv in the 7-17 km altitude layer mainly produced by thethe Lapse Rate Tropopause (LRT) at 15.2 km above which,
lightning associated with the intense convective activity. Forthe MR ranges between 3.5 and 5ppm. No significant de-
insoluble non-methane volatile organic compounds, the conhydration was observed at the relatively warm sub-saturated
vective activity tends to significantly increase their amountcold point of —78°C around 18 km, though there were inter-
in the 7-17 km layer by dynamical effects. During daytime leaved but drier (3.5 ppm) and moister (5 ppm) layers, highly
in the presence of lightning NQ this bulge is largely re- correlated with CH and PV, and anticorrelated with ozone
duced in the upper part of the layer for reactive species (e.gand temperature (Durry et al., 2006). These measurements
isoprene, ethene) because of their reactions with OH that iseveal a complex structure with signs of convective uplift of
increased on average during daytime. Lightnings,N{lso  moist air from the upper troposphere to the TTL (5 ppm up to
impacts on the oxidizing capacity of the upper tropospherel8 km, 400 K) and of dry layers linked to stratospheric intru-
by reducing on average HOHO,, H2O, and organic hy-  sions. The possible location and time of the convective event,
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Fig. 10. Water vapour mixing ratio measurements around Bauru SAMERICA AFRICA AUSTRALIA S AMERICA

on 13 February 2004: in situ uSDLA (green) and SAW (purple)
during the balloon slow descent, GOMOS (black), MIPAS (blue, 2

profiles) and AIRS (pink) closest measurements and saturation ratigrig. 11. Water vapour mixing ratio in the UTLS (top) measured
(yellow) (Montoux et al., 2009). by the SAOZ spectrometer and ECMWF temperature (bottom) be-

tween 10-20° S along the 39 days MIR flight in February—April
2004. A minimum water vapour (hygropause) is observed 3—4 km

responsible for the supersaturated layers and the cirrus clouf]ove the Lapse Rate Tropopause (LRT, dashed black line), 1.5~

[)eporte'd Oln thel same fllghfcs bi; thi\;ﬂc{;o-hdar, yvas e_XplorPi ppm over the continents where the temperature is the lowest and
y Marecal et al. (2007) using backward 3-D trajec_torles Cal minima of 3-3.5 ppm over oceanic subsident areas. The red line
culated from outputs of the BRAMS. The analysis showedgpows the difference of altitude between the 370 and 340K levels

that in sub-saturated layers the water vapour profile dependsdicative of convection intensity (Pommereau et al., 2006).
mainly on the dynamics, while in saturated/supersaturated

layers, microphysical processes have also to be taken into
account. SCIAMACHY, MIPAS and GOMOS are reporting for extending the observations to the global scale. Among
mixing ratios significantly dryer than those of the in situ sen- the results was the frequent detection of anvils up to 14 km
sors. AIRS is the only satellite instrument reporting consis-with differences in the particle size distribution depending on
tent measurements with of those of the balloons in the uppethe age of production (Fierli et al., 2008), and ultra-thin cir-
troposphere. rus at the lapse rate tropopause in the vicinity of convective
An extended near IR version of SAOZ was flown for systems, but never higher. An unexpected new feature ob-
39 days on a MIR balloon in February—April 2004 during served twice by the backscatter sondes (BKS) above strong
which it completed one and a half circumnavigations of the convection, was the sporadic presence of small particles up
globe. The water vapour profiles derived from the 78 pro-21km in highly sub-saturated levels (Fig. 13) in the vicin-
files (Fig. 11) show s a minimum mixing ratio (hygropause) ity of storm turrets reaching 2GH1) km according to radar
at around 18 km, 1.5-2 km above the cold point tropopauseimages (Nielsen et al., 2007). Though the 0.2-1.5um ra-
and a zonal modulation with higher mixing ratio of the or- dius of those particles is similar to the 1-7—4.7 um nitric acid
der of 5 ppm above continents compared to about 3 ppm ovegontaining crystals (NAT) observed at 18 km by the NASA
subsident oceanic areas. The zonal contrast suggests eithé(B-57F aircraft over the equatorial eastern Pacific Ocean
additional moistening over land or further dehydration overin January 2004 (Popp et al., 2006), their number density of
oceans, though the temperature is not colder there, or adve®-03-1 cnt3, far larger than the 10" cm~=3 of the NAT parti-
tion of drier air from the mid-latitude stratosphere. cles, requiring an additional nucleation process as discussed
Several cloud-measuring instruments were also flown durin Nielsen et al. (2007). The presence of such dense parti-
ing HIBISCUS: the micro-lidar (Fig. 12) and the backscatter cles was also reported in the same region at 18.2km (410 K)
sondes on short-duration balloons, as well as the SAOZ soby the Geophysica Aircraft during the TROCCINOX deploy-
lar occultation spectrometer and the micro-lidar on the MIR ment in 2005 (Chaboureau et al., 2007).

km above the cold point (CPT, solid black line), with maxima of

www.atmos-chem-phys.net/11/2309/2011/ Atmos. Chem. Phys., 11,2389-2011



2322 J.-P. Pommereau et al.: An overview of the HIBISCUS campaign

Color Index (Bgypum-1)/(Bagonm=-1)
- B N B S NN

= Y [ 5
—_ Ez8 & % B
=) H J H : 1387
v ] : i H
~
3
2 4s55.1
=
=
=
< _ o]
= {73 g
< %)
m ] ] : ] ] %
(=) : : : 3
5 Bauru, fsb 21 200‘ Sonfia dssow;“ 100 [?i]
= B
S =, . 5
-E < : .~
- I 5acksc. Rat.
Q Mean Backsc. Rat.
—E *  Color Index -
E Mean Col. Ind.
T
<ﬂ ‘emperature (T)
i | — — — Frost Point Temp.
"""" Sat Frost Point Temp. H 7p5
R SEER T PN 1 RN _ -—:—- T-p Isentrope
19 20 21
. 10° 10' 10°
Time (h)

Backscatter ratio (Bgyp,,m-1)

Fig. 12. Micro-lidar cirrus clouds measurements during a nighttime

balloon slow descent on 24 February 2004. Top: scattering ratioFig- 13. Backscatter sounding on 21 February. Red filled area:
bottom: depolarization (Di Donfrancesco et al., 2005). backscatter ratio at 940 nm; blue dots: colour index; thin black line:

temperature; dashed line: frost point assuming 6.06 ppm WV mix-
ing ratio; dotted line: same but assuming 36.1 ppm. Particles are ob-
The HIBISCUS episode has been simulated with the UKseryed between 17.5-19 km above a cu_mulo-nimbus anvil of radii
Met Office Cloud Resolving Model (Grosvenor et al., 2007). estimated of the order of 0.2—1.5 um. (Nielsen et al., 2007).
This model has a bulk microphysics scheme (size spectra
are assumed to follow gamma distributions), which is dou-
ble moment for the ice hydrometeors. The model was ini-
tialised using a sounding from Bauru and convection started
using a warm and moist-bubble of 3 different rates of heat-
ing and moistening to produce separate simulations of over-
shoots of different strengths. It was found that in all cases the
clouds mixed some of the ice-laden air carried by them with
stratospheric air. The warming experienced as a result causec
some of the ice to evaporate leaving moist air plumes in the
stratosphere with water vapour exceeding 10 ppm in the most
vigorous case (Fig. 14). The mixing and warming also meant
that the air attained stratospheric potential temperatures and
thus would be likely to remain in the stratosphere. The mass
of extra water vapour injected into the stratosphere was cal- . ) . o
culated for the three different cases and came to 1116, 19§9- 14 Vertical cross section of the vapour mixing ratio in the
. - ’ lume produced by the overshoot in the most vigorous of the 3-
and 86 tonnes in the strong, medium and weak cases respe%

ivel h h | it he dif  simulations performed using the UK Met Office Cloud resolving
tively. Thus, there was a large difference between the di "model after 1 h 35 min of simulation time. At this time the plume air

ferent cases indicating that a small change in overshootingas stable in the stratosphere having attained stratospheric potential
distance can produce a large difference in the amount of watemperatures through mixing with stratospheric air (Grosvenor et
ter deposited in the stratosphere. These conclusions are coat., 2007).

sistent with those reached by Chaboureau et al. (2007) from

a cloud resolving model simulation of another event during _ _

the TROCCINOX campaign, suggesting that the flux of ad- Grosvenor etal. (2007) also performed microphysical sen-
ditional water at 410 K could be of 5 tonnesisthat is of the  Sitivity tests since the ice size distribution in the overshoot is

order Of 3000 tonness for an event |asting 10 min_ I|ke|y to be important in determining how much of the ice
falls from the stratosphere and how much evaporates within
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it. This was based on the strongest case with the number of .

