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15CPTEC, Centro de Previsão de Tempo e Estudos Climàticos, Cachoeira Paulista, Brazil
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Abstract

HIBISCUS was a field campaign for investigating the impact of deep convection on the
Tropical Tropopause Layer (TTL) and the Lower Stratosphere, which took place during
the Southern Hemisphere summer in February–March 2004 in the State of São Paulo,
Brazil. Its objective was to provide a set of new observational data on meteorology,5

tracers of horizontal and vertical transport, water vapour, clouds, and chemistry in the
tropical UT/LS from balloon observations at local scale over a land convective area,
as well as at global scale using circumnavigating long-duration balloons. Overall, the
composition of the TTL, the region between 14 and 19 km of intermediate lapse rate
between the almost adiabatic upper troposphere and the stable stratosphere, appears10

highly variable. Tracers and ozone measurements performed at both the local and
the global scale indicate a strong quasi-horizontal isentropic exchange with the low-
ermost mid-latitude stratosphere suggesting that the barrier associated to the tropical
jet is highly permeable at these levels in summer. But the project also provides clear
indications of strong episodic updraught of cold air, short-lived tracers, low ozone, hu-15

midity and ice particles across the lapse rate tropopause at about 15 km, up to 18 or
19 km at 420–440 K potential levels in the lower stratosphere, suggesting that, in con-
trast to oceanic convection penetrating little the stratosphere, fast daytime developing
land convective systems could be a major mechanism in the troposphere-stratosphere
exchange at the global scale.20

The present overview is meant to provide the background of the project, as well
as overall information on the instrumental tools available, on the way they have been
used within the highly convective context of the South Atlantic Convergence Zone, and
a brief summary of the results, which will be detailed in several other papers of this
special issue.25
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1 Introduction

The tropical Upper Troposphere/Lower Stratosphere (UT/LS) is a key region for both
stratospheric ozone depletion and climate. It is the source region of ozone-depleting
substances – organic chlorine, bromine and possibly iodine – as well as of long-lived
source gases – nitrous oxide, methane –, which after oxidation at high altitude and5

transport at mid-and high latitude by the Brewer-Dobson circulation, are controlling
ozone chemistry. It is also the region controlling the water vapour content of air en-
tering the stratosphere, which is partly responsible for the cooling of the stratosphere.
The tropical UT is the altitude level where ozone, an efficient greenhouse gas at this
altitude, is found to be highly variable either because of its formation by photochemical10

precursors lifted by convection, or by quasi-horizontal exchange with the lowermost
stratosphere, and finally the region most exposed to NOx production by lightning within
thunderstorms.

There are a number of unresolved issues in the Tropical UT/LS, such as the respec-
tive role of large-scale lifting, convective overshooting, radiative heating and gravity15

waves, in the formation of the cold point tropopause, in the dehydration of air entering
the stratosphere and more generally of troposphere-stratosphere exchange

Based on the assumption that the largest vertical motion into the stratosphere is
occurring where the temperature of the tropopause is the lowest, Newell and Gould-
Stewart (1981) have suggested the idea of a limited region of entry of tropospheric air20

into the stratosphere, the “Stratospheric Fountain” above Micronesia, also called “the
Maritime Continent”, in October–March. But, as shown by Danielsen (1993) from ER-2
observations during the STEP mission over Northern Australia in 1987, as well as ra-
diosondes at Darwin and Samoa in the South Pacific (e.g., Danielsen, 1993; Folkins
et al., 1999; Gettelman et al., 2002), maritime convection and cyclones result mainly25

in large-scale lifting and thus cooling of the tropopause, but convection hardly pen-
etrates the stratosphere in those areas. Stratospheric penetration requires systems
of extremely large Convective Available Potential Energy (CAPE), named continental-
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maritime systems by Danielsen, which only occur over land. They result in a rapid
adiabatic vertical transport by overshooting cumulus cloud turrets that becomes irre-
versible due to entrainment of, and mixing with stratospheric air.

However, convective overshootings are thought to be rare. Convection reaches only
the upper troposphere where a barrier to vertical mixing could be generally observed5

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 (TSE) 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” hypothesis.10

There is only a very limited set of observations over continents because of the many
constraints in making in-situ aircraft or balloon observations next to deep convective
clouds, and therefore most of observations have been carried out over oceanic ar-
eas. The frequency of occurrence and thus the global contribution of stratosphere-
penetrating land mesoscale systems is difficult to assess. It is only very recently that15

comparisons between space-borne radar and Visible-IR imager observations aboard
the NASA-TRMM have shown that land convective systems developing in the after-
noon were reaching higher altitude levels than maritime systems (Alcala and Dessler,
2002; Novicky and Merchant, 2004; Liu and Zipser, 2005).

The overall objective of the HIBISCUS project was to provide a set of new observa-20

tional data on meteorology, tracers of horizontal and vertical transport, water vapour,
clouds, and chemistry in the tropical UT/LS from balloon observations at local scale
over a land convective area, as well as at global scale using circum-navigating long-
duration balloons in the summer season for studying the contrast between land and
oceans. After several test flights in February 2001 and 2003, the main experiment took25

place in January–February 2004 at Bauru (22◦ S, 49◦ W) in the State of São Paulo in
Brazil.

The present overview is meant to provide the background of the project, as well
as overall information on the instrumental tools available, on the way they have been
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used within the highly convective context of the South Atlantic Convergence Zone, and
a brief summary of the results, which will be detailed in several other papers of this
special issue.

2 HIBISCUS objectives

Within the global objective of studying the impact of convection on the tropical UT/LS,5

a number of specific objectives were identified which could be usefully tackled with the
available tools.

First objective is the evaluation of meteorological models analyses and re-analyses.
Daily temperature and wind fields at the global scale are provided by model analy-
ses, e.g. ECMWF in Europe and NCEP in the US, initialised from surface, radiosonde10

and satellite observations. Long-term reanalyses, such as ERA40 for ECMWF and
NCEP/NCAR for the U.S., have been recently made available with which possible cli-
matic changes, e.g. tropopause height and temperature in the tropics, are being stud-
ied. However, a key question is to know the reliability of the information provided by
those models in the tropical UTLS, where few radiosondes are available, and when15

meteorological satellites were at their very early stage. The proposal was to check
actual ECMWF and NCEP representations of wind and temperature in the TTL and the
lower stratosphere by comparison with long-duration balloon measurements planned
during the campaign, as well as with archived data, which could be retrieved from
flights performed in the past in the tropics by the CNES and French laboratories.20

The second objective was to establish the net vertical transport by deep convection,
and the extent to which convective episodes could transport air into the upper tropo-
sphere and the lower stratosphere. This was to be addressed by measuring vertical
profiles of tracers, e.g., O3, H2O, CH4, CFCs and short-lived species (SLS), whose
gradients and absolute concentrations could provide information on transport and mix-25

ing, e.g., signature of newly injected tropospheric trace species in the stratosphere.
Local measurements of tracers could be made from short-duration balloons by in-situ
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methods, whilst mesoscale simulations (RAMS, LEM) were planned to see how well
the updraught could be represented in the models and if necessary, adjust the param-
eterisation.

Next is the meridional exchange. Following Hoskins et al. (1991), the stratosphere
could be divided into an “overworld”, corresponding to the range of potential tempera-5

ture where isentropic surfaces above the tropical cold point tropopause at about 380K
and a subtropical “lowermost stratosphere” below, connected to the tropical upper tro-
posphere. Global observations from space show that many chemical species have
different tropical and extra-tropical mixing ratios along an isentropic surface in the “over-
world” lower stratosphere. This indicates the existence of a subtropical barrier with a10

strong gradient of potential vorticity (PV), but weakening at lower altitude in the tropical
stratosphere. The degree of permeability of the barrier and the altitude range where
the meridional transport occurs are poorly known and not well represented in meteoro-
logical models. Filamentation processes certainly play a role, but horizontal mixing by
inertia-gravity waves has also to be considered. The plan was to address those ques-15

tions by measurements of stratospheric tracers, like ozone and H2O, at global and local
scale, as well horizontal winds from long-duration balloon flights, in combination with
the use of a PV contour advection model.

A further objective is the study of meso- and small-scale waves. Waves generated
in the troposphere and/or by the jet streams, displace air masses. Much of this dis-20

placement is reversible, but the irreversible component leads to the net transport of air.
This is particularly important around the tropopause where such a mechanism may in-
ject tropospheric gases, such as CH4 and H2O, into the stratosphere and stratospheric
ozone into the troposphere. Small-scale processes may also play a role in preventing
H2O reaching the stratosphere. These processes are particularly important near the25

sub-tropical jet, which acts as a barrier preventing transport of chemical species from
low to high latitudes. Larger scale waves also lead to layering and filamentation of
air masses in the lower stratosphere, contributing to irreversible mixing. Meteorologi-
cal instrumentation on board the long-duration balloons should allow the study of both
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large- and small-scale dynamical processes. Low frequency (inertial or smaller) waves
are detectable from horizontal excursions of constant-level balloons. Higher frequency
gravity waves induce vertical motions, which are recorded by pressure and temperature
sensors.

Among most important issues in the TTL is the water vapour, which plays a vital5

role in both chemistry and radiation of the upper troposphere and lower stratosphere.
But there are significant uncertainties in the detailed mechanism, which controls H2O
amounts reaching the stratosphere, the amounts present there, and the causes of
observed trends.

H2O can be regarded as a tracer, but it has the added complexity that it can be10

removed by condensation and sedimentation. Dehydration processes in the tropical
tropopause region, which are known to be of crucial importance in controlling the water
vapour distribution in the global stratosphere, remain poorly understood in quantitative
terms. The original proposal of large-scale ascent leading to cooling and widespread
dehydration (Brewer, 1949), refined by Newell and Gould-Stewart (1981) who argued15

for more localised injection, and by Danielsen (1982 and 1993) who suggested a possi-
ble role for overshooting cumulonimbus clouds, has recently been revisited. For exam-
ple, Pfister et al. (2001) suggested a potential role for dehydration arising from adiabatic
cooling due to gravity waves and Dessler (1998) again argues for more widespread as-
cent and dehydration. Finally, Sherwood and Dessler (2000) suggested the existence20

of a transition layer in the tropical UT, where dehydration in overshooting cumulonimbus
clouds is followed by a general radiatively driven ascent.

The objective within HIBISCUS was to carry out water vapour measurements in the
TTL and the lower stratosphere, in-situ over Brazil with tuneable diode laser (TDL) and
surface acoustic waves (SAW) methods, as well as remotely all over the tropical belt25

by vis-near IR solar occultation spectrometry from long-duration balloons.
There are also many open questions in the tropics regarding aerosols and clouds.

Their altitude and optical properties are very important for the radiative transfer budget
in the atmosphere. Stratified aerosol layers have been observed up to 30 km in this
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region, as well as occasional thin sub-cirrus layers of several 100 km of horizontal
extension in the upper troposphere. Mechanisms, which keep such cirrus clouds stable
for long periods and large spatial extensions, are not completely clear yet. The very
limited amount of measurements available on tropical thin and ultra-thin cirrus clouds –
as simultaneous measurements of cloud densities, water vapour and temperature – do5

not justify per se the observed stability of such ice crystal layers. Possible dynamical
mechanisms could be addressed to sustain the life of the clouds: like slow upwelling
through them and/or slow micro-convection inside the clouds forced by radiation.

The most likely process responsible for this layering is the episodic local injection of
aerosol (of possibly different nature) and perhaps ice crystals through the tropopause10

by the overshooting of deep convective systems, known as “turrets”. The objective
within HIBISCUS was to measure the vertical distribution of clouds and aerosol, to-
gether with water vapour and temperature in the TTL using balloon-borne micro-lidar
and backscatter instruments, as well as remotely at global scale with the vis-near IR
spectrometer. The measurements were to be interpreted using microphysical, cloud15

resolving and radiative transfer models.
Another aspect of interest is the chemistry of TTL where short-lived species, such

as NOx, VOC, chlorine, bromine and possibly iodine compounds emitted at the sur-
face, may be injected rapidly into the upper troposphere and perhaps in the lowermost
stratosphere also by deep convection. Since these species may be very reactive in20

the UT/LS, they could have a large impact on stratospheric ozone. However, their
presence although suspected, is largely unknown. An important aspect of chemistry in
tropical areas is the transformation and partial removal of the species when transported
into the convective clouds, as well as heterogeneous conversion in anvils and cirrus,
e.g. chlorine activation similar to that observed on Polar Stratospheric Clouds (PSCs)25

in polar areas, on sub-visible cirrus. The vertical distribution of several important rad-
icals (NO2, CH2O, BrO, IO and OClO, if present), as well as ozone potentially formed
locally, were to be measured in the upper troposphere and lower stratosphere by re-
mote sensing using a UV-visible spectrometer on board of different type of balloons.
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Of particular interest would be the variation of their concentration around the globe to
identify the influence of biomass burning, pollution from populated areas and NOx pro-
duction by thunderstorms. Chemical changes observed were to be interpreted using
1-D, Lagrangian, mesoscale and global Chemistry-Transport photochemical models.

Finally, is the evaluation of the performances of satellite instruments in the tropi-5

cal UTLS. A number of remote observations of atmospheric species by space instru-
ments using a variety of techniques is available. However, significant discrepancies
are often observed between them in the tropics, where the precision of the retrievals
degrades rapidly at decreasing altitude, largely because of the presence of clouds,
but also because of increased attenuation, low temperature, interference with water10

vapour, altitude registration errors, etc. A number of space instruments were expected
to be operating during the HIBISCUS period: the long standing NASA SAGE 2 and
HALOE, the newer NASA-SAGE 3, the Finland-Canada-France ODIN-OSIRIS and -
SMR, and the ESA ENVISAT MIPAS, GOMOS and SCIAMACHY launched in 2002.
Unfortunately, the NASA-AURA, planned for 2003, was delayed until May 2004, being15

after completion of HIBISCUS. The objective in the field was to evaluate their respec-
tive performances (altitude registration, precision and accuracy) in the tropical UT/LS
of principally ozone, water vapour and NO2, by comparison with the many profiles an-
ticipated from the long-duration balloon flights.

