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Preface
This book constitutes the habilitation thesis (“Habilitationsschrift”) of Dr. Cor-
nelius Schiller, which was accepted on 21 December 2011 by the “Habilitations-
kommission” of the Bergische Universität Wuppertal under the direction of Prof.
Dr. Klümper. After the acceptance of the habilitation thesis, the process of habili-
tation at the Bergische Universität Wuppertal requires a lecture on a topic outside
of the applicants subject area. The habilitation is finally awarded after a public
lecture (“Antrittsvorlesung”), after which also the “venia legendi” is bestowed.

Because of his illness, Cornelius Schiller was not able to give the required
lectures and therefore could not complete the habilitation process. He passed
away on 3 March 2012.

The habilitation thesis of Cornelius Schiller is a cumulative thesis, i.e. it is
based on research published in a series of articles in scientific journals. The orig-
inal thesis contained reprints of these articles, while this book contains the ab-
stracts. The book further contains an obituary for Cornelius Schiller, originally
published in the journal EOS1.

Through this book, we would like to make the habilitation thesis of Cornelius
Schiller available to the public. We hope that it will not only serve to hold up the
memory for Cornelius Schiller and his scientific work, but will also be a useful
resource for those who, like himself, engage in research on water vapour and
clouds in the atmosphere and their implications for climate.

Martina Krämer, Rolf Müller, Martin Riese, and Fred Stroh

1EOS, vol. 93, no. 32, p. 311, 2012. Copyright AGU. Reproduced by permission.
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Cornelius Schiller, an international leader 

in high-altitude water vapor measurements 

and quality assessment who took charge of 

several research campaigns and mentored 

many young scientists, passed away on 

3 March 2012 in Neuss, Germany, after a bat-

tle with cancer. He was 50 years old.

Cornelius spent his childhood and most 

of his life in the Niederrhein region of Ger-

many, close to Düsseldorf. He studied phys-

ics at the University of Bonn, and his devel-

oping interest in the physics and chemis-

try of the atmosphere led him to work with 

Dieter Ehhalt at the Forschungszentrum Jül-

ich (Research Centre Jülich) in Germany. 

Cornelius’ career started shortly after the 

discovery of the ozone hole, and he had the 

opportunity to participate in the first large-

scale ozone measurement campaign in the 

Arctic, known as the Airborne Arctic Strato-

spheric Expedition, during January and Feb-

ruary 1989; he contributed airborne obser-

vations of ozone-depleting chlorine and bro-

mine substances.

Throughout most of his career, Cornelius’s 

scientific interests focused on making and 

analyzing highly precise water vapor meas- vapor meas- meas-

urements in the upper troposphere and 

stratosphere (UT/S). In the mid 1990s, he 

established the water vapor group in the 

stratospheric research program at the Jül-

ich research center. He led this group for the 

past 20 years.

Cornelius developed the Fast In situ Strat-

ospheric Hygrometer (FISH), which has 

served as a reference for UT/S water meas-

urements on balloons and aircraft world-

wide for more than a decade now. A hygrom-

eter (from the ancient Greek words hygrós 

(humid) and métron (measure)) is an instru-

ment that determines the humidity of air. 

FISH uses the Lyman-  photofragment fl uo- fluo-

rescence technique to measure water vapor, 

and unlike standard operational hygrome-

ters, it is accurate at the very low concentra-

tions present in UT/S. With the development 

of FISH, Cornelius started a new era in meas-

uring water vapor in the upper troposphere 

and lower stratosphere. Taking quality water 

vapor measurements under the conditions 

in this altitude region of the atmosphere is 

exceedingly difficult, but Cornelius and his 

Jülich colleagues succeeded in pushing the 

boundaries of science and technology by 

taking measurements with FISH on multi-

ple platforms and at various latitudes from 

the deep tropics to the high Arctic. Thanks 

to Cornelius’s sense that assessing the abso-

lute accuracy of measurements at UT/S water 

is extremely important, FISH has been at the 

forefront of international efforts to study UT/S 

water vapor.

Cornelius served as lead author and 

co initiator of Stratospheric Processes and 

Their Role in Climate assessments of strato-

spheric water vapor. He also played important 

roles in large-scale European and U.S. pro-

jects related to the stratosphere and its inter-

action with climate (e.g., Stratosphere Tropo-

sphere Experiment by Aircraft Measurements; 

the Third European Stratospheric Experiment 

on Ozone; the European Polar Stratospheric 

Cloud and Lee Wave Experiment; the Tropi-

cal Convection, Cirrus, and Nitrogen Oxides 

Experiment; Stratospheric-Climate Links with 

Emphasis on the Upper Troposphere and 

Lower Stratosphere (SCOUT-O3); African Mon-

soon Multidisciplinary Analyses-SCOUT-O3; 

and NASA’s Mid-latitude Airborne Cirrus Prop-

erties Experiment (MACPEX)).

One of Cornelius’s major achievements 

was his contribution in establishing the 

Russian-owned high-altitude research air-

plane Geophysica as part of the European 

research infrastructure. In 2005, within the 

SCOUT-O3 project, he managed the extraor-

dinary task of facilitating Geophysica’s flight 

to Australia; with landings in India, Indone-

sia, and Thailand and with diplomatic per-

missions to take measurements along the 

entire route. Because of his dedication to 

Geophysica, this unique research platform 

is expected to remain available to the Euro-

pean research community for the foresee- foresee-

able future.

Up until his untimely death, Cornelius 

continued to work in his signature disci-

plined, well-organized manner. In spring 

2011, while undergoing chemotherapy treat-

ment, Cornelius participated in the MACPEX 

airborne field campaign in Houston, Tex., to 

investigate cirrus cloud properties and pro-

cesses that affect radiation. He managed to 

do what not many non-U.S. scientists had 

done: flew “his” instrument, the FISH, on a 

NASA high-altitude WB-57 aircraft to contrib-

ute to the comparison of a number of U.S. 

hygrometers. While in cancer treatment, Cor-

nelius also finished the thesis for his habili-habili-

tation, the highest academic qualification a 

scholar can achieve at a German university, 

and played a central role in coordinating a 

new research proposal involving a Geophys-

ica campaign.

Cornelius was not only an excellent, 

focused, and hard-working scientist but also 

a friendly, modest, and encouraging person 

of integrity who was highly respected among 

his peers. He was also an important mentor 

for the next generation of young scientists. 

The motivation for his work was always clear: 

He strived for scientific truth and obtaining a 

better understanding of Earth’s atmosphere 

and climate. He was inspired by the need for 

environmental protection and the quest to 

safeguard the Earth for future generations.

He also had a delightful sense of humor 

and a strong loyalty to his home region, 

where he spent most of his life. He enjoyed 

attending the famous carnival in Düsseldorf, 

supported local traditions as a member of a 

Schützenverein (marksmen club) in Neuss, 

and was an enthusiastic supporter of the 

Fortuna Düsseldorf football team. He was 

active in his church and served as the head 

of his local parish council. Above all, Cor-

nelius was devoted to his family, including 

his wife, Barbara, and his children, Katha-

rina, Andreas, and Christoph. 

Cornelius left us behind all too early. He 

had many plans and was still actively work-

ing on his initiative for improved water vapor 

measurements. We will not forget him and 

will continue to work in his spirit on the 

questions that he raised about the processes 

controlling water vapor in UT/S and their 

impact on the Earth’s climate. 

—KAREN ROSENLOF, Earth System Research Labo-

ratory, National Oceanic and Atmospheric Adminis-

tration, Boulder, Colo.; and ROLF  MÜLLER, Forschun-

gszentrum Jülich, Institute of Energy and  Climate 

Research, Jülich, Germany; E-mail:  ro. mueller@ fz 

-juelich .de
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Für Barbara, Katharina, Andreas und Christoph 

Alles ist aus dem Wasser entsprungen! 
Alles wird durch das Wasser erhalten! 

The principle of all things is water. 
All things are retained by water. 

Thales of Miletus (624-546 BC) in 'Faust. Der Tragödie zweiter Teil' by J. W Goethe (1832) 
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Abstract 
Changes of stratospheric water budget are connected to the water entry which is set by the 
cold trap at the tropical tropopause. Airborne measurement of water over the Indian Ocean, 
Brazil, Australia and Burkina Faso are used to investigate, along which pathways air is 
freeze-dried on its way into the stratosphere and which conditions control the freeze-drying 
processes. The results critically depend on the accuracy of the data set which is compared to 
that of other scientists in field and laboratory experiments. The tropical water entry is a highly 
complex interplay between freeze-drying in the coldest regions of the tropical tropopause 
layer and fresh supply of water by convection or by mixing with tropospheric air. Trajectory-
based reconstruction of water yields a remarkable agreement with the observations and 
proofs the concept that stratospheric water entry is primarily controlled by the coldest regions 
in the tropics. The net effect of deep convection is moistening, locally also above the tro-
popause. However, no indication of a global convective impact on the stratospheric water 
budget can be derived. Thus large-scale transport is dominant compared to that by convec-
tion. Cirrus clouds are a key parameter in the freeze-drying process, and their ice water con-
tent is an indication on their hydration or dehydration potential. The cloud formation critically 
depends on the relative humidity. In contrast to some recent studies, the data set here con-
firms the atmospheric distribution of saturation in agreement with accepted theories. The 
observed moderate supersaturations have only a limited impact on the water entry. 

Kurzfassung 
Änderungen des stratosphärischen Wasserbudgets sind an den Wassereintrag über die 
Kühlfalle an der tropischen Tropopause gekoppelt. Hier werden Flugzeugmessungen von 
Wasser über dem Indischen Ozean, Brasilien, Australien und Burkina Faso genutzt, um zu 
untersuchen, entlang welcher Pfade Luft auf dem Weg in die Stratosphäre gefriergetrocknet 
wird und welche Bedingungen die Trocknungsprozesse bestimmen. Die Ergebnisse hängen 
empfindlich von der Genauigkeit des Datensatzes ab, der in Labor- und Feldexperimenten 
mit denen anderer Wissenschaftler verglichen wird. Der tropische Wassereintrag ist ein 
komplexes Zusammenspiel zwischen Gefriertrocknung in den kältesten Regionen der tropi-
schen Tropopausenschicht und Nachschub von Wasser durch Konvektion oder durch Mi-
schung mit troposphärischer Luft. Trajektoriengestützte Rekonstruktion von Wasser zeigt 
eine sehr gute Übereinstimmung mit den Messungen und ist ein Beweis für die Hypothese, 
dass der stratosphärische Wassereintrag vornehmlich durch die kältesten Regionen der Tro-
pen bestimmt wird. Hochreichende Konvektion führt netto zu einer Befeuchtung, die lokal 
auch über die Tropopause reichen kann. Allerdings lässt sich kein globaler konvektiver Ein-
fluss auf das Wasserbudget ableiten. Daher spielt großskaliger Transport gegenüber Kon-
vektion eine übergeordnete Rolle. Zirruswolken sind der Schlüssel für die Trocknungspro-
zesse, und deren Eiswassergehalt ist ein Indikator für deren Hydratations- bzw. Dehydratati-
onspotential. Die Wolkenbildung wird besonders durch die relative Feuchte bestimmt. Anders 
als einige kürzlich erschienene Studien ergibt der hier vorgestellte Datensatz eine Verteilung 
der Sättigung in der Atmosphäre, der gängige Theorien bestätigt. Die beobachteten modera-
ten Übersättigungen besitzen nur einen begrenzten Einfluss auf den Wassereintrag. 





1 lntroduction 

1.1 Changes of stratospheric water concentrations 

The concentration of water vapour in the stratosphere is changing. In the 1980ies and 
1990ies, the observed increase reached a magnitude of 1 % per year (Kley et al„ 2000; 
Rosenlof et al., 2001 ); this number was revised in a more recent analysis to 0. 7% per year 
for this period (Scherer et al„ 2008), but still results in a remarkable augmentation of water 
over these decades. Then in 2000, an unexpected sudden drop by about 10% was observed 
(e.g. Randei et al., 2006), accompanied by an abrupt decrease in temperatures at the tropi-
cal tropopause in that year. And in recent years, stratospheric water concentrations seem to 
increase again (Jones et al., 2009; Hurst et al., 2011 ). 

The consequences of a changing water budget in stratosphere are manifold, as water is the 
most important greenhouse gas, as it controls nucleation of clouds and as it is a precursor of 
reactive chemistry involving the OH radical: Though less than 1 % of atmospheric water con-
tent is found in the stratosphere, it impacts the Earth's radiation budget significantly and re-
ceived attention in the IPCC 2007 report. Forster and Shine ( 1999) calculated that the in-
crease of stratospheric water resulted in an additional global warming thus alarming the com-
munity; this finally results in the SPARC initiative (SPARC = Stratospheric Processes and 
their Role in Climate is a programme of the World Climate Research Programme, WCRP) 
towards the Water Vapour Assessment in 2000 (Kley et al., 2000). Today, Solomon et al. 
(2010) argue that the rate of surface warming was enhanced by 30% due to the increase by 
stratospheric water in that period, while it slowed down in the last decade by about 25% due 
to the drop afterwards. 

Changing water concentrations, together with changing temperatures, also impact the ability 
to form clouds as described by the Clausius Clapeyron equation. In the stratosphere, an in-
crease of water results in a higher frequency of polar stratospheric clouds (PSC), which by 
themselves provide a surface for heterogeneous conversion of halogen species in ozone 
destroying substances. As the formation of clouds depends on a threshold condition of tem-
perature and water concentration, even small changes might result in a large change of 
cloud occurrence frequency, in particular in the Arctic polar stratosphere. Thus an increase in 
stratospheric water likely results in larger ozone destruction or at least delays the beginning 
recovery of the ozone layer (Dvortsov and Solomon, 2001; Feck et al., 2008). 