CCN at cloud base increased from 240 to 960 @nT his had o L ¢ k3
the effect of increasing the number of droplets that survived
the riming process within the main updraught to freeze at
the —38°C homogeneous freezing level-at1l km. Smaller

ice crystals were therefore present in the overshooting cloud
and this resulted in more evaporation of ice, due to their
lower fall speeds, producing an extra 118tonnes of strato-
spheric vapour increase. In addition, much more of the water
transported into the stratosphere remained as ice in this case
(505 tonnes compared to 131 tonnes in the normal CCN case)
due to the slow ice fall speeds. Hence, if the remaining ice
can later evaporate before falling from the stratosphere, a sig-
nificant increase in the total moistening of 45% is predicted
due to the CCN increase. This suggests that anthropogenic
aerosol emissions may play a role in determining the amount
of moistening produced by overshoots and possibly therefore
the global water flux into the stratosphere if the overall effect
of overshoots is globally important.

In summary, the HIBISCUS and TROCCINOX water
vapour and particles measurements were all suggesting
moistening of the lower stratosphere by injection of ice crys-
tals by overshooting towers over a convective land region, as
observed over Northern Australia (Kelly et al., 1993; Knol-
lenberg et al., 1993; Corti et al., 2008), and Africa (Khaykin
et al., 2009), confirmed by the heavier isotopic composi-
tion of the water vapour in the stratosphere, characteristic
of ice lofted from the troposphere, as observed by Hanisco et
al. (2007) in situ on the NASA WB-57 aircraft, or remotely Vasbilty.Of) Comtribution, 06)
by the MIPAS HDO measurements in the stratosphere (Stein-
wagner et al., 2010). The process, successfully simulated byig. 15. Analysis of the contributions of meridional and horizontal
Grosvenor et al. (2007) and Chaboureau et al. (2007), is nowransport to the ozone zonal variability (relative standard deviation)
consistently reproduced by meso-scale non-hydrostatic modn 2001 (top), 2003 (middle) and 2004 (bottom). Left: number den-
els (Jensen et al., 2007; Chemel et al., 2009; Hassim et alsity variability (%) at constant altitude (solid lirzg, mixing ratio on
2010). isentropic surfaces (dotted lifg; after removing horizontal trans-
port (dotted-dashed); after removing vertical and horizontal trans-
port (bold solid lined). Right: relative contributions of horizontal
(solid line) and vertical (dotted) transport and measurement errors
(dotted-dashed) to the total variability (Borchi et al., 2007).
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35L 2003 ) -
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5.3 Impact of convective lofting and meridional
exchange at the global scale

There is evidence from the previous sections of deep, local
convective overshooting of tropospheric air over Southern
Brazil into the lower stratosphere. The open question is howfaces as a proxy of convection. The first is provided by the
much the mechanism could contribute to troposphere-toMIMOSA contour advection model run every 5K between
stratosphere transport (TST) at the global scale (FlueglistaleB00 K and 700 K initialized by the 6-hourly ECMWF analy-
etal., 2009). The HIBISCUS long duration balloon and satel-Ses (Hauchecorne et al., 2002), whereas the second is derived
lites observations provided new unique insights into this subfrom the ECMWF vertical velocity. As shown in Fig. 15, the
ject. ozone concentration displays a maximum variability between
The relative contributions of quasi-horizontal and vertical 12—19 km, mainly due to horizontal exchange with the mid-
transport to the variation of ozone concentration in the subJatitudes (60-80%), and to a lesser extent to vertical transport
tropical UTLS around 18-20° S were explored by Borchiet (20%), although deep convective uplifting in the TTL is not
al. (2005, 2007) from the variability of ozone profiles pro- represented in ECMWF analyses. After removing the influ-
vided by the circum-navigating MIR balloons flown in 2001, ence of horizontal and vertical exchange, local photochemi-
2003 and 2004. The analysis makes use of potential vorcal production appears to contribute for only a small amount.
ticity (PV) as proxy of horizontal transport, and the differ-  The possible contribution of convective lifting of tropo-
ence in altitude between the 340 and 370K isentropic surspheric air in the TTL at the global scale was investigated
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tradiction with the above tropospheric tracers observations
and with the heavier isotopic composition of water vapour
in the lower stratosphere indicative of evaporation of con-
vectively lofted ice crystals (Steinwagner et al., 2010). They
contrast also the time-variation of stratospheric aerosols re-
trieved from the CALIPSO lidar (\Vernier et al., 2009, 2011),
showing a fast cleansing of the whole lower stratosphere up
to 20 km during the Southern Hemisphere summer, indica-
7 tive of clean tropospheric air fast lofting. As in the case of
B i the simulation of tropospheric tracers, there is clear indica-
tion that, in contrast to non-hydrostatic mesoscale models,
CTM or trajectory models forced by ECMWEF fail to rep-

Fig. 16. 2002-2004 average GHHALOE (left) and ;O ODIN-  resent properly the fast troposphere-to-stratosphere transport
SMR (right) zonal variation of concentration in the TTL in Mar- zssociated with convection.

Apr-May. Top: 19km, bottom: 17 km, middle: interpolated at
400K (Ricaud et al., 2007).

Latitude (°)

Longitude (°)