3 Campaign context20

The area chosen for the research was the State of São Paulo in Brazil during the
Southern Hemisphere summer, one of the most convectively active regions, known as
the South Atlantic Convergence Zone (Fig. 1), where all required local support could
be obtained from the Meteorological Research Institute (IPMet) of the São Paulo State
University (UNESP).25

The region is optimally located to quantify the occurrence of thunderstorms pen-
etrating the tropopause, due to the availability of two S-band weather radars, which
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allow to estimate the frequency of radar echoes, at a given reflectivity threshold, pen-
etrating the tropopause. Gomes and Held (2004) studied the echo top (10 dBZ radar
reflectivity) distribution of storms during the ten-year period and found that 17% of all
storms within the 240 km radar range exceeded 15 km, commonly reaching up to 7–
19 km amsl. Figure 2 shows the frequency of days when storms penetrated through the5

tropopause during February for the 7-year period (1996–2002) of the month of Febru-
ary, in comparison with Febraury 2004. Although it is perceived that the convective
activity during the campaign period was slightly below average, the number of days
when storm turrets reached the lower stratosphere was amongst the highest in 8 years
of observations, viz. 58.6% of the month.10

The observational approach in HIBISCUS was based on the use of a combination of
balloons of short duration and circumnavigating long-duration balloons, all developed
and operated by the Centre National d’Etudes Spatiales (CNES) in France. Their ob-
servations were to be complemented by a set of radiosondes, backscatter, ozoneson-
des and ground-based observations (Doppler radar, lidar, lightning network), largely15

provided by a Brazilian collaborative project TroCCiBras (Held et al., 2004a, b).
Close collaboration was also set with another EU tropical project TROCCINOX

(Schumann et al., 20071), planning to use the Russian M-55 Geophysica aircraft and
the Falcon of the German DLR, based at a nearby airport. Unfortunately, the M-55
could not be available during the HIBISCUS campaign and was only flown the following20

year, but the Falcon was flown during the main campaign period. Its scientific payload
included an upward-looking DIAL Lidar for water vapor and aerosol measurements, a
Lyman-alpha detector for water vapor, various instruments to monitor ozone, NO, NOy,
NO2, CO, CO2, a CN counter, PCASP-100X and FSSP300 for aerosol measurements,
as well as meteorological sensors.25

Finally, collaboration was also established with the European Space Agency giv-
ing access to the data of ENVISAT instruments prior to their public release and with

1Schumann, U., et al.: Tropical Convection, Cirrus and Nitrogen Oxides Experiment
(TROCCINOX) Overview, Atmos. Phys. Chem., TROCCINOX, in preparation, 2007.
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the ODIN Swedish-Canada-Finish-French satellite for reinforced observations over the
area during the period, and finally, with the ozonesonde stations at Samoa, Fiji and
Reunion Island for specific ascents during the pass of the long-duration balloons.

3.1 Location

The choice for the campaign was the IPMet facilities in Bauru, 330 km west of the5

city of São Paulo, in January-March 2004. In addition to its optimum meteorological
situation, the station offers the best scientific and operational compromise for carrying
out such a demanding programme. North of the subtropical jet in the stratospheric
summer easterlies, it allows the flight of short-duration balloons towards accessible
areas for safe payload recovery, as well as fast circumnavigating flights of long-duration10

balloons successively above the SACZ, the South Pacific Convergence Zone (SPCZ)
and the ITCZ in the Western Indian Ocean. It offers a suitable balloon launch area, and
crucially, a Doppler radar for thunderstorm surveys to detect and avoid showers during
launch operations.

3.2 Balloon facility and test flights in 2001–200315

The deployment of such a complex experiment at a relatively new facility (only two
short-duration flights in 1997, Pommereau et al., 1999), located in a region prone to
thunderstorms during the rainy season, which included the deployment of several new
instruments and payloads and the use of a balloon (3SF) for slow overnight descents
across the TTL never attempted before, was quite challenging. The testing for the20

main campaign included a number of flights performed in France in 2001–2003 and
at the tropics prior to the main HIBISCUS campaign in 2004. Among these, two test
campaigns took place at Bauru during the austral summer 2000–2001 and later in
February 2003, the data of which, available in the HIBISCUS database, have been and
are currently being used for scientific investigations.25
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3.2.1 Range and MIR test flights in November 2000 and February 2001

These first test flights were carried at Bauru during the summer 2000–2001. The aims
were to test the feasibility (technical, operational and administrative aspects) of MIR
flights from Bauru in cooperation with IPMet, as well as the newly developed Inmarsat
satellite telemetry. Two initial technical flights were performed in mid-November 2000,5

lasting for 18 and 19 days before falling over deep convective cells in Northern Aus-
tralia. The new telemetry performed successfully, but the fall in Australia also showed
that it was too heavy for the tropics. Three further flights were attempted in February
2001 where piggyback opportunity was offered for an IR global radiometer, a SAOZ
spectrometer and a LABS diode laser. The LABS flight lasted for 49 days, but unfortu-10

nately the instrument did not perform properly. The light technical flight carrying the IR
radiometer lasted for 71 days and SAOZ-MIR for 39 days providing a unique set of 59
ozone, NO2 and cloud profiles (Pommereau et al., 2003; Garnier et al., 2005; Borchi
et al., 2005). The campaign also offered a first opportunity to study the impact of deep
convection on the composition of the upper troposphere by 3-D mesoscale simulations15

in an extreme storm case, which happened on 8 February 2001 (Held et al., 2003;
Marécal et al., 2006; Rivière et al., 2006).

3.2.2 Pre-HIBISCUS/Envisat flights in February 2003

The main objective of this second campaign, funded by ESA and CNES, was a first
validation of ENVISAT measurements in the tropics, to which several other objectives20

were added: instruments and operations testing for HIBISCUS, technical tests of new
balloons and payloads and of course science at the tropics. Initially planned for the
year before, the campaign was shifted because of the delay to ENVISAT, which was
finally launched on 1 March 2002.

In total, seven balloons were flown: 3 of short duration: two ZL type balloons as-25

cending to 30 km and one 3000 m3 SF type balloon ascending to 22 km only for testing
the feasibility of the slow night-time descent across the TTL after the radiative cooling
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of the envelope and 4 MIRs. The short-duration balloons were carrying most of the in-
struments under development for the HIBISCUS campaign: the SAOZ-BrO ultra-violet
enhanced version, the SAOZ-H2O near-IR version, DIRAC N2O, O3SSS, H2O SAW,
the micro-lidar, the DIRAC GC, the DESCARTES air sampler (see Sect. 4 for a de-
scription of all the HIBISCUS instruments). The payload combination flown on each of5

them is shown in Table 1.
The MIR were carrying an improved version of the Inmarsat transmitter, a SAOZ-

H2O, and a prototype of the RUMBA H2O SAW/O3SSS payload under construction for
the constant level flights in 2004. In addition, a number of radiosondes of different types
(PTU RS-80, H2O SAW/O3 SSS of UCAM) were flown for test purposes in preparation10

for HIBISCUS. Overall, the short-duration flights and the sondes were very successful
providing a large amount of scientific data, as well as useful technical information for
improving the instruments. Although two MIR failed, the two MIR-SAOZ flights, includ-
ing that of the SAOZ new near IR H2O version, were successful, but the flights were
relatively short, only 9 and 10 days, respectively, before falling above hurricanes in the15

Coral Sea and NW Australia, showing again that a lighter version of the Inmarsat was
required for longer duration. Observations performed during these flights have been
used for several satellite validation exercises: e.g., SAGE 2 and HALOE ozone (Borchi
et al., 2005), ODIN N2O (Urban et al., 2005), and SCIAMACHY BrO (Sioris et al., 2005;
Dorf et al., 2006).20

3.3 Collaboration with TroCCiBras

Another decisive advantage was the interest of Brazilian scientists to participate in
the project through a number of collaborative observations, as well as in the analysis
and interpretation of the data. A scientific collaboration had already been established
between the CNRS and IPMet/UNESP in the mid-90’s for launching stratospheric bal-25

loons from its Bauru Campus and a formal Agreement of Cooperation was signed in
2000. However, resulting from the proposal to bring the EU TROCCINOX (Tropical
Convection, Cirrus and Nitrogen Oxides) project to Brazil during the summer of 2004,
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a Brazilian partner project had to be launched, in order to permit the temporary impor-
tation and operation of foreign research aircraft, because no such aircraft is allowed
to perform measurements in Brazilian airspace, unless invited by and required for a
project conducted by Brazilian researchers. Thus, in February 2003, during an Interna-
tional Workshop, IPMet initiated the TroCCiBras (Tropical Convection and Cirrus Brazil)5

project, inviting all research groups from relevant fields in Brazil to participate. Under
the coordination of IPMet and the umbrella of TroCCiBras, HIBISCUS and TROCCINOX
could develop a mutually beneficial scientific collaboration with a number of Brazilian
research institutes. An agreement on data exchange, giving access to all HIBISCUS,
TROCCINOX and TroCCiBras scientists to their respective databases, was finalized.10

The Brazilian contribution directly relevant to the HIBISCUS project included:
(i) Two Doppler S-band radars at Bauru (BRU) and at Presidente Prudente (PPR,

located 240 km west of Bauru in the direction of the balloon flights), extensively used
for flight predictions for identifying the presence and location of convective cells and for
checking mesoscale and cloud-scale model (RAMS, LEM, MPC) simulations;15

Radiosoundings from IPMet performed four times per day for a total of 107, providing
a description of convective activity and atmospheric stability during the campaign;

Twice-daily (00:00 and 12:00 UT) runs of the CPTEC Meso-Eta model, centred over
Bauru and covering the whole State of São Paulo with a 10×10 km resolution grid,
providing 3-hourly forecasts extensively used for flight planning;20

Daily 3-D back trajectory calculations from the CPTEC RAMS model for optimising
the flights and further analysing their data;

The collection and archiving of the data from the Brazilian radiosonde and automatic
weather station networks, three-hourly Meso-Eta model outputs, GOES-E images ev-
ery half hour, and Brazilian Lightning Detection Network (RINDAT).25

A more detailed description of the TroCCiBras Project, its objectives and partner
organizations, as well as a summary of the collected data has been provided by Held et
al. (2004a, b). In November 2004, an International Workshop was promoted at IPMet,
where the research groups participating in the 2004 field campaign were presenting
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their preliminary results and discussing future collaboration for joint publications (Held,
2004).

4 Balloon instrumentation, satellites and modelling tools

A number of in-situ and remote sensing instruments have been flown during HIBISCUS
on short duration and sounding balloons, and on long-duration platforms. The balloons,5

their instrumentation, as well as the models to be used were essentially those devel-
oped during the 90’s for investigating polar ozone depletion in the Arctic (Newman et
al., 2002), further adapted to the tropics. The balloon flights were complemented by
the use of GOMOS and ODIN satellite observations programmed for reinforced mea-
surements during the period, and a variety of models for the interpretation of their data.10

They are briefly described below.

4.1 Instrumentation and balloons for mesoscale studies

The list of instruments includes: a grab sampler and a light weight Gas Chromatograph
for tracers and short-lived species, two tuneable diode laser payloads for water vapour
and methane, a surface acoustic wave (SAW) sensor, a solid state ozone sensor (SSS)15

and commercial Electro-Chemical ozonesondes, a SAOZ UV-visible spectrometer for
remote ozone and NO2 profile measurements and an extended UV version for BrO, a
UV radiometer for photolysis rates, a backscatter diode laser and a backscatter sonde
for in situ and a micro-lidar for remote aerosols and clouds observations, an electric
field probe and an optical lightning sensor. Depending on scientific objectives and lo-20

gistical constraints, they were combined in a series of different payloads and flown on
a variety of balloon types: (i) Zodiac light (ZL) of 10 000 m3 volume carrying 120 kg for
an ascent up to 30 km, followed by a short float of 1–2 h, e.g. for solar occultation mea-
surements, and a fast descent below a parachute; (ii) Zodiac 3SF (3000 m3) balloons
carrying 150 kg at 21 km, for descending slowly after sunset after the cooling of the en-25
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velope, used for in situ measurements across the TTL; and (iii) Raven plastic balloons
of 240 and 1500 m3 for soundings.

4.1.1 DIRAC gas chromatograph

DIRAC (Determination In situ by Rapid Analytical Chromatography) is a lightweight
gas chromatograph for use on stratospheric balloons developed by the University of5

Cambridge. The operation and performance of DIRAC are described by Robinson et
al. (2000). The overall instrument weight including the flight housing and battery power
for an 8-h flight is 30 kg. DIRAC uses a Carboxen adsorbent to pre-concentrate sam-
ples of known volume before injection onto a separation column and electron capture
detector. It measures a range of halocarbons at a time resolution, which can be ad-10

justed depending on the type of flight being made. For instance, CFC-11 and CFC-113
can be measured at 100-s intervals (0.3–0.7 km resolution depending on balloon ver-
tical velocity) or CFC-11, CFC-113, CHCl3, CH3CCl3 and CCl4 can be measured at
200-second intervals (0.6–1.4 km resolution). It has been successfully deployed on 10
balloon flights including 4 flights during THESEO 1999/2000. The repeatability of stan-15

dard gas measurements during flight (1 sigma in-flight precision) is 6.5% for CFC-11,
7.5% for CCl4, 10% for CH3CCl3 and 15% for CHCl3.

4.1.2 DESCARTES grab sampler

The tracer instrument DESCARTES (Détermination et Séparation par Chromatogra-
phie lors de l’Analyse des Résultats des Traceurs Echantillonnés dans la Stratosphère)20

is a lightweight (17 kg) balloon-borne grab sampler, developed by the University of
Cambridge, in which known volumes of stratospheric air are trapped on sample tubes
containing Carboxen. A range of trapped halocarbons (typically 10 compounds) is sub-
sequently measured in the laboratory using a gas chromatograph and electron capture
detector. The instrument carries 16 adsorbent tubes, which limits the number of sam-25

ples, which can be taken per flight. For a detailed discussion see Danis et al. (2000).
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It has been successfully deployed on over 20 flights since 1995. The measurement
precision (1 sigma) is 3% for CFC-11, 1.5 % for CFC-113, 16% for CCl4, 5.5% for
CH3CCl3 and 6.5% for CHCl3.

4.1.3 µSDLA tuneable laser

The micro-SDLA sensor of CNRS-SA is a balloon-borne diode laser spectrometer de-5

voted to the in situ measurement of H2O, CH4 and CO2 in the UTLS by infrared absorp-
tion spectroscopy (Durry et al., 2004). Three near-infrared telecommunication-type
InGaAs laser diodes are connected by means of optical fibers to an open multipath
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.10

CH4 is monitored at 1.65µm, CO2 at 1.60µm and H2O at 1.39µm using a differential
detection technique. The payload also includes pressure and temperature sensors. An
accuracy of 5% is achieved for a measurement time of 160 ms. The µSDLA sensor was
flown twice during HIBISCUS, first on SF2 (sampling rate of one concentration data per
second), and then on SF4 (sampling rate of four concentration data per second). To15

avoid contamination by outgassing 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. Additional
tropospheric measurements were also obtained during the ascent in SF2.

