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2nd supervisor : Prof. Dr. Heini Wernli
Institute for Atmospheric Physics,
Johannes Gutenberg University Mainz

Day of submission : 30. March 2005
Day of oral examination: 30. May 2005





para Glua-Lua,

a verdadeira amiga da minha vida,

a rainha dos prov érbios
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Abstract

This doctoral thesis gives new insights into the trace gas transport in the tropopause region and in
processes controlling the chemical composition of the upper troposphere and lowermost stratosphere
(UT/LMS). It thus contributes to an improved understanding of the governing processes in that at-
mospheric region. Several questions are addressed concerning the seasonal and latitudinal coupling
between UT and LMS, trace gas distribution and variability, identification of undergoing transport
and mixing processes and their impact to the trace gas composition. This will be achieved by airborne
high resolutionin situmeasurements as well as by model calculations.
In the experimental part of this thesis, I performed airborne high resolutionin situ measurements of
H2O and O3 in the UT/LMS in the frame of the AFO2000 project SPURT. The analysing components
in this work focus on these measurements in the European sector between November2001 and July
2003. As a milestone for an innovative campaign concept, SPURT is the first project in the UT/LMS
with an extensive data coverage of each annual season within a broad latitude range between20 and
80◦N. In several campaigns, distinct cross-tropopause exchange events and characteristic features for
specific meteorological situations could be identified. Significantly enhanced H2O of several10 ppmv
near the tropopause and even higher up in the LMS have been year-round detected. For a compre-
hensive insight into processes and trace gas variability, correlations, frequency distributions as well
as2-dimensional probability distribution functions were determined using chemical, thermal and dy-
namical coordinates. Beneath the reflected seasonal cycles of H2O and O3 in the UT and LMS in the
distributions, both trace gases show the most compact arrangement and are best correlated in the view
of potential vorticity (PV) and distance to the tropopause.
Using tracer distributions in the potential temperature/equivalent latitude space and trajectory calcu-
lations, an extra-tropical mixing layer (ML) following the shape of the tropopause and/or surfaces of
PV could be identified. This layer with H2O mixing ratios well above5 ppmv, indicative for signif-
icant tropospheric contribution, ranges several10◦ poleward in equivalent latitude and several10 K
above the tropopause in potential temperature. Using tracer-tracer correlations, the extent of the ML is
estimated to reach to≈ 8−9 PVU, i.e. well within the LMS, independent on season. Based upon La-
grangian long-term simulations using the Jülich CLaMS model, tropospheric influence with enhanced
H2O values even beyond this ML could be reproduced which originates from transport processes on
longer time scales.
Based upon Northern Hemisphere ECMWF analyses, a quasi2-year ”climatology” of H2O and me-
teorological parameters at the tropopause is performed to compare to thein situmeasurements and to
put the observed data in a climatological context. The seasonal cycle of H2O in the LMS is mainly
determined by its entry value at the tropopause, and thus by seasonal and latitudinal variability of
tropopause temperatures. The highly variable H2O is traceable to temperatures the air parcels suffered
recently. In conjunction with backward trajectories, the SPURT measurements indicate occurrence of
and potential for (super)saturation and cirrus cloud formation in and even above the tropopause re-
gion. Hence, observed troposphere-to-stratosphere transport (TST) is probably associated with freeze-
drying. Using the RDF technique in a case study, fine scale sub-synoptic structures in fields of PV
and ice saturation, which are not resolved by the used meteorological analyses, were reconstructed
successfully. Thereby, TST and ongoing freeze-drying in the UT/LMS could be identified.
The high resolution SPURT measurements contribute significantly to the data coverage of the
UT/LMS and provide thus a basis for model approaches. O3 climatologies obtained during SPURT
were used for CLaMS initialisations to study the seasonal tracer variability relative to the jet core.
Thereby, jet stream maximum wind speeds are used as a natural coordinate centre. Besides the ef-
fectiveness of the jet as a barrier to quasi-isentropic transport, it is investigated in which manner the
strength is linked to the observed distributions and tracer gradients. Quasi-isentropic transport is most
efficiently inhibited by the jet stream in winter, whereas during summer young tropospheric air from
the (sub-)tropics is transported into the LMS. Due to the integral effect, the respective consequences
are most evident at the end of each period, i.e. during spring and autumn.
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Zusammenfassung

Die vorliegende Dissertation gibt neue Einsichten in den Spurengastransport in der Tropopausen-
region und in Prozesse, die die chemische Zusammensetzung der oberen Troposphäre und un-
teren Stratospḧare (UT/LMS) bestimmen. Die Arbeit trägt damit zu einem besseren Verständnis
der vorherrschenden Prozesse in dieser atmosphärischen Region bei. Verschiedene Fragestellungen
werden er̈ortert, wie saisonale und breitenabhängige Kopplung zwischen UT und LMS, Spuren-
gasverteilung und -variabilität, Identifikation der zugrunde liegenden Transport- und Mischungspro-
zesse sowie deren Einfluss auf die atmosphärische Spurengaszusammensetzung.
Im experimentellen Teil der vorliegenden Dissertation führte ich im Rahmen des AFO2000 Projektes
SPURT hoch aufgelöste flugzeuggestütztein situMessungen von H2O und O3 in der UT/LMS durch.
Die Auswertungen in dieser Arbeit basieren auf diesen Messungen im europäischen Sektor zwischen
November2001 und Juli2003. Mit einem innovativen Kampagnenkonzept liefert SPURT als erstes
Projekt einen qualitativ hochwertigen Datensatz mit umfassender saisonaler Abdeckungüber einen
Breitenbereich von20 bis80◦N. In mehreren Kampagnen konnten verschiedene Austauschereignisse
durch die Tropopause und charakteristische Strukturen für bestimmte meteorologische Situationen
identifiziert werden. Erḧohtes H2O von einigen10 ppmv nahe der Tropopause und in der LMS wurde
ganzj̈ahrig detektiert. F̈ur einen umfassenden Einblick in Prozesse sowie räumliche Spurengasvari-
abilität wurden Korrelationen, Ḧaufigkeits- sowie2-dimensionale Wahrscheinlichkeitsverteilungen
unter Verwendung chemischer, thermischer und dynamischer Koordinaten erstellt. Neben saisonalen
Spurengaszyklen in der UT und LMS zeigen die Verteilungen kompakteste Strukturen und beste Kor-
relationen in Abḧangigkeit von potentieller Vorticity (PV) und Abstand zur Tropopause.
Spurengasverteilungen im Raum der potentiellen Temperatur und deräquivalenten Breite sowie
Trajektorienrechnungen zeigen die Existenz einer extra-tropischen Mischungsschicht, die der
Tropopause bzw. PV-Flächen folgt. Diese Mischungsschicht, mit einer strengen troposphärischen
Kopplung, erstreckt sich einige10◦ polwärts inäquivalenter Breite und einige10 K in potentieller
Temperatur̈uber die Tropopause. Mittels Spurengaskorrelationen wurde kürzlicher tropospḧarische
Einfluss bis weit in die LMS auf≈ 8− 9 PVU abgescḧatzt, unabḧangig von der Jahreszeit. Langzeit-
simulationen mit dem J̈ulicher CLaMS Modell konnten diesen Einfluss auch oberhalb der Mischungs-
schicht auf gr̈oßere Transportzeitskalen zurückführen.
Für eine Vergleichsbasis derin situ Messungen und deren klimatologische Einordnung wurde auf
Basis nordhemispḧarischer ECMWF Analysen eine etwa2-jährige ”Klimatologie” von H2O und
Parametern an der Tropopause erstellt. Der H2O-Zyklus ist prim̈ar durch Eintrittswerte an der
Tropopause bestimmt und somit durch saisonale und breitenabhängige Temperaturänderungen. Die
H2O-Variabilität ist demnacḧuber die Temperaturhistorie der Teilchen verfolgbar. In Verbindung mit
Rückwärtstrajektorien wurde der Einfluss von Transport durch die extra-tropische Tropopause unter-
sucht. Die SPURT Messungen zeigen Auftreten von und Potential für (Über-)S̈attigung und Zirren-
bildung in und oberhalb der Tropopausenregion. Dies indiziert, dass Troposphären-Stratospḧaren
Transport (TST) mit Gefriertrocknung verbunden ist. Anwendung der RDF-Technik auf Felder der
PV und der Eiss̈attigung konnte feinskalige Strukturen, die in den verwendeten meteorologischen
Analysen nicht aufgelöst werden, erfolgreich rekonstruieren. Daneben wurden TST und frische Ge-
friertrocknungsprozesse in der UT/LMS identifiziert.
Die hoch aufgel̈osten SPURT-Messungen tragen erheblich zur Datenabdeckung der UT/LMS bei
und liefern einen Grundstock für Modellsimulationen. Die gewonnenen klimatologischen O3-
Verteilungen wurden in CLaMS initialisiert, um die saisonale Spurengasvariabilität relativ zum
Strahlstrom (Jet) zu studieren. Neben der Effektivität des Jets als quasi-isentrope Transportbarriere
untersucht die Studie den Einfluss der Jetstärke auf die beobachteten O3-Gradienten. Dabei dient
der Jetkern als Ursprung eines natürlichen Koordinatensystems. Quasi-isentroper Austausch wird im
Winter effektiv reduziert, wobei im Sommer junge troposphärische Luft aus den (Sub-)Tropen in die
LMS transportiert wird. Die jeweiligen Auswirkungen werden aufgrund des integralen Effekts zum
Ende einer Periode, das heißt im Frühling und Herbst, am deutlichsten.
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Chapter 1
Introduction

Human activity and its impact on climate has significantly increased with the beginning of the

Industrial Age. Related keywords are ”global warming” and ”ozone hole”. The relevant effects

and changes have direct and indirect response to fauna, flora and human being. Beneath

the Montréal Protocol (1987), the Kyoto Protocol, which has very recently gone into force

on February 16, 2005, is the most important global environmental agreement. Alongside its

relevance as a milestone in global climate protection, concerning development politics, it

has large effects and it is a new element of global-economic order. A challenging task for

scientists is to analyse consequences of and responses to past and future activities and to

provide solutions for tomorrow. On this account it is essential to understand the contributing

factors and the governing processes in nature.

1.1 Water vapour, ozone and atmospheric dynamics

Water vapour (H2O) and ozone (O3) are the most important and major absorbers of solar

irradiance and emitters/absorbers of terrestrial radiation. They play therefore a prominent

role for the radiative budget of several atmospheric regions, for chemistry and climate. Wa-

ter vapour has its main source at the Earth’s surface and has no harmful consequences

there. In the atmosphere it is an important greenhouse gas. On average, the Earth’s surface

is above the freezing-level as a result of the ”natural” greenhouse effect mainly produced by

water vapour in the atmosphere. Concerning the positive and/or negative radiative feedback

mechanisms of water vapour, in particular for climate prediction, the understanding of water

vapour distributions is a deciding issue in atmospheric research. For instance, increasing air

traffic and the increase in atmospheric aerosols has large effects on climate conditions. As a

direct effect, aerosols reflect incoming solar radiation, thus cooling the Earth’s surface. Since

aerosols act as condensation nuclei for water vapour, increasing atmospheric aerosols en-
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hance cirrus cloud formation. This indirect effect leads to a warming at the Earth’s surface.

Persistent cirrus, in particular in regions with cold temperatures and high atmospheric hu-

midity, can have an additional greenhouse effect. In the global mean, a gain in energy for the

atmospheric radiation budget is supposed, however there are still large uncertainties (IPCC,

1999, 2001). Moreover, stratospheric water vapour has increased over the last decades

(SPARC, 2000) which can attribute to stratospheric cooling (Forster and Shine, 1999). Sev-

eral global warming scenarios (e.g., Lindzen, 1990; Rind et al., 1991; Yang and Tung, 1998;

Inamdar and Ramanathan, 1998) discussed the impact of enhanced surface temperatures.

They may lead to greater evaporation and to an elevating amount of water vapour, thus

increasing the absorption of outgoing terrestrial radiation. Despite that, the accrete of dry

large-scale subsidence regions can contribute to a delay of greenhouse warming due to the

deficit in absorbed radiation (Pierrehumbert, 1995).

The penetration of shortwave solar UV (ultraviolet) radiation in the UVB (280− 320 nm) and

UVC (> 220 nm) is hindered by O3 in the atmosphere to reach the Earth’s surface. The

ozone layer acts as the primary shield against the biologically damaging solar UV radiation.

Absorption of UV radiation by O3 leads to a conversion of energy to heat. Hence, tempera-

tures increase with height in the stratosphere. Decreases in stratospheric ozone enhances

solar UVB at the Earth’s surface and can thus aggravate detrimental effects on life. More-

over, changes in atmospheric O3 are also important for climate change. As direct effects, a

decrease in stratospheric O3 has a negative radiative forcing, leading to a reduction of the

vertical stability in that atmospheric region (Rind and Lonergan, 1995), whereas increase in

tropospheric O3 implies a positive radiative forcing. Furthermore, there are indirect effects

such as e.g., an increase in certain photolysis rates which affect tropospheric O3 and its

oxidation capacity.

At almost all Northern Hemisphere ozone stations at middle and high latitudes significant

decreases in stratospheric ozone were observed from 1970 to 1990 (Logan et al., 1999),

and this was also reported on the global scale by Fioletov et al. (2002). The observed ozone

trend may be explained by several contributing processes. For instance, an observed in-

crease in Arctic tropopause height was related to stratospheric cooling (Highwood et al.,

2000). Changes in tropopause heights can affect the ozone column, since a low tropopause

is correlated with high total O3 and vice versa (Steinbrecht et al., 1998; Forster and Tour-

pali, 2001). A further dynamic cause could be an increased transport of O3-poor air from

lower to higher latitudes (Reid et al., 2000). Additionally, chemical O3 destruction should be

important, especially during winter within the polar vortex with a subsequent downward and

equatorward transport (Bregman et al., 2000). Since H2O is an important source of odd hy-

drogen, enhanced H2O increases the O3 loss rates in the HOx (reactive hydrogen) catalytic

cycles (Dvortsov and Solomon, 2001). The participation of H2O and nitrogen oxides (NOx)
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compounds in heterogeneous chemical reactions, and particularly at high latitudes in winter,

reactions on Polar Stratospheric Clouds and chlorine activation can take place controlling

ozone destruction in the stratosphere. Cirrus clouds near and above the tropopause have

the ability to enhance the conversion of chlorine reservoir species (ClONO2 and HCl) into

active, ozone destroying molecules (ClO) (Solomon et al., 1997). In the upper troposphere

(UT), ozone and chlorine reservoir species have minimal concentrations. Therefore, the po-

tential of the conversion mechanism is critically dependent on the penetration of clouds into

the stratosphere (Pfister et al., 2003). Thus, cold aerosols and/or cirrus clouds can affect

the catalytic destruction of ozone at mid-latitudes (Solomon et al., 1999). A detailed review

concerning O3 trends is given by Staehelin et al. (2001).

In a large-scale perspective, the meridional circulation is characterised by the so called

Brewer-Dobson circulation (Brewer, 1949). Non-locally Rossby and gravity wave breaking in

the extra-tropical middle atmosphere act as an extra-tropical ”suction pump”, leading to the

so termed downward control principle (Haynes et al., 1991). It causes up-welling of tropi-

cal upper tropospheric air into the stratosphere (Plumb, 1996; Mote et al., 1996), transport

within the stratosphere to the extra-tropics (Waugh, 1996) and downward transport from the

stratosphere into the troposphere at middle and higher latitudes (Holton et al., 1995). To ac-

count for the tropical up-welling the wave breaking must extend into the sub-tropics (Plumb

and Eluszkiewicz, 1999).

Hoskins (1991) structured the lower atmosphere in three major parts. In the region above

the 380 K isentrope, which coincides with the tropopause in the tropics depending on cloud

top heights (≈ 15 − 18 km, Holton et al., 1995; Highwood and Hoskins, 1998; Seidel et al.,

2001), surfaces of potential temperature lie entirely in the stratosphere. This part of the

atmosphere was termed ”overworld”. Towards the poles the tropopause slopes down to

290 − 320 K (≈ 6 − 8 km). Thus, in the ”middle world” isentropes lie partly in the tropo-

sphere (in the tropics) and partly in the stratosphere (at high latitudes), hence intersecting

the tropopause which separates the stratosphere and the troposphere. Quasi-isentropic bi-

directional stratosphere-troposphere exchange (STE) is enabled on relative fast time scales

(Chen, 1995). The atmospheric region below was termed as the ”underworld”. Holton et al.

(1995) defined the stratospheric part of the middle world as the lowermost stratosphere,

more precisely the lowermost extra-tropical stratosphere, hereafter referred to as LMS.

Transport from the overworld to the troposphere and vice versa requires diabatic cooling

and heating, respectively, which implies transport processes on larger time scales. At the

extra-tropical tropopause a strong isentropic gradient of potential vorticity (PV) implies a

strong Rossby wave ”restoring force”, and Rossby waves tend to follow the strongest PV

gradient. This limits cross-tropopause displacements of air even on isentropes. A sketch of
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transport pathways between the lowermost stratosphere and the troposphere is illustrated

in Figure 1.1.

The global ozone distribution is essentially conditioned by its production and transport mech-

anisms. The fundamental production rates occur in the tropics due to the strong solar inso-

lation. With the Brewer-Dobson circulation ozone is transported poleward and downward.

Thus, extra-tropical ozone has its main source in the stratospheric overworld. The fact that

the whole stratosphere is extremely dry is related to the passing of air through the cold

regions at the tropical tropopause. There the air is freeze-dryed to the ice saturation mix-

ing ratio corresponding to the low temperatures. Thereby, this water vapour signal is main-

tained by the air parcels on their transport pathways. Hence, seasonal differences in tropical

tropopause temperatures are recorded by the atmosphere as a layering of H2O mixing ratios

up to heights at 20 hPa (atmospheric tape recorder, Mote et al., 1996; Jackson et al., 1998).
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Figure 1.1.: Sketch of the mean atmosphere (cf.Holton et al., 1995; Hintsa et al., 1998). Thin grey lines denote different
isentropes, the thick black line reflects the tropopause with the troposphere below that surface. The lowermost stratosphere is
defined to range from the tropopause up to≈380 K, the mean tropical tropopause height. The overworld is the region above
that isentrope, where surfaces of potential temperature lie entirely in the stratosphere. Stratosphere-troposphere exchange
via the Brewer-Dobson circulation from the tropical transition layer (TTL) to the polar regions is indicated by the thick
dark red arrows. Thin red arrows denote different pathways by which air enters the lowermost stratosphere as well as of
bi-directional exchange: (i) descend from the overworld, (ii) quasi-isentropic transport from and to the upper troposphere,
(iii) diabatic ascent/descend (e.g., convection, stratospheric intrusion). The thin grey line around the mean tropopause at
mid-latitudes reflects tropopause deformations, most probably associated with the polar front, so that pathway (ii) is also
possible at these latitudes. The sub-tropical and polar jet streams (SJ, PJ) are illustrated by the coloured ellipses, reflecting
their strength. The operation region during the SPURT project (seechapter 2) is denoted by the greenish shading. The usual
cruising altitude of passenger aircraft is reflected by the light grey shading.
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However, zonal mean tropical tropopause temperatures can not explain the extreme dryness

of the stratosphere. Thus, Newell and Gould-Steward (1981) suggested transport within so

called stratospheric fountains, i.e. restricted regions of very low tropopause temperatures.

Within the large-scale ascent in the tropical tropopause region dehydration can also be re-

alised by the formation of widespread (sub-visible and ultrathin) cirrus clouds which have

been detected recently (Jensen et al., 1996b; McFarquhar et al., 2000; Peter et al., 2003;

Luo et al., 2003). Dehydration mechanisms by gravity waves triggering stratospheric cloud

formation upwind of convective regions (Potter and Holton, 1995) are also considered. Any-

how, in tropical cyclones (Baray et al., 1999) or through breaking Kelvin waves (Fujiwara

et al., 1998) there could also occur tropical transport directed from the stratosphere to the

troposphere.

The tropopause in the extra-tropics is not impermeable to bi-directional transport. Synoptic-

and meso-scale processes are frequently combined with injection of stratospheric air into

the troposphere. Stratosphere-to-troposphere transport (STT) was observed in association

with tropopause folding events near both the polar jet (PJ, e.g., Danielsen, 1968; Vaughan

et al., 1994; Langford et al., 1996) and the sub-tropical jet (SJ, e.g., Baray et al., 2000).

As part of baroclinic wave life-cycles, STT has further been detected within filamentation

events (e.g., Bithell et al., 1999) and cut-off lows in regions of upper-level troughs (e.g.,

Danielsen and Hipskind, 1980; Shapiro, 1980; Ancellet et al., 1991; Price and Vaughan,

1993; Eisele et al., 1999). Inflow of stratospheric air into the troposphere was also evidenced

to occur in the presence of clouds with associated latent heat release (Lamarque and Hess,

1994; Wirth, 1995). Additionally, breaking gravity waves can effectuate STT (Lamarque et al.,

1996). This transport was further observed within meso-scale convective complexes (Poul-

ida et al., 1996). Deep subsidence of stratospheric intrusions into the troposphere have been

observed by Stohl and Trickl (1999). These can enhance O3 concentration in the boundary

layer (Stohl et al., 2000; Wernli and Bourqui, 2002) and also affect tropospheric chemistry

and subsequently the radiation budget (e.g., Roelofs and Lelieveld, 1997). Generally, fila-

mentary structures form and cascade down to smaller scales (Appenzeller et al., 1996a).

STT processes are very intermittent and a variety of mechanisms has been identified.

Extra-tropical troposphere-to-stratosphere transport (TST) has also been observed, albeit

less frequent. However, many observations show relatively moist regions in the LMS which

evidence for transport via extra-tropical paths. Model studies by Rood et al. (1997) and

Zierl and Wirth (1997) suggest radiative effects, especially in anticyclones, to induce upward

transport. Meso-scale high reaching complexes, as considered by Poulida et al. (1996) or

Wang (2003), can contribute to TST by overshooting the tropopause at the anvil outflow or

through breaking of gravity waves above cumulus clouds, respectively. The high stability of

the LMS requires a large increase in potential temperature to establish TST. Radiative heat-
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ing, however, can not affect this. Thus, tropospheric injections do typically not reach high

stratospheric levels and especially not the overworld. Anyhow, Stohl (2001) and Wernli and

Bourqui (2002) accentuate rapid transport of tropospheric air into the lower stratosphere,

established by so called warm conveyor belts (Wernli and Davies, 1997).

Due to the generally large-scale downward transport in the extra-tropics, TST has to be con-

sidered against that background (Haynes et al., 1991). The LMS is hence an atmospheric

region where the trace gas composition is a mixture of aged stratospheric overworld air and

recently intruded tropospheric air. In the recent years a so called mixing layer just above the

tropopause has been identified (Fischer et al., 2000; Dethof et al., 2000; Zahn, 2001; Hoor

et al., 2004c). This layer is rather an extra-tropical transition layer where upward transported

tropospheric air is mixed with down-welling stratospheric air. Tracer-tracer correlations have

been used to infer information on mixing (Fischer et al., 2000; Parrish et al., 2000; Zahn,

2001). However, correct quantification as well as the amount and seasonality of mixing is

still a challenging task.

Model climatologies by James et al. (2003b) and Sprenger and Wernli (2003) infer net STT

only in the sub-tropics and at middle latitudes. Net TST was derived in the polar regions.

From analyses of balloon-borne in situ measurements Ray et al. (1999) deduced strongest

transport from the overworld during spring and transport of tropospheric air into the LMS

being probably most efficient during autumn.

In contrast to the well-known cycle of the large-scale downward circulation as well as the

boundary conditions of water vapour and ozone in the overworld, there are large uncertain-

ties concerning transport processes across the lower boundary of the LMS, in particular at

the extra-tropical tropopause (Pan et al., 1997). Ozone and water vapour are suitable trace

gases to investigate and understand processes in the UT/LMS. Stratospheric trace gas dis-

tributions depend strongly on the interaction between dynamical and chemical processes

near the tropopause, since this part of the atmosphere is to a large extent affected by dy-

namics, in particular by STE. Changes in the chemical composition of the UT/LMS region

have a strong impact on atmospheric radiation. A detailed understanding of the governing

processes, particularly the variability, the chemical composition and the transport processes

of natural and anthropogenic emissions, is especially essential to assess important implica-

tions for climate and life conditions. The upper troposphere and lowermost stratosphere and

especially the tropopause region is thus of severe scientific interest.

1.2 Overview of this thesis

The objective of this doctoral thesis is to contribute to an improved understanding of the gov-

erning processes in the UT/LMS. To identify and quantify atmospheric transport processes
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it is profitable in experimental field campaigns to record as many species as possible with

different sources and sinks. At the ICG-I of the Research Centre Jülich specific instruments

were developed or modified for implementation on research aircraft. These are in particular

the FISH (Zöger et al., 1999) and the JOE (Mottaghy, 2001) instruments measuring total

water and ozone, respectively. As part of this thesis, high resolution in situ measurements of

these species were performed within the SPURT project. The project in the European area

was especially designed to establish a climatology of trace gas composition in the UT/LMS

without focussing on special meteorological events. A total of 8 airborne measurement cam-

paigns, evenly distributed over 2 years, were performed to obtain a sufficient amount of data

to analyse ongoing processes in the UT/LMS region. A campaign overview is given in chap-

ter 2.

Based on this data set seasonal cycles of measured O3 and H2O are analysed in chap-

ter 3. To get a comprehensive insight into processes and trace gas variability in the region

of the UT/LMS, the measurements are put into the frame of different reference coordinates.

Thereby, especially 2-dimensional probability distribution functions serve as a powerful tool

to illustrate and investigate the seasonal trace gas distribution with high spatial and temporal

variability.

Using a distinct coordinate system, which is especially favourable for climatological objec-

tives, the measured O3 and H2O data are represented in chapter 4. Using this coordinate

system, spanned by potential temperature and equivalent latitude, characteristic trace gas

distributions and seasonal differences in transport processes are inferred. An extended part

in chapter 4 deals with characteristics of the extra-tropical mixing layer. Tracer-tracer correla-

tions of measured and model-derived parameters are used to estimate the seasonal extent

of that layer into the LMS and how its isentropic thickness varies with season. The studies

are supported by extensive 3-dimensional trajectory studies with the Jülich CLaMS model

(e.g., McKenna et al., 2002b). For this, a preprocessor to derive the isentropic vertical ve-

locity in a more precise approach was designed, which works more sufficient, especially in

the tropopause region.

A quasi 2-year ”climatology” of H2O and meteorological parameters at the tropopause based

upon Northern Hemisphere ECMWF analyses is introduced in chapter 5. Thereby, the H2O

in situ measurements are related and compared to the model climatology. Especially, the

amount of H2O entering the LMS is assessed. During the SPURT campaigns significantly

enhanced H2O of several 10 ppmv near the tropopause and even higher up in the LMS has

been detected during all seasons. Concerning supersaturation and cirrus cloud formation in

the tropopause region and in the LMS as well as the tropospheric ozone budget, effects of

TST and STT are discussed in chapter 6, respectively. In conjunction with the former, the

RDF technique is applied in chapter 7 to analyse a specific flight during SPURT in more

detail. Within this mission significant saturation in the LMS was encountered.
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The derived climatologies for O3 during SPURT are used in a long-term simulation with

CLaMS in chapter 8. In this model run, purely based on transport and mixing, the effective-

ness of the sub-tropical jet as a barrier to quasi-isentropic transport is studied. To account

for this aspect, a natural coordinate centre based upon maximum jet stream wind speeds is

used. Thereby, it is investigated how the observed trace gas distributions and gradients are

linked to the jet stream strength.

Conclusions with future objectives are given in an extended summary in chapter 9.

It should be mentioned that within this thesis the annual seasons winter, spring, summer, and

autumn are considered as the month-triples December, January, February (DJF), March,

April, May (MAM), June, July, August (JJA), and September, October, November (SON), re-

spectively. Statements given for seasons are related to measurements during these months.

Even when using backward trajectories this terminology is maintained. This is justified since

(i) the backward trajectory calculations are performed for a maximum of 30 days and (ii) the

air parcels are never initialised within the first month of each season.
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Chapter 2
SPURT - trace gas transport in the
tropopause region

Satellite observations are a powerful tool for a global data coverage of the whole atmo-

sphere. However, there are several disadvantages and limitations given by nature and tech-

nology. For instance, clouds provide a handicap for some trace gas measurements in the

UT/LMS. The spatial resolution, particularly in the vertical, is restricted by technological fa-

cilities and not sufficient enough to resolve fine-scale structures. Due to the limitations and

the lack of satellite measurements in this atmospheric region, high sensitive and high reso-

lution observations of the UT/LMS can only be provided by aircraft, balloon or even rocket in

situ measurements. Observations over limited geographical regions, different height regimes

and seasons offer a suitable data base for case and process studies as well as for the gen-

eration, evolution and variability of atmospheric trace gas distributions. Despite the lower

spatial coverage due to the 1-dimensional measurements along the individual flight tracks,

data compositions (e.g., Emmons et al., 2000) enable a compilation of trace gas climatolo-

gies. A further advantage is the coverage of a wide range of spatial scales (local, meso and

even global scale). Obtained tracer distributions and variability can be compared to satellite

measurements. Additionally, the data benefit for implementation and initialisation in models,

e.g., to compare to tracer variability, particularly in models with Lagrangian transport and

mixing parameterisations, such as CLaMS (e.g., McKenna et al., 2002b). Accurate descrip-

tion and representations of tracer gradients in the tropopause region are especially important

for the chemical and radiative balance of climate simulations (McLinden et al., 2000).

In the recent years and decades several projects using research aircraft were carried out

to investigate the region of the UT/LMS concerning different objectives. Funded by the

BMBF (German: Bundesministerium für Bildung und Forschung, German Ministry for Ed-

ucation and Research), the POLSTAR (polar stratospheric aerosol experiment) campaigns
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in 1997 and 1998 were performed to investigate causes of O3 loss near the polar tropopause

and, in particular, the formation and composition of cirrus clouds. Objectives in the EU

(European Union) campaigns STREAM (stratosphere-troposphere experiment by aircraft

measurements, 1993−1998) were the study of the chemical composition of the UT/LMS with

latitude and season as well as the extent and role of cross-tropopause exchange. Thereby,

the focus was on biomass burning emissions and the influence of transport of polar vortex

air into the mid-latitudes. The BMBF funded project CONTRACE (convective transport of

trace gases into the middle and upper troposphere over Europe, 2001 − 2003) exploits the

overall impact of convective processes on the distribution and budgets of trace gases in the

UT over Europe, which is presently poorly known. Additionally, inter-continental transport of

air pollution on the regional trace gas budget is addressed. A further recent EU campaign

UTOPIHAN-ACT (upper tropospheric ozone: processes involving HOx and NOx, the impact

of aviation and convectively transported pollutants in the tropopause region, 2002 − 2004)

investigates the influence of aviation and convectively transported pollution on O3 in the UT.

Whereas the above mentioned projects used more or less special research aircraft, the 1994

started program MOZAIC (measurement of ozone on airbus in-service aircraft, Marenco,

1998) and the project CARIBIC (civil aircraft for the regular investigation of the atmosphere

based on an instrument container, 1997−2002, from December 2004 up to now, Brennikmei-

jer et al., 2005) use commercial and passenger aircraft to measure routinely O3, H2O and

other chemical species in the tropopause region. However, thereby only the lower part of the

LMS is reached.

2.1 The SPURT project

A cutting edge for a new concept of aircraft based campaigns was introduced by the project

SPURT (German: Spurenstofftransport in der Tropopausenregion, trace gas transport in

the tropopause region). In the frame of AFO 2000 (German: Atmosphärenforschungspro-

gramm 2000, federal atmospheric research program 2000) the joint research project SPURT

was funded by BMBF (2001 − 2004) under contract No. 07ATF27. Fast payload integration

on the used aircraft and flexible flight-planning allowed short-term operational facilities to

investigate specific meteorological events. The project with its aims, instrumentation and

performance is introduced in more detail in the following.

2.1.1 Key objectives

The SPURT project intended to investigate dynamical and chemical transport processes in

the region of the UT and LMS. The governing processes in that atmospheric region should



2.1. THE SPURT PROJECT 11

be studied within a broad latitudinal range from the sub-tropics to the Arctic. A further aim

was to obtain a good seasonal coverage of airborne high resolution in situ measurements

of chemical tracers. A sketch of the considered operational atmospheric region is indicated

by the greenish shading in Figure 1.1 in chapter 1.

2.1.1.1 Experimental intentions

Major objective of the SPURT project was the data acquisition of a large set of trace gases

with huge latitudinal and seasonal coverage in the UT/LMS. The climatological distribution

and variability of chemical species with different sources, sinks and life times in the UT and

LMS should be obtained by aircraft based measurements. Long-term observations should

be performed by a series of short-term campaigns. Thus, special demands and require-

ments to the aircraft and the instrumentation had to be fulfilled (cf. subsection 2.1.2 and

2.1.3). Chemical species to sample were the tropospheric tracers total water (H2O), carbon

monoxide (CO), carbon dioxide (CO2), nitrous oxide (N2O), methane (CH4), sulfur hexaflu-

oride (SF6), and the chlorofluorocarbons CFC11 and CFC12. Stratospheric trace gases

considered were nitric oxide (NO), total reactive nitrogen (NOy) and ozone (O3). This results

in a total of 11 species. Beneath the collection of climatological data dedicated case studies

should be performed.

2.1.1.2 Purposes of data analyses

The measurements provide the basis for various data analyses to investigate the state of

the UT and LMS. Several scientific aspects should be addressed concerning the

I trace gas distribution and their variation as a function of latitude, altitude and season,

I degree of trace gas variability and the underlying processes,

I identification of these processes on the local, meso, and global scale,

I analyses of actual variability on these scales,

I assessment and causation of transport and mixing processes and their effects on trace

gas budgets,

I coupling between the UT and the LMS with regard to latitude, altitude and season.

Beside the experimental analyses model application are applied to investigate atmospheric

processes. Using the RDF (reverse domain filling, cf. chapter 7) technique in case studies



12 CHAPTER 2. SPURT - TRACE GAS TRANSPORT IN THE TROPOPAUSE REGION

helps to interpret observations during flight missions and to identify recent stratosphere-

troposphere exchange. With long-term simulation using the Jülich CLaMS dynamical

causes, temporal evolution and trace gas structures on different scales are studied. Further-

more, coupling processes of dynamical and chemical processes in the tropopause region

are examined using different chemical transport models. Beneath the analysing character,

the data set with climatological distribution and variation of considered chemical species

provide a valuable basis for modelling purposes, in particular to improve models and their

parameterisations but also to compare to satellite data and tracer variability.

Additional aspects are covered by the theory group at the Johannes Gutenberg University

of Mainz. The tropopause sharpness during baroclinic wave development is studied. Fur-

ther, with the so-called contour-advective semi-Lagrangian (CASL) algorithm the evolution

of passive tracers in the tropopause region is investigated with very high spatial resolution.

The large amount of information and, up to the present, the unique data set of high res-

olution in situ measurements of several chemical species in the European sector offers a

vast quantity of potentialities and options for data analyses and investigations of scientific

problems. Since the SPURT data set provides the basis for this thesis, several questions

mentioned above are addressed.

2.1.2 Instrumentation and project partners

SPURT was a cooperative project of several institutes and companies. A total of 8 single 1-

week measurement campaigns evenly distributed over all seasons were planned. In order to

achieve a key objective of long-term observations from short-term campaigns a Learjet 35A,

which was supposed to be appropriate for the campaign strategy, was equipped with high

resolution in situ instruments. The Learjet 35A D-CGFD was provided by the company en-

viscope GmbH in co-operation with GFD (German: Gesellschaft für Flugzieldarstellung) in

Hohn, Germany. The used aircraft is depicted in Figure 2.1 with some technical details. De-

pending upon the meteorological conditions, the aircraft’s ceiling altitude is of ≈ 14 km and

thus allows sampling in the lowermost stratosphere during all seasons, even at sub-tropical

latitudes. Beneath the meteorological data recording, 6 instruments of 4 different research

groups were integrated into the measurement platform to probe different tracers within the

cross-sectional flights. A short overview of the instrumentation and participating institutes is

given in Table 2-I.

Two instruments aboard the aircraft are in service of the ICG-I (Institute for Chemistry

and Dynamics of the Geosphere I: Stratosphere) of the FZJ (German: Forschungszentrum

Jülich, Research Centre Jülich GmbH). Total water (H2O), measured as the sum of vapour

and vaporised ice, was measured with the photofragment-fluorescence technique by the
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Figure 2.1.: Aircraft used to perform the SPURT campaigns: Learjet 35A D-CGFD, provided by GFD (Hohn,
Germany) in co-operation with the company enviscope GmbH (Frankfurt/Main, Germany). Some technical data
are drawn in the photograph. Further information can be found under the uniform resource locater address
http://www.enviscope.de/home campaign.html . (Photo by M. Krebsbach)

Table 2-I: SPURT instrumentation on the Learjet35A D-CGFD and responsible research groups. Additionally, the mea-
surement principles with resolution and uncertainty (including precision and accuracy) are listed. Species which were
measured twice during some flights are highlighted in bold letters. Abbreviations used are as following for the measuring
principles: Ly-α ≡Lyman-α fluorescence, UVA≡UV absorption, TDLAS≡tunable diode laser absorption spectroscopy,
NDIR≡non-dispersive infrared-absorption, CL≡chemiluminescence, GC≡gas chromatography. The SPURT partners are
shortened as: FZJ≡Institute for Chemistry and Dynamics of the Geosphere I: Stratosphere of the Research Centre Jülich
(Germany), MPI≡Max Planck Institute for Chemistry, Mainz (Germany), IACETH≡Institute for Atmospheric and Cli-
mate Science of the Swiss Federal Institute of Technology Zürich (Switzerland), and JWGU≡Institute for Meteorology and
Geophysics, Johann Wolfgang Goethe University of Frankfurt/Main (Germany).

.
chemical
species

partner instrument principle resolution
in s

uncertainty
in %

reference

total H2O FZJ FISH Ly-α 1 < 3 Zöger et al., 1999

O3 FZJ JOE UVA 10 5 Mottaghy, 2001

CO, N2O,
CH4

MPI TRISTAR TDLAS 5 1.5, 1, 2.5 Wienhold et al., 1998

CO2 MPI LiCor-6262 NDIR 1 < 0.1 Gurk, 2003

NO, NOy,
O3

IACETH CLD 790 SR CL 1 4.5, 16, 5 Hegglin, 2004

CO,
CFC11/12,
SF6, N2O

JWGU GHOST II GC 90,45 < 1 Bujok et al., 2001



14 CHAPTER 2. SPURT - TRACE GAS TRANSPORT IN THE TROPOPAUSE REGION

FISH instrument (fast in situ stratospheric hygrometer, Zöger et al., 1999). Ozone (O3) was

measured with UV absorption by the JOE instrument (Jülich ozone experiment, Mottaghy,

2001). For most flights (from the 3rd campaign on), O3 was additionally measured by the

CLD 790 SR instrument of the IACETH (Institute for Atmospheric and Climate Science of

the Swiss Federal Institute of Technology). A comparison of O3 measurements by JOE and

the CLD 790 SR show good agreements with a mean correlation coefficient of ≈ 0.99. No

significant systematic differences were detected. Anyhow, a slight impact of photomultiplier

temperatures of the CLD 790 SR to its O3 signal is evident but not essential (Hegglin, 2004).

Figure 2.2.: Instrumentation setup on the
larboard side of the Learjet 35A (top, Photo
by H. Franke). The inlet system is drawn to
a larger scale in the bottom chart (Photo by
D. Mottaghy).
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The approximate locations of the instruments on the larboard side of the Learjet 35A, in-

cluding the equipment in service of the ICG-I, is shown in Figure 2.2. Whereas the flow and

data recording system of the total water measurement instrument is totally integrated in the

FISH, both components are separated for the ozone measurements by JOE. The FISH inlet

is forward facing, the JOE inlet is backward facing with a PFA-teflon tubing to reduce artifi-

cial O3 destruction by air contact with metallic surfaces. To ensure sufficient air convection

in the flow system of JOE, an external pump is placed below the rack for the meteorological

and avionic data recording system. The inlet system is drawn to a larger scale in the bottom

chart in Figure 2.2.

2.1.3 Concept and campaign performance

Performance of long-term observations in short-term campaigns can only be established

with a request of the aircraft on short notice and with integration of the instruments within a

short time. The opportunity of a fast availability of the Learjet 35A, its medium range capabil-

ity of≈ 4000 km and a ceiling altitude of≈ 14 km were outstanding advantages to achieve the

project goals. The single campaigns should be seasonally distributed over 2 years. Thereby,

each campaign should be carried out in a time frame of only 1 week to occupy the aircraft

as short as possible, thus keeping costs low. The time period includes integration of the

payload, performance of research flights, and de-installation of the equipment.

To keep the planned time schedule both the aircraft and the instruments have to fulfill spe-

cific conditions. The payload weight was restricted to ≈ 1000 kg. Thus, the instruments have

to be implemented in special designed lightweight and robust racks and within fast-locking

systems. Beneath the payload and the minimum flight crew, i.e. pilot and co-pilot, there was

room for two additional operators aboard the Learjet 35A. After a preparation phase a test

campaign with instrument integration as well as safety and electromagnetic compatibility

tests was performed in April 2001, resulting in a successful certification and a short test

flight.

The succeeding high-resolution in situ measurements of the set of trace gases listed in Ta-

ble 2-I took place over Europe between November 2001 and July 2003. This main research

part of the SPURT project was divided into 8 single campaigns with a duration of 5− 6 days.

Main base was the military base in Hohn, northern Germany (9.53◦E, 54.31◦N), where the

Learjet 35A and the GFD is resident. On 2−3 subsequent days, 4−6 flights were carried out.

On one day northbound flights, on the other southbound flights were performed. Thereby,

the flight routes were restricted by aerial surveillance and aircraft restrictions. Each flight

had a duration of about 4 hours, resulting in a total number of 147 flight hours. Details of the

performed research flights are given in Table 2-II. Stop criterions of a flight mission or rather
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a strong reduction of flight duration should be applied if neither GHOST II nor TRISTAR

were operating or if no ozone measurements were available. However, only once a flight

was shifted by one day due to problems with GHOST II.

With this innovative measurement concept, with fast integration and testing of the measure-

ment equipment within 2 − 3 days and a quick and flexible flight planning, a good seasonal

coverage was obtained. Each annual season was investigated within 2 campaigns in the

region around the polar jet covering a broad latitude range between ≈ 20− 80◦N.