In the stratosphere, the mixing ratios of water and methane are tightly coupled, as oxidation 
of each molecule of CH4 produces approximately two molecules of H20 (e.g. LeTexier et al„ 
1988). An obvious reason for an increase of stratospheric water is therefore the atmospheric 
concentration increase of its source gas methane. However, based on balloon-borne obser-
vations of CH4 we calculated that only 30% of the observed water increase in the 1980ies 
and 1990ies is due to the increasing methane concentrations (Rohs et al., 2006). Though the 
atmospheric increase of CH4 has slowed down in the last years (Dlugokencky et al., 2003), 
this phenomenon cannot account for the sudden drop of stratospheric H20 in 2000. 

Beside methane oxidation, stratospheric water has its origin from direct transport from the 
troposphere; in Engel et al. (1996), we derived from CH4 and H20 measurements an average 
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entry value of 3.6 ppmv. Air enters the stratosphere in the tropics and feeds the middle at-
mosphere with natural and anthropogenic substances. For water, the tropical tropopause 
plays a special role, as it acts as a cold trap: The very low temperatures at these altitudes 
freeze-dry the rising air to very low mixing ratios of typically only a few ppmv, the resulting ice 
particles sediment-out and remove the excess water from the air entering the stratosphere. 
Therefore, processes in the so-called tropical tropopause layer (TTL) are the key to under-
stand changes of stratospheric water on all time scales. From these principles, two funda-
mental questions need tobe answered: 

Along which pathways is water transported and freeze-dried on its way into the stratosphere? 
Wh ich conditions do contro/ the freeze-drying process at the tropica/ tropopause? 

1.2 Water transport across the tropical tropopause 

The entry of water vapour into the stratosphere is controlled by the interplay of transport and 
freeze-drying primarily in the tropics (e.g. Fueglistaler et al., 2009, and references therein). 
Several hypotheses have been proposed to explain the dryness of the stratosphere and the 
variability of the water entry. The average temperature and corresponding saturation ice mix-
ing ratio at the tropical tropopause are higher than the observed average water entry would 
require. Therefore, Newell and Gould-Stewart (1981) proposed fountain regions where the 
entry into the stratosphere is preferred and where tropopause temperatures are coldest, as 
the region of the Western Pacific during the northern hemispheric winter and the Bay of Ben-
gal during northern hemispheric summer. Taking up the idea of dedicated regions of effective 
freeze-drying, Holton and Gettelman (2001) proposed that horizontal advection through 
these cold tropopause regions is causing the dryness of air before entering the stratosphere, 
rather than enhanced upwelling in these particular regions. Several climatological studies 
based on a Lagrangian approach (e.g. Jensen and Pfister, 2004; Fueglistaler et al., 2005; 
Fueglistaler and Haynes, 2005) demonstrated that saturation mixing ratios along trajectories 
provide a good first-order estimate for stratospheric water vapour mixing ratios and their 
variability on seasonal and interannual scales. Such studies of large-scale dehydration con-
firm the important role of the Western Pacific and the Asian monsoon regions to control the 
moisture flux into the stratosphere. 

As an alternative hypothesis to large-scale dehydration, Danielsen (1993) and Sherwood and 
Dessler (2000) postulated that dehydration occurs primarily in deep overshooting convection. 
Extremely low temperatures in cumulonimbus turrets may lead to extremely dry air, providing 
that the air is exposed to lowest temperatures for a sufficiently long time to allow for the ice 
particles to sediment-out. However, more recent studies (Chaboureau et al., 2007; Grosve-
nor et al., 2007; Jensen et al., 2007) imply that overshooting convection has rather a hydrat-
ing than dehydrating effect close to the tropical tropopause. Upscaling of overshoot events 
still reveals a large uncertainty for the estimation of their global impact on the stratospheric 
water budget. 
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1.3 Freeze-drying at the tropical tropopause 

The formation of ice clouds in the tropical tropopause layer and their subsequent sedimenta-
tion is the process which determines the dryness of air entering the stratosphere. The key 
parameter controlling the formation of cirrus clouds is the relative humidity over ice RHice· 
Prior to ice formation, when an air parcel cools while rising, RHice increases up to the freezing 
threshold necessary to nucleate ice. This freezing threshold depends on the compounds of 
the available ice forming aerosols. lf these aerosol particles are pure liquid solutions, homo-
geneous freezing occurs with temperature-dependent thresholds ranging from 140 to 180 % 
(Koop et al., 2000). In the presence of insoluble aerosol particles, the particles freeze het-
erogeneously with lower thresholds determined by the composition of the aerosol. 

In the past, measurements of RHice inside and outside clouds gave sometimes surprising 
results, which seem to contradict the current understanding of cloud formation (Peter et al., 
2006, and references therein): In several cases, clear sky observations show RHice above the 
homogeneous freezing threshold, occasionally even exceeding water saturation (e.g. Jensen 
et al., 2005). And the frequent in-cloud measurement of RHice exceeding 100% (e.g. Gao et 
al., 2004) also raised the question of freezing suppressing processes not known so far. 
Though several new theoretical and laboratory investigations were made since then to ex-
plain the striking observations, another question is discussed recently: How reliable are these 
measurements, often made at the limits of the instruments, and are such observations really 
robust in all data sets? 

The question on new nucleation theories on the one side and the reliability of water meas-
urements at low mixing ratios on the other side is crucial if we want to determine, at which 
thresholds ice cloud formation occurs, which number densities and thus size of the ice parti-
cles can be reached in ice clouds, and subsequently, how effective air is freeze-dried, in par-
ticular under the very cold conditions at the tropical tropopause. 

1.4 Scope of this work 

This work is based on a comprehensive data set of high-resolution measurements of atmos-
pheric water which my research group obtained in the last decade from four field experi-
ments in the tropics. This measurement programme was planned in response to the SPARC 
2000 Water Vapeur Assessment (Kley et al., 2000) to investigate key processes controlling 
the stratospheric water vapour entry across the tropical tropopause. An overview on the vari-
ous campaigns, of which 1 myself organised and coordinated the SCOUT-03 Darwin cam-
paign (Vaughan et al., 2009), is given in Chapter 3. 

Chapter 2 describes the hygrometer (Zöger et al., 1999; Meyer et al., 2011) which we devel-
oped in my research group at the Forschungszentrum Jülich and deployed in more than 20 
field campaigns during the last two decades. Special emphasise is lead on the quality char-
acteristics of this instrument and the data sets, following the problems addressed in Section 
1.3. This includes the intercomparison with hygrometers of other groups, including a recent 
comprehensive laboratory experiment involving the world-leading hygrometers. 

3 



In Chapter 4, 1 present results of the four tropical campaigns and discuss these data in the 
light of various transport path ways through the TTL, i.e. large scale advection combined with 
slow rising and fast uplift in deep convective systems. The work is primarily based on four 
publications, of which Schiller et al. (2009) is the central one summarising and comparing the 
results of all campaigns (with a focus on the three most recent ones); this manuscript also 
includes trajectory modelling for the interpretation of the data. In Corti et al. (2008) we dis-
cuss the role of convection as observed from the Darwin experiment, while in MacKenzie et 
al. (2006) we describe the findings of our Indian Ocean experiment. The Chapter gives also 
an outline on various modelling studies in which our data have been used and which com-
plement our key publications. E.g. Konopka et al. (2007) describes processes at the edge of 
the tropics and mixing with mid-latitude air from the Brazilian mission leading to new con-
cepts of transport in the TTL. 

In Chapter 5, 1 summarise our findings concerning ice clouds and saturation. A highlight is 
that our tropical measurements allow investigations down to the lowest temperatures of 185 
K and low water mixing ratios of only 1-2 ppmv, where nucleation processes are different 
from the warmer conditions at the extratropical tropopause. First, the ice water content of 
cirrus clouds is investigated in a climatological study (Schiller et al„ 2008a). This work is 
complemented by a description of the thinnest clouds ever observed (Luo et al„ 2003a), 
based on our Indian Ocean data. In Krämer et al. (2009), we analyse our saturation data in-
side and outside of clouds: After a consequent quality control described in Chapter 2, our 
data do not confirm the striking result of other research groups, they rather provide evidence 
for our canonical understanding of ice nucleation but with some new aspects. 

In my Conclusions (Chapter 6), 1 will try a first assessment of the new findings in the context 
of questions arising from the SPARC 2000 Water Vapeur Assessment and the supersatura-
tion discussion stimulated by Peter et al. (2006). As an outlook, a new SPARC Assessment 
is planned to be compiled soon, addressing these topics together with a continuation of the 
water trend assessment; an outline and the rational of the SPARC initiative towards a new 
Assessment is given in Schiller et al. (2008b ). 

The key publications cited in this outline are re-printed in the Appendix for more detailed in-
formation than 1 summarise in the individual Chapters. 
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2 Measurement of water in the upper troposphere and lower 
stratosphere 

2.1 The Fast ln-situ Stratospheric Hy!grometer 

The data set used in this work is measured by means of the Fast ln-Situ Stratospheric Hy-
grometer (FISH) developed at the Forschungszentrum Jülich (Zöger, 1996; Zöger et al., 
1999). The instrument is based on the Lyman-a photofragment fluorescence technique de-
veloped in the 1970ies e.g. by Kley and Stone (1978). H20 molecules in the measurement 
cell are dissociated by radiation at wavelengths A < 137 nm 

H20 + hv (A < 137 nm ) -----t OH* + H ( 1) 

The produced electronically excited radical OH* relaxes to the ground state by fluorescence 

OH* - OH+ hv (A :: 305-325 nm) (2) 

By measuring the fluorescence radiation at A = 305-325 nm, the H20 abundance is deter-
mined. The signal is - due to the competing collision of OH* with air molecules - a measure 
of the H20 mixing ratio for ambient pressures higher than 30 hPa (Kley and Stone, 1978). 
Therefore, this method is especially suited for measurements in the upper troposphere and 
lower stratosphere (UTLS), where large gradients of the mixing ratios occur while the pres-
sure gradients can be neglected. FISH is s~:msitive to measure mixing ratios from 1 - 1000 
ppmv which is the relevant range for measurements in the UTLS. 

FISH measurernent chamber 

rotating 
mirror Q 

--~--
~1-2-1.~6-n m___, Q) ! () 

1 
1 
1 
1 
1 
1 

Q 
VUV detector 

H20 ~ OH*+ H 
OH* -t OH+ hv 

"'308 nm 
-------)1 absorption 

VUV detector 

optics and filters 

PMT mirror positions: 

Q) - ls background 
() - ls lamp intensity 
Q - 10s measurement 

Figure 1: Scetch of the Ff SH f/uorescence ce/I and major optica/ components. 

The FISH design is schematically shown in Figure 1. lt consists basically of the closed meas-
urement cell, a Lyman-a radiation source, a photomultiplier tube to detect the fluorescence 
radiation and a detector to monitor the Lyman-a intensity of the lamp. A revolving mirror 
switches between the different modes determining a measurement cycle. The H20 mixing 
ratio µ is determined from the total fluorescience counts N9 (mirror in position 1) from which 
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the background counts Nu (mirror in position 3) have to be subtracted and divided by the 
lamp intensity lo: 

(3) 

Hereby, ck and f u are factors which are determined in the calibration procedure described in 
Section 2.2. 

So far, we designed five different FISH instruments for the use on balloon and various re-
search aircraft. Here, we report data obtained from the Russian high altitude aircraft M55 
Geophysica with a ceiling up to 20 km altitude (50 hPa). Flow rates through the cell are main-
tained, even at the lowest pressure of 50 hPa, to 5 standard litres per minute in order to 
minimize potential surface contamination effects. The flow rate also limits the time resolution 
of the cell in which the air is exchanged, i.e. typically within 1 s. 

The inlet of FISH onboard the Geophysica aircraft is a heated, forward facing tube to sample 
total water, i.e. the sum of gas phase water and water bound in particles, which evaporate in 
the inlet tube before measured in the cell. Particles are sampled with enhanced efficiency 
compared to water vapour molecules; the so-called enhancement factor for particle sampling 
is determined from computational fluid-dynamic calculations of the inlet for different flight 
conditions and the relevant particle size spectrum (Krämer and Afchine, 2004 ). For measure-
ments in clouds, the particle contribution of the total water measurement needs to be cor-
rected by this enhancement factor as described in Schiller et al. (2008a) and in Chapter 5. 

Complementary to the total water measurements of FISH, another Lyman-a fluorescence 
hygrometer is flown onboard the Geophysica, the FLuorescent Airborne Stratospheric Hy-
grometer (FLASH) instrument operated by the Russian CAO group (Sitnikov et al., 2007). 
The inlet of FLASH is designed to measure gas-phase water only, so the combination of both 
instruments provides distinct information for measurements in clouds. The FLASH data set is 
used in the quality discussion in Section 2.3 in comparison with our FISH data set and for 
scientific studies of the cloud measurements in Chapter 5. 

2.2 Calibration of FISH 

FISH is regularly calibrated in the laboratory determining the coefficients ck and f u in Equation 
(3). For this purpose, we developed a calibration bench which is described in Zöger et al. 
(1999) and Meyer et al. (2011 ). The device consists of two parts, a humidity generator and a 
reference hygrometer (Figure 2). In the humidity generator, dry synthetic air is moistened in a 
thermo-stabilised bubbler, typically generating mixing ratios in the air from less than 1 ppmv 
to 1000 ppmv. This air stream is divided to FISH, where pressures can be varied between 
1000 and 10 hPa, and the reference hygrometer. Thus, a calibration can be carried out for 
the relevant conditions expected for measurements in the UTLS. 

The reference instrument is a commercial frost point hygrometer. Until 2001 we used a Gen-
eral Eastern model 1311 DRX and since then a MBW model K-1806/DP30 (hereafter denoted 
as DP30). The following accuracy discussion is based on the DP30 hygrometer. The earlier 
measurements using calibrations the General Eastern hygrometer likely have lower accuracy 
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than those stated below, e.g. data obtained during the APE-THESEO 1999 campaign which 
amongst others are used in this work. 