4.1.4 TDLAS tuneable laser20

The lightweight NPL instrument uses near-infrared tunable diode lasers and an astig-
matic Herriott cell to measure spectroscopic absorption over a pathlength of up to
101 m. The instrument has been used for fast response measurements of atmospheric
tracers on board balloons (van Aalst et al., 2004) and aircraft (Bradshaw et al., 2002).
The instrument was configured for water vapour measurements during the HIBISCUS25

campaign, using an all-metal gondola designed to minimise out-gassing. The mea-
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surements were made at a frequency of 0.7 Hz over three water vapour absorption
lines around 1.36µm which had a range of linestrengths to cover the wide atmospheric
concentration range. Analysis was carried out using parameters from the Hitran 2004
Spectroscopic database, and the results had an estimated uncertainty of 10%, with a
detection limit of 0.5 ppm.5

4.1.5 Surface Acoustic Wave (SAW) H2O sensor

Frost point hygrometry is a well-established measurement method, with most current
instruments using a cooled mirror with an optical source and detector as the sens-
ing element. The instrument of the University of Cambridge is based on this method,
but uses a surface acoustic wave (SAW) crystal instead for detection (Hansford et al.10

2006). A key advantage of the frost point approach is that it has a calibration based
on fundamental relations. The advantage of the SAW method is that fewer monolay-
ers can be detected, therefore being intrinsically more sensitive and has a much faster
response relative to a standard mirror frost point hygrometer. An alternating voltage
across interdigital electrodes on the surface of the SAW crystal causes oscillations at15

a well-defined frequency (typically 100 s of MHz). The SAW crystal is placed, together
with an accurate platinum resistance thermometer, onto a Peltier cooler. When cooled
to the frost point, water vapour condenses onto the SAW surface, reducing the SAW
oscillation frequency and amplitude, forming the basis of a feedback circuit. The tem-
perature at which condensation occurs is then related to the ambient water vapour20

amount. A prototype, weighing less than 3 kg has been flown on several occasions,
measuring frost points below –80◦C.

4.1.6 Solid State Ozone Sensor (SSS O3)

The sensor, based on a commercial sensing element, also developed by the University
of Cambridge, consists of a thin metal oxide (tungsten oxide) layer mounted on a small25

(2 mm×2 mm) ceramic tile (Hansford et al., 2005). The principle of operation is that
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when heated to its operating temperature, oxygen vacancies, formed thermally at the
oxide surface, create electron donor states, resulting in an increase in charge carrier
concentration (i.e., a reduction in resistance). O3 molecules react on the oxide surface
filling the oxygen vacancies, decreasing the charge carrier concentration. The resulting
increase in electrical resistance, which can be related to O3 concentration, is then mea-5

sured. The device has sensitivity to better than 3×1010 molecules/cm3, corresponding
to 0.03 ppmv at 50 hPa. The typical time response of the device is in the order of a few
seconds. Its weight is less than 0.5 kg, excluding batteries. The particular advantage of
this device is that, unlike a conventional ECC sonde, it can operate for several months
without intervention.10

4.1.7 SAOZ UV-Visible spectrometer

SAOZ is a UV-Vis spectrometer for remote measurement by solar occultation during
the ascent of the balloon in the late afternoon and at sunset or sunrise from float
altitude. Three versions have been deployed during HIBISCUS: the basic SAOZ in
the 300–650 mm spectral region for O3 (2% accuracy), NO2 (5%), and cloud extinc-15

tion (Pommereau and Piquard, 1994), and a UV enhanced version in the 300–400 nm
range, SAOZ-BrO, for BrO (15%) (Pundt et al., 2002) and a newly developed 400–
1000 nm version for the measurement of H2O in addition to O3 and NO2. The SAOZ
payload weighs 18 kg.

4.1.8 NILUCUBE UV radiometer20

A new version of the NILUCUBE instrument described by Kylling et al. (2003) was de-
veloped for the HIBISCUS campaign. The new NILUCUBE has six channels in each
of its six heads. The heads are mounted on the faces of a cube. For each head UV
radiation is measured at 312 and 340 nm, with a bandwidth of 10 nm at FWHM. In ad-
dition to radiation measurements, the new NILUCUBE includes a GPS for position and25

timing information, and a magnetic compass for tilt, roll and heading information. The
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instrument is not temperature stabilized, in order to save weight. However, tempera-
ture is measured for each of the six heads. Data from all sources are sampled every
second. The weight of the instrument, including a separate data logging unit, is about
6 kg. Each head measures the irradiance. The new NILUCUBE has improved input
optics which deviates less than 5% from the ideal cosine response for zenith angles5

smaller than 85◦. By combining the measurements from all heads, the actinic flux may
be deduced, as shown by Kylling et al. (2003).

4.1.9 LABS backscatter diode laser

This instrument developed by CNR-ISAC and ENEA provides an in-situ measurement
of the aerosol volume backscatter coefficient and aerosol depolarization at 532 nm.10

The aerosol volume backscatter coefficient detects the presence of aerosols in the air
mass sampled, as well as a rough estimation of their quantity. The aerosol depolar-
ization, being the ratio to what extent the main polarization of the laser is preserved in
the backscattering process, gives information on the shape of the sampled aerosols,
and in some cases a coarse estimation of their dimensions as well (Buontempo et al.,15

2006).

4.1.10 Micro-lidar

This lightweight low-power lidar of ENEA and CNR-ISAC employs a miniaturized Nd-
YAG pulsed laser firing at 532 nm and is able to give profiles of aerosol backscatter
and depolarization during night time, from the altitude of the payload downward to20

the ground, with a vertical resolution of 30 m and a time resolution of 60 s. In daylight
conditions, the system was unable to profile, but operated as a near-range backscatter-
sonde, providing values of backscatter and depolarization at a few tens of metres from
its platform. The parameters obtained by MULID observations are, apart from inten-
sity profile and depolarization profile of the backscattered signal, also the extinction25

profile in optically thin clouds and the cloud top height for optically thick clouds (Di
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Donfrancesco et al., 2006).

4.1.11 Lightweight scattering probe

This instrument of the University of Manchester was designed to measure the number
size distribution of aerosol particles in the size range 0.3 to 3µm diameter using light
scattering. The instrument uses a white light source and measures the scattered light5

intensity at 45 and 90 degrees scattering angle, using dual detectors. One of each
of the pair of detectors is fitted with a polarising filter to obtain information on particle
shape. HIBISCUS provided the first test for this instrument and whilst it flew during the
experiment, a critical failure occurred and no data could be retrieved.

4.1.12 AIRS electric field probe10

The AIRS electric field instrument of CNRS-CETP is designed to measure the vertical
component of the atmospheric electric field from DC to 10 kHz and the electric con-
ductivity of the atmosphere through the relaxation technique. It uses the double probe
technique with 2 carbon coated cylindrical electrodes, 3 cm in diameter and 15 cm long,
installed at the ends of a vertical boom, 1 m in length, located 25 cm away from the15

gondola. Grounded plates, also coated with carbon, are installed on the sides of the
gondola. They provide a good electrical contact between the electronics ground and
the local ionized atmosphere and avoid the detrimental influence of spurious potentials
that may arise on the external insulating material of the gondola. High impedance, very
low leakage current preamplifiers allow to perform measurements in the low conduc-20

tivity atmosphere down to a few kilometre altitudes. Data are recorded in 2 channels,
one for large amplitude signals, up to ±200 V/m, from DC to ∼2 kHz with a resolution
of 4 mV/m and the second one for low amplitude AC signals from ∼5 Hz to 10 kHz with

a sensitivity of ∼2 to 3µV/m.Hz1/2.
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4.1.13 Lightning optical sensor

This sensor developed by CNRS-SA is an attempt to detect lightning and blue-jets
flashes from the electric probe. The sensors are made of two photodiodes and ampli-
fiers mounted on the AIRS instrument, the first looking downward within a 180◦ FOV
and the second upward within a 30–80◦ annular FOV to avoid reflection of lightning5

flashes on the balloon or pieces of the payload.

4.1.14 Backscatter and ozonesondes

The sondes operated by the Danish Meteorological Institute make use of a Wyoming
backscatter sonde (Rosen and Kjome, 1991) made of a Xenon lamp, which emits
a white flash every 7 s. The light is scattered by particles and molecules in front10

of the sonde, and monitored with two photodiodes at 480 and 940 nm, respectively.
Two parameters are calculated from this signal: the backscatter ratio (BR), i.e. the
ratio between particle and molecule backscatter, and the color index, defined as
(BR940/BR480). The color index is correlated with the particle size. An ozone sonde
(Electro Chemical Cell), was mounted on the backscatter sonde providing in situ ozone15

density measurements

4.2 Instrumentation and balloons for global-scale studies

Two types of long-duration balloons are currently available at CNES that have been
used for the HIBISCUS investigations: (i) constant level 8.5 m and 10 m diameter super-
pressure balloons (SPB) carrying 20 kg at 18 and 19 km; and (ii) Infra-Red Montgolfier20

(MIR) carrying 60 kg at 28 km during daytime and 20–24 km at night.
The choice of instruments for long-duration balloon flights is limited by weight and

telemetry capacities of the platforms, as well as the technical maturity of the payloads
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4.2.1 SPB instrumentation

The scientific payload on SBP flights designed by CNRS-LMD, called Rumba, carries
a GPS for location (±10 m) and horizontal wind calculation (±0.01 m/s), a pressure
(±0.6 Pa) and two temperature sensors (±0.25 K at night, 0.3 K during daytime). The
data are sampled every 15 min and transmitted via the ARGOS telecommunication5

system. The temperature sensors are small thermistors (YSI microbeads), mounted
180◦ apart on a 1-m boom, hanging 5 m below the gondola. The gondola is designed
for carrying small passenger instruments. In the present case, they were of two types:
a combination of O3SSS and SAW sensors on the balloons flying at 18 km near the
cold point tropopause and a prototype of turbulence sensor designed by CNRS-LMD10

on those flying at 19 km. The O3SSS and SAW are essentially identical to those flown
on the short-duration balloons, though the operational methods were tailored to the
constraints of the long-duration flights. The turbulence sensor is made of a micro-
accelerometer (10−6 g resolution) sampled at high frequency (200 Hz) measuring the
motion of the gondola induced by atmospheric turbulence. The variance in several15

spectral bands between 0 and 100 Hz is transmitted to the ground.

4.2.2 MIR instrumentation

Depending on the flight, the MIRs were carrying one or two payloads: a service gondola
(CNES) controlling the flight (Inmarsat telemetry and remote control) hosting a micro-
lidar of ENEA, or the service payload alone and an independent SAOZ payload 40 m20

below. The micro-lidar was very similar to those flown on short duration balloons, but
activated every 15 min during night-time for an average backscatter and depolarization
profile below the balloon. The SAOZ long-duration version is also similar to the short-
duration version, but with two important differences: the spectral range 400–1000 nm
is extended toward the near IR for the measurement of stratospheric water vapour25

around 760 and 940 nm and O2 (temperature) around 780 nm; and on-board spectral
analyses are carried out because of the strong limitation of telemetry capacity of the
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ARGOS system used. Indeed, only the results of the analysis (slant columns and fitting
errors) are transmitted whilst the spectra are stored on board in memory for an eventual
recovery at the end of the flight.

All service payloads were also carrying a GPS, a pressure sensor and two ther-
mistors, as well as a lightweight (160 g) global IR radiometer developed by CNRS-5

SA following a design proposed Suomi and Kuhn (1958). The SAOZ payload was
also equipped with a GPS, Vaisala RS80 pressure and temperature sensors and two
small optical detectors oriented respectively towards nadir for the detection of lightning
flashes and zenith for blue-jets.

4.3 Satellites10

Two satellite instruments were associated with HIBISCUS for the validation of their
measurements in the tropics, and for the scientific exploitation of their validated data in
combination with those of the balloons: GOMOS-ENVISAT for ozone and water vapour,
and the ODIN-Sub-Millimeter Radiometer (SMR) instrument for N2O. Their operating
modes were oriented toward enhanced observations around the southern tropics dur-15

ing the period of the balloon flights.

4.4 Modelling tools

The interpretation of the large amount of observations collected during the experimen-
tal period required the use of modelling tools of different types. These include the
ECMWF (Rabier et al., 2000) and the long-term ERA40 (Simmons and Gibson, 2000)20

and NCEP/NCAR (Kistler et al., 2000) re-analyses, the MIMOSA high-resolution con-
tour advection model (Hauchecorne et al., 2002), the p-TOMCAT CTM (O’Connor et
al., 2005), the REPROBUS CTM stratospheric photochemical model (Lefèvre et al.,
1994), a mesoscale RAMS regional model (Pielke et al., 1992) and its Brazilian devel-
opments on the Regional Atmospheric Modelling System (BRAMS) version (Freitas et25

2413

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD
7, 2389–2475, 2007

Overview HIBISCUS

J.-P. Pommereau et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

al., 20072) coupled with 3-D back trajectory calculations at mesoscale (Freitas et al.,
2000), the MiPLaSMO Lagrangian photochemical model (Rivière et al., 2003), the Mi-
crophysical Cloud Model of the Danish Meteorological Institute, the UK Met Office LEM
Cloud Resolving Model (Shutts and Gray, 1994; Swann 1998), and finally, the radiative
transfer model of NILU. Their use in the interpretation of the HIBISCUS observations5

will be detailed with the results.

5 The HIBISCUS field campaign

The campaign started on 20 January and ended on 6 March 2004. In total, 18 balloons
(6 short and 12 long duration) were flown along with 15 small plastic balloon sondes
(10 BKS/O3, 3 ozonesondes and 2 NILUCUBE). Most disappointing in reference to the10

plan, was the cancellation of the Geophysica aircraft for which 4 specific balloon flights
were planned. They were replaced by coordinated flights with the Falcon, though of
course, the measurements could not be performed at the same altitude.

The balloons, the instruments carried by each of them, their performance in flight, as
well as the data, which could be expected from each, are summarized in the following15

section.

5.1 Short-duration balloons and sondes for mesoscale studies

The objective was the study of transport, water vapour, chemistry, cirrus clouds and
electric fields associated with convective cells in collaboration with TROCCINOX air-
craft and ground-based measurements carried out by TroCCiBras.20

2Freitas, S. R. , Longo, K. M. , Silva Dias, M. A. F., Chatfield, R., Silva Dias, P. L., Artaxo,
P., Grell, G., Andreae, M. O., Fazenda, A., Rodrigues, L. F., and Panetta, J.: The Coupled
Aerosol and Tracer Transport model to the Brazilian developments on the Regional Atmospheric
Modeling System. 1: model description and evaluation, Atmos. Chem. Phys. Discuss., in
preparation, 2007.

2414

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD
7, 2389–2475, 2007

Overview HIBISCUS

J.-P. Pommereau et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

Figure 3 shows the evolution of the meteorology during the campaign and the dates
of the balloon flights and sonde ascents. Though the summer season is on average
very convective in Southeast Brazil, the ECMWF 6-hourly analysis temperature profiles
above the station exhibit large variations. Convective periods display a relatively warm
troposphere and a cooler TTL, while low or non-convective periods are marked by a5

cooler troposphere and a warmer TTL. The altitude difference between 340 and 370 K
potential temperature levels is a good indicator of convection. The numbering of the
balloon flights corresponds to instrument combinations prepared in advance, which for
various reasons could not be followed as expected. Meteorological radiosondes were
made four times per day between 5–21 February, otherwise as shown in Fig. 3. The10

radars were operated permanently during the whole campaign. Table 2 provides the
list of instruments flown on each balloon.