Another process that could be relevant to vertical transport
in the UTLS is the generation of gravity waves by convec-
tive systems and their propagation into the stratosphere. This
) ] was studied using the meteorological parameters measured
by Ricaud et al. (2007) from satellite measurements of tro-qing the superpressure balloon (SBP) long-duration flights.
pospheric species above the tropopause. Figure 16 showsgyre 17 shows for instance the horizontal kinetic energy
the mean Chl and NO concentrations at 17 and 19km gnectra for two of the SPB flights (BP4 and BP6, Table 8).
retrieved respectively by HALOE and ODIN-SMR (sub- The energy is represented with respect to the intrinsic fre-
millimetre microwave radiometer) in Mar-Apr-May 2002— gyency, i.e., the frequency that is measured in the mean flow.
2004. Systematic regional differences are seen with a promithe theory of gravity waves predicts that these motions have
nent maximum over equatorial Africa and to a lesser degregnrinsic frequencies larger than the inertial frequency, which
over Central America, Southeast Asia and Indonesian 'Slanddepends on latitude. BP4 (black curve) stayed at low lati-
in contrast_ to the West Pac_lflc. The location of mcrease_dtudes and a broad spectrum of inertia-gravity waves with in-
concentration of tropospheric species over continents coiNginsic periods as long as 40 h are observed on this flight. On
cides with that of the maximum of overshooting precipita- {he other hand BP6 was pushed to the middle latitudes, and
tion features (OPF) of the TRMM precipitation radar (Liu consequently, the mean inertial frequency during this flight
and Zipser, 2005; Zipser et al., 2006). Although meridionaljs ahout half that of BP6 (20 h). These features, fully con-
import of poorer CH and NO stratospheric air from the  gjgtent with the theory, demonstrate the ability of SPB flights
mid-latitudes might also contribute, these observations sugg resolve gravity-wave motions. Furthermore, in the high-
gest that convective overshooting over land might be a sigfrequency gravity-wave band, the picture clearly exhibits a
nificant mechanism of vertical transport at the global scale iNslope of—2, which seems to be a robust feature of gravity-
the TTL. In a further study of bO in the UTLS, Ricaud et \yaye energy in the stratosphere (Hertzog et al., 2002). On
al. (2009) showed the existence of a systematic seasonal vatjne other hand, the low-frequency part of the spectra is likely
ation of maximum amplitude between 400-450K1(7.5-  4550ciated with Rossby waves, which are more visible on the
19km), not reproduced either by the MOCAGE (Mielde  jg-jatitude flight. However, further studies are still needed
Chimie Atmospkriquea Grande Echelle) CTM of BI80- (5 jnvestigate the variation of wave activity, identify the wave
France forced by ECMWF vertical velocity suggesting thus asources, and quantify the energy and momentum transported
vertical transport mechanism not included or underestimatec[l)y the waves to the upper atmosphere. However, there is little
in the models. evidence in those data of a significant contribution of gravity

Modelling studies were also performed by Levine et waves to the vertical transport across the tropopause.
al. (2007, 2008) to investigate the global structure of the TTL
using both high-resolution trajectories and a lower-resolution5.4  Evaluation of meteorological models temperature
CTM. In each case the regions of preferential transport from and wind analyses and re-analyses
the lower troposphere into the TTL and from the TTL into the
stratosphere were examined. The trajectories as well as th&mong the HIBISCUS objectives in this field were (i) a com-
p-TOMCAT CTM model show much smaller regional differ- parison with temperature and winds from the ECMWF and
ences in the transport from the TTL to the stratosphere thatlNCEP operational models in the tropics, and (b) an inde-
in the transport into the TTL from the lower levels, suggest- pendent evaluation of the long term temperature trend (of
ing that the transport into the TTL would occur primarily about—0.5°C per decade) derived from radiosondes near
over the maritime continent, followed by extensive horizon- the tropical tropopause (Seidel et al., 2001; Randel et al.,
tal transport within the TTL. Those conclusions are in con-2000). These trends are themselves different from the trends
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perature and 12 000 wind measurements of 18 MIRs and 3
SPB flights between 1988-2001 were successfully retrieved.
Compared to the balloon data (Fig. 18), the ERA-40 (T159
3-D variational assimilation) temperatures in the tropical
stratosphere show systematic time varying biases, decreas-
ing from +1.16 K in 1988-1989 to +0.26 K in 1994-1996
and—0.46 K after 1998, the latter being fully consistent with
- the —0.9K difference between ECMWF operational analy-
ses and the HIBISCUS flights and radio-occultation determi-
nations in 2004. The time varying biases compared to the
measurements of the long duration balloons are consistent
‘ 1 with those derived by Randel et al. (2004) from radiosondes
100 L e in 1991-2003. They confirm the erroneous faster cooling of
0.01 0.1 1.00 10.0 100. ERA-40 compared to the sondes, likely caused by errors in
Intrisic Frequency (Cycl d!) the series of Stratospheric Sounding Unit (SSU), Microwave
Sounding Units (MSU) and Advanced Microwave Sounding
Fig. 17. Horizontal kinetic energy spectra obtained with SPB4 Units (AMSU) satellite temperature retrievals assimilated in

(black) and SPB6 (red) wind observations. The error bars on the Ieffhe model.
of the spectra show the 90% confidence level. The vertical dashed Following a similar approach Hertzog et al. (2006) have
lines indicate the flight-averaged inertial frequencies—2slope ~ compared the ERA40 reanalysis at 200 hPa in the Southern
(thick black line) is shown for reference. Hemisphere with the data of the 480 small super-pressure
balloons of 3.70m diameter at 200 hPa launched by the
CNES for the EOLE experiment in 1971-1972. The data,
in ECMWF/ERA40 or NCEP/NCAR re-analyses showing surprisingly absent in the French institutes archives, were re-
show drops of various amplitude in the temperature data secovered at NCAR. As many as 80000 reliable temperature
ries (Randel et al., 2004). The first aim has been achieved b¥nd wind data in one year, have been recovered, providing
using the data of the HIBISCUS SPB and MIR long duration information on atmospheric regions scarcely sampled during
flights, whilst the second required an unprecedented searcthe pre-satellite era, i.e. the Antarctic and Southern Hemi-
for past balloon flight data in the archives of the French lab-sphere oceans. When compared to the EOLE dataset, the
oratories. ECMWF ERA-40 re-analyses show limited temperature bias
Actual temperature, wind and trajectories of the 8 SPB andat 200 hPa in sub-polar regions, whilst the NCAR NN50 is
the 3 MIR balloons in 2004 have been compared by Knudsera few degrees colder. However, both reanalysis are found
et al. (2006) to ECMWF T511 and NCEP operational prod- warmer by about 1K in the subtropics. The biases on the
ucts. The ECMWF operational analysis were shown to dis-wind field are very small, or not significant. The standard
play a systematic cold bias of 0.9K and too strong easterlydeviation of the difference between models and balloons data
zonal winds by 0.7 m's!, when compared to balloon mea- was shown to improve over continents compared to oceanic
surements above the tropical tropopause between 50-80 hPareas, illustrating the heterogeneity of atmospheric observa-
The temperature bias revealed by the balloons is fully contions during the pre-satellite era, emphasizing the difficulty
sistent with the-1K to —2K bias reported by Borsche et for atmospheric models to capture synoptic systems in the
al. (2007) in the tropical tropopause region from tempera-poorly sampled Southern Hemisphere by that time. How-
ture measurements by radio occultation of the CHAllengingever, the two reanalyses perform differently in this respect.
Minisatellite Payload (CHAMP) satellite during the same pe- The NCEP/NCAR standard deviations were shown to be sig-
riod. The consistency between the two totally independeniificantly smaller than those of ERA40.
data sets confirms the cold bias in the ECMWF operational
analysis in 2004. 5.5 Satellite validation
Similarly, possible biases in the trends have been exam-
ined by comparison of the data of past CNES, LMD and Remote observations of atmospheric species available from
Service d’Aeronomie long-duration balloon flights with the space instruments employing a range of techniques were
ERA40 re-analyses (Christensen et al., 2007). Found in thewvailable. However, significant discrepancies are often ob-
archives were the data of 30 MIRs and 3 SPBs of 10 m di-served between them, particularly in the tropical UT/LS,
ameter flown from Pretoria in South Africa in 1988-1992, where the quality of the retrievals degrades rapidly at de-
Latacunga in Ecuador in 1994-1998, and Bauru in Brazil increasing altitude, because of the presence of high-altitude
2000—2001. After careful check of the data quality by com- clouds, low temperature, interference with water vapour,
paring measurements performed by independent instrumentstc. A number of space instruments were in operation dur-
flown on the same balloon, about 40000 additional tem-ing the HIBISCUS period: the long-standing NASA SAGE
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Fig. 18. Past | duration ball ¢ ¢ ; . Fig. 19. Example of evaluation of HALOE satellite 0ozone measure-