Humidity Generator 
dry air 
stream 

synthetic 
air water reservoir 

Figure 2: Sketch of the calibration bench for Ff SH 

The accuracy of the DP30 reference is tested by three independent methods (Meyer, 2008; 
Meyer et al., 2011 ). The instrument is calibrated by the manufacturer against a reference 
instrument traceable to the UK primary standard at the National Physical Laboratory (NPL). 
This calibration was repeated in 2007 with negligible differences to the original calibration six 
years before. Further, as we deploy two DP30 instruments, we regularly check their differ-
ences which are on the order of 0.1-0.2 K in frost point. So we can demonstrate the seif con-
sistency and long-term stability of our reference hygrometers. An independent check of the 
absolute accuracy is the comparison against a permeation source, a secondary standard of 
the German Physikalisch-Technische Bundesanstalt (PTB) in 2008. The deviations from this 
PTB standard were lower than ± 2%. Hereby, we also checked the sensitivity on different 
conversion functions between frost point ternperature and concentration, which are summa-
rised in Murphy and Koop (2005): the function of Sonntag (1994) which is used by default in 
the DP30 conversions results in a maximurn deviation of ± 1 % from the mean value of all 
equations. In summary, an accuracy of the DP30 reference of 2-3% in mixing ratio is con-
firmed by seveal independent comparisons traceable to independent national standards. 

In calibration runs with an extended pressure and mixing ratio range, we found that Equation 
(3) can only be applied with pressure-dependent calibration factors ck and fu (Meyer et al., 
2011 ). For the range of mixing ratios and pressures which are relevant for our UTLS studies, 
however, we can determine constant factors ck and f u which simplifies the data retrieval. The 
error arising from the use of 'mean' or 'optimised' calibration factors is typically 2-4% for ck 
and 10-15% for fu for relevant conditions in the UTLS. But during the laboratory experiment 
AquaVIT (Section 2.4), also extreme combinations of pressure and mixing ratios, which do 
not occur in the atmosphere, have been set which require pressure corrections in the data 
analysis. 
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Calibrations are normally performed after each flight day or in regular intervals of a few days 
in order to detect potential drifts of the instrument sensitivity. Major changes of the calibra-
tions factors occur only when modifications e.g. replacement of a detector or the mirror have 
been done. Typically, the calibration factors remain constant or show only a very weak trend, 
thus the frequent calibrations during individual missions can be used to test the reproducibil-
ity of the calibration and to increase their statistical significance. For a typical campaign, the 
standard deviation of ck from the mean is ± 1 :5%, and that of fu is ± 5% (Meyer et al., 2011 ). 

The uncertainty in f u mainly impacts the low mixing ratio range when N9 in equation (3) be-
comes the same order of magnitude as Nu. For higher mixing ratios, the error of µ is deter-
mined primarily by the uncertainty of ck. To determine the overall accuracy, we add the dif-
ferent contributions from the previous paragraphs. For typical operational conditions, the 
combined error is 5-6%. For the lowest mixing ratios we ever measured in the atmosphere 
(1.2 ppmv, see Chapter 4), the uncertainty fu may double this value of the total accuracy. In 
particular for low mixing ratio, we further have to consider the noise or detection limit which is 
on the order of 0.10 - 0.15 ppmv for good instrument performance. In summary, for mixing 
ratios of 1-5 ppmv, an absolute uncertainly of 0.3 ppmv is a good first-order approximation 
for our measurements in the lower stratosphere or 7-30 % in relative terms over this range. 
From 5-100 ppmv, an accuracy of 6% is usually achieved. For larger mixing ratios, we have 
to apply a pressure correction (see above). 

2.3 Field comparison of FISH with other hygrometers 

Up to now, FISH was used during 13 balloon and more than 270 aircraft flights. Several of 
these deployments are used to compare FISH water measurements with those from other in-
situ hygrometers and remote sensing sensors. A first systematic investigation is done in the 
SPARC Water Vapour Assessment (Kley et al., 2000): Here, the HALOE satellite data set 
was used as a transfer standard to many individual measurements, among others to the 
NOAA-CMDL frost point hygrometer, the Harvard University Lyman-a hygrometer (HWV, 
Weinstock et al., 2009 and references therein), the JPL Laser Hygrometer (JLH, May et al., 
1998) and FISH. We refer to these instruments as their data will be discussed in this work as 
weil. As a tendency, HALOE data appeared lower than FISH and NOAA-CMDL data in the 
lower stratosphere by about 5-8 %, while the HWV and JLH data showed approximately 15% 
higher values than NOAA-CMDL and FISH. 

Since then, this tendency was confirmed in many other studies: The HALOE satellite data set 
(Version 19) shows a low bias also compared to actual satellite instruments, e.g. SAGE-III 
and MLS/AURA (e.g. Thomason et al., 2009), which again agree weil with a series of CFH 
measurements, a spin-off frost point sonde of the NOAA-CMDL hygrometer (Vömel et al., 
2007). The discrepancy between CFH and these modern satellite data on the one side and 
the HWV and JLH data on the other side remains also in the more recent measurements 
(e.g. Weinstock et al., 2009): For the very low mixing ratios in the tropics this discrepancy 
becomes even larger and can be as high as 50% high bias of HWV and JLH data. This ex-
plains the concerns about data accuracy as mentioned in Section 1.3 and was the demand 
for the laboratory intercomparison described in Section 2.4. Though no direct atmospheric 
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comparison between FISH and CFH measurements have been made so far, the average 
profiles obtained in the tropics in NH winter 2005/2006 from Northern Australia and Malaysia, 
respectively, agree weil even for the lowest mixing ratios (see Figure 8) and do not provide 
any hint for a similar discrepancy as for the HWV/JLH data set. 

In the last decade, FISH has made correlative measurements for the validation of several 
space-borne experiments, as ILAS/ADEOS (Kanzawa et al., 2002), CRISTA (Offermann et 
al., 2002), POAM (Lumpe et al., 2006) and MIPAS/ENVISAT (Milz et al., 2009). Also new 
airborne sensors were compared with FISH, as a microwave sensor (Müller et al., 2008) and 
a lidar (Kiemle et al., 2008). As these studies are based also on multi-instrument compari-
sons, often also involving the aforementioned reference instruments as transfers, the general 
relation of FISH data compared to those of HALOE, CFH, HWV and JLH data could be con-
firmed. 

An important task is to assess the correlative measurements between FISH and FLASH 
which were used on the same aircraft durin~~ the missions discussed in this work. This inter-
comparison has to be restricted to clear air conditions as FISH measures total water and 
FLASH gas-phase water (Section 2.1 ). Figu1re 3 shows the frequency distribution of the rela-
tive difference of FISH and FLASH data frorn seven Geophysica campaigns as a function of 
relative humidity (Meyer, 2008). The majority of data is found within the combined error bars 
of both instruments. The low discrepancies of the mean might not be surprising, because 
FLASH is also calibrated with our FISH calibration bench, though less frequently. However, 
for individual flights much larger discrepancies are observed which exceed the combined 
error bars. In particular the FLASH data of the TroCCiNOx mission seem to be much more 
scattered. 
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Figure 3: Frequency distribution of the relative discrepancies between Ff SH and FLASH 
data during seven Geophysica missions (cloud-free data on/y). 

Due to the discrepancies for individual fligh1ts, we did a comprehensive quality check of the 
FISH/FLASH data set of these missions (Knämer et al., 2009) in order to allow for their con-
sistent interpretation, in particular in the cloud studies of Chapter 5. We identified three cate-
gories of flights : 1. Data with low discrepancies remained unchanged. 2. For flights with 
somewhat larger discrepancies, we adjustedl FLASH data to those of FISH in cloud-free sec-

9 



tions of the flight. As FISH has a more comprehensive quality check of its data including 
regular calibrations after each flight, we had higher confidence in our data than in the FLASH 
data. 3. Flights, where discrepancies between both instruments were too large or when we 
could not exclude an artefact of the FISH measurement due to a recognized technical prob-
lem. Such flights were removed from the data set. So, we generated a consistent data set 
between FISH and FLASH, where part of the FLASH data had to be modified, and uncertain 
data have been removed. 

2.4 The AquaVIT laboratory comparison experiment 

The primary objective of AquaVIT (Water Validation lntercomparison and Tests) was estab-
lishing the accuracy of hygrometers under controlled laboratory conditions. The experiments 
occurred in two phases in October 2007 at the AIDA chamber of the Karlsruhe Institute for 
Technology (KIT). The first phase was devoted to static intercomparisons with a separate 
experiment each day at almest constant pressure and temperature conditions. The second 
phase was a week of dynamic intercomparisons, with several experiments each day under 
varying pressure, temperature and humidity conditions and with the absence and presence 
of ice clouds. An experiment description and results of the static intercomparisons are sum-
marised in a white paper by the referees of AquaVIT (Fahey et al., 2009). 

AquaVIT was a controlled, refereed, blind intercomparison of 25 different airborne field in-
struments. The core instrument group is comprised of eight water vapour instruments: APicT, 
CFH, FISH-1, FISH-2 (our Geophysica instrument), FLASH-81, FLASH-82, HWV, and JLH. 
The diode laser spectrometer APicT is an AIDA facility instrument involved in many AIDA 
chamber experiments (Ebert et al., 2005). The other instruments have a long history of field 
measurements and comparisons on balloon and aircraft platforms operating in the upper 
troposphere and stratosphere. Though no absolute reference instrument could be identified 
for AquaVIT, the APicT instrument seems to be closest to fulfil the requirements for such a 
reference, also based on the dynamic experiments (Fahey et al., 2009; Mähler et al., manu-
script in preparation). 

A summary of the core instrument intercomparison results for the static experiment series is 
shown Figure 4. The symbols represent the average difference within a segment from the 
mean water vapour value of all instruments for that segment. Note the large range of pres-
sures for all segment groups. Summary points for all core segment results are: 

10 - 150 ppmv: Good agreement occurs in this range. Except for a few segments, all the in-
strument segment values agree with the reference within ±10%. The instrument segment 
averages agree with each other within ±6%. FISH data are not yet corrected for the pressure 
dependence in this plot (see Section 2.2). The FLASH instruments, which unfortunately could 
be evaluated only in this range during AquaVIT, show the greatest segment-to-segment vari-
ability and largest differences. The other instruments show a small segment-to-segment vari-
ability (-5%) indicating good instrument stability relative to the water vapour signal level and 
systematic uncertainties that are constant throughout these experiments. 

1 - 10 ppmv: Fair agreement occurs in this range which is the crucial one for studies of this 
work. All the instrument segment values agree with the reference within about ±20%. The 
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instrument averages over all segments also agree with each other within about ±20%. The 
segment-to-segment variability for each instirument is about 10% or greater indicating instru-
ment stability issues and systematic uncertainties that are important relative to the water va-
pour signal value. 

0.2 - 1 ppmv: Poor agreement occurs in this range. Only a few instruments reported data for 
these segments The instrument segment values agree with the reference and with each 
other within a range of about -100% to +150%. However, the differences in absolute terms 
are less than 0.4 ppmv. Although mixing ratios in this range occur rarely in the UT/LS, these 
measurements help define the detection limi1ts and performance limits of the instruments. 
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Figure 4: Summary p/ot of static experiment resu/ts for the core and non-core instruments. 
The circ/e/p/us symbo/ denotes the instrument average for all segments. Calors represent the 
AIDA chamber average pressure during the segment. (from Fahey et a/., 2009) 

Generally, FISH data were at the lower limit of the spectrum of all instruments while those of 
HWV are highest. JLH is now using a new retrieval scheme that will also lower their atmos-
pheric data published previously (R. L. Herman, personal communications, 2009). FISH data 
are however close to those of APicT which is regarded closest to an absolute reference. The 
AquaVIT results alone do not resolve the water vapour discrepancies observed in the atmos-
phere, as the AquaVIT discrepancies are lower; however they show similar tendencies as 
those reported in Section 2.3. Caution must be taken in using the AquaVIT results to inter 
instrument performance on moving platforms ( e.g., balloons and aircraft) because AquaVIT 
did not fully reproduce operating and sampling conditions in the UT/LS for the diverse set of 
instruments involved . 
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3 Tropical aircraft missions 

In this work, data from four tropical experiments (Table 1) is presented: The Airborne Plat-
form Experiment - Third European Stratospheric Expedition on Ozone (APE-THESEO) in 
February and March 1999 from Mahe, Seychelles, the Tropical Convection, Cirrus and Nitro-
gen Oxide experiment (TroCCiNOx) in January and February 2005 from Ara9atuba, Brazil, 
the Stratospheric-Climate Links with Emphasis on the Upper Troposphere and Lower Strato-
sphere (SCOUT-03) tropical mission in November and December 2005 from Darwin, Austra-
lia, and the African Monsoon Multidisciplinary Analysis (AMMA/SCOUT-03) experiment in 
August 2006 from Ouagadougou, Burkina Faso. All four campaigns covered the convective 
season at the locations over the Indian Ocean, in Southern America, West Africa and North-
ern Australia, with the three southern hemisphere missions taking place during boreal winter 
and the northern hemisphere mission in Africa during boreal summer. The measurements 
over Africa and the Indian Ocean were the first high resolution measurements of water ob-
tained in these particular regions. 

Tab/e 1: Overview of tropical aircraft experiments for this study 

Experiment Base Time 

SCOUT-03 Darwin, Australia 31.10.-
(12°8, 139°W) 17.12.2005 

TroCCiNOx Ara9atuba, 18.01.-
Brazil 18.02.2005 
(21°S, 58°E) 

AMMA- Ouagadougou, 29.07.-
SCOUT-03 Burkina Faso 17.08.2006 

(12°N, 1°W) 

APE-THESEO Mahe Seychelles 12.02.-
(4°S, 55°E) 17.03.1999 

No. of reference 
local + 
transfer 
flights 

8 + 12 

8+6 

5+4 

7+6 

Vaughan et al., 2008 
Brunner et al„ 2009 
www.ozone-sec.ch.cam .ac.uk/ scout_ o3/ 

www.pa.op.dlr.de/troccinox 

Cairo et al., 201 O 
www.isac.cnr.iU-utls/m55amma 

Stefanutti et al., 2004 

The measurements during all four missions are made from the Russian high-altitude aircraft 
M55 Geophysica (Stefanutti et al., 1999) with a maximum ceiling of 20 km, thus allowing to 
probe the full range of the tropical tropopause region by in-situ techniques. Beside the hy-
grometers FISH and FLASH, the aircraft was equipped with a comprehensive payload to 
measure a set of tracers, chemical reactive species, particles and thermodynamic parame-
ters as summarised in the overview publications of the individual missions listed below. 