Table 2-II : Overview of the performed SPURT campaigns. Listed are the campaign with the corresponding time period, the
flight day, locations of take off (TO) and touch down (TD), the covered longitudinal and latitudinal range as well as the flight
duration. In the last row the single flight times are summed up. The flight times are given in the format hours:minutes. The
used abbreviation IOP denotes Intensive Operation Phase, reflecting the chronological order of the performed campaigns.
H2O and O3 data are available for all missions, except for the 2 flight missions on August 23, 2002, (missing H2O data)
and on the last 2 flight missions on February 16, 2003, (missing O3 data). However, since O3 was measured twice (from
IOP3 on), O3 data are totally disposable.

campaign:
time period

flight
day

destinations:
TO → TD

longitudinal
range

latitudinal
range

flight
time

10 Hohn→ Faro 09.83◦W-09.56◦E 35.78-54.32◦N 04:13
IOP 1: 10 Faro→ Hohn 08.42◦W-09.53◦E 37.01-54.29◦N 04:23
07-12 Nov 2001 11 Hohn→ Kiruna 09.37◦E-21.39◦E 54.29-68.66◦N 02:44

11 Kiruna→ Hohn 09.68◦E-25.24◦E 54.19-73.12◦N 04:11
17 Hohn→ Casablanca 08.22◦W-09.56◦E 33.49-54.34◦N 04:27
17 Casablanca→ Cran Canaria 14.44◦W-07.77◦W 27.50-33.33◦N 01:56

IOP 2: 18 Cran Canaria→ Lisbon 15.39◦W-07.69◦W 27.92-38.60◦N 02:32
15-20 Jan 2002 18 Lisbon→ Hohn 09.14◦W-09.56◦E 38.77-54.14◦N 03:35

19 Hohn→ Tromsø 00.11◦E-19.20◦E 54.31-73.20◦N 04:35
19 Tromsø→ Hohn 00.10◦E-19.07◦E 54.39-73.13◦N 04:23
16 Hohn→ Jerez 08.68◦W-09.63◦E 36.13-54.32◦N 04:52

IOP 3: 16 Jerez→ Hohn 13.92◦W-08.85◦E 36.72-54.22◦N 04:31
13-17 May 2002 17 Hohn→ Tromsø 09.25◦E-24.00◦E 54.28-75.10◦N 04:39

17 Tromsø→ Hohn 05.02◦E-18.97◦E 47.85-69.75◦N 04:45
22 Hohn→Monastir 09.52◦E-13.60◦E 33.80-54.32◦N 03:53

IOP 4: 22 Monastir→ Hohn 08.33◦E-11.86◦E 35.72-54.52◦N 03:33
19-24 Aug 2002 23 Hohn→ Keflavik 27.21◦W-09.76◦E 54.31-65.05◦N 03:46

23 Keflavik→ Hohn 22.63◦W-09.75◦E 53.34-63.99◦N 03:47
17 Hohn→ Seville 07.03◦W-09.56◦E 36.50-54.32◦N 04:30

IOP 5: 17 Seville→ Hohn 08.00◦W-09.89◦E 35.42-54.27◦N 04:39
14-19 Oct 2002 18 Hohn→ Keflavik 26.27◦W-09.56◦E 53.71-63.71◦N 04:18

18 Keflavik→ Hohn 26.60◦W-09.40◦E 54.27-64.11◦N 03:53
15 Hohn→ Faro 12.00◦W-09.68◦E 36.84-54.32◦N 04:39
15 Faro→ Hohn 07.97◦W-10.02◦E 36.99-54.25◦N 04:32IOP 6:
16 Hohn→ Tromsø 09.54◦E-18.54◦E 54.31-69.86◦N 02:5912-17 Feb 2003
16 Tromsø→ Longyearbyen 10.02◦E-30.08◦E 69.54-82.07◦N 03:43
16 Longyearbyen→ Hohn 09.33◦E-19.08◦E 54.36-78.26◦N 03:43
27 Hohn→ Kiruna 09.37◦E-21.00◦E 54.29-72.99◦N 04:21
27 Kiruna→ Hohn 08.43◦E-20.35◦E 49.99-70.53◦N 04:50IOP 7:
28 Hohn→ Lisbon 10.39◦W-09.55◦E 38.50-54.31◦N 04:3223-29 Apr 2003
28 Lisbon→ Hohn 10.19◦W-13.44◦E 37.95-54.51◦N 04:17
29 Hohn→ Hohn 09.42◦E-15.60◦E 53.27-66.09◦N 04:18
09 Hohn→ Faro 08.07◦W-09.56◦E 35.88-54.32◦N 04:04

IOP 8: 09 Faro→ Hohn 05.05◦W-09.55◦E 35.87-54.47◦N 04:27
07-10 Jul 2003 10 Hohn→ Tromsø 09.30◦E-21.82◦E 54.29-73.25◦N 04:15

10 Tromsø→ Hohn 06.54◦E-21.75◦E 49.90-69.69◦N 04:15

total flight time 147:00
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A typical operational sequence of a campaign started with the arrival of the research and

engineering groups. The whole equipment was shipped to Hohn and back to the home base

of each group for all campaigns. The aircraft was prepared for instrument integration in the

hangar by enviscope GmbH and GFD and the research groups arranged their instrumen-

tation. On the second day the whole payload was integrated into the aircraft, including the

installation of racks, instrumentation, data acquisition system and first tests. The third day

started with the aircrafts weighing and leak tests. The rest of the day was reserved for final

instrument tests, repairs, if necessary, and calibrations as well as preliminary flight plan-

ning and crew briefing.The first campaign flights took place on the fourth day. After the flight

preparation, fore-runnings of the instruments and final crew briefing, two flight missions,

each of an approximate duration of 4 hours, were conducted. Thereby, a short break for fuel

refilling, status report and eventual troubleshooting in contact with the home base was estab-

lished at the destination airport. Back in Hohn a de-briefing, data retrieving, some instrument

calibrations and quick-look discussions were accomplished, as well as the preparation for

the next operation day. The following flight day starts with the same process sequence. After

the missions and data collection, the payload was partly uninstalled from the aircraft. On the

sixth day final de-installations were performed, the whole equipment was packed and the

groups departed. Within this compact campaign concept, the Learjet 35A was blocked only

for 4 days. Thus, the operation schedule in the SPURT project was maintained very well.

2.1.4 Meteorological preflight and post-flight support

For the flight planning extensive meteorological support with forecasts and analyses was

provided by IACETH, adapted from 3 h operational ECMWF (European Centre for Medium-

Range Weather Forecasts) data with 60 vertical levels (T511L60). Based upon the PV fields

the flight levels as well as planned crossings of air masses of different origins were adjusted.

Thereby, during most SPURT missions a typical flight structure was applied (cf. Figure 2.3).

Due to the different time resolutions of the single instruments the whole measurement data

were merged to 5 s data by IACETH. For an average aircraft flight speed of approximately

150 − 200 m s−1 this results in an average spatial resolution of about 0.75 − 1.00 km.

Based upon the achieved meteorological and avionic data during the flight missions, the

IACETH supplied meteorological post-flight analyses. These contained pressure cross-

sections along the flight path and information of 10-day backward trajectories. The latter

were included into the merged data set. The trajectories were initialized every 10 seconds

along the flight track (Wernli and Davies, 1997) to get detailed history information of the

probed air masses.
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Figure 2.3.: Sketch of a typical flight pattern during SPURT. During take off and approach for landing slow ascents and
descents were performed to obtain highly resolved vertical profiles. The first flight leg at constant pressure altitude was
located in the tropopause region, the second deeper within the LMS. At the end of each mission, a climb to maximum
altitude was carried out. The flight pattern of the outward flight was mirrored on the return flight to the home base.

In this thesis, trajectory information are used from calculations with the trajectory module

of the Jülich CLaMS (Chemical Lagrangian Model of the Stratosphere, McKenna et al.,

2002b,a). Thereby, Northern Hemisphere ECMWF analyses with a time resolution of 6 hours

and a grid resolution of 1◦×1◦ in latitude and longitude on 21 pressure levels (1000, 925, 850,

700, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, 10, 7, 5, 3, 2, 1 hPa) were used. Since

CLaMS operates on isentropic surfaces, the hybrid data set of each analysis was first of all

interpolated to 25 isentropic surfaces, located between 280 and 400 K in 5 K steps, according

to the Poisson-equation

Θ = T ·
(

p

p0

)−κ

. (2.1)

Hereby, T is the temperature in K, p is the pressure in hPa, p0 is the reference pressure

(here set to 1000 hPa) and κ = R/cp is the Poisson-constant with R = 287.04 J kg−1 K−1 as

the individual gas constant and cp = 1004 J kg−1 K−1 as the specific heat constant, both for

dry air (e.g., Pichler, 1997).

2.2 The H2O and O3 SPURT data set

The FISH and JOE measurements during the SPURT project provide the main data base

for this thesis. Beneath the maintenance of the measurement equipment, the instruments

had to be prepared for their application on the research flights. In order to assure a high

data accuracy, the servicing included several instrument calibrations in the laboratory before

and after each campaign, as well as calibrations during the campaigns in the hangar. The

sampled data during the single SPURT campaigns were prepared and archived. Thereby,

the huge amount of achieved H2O and O3 data reflect the successful performance of the

SPURT project and the reliability of the FISH and the JOE instrument.
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Figure 2.4.: In the left chart, the distribution of the SPURT measurements with a5 s time resolution in the geographical
(1◦×1◦ grid) space is displayed. Thereby, the colour bar reflects the number of5 s data points in each geographical bin. The
right chart shows frequency distributions of the sampled SPURT data in the potential temperature space. Hereby, a seasonal
separation is performed (autumn, winter, spring, and summer corresponding to red, blue, green, and orange, respectively).
The total number of merged data points during each season is given in the upper left corner.

As mentioned above, for a consistent SPURT data set the final data of all measured species

were merged by IACETH to a uniform time resolution of 5 s. An overview of the obtained

coverage of the 5 s trace gas measurements in the geographical and potential temperature

(Θ) space is given in Figure 2.4. Beneath the campaign base Hohn in northern Germany,

the two main inter stations, Faro in southern Portugal and Tromsø in Norway, are identifiable

in the geographical distribution. Each annual season (autumn, winter, spring, and summer,

corresponding to the months SON, DJF, MAM, and JJA) was investigated in two campaigns.

The frequency distribution of data points in potential temperature intervals from 280 K to

380 K in steps of 10 K indicates winter and spring with ≈ 29000 and ≈ 30000 data points

as the best captured seasons within the SPURT project. With ≈ 24000 data points also

the autumn and summer seasons are probed quite well. The lower boundary of 280 K is a

sampling result, since the inlet of the FISH instrument was only opened below a pressure

value of ≈ 400 hPa. Also the JOE instrument provides high qualitative data rather below that

pressure level.

The distribution of measurements in the potential temperature space reflects the flight con-

cept of the SPURT missions. Slow ascents and descents led to a good coverage of the

vertical structure between 280 − 310 K. Within each flight two flight legs at rather constant

pressure altitude were performed, one near and the other above the tropopause (cf. num-

bers of data points within 320− 340 K and 350− 370 K). In a final step, a climb to maximum

altitude (> 370 K) was performed to sample generally undisturbed stratospheric background

air. Due to fuel consumption and thus the lower mass of the aircraft, the climb took place at

the end of each mission. The altitude flight profile was mirrored on the mission back to Hohn

to sample the meteorological condition at two different height regimes. Additional informa-
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tion about the SPURT concept can be found up to now in Hoor et al. (2004a,c) and Hegglin

(2004).
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Chapter 3
Seasonal cycles and variability of O3 and
H2O during SPURT

The SPURT data set provides information of both climatological and individual processes.

In this chapter the in situ measurements of ozone and total water are first used to derive

the seasonal cycles of both chemical species in the upper troposphere and in the lowermost

stratosphere. However, different meteorological conditions and dynamical impacts affect the

trace gas composition in the UT/LMS. The underlying variation, ranging and correlation of

both trace gases relative to different chemical, thermal and dynamical coordinates are then

investigated in more detail by using 2-dimensional probability distribution functions.

The troposphere and the stratosphere are two atmospheric compartments with substantially

different physical and chemical characteristics. Thus, first of all the location of the notedly

boundary between both regimes, i.e. the tropopause, is analysed as observed during the

SPURT campaigns, in order to derive the seasonal trace gas cycles in the UT and LMS.

3.1 Tropopause heights from SPURT ascents and descents

The determination of the tropopause location is a well known complicacy. There are several

tropopause definitions for different purposes. For the extra-tropics definitions of the ther-

mal or lapse-rate tropopause (LRT, Haynes and Shepherd, 2000), based upon the ba-

sis of the temperature lapse rate ∂T/∂z, the chemical, deduced from the O3 profile, and

the dynamical tropopause, derived from the PV profile, are widely used. In the tropical re-

gions the tropical thermal tropopause1 (TTT, Haynes and Shepherd, 2000), the secondary

tropical tropopause2 (STT, Haynes and Shepherd, 2000), the cold-point tropopause3 (CPT,

1typically at16-17 km
2level of maximum convective outflow above the drifting of the lapse rate from the moist adiabat
3height of coldest temperature
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e.g., Highwood and Hoskins, 1998; Haynes and Shepherd, 2000) the clear-sky radiative

tropopause4 (CSRT, Haynes and Shepherd, 2000) and the hygropause5 (HP, Kley et al.,

1979) are applied. However, up to now there exists still no tropopause definition, based upon

physics or chemistry, which is appropriate to suffice in almost all meteorological conditions

as well as from the poles to the equator (Wirth, 2000).

After the definition of the World Meteorological Organization (WMO) the thermal tropopause

is placed at the lowest level below a pressure of 500 hPa at which the lapse rate falls below

-2 K/km and does not exceed that value for at least 2 km further upward (cf. WMO, 1986a;

Poulida et al., 1996). As noted by Danielsen and Hipskind (1980) temperature shows sys-

tematic changes, but in view of the gradual character of these changes there could also exist

a second discontinuity in the temperature profile. Especially in regions with cross tropopause

exchange processes most difficulties to derive an exact tropopause location arise. Due

to mere reversible dynamical changes the character of the air could change from tropo-

spheric to stratospheric and reverse, which shows one of the disadvantages of the thermal

tropopause definition.

Owing to the different concentrations of O3 in the troposphere and the stratosphere (up to 2

orders of magnitude higher in the stratosphere) and a sharp gradient in the transition region

between the troposphere and the stratosphere, a chemical tropopause is most frequently

defined as the location at which the O3 volume mixing ratio (VMR) starts to increase rapidly

with height and exceeds 100 ppbv (e.g., WMO, 1986b). There are several studies defining

or using the chemical (ozone) tropopause (e.g., Bethan et al., 1996; Thouret et al., 1998;

Talbot et al., 1999; Zahn et al., 2004b). Bethan et al. (1996) assigned four characteristics

of a chemical tropopause. The ozone gradient in the vertical has to be at least 60 ppbv/km,

the O3 VMR must exceed 80 ppbv, potential vorticity has to be greater than 1.6-2.0 PVU6

and just above that derived altitude the O3 concentration must exceed 110 ppbv. The use

of O3 as a chemical species to distinguish between tropospheric and stratospheric air is

particularly favourable in winter when there is little photochemical production of O3 in the

troposphere (cf. subsection 3.2.1, Haynes and Shepherd, 2000). Ozone often gives clearer

signatures between the troposphere and the stratosphere than the lapse rate tropopause,

e.g., in cyclones (Bethan et al., 1996; Haynes and Shepherd, 2000). The tropopause analy-

sis of Bethan et al. (1996) was primarily given for winter and spring where it appears to be

located about 800 m below the thermal tropopause.

Beyond the thermal and chemical definition, the tropopause can also be derived by a dy-

namic quantity. Already Danielsen (1968) proposed the potential vorticity as the most ade-

quate parameter for the identification of the physical boundary between the troposphere and

4level with vanishing clear-sky heating
5location of the minimum water vapour mixing ratio
6PVU denotes Potential Vorticity Unit corresponding to 10−6 m2 s−1 K kg−1 (Hoskins et al., 1985)



3.1. TROPOPAUSE HEIGHTS FROM SPURT ASCENTS AND DESCENTS 23

the stratosphere. Potential vorticity reflects by definition7the stability of the atmosphere and

increases therefore with height. Diabatic heating due to O3 in the stratosphere and the result-

ing large stability causes PV values in the stratosphere to exceed those in the troposphere

by 1-3 orders of magnitude. In the troposphere the vertical stability is decreased by sur-

face heating and radiative cooling of the tropopause region. At the extra-tropical tropopause

a strong vertical gradient of PV is evident. Various threshold values of PV representative

for the location of the extra-tropical tropopause are given in the literature. They range from

> 1.0 PVU (Bithell et al., 1999), 1.6 PVU (Danielsen, 1984; Price and Vaughan, 1993; Stohl

and Trickl, 1999) and 2.0 PVU (e.g., mentioned, used or estimated by Holton et al., 1995;

Appenzeller et al., 1996b; Ray et al., 1999; Rood et al., 2000; Wernli and Bourqui, 2002;

Pfister et al., 2003; Stohl et al., 2003b; Sprenger et al., 2003; James et al., 2003a; Hoor

et al., 2004c) to 3.5 PVU (Hoerling et al., 1991; Hoinka, 1999) and 3-4 PVU (Ovarlez et al.,

1999). Many studies exposed a PV value of 2.0 PVU. The PV-based tropopause definition

alone could not be maintained since it breaks down in the tropics. Anyhow, this dynamical

tropopause definition is more attractive than the WMO thermal tropopause definition, since

PV is a conserved quantity under adiabatic and frictionless conditions (Ertel, 1942) and fur-

thermore emphasises the nature of the tropopause as a material surface (Hoskins et al.,

1985; Wirth, 1995). However, for estimating fluxes related to stratosphere-troposphere ex-

change it is essential to know the exact location of the tropopause. There are difficulties in

determining the tropopause height (Highwood et al., 2000; Zängl and Hoinka, 2001), and

especially subjectivity and the associated sensitivity can be substantial in cases when the

tropopause is less sharp (Wirth, 2000; Zängl and Hoinka, 2001). Recapitulating, the extra-

tropical tropopause can be located at the basis of the temperature lapse rate, the ozone and

the potential vorticity profile.

Since the thermal tropopause has a generally accepted definition, extra-tropical tropopause

heights were determined by the WMO criterion (cf. page 22) from temperature profiles dur-

ing SPURT ascents and descents (a total of 72 profiles) when possible, i.e. when a vertical

profile was sufficiently high enough to apply the thermal definition. Additionally, the chem-

ical tropopause definition based on O3 profiles after Bethan et al. (1996) was applied. For

each profile the altitude, the potential temperature, the O3 VMR as well as the PV value at

the derived thermal (TPth) and chemical (TPch) tropopause heights are given in Table A-I. It

is evident in nearly all vertical profiles that PV and O3 are well correlated (not shown here

in detail, refer to subsection 3.4.1 and section 3.5), particularly for cases of recent inflow

7The isentropic potential vorticity is defined as

PV ≡ −g · (f + ζ) · ∂Θ

∂p
, (3.1)

whereg is the gravity acceleration,f is the Coriolis parameter,ζ = ∂v
∂x
− ∂u

∂y
is the relative vorticity (equal to the vertical

component of the curl of the horizontal wind speed),Θ is the potential temperature (cf.Equation 2.1) andp is the pressure
(e.g., Pichler, 1997).
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Figure 3.1.: Correlations between derived parameters at the chemical and thermal tropopause. Clockwise: correlations of
altitude (alt), potential temperature (Θ), ozone mixing ratio (O3), and potential vorticity (PV). The correlation coefficients
are0.87, 0.88, 0.45 and0.39, respectively. The dotted lines indicate the perfect correlation.

of stratospheric O3 into the troposphere (e.g., Danielsen, 1968; Browell et al., 1987). This

finding is also represented by the similar correlation coefficients in Figure 3.1. For a com-

parison of the thermal and chemical tropopause definition and to estimate a threshold value

for a dynamically defined extra-tropical tropopause, correlations for the four derived parame-

ters as well as normalised frequency distributions of PV values at the identified thermal and

chemical tropopause heights are shown in Figure 3.1 and Figure 3.2, respectively.

Altitude and potential temperature at different defined tropopause heights are rather well

correlated with correlation coefficients of 0.87 and 0.88. In contrast to the results of Bethan

et al. (1996), the chemical tropopause is located slightly above the thermal tropopause. The

mean (median) of the differences are 452 m (238 m) and 4 K (3 K), respectively. The correla-

tion of O3 VMRs and PV values show no good correlation at all, illustrating the high gradients

of both parameters near the tropopause (correlation coefficients 0.45 and 0.39, mean (me-

dian) 26 ppbv (14 ppbv) and 0.6 PVU (0.4 PVU), respectively). However, in the frequency

distributions PV values at the derived thermal and chemical tropopause heights show nearly

the same shape with a maximum frequency in the 2.0 − 2.5 PVU range. Mean and median

values for both definitions are also about 2.5 PVU. Considering the strong gradient of PV

near the thermal and chemical tropopause, the vertical profile analyses of SPURT ascents
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and descents suggest that a potential vorticity value of 2.0 PVU is a good proxy for a dy-

namical definition of the extra-tropical tropopause. Taking the value 2.0 PVU as the measure

for the extra-tropical tropopause (and regarding the increase of PV with height) the dynami-

cal tropopause is located slightly below the thermal tropopause which is in accordance with

results from Hoerling et al. (1991) and Bethan et al. (1996).

3.2 Seasonal cycles of O3 and H2O

3.2.1 O3 in the UT and LMS

Since ozone is a strong infrared absorber and due to O3 photolysis, the radiative balance of

the troposphere is largely sensitive to variability and changes in tropospheric ozone concen-

trations. In the troposphere about 10 % of the total amount of atmospheric ozone is present,

whereas ≈ 90 % is enriched in the stratosphere (e.g., Lelieveld and Dentener, 2000).

Owing to its high potential for participating in oxidation processes through the formation of

hydroxyl radicals (OH) ozone increases with altitude and has also a strong gradient across

the tropopause (cf. section 3.1). It was assumed that tropospheric ozone is controlled by

cross-tropopause transport from the stratosphere into the troposphere (e.g., Regener, 1957;

Danielsen, 1968). Despite that, breakdown of hydrocarbons and carbon monoxide can also

cause episodes of photochemical in situ production of ozone in the troposphere, particularly

in urban environments during summer. The build-up of ozone by photochemical oxidation of

these species is thereby catalysed by nitrogen and hydrogen oxides (NOx and HOx) (e.g.,

Haagen-Smit and Fox, 1956; Crutzen, 1973; Chameides and Walker, 1973). In the literature,

two aspects of tropospheric ozone origin are discussed: (i) ozone transport from the strato-

sphere (e.g., Levy et al., 1985) and (ii) in situ photochemistry (e.g., Crutzen, 1974; Fishman
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et al., 1979). Some three-dimensional global chemical transport models (CTM, e.g., Müller

and Brasseur, 1995; Levy et al., 1997; Wang et al., 1998b; Crutzen et al., 1999) account for

both processes. However, in their results wide ranges of tropospheric ozone origin illustrate

the involved uncertainties. Whereas both terms are globally approximately balanced, locally

they may be very different (Lelieveld and Dentener, 2000). For an analysis of the strato-

spheric source of tropospheric ozone derived from the SPURT measurements it is referred

to section 6.2.

The annual cycle of tropospheric ozone in unpolluted air shows a summer minimum and a

winter maximum (Ayers et al., 1997), since, due to the prevailing photochemistry, low NOx

contents lead to net destruction of ozone. In contrast to these remote sites, there exists

a number of regions that show a broad summer maximum in tropospheric ozone. The ex-

istence of such a maximum is often associated with the photochemical production (e.g.,

Logan, 1985). Ozone is thereby formed by reactions involving volatile organic compounds

(VOC) and NOx, driven by solar radiation. A lot of these regions are continental and influ-

enced by pollution (e.g., Logan, 1989; Scheel et al., 1997). However, the appearance of a

spring maximum in the ozone seasonal cycle in the Northern Hemisphere troposphere is

heavily debated (cf. review of Monks, 2000).

In Figure 3.3 monthly mean ozone concentrations in different potential vorticity domains,

characteristic for specific dynamic regions of the atmosphere, are shown as measured dur-

ing the SPURT campaigns. Thereby, the data are binned for northbound (top, left), south-

bound (top, right) and all flights (bottom) separately. Since potential vorticity increases with

height and latitude in the Northern Hemisphere, it is used here to split the data set into at-

mospheric subsets. As evidenced in section 3.1, a potential vorticity value of 2.0 − 2.5 PVU

is representative for the location of the extra-tropical tropopause during SPURT. Potential

vorticity values < 2.0 PVU therefore denote the (upper) troposphere, values within the range

2.0 − 3.0 PVU the tropopause region, and higher values reflect an increasing stratospheric

character of the probed air.

Considering the complete data set the seasonal cycle of ozone shows a broad spring to

summer maximum in the troposphere and a minimum during winter. This is consistent with

Beekmann et al. (1994), who showed by balloon-borne Brewer-Mast sondes at Observatoire

de Haute Provence (OHP) that the seasonal variation of tropospheric ozone is characterised

by a large maximum during spring and summer. Furthermore, LIDAR and ozone sonde mea-

surements from OHP within 1976 − 1995 give evidence for a shift from a spring maximum

to a spring/summer maximum in the free troposphere (Ancellet and Beekmann, 1997). Re-

garding the northbound and southbound flights during SPURT, the maximum in tropospheric

ozone concentrations for higher latitudes occurs during late spring and is shifted to late sum-
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Figure 3.3.: Annual mean values of ozone mix-
ing ratios (in ppbv) in the region of the upper tro-
posphere and lowermost stratosphere as derived
from the SPURT measurements. The means are
displayed in terms of potential vorticity surfaces,
incremented by1 PVU (colour coding for0-1, 2-
3, 4-5, 6-7, 8-9 PVU). The root mean squares for
each PV interval are indicated by the vertical er-
ror bars. The seasonal cycle is displayed for the
northbound (top, left) and southbound (top, right)
flights as well as for all flights (bottom).

mer further south. This is in agreement with results of Scheel et al. (1997) from low-altitude

and mountain sites between 28− 79◦N. Ozone precursors like NOx, CO, and hydrocarbons

at middle and higher latitudes accumulate in the free troposphere during winter and spring

(e.g., 2-dimensional model studies by Hough, 1991). This may explain the slight shift towards

spring observed during the northern flights. The observed maximum in ozone mixing ratios

during summer is possibly a result of in situ photochemical production (e.g., Logan, 1985;

Haynes and Shepherd, 2000) since photochemical activity is expected to be highest during

this period (e.g., Liu et al., 1987) and thus in phase with the UV intensity, peaking in June

(Beekmann et al., 1994).

For high potential vorticity values, i.e. in the lowermost stratosphere, a clear spring maximum

and autumn minimum is evident with an amplitude of ≈ 400 ppbv ozone within the highest

potential vorticity bin. This is apparent in all considered categories. The ozone build-up in

this atmospheric region occurs during winter as a consequence of poleward and downward

transport, since the lifetime of ozone is long with respect to chemical loss (e.g., Holton et al.,

1995) and is largely controlled by dynamics (Logan, 1999). The observed spring maximum

in the lowermost stratosphere over Europe is therefore owing to the downward advection

of high ozone mixing ratios by the stratospheric winter/spring Brewer-Dobson circulation

(e.g., Logan, 1985; Austin and Follows, 1991; Oltmans and Levy III, 1994; Logan, 1999;

Haynes and Shepherd, 2000; Prados et al., 2003). Ozone concentrations fall off from March
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to October with a maximum decrease rate within May to August. Much of this decrease is

probably caused by the change in tropopause height and transport mechanisms (see also

chapter 8), which leads to a decrease in the ozone content in this region. On the basis

of observations of SAGE II (Stratospheric Aerosol and Gas Experiment II) aboard ERBS

(Earth Radiation Budget Satellite), Pan et al. (1997) and Wang et al. (1998a) assumed that

isentropic cross-tropopause inflow of tropospheric air into the lowermost stratosphere influ-

ences the seasonal cycle of ozone (and water vapour, cf. subsection 3.2.2) in that atmo-

spheric region, especially during summer. A maximum of quasi-isentropic inflow into the

lowermost stratosphere in summer was also identified in model studies by Chen (1995) (2-

dimensional) and Eluszkiewicz (1996) (3-dimensional). Enhanced content of tropospheric air

in September compared to May was identified by Ray et al. (1999) from balloon-borne CFC

(chlorofluorocarbons) and water vapour measurements, which was also thought to be owing

to quasi-isentropic in-mixing of tropospheric air. The seasonal cycle of ozone in the extra-

tropics therefore differs between the upper troposphere and the lowermost stratosphere.

The transition region between the troposphere and the stratosphere (2.0−3.0 PVU) is rather

influenced by the troposphere. However, just above the tropopause (4.0 − 5.0 PVU) the

stratospheric signal is already evident.

Comparing the mean ozone mixing ratios in the different potential vorticity ranges of the

northbound and southbound flights the latitudinal ozone gradient is apparent. Whereas the

tropospheric ozone concentrations are rather equal in amplitude, the northern stratospheric

mixing ratios show to a large extent higher values than the southern. The higher mean ozone

mixing ratios observed in February 2003 for the southbound flights compared to the north-

bound flights result from measurements within a broad stratospheric ”streamer”, expanding

deep from high towards lower latitudes. Furthermore, the amplitudes of ozone mixing ratios

increase from the troposphere to the stratosphere. The most prominent increase in ozone

concentrations is apparent during winter and spring. This indicates, that the strongest ozone

gradients across surfaces of potential vorticity exist during these seasons, whereas during

summer and autumn the gradients are comparably weak. Since in Figure 3.3 rather dynam-

ically equal air parcels are considered and potential vorticity exhibits a transport barrier, the

lower ozone gradients through potential vorticity surfaces during summer and autumn sug-

gest an intensified transport of tropospheric air into the lowermost stratosphere during these

seasons (cf. also subsection 3.2.2 and chapter 8). Towards higher potential vorticity ranges

(> 3.0 PVU), i.e. deeper in the lowermost stratosphere, tropospheric influence decreases

which results in an increase in the slope (dO3/dPV). The observed seasonal variation of the

slope has a maximum of about 60−90 ppbv/PVU in April and a minimum of 10−30 ppbv/PVU

in October. It is to note that the phase remains unaffected. The results are comparable with

findings from Beekmann et al. (1994) and Zahn et al. (2004b).
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3.2.2 H2O in the UT and LMS

For the investigation of processes and atmospheric motions in the region of the upper tro-

posphere and lowermost stratosphere water vapour is, as ozone, an adjuvant tracer (e.g.,

Appenzeller et al., 1996a). The transport of water vapour reflects also energy (latent heat)

transport. Surface characteristics and temperature affect the distribution of water vapour

making it highly variable in space and time. The tropical cold trap effect (dehydration of air

entering the stratosphere) determines to the largest extent the annual cycle of water vapour

in the lower stratosphere. Like a ”tape recorder” (Mote et al., 1996) the water vapour sig-

nal propagates vertically over the equatorial region but is also latitudinally transported (e.g.,

McCormick et al., 1993; Hintsa et al., 1994; Boering et al., 1995; Rosenlof et al., 1997; Mote

et al., 1998; Dessler, 1998; Jackson et al., 1998; Randel et al., 2001; Park et al., 2004). In the

Northern Hemisphere stratosphere, the water content is beneath methane oxidation (e.g.,

Ackerman et al., 1979) and the dehydration mechanism strongly tributary on varying entry

levels even at the mid-latitude tropopause. In contrast to the tropics, in the extra-tropics there

are multiple pathways of how air is transported into the lowermost stratosphere. Many stud-

ies focus on mechanisms and evidence for transport processes across the extra-tropical

tropopause into the LMS, be it of dynamic or radiative nature (e.g., Dessler et al., 1995;

Poulida et al., 1996; Rosenlof et al., 1997; Zierl and Wirth, 1997; Hintsa et al., 1998; Fischer

et al., 2003). For analyses of the SPURT measurements concerning these issues see also

section 4.3 and section 5.1.

In Figure 3.4 the seasonal cycle of H2O measured by the FISH instrument during SPURT

is depicted in the same form as for ozone in Figure 3.3. Based on the annual cycle

of tropopause temperatures (Hoinka, 1999), maximum water vapour mixing ratios in the

UT/LMS are expected during summer, lowest during the winter months. The SPURT mea-

surements show that in the troposphere (0.0 − 1.0 PVU) maximum H2O mixing ratios are

present during the summer months. However, during spring a secondary maximum is ap-

parent. This feature pervades through the whole considered potential vorticity intervals and

reflects the high variability of that trace gas in the probed atmospheric region. Anyhow, the

tendency of higher VMRs during summer and lower ones during winter and also autumn

is present. Across the tropopause the strong gradient in H2O is evident. When considering

northbound and southbound flights separately, the southern tropopause region is slightly

dryer. This is probably due to the higher influence of the dryer sub-tropical regions (cf. sec-

tion 5.2).

In the lowermost stratosphere (> 4.0 PVU) a more clear seasonal cycle in H2O is apparent

with a distinct maximum during summer and a minimum during autumn and winter. This is in

agreement with previous in situ and remote observations (e.g., Mastenbrook and Oltmans,
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Figure 3.4.: As Figure 3.3but for mean values of
total water mixing ratios (in ppmv).

1983; Foot, 1984; Oltmans and Hofmann, 1995; Dessler et al., 1995; Pan et al., 1997; Stone

et al., 2000). In contrast to the ozone distribution, with increasing altitude (potential vorticity)

the mixing ratio as well as the amplitude of the annual cycle decreases (note the logarith-

mic ordinate). This indicates the more pronounced seasonal cycle in the lower lowermost

stratosphere.

Air in the overworld is dehydrated as it is transported through the tropical cold trap. However,

for a large extent of the performed campaigns H2O VMRs are considerably enhanced com-

pared to stratospheric background values of about 2 − 6 ppmv (e.g., Brewer, 1949; Hintsa

et al., 1994). In the highest considered potential vorticity range of 8.0−9.0 PVU, mean VMRs

in summer are about 30 ppmv. These concentrations are much higher than could solely be

explained by entry of air into the lowermost stratosphere in the tropics (e.g., Foot, 1984;

Nedoluha et al., 2002). Thus, values substantially greater than 6 ppmv evidence for trans-

port mechanisms of air into the lowermost stratosphere across the extra-tropical tropopause,

and this signature is carried deep into the lower stratospheric region.

Since H2O is highly variable in space and time which is only slightly considered in Fig-

ure 3.4, the dynamically based coordinates of potential vorticity and potential temperature

(Θ) (Hoskins, 1991) are used to put the measurements in the different seasons and years on

a comparable basis. In this coordinate system seasonal variations of the tropopause height
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Figure 3.5.: Seasonal mean values of total water mixing ratios (in ppmv) in dependence of potential vorticity for different
potential temperature intervals between320 and 370 K (±5 K) in the upper troposphere and lowermost stratosphere.
Thereby, the data of the different SPURT measurement campaigns are summarised for each season. Potential vorticity
is incremented in1.0 PVU steps. The mean square root is plotted as error bars. Mean values for all campaigns of total
water mixing ratios (H2O), ice saturation mixing ratios (IS) and minimum ice saturation mixing ratios within the previous
10 days of the air parcels (ISmin) are given by the grey, black and red solid lines, respectively. The determination of ISmin
is performed by trajectory calculations (cf.section 4.2).

are rather eliminated (e.g., Pan et al., 2000) and it ensures the computation of mean val-

ues of similar dynamically air parcels, restricted by the instruments’ limitations (Stone et al.,

2000). Additionally, trace gas variations on isentropic surfaces can be resolved. Seasonal

mean values of H2O as a function of potential vorticity (1.0−10.0 PVU ±0.5 PVU) in different

potential temperature bins (320− 370 K ±5 K) are displayed in Figure 3.5. The means of the

autumn/winter and summer campaigns in each isentropic range should reflect the seasonal

amplitude. For isentropes lower than 355 K this feature is given even through all considered

potential vorticity bins. With increasing potential temperature and higher potential vorticity



32 CHAPTER 3. SEASONAL CYCLES AND VARIABILITY OF O 3 AND H2O DURING SPURT

values the mean H2O concentrations as well as the seasonal amplitudes decrease monoton-

ically. Hereby, it should be mentioned that less values in a certain Θ-PV-interval contribute

considerably to this mean value (e.g., 4.5 − 6.5 PVU within 370 ±5 K). Without any influx

from the troposphere, air on the highest isentropes considered would be very dry and ex-

hibit only a minor seasonal cycle. The impact of troposphere-to-stratosphere transport (TST)

in each potential temperature range could thus be estimated by considering deviations from

≈ 6 − 10 ppmv. The decreasing variability in the seasonal amplitude reflects the decreas-

ing tropospheric influence with deeper penetration into the lowermost stratosphere. Total

water seems to be more uniformly distributed in higher Θ-PV-bins. Anyhow, in comparison

with overworld abundances it is still considerably variable. Figure 3.5 suggests effective TST

mechanisms (both adiabatic mixing and convective processes) and flux of water vapour into

the lower lowermost stratosphere (although the tropospheric influence is apparent in the en-

tire range examined). This is especially prominent during summer, in agreement with other

recent studies (e.g., Ovarlez et al., 1999; Pan et al., 2000; Stone et al., 2000).

For each Θ-PV interval additionally the means for the total SPURT data set (in the following

referred as annual means) of H2O VMRs, ice saturation mixing ratios (IS) and minimum ice

saturation mixing ratios within the previous 10 days (ISmin) is given. For the calculation of IS

and ISmin it is referred to section 4.2. Seasonal variations as well as annual means in H2O

concentrations are still considerably large for different PV ranges, whereas above isentropes

of 355 K the annual means vary only about 10 ppmv. Annual means of IS in each Θ-PV bin

decrease with increasing PV on lower isentropes. On higher isentropes an increase through

PV bins is apparent which is due to the increasing temperature with height in the lowermost

stratosphere. It appears that the IS values (black solid line in Figure 3.5) are always higher

than the annual mean H2O VMRs (grey solid line). However, taking the temperature history

of the air parcels during the previous 10 days into account (for details see section 4.2 and

section 6.1) minimum values of IS during this period (red solid line) are often below the H2O

VMRs up to the ≈ 4.5 − 5.5 PVU bin. The most frequent probed area during SPURT is the

latitude range between 30 and 60◦N (cf. Figure 2.4). As proved in section 3.1, a value of about

2.0 PVU is representative for the extra-tropical tropopause. The comparison of the annual

means of H2O and ISmin shows that in particular in the tropopause region (1.0 − 3.0 PVU)

ISmin values are widely below H2O VMRs. Therefore, the extra-tropical tropopause seems to

bear the potential to act, similar as in the tropics, as a cold trap. Although only annual means

are considered here, it is evident that this investigated atmospheric region during SPURT is

considerable often influenced by (super)saturation, also enhancing the probability for cirrus

cloud formation (see section 6.1). When enlarging the 10 day history to 30 days this issue

becomes more prominent.
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Whereas the maximum in total water in the upper troposphere is approximately in phase

with the ozone maximum, in the lowermost stratosphere it occurs about 2 − 3 months later

(prior) to the ozone maximum (minimum). A similar time lag was found by Pan et al. (1997)

and Prados et al. (2003). Due to the large debate, especially concerning the often observed

spring ozone maximum at some Northern Hemisphere stations, it is further to investigate to

what extent the correlation and/or anti-correlation of both trace gases could be attributed to

dynamics or to chemistry. Anyhow, the seasonal cycles subscript the influence of two com-

peting processes in the region of the upper troposphere and the lowermost stratosphere:

(i) subsidence of dry air from the overworld, which is primarily determined by the low tropi-

cal tropopause temperatures and transported by the large-scale Brewer-Dobson circulation

(e.g., Holton et al., 1995), and (ii) direct transport of moister air of tropical, sub-tropical or

mid-latitude origin across the extra-tropical tropopause (e.g., Dessler et al., 1995; Hintsa

et al., 1998). As is apparent in Figure 3.4 and Figure 3.5, in contrast to the ozone VMRs, the

seasonal variation of H2O VMRs in the upper troposphere and the lower stratosphere are

roughly in phase with each other. This issue of same seasonal variation is a priori not clear.

Whereas much of the air in the lowermost stratosphere has probably been transported into

the stratosphere by the former process it is likely that local vertical transport processes play

a much larger role in determining water vapour VMRs in the lower lowermost stratosphere

and upper troposphere.

3.3 Frequency distributions

In climatological mean values of atmospheric trace gases, e.g. for different atmospheric re-

gions, no information about the shape and the range of the mixing ratio values of the consid-

ered trace gases is enclosed. Such information could be represented by frequency distribu-

tions. Due to the temperature lapse rate and the decrease in pressure, water vapour mixing

ratios decrease exponentially with height from the troposphere up to the tropopause region.

Calculated averages of measurements that span the transition region between the upper

troposphere and the lowermost stratosphere, i.e. the tropopause region, will possibly be in-

fluenced by moister air from below the tropopause. Also O3 shows a distinct gradient with

a strong increase at the extra-tropical tropopause. To perform normalised frequency distri-

butions of H2O and O3 measured during SPURT, for all seasons three different atmospheric

regions are considered: the troposphere, the tropopause region, and the stratosphere. Po-

tential vorticity is used to distinguish air primarily influenced by the troposphere or by the

stratosphere, respectively. The detailed study of tropopause heights during all ascents and

descents of the SPURT missions suggests 2.0 PVU to be a good proxy for the extra-tropical

tropopause during SPURT. The PV criteria used in the frequency distributions for the extra-
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tropical measurements in the three atmospheric compartments are PV< 1.0 for the (upper)

troposphere, 1.0 ≤PV≤ 3.0 defining the tropopause region, and PV> 3.0 representative for

the lowermost stratosphere (values in PVU).

Frequency distributions for H2O and O3 of the three PV-intergraded atmospheric regions and

for the total measurement region are displayed in Figure 3.6. For a distribution of a category

with a total of N observations, the frequency, expressed in percent, for a definite trace gas

range is equal to the number of occurrences within that range, normalised to the number of

data points N within the respective category. For H2O the bin size is set to 5 ppmv, for O3 to

20 ppbv. The normalised frequency distributions display distinct characteristics and seasonal

dependencies.

The tropospheric data category for H2O (right column) is broadest in all seasons. In gen-

eral, two maxima of frequencies are evident: one is located at lower mixing ratios around

20− 60 ppmv, the other one is placed at higher mixing ratio values. The latter is expectedly

due to the moist (mid) troposphere. The enhanced maximum frequencies at lower mixing

ratios are caused by measurements in the vicinity right below the dynamical tropopause,

where profiles of H2O show a strong decrease in mixing ratios. Note that the PV criteria for

the tropospheric category is limited by PV< 1.0 PVU and one would anticipate high mixing

ratios. However, for instance, near a tropopause fold there exists a rather vertical PV isopleth

and tropospheric air and stratospheric air are close to each other, probably in a mixed state.