9. 1. Fast long-duration bafloon temperature measurements '_'}'nents precision by comparison with SAOZ long duration balloon
the tropical lower stratosphere compared to ECMWF/ERAAO. TOp'profiIes. Solid line: SAOZ; dotted: HALOE v19; dotted-dashed:
difference ERA40-ballon in K; middle: standard deviation; bottom: HALOE altitude adjusted ' From left to right: r'nean zonal pro-

data points numb(_ar. A systematic bias is _observed, ERA40 be'ngﬁles, relative percent difference and relative percent standard de-
warmer by 1.16 K in 1988_1989‘. by 0.26K in 1994-1996, and thenviation before (black) and after (red) removal of horizontal trans-
cooler by 0.46 K after 1998 (Christensen et al., 2007). port. Above 20 km, the relative bias between HALOE and SAOZ
is <4% and the HALOE precision better than 3%. At lower alti-
tude, the bias increases rapidly due to an altitude registration error
II'and HALOE, the Sweden-Finland-Canada-France ODINn HALOE (Borchi et al., 2007).
OSIRIS (Optical Spectrograph and InfraRed Imaging Sys-
tem) and SMR, and the ESA ENVISAT MIPAS, GOMOS
and SCIAMACHY (Scanning Imaging Absorption Spec- ble Chappuis bands (SAGE Il and Ill, GOMOS above 22 km
trometer for Atmospheric CHartographY). Unfortunately the and OSIRIS), the near IR HALOE above 22km and the
launch of NASA AURA in the A-Train initially planned be- ozonesondes, but increasing to +7% in UV SCIAMACHY
fore the campaign was delayed and no direct comparisonand in the mid-IR MIPAS and the sub-millimetre ODIN-
with MLS could be performed. Among the species, HI- SMR limb viewing systems. Regarding precision, the best
BISCUS provided a unique data set of ozone, water vapourmeasurements are found to be those of SAGE Il (2%), fol-
bromine oxide, nitrous and nitrogen oxides in the tropicslowed by HALOE above 22 km (3—4%), ozonesondes, SAGE
used and still in use for evaluating the performances of thell and OSIRIS 5%), GOMOS above 22km and SCIA-

above satellite instruments retrievals. MACHY (~6%), MIPAS (8.5%) and finally SMR (16%).
Overall, satellite 0zone measurements do not appear reliable
5.5.1 Ozone below 20km in the tropics, except those of SAGE Il (and

possibly SAGE Ill), even though biased low by 50% and of
The measurements of short duration balloons have been useited precision.
for several punctual validations (e.g. for ODIN-OSIRIS by
Jegou et al., 2008). More effective for assessing the perfor5 5.2 Nitrous oxide
mance of the satellites, is the statistical approach used by
Borchi et al. (2005, 2007) using the large number of profilesOn 18 February 2003, the DIRAC gas chromatograph was
of the long duration balloons. Based on the smal2%o) flown from Bauru in whole air sampling mode (no adsorbent
ozone variability in the tropical stratosphere above 20 km,trap). This enabled a vertical profile ob® to be measured.
an original statistical approach was developed. It consistsThe N,O profile has been used as part of the Odin/SMR
in comparing the zonal mean profiles, indicative of biasessatellite validation for which BO is a target gas (Urban et
in altitude registration and of systematic errors, and theiral., 2005). The NO profiles were within the instrument un-
variability (standard deviation compared to the mean), in-certainties over all altitudes available for comparison, with
dicative of the random error of each instrument. Using thisthe exception of the 23 to 26 km region, where the DIRAC
technique, the MIR flights data were compared with all the N,O observations were significantly lower than those from
satellite ozone profiles available in the tropics. As an ex-Odin/SMR. The difference was ascribed to horizontal vari-
ample, Fig. 19 shows the evaluation of HALOE measure-ability in the Bauru region.
ments. Systematic altitude shifts could be observed in some
satellite profiles, varying fror50 m for the GOMOS stel- 5.5.3 Water vapour
lar occultation instrument, followed by +100/200 m for so-
lar occultation systems (SAGE IlI, HALOE above 22km), The water vapour profiles provided by GOMOS, MIPAS,
but as large as-900 m or +2000 m for limb viewing sys- HALOE, SAGE Il and AIRS between 11-26km in the
tems (OSIRIS, SCIAMACHY). The ozone relative biases areUT/LS have been compared to those of the two in situ hy-
generally smaller thar-4%, for measurements in the visi- grometers, the uSDLA diode laser and the surface acoustic
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wave, as well as the remote SAOZ MIR long duration mea- T

surements. Using the same statistical method employed 24 | 1 ¥ H e sAOZ/H20 124
for ozone, Montoux et al. (2009) (Fig. 20) showed that I { XXREFROBUS ]
in the stratosphere, above 20km, HALOE displays the 2oL ] a7 SR DY
best precision (2.5%), followed by SAGE Il (7%), MI- _ I ! ] AR ]
PAS (10%), SAOZ (20-25%), GOMOS (25%) and SCIA- £ [ EXREPRGEOS | i .
MACHY (35%). In reference to HALOE, the biases are little 4 I 1
significant, not exceeding 10% except SCIAMACHY drier 2 18k h 148
by 20% and GOMOS displaying a positive gradient in con- H I

trast to all others. The comparison degrades below 20 km, < sel 1 15e
where the precision of all satellites decreases rapidly, and -

large biases are reported, HALOE and SAGE Il (adjusted i

to HALOE) being drier by up to 2 ppm compared to the 4— ha 8 ] rhs
5 ppm of the in situ hygrometers. The situation is even worse - I o NN [l .: ”
below 16 km in the lower stratosphere, where satellite mea- 1 10 100 0 20 40 60 80 100
surements do not appear reliable compared to in situ and re- H20 (ppm) Variability (%)

mote balloon profiles, with the exception of AIRS agreeing

within 25% with the balloqn data. As for ozone, those re- Fig. 20. Similar analysis of water vapour profiles. Above 20 km,
sults demonstrate the quality of satellite remote water vapougll measurements are consistent within their quoted accuracy, with
measurements in the stratosphere, but also the difficulty taehe exception of GOMOS showing a mixing ratio increasing with
retrieve accurate information below 20km in the Tropical altitude. SAGE Il, HALOE and MIPAS display the best precision.

Tropopause Layer. The REPROBUS/ECMWF model underestimates the mean water
vapour mixing ratio as well as its variability. The measurements de-
5.5.4 Bromine oxide grade below where HALOE displays a systematic low bias like that

of ozone and MIPAS a fast decrease of precision. At these altitudes
The SAOZ UV extended version BrO profiles recorded in best measurements are those of AIRS (Montoux et al., 2009).
2003 and 2004 constitute a unique data set for validating
satellite measurements in the tropics. They were used to vali-
date the SCIAMACHY limb retrievals of the Harvard Smith- 6 Summary
sonian Center for Astrophysics (Sioris et al., 2006), of the