The SCOUT-03 flight routes from Darwin are displayed in Figure 5a. They include local 
flights in the vicinity of convection as well as long-range flights to probe the inflow and out-
flow region of convection and the large scale background TTL. Also the measurements dur-
ing the transfer flights from and to Europe via Cyprus, Arabian Emirates, lndia, Thailand, and 
Borneo covered a wide area in the tropics. An overview on the flight patterns, objectives and 
meteorology of the campaign is given in Vaughan et al. (2008) and Brunner et al. (2009), 
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respectively. Compared to the mesoscale convective system observed over Brazil and West 
Africa, regularly occurring isolated storms localised over the Tiwi lslands north of Darwin, so-
called 'Hector' storms (May et al., 2009 and references therein), were investigated during 
several flights. 

Similarly, the TroCCiNOx flights include local flights to investigate convective systems (04, 
05 and 18 February 2005) and long-range flights to investigate the background TTL and 
stratosphere (Figure 5b). Measurements were also made during the transfer raute from and 
to Europe via Spain, Cap Verde lslands, and Recife (Brazil). The operational region in Brazil 
was located at the edge of the tropics, so also the mixing of tropical with extratropical air was 
detected during some flights (Konopka et al., 2007). Continental convective systems pene-
trating the tropopause have been probed by the aircraft on 04 February 2005 (see also 
Chaboureau et al., 2007) and 05 February 2005. 

During the flights over Africa in the frame of AMMA/SCOUT-03 (overview of flight patterns 
and meteorology by Cairo et al., 2010), no direct observations of deep convective systems 
could be made within the range of the aircraft; flight routes are given in Figure 5c. The multi-
cell convective systems of the African monsoon occurred typically upwind, i.e. east of the 
flight routes as could be identified from satellite images. Law et al. (2010) showed that the 
probed air was impacted not only by uplift over Africa, but also over the Asian monsoon re-
gions. The instrumented transfers from and to Europe covered mainly the transition to ex-
tratropical regions. 

Also during the measurements in the maritime environment over the Indian Ocean during 
APE-THESEO (overview by Stefanutti et al., 2004) we didn't probe convective systems 
penetrating the tropopause. However, one flight was dedicated to investigate the region 
above a tropical cyclone (Cairo et al., 2008), and frequent cirrus layers at the tropopause, 
sometimes of convective origin, have been detected (Chapter 5). During this mission, for the 
first time we successfully operated the strategy of so-called tandem flights, i.e. we used lidar 
measurements onboard the DLR Falcon aircraft to direct the Geophysica into regions with 
thin cloud layers. Figure 5d shows the flight routes over the Indian Ocean, the transfers from 
ltaly via Amman and Djibouti were instrumented flights as for the other missions. 

As a complement to the tropical cirrus data, the studies in Chapter 5 make also use of data 
from our extratropical airborne experiments during which warmer and thicker cirrus were 
probed. They include our measurements for ENVISAT validation, the Cirrus campaign series 
at mid-latitudes and the polar experiments POLSTAR and EUPLEX. Beside from the Geo-
physica, data were obtained from the DLR Falcon and the Lear Jet managed by Enviscope 
GmbH, Frankfurt. Details of these missions are given in Schiller et al. (2008a) and Krämer et 
al. (2009) and references therein. 
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Figure 5: Routes of local flights during (a) SCOUT-03 with operation base in Darwin, 
Australia (b) TroCCiNOx with operation base in Arac;atuba, Brazil (c) AMMAISCOUT-03 with 
operation base in Ouagadougou, Burkina Faso and (d) APE-THESEO with operation base 
from Mahe, Seychel/es. Parts of the transfer f/ights to and from Europe are included. (pane/s 
a-c from Schiller et a/., 2009) 
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4 Water in the tropical tropopause layer 

Active dehydration or hydration are typically identified by the coincidence of particle occur-
rence and characteristic supersaturated or subsaturated air masses. The tropopause, in a 
simplified view defined by the cold point, i.e. the temperature minimum, is a preferred altitude 
where such processes occur as RHice becomes highest. The coincidence of temperature and 
water entry variability reviewed in Chapter 1 clearly reflects the cold trap function of the tropi-
cal tropopause. On a seasonal time scale, Mote et al. (1996) identified a water-temperature 
link in satellite data, and he denoted the imprint of the temperature at the tropical tropopause 
on the water entry a 'tape recorder signal'. lnterannual variations of temperature and water at 
the tropical tropopause on a global scale were studied by Randei et al. (2004), Fueglistaler et 
al. (2005) and Fueglistaler and Haynes (2005). 

In this Chapter, 1 use our high-resolution data from different seasons and locations to refine 
these concepts and to derive the underlying processes and their relative importance for the 
water entry into the stratosphere. For this purpose, 1 use only our total water measurements 
plus temperature information in comparison with the so-called water reconstruction modelling 
method. Hereby, the microphysical concepts are kept very simple - their discussion is given 
in Chapter 5. 

4.1 Vertical profiles of H20 

Here, the vertical distribution of water in the TTL is discussed and compared for the the dif-
ferent campaign locations and seasons. All flights include measurements of at least two pro-
files during ascent and descent; most of the local flights include additional profiling informa-
tion from aircraft dives. The vertical information may, according to the flight pattern, be gath-
ered over horizontal distances of several hundred kilometres. As vertical coordinate, usually 
potential temperature e is used; in these coordinates, the tropical tropopause is often found 
near e = 380 K, corresponding to an altitude of 17 km (e.g. Fueglistaler et al., 2009). 

The location of the cold-point tropopause, of the hygropause which is the altitude of the 
minimum water mixing ratio, and of the vertical extent of saturated air is displayed for the 
individual profiles of the APE-THESEO campaign in Figure 6. For the local flights over the 
Indian Ocean, the altitude of all three quantities coincides at an altitude range around 380 K 
(Beuermann, 2001; MacKenzie et al., 2006), as expected for this season (see below). The 
frequent occurrence of saturation, often accompanied by cloud occurrence (see Section 5), 
identifies this region as preferred one for active, ongoing dehydration. Minimum water mixing 
ratios were often below 2 ppmv indicating that beside the known dehydration potential over 
the Western Pacific also over the Indian Ocean region, freeze-drying down to the lowest mix-
ing ratios may occur. Fueglistaler and Haynes (2005) pointed out that this particular year 
1999 showed extremely low tropopause temperatures in that region ( compared to higher 
ones in the following one) which agree with the observed low mixing ratios observed at the 
tropopause. 
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Figure 6: Potential temperature of the cold-point tropopause (crosses) and the hygropause 
(diamonds) for each ascent and descent of the Geophysica during the APE-THESEO 
campaign. Additional minima in total water are shown as diamonds. Also shown (grey bars) 
is the section of each profi/e that is saturated with respect to water ice. (update from 
MacKenzie et al., 2006) 

Corresponding Figures of individual profiles for the other three campaigns are evaluated in 
Silva dos Santos (2008). In Figure 7, the rneasured water profiles are displayed for these 
three campaigns, colour-coded with respect to RHice (Schiller et al., 2009). The profiles are 
rather compact around a mean value - exceipt data obtained in clouds and specific situations 
tobe discussed in Section 4.3. 
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Figure 7: Vertical profiles of total water during the tropical aircraft campaigns (a) SCOUT-
03 in Northern Australia (November 2005), (b) TroCCiNOx in Brazil (February 2005), and (c) 
AMMNSCOUT-03 in West Africa (August :2008). Colour code denotes RHice· (from Schiller 
et al., 2009) 

Water profiles during SCOUT-03 are sirnilar to those during APE-THESEO with lowest mix-
ing ratios of less than 2 ppmv at potential temperatures 8 = 370-380 K, almest coinciding with 
the local cold point tropopause which was observed around 375 K on average for this period 
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and location (Brunner et al., 2009). The corresponding temperatures were low at these alti-
tudes, i.e. on average -85° C, therefore frequently RHice close to saturation or clouds were 
observed in the vicinity of the tropopause. Striking features are layers of high H20 and cloud 
occurrence above the tropopause from observation of deep convection above Tiwi Island, 
the Hector storms (see Section 4.3). High RHice at the cold point tropopause is indicative for 
effective freeze-drying down to very low mixing ratios in this region and season. 

Also during TroCCiNOx, very low mixing ratios were observed, in few cases also close to 2 
ppmv. The average minimum is found at slightly higher altitudes, but still close to the average 
cold point tropopause, which was found between 370 and 380 K, depending on the actual 
conditions. As the most obvious difference to the SCOUT-03 observations, mean cold point 
temperatures were higher, i.e. -79° C; thus most of the measurements were made at sub-
saturated conditions without clouds. Only for the flights on 04 and 05 February 2005 when 
convection reached the tropopause, clouds and high RHice were observed in that region. 
Again, enhanced water vapour and ice particles were injected into the stratosphere up to 
about 415 K during these events. 

The AMMA/SCOUT-03 profiles look very different to those of the three other campaigns, 
both in absolute values and in the stratospheric gradient. At the cold-point tropopause with 
an average location at 370 K, the water mixing ratio has a mean value of 5 ppmv and shows 
a pronounced change of the slope, but decreases further in the stratosphere. Balloon meas-
urements in the same region (Khaykin et al., 2009) show the H20 minimum at approximately 
20 km altitude, corresponding to the maximum ceiling of the Geophysica aircraft from which 
our data are obtained. Here, the mean mixing ratio obtained from the balloon instrument is 
4.4 ppmv and thus consistent with our measurements at these altitudes ( 4.1 ppmv). Tem-
peratures at the tropopause are significantly higher than during SCOUT-03 and APE-
THESEO but similar to those from TroCCiNOx. With the higher H20 values, RHice frequently 
is close to 100% in a thin layer around the cold point, sometimes accompanied by cirrus 
cloud occurrence. Though no Geophysica flights directly above deep convection were made 
during AMMA/SCOUT-03, layers of enhanced H20 above the tropopause are detected in 
three profiles. 

Figure 8 summarises the average water profiles obtained during the four tropical Geophysica 
missions. Hereby, data in convection-induced ice clouds have not been included as these 
phenomena lead to a local moistening. Figure 8 also shows CFH measurements over lndo-
nesia during the SOWER campaign in early January 2006 (Vömel et al., 2007), which are 
obtained close to our SCOUT-03 data in a nearby region. The averaged SCOUT-03 and 
SOWER profiles agree well above 380 K in terms of absolute values and slope, at lower alti-
tudes the local conditions are likely the reason for slightly higher mixing ratios over Darwin 
with a streng convective impact. Thus they corroborate the consistency of FISH and CFH 
measurements also in atmospheric measurements. Also the profiles of Kelly et al. (1993) 
obtained during the STEP campaign January 1987 from Darwin are very close to the 
SCOUT-03 profiles in quantity and slope. The TroCCiNOx and APE-THESEO data show 
slightly lower values above 410 K compared to SCOUT-03. As these campaigns were car-
ried out three months later in season, the difference would be consistent with an upward 
propagation of the dehydration signal, the so-called tape recorder (Mote et al., 1996): Using 
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a clear-sky cooling rate of 0.6 Kid for this region (e.g. Corti et al., 2005), air parcels are lifted 
from the cold point tropopause to the 410-430 K region in this time. 
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Figure 8: Comparison of mean water vapour profiles of the APE-THESEO, TroCCiNOx, 
SCOUT-03, AMMNSCOUT-03 and SOWER mission (from Schiller et al., 2009). 

We cannot exclude, however, that a year-to-year variability is overlaid to this phenomenon 
(Section 4.2), and the regional influence at these altitudes leads to zonal asymmetries, but to 
first order the data reflect the upward propagation of the tape recorder signal with season. 
Close to the tropopause, the H20 mixing ratios during TroCCiNOx are higher than the very 
low values during SOWER, SCOUT-03 and APE-THESEO and therefore account for meister 
and warmer conditions at the edge of the tropics over South America. The AMMA/SCOUT-
03 obtained in northern hemispheric summer are higher by about 2-3 ppmv at 380 K com-
pared to the other campaigns, consistent with the higher water vapour entry in that season 
and similar to e.g. the historical Panama data in September 1980 by Kley et al. (1982) and 
sende data from Costa Rica (Vömel et al., 2007). Above 410 K, the absolute mixing ratios 
are very similar for all campaigns (including the SOWER, Panama and Costa Rica data), 
thus the tape recorder amplitude is already smeared-out or masked by regional or year-to 
year variability. However, the different slopes between the northern hemispheric summer and 
winter data are still indicative for the upwelling of the freeze-drying signal from the cold point 
region with season. 

4.2 Dehydration at the tropical tropopause 

For the local flights during APE-THESEO and SCOUT-03, saturation conditions were ob-
served frequently in a broad altitude band around the cold point, indicative for local dehydra-
tion down to the very low mixing ratios of 2 ppmv or less. For AMMA/SCOUT-03, saturation 
is reached up to the cold point in part of the profiles, and for TroCCiNOx, H20 mixing ratios at 
the tropopause were usually lower than the local saturation. Therefore, in many cases the 
corresponding freeze drying events must have occurred earlier and at different locations. 
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We therefore use backward trajectories ending at the flight paths of the three missions to 
determine the temperature history of the observed air parcels and to reconstruct its water 
content (Schiller et al., 2009). The trajectories are calculated using the Chemical Lagrangian 
Model of the Stratosphere (CLaMS; McKenna et al., 2002), which is driven by ECMWF me-
teorological fields. For the vertical parameterisation of the tropopause region, a hybrid coor-
dinate is chosen as described by Konopka (2007). Calculations are made for different trajec-
tory lengths of 10 and 30 day, respectively. A langer trajectory length typically results in lower 
saturation mixing ratios for two reasons: first, the likelihood to encounter very low tempera-
ture regions increases, and second, due to diabatic ascent of air, a larger part of the trajecto-
ries has passed the cold point region before. 