5.1.1 ZL balloon flights

The ZLs were used for in-situ measurements of aerosol (LABS) or N2O (DIRAC) during
the ascent/descent of the balloon, together with O3, NO2, BrO profile measurements15

by solar occultation during ascent and sunset period from float altitude, using both
the regular SAOZ spectrometer and its UV extended version. Two flights were car-
ried out, one on 31 January (ZL2) at 17:30 LT and the other on 5 February (ZL1) at
17:00 LT. Unfortunately, the DIRAC payload on ZL2 hit the ground during launch op-
eration. Therefore no N2O profile was available in 2004 (but was in 2003). All other20

instruments performed well. The two flights were performed over the SACZ, with ZL2
being flown in conditions almost unaffected by nearby convection (Fig. 4, left), but the
second (ZL1) during a much more active period, with an intense mesoscale convective
system (MCS) of some 300 km extent, about 150 km to the south and south-west of
its flight trajectory, as shown by the radar image (Fig. 4, right) and therefore a cooler25

TTL (minimum temperature of –85◦C, instead of –77◦C). Clouds were reported up to
12 km by both LABS and SAOZ on 31 January. Higher clouds were seen by SAOZ on 5
February when the atmosphere became totally opaque below 16.5 km in the direction
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of the sun at sunset. Relatively strong lightning activity was reported by the RINDAT
network, peaking in both cases at some 200 flashes per hour in a 1◦×1◦ area around
18:00 LT near Bauru.

5.1.2 SF Balloon flights

Launched in the late afternoon, these balloons are left descending very slowly (0.5 m/s5

or less) after their cooling at night, for exploring the TTL and the UT down to 12–14 km.
The idea, tested first in 2003, proved to be excellent. Four flights were performed, with
all four having slow descents of 3 to 5 h.

In all cases, they were carrying a tuneable diode laser of CNRS-SA or NPL, one
or two SAW hygrometers of UCAM, a tracer measuring instrument (the UCAM DIRAC10

GC or the DESCARTES sampler) and a cloud detecting system (LABS of CNR-ISAC
or the ENEA micro-lidar). In addition, they were all carrying an O3 high-resolution
SSS sensor. Finally, the electric field instrument of CNRS-CETP was flown together
with the lightning optical sensors. In addition, as shown in Fig. 3, all SF flights were
accompanied by backscatter and/or ozonesondes, launched around 22:00 LT in the15

evening, because of the daytime restriction of the optical measurements. Two noontime
NILUCUBE flights were performed during the period, the first, on 13 February in almost
cloud-free conditions and the second, on 25 February, on a more convectively active
day, when high-altitude clouds where developing around noon.

SF-2 flight20

The first balloon, named SF2, was launched on 13 February at 17:18 h LT some 300 km
east of a strong convective region over the west of the State of São Paulo, Mato Grosso
do Sul and Paraguay (Fig. 5). The balloon reached an altitude of 20 km just before
sunset, followed by a 3-h nighttime descent down to 11.8 km, where it was cut down
90 km north of Bauru. From 11:00 LT (14:00 UT) on that day, convective systems25

began developing in the southeastern quadrant of the Bauru radar, rapidly intensifying

2416

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD
7, 2389–2475, 2007

Overview HIBISCUS

J.-P. Pommereau et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

during the early afternoon, later also in the southwest sector and east north east of
the radar. At the time of the launch, the nearest storm was about 60–70 km south-
east of BRU, but remained more or less stationary and at no stage did it impact on
the flight trajectory. However, at the same time, the PPR radar showed a large area
of instability moving in from northwest and west, but it never came closer than 300 km5

from the balloon track (Fig. 6). Towards the end of the flight, some very small (5–
10 km) cells appeared just west of the floating balloon, but their tops stayed well below
10 km. The radiosonde profile displays a fast change in lapse rate at 14 km, sometimes
called secondary tropopause, a minimum temperature of –75.2◦C at 15.7 km (115 hPa,
367 K), topped by an almost isothermal layer reaching up to 20 km. Tropospheric winds10

were from south-westerly directions up to 15–16 km, originating from a combination of
the approaching tropical convective system over Mato Grosso do Sul and the warm
front over Paraná, ahead of a cold front slowly propagating north-eastwards. The winds
backed to easterly above the tropopause.

The SF2 balloon was carrying the DESCARTES halocarbon grab sampler with which15

six samples were taken during the ascent. But unfortunately, a power failure at float pre-
vented sampling during the slow descent. The measurements of halocarbons across
the tropical tropopause indicate a tracer concentration gradient in proportion to lifetime.
The fast response O3SSS produced good data during ascent and descent, showing an
ozonopause at about the secondary tropopause around 14 km, as well as resolved20

small-scale vertical structures. The µSDLA tuneable laser provided methane and wa-
ter vapour data throughout the flight. In the water vapour profile a step of 10–12 ppm
was observed above the lapse rate tropopause between 15.5 and 16 km and a min-
imum mixing ratio of 4 ppm at about 17 km. The µSDLA profile was also used as a
reference for evaluating the measurements of the SAW, of a RS80 sonde at 15:15 LT25

and a RS 90 heated-Humicap on the backscatter sonde at 19:35 LT. The RS 80 was
found to be significantly dry biased above 6–7 km, the SAW very consistent with the
tuneable laser up to 12–13 km, and the RS 90 up to 16 km.

The µlidar performed successfully, making a profile of aerosol every 3 min. Unfor-
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tunately, because of a failure in one of the battery packs, only the cross-polarized
backscattering ratio is available. Cloud layers were seen at around 10–13 km during
the entire flight with a downward slope of 3 km during the night, corroborated by a
backscatter/ozone sonde at 19:35 LT showing two cloud layers between 10–12 km and
12.5–13.5 km.5

On the same day the first flight of the Falcon took place to the NNE, making a range
of observations next to the balloon flight area at the beginning and the end of its flight.

SF-1 flight

This flight was performed within an anticyclonic cloud-free area to the southwest of
the SACZ, which had shifted towards north-east (Fig. 7). The balloon was launched at10

17:24 LT on 16 February reaching an altitude of 20.5 km at 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
State of Parana. Four-day trajectory data from RAMS show that at 350–140 hPa in the
UT air flowed from the west, around the upper-level Bolivian high, with some descent
from slightly higher potential temperature layers (Fig. 7, right), turning to the south at15

90 hpa and then towards east above. The radiosonde shows a dynamical tropopause
at about 13.5 km and a thermal tropopause of –76.1◦C at 17.5 km (84.4 hPa, 399 K).

DESCARTES made 6 samplings during the ascent providing reliable data showing a
layer of high halocarbon mixing ratio at 8.5–9.5 km, possibly resulting from a transport
of urban polluted layer during preceding days. Unfortunately it failed again during the20

slow descent. LABS and the backscatter sonde did not report any cloud in the upper
troposphere, but only at 3.5–4 km. Ozone data are available from both the SSS and the
ECC sonde, showing an ozonopause at 14.6 km. The TDL made H2O measurements
during the ascent up to 250 hPa, but not above after a drift of the optical alignment.
During this flight good data on both electric field and conductivity measurements were25

obtained. In particular, a complete profile of the electric conductivity due to positive
charges was obtained over practically the whole altitude range with measurements
every 8 min. A noticeable enhancement of conductivity is observed between 1 and
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4 km, while a decrease is observed above at the altitude where the backscattersonde
flown 2 h later showed the presence of thick cloud up to 14.5 km, which may change the
nature of the atmospheric ions and modify the electrical parameters of the atmosphere.
However, in absence of complementary measurements it is not possible to ascertain
such an interpretation.5

Cooperative observations are available from the third flight of the Falcon complet-
ing two ascent/descent cycles in an area close to the balloon flight track, showing a
layer of enhanced CO at 8–10 km, indicative of urban pollution in coincidence with the
halocarbon enhanced layer reported by Descartes.

SF-4 flight10

This third slow descent flight was launched at 17:03 LT on 24 February when the SACZ
was back over the central State of São Paulo (Fig. 8), creating a period of extensive
instability with convective activity during day and night, albeit with reduced intensity.
The balloon reached an altitude of 20.2 km shortly before sunset, followed by a 3-h
slow descent down to 10.7 km, when it was cut down.15

A large area of instability, with more or less randomly developing intense cells was
first observed by IPMet’s radars in the far north-west of the State of São Paulo, expand-
ing eastwards while moving towards south-east as a whole. Significant intensification
occurred from noon onwards, resulting in a massive multi-cellular complex heading to-
wards Bauru during the late afternoon. Cloud tops during the early afternoon were20

mostly <14 km, but a few cells penetrated through the tropopause. However, the cloud
tops subsided quickly to <10 km after sunset. At the time of the launch, the storm com-
plex was about 120 km to the north-west, moving at 40 km/h−1 south-eastwards and
reaching Bauru shortly after 20:00 LT. Figure 9 shows the radar echo tops detected
half an hour after launch and towards the end of its float. The rain area situated 50–25

100 km south of Bauru (Fig. 9, right) was already in the decaying stage at the time of
the launch and never affected the balloon track. Observations performed during this
flight are thus representative of the TTL ahead of the approaching mesoscale system,
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within a generally very convective environment. A radiosonde launched 20 min after
the balloon indicates a secondary tropopause (lapse rate discontinuity) at about 14 km,
a minimum temperature of –78.7◦C at 15.9 km (112 hPa, 364 K), overlaid by a broad
isothermal layer up to 18 km (77.5 hPa, 405 K).

The balloon was carrying six instruments: µDIRAC GC, µlidar, µSDLA, a SAW5

hygrometer, an O3SSS and the AIRS electric field sensor. All performed satisfacto-
rily. CFC 11 measurements by the µDIRAC show a constant mixing ratio (MR) up to
16 km, followed by a drop off beginning at 17 km. The SSS ozone sensor performed
without problems, displaying, in agreement with the ozonesonde flown in parallel, an
ozonopause at 14.2 km and significant structures above. The µSDLA shows a very10

dry layer between 8–11 km, followed by near saturation up to a drop off at 14.8 km
above the secondary tropopause, and a mixing ratio of 4–5 ppmv in the TTL. The SAW
hygrometer produced good data up to 14 km during ascent and below 13.5 km dur-
ing descent, but showed insufficient sensitivity to make reliable measurements above
these heights. During the descent, the µlidar made excellent measurements of a 1 km15

thick cloud layer at 13 km at the beginning, followed by the appearance of thin lay-
ers just above 14 km and at 13 km and more substantial clouds below 12 km. The
backscatter sonde launched at 19:30 showed a thick opaque cloud up to 13.5 km at
the beginning of the balloon flight. No lightning was detected by AIRS, but significant
drops of the electric field probably related to differential charging of the top (negative)20

and the bottom (positive) of the cloud layers in the lower layers, and enhancement of
the amplitude of electric field fluctuations near the tropopause where thin cirrus were
reported by the backscatter sonde. There was no Falcon or Bandeirante aircraft flight
on the day of the SF-4 flight.

SF-3 flight25

The last slow descent flight was performed on 26 February. Launched at 17:00 LT,
the balloon reached an altitude of 21.6 km shortly before sunset where it remained for
about 1 h before descending slowly for 03:45 h down to 10 km. Very active thunder-
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storms were developing in the morning over the State of Santa Catarina, moving fast
northbound across the State of Parana (Figs. 10 and 11), but faded out by 22:30 LT
about 150 km south-east of Bauru at the end of SF3. The temperature profiles show a
lapse rate tropopause near 15 km, a cold point of –78◦C at 80 hPa, topped by an almost
isothermal TTL up to 18 km.5

The SF-3 balloon was carrying a DESCARTES grab sampler, the µDIRAC GC, the
TDLAS tuneable diode laser, the LABS backscatter diode laser, a SAW hygrometer
and an O3SSS sensor. DESCARTES performed successfully during the ascent and
descent, providing measurements of tracers of a large range of lifetime spanning from
50 years to 3 months. The TDLAS made good measurements both during the ascent10

and descent. The most notable features of the profile are the low relative humidity (less
than 20%) while ascending up to 15 km, and moist layers (60–80%) during the descent
of the flight (10.5–11.5 km and 13–13.5 km), which are not evident on the ascent, as
well as a minimum H2O mixing ratio of 2.1 ppm at 17.7 km, around the level of the
cold point tropopause. No clouds were observed by LABS during either the ascent or15

descent, but highly structured layers of depolarizing particles were seen during ascent
between 16 and 18 km.

Other data available on 27 February are from a Falcon flight from 05:44–08:50 LT),
an ozonesonde at 23:35 LT and a MIR SAOZ flight launched at 20:00 providing O3,
NO2, H2O profiles on the following morning.20

Backscatter, ozonesondes and NILUCUBE

In total 10 BKS/ ozonesondes, 3 ozonesondes and 2 NILUCUBE were flown between
10 February and 6 March on 1400 m3 Raven plastic balloons. Their date and maximum
altitude reached by the balloon are listed in Table 3. The results of the BKS/ ozoneson-
des are displayed in Fig. 12. On average ozone shows an ozonopause around 13–25

14 km, very little varying mixing ratio linearly correlated with potential temperature in
the lower stratosphere, but significant and frequent variations in the TTL. Cirrus clouds
were absent at the beginning during the low convective period between 10 and 17
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February but were frequent between 19–23 February at around 13-14 km when the
temperature of the tropopause was cooler. A significant BKS signal was reported on
one occasion at an altitude as high as 18–19 km on 20 February. A BKS/O3 sonde was
always flown in parallel to the SF flights.

The NILUCUBE was flown twice on RAVEN type balloons. The first flight was per-5

formed on 13 February under relatively clear sky conditions, but with some bright low-
altitude cumulus clouds formed under limited convection conditions. The balloon was
launched at 13:00 (UT) and climbed up to about 22 km, followed by a slow descent
under a parachute. Solar zenith angles during the flight decreased from about 36◦ to
9◦. The second flight was on 25 February under overcast conditions with high altitude10

cirrus. The launch was around local noon at 15:07 (UT). Solar zenith angles increased
from about 12◦ to 30◦ during the flight. The instrument behaved well during both flights.
For the flight on 13 February, the radiation increased by about 17% due to the change
in the solar zenith angle between take-off and maximum altitude. On 25 February,
the change in the solar zenith angle caused a maximum change of about 4% in the15

radiation during the ascent.