In contrast to the distributions in the troposphere the stratospheric frequencies peak at lower

H2O VMRs near 10 ppmv during autumn, winter and spring and about 40 ppmv during the

summer months. However, a stratospheric secondary maximum is present during almost all

seasons (cf. also Figure 4.7). The shape of the distribution is consistent with the moister

and more variable extra-tropical troposphere than the lowermost stratosphere. The resulting

distributions for the tropospheric and the stratospheric regions are not very sensitive to small

changes of the used PV criteria, whereas the distribution for the tropopause region reacts

more sensitive to the choice of the upper PV limit. The structures of the frequency distribu-

tions for the tropopause region show intermediate curvatures between the tropospheric and

stratospheric arrangements. However, the tails at high mixing ratios are more resembled by

the tropospheric and the left sides by the stratospheric distributions. When considering all

measurements, and in particular when increasing the lower PV limit for the stratospheric data

points, these distributions are best reflected by the frequency distributions for the lowermost

stratosphere. Anyhow, at low H2O VMRs the left tails of the distributions of the tropopause

region fall off very rapidly, in contrast to the stratospheric left tails. The amount of strato-

spheric measurements is also lowest during the summer months which is consistent with

the seasonal change in altitude of the extra-tropical tropopause (lowest during winter, high-

est during summer) accompanied with the increasing mass of the troposphere during the
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Figure 3.6.: Seasonal normalised frequency distributions for the mixing ratios of total water (right) and ozone (left) for
all seasons as measured during the SPURT project (top to bottom: autumn, winter, spring, summer). The distributions are
displayed for the three atmospheric regions: troposphere (red), tropopause region (green), and stratosphere (blue), separated
according to the PV criteria PV<1, 1≤PV≤3, and 3<PV, respectively (values in PVU). Additionally, the frequency distri-
butions of all measured data points are shown in black. Note the different ranges on the ordinates. The considered number
of data points in the distributions is given in the upper right corner of each graph. Furthermore, for the three distinguished
data categories as well as for all data points the vertical lines represent the mean (solid) and median (dashed) trace gas
mixing ratios.
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summer season (Appenzeller et al., 1996b).

For all the distributions there is a change in maximum frequencies from lower H2O VMRs

during autumn and winter to higher values during the summer season. Furthermore, the

broadening of the distributions increases from autumn/winter to summer, as is also notice-

able as a first guess from the different range of the ordinates. The displacement of the

maximum frequencies towards higher H2O VMRs as well as the widening spread of the

distributions for the data points in the tropopause region and in the stratosphere towards

summer do a priori not hint to extensive mass transport across the extra-tropical tropopause

during that season. These issues rather suggest that such transport processes of water

species are easier to manage (greater H2O flux) and are more important and significant,

especially for long-term transport. However, the lowermost stratosphere seems to be more

influenced by the troposphere during summer than during winter which is in agreement with

the discussed seasonal variability of water vapour in the lowermost stratosphere by e.g., Pan

et al. (2000) (cf. also section 3.2).

The mean as well as the median of H2O VMR values for the different data categories are also

calculated. While the mean is an appropriate measure of the central tendency for roughly

symmetric distributions, it is misleading when applied to skewed distributions since it can be

greatly influenced by extremes. In contrast, the median is less sensitive to outliers and may

be more informative and representative for skewed distributions. Caused by the very high

H2O VMR values during ascents and descents in the lower and middle troposphere and the

strong water vapour gradient, this issue is prominent when determining these two measures

for the tropospheric data. A large difference between the mean and the median is evident.

For the tropopause region and the lowermost stratosphere values of the means and medi-

ans differ less due to the weaker H2O gradient. All the medians tend towards moister values

when approaching the summer months. The only factors that determine the water vapour

content in the air are the availability of water and the amount of thermal energy. Thus, in

summer more evaporation is more effective due to the higher amount of thermal energy.

Normalised frequency distributions for O3 (left column in Figure 3.6) show similar results as

the diagrams for H2O. During all seasons the strong gradient of O3 concentrations in the

tropopause region arises in the pronounced decline on the right hand tails in the distribu-

tions of the troposphere and the tropopause region. The strong increase at O3 VMRs below

50 ppbv is artificially caused by the measurement frequency, since the JOE instrument pro-

vides only accurate measurements below pressure levels of ≈ 400 hPa (cf. also Mottaghy,

2001). During autumn tropospheric O3 VMRs appear to be more uniform. When approaching

spring and summer the right hand tropospheric tails tend slightly towards higher O3 VMRs,

also the distribution broadens. Most variable tropospheric O3 concentrations are present

during spring but they are not highest. The often observed tropospheric spring maximum of
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O3 in some northern hemispheric stations (Monks, 2000, and references therein) is rather

not observed by the SPURT measurements (see subsection 3.2.1). The seasonal cycle of

tropospheric and stratospheric O3 is also present in the distributions. Tropospheric O3 is at

minimum during winter and at maximum during summer, whereas the minimum of strato-

spheric O3 concentrations is shifted towards autumn, the maximum towards spring. The

change in maximum frequencies of O3 VMRs in the stratosphere appears from spring (max-

imum around 450 ppbv) to summer (most frequent values around 200 ppbv). The tropopause

region shows its broadest distribution during spring. During this season the influence of the

large-scale downward motion is most prominent (Appenzeller et al., 1996b). Also the net

ozone flux across the extra-tropical tropopause has a peak during spring to early sum-

mer, primarily effected by the outward O3 flux of the lowermost stratosphere through the

tropopause (Logan, 1999). A demonstrative feature is apparent when all measurements

are considered in one distribution. Since there is almost a wave-like structure with two maxi-

mum frequencies around 80 ppbv and higher O3 VMRs, nearly representing the tropospheric

and stratospheric means, the distribution changes to a single maximum around 120 ppbv in

the summer months with a strong (weak) decline towards lower (higher) mixing ratios. On

the one hand, the probably enhanced photochemical in situ production of O3 in the up-

per troposphere during summer is reflected, on the other hand, this indicates the stronger

tropospheric influence during this season. The tropospheric impact is also present in the

stratospheric distribution.

The seasonal O3 cycles in the different atmospheric regions are reflected by the means and

medians. Since the changes in O3 concentration in the troposphere are not as pronounced

as those for total water, means and medians are closer to each other in this atmospheric

region. The difference between these quantities is largest in the stratosphere, due to the

strong increase of O3 with height there.

3.4 O3 and H2O in the view of different coordinates

The SPURT measurements covered a broad latitude range with different meteorological

situations, often associated with small-scale phenomena (e.g., tropopause folds) and large-

scale meridional advection of polar and/or sub-tropical and/or tropical air. The different dy-

namical impacts result in discontinuities and height changes in the tropopause location,

particularly in the vicinity of regions with high wind velocities, the jet streams, in the literature

often referred to as the region of the ”tropopause break”. In order to get a comprehensive

insight into distribution, spreading/ranging, and variability of the measured trace gases in the

SPURT region, 2-dimensional probability distribution functions (PDFs) were determined by

using chemical, thermal, and dynamical coordinates, i.e. the trace gases total water (H2O)
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and ozone (O3), pressure (p), temperature (T ), potential temperature (Θ), distance to the

local tropopause (4Θ), potential vorticity (PV), equivalent latitude (ϕe), as well as a natural

relative coordinate, i.e. the wind speed difference to the jet stream maximum wind speeds

(4FF). The latter one is considered separately in chapter 8 concerning long-term simula-

tion with the Jülich CLaMS (McKenna et al., 2002b,a) since the spatial distribution of the

measurement data is too limited for this purpose and thus for an accurate statement.

3.4.1 Probability distribution functions

Trace gas mixing ratios as well as meteorological parameters, such as temperature, potential

temperature, pressure, wind velocities, etc., were obtained directly from the in situ measure-

ments aboard the Learjet 35A. Potential vorticity was calculated from Northern Hemisphere

ECMWF analyses which are described on page 18 in subsection 2.1.4. After the change of

the vertical coordinate in the analyses data from pressure to potential temperature, potential

vorticity was computed upon isentropes using Equation 3.1. However, the diagnosis of PV

from meteorological data fields is contracted with errors (e.g., Beekmann et al., 1994; Good

and Pyle, 2004). The procedure of data assimilation will obviously remove observational

errors (Hollingsworth and Lönneberg, 1989). Anyhow, the accuracy in calculating PV is sen-

sitive to the horizontal and vertical resolution and, in particular, small-scale meteorological

features like tropopause folds are hardly to be represented in detail in the meteorological

analyses. In contrast, in situ measurements have a much larger resolution and can there-

fore resolve small-scale features. This has to be considered when correlating model derived

quantities with in situ measurements.

Another used dynamical coordinate is equivalent latitude (ϕe) which can be inferred from

potential vorticity fields on isentropes. For an illustrated discussion of this parameter see

section 4.1.

Probability distribution functions serve as a tool to transform localised aircraft data to a more

comprehensive view of the probed region. As an advantage of the probability distributions,

all measurement data are considered, and averaging is minimised. Thus, outliers become

more visible and the prominent structures and features are revealed (Ray et al., 2004). In

Figure 3.7, 2-dimensional probability distribution functions of O3 (left column) and H2O (right

column) as a function of the thermal vertical coordinate potential temperature for each an-

nual season are depicted. Ozone is binned by 20 ppbv, H2O by 2 ppmv, and potential temper-

ature by 5 K. The tracer distributions are normalised to every bin of the thermal coordinate.

This means, the colour coding reflects the probability in percent to measure a certain trace

gas concentration at a certain potential temperature. Additionally, the mean in each Θ-bin
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is represented by the solid coloured line. In the bottom chart in each column, all seasonal

means as well as the medians (dashed lines) are displayed to better compare to each other.

High probabilities, reflected by the bluish shadings, are very scattered throughout the O3

distributions and, although both parameters can widely be seen as a vertical coordinate, no

clear correlation is apparent. There is no symmetry around the mean or median values and

multiple modes can be noted. Generally, an increase of O3 VMRs with increasing poten-

tial temperature (height) is present but the ranging and spreading of O3 concentrations on

levels with constant potential temperature, the isentropes, is considerably large, resulting in

a funnel or wedge structure. However, the large scatter and spread in the O3 distributions

is expected, since the O3 concentrations are largely dependent upon the location of the

tropopause. The single flight missions extended over a large latitude range. Therefore, the

variability of potential temperature at the tropopause location during each deployment along

the flight path was sometimes considerably large. For instance, on a flight from Kiruna to

Hohn on November 11, 2001, the tropopause was located at 296 K in the vicinity of Kiruna

and at 324 K near the campaign base Hohn, which is a variation of 28 K (cf. Table A-I). How-

ever, also at higher isentropes, i.e., further away from the local tropopause, the spread in O3

concentrations is very high.

The total water probability distributions show similar characteristics as those of O3. The

large variations of the tropopause location are transparent in the high amounts of H2O con-

centrations below ≈ 340 K, where also in the means, and sometimes in the medians, at

lower isentropes a strong kink is present. A more compact distribution is only present above

≈ 350 K, with the higher variability during the summer season (cf. subsection 3.2.2).

When shifting the mean H2O mixing ratios by ≈ 20 K towards lower isentropes the shape of

the mean line is quite similar to the mean line for the winter season. The SPURT measure-

ments are mainly concentrated in atmospheric regions above isentropes of ≈ 320 K. Thus, a

strongest tropospheric influence during summer, as already mentioned in the previous sec-

tion 3.3, is in agreement with the seasonally integrated mass flux through TST by Sprenger

and Wernli (2003, their figure 3.b).

Probability distribution functions of the trace gases during winter and spring are quite differ-

ent from the distributions for the measurement data during summer and autumn. Whereas

the former show a rather steep distribution with rising O3 concentrations and increasing

potential temperature, the latter are more flat or show a prominent wedge structure towards

higher isentropes. The large variability of tracer mixing ratios, especially at higher isentropes

(e.g., > 400 ppbv O3 at 360 K during all seasons) and the occurrence of several high prob-

abilities on single isentropes, indicate that quasi-isentropic mixing is rather weak (see also

section 4.1).
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Figure 3.7.: Seasonal2-dimensional probability distribution functions of ozone (left) and total water (right) as a function
of the thermal coordinate potential temperature. The bin size is20 ppbv for O3, 2 ppmv for H2O, and5 K for Θ. The
normalisation is performed to eachΘ bin, i.e. the probability (colour coding) reflects the percentage of an observed tracer
mixing ratio in a singleΘ interval. In all panels the mean tracer mixing ratio in each particularΘ interval is given by the
solid line. In the bottom plots, additionally, the derived means (solid lines) and medians (dashed lines) for each season are
compared. In the top panel of each PDF the normalised mixing entropy in eachΘ bin is displayed (seesubsection 3.4.2),
also seasonally compared in the bottom charts. From top to bottom: autumn, winter, spring, and summer.
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Figure 3.8.: 2-dimensional probability distribution functions of O3 and H2O as inFigure 3.7but now for the dynamical
coordinate potential vorticity. The bin size is20 ppbv for ozone,2 ppmv for total water, and0.5 PVU for the dynamical
coordinate.

.
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The picture drawn on the basis of potential temperature changes significantly when shifting

the thermal coordinate to a dynamic coordinate, namely PV. The corresponding tracer PDFs

are shown in Figure 3.8 with PV incremented in 0.5 PVU steps. As is directly evident, O3 is

much more correlated with PV than with potential temperature, which is rather an accurate

height or correlation parameter in the undisturbed stratosphere. The ranging of O3 concen-

trations on surfaces of PV is considerably suppressed when compared to the spreading on

isentropes. Even the wedge structure in the autumn and summer distributions with use of

Θ is significantly reduced. The highest probabilities are mostly centred in the distributions

and symmetrically arranged around the mean or median O3 VMRs in every PV bin. In the 2-

dimensional probability distribution functions additionally the tracer gradients in dependence

from the coordinate are calculated for a doubled bin-size (except for PV where the gradients

are given within 2.0 PVU intervals). The O3/PV-gradients are ≈ 2 − 4 times stronger in the

2.0 − 4.0 PVU range than within the interval 0.0 − 2.0 PVU. The means and medians show

a slight kink in this range. This is once more an evidence that a value of 2.0 PVU is a good

proxy for a dynamically defined extra-tropical tropopause during the SPURT missions. Of

course, the gradient is weaker during summer which is due to the annual cycle of O3 in the

troposphere and in the lower stratosphere. A further issue in the PDFs is that the distinct

seasonal cycles of O3 in both atmospheric compartments, UT and LMS, are also present in

the PDFs.

Considering the probability distributions for measured H2O, the spreading is also reduced in

the view of PV. The kink due to the varying location of the local tropopause in the potential

temperature space is not present in the potential vorticity space. Also above 2.0− 3.0 PVU,

i.e. the tropopause region, the variation of H2O VMRs on PV surfaces is significantly re-

duced. As shown by the mean and medians, moreover the seasonal cycles of H2O in the UT

and LMS are reflected in the PDFs, with certainly higher mixing ratios during the summer

months in the troposphere as well as in the lowermost stratosphere.

The tracer mixing ratios show a more compact distribution in a dynamical sense. In contrast

to the spreading and distribution of several high probabilities on isentropic surfaces, Fig-

ure 3.8 reveals that tracer mixing ratios are more uniformly distributed and the probabilities

vary less on PV surfaces. This indicates a more pronounced mixing state of trace gases on

these surfaces rather than on isentropic surfaces.

A further coordinate system to look at the tracer distribution and their variability is a coordi-

nate system centred at the tropopause. Unfortunately, there was no instrument aboard the

Learjet 35A measuring the tropopause altitude. Anyhow, as shown in section 3.1, the extra-

tropical tropopause during SPURT can be derived dynamically from a PV threshold value,

i.e. 2.0 PVU. The distance from the local dynamical tropopause was therefore derived from

the further described Northern Hemisphere ECMWF analyses by taking a certain PV sur-
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face as the extra-tropical tropopause. Since the meteorological analyses were interpolated

to isentropic surfaces, the actual distance of the aircraft’s location to the local tropopause is

denoted as 4Θ and is given in K. The tools for deriving 4Θ from ECMWF analyses were

added to the isentropic package of CLaMS, developed in the recent years at the ICG-I.

Thereby, two versions are implemented: one, called add_dtp.f90 , works on the isentropic

data set, the other, add_dtp_isobar.f90 , works on isobaric levels. Both versions support

the detection of tropopause fold locations as well as tropospheric injections into the strato-

sphere, if these features are resolved by the meteorological analyses. A short description of

these tools was added to the documentation of the isentropic package of CLaMS.

To account for the strong gradient of PV in the tropopause region, several surfaces of poten-

tial vorticity were chosen as the dynamical extra-tropical tropopause ranging from 2.0 PVU

to 4.0 PVU in 0.5 PVU steps. Through the different threshold values for the dynamical extra-

tropical tropopause the character of the 2-dimensional probability distribution functions, i.e.

location of high probabilities, spreading and tracer variability as well as the calculated tracer

gradients, does not change seriously. Thus, for representativeness, only the distributions for

the distance to the 2.0 PVU and 4.0 PVU surfaces are shown in Figure 3.9 and 3.10, respec-

tively.

Both probability distribution functions with respect to the distance to a threshold value of

PV look similar to those in the PV space. Anyhow, the use of 4Θ exhibits a slightly more

compact shape, in particular for the campaigns in the winter and spring months (see also

Table 3-I). Interpolation errors in the pure model derived quantity potential vorticity on a

coarse grid are therefore larger compared to the coordinate 4Θ relative to the tropopause.

Indeed, the latter is also partly derived from the meteorological analyses, but it also includes

the in situ measurements of pressure and temperature, from which potential temperature is

computed (Equation 2.1).

The fact that the PDFs in shape and distribution of probabilities in the view of PV and 4Θ

look very similar suggests also an advanced mixing state of these trace gases on surfaces

relative to the local tropopause. However, each air parcel in the atmosphere is labelled by its

PV, controlling or restraining the parcels’ range of motion. A relatively huge liberty of motion

is given in regions of uniform potential vorticity (Sparling and Schoeberl, 1995). Thus, spatial

gradients of PV might account for the dynamical affected trace gas distributions and not

solely its absolute values. And this is exactly what the PDFs for different threshold values

of PV for the dynamically defined extra-tropical tropopause show, since the shape and the

spreading of distributions remain to the largest extent the same. This implies that the extra-

tropical mixing-layer follows surfaces of PV or surfaces relative to the shape of the local

tropopause rather than isentropic surfaces. This is consistent with the results from Hoor
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Figure 3.9.: 2-dimensional probability distribution functions of O3 and H2O as inFigure 3.7, but here as a function of
4Θ(2.0 PVU), i.e. distance to the local tropopause, considered as the2.0 PVU surface. The bin size is20 ppbv for ozone,
2 ppmv for total water, and5 K for 4Θ.

.



3.4. O3 AND H2O IN THE VIEW OF DIFFERENT COORDINATES 45

0.0
0.2
0.4
0.6
0.8
1.0

S
E

/S
E

m
ax

−40 −20 0 20 40 60 80

−40 −20 0 20 40 60 80
∆Θ in K

0

200

400

600

800

 

O
3 i

n 
pp

bv
 

−40 −20 0 20 40 60 80
∆Θ in K

0

200

400

600

800

 

O
3 i

n 
pp

bv
 

 −0.2   4.5   3.6   4.7   1.8   6.1

0.0
0.2
0.4
0.6
0.8
1.0

S
E

/S
E

m
ax

−40 −20 0 20 40 60 80

−40 −20 0 20 40 60 80
∆Θ in K

0

50

100

150

 

H
2O

 in
 p

pm
v

 

−40 −20 0 20 40 60 80
∆Θ in K

0

50

100

150

 

H
2O

 in
 p

pm
v

 

  −8.2   −3.0   −0.6   −0.2   −0.3    0.0

SON

0.0
0.2
0.4
0.6
0.8
1.0

S
E

/S
E

m
ax

−40 −20 0 20 40 60 80

−40 −20 0 20 40 60 80
∆Θ in K

0

200

400

600

800

 

O
3 i

n 
pp

bv
 

−40 −20 0 20 40 60 80
∆Θ in K

0

200

400

600

800

 

O
3 i

n 
pp

bv
 

  1.2   5.6   8.2  10.8   2.9

0.0
0.2
0.4
0.6
0.8
1.0

S
E

/S
E

m
ax

−40 −20 0 20 40 60 80

−40 −20 0 20 40 60 80
∆Θ in K

0

50

100

150

 

H
2O

 in
 p

pm
v

 

−40 −20 0 20 40 60 80
∆Θ in K

0

50

100

150

 

H
2O

 in
 p

pm
v

 

  −7.5   −4.3   −0.4   −0.1    0.7

DJF

0.0
0.2
0.4
0.6
0.8
1.0

S
E

/S
E

m
ax

−40 −20 0 20 40 60 80

−40 −20 0 20 40 60 80
∆Θ in K

0

200

400

600

800

 

O
3 i

n 
pp

bv
 

−40 −20 0 20 40 60 80
∆Θ in K

0

200

400

600

800

 

O
3 i

n 
pp

bv
 

  2.3   9.5  11.6   5.6  12.6  10.1

0.0
0.2
0.4
0.6
0.8
1.0

S
E

/S
E

m
ax

−40 −20 0 20 40 60 80

−40 −20 0 20 40 60 80
∆Θ in K

0

50

100

150

 

H
2O

 in
 p

pm
v

 

−40 −20 0 20 40 60 80
∆Θ in K

0

50

100

150

 

H
2O

 in
 p

pm
v

 

 −29.2   −6.7   −0.8    0.3    0.0   −0.3

MAM

0.0
0.2
0.4
0.6
0.8
1.0

S
E

/S
E

m
ax

−40 −20 0 20 40 60 80

−40 −20 0 20 40 60 80
∆Θ in K

0

200

400

600

800

 

O
3 i

n 
pp

bv
 

−40 −20 0 20 40 60 80
∆Θ in K

0

200

400

600

800

 

O
3 i

n 
pp

bv
 

  10.0

0.1

1.0

10.0
  0.4   4.4   6.6   7.1   2.3

0.0
0.2
0.4
0.6
0.8
1.0

S
E

/S
E

m
ax

−40 −20 0 20 40 60 80

−40 −20 0 20 40 60 80
∆Θ in K

0

50

100

150

 

H
2O

 in
 p

pm
v

 

−40 −20 0 20 40 60 80
∆Θ in K

0

50

100

150

 

H
2O

 in
 p

pm
v

 

  10.0

0.1

1.0

10.0
   0.3   −9.2   −1.3   −0.5   −0.1

JJA

Figure 3.10.: 2-dimensional probability distribution functions of O3 and H2O as inFigure 3.7, but here as a function of
4Θ(4.0 PVU), i.e. distance to the local tropopause, considered as the4.0 PVU surface. The bin size is20 ppbv for ozone,
2 ppmv for total water, and5 K for 4Θ.

.
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et al. (2004c). The implications related to this findings will be discussed in more detail in

chapter 4.

The distributions for the other previously mentioned coordinates, such as meteorological pa-

rameters or equivalent latitude, show no such compact correlations as those before. Equiv-

alent latitude, as a further dynamically significant coordinate, reveals an increase for the O3

PDFs and an decrease for the H2O distributions around 30◦N (not shown). However, the

demonstrated range and spreading of trace gas mixing ratios in equivalent latitude bins is

considerably large.

3.4.2 Mixing entropy

A useful measure for the tracer variability in the PDFs is, for instance, the entropy, which

could in general be regarded as a measure for uncertainty. For a uni-modal PDF the char-

acterisation is reliable given by the first and second moments, e.g. mean and variance,

respectively. Using these moments, the PDF is described by a relation to a single reference

value, like the mean. This is probably inaccurate for a multi-modal distribution, where there is

no symmetry around the reference (Sparling, 2000). A measure for the information content

in a PDF for a tracer µ provides Shannon’s entropy which is given as

SE = −
N∑

i=1

pi · ln pi, (3.2)

with ln as the natural logarithm (e.g., Srikanth et al., 2000). It should be noted that SE is dis-

tinct from the thermodynamic entropy. Concerning a PDF with D total observed data points

of tracer µ and N bins of width4µ, the fraction of observation in the ith cell (pi) is the number

of observations within this cell (Ni) divided by D, and
∑N

i=1 pi = 1. The information content is

therefore solely dependent upon a given probability distribution and does not directly relate

to the content or meaning of the underlying events, i.e. the quantity of the binned tracer. Only

the probability of the occurring events is important, not the events themselves. SE is zero

if the distribution has a maximum concentration, e.g. chemical homogeneity within one bin.

For a uniform spatial distribution, i.e. pi = 1/N ∀i, the considered tracer field has a maximum

variability (any observed value can be placed in any one of the N bins) and the entropy is

maximal (SE = SEmax = ln N ). A maximum entropy implies indistinguishability of the air

parcels. Moreover they have an unrestricted free range of motion. In reality, PV constrains

the air parcels’ range of motion (Sparling and Schoeberl, 1995). Thus, a maximum entropy

value is not to expect.
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The maximum entropy is dependent upon the number of bins. For a better comparison of

different entropy values, a normalisation to the maximum entropy is performed, resulting in:

SE

SEmax
= −

N∑
i=1

pi ·
ln pi

ln N
= −

N∑
i=1

pi · logN pi ≤ 1. (3.3)

In all the 2-dimensional PDFs for O3 the normalised mixing entropy values increase with

height or distance to the tropopause. In the troposphere (i.e. low potential temperatures, PV

values < 2 PVU, and negative values for 4Θ) the normalised mixing entropy is considerably

small, meaning only small-scale variability and low tracer variability. A low mixing entropy

value indicates a rather homogeneous air mass. This seems a little bit strange, since a well-

mixed state, as an equilibrium state, should have maximum entropy. However, the entropy

here is considered in the ”chemical space” in contrast to the ”physical space” (Sparling,

2000). The 2-dimensional PDFs show highest entropy values in the tropopause region and

in the lowermost stratosphere for H2O and O3, respectively. The corresponding tracer vari-

ability is maximal in these regions, implying the occurrence of different mixing states.

In all used different coordinates, normalised mixing entropy values show a reversed course

for O3 and H2O. Total water mixing ratios are very variable in the troposphere, whereas

ozone is more homogeneously distributed with respect to the considered bin size of the

coordinate. Due to the strong gradient of both trace gases near or at the tropopause, nor-

malised mixing entropy values increase for O3 and decrease for H2O. Therefore, at a PV

value of ≈ 2 PVU (4Θ = 0 K for the distance to the 2.0 PVU surface) also a strong gradient

in the mixing entropy is evident. During spring, the O3 variability is highest in the lowermost

stratosphere, probably due to the enhanced downward motion. Thus, the O3 entropy values

are maximal during this season. The same arises for the enhanced H2O content and vari-

ability in the lowermost stratosphere during the summer months. The seasonal trace gas

cycles are therefore also contained in the seasonal course of the mixing entropy.

3.5 Pearson’sr and Spearman’s%

A measure of association between ordinal or continuous variables is Pearson’s correlation

coefficient r (product-moment coefficient). It reflects the degree of the linear relationship

between two variables, say x and y, of size N (1 × N array). This functional correlation is

defined as

rxy =

N∑
i=1

(xi − x̄)(yi − ȳ)√
N∑

i=1
(xi − x̄)2

√
N∑

i=1
(yi − ȳ)2

, (3.4)
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with x̄ (ȳ) as the mean of the xi’s (yi’s). It can range from −1 to +1, inclusive, i.e. from

a perfect negative to a perfect positive correlation, whereby r = 0 indicates that x and y

are uncorrelated. For deciding, wether a correlation is significantly stronger than another,

Pearson’s r is not an accurate measure, since the individual distributions of x and y are not

considered.

A more structural correlation provides Spearman’s correlation coefficient %. It is a nonpara-

metric or rank correlation, i.e. a ranking measure for the relationship between two variables.

The value of each xi is replaced by the value of its rank, i.e. the smallest value of variable

x is converted to rank 1, the highest to rank N . Thus, the xi’s are all distinct. For possible

identical values of the xi’s, they are ranked by the mean of the ranks they would have if their

values had been slightly different. The same applies for the yi’s. A high advantage of the

rank correlation is that a nonparametric correlation is more robust than a linear correlation,

in the same sort of sense that the median is more robust than the mean (Press et al., 1997).

After converting the numbers to ranks the Spearman correlation coefficient is calculated

according to Equation 3.4.

In Table 3-I both Pearson’s and Spearman’s correlation coefficients are shown for O3 ver-

sus different parameters. Ozone does not show best correlations with potential temperature.

As is directly evident from both coefficients, highest positive correlation coefficients appear

when O3 is correlated to potential vorticity and to the distance to the local tropopause. The

coefficients are also high for almost all chosen threshold values of PV to define the local

dynamical tropopause. Also the rather simple measure for the association between two pa-

rameters reveal the conclusion drawn from the 2-dimensional PDFs: tracer isopleths of O3

seem to be orientated along surfaces of potential vorticity rather than along isentropes. The

differences between r and % for PV and the 4Θs are only small. However, correlation coef-

ficients of O3 with the other parameters are comparatively insignificant.

The correlation coefficients for total water and different parameters are listed in Table 3-

II. When calculating Pearson’s r, total water is best correlated with pressure. Both, p and

H2O decrease very rapid with height and they show a rather logarithmic decrease. Thus,

the good correlation is to expect. Spearman’s % is independent of the mode or shape of the

distribution, and it renders unnecessary to make assumptions on the functional relationship

(Press et al., 1997). For this measure, H2O shows high negative coefficients when correlated

with Θ, 4Θ and PV. Correlations with the actual ice saturation (IS) mixing ratio and also with

the minimum IS within the previous 5 and 10 days show very alternating coefficients and

sometimes even almost no relationship.
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Table 3-I: Pearson’sr (top) and Spearman’s rank% (bottom) correlation coefficients for ozone versus potential temperature
(Θ), potential vorticity (PV), distance to the local dynamically defined tropopause (i.e.2.0, 2.5, 3.0, 3.5, 4.0 PVU surface,
4Θ2.0, 4Θ2.5, 4Θ3.0, 4Θ3.5, 4Θ4.0, respectively), pressure (p), temperature (T ), horizontal wind velocity (FF), and
equivalent latitude (ϕe). The correlation coefficients are given for the eight single SPURT campaigns IOP1 − 8). Best
correlation coefficients (negative or positive) for each campaign are highlighted in red.

O3 IOP1 IOP2 IOP3 IOP4 IOP5 IOP6 IOP7 IOP8

Θ 0.56 0.79 0.81 0.55 0.66 0.86 0.88 0.45
PV 0.93 0.88 0.90 0.84 0.87 0.87 0.92 0.90

4Θ2.0 0.85 0.91 0.92 0.79 0.88 0.93 0.93 0.82
4Θ2.5 0.85 0.93 0.92 0.80 0.89 0.92 0.93 0.83
4Θ3.0 0.86 0.93 0.92 0.80 0.89 0.91 0.93 0.84
4Θ3.5 0.86 0.92 0.92 0.81 0.89 0.91 0.93 0.85
4Θ4.0 0.86 0.92 0.91 0.81 0.89 0.91 0.92 0.86

p -0.27 -0.50 -0.28 -0.37 -0.43 -0.54 -0.71 -0.27
T 0.18 0.17 0.58 0.20 0.39 0.49 0.30 0.19
FF -0.46 -0.26 -0.15 -0.37 -0.39 -0.30 -0.50 -0.36
ϕe 0.85 0.67 0.59 0.51 0.58 0.50 0.56 0.68

O3 IOP1 IOP2 IOP3 IOP4 IOP5 IOP6 IOP7 IOP8

Θ 0.58 0.79 0.83 0.53 0.63 0.85 0.90 0.45
PV 0.92 0.93 0.92 0.87 0.85 0.88 0.92 0.92

4Θ2.0 0.85 0.93 0.95 0.80 0.84 0.91 0.93 0.85
4Θ2.5 0.85 0.95 0.95 0.80 0.84 0.91 0.93 0.88
4Θ3.0 0.85 0.95 0.95 0.81 0.84 0.91 0.93 0.90
4Θ3.5 0.86 0.95 0.94 0.83 0.85 0.91 0.93 0.91
4Θ4.0 0.86 0.95 0.93 0.84 0.84 0.90 0.92 0.91

p -0.13 -0.61 -0.18 -0.38 -0.38 -0.48 -0.78 -0.20
T 0.40 0.31 0.53 0.15 0.40 0.50 0.36 0.21
FF -0.45 -0.28 -0.14 -0.44 -0.46 -0.25 -0.56 -0.41
ϕe 0.85 0.75 0.63 0.53 0.54 0.43 0.47 0.68

Table 3-II : As tableTable 3-Ibut correlation coefficients computed for H2O. Additionally, the ice saturation mixing ratio
(IS) at the measurement time as well as the minimum IS during the previous5 and10 days (IS5min and IS10min, respectively)
is considered.

H2O IOP1 IOP2 IOP3 IOP4 IOP5 IOP6 IOP7 IOP8

Θ -0.60 -0.46 -0.55 -0.59 -0.40 -0.52 -0.43 -0.63
PV -0.42 -0.48 -0.57 -0.46 -0.49 -0.58 -0.48 -0.52

4Θ2.0 -0.43 -0.44 -0.51 -0.50 -0.45 -0.46 -0.38 -0.51
4Θ2.5 -0.43 -0.45 -0.51 -0.48 -0.45 -0.46 -0.39 -0.50
4Θ3.0 -0.44 -0.45 -0.50 -0.46 -0.45 -0.46 -0.39 -0.48
4Θ3.5 -0.44 -0.45 -0.49 -0.45 -0.45 -0.47 -0.39 -0.47
4Θ4.0 -0.44 -0.45 -0.49 -0.43 -0.44 -0.47 -0.40 -0.45

p 0.73 0.70 0.73 0.80 0.59 0.74 0.65 0.74
T 0.54 0.60 0.34 0.79 0.30 0.41 0.51 0.60
FF 0.04 0.08 0.14 -0.03 -0.00 0.35 0.07 0.12
ϕe -0.16 -0.39 -0.43 -0.13 -0.36 -0.36 -0.29 -0.25
IS 0.61 0.64 0.50 0.67 0.65 0.39 0.49 0.49

IS5
min 0.61 0.74 0.35 0.60 0.48 0.51 0.35 0.31

IS10
min 0.62 0.73 0.36 0.59 0.57 0.62 0.37 0.41

H2O IOP1 IOP2 IOP3 IOP4 IOP5 IOP6 IOP7 IOP8

Θ -0.74 -0.87 -0.89 -0.91 -0.92 -0.36 -0.60 -0.86
PV -0.65 -0.85 -0.91 -0.64 -0.83 -0.55 -0.58 -0.60

4Θ2.0 -0.80 -0.87 -0.95 -0.81 -0.90 -0.44 -0.56 -0.76
4Θ2.5 -0.80 -0.87 -0.95 -0.79 -0.90 -0.44 -0.56 -0.75
4Θ3.0 -0.80 -0.87 -0.94 -0.76 -0.90 -0.44 -0.56 -0.73
4Θ3.5 -0.79 -0.86 -0.93 -0.71 -0.90 -0.44 -0.56 -0.71
4Θ4.0 -0.79 -0.86 -0.92 -0.63 -0.90 -0.44 -0.56 -0.67

p 0.45 0.81 0.32 0.88 0.69 0.48 0.67 0.85
T -0.06 0.01 -0.37 0.32 -0.45 0.26 0.22 0.56
FF 0.24 0.24 0.10 0.15 0.07 0.17 -0.05 0.08
ϕe -0.33 -0.53 -0.59 0.06 -0.32 -0.45 -0.14 -0.05
IS -0.16 -0.12 -0.43 0.08 -0.60 0.19 0.07 0.44

IS5
min -0.16 -0.18 -0.41 0.47 -0.58 -0.12 0.02 0.17

IS10
min -0.10 -0.23 -0.27 0.44 -0.50 0.15 0.03 0.16
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3.6 Main results of this chapter

In the first part, the seasonal cycles of O3 and H2O in the upper troposphere and in the

lowermost stratosphere have been analysed as measured during SPURT. Thereby, it was

derived that the tropopause location, i.e. the noticeable boundary between the troposphere

and the stratosphere, coincides quite well with the 2 PVU surface. Different analyses of the

trace gas measurements reveal that the seasonal cycle of O3 in the UT shows a spring to

summer maximum, which is most probably affected by in situ photochemistry. In the LMS

the seasonal O3 cycle is shifted in phase by about 2 − 3 months prior, exhibiting a distinct

maximum during spring. This is the result of the large-scale downward transport of O3-rich

stratospheric air during the winter/spring Brewer-Dobson circulation.

In contrast to the O3 seasonal cycle, H2O shows no phase shift in the UT and LMS. Maximum

H2O mixing ratios were observed during the summer campaigns, whereas lowest H2O VMRs

were measured during autumn and winter.

In a second part of this chapter, the distribution, spreading, and variability of both trace

gases were examined. Thereby, especially 2-dimensional probability distribution functions

were used. Considering several chemical, thermal, and dynamical coordinates, the mea-

sured trace gases show most compact distributions and best correlations when related to

potential vorticity and distance to the dynamically defined tropopause. Moreover, using var-

ious threshold values for the extra-tropical tropopause, the distributions show almost the

same shape. This indicates that trace gas isopleths follow surfaces of PV or the shape of

the tropopause.
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Chapter 4
Seasonal variation of the extra-tropical
mixing layer

4.1 Distributions in the Θ-ϕe space

When considering transport and mixing, potential temperature (Θ) has some advantages

over altitude as a vertical coordinate, since transport and mixing tend to occur on isentropic

levels rather than on isobaric levels. Furthermore, atmospheric motions can be investigated

upon adiabates, levels of constant internal energy. Under adiabatic conditions, Ertel’s po-

tential vorticity is considered to be a conservative parameter in the lower stratosphere (LS)

over a period of some days to weeks (Danielsen, 1990). Since PV increases monotonically

in the Northern Hemisphere LS with altitude and geographical latitude, PV can be used as

a transport tracer (Danielsen, 1968). The diagnosis of PV from meteorological data fields is

contracted with errors (see subsection 3.4.1). However, although it is an appropriate param-

eter, but not an ideal one due to its limited conservation in the atmosphere (Good and Pyle,

2004), for each air parcel an equivalent latitude (ϕe) can be inferred from the PV distribution

on isentropes (Butchart and Remsberg, 1986). After calculating the area that is enclosed by

a PV contour on a hemisphere and transforming it to a circle of identical area centred at the

pole, equivalent latitude is defined as the distance in degrees latitude from the equator to

that circle. This has widely been used to indicate the edge of the polar vortex (Nash et al.,

1996) and to estimate a parcel’s average recent latitude (Strahan et al., 1999). It is to note

that an equivalent latitude can not only be determined for PV, but also for any field µ that

shows a mean monotonic decrease or increase with latitude on a given isentrope, as e.g.

done for O3 and H2O by Esler et al. (2001). Thus, a unique relation between µ and ϕe arises

on each isentrope. Equivalent latitude is thus defined by

ϕe = arcsin
1−A(µq)

2πr2
e

, (4.1)
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Figure 4.1.: Example (i) for advantages when using equivalent latitude instead of geographical latitude. Left: Potential vor-
ticity (PV, colour coding in PVU) on the340 K isentropic surface for the first SPURT mission on November11, 2001. The
flight path is displayed in red. Right: Same design but equivalent latitude (ϕe in ◦N) colour coded. For details concerning
this mission seeHegglin et al.(2004).

where A(µq) is the area enclosed by the value µq on the considered isentrope and re is the

Earth’s radius (e.g., Sobel et al., 1997).

The use of equivalent latitude is especially favourable for deriving a tracer climatology since

reversible large-amplitude wave motions are nearly smoothed out. For instance, polar air

with high potential vorticity values encounters a large meridional displacement or filamen-

tation (i.e. it is surrounded by air of different characteristic, say lower values of potential

vorticity) from its originally high-latitude position deep into the mid-latitudes. Although this

air now is located in the mid-latitudes the concept of equivalent latitude would move that

air parcel to higher latitudes, due to its high potential vorticity values. This is illustrated in

Figure 4.1 for the first SPURT mission on November 11, 2001. On the left hand side, the po-

tential vorticity field on the 340 K isentrope is colour coded. The flight path is denoted in red.

The aircraft crossed the stratospheric streamer with high potential vorticity values which was

deeply elongated into middle and lower latitudes (down to Northern Africa, cf. also Thomas

et al., 2003). The right chart shows the corresponding PV-derived field of equivalent latitude

on the same isentrope. In the view of equivalent latitude, high-PV air is assigned to high

equivalent latitudes, as schematically denoted by the white circle.

Another advantage of ϕe is the enhancement of information of airborne measurement data

(e.g., Randel et al., 2001). During a flight mission air of different characteristic is sampled in

a limited latitudinal area. This enlarges conspicuously when applying the concept of equiv-

alent latitude. Exemplary, a height-latitude cross-section of the measured ozone distribution

on the first flight of the SPURT campaigns is displayed in Figure 4.2. On the left hand side

the distribution is displayed with respect to geographical latitude, and on the right the same

measurement data is shown with the use of equivalent latitude. In the latter chart, the infor-
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Figure 4.2.: Example (ii) for advantages when using equivalent latitude instead of geographical latitude. Left: Distribution
of ozone measurements (O3, colour coding in ppbv) on the first flight mission on November11, 2001 in the potential
temperature and geographical latitude (ϕ) space. Right: Same distribution with the use of equivalent latitude (ϕe).

mation content is considerable enhanced and the latitudinal range has increased by a factor

of ≈ 3.

However, despite that also constraints to equivalent latitude arise. The important fine-scale

variability cannot be resolved by the coarse resolution of meteorological data. Further, anal-

ysis data points in areas with sparse meteorological measurements for data assimilation

and in the tropics can result in errors of equivalent latitude where it then is not viable (e.g.,

Strahan et al., 1999; Eyring et al., 2004).

Seasonal distributions of measured total water and ozone are depicted in Figure 4.3 in the

space of potential temperature and equivalent latitude. Potential temperature is incremented

by 5 K intervals, equivalent latitude by 5◦N. The black solid lines display the location of the

(mean) iso-surfaces of potential vorticity (2, 4, 6, 8 and 10 PVU) in the established coor-

dinate system. To define the extra-tropical local tropopause, the dynamical criterion of the

2 PVU surface is chosen (cf. section 3.1 and also Hoor et al., 2004c). Since the gradient of

potential vorticity at the tropopause is very strong, the chosen value of 2 PVU is not very

critical (Hoskins, 1991), except of course for quantifying mass fluxes through PV-surfaces

(e.g., Bourqui, 2004). Additionally, a change to 3 or 4 PVU for the location of the extra-

tropical tropopause does not effect the conclusions drawn in the following, which were also

suggested from the results of the probability distribution functions in subsection 3.4.1 and

the mixing entropy in subsection 3.4.2. The 2 PVU-surface in Figure 4.3 is therefore entitled

as ”mean TP” (i.e. mean tropopause). The equivalent latitudes for each seasonal distribution

were calculated from several ECMWF analyses according to the flight days included, which

means also data from different years. The potential vorticity surfaces, in particular the lower

ones, are hence a priori not uniquely defined in that potential temperature and equivalent

latitude coordinate system. The lowest potential vorticity value of an isentrope in each anal-

ysis could obviously be different. This results in varying equivalent latitudes on the same



54 CHAPTER 4. SEASONAL VARIATION OF THE EXTRA-TROPICAL MIXING LAYER

isentropes in different analyses. A slight spread of potential vorticity values in a grid cell of

the given coordinate system is evident. To account for that issue the dashed black lines mark

the maximal and minimal location of a 2 PVU value in each equivalent latitude bin.