We tested the sensitivity of saturation mixing ratio along the trajectories at which the freeze 
drying occurs, considering a relative humidity over ice RHice = 100% and 130%, respectively 
(for more details of this topic see Chapter 5). Hereby, the mixing ratio at the end of the trajec-
tory can be changed by up to 0.3 ppmv, providing that a major dehydration had occurred 
(see below). 

In a first step, 1 compare the minimum saturation mixing ratio along the trajectories with the 
measured H20. Herby, the average profiles of the local flights and tropical parts of the trans-
fer flights are used. In a second step, the trajectories are initialised with climatological data 
from the HALOE satellite experiment (Grooß and Russel, 2005) to allow for a complete so-
called reconstruction of water. 

4.2.1 Saturation history 

The first comparison of the minimum saturation mixing ratio with the data gives the following 
main results, for a more detailed discussion see Schiller et al. (2009, reprinted in the Appen-
dix). The data can be divided in three altitude bins, which vary between the different cam-
paigns. Below the tropopause, the calculated minimum saturation data along the backward 
trajectories are lower than the measured H20 profiles. The reason is that the measurements 
are frequently affected by local convection moistening the lower TTL (see also Section 4.3 
and 4.4), a process which is not considered by the trajectory analysis. 

The second bin is the altitude range around the tropopause where the calculated saturation 
mixing ratios agree with the measured ones. For SCOUT-03, this bin ranges from 370 to 400 
K, with very little change when the trajectory length is increased from 1 O to 30 days. This 
implies that dehydration is ongoing in the region of the measurements or nearby (as for APE-
THESEO and SCOUT-03), and is extended even to the first kilometres above the tro-
popause. Thus also meister air injected by convection above the tropopause (see Section 
4.3) may be freeze-dried back to very low mixing ratios. The frequent saturation shown in 
Figure 7a corroborates these findings. For TroCCiNOx, a large change of the saturation mix-
ing ratio along the backward trajectories is evident when increasing their length from 10 to 30 
days. This implies that the set point of the low water vapour at these altitudes dates back up 
to a month and likely from a remote region (see below). The reported frequent subsaturation 
close to the cold point and above (Figure 7b) already showed that the operational area at the 
edge to the subtropics is not an area of active dehydration - at least when air with low mixing 
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ratios is advected. For the AMMA/SCOUT-03 observations, saturation along the backward 
trajectories can explain the H20 measurements only up to the cold point around 370 K. Even 
the minimum saturation over 30 days does not approach the measurements much closer in 
the stratosphere anymore. 

In the third bin, higher in the stratosphere, the minimum saturation mixing ratios do no langer 
match the observations, indicating that the freeze-drying must have occurred langer than a 
month ago as already discussed in the context of the tape recorder in Section 4.1. 

4.2.2 Tropical regions of dehydration 

The backward trajectory calculations are suited to identify the tropical region where satura-
tion at the lowest mixing ratio preferably occurs. Figure 9 shows the cold points along the 30-
day backward trajectories for the three campaigns in the potential temperature range 375-
410 K, colour-coded for the corresponding minimum saturation mixing ratio if it agrees with 
the observation within an interval of ± 0.5 ppmv. 

The lowest temperatures for the SCOUT-03 measurement (Figure 9a) occur close to the 
aircraft tracks in the equatorial Western Pacific. This region has been identified also in previ-
ous studies as the tropical region with the highest dehydration potential in this season (e.g. 
Fueglistaler et al., 2005). 

As discussed above, for TroCCiNOx only saturation along langer trajectories can explain the 
observed low mixing ratios over Southern Brazil. The air masses probed by the aircraft have 
been dried in regions more equatorwards (Figure 9b), in particular over South America and 
over the Western and Central Pacific. Also Fueglistaler et al. (2005) identified these two re-
gions to be coldest. Our measurements at the edge to the subtropics show that the dehydra-
tion to lowest mixing ratios at these cold spots is advected also to remote regions with higher 
temperatures. 

For AMMA/SCOUT-03, the air masses probed over Africa generally origin from the East 
(Figure 9c). Lowest temperatures corresponding to a saturation mixing ratio of 4-6 ppmv oc-
cur over lndia and the Gulf of Bengal. Thus, the H20 mixing ratios close to the cold point ob-
served over Africa are broadly consistent with the colder set point in the southern flank of the 
Asian monsoon. So the Asian monsoon is not only a major source of water vapour as con-
cluded from previous studies (e.g. Randei and Park, 2006; James et al., 2008), its cold point 
characteristics at the same location also adjust the entry of water vapour into the strato-
sphere and determine the water vapour concentrations in the downwind regions over Africa. 

Figure 9 (next page): Location of co/dest temperatures along backward trajectories (8 = 
375-410 K) with end points a/ong the f/ight tracks during (a) SCOUT-03, (b) TroCCiNOx and 
(c) AMMA/SCOUT-03 (considered flight routes including part of the transfers disp/ayed by 
grey triang!es). The minimum saturation mixing ratio a/ong the backtrajectories if 
corresponding to the aircraft measurement is marked in co/our. (from Schiller et a/., 2009) 
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4.2.3 Reconstruction of water with HALOE climatological data 

Now, the discussion of the saturation history is extended by initialising the trajectory end 
points with data from the Halogen Occultation Experiment (HALOE) onboard the Upper At-
mosphere Research Satellite (UARS). A climatological data set of H20 of this experiment is 
compiled for the years 1991 to 2002 in Grooß and Russell (2005). For the initialisation, the 
zonal average for the respective latitude bin at the backward trajectory end point is chosen. 
Figure 10 shows the HALOE-initialised water vapour profiles after modifications by 10-day 
and 30-day backward trajectory calculations (green and red dots, respectively), compared to 
the actually measured FISH data for the three tropical campaigns. The simulations are done 
for RHice of 100% ( crosses) and 130% ( circles ). The black line in the main panels denotes the 
mean HALOE climatological H20 profile used for initialisation. 

For SCOUT-03 (Figure 10a), the change between the HALOE initialisation profile (black line) 
and the reconstructed mixing ratios at the observation point (green and red dots, for trajec-
tory lengths of 10-day and 30-day, respectively) is largest. The large modifications below 410 
K are already expected from the discussion in Section 4.2.1, as the cold point is frequently 
reached along the trajectories, also in the lower stratosphere: The fraction of trajectories 
along which a cold point below the HALOE initial value is encountered, is 100-10% in the 8-
range 380-41 OK (right subpanel). Above the cold point, the calculated H20 profiles (30-day 
trajectories) match extremely weil the mean profiles measured by FISH, and those for the 
shorter 10-day history are only slightly higher. Below the cold point, recent convection has 
enhanced the actual H20 mixing ratio compared to the simulated values, as already dis-
cussed above. 

The TroCCiNOx comparison provides also a good agreement between the reconstructed and 
measured H20 mean profiles above 8 = 380 K (Figure 1 Ob). Here, the modifications between 
the climatological HALOE profiles along the trajectories are by far weaker than for the 
SCOUT-03 period, i.e. only 50-10% of the trajectories at 380-400K meet a cold point below 
the HALOE initial value (right subpanel). Below 380 K, the measured mean H20 mixing ratio 
is higher than the reconstructed value, indicative for additional recent moistening due to ver-
tical mixing along the subtropical jet (Konopka et al., 2007; Section 4.4). 

For AMMA/SCOUT-03 (Figure 10c), virtually no change of the initial HALOE profile occurs 
along the back trajectories above 375 K. Here, the slope of the profiles is very similar, though 
the HALOE climatological data are lower by approximately 0.4 ppmv (or 10%) above 390 K. 
Good agreement is found at 370-390K close to the tropopause, while below the measure-
ments are again higher than the simulations. 

The systematic difference between the reconstructions, based on HALOE data, and the FISH 
profiles in the stratosphere during AMMA/SCOUT-03 is likely caused by instrument uncer-
tainties. As discussed in Section 2.3, HALOE measurements of H20 tend to have a low bias 
to other hygrometers and in particular to FISH. Considering this low bias of the HALOE 
measurements on the order of 8%, the agreement between the simulations and FISH meas-
urements improves for the AMMA/SCOUT-03 case. lnitialisation with higher HALOE data 
would however not change the H20 reconstruction for the TroCCiNOX and SCOUT-03 to a 
!arger extent, as most of these data are lowered to the saturation mixing ratio at the minimum 
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Figure 10: Comparison between mean measured H20 profiles and simulated ones; freeze-
drying a/ong the trajectories to RHice = 100% (crosses) and 130% (eire/es). Backtrajectory 
ca/cu/ations are initia/ised with H20 climatological data from the HALOE satellite experiment 
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cold point along the back trajectories anyway. Therefore, our tropical measurements likely 
confirm the previously found moderate low bias of HALOE data compared to FISH meas-
urements, which however is on the order of the combined errors. The mean FISH profiles 
agree also weil with those of the AMMA balloon data using the FLASH-B hygrometer 
(Khaykin et al., 2009), the slight discrepancy at 19-20 km of 0.2 ppmv is even lower than the 
total accuracy of both instruments implies (approx. 8% for FISH and 10% for FLASH-B). 

A deviation of our FISH measurements from simulations using a climatological initialisation 
may also be caused by atmospheric variability- in particular for the AMMA/SCOUT-03 case 
when the H20 concentration is not altered along the back trajectories for a large altitude 
range. Randei et al. (2004) discussed, based on HALOE data, interannual changes of strato-
spheric water vapour which could be attributed to changes of temperatures at the tropical 
tropopause associated with the quasi-biennial oscillation and EI Nino-Southern oscillation. 
Hereby, H20 anomalies on the order of a few tenths ppmv are observed, which are of the 
same order of magnitude as the observed discrepancies during AMMA/SCOUT-03. Recent 
satellite observations (Jones et al., 2009) indicate that water vapour in the tropical lower 
stratosphere has approached values for our observation period in 2005/2006 which are com-
parable to the mean values of the period considered in the HALOE climatology of Grooß and 
Russel (2005). In summary, the observed discrepancies between HALOE and FISH data 
during AMMA/SCOUT-03 in the stratosphere may be caused by the interannual variability of 
water vapour entry, though there is no quantitative assessment of such a possible effect 
possible for the moment. 

Beside the interannual variability, also a zonal asymmetry may have caused the observed 
discrepancies during AMMA/SCOUT-03, as discussed in Schiller et al. (2009) extending the 
original HALOE climatology by Grooß and Russel (2005) to zonally resolved data. From the 
HALOE perspective, the influence of the monsoon regions become apparent but are limited 
to a few tenths of ppmv in the TTL above the cold point, i.e. 3-9% additional water compared 
to the zonal mean. Hereby, the direct contribution of the African monsoon might still be over-
estimated as this region is located downwind of and therefore impacted by the Asian mon-
soon region. 

In summary, the HALOE-initialised reconstruction of water shows good agreement with the 
SCOUT-03 and TroCCiNOx data. The frequent dehydration events in the trajectory history 
explain, why the regionally observed data differ significantly from the initial, climatological 
satellite profiles. For AMMA/SCOUT-03, the initial HALOE profile remains almost unchanged 
in the stratosphere by reconstruction. The known bias between HALOE and FISH is sufficient 
to explain the observed discrepancies of about 10%. Comparison of climatological data with 
regional ones allows us to estimate an upper limit of the possible impact of phenomena 
which are not considered in the reconstruction, in particular that of local convection (Chapter 
6). 
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4.3 Moistening by deep convection 

In Figure 7, layers of enhanced water vapour are visible below and above the tropopause 
which we already attributed to the impact of deep convection. In Figure 11, the ice water con-
tent (IWC) calculated from the difference of FISH and FLASH measurements during two 
flights of TroCCiNOx and four flights of SCOUT-03 is displayed. High IWC is found below 
the tropopause (380 K potential temperature) in the main convective outflow, but also volume 
mixing ratios of particulate water corresponding to up to 50 ppmv at 400 K and up to 5 ppmv 
at 415 K are measured. This is considerably higher than previously reported IWC of less than 
2 ppmv above 400 K (Kelly et al., 1993), also from measurement out of Darwin. Our IWC 
data are corroborated by in-situ and lidar measurements of particle from the Geophysica 
(Corti et al., 2008; de Reus et al., 2009). 
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Figure 11. /ce water content observed in deep convective systems during two TroCCiNOx 
and four SCOUT-03 flights. (from Corti et a/., 2008). 

The major outflow of convection below the cold point results in a moistening of the lower TTL 
as already concluded in Section 4.2.1. However, this additional water vapour does not result 
in an increased transport of H20 into the stratosphere, as it is trapped at the cold point during 
the subsequent ascent. As an example, observations in the aged outflow of a strong Hector 
event on 30 November 2005 showed saturated air masses over a large area at and below 
the cold point at mixing ratios of 2-4 ppmv with only a few remnants of particle plumes. 
Therefore, already a few hours after a convective event, the air masses from the outflow 
might be freeze-dried back to the saturation conditions. 

Contrary, the particles and layers of enhanced water found above the cold point potentially 
meisten the stratosphere. In Corti et al. (2008), we first discuss hypotheses of their origin. 
We can exclude that they stem from unintended sampling of the own contrail or eliminate the 
few cases (less than 3%) from the data in Figure 10. Another explanation for the observed 
ice particles could be in situ nucleation and growth. Adiabatic cooling of air masses lifted 
above convective systems can lead to supersaturation, inducing the formation of so-called 
pileus clouds. This is contradicted by our observations as in all observed cases, the ice parti-
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cles have been embedded in subsaturated air. We therefore conclude that convective trans-
port is the sole possible explanation for most of the ice particles observed in the stratospheric 
overworld. The most direct evidence for convective activity is given by the lidar observations 
showing the remnants of a convective plume. As shown in Schiller et al. (2008), the IWC of 
these clouds is significantly higher than the climatological range of IWC from other observa-
tions at these low temperatures (Section 5.1.2). Such high IWC are therefore indicative of 
rapid transport from the troposphere as in convection. 