5.2 Long-duration balloons

The programme involved 8 constant-level superpressure balloons (SBP), and 3 MIRs.
The SBP were of two types: 10 m diameter floating at 55 hPa (19 km) and 8.50 m

diameter at 75 hPa (18 km) that is at about the cold point tropopause level. All were20

carrying a GPS, a pressure and temperature sensors, as well as one or two passen-
ger instruments: a turbulence sensor on the higher ones and a SAW and an O3SSS
sensor on those flying at the tropopause. The list of flights, their instrumentation, the
date of launch and their duration are summarized in Table 4. The trajectories of the
balloons are displayed in Fig. 13. Except for a transmitter failure on BP2 and a small25

leak on BP1, which depressurised and fell after 13 days, all other balloons remained
at float level until the end of power of the lithium batteries designed for 1–2 months or
their depressurisation at warm temperature at high latitude at the end of the summer
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season. All GPS and meteorological sensors performed well, providing most useful
scientific products (3-D trajectories, temperature and pressure fluctuations) for study-
ing gravity and Rossby waves. However, the water vapour instrument did not detect
the frost point temperature correctly, probably because of the limited mass of H2O de-
position due to the absence of ventilation, and the ozone sensors stopped transmitting5

their information to the main gondola after 14 and 3 days, respectively.
The instrumentation carried by the MIRs, their date of launch and duration in flight

are summarized in Table 5. Their trajectories are shown in Fig. 14. Among the four
attempts, one failed at launch, which was replaced by a spare balloon. The 3 MIR
remained in flight for 7, 39 and 9 days, respectively. The relatively short flight of two10

of them (the first was recovered in Australia) was due to a fast descent over high-level
clouds in the evening. These anomalous events have been identified to be due to a
too small size of aperture at the bottom of the MIRs resulting in a reduction of volume
when the balloon is descending after sunset. MIR-1 provided only limited data after
the partial failure of the SAOZ detector at low temperature. But the two others were15

particularly successful. The ENEA micro-lidar flown for the first time on MIR-2, got very
encouraging cloud data, although part of the measurements were found noisy because
of electrical interference with the Inmarsat transmitter. The SAOZ instrument on board
MIR-3 provided the longest ever series of profiles (78) of O3, NO2 and cloud extinction
in the tropical UTLS, and for the first time H2O. For comparison purpose, dedicated20

ozonesondes ascents have been performed during the overpass of the balloon over
the SHADOZ stations of Samoa, Fiji and Reunion Island, as well as at Bauru at the
launch Unfortunately, high-altitude clouds, associated with hurricane Gafilo in the In-
dian Ocean, prevented collocated ozone lidar observations at Reunion Island to be
carried out as in 2001, for checking the altitude registration of the retrievals. Finally, all25

meteorological sensors, as well as the global IR radiometer and the lightning optical
detectors performed well on all flights.
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6 Results

The rich observational data set collected during the pre-HIBISCUS and HIBISCUS
campaigns has been used for a variety of investigations, such as verification of
NWP models representation of the tropical UTLS, vertical and horizontal troposphere-
stratosphere exchange, waves, water vapour, clouds and microphysics, photochem-5

istry and finally satellite validation as proposed in the objectives. Their results are
briefly summarized below. More details will be found in the papers cited.

6.1 Evaluation of meteorological models analyses and re-analyses

Among the objectives of HIBISCUS were the evaluation of temperature and wind in
the NWP ECMWF operational model and other ECMWF:ERA40 and NCEP/NCAR re-10

analyses in the tropics. This has been achieved by comparing the above models to the
data of a number of long-duration balloon flights: the Hibiscus flights for operational
analysis, the data of an EOLE experiment at 200 hPa in 1971–1972, and those of 30
MIR and three 10 m-diameter SPB flown since 1988.

6.1.1 ECMWF and NECP operational analysis15

Actual temperature, wind and trajectories of the 8 SPB and the 3 MIR have been com-
pared to ECMWF T511 operational products (Knudsen et al., same issue). Compared
to the balloon measurements just above the tropical tropopause, the ECMWF opera-
tional temperatures show a systematic cold bias of 0.9 K and the easterly zonal winds
are too strong by 0.7 m/s. This bias in the zonal wind adds to the ECMWF trajectory20

errors, but they still are relatively small with, e.g. an error of about 700 km after 5 days.
The NCEP/NCAR reanalysis trajectory errors are substantially larger (1300 km after 5
days). In the southern mid-latitudes the cold bias is the same, but the zonal wind bias
is almost zero. The trajectories are generally more accurate than in the tropics, but for
one balloon many of the calculated trajectories end up on the wrong side of the tropical25
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barrier and this leads to large trajectory errors.

6.1.2 ECMWF ERA40 and NCEP/NCAR NN50 at 200 hPa in 1971–1972

Reanalysis evaluations are based on data that could be recovered from long-duration
balloon flights carried out in the past. Indeed, long-duration balloons have been
deployed experimentally since the mid-60’s at both NCAR and CNES. Small super-5

pressure balloons of 3.70 m diameter were developed at CNES, floating at 200 hPa for
the EOLE experiment during which 480 platforms were deployed in the Southern hemi-
sphere in 1971–1972 and tracked by a dedicated satellite, the ancestor of ARGOS.

The EOLE dataset has been used to assess the accuracy of modern reanalyses.
80 000 reliable temperature and wind data, covering one year in 1971–1972, have been10

recovered, providing information on atmospheric regions scarcely sampled during the
pre-satellite era, i.e. the Antarctic and the southern hemisphere oceans (Hertzog et al.,
2006). When compared to the EOLE dataset, the ECMWF ERA40 re-analyses shows
limited temperature bias at 200 hPa in sub-polar regions, whilst the NCAR NN50 is a
few degrees colder. However, both re-analysis data sets are found warmer by about15

1 K in the subtropics. The biases on the wind field are found to be very small, if not in-
significant. The standard deviation of the difference between models and balloon data
displays a decrease over continents compared to oceanic areas, stressing the hetero-
geneity of atmospheric observation systems during the pre-satellite era, and is larger
in the storm tracks than elsewhere, which emphasizes the difficulty of atmospheric20

models to capture the synoptic systems in the poorly sampled southern hemisphere,
before the event of satellite observations. However, both reanalyses do not perform
similarly in this respect. The NCEP/NCAR standard deviations are significantly smaller
than those of ERA40.
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6.1.3 ERA40 in the tropical stratosphere since 1988

In another effort, the data of past CNES technical and scientific balloon flights, have
been searched for (Christensen et al., 20073). No data prior to 1988 could be recov-
ered. The data available in the tropics are those of 30 MIR and 3 SPB of 10 m diameter
flown from Pretoria in 1988–1992, Latacunga in Ecuador in 1994–1998, and Bauru in5

Brazil in 2000–2001. After being carefully checked, largely by comparing measure-
ments performed by independent payloads on the same balloon, about 40 000 reliable
temperature and 12000 wind measurements of 18 MIR and 3 SPB, flown between
1988-2001, were retrieved.

When compared to the balloon data, the ERA-40 (T159 3-D variational assimila-10

tion) temperatures in the tropical stratosphere show displays a bias varying progres-
sively from +1.16 K in 1988–1989, to +0.26 K in 1994–1996 and –0.46 K after 1998
(Christensen et al., 20073). The ERA-40 zonal wind in the lower stratosphere appears
slightly overestimated by 0.7–1.0 m/s on average in both the tropics and equatorial re-
gion, while the meridional wind is unbiased (0.01±3.2 m/s). This relatively large bias15

compared to previous studies in the Arctic (Knudsen et al., 2002), may be due to the
reduced number of radiosondes and the breakdown of geostrophy in the tropics, which
makes it difficult to transform satellite observations of temperature to winds. Despite
this, we found the tropical trajectory errors to be surprisingly small.

6.2 Convection and vertical transport20

In this area, the objectives were to study the impact of convective transport on the TTL
and the lower stratosphere, based on radiosonde temperature profiles and balloon
measurements of vertical profiles of ozone and of a range of tracers with different

3Christensen, T., Knudsen, B.-M., Pommereau, J.-P., Letrenne, G., Hertzog, A., and Vial, F.:
Validation of ECMWH ERA-40 tropical stratosphere temperatures and winds with long duration
balloon data, Atmos. Chem. Phys. Discuss., submitted, 2007.
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lifetimes. These measurements were to be interpreted using models at meso- and
global scale. The main results of this study are summarised in the following sections.

6.2.1 Afternoon cooling of the TTL over land convection

The amplitude and the altitude of the cooling of the TTL by overshooting of adiabat-
ically cooled air over land convective systems has been studied from the four daily5

sonde ascents carried out between 30 January and 22 February and the 13 ozoneson-
des between 10 February and 6 March (Pommereau and Held, 20074). Compared
to non-convective periods, the temperature is found cooler (8 K cooling at 16–17 km)
in the TTL up to altitudes of 19 km, 3 km above the lapse rate tropopause, during the
highly convective period at the beginning of February. Similarly, a drop of ozone mix-10

ing ratios as large as 60 ppb could be observed between 12–17 km during the medium
convective period between 17 and 24 February. But more importantly, a systematic
diurnal variation of temperature could be observed up to 19 km, of 4 K amplitude at
16–17 km in early February at 16:00 LT compared to 10:00 LT, and still of 2 K ampli-
tude during the second half of the month when the convection was less intense. The15

large amplitude of the cooling in the afternoon, coinciding with the phase of maximum
development of diurnal convection (e.g., Liu and Zipser, 2005), provides evidence of
strong overshooting over land convective systems as suggested by Danielsen (1982).
Moreover, the potential temperature level up to which the cooling could be observed,
440 K during the highest convective period, indicates that overshoots could penetrate20

relatively deeply into the lower stratosphere. The suggestion is that, in contrast to
oceanic areas where little overshooting above the tropopause is observed, the fast de-
veloping land convection in the afternoon in the tropics, little captured by the models,
could be a major contributor to troposphere-stratosphere exchange at global scale.

4Pommereau, J. P. and Held, G.: Evidence of strong afternoon overshooting convection in
the tropical stratosphere over land, in preparation, 2007.
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6.2.2 Vertical transport in the tropical UTLS from tracers of different lifetime

A wide range of tracers was measured in both the 2003 and 2004 campaigns on board
ZL and SF balloons. Halocarbon (and N2O) measurements were made by the DIRAC
in situ gas chromatograph (GC) and two DESCARTES grab samplers (Harris et al.,
in preparation). A range of halocarbon tracer lifetimes was measured from 85 years5

(CFC-113) to 3–6 months (chloroform). The picture painted by the data is of a TTL
rich in spatial structure. It is clear that simple vertical (1-D) transport models, used
hitherto, cannot explain the observations. The long-lived halocarbons measured in
the troposphere were generally well mixed (showing little vertical gradient). There was
some suggestion of boundary layer enhancement. On some flights mixing ratios above-10

background levels could be observed in long-lived tracers just below the TTL layer,
which could indicate uplift of boundary layer air (e.g., CFC-113 on SF1 and SF3). The
long-lived tracers again showed no vertical gradient across the TTL between 350 and
400 K. Only above 400 K was there a noticeable drop-off in the long-lived tracer-mixing
ratio, indicating stratospheric aged air. The long-lived tracers are also anti-correlated15

with the co-located ozone measurements in this region.
In the case of the shorter-lived halocarbon tracers below and inside the TTL region,

much more variability was found in the vertical profiles. While the long-lived tracer data
shows little gradient or variability in the 350 to 400 K region, the shorter-lived tracers
show considerable variation. In the case of chloroform (∼6 months lifetime), there20

is a decrease in mixing ratio of around 3 ppt between 350 and 400 K (amounting to
some 50% of the tropospheric value). Chloroform was also measured at higher vertical
resolution by DIRAC on the SF4 flight (24 February). In the case of dibromomethane
(3 to 4 month lifetime), the tracer distribution is more difficult to describe, since there
is a slight drop-off between 350 and 400 K, but there is evidence of a maximum in25

the 360 to 380 K region. Unfortunately, dibromomethane was only measured by the
DESCARTES grab samplers and so the vertical resolution is low.

A first attempt to explain the tracer vertical structure using the simple 1-D model
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introduced by Folkins et al. (1999) was unsuccessful. It was not possible to reproduce
all the profiles with a single vertical velocity. It is clear that this model (while having
been extremely influential) must now be considered too simple. The overall structure
of the TTL is complex and three-dimensional.

6.2.3 Modelling of Troposphere-Stratosphere transport at global scale5

To complement the local modelling in support of the balloon flights, modelling studies
have also been performed to investigate the global structure of the TTL and transport
using both high-resolution trajectories and a lower-resolution CTM (Levine et al., 2007).
In each case the regions of preferential transport from the lower troposphere into the
TTL and from the TTL into the stratosphere were examined. Results show, that trans-10

port into the TTL occurs primarily over the maritime continent, followed by extensive
horizontal transport within the TTL. Regional differences in transport from the TTL to
the stratosphere are much smaller than the corresponding differences for transport into
the TTL from below. Most of the transport into the stratosphere takes place into the
extratropical lower stratosphere (below 400 K). Reassuringly, the trajectories and the15

p-TOMCAT CTM tracers give the same basic picture. However, the open question is
to know to what extent the stratospheric penetration of land convective overshooting in
the afternoon is not included in the models.

6.2.4 Troposphere-Stratosphere exchange from satellite measurements

The possible contribution at the global scale of convective lifting of tropospheric air in20

the TTL was also investigated from satellite observations of tropospheric species at
17 km, below, at, or immediately above the tropopause (Ricaud et al., 20075). The

5Ricaud, P., Barret, B., Attié J.L., Le Flochmoën, E., Motte, E., Teyssèdre, H., Peuch, V.-H.,
and Pommereau, J.-P.: Impact of convection, biomass burning and wetland into the Tropical
Tropopause Layer over the March-May 2002–2004 period, Atmos. Chem. Phys. Discuss.,
submitted, 2007.
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average 2002–2004 N2O concentration at 17 km reported by ODIN-SMR, as well as
CH4 from HALOE and CO from MOPITT at 150 hPa during the March-April-May period
studied, displays regional differences with a prominent maximum over equatorial Africa
and to a lesser degree over central America and south-east Asia continental and island
areas but not above the Maritime continent. In contrast with the previous modelling,5

but in agreement with the observed geographic distribution of frequency of overshoot-
ing clouds by the TRMM precipitation radar (Liu and Zipser, 2005), land convective
overshooting appears to be a privileged mechanism of transport in the TTL

6.3 Meridional exchange between the mid-latitude lower stratosphere and the TTL

The objective in this field was to study the transport processes through the tropical bar-10

rier in the lower stratosphere. Three different studies have been conducted from the HI-
BISCUS data relative to the tropical barrier and the exchange between the mid-latitude
overworld and the TTL: from SPBs trajectories; from ozone profiles of the SAOZ-MIR
and ozonesondes; and from vertical diffusivity derived from high-resolution balloon and
aircraft ozone and tracer measurements.15

6.3.1 Meridional exchange from SPBs trajectories

The trajectories of the 8 SPBs displayed in Fig. 13, have been analysed and their dis-
persions studied. The first four had very zonal trajectories staying at latitudes close
to 20◦ S. In contrast, the other four drifted southward after leaving South America and
were finally trapped in the mid-latitude circulation. Those trajectories therefore show an20

obvious example of exchange through the stratospheric subtropical barrier. A prelimi-
nary study that uses the ECMWF analyses indicates that the two kinds of trajectories
seem to be linked with the strength of 2 anticyclones, one located to the west of South
America, the other eastward of New Zealand, for explaining the difference of the two
types of trajectories. At the beginning of the campaign, the latter anticyclone was strong25

enough to prevent tropical air masses (and SPBs) to drift southward cycling around the
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one above South America. During the first days of March, when the last SPBs were
launched, it weakened and tropical air masses were pushed southward. Further work
is ongoing to precisely characterize the dispersion regime in the lower stratosphere
that prevailed during the campaign.