In an overall view of Figure 4.3 the seasonal variation in the tropopause height and its expo-

sure relative to isentropes is evident. Mean tropopause locations (mean variations) between

30◦N and 70◦N in autumn, winter, spring and summer are 297 − 346 K (49 K), 289 − 337 K

(48 K), 300 − 343 K (43 K), 315 − 354 K (39 K), respectively. The location of the dynamical

tropopause at lowest potential temperatures during winter implies the increasing mass of the

Northern Hemisphere stratosphere and vice versa during summer (e.g., Appenzeller et al.,

1996b). Additionally, the rising tropopause towards summer is an effect of the increasing

temperatures. The variation in tropopause height between lower and higher latitudes is low-

est during summer, exhibiting lowest gradients of potential vorticity on isentropic surfaces.

This is accompanied with a weaker sub-tropical jet in summer and its northward propagation

during this season. In winter and spring near 30◦N the surfaces of potential vorticity bulge

upward with a strong vertical gradient, probably due to the location and the strength of the

sub-tropical jet. All distributions show the strong gradient in total water and ozone across

the tropopause which is present in the vertical as well as in the latitudinal direction. Three

characteristic regions can be distinguished: the troposphere with high and variable total wa-

ter (≈100 to above 1000 ppmv) and low ozone mixing ratios (≈100 ppbv), the lowermost

stratosphere with low total water (in the mean < 20 ppmv) and high ozone (> 400 ppbv

on average), and the tropopause region with intermediate tracer mixing ratios (cf. also Fig-

ure 3.6 and Table 4-I).

The strong mean gradient in total water at the local tropopause is to be expected since the

water content of air (with the primary tropospheric water source) is widely controlled by tem-

perature. Therefore, above the tropopause the total water variability decreases considerably

and the latitudinal gradients are weaker. However, related to the stratospheric water content

the variability is rather large.

Only 10% of the atmospheric ozone content is located in the troposphere (e.g., Lelieveld and

Dentener, 2000). Due to its high potential for participating in oxidation processes, ozone in-

creases with height and has also a strong gradient across the tropopause. Therefore, ozone

has widely been used for a chemical tropopause definition (e.g., Bethan et al., 1996; Thouret

et al., 1998; Talbot et al., 1999; Zahn et al., 2004a). The distributions of both total water and

ozone mixing ratios clearly demonstrate the non-isentropic arrangement of the tracer iso-

pleths which rather follow potential vorticity surfaces. Tracer mixing ratios in and several 10 K

above the tropopause region form a layer which is strongly correlated to the shape of the

tropopause and/or potential vorticity surfaces. These features are apparent in each season.

Intermediate tracer concentrations indicate the region of the tropopause-following mixing
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Figure 4.3.: Seasonal distributions of measured ozone (left) and total water (right) in the potential temperature and equiv-
alent latitude space. Mixing ratios in ppbv and ppmv, respectively, are reflected by the colour coding bar placed at the
right of the last chart in each column. The black solid lines display the mean PV iso-surfaces in theΘ-ϕe space from2 to
10 PVU in2 PVU increments. The dashed black lines reflect the maximal and minimal position of the dynamical tropopause
(2.0 PVU) in each equivalent latitude bin (see text for remarks). Additionally, significant TST and STT trajectories (see
section 4.2for details) within the previous10 days are displayed by the red and orange dots, respectively. Air parcels that
travel quasi-isentropically (within a5 K range) are reflected by the cyan dots. (Top to bottom: autumn, winter, spring, and
summer.)

.
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layer with the tropopause as its lower boundary. This is consistent with the findings from

Hoor et al. (2004c), based upon CO measurements during SPURT. Total water shows less

variability in the investigated area than ozone. At a distance of approximately4Θ = 30−40 K

above the tropopause, compared to H2O mixing ratios of the undisturbed lowermost strato-

sphere, total water is more variable in equivalent latitude regions between 50 and 85◦N.

Further, H2O VMRs are even as high as at about 10 − 20 K above the tropopause. Those

features with high ozone and significantly enhanced total water have also been detected

during all seasons.

It is worth to note that several bins in the space of potential temperature and equivalent

latitude at very high and low latitudes have been sampled only during a single flight so that

the number of measurements there is low. Further, due to the larger variability of the H2O

data, the number of measurements or the limited spatial region is possibly too sparse to

derive a definite and exact seasonal climatology of total water in the upper troposphere

and lowermost stratosphere. A determination of a (more reliable) seasonal mean requires

considerably more data. Especially, in the second half of SPURT primary higher total water

mixing ratios have been observed in the lowermost stratosphere compared to the first 4

campaigns, highlighting the strong variability of total water in that atmospheric region.

4.2 Tracer and transport analyses with backward trajectories

4.2.1 Trajectory calculations and air parcel statistic

To quantify and identify transport across the tropopause by advection (and mixing) pro-

cesses 10 day backward trajectories were calculated with the 3-dimensional trajectory mod-

ule of the Chemical Lagrangian Model of the Stratosphere (CLaMS, McKenna et al.,

2002b,a). The module was driven by the above described ECMWF analyses. Traditionally,

to derive the isentropic vertical velocity (Θ̇ in K d−1) for trajectory studies with CLaMS an

extended Mocrette scheme (Mocrette, 1991) is applied. This works sufficiently in the strato-

sphere (Konopka, 2003, personal communication), but not necessarily in the troposphere

and in the tropopause region since no cloud information is considered in CLaMS up to now.

Since the measurements during SPURT had a maximum potential temperature of ≈ 380 K

with most measurements below that level and rather in the vicinity of the tropopause region,

the Mocrette scheme was not applied here. If alternatively the hybrid vertical velocity (ω) in

the meteorological analysis is used and converted to its isentropic form, occasionally unre-

alistic strong differences in the vertical velocity of neighboured grid cells occur. Therefore,
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before interpolating to the isentropic levels, the isentropic vertical velocity was calculated on

isobars including temperature advection and local temperature change according to

Θ̇ = dtΘ
(Equation 2.1)

= dt

[
T ·
(

p

p0

)−κ
]
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(4.2)

which in K d−1 looks for an analysis data set like

Θ̇|t =

(
Θ
T

∣∣∣∣∣
t

·

[
T |t−1 − T |t+1

2 · TR
+

( u
v
ω

)∣∣∣∣∣
t

•

( ∂λT
∂ϕT
∂pT

)∣∣∣∣∣
t

]
− κ

Θ
p

∣∣∣∣∣
t

· ω|t

)
· DL. (4.3)

Thereby, v is the wind vector with its horizontal components u and v in m s−1 and the

vertical velocity ω in Pa s−1, ∇T is the temperature gradient (horizontal deviations in λ

and ϕ, vertical deviation in pressure p), DL is the length of day in s, TR is the time res-

olution of the analyses in s, T |t−1 and T |t+1 denote the temperature fields of the time

slices before and after the considered ”actual” (|t) analysis data set. This is only slightly

different from the approach performed by Norton (2001). However, the results of the ap-

plied scheme here tend to work sufficiently and are at least physically correct. This pre-

processor named add_thetadot_isobar.f90 for the ECMWF analyses is now also part

of the isentropic package in CLaMS. For future studies with CLaMS in the extra-tropical

tropopause region and in the tropics, a mixed scheme for the isentropic vertical velocity Θ̇

should be considered. A reasonable solution would be a weighted functional relation of the

applied form in this study and of the Mocrette scheme, with a stronger weight of the former

in the tropopause region and an increasing relevance of the latter in the stratosphere. An

alternative for another vertical coordinate is the use of a generalised isentropic coordinate

which is rather isobaric below the tropopause region and isentropic above (personal commu-

nication, Konopka, 2004; Günther, 2004). In the transition zone, troposphere – lowermost

stratosphere, this hybrid coordinate (Mahowald et al., 2002) is changed smoothly from iso-

bars to isentropes. However, stringent tests have to be taken into account for an ”optimal”

solution which are subject of recent work in the modelling group at the ICG-I.

To get a better insight into the character of the observed air parcels, in Table 4-I a simple

statistic of the measurement data based upon the information of the calculated trajectories

is presented. For each season the percentage of observed pure tropospheric (TRO), pure

stratospheric (STR), and air parcels in between, denoted as the tropopause region (TPR),

within which transient, quasi-reversible cross-tropopause flows are confined to (James et al.,

2003a), are given. Furthermore, the corresponding mean and median ozone (O3 and Õ3),

mean and median total water (H2O and H̃2O) and mean and median ice saturation (IS and
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ĨS) mixing ratio values are shown. Ice saturation (in ppmv) is obtained by applying the for-

mula for ice saturation vapour pressure (in Pa) of Marti and Mauersberger (1993)

esat = 10

(
−2663.5

T
+ 12.537

)
(4.4)

and its conversion to ppmv (Wiederhold, 1997)

IS = 1.E6 · esat

p− esat
. (4.5)

Temperature T in Equation 4.4 is in K, pressure p in Equation 4.5 is in Pa. Pure tropo-

spheric air means parcels with potential vorticity values at the measurement time ≤ 1 PVU,

pure stratospheric air denotes parcels with a potential vorticity ≥ 3 PVU. Additionally, a

differentiation for sampling in three different equivalent latitude ranges (0◦N≤ ϕe ≤ 30◦N,

30◦N< ϕe < 60◦N, 60◦N≤ ϕe ≤ 90◦N) is regarded.

Table 4-I: Air parcel statistic with respect to different equivalent latitude ranges and three atmospheric regions
(TRO≡troposphere, TPR≡tropopause region, STR≡stratosphere). Mean and median values for ozone (O3 andfO3 in red),
total water (H2O and gH2O in blue) and ice saturation (IS andeIS in green) mixing ratios are given in ppbv, ppmv and ppmv,
respectively, mean and median potential vorticity values (PV andfPV in black) are in PVU. Maximum values are displayed
in bold, minimum values in italics.

0◦N≤ ϕe ≤ 30◦N 30◦N < ϕe < 60◦N 60◦N≤ ϕe ≤ 90◦N
aut win spr sum aut win spr sum aut win spr sumP

2191.0 1803.0 1433.0 788.0 12952.0 23126.0 22470.0 16085.0 7351.0 2806.0 4356.0 5011.0
% 3.5 6.5 5.0 2.6 9.7 10.1 7.3 8.6 0.7 0.5 0.2 1.2
O3 49.6 46.8 73.6 74.4 59.0 55.2 66.0 74.9 - - 73.6 63.8fO3 49.5 46.5 80.1 75.0 58.7 55.0 61.2 73.6 - - 74.1 64.1

T H2O 142.9 216.3 219.5 248.5 251.1 134.8 233.8 300.8 668.8 - - -
R H̃2O 32.5 176.9 153.4 128.7 197.6 95.9 144.1 242.4 667.8 - - -
O IS 346.4 1253.6 2442.7 2960.6 3319.5 2269.0 4200.7 4228.3 3475.8 2060.2 1871.2 8923.1eIS 97.5 308.0 417.8 814.8 2381.1 1275.5 3026.9 1958.9 3292.8 2158.1 1975.0 8736.9

PV 0.6 0.3 0.3 0.4 0.6 0.6 0.6 0.6 0.9 0.8 0.8 0.8fPV 0.6 0.3 0.3 0.3 0.6 0.6 0.6 0.6 0.9 0.8 0.8 0.8
% 6.2 - <0.1 1.0 9.9 15.4 16.4 15.1 2.2 0.4 1.3 1.4
O3 51.2 - 96.3 93.0 63.1 87.6 120.8 113.1 77.4 - 75.8 83.5fO3 51.0 - 96.3 94.1 54.0 81.8 102.9 110.0 66.1 - 67.9 84.6

T H2O 25.0 - 62.2 14.3 72.3 44.1 66.2 99.1 206.6 144.2 142.7 256.6
P H̃2O 18.3 - 83.9 13.5 52.7 28.3 43.3 72.7 169.5 116.6 133.2 204.5
R IS 70.5 - 54.4 74.5 195.1 66.6 84.2 175.3 499.3 213.5 264.6 1893.7eIS 51.5 - 69.4 71.8 99.7 41.4 59.3 150.3 239.4 180.6 200.0 1044.5

PV 1.6 - 1.1 1.8 1.9 2.0 2.1 2.2 1.9 2.0 2.0 1.8fPV 1.4 - 1.1 1.8 1.8 1.9 2.1 2.3 1.8 2.1 2.1 1.9
% <0.1 - - - 38.0 57.9 55.8 49.7 29.8 9.2 13.9 20.2
O3 - - - - 196.8 379.0 413.4 247.8 247.1 569.6 560.6 320.4fO3 - - - - 203.2 384.0 419.1 236.3 234.2 625.3 538.9 325.4

S H2O 9.0 - - - 11.5 20.0 20.3 34.8 12.1 12.2 27.0 50.7
T H̃2O 9.1 - - - 6.7 20.8 18.7 35.4 10.4 9.4 24.7 43.0
R IS 53.7 - - - 159.8 95.3 146.0 154.0 193.4 101.6 209.9 203.5eIS 54.3 - - - 150.4 73.4 116.5 122.8 183.3 109.6 196.1 181.4

PV 3.0 - - - 6.4 6.3 6.1 5.6 8.1 7.7 7.7 7.2fPV 3.1 - - - 6.9 6.7 6.4 5.5 8.0 7.8 8.1 7.6

For equivalent latitudes between 60 and 90◦N rather no tropospheric information of the mea-

sured total water and ozone data points is present. This has the following reasons: (i) the

tropopause is located at lower isentropes at higher equivalent latitudes (cf. Figure 4.3); (ii)

the sampling strategy during SPURT with the base at Hohn (54.31◦N/9.53◦E, Germany) and

the first flight leg with mostly potential vorticity values > 1 PVU, which is greater than the

restriction for pure tropospheric air applied here; (iii) in Table 4-II only data points are consid-

ered where trace gas measurements of H2O and O3 are available (cf. remarks for trace gas
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measurements on page 19); (iv) the mentioned restriction for deriving equivalent latitude and

potential vorticity values. Accordant considerations should explain the sparse stratospheric

data between 0◦N and 30◦N. In the following, one has to bear in mind these limitations.

The fact that the maximum in tropospheric sampling is located in winter, results primarily

from a flight series from the basis in Northern Germany via Casablanca down to the Canary

Islands in January 2002 with a longer measurement time in the troposphere and 4 more ver-

tical profiles during the ascents and descents. This also explains the minimal stratospheric

sampling in winter at high equivalent latitudes. The region between 30 and 60◦N is best cap-

tured by the measurements. With the given restrictions, in this range the expected sampling

rates of minimum (maximum) tropospheric air in winter and spring when the tropopause is

at lower levels (summer and autumn when the tropopause is at higher levels) and vice versa

for stratospheric air appear. The sampling frequency within the tropopause region is rather

comparable with that within the troposphere, albeit the number of measurements are slightly

enhanced in the tropopause region.

Tropospheric O3 is almost minimal during all seasons and in all data point categories. The

clear peak in summer (probably due to enhanced photochemical O3 production) and the min-

imum O3 VMRs in winter are evident, whereas in the stratosphere the ozone minimum (max-

imum) occurs in autumn and summer (winter and spring). In the lowermost stratosphere the

minima appear through the strong impact of tropospheric air entering the lowermost strato-

sphere quasi along isentropes during these seasons (Ray et al., 1999), thus lowering the

O3 content in this region (Logan et al., 1999; Logan, 1999). A main reason for the decrease

in the O3 content in the lowermost stratosphere from late spring to early autumn is caused

by the increasing tropopause height with the maximum decrease in O3 from May to June

(Logan, 1999). The downward flux through the 380 K surface has a maximum during winter

(Appenzeller et al., 1996b) and enhanced downwelling in the extra-tropics is also evident

during that season (Ray et al., 1999). In times of the vortex break-up, typically in spring,

vortex remnants can travel far into mid-latitudes (Strahan et al., 1999). These instances con-

tribute to the trace gas composition of the lowermost stratosphere resulting in the observed

build-up in O3Ṫhe maximum O3 VMRs were measured at high equivalent latitudes and high

isentropes (cf. Figure 4.3). The seasonal amplitudes in ozone mixing ratios increase in all

three considered regions from the troposphere to the stratosphere (cf. also Figure 3.3).

Total water is highly variable in the troposphere. This is, in particular, reflected by the values

of the tropospheric means and medians which differ by tens of ppmv. As expected from the

seasonal temperature variation, a tropospheric seasonal cycle in IS VMRs is present as well

as H2O appears to be maximal in summer and minimal during the winter months. Lowest

stratospheric H2O VMRs were measured in autumn and winter, highest are present in the

summer season. The same arises for the tropopause region.
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Although the sampling in the low and high equivalent latitude range is sometimes sparse for

the tropospheric and stratospheric region, in general, beneath the vertical gradient also a

latitudinal increase on isentropes of O3 and H2O VMRs from low to high equivalent latitudes

is present.

4.2.2 Stratosphere-troposphere exchange

In the following, troposphere-to-stratosphere transport and stratosphere-to-troposphere

transport are denoted by TST and STT, respectively, according to the nomenclature of e.g.,

Sprenger and Wernli (2003) and Bourqui (2004). When investigating TST and STT and their

effects on e.g. chemistry and trace gas composition, it is important to take exchange depths

and residence times of air parcels into account. This is only possible with a Lagrangian based

model (Stohl et al., 2003a), like CLaMS. For instance, an air parcel crossed the tropopause

and reentered its original atmospheric region after residing only for a short time in the at-

mospheric counterpart. This ”passing exchange” event obviously has, if ever, only weak

or moderate impact on atmospheric chemistry and trace gas composition, since the time

scale for re-/interaction with air of different characteristic is probably too small. Bi-directional

stratosphere-troposphere exchange (STE) which is restricted close to the tropopause region

also has no significant influence on the atmospheric region. James et al. (2003b) demon-

strated with the Lagrangian particle dispersion model FLEXPART (Stohl et al., 1998) the

high percentage of passing exchange of air parcels close to the tropopause. In contrast, air

parcels with long residence times in an atmospheric region before the exchange carry, to

a large extent, their characteristics into the ”new” atmospheric region, in particular, when

they are involved in a deep intrusion. If they subsequently have a sufficiently long residence

time in that atmospheric region, they possibly can mix with the surrounding air, thus affect-

ing the chemical composition. In this context it is necessary to restrain the term ”mixing”

which changes the properties and chemical composition of a particle while filamentation

and stirring just change its shape (Wiggins, 1988). Real mixing can only occur by diffusion

or chemical reactions.

The applied requirements for the detection of significant exchange events is schematically

illustrated in Figure 4.4 for air parcels originating in the stratosphere. Only air parcels which

spend a sufficiently long time in both the stratosphere (τs) and the troposphere (τt) before

and after the exchange are considered. Additionally, the transition time (τcross) for exchange

air parcels which travel several times to and fro the tropopause is limited. Here, for τs and

τt 1 day, for τcross 12 hours is used. Furthermore, to diagnose STE by a change in potential

vorticity, only air parcels with a potential vorticity ≥ 3 PVU (≤ 1 PVU) at the measurement

time are considered as significant TST (STT). The use of threshold residence times re-
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Figure 4.4.: Concept of applied trajectory requirements, exemplarily illustrated for trajectories originating in the strato-
sphere. An air parcel can be involved in an exchange event by crossing the local tropopause (i) directly, (ii) by a deep
exchange event (where it penetrates deep into the troposphere (for STT) or stratosphere (for TST) within a short time
interval) or (iii) by a shallow transition (where it crosses the local tropopause several times before residing in the ”new”
atmospheric compartment). An exchange event is considered as significant if the residence times in the respective atmo-
spheric compartments before and after the exchange (τs,t) is greater than24 hours and a possibly time period with multiple
tropopause crossings (τcross) is lower than12 hours. A passing exchange, i.e. when a trajectory has crossed the tropopause
but the residence time of the air parcel in the intruded atmospheric region is lower thanτs,t and it reenters its originally
atmospheric region, is not considered as significant.

moves effectively pseudo exchange events (Wernli and Bourqui, 2002; Bourqui, 2004), the

required crossing of a certain potential vorticity region eliminates shallow exchange within

the tropopause region (Stohl et al., 2001).

In Figure 4.3, additionally, the initialised locations of those 10 day backward trajectories

which were involved into significant STE events are depicted. The dark red (orange) dots

mark TST (STT) air parcels. It is evident that most TST occurs primarily within a belt of

≈ 20 − 25 K (≈ 6.0 PVU) above the mean dynamical tropopause (2.0 PVU surface) with a

maximum in summer of ≈ 30 K (≈ 7.0 PVU). A similar range was also given for the SPURT

data by Hoor et al. (2004c), based upon 10 day backward trajectory calculations with the

Lagrangian Analysis Tool (LAGRANTO, Wernli and Davies, 1997) and operational ECMWF

T219L60 analyses data. When expanding the backward calculation time from 10 to 20 up to

30 days, the region in which most TST air parcels were detected enhances for the latter to

30− 35 K during summer and 40− 55 K during the other seasons (cf. Appendix A). Anyhow,

for both Θ-ranges the potential vorticity value is nearly the same of about 8.0 PVU (see

also section 4.3). A qualitative statement about the seasonality of STE could not be made

by these trajectory data because the air parcels are initialised onto the distinct flight tracks

which only cover a single line and not a (hemispheric) volume. Anyhow, the flight strategy

and the performance is to the greatest possible extent unitary for all campaigns (cf. right

panel in Figure 2.4). Therefore, some following remarks could be drawn.
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The presented statistic in Table 4-I is extended to the backward trajectories. In Table 4-II the

percentage and the mean tracer concentrations of air parcels which were involved into sig-

nificant exchange events during their 10 day history are considered. Beneath the parameters

in Table 4-I, the mean and median residence times in the accordant atmospheric compart-

ments (denoted by LTPC, hours since the last significant tropopause crossing) as well as

the numbers of tropopause crossings (NTPC) of air parcels are given for observations in the

three equivalent latitude categories. For the regarded STE air parcels furthermore mean and

median of the minimum and maximum values during the past 10 days for potential vorticity

and IS VMR as well as the mean and median vertical distance to the tropopause (DTP) at

the measurement time are represented. Hereby, the number of exchange air parcels for O3

and H2O differ. When considering trace gas values, only trajectories are included where data

points of the respective trace gas exist. In Figure 4.3 (and also in Figure B.1 and Figure B.2)

therefore, the number of STE air parcels can differ for the O3 and H2O charts.

As already mentioned at the end of section 1.2, even when using the information of the back-

ward trajectories, statements related to winter, spring, summer, and autumn correspond to

the months DJF, MAM, JJA, and SON, respectively.

Table 4-II reveals that TST was more frequent than STT throughout the year, but it is clear

from Table 4-I that this high presence of TST compared to STT air parcels is largely deter-

mined by the higher sampling frequency in the stratosphere. Due to the restricted measure-

ments at high equivalent latitudes, STT was predominantly observed at equivalent latitudes

< 60◦N. TST air parcels were detected more frequently in middle equivalent latitudes with

decreasing frequency further poleward. A summer maximum in TST frequency is evident,

a minimum is revealed for the winter and spring season. Also, the numbers of tropopause

crossings of TST air parcels appear to be lower during autumn and summer. This is possibly

the effect of convection during these seasons, when air parcels are raised rather directly

into the LMS within convective cells. However, it is to emphasize that the mean values for

NTPC are considerably higher than 1, indicating that an exchange event in the sense of

significance applied here occurs mainly by several crossings of the 2.0 PVU surface before

remaining in the entered atmospheric region. Given the significant requirements to the ex-

change air parcels and the sampling strategy, the summer maximum in TST is qualitatively

in agreement with flux estimations for deep exchange by Sprenger and Wernli (2003, their

figure 7.f) and cross-tropopause flux estimations with CLaMS by Günther et al. (2004). Due

to the sparse sampling of tropospheric air involved in STT, no statement could be given

about a seasonality of that transport. Although STT is an important factor, it seems to play

a minor role for the O3 budget of the upper troposphere than photochemical production, at

least during the summer season. However, this statement is given a closer inspection in

section 6.2.
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Table 4-II : When considering significant STE-trajectories in the sense ofFigure 4.4, additionally to the parameters given
for the three atmospheric regions troposphere, tropopause region, and stratosphere inTable 4-Ithe mean and median values
of the minimum and maximum values during the10 day history is given for potential vorticity (PV) and ice saturation (IS).

LTPC, NTPC andDTP (L̃TPC, ÑTPC and gDTP) denote the mean (median) number of tropopause crossings, the mean
(median) time since the last tropopause crossing in hours and the mean (median) distance to the local tropopause in K.
Maximum values are in bold, minimum in italics and are additionally highlighted for the measured trace gases ozone and
total water and the ice saturation mixing ratios (red, blue, green, respectively).

0◦N≤ ϕe ≤ 30◦N 30◦N < ϕe < 60◦N 60◦N≤ ϕe ≤ 90◦N
aut win spr sum aut win spr sum aut win spr sum

% <0.1 - - - 2.5 2.0 1.5 4.3 0.8 0.2 0.7 4.1
O3 - - - - 143.5 193.8 274.7 167.5 121.0 138.1 141.2 204.7fO3 - - - - 143.3 170.7 272.0 163.3 133.5 139.0 79.4 200.2
H2O 9.0 - - - 16.4 26.6 24.6 49.6 34.2 15.9 64.1 81.3
H̃2O 9.0 - - - 16.2 21.9 21.4 45.9 25.4 20.1 58.6 82.8
IS 53.1 - - - 90.2 52.6 65.2 119.5 164.6 68.9 180.4 162.8eIS 53.1 - - - 69.8 44.5 49.9 106.2 161.2 79.1 182.0 172.2

ISmin
10d 11.2 - - - 26.7 28.9 39.7 50.6 67.9 35.1 69.6 83.0

ĨSmin
10d 11.2 - - - 19.5 29.2 35.2 43.7 59.8 34.7 64.0 83.5

ISmax
10d 169.5 - - - 1438.3 1819.8 3974.3 1066.0 5279.2 3597.4 10151.5 1972.0

T ĨSmax
10d 169.5 - - - 412.1 1004.2 652.4 281.9 1471.4 4590.0 6921.2 413.5

S PV 3.1 - - - 4.4 4.7 4.7 4.5 4.1 6.0 4.1 5.9
T fPV 3.1 - - - 4.0 4.8 4.7 4.2 4.0 5.8 3.7 6.1

PVmin
10d 1.0 - - - 0.8 1.1 0.9 1.2 1.0 0.8 0.9 1.2

P̃Vmin
10d 1.0 - - - 0.7 0.9 0.8 1.1 0.7 0.4 0.5 1.3

PVmax
10d 3.3 - - - 5.1 5.3 6.1 5.4 6.6 6.3 4.8 6.5

P̃Vmax
10d 3.3 - - - 4.7 5.2 6.0 5.2 7.0 5.9 3.9 6.1

LTPC 99.0 - - - 89.1 93.2 82.8 121.1 72.5 136.4 95.6 103.9
L̃TPC 99.0 - - - 70.0 88.0 58.0 109.0 64.0 98.0 66.0 93.0
NTPC 11.0 - - - 11.4 15.3 12.7 12.1 9.6 16.4 12.4 12.1
ÑTPC 11.0 - - - 9.0 11.0 9.0 9.0 5.0 13.0 5.0 9.0
DTP 11.2 - - - 19.9 12.7 10.9 14.5 12.1 22.6 10.7 12.6gDTP 11.2 - - - 12.5 12.2 10.7 14.3 12.9 20.6 9.3 11.5
% 0.1 0.6 2.7 0.1 0.4 0.3 0.3 0.4 0.1 0.2 - 0.1
O3 - 41.6 62.1 87.4 59.0 53.6 61.4 75.8 - - - -fO3 - 41.9 55.9 87.4 56.8 53.6 56.4 69.1 - - - -
H2O 219.1 136.4 299.5 - 264.4 131.1 175.9 343.7 - - - -
H̃2O 251.2 101.3 362.0 - 291.4 109.8 172.5 313.4 - - - -
IS 633.8 969.6 1233.7 995.4 2383.3 924.0 416.7 2787.5 3248.4 2181.5 - 8144.5eIS 951.8 473.4 369.7 995.4 1514.2 339.9 191.0 1199.5 3251.4 2193.9 - 6316.8

ISmin
10d 41.8 52.5 53.0 73.5 53.6 38.5 63.6 123.4 44.3 91.3 - 150.8

ĨSmin
10d 43.0 55.9 55.5 73.5 48.9 34.3 53.8 122.1 49.7 95.5 - 142.4

ISmax
10d 4569.5 6580.4 4803.0 995.4 5156.6 1703.6 5340.7 3993.5 5134.8 2241.9 - 8238.1

S ĨSmax
10d 6512.1 4305.6 4128.5 995.4 3142.2 1124.5 2609.8 4314.5 3251.4 2198.1 - 6316.8

T PV 0.5 0.3 0.4 0.3 0.7 0.7 0.8 0.7 1.0 0.8 - 0.7
T fPV 0.5 0.3 0.3 0.3 0.7 0.7 0.9 0.7 1.0 0.8 - 0.7

PVmin
10d <0.1 0.1 0.2 0.3 0.4 0.5 0.3 0.5 0.7 0.5 - 0.6

P̃Vmin
10d 0.1 0.1 0.2 0.3 0.4 0.6 0.3 0.5 0.8 0.5 - 0.5

PVmax
10d 5.6 4.4 4.9 7.1 5.5 5.3 5.3 5.8 4.9 4.0 - 5.3

P̃Vmax
10d 5.9 4.3 4.8 7.1 5.6 5.5 4.8 5.5 4.9 4.2 - 4.8

LTPC 158.0 192.4 121.0 93.0 134.2 82.2 81.2 133.5 70.2 174.1 - 151.0
L̃TPC 165.0 197.0 116.0 93.0 129.0 45.0 50.0 132.0 69.0 168.0 - 138.0
NTPC 20.5 11.4 16.7 21.0 12.2 15.3 16.1 11.0 8.0 10.7 - 10.2
ÑTPC 30.0 6.0 11.0 21.0 9.0 11.0 14.0 9.0 9.0 9.0 - 8.0
DTP -20.4 -11.3 -12.2 -8.7 -17.8 -14.0 -5.9 -10.8 -34.5 -25.0 - -24.3gDTP -14.7 -11.6 -10.1 -8.7 -14.4 -9.8 -4.5 -10.4 -34.4 -25.0 - -14.2

Obviously, air which was involved into exchange processes has O3 VMRs in between pure

tropospheric and pure stratospheric concentrations. Ozone mixing ratios of TST parcels are

higher than mean concentrations in the tropopause region and lower than the mean for pure

stratospheric air. In the LMS, TST air parcels give a clear signature in O3 mixing ratios. In

contrast, the signature of TST parcels in H2O VMRs is not as distinct as in O3. Total water

mixing ratios of TST parcels are only slightly higher than stratospheric concentrations but

significantly dryer than the tropopause region. Additionally, minimal IS VMRs and H2O con-

centrations are more or less of equal amount (in the mean and median). The latter attribute
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suggests that the water content of air crossing the dynamical tropopause is largely deter-

mined by temperature. This reflects the high potential for (super)saturation and for (cirrus)

cloud formation combined or coupled with TST events (see section 6.1). Average minimum

and maximum potential vorticity values during the 10 day history (PVmin
10d and PVmax

10d ) of al-

most all TST air parcels are between 1 PVU and 6 PVU, respectively. The mean and me-

dian values of the distance from the local tropopause (DTP and D̃TP) lie between 10 and

20 K. They demonstrate that the vertical penetration of TST into the lowermost stratosphere

seems to be deepest or rather highest above the tropopause during autumn and summer.

Certainly, this should point to the maximal TST extent. However, the observed maximum

frequency of TST does not a priori indicate that the TST extent into the lowermost strato-

sphere is indeed highest during these seasons. The slight ”secondary maximum” of TST

near 360 K, as was reported by Sprenger and Wernli (2003), is also apparent in Figure 4.3

at equivalent latitudes between 30◦N and 50◦N. This maximum of shallow TST, due to a

higher tropopause and therefore a lower penetration depth, reduces to some extent the DTP

values during these seasons. Anyhow, the DTP values for each season also include ”deep”

exchange events, i.e. air parcels which reach far into the lowermost stratosphere (e.g. more

than 30 K above the dynamical tropopause) with potential vorticity values of 8.0 PVU or

higher. Although they are not so frequent as shallower TST, when considering percentiles of

80− 90 % 1 instead of the mean and median (not shown), it is apparent that the TST extent

reaches the maximum distance to the local tropopause during winter and spring. However,

the PV value to which TST is traceable shows no clear maximum. These aspects will be

discussed in the next section 4.3.

Air parcels involved into STT processes have commonly rather tropospheric tracer mixing

ratios. It seems they lose their stratospheric character in a relative short time period probably

as a result of their lower density and the higher turbulence in the troposphere. However,

another possible reason could be an increased amount of wrong detected exchange events.

The above issues reveal interesting features. The higher O3 values of TST compared to

STT parcels are not necessarily conflicting. This could be justified by several reasons. Re-

sults of the Lagrangian ”1-year climatology” of Wernli and Bourqui (2002) show that fre-

quent positions of exchange air parcels in the vertical are located near or somewhat above

the climatological tropopause for TST and some 150 hPa below for STT. Therefore, TST

(STT) parcels just can exhibit near stratospheric (tropospheric) tracer concentrations. Also

Vaughan and Timmis (1998) reported that O3 VMRs of tropospheric intrusions have val-

ues above 100 ppbv. Concerning STT, James et al. (2003b) mentioned that exchanged air

has a more recent origin in the tropopause region, which is the mixing layer, rather than in

the stratosphere, resulting in less stratospheric character of the intruded air. This issue is

1indicating the range of DTP values in which80− 90 % of TST air parcels fall into
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also represented by the potential vorticity values in Table 4-II. Average maximum 10 day PV

values of STT air parcels are about 5 PVU, i.e. they were not deep within the lowermost

stratosphere during this time period. Minimal potential vorticity values in contrast do not ex-

ceed 0.5 PVU. Therefore, the identified STT particles show O3 VMRs close to tropospheric

values.

The main reason for the observed values of exchange particles could be mixing, which re-

duces differences in VMRs to the surrounding air. If STT particles travel below the 2.0 PVU

surface there are only sparse observations of stratospheric O3 VMRs > 100 ppbv (cf. also

Stohl and Trickl, 1999; Stohl et al., 2001). Furthermore, computational errors, like interpo-

lation over huge distances or coarse grids and raw time resolution, can cause inaccuracies

in detecting exchange particles. However, due to the applied restrictions, the mêlée of air

parcels in the tropopause region should be largely eliminated and trajectory errors should

be limited.

The fact that TST (and due to the more turbulent troposphere obviously STT) is primarily

aligned with mixing, appears also from a close look to correlations of H2O and O3. These

correlations are displayed in Figure 4.7 in section 4.3 for the total measurement data set of

each SPURT campaign. When solely considering STE parcels (not shown individually) only

few particles occur on vertical branches at low H2O VMRs (indicating stratospheric and/or

sub-tropical and/or dehydrated air) and on horizontal branches at low ozone concentrations

(reflecting tropospheric air). When displaying all measurements within 40 or even 50 K above

the local tropopause (also not shown), the existence of a tropopause following mixing layer

is indicated since the pure tropospheric and stratospheric branches of air are only sparsely

equipped, whereas in the view of mixing line theory (Plumb and Ko, 1992; Waugh et al.,

1997) the majority appears on these mixing lines, which are the results of irreversible mix-

ing processes of tropospheric with stratospheric air. Thereby, the decline of tropospheric

influence (reflected by H2O VMRs) is evident by increasing distance to the tropopause. For

further investigations of the extent of the mixing layer it is referred to section 4.3.

As is evident in Table 4-II the seasonal cycles of tracer mixing ratios of O3 and H2O in

the stratosphere and troposphere are also present in the concentrations of TST and STT

parcels, respectively, particularly in the best captured equivalent latitude range. Therefore,

mixing is expected to contribute as the major factor for the observed concentrations of the

exchange particles.

In Figure 4.3 STE air parcels identified through the crossing of the 2.0 PVU surface within

the previous 10 days are depicted. When the tropopause defining potential vorticity surface

is varied to 3.0 or 4.0 PVU and significant ”exchange air parcels” are detected in the same

way as for the 2.0 PVU-surface, the distribution of STE around the corresponding potential

vorticity surface does not change significantly. To get an impression of the upward and down-
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ward components of transport, for the appropriate two SPURT campaigns in each season

the percentages of air parcels which cross different definite threshold values of PV (thpv,

varying from 0.5 PVU to 12.0 PVU in steps of 0.5 PVU) during the previous 10 and 30 days

from below or from above are displayed in Figure 4.5. Additionally, the air parcels must fulfill

the residence time criteria for the stratosphere and the troposphere (τs,t,cross = 24 h,24 h,

12 h, respectively, cf. page 60). Thereby, UWT denotes upward transport through the corre-

sponding PV surface from below, DWT downward transport from above. To receive a more

valuable information from the trajectories, which were initialised on the flight tracks and not

in a 3-dimensional box, the calculated percentages are related to the number of air parcels

above (for UWT) or below (for DWT) the corresponding PV threshold value at the measure-

ment time. This will affect the given distribution of percentages, since with an increasing PV

threshold value the number of air parcels (the footing), which potentially could be involved

into UWT (DWT), decreases (increases). Anyhow, this procedure can suggest an estimation

for potential transports.
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Figure 4.5.: Seasonal distribution of transport through different surfaces of potential vorticity. UWT (DWT) denote air
parcels that cross the corresponding PV surface from below (above) during the previous10 (left) and30 (right) days. Each
percentage for UWT (DWT) is based upon the whole set of air parcels with potential vorticity values at the measurement
time greater (lower) than the corresponding threshold value of potential vorticity (thpv).

The distributions for observed DWT above the dynamical tropopause (2.0 PVU) seem to

remain rather constant at 20 − 30 % up to 8.0 − 9.0 PVU. In contrast, the rates for upward

transport increase in the mean from the tropopause (2.0 PVU) to higher PV values in all

seasons. There is evidence for enhanced UWT up to 8.0− 9.0 PVU, except for winter with a

limit at ≈ 8 PVU. The substantial increase for DWT within the range 12.0 PVU to 9.0 PVU and

the decrease for UWT for PV threshold values > 8.0− 9.0 PVU is most probably due to the

lowering number of data points with increasing potential vorticity, i.e. the number of poten-

tial exchange air parcels, which could experience UWT or DWT, respectively, as mentioned

recently. Further backward calculation in time enhance the percentages for both UWT and
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DWT (cf. right chart in Figure 4.5). This is obviously owing to the higher potential for transport

across PV surfaces with increasing backward calculation time. Anyhow, tropospheric influ-

ence is still present and noticeable at high potential vorticity surfaces and high isentropes.

For an estimated upper limit of recent tropospheric influence it is referred to section 4.3.

To quantify quasi-isentropic transport, furthermore, air parcels that travel quasi-isentropically

(within a 5 K range) during the last 10 days are displayed by the cyan dots in Figure 4.3.

Quasi-isentropic transport within the considered previous days appears to be weak. This

transport process seems to be more effective at high isentropes where transport rather takes

place on photochemical time scales. However, air parcels which travelled quasi-isentropic

during the considered backward calculation time reclined a distance of several 10 degrees

in equivalent latitudes.

It is also interesting along which pathways TST occurs, i.e. where the exchange air parcels

entered the lowermost stratosphere. The actual equivalent latitudes of TST particles versus

the equivalent latitude at the last significant crossing of the dynamical tropopause is depicted

in Figure 4.6 for 10 days (left) and 30 days (right) backward trajectory calculations. Hereby,

once more a seasonal differentiation is performed (top to bottom: autumn, winter, spring,

and summer). The colour coding represents the encountered difference in potential tem-

perature between the actual value and the value at the last significant tropopause crossing

(Θ|act−Θ|LSTPC). The potential vorticity value at the observation time is reflected by different

symbols. Additionally, the bisecting line is depicted.

Considering the air parcels involved in TST during the previous 10 days, the data points

are commonly located near the bisecting line but with an equivalent latitudinal difference of

≈ 20◦N. They indicate an entry position into the lowermost stratosphere at lower equivalent

latitudes than the actual position. Only few particles entered the lowermost stratosphere at

a higher than the actual equivalent latitude, but this difference is hardly greater than 10◦N.

TST air parcels above the bisecting line have mainly positive Θ differences, since they likely

entered the lowermost stratosphere at higher equivalent latitudes than their actual location

(despite in situations with strong tropopause displacements). Only few parcels crossed the

dynamical tropopause ”locally”, i.e. ϕe|act ≈ϕe|LSTPC, with a gain in Θ. Encountered differ-

ences in potential temperatures are mostly in the range between−5 K and 5 K (colour code).

The occurrence of negative Θ differences implies also mean downward motion of TST air

parcels.

For the 30 days backward trajectories the TST occurrence approximately doubles. Addition-

ally, the mean downward transport becomes more apparent and the Θ differences enlarge.

The exchange air parcels cross the 2.0 PVU surface at lower and middle equivalent latitudes

and travel poleward. On this way they encounter gradients of potential vorticity and are
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Figure 4.6.: Seasonal correlations of actual equivalent latitude, i.e.ϕe at the observation time (act), versus equivalent
latitude at the last significant tropopause crossing (LSTPC) within the previous10 (left) and30 (right) days. The colour
coding reflects the encountered differences in potential temperature in K, i.e.Θ|act − Θ|LSTPC. Thus, positive (negative)
differences reflect encountered heating (cooling). The potential vorticity at the observation time (PVact) is given as indicated
in the upper left corner in each chart. Top to bottom: autumn, winter, spring, and summer.

.
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”forced” to lower potential temperatures. Although extra-tropical TST is frequent (Vaughan

and Timmis, 1998), it predominantly reaches not deeply into the stratosphere. This is pre-

vented by the large-scale descent in the stratosphere (Holton et al., 1995).

The symbols for the actual values of potential vorticity show some kind of order. Air parcels

crossing the dynamical tropopause at lower equivalent latitudes are now located at higher

latitudes with a loss in potential temperature of > 20 K. Thereby, the PV value is the higher

the larger the loss in Θ or the lower ϕe|LSTPC.

Figure 4.6 moreover reveals seasonal differences in TST. The range of equivalent latitudes

within which the observed TST parcels cross the dynamical tropopause as well as the trans-

port over huge latitudinal distances show a minimum during the winter months. In contrast,

clear maxima are evident during autumn and summer. This is possibly a result of the sub-

tropical jet stream which acts as a transport barrier. In summer and autumn the strength of

the jet stream is reduced allowing an enhancement of quasi-isentropic transport from low to

high latitudes (cf. Figure 5.5 in section 5.2 and chapter 8). In combination with Figure 4.3 it

appears that in the seasonal mean the 8 PVU surface remains relatively fixed in the Θ-ϕe

space. In contrast, the densification of lower potential vorticity surfaces increases towards

summer in the established coordinate system. This signifies that the vertical PV gradients

across isentropes are in the mean strongest during summer and weakest during winter. For

quasi-isentropic transport, however, the PV-gradients on isentropic surfaces are weakest

during summer, since the slopes of PV iso-surfaces relative to the isentropes decrease to-

wards summer. Thus, transport over large latitudinal differences is simplified or enhanced.

This corroborates with the secondary maximum for TST at 360 K indicated by Sprenger and

Wernli (2003, their figure 3.b) and with results from Hoor et al. (2004b). Based upon a new

approach for a trace gas budget for the lowermost stratosphere Hoor et al. suggest a dom-

inating tropically influenced tropospheric fraction with increasing distance from the mixing

layer. This will contribute to the chemical composition of the lowermost stratosphere over

Europe during winter and spring (summer and autumn) by about 35 % (55 %).