Box model calculations suggest that evaporation of these ice particles have a moistening 
effect on the stratospheric water vapour content (Corti et al., 2008). Same conclusions are 
drawn in the study by de Reus (2009). In contrast, there are no indications of convective de-
hydration in the stratosphere as postulated e.g. by Danielsen (1993) and Sherwood and 
Dessler (2001 ), i.e. no anomalously low water vapor mixing ratios were found. They confirm 
previous model calculations by Jensen et al. (2007) postulating such a moistening effect if 
particles are injected in subsaturated air above the tropopause. 

lndependently, striking evidence for persistent moistening is derived from the measurements 
over Africa when layers of enhanced water up to 420 Kare detected in single profiles (Figure 
Be). In contrast to the observations during SCOUT-03 and TroCCiNOx, these measurements 
were not obtained in the vicinity of deep convection and no particles are detected in these 
layers. On the other hand, back trajectory calculation with CLaMS show that these observa-
tions were made downwind of large mesoscale convective systems detected with good coin-
cidence in time and location by the Meteosat-08 observations (Silva dos Santos, 2008). 
These observations, which are similar to those reported from AMMA balloon-borne meas-
urements in the same region (Khaykin et al., 2009), provide evidence that deep convection 
injects water irreversibly above the cold point, as these layers with H20 enhanced by 2-3 
ppmv can still be detected about 10-20 hours after the convective event in subsaturated air 
without remnants of particles. Therefore, it can be excluded that such injections occur only as 
a temporary lifting above the tropopause without mixing with the environment as weil as a 
complete sedimentation of particles back to tropospheric altitudes. 

The observed layers with enhanced water vapour above the cold point are a highly localised 
phenomenon on horizontal scales of several 1 O km. Probing these events above Tiwi Island 
during SCOUT-03, identified an area on the order of 2000 km2 (50 km diameter) with parti-
cles above the tropopause. Similarly, during AMMA the layers occurred only in single profiles 
while the next profile a few 100 km apart showed again the undisturbed background profile. 
The observations during the three campaigns, also taking into account the balloon observa-
tions by Khaykin et al. (2009), are quite frequent. On the other hand, their fraction of the total 
number of measured profile has to be regarded as a biased upper limit, since the flight pro-
gramme in all missions was focussed on the observation of convective systems and their 
outflow regions. 
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4.4 Model-observation-based studies of the TTL structure 

In this Section, 1 summarise a number of modelling studies in which our data from the tropical 
campaigns are used to test these new models. They include two Lagrangian model tools, two 
Eulerian models and two mesoscale models. Each of them includes new concepts, hypothe-
ses or parameterisations for specific processes in the tropics, both for transport and micro-
physics. Confidence in their validity is based on such comparison with experimental data and 
leads to an improved understanding of the TTL and processes occurring there. 

To investigate transport across TTL in the course of our tropical missions, a new version of 
the Jülich Chemical Lagrangian Model of the Stratosphere (CLaMS; McKenna et al., 2002) 
was developed. In this new version, the stratospheric model has been extended to the earth 
surface (Konopka et al., 2007). Above the tropopause, the isentropic and cross-isentropic 
advection in CLaMS is driven by ECMWF winds and heating/cooling rates derived from a 
radiation calculation. Below the tropopause the model smoothly transforms from the isen-
tropic to hybrid-pressure coordinate and, in this way, takes into account the effect of large-
scale convective transport as implemented in the ECMWF vertical wind. As with other 
CLaMS simulations, the irreversible transport, i.e. mixing, is controlled by the local horizontal 
strain and vertical shear rates. These concepts have been extended by Plöger et al. (2010). 

Stratospheric and tropospheric signatures in the TTL can be seen both in the observation 
and in the model. The composition of air above ==350 K is mainly controlled by mixing on a 
time scale of weeks or even months. Based on CLaMS transport studies where mixing can 
be completely switched off, Konopka et al. (2007) deduce that vertical mixing, mainly driven 
by the vertical shear in the outflow regions of the large-scale convection and in the vicinity of 
the subtropical jets is necessary to understand the upward transport of the tropospheric air 
from the main convective outflow around 350 K up to the tropical tropopause around 380 K. 
This mechanism is most effective if the outflow of the mesoscale convective systems inter-
acts with the subtropical jets. 

Our measurements of H20 during TroCCiNOx, together with those of other tracers, were 
ideally suited to test these new concepts of transport in the TTL. In particular data from two 
flights in the vicinity of the subtropical jet with convective impact agreed well with the CLaMS 
simulations and therefore gave confidence in the validity of the new transport schemes in 
CLaMS (Konopka et al., 2007). 

Plöger et al. (2011) extend the reconstruction of water vapour (Section 4.2) testing different 
trajectory schemes, i.e. kinematic and diabatic 3-month backtrajectories based on ERA-
lnterim data and using ozone as an independent tracer. The water vapour reconstruction is 
nearly insensitive on the chosen trajectory scheme, which implies that dehydration in the 
coldest regions is effective for different upwelling and dispersion. However, ozone is found to 
be highly sensitive on the chosen transport scheme and thus a suited tracer to evaluate e.g. 
vertical transport in the TTL. 

The improvement of CLaMS vertical transport in the tropics, which has been used for our 
water reconstruction in Section 4.2, is also obvious from comparison to the specific humidity 
product of ECMWF analyses, in the following denoted as SHEcMwF (Figures 1 Oa-c, dashed-
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dotted black lines). As a general tendency, SHEcMwF underestimates the measured H20 mix-
ing ratios in the stratosphere by 0.5 - 2 ppmv, with !arger discrepancies at higher altitudes 
(Schiller et al., 2009). Similar differences between matched HALOE/MLS data and SHEcMwF 
(ERA-40 analysis) are also apparent in a zonal mean climatology (Dethof, 2003; Figure 3 
therein), i.e. a !arger bias and less steep gradients of SHEcMwF compared to the satellite zonal 
mean data for the tropical SH in January and a somewhat better agreement for the 
AMMA/SCOUT-03 latitudes and season at higher mixing ratios. Comparing the water tape 
recorder of ECMWF products and that of the HALOE climatology, a too effective vertical 
transport rate in ECMWF assimilations seems to be the main reason for the discrepancy be-
tween SHEcMwF and observations (P. Konopka, private communications). 

Ren et al. (2007) developed the Lagrangian air-parcel cirrus model (LACM) to reconstruct 
water and compared simulations to our TroCCiNOx data. The transport is based on different 
Lagrangian algorithms to which a microphysical scheme is hooked-up. Further, they option-
ally account for rehydration by deep convective systems in the TTL. Similar to our CLaMS 
simulations, the reconstruction below the cold point results in a dry bias if no rehydration by 
convection is considered. lf this feature is added in LACM, then the reconstruction becomes 
much closer to the FISH observations. Also the LACM simulations provide an improvement 
of water constructions at and above the tropopause, as for our CLaMS reconstructions. In 
Horseman et al. (2010), the LACM algorithm is combined with a full chemical transport model 
and first simulations compared to our SCOUT-03 water data. Again, the water reconstruction 
yielded encouraging results at and above the tropopause, but the authors also identified 
necessary improvements in the treatment of the vertical winds in their model. 

Palazzi et al. (2009) use runs with a Chemistry-Climate Model (ECHAM5/MESSy) to investi-
gate chemical tracer profiles in the TTL, among others that of water. The comparison with 
data from our four tropical aircraft missions is done for average profiles and probability distri-
bution functions. The model estimate of the thickness of the interface region between tropo-
spheric and stratospheric regimes agrees well with average values inferred from observa-
tions. As the measurements below the tropopause are influenced by regional scale variabil-
ity, local transport processes as well as deep convection, they are less accurately captured 
by the model. The tropopause minimum and values in the higher stratosphere are well re-
produced for APE-THESEO, SCOUT-03, and TroCCiNOx, however the AMMA/SCOUT-03 
simulations have a significant low bias compared to the measurements. A corresponding low 
bias was also detected for the same model compared to HALOE satellite data in a study by 
Lelieveld et al. (2007). Tost et al. (2010) also use the ECHAM5/MESSy model for their stud-
ies testing different convection schemes. Again, they used our SCOUT-03 data, including 
those obtained from the Falcon aircraft operating at lower altitudes, and found a general 
good agreement. From the comparisons, also with other tracers, they assessed the quality of 
the different applied convection schemes. 
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Finally, our high-resolution data have been used in studies of specific convective systems 
using mesoscale-models. These nested models with resolution down to several 100 m are 
designed for the simulation of convective systems we investigated during our tropical mis-
sions. The study by Chemel et al. (2009) is focussed on the strong Hector storm on 30 No-
vember 2005 over Tiwi Island which we probed with the Geophysica during SCOUT-03. 
Several overshooting updraughts penetrating the tropopause are produced in the simulations 
during the mature stage of Hector. The penetration of rising towering cumulus clouds into the 
lower stratosphere maintains the entrainment of air at the interface between the UT and the 
LS. Vertical exchanges resulting from this entrainment process have a significant impact on 
the redistribution of atmospheric constituents within the UTLS region at the scale of the is-
lands. In particular, a large amount of water is injected in the lower stratosphere. The fate of 
the ice particles as Hector develops drives the water vapour mixing ratio to saturation by sub-
limation of the injected ice particles, moistening the air in the LS, supported by our observa-
tions (Section 4.3) and confirming the results of box model calculations of Corti et al. (2007). 
The quantity of injected water by a single storm, however, is uncertain: Both models used in 
Chemel et al. (2009) yielded water entry values differing by more than an order of magnitude. 
Nevertheless, the moistening effect of such overshoots was identified unambiguously. 

Fierli et al. (2011) simulated a convective system over Africa in comparison with our 
AMMA/SCOUT-03 measurements. This study, however, is restricted to the TTL composition 
below the cold point. The authors found large redistribution of trace species including water 
along with these mesoscalic systems. 
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5 lce clouds and saturation at the tropical tropopause 

lce clouds are a crucial phenomenon in the process of hydration and dehydration processes 
in the TTL. Their occurrence may be an indicator of ongoing dehydration - but also, as 
shown in Section 4.3, provide evidence for moistening if injected in dryer air masses. Hereby, 
their size or ice water content (IWC) plays a crucial role. Another key control parameter is the 
relative humidity with respect to ice RHice that determines whether the cloud particles will 
further grow or evaporate. In this Chapter, 1 present our observations of tropical cirrus and 
discuss their formation processes and their impact on the entry of water into the strato-
sphere. 

5.1 lce water content and hydration/dehydration potential of cirrus particles 

5.1.1 Observation of specific cirrus 

The most surprising finding during the APE-THESEO measurements over the Indian Ocean 
was the frequent occurrence (30% of observation time) of thin cirrus layer close to the cold 
point with large horizontal coverage of several thousands of square kilometres (Peter et al., 
2003). These clouds have a vertical extend of only a few 100 m and very low ice water con-
tent (IWC), among the thinnest clouds ever observed so far and therefore named Ultrathin 
Tropical Tropopause Cirrus (UTTC). Figure 12 shows the measurement from the lidar per-
spective (measured from the Falcon aircraft flying below) and the in-situ measurements of 
the Geophysica. The occurrence and characteristics of these clouds was a paradox for us for 
a long time: How can an IWC corresponding to a fraction of only 1-5% of the ambient water 
be maintained over these large areas? Rapid growth or fast evaporation would be expected 
for such thin clouds. From the measurements (lowest panel in Figure 12, red line), we could 
exclude that they carry a larger amount of nitric acid - and our total water measurement 
showed slight enhancements whenever we crossed the cloud layer (lower panel in Figure 12, 
black line ), corroborated by the measurements of particles ( central panel in Figure 12). Thus 
the particles are identified as ice particles. 

In Luo et al. (2003b) was shown that the UTTC are composed of ice in equilibrium and sub-
ject to a delicate stabilization mechanism between their sedimentation rate and the upwind 
velocity in that region. In another paper by Luo et al. (2003a), the dehydration potential of 
these thin clouds was investigated: The unique combination of high altitude and low number 
density makes UTTCs highly suited to serve as an effective drying agent during the last step 
of dehydration of air directly before troposphere-to-stratosphere exchange. In conclusion, 
UTTCs in a global average are likely to yield a lowering of 0.35 ppmv of H20 in the air ex-
changed from the troposphere to the stratosphere. 
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Figure 12: Lidar backscatter ratio at of a 200-300 m thick UTTC at 17 km altitude observed 
onboard the Falcon on 27 Feb 1999. The Geophysica flight track is marked by black line. In 
situ measurements on board Geophysica of (B) backscatter ratio R (black curve) and volume 
depolarization d (red curve) and of (C) total water measured by Ff SH (black curve) and 
particu/ate nitric acid (red curve). (from Luo 1et al., 2003a). 