Universities of Heidelberg and Bremen (Dorf et al., 2006; Significant progress has been achieved within the HIBISCUS
Rozanov et al., 2010), as well as those of OSIRIS-ODIN project in the understanding of mechanisms involved in the
(McLinden et al., 2010). They also provided a unique refer-tropical UTLS dynamics, microphysics and chemistry, the
ence for retrieving profiles from ground-based column mea-representation of temperature and wind in the global meteo-
surements at Reunion Island at the same latitude (Theys gblogical analyses and reanalyses, and the assessment of the
al., 2007). Overall, after compensation for the BrO photo- performances of several satellite retrievals in the tropics.
chemical change between the time of the satellite overpasses Overall, the composition of the UTLS, the region between

and the balloon .flights in late aftemoon. S'a'gelli('fe-'retrievedu and 20 km of intermediate lapse rate between the almost
and balloon profiles are found consistent withigd0% inthe 42 patic upper troposphere and the stable stratosphere, ap-
stratosphere. pears highly variable. Among the newest results is the ob-
servation of strong local episodic updraughts of cold air,
tropospheric chemical tracers, low ozone and ice particles,
The unique set of SAOZ tropical NQprofiles recorded dur-  &€r0Ss the lapse rate tropopause at about 15-16 km. These
ing the HIBISCUS campaigns has been used for direct com€VeNts reached up to 18 or 19km (420-440K) over the con-
parisons with satellite retrievals (e.g. with those of MIPAS, VECtively active region of South-eastern Brazil in the sum-
Wetzel et al., 2007) and for converting the sunset/sunrisd"€l, demonstrating the local impact of the frequent occur-
measurements of the NDACC ground-based SAOZ in the€NCe of injections of tropospheric air in the lower strato-
tropics into vertical columns for comparisons with GOME, SPhere by overshooting towers. The events are shown to
SCIAMACHY, OMI and METOP-GOME2 (e.g. Hendrick et result in a hydration of lower stratosphere by geyser-like

al., 2004; Lambert et al., 2006, 2007; Celarier et al., 2008). Injection of ice crystals across the tropopause. The con-
trast between the composition of the lower stratosphere over

land and oceanic areas in the same latitude range, reported
by the circum-navigating balloons and satellites, indicate
that these events might have a significant impact at the
global scale. However, although well represented locally

5.5.5 Nitrogen dioxide
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by meso-scale non-hydrostatic models, the signature of suchalloon-borne grab sampler, also developed by the Univer-
events at the global scale is shown not captured by globasity of Cambridge, in which known volumes of stratospheric
Chemistry-Transport Models (CTM) models forced by Nu- air are trapped on sample tubes containing Carboxen. A
merical Weather Prediction (NWP), which instead show arange of halocarbons (typically 10 compounds) is subse-
slow vertical lofting over the West Pacific in contradiction quently measured in the laboratory using a gas chromato-
with our observations. graph and electron capture detector. The instrument car-
The comparison of temperature measured by the HIBIS+ies 16 adsorbent tubes, which limits the number of samples,
CUS long-duration balloons and a number of similar flights which can be taken per flight. For a detailed discussion see
carried in the tropics by French laboratories since 1988, indi-Danis et al. (2000). It has been successfully deployed on over
cates a systematic time varying bias in NWP models analysigO0 flights since 1995. The measurement precision (1 sigma)
and reanalysis, similar to that observed with the radiosonis 3% for CFC-11, 1.5% for CFC-113, 16% for GCb5.5%
des, likely coming from errors in the assimilated Strato- for CH3CClz and 6.5% for CHG.
spheric Sounding Unit (SSU), Microwave Sounding Units _
(MSU) and Advanced Microwave Sounding Units (AMSU) Al.3  Micro-SDLA tuneable laser

satellite temperature retrievals. Finally, the data of chemical_l_h SDLA (Mi Spect tric Diode L f
species collected by the HIBISCUS balloons have allowed a en : ( ICro >pectrometric Liode aser) sensor o!
NRS-SA is a diode laser spectrometer devoted to the in

thorough evaluation of satellite measurements performanceg . :
in the tropics, particularly of ozone, nitrogen oxide, water Situ measurement of 40 and CH in the UTLS by in-

vapour and bromine oxide, whose data are made availablgarec,] absorption spectroscopy (Durry et al., 2004). Three
for checking the progress of further retrieval versions in thenear—lnfrared telecommunication-type InGaAs laser diodes

ETHER French database 4ttp://ether.ipsl.jussieu)ir are connected by means of optical fibers to an open multi-
' T ” path optical cell providing an absorption path-length of 28 m.

The laser beam is absorbed by ambient gas molecules as it is
bouncing back and forth between the cell mirrors. 4Gl
monitored at 1.65 um andJ@® at 1.39 um using the differen-

tial detection technique. The payload also includes pressure
and temperature sensors. An accuracy of 5% is achieved for
a measurement duration of 160 ms. To avoid contamination
by out-gassing from the balloon or the payload, only data
recorded during the slow night-time descent of the balloons
are considered in the TTL and the UT, continued by those
during parachute descent in the lower troposphere.

Appendix A

Short-duration balloon instruments
Al In situ sensors

Al.1 DIRAC gas chromatograph

DIRAC (Determination In situ by Rapid Analytical Chro-
matography) is a lightweight gas chromatograph develope

by the University of Cambridge (Robinson et al., 2000; Gost-%l'4 TDLAS tunable laser

low et al., 2010). The overall instrument weight for an 8-h 1pg |ightweight Tunable Diode Laser (TDLAS) of the Na-
flight is 30kg. DIRAC uses a Carboxen adsorbent to pre-tiona| physical Laboratory (NPL) uses near-infrared tunable
concentrate samples of known volume before injection ontGgjpde |asers and an astigmatic Herriott cell to measure spec-
a separation column and electron capture detector. It Me&oscopic absorption over a pathlength of up to 101 m. The
sures a range of halocarbons at a time resolution, which Caghstryment has been used for fast response measurements
be adjusted depending on the type of flight being made. Fopt atmospheric tracers on board balloons (van Aalst et al.,
instance, CFC-11 and CFC-113 can be measured at 100-s ino4) and aircraft (Bradshfaw et al., 2002). The instrument
tervals (0.3-0.7 km resolution depending on balloon verticalyas configured for water vapour measurements during Hi-
velocity) or CFC-11, CFC-113, CHEICH;CCls and CCL — giscus, using an all-metal gondola designed to minimise
can be measured at 200-s intervals (0.6-1.4km resolution), ;t gassing. The measurements were made at a frequency
It has been successtully deployed on 10 balloon flights in-of 0.7 Hz over three water vapour absorption lines around
cluding 4 flights during THESEO 1999/2000. The repeata-1 36 ;m which had a range of line strengths to cover the
bility of standard gas measurements during flight (1 sigmayige atmospheric concentration range. Analysis was car-
in-flight precision) is 6.5% for CFC-11, 7.5% for CLLO0%  ied out using parameters from the Hitran 2004 spectroscopic
for CH3CCls and 15% for CHG. database, and the results had an estimated uncertainty of

10%, with a detection limit of 0.5 ppm.
Al.2 DESCARTES grab sampler

Al.5 Surface Acoustic Wave (SAW) HO sensor
DESCARTES ([termination et 8paration par Chro-

matographie lors de I'Analyse deseBultats des Traceurs Frost point hygrometry is a well-established measurement
Echantillonres dans la Stratospte) is a lightweight (17 kg) method, with most current instruments using a cooled mirror
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with an optical source and detector as the sensing elemenf1.8 Lightweight scattering probe

The instrument of the University of Cambridge is based on

this method, but uses a surface acoustic wave (SAW) crysThis instrument of the University of Manchester (UMIST)
tal instead for detection (Hansford et al., 2006). The advanwas designed to measure the number size distribution of
tage of the SAW method is that fewer monolayers can be deaerosol particles in the size range 0.3 to 3 pm diameter using
tected, therefore being intrinsically more sensitive and has dight scattering. The instrument uses a white light source and
much faster response relative to a standard mirror frost poinfneasures the scattered light intensity at 45 and 90 degrees
hygrometer. An alternating voltage across interdigital elec-scattering angle, using dual detectors. One of each of the pair
trodes on the surface of the SAW crystal causes oscillation®f detectors was fitted with a polarising filter to distinguish
at a well-defined frequency (typically 100s of MHz). The between spherical liquid droplets and solid crystals. HIBIS-
SAW Crysta| is p|aced, together with an accurate p|atinumCUS provided the first test for this instrument and whilst it
resistance thermometer, onto a Peltier cooler. When cooledlew during the experiment, a critical failure occurred and no
to the frost point, water vapour condenses onto the SAW surdata could be retrieved.