6.3.2 Horizontal exchange between the mid-latitude overworld and the TTL from5

ozone profiles

The relative contribution of quasi-horizontal (adiabatic) and vertical (convective) trans-
port to the variation of ozone concentration in the tropical UTLS has been quantified
from the SAOZ-MIR measurements in 2001, 2003 and 2004, as well as from the 13
ozonesondes launched from Bauru in 2004, by a multi-linear regression technique10

(Borchi et al., same issue). The statistical analysis makes use of potential vorticity (PV)
as proxy of horizontal transport or displacement, and the difference in altitude between
the 340 and 370 K isentropic surfaces as an index of convection. The first is provided
by the MIMOSA contour advection model (Hauchecorne et al., 2002), run every 5K
between 300K and 700 K and initialized by the 6-hourly ECMWF analyses, whilst the15

second is directly derived from ECMWF. Overall, the analysis of ozone profiles at zonal
and local scale in the tropics displays a maximum variability in the TTL between 12–
19 km, mainly due to horizontal exchange with the mid-latitude stratosphere and to a
more limited extent to convective vertical transport. Local photochemical production
appears to contribute for a small amount to the observed variability, no more than few20

percent at most.

6.3.3 Vertical diffusivity and mixing in the TTL

In strongly stratified shear flows like the stratosphere, vertical (cross-isentropic) diffu-
sion is one of the causes of horizontal mixing. It is generally assumed that overall
small-scale mixing processes can be represented by only one coefficient, viz., the tur-25

bulent diffusivity D, which varies in space and time. However, estimates in the literature
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range from 0.001 to 5 m2s−1 in the lower stratosphere, the latter corresponding to radar
estimates.

In this study, in order to obtain parametrization-independent estimates of D, tracer
mixing ratios are reconstructed along the flight track of aircraft measurements. The
method uses ensembles of Lagrangian backward trajectories starting at each mea-5

surement point. Vertical turbulent diffusion is introduced as a random independent
perturbation in each member of the ensemble. The trajectories are calculated using
ECMWF winds, and the reconstruction is done by interpolating mixing ratios provided
by the REPROBUS-CTM at the endpoints of trajectories. Then, measured and recon-
structed profiles on the same flight track are compared. The magnitude of fluctuations10

in the reconstruction profile is related to the value of the vertical turbulent diffusivity
coefficient D. This allows an estimation of the coefficient D by tuning the fluctuation to
best fit the observed tracer profiles. From previous studies in the lower stratosphere,
at 60 hPa, D is found to be, on average, of the order of 0.01 m2s−1 in the polar region
and 0.1 m2s−1in mid latitudes, with a sharp transition in the polar vortex edge (Legras15

et al., 2005).
In the lower stratosphere, vertical diffusivity in the Bauru region – estimated from

HIBISCUS high-resolution airborne measurements – is found to be in the order of 0.5–
1 m2s−1 (Pisso and Legras, 20076). Sharp changes in the value of D are often found
in the presence of different layers of different origins. This is particularly true in the20

case of subtropical intrusions in the tropics, where air masses of different origin and
dynamical characteristics meet. Transport barrier effects may generate boundaries
between different diffusivity regions. Ensemble calculation of Lyapunov exponents is
introduced, following back-trajectories together with tracer reconstruction, unveiling the
stretching history of parcels. This allows relating diffusion and strain, by mapping the25

location of dynamical structures.

6Pisso, I. and Legras, B.: Turbulent vertical diffusivity in the subtropical atmosphere, Atmos.
Chem. Phys. Discuss., in preparation, 2007.
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6.3.4 Lagrangian reconstructions of tracers

Another question, which has been studied, is the impact of space and time resolution
of wind fields on the quality of Lagrangian reconstructions of tracers. Indeed, trajectory
calculations make use of winds interpolated from Eulerian fields. It has been shown,
that Lagrangian reconstructions exhibit strong sensitivity to time resolution of ECMWF5

analysed winds (more than to spatial resolution). This result suggests that using the
standard 6-hourly archive might lead to serious overestimates of vertical transport,
due to both under-sampling of fluctuations and the presence of spurious gravity waves
excited by assimilation. Reconstructions with various combinations of analysis and
short-term forecasts were performed. ECMWF wind fields were archived every hour10

to further test the Lagrangian reconstructions sensitivity to time resolution (Pisso and
Legras, 20076).

6.4 Wave sources and propagation

The Rumba payload carried by SPB balloons provides high-accuracy measurements
of temperature and wind sampled every 15 min and pressure every minute. Altogether,15

these data are used to characterize the gravity-wave activity during the flights (Hertzog
et al., in preparation). Figure 15 for instance shows the horizontal kinetic energy spec-
tra for two of the SPB flights (flight 4 and 6). The energy is represented with respect to
the intrinsic frequency, i.e., the frequency that is measured in the mean flow. Gravity
waves have intrinsic frequencies larger than the inertial frequency. While Flight 4 stays20

at low latitudes, Flight 6 was pushed to the mid-latitude, and, consequently, the mean
inertial frequencies during those two flights slightly differ. The picture clearly exhibits
the –2 slope of gravity-wave energy, which is an observational evidence that only SPBs
can obtain. The picture also shows the increase of kinetic energy close to the inertial
frequency on both flights, which is the signature of the ubiquitous presence of inertia-25

gravity waves. Finally, the low-frequency part of the spectra is likely associated with
Rossby waves, which are more visible on the mid-latitude flight. Further studies are
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ongoing to investigate the variation of wave activity during the flights, identify the wave
sources, and to quantify the energy and momentum transported by the waves to the
upper atmosphere.

6.5 Water vapour

A number of water vapour measurements in the TTL and the lower stratosphere were5

made during HIBISCUS by deploying several techniques: locally above Bauru by
Vaisala RS80 and RS90, by two tunable diode laser systems and the SAW sensors,
and at global scale remotely by SAOZ on the MIR and GOMOS. Their results have
been first compared to understand which and where each of them can provide reli-
able data, and then interpreted by means of statistical and trajectory methods, micro-10

physical model including growth and precipitation run in trajectory and LES dynamical
frameworks.

6.5.1 Quality of water vapour measurements in the TTL

The measurement of low water vapour mixing ratios in the cold TTL and lower strato-
sphere is still challenging. As indicated in Sect. 5, several instruments experienced15

failures for a number of reasons. The best measurements were found to be those of
the diode lasers (micro SDLA and TDLAS) during the night-time slow descent, free of
outgassing contamination, at least when the descent speed is high enough, although
the accuracy of the TDLAS (10%) is currently lower than that of micro-SDLA, which is
estimated to be 5%. Compared to these, the profiles obtained simultaneously by the20

SAW hygrometer and the Vaisala radiosondes exhibit a significant degree of uncer-
tainty above 10–11 km altitude. The measurements made by pairs of RS80 and RS90
Vaisala radiosondes launched on board weather balloons agree extremely well below
approximately 11 km, but tend to differ vastly above this altitude, with the RS80 being
significantly dry biased compared to the RS90. The latter showed excellent agreement25

with the micro-SDLA in the UT up to the moist secondary tropopause at about 15 km.
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The SAW hygrometer also showed generally good agreement with SDLA and TDLAS
for frost points in the range of +20/–80◦C, although there were regions in the middle tro-
posphere of significant discrepancies (>20◦C), generally in regions of low RH and high
structure. Overall, whilst good information could be obtained in the troposphere with
the RS80 (up to 10–11 km), the RS-90 and the SAW (up to 14–15 km), reliable data on5

the water vapour in the TTL could only be obtained with micro-SDLA and TDLAS.

6.5.2 Water vapour observations in the upper troposphere and the TTL over Brazil

The H2O mixing ratios reported by the micro SDLA during its two flights show a moist
troposphere with 1–2 km thick dry layers at about 7 km in SF2 and 9 km in SF4, and
large supersaturations at the secondary tropopause up to 16 km on the first and 15 km10

on the second flight (Durry et al., same issue). Above these levels, the water vapour
mixing ratio ranges between 3.5 and 5 ppmv, which is comparable to that observed
at mid-latitude at the same potential temperature levels in late spring for the lower
value and autumn for the highest. No significant dehydration was observed at the
relatively warm sub-saturated cold point at –78◦C, but alternative dry (3.5 ppm) and15

moister (5 ppm) layers, separated by sharp gradients, were found. Correlations with
CH4, also measured by SDLA, ozone from SSS and ECC sensors, temperature and
PV from the MIMOSA model, allow us to identify unambiguously the origin of each
layer. The CH4 poor and ozone rich dry layers in the UT can be attributed to descent
of stratospheric air. At the other extreme, the 180% supersaturated, cold, CH4 rich20

and O3 poor layers near the tropopause imply the convective lifting of tropospheric air
parcels. More surprising is the superposition of dry and moist layers in the TTL and the
lower stratosphere up to 400 K, highly correlated with CH4 and PV, and anticorrelated
with ozone and temperature.

The overall measurements suggest a complex picture with indications of both con-25

vective uplift of moist air from the lower/middle troposphere to the TTL region (5 ppmv
up to 18 km, 400 K), and the presence of dry layers linked to stratospheric intrusions.
In the case of SF4, the overshoot penetrates the stratosphere up to 400 K (Durry et al.,
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same issue).
The possible location and time of the convective event, responsible for the super-

saturated layers and the cirrus clouds reported on the same flights by the micro-lidar,
has been further explored by backward 3-D trajectories calculated from outputs of the
BRAMS mesoscale model using a 3-D back trajectory code developed by Freitas et5

al. (2000).

6.5.3 Water vapour in the TTL at global scale

The zonal variation of water vapour has been derived from the measurements of the
SAOZ version extended to 1µm, which was flown on the MIR for 39 days (Pommereau
et al., 2006; Pommereau et al., 20074). Although the first profile over Brazil at the be-10

ginning of the flight is consistent with that reported by the micro-SDLA and the precision
of the measurements (0.2 ppm) is relatively high, their accuracy (2 ppm) is limited be-
cause of the broad spectral resolution measurements in a spectral band where strong
narrow H2O lines are saturated. Overall, 78 profiles were collected along the MIR flight
from 25 km down to 6 km or cloud top.15

The main feature shown by these measurements is the presence of a minimum H2O
mixing ratio (hygropause) of 3.5–5 ppm, on average above the cold point tropopause
around 18 km, that is 3–4 km above the secondary tropopause and the ozonopause.
No clear dehydrated layer could be observed at the latitude of the balloon flight between
10–20◦ S, where the cold point temperature remains relatively warm. The minimum20

H2O value at the hygropause shows a zonal modulation. In contrast to expectation,
maxima (5 ppm) are observed over convectively active convergence zones over Africa,
South America and the West Pacific and minima (3.5 ppm) above subsident oceanic
areas. The picture is consistent with the µSDLA observations over Brazil, as well as
those of the broad vertical resolution microwave measurements of MLS-UARS, show-25

ing a maximum mixing ratio above land convective regions at the tropics in the Southern
Hemisphere summer of 1992–1993, but it is in contrast with ECMWF, in which the cold
trap mechanism stops the uplift of water vapour as soon as saturation is reached.
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6.5.4 BRAMS mesoscale modelling

Following the study of the impact of deep convection on the composition of the up-
per troposphere in an extreme storm case from BRAMS simulations (Marécal et al.,
2006; Rivière et al., 2006), mesoscale modelling studies have been continued. The
ability of the model to simulate the vertical variations of water vapour observed by the5

micro-SDLA compared to ECMWF global analysis has been investigated (Marécal et
al., same issue). The BRAMS mesoscale model (improved version of the RAMS devel-
oped at CPTEC, Centre for Weather Prediction and Climate Studies, Brazil) performs
significantly better than ECMWF analysis for water vapour in the upper troposphere
but slightly worse for temperature. The improvement provided by the mesoscale model10

for water vapour comes mainly from (i) the enhanced vertical resolution in the UTLS
(250 m for BRAMS and ∼1 km for the ECMWF model) and (ii) the more detailed mi-
crophysical parameterization allowing ice supersaturations as in the observations. The
ECMWF vertical resolution is too coarse to capture the observed fine scale (∼1 km)
variations of water vapour in the UTLS. In near-saturated or supersaturated layers, the15

mesoscale model water vapour is close to observations, but only if the model temper-
ature is realistic. For temperature, the ECMWF analysis gives good results thanks to
data assimilation. Analysis of the results showed that in undersaturated layers the wa-
ter vapour profile depends mainly on the dynamics. In saturated/supersaturated layers,
microphysical processes have to be taken into account, in addition to the dynamical20

processes, to understand the water vapour profile.

6.5.5 LES cloud resolving modelling

The UK Met Office Cloud Resolving Model (Shutts and Gray, 1994; Swann, 1996,
1998) version 2.3 has been used to simulate overshooting deep convective events
based on the 24 February case study day (Grosvenor et al., 20077). The control run25

7Grosvenor, D., Choularton, T., Coe, H., and Held, G.: Cloud Resolving Model simulations
of dehydration by deep convection of the TTL and lower stratosphere, Atmos. Chem. Phys.
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produced a vigorous cloud that represented the upper end of the spectrum of convec-
tive strength occurring in reality. The overshooting cloud produced a ∼0.75 km thick
layer of dehydrated air in the TTL above the convective anvil through vapour deposi-
tion and subsequent ice fall out. Here the total water content of the air was reduced
by 1 ppmv or more over a distance of ∼200 km thus representing significant dehydra-5

tion, which could have a global impact given the frequency of very deep convective
events observed in the Bauru area by the IPMET radar. However, moistening due to
remaining ice occurred below this height such that the overall effect on the TTL would
be to moisten if its base is defined as the level of net zero radiative heating (∼15 km)
given in Gettelman (2004) and if the remaining ice did not fall out before evaporating.10

Accurate determination of this height is likely to be vital in order to gauge the effect of
convection on stratospheric water content since above the height of 15.5 km (within the
uncertainty of the zero radiative height given in Gettelman, 2004) only dehydration with
no moistening was observed.

The vast majority of the ice reaching the TTL was formed much lower down in the15

cloud and then transported upwards, which indicates the importance of the microphys-
ical processes occurring throughout the cloud in determining the fall speeds of ice and
hence the amount of dehydration. This has been demonstrated by examining the sen-
sitivity to the number density of droplets in the cloud. When this number was increased
from 240 kg−1 to 960 kg−1 the mode mass of ice particles reaching the TTL was found20

to be significantly smaller. Therefore, the ice particles had lower fall speeds and as
a consequence there was significant ice present below 16km with approximately the
same amount of dehydrated air as before above this height. There was approximately
no net effect over the TTL as a whole when using 15.5 km as the TTL base. With a
lower TTL base net moistening of a magnitude significantly greater than in the control25

run would be likely to occur. This points towards a possible anthropogenic aerosol
impact on the effects of overshooting convection on the TTL water vapour budget.