The high percentage of TST air parcels with Θ differences between −5 K and 5 K does a

priori not imply predominant quasi-isentropic exchange between the troposphere and the

stratosphere. The encountered maximal and minimal potential temperatures of those TST

parcels reveal large differences which does not suggest merely quasi-isentropic transport.

For STT there is a general downward transport from higher towards lower equivalent lat-

itudes. Anyhow, due to the sparse measurements in the pure troposphere, i.e. air with a

potential vorticity < 2.0 PVU, in particular at high latitudes, no accurate statement could be

drawn.
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4.3 Estimation of an upper border for the extra-tropical mixing layer

In the previous section 4.2 the extent of troposphere-to-stratosphere transport was anal-

ysed with 3-dimensional backward trajectories based upon ECMWF winds. An estimation

of an upper boundary for tropospheric influence in the lowermost stratosphere could also

be derived from the trace gas measurements, especially from ozone and total water, during

SPURT. Both trace gases show a strong gradient at the tropopause. The water vapour VMRs

in the tropopause region covers about 2− 3 orders of magnitude, and the lowermost strato-

spheric ozone concentrations exceed those in the troposphere by a factor of 10. The high

accuracy and sufficient time resolution of the in situ trace gas measurements also provide

a prominent advantage for studying characteristics of the upper troposphere and lowermost

stratosphere and processes confined to that region. Since total water is an indicator of small

amounts of tropospheric air in the lowermost stratosphere and ozone has a much longer

stratospheric lifetime than mixing processes (greater than 1 year in the lowermost strato-

sphere, Solomon et al., 1985), correlations between both trace gases can deliver some

insight to how deep into the stratosphere tropospheric air could penetrate.

4.3.1 Extent of the extra-tropical mixing layer

4.3.1.1 Penetration of tropospheric air into the lowermost stratosphere in terms of O3

Figure 4.7 shows the O3:H2O correlation for each of the eight single SPURT campaigns.

Ozone could generally be regarded as a vertical coordinate due to monotonically growing

mixing ratios with increasing height. Below the hygropause, above which methane oxidation

starts to increase H2O VMRs, H2O and O3 are in general anti-correlated. If the atmospheric

compartments troposphere and stratosphere would not interact and mix with each other, the

correlation would result in an ”L”-shape: (i) highly fluctuating total water in the troposphere

and quasi-constant O3 VMRs, in Figure 4.7 marked by the horizontal dashed line at 80 ppbv,

a value supposed for the definition of the chemical tropopause (Bethan et al., 1996), and

(ii) increasing O3 values in the stratosphere with rather smooth fluctuations in water mixing

ratios (denoted by the vertical dashed line at 5 ppmv, a value considered to be characteristic

for the pure stratosphere).

In almost all of the O3:H2O correlations such an ”L”-shape appears with the vertical branch

also at enhanced H2O VMRs in the lowermost stratosphere of about 20 − 30 ppmv. This

feature is, for instance, very pronounced in the correlation of IOP 6. Anyhow, the discrete

moist branch of high humidity at high O3 in the correlation of IOP 1 was observed during

the first SPURT mission on a southbound flight from Hohn (Germany) to Faro (Portugal).
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Figure 4.7.: Tracer correlations of ozone and total water for the eight SPURT campaigns IOP1 − 8. The horizontal grey
bars at the right ordinate of each chart mark the ozone value to which tropospheric air (indicated by the total water mixing
ratios) in the lowermost stratosphere is traceable. The colour coding, depicted at the right hand side of the chart in the
bottom row, reflects the potential temperature in K for each data point. (From top to bottom: autumn, winter, spring, and
summer. Left: IOP1− 4; right: IOP5− 8).
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Model studies with CLaMS using the Reverse Domain Filling technique (RDF, see chap-

ter 7) can not provide a suitable explanation for the measured enhanced H2O VMRs in the

lowermost stratosphere during a particular flight section. However, as indicated by Hegglin

et al. (2004) the probed air was probably influenced by recent high reaching tropospheric

injections during mid-latitude convective system events over middle Europe during that time

period. Although convective events (Hauf et al., 1995; Poulida et al., 1996; Fischer et al.,

2003) reaching sufficiently high into the lowermost stratosphere should occur frequently and

effect the chemical composition and therefore the radiation budget of that atmospheric re-

gion, it will not be considered in the following discussion in this section, since the high total

water content is probably of this special very recent origin. Anyhow, such high amounts of

H2O accompanied with high O3 VMRs were discussed very recently by Dessler and Sher-

wood (2004) for the summer season.

All the correlations in Figure 4.7 reflect the nonuniform character of H2O in the troposphere

(wide spread) with a strong vertical gradient in the tropopause region (near 100 ppbv O3).

Towards higher O3 VMRs – above ≈ 300 ppbv and ≈ 600 ppbv, depending on season (cf.

subsection 3.2.1 and Table 4-III) – the H2O distributions show a relative compact shape in

contrast to the large deviations at low O3 values due to varying tropospheric sources. The

correlations indicate a dryer troposphere (and also lowermost stratosphere) during the au-

tumn and winter months and an increasing tropospheric humidity from spring to summer (cf.

also Table 4-I).

Considering bi-directional transport between the troposphere and the stratosphere trace gas

concentrations between those of the pure reservoirs evolve due to mixing. Transport and

subsequent mixing on time scales shorter than the lifetime of the trace gases result in mixing

lines (Plumb and Ko, 1992; Waugh et al., 1997). This mixing line theory is a widely used tool

to identify mixing processes in the stratosphere (e.g., Waugh et al., 1997; Plumb et al.,

2000) and in the tropopause region (e.g., Bujok, 1998; Fischer et al., 2000; Beuermann,

2000; Hoor et al., 2002). From the mixing lines (for an extended analyses to derive H2O

entry values see section 5.2) an ozone value to which tropospheric air penetrates could be

appraised. This is performed by taking the maximum (lowermost) stratospheric O3 value at

that point where the H2O values are becoming more or less invariant on the corresponding

flight to varying O3. The variation of H2O below these O3 values is significant, which is

caused by varying tropospheric sources and clouds in the vicinity of the tropopause.

The estimations of O3 VMRs to which tropospheric influence is traceable are marked by the

grey thick bars at the right ordinate of each correlation in Figure 4.7. Note that the derived

O3 values correspond not to the stratospheric H2O background value but to tropospheric

influence. Especially during the last campaigns (IOP 6−8) a bimodal correlation of H2O and

O3 in the lowermost stratosphere appears, nevertheless letting derive an ozone mixing ratio
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above which a vertical branch (in both modes) establishes. A vertical branch at high poten-

tial temperatures in the correlations (i.e. varying O3 concentrations with quasi-constant total

water mixing ratios) could be indicative for chemically aged air (at rather higher potential

temperatures) or dehydrated air. For instance, for IOP 6, in the correlation of carbon monox-

ide (CO) and O3 (cf. figure 5 of Hoor et al., 2004c) two distinct covariances, i.e. change

of slopes, occur, indicating air of different origin and history. The characteristic ”kink” in the

correlation of O3 and CO by Hoor et al. (2004c) turns out at an ozone value of ≈ 380 ppbv

with photochemically aged air above that value. Although total water mixing ratios reveal no

”usual” stratospheric character, they appear in a vertical branch with primarily quasi-constant

mixing ratios. This probed air could probably be affected by dehydration mechanisms which

will be investigated in more detail in chapter 7. However, from the mixing lines a maximum O3

value of ≈ 625 ppbv arises. The observation that the ”kink” in O3:CO correlations appears

at lower O3 values than in O3:H2O correlations is caused by the much stronger gradient

through the tropopause for the latter compared to the more modest for the former. Addition-

ally, the chemical lifetime of water in the stratosphere is probably much longer than that for

carbon monoxide (e.g., Pfister et al., 2003). This makes water a more sensible tracer for

small amounts of tropospheric air.

Table 4-III : Details on the deduction of seasonal tropospheric influence in the lowermost stratosphere. The functional
relationship between measured ozone and ECMWF-derived potential vorticity, between ozone and the calculated distance
to the local tropopause as well as the seasonal tropospheric penetration depths in terms of ozone (Op

3), potential vorticity
(PVp) and distance to the local tropopause (4Θp) are given. Values in the polynomials are rounded up to two decimal
places.

campaign O3(PV) (cf. Figure 4.9/ 4.10) O3(4Θ) (cf. Figure 4.11) Op
3 PVp 4Θp

SPURT IOP1 41.28+ 1.50·PV+ 4.56·PV2 80.28+ 4.71·4Θ+0.01·4Θ2 375 8.3 57.0
SPURT IOP2 82.64− 34.11·PV+10.52·PV2 81.11+ 4.82·4Θ+0.06·4Θ2 525 8.3 54.4
SPURT IOP3 66.80+ 9.27·PV+ 6.99·PV2 128.29+ 13.15·4Θ−0.07·4Θ2 650 8.5 56.6
SPURT IOP4 117.53− 10.68·PV+ 3.91·PV2 111.94+ 1.23·4Θ+0.09·4Θ2 325 8.8 42.7
SPURT IOP5 34.21+ 10.78·PV+ 2.20·PV2 76.49+ 4.90·4Θ−0.01·4Θ2 300 8.8 52.4
SPURT IOP6 22.80+ 11.58·PV+ 6.79·PV2 82.15+ 11.19·4Θ−0.04·4Θ2 625 8.5 62.4
SPURT IOP7 44.66+ 30.09·PV+ 5.46·PV2 149.23+ 12.53·4Θ−0.04·4Θ2 700 8.5 53.4
SPURT IOP8 82.13− 0.24·PV+ 5.56·PV2 141.52+ 7.10·4Θ+0.02·4Θ2 525 9.0 47.9

POLSTAR 1997 115.56− 9.67·PV+ 6.92·PV2 145.60+ 5.75·4Θ+0.02·4Θ2 400 7.2 40.0
POLSTAR 1998 104.42+ 5.64·PV+ 4.97·PV2 153.71+ 4.51·4Θ+0.04·4Θ2 400 7.2 40.6

STREAM 1996 39.08+ 24.93·PV+ 1.69·PV2 119.89+ 6.58·4Θ−0.03·4Θ2 370 8.5 51.3
STREAM 1997 68.78− 6.87·PV+ 7.28·PV2 114.68+ 6.20·4Θ+0.04·4Θ2 500 8.2 48.1
STREAM 1998 136.64− 48.12·PV+ 7.45·PV2 79.79+ 1.08·4Θ+0.13·4Θ2 390 9.9 44.1

The estimated penetration depths from the O3:H2O correlations in terms of O3 are sum-

marised in Table 4-III for the eight SPURT campaigns. Additionally, penetration heights were

derived from O3:H2O correlations from the Arctic campaigns POLSTAR (Polar Stratospheric

Aerosol Experiment) 1997/98 and STREAM (Stratosphere-Troposphere Experiments by

Aircraft Measurements) 1997 (base station in Kiruna, Sweden) as well as from the mid-

latitude STREAM 1996/98 campaigns (base stations in Shannon, Ireland, and Timmins, On-
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Figure 4.8.: Penetration heights of sensible tropospheric influence in the lowermost stratosphere in terms of ozone as a
function of time. The ozone mixing ratios were derived from O3:H2O correlations obtained during the eight SPURT cam-
paigns between November2001 and July2003 (see grey bar in each charts ofFigure 4.7) as well as during the POLSTAR
1997/98 and STREAM1996/97/98 campaigns (cf.Figure C.1andFigure C.2in Appendix C). For the SPURT data as
well as for all considered mid-latitude campaigns (i.e. SPURT IOP1 − 8 and STREAM1996/98) sinusoidal curves are
approximated to the penetrations depths (dashed and solid line, respectively).

tario, Canada). These correlations are displayed in Figure C.1 and Figure C.2 in Appendix C.

They all let anticipate a limit for tropospheric affection in O3 with a definite strong sinusoidal

annual cycle which is graphically illustrated in Figure 4.8.

For the mid-latitude campaigns STREAM 1996/98 and SPURT IOP1−8 and separately only

for the SPURT data sinusoidal curves (black solid and dashed line, respectively) were fitted

to the O3 penetration values and are given explicitly in the upper right corner in Figure 4.8.

Both POLSTAR campaigns and the STREAM 1997 campaign were not included into the fit-

ting process for the reason that these are pure polar/artic campaigns. The computed sine

curve matches the SPURT data quite well which is possibly due to the even geographical

sampling region of these campaigns. However, the grey sinusoidal shading illustrates a vary-

ing amplitude about the standard deviation of the fitted O3 penetration values for the selected

SPURT and STREAM data (1σ = 145.3 ppbv) which roughly matches also the excluded arc-

tic campaigns. The penetration value of O3 for the STREAM 1996 campaign does not fall into

the 1σ scatter range which is probably caused by too low O3 data (Schiller, 2004, personal

communication). The picture drawn here is in qualitative agreement with results from Zahn

et al. (2004b, their figure 5) who used a constant CO VMR of 38 ppbv (i.e. their annual mean

CO concentration at 8.0 − 9.0 PVU) as a representative for the upper border of the mixing

layer. From the O3:CO correlations (mixing lines) for the CARIBIC data, Zahn et al. (2004b)

derived a corresponding seasonal O3 VMR at that CO level. However, the deduced estima-



4.3. ESTIMATION OF AN UPPER BORDER FOR THE EXTRA-TROPICAL MIXING LAYER 75

tions from the STREAM 1996/98 and SPURT data sets show a higher annual mean in O3 of

≈ 480 ppbv in contrast to 360 ppbv for the CARIBIC data. Additionally, their annual cycle is

shifted about one month. This is probably the effect of the different measurement regions.

The CARIBIC data analysed by Zahn et al. (2004b) was taken in the region above the Indian

Ocean, Southern Africa and the Caribbean whereas the SPURT data was sampled over the

European area (cf. Figure 2.4). Thus, the difference occurs most likely to the varying latitudi-

nal (e.g., Logan (1999) or subsection 3.2.1) and longitudinal (e.g., Appenzeller et al., 2000;

Fusco and Logan, 2003) distribution of O3 VMRs.

4.3.1.2 Penetration of tropospheric air into the lowermost stratosphere in terms of PV

The penetration of tropospheric air into the lowermost stratosphere increases from autumn

(O3≈ 300 ppbv) to mid spring (O3≈ 650 ppbv), and thus establishes a seasonal cycle. Higher

ozone mixing ratios are present during the winter and spring season, lower values during

late summer and autumn with an amplitude of ≈ 480 (or ≈ 500) ppbv.

The cycle of penetration depths in terms of ozone is highly correlated with the seasonality

of that trace gas in the lowermost stratosphere, with e.g. its maximum during spring (see

subsection 3.2.1). Therefore, to reconceive the information of penetration depths of tropo-

spheric air into the lowermost stratosphere from another point of view, it has to be trans-

formed into another quantity. For an estimation of the mixing layer extent into the LMS the

quasi-conserved quantity potential vorticity is used. From the availability of meteorological

analyses (here ECMWF analyses), a distribution of PV, which is a nearly conservative quan-

tity on timescales of a few weeks, could be derived. Potential vorticity is obtained by spatial

and temporal interpolation to the flight tracks as mentioned earlier in subsection 3.4.1. The

well-established correlation of ozone and potential vorticity in the lowermost stratosphere

states the feasibility to express the ozone penetration depths in terms of PV.

Figure 4.9 shows the correlations of measured ozone and model derived PV for the total

SPURT data set. As an additional information, measured total water is displayed by the

grey shading. On an iso-surface of potential vorticity a broad spectrum of ozone (and total

water) measurements could be noted (refer to subsection 3.4.1). This appears since the in

situ measurements register large and small-scale variations. The used time resolution of

measured data is 5 s which, by an average flight velocity of about 200 m s−1, results in a hor-

izontal distance of ≈ 1 km. In contrast, the derived PV values are restricted to the resolution

of the meteorological analysis data, which here is about a factor of 11− 12 coarser than that

of the measurement data. For each set of data points of the eight SPURT campaigns a 2nd

order polynomial is fitted. The approximated polynomials are depicted by the solid coloured

lines in Figure 4.9 (red, blue, green and orange corresponding to autumn, winter, spring, and

summer, respectively).
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Figure 4.9.: Measured ozone versus spatially and temporarily interpolated potential vorticity from ECMWF analyses with
measured total water as grey shading (in ppmv). For each campaign a cubic curve is fitted and colour coded: autumn
(dark red), spring (green), winter (blue), and summer (orange). The functional relationship for each polynomial is given in
Table 4-III.

At least three features arise from Figure 4.9. First, for ozone lower than ≈ 100 ppbv there is

no large deviation between the polynomials. From a potential vorticity value of about 2.0 PVU

on these curves begin to diverge with increasing PV. This feature is, of course, also evident

in the 2-dimensional probability distribution functions in subsection 3.4.1, leading to the re-

sult that a PV value of ≈ 2.0 PVU seems to be satisfying for the extra-tropical dynamical

tropopause definition during SPURT. Second, ozone in the troposphere is lowest during win-

ter and highest during summer, whereas stratospheric ozone is at maximum during spring

and winter. This was also derived from subsection 3.4.1 for seasonal data. Additionally, the

polynomial for the single winter and spring campaigns differ less than those for the missions

in summer and autumn. However, the third feature is illustrated by the coloured filled circles

and triangles on each fitted curve, corresponding to the conducted SPURT campaign. They

mark the ozone mixing ratio to which tropospheric air penetrates, received from the O3:H2O

correlations in Figure 4.7. These points (ozone mixing ratios) reside in a narrow PV range of

about 8.5±0.5 PVU. Details concerning the approximated curves as well as the tropospheric

penetration depths in terms of O3 (O3
p) and PV (PVp) are listed in Table 4-III.

For the POLSTAR and STREAM campaigns, the transformation of ozone penetration depths

of tropospheric influence to potential vorticity is displayed in Figure 4.10. Also here, at least

for the STREAM 1996/97 campaigns, a PV value of 8.5± 0.5 PVU establishes. The assump-

tion of the too low ozone data for the STREAM 1996 campaign is supported by the O3:PV

correlation. For the two SPURT spring (and winter) campaigns, the 2nd order polynomials
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Figure 4.10.: As Figure 4.9but for the POLSTAR and STREAM campaigns. The functional relationship for each polyno-
mial is also given inTable 4-III.

show not much deviation in contrast to the fits for both STREAM spring campaigns. Due to

the compact distributions during that season (cf. Figure 3.8 in subsection 3.4.1) a compar-

ison of all spring polynomials portend to a negative offset for the O3 measurements during

STREAM 1996. This would lead to an enhanced tropospheric penetration value in O3. Any-

how, due to the then steeper polynomial with increasing PV the higher value for O3
p would

probably not change the derived value for PVp significantly.

For the pure arctic POLSTAR campaigns the transformation results in a penetration depth of

about 7.2 PVU. The latter finding is consistent with Pfister et al. (2003) who received nearly

the identic feature for the arctic lowermost stratosphere during winter and early spring with

a PV value for tropospheric influence of ≈ 7.5 PVU. The transformation for the STREAM

1998 penetration depth results in a PV value of about 10.0 PVU. However, whereas the other

considered polar and mid-latitude campaigns were conducted near the European area, this

campaign was performed in Canada with the base station at Timmins, Ontario. Atmospheric

conditions, e.g. orographically or convectively induced, in this region differ from those above

Europe in almost all seasons. For instance, this issue is also present in the analysis of pa-

rameters at the tropopause, which were derived from Northern Hemisphere ECMWF anal-

yses and are discussed in section 5.2. Therefore, also the extent of tropospheric air into

the lowermost stratosphere could be variable there. Unfortunately, no further data within the

STREAM 1998 region or other Northern Hemisphere mid-latitude regions, especially for all

seasons, were analysed this way so far to investigate that item in more detail.



78 CHAPTER 4. SEASONAL VARIATION OF THE EXTRA-TROPICAL MIXING LAYER

Anyhow, although tropospheric air penetrates to higher ozone mixing ratios with progress-

ing season from autumn to spring the according PV value does not change seriously. The

SPURT data represents a substantial contribution. It captures the mid-latitudes and covers

all seasons. Thus, this study goes far beyond that of Pfister et al. (2003).

Whereas the mean ozone mixing ratio in the seasonal cycle of tropospheric influence in the

lowermost stratosphere of the considered CARIBIC and SPURT data set are quite different,

the chosen PV range for deriving a stratospheric CO concentration by Zahn et al. (2004b)

and the derived PV range from the SPURT correlations are about the same. The implication

for the extra-tropical mixing layer – where ascending tropospheric air and descending strato-

spheric air mix – is that this layer, or at least the well mixed part, has its lower border at the

tropopause and its upper border at around 8.5 ± 0.5 PVU, almost independent on season.

Although extra-tropical TST seems to be most frequent during summer (and autumn) when

the derived PV values show a slight maximum, the vertical extension in terms of PV is quite

constant throughout the year, suggesting a very weak annual cycle. The upper part of the

mixing layer is, in particular seen in combination with Figure 4.6 for summer (and autumn),

highly controlled and influenced by tropospheric air entering the lowermost stratosphere at

higher potential temperatures at lower latitudes. To this, also the reduced strength of the

sub-tropical jet stream barrier will contribute (see chapter 8).

Although during several SPURT campaigns – especially during the second half of SPURT –

total water amounts are uncommonly enhanced combined with high ozone mixing ratios,

the estimated upper border for the extra-tropical mixing layer remains at the same PV level.

Anyhow, that does not mean that above 8.5 ± 0.5 PVU water vapour mixing ratios must be

lower than ≈ 5 − 8 ppmv as indicative for an unperturbed (lower) stratosphere. The water

content can likely be enhanced since it is primary dependent on the temperature history

and where the air entered the stratosphere. Mixing ratios above 10 ppmv exclude the tropics

or sub-tropics as the entering region, due to the cold tropopause temperatures there, but

rather imply the middle and higher latitudes (cf. section 5.2). However, high reaching events,

as observed during the first SPURT mission (Hegglin et al., 2004), could have large dero-

gation and impact on chemistry, radiation, and particularly cloud formation in the lowermost

stratosphere (cf. section 6.1). Furthermore, once water vapour has entered the stratosphere

it could remain more or less unchanged for a substantial long time period, due to the higher

temperatures there.

4.3.2 Isentropic depth of the extra-tropical mixing layer

Another approach for transforming the derived penetration heights in ozone of tropospheric

influence into the lowermost stratosphere to a more geometric quantity is to correlate ozone
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Figure 4.11.: Distance from the local tropopause (2.0 PVU surface) up to which tropospheric influence is traceable in
the lowermost stratosphere. The values for4Θp were received from functional relationships between PV and4Θ (see
Table 4-III) for the considered POLSTAR, STREAM and SPURT campaigns by inserting the corresponding O3

p value and
solving the quadratic equation.

with the distance to the local tropopause (4Θ) instead of PV. The extraction of 4Θ was

already introduced in subsection 3.4.1 on page 43. Alike for the O3:PV correlations, the

best fit relating both parameters is a 2nd order polynomial. For each SPURT, POLSTAR and

STREAM campaign the resulting fits relating 4Θ and O3, are listed in Table 4-III. Insert-

ing the respective O3 penetration height and solving the corresponding quadratic equation

for 4Θ results in varying values (4Θp) given in the last right hand column in Table 4-III.

However, in contrast to the derived values of PVp, the distances from the local tropopause

exhibit a seasonal cycle. This issue is graphically depicted in Figure 4.11. Hereby, a sine

curve (given in the upper right corner, dashed line) with a 1σ scatter range (grey shading) is

fitted to the 4Θp for the mid-latitude campaigns, i.e. SPURT IOP1 − 8, STREAM 1996 and

1998. All these derived penetration depths fall within the 1σ range. As is apparent, the dis-

tance to the local tropopause, up to which ”recent” tropospheric influence is traceable in the

lowermost stratosphere, is highest during winter and lowest during the summer season. The

mean in the seasonal cycle of 4Θp is ≈ 50 K. The traceable tropospheric influence reaches

well within the lowermost stratosphere, with a peak-to-peak amplitude of about 20 K.

There are several studies concerning stratosphere-troposphere exchange and the mixing

layer. Year-round STE below an isentropic surface of 340 K was inferred from model studies

by Chen (1995) and Eluszkiewicz (1996) as well as from meteorological analyses by Dethof

et al. (2000), suggesting stronger extra-tropical TST during summer. In contrast, from ozone

sondes and satellite data Rood et al. (2000) derived stronger cross-tropopause mixing dur-
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ing winter and spring. Seo and Bowman (2001) analysed global-scale cross-tropopause air

parcel exchange on isentropes and found greatest transport during autumn and winter.

Based upon CO and O3 measurements during STREAM 1997 and 1998 Hoor et al. (2002)

suggested an isentropic depth of the mixing layer of about 20 K during winter and 40 K dur-

ing summer. Accessorily, from CO analyses for the SPURT campaigns, Hoor et al. (2004c)

concluded that TST and subsequent mixing with extra-tropical tropospheric air influences

the region 20 K above the tropopause during all seasons, except 30 K during summer, on

time scales of days to weeks. Concerning the mixing layer extent, in contrast to the results

of Hoor et al. (2002) and Hoor et al. (2004c), the analysis shown here seems to result in

a conflict. On the one hand, the mid-latitude isentropic thickness (i.e. 4Θ) of the mixing

layer shows a maximum during winter and a minimum during summer. On the other hand,

the corresponding depth (i.e. PVp) is much higher. The second item is probably caused by

the consideration of the different trace gases CO and H2O, the latter species being a more

sensitive indicator of small amounts of tropospheric air in the stratosphere.

To qualitatively explain the seasonal cycle of the isentropic depth of the extra-tropical mixing

layer, some aspects can be considered:

(i) Reiter (1975) presented quantitative estimates for STE processes. The yearly mass trans-

port of one hemispheric stratosphere through the tropopause was thereby estimated to 20 %

for large-scale eddies in the vicinity of the jet stream regions and to 10 % for the seasonal

variation of the tropopause height. The two processes are seasonally dependent. During the

winter and spring season the enhanced storm activity, breaking Rossby waves and baroclinic

instabilities are strengthened at the jet stream level. Strongest wave-induced forces occur

in the Northern Hemisphere winter season. The exchange rate is also a maximum during

that season (Holton et al., 1995). Thus, quasi-horizontal transport of tropospheric air into the

stratosphere is possible strongest during this period (Pfister et al., 2003). Further, Wernli and

Bourqui (2002) gave evidence for generally greater (lower) cross-tropopause mass fluxes

during winter (summer). Enhanced STE will possibly lead to a promoted potential for mixing

processes on small scales. In equatorward breaking Rossby waves high PV stratospheric

air extends further south, in poleward breaking events upper tropospheric air is transported

northward (e.g., Thorncroft et al., 1993; Hood et al., 1999). In such events a net exchange

of tropospheric and stratospheric air is established due to the connection of the sub-tropical

upper troposphere with the extra-tropical lowermost stratosphere.

(ii) As illustrated in the Θ-ϕe coordinate system, during winter and spring between 30 and

50◦N mean surfaces of potential vorticity strongly start to bulge upward towards lower lati-

tudes evoked by the decreasing Coriolis parameter and by the strong sub-tropical jet. Hence,

the jet stream regions are often referred to as ”tropopause breaks”. A huge gradient of mean

PV surfaces on isentropes is present in that region. In contrast, the PV gradient across isen-
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tropes is weak. Therefore, a distance from a certain PV surface could therefore be very

large. For instance, an air parcel with a PV value of 4.0 PVU appears not to be deep in the

stratosphere, traced by its PV character. However, the distance to the dynamically defined

local tropopause (e.g. 2.0 PVU) results in a large value. This should also contribute to the

observed annual cycle of 4Θ with the maximum during winter.

(iii) On the contrary, the slope between iso-surfaces of PV and potential temperature is low-

est during the summer season. Therefore, during that season there is an additional transport

path for STE, due to a weaker sub-tropical jet stream barrier, which allows more likely quasi-

isentropic transport at higher potential temperatures between the sub-tropics/tropics and the

extra-tropics (see chapter 8). This leads to a mixing layer up to 360 − 370 K (or 40 K above

the tropopause). However, meridional displacements over large distances and Rossby wave

breaking events are severely reduced compared to winter.

(iv) The extra-tropical tropopause is located at lower isentropes during winter than during

summer. Tropopause height estimations derived from the SPURT data in the Θ-ϕe space

are given in section 4.1 on page 54. Surfaces of PV above ≈ 8.0 − 9.0 PVU in the mid-

latitudes are rather fixed in that coordinate system and the distance from that surface to the

tropopause between winter and summer is ≈ 20 K. This is in quantitative agreement with the

peak-to-peak amplitude in the course of 4Θp. Thus, under the restriction of a ”fixed” upper

border a variation of the tropopause alone could possibly explain the derived seasonal cycle

in isentropic depth of the mixing layer.

(v) As previously noted and illustrated in Figure 5.5 in section 5.2, the annual course of the

sub-tropical jet stream strength (maximum horizontal wind velocities during winter, weak-

ened by the monsoon circulations during summer) is in phase with the seasonal cycle of the

distance from the local tropopause given in Figure 4.11. However, the jet stream appears

not as a closed band and, for instance, one permeable gap is located in the North Atlantic

area. In their ”1-year climatology of cross-tropopause exchange in the extratropical Northern

Hemisphere” Wernli and Bourqui (2002) showed that in particular during winter, the Pacific

and Atlantic storm tracks are preferred regions of STE. For instance, biases in observations

due to preferential locations of dynamical features are therefore potentially important. An

analysis by Beekmann et al. (1997) concerning tropopause fold occurrence gave also evi-

dence for maximum folding activity in Europe.

(vi) The polar regions are highly affected by diabatically descending aged stratospheric air

from the overworld during winter. Thereby, the upper isentropic boundary of the mixing layer

declines with increasing latitude (cf. derived isentropic depths for both POLSTAR campaigns

and STREAM 1997).

Even though the derived penetration depths in terms of ozone (O3
p) during summer were

estimated too low, the seasonal cycle of the isentropic depth of the extra-tropical mixing layer
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above the tropopause would not change seriously. The thickness of the mixing layer (4Θ)

shows a definite seasonal course. The extent of this layer into the lowermost stratosphere

(PVp), however, undergoes, if ever, only a weak seasonal cycle. Anyhow, the chemical com-

position of the lowermost stratosphere, inclusive the mixing layer, will undergo a strong sea-

sonal cycle.

Although two consecutive years of SPURT measurements in the same geographical region

as well as POLSTAR and STREAM campaigns are included, the obtained extent of the

extra-tropical mixing layer could be (i) variable from year to year and (ii) of different charac-

ter in other geographical regions. Therefore, the presented results can in the first instance

only held for the European area and have to be supplemented by additional year-round data

covering different geographical regions.

4.4 Main results of this chapter

In this chapter the O3 and H2O measurements during SPURT have been analysed with use

of 10− 30 day backward trajectory calculations. The main outcomes are summarised as fol-

lows:

The trace gas measurements were investigated in the potential temperature and equivalent

latitude space, a coordinate system, which is especially favourable for climatological distri-

butions. Three regions could be identified: the troposphere, the stratosphere and a region

with intermediate trace gas mixing ratios between the both atmospheric compartments. The

latter is termed as the extra-tropical mixing layer. Therein, tracer isopleths follow surfaces of

potential vorticity and/or the shape of the local tropopause, which was already suggested in

subsection 3.4.1.

Taking information from backward trajectory calculations, statistics of troposphere-to-

stratosphere (TST) and stratosphere-to-troposphere transport (STT) were performed.

Thereby, only significant exchange air parcels were considered (cf. Figure 4.4). As is evi-

dent in the statistics, TST air parcels carry tropospheric O3 signatures into the stratosphere,

whereas the H2O VMRs of TST air parcels are rather stratospheric. Since H2O is involved

in heterogeneous processes this suggests freeze-drying of the air on its way into the lower-

most stratosphere.

Identified STT air parcels seem to loose their stratospheric character within a very short time

period, which is possibly caused by the higher turbulence in the troposphere.

Furthermore, the trajectories suggest that the well mixed lower part of the extra-tropical

mixing layer is highly influenced by recent mixing events, whereas quasi-isentropic transport

is more effective on higher isentropes.
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Using correlations of O3 and H2O and the corresponding mixing lines, the upper border of

the extra-tropical mixing layer was estimated to ≈ 8 − 9 PVU, independent on season. The

tropopause as the lower boundary is located at 2 − 3 PVU. Thereby, the time since the last

tropopause crossing of TST air parcels increases most likely along the mixing lines towards

the stratospheric end members. In contrast to the quasi-constant extent of the mixing layer

into the LMS, its isentropic depth shows a seasonal dependence with a maximum thickness

during winter and a minimum during summer. The seeming conflict with results from CO

measurements during SPURT by Hoor et al. (2004c), who suggest a maximum depth during

summer, is most probably affected by the different characteristics of the considered trace

gases CO and H2O.
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Chapter 5
H2O and parameters at the tropopause

Compared to the known seasonal cycle of the large-scale downward circulation and the

boundary conditions of water vapour in the overworld, the transport processes across

the lower boundary of the (lowermost) stratosphere, in particular at the extra-tropical

tropopause, are only poorly known (Pan et al., 1997). For climatological aspects the dis-

tribution of water vapour at the tropopause is fundamental for e.g. calculations of present

climate and its sensitivity to varying greenhouse gases (Hoinka, 1999). In section 5.1 H2O

entry values (µe
H2O) at the tropopause are estimated from in situ measurements during the

POLSTAR 1997/98, STREAM 1996/97/98 and SPURT campaigns. The term entry value de-

notes the H2O mixing ratio which possibly can enter the lowermost stratosphere, derived

from O3:H2O mixing lines. Due to the good seasonal coverage, continuous performance

and data availability of the SPURT measurements, the entry values can be derived for all

seasons.

In addition, perennial data sets provide an exquisite footing for describing a climatology of

e.g. meteorological parameters at the tropopause without gap. However, model analyses can

only provide an approaching representation of the real atmosphere. In order to estimate the

stratospheric-tropospheric exchange of water continuously and globally, section 5.2 shows

an almost ”2-year climatology” around the SPURT time period (August 10, 2001, to July 11,

2003) of parameters at the tropopause. The episodical and regional SPURT measurements,

which are restricted to the European sector, will be set into the context of this climatology on

the global scale.
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5.1 H2O entry values derived from in situ measurements

The H2O VMR of air parcels entering the stratosphere at potential temperatures > 370 −
380 K is changed by two processes: (i) freeze-drying at the very cold tropical tropopause

and (ii) gradual methane oxidation in the stratosphere (Nedoluha et al., 2002). The former

shows a strong seasonal dependence (the ”tropical tape recorder”, Mote et al., 1996). The

latter will gradually increase H2O VMRs in the stratosphere. Beyond, the H2O content in the

Northern Hemisphere stratosphere is also determined by some limited dehydration in the

winter Arctic vortex (Herman et al., 2002). A comprehensive study of H2O measurements

from a large number of independent instruments reveals an H2O entry level VMR of about

≈ 3.0 − 4.1 ppmv into the stratosphere during 1990 − 1999 (SPARC, 2000, table 2.4., and

references therein). Thus, the highest potential water, i.e. 2×CH4+H2O, results in a VMR

of ≈ 6.4 − 7.5 ppmv. Air masses with greater VMRs are not expected to have entered the

stratosphere via passing the tropical tropopause. The extra-tropical tropopause is signifi-

cantly warmer than the tropical tropopause during the entire year (cf. Figure 5.6). Thus, H2O

VMRs at the extra-tropical tropopause are much higher (cf. Figure D.4), allowing the intru-

sion of moister air into the lowermost stratosphere. In contrast, the extra-tropical tropopause

is located at much lower potential temperatures than the tropical tropopause (cf. Figure D.3).

To reach higher potential temperatures in the extra-tropics, the intruded air has to be in-

volved in cross-isentropic transport. To establish this transport, both potential temperature

and potential vorticity have to be built up. High reaching convective events in the extra-tropics

(e.g., Hauf et al., 1995; Poulida et al., 1996; Fischer et al., 2003; Wang, 2003, 2004b,a) can

establish this transport mechanism. Additionally, there is evidence for equatorward transport

with sufficient potential to convey high and mid-latitude air into the rising regions at lower lat-

itudes. Bypassing the tropical cold trap, such transport can bring huge amounts of H2O into

the (lowermost) stratosphere (Richard et al., 2003). Both events with their significance and

long-term changes can contribute to the observed change in stratospheric H2O (Oltmans

et al., 2000; Rosenlof et al., 2001). Anyhow, the dryness of the stratosphere at first indicates

that in the extra-tropics transport of tropospheric air into the overworld is very restricted.

As mentioned in subsection 4.3.1, in the absence of STE processes, the correlation of O3

as a stratospheric tracer and H2O as a tropospheric tracer would result in an ”L”-shape. High

O3 VMRs are associated with low H2O VMRs, and vice versa. In reality, in the tropopause

layer and in the mixing layer above the tropopause H2O VMRs of several tens of ppmv

are observed, indicating tropospheric influence. From the in situ measurements H2O entry

values at the tropopause in the presence of TST (µe
H2O) can be estimated by the tropospheric

end members of the mixing lines in the O3:H2O correlations. This is done by an extrapolation

to the point of intersection with a chosen tropospheric O3 value. Here, the tropopause is
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Figure 5.1.: Example correlation of ozone and total water for deriving the H2O entry values (µe
H2O) at the tropopause,

possibly entering the (lowermost) stratosphere. The single entry values are estimated from the tropospheric end members of
the mixing lines for different potential temperature ranges. The tropopause is taken as the ozone level of80 ppbv. Shown is
the O3:H2O correlation for May16, 2002, for the SPURT flight mission from Jerez (Spain) to the main base station Hohn
(Germany).

approximated by an O3 VMR of 80 ppbv (Bethan et al., 1996), denoted by the horizontal

dashed line in the O3:H2O correlations (see Figure 4.7 and Figure 5.1). For deriving the

entry values, a seasonal variation of O3 at the tropopause, which is identifiable in Figure 3.3,

was not considered. This is justifiable since (i) mixing lines for lower potential temperatures

(< 340 K) are anyway highly variable, due to the different and varying tropospheric sources,

and (ii) a change in the chosen O3 value for the tropopause by ≈ 10− 20 ppbv has only little

effect on µe
H2O, as the slope of mixing lines for higher potential temperatures (> 360 K) is

very large (see Figure 5.1). To account for different height regimes, the mixing lines in the

O3:H2O correlations (cf. Figure 4.7) were derived for different potential temperature ranges.

Whereas the chemical lifetime of O3 in the exchange layer is on the order of months (WMO,

1990), H2O is strongly coupled to temperature and thus highly variable. Dehydration pro-

cesses can remove high amounts of H2O within hours or days by condensation with subse-

quent sedimentation. In contrast, evaporation of water and/or ice particles can (re)hydrate

the air. Sedimentation with subsequent evaporation (re)hydrates subjacent air. Intrusion of

particles to higher regions, e.g. in a cumulonimbus during high reaching convection (Vömel

et al., 1995) and/or by so called ”jumping cirrus” during such events (Wang, 2004b,a), can

humidify air at higher altitudes. Thus, the mixing layer is a composite of several different

mixing processes, indicated by a number of mixing lines.
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Figure 5.2.: Seasonal cycle of H2O entry values (µe
H2O) at the tropopause. The singleµe

H2O were derived from the tropo-
spheric end members of the mixing lines in the O3:H2O correlations. Thereby, POLSTAR1997/98 (crosses), STREAM
1996/97/98 (asterisks) and SPURT (plus signs) missions are considered. Additionally, three potential temperature ranges
are distinguished:< 340 K (blue),340− 360 K (green), and> 360 K (red).

For facility of inspection, in Figure 4.7 no derived mixing lines are displayed. In lieu thereof

Table E-I shows the tropospheric H2O and stratospheric O3 end members as well as the con-

sidered data points for each derived mixing line. The values are given for the SPURT flights

as well as for missions during the POLSTAR 1997/98 and STREAM 1996/97/98 campaigns.

Exemplary, a correlation with the estimated mixing lines for different potential temperature

ranges is depicted in Figure 5.1. The shallowest mixing line is the result of exchange of tro-

pospheric air with an H2O VMR of ≈ 53 ppmv and air of stratospheric character with an O3

VMR of ≈ 200 ppbv. Mixing of dry tropospheric air with ≈ 10 ppmv and stratospheric O3 rich

air of ≈ 400 ppbv forms the steepest mixing line. With increasing potential temperature the

slope of the mixing lines increases and the derived µe
H2O decreases.

The H2O entry value for each identified mixing line is depicted in seasonal dependence in

Figure 5.2 for three potential temperature ranges: < 340 K (tropopause region), 340− 360 K

(well ventilated mixing layer) and > 360 K (upper lowermost stratosphere). A distinct sea-

sonal cycle of µe
H2O at the tropopause can be identified with an explicit maximum during late

spring and summer, and a minimum during the winter months. During autumn and winter the

mixing layer is relatively dry. The seasonal variation of the trace gas composition of the two

mixing reservoirs troposphere and stratosphere shifts the mixing lines towards higher H2O

VMRs during summer compared to autumn and winter. The H2O entry at higher isentropes

(> 340 K) is significantly reduced compared to lower isentropes. The lowest considered po-
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Figure 5.3.: Convective clouds during SPURT IOP4 pho-
tographed on a flight mission from Monastir, Tunisia, to
Hohn, Germany. (Photos: C. Gurk)

tential temperature range is influenced by a number of mixing lines with different tropospheric

end members. As mentioned before, this is due to the high tropospheric coupling with vary-

ing extra-tropical tropospheric sources and the higher amount of turbulence in that region. In

contrast to the explicit extra-tropical tropospheric coupling at lower isentropes, µe
H2O VMRs

lower than ≈ 10 ppmv above 360 K apply for lower latitudes as the entering region. However,

the highest Θ region considered also reveals significantly enhanced µe
H2O VMRs. These are

not present during winter but primarily during the summer months. During both SPURT sum-

mer campaigns (IOP 4 in August 2002 and IOP 8 in July 2003) the aircraft crossed regions

with convective activity and cumulonimbus (see Figure 5.3). As mentioned earlier, the latter

can significantly contribute to an enhancement of H2O VMRs, even at higher levels in the

lowermost stratosphere.

The seasonality and the latitudinal dependence of µe
H2O can principally have two reasons: (i)

an undergoing change of tropopause temperatures, which effects a differing level of freeze-

drying, and (ii) varying intensity in TST processes. The variation with season and potential

temperature is qualitatively in agreement with the variability of humidity in the exchange

layer. This strongly indicates that temperature limits the amount of H2O entering the (lower-

most) stratosphere.
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Measured H2O VMRs versus equivalent latitude (obtained along trajectory pathways) at the

last significant tropopause crossing (LSTPC, cf. Figure 4.4) is displayed in Figure 5.4, sea-

sonally separated (left) as well as colour coded with measured ozone (right). Low equivalent

latitudes at the last significant crossing of the 2.0 PVU surface are commonly associated

with high O3 and low H2O VMRs. These locations are additionally combined with high po-

tential temperatures (> 370 K), exposing lower latitudes (sub-tropics/tropics) as the entering

region. O3 VMRs of TST particles are higher during spring and lowest during summer (cf.