face, reducing the SAW oscillation frequency and amplitude, o

forming the basis of a feedback circuit. The temperature af*1-9 AIRS electric field probe

which condensation occurs is then rglat_ed to the ambient "ahe AIRS electric field instrument of CNRS-CETP (Centre
ter vapour amount. A prototype, weighing less than 3kg has 'Etude des Environnements Terrestre et Btaines) is de-

been flown on several occasions, measuring frost points be-, . .
low —80°C. signed to measure the vertical component of the atmospheric

electric field from DC to 10 kHz and the electric conductivity
A1.6 Solid State Ozone Sensor (SSS;D of the atmosphere throggh th_e relaxation technique._ It uses
the double probe technique with 2 carbon coated cylindrical
The sensor, based on a commercial sensing element a|§jectrodes, 3cm in diameter and 15¢cm Iong, installed at the
developed by the University of Cambridge, consists of aénds of a vertical boom, 1 m in length, located 25cm away
thin metal oxide (tungsten oxide) layer mounted on a smalifrom the gondola. Grounded plates, also coated with carbon,
(2mmx 2mm) ceramic tile (Hansford et al., 2005). The are installed on the sides of the gondola. They provide a good
principle of operation is that when heated to its operating€lectrical contact between the electronics ground and the lo-
temperature, oxygen vacancies, formed therma”y at the oxcal ionized atmosphere and avoid the detrimental influence of
ide surface, create electron donor states, resulting in an inspurious potentials that may arise on the external insulating
crease in charge carrier concentration (i.e., a reduction in rematerial of the gondola. High impedance, very low leakage
sistance). @ molecules react on the oxide surface filling the current preamplifiers allow to perform measurements in the
oxygen vacancies, decreasing the charge carrier concentrw conductivity atmosphere down to a few kilometre alti-
tion. The resulting increase in electrical resistance, whichtudes. Data are recorded in 2 channels, one for large ampli-
can be related to §concentration, is then measured. The de- tude signals, up te&-200 V m2, from DC to~2kHz with a
vice has sensitivity to better than-3L0'°moleculescm3,  resolution of 4mV 1! and the second one for low ampli-
corresponding to 0.03ppm at 50 hPa. The typical time restude AC signals from~ Hz to 10 kHz with a sensitivity of
sponse of the device is in the order of a few seconds. Its~2t0 3V nrtHZY2,

weight is less than 0.5 kg, excluding batteries.
A2 Remote sensors

Al.7 LABS backscatter diode laser o
A2.1 SAOZ UV-Visible spectrometer

This instrument developed by the Italian Consiglio Nazionale . , . .
delle Ricerche Istituto di Scienze dell’Atmosfera e del Clima "€ SAOZ of Service d'&ronomie of the Centre National

(CNR-ISAC) and Ente Nazionale per le Nuove tecnologie, 9€ & Recherche Scientifique (CNRS-SA) is a UV-Vis spec-
IEnergia e 'Ambiente (ENEA) (Adriani et al., 1999) pro- trometer for remote measurement by solar occultation during

vides an in-situ measurement of the aerosol volume backscath® ascent of the balloon in the late afternoon and at sun-
ter coefficient and aerosol depolarization at 532 nm. TheSE€t or sunrise from float altitude. Three versions have been
aerosol volume backscatter coefficient detects the presencdd€Ployed during HIBISCUS: the basic SAOZ in the 300~

of aerosols in the air mass sampled, as well as a rough e$°0 M spectral region for (2% accuracy), N@ (5%),
timation of their quantity. The aerosol depolarization, being @nd cloud extinction (Pommereau and Piquard, 1994), a UV
the ratio to what extent the main polarization of the laser is€"hanced version in the 300-400 nm range, SAOZ-BrO, for

preserved in the backscattering process, gives information ofs'© (15%) (Pundt etal., 2002), and a newly developed 400~
the shape of the particles, and in some cases a coarse estimg200 nm version for the measurement @iGHin addition to
tion of their dimensions as well (Buontempo et al., 2006). ©3 @nd NQ. The SAOZ payload weighs 18 kg.
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A2.2 NILUCUBE UV radiometer cle and molecule backscatter, and the color index, defined as
(BR940/BR480). The color index is correlated with the par-

A new version of the NILUCUBE instrument of the Norwe- ticle size. The ozone sondes also operated by the Danish Me-

gian Institute for Air Research (NILU) described by Kylling teorological Institute are commercial Electro-Chemical Cells

et al. (2003) was developed for HIBISCUS. The new sen-(ECC) from EN-SCI.

sor has six channels in each of its six heads. The heads are

mounted on the faces of a cube. For each head UV radi-

ation is measured at 312 and 340 nm, with a bandwidth ofAPpendix B

10 nm at FWHM. In addition to radiation measurements, the

new NILUCUBE includes a GPS for position and timing in- Details of the meteorology of the short-duration flights

formation, and a magnetic compass for tilt, roll and heading€rformed in January—February 2004

information. The temperature is measured for each of the six .

heads. Data from all sources are sampled every second. T ZL balloon flights

weight of the instrument is about 6 kg. Each head Measures, . | < were used for in-situ measurements of aerosol

the_lrradlgnce. The new NILUCUBE has had |_mproved_|nput(LABS) or N;O (DIRAC) during the ascent/descent of the
optics which deviates less than 5% from the ideal cosine re; . .

- . balloon, together with @ NO,, BrO profile measurements
sponse for zenith angles smaller thari.8By combining the

- . by solar occultation during ascent and sunset period from
;nsegr?g\:\?nmbi/nlisy]lclriag:t";;e?zdosc’)g)]e actinic flux may be derlVe‘%l)oat altitude, using both the SAOZ spectrometer and its UV

extended version. Two flights were carried out, one on 31
January (ZL2) at 17:30 LT and the other on 5 February (ZL1)
at 17:00LT. Unfortunately, the DIRAC payload on ZL2 hit
This lightweight low-power micro-lidar of ENEA and CNR-  the ground during launch operation. Therefore n@hpro-
ISAC employs a miniaturized Nd-YAG pulsed laser firing at file was available in 2004 (but in 2003). All other instru-
532 nm for measuring profiles of aerosol backscatter and detents performed well. The two flights were performed in
polarization during night time, from the altitude of the pay- the SACZ, with ZL2 being in conditions almost unaffected
load downward to the ground, with a vertical resolution of Py nearby convection (Fig. B1, left) and within an episode of
30m and a time resolution of 60s. In daylight conditions, mid-latitude air advection in the lower stratosphere, but the
the system was unable to provide profile information but op-S€cond (ZL1) during a much more active period, with an in-
erates as a near-range backscattersonde, providing values §nse mesoscale convective system (MCS) of some 300 km
backscatter and depolarization at a few tens of metres frongXtent, about 150 km to the south and south-west, as shown
the platform. The parameters obtained by MULID obser-PY the radar image (Fig. B1, right) and therefore a cooler
vations are, apart from intensity and depolarization profiles? TL (minimum temperature 0f-85°C, instead of-77°C).

of the backscattered signal, also the extinction profile in op-Both LABS and SAOZ reported clouds up to 12km on 31
tically thin clouds and cloud top height for optically thick January. Higher clouds were seen by SAOZ on 5 February