Discuss., in preparation, 2007.

2438

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD
7, 2389–2475, 2007

Overview HIBISCUS

J.-P. Pommereau et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

6.6 Clouds and aerosol microphysics

Several cloud measuring instruments have been flown during HIBISCUS: the micro-
lidar, and the backscatter sondes on short-duration balloons, in conjunction with the
Brazilian TroCCiBras Doppler radars and lidar, as well as the SAOZ solar occultation
spectrometer and the micro-lidar on MIRs for extending the observations to the global5

scale. Altogether, these instruments have provided unique observational data for the
better understanding of the formation of cirrus clouds in the TTL region. Among the
results is the frequent detection of anvils up to 14 km and ultra-thin cirrus at the lapse
rate tropopause around 15 km above convective systems, but not higher. A new fea-
ture, observed twice above very active convection, is the sporadic presence of small10

particles up to 19 km in significantly sub-saturated regions, which could be indicative of
strong uplift over cumulonimbus cloud turrets. This feature is interpreted as a signature
of convective moistening of the lower stratosphere (Nielsen et al., same issue).

For a better understanding of the mechanisms involved, these observations have
been simulated by two microphysical models: the Microphysical Cirrus (MPC) model15

of DMI, utilizing background meteorological fields from the BRAMS model and from
ECMWF, and the UK Met Office LEM Cloud Resolving Model. The event has been
simulated by the LEM, suggesting that the formation of high-altitude cirrus could result
from gravity waves caused by pulses of deep convection or by turbulent mixing of the
outflow air as it is pushed outwards from the turret (Grosvenor et al., 20077). Further20

improvements are anticipated from the work in progress on combining the two mod-
els (the microphysics of MPC and the dynamics of the LEM), to better reproduce the
observations, which would enable large-scale cirrus formation to be studied over long
timescales.

This work may also provide some explanation for the observed evidence of some25

very high-altitude particles seen by the DMI and ISAC backscatter-sondes at altitudes
of up to 20 km. Ice formation by gravity wave action was observed at such altitudes in
the LEM model and it is possible that its evolution over longer timescales could produce
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the stable structure observed.
Another subject under investigation is the reliability of the cloud top altitude reported

by the radar. Radar echoes simulated by LEM compared fairly well, but with reflectivity
values that were generally slightly too high. A better understanding of this issue has
been obtained from the comparison between radar and micro-lidar top height measure-5

ments (Di Donfranceso et al., 2005a, b).
An analysis of in-situ observations of cirrus shows high mesoscale variability in

height, thickness and optical properties, when layered cirrus are formed in the out-
flow of complex convective systems. Mesoscale simulations indicate, that observed
differences can be linked to the different residence time of convective-processed air in10

the upper troposphere, which in turn gives evidence of different cirrus formation mech-
anisms (Fierli et al., 20078).

6.7 Photochemistry

The objective here was the study of fast NOx and bromine chemistry in the tropical
UT/LS by comparing photochemical and radiative model simulations to observational15

data from the balloon flights. Significant progress has been achieved in four different
areas: bromine chemistry, NOx production by lightning in the UT, NOx fast photochem-
ical change at twilight and impact on remote sensing from space, and photolysis rates.

6.7.1 Bromine chemistry

Bromine chemistry was investigated from BrO measurements of the SAOZ UV en-20

hanced version, flown twice in the late afternoon on 31 January and 5 February, to-
gether with the three main parameters controlling its photochemistry: O3, NO2 and
temperature (Goutail et al., in preparation). The two flights took place in very different

8Fierli, F., Di Donfrancesco, G., Cairo, F., Zampieri, M., Orlandi, E.: Cirus clouds in convec-
tive outflow durin the Hibicus campaign, Atmos. Chem. Phys. Discuss., submitted, 2007.
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conditions. The first occurred during a period of low convective activity, while the sec-
ond was performed in the vicinity of some deep convective cells. The ozone-mixing
ratio was almost identical in both flights, but that of NO2 and BrO were significantly
different. In both cases, BrO showed a steep increase in the TTL at about 16 km on
31 January and 17–18 km on 5 February, following the oxidation of inorganic bromine.5

There was no indication of significant inorganic bromine concentration below in the
upper troposphere. Large changes could also be seen in BrO and NO2 in the strato-
sphere. They are anti-correlated, with BrO being maximum when NO2 is minimum.
The likely reason for the large changes in NO2 concentration is the horizontal advec-
tion of NOx poor/rich, equatorial/mid-latitude air, as indicated by Potential Vorticity (PV)10

changes displayed by the MIMOSA model. The NO2-BrO anti-correlation could be
partly due to the shift in the daytime photochemical equilibrium between BrO and its
reservoir BrONO2, because of the large NO2 changes. But since, according to model
simulations, its amplitude would not be enough, it would require also an advection of
Bry rich air suggesting higher amount of Bry in the lower stratosphere at equatorial15

latitude than in the mid-latitude summer.

6.7.2 NOx photochemistry

The NOx photochemistry in the tropics was explored from the SAOZ-MIR NO2 profiles
at sunset and sunrise (Pommereau et al., 20079). After correcting the measurements
for the fast photochemical change during the twilight periods, particularly significant20

in the tropics because of the low temperature and limited amount of ozone, the am-
plitude of the diurnal variation, i.e., NO2 Sunset / Sunrise ratio, fully agrees with that
simulated by the MIPLASMO 1-D model (Rivière et al., 2003) at all levels. At least at
the time scale of one day, the NOx photochemistry in the tropical UTLS appears well

9Pommereau, J.-P., Nunes-Pinharanda, M., and Borchi, F.: Impact of horizontal transport
on ozone in the tropical upper troposphere and lower stratosphere from SAOZ long duration
balloon measurements, in preparation, 2007.

2441

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD
7, 2389–2475, 2007

Overview HIBISCUS

J.-P. Pommereau et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

understood. An important implication of the study is that the correction for fast photo-
chemical change at twilight amplifies with the altitude of the observing platform, being
the largest for solar occultation from orbit when half of the optical path is on the night
side. This largely explains, for example, the over-estimation of the NO2 diurnal variation
in the tropical lower stratosphere reported by SAGE 2. Another conclusion is that the5

full NOx chemistry must be taken into account in the CTM models for comparisons with
solar occultation measurements. The assumption of photochemical equilibrium be-
tween NO and NO2 used, for example, in the REPROBUS CTM simulations (Lefèvre
et al., 1994), for reducing the cost of the calculations, is not valid in the tropics in the
cold and ozone poor TTL. When full chemistry is introduced in the model, REPROBUS10

fully agrees with the observations, as well as MIPLASMO.

6.7.3 NOx production by lightning

The reasons for the variability of NO2 was also explored by the multi-linear regression
technique already used for investigating the impact of horizontal and vertical transport
on ozone concentration (Pommereau et al., 20079). In contrast to ozone, it was found15

that quasi-isentropic exchange with the mid-latitude has a strong impact on NO2 con-
centration in the lower stratosphere, because of the significant latitudinal gradient of
NOy between mid-latitude and the tropics. But this does not apply in the TTL and
the upper troposphere, where the largest cause of NO2 concentration variability was
found to be NOx production by lightning. Indeed, large concentrations of up to 500 ppt20

could be observed at about 12–14 km in the UT over South America and Africa and in
contrast, very little, 100 ppt or less, over the South Pacific Convergence Zone and Aus-
tralia, although deep convection is also frequent there. The picture was almost identical
in 2001 and 2004. Evidence of this is provided by the high correlation between NO2
and the frequency of flashes reported by the NASA Lightning Imaging Sensor in orbit,25

showing strong electric activity over land areas, but very little over oceans. At least
qualitatively, this finding fully agrees with MOZART and LMDz-INCA global-scale sim-
ulations.
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6.7.4 Photolysis rates

Because of the high sun, the reduced ozone column, as well as the presence of re-
flective clouds at high altitude, the photolysis rates of UV sensitive chemical species
significantly increase in the tropics. The objective here was to derive the photolysis
rates of a number of species from the NILUCUBE UV radiation balloon measurements,5

flown under clear conditions, but also some low-altitude cumulus on 13 February and
overcast conditions by high-altitude cirrus on 23 February. As an example, the O1D
photolysis rates derived for the two flights were shown to be clearly affected by the thin
cloud covers at around 2 and 12 kilometres respectively, resulting in an enhancement
of about 27% at 23 km altitude. The photolysis rates calculations were extended in10

wavelength with more cross sections and quantum yields, allowing the calculation of
numerous photolysis rates of interest for photochemical simulations. Since the cube
does not provide full coverage of the spectra needed for the calculation of all rates,
a radiative transfer model (Mayer et al., 2005) is used in combination with the mea-
surements, where the same input for the simulated NILUCUBE data are used at all15

wavelengths of interest, under the assumption that, if the model is able to reproduce
measurements at one wavelength, it is able to reproduce at other wavelengths too.
Rates from 21 of the most important species have been made available for the two
flights.

6.8 Satellite validation20

Remote observations of atmospheric species available from space instruments em-
ploying a range of techniques are available. However, significant discrepancies are
often observed between them, particularly in the tropical UT/LS, where the precision of
the retrievals degrades rapidly at decreasing altitude, because of the presence of high-
altitude clouds, increased attenuation, low temperature, interference with water vapour,25

etc. A number of space instruments were operating during the HIBISCUS period: the
long-standing NASA SAGE II and HALOE, the newer NASA-SAGE III, the Sweden-
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Finland-Canada-France ODIN OSIRIS and SMR, and the ESA ENVISAT MIPAS, GO-
MOS and SCIAMACHY. The objective was to evaluate their respective performances
(altitude registration, precision and accuracy) in the tropical UT/LS by comparison with
the many profiles of the balloon flights.

6.8.1 Ozone5

Based on the finding that the ozone variability is small (<2%) in the tropical strato-
sphere above 19 km, an original statistical approach has been developed for the eval-
uation of satellite retrievals consisting of comparing zonal mean profiles indicative of
biases in altitude registration and systematic errors, and variability (standard deviation
compared to the mean), indicative of the random error of each instrument (Borchi et10

al., 2005, Borchi et al., same issue). Using this technique, the performances of all
satellite ozone profile measurements in the tropics available during the MIR flight peri-
ods have been investigated by comparison with this data set. Systematic altitude shifts
could be observed in satellite profiles, varying from <50 m for the GOMOS stellar oc-
cultation instrument, followed by +100/200 m for solar occultation systems (SAGE II,15

HALOE above 22 km), but as large as –900 m for the OSIRIS limb viewing system. The
ozone relative biases are generally limited, between –4% and +4%, for measurements
in the visible Chappuis bands (SAGE II and III, GOMOS above 22 km and OSIRIS),
the near IR (HALOE above 22 km) and the ozonesondes, but increase to +5.5% in
the UV (SCIAMACHY), and +7% in the mid-IR (MIPAS) and the submillimetric range20

(ODIN-SMR). Regarding precision, evaluated statistically from the zonal variability of
ozone concentration, the best measurements are found to be those of SAGE II (2%),
followed by HALOE above 22 km (3–4%), ozonesondes, SAGE III and OSIRIS and
SCIAMACHY (∼5%), GOMOS above 22 km, MIPAS (8.5%) and finally SMR (16%).
Overall, satellite ozone measurements appear little reliable in the tropical troposphere,25

except those of SAGE II (and eventually SAGE III), though low biased by 50% and of
limited precision.
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6.8.2 Bromine oxide

The bromine oxide profiles observed by the SAOZ UV extended version in the tropics
in 2003 and 2004 have been used together with other measurements performed by
the same instrument and others at mid-and high altitude, to validate the BrO profile
retrievals from the limb observations of SCIAMACHY– ENVISAT at the Harvard Smith-5

sonian Center for Astrophysics (Sioris et al., 2006) and at the University of Heidelberg
(Dorf et al., 2006). Overall, after compensation of the BrO photochemical change be-
tween the local time of the SCIAMACHY overpass around 10:30 LT and that of the
balloon flights in late afternoon, using a photochemical model, satellite-retrieved pro-
files are found to be consistent with those of the balloons within ±20%,.10

6.8.3 Nitrous oxide

On 18 February 2003, the DIRAC gas chromatograph was flown from Bauru (pre-
HIBISCUS 2003 campaign) in whole air sampling mode (no adsorbent trap). This
enabled a vertical profile of N2O to be measured. The N2O profile has since been
used as part of the Odin/SMR satellite validation for which N2O is a target gas (Urban15

et al., 2005). The N2O profiles were within instrument uncertainties over all altitudes
available for comparison, with the exception of the 23 to 26 km region, where the DIRAC
N2O observations were significantly lower than those from Odin/SMR. The difference
was ascribed to horizontal variability in the Bauru region.

6.8.4 Water vapour20

The water vapour measurements of GOMOS, SAOZ-MIR, MIPAS, HALOE, SAGE II
and AIRS between 11–26 km in the UT/LS have been compared using the statistical
method of zonal mean profiles and variability developed for ozone (Montoux et al.,
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200710). Above 20 km in the stratosphere, all measurements were found to be con-
sistent within ±20% compared to AIRS, AIRS, SAOZ and GOMOS being wetter than
others at 25 km. Their precision evaluated from the variability, decreases from 5–10%
for HALOE, MIPAS and SAGE II, to 20% for GOMOS and SAOZ and 35% for AIRS.

In the upper troposphere, the difference with AIRS increases to within ±20–30%5

with the exception of HALOE found to be dry biased by 60% compared to all others. At
these levels, their variability, largely due to the atmosphere, is of the order of ±50% on
average, except for MIPAS (>100%) suggesting a fast increase of random error of this
instrument below 20 km.

As for ozone, those results demonstrate the quality of satellite remote water vapour10

measurements in the stratosphere, but also the difficulty of getting precise information
below 20 km in the Tropical Tropopause Layer.