Santacesaria et al. (2003) investigate also a thin cirrus close to the tropopause during APE-
THESEO, however with higher IWC derived from our FISH data than that of the UTTC dis-
cussed above. This cloud is located abov13 a cumulonimbus (Cb) convective cluster. The 
brightness temperature calculated along backtrajectories suggests that the cirrus cloud has 
not been advected from other regions but has been generated locally. Furthermore, we found 
an extremely high, cold, and relatively hum~d tropopause in the region of the cirrus cloud. A 
possible mechanism of the cirrus formation is based on a net mesoscale transport of water 
vapour from altitudes above the Cb top (16 km) to the tropopause region around 18 km. This 
transport could be driven by the critical layer and turbulence induced by gravity waves gen-
erated by lower level Cb cluster activity. The data set also supports study by Teitelbaum et 
al. (1999) about mixing layers induced by !~ravity waves, but extending their conclusion by 
showing that absorbed gravity waves could also have a role into the formation of thin cirrus 
at the tropopause. The cirrus formation is thus a consequence of local activity and does not 
require tropopause penetrating Cbs. So, tlle proposed mechanism for high-altitude cirrus 
formation corroborates the paradigm of a tropical tropopause layer (TTL) several kilometres 
thick, which is decoupled from the convection-dominated lower troposphere (Fueglistaler et 
al., 2009, and references therein). A similar dehydration mechanism has been proposed to 
explain a dry air mass in the upper troposphere above a tropical cyclone during the same 
campaign (Cairo et al., 2008). 
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5.1.2 Climatology of the ice water content 

In the following, 1 present a climatology of ice water content (IWC) derived from FISH data 
(Schiller et al., 2008). The data are obtained from the four tropical sites, complemented by 
data from mid latitudes (ENVISAT 2002; Cirrus 2003 and 2004 campaigns) and high lati-
tudes (POLST AR 1997 and 1998; EUPLEX/ENVISAT 2003 campaigns) using different air-
craft. In total, 52 flights in cirrus are analysed. For a subset of 28 flights, the measurements 
are complemented by gas phase measurements of H20. For this subset, we derive IWC as 
the difference between the total water measurement H20tot and the gas phase measurement 
H20 9as. divided by the enhancement factor Emax: IWC = (H2Ü101-H209as)/Emax (Schiller et al., 
2008; Krämer and Afchine, 2004). For the full data set, the ice water content is determined 
as the difference between the FISH total water measurement and the water vapour satura-
tion mixing ratio, divided by the enhancement factor: IWC = (H2Ütot-H20sa1(T))/Emax· Hereby, 
the saturation mixing ratio H20sat is calculated from pressure and temperature measurement 
onboard the aircraft using the empirical equation by Marti and Mauersberger (1993). With 
this method, we neglect that cirrus clouds can exist in super- and subsaturated regions. 
However we will show in Section 5.2 that the assumption of RHice = 100% is a good approxi-
mation for the mean conditions in cirrus. Further, both approaches to calculate IWC yield 
almost the same fit functions for the mean, median and lower envelope or detection limit. 
This does not only confirm the validity of both approaches, but also demonstrates that the 
chosen subsets of data give similar results and are therefore representative samples of the 
atmosphere. 

De Reus et al. (2009) determined the IWC independently from in-situ particle probes onboard 
the Geophysica during the SCOUT-03 campaign. Comparison with the IWC derived from our 
total and gas-phase water measurements yielded a good agreement within the combined 
error bars of both methods. 

Figure 13 shows the temperature dependence of the IWC for our complete data set. For 
each temperature, the IWC varies over several orders of magnitudes. However, the striking 
feature is the strong temperature dependence for the mean with decreasing IWC towards 
lower temperatures. Hereby, the tropical data yield those with lowest temperatures and IWC 
of the full data set down to 183 K, the mid-latitude data cover a range from 203 to 250 K, and 
the Arctic data from 198 to 250 K. As the largest drop in IWC occurs below 205 K, the tropi-
cal data are the key to understand the IWC-temperature dependence. Our data set therefore 
extends previous climatologies which were restricted to mid-latitudes (e.g. Wang and Sas-
sen, 2002; Gayet et al., 2006). 

We also determined fit functions for the mean, the median and envelopes of the data set 
which can be used as parameterisations in models. In order to account for the strong gradi-
ent toward low temperatures, we used functions of the type 10A(a·br+c). The coefficients a, b 
and c are listed for the various fit functions in Schiller et al. (2008). Simpler functions as used 
by Wang and Sassen (2002) and Gayet et al. (2006) for mid-latitude data sets are not suited 
for extrapolation towards lower temperatures, as they would overestimate the IWC for these 
conditions. The mean and median functions for the complete climatology are also plotted in 
Figure 13. The fit function for the mean derived by Wang and Sassen (2002) is given in Fig-
ure 13 and agrees well in the respective temperature range. Also the climatological study for 
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tropical cirrus by McFarquhar and Heymsfiedd (1997) is broadly consistent with the observed 
drop in average IWC to lower temperatures; however this data set is restricted to tempera-
tures down to 205 K only as their aircraft did not reach the cold point altitude. 

In addition, we determined the frequency of occurrence of IWC (Schiller et al., Figure 6 
therein). The core region, i.e. where the fre:quency of occurrence exceeds 5%, is a band of 
about one order of magnitude around the median and thus narrows the range of likely IWC 
for a temperature bin substantially. 
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Figure 13: lce water content (/WC) of cirrus c/ouds versus temperature from all Arctic, 
midlatitude and tropica/ campaigns. Color codes denote the individual campaigns (yellow/red 
tropics; green mid latitudes; b/ue high /atitudes). The solid black/blue/green lines are the 
fitted median/mean/mean (without convective events) of the full data set, the hatched line the 
fit of the maximum /WC, and the dotted line that of the minimum /WC, derived from 28 flights 
with gas-phase H20 measurements avai/ab/,e. (from Schiller et a/., 2008) 

In Figure 14 those tropical flights are marked in red color which have been carried-out in or in 
the vicinity of deep convection, i.e. the APE-THESEO flight on March 9, 1999, the TroCCi-
NOx flight on February 4, 2005, and the SCOUT-03 flights on November 23, 29, and 30, 
2005. On these days, convection up to the cold point tropopause or even higher transported 
ice particles and water into this very cold region (see Section 4.3). The highest IWC have 
been observed in the upper parts of the anvil or in overshooting turrets of these convective 
systems. 

Besides regions of fresh deep convective events (blue data in Figure 14), also the upper en-
velope of the IWC of cirrus clouds is decreasing with decreasing temperature similar as the 
median and coincides almost with the upper limit of the core region with maximum frequency 
of occurrence. Maximum IWC values at 1910 K are 1-2 ppmv and thus about one order of 
magnitude lower than at 210 K temperature. Deep convection occasionally transports ice 
particles with an IWC much higher than this upper envelope into the tropopause region. The 
observed IWC of 10-100 ppmv (or higher) in these events may exceed the climatological 
IWC distribution of the core belt by more than one order of magnitude. Thus we confirm with 
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independent evidence our previous findin~is from Section 4.3 that deep convection can 
transport substantial amounts of water into the upper TTL and even above the tropopause 
moistening its environment. 
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Figure 14: /ce water content versus temperature as in Figure 13, but data observed during 
flights in the vicinity of deep convection am highlighted in red. Black lines represent IWCsat 
for T+0.01K, T+0.1K, T+1K, T+5K and T+10K, respectively. (from Schiller et a/., 2008) 

Now, we compare the temperature dependence of the IWC median with functions of the form 
1 oarr+b, the same type of formula as the approximated Clausius-Clapeyron equation which 
Marti and Mauersberger (1993) used to fit the ice saturation data. Using this formula, we cal-
culate curves of ice water contents IWCsat = IH2Üsat,ice(T +dT) - H20sat,ice(T), with dT = 0.01, 0.1, 
1, 5 and 10 K, which are overlaid in Figure 14. IWCsat can be regarded as the maximum IWC 
of a cirrus cloud at a cooling of dT when the cooling process starts at RHice = 100%. This 
very simplified approach however only describes the net effect of the cloud life cycle, as a 
real cirrus particle forms in a cooling process and then may sediment and evaporate in sub-
saturated environment. The IWC of convect1ive cirrus cannot be described by the simple ap-
proximation derived from H20sat,ice; these c:louds are formed by freezing of warmer liquid 
clouds nucleated at lower altitudes, while the in-situ cirrus arise from deposition freezing 
which is correlated to H20sat,ice· The mean of the IWC data (Figure 13) coincides best with 
IWCsat at dT = 1 K for a large range of temperatures. In other words, on average the clouds 
are observed in air masses which have suffered a net cooling by approximately 1 K below 
the frost point temperature. On the one handl, the similarity of the temperature dependence of 
the measured mean IWC and the IWCsat cmves is not surprising since both phenomena are 
based on the same thermodynamical proce~sses, the first one observed in the atmosphere 
and the latter one based on laboratory experiments. On the other hand, from the large vari-
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ability of IWC occurring in the real atmosphere for a specific temperature and the range of 
potential supersaturation one can not a priori expect that the mean of our IWC data set is 
showing this similarity. 

The decrease of IWC with temperature is also visible in the minimum and maximum values 
of IWC. IWCsat calculated for temperatures 5 K above the frost point represents an upper 
envelope for those IWC data not impacted by fresh convection. This implies that cirrus build-
up induced from cooling of about 5 K is an approximate upper limit in the TTL, except in a 
convective case. The lower limit of the core belt are a composite of cirrus particles which 
either have suffered a very moderate cooling (0.1 Kor less) or have sedimented from above 
and are in a decaying stage. 

5.2 lce supersaturation and cirrus clouds 

In a similar way as for the IWC, we derived a climatology of relative humidity over ice RHice 
as a function of temperature from our data sets (Krämer et al., 2009). However, hereby data 
of FLASH and an open-path diode laser spectrometer OJSTER are used as these instru-
ments measure gas phase water. OJSTER was operated by my group during part of the mid-
latitude measurements (Schlicht, 2006) which again complement the tropical data set for this 
climatology. 

As explained in Section 2.3 and in more detail in Krämer et al. (2009), these data sets had to 
undergo a strict quality check in comparison with simultaneous FISH measurements. Uncor-
rected data yield striking results in terms of frequent unrealistic high supersaturations 
(Krämer et al., 2009), similar to those observations which impacted the rational of the article 
by Peter et al. (2006; see Section 1.3). 

Our climatology again covers the complete relevant temperature range from 183 to 240 K. lt 
exceeds therefore previous studies based on single campaign data, e.g. that of INCA (215-
215 K; Ovarlez et al., 2002) and CRYSTAL-FACE (195-240 K, Gao et al., 2004). Again, our 
tropical data are essential for the extension to the lowest temperatures where highest super-
saturations occur as expected from theory (Koop et al., 2000) and as discussed below. 

In the following, we discriminate data measured under clear sky conditions and those meas-
ured inside clouds, based either on the simultaneous FISH data or - if available - by particle 
measurements. Figure 15 shows the frequency distribution of RHice binned in 1 K intervals 
from 193 to 240 K. In both panels, the homogeneous freezing threshold and water saturation 
are marked. 

The clear sky data in the upper panel show RHice almost randomly distributed from zero to 
the homogeneous freezing threshold (Koop et al., 2000). Only very few data exceed this line 
and none the water saturation. Therefore the data set is well in accordance with theory, i.e. 
the majority of clear sky data is subsaturated, while in some cases supersaturation up to the 
freezing threshold may occur. The lower RHice limit is enveloped by the dashed line, repre-
senting a constant H20 value of 1.5 ppmv., the minimum water mixing ratio observed in our 
data (see Figure 7). The highest frequency of occurrence are enclosed by the dashed lines 
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corresponding to 1.5 and 3.0 ppmv corresponding to typical mixing ratios near the tropical 
tropopause where most of our measurements were made. 

ln-cloud data of RHice are aligned around thH RHice = 100% line (from 50% to the homogene-
ous freezing line, with very few exceptions). Highest frequencies of occurrence are at 100%. 
This behaviour can be expected for a mixture of cirrus probed in the three stages, i.e. equilib-
rium, growth and evaporation. The frequency of higher supersaturations increases towards 
lowest temperatures and the distribution becomes more scattered, which could be explained 
by longer relaxation times under these conditions (see below). Our RHice values are generally 
lower than those obtained with the HWV/JLH data (e.g. Gao et al„ 2006) who measured an 
average occurrence of RHice of 110-130% i1nside clouds and peak values exceeding signifi-
cantly the freezing and water thresholds. These discrepancies are likely caused by system-
atic differences of the instruments used (see Chapter 2). The more canonical results we ob-
tained could be an indication for the validity of our data set. 
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Figure 15: Occurrence frequency of RHice vs. temperature; solid line: homogeneous freezing 
thresho/d, dotted line: water saturation line; data are sorted in 1 K temperature bins. Top 
panel: c/ear sky data; bottom pane/: inside cloud data. (from Krämer et a/., 2009) 
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To further explain the pattern of RHice insicle cirrus, in particular observed persistently high 
supersaturions, we discuss the dynamical Hquilibrium, i.e. when the mean size of the parti-
cles Rice. the ice particle number Nice and the vertical velocity Vz (or cooling rate) are nearly 
constant. Korolev and Mazin (2003) describe the supersaturation at dynamical equilibrium as 
RH = Vz/NiceRice · a0/bi - bi*/bi with coefficients a0, bi and bt dependent on temperature, pres-
sure etc„ The relaxation time to reach from an initial in-cloud supersaturation the equilibrium 
is given as r = 1 / (aovz + (bi+bt)NceRice). Highest supersaturations can therefore be reached 
at high Vz and low Nce·Rice. and they can b1e maintained langest for low Vz and low Nice·Rice· 
Fora more detailed discussion see Krämer 1et al. (2009). 
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Figure 16: Frequencies of occurrence of ice crystal numbers Nice (top panel) and sizes Rice 

(bottom panel) vs. temperature (same dataset as Figure 15; thin solid lines: minimum, middle 
and maximum Nice and R;ce; thick solid lines in top panel: ice crystal numbers calculated for 
homogeneous freezing at different updraft V19locities) . (from Krämer et al., 2009) 

Frequency distribution of Nce and Rice have been derived from the same 20 Geophysica 
flights as in Figure 15 using in situ particle measurements (de Reus et al., 2009) and are dis-
played in Figure 16 (Krämer et al., 2009). The minimum/middle/maximum Nice and Rice fit 
functions are overlaid as thin lines. The number of ice crystals that would form homogene-
ously for different Vz is shown as thick lines in the upper panel of Figure 16. They are calcu-
lated by a simple box model (see Krämer et al., 2009). The most obvious feature is that the 
simulated ice crystal numbers formed by homogeneous freezing increase with decreasing 
temperature for each Vz, while the most frequently observed Nice decreases, confirming and 
extending the observations of Gayet et al. (2006) in the temperature range 210- 260K. 

As mentioned above, for low temperatures lthe supersaturation pattern becomes spread, im-
plying that the water vapour relaxation times are longer here. Such lang relaxation times can 
be caused by the slower water vapour diffusion in that temperature range, but more impor-
tant, low Nce and/or high Vz. As Figure 16 :shows, at temperatures below 205 K lowest Nice 
are indeed most frequent and thus becomes the dominant parameter to explain high super-
saturations. The calculation of Nice for these conditions assuming homogeneous nucleation 
(thick lines) implies that such low numbers can occur only at very low Vz. As alternative ex-
planations, we propose either heterogeneous nucleation or nucleation suppression at very 
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low temperatures. In summary, the high supersaturations at low temperatures - often persis-
tently measured - are weil in accordance with our known nucleation theory and are accom-
panied by very low Nice· The question remains, however, to explain these low Nce. and sev-
eral studies have been done recently to find potential nucleation suppressing mechanisms 
(e.g. Zobrist et al. , 2008; Murray et al., 2010). 