A2.3 MULID micro-lidar

clouds (Di Donfrancesco et al., 2006). when the atmosphere became totally opaque below 16.5km
in the direction of the sun at sunset. Relatively strong light-
A2.4 Lightning optical sensor ning activity was reported by the RINDAT network, peaking

in both cases at some 200 flashes per hour ifa I° area
This sensor developed by CNRS-SA was designed for dearound 18:00 LT near Bauru.
tecting lightning and blue-jets flashes. The sensor is made
of two photodiodes and amplifiers mounted, the first lookingB2 SF balloon flights
downward within a 189FOV and the second upward within )
a30-80 annular FOV to avoid reflection of lightning flashes L-aunched in the late afternoon, these balloons are left de-

on the balloon or pieces of the payload. scending very slowly (0.5 nt2 or less) after their cooling at
night for exploring the TTL and the UT down to 12—-14 km.
A3 Radiosondes equipment The idea, tested first in 2003, proved to be excellent. Four

flights were performed, with all four having slow descents of
The Backscatter sondes operated by the Danish Meteord3 to 5 h.
logical Institute are backscatter sonde manufactured by the In all cases (Table 6), they were carrying a tuneable diode
University of Wyoming (Rosen and Kjome, 1991) made of a laser, one or two hygrometers, a tracer-measuring instrument
xenon lamp, which emits a white flash every 7 s. The light isand a cloud detecting sensor, and anh@h-resolution SSS
scattered by particles and molecules in front of the sondesensor. Finally, the electric field instrument was flown to-
and monitored with two photodiodes at 480 and 940 nm,gether with the lightning optical sensors. In addition, all SF
respectively. Two parameters are calculated from this sigflights were accompanied by backscatter and/or ozoneson-
nal: the backscatter ratio (BR), i.e. the ratio between parti-des, launched around 22:00 LT in the evening, because of the
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Fig. B2. SF-2 flight on 13 February. Left GOES-E image at
Fig. B1. Echo tops (reflectivity threshold 10 dBZ) seen by the S- 19:15LT. Right: BRAMS one day 3-D backward trajectories end-
Band radar at Presidente Prudente (PPR) during the ZL flights. Aing at18:00 UT at 12 km (black), 14 km (blue), 16 km (cyan), 18 km
star represents the balloon location at the time of the radar imagégreen) and 20 km (yellow).
and the tip of the arrow indicates the tangent point. Left: ZL2 at
22:31UT, 2h after launch, on 31 January. The IPMet radars of
BRU and PPR detected isolated intense storm cells about 200 km
north to north-east of the balloon position, topping up to 15km.
Right: ZL1 at sunset at 22:31UT on 5 February, about 150 min af-
ter its launch. The radar image displays a MCS of 300 km extension
south to south-west of the flight track, topping at 11-12km on av- |
erage, with turrets (red dots) as high as 17-18 km. SAOZ indicates
an increase of extinction below 17 km (cirrus), the atmosphere be- [}
coming opaque below 16.5 km at sunset in the direction of the sun
(arrow).

CWanMNNO=A-NOWeWON

daytime restriction of the optical measurements. Two noon-
time NILUCUBE flights were also performed during the pe-
riod, the first, on 13 February in almost cloud-free conditionsFig. B3. Echo tops (reflectivity threshold 10 dBZ) observed by
and the second, on 25 February, on a more convectively ache Bauru and Presidente Prudente Radars on 13 February approxi-
tive day, when high-altitude clouds where developing aroundmately four hours after launch. A star shows the SF2 flight location.
noon.

B2.1 SF-2flight 367 K), topped by an almost isothermal layer reaching up to
20km. Tropospheric winds were from south-westerly direc-
The balloon was launched on 13 February at 17:18 LT somdions up to 15-16 km, originating from a combination of the
300 km east of a strong convective region over the west ofpproaching tropical convective system over Mato Grosso do
the State of S0 Paulo, Mato Grosso do Sul and ParaguaySul and the warm front over Pai@nahead of a cold front
(Fig. B2). The balloon reached an altitude of 20km just slowly propagating north-eastwards. The winds backed to
before sunset, followed by a 3-h nighttime descent down toeasterly above the tropopause.
11.8 km, where it was cut down 90 km north of Bauru. From The SF2 balloon was carrying the DESCARTES halocar-
11:00LT (14:00 UT) on that day, convective systems begarbon grab sampler with which six samples were taken dur-
developing in the southeastern quadrant of the Bauru radaing the ascent. But unfortunately, a power failure at float
rapidly intensifying during the early afternoon, later also in prevented sampling during the slow descent. The measure-
the southwest sector and east north east of the radar. At theents of halocarbons across the tropical tropopause indi-
time of the launch, the nearest storm was about 60-70 kntate a tracer concentration gradient in proportion to life-
southeast, but remained more or less stationary and at nttime. The fast response38SS produced good data during
stage did it impact on the flight trajectory. However, at the ascent and descent, showing an ozonopause at about the sec-
same time, the PPR radar showed a large area of instabilitpndary tropopause around 14 km, as well as resolved small-
moving in from northwest and west, but it never came closerscale vertical structures. The uSDLA tuneable laser provided
than 300 km from the balloon track (Fig. B3). Towards the methane and water vapour data throughout the flight. In the
end of the flight, some very small (5-10 km) cells appearedwater vapour profile a step of 10-12 ppm was observed above
just west of the floating balloon, but their tops stayed well be-the lapse rate tropopause between 15.5 and 16 km and a min-
low 10 km. The radiosonde profile displays a fast change inimum mixing ratio of 4 ppm at about 17 km. The puSDLA
lapse rate at 14 km, sometimes called secondary tropopausprofile was also used as a reference for evaluating the mea-
a minimum temperature of75.2°C at 15.7km (115hPa, surements of the SAW, of a RS80 sonde at 15:15LT and a
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Fig. B4. SF-1 on 16 February. Left: GOES-E image at 19:15LT. Fig. BS. SF-4 flight on 24 February. Left GOES-E image at
Right BRAMS 4-day backward trajectories at 20:00LT at 12 km 18:15LT. Right RAMS 5-day backward trajectories at 17:00LT at
(black), 14 km (blue), 16 km (cyan), 18 km (green) and 20 km (yel- 12 km (black), 14 km (blue), 16 km (cyan), 18 km (green) and 20 km
low). (yellow).

RS 90 heated-Humicap on the backscatter sonde at 19:35 LThe TDL made HO measurements during the ascent up to
The RS 80 was found to be significantly dry biased above 6-250 hPa, but not above after a drift of the optical alignment.
7km, the SAW very consistent with the tuneable laser up toDuring this flight good data on both electric field and conduc-
12-13km, and the RS 90 up to 16 km. tivity measurements were obtained. In particular, a complete
The plidar performed successfully, making a profile of profile of the electric conductivity due to positive charges
aerosol every 3 min. Unfortunately, because of a failure inwas obtained over practically the whole altitude range with
one of the battery packs, only the cross-polarized backscatmeasurements every 8 min. A noticeable enhancement of
tering ratio is available. Cloud layers were seen at around-onductivity is observed between 1 and 4km, while a de-
10-13 km during the entire flight with a downward slope of crease is observed above at the altitude where the backscat-
3km during the night, corroborated by a backscatter/ozondersonde flown 2 h later showed the presence of thick cloud
sonde at 19:35LT showing two cloud layers between 10-up to 14.5km, which may change the nature of the atmo-
12km and 12.5-13.5km. spheric ions and modify the electrical parameters of the at-
On the same day the first flight of the Falcon took place tomosphere. However, in absence of complementary measure-
the NNE, making a range of observations next to the balloonments it is not possible to ascertain such an interpretation.