7 Summary

It is obvious from the HIBISCUS project that the mechanisms involved in the
troposphere-stratosphere exchange in the tropics are far from being fully understood.15

The main reason for that is the deficiency of data in a region, which could generally not
be observed reliably from space and of too high altitude for being studied with conven-
tional aircraft. A significant amount of progress has been achieved within the project
relevant to the clarification of the mechanisms involved in TTL dynamics, microphysics
and chemistry and their implications for the stratosphere.20

Overall, the composition of the Tropical Tropopause Layer, the region between
14 and 19 km of intermediate lapse rate between the almost adiabatic upper tropo-

10Montoux, N., Hauchecorne, A., Pommereau, J.-P., Durry, G., Morel, B., Jones, R. L.,
Lefèvre, F., and Bencherif, H.: Comparison of balloon and satellite water vapour profiles ob-
tained in the southern tropical UTLS during the HIBISCUS campaign, Atmos. Chem. Phys.
Discuss., in preparation, 2007.
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sphere and the stable stratosphere, appears highly variable. Tracers and ozone mea-
surements performed at both the local and the global scale indicate a strong quasi-
horizontal isentropic exchange with the lowermost mid-latitude stratosphere suggesting
that the barrier associated to the tropical jet is highly permeable in the summer at these
levels. But the project also provides clear indications of strong episodic updraught of5

cold air, short-lived tracers, low ozone, humidity and ice particles across the lapse rate
tropopause at about 15 km, up to 18 or 19 km at 420–440 K potential levels in the lower
stratosphere, suggesting that, in contrast to oceanic convection penetrating little into
the stratosphere, fast daytime developing land convective systems could be a major
mechanism in the troposphere-stratosphere exchange at the global scale.10

The data also show that two important species, NOx and water vapour, behave differ-
ently. As seen from the NO2 concentration measurements on zonal scales, large NOx
production by lightning is observed, peaking at 12–14 km in the upper troposphere,
principally over land convective areas where thunderstorms are developing in the af-
ternoon and vanishing overnight, in contrast to the low diurnal variation in oceanic15

convection where lighting is rare.
Regarding water vapour, strong humidity uplifts across the lapse rate tropopause

have definitely been observed over deep convective cells. On average, the zonal sur-
vey during the austral summer shows a minimum mixing ratio, the hygropause, at about
18 km at or little above the cold point, varying from 3 to 5 ppm, wetter above land, as20

well as oceanic convergence zones where the temperature of the cold point is the
coldest, than over warmer oceanic subsident areas. These findings are consistent
with the MLS/UARS observations from space at 100 hPa around 20◦ S in the austral
summer of 1992, showing 5 ppm maxima over Africa, South America and the West
Pacific. No dehydration could be observed either locally or zonally, which could be25

explained by the significantly warmer temperature of the TTL at the latitude of the HI-
BISCUS observations, compared to the equatorial Micronesian warm pool. However,
the vertical, longitudinal and latitudinal distributions of water vapour provided by the
ECMWF-REPROBUS model differ significantly from these observations. The resolu-
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tion of these contradictions will require obviously further efforts, but it is already clear
that the HIBISCUS picture of water distribution in the TTL differs significantly from that
currently accepted.

Cirrus clouds have also been observed at both local and global scale showing a
maximum frequency over convective zones, in agreement with previous reports from5

SAGE 2, but limited to the altitude of the lapse rate tropopause at 15 km or below.
Nothing could be observed higher at the altitude of the cold point, except the sporadic
presence of particles up to 19 km. The formation of cirrus clouds at 14–15 km could be
successfully captured by a microphysical model, although the particles are currently
still too large and too few.10

Overall, the HIBISCUS project has resulted in new information on the TTL over a land
convergence zone, a situation that has previously been the subject of very little explo-
ration. A number of intriguing observations have been obtained which are described
and analysed in the specific papers of this special issue.
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Rivière, E. D, V. Marécal, Larsen, N., and Cautenet, S.: Modelling study of the impact of deep
convection on the UTLS air composition, Part II: Ozone budget in the TTL, Atmos. Chem.
Phys., 6, 1585-1598, 2006,25

http://www.atmos-chem-phys.net/6/1585/2006/.
Robinson, A. D., McIntyre, J., Harris, N. R. P., Pyle, J. A., Simmonds, P. G., and Danis, F.:

A lightweight balloon-borne gas chromatograph for in situ measurements of atmospheric
halocarbons, Rev. Sci. Instr., 71, 4553–4560, 2000.

Sherwood, S. C. and Dessler, A. E.: On the control of stratospheric humidity, Geophys. Res.30

Lett., 2513–2516, 2000.
Rosen, J. M. and Kjome, N. T.: Backscattersonde – A new instrument for atmospheric aerosol

research, Appl. Opt., 30, 1552–1561, 1991.

2454

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html
http://www.atmos-chem-phys.net/6/1585/2006/


ACPD
7, 2389–2475, 2007

Overview HIBISCUS

J.-P. Pommereau et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

Simmons, A. J. and Gibson, J. K.: The ERA-40 project plan, ERA-40 project report series No.1,
European Centre for Medium-Range Weather Forecasts, Reading, UK, 2000.

Shutts, G. J. and Gray, M.: A numerical modelling study of the geostrophic adjustment process
following deep convection, Q. J. R. Meteorol. Soc., 126, 823–863, 1994

Sioris, C. E. , Kovalenko, L. J., McLinden, C. A., Salawitch, R. J., van Roozendael, M.,5

Goutail, F., Dorf, M., Pfeilsticker, K., Chance, K., von Savigny, C., Camy-Peyret, C.,
Payan, S., Liu, X., Kurosu, T. P., Pommereau, J.-P., Bösch, H., and Frerick, J.: Latitudinal
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Table 1. Instrumentation of short-duration balloons during the Pre-HIBISCUS campaign in
2003.

Instrument (Institute) Parameter ZL1 SF ZL2

SAOZ Vis, SA O3, NO2 profiles X X
SAOZ UV, SA BrO profile X
SAOZ H2O, SA H2O profile X
DESCARTES, UCAM Halogen compounds X
DIRAC GC,UCAM N2O X X
DIRAC, GC UCAM Halogen compounds X
SAW Hygrometer, UCA H2O X X X
SSS Ozone sensor, UCAM O3 X X X
Micro-lidar, ENEA/ISAC Backscatter ratio/polar X X
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Table 2. Instrumentation of short-duration balloons and number of sondes (Son) during HIBIS-
CUS.

Instrument (Institute) Parameter ZL1 ZL2 SF1 SF2 SF3 SF4 Son

SAOZ Vis, SA O3, NO2 profiles X X
SAOZ UV, SA BrO profile X X
DESCARTES, UCAM Halogen compounds X X X
DIRAC GC,UCAM Halogen compounds X X
Micro DIRAC, UCAM Test instrument, CFC11 X X X
Micro-SDLA, CNRS H2O, CH4, CO2 X X
TDLAS, NPL H2O X X
SAW Hygrometer, UCAM H2O X X X X
SSS Ozone sensor, UCAM O3 X X X X
Micro-lidar, ENEA/ISAC Backscatter ratio/polar X X
LABS, ISAC Backscatter ratio/polar X X X
BKS sonde DMI, U. Wyo Backscatter ratio in situ X 10
Optical Counter, UMIST Aerosol size distribution
ECC Ozone, DMI SA O3 13
NILUCUBE, NILU UV-Vis radiation 2
AIRS, CNRS CETP Electric field, conductivity X X
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Table 3. Dates and type of sondes (BKS: backscatter; O3: ECC ozonesonde; Nilucube).

Date UT time Instruments Comments

10 Feb 00:59 BKS, O3 28.5 km No cirrus
11 Feb 23:57 BKS, O3 28.0 km Thin cloud layer at 9–10 km
13 Feb 13:00 NILUCUBE 20 km. Clear sky. Bright low alt cumulus
13 Feb 22:35 BKS, O3 SF2, 26.9 km, Thin cirrus up to 13 km ≈ app. 2 km below

bottom of TTL
16 Feb 00:07 BKS, O3 28.4 km. No cirrus
17 Feb 00:05 BKS, O3 SF1. 26.9 km. No cirrus
19 Feb 00 :07 BKS, O3 27.7 km. Very thin cirrus up to 14 km
20 Feb 15:35 O3 33 km
20 Feb 23:58 BKS, O3 25.4 km. Thick (2–3 km) cirrus up to bottom of TTL at

14.4 km. Unusual aerosol layer at 16.5–18 km only seen
on descent. Close to local thunderstorms.

21 Feb 22:24 BKS, O3 33.2 km. Very thin cirrus layer at the bottom of the TTL
at 15 km, only seen on descent. Launched close to local
thunderstorms.

23 Feb 22:41 BKS, O3 26.1 km (O3 unreliable above 22.6 km). Thick cloud layer
up to 13 km. Launched downwind of convective systems.

24 Feb 22:30 BKS, O3 SF4. 28.7 km. Very thin cirrus layers up to 15 km. Thick
cloud layer up to 14 km. Launched downwind of convec-
tive systems. Depolarisation data.

25 Feb 15:00 NILUCUBE 20 km. Overcast conditions by high altitude cirrus
26 Feb 23:35 O3 SF3. 30.1 km.
6 March 23:00 O3 31.7 km
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Table 4. Diameter, instrumentation, date of launch and duration of SPBs.

Balloon Instrument Start Dur. Comments

BP1 10 m
BP2 8.5 m
BP3 10m
BP4 8.5 m
BP5 10 m
BP6 8.5 m
BP7 10 m
BP8 10 m

Met, turbulence LMD
Met, O3/H2O UCAM
Met, turbulence LMD
Met sensors
Met, O3/H2O UCAM
Met, turbulence LMD
Met, O3/H2O UCAM
Met sensors

6 Feb
12 Feb
12 Feb
29 Feb
6 March
7 March
9 March
11 March

13 d
1 d
53 d
80 d
39 d
56 d
27 d
37 d

Telemetry failed after few hours
No SSS/SAW data after 14 d
No SSS/SAW data after 3 d
No turbulence data after 7 d
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Table 5. Instrumentation and duration of IR Montgolfier flights.

Flight Instrument Date Dur Comments

MIR1
MIR3
MIR2

SAOZ spectrometer, O3, NO2, H2O,
Atm. extinct., IR rad, met sensors
SAOZ spectrometer, O3, NO2, H2O,
atmos. extinct., IR rad, met sensors
lightning detector
Micro-lidar
IR radiometer, met sensors

4 Feb
26 Feb
10 March

9 d
39 d
7 d

SAOZ detector malfunction
End above tropical storm
End above thunderstorm
Noise in µlidar,
40% profiles recoverable
Dropped above 16 km high
anvils in the SPCZ
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Fig. 1. Rainfall in January. Bauru is located in the convectively active region of the South
Atlantic Convergence Zone (SACZ).

2461

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD
7, 2389–2475, 2007

Overview HIBISCUS

J.-P. Pommereau et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

0

10

20

30

40

50

60

F
R

E
Q

U
E

N
C

Y
 O

F
 D

A
Y

S
 (

%
)

1996 1997 1998 1999 2000 2001 2002 2003 2004

YEARS

FEBRUARY ECHO TOPS UP TO TROPOPAUSE
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Fig. 3. Timetable of balloon and sonde flights, as well as meteorological conditions in which
they took place. Top: 6-hourly ECMWF temperature deviation compared to campaign average
profile. Black markers show the altitude of the 340 K and 370 K potential temperature surfaces,
whose difference, used as a convection index, is shown in the middle panel (red graph). The in-
tensity of convection above Bauru varies with the slow back and forth displacement of the South
Atlantic Convergence Zone (SACZ) and the advection of cold front systems from the SW. High-
est convection could be observed between 4–8 February (day 35–39) where the troposphere is
warmer by 2–4◦C compared to the average and the region of the tropopause cooler by 2–5◦C,
and of medium intensity between day 45–57 and 62–65. Two periods of low convection could
be observed from day 41–44 and 53–56 corresponding to the maximum displacement of the
SACZ towards the NE. 2463
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Fig. 4. Echo tops (reflectivity threshold 10 dBZ) seen by the S-Band radar at Presidente Pru-
dente (PPR) during the ZL flights. A star represents the balloon location at the time of the radar
image and the tip of the arrow indicates the tangent point. Left: ZL2 at 22:31 UT, 2 h 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 15 km. Right: ZL1
at sunset at 22:31 UT on 5 February, about 150 min after its launch. The radar image displays
a MCS of 300 km extension south to south-west of the flight track, topping at 11–12 km on
average, with turrets (red dots) as high as 17–18 km. SAOZ indicates an increase of extinc-
tion below 17 km (cirrus), the atmosphere becoming opaque below 16.5 km at sunset in the
direction of the sun (arrow).
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Fig. 5. SF-2 flight on 13 February. Left GOES-E image at 19:15 LT. Right: BRAMS one day 3-D
backward trajectories ending at 18:00 UT at 12 km (black), 14 km (blue), 16 km (cyan), 18 km
(green) and 20 km (yellow).
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Fig. 6. Echo tops (reflectivity threshold 10 dBZ) observed by the Bauru and Presidente Pru-
dente Radars on 13 February approximately four hours after launch. The SF2 flight location is
shown by a star.
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Fig. 7. SF-1 on 16 February. Left: GOES-E image at 19:15 LT. Right BRAMS 4-day backward
trajectories at 20:00 LT at 12 km (black), 14 km (blue), 16 km (cyan), 18 km (green) and 20 km
(yellow).
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Fig. 8. SF-4 flight on 24 February. Left GOES-E image at 18:15 LT. Right RAMS 5-day back-
ward trajectories at 17:00 LT at 12 km (black), 14 km (blue), 16 km (cyan), 18 km (green) and
20 km (yellow).

2468

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/2389/2007/acpd-7-2389-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD
7, 2389–2475, 2007

Overview HIBISCUS

J.-P. Pommereau et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

Fig. 9. 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.
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Fig. 10. SF-3 flight on 24 February. GOES-E image at 21:15 LT. Thunderstorms developed
over South Brazil in the States of Santa Catarina and Paraná, moving rapidly northwards.
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Fig. 11. SF3-flight. Thunderstorms over Paraná approaching from the south, as seen by
the Bauru radar at 21:00 and 23:00 UT, respectively; surveillance PPI (450 km range) at 0◦

elevation. The star represents the SF3 balloon location at the time of the radar image, viz. 1h
after launch (left) and during its south-eastwards float (right), respectively.
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Fig. 12. Ozone mixing ratio (green), backscatter signal (red) and color index (940/460 nm) of
the 10 sondes operated by the Danish Meteorological Institutes between 10 and 24 February.
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Fig. 13. Trajectories of the 8 SBP. The balloons launched before 12 February remained at
tropical latitude, whilst those flown later, after a break of 17 days, were rapidly captured by
the mid-latitude westerly flow after crossing the tropical barrier. The loops in the trajectories,
particularly in the tropics, are due to inertia gravity waves, which are not well captured by the
ECMWF model.
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Fig. 14. MIR trajectories. MIR-1 carrying a SAOZ lasted in flight for 9 days before falling in
the evening above a tropical storm in NW Australia where it could be recovered. MIR-2 has
been flying for 39 days between 20 and 10◦ S, providing 78 profiles of O3, NO2, H2O and cloud
extinction between 6 km or cloud top and 25 km. Collocated ozonesonde ascents have been
performed at the SHADOZ stations of Samoa, Fiji and Reunion Island. The flight ended over a
thunderstorm in the South Pacific Convergence Zone. Although only of 8-day duration, MIR-3
has allowed to perform promising cloud measurements by the ENEA micro-lidar, flown for the
first time on a long-duration balloon, together with the IR global radiometer.
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Fig. 15. Horizontal kinetic energy spectra obtained with SPB4 (black) and SPB6 (red) wind
observations. The error bars on the left of the spectra show the 90% confidence level. The
flight-averaged inertial frequencies are indicated by the vertical dashed lines. A -2 slope (thick
black line) is shown for reference.
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