5.3 Does HNOa matter? 

Nitric acid (HN03) as a condensable gas is subject of many cloud investigations primarily to 
study the redistribution of HN03 and its impact on photochemistry in the upper troposphere 
(e.g. von Hobe et al., 2011). We use our IVVC data together with measurements of nitrogen 
oxide species to determine the HN03 contHnt in cirrus ice (Voigt et al., 2006; Voigt et al., 
2007; Krämer et al., 2008). Hereby, the tropical data from SCOUT-03 and additional data 
from CRYSTAL-FACE (Popp et al., 2007) extend the temperature interval down to 185 K. 
The HN03/H20 mole fraction in ice is found to increase steadily with decreasing temperature 
(Voigt et al., 2006; Krämer et al., 2009). Figure 17 shows that in a climatological view, the 
HN03 content increases with decreasing temperature in the range 240 - 200 K. For colder 
ice clouds, the average HN03 content again decreases. At higher temperatures, less efficient 
HN03 uptake limits the HN03 content in cirrus ice, while at low temperatures small IWC (see 
Section 5.1.2) permit only little HN03 in ice, thus causing the convexly shaped average HN03 
content curve. The highest HN03 content is expected in tropical ice clouds with very large 
IWC, especially at temperatures between 190 and 210 K . 
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Figure 17: Fraction of total HN03 in cirrus ice; diamonds: average field observations; lines 
denote several max/min scenarios discussed in Krämer et al. (2008). (from Krämer et a/., 
2008). 

Pure nitric acid trihydrate (NAT) clouds are observed frequently in the polar stratosphere and 
play a key role in chemistry impacting the ozone layer (e.g. Solomon et al. , 1988). Near the 
tropical tropopause, however, NAT is stable at conditions about 2 K above the ice frostpoint 
Tice. hence there exists only a small temperature window for the detection of pure NAT clouds 
(Popp et al „ 2007). During our tropical missions, NAT particles were detected during one 
flight over Africa (Voigt et al. , 2008). The NAT particle layer on that day was repeatedly ob-

41 



served at altitudes between 15.1 and 17.5 km over extended areas. Satellite observations 
suggest that the NAT particles could have nucleated on ice fed by convective activity. Model 
calculations imply that such particles might build a larger area and occur over langer periods; 
however, our observations were restricted to this single event. 

As the abundance of HN03 near the tropical tropopause is about three orders of magnitudes 
lower than that of H20, its role for the water budget and cirrus composition is negligible. Pure 
NAT clouds seem to be rare here. Some studies, however, propose that the uptake of HN03 

on ice clouds - even in small amounts - may alter the water vapour pressure over of the ice 
crystals and therefore could be a reason for observed supersaturations (e.g. Gao et al., 
2004). Such hypotheses still need confirmation by controlled laboratory experiments. Further, 
as shown in Section 5.2, our data set agrees with our current theoretical understanding and 
does not imply such additional processes. 

42 



6 Conclusions and outlook 

In the lntroduction, 1 focussed the understanding of the tropical water entry into the strato-
sphere on two fundamental questions: 

Along which pathways is water transported and freeze-dried on its way into the stratosphere? 
Which conditions do control the freeze-drying process at the tropical tropopause? 

To give answers to these questions in Chapters 4 and 5, respectively, we measured and 
used a comprehensive data set of water during four aircraft campaigns in the tropics. The 
missions were carried out in different tropical regions during various seasons, thus providing 
complementary information and catching different phenomena characteristic for the location. 
The main conclusions we derive from the individual studies are: 

Data quality. The answers to our key questions critically depend on the quality of water 
measurements. Systematic differences have been identified between different instruments. 
Therefore the calibration procedure of our hygrometers has been revisited and the data set 
has been revised where necessary. We therefore are confident that we present one of the 
most reliable data set of water down to the critical ppmv range. An assessment of such a 
statement however requires the cooperation in the international community as foreseen in 
the next SPARC Water Vapour Assessment as outlined in Schiller et al., 2008. In this work, 1 
described first the accuracy of our data set and then draw scientific conclusions. But from 
scientific findings, its worth to cycle back to the data quality question: The sound conclusions 
in accordance with accepted theory may be used as a proof on the validity of the data set. So 
the single results summarised in the following can be composed - together with the quality 
discussion - to a closure study of this complex science theme. 

Competing hydration and dehydration in the TTL. The tropical water vapour entry into the 
stratosphere is found to be a highly complex interplay between freeze-drying in the coldest 
regions of the TTL and fresh supply of water by convection or by mixing with tropospheric air. 
Based on our studies, the 420 K isentrope appears to be the transition between a regionally 
controlled regime and a zonally well mixed compartment at higher altitudes. This is a quanti-
tative confirmation of the TTL concept discussed in Fueglistaler et al. (2009). lt marks the 
highest altitude of direct impact of overshooting convection. Further, recent condensation 
and sedimentation of particles may have altered the composition below 420 K leading to re-
gional deviations from the zonal mean. Though an interannual variability of the TTL parame-
ters has been observed to propagate further up and is visible in the different tape recorder 
signals, the local and regional variability in the TTL becomes smeared out above 420 K. Dif-
ferent types of models simulated the various underlying processes and successfully used our 
data set for their validation. 

Large-sca/e advection. Trajectory-based reconstruction of water vapour, initialised with cli-
matological HALOE data, yields a remarkable agreement with our in-situ observations above 
the tropopause for the different regions and seasons studied. Therefore the Lagrangian satu-
ration history on time scales of hours to 1 month appears to be appropriate and sufficient to 
describe the average H20 distribution at the cold point tropopause and in the first kilometres 
above. So, our results confirm previous findings from similar Lagrangian studies (e.g. Fue-
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glistaler et al., 2005; Fueglistaler and Haynes, 2005), however now demonstrated with a data 
set of much finer scales in time and space and thereby covering different tropical regions and 
seasons. Jensen and Pfister (2004) tested with a more sophisticated Lagrangian ice cloud 
model the sensitivity of the stratospheric vapour entry on cloud properties and their depend-
ence on wave perturbations and other parameters. While cloud frequency and distribution 
was very sensitive on these parameters, they also concluded that final water vapour mixing 
ratios are primarily controlled by the minimum temperatures encountered. Our study confirms 
these studies and thereby the preceding ideas of Holten and Gettelman (2001) with new ex-
perimental evidence that, despite the complex interplay of various processes leading to a 
highly variable water distribution in the tropics, stratospheric water vapour entry is primarily 
controlled by the coldest regions in the TTL, in which the air is freeze-dried to its final set 
point during its way into the stratosphere. 

Moistening by deep convection. The main outflow of convection below the cold point as well 
as frequently observed local overshoots into the stratosphere have been unequivocally iden-
tified to meisten their environment, in contrast to earlier hypotheses by Danielsen ( 1993 and 
Sherwood and Dessler (2002). Below the tropopause, our measurements show significantly 
higher H20 mixing ratios than inferred from the backtrajectory history which does not con-
sider recent individual convective systems. However, no significant remnants of this high 
water released in the lower TTL can be found above the cold point anymore as this additional 
water is removed on its way through the cold point. We found layers of enhanced water va-
pour above the cold point which could be traced to direct injection by overshooting turrets. 
These irreversible injections of H20 up to 420 K were observed tobe isolated and thus highly 
localised, i.e. with horizontal extensions on the order of 50 km. Even if an estimate of the 
amount of water injected in such a single event is possible (Chemel et al., 2009), an upscal-
ing of its global impact on the stratospheric water vapour budget might be possible only with 
large uncertainties, based on global observations of the frequency of such events (Gettelman 
et al., 2002; Liu and Zipser, 2005). The comparison of our data with the HALOE-initialised 
reconstruction of H20 however gives a hint on the maximum possible impact of overshoots 
on the stratospheric water vapour budget. For SCOUT-03 and to a lesser extent also for 
TroCCiNOx conditions, additional water injected above the cold point can still be freeze-dried 
to the low mean values there. The comparison of the AMMA/SCOUT-03 data with the clima-
tological HALOE profile might suggest enhanced water vapour abundance over Africa. Most 
likely, the observed discrepancy however reflects the formerly identified low bias of HALOE 
compared to FISH data. Zonal asymmetries and interannual variability could contribute an 
uncertainty on the order of 10%. In summary, an impact of deep convection to the strato-
spheric water entry of more than 10% appears to be unlikely from our studies. 

Cirrus c/ouds. We observed a large spectrum of cirrus clouds down to very thin ones occur-
ring at lowest temperatures. Their ice water content and other parameters measured are in-
dicative for their formation process and their potential to hydrate or dehydrate the air on its 
way to the stratosphere. Thin cloud layers with lowest IWC extended and large horizontal 
coverage have been identified to be the final step setting the water entry in the tropical tro-
popause region. At low temperatures, IWC significantly higher than the climatological mean, 
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could be attributed to overshooting cloud particles and corroborate the aforementioned find-
ings that the stratosphere can be locally moistened by these injections. 

Supersaturation. This phenomenon postulated from theory and identified in several labora-
tory and atmospheric measurements before, is apparent in our tropical data set as well. In 
contrast to a few findings of other groups, our data set however confirms the classical theory 
combined with some recent findings, both for cloud and clear-sky observations; the reason 
for these differing conclusions can be primarily traced to the identified systematic discrepan-
cies of the instruments. lncluding standard supersaturations, our water reconstruction 
showed only a weak sensitivity for the water vapour entry. This result is consistent with the 
previous study by Jensen and Pfister (2004). 

Where do we go? Our understanding how water vapour is transported into the stratosphere 
and herby freeze-dried in the tropics has been substantially increased by the experimental 
and model studies during the last decade. The combination of new aircraft and balloon ex-
periments, new satellite data sets and model studies on different scales supported by dedi-
cated laboratory studies enabled this progress. However, the following challenges remain our 
tasks for the coming years: 

We have to resolve the discrepancies in different data sets in the community, as they still 
allow for different interpretation of individual processes. This task has to be continued in an 
open international cooperation of the key experimental groups in hygrometry and to be ac-
companied by theory teams, as planned in the upcoming SPARC Water Vapour Assess-
ment. 

The exchange of air between tropics and subtropics is still a large uncertainty to assess the 
global entry of water into the stratosphere, as a by-pass of the standard pathways in the trop-
ics seems to be possible. Also the range of the tropical entry region at its edges needs better 
quantification. The complex of the Asian monsoon has been identified in several studies to 
be the key unknown in this respect and will therefore certainly be the target region for up-
coming aircraft experiments. 

We identified and characterised several local processes, in particular overshooting convec-
tion, that potentially influence the troposphere-to-stratosphere exchange also on !arger 
scales. Though our studies did not confirm a major global impact, a thorough upscaling of 
these phenomena and their inclusion in operational and science models is a challenging task 
for the future. 

Temperature was identified to be the driving parameter for the tropical water vapour entry in 
our and other studies. Future changes of stratospheric water will therefore critically depend 
on changes in tropical temperature in the tropopause region. lts determination in current 
weather and chemistry-climate models is still a challenge, as feedback with water and clouds 
as weil as radiative processes still has large uncertainties. Therefore, measurements of wa-
ter vapour in the tropical tropause region will remain also in the future a key component on 
our way towards a prediction of stratospheric composition and climate. 
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AIDA 
AMMA 
APE-THESEO 

APicT 
AquaVIT 
CFH 
CLaMS 
CRISTA 
CRYSTAL-FACE 

DIAL 
EUPLEX 
FISH 
FLASH 
HALOE/UARS 
IWC 
ILAS/ADEOS 

JLH 

Aerosols, lnteractions and Dynamics in the Atmosphere 
African Monsoon Multidisciplinary Analysis 
Airborne Platform for Experiments - Third European Stratospheric 
Experiment on Ozone 
Al DA-PCl-in-cloud-TDL 
Water Validation lntercomparison and Tests 
Cryogenic Frostpoit Hygrometer 
Chemical Lagrangian Model of the Stratosphere 
Cryogenic lnfrared Spectrometers and Telescopes for the Atmosphere 
The Cirrus Regional Study of Tropical Anvils and Cirrus Layers - Florida 
Area Cirrus Experiment 
Differential Absorption Lidar 
European Polar stratospheric cloud and Lee wave Experiment 
Fast ln-situ Stratospheric Hygrometer 
Fluorescent Airborne Stratospheric Hygrometer 
Halogen Occultation Experiment/ Upper Atmosphere Research Satellite 
lce Water Content 
lmproved Limb Atmospheric Spectrometer / Advanced Earth 
Observation Satellite 
JPL Laser Hygrometer 

LACM Lagrangian air-parcel cirrus model 
MIPAS/ENVISAT Michelson Interferometer for Passive Atmospheric Sounding / 

Environmental Satellite 
MLS/AURA 
NAT 
NPL 
OJSTER 
POAM 
POLST AR 
PSC 
PTB 
SCOUT-03 

SOWER 
STEP-Tropical 

TroCCiNOx 
TTL 
UTLS 
UTTC 

Microwave Limb Sounder / ('breeze') 
Nictric Acid Tryhydrate 
National Physical Laboratory 
Open-path Jülich Stratospheric TDL Experiment 
Polar Ozone and Aerosol Measurement 
Polar Stratospheric Aerosol Experiment 
Polar Stratospheric Cloud 
Physikalisch-Technische Bundesanstalt 
Stratospheric-Climate Links with Emphasis on the Upper Troposphere 
and Lower Stratosphere 
Soundings of Ozone and Water in the Equatorial Region 
The tropical experiment of the Stratosphere-Troposphere Exchange 
Project 
Tropical Convection, Cirrus and Nitrogen Oxide experiment 
Tropical Transition Layer 
Upper Troposphere / Lower Stratosphere 
Ultrathin Tropical Tropopause Cirrus 
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