flight area at the beginning and the end of its flight. Cooperative observations are available from the third flight
of the Falcon completing two ascent/descent cycles in an
B2.2 SF-1flight area close to the balloon flight track, showing a layer of en-

hanced CO at 8-10km, indicative of urban pollution in co-

This flight was performed within an anticyclonic cloud-free incidence with the halocarbon enhanced layer reported by
area to the southwest of the SACZ, which had shifted to-DESCARTES.
wards north-east (Fig. B4). The balloon was launched at
17:24 LT on 16 February reaching an altitude of 20.5km atB2.3 SF-4 flight
sunset followed by a 6 h very slow descent to the SW, where
it was cut down at 15.8 km close to the border of the StateThis third slow descent flight was launched at 17:03 LT on 24
of Parana. Four-day trajectory data from RAMS show that atFebruary when the SACZ was back over the central State of
350-140hPa in the UT air flowed from the west, around theSao Paulo (Fig. B6), creating a period of extensive instability
upper-level Bolivian high, with some descent from slightly with convective activity during day and night, albeit with re-
higher potential temperature layers (Fig. B5, right), turning duced intensity. The balloon reached an altitude of 20.2km
to the south at 90 hpa and then towards east above. The rahortly before sunset, followed by a 3-h slow descent down
diosonde shows a dynamical tropopause at about 13.5krto 10.7 km, when it was cut down.
and a thermal tropopause of76.1°C at 17.5km (84.4 hPa, A large area of instability, with more or less randomly de-
399 K). veloping intense cells was first observed by IPMet’s radars in

DESCARTES made 6 samplings during the ascent provid-the far north-west of the State o&8 Paulo, expanding east-
ing reliable data showing a layer of high halocarbon mixing wards while moving towards south-east as a whole. Signif-
ratio at 8.5-9.5 km, possibly resulting from a transport of ur-icant intensification occurred from noon onwards, resulting
ban polluted layer during preceding days. Unfortunately itin a massive multi-cellular complex heading towards Bauru
failed again during the slow descent. LABS and the backscatduring the late afternoon. Cloud tops during the early after-
ter sonde did not reported any cloud in the upper tropospherejoon were mostly 14 km, but a few cells penetrated through
but only at 3.5-4 km. Ozone data are available from both thehe tropopause. However, the cloud tops subsided quickly to
SSS and the ECC sonde, showing an ozonopause at 14.6 kre.10 km after sunset. At the time of the launch, the storm
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Fig. B6. Echo tops (reflectivity threshold 10 dBZ) seen by the S-
Band radar at Bauru (BRU) during the SF4 flight on 24 February
2004. The star represents the balloon location at the time of the
radar image. Left: about 30 min after launch; Right: about 4 h after
launch, towards the end of its float.

Fig. B7. SF-3 flight on 24 February. GOES-E image at 21:15LT.
Thunderstorms developed over South Brazil in the States of Santa

) Catarina and Paranmoving rapidly northwards.
complex was about 120 km to the north-west, moving at

40 km 1 south-eastwards and reaching Bauru shortly after

20:00 LT. Figure B6 shows the radar echo tops detected halfnent of the amplitude of electric field fluctuations near the

an hour after launch and towards the end of its float. Thetropopause where thin cirrus were reported by the backscat-
rain area situated 50—100 km south of Bauru (Fig. B6, right)ter sonde. There was no Falcon or Bandeirante aircraft flight
was already in the decaying stage at the time of the launclon the day of the SF-4 flight.

and never affected the balloon track. Observations performed

during this flight are thus representative of the TTL ahead ofB2.4 SF-3 flight

the approaching mesoscale system, within a generally ver%_ ]

convective environment. A radiosonde launched 20 min af-The last slow descent flight was performed on 26 Febru-
ter the balloon indicates a secondary tropopause (lapse ra@y- Launched at 17:00LT, the balloon reached an altitude
discontinuity) at about 14km, a minimum temperature of of 21.6 km shortly bgfore sunset where it remained for about
~78.7°C at 15.9km (112 hPa, 364 K), overlaid by a broad 1h before descending slowly for 03:45h down to 10km.

isothermal layer up to 18 km (77.5 hPa, 405 K). Very active thunderstorms were developing in the morning
over the State of Santa Catarina, moving fast northbound

- across the State of Parana (Figs. B7 and B8), but faded out
ulidar, LSDLA, @ SAW hygrometer, angSSS and the AIRS by 22:30LT about 150 km south-east of Bauru at the end of

electric field sensor. All performed satisfactorily. CFC 11 SF3. Thet i il h | te
measurements by the uDIRAC show a constant mixing ratio~ ™~ € temperature profiles show a lapse rate tropopause

(MR) up to 16 km, followed by a drop off beginning at 17 km. near 15km, a cold point of 78°C at 80 hPa, topped by an

; ; Imost isothermal TTL up to 18 km.
The SSS ozone sensor performed without problems, dlsplay@ .
ing, in agreement with the ozonesonde flown in parallel, an The SF-3 balloon was carrying a DESCARTES grab sam-

ozonopause at 14.2 km and significant structures above. Th ler, the UDIRAC GC, the TDLAS tuneable diode laser, the

LUSDLA shows a very dry layer between 8-11 km, followed LABS backscatter diode laser, a SAW hygrometer and an

by near saturation up to a drop off at 14.8 km above the secp3SSS sensor. DESCARTES performed successfully during

ondary tropopause, and a mixing ratio of 4-5ppm in thethe ascent and descent, providing measurements of tracers of

TTL. The SAW hygrometer produced good data up to 14 km& large range of lifetime spanning from 50 yr to 3 months.

during ascent and below 13.5 km during descent, but showea-he TDLAS made good measurements both during the as-

insufficient sensitivity to make reliable measurements above St and descent. The most notable features of the profile are

these heights. During the descent, the plidar made excet-he low relative humidity (less than 20%) while ascending

: to 15km, and moist layers (60—-80%) during the descent
lent measurements of a 1 km thick cloud layer at 13 km at'P ; )
the beginning, followed by the appearance of thin IayersjustOf 'tge 1;I|ghttr$10.5—11t.5 km alr;d 13_13'.5 km), Wh'(.:h are not
above 14km and at 13km and more substantial clouds beS?'?€Nt ON € ascent, as wetl as a minimupOHnixing ra- .
of 2.1 ppm at 17.7 km, around the level of the cold point

low 12 km. The backscatter sonde launched at 19:30 showetH0 No cloud b d by LABS duri .
a thick opaque cloud up to 13.5km at the beginning of the ropopause. No clouds were observed by uring €r-

balloon flight. No lightning was detected by AIRS, but sig- their th(_a ascer}t ?r descent, butc:nglhly structt:rgdtlayersloef de(—j
nificant drops of the electric field probably related to differ- polarizing particles were seen during ascent between 16 an

ential charging of the top (negative) and the bottom (posi-18 km
tive) of the cloud layers in the lower layers, and enhance-

The balloon was carrying six instruments: pDIRAC GC,
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ALTITUDE (km)

ALTITUDE (km)

Fig. B8. SF4-flight. Thunderstorms over Pataapproaching from = g

the south, as seen by the Bauru radar at 21:00 and 23:00UT, re- ® E* :

spectively; surveillance PPl (450 km range) &tdlevation. The BT

star represents the SF3 balloon location at the time of the radar im- ™"

age, viz. 1h after launch (left) and during its southeastwards float

(right), respectively. Fig. B9. Ozone mixing ratio (green), backscatter signal (red) and
colour index (940/460 nm) of the 10 sondes operated by the Danish

. Meteorological Institutes between 10 and 24 February.
Other data available on 27 February are from a Falcon g 4

flight from 05:44—-08:50 LT), an ozonesonde at 23:35LT and
a MIR SAOZ flight launched at 20:00 providingsONO,,
H»O profiles on the following morning.
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