Table 4-II). Between 30 and 50◦N, the scatterplot shows a curved pattern towards higher

H2O VMRs. Additionally, most TST is identified within this range. In fact, this is the region of

the sub-tropical jet stream. A geographical distribution of the identified TST locations for the

SPURT measurements reveals a great coincidence with regions of high horizontal wind ve-

locities (cf. Figure 5.5), in particular with the North Atlantic and Pacific storm track regions. In

the summer season, the Mediterranean area appears as an additional preferred TST region.
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Figure 5.4.: Measured total water versus equivalent latitude at the last significant tropopause crossing (LSTPC, cf.Fig-
ure 4.4). The tropopause is chosen as the2.0 PVU surface. The scatterplot is shown in a seasonal dependence (left: autumn,
winter, spring, and summer colour coded with dark red, blue, green, and orange, respectively) as well as colour coded with
measured ozone (right).

The seasonally separated scatter plot shows the shift of the curved pattern to higher H2O

VMRs with progressing season towards the summer months. During summer, TST pro-

cesses can convey higher amounts of H2O into the lowermost stratosphere. This is valid for

the whole summer hemisphere, as tropopause temperatures are highest during that season

(cf. Figure 5.6).

The H2O entry across the tropopause is significantly reduced at higher potential temper-

atures (lower equivalent latitudes). Thus, the region around the polar jet is a more fertile

source for H2O in the lower stratosphere than its sub-tropical counterpart. However, up to

now it is unclear if a variability in frequency and intensity of TST processes will contribute to

the observed pattern.
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5.2 Meteorological parameters at the tropopause derived from ECMWF
analyses

The following study of parameters at the tropopause is based upon Northern Hemisphere

ECMWF analyses data in the form described on page 18 in subsection 3.4.1. The time pe-

riod considered covers the temporal frame of the SPURT campaigns from August 10, 2001, to

July 11, 2003, i.e. 701 days, representing an almost ”2-year climatology”. The tropopause lo-

cation was evaluated by applying the dynamical tropopause definition for various PV thresh-

old values. Parameters at the tropopause were determined by interpolating the parameter

values in each vertical grid profile to the respective threshold PV value for the dynamical

tropopause. The dynamical tropopause definition is only valid in the extra-tropics. Surfaces

of potential vorticity strongly bulge upwards and tend to be rather vertical near the equator.

Additionally, the Coriolis parameter changes its algebraic sign at the equator. Therefore, if

the threshold PV value below a latitude of 20◦N is located at a potential temperature greater

than 380 K (a mean value for the tropical tropopause) the thermal tropopause definition (cf.

page 21) is applied. The tropical tropopause parameter is then defined by its value at the

lowest isentropic level where the lapse rate definition is valid. In the used isentropic form

of the analyses data this is almost everywhere the level of the cold point tropopause, ex-

cept within the deep tropics, as mentioned by Highwood and Hoskins (1998), where the

lowermost stratosphere is close to being isothermal. Furthermore, the time resolution of the

analyses data set was 6 hours (i.e. 00, 06, 12, 18 UTC, resulting in a total of 2804 analysis

data files). However, for deriving the ”climatology” only calculated daily means were consid-

ered. The mean of a parameter ξ at the tropopause for the whole considered time period

was computed according to

ξ̂(λ, ϕ) =
1
N

N∑
i=1

ξi(λ, ϕ), (5.1)

with N as the number of considered days, λ and ϕ as the geographical longitude and lat-

itude, and ξi(λ, ϕ) as the daily mean at the tropopause of the ith data file. In the following,

the seasonal distribution for the tropopause parameters pressure (p), geopotential height

(GPH), horizontal wind velocity (FF), potential temperature (Θ) and temperature (T ), spe-

cific humidity (SH), and ice saturation mixing ratio (IS) are shown for a threshold PV value

of 2.0 PVU.

Pressure, geopotential height and horizontal wind velocity

As known from usual weather charts convergence zones of isobars or isohypses indicate

regions of high wind velocities, i.e. the jet stream is correlated with strong gradients in

tropopause pressure and/or height. Strong horizontal gradients reflect high horizontal wind



92 CHAPTER 5. H2O AND PARAMETERS AT THE TROPOPAUSE

velocities and vice versa (cf. e.g., Hoinka, 1999). In Figure 5.5 the horizontal wind ve-

locity for the considered time period at the tropopause (2.0 PVU) is depicted as seasonal

means (clockwise: SON, DJF, JJA, MAM). The corresponding average fields of pressure

and geopotential height at the tropopause are shown in Appendix D, Figure D.1 and Fig-

ure D.2, respectively. During DJF the jet stream at the tropopause is strongest in the West

Pacific with mean wind velocities of about 65 m s−1. A second pronounced jet stream re-

gion during winter is placed to the east of the orographically induced planetary wave trough

over North America. High jet stream intensities are also present in the ”climatology” above

the Arabian peninsula. Towards the summer season (JJA) the jet stream moves northward.

Additionally, mean tropopause horizontal wind velocities weaken about a factor of 2 (down

to 30 m s−1 in the West Pacific and over North America and 15 m s−1 over Arabia. A pro-

nounced feature is apparent above the Indian region and China. Whereas during winter the

jet stream is very strong over China, during JJA the jet stream is shifted further north and the

Indian region is affected by the easterly winds. A study towards the seasonal dependence

of cross-tropopause tracer transport upon the sub-tropical jet stream intensity is performed

in chapter 8.

In concordance with Highwood and Hoskins (1998), mean tropical tropopause pressures

during JJA are higher than during Northern Hemispheric winter. Thereby, the lowest pres-

sure levels occur near the region of the Asian monsoon. Additionally, meridional and zonal

variations in tropopause height and temperature (see below) reflect the jet stream structure.

Reid and Gage (1981) showed on the basis of radiosonde data that tropopause heights over

large tropical areas are lowest during Northern Hemisphere summer and highest during

winter. Figure D.2 reflects that finding. Within the considered time period mean tropopause

heights in the tropics range from 16 km during JJA to 17 km during DJF. At high latitudes

tropopause heights are about 8 km (7 km) during summer (spring). From the tropics towards

the pole tropopause heights decrease monotonically with weak meridional gradients be-

tween 0−20◦N and 50−90◦N. The meridional gradients are pronounced in the mid-latitudes,

especially during DJF and MAM, and particularly over Northern India, China, Japan, and the

West Pacific region. During summer the meridional gradients are weakest. The seasonal

variation of the gradients is largest in the West Pacific.

The distributions imply that the SPURT region is strongly coupled to the large-scale dy-

namics. The jet stream strength during winter and spring with the combined increase in

Rossby wave breaking events drives the Brewer-Dobson circulation. This leads to enhanced

downward transport in the extra-tropics. Thus, the meridional gradient in tropopause height

is stronger during that season. Additionally, the SPURT sector is within or downstream a

preferred wave breaking zone, i.e. the North Atlantic region. Thus, pollutants from the high

emission regions as North America can affect the atmospheric chemical composition, in
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Figure 5.5.: Contour fields: horizontal wind velocity FF at the tropopause defined by the2.0 PVU surface (colour coded in
m s−1). Additionally, locations of last significant tropopause crossings of identified TST trajectories are displayed with FF
at the exchange location (same colour coding). Clockwise: autumn, winter, summer, and spring.

particular above Europe. However, during summer the jet stream wind velocities are weaker,

reducing the barrier for quasi-isentropic transport between the troposphere and the strato-

sphere (see also chapter 8).

Potential temperature and temperature

Seasonal mean distributions of potential temperature and temperature at the tropopause

are shown in Appendix D (Figure D.3 and Figure 5.6, respectively). Tropopause potential

temperatures in the tropics are highest during winter and vice versa during summer. The

opposite is valid for the polar regions. Tropical tropopause temperatures are ≈ 196 K during

JJA and 190 − 192 K during DJF (cf. also Highwood and Hoskins, 1998). They occur over

the western and central Pacific Ocean. As pointed out by Highwood and Hoskins (1998), the

temperature distribution suggests that the tropopause is at high altitudes and very cold in

the region of the Asian monsoon. Thus, it may have prominent importance in STE. The tem-

perature distributions are well correlated with those of the tropopause height and pressure

shown in Figure D.2 and Figure D.1, respectively. Strongest meridional temperature gradi-

ents are located at the jet stream core, which is located at the northern side of the strong

concentrations of isohypses.
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Figure 5.6.: Contour fields: temperatureT at the tropopause defined by the2.0 PVU surface (colour coded in K). Addition-
ally, locations of last significant tropopause crossings of identified TST trajectories are displayed with T at the exchange
location (same colour coding). Clockwise: autumn, winter, summer, and spring.

Nagurny (1998) analysed data from observations and measurements during 1954 and 1991

at ”Russian North Pole drifting stations”. Thereby, tropopause temperatures at the lower

(upper) tropopause bound were around 210 K (212 K) in January, in July the temperatures

were about 225 K (233 K). This is in accordance with the derived ”climatological” mean

tropopause temperatures shown here. The annual temperature amplitude is in the range of

about 15− 20 K, which is strongly caused by radiation, i.e. polar night and day.

Specific Humidity and ice saturation mixing ratio

Figure 5.7 shows the ECMWF derived averaged specific humidity at the tropopause. In

the ECMWF analyses dehydration processes are considered. In case of relative humidities

above 100 % in the stratosphere, the H2O content is reduced to the ice saturation mixing

ratio (Simmons et al., 1999). For a better comparison with the H2O in situ measurements

during SPURT (and also POLSTAR and STREAM), specific humidity, given in g kg−1, is

translated to the volume mixing ratio ppmv. The conversion arises from the ratio of the mole

weights of air (29 g mol−1) and water (18 g mol−1).
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Figure 5.7.: Contour fields: specific humidity SH at the tropopause defined by the2.0 PVU surface (colour coded in ppmv).
Additionally, locations of last significant tropopause crossings of identified TST trajectories are displayed with SH at the
exchange location (same colour coding). Clockwise: autumn, winter, summer, and spring.

Lowest tropopause SH mixing ratios appear in the tropics. The gradually poleward increase

is apparent in all seasons. From MAM towards JJA a moistening of the tropopause region

is evident (cf. also Simmons et al., 1999), whereas towards SON H2O at the tropopause

decreases significantly. The latter is also shown by the SPURT data (e.g., Figure 3.6).

Combined with low pressures and temperatures very low VMRs occur in conjunction with

deep convection. Especially over the equatorial Western Pacific, Indian Ocean and North-

ern South America low SH VMRs are evident during DJF, which correspond approximately

to the stratospheric ”fountain” regions nominated by Newell and Gould-Steward (1981). The

extreme cold tropopause during DJF in the vicinity of the Western Pacific convection results

in extremely low ice saturation mixing ratios, thus giving potential for dehydration of the air

on its way to the stratosphere. Mixing ratios for the same regions during JJA are obviously

higher.

In the Northern Hemisphere summer months over the Western to Central Pacific and near

the east coast of North America, seasonal mixing ratios have maximum values ranging from

≈ 50 to ≈ 170 ppmv, in accordance with Stone et al. (2000). These moist regions in the

extra-tropics coincide with enhanced convective cloud amount owing to baroclinic waves ac-

tivity along storm tracks (Hu and Liu, 1998). Thus more H2O is transported upward to the

tropopause.
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Figure 5.8.: Seasonal cycle of daily mean specific humidity (SH, solid lines) and ice saturation (IS, dashed lines) mixing
ratio at the tropopause derived from ECMWF analyses between August10, 2001, and July11, 2003. In the extra-tropics,
the tropopause is dynamically defined by the2.0 PVU (left) and4.0 PVU (right) surface. The mixing ratios are given in
ppmv for three equivalent latitude ranges: polar (71−90◦N, top), sub-tropics/mid-latitudes (21−70◦N, middle) and tropics
(0 − 20◦N, bottom). For both quantities, the mean, median as well as the5 % and95 % percentiles are given. The light
(dark) grey shading reflects the range within which derived tropopause values for SH (IS) fall into.

For a better impression and to emphasize the variability of humidity in the tropopause region,

in Figure 5.8 the seasonal cycle of Northern Hemisphere ECMWF derived specific humidity

and ice saturation mixing ratio (cf. Equation 4.5) interpolated to the 2.0 and 4.0 PVU surface

are displayed. Thereby, a differentiation for the polar regions (71 − 90◦N), the mid-latitudes

and sub-tropics (21− 70◦N) as well as for the tropics (0− 20◦N) is performed. As is evident,

the annual cycle of tropical tropopause temperatures has an impact on the H2O content in
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the lower stratosphere (e.g. Newell and Gould-Steward, 1981). Whereas during winter mean

values at the tropical tropopause are about 2− 3 ppmv, during summer they are elevated to

about 7− 8 ppmv.

The seasonal cycles for the extra-tropics show the same course with a maximum during JJA

and a minimum during DJF. The polar tropopause is relatively humid during summer and

dry during winter. The largest seasonal variations appear in the region considered for the

sub-tropics/mid-latitudes. This is mainly effectuated by the strong meridional H2O gradient

between 20◦N and 40◦N (cf. Figure 5.7).

The seasonal variation with a minimum during the winter months could be explained by at

least two potential causes: (i) annual variations of tropopause temperatures are combined

with variations in ice saturation mixing ratios, thus potentially decreasing H2O during winter;

(ii) descent of stratospheric air during winter may also contribute to the decrease.

Due to the hemispheric illustration, to consider uncertainties concerning the dynamical

tropopause definition, a change from 2.0 PVU to 4.0 PVU leads to a decrease in mixing

ratios of ≈ 50 %. Anyhow, the seasonal variation remains about the same. This is in qualita-

tive agreement with the seasonal cycle of H2O at the tropopause measured by Polar Ozone

and Aerosol Measurement (POAM) III (Nedoluha et al., 2002, their figure 4). Additionally,

the seasonal course of entry values shown in Figure 5.2 is comparable with the annual cycle

of specific humidity at the tropopause derived from ECMWF analyses during the SPURT

time period. Thereby, the distinguished three potential temperature regimes can be widely

compared with the three latitudinal regions considered in Figure 5.8.

In the shown hemispheric distributions of parameters at the tropopause, additionally, the

locations of the last significant tropopause crossings of SPURT TST trajectories are given.

The trajectories are colour coded according to the respective parameter value. Note, that the

mean contour field is not representative for TST. Thus, the colour coding of TST parcels can

differ significantly from the surrounding mean background field. Anyhow, in DJF the north-

ern parts of the mid-latitude storm tracks are characterised by enhanced TST activity. The

southern parts of North America and Canada are year-round preferred TST regions. During

summer the eastern Mediterranean area shows enhanced TST. The preferred TST in these

regions is possibly evoked by the high frequency of warm conveyor belts (Wernli and Davies,

1997), which are associated with extra-tropical cyclones (Stohl, 2001; Eckardt et al., 2004).

Thus, areas like the Eastern United States are important for the chemical composition of the

UT/LMS. These high emission regions are a source for rapid transport into the (lowermost)

stratosphere (Stohl et al., 2003b).

The identified locations of TST regions for the SPURT data can not supply a hemispheric dis-

tribution of TST patterns. The trajectories were initialised on the flight tracks during SPURT
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in the European area (cf. Figure 2.4). Anyhow, the identified locations are qualitatively in

agreement with the ”1-year climatology” of TST in the extra-tropical Northern Hemisphere

by Wernli and Bourqui (2002).

5.3 Main results of this chapter

The emphasis in this chapter was led on the seasonality of H2O entry values into the lower-

most stratosphere. Using O3:H2O correlations, the entry values were derived from the end

members of mixing lines at the tropopause, resulting in a seasonal cycle with a distinct max-

imum during summer. Thereby, the H2O entry values decrease towards higher isentropes,

which is in accordance with an entry location of the air into the LMS at lower latitudes, i.e. in

the sub-tropics/tropics.

A quasi ”2-year climatology” of H2O and parameters at the tropopause covering the SPURT

time period was performed to set the episodical and regional SPURT measurements into

the climatological context on the global scale. The SPURT sector is strongly coupled to the

large-scale dynamics. In particular, it is located in a preferred wave breaking zone, and the

atmospheric composition is thus possibly influenced by air origination from high emission

regions as North America.

The derived H2O entry values from the SPURT measurements are consistent with values for

specific humidity and ice saturation at the tropopause obtained from the performed ECMWF

climatology. This implies that the H2O entry value is strongly dependent on tropopause tem-

peratures, which is addressed im more detail in the following chapter 6.
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Chapter 6
Impact of stratosphere-troposphere
exchange

6.1 Freeze-drying at the extra-tropical tropopause

The well collocated SPURT measurements, their high accuracy and the fine sampling scale

allow a detailed study of saturation in the probed air masses or during their recent history.

In this section, the emphasis is led on saturation and/or supersaturation during the SPURT

campaigns and how often and where (super)saturation occurs in the UT/LMS. Clouds are

composed primarily of water-ice particles. Thus, observation of ice saturation should be con-

comitant with clouds. However, for a cirrus cloud formation, significant (super)saturation may

be required, depending on the freezing process (homogeneous or heterogeneous, Man-

gold, 2004, and references therein). Thus, supersaturation in the upper troposphere can

be understood as an effect of nucleation barrier (Jensen et al., 1998). To investigate (su-

per)saturation/dehydration processes, measurements of total water, i.e. water in the gas

and condensed phase, are desirable (Schiller et al., 2002). Since FISH measures total wa-

ter, also cirrus regions are captured by the measurements. Together with the temperature

and pressure measurements aboard the Learjet 35A, the FISH data can be used to study

(super)saturation of the probed air masses. Beneath the determination of the occurrence

frequency of ice saturation, the vertical extent of saturated regions can be derived.

For each SPURT 5 s data point the corresponding PV value has been determined which

allows for a classification with respect to its relative location to the tropopause. Thereby, the

tropopause is chosen as the 2.0 PVU surface. For the whole SPURT data set the left chart

in Figure 6.1 shows a scatterplot of the ECMWF derived potential vorticity at the location of
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the measurement with observed relative humidity with respect to ice (RHice). Thereby, RHice

was calculated according to

RHice =
eH2O

esat
, (6.1)

where

eH2O =
p · [H2O]

1.E6 + [H2O]
(6.2)

with pressure p and [H2O] as the measured total water in ppmv; esat is given by Equation 4.4

on page 58. The colour coding represents the minimum PV during the previous 10 days,

obtained from 10 day backward trajectory calculations with CLaMS. As long as the measured

H2O is less than the ice saturation VMR (calculated according to Equation 4.5 on page 58),

it is assumed to sample in a cloud free region. Otherwise, particles entering the inlet must

cause the difference. Thus, the FISH measurements have to be corrected for anisokinetic

sampling (Schiller et al., 1999). The according scatterplot for the corrected FISH signal is

given in the right chart in Figure 6.1.
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Figure 6.1.: Interpolated potential vorticity (PV) at the observation time versus observed relative humidity with respect
to ice (left, RHice) and versus RHice, corrected for anisokinetic sampling. The colour coding of each chart reflects the
minimum potential vorticity of the air parcels during their10 day history.

In this analysis, saturation is assumed at RHice=100 %. Saturation and supersaturation in-

cludes both sampled water and ice particles. As can be identified, in several cases saturation

and supersaturation were observed during the measurements, up to PV values of > 5 PVU.

This is clearly within the lowermost stratosphere. In a special case, RHicevalues > 100 %

were observed even up to ≈ 8 PVU, with minimum PV values of about 4− 6 PVU. This case

is given a closer look with an RDF study in chapter 7. As is to expect from the tempera-

ture profile with minimum temperatures near the tropopause, immediately in the vicinity of

the tropopause the majority of supersaturation is present. This is also concordant with e.g.

Winker and Vaughan (1994), who showed from LIDAR data that cirrus cloud layers are found

most often near the tropopause. Maximum ice supersaturations above the tropopause, al-

though rarely, range up to ≈ 60 %. This is in the order of observed RHice in cirrus clouds in
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the Northern Hemisphere (cf. Ovarlez et al., 2002). Anyhow, the most interesting feature is

the occurrence of (super)saturation even above the tropopause.

The application of backward trajectories informs about the origin of the single air parcels

and how deep it penetrates into the stratosphere. The colour bar scaling is the same as the

vertical extension of the ordinate. Thus, the particles which, in the mean, gain PV during the

previous 10 days can easily be identified by the colour change in the respective PV range.

All red marked air parcels above the actual PV value of 2.0 PVU (black horizontal line) have

at least once been in the troposphere, i.e. < 2.0 PVU, during their 10 day history. Satu-

rated and supersaturated air parcels at and above the tropopause mostly have their origin in

the troposphere. This indicates that episodes of TST are frequently combined with humidity

anomalies in the tropopause region, in particular with condensation and thus with freeze-

drying. Cirrus clouds have a high potential of effective drying of air masses, in particular for

those transported into the stratosphere. Cold temperatures give potential for cloud forma-

tion, and thus for removing water out of atmospheric regions, where radiative active trace

gases as H2O have a disproportional effect on the radiation budget of the Earth (Jensen

et al., 1996a,b). Moreover, if these clouds are injected into a relatively dry environment they

are likely to moisten this part of the atmosphere, leading to higher H2O in the stratosphere.
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Figure 6.2.: Occurrence frequencies of observed ice (super)saturation relative to the local tropopause (4Θ = 0 K) (left)
and potential for (super)saturation within the last10 days (right). The frequencies are binned by steps in4Θ of 5 K and
normalised to the total number of observations in each bin. Thus the occurrence frequency is given in %. The distributions
are shown for the total SPURT measurements (black) as well as separated by season: autumn (dark red), winter (blue),
spring (green), and summer (orange). The corresponding amount of considered data points in each bin is given at the top of
the plot (same colour coding).
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On the left side of Figure 6.2 the normalised occurrence frequency of RHice above 100 %

is shown for the total SPURT measurements (black) with relation to the local tropopause.

The distance to the tropopause is expressed by 4Θ relative to the 2.0 PVU surface and is

incremented by 5 K. Additionally, the distributions are given for each season (autumn, win-

ter, spring, and summer in dark red, blue, green and orange, respectively). Hereby, the total

number of observations in each 4Θ-bin for the seasonal and total data is given above the

corresponding bin at the top. The ratio of (super)saturated data points to the total number

of data points in each 4Θ-bin defines the frequency of cloud occurrence, given in percent.

With increasing values of 4Θ below the tropopause the occurrence frequency of RHice in-

creases. It peaks slightly below the tropopause. Above the tropopause, an abrupt decrease

in frequency to a few percent is evident within the first 20 K. Further in the lowermost strato-

sphere there is no evidence of saturation, expect for some single cases during some winter

missions around 35 K. With increasing altitude the H2O VMRs decrease and there is a sharp

gradient of H2O in the tropopause region (cf. e.g., Figure 3.9). Additionally, the temperature

usually remains constant or increases in the vicinity and above the tropopause. Thus, the

potential for saturation is further decreased. In the stratosphere, observation of cirrus clouds

have been reported only just above the tropopause and mostly in the tropics (e.g., Jensen

et al., 1996b; Beyerle et al., 1998). Although ice saturation seems to be rare in the mid-

latitude lowermost stratosphere more than 20 K above the tropopause, the SPURT data

provide evidence for the existence of stratospheric cirrus clouds, in contrast to results from

ER-2 missions analysed by Smith et al. (2001).

The temperature history of each trajectory in conjunction with the corresponding

H2O measurement informs about a potential for cloud formation or experienced (su-

per)saturation/dehydration within the past 10 days. Whether or not an air parcel encountered

(super)saturation conditions within the previous 10 days can be derived from the temperature

history of the backward trajectories, assuming a constant H2O VMR of the air parcels within

that time period. However, there are limitations for trajectory calculations based on large

scale analyses. Turbulent mixing and lateral mixing by inertia-gravity waves (Danielsen,

1993) are not considered. Furthermore, small-scale gravity waves can significantly affect

temperature (Gary, 1989). The latter is important for considering cloud formation, since the

relation between ice saturation and temperature is exponential (cf. Equation 4.4). Small tem-

perature variations can significantly change ice saturation. To estimate at least the uncer-

tainty of the ECMWF temperatures, a comparison of measured and ECMWF derived temper-

atures, interpolated to the single SPURT flight tracks in each season, is shown in Figure 6.3.

Owing to the large temperature gradients in the troposphere and tropopause region, errors

are much larger there than errors in the stratosphere. Therefore, only data points above the

2.0 PVU surface are considered. Obviously, the fine scale structures captured by the mea-
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Figure 6.3.: ECMWF derived temperatures above the2.0 PVU surface versus temperature difference of measurements and
the model. The comparisons are given for the SPURT missions in each season (clockwise: missions during autumn, winter,
summer, and spring).

surements can not be reflected by the ECMWF analyses. However, measured temperatures

were always slightly higher with a maximum average difference during the winter missions

of ≈ 2.3 K. In mid- and high-latitudes, variations of the polar front jet stream along with the

developing storms cause enhanced temperature variations (Shapiro et al., 1980). However,

mean temperature differences between measurements and model during the other missions

were definitely below 2 K. Thus, the temperature history of the backward trajectories is as-

sumed to be satisfying to account for evidence of prior saturation conditions.

In Figure 6.4 the maximum temperature difference which the trajectories encountered during

the previous 10 days is displayed with respect to their location relative to the local tropopause

(4Θ) at the measurement time. The highest temperature differences were experienced by

those particles, which are now located close to the tropopause.

Considering the temperature history along the trajectories, there is a serious increase in

the likelihood for (super)saturation. The reason is that with increasing backward time the

likelihood for colder temperatures increases. This is represented by the scatterplot in Fig-

ure 6.5, showing PV at the measurement time versus maximum encountered RHice during

the last 10 days. To quantify the degree of saturation occurrence and its seasonal variation,



104 CHAPTER 6. IMPACT OF STRATOSPHERE-TROPOSPHERE EXCHANGE

0 10 20 30 40 50

∆T in K

−40

−20

0

20

40

60

80

∆Θ
 in

 K

Figure 6.4.: Maximum encountered tem-
perature differences of air parcels during
their 10 day history (4T ) relative to the
observed distance to the tropopause (4Θ).

frequency distributions of encountered RHice > 100 % during the calculated backward time is

displayed in the right chart in Figure 6.2. The likelihood for occurrence of (super)saturation is

> 50 % within 20 K below the tropopause and shows a peak there for all seasons. Above the

tropopause, the saturation potential is still considerably large but it decreases abruptly within

the next 20 K. There is rather no evidence for encountered saturation higher than 10 K above

the tropopause during spring. However, for the other seasons, a slight secondary maximum

around 30 − 40 K is evident. For the wintertime measurements, especially for northbound

flights during IOP 6 (cf. chapter 7), more than 20 % of air parcels, even up to 60 K above

the tropopause, encountered saturation conditions. The potential for cloud formation in the

lowermost stratosphere is highest during this period, in agreement with results of ER-2 data

from Murphy et al. (1990).

A prominent feature is apparent in the autumn distributions. At the measurement time (left

chart in Figure 6.2) very few saturation events were observed and only slightly below the

tropopause. In contrast, taking the temperature history in account (right chart in Figure 6.2),

the potential for encountered (super)saturation increases significantly. This suggest an effi-

cient drying of the air during that season (see also Figure 9.1 in section 9.1).

The backward trajectories show evidence of prior (super)saturation, even well within the

lowermost stratosphere. This indicates the important issue that temperature near the extra-

tropical tropopause has the potential to limit transport of H2O into the lowermost strato-

sphere, similar to the freeze-out of H2O at the tropical ”cold trap”.

Although saturation and supersaturation do occur, air near the extra-tropical tropopause is,

on average, undersaturated. There is no need for cloud formation if saturation or supersatu-

ration is present. Anyhow, it is obvious that the H2O distribution is influenced by the potential

for forming clouds. Further, the occurrence of RHice values up to 150 % implies cloud forma-

tion, but possibly only for a short time, depending on temperature. Thus sedimentation could

be reduced and this would limit freeze-drying.
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Figure 6.5.: As Figure 6.1, but for the
maximum encountered RHice during the
10 day history, corrected for anisokinetic
sampling.
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6.2 Ozone transport into the troposphere

In the previous section 6.1 the focus was on the implication of TST for cloud formation in

the tropopause region and in the lowermost stratosphere. Here, the effect of STT on the O3

seasonal cycle in the upper troposphere will be addressed. On the one hand, changes in

tropospheric O3 concentrations influence the radiative balance of the troposphere, as O3 is

a strong infrared absorber. On the other hand, as O3 photolysis is the principal source of OH

radicals, also photochemical cycles are affected (Beekmann et al., 1994). Thus, tropospheric

climate is sensitive to O3 perturbations in that region (Ramaswamy et al., 1992).

Cut-off lows are combined with STT (e.g., Bamber et al., 1984; Price and Vaughan, 1993;

Ancellet et al., 1994). Within stratospheric intrusions, air often descents down to the mid-

dle troposphere (e.g., Ancellet et al., 1991; Stohl and Trickl, 1999) and can even reach the

surface (Davies and Schuepach, 1994). Concerning the discussed spring time O3 maximum

(see review by Monks, 2000), some studies suggest that the annual variation of STT might

be the major contributing factor (Oltmans, 1981; Levy et al., 1985). From O3 soundings over

Uccle, Belgium, Van Haver et al. (1996) inferred a maximum O3 exchange rate in tropo-

spheric fold events during spring. These events have the potential to transport O3 down into

the free troposphere (Beekmann et al., 1997; Elbern et al., 1997). The seasonal variation of

STT intensity by tropopause folds for the Northern Hemisphere was estimated by Danielsen

and Mohnen (1977), showing a maximum in April and a minimum in October. During spring

the tropopause altitude increases, which entrains stratospheric air into the troposphere (Re-

iter, 1975; Appenzeller et al., 1996b). In contrast, there are studies, concluding that there

are no preferred STT events during the spring season (e.g., Price and Vaughan, 1992).

Thus, a spring maximum should be caused by the strength of such events rather than by

their frequency (Monks, 2000).
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Figure 6.6.: Top: Potential vorticity versus measured ozone, colour coded with the minimum (left) and maximum (right)
potential vorticity during the past10 days.
Bottom: Seasonal frequency distributions of identified TST (left) and STT (right) parcels during the previous10 days as a
function of O3. The frequencies, given in %, for the TST (STT) trajectories are binned by O3 steps of10 ppbv (5 ppbv). The
normalisation is performed to the total number of observations in each bin, given at the top. The distributions are shown
for the total SPURT measurements (black) as well as separated by season: autumn (dark red), winter (blue), spring (green),
and summer (orange).

In the top left chart of Figure 6.6 a scatterplot of ECMWF derived PV at the observation

time with measured O3 is shown. The colour coding represents the minimum PV during the

previous 10 days. The bottom left chart shows the corresponding frequency distributions of

those trajectories, which were involved into TST processes during this time period. The dis-

tributions are shown for seasonal missions as well as for the total SPURT measurements.

Hereby, O3 is binned in steps of 10 ppbv. TST particles show the lowest O3 VMRs during the

autumn missions. In contrast, during spring, highest and frequent O3 VMRs up to > 400 ppbv

of identified TST particles are present. O3 reveals the most rapid increase with altitude dur-

ing spring. Thus, within TST events, tropospheric air can mix with highest O3 values (Pfister
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et al., 2003) during that season. For the summer missions, TST particles also show rela-

tively high O3 VMRs, indicating that photochemically produced O3 in the troposphere can

also contribute significantly to the O3 budget of the lowermost stratosphere (Lelieveld and

Dentener, 2000).

The right column in Figure 6.6, shows the analog pictures for STT. In the corresponding

frequency distributions, an air parcel with an actual PV < 2.0 PVU and a maximum PV

within the previous 10 days > 2.0 PVU is considered as an STT parcel. The O3 intervals are

here set to 5 ppbv. The highest occurrence frequencies are evident for the spring season.

Maximum frequencies of > 70 % are around 50 − 55 ppbv O3 for that season. Even up to

130 ppbv considerable STT frequencies can be identified. Thus, a contribution of STT to

tropospheric O3 seems to play a major role during spring in the investigated region. Also

during summer, STT parcels show occurrence frequencies of 10− 20 % up to 125 ppbv O3.

Anyhow, the maximum in tropospheric O3 seems to be rather the effect of photochemical in

situ production than transport from the stratosphere.

Another approach to assess the impact of STE to the O3 cycle provide the correlation coef-

ficients (cf. section 3.5). Both ozone and potential vorticity are tracers for stratospheric air.

Ozone concentrations in the stratosphere are much higher than in the troposphere. Thus, in-

flow of stratospheric air into the troposphere results in strong positive correlations between

those parameters (e.g., Danielsen, 1968; Browell et al., 1987). However, for time scales

larger than some days, potential vorticity is not a perfect identifier for stratospheric air pene-

trating the troposphere (Beekmann et al., 1994).
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Figure 6.7.: Seasonal variation of Pear-
son’s (N) und Spearman’s (H) correla-
tion coefficient for ozone versus poten-
tial vorticity for three different regions:
< 2.0 PVU (black, troposphere),1.0 −
3.0 PVU (blue, tropopause region),>
3.0 PVU (red, lowermost stratosphere).

Figure 6.7 shows the seasonal variation of Pearson and Spearman correlation coefficients

for O3 versus PV. Thereby, three different regions as characterised by their potential vorticity

are considered: < 2.0 PVU (troposphere), 1.0−3.0 PVU (tropopause region), > 3.0 PVU (low-

ermost stratosphere). Both correlation coefficients show a strong seasonal variation in the
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troposphere and tropopause region with a maximum in February and a minimum in Novem-

ber. With deeper penetration into the lowermost stratosphere the correlation increases, indi-

cating a decreasing influence of tropospheric air. The higher tropospheric correlation coeffi-

cients for the winter measurements suggest downward transport of stratospheric air into the

troposphere.

A secondary maximum for the correlation coefficients in the tropopause region and in the

lowermost stratosphere is apparent in July. Due to the seasonal cycle of O3 in the tropo-

sphere the enhanced positive correlation coefficients in July suggest in-mixing of photo-

chemically produced ozone-rich tropospheric air.

6.3 Main results of this chapter

In this chapter the impact of troposphere-to-stratosphere (TST) and stratosphere-to-

troposphere transport (STT) on the chemical composition of the lowermost stratosphere and

upper troposphere, respectively, was investigated. During the SPURT project H2O was mea-

sured as the sum of vapour and vaporised ice, which is desirable to study (super)saturation

and/or dehydration processes. On several research flights regions of saturated and su-

persaturated air were crossed, even well within the lowermost stratosphere. However, (su-

per)saturation was primarily observed within ±20 K around the local tropopause.

In conjunction with backward trajectory calculations the occurrence frequency of encoun-

tered (super)saturation in the air parcels’ recent history was estimated. With longer back-

ward calculation time the potential for experienced saturation and supersaturation increases.

Moreover, it turned out that also air parcels, which were probed deep within the LMS, were in-

volved in saturation processes. Most of the air parcels, which encountered (super)saturation

in their recent history, originate from the troposphere. This indicates that TST is widely com-

bined with saturation events and thus with freeze-drying. A special flight, during which a

saturation region was crossed for ≈ 1 hour, is analysed in more detail in the following chap-

ter 7.

On the research flights during the autumn SPURT campaigns (super)saturated air was ob-

served very rarely. However, taking the temperature history into account, the occurrence

frequency of encountered (super)saturation is considerably large. This suggests an efficient

drying of the air during this season (cf. also section 9.1).

In a second part the impact of STT on tropospheric O3 was investigated. Thereby, using

O3 measurements during SPURT and information of the performed trajectory calculations,

it was shown that the observed high tropospheric O3 mixing ratios during spring are likely to

be affected by a contribution of stratospheric O3 due to STT.
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The pure tropospheric measurements are, unfortunately, too sparse to investigate the ef-

fect of STT to tropospheric O3 in more detail. Therefore, the considerations in section 6.2

can not give significant information related to this process. Anyhow, in the Northern Hemi-

sphere, photochemistry is more strongly enhanced by man-made emissions of O3 precur-

sors (Lelieveld and Dentener, 2000). Thus, STT should contribute more significantly to the

seasonal tropospheric O3 cycle at background locations.
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Chapter 7
Reverse domain filling - a case study

In connection with the observed high saturation even well within the lowermost stratosphere

during the winter campaign IOP 6 (see section 6.1), a special flight during this campaign is

analysed here in more detail. This northbound flight took place on February 16, 2003, from

the base station Hohn, Germany, to Tromsø, Sweden. After an analysis of the meteorological

conditions and an interpretation of time series of measured and model derived parameters,

the measurements will be analysed with a Lagrangian technique. A common method to

identify and investigate transport processes in the tropopause region is the RDF technique

(Reverse Domain Filling). This technique is based upon meteorological data and has the

intention to reproduce meso- and small-scale structures, which could not be resolved by

these meteorological analyses. In addition, TST or STT can be identified.

7.1 Meteorological analysis by ECMWF data

Around the middle of February 2003, a stable Omega-situation developed in the upper air, i.e.

a situation, where the upper level high pressure takes the shape of the Greek letter Ω. This is

a normally stable and persistent, thus blocking, meteorological condition. This high pressure

system, called Helga, ranged over all tropospheric altitudes up to the stratosphere. It was

the guiding centre for the European weather pattern. The western upper air flow succeeds

north above Northern Europe. Atlantic troughs of low pressure had no chance against the

stronghold. They were driven far north. Their clouds only reached the Iberian peninsula and

western Island. Then they were transported clockwise around the high pressure system

until they reached Finland and Russia. Consequently, there were dry and cold conditions in

central Europe. On the northern flank of Helga the inward flow of mild maritime air from the

Norwegian Sea continued, whereas on the southern flank cold winter conditions prevailed.

At the eastern flank of the high pressure system a cold upper low pressure zone, even well
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developed at the 500 hPa surface, travelled from Russia to Austria. Due to the high pressure

system above the North Sea, the tropopause was therefore relatively high in the whole flight

area. On Sunday, February 16, 2003, a conspicuous tropospheric streamer with an anchor

like structure developed, ranging from Portugal to Spitsbergen. This streamer broke in the
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Figure 7.1.: Meteorological ECMWF analyses of potential vorticity (top) and specific humidity (bottom) on the330 K
isentrope on February14 − 16, 2003, at12:00 UTC (left to right), both colour coded. The flight path for the first mission
on February16, 2003, is marked by the white line.

The mean flight level during the first mission on February 16, 2003, corresponds approxi-

mately to an isentrope of 330 K. In Figure 7.1 ECMWF analyses of potential vorticity (top,

in PVU) and specific humidity (bottom, in ppmv) are displayed on that isentropic level for

February 14− 16, 12:00 UTC, respectively. Thereby, the flight track is displayed by the white

line.

In both parameter fields the northward encroachment of the tropospheric streamer is evi-

dent. Within this flow, tropospheric air, poor in O3 and rich in H2O, is transported deep to

high latitudes.

7.2 Interpretation of time series

By virtue of the meteorological situation the first SPURT mission on February 16, 2003,

was planned to go from the aircraft’s basis Hohn, Germany, to Tromsø, Sweden. The flight
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duration was supposed to be relatively short in order to operate a further northbound flight up

to 83◦N at the same day to sample air with low N2O, high age and high equivalent latitudes.

Thus, the flight path was directly along the Norwegian coast.

Figure 7.2 shows time series of several parameters, measured during this flight. In the top

panel, avionic data for temperature (T + 100 K, orange), pressure (p, black) and potential

temperature1 (Θ, red) are shown. The dark grey and black shadings reflect the temperature

range, the air parcels encountered during the previous 5 and 10 days, respectively. Addition-

ally, the location of the local tropopause is given (Θ − 4Θ, dark green). The middle panel

represents the trace gas measurements of the FISH and JOE instrument, operated by the

ICG-I of the Research Centre Jülich. The measured FISH signal (H2OOBS) is displayed in

magenta, to anisokinetic sampling corrected total water (H2O) is overlayed in dark blue. The

green line reflects the ice saturation (IS) mixing ratio, determined according to Equation 4.5.

Specific humidity (SH), derived from the ECMWF analyses, is given in light blue. Again, the

dark grey and black shadings reflect the encountered SH range of the air parcels during the

previous 5 and 10 days, respectively. Measured O3 is given in dark red (right ordinate). In the

bottom plot, potential vorticity (PV, black line) with the maximum and minimum PV of the air

parcels during the previous 5 and 10 days is also reflected by the dark grey and black shad-

ing, respectively. The tropopause (2.0 PVU surface, 80 ppbv O3) is marked by the dashed

horizontal line. Additionally, the O3 measurements are given once more in this panel.

The shown local tropopause, i.e. 2.0 PVU surface, as well as SHECMWF and PV were derived

from the ECMWF analyses by temporal and spatial interpolation to the flight track.

The flight profile of this mission reflects the SPURT strategy. There were three flight legs

at rather constant pressure, marked by 1, 2, 3 in Figure 7.2, respectively: one leg slightly

above the tropopause, a second at an higher altitude and the climb to maximum altitude at

the end of the mission. The pressure levels correspond approximately to the 320 K, 330 K

and 350 K isentropes, although the variation in potential temperature on the first pressure

level is considerably large.

The trace gas time series of H2O (inverted logarithmic scale) and O3 show large- and small-

scale structures. Take-off and landing can also be easily identified by the large H2O VMRs

and variations. In situ measurements of O3 in combination with the pressure data show that

the strong rises in O3 coincide with the climbs to the next higher flight level. Despite the con-

stant flight leg there are regions of relative strong variations in O3. The decrease in O3 VMRs

at about 08:50–09:10 UTC results from a considerable decrease in potential temperature. The

incursions in O3 indicate the sampling of air with more tropospheric character. Since O3 is

highly correlated to PV, the interpolated time series for PV reflects the large-scale structures

in the O3 measurements. Even some small-scale structures are represented by the PV data.

1calculated according toEquation 2.1from the pressure and temperature measurements aboard the Learjet 35A
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Figure 7.2.: Time series of parameters for the first SPURT mission on February16, 2003. See text for details.

The minimum PV values for air parcels probed during 08:50–09:10 UTC show a very recent

tropospheric origin of less than 5 days and thus also lower O3 VMRs.

As is evident, during this flight the FISH signal (H2OOBS) was several times larger than the

ice saturation mixing ratio (marked by the light grey vertical bars in Figure 7.2). It is to ex-

pect that during these time periods the measurements took place in clouds, e.g. altocumuli,

thin cirrus. Thus, the FISH data is corrected to anisokinetic sampling (Schiller et al., 1999),

resulting in the H2O data (blue). Necessarily, the corrected data resemble the shape of IS

during these times. The difference between H2OOBS and H2O is up to 10 − 15 ppmv. Since

the FISH inlet is heated, supercooled drops or ice particles should be vaporised. In the pres-

ence of such particles, therefore spikes should be visible in the FISH signal. However, there

is no evidence for particles in the measurements during this flight. Especially within the ice

saturation time period 08:40–10:17 UTC, the measured FISH data H2OOBS is rather constant

compared to other parameters like Θ or O3. Thus, there is a priori no need for an anisokinetic
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correction of the FISH signal. Unfortunately, there is no documentation of the environment

outside the aircraft available, caused by enhanced intense instrumental support during this

flight. Anyhow, during this period the aircraft probably flew above the lower bank of clouds,

associated with the prominent high pressure system above the North Sea. If there were very

small more or less homogeneously distributed particles or water droplets like in fog at the

flight altitude, there is no reason to expect spikes in the FISH signal.
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Figure 7.3.: Relative humidities with respect to ice for the observed FISH signal (magenta) and for the to anisokinetic
sampling corrected H2O (blue), measured during the first SPURT mission on February16, 2003.

In Figure 7.3 the relative humidities with respect to ice for the uncorrected (RHice(H2OOBS),

magenta) and to anisokinetic sampling corrected (RHice(H2Ocorr), blue) FISH signals are

displayed. The RHice(H2OOBS) values show a strong increase from ≈ 110 % at 08:45 UTC up

to≈ 200 % around 08:55 UTC. They then decrease towards 180 % between 09:00–09:12 UTC

and drop down to ≈ 100 % around 09:30 UTC before they increase again to ≈ 140 % around

09:45 UTC. The temperatures within this time period were between 205 and 210 K. Relating

to Koop et al. (2000), at this temperatures ice particles should be present. However, with

decreasing particle size the relative humidity for ice nucleation increases. Hence, values

of RHice(H2OOBS) suggest the presence of very small ice particles. Another aspect which

evidences for very small particles arises from the enhancement factor, in particular from the

aspiration efficiency (see Krämer and Afchine, 2004). The used enhancement factor applied

to the FISH data during SPURT is 7.9. However, the aspiration efficiency is dependent upon

the particle size and U/U0, i.e. the ratio of the flow velocity inside the inlet and the velocity of

the free flow. Probably, the applied factor is too large, thus reducing the corrected H2O mixing

ratios and reducing or obliterating cirrus structures, i.e. spikes. This is a very interesting flight,

which will be investigated in more detail in future work.

In the absence of dehydration and hydration processes, specific humidity is a conservative

quantity. In the ECMWF data, dehydration processes are considered. In the occurrence of

ice saturation, SH is set to the ice saturation mixing ratio (Simmons et al., 1999). During

take-off, H2O and interpolated SHECMWF agree very well within the resolution limitations of
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the ECMWF analyses. Within 08:50–09:10 UTC SHECMWF approximates IS. This conforms

with the region influenced by recent TST. Air parcels sampled during this time show a high

water content and low PV within their considered history.

Since O3 is a stratospheric and H2O a tropospheric tracer, the signals should be anti-

correlated. For the model-derived SHECMWF and measured O3 this is true during the en-

tire flight (note the inverted H2O-axis). However, during the time periods which indicate ice

saturation, the corrected H2O correlates with the observed O3. In the absence of ice satura-

tion, H2O and O3 show the expected anti-correlation. However, the uncorrected FISH signal

shows the expected anti-correlation, albeit the response to varying O3 is very weak.

7.3 3-dimensional RDF calculations

High resolution in situ measurements are only available for a distinct region. In contrast,

meteorological analyses are globally available. They usually have a horizontal resolution of

≈ 0.5◦ − 2.5◦, i.e. a grid distance of ≈ 50 − 250 km. Thus, only large- and meso-scale pro-

cesses are captured by these analyses. This deficit can be diminished by model techniques.

On the basis of meteorological winds, transport of air parcels can be calculated to gener-

ate fine scale structures, which are not present in the prior analyses. The CAS (Contour

Advection with Surgery, Dritschel, 1989; Waugh and Plumb, 1994) and the RDF (Reverse

Domain Filling, e.g., Sutton, 1994; Schoeberl and Newman, 1995; Beuermann et al., 2002)

technique are commonly used. During exchange of air masses often sub-synoptic structures

(laminae, filaments) develop, which can be reproduced by these techniques (e.g., Fairlie

et al., 1997). The RDF technique provides an efficient method for the reconstruction of ad-

vection processes with relatively low computational costs. However, a direct consideration

of mixing between air parcels is not included. In this section 7.3 the RDF technique will be

applied for an analysis of the first flight mission on February 16, 2003.

The RDF technique used here is based upon the calculation of 3-dimensional backward

trajectories to a specified time in the past. Thereby for each measurement data point, a

trajectory was initialised on a vertical curtain (280 − 400 K in steps of 1 K) along the flight

path. Using the meteorological data sets (isentropic ECMWF analyses), the dynamics is

only driven by wind deformation. Assuming tracer conservation, the past time values are

mapped forward in time to the initial parcel positions, i.e. the parameter values at the initial

times are replaced by the corresponding values of the air parcels in the past. This procedure

results in a high resolution tracer field in the area of interest. For a quasi-conserved quantity,

the mapped values are correlated to corresponding tracer measurements, e.g. model PV

and measured O3. However, the quality or accordance of measurements and reconstructed

tracer fields is dependent upon the trajectory length (Bujok, 1998). On the one hand, a short
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trajectory length would not generate sufficient fine scale structures. On the other hand, the

trajectory length is restricted by physical and numerical effects (Beuermann, 2000). Thus, a

too large trajectory length could produce excessive fine scale structures.

Figure 7.4 shows the RDF results for the potential vorticity field. In the top panel, the ECMWF

derived PV, interpolated in space and time to the flight track curtain, is displayed as the

background field. The tropopause (2.0 PVU surface) is given by the black thick solid line.

Additionally, pressure contours are shown by the dashed thin black lines. Further, the ozone

measurements, reflected by the colour coded dots, are overlayed onto the flight height in

potential temperature. The magenta and blue lines correspond to the measured FISH signal

and to the to anisokinetic sampling corrected total water, both given in ppmv (inverted log-

arithmic right ordinate). The following panels reflect the advected PV field from 12, 24, 48,

120, 180 and 240 hours before the measurements. In the reconstructed PV fields, the green

dots mark those air parcels which were involved in TST, i.e. they were at least once in the

troposphere (< 2.0 PVU) within the considered backward time period.

An enhancement of the trajectory length produces pronounced fine scale structures and

strong gradients. This is especially evident in the advected PV fields within 08:15–08:35 UTC

and generally below 2.0 PVU. For a trajectory length greater than 120 h the advected PV

field in the troposphere is not representative. This indicates the enhanced turbulence and

mixing in the troposphere in contrast to the rather stirring and filamentation processes in the

stratosphere.

The advected PV field for a trajectory length of 12 h shows that the slight dropping in O3 VMR

at the end of the first flight leg (around 09:10 UTC, see Figure 7.2 for more details in O3) could

be explained by very recent TST (green dots), thus reducing the O3 VMR there. The cross

section for the 240 h advected PV shows TST events for the whole region crossed during the

first flight leg as well as during the first part of the next higher flight altitude. The advected

PV fields expose that the region of observed ice saturation was also mostly associated

with conspicuous TST. Within the first half of the flight, encountered TST is enhanced with

an increasing trajectory length. Tropospheric intrusions up to > 350 K are identifiable. In

contrast, in the second part of the flight no significant TST is evident. Anyhow, when climbing

to the maximum altitude, there is a slight peak with a following drop in O3, which does not

correspond to the variations in potential temperature (see Figure 7.2 for more details in O3).

The run of the O3 VMR can be explained by RDF for a trajectory length of 180 h or better

240 h. The advected PV field shows a tongue of low PV within the region crossed at the

highest flight level, indicating that the region is influenced by air which originated near the

tropopause. However, the recent stratospheric character prevails and also the total water

mixing ratios there are the lowest measured during the entire flight (12− 13 ppmv).
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Figure 7.4.: Vertical cross sections of potential vorticity and with the RDF technique reconstructed potential vorticity fields
(grey coding) along the synoptic flight track for the mission on February16, 2003. Top to bottom: PV field of the ECMWF
analyses, advected PV fields for backward trajectory lengths of12, 24, 48, 120, 180 and240 hours, respectively. The flight
height in potential temperature is shown together with measurements of O3 reflected by the colour coding. The magenta
and blue lines correspond to the measured FISH signal and to anisokinetic sampling corrected H2O, respectively. The black
thick solid line in all cross sections denotes the tropopause (2.0 PVU surface) at the measurement time. Green dots in
the reconstructed PV fields mark those trajectories, which were at least once in the troposphere (< 2.0 PVU) within the
corresponding calculated backward time. Additionally, pressure contours are depicted in the ECMWF field by the dashed
thin black lines.
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Figure 7.5.: As Figure 7.4but for the ice saturation mixing ratio in ppmv.

.
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As mentioned earlier, specific humidity is a conserved quantity in the absence of dehydration

and hydration processes. Since the difference between measured H2O and SHECMWF is

considerably large (see Figure 7.2), instead cross sections of analysed and advected ice

saturation mixing ratios are shown in Figure 7.5 for the same trajectory lengths as for the

PV field, i.e. for 12, 24, 48, 120, 180 and 240 hours. Reconstructed fields of ice saturation are

a valuable addendum for PV, giving more information about the possible water content. The

strong gradient of IS across the tropopause is evident. 5 days prior to the flight, air parcels

in the regions crossed by the aircraft show ice saturation mixing ratios > 40 ppmv. 240 hours

before the measurements there were regions with lower IS VMRs, but never lower than

25 ppmv. Only about 24 hours before the flight a significant cooling of the region sampled

on the first and second flight level between 310 − 340 K is apparent. Thus there was a

high potential for ice saturation and therewith for dehydration, only 24 hours prior to the

observation.
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Figure 7.6.: Pathways of10 day backward tra-
jectories for two flight segments during the first
mission on February16, 2003. The black (red)
coloured lines reflect the pathways of trajectories
initialised between08:45–09:45 UTC (09:55–
10:10 UTC) on February16, 2003. The flight
track is marked by the green line.

For a closer look to the 10 day history of the air parcels, the focus is now on trajectories

initialised on the flight track between 08:45–09:45 UTC and 09:55–10:10 UTC on February 16,

2003. These correspond to the ice saturation region with the quasi-constant FISH signal and

to the highest flight level. Figure 7.6 displays the pathways of these trajectories. Although

the initial potential temperatures of the trajectories of the two flight segments range from

320 to 355 K (see Figure 7.7), the geographical spread is very small. At both flight levels, the

trajectories remain relative close to each other and form a compact band. Thus, considerable

mixing during the previous 10 days is not expected.

To consider the history of parameters, Figure 7.7 shows the values for several parameters

during the past 10 days. In contrast to the compact band, the potential vorticity values of
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Figure 7.7.: 10 day history of parameters for the two flight segments during the first mission on February16, 2003. The
black (red) lines reflect the parameter values of trajectories initialised between08:45–09:45 UTC (09:55–10:10 UTC) on
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potential vorticity, distance to the local tropopause (2.0 PVU) temperature, specific humidity of the ECMWF analyses, ice
saturation mixing ratio, and horizontal wind velocity. The dashed green lines in the PV and4Θ charts reflect the tropopause
location.

the trajectories cover a broad range between ≈ 0.0 and 8.0 PVU. Several particles were

influenced by the troposphere, indicated by PV values < 2.0 PVU. Also for the highest flight

level, some air parcels show an origin near the troposphere within the considered time pe-

riod. This is interesting since sinking and raising air parcels show nearly the same horizontal

pathways. These air parcels correspond to the first part of the highest flight level, where

the tropospheric influence is noticeable in O3. Additionally, this is also evident in the RDF

reconstructed PV field for 180 − 240 h prior to the observation. However, at the observation

time they show a maximum distance from the local tropopause of ≈ 45 K, i.e. well within the

lowermost stratosphere.

History values for pressure, temperature, ice saturation and horizontal wind velocity show

also only a reduced spread. They all show the same relative course, a double-wave struc-

ture with maximum values about 5 and 2 days prior to the observation and minimum values
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about 3 days before and at the measurement time. Approximately 5 days prior to the obser-

vation, a strong decrease in mean horizontal wind velocity (FF) from ≈ 55 to ≈ 20 m s−1

corresponds to a loss in temperature from 225 to 215 K, thus causing a decrease in ice

saturation from ≈ 200 to ≈ 60 ppmv. Also specific humidity is reduced in the ECMWF anal-

yses, ranging from ≈ 5 to ≈ 40 ppmv. During the next 2 days a considerable increase in

FF, T and IS to ≈ 60 m s−1, ≈ 222 K and ≈ 130 ppmv is evident. In contrast, SH shows

no significant change. Two days before the observation, again the horizontal wind velocity

decreases significantly to less than 20 m s−1. Also the air temperature cools off to ≈ 210 K,

resulting in a reduction of IS to ≈ 20 ppmv. This double-wave structure is excited when the

trajectories approach western North America. Due to the orographically induced planetary

wave trough over North America the trajectories are transported further south, reaching the

minimum latitude ≈ 2 days before the flight combined with maximum horizontal wind veloci-

ties. Then they were transported to higher latitudes where the air is significantly cooled. The

minimum temperatures were encountered ≈ 12 hours prior to the measurements. Within the

previous 10 days the considered air parcels have undergone severe temperature variations.

If particles have formed, the time for sedimentation and therewith dehydration of the air was

possibly too short. Subsequent increase in temperature could therefore cause rehydration.

In addition, few hours prior to the observation there is a slight tendency to increasing tem-

peratures at the lower flight levels. Thus, in the region with the quasi-constant uncorrected

H2O mixing ratio of ≈ 25− 30 ppmv, spikes in the FISH-signal are not necessarily expected.

This case study emphasises once more that TST is combined with freeze-drying and thus

with high potential for saturation/supersaturation and cirrus cloud formation in the lowermost

stratosphere. Beside, it should be mentioned that long-term simulation over 2 years with

CLaMS by Günther et al. (2004) are in very good agreement with the total water measure-

ments by FISH, which were not corrected to anisokinetic sampling. The simulation included

a parametrisation of the formation, evaporation and sedimentation of cirrus particles. If a

particle encounters ice supersaturation of > 30 % the water content was reduced to an ice

saturation of 130 % (cf. section 9.1).
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Chapter 8
Long-term simulation with CLaMS - jet
streams as a transport barrier

Stratosphere-troposphere exchange in the vicinity of jet stream regions has dynamical,

chemical and radiative impact on the UT/LMS. The jet stream regions generally divide the

tropical upper troposphere from the extra-tropical lower stratosphere. Thus, the regions of

strong wind velocities in the tropopause region, as the sub-tropical or polar jet stream, are

often referred to as ”tropopause breaks”. Changes in tropopause height and variations are

considerably large within a relative small latitudinal distance. The sub-tropical jet stream un-

dergoes a pronounced seasonal cycle in the Northern Hemisphere. Its latitudinal position is

≈ 30◦N during winter, whereas it is shifted further north to≈ 45◦N during the summer season

(cf. e.g., FF at the 2.0 PVU surface in Figure 5.5). Additionally, the horizontal wind velocities

during the summer months are reduced by a factor of 2 compared to those during winter.

The polar jet is located further north at around 60 ◦N. Whereas the orientation of the sub-

tropical jet is rather zonal the polar jet stream pattern is more meandering. Additionally, the

sub-tropical jet has a huge persistence and strength compared to the polar jet. The latter is

mainly associated with the upper level wave patterns, i.e. Rossby waves. However, in some

cases, when either of the jet streams is zonally strongly distorted, both can fall together or

even merge.

Isentropic surfaces cross the jet stream. This allows quasi-horizontal adiabatic STE along

isentropes. However, the maximum jet stream wind velocities are characterised by large hor-

izontal and vertical wind shear. In particular, the strong gradients of potential vorticity at the

cyclonic shear side of such a wind band can form an effective barrier for quasi-horizontal

transport and reduce large-scale exchange of air through the jet. Anyhow, for instance,

Vaughan and Timmis (1998) and Postal and Hitchman (1999) showed that Rossby wave ac-

tivity most often results in stirring and quasi-horizontal exchange. Thereby, frequently small
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filaments and laminae develop (Appenzeller et al., 1996a), which involve exchange and mix-

ing in the sense of the scale cascade (Haynes and Anglade, 1997).

Ozone, with a lifetime longer than several months in the upper troposphere and lowermost

stratosphere, is an appropriate tracer to characterise the variability and features of transport

and dynamics. The objective here is to investigate the tracer variability of O3 in the jet stream

regions and its relation to the transport barrier effect (Haynes and Shuckburgh, 2000), i.e.

how transport and mixing is hindered or enabled by dynamics. Thereby, a natural coordinate

centred at the jet maximum wind speeds is applied.

8.1 CLaMS simulation - configuration of the model

Sensitive and high resolution in situ measurements are highly valuable for process stud-

ies and model comparisons. The SPURT data set provides detailed information about the

UT/LMS region. However, despite the unique seasonal and geographical coverage of the

European area, there are too few flights crossing the sub-tropical or polar jet stream imme-

diately. To investigate tracer variability in the jet stream regions, thus the Jülich CLaMS

(McKenna et al., 2002b) was used to generate sufficient amount of data. Thereby, the

CLaMS initialisation and boundary conditions were determined using the SPURT obser-

vations (see section 4.1) and the HALOE climatology. The initialisation for ozone during

the summer season in the potential temperature and equivalent latitude space is shown in

Figure 8.1.

Figure 8.1.: CLaMS initialisation of ozone in the potential temperature and equivalent latitude space for a simulation period
August1, 2001, to August31, 2002, with optimised mixing. (Courtesy of Paul Konopka, ICG-I)
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On short time scales (≈ 2 weeks) transport is established by isentropic and reversible

transport processes as filamentation, whereas on seasonal time scales mixing and cross-

isentropic velocities are predominant. Thus, the pure transport simulation between 290 <

Θ < 500 K was performed for a time period during SPURT, from August 1, 2001, to August

31, 2002, inclusive. The resolution was set to 100 km in the horizontal and to 400 m in the

vertical. Within CLaMS, mixing is driven by the horizontal strain and by the vertical shear.

The mixing itself is thereby determined through a controlled interaction between nearest

neighbours of air parcels by using the dynamically adaptive grid after each advection step

4t. This provides a controlled mass exchange between air parcels, which is coupled to the

atmospheric dynamics. The mixing intensity is thereby controlled by the critical Lyapunov

exponent λc and 4t (for details, see McKenna et al., 2002a; Konopka et al., 2003). For the

simulation an optimised mixing is used, i.e. λc4t = 1.5. The meteorological wind fields were

taken from ECMWF, whereby the cross-isentropic velocities, i.e. Θ̇, were obtained from a ra-

diation module (no clouds and no convection) based upon the Mocrette scheme (Mocrette,

1991). Results show that the observed structures in O3 are reliable resolved by the CLaMS

simulation (Konopka et al., 2004a). Fine-scale structures and meteorological phenomena

are also rendered sufficiently. Thus the simulation should provide an accurate data set to

investigate the seasonal climatology of ozone and its variability near the jet stream.

8.2 Jet maximum wind velocities - a natural coordinate centre

Strong horizontal gradients of PV are in general related to the jet stream regions. As men-

tioned above, the tropical troposphere is divided from the extra-tropical lower stratosphere

at the jet stream locations which should thus roughly coincide with the tropopause location

(see Figure 8.2). In order to investigate the spatial structure and trace gas variability relative

to the direction of the mean planetary wave structure, i.e. the mean flow, it seems appro-

priate not to use PV rather than a certain relative coordinate: the isentropic wind speed

difference to the jet stream maximum, hereafter nominated as 4FF. Due to the wind speed

difference, the coordinate is centred at the maximum jet stream wind velocity, establishing

a natural coordinate system. The computation of the wind speed difference was performed

in several steps. First of all, regions of high horizontal wind velocities have to be diagnosed

in the ECMWF analyses. The precision of the jet detection is limited to the temporal and

spatial resolution of the meteorological analysis data. Thereby, regions with high horizontal

wind velocities were determined on each isentropic level (from 290 K to 500 K in 10 K steps)

and then filtered to derive the grid points with the maximum wind speeds. The method even

allows to identify meandering jet stream regions with sufficient accuracy. An example result

of the applied jet detection algorithm is depicted in Figure 8.2.
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Figure 8.2.: Example result for detection of re-
gions with high horizontal wind velocities (FF)
on the360 K isentrope on November11, 2001,
12:00 UTC. The grey shading reflects horizon-
tal wind velocities, red dots mark diagnosed jet
stream grid points, restricted to the resolution of
the ECMWF data. The potential vorticity contour
2.0 PVU is given by the green line. It roughly coin-
cides with the detected jet stream grid points. The
white frame marks the SPURT sector.

Once the jet stream grid points are identified, several parameters at each grid point are

available, in particular the jet wind direction. In a next step, for every air parcel in the simu-

lation the nearest jet grid points on the model isentropes below and above the considered

air parcel’s isentrope are identified. The jet wind speeds are then interpolated to the corre-

sponding air parcel’s isentrope. Thereafter, 4FF is calculated by subtracting the horizontal

wind velocity at the air parcel’s location from this jet maximum wind speed. By definition, this

difference is positive. With the information of the jet wind direction it is possible to decide

wether an air parcel is located at the cyclonic or anticyclonic side of the jet stream. To distin-

guish air parcels at opposite sides of the jet stream, the wind speed differences related to the

cyclonic side are assigned to negative 4FF. The method for calculating 4FF is illustrated in

Figure 8.3.

The jet maximum wind speed in this coordinate system is defined as the maximum at each

isentrope. Thus there is no single maximum jet wind speed but rather a range of different

values in Θ. The coordinate system only depends on the difference and not the absolute

wind speed values. The identified jet stream locations obviously show gaps and leaps since

the regions of high wind speeds do not appear as a closed band (cf. Figure 8.2). This affects

the calculation of 4FF and air parcels can occasionally be assigned to a wrong jet side.

However, the number of these critical identified jet grid points is rather sparse.

8.3 Seasonal characteristics of the jet stream strength

As mentioned earlier, observed structures during SPURT are sufficiently resolved by the

CLaMS simulation. It is therefore assumed that the CLaMS results provide a reliable data set

to investigate the seasonal variation and spatial structure of O3 with relation to the maximum



8.3 SEASONAL CHARACTERISTICS OF JET THE STREAM STRENGTH 127

horizontal view: FF@360K
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Figure 8.3.: Sketch for determining the wind speed difference to the jet stream maximum wind speeds. The left chart
shows exemplary the horizontal distribution of ECMWF horizontal wind velocities in the SPURT sector on the360 K
isentrope on November11, 2001, 12:00 UTC. Thereby, the green diamond reflects an arbitrary air parcel position with
known parameters, among the horizontal wind velocity. The red dots mark the ECMWF grid points with diagnosed high
horizontal wind speeds. In the right chart, a latitudinal isentropic cross section of FF along18◦E for the same time is shown.
Thereby, once again the arbitrary air parcel position as well as the jet stream grid points are given, now in the vertical. The
orange point denotes the ”new” to the air parcel’s isentrope interpolated jet stream wind velocity. The wind speed difference
is then calculated by subtracting the wind speed at the air parcel’s location from this ”new” jet stream wind velocity.

jet wind velocities. In subsection 3.4.1 2-dimensional PDFs were used to summarise the

total SPURT data. An important advantage of using this technique is that errors in the jet

detection and relation of air parcels to a jet side can not significantly change the statistics

and thus the shape of the PDFs (cf. also Konopka et al., 2004b). Due to the large data set

and the advantages of the PDFs once more this tool is applied here. Although the CLaMS

simulation provides sufficient, approximately equally distributed, data for the whole Northern

Hemisphere, only air parcels in the SPURT sector are considered here, i.e. 40◦W−40◦E and

25− 85◦N.

Seasonal PDFs of wind speed at the air parcels’ locations relative to the maximum wind

speeds give a summary of the jet stream structure. The distributions are displayed in Fig-

ure 8.4 and Figure 8.5 for SON, DJF and MAM, JJA, respectively. The FF distributions reflect

furthermore the quality and accuracy of the applied method to set air parcels in relation to

the jet stream. The PDFs are displayed in the same manner as in subsection 3.4.1. The

bin size is set to 2 m s−1 for FF and 4FF. Thereby, a normalisation is performed to each

4FF bin. Thus, the probability reflects the occurrence frequency of a definite range of FF

at a particular location within the corresponding wind speed difference interval. Due to the

varying mean tropopause height with latitude, the PDFs are computed separately for three

potential temperature intervals: 300 − 330 K, 330 − 360 K, 360 − 390 K. The mean and me-
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Figure 8.4.: Seasonal2-dimensional probability distribution functions of wind speed at the air parcels’ locations as a
function of the relative coordinate wind speed difference to the jet stream maximum wind speed. The bin size is2 m s−1 for
FF as well as for the coordinate4FF. The normalisation is performed to each4FF bin. The PDFs are shown in the same
manner as insubsection 3.4.1. Further, the PDFs are limited to the SPURT sector, i.e.40◦W−40◦E and25◦ − 85◦N. Due
to the latitudinal variation of tropopause height, the2-dimensional PDFs are shown for three potential temperature ranges:
300− 330 K (bottom),330− 360 K (middle),360− 390 K (top). In the left panel distributions for autumn are displayed,
the right panel shows the winter PDFs. The mean and median FF in each4FF interval is given by the solid and dashed
line, respectively.

dian FF in each 4FF interval is given for each Θ range and each season by the solid and

dashed lines, respectively. In the summer PDFs, additionally the means for all seasons in

the corresponding Θ range are given.

The PDFs generally show the expected symmetric shape of a hat. Highest wind velocities

should, by definition of 4FF, be present near the jet core and fall off with increasing wind

speed difference. Thereby, the tails should decrease in the same amount as the wind speed

difference. The open white triangle at 4FF= 0 m s−1, i.e. the jet core, is due to a chosen

minimum threshold wind velocity for detecting jet stream regions, which is set to 20 m s−1.

However, near the jet core the contours show an attached slight cross pattern at the highest

wind speeds. This is an effect resulting from cases where the jet occasionally is split into

two (or more) branches of high wind velocities, separated by several degrees in latitude.

Thus, an air parcel can be related to a jet grid point, which is nearest but has not the highest
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Figure 8.5.: As Figure 8.4but for the spring (left) and summer (right) season. Additionally, in the summer PDFs, mean FFs
during this season are compared to the means during the other seasons.

wind velocity. The consequence of this jet detection problem could be reduced or nearly

inhibited by simplifying the calculation in that way to use only one maximum jet wind speed

at each longitude (Ray, 2004a, personal communication). In situations where the jet splits

into a northern and southern branch being both nearly equal in strength (e.g., within 5 −
10 m s−1), always the northern branch could be taken to define the jet maximum winds and

locations. The choice of the northern branch is reliable since the O3 gradients are always

strongest across the northern branch and so this seems to be the most significant ”barrier” to

O3 transport (Ray, 2004b, personal communication). However, there are certainly different

methods to apply (e.g., use of the Nash criterion, Nash et al., 1996) and ways to do the

calculation. The one considered here is to take the difference in wind speed between the air

parcel’s location and the closest location to the jet maximum on the air parcel’s isentrope,

regardless of longitude. This allows to identify a meandering jet with a retrograde part but

also produces the discussed branching problem. Despite that uncertainty in the jet detection,

the shapes of the PDFs indicate a sufficient quality of the applied method. Thus, this should

not gradually affect the O3 gradient across the jet core (cf. section 8.4).
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The mean strength of the jet stream is apparent in the mean wind velocities at the jet core.

During the winter jet stream wind speeds are at maximum. In contrast, the jet stream strength

is significantly reduced during the summer season. This is evident in all considered poten-

tial temperature ranges. A further feature in the PDFs is the decrease in jet stream wind

speeds with increasing potential temperature range. However, regarding only the maximum

wind speeds at the jet core in the 360 − 390 K range the change is most prominent in the

decrease between spring and summer. This could probably partly be linked to the onset of

the summer circulation in the northern hemisphere stratosphere. From spring to summer

the westerly winter circulation above the North pole turns into the easterly summer circula-

tion, usually around the beginning of July (Piani and Norton, 2002), thus retarding the wind

strength. Anyhow, also in the 330 − 360 K range the decrease in maximum jet wind speeds

is pronounced compared to the other seasons. The decreasing westerly wind strength dur-

ing summer is the result of the decreasing temperature difference between low and high

latitudes, thus lowering the thermal wind.

8.4 Seasonal climatology and variability of model derived O3 in the
SPURT sector related to the jet stream

The objective here is to get insight into the spatial structure and variability of O3 relative to

the regions of the jet stream. Therefore, PDFs of O3 as a function of wind speed difference

to the maximum jet wind speed for SON, DJF and MAM, JJA are shown in Figure 8.6 and

in Figure 8.7, respectively. Hereby, the bin size is set to 20 ppbv for O3 and to 2 m s−1 for

4FF. The normalisation is performed for each 4FF bin. Since ozone has a relative strong

vertical gradient, the PDFs are computed separately in the same three potential temperature

intervals as the wind speed PDFs in the previous section 8.3. Once more, in the summer

PDFs the means are compared with those of the other seasons.

The seasonal mean data will obviously average a large range of locations relative to the

centre of high wind velocities. Generally, due to the latitudinal O3 distribution, mean and

median O3 VMRs increase with increasing distance to the jet and are maximal at the cyclonic

side. Towards the anticyclonic jet side a considerable decrease is evident in the means

and medians. Also the PDF contours in all seasons and Θ ranges show a sloped pattern

from high to low O3 VMRs across the jet core. Furthermore, the vertical O3 gradient is also

evident in all PDFs. With increasing potential temperature the occurrence probabilities of

higher O3 VMRs increase. However, there are several seasonal contrasts and features in

the distributions.
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The winter distribution in the highest considered Θ range shows two regions with high oc-

currence probabilities. One is located at the cyclonic jet side at 600 − 750 ppbv and negativ

4FFs between −40 and −60 m s−1, far away from the jet core. The other area appears

at the anticyclonic side at O3 VMRs between 250 and 350 ppbv and extends from the jet

core to 4FF≈ 40 m s−1. This feature is more pronounced during spring. In contrast to the

winter PDF, during spring also in the 330 − 360 K range this bimodal shape is evident. Due

to the vertical O3 gradient the most probable O3 VMRs in this Θ region are slightly reduced

compared to the highest Θ range. These contours reflect the large-scale downward mo-

tion of stratospheric air (e.g., Pan et al., 1997; Logan, 1999; Prados et al., 2003). In the

course of winter and early spring descending O3-rich stratospheric air accumulates in the

lower and lowermost stratosphere. This leads to a strong contrast between polar O3-rich air

at the cyclonic jet side and comparable O3-poor air at the tropospheric anticyclonic side.

Both regimes are definitely separated. Even in the lowest Θ regime, which partly contains

tropospheric air also at the cyclonic shear side, the separation is noticeable. During winter

and still during spring the jet stream wind velocities are obviously high enough to effectively

inhibit quasi-horizontal cross-tropopause transport through the jet core. The disjunction is

most pronounced during the spring.

In the 330 − 360 K range the winter PDFs show regions of higher probabilities of O3 VMRs

between 300 − 400 ppbv at the cyclonic as well as at the anticyclonic side ≈ 20 − 40 m s−1

from the jet core. This feature seems to reflect enhanced cross-tropopause interactions.

Since the wave activity is most prominent during that season, the observed contours are

probably the result of poleward and equatorward Rossby wave breaking. Such events occur

predominantly in a jet exit region (e.g., Ray et al., 2004), leading to filamentation and lam-

inae, which have high potential to subsequently mix with the surrounding air in the sense

of the scale cascade (Haynes and Anglade, 1997). However, the North Atlantic sector, and

thus the SPURT sector, is such a preferred region.

The summer PDFs indicate the decreasing capacity of the jet to separate the mentioned

segregated regions of high and low O3 at the cyclonic and anticyclonic jet side, respec-

tively. The mean O3 gradients across the jet core are very strong during winter and spring,

especially in the highest Θ region. During summer the gradients are significantly reduced,

indicating an increasing amount of quasi-horizontal cross-tropopause transport and mixing.

Moreover, compared to the other seasons the jet strength is considerably lowered during

summer. The lack of high jet stream wind velocities and thus absence of strong shear at

the jet flanks as well as subsequent strong meandering of the jet simplifies quasi-isentropic

transport between lower and higher latitudes.

O3 VMRs during DJF and MAM as well as during JJA and SON show comparable mean

values in the 360−390 K region. In the lower Θ ranges the differences between the mean O3
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Figure 8.6.: Seasonal2-dimensional probability distribution functions as a function of ozone and wind speed difference.
The bin size is20 ppbv for O3 and2 m s−1 for the coordinate. Due to the vertical gradient in O3 the PDFs are performed
for the same three different potential temperature regimes as inFigure 8.4.

values are evident, especially for summer and autumn. Also the summer and autumn PDFs

show distinct structures. During autumn, the contours are symmetrically distributed around

the mean with a smooth decrease to higher and lower O3 values. Additionally, the spread of

O3 in each 4FF bin is minimised compared to the other seasons. A weaker gradient near

the highest wind velocities across the jet core implies an elevated mixing state of the strato-

spheric tracer in the UT/LMS region, i.e. transport and mixing from the troposphere to the

stratosphere across the jet. Indeed, jet stream wind velocities increase during SON and are

even higher in the mean compared to their spring means (cf. Figure 8.6 and Figure 8.7).

However, the O3 gradient through the jet core is weakest during autumn. The strength of the

jet hence does not affect the tracer gradient importantly. This could be explained by consid-

ering the actual O3 source for the extra-tropical lowermost stratosphere, which can build up

O3 gradients across the jet. Diabatic transport of O3 into the lower stratosphere onsets first in

autumn and winter and convective transport from the troposphere is not resolved in CLaMS.

Thus, the O3 gradient across the jet core can not be stronger than during summer. Rather

the seasonal integral effect of enhanced quasi-horizontal transport during summer becomes

apparent. This lasts until the onset of the polar winter circulation, within which stratospheric
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Figure 8.7.: As Figure 8.6but for the spring and summer season. Thereby, also here mean values of O3 during summer are
compared to the means during the other seasons.

air is transported downward into the UT/LMS region. This leads to a pool of O3-rich air at

the cyclonic shear side of the jet. Further increase in jet stream wind speeds enhances the

PV gradient. Thus quasi-horizontal transport between lower and higher latitudes is inhibited

more efficiently, resulting in an increased O3 gradient across the jet core.

Since the considered SPURT sector is a preferred region of wave breaking, O3 gradients

across the jet core can be weaker compared to other geographical areas as the North Pacific

regions. Particularly between 135 − 180◦E the jet stream is zonally rather undisturbed (cf.

Figure 5.5), possibly constituting a more effective barrier to quasi-horizontal transport. Thus,

an important factor should also be the variability of the jet upstream to the considered sector

(Ray et al., 2004). However, the distributions shown here are generally in agreement with a

distinct transport barrier near the location of the steepest tropopause in winter (Haynes and

Shuckburgh, 2000) and a maximum of cross-tropopause exchange during summer (Chen,

1995). From an analysis of tracer in situ measurements in the lower stratosphere Ray et al.

(1999) showed definite reduced in-mixing of tropospheric air near the 360 K isentrope during

spring and much larger tropospheric contributions in September.
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8.5 Seasonal characteristics of zonal jet stream asymmetry

Differences in the O3 PDFs can be significantly affected by the zonal asymmetry of the jet

stream. In order to investigate the zonal jet distortion, in Figure 8.8 normalised seasonal

frequency distributions of latitudinal positions of the detected jet stream grid points are dis-

played. Thereby, the three potential temperature regions are considered separately.
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Figure 8.8.: Seasonal normalised frequency distributions of latitudinal jet stream positions in the SPURT sector, derived
from ECMWF analyses from August1, 2001, to August31, 2002. Geographical latitude is binned by 10◦N. Again a
vertical separation in three potential temperature ranges is performed. Autumn, winter, spring, and summer are reflected by
the dark red, blue, green, and orange colours, respectively.

Generally, the shape of the envelope of all seasonal frequency distributions shows a bell

shape with maximal occurrence frequencies within 40−50◦N. Anyhow, the jet stream seems

to be slightly shifted towards lower latitudes with increasing potential temperature. This im-

plies the adaption of the vertical jet axis to the isentropic PV gradients. The frequency distri-

bution for the winter season is similar to the one for spring. Except in the highest considered

potential temperature region, a distinct displacement to 20 − 30◦N during spring appears.
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Maximal occurrence frequencies are > 35 %. The summer distributions reflect the poleward

shift of the jet stream (cf. also Figure 5.5). Due to the rather Gaussian distribution during

winter and, for the both lower Θ regions also during spring, the jet stream seems to be zon-

ally more distorted during DJF and MAM. During these seasons, enhanced wave activity

and wave breaking is apparent, as mentioned earlier. This is also reflected in the winter O3

PDFs in Figure 8.6.

8.6 Results of the simulation and conclusions

The derived O3 climatology during the SPURT project was used for a long-term simulation

with the Jülich CLaMS model to characterise features of transport and dynamics. Thereby,

the O3 variability relative to the main flow direction of the planetary wave pattern and its

relation to the transport barrier effect was investigated, using a coordinate centred at the

jet maximum wind speeds. The simulation, which was purely based upon advection, shows

that the O3 distribution is strongly linked to the strength of the jet stream, which acts as

a transport barrier. High wind velocities reduce deep large-scale quasi-isentropic transport

between the troposphere and the stratosphere during winter and spring, whereas during

summer this transport pathway is enhanced owing to a weaker transport barrier.

The findings are also in accordance with the SPURT measurements of SF6, a tracer used

to determine the mean age of air in the UT/LMS. Bönisch (2004) and Engel et al. (2004)

derived from lag time studies that the oldest air was sampled during the spring campaigns.

Within the summer, young tropospheric air enters the lowermost stratosphere. Due to the

integral effect, the consequences of this transport process is most noticeable at the end of

each period, i.e. during spring and autumn. This is also evident in the probability distribution

functions of O3 and 4FF shown here. However, in situ measurements of H2O during the

SPURT campaigns show already very low VMRs in autumn (see chapter 3). Therefore, it is

most likely that the younger air origins from the sub-tropics/tropics.

The mean O3 values in the PDFs obviously also reflect the seasonal cycle of that trace gas

in the lowermost stratosphere (cf. subsection 3.2.1). In the lowest considered potential tem-

perature region, which occasionally lies partly in the troposphere, mean O3 VMRs during

spring and summer at the cyclonic side are of comparable amount. This implies that the

stratospheric influence extents deep into the lowermost stratosphere to the tropopause re-

gion. Thus, the importance of STT and its possible impact on tropospheric O3 is underlined

once more, as was already mentioned in section 6.2.
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Chapter 9
Conclusions and outlook

9.1 Synopsis and what we have learned from O3 and H2O measure-
ments during SPURT

In the experimental part of this thesis, high resolution airborne in situ measurements of

ozone and total water in the upper troposphere and lowermost stratosphere (UT/LMS) have

been performed with great success within the BMBF supported AFO 2000 project SPURT

(cf. chapter 2). At the ICG-I of the Research Centre Jülich, in the recent years specific in-

struments were developed or modified for implementation on research aircraft. In the frame

of the SPURT project, I was responsible for the FISH (Zöger et al., 1999) and the JOE

(Mottaghy, 2001) instruments, measuring total water and ozone, respectively. Using a Lear-

jet 35A, a total of 8 extensive airborne campaigns, evenly distributed over all seasons, were

conducted between November 2001 and July 2003. Beside the H2O and O3 trace gases, sev-

eral chemical species in the UT/LMS with different lifetimes, sources and sinks have been

investigated in the European sector between 20 and 80◦N. During the whole SPURT period

there were only few data losses. Thus, the achieved high amount of H2O and O3 data during

SPURT reflects the equipment dependability of the FISH and the JOE instrument as well as

the quality of the associated service and maintenance.

Until today, the SPURT project provides the unique continuous and high qualitative data set

of high resolution in situ measurements of several trace gases in the UT/LMS region in the

European sector. The large amount of information offers a vast quantity of potentialities and

options for data analyses and investigations of scientific problems. In this thesis, the H2O and

O3 SPURT data were analysed using several statistical perspectives and interpretations by

diagnostics, facilitating a comprehensive overview of the seasonal trace gas distribution and

variability in the UT and LMS. The obtained results are summarised in the following.
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The seasonal cycle of O3 is distinct in the upper troposphere and in the lowermost strato-

sphere. Up to the tropopause, which was analysed to correspond largely to the 2 PVU sur-

face for the SPURT measurements, a winter minimum and a broad spring to summer O3

maximum is evident in the data. The latter is most probably the result of in situ photochem-

istry during these seasons.

In the lowermost stratosphere a more prominent seasonal cycle in O3 is apparent. Com-

pared to the O3 seasonal cycle in the UT, the maximum of O3 in the LMS is shifted in phase

by about 2 − 3 months earlier. In the upper part of the LMS, a pronounced O3 maximum is

established during spring, whereas the lower part of the LMS still contains large contribu-

tions of rather O3-poor tropospheric air during winter and early spring. Only around April the

O3 maximum is also established in the lower part. This is the effect of the large-scale strato-

spheric winter/spring Brewer-Dobson circulation. Induced by breaking Rossby waves and

strong diabatic subsidence (the downward control principle, Haynes et al., 1991) aged and

O3-rich stratospheric air is transported downward into the LMS (e.g., Austin and Follows,

1991; Beekmann et al., 1994; Logan, 1999). Thus, during spring a contribution of strato-

spheric O3 due to stratosphere-to-troposphere transport (STT) is likely to affect tropospheric

ozone. Performed calculations with the trajectory module of the Jülich CLaMS model indi-

cate that the higher tropospheric O3 mixing ratios already in spring can partly be related to

STT (cf. section 6.2).

The O3 minimum in the whole lowermost stratosphere appears during autumn. Using a nat-

ural coordinate system centred at the jet stream core, this minimum was shown to be the

result of an integral effect. During summer and autumn the stratospheric downward trans-

port is significantly reduced. Moreover, the extra-tropical tropopause is more permeable to

deep large-scale quasi-isentropic transport than during winter and spring. This is owing to

the weakening potential vorticity gradients along isentropes crossing the tropopause (a de-

creasing transport barrier effect, Haynes and Shuckburgh, 2000). Thus, enhanced quasi-

isentropic transport allows an elevated mixing state of tropospheric and stratospheric air in

the UT/LMS region (cf. chapter 8).

In contrast to the O3 seasonal cycles in the UT and LMS, there is no phase shift observed

in the H2O data. Highest H2O mixing ratios were observed during summer close to the

tropopause in the UT as well as in the LMS. Driest seasons were found to be autumn and

winter. The reason for this seasonality is twofold. First, since H2O is strongly influenced by

heterogeneous processes, it follows the temperature variation at the tropopause, i.e. the air

is widely freeze-dried during its transport into the LMS. Second, whereas – as mentioned

above – downward transport of dry air from the overworld into the LMS is dominant during

winter, the barrier for quasi-isentropic transport of moist air over the tropopause deep into

the LMS is weak during summer.
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These two reasons for the seasonal H2O cycle were analysed more precisely. The H2O en-

try value into the LMS is strongly coupled to the seasonal cycle and variability of tropopause

temperatures. Estimated H2O entry values at the tropopause show a distinct seasonal cycle

at all latitudes (cf. chapter 5). As in the tropical cold trap the air is also freeze-dried at the

extra-tropical tropopause on its way into the LMS. However, substantial (super)saturation

was observed during some research flights even above 6 PVU, i.e. well within the LMS. Due

to the participation in heterogeneous processes the highly variable H2O is widely traceable

to temperatures the air parcels suffered during troposphere-to-stratosphere transport (TST).

Using the information content of backward trajectory calculations, the SPURT data indicates

significant potential for and occurrence of (super)saturation and cirrus cloud formation in and

even above the tropopause region. This underlines the relevance of dehydration and hydra-

tion processes on chemistry and climate in the UT/LMS (cf. section 6.1). Furthermore, an

RDF case study using fields of potential vorticity and ice saturation was performed, which

highlights once more the impact of TST and combined freeze-drying on the atmospheric

H2O composition (cf. chapter 7).

Due to the strong downwelling in the extra-tropics during winter, transport of H2O-poor over-

world air into the LMS is enhanced, which leads to the observed H2O minimum during that

season. The measured low H2O mixing ratios in the LMS already in autumn suggest an

efficient drying of the air during that season on its way into the LMS. Thereby, the air most

probably originates from the (sub-)tropics. The transport from the (sub-)tropics is in accor-

dance with lag time studies by Bönisch (2004) and Engel et al. (2004) using the SPURT

data. They revealed the youngest tropospheric air in the LMS during summer and autumn.

The efficient drying during autumn is furthermore supported by long-term simulations of wa-

ter vapour with the Jülich CLaMS by Günther et al. (2004) covering the SPURT time period.

In these simulations the seasonal distribution of H2O, determined by the large-scale trans-

port processes as described above, could be qualitatively reproduced as measured during

SPURT. In combination with a quasi-inert tropospheric tracer, cross-tropopause transport of

moist air from the (sub-)tropics deep into the LMS is apparent during summer. Thereby, our

results indicate highest ice water content in the tropopause region extending from the tropics

up to high equivalent latitudes, especially during autumn (see Figure 9.1).

Further emphasis in this thesis was led on the investigation of processes in the transition

region between the troposphere and the stratosphere. Using different reference coordi-

nates, it was shown that both trace gases O3 and H2O are best correlated and reveal the

most compact distributions when related to potential vorticity and/or distance to the local

tropopause. Thereby, especially 2-dimensional probability distribution functions have been

used as a powerful tool to visualise the seasonal as well as the high spatial and tempo-

ral trace gas variability. Application of different PV threshold values for the extra-tropical
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Figure 9.1.: Results from long-term simulations for the Northern Hemisphere byGünther et al.(2004). Shown are seasonal
equivalent zonal means of specific humidity (SH, colour coded in ppmv) together with ice water content (black contours).
In all charts, the dynamical tropopause, defined by the4.0 PVU surface in the extra-tropics and by380 K for ϕe< 20◦N,
is indicated by the magenta line. Additionally, potential vorticity surfaces of2, 4, 6, 8, and10 PVU are reflected by
the cyan contours. Clockwise: snapshot on15 th of January, April, October, and July,2002. During winter the Brewer-
Dobson circulation characterises the UT/LMS with strong upwelling in the tropics, poleward transport in the stratosphere
and downwelling in the polar regions. Stratospheric air is advected into the troposphere below the sub-tropical jet core
with subsequent mixing. This leads to an enhanced meridional tracer gradient. A very dry tropical tropopause is evident
due to the coldest temperatures there during winter. Also H2O mixing ratios at the extra-tropical LMS are low. With the
decreasing transport barrier during summer tropospheric influence in the LMS is enhanced, leading to a moistening of the
LMS. (Courtesy of G. G̈unther)

tropopause exhibit the alignment of tracer isopleths to potential vorticity surfaces rather than

their orientation along isentropes (cf. chapter 3). This is supported by tracer distributions in

the potential temperature and equivalent latitude space, a coordinate system which is es-

pecially favourable for climatological aspects. Within this reference frame, an extra-tropical

tropopause exchange layer exhibiting trace gas signatures characteristic for a mixture of

tropospheric and stratospheric air could be identified. This year-round mixing layer follows

the shape of the tropopause and/or PV surfaces and ranges several 10◦ poleward in equiva-

lent latitude and several 10 K above the tropopause in potential temperature (cf. section 4.1).

The observed arrangement of tracer isopleths is in accordance with results from James et al.

(2003a), who showed that layers of air of similar mean age are a function of distance to the

tropopause.

The O3 and H2O measurements during SPURT provide evidence for a significant amount of

troposphere-to-stratosphere transport and thus a strong coupling of the mixing layer to the
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troposphere. The extra-tropical tropopause mixing layer is not the result of an instantaneous

meteorological situation at the tropopause and is not formed by individual mixing events. It is

rather composed by the superposition of many cross-tropopause mixing events on different

time scales. Back trajectory calculations for the SPURT measurements show evidence for

cross-tropopause transport into this layer within time scales on the order of weeks. However,

within the LMS the influence of troposphere-to-stratosphere transport and subsequent mix-

ing decrease with increasing distance to the local tropopause in both vertical and horizontal

direction (cf. section 4.2).

From tracer-tracer correlations the upper bound of the mixing layer was estimated to

8−9 PVU, independent on season. Thereby, the extra-tropical tropopause itself as the lower

boundary is located at 2 − 3 PVU. In contrast to its extension into the LMS, the isentropic

depth of the mixing layer varies significantly with season, exhibiting a distinct winter maxi-

mum and a summer minimum. Hoor et al. (2004c) derived similar results from CO measure-

ments during SPURT. They estimated a maximal isentropic depth of the mixing layer during

summer and vice versa during winter. However, the seeming conflict arises from the different

chemical characteristics and the behaviour of both trace gases H2O and CO. Additionally,

the sensitivity of the deduced value, up to which recent tropospheric influence is detectable,

should contribute to that difference (cf. section 4.3).

Compared to previous mid- and high-latitude campaigns, even beyond the mixing layer en-

hanced H2O mixing ratios higher than the stratospheric background of 4 − 8 ppmv have

been detected during all seasons and especially during summer. This is indicative for sig-

nificant tropospheric contributions via extra-tropical pathways. Transport on the order of a

few weeks from the troposphere deep into the LMS is not supported by backward trajectory

calculations. However, once in the LMS an air parcel can maintain its water vapour signa-

ture on long time scales due to the relative warm temperatures there. As mentioned above,

Lagrangian long-term simulations with the Jülich CLaMS by Günther et al. (2004) could re-

produce the observed tropospheric influence. Thereby, the enhanced H2O even beyond the

mixing layer originates from transport processes on longer time scales. However, above all,

the H2O measurements during SPURT imply that the lower stratosphere may be moister

than usually expected.

9.2 Outlook

The work presented here exposes some responses to the central objectives of the SPURT

project. Several queries are still outstanding, which sometimes could only hardly be ad-

dressed here due to insufficient amount of measurement data in some atmospheric regions.

Nevertheless, this thesis demonstrates the high worthiness of the performed aircraft mea-
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surements with the innovative concept of campaign performance. The unique and high res-

olution SPURT data set of high quality provides an excellent basis for process studies. Es-

pecially, dedicated case studies should be performed to investigate transport and mixing

processes in order to reveal details of the underlying processes.

A wide choice of scientific challenges can be considered by the high resolution data set.

For instance, it would be interesting to investigate exchange between the upper troposphere

and the lowermost stratosphere by using the technique of unified scale invariance (e.g.,

Tuck et al., 2003b,a). All scales participate in atmospheric dynamics, however, significant

impact to the chemical composition of atmospheric regions can arise by substantial contri-

butions from relatively infrequent but intense events. Especially for total water, an analyses

of scale invariance and implications for a conservative cascade of energy from the largest to

the smallest scales should be discussed.

A further related interesting topic is the finding that the lowermost stratosphere appears to

be moister than usually expected. Also the seasonality of the mixing layer and the underly-

ing processes need more investigation. However, the SPURT measurements took place in

the European sector which has specific characteristics, for instance, it is a preferred wave

breaking zone. Thus, a compilation of in situ measurements at other geographical regions

should be considered. Anyhow, for an exact resolution of details and small-scale structures

in the atmosphere observations with even higher time resolution are desirable.

As it was shown in this thesis, the SPURT data provides a powerful and valuable tool in

connection with Lagrangian studies to analyse exchange processes. Further, the trace gas

climatologies obtained during SPURT demonstrate a high value for implementation in mod-

els, from which substantial outcomes can be inferred. Based upon measurements (e.g.,

Hintsa et al., 1998; Ray et al., 1999; Hoor et al., 2004b) as well as Lagrangian transport

models (e.g., Dethof et al., 2000; Wernli and Bourqui, 2002; Sprenger and Wernli, 2003),

numerous studies have been performed to investigate mass and trace gas fluxes across the

tropopause into the troposphere and the stratosphere as well as through the 380 K surface

(e.g., Appenzeller et al., 1996b; Schoeberl, 2004). It was shown that the trace gas com-

position of the UT/LMS undergoes a pronounced seasonal variability. However, concerning

the exchange fluxes, a key factor of pure advective transport calculations with models is

the vertical velocity. In Lagrangian models which operate on isentropic levels, as the Jülich

CLaMS, appropriate solutions for the vertical velocity have to be found to reveal high ac-

curacy within the simulations, especially in the tropics. There is currently extensive work at

the ICG-I on a ”new” vertical coordinate in CLaMS. This coordinate uses pressure surfaces

as well as isentropes, which merge continuously near the tropopause region (cf. Mahowald

et al., 2002). Thus, with this coordinate accurate quantification of stratosphere-troposphere

exchange processes can potentially be performed with high accuracy, even in the tropics.
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Saturation/supersaturation processes and cirrus cloud formation are also challenging issues

to study in more detail. The distribution of H2O is yet simulated in CLaMS considering trans-

port, phase changes and sedimentation of ice particles using a simplified module. As it was

adverted in section 9.1, accurate and promising results have been obtained. However, this

module could be improved, for instance by considering aerosols and heterogeneous freezing

processes.

During SPURT it was not possible to obtain in situ data in the region above 380 K, i.e. the

overworld. That region is strongly coupled to the tropics (the tropically controlled transition

region, Rosenlof et al., 1997). It is in particular of interest, how dynamics and chemistry act

on the tracer budget of the mixing layer and the lowermost stratosphere, and especially how

their seasonality contributes to the stratospheric (overworld) ”background”. The approved

new research aircraft HALO (high altitude and long range research aircraft) will be able to

operate in this atmospheric region. Combined with the successful and effective campaign

concept, whose power has been demonstrated by the SPURT project and the results of

this thesis, future measurements will be able to deepen the understanding of atmospheric

processes and to answer open questions, especially the feedback from a changing climate.
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Appendix A
Thermal and chemical tropopause heights
during SPURT ascents and descents

Table A-I : Altitude, potential temperature, ozone mixing ratio and potential vorticity at the lapse rate (TPth,
definition after WMO, 1986a) and chemical (TPch, definition after Bethan et al., 1996) tropopause. Values are
in m, K, ppbv and PVU, respectively.

@TPth @TPch
IOP/mission ascent location

season descent location
alt Θ O3 PV alt Θ O3 PV

1/1 Hohn - - - - 11265 341 55 2.97
autumn Faro 9250 327 95 2.20 9350 328 92 2.13

1/2 Faro 8321 321 72 2.16 11613 347 60 2.17
autumn Hohn 11044 334 91 1.49 - - - -

1/3 Hohn 9595 322 50 1.99 10734 337 119 4.10
autumn Kiruna 7221 295 76 2.07 7346 298 76 2.12

1/4 Kiruna 7424 296 51 2.45 7749 300 84 2.97
autumn Hohn 10398 324 55 2.13 10517 326 58 2.07

2/1 Hohn - - - - - - - -
winter Casablanca 10565 322 48 2.57 10714 324 61 2.58

2/2 Casablanca - - - - 11331 332 63 3.45
winter Gran Canaria - - - - 11335 336 131 4.22

2/3 Gran Canaria 10559 327 79 2.88 11140 331 92 3.94
winter Lisbon 11727 331 41 2.17 12419 336 56 2.60

2/4 Lisbon - - - - - - - -
winter Hohn 11710 327 70 1.50 12251 335 84 2.19

2/5 Hohn 9150 315 - 2.80 - - - -
winter Tromsø 9386 304 - 2.02 10558 319 128 3.91

2/6 Tromsø 9994 310 - 2.95 - - - -
winter Hohn 8440 303 - 2.45 - - - -

3/1 Hohn - - - - 11338 330 119 2.96
spring Jerez 12736 342 99 1.96 12942 345 113 1.97

3/2 Jerez 10726 334 77 3.31 11154 335 88 3.81
spring Hohn 11845 331 82 2.62 11936 331 76 2.34

3/3 Hohn 9815 328 204 4.12 9026 325 81 2.68
spring Tromsø 7962 304 116 2.60 7481 300 73 1.70

3/4 Tromsø 8910 314 74 3.82 9678 319 79 4.72
spring Hohn 12275 339 176 2.29 12879 351 239 2.67

4/1 Hohn 10851 330 139 4.62 10187 327 97 2.91
summer Monastir 10711 337 90 1.29 11343 341 119 1.85

4/2 Monastir - - - - 11376 340 129 1.82
summer Hohn 11057 332 156 3.43 9837 326 111 1.79

4/3 Hohn 10085 325 88 2.50 10116 325 85 2.57
summer Keflavik 9179 319 103 3.97 9162 319 81 3.84

continued on next page
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Table A-I continued from previous page
@TPth @TPch

IOP/mission ascent location
season descent location

alt Θ O3 PV alt Θ O3 PV

4/4 Keflavik 7995 317 - 2.65 - - - -
summer Hohn 10841 329 166 2.31 10661 328 100 1.83

5/1 Hohn 8230 310 114 2.10 8178 310 100 2.11
autumn Seville - - - - 12829 349 123 4.64

5/2 Seville - - - - - - - -
autumn Hohn 9350 310 111 2.57 9303 310 79 2.41

5/3 Hohn 9343 310 65 2.32 9867 315 81 3.52
autumn Keflavik 11008 321 56 1.84 11451 327 77 2.24

5/4 Keflavik - - - - - - - -
autumn Hohn - - - - - - - -

6/1 Hohn - - - - 11293 326 84 2.09
winter Faro 12350 343 212 2.65 12112 334 91 2.24

6/2 Faro 9241 322 - 3.35 - - - -
winter Hohn 9681 312 69 2.52 9838 313 78 2.54

6/3 Hohn 10319 316 68 2.61 11240 322 100 4.09
winter Tromsø 11695 326 99 3.23 11655 325 96 3.33

6/4 Tromsø 9677 312 - 2.23 - - - -
winter Longyearbyen 9369 308 139 3.31 8535 305 76 2.28

6/5 Longyearbyen 10348 314 70 3.13 10443 315 77 3.32
winter Hohn 10795 317 77 2.09 10990 319 81 2.15

7/1 Hohn 8610 313 99 2.62 8840 314 89 2.72
spring Kiruna 9663 312 79 2.84 9664 312 73 2.61

7/2 Kiruna 8796 309 107 2.82 8779 308 98 2.75
spring Hohn 8474 311 133 2.09 8363 310 116 1.65

7/3 Hohn - - - - 10817 326 92 2.14
spring Lisbon 11611 335 119 1.64 11892 338 120 1.80

7/4 Lisbon - - - - - - - -
spring Hohn 11511 329 101 2.36 11512 329 83 2.08

6/5 Hohn - - - - 9464 320 93 2.25
spring Hohn 10622 324 108 1.93 10622 324 100 1.74

8/1 Hohn 9296 323 93 2.12 9369 323 81 2.14
summer Faro - - - - 12684 357 120 2.60

8/2 Faro - - - - 10987 342 97 1.84
summer Hohn 9540 327 84 1.44 10765 333 97 3.08

8/3 Hohn - - - - 10824 336 123 2.52
summer Tromsø 9803 326 159 4.24 8861 321 107 2.48

8/4 Tromsø 9961 328 178 2.47 9604 327 102 1.94
summer Hohn 11458 340 117 1.71 11556 341 116 1.63
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Appendix B
Extension of trajectory analyses

This addendum contains the trajectory statistics for the 20 and 30 day backward calculations

discussed in section 4.2. Additionally, the tracer distributions in the Θ-ϕe space with initial

trajectory locations are included (cf. section 4.1). It is to annotate that the meteorological

boundary data used here for the backward trajectory calculations only cover the Northern

Hemisphere within a vertical domain between 280 and 400 K. Due to the 3-dimensional winds

initialised trajectories can leave the domain at the top or bottom or can be advected from the

Southern Hemisphere. When leaving the domain, information of the origin and characteris-

tics of those trajectories could not be obtained for the full time period.

In general, for an enhanced backward calculation time the frequency of STE increases. Also

the distance from the tropopause increases for TST and STT. This is to expect, since an

increased calculation time enhances the trajectories’ potential to originate from the deeper

troposphere or stratosphere. In comparison to the 10 day calculations, TST O3 VMRs are

slightly enhanced. This is probably due to the potential for a longer residence time in the

stratosphere, hence the result of the greater potential for participating in mixing processes.

STT O3 concentrations remain about the same presumably because of the higher turbulence

in the troposphere. H2O VMRs of TST and STT trajectories show no significant variability.

An increased backward calculation time has no large effect on the stratospheric H2O content

since it is largely limited by its entry value at the tropopause, i.e. controlled by tropopause

temperatures. Certainly, the entry values have a geographical dependence with dryer air at

lower and moister air at higher latitudes (cf. Hoinka, 1999, and Figure 5.7 in section 5.2).

With increasing backward time H2O VMRs for TST parcels slightly decrease. This is in ac-

cordance with the results based on Figure 4.6, i.e. the higher the backward time the lower

ϕe of the last significant tropopause crossing and thus the dryer the exchanged air. Once in

the LMS H2O VMRs are only controlled by temperature (and methane oxidation in the higher

stratosphere).
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In contrast to the 10 day backward trajectory calculations, there are also mean minimal

IS VMRs ratio values of TST trajectories lower than their H2O VMRs. This suggests that

the extra-tropical tropopause acts, similarly as in the tropics, as a ”cold trap”, determining

the H2O content during transport into the LMS. Anyhow, since these data are only mean

values also during the previous 10 days there is a high potential for (super)saturation (cf.

section 6.1). Thereby, possibly small particles could form which were transported within the

updraft into the LMS where they experienced a warming event, thus (re)hydrating the air.

B.1 20 day backward trajectories

Table B-I: Same asTable 4-IIbut for20 day backward trajectories.

0◦N≤ ϕe ≤ 30◦N 30◦N < ϕe < 60◦N 60◦N≤ ϕe ≤ 90◦N
aut win spr sum aut win spr sum aut win spr sum

% 0.1 - - - 3.5 2.6 1.8 5.6 1.4 0.5 1.2 5.0
O3 - - - - 149.6 204.9 292.8 179.3 181.5 157.8 221.4 219.9fO3 - - - - 144.4 215.6 282.2 166.1 186.0 154.4 200.4 201.3
H2O 9.0 - - - 15.2 26.2 24.0 46.9 26.2 13.0 50.2 79.2
H̃2O 9.1 - - - 11.2 21.8 21.3 44.8 22.8 11.5 51.4 78.8
IS 53.7 - - - 94.2 56.4 80.3 121.3 159.2 65.4 178.2 170.0eIS 54.3 - - - 85.6 45.2 53.6 107.3 160.9 58.3 179.1 172.3

ISmin
10d 5.2 - - - 23.8 23.1 35.8 35.9 57.6 31.4 51.3 69.0

ĨSmin
10d 6.5 - - - 20.0 21.4 33.3 26.2 52.4 35.1 51.8 68.7

ISmax
10d 200.0 - - - 3670.2 6155.6 8259.5 5038.9 9161.1 4121.1 8447.0 6535.9

T ĨSmax
10d 214.6 - - - 510.2 1942.9 2007.9 871.6 10528.9 1587.2 1823.0 1691.9

S PV 3.0 - - - 4.9 4.9 4.9 4.7 5.3 6.2 4.9 6.1
T fPV 3.1 - - - 4.6 4.8 4.7 4.5 4.3 6.0 4.5 6.1

PVmin
10d 0.3 - - - 0.5 0.4 0.6 0.6 0.7 0.7 0.8 0.7

P̃Vmin
10d 0.8 - - - 0.3 0.2 0.4 0.4 0.5 0.5 0.5 0.4

PVmax
10d 3.3 - - - 5.8 5.9 6.6 6.0 7.2 7.0 5.8 6.9

P̃Vmax
10d 3.3 - - - 6.4 5.6 6.4 5.6 7.1 7.4 5.9 6.5

LTPC 194.5 - - - 155.0 146.2 127.9 165.9 177.5 270.4 177.8 144.6

L̃TPC 290.0 - - - 87.0 127.0 68.0 137.0 164.0 358.0 188.0 109.0
NTPC 12.0 - - - 10.9 14.1 12.2 10.8 9.4 11.8 13.0 11.6
ÑTPC 13.0 - - - 9.0 9.0 8.0 7.0 5.0 10.0 9.0 9.0
DTP 10.9 - - - 21.4 15.5 13.2 16.0 17.6 24.8 14.5 13.9gDTP 11.2 - - - 19.1 12.9 11.3 15.0 14.5 24.2 10.6 11.8
% 0.7 2.9 3.0 0.4 0.6 0.4 0.3 0.6 0.1 0.3 - 0.2
O3 47.5 44.9 61.8 73.3 59.5 53.9 60.5 74.3 - - - -fO3 47.5 44.0 55.9 71.0 57.6 53.7 56.4 68.0 - - - -
H2O 308.6 193.0 289.4 537.9 259.7 137.9 172.8 378.3 - - - -
H̃2O 308.1 216.0 355.3 537.9 286.3 105.7 148.3 334.4 - - - -
IS 619.9 687.1 1538.7 855.6 2627.5 986.8 511.1 3709.4 3221.7 2176.9 - 8658.3eIS 454.4 888.2 456.0 800.3 1527.6 434.4 193.7 2296.5 3245.4 2193.9 - 8518.9

ISmin
10d 79.4 30.2 41.5 103.9 50.0 31.1 49.5 92.3 47.6 73.3 - 146.2

ĨSmin
10d 83.1 32.8 38.0 111.2 42.6 27.5 50.7 92.5 49.7 85.6 - 150.0

ISmax
10d 5945.7 11565.5 7657.6 4989.4 6744.3 3906.5 9859.5 7394.7 5820.8 7018.9 - 9721.6

S ĨSmax
10d 5064.1 12268.5 5796.9 2151.6 5489.4 3204.2 4446.8 5916.6 3251.4 2676.4 - 11659.3

T PV 0.4 0.4 0.4 0.3 0.6 0.7 0.8 0.7 0.9 0.8 - 0.8
T fPV 0.4 0.3 0.3 0.3 0.6 0.7 0.8 0.7 1.0 0.8 - 0.8

PVmin
10d <0.1 0.1 0.2 0.3 0.3 0.4 0.3 0.4 0.6 0.4 - 0.4

P̃Vmin
10d -0.1 0.1 0.2 0.3 0.3 0.4 0.3 0.4 0.8 0.4 - 0.4

PVmax
10d 6.9 5.7 5.6 7.9 6.5 5.8 5.8 6.1 6.0 4.9 - 5.4

P̃Vmax
10d 7.6 5.5 5.3 7.1 6.4 5.6 5.1 5.9 6.5 4.5 - 5.2

LTPC 329.8 322.2 144.2 253.0 185.9 149.2 104.8 218.6 115.0 195.2 - 288.2
L̃TPC 345.0 323.0 131.0 253.0 170.0 96.0 90.0 183.0 69.0 168.0 - 313.0
NTPC 8.7 17.0 15.7 10.7 11.9 14.2 15.2 11.2 9.4 10.2 - 13.3
ÑTPC 5.0 16.0 10.0 7.0 9.0 11.0 13.0 9.0 9.0 9.0 - 13.0
DTP -19.2 -11.4 -12.9 -9.8 -19.1 -14.5 -6.5 -12.8 -33.5 -25.0 - -24.3gDTP -19.6 -13.4 -10.7 -8.7 -15.9 -10.9 -4.5 -11.0 -34.4 -25.0 - -18.3
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Figure B.1.: As Figure 4.3but with significant STE trajectories within the previous20 days.

.



VI APPENDIX B. EXTENSION OF TRAJECTORY ANALYSES

B.2 30 day backward trajectories

Table B-II : Same asTable 4-IIbut for30 day backward trajectories.

0◦N≤ ϕe ≤ 30◦N 30◦N < ϕe < 60◦N 60◦N≤ ϕe ≤ 90◦N
aut win spr sum aut win spr sum aut win spr sum

% 0.1 - - - 4.0 2.7 2.0 5.8 1.8 0.5 1.4 5.2
O3 - - - - 154.5 207.9 309.9 183.3 199.4 157.8 246.1 225.7fO3 - - - - 145.3 218.6 289.4 167.1 210.9 154.4 236.7 202.2
H2O 9.0 - - - 14.5 26.2 22.1 46.9 22.2 12.8 45.0 78.2
H̃2O 9.1 - - - 9.2 21.8 20.8 44.7 19.2 11.5 50.9 78.6
IS 53.7 - - - 96.3 57.2 102.3 123.2 165.4 67.7 180.6 171.0eIS 54.3 - - - 85.6 45.9 55.3 107.5 166.3 58.3 178.4 172.3

ISmin
10d 4.9 - - - 19.5 20.5 28.8 31.5 49.5 27.7 41.7 58.8

ĨSmin
10d 6.1 - - - 14.3 17.8 31.3 22.8 41.5 27.4 36.7 58.5

ISmax
10d 1640.4 - - - 7493.2 7955.2 8663.3 11316.9 10464.0 8312.7 9066.4 10847.0

T ĨSmax
10d 3028.7 - - - 1624.8 4528.9 2446.4 4986.5 10571.8 5174.4 4648.8 5500.7

S PV 3.0 - - - 5.1 5.0 5.2 4.8 5.7 6.3 5.2 6.2
T fPV 3.1 - - - 4.8 4.8 4.8 4.5 6.2 6.0 4.9 6.1

PVmin
10d <0.1 - - - 0.2 0.2 0.3 0.2 0.4 0.4 0.3 0.3

P̃Vmin
10d 0.1 - - - 0.1 <0.1 0.3 0.2 0.4 0.3 0.3 0.2

PVmax
10d 3.3 - - - 6.1 6.0 6.8 6.3 7.5 7.1 6.3 7.1

P̃Vmax
10d 3.3 - - - 6.6 5.7 6.6 5.9 7.4 7.4 6.3 6.7

LTPC 194.5 - - - 203.7 161.0 180.1 183.3 265.4 287.3 219.8 163.3

L̃TPC 290.0 - - - 110.0 129.0 77.0 140.0 254.0 358.0 234.0 121.0
NTPC 12.0 - - - 10.2 13.8 11.2 10.5 8.4 11.5 12.0 11.3
ÑTPC 13.0 - - - 7.0 9.0 7.0 7.0 5.0 9.0 7.0 9.0
DTP 10.9 - - - 22.4 15.9 16.8 16.4 21.5 25.3 16.6 14.5gDTP 11.2 - - - 21.1 13.1 11.7 15.0 20.1 24.2 11.4 11.8
% 0.8 3.3 3.0 0.9 0.7 0.4 0.3 0.7 0.1 0.3 - 0.3
O3 47.5 45.7 61.8 74.7 59.5 53.9 61.5 75.4 - - - -fO3 47.5 44.0 55.9 78.8 57.6 53.7 56.8 69.1 - - - -
H2O 290.2 193.3 289.4 505.8 295.9 138.9 169.8 394.1 - - - -
H̃2O 292.0 201.6 355.3 616.5 291.4 105.7 146.6 334.4 - - - -
IS 584.2 870.8 1538.7 2373.6 2599.6 1027.2 502.8 4105.1 3221.7 2176.9 - 8640.5eIS 453.8 549.0 456.0 785.1 1714.5 428.0 193.7 3124.8 3245.4 2193.9 - 8440.2

ISmin
10d 45.6 23.4 39.0 64.2 45.9 24.8 41.9 84.1 47.4 61.5 - 121.4

ĨSmin
10d 42.7 21.8 36.1 60.0 40.3 24.1 42.9 79.1 49.7 73.3 - 121.9

ISmax
10d 6585.7 12253.1 10000.0 11603.1 9877.5 6162.4 10717.3 9057.3 6459.7 8722.3 - 9674.5

S ĨSmax
10d 5999.2 13409.8 7934.1 12116.1 7955.0 3488.1 7442.6 6971.3 6439.8 12652.1 - 9341.7

T PV 0.4 0.4 0.4 0.3 0.6 0.7 0.8 0.6 0.9 0.8 - 0.8
T fPV 0.4 0.3 0.3 0.3 0.6 0.7 0.8 0.6 1.0 0.8 - 0.8

PVmin
10d <0.1 0.1 0.1 0.1 0.3 0.3 0.2 0.3 0.5 0.3 - 0.4

P̃Vmin
10d <0.1 <0.1 0.2 0.2 0.3 0.3 0.2 0.3 0.5 0.3 - 0.3

PVmax
10d 7.4 6.1 5.8 7.0 7.0 6.5 6.1 6.5 7.1 5.6 - 6.6

P̃Vmax
10d 8.2 6.0 5.4 6.0 7.0 6.1 5.5 6.3 7.5 6.2 - 6.5

LTPC 356.9 351.2 144.2 437.6 221.5 172.1 118.0 256.2 115.0 195.2 - 311.8
L̃TPC 345.0 371.0 131.0 505.0 174.0 106.0 90.0 198.0 69.0 168.0 - 313.0
NTPC 8.1 16.2 15.7 9.6 11.3 13.8 15.0 10.8 9.4 10.2 - 12.5
ÑTPC 5.0 14.0 10.0 7.0 8.0 10.0 13.0 9.0 9.0 9.0 - 12.0
DTP -18.6 -11.6 -12.9 -13.2 -18.8 -14.4 -6.5 -13.6 -33.5 -25.0 - -23.8gDTP -19.4 -13.0 -10.7 -12.4 -15.9 -11.2 -4.5 -12.9 -34.4 -25.0 - -18.4
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Figure B.2.: As Figure 4.3but with significant STE trajectories within the previous30 days.
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IX

Appendix C
O3:H2O correlations during the POLSTAR
1997/98 and STREAM 1996/97/98
campaigns

In this appendix the correlations used in section 4.3 of in situ measured O3 and H2O during

the POLSTAR 1997/98 and STREAM 1996/97/98 campaigns are shown. Thereby, all flight

missions are displayed in one scatterplot.

C.1 POLSTAR 1997/98
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Figure C.1.: Tracer correlations of ozone and total water for the POLSTAR1997/98 campaigns. As inFigure 4.7, the
horizontal grey bar at the right ordinate in each chart marks the ozone value to which tropospheric air is traceable in the
lowermost stratosphere as indicated by total water mixing ratios. The colour coding illustrates the potential temperature in
K. (Left: POLSTAR1997; right: POLSTAR1998.
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C.2 STREAM 1996/97/98
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Figure C.2.: As Figure C.1but for the STREAM
1996/97/98 campaigns. (Top left: STREAM1996;
top right: STREAM1997; bottom left: STREAM
1998)



XI

Appendix D
Completion of parameters at the tropopause
derived from ECMWF analyses

In this part mean parameters at the tropopause during the SPURT time period from August

10, 2001, to July 11, 2003, derived from ECMWF analyses are completed (cf. section 5.2).

Pressure
ECMWF analysis − mean PRESS entry values at 2PVU
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Figure D.1.: Contour fields: pressurep at the tropopause defined by the2.0 PVU surface (colour coded in hPa). Addition-
ally, locations of last significant tropopause crossings of identified TST trajectories are displayed withp at the exchange
location (same colour coding). Clockwise: autumn, winter, summer, and spring.
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Geopotential heightECMWF analysis − mean GPH entry values at 2PVU
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Figure D.2.: Same asFigure D.1but for geopotential height GPH (colour coded in gpdm).

Potential temperatureECMWF analysis − mean THETA entry values at 2PVU
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Figure D.3.: Same asFigure D.1but for potential temperatureΘ (colour coded in K).
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Ice saturation mixing ratioECMWF analysis − mean IS_MM entry values at 2PVU
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Figure D.4.: Same asFigure D.1but for ice saturation mixing ratio IS (colour coded in ppmv).
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XV

Appendix E
Total water entry values at the extra-tropical
tropopause derived from the airborne
SPURT measurements

Table E-I : Entry values of total water at the tropopause (H2OTP, defined at an ozone mixing ratio of 80 ppbv)
and the corresponding stratospheric ozone mixing ratio (OLS

3 , at a water vapour mixing ratio of 5 ppmv) derived
from mixing lines in different potential temperature ranges. For the single mixing lines specific data points are
considered. The restrictions for each linear regression are given by the maximum and minimum values of total
water, ozone and potential temperature. The abbreviations sb and nb denote southbound and northbound flight
directions (dir., only for the SPURT flight missions). An example for deriving the entry values from the mixing
lines is displayed in Figure 5.1 for the second mission on May 16, 2002, assigned by an asterisk in the table. A
plus sign marks mixing lines not included in Figure 5.2.

campaign mission dir. H2Omin H2Omax Omin
3 Omax

3 Θmin Θmax H2OTP OLS
3

POLSTAR 1997 0128 1 - 10 15 100 180 300 340 18.2 237.6
POLSTAR 1997 0128 1 - 15 21 150 200 300 320 30.5 204.2
POLSTAR 1997 0128 1 - 15 40 140 200 300 340 32.1 281.2
POLSTAR 1997 0128 1 - 0 15 200 400 320 340 15.9 341.3
POLSTAR 1997 0128 1 - 4 5 300 600 340 360 6.0 259.1
POLSTAR 1997 0130 1 - 10 40 150 300 300 320 51.2 230.2
POLSTAR 1997 0130 1 - 5 15 200 350 300 340 23.8 324.2
POLSTAR 1997 0130 1 - 5 15 200 450 320 340 16.2 388.1
POLSTAR 1997 0130 1 - 0 10 600 800 360 380 8.5 524.5
POLSTAR 1997 0204 1 - 0 40 150 300 300 320 34.7 286.7
POLSTAR 1997 0204 1 - 0 20 200 500 320 340 21.9 353.7
POLSTAR 1997 0204 1 - 4 5 300 500 340 360 5.4 157.0
POLSTAR 1997 0206 1 - 5 10 180 300 300 320 17.4 314.0
POLSTAR 1997 0206 2 - 0 20 200 400 300 320 27.7 321.1
POLSTAR 1997 0206 2 - 0 20 80 400 320 340 18.2 351.0

POLSTAR 1998 0121 1 - no mixing line inferable
POLSTAR 1998 0125 1 - 0 8 100 300 340 360 11.7 363.7
POLSTAR 1998 0126 1 - 15 40 80 300 300 320 29.2 280.7
POLSTAR 1998 0126 1 - 0 11 250 400 320 340 16.1 397.4
POLSTAR 1998 0126 2 - 10 15 130 300 300 320 21.2 233.0
POLSTAR 1998 0126 2 - 0 10 200 400 320 340 15.2 400.9
POLSTAR 1998 0126 2 - 0 10 200 400 340 360 13.4 404.0
POLSTAR 1998 0129 1 - 0 40 100 300 280 300 34.3 218.2
POLSTAR 1998 0129 1 - 0 40 100 300 300 320 23.0 275.8
POLSTAR 1998 0129 1 - 0 20 100 400 320 340 19.8 373.0
POLSTAR 1998 0129 1 - 0 10 100 600 340 360 6.7 428.7
POLSTAR 1998 0201 1 - 0 20 200 400 320 340 16.7 382.3
POLSTAR 1998 0201 1 - 0 10 300 600 340 360 6.2 391.8

continued on next page
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Table E-I continued from previous page
campaign mission dir. H2Omin H2Omax Omin

3 Omax
3 Θmin Θmax H2OTP OLS

3

POLSTAR 1998 0204 1 - 0 40 80 300 300 320 34.6 273.3
POLSTAR 1998 0204 1 - 0 15 200 400 320 340 20.7 363.6
POLSTAR 1998 0204 2 - 30 40 80 200 300 320 41.7 259.7

STREAM 1996 0522 1 - 46 60 140 200 300 340 72.9 293.7
STREAM 1996 0522 1 - 46 51 80 100 300 340 51.1 234.4
STREAM 1996 0522 1 - 0 5 300 400 360 380 10.1 288.2
STREAM 1996 0523 1 - 53 65 150 200 300 320 100.6 272.0
STREAM 1996 0523 1 - 0 40 150 250 320 340 76.4 259.7
STREAM 1996 0523 1 - 30 35 100 155 300 340 45.9 263.8
STREAM 1996 0527 1 - 20 40 180 230 330 340 74.3 287.5
STREAM 1996 0527 1 - 15 30 150 200 320 340 62.2 256.2
STREAM 1996 0527 1 - 0 10 200 400 340 360 67.7 303.2
STREAM 1996 0530 1 - 10 40 100 300 300 340 52.1 325.7
STREAM 1996 0530 1 - 5 20 200 400 340 350 28.1 362.0
STREAM 1996 0530 1 - 0 8 200 400 360 380 8.4 266.7
STREAM 1996 0601 1 - 40 60 150 200 300 320 93.1 273.5
STREAM 1996 0601 1 - 15 40 200 400 300 340 60.8 330.3
STREAM 1996 0601 1 - 0 10 200 400 340 360 39.4 354.0
STREAM 1996 0601 1 - 0 10 200 400 360 380 9.0 299.7

STREAM 1997 0314 1 - 10 60 200 450 280 300 73.6 460.9
STREAM 1997 0314 1 - 0 20 250 700 300 320 40.7 355.2
STREAM 1997 0314 1 - 0 20 250 700 320 340 19.7 534.6
STREAM 1997 0321 1 - 0 20 110 150 280 300 22.4 167.8
STREAM 1997 0321 1 - 5 20 100 400 300 320 13.9 425.0
STREAM 1997 0321 1 - 0 20 100 600 320 340 11.7 492.4
STREAM 1997 0323 1 - 9 10 100 150 300 320 11.9 240.1
STREAM 1997 0323 1 - 5 9 100 170 320 340 10.6 357.4
STREAM 1997 0323 1 - 0 10 200 600 340 360 8.2 470.0
STREAM 1997 0325 1 - 21 40 100 200 320 340 40.0 236.8
STREAM 1997 0325 1 - 8 15 310 400 320 340 22.2 393.2
STREAM 1997 0325 1 - 0 5 350 500 340 360 8.5 404.0

STREAM 1998 0703 1 - 45 60 180 230 320 340 87.9 385.0
STREAM 1998 0703 1 - 30 40 100 230 340 360 52.3 423.6
STREAM 1998 0703 1 - 0 5 300 500 360 380 9.1 406.1
STREAM 1998 0705 1 - no mixing line inferable
STREAM 1998 0708 1 - 60 75 100 150 320 340 82.0 446.3
STREAM 1998 0708 1 - 35 40 320 350 320 340 72.7 578.4
STREAM 1998 0708 1 - 0 20 400 450 340 360 58.6 437.9
STREAM 1998 0708 1 - 5 7 400 600 360 380 13.0 443.8
STREAM 1998 0712 1 - 38 43 290 310 340 360 96.5 442.4
STREAM 1998 0715 1 - 23 30 80 140 340 360 31.2 275.5
STREAM 1998 0715 2 - 25 45 200 260 320 340 63.8 389.3

SPURT – IOP1 1110 1 sb 10 40 50 400 320 340 40.1 206.1
SPURT – IOP1 1110 1 sb 10 40 50 400 340 360 33.3 563.8
SPURT – IOP1 1110 1+ sb 15 30 50 800 360 380 63.5 713.2
SPURT – IOP1 1110 1 sb 0 5 50 800 360 380 7.3 304.0
SPURT – IOP1 1110 2 sb 40 75 50 200 320 340 60.2 113.6
SPURT – IOP1 1110 2 sb 15 25 50 200 340 360 16.8 124.6
SPURT – IOP1 1111 1 nb 0 40 50 400 300 340 32.4 274.2
SPURT – IOP1 1111 1 nb 20 45 50 200 330 340 41.4 124.2
SPURT – IOP1 1111 1 nb 0 20 50 400 340 360 22.0 312.7
SPURT – IOP1 1111 1 nb 0 10 200 600 360 380 6.2 306.2
SPURT – IOP1 1111 2 nb 0 20 200 300 300 340 42.9 305.9
SPURT – IOP1 1111 2 nb 10 20 100 200 300 340 49.9 177.2
SPURT – IOP1 1111 2 nb 0 8 50 600 340 360 10.7 297.9
SPURT – IOP1 1111 2 nb 0 30 50 600 360 380 5.8 236.9

SPURT – IOP2 0117 1 sb 15 20 150 250 330 340 22.0 468.4
SPURT – IOP2 0117 1 sb 10 15 80 200 320 340 17.3 327.2
SPURT – IOP2 0117 1 sb 5 9 40 400 340 360 16.6 393.6
SPURT – IOP2 0117 2 sb 24 28 120 200 320 340 33.1 325.3
SPURT – IOP2 0117 2 sb 15 25 50 150 320 340 25.1 273.9
SPURT – IOP2 0118 1 sb 25 40 80 150 320 340 36.6 113.9
SPURT – IOP2 0118 1 sb 5 30 80 300 320 340 30.2 225.5
SPURT – IOP2 0118 1 sb 9 12 100 210 340 360 15.0 292.8

continued on next page
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Table E-I continued from previous page
campaign mission dir. H2Omin H2Omax Omin

3 Omax
3 Θmin Θmax H2OTP OLS

3

SPURT – IOP2 0118 2 sb 14 19 80 150 330 340 21.9 161.3
SPURT – IOP2 0119 1 nb 0 40 120 200 310 340 51.2 192.5
SPURT – IOP2 0119 1 nb 0 40 120 300 310 340 37.4 272.8
SPURT – IOP2 0119 1 nb 15 20 250 600 340 360 24.6 744.5
SPURT – IOP2 0119 1 nb 5 8 250 700 340 360 9.0 607.6
SPURT – IOP2 0119 2 nb 7 10 200 400 330 340 15.4 445.4
SPURT – IOP2 0119 2 nb 13 17 150 210 320 340 22.9 336.4
SPURT – IOP2 0119 2 nb 0 7 200 600 350 360 8.0 302.7
SPURT – IOP2 0119 2 nb 0 20 50 700 360 380 6.3 309.1

SPURT – IOP3 0516 1 sb 25 40 190 300 330 340 48.6 449.3
SPURT – IOP3 0516 1 sb 15 25 80 110 340 350 27.8 150.5
SPURT – IOP3 0516 1 sb 18 22 200 400 340 350 27.0 801.6
SPURT – IOP3 0516 1 sb 14 16 50 300 340 360 19.1 503.3
SPURT – IOP3 0516 2∗ sb 30 60 80 200 330 340 53.5 199.2
SPURT – IOP3 0516 2∗ sb 10 30 100 300 340 360 35.8 369.4
SPURT – IOP3 0516 2∗ sb 8 20 450 700 340 360 24.4 680.5
SPURT – IOP3 0516 2∗ sb 0 7 300 700 350 360 17.8 552.8
SPURT – IOP3 0516 2∗ sb 0 4 400 700 360 380 9.6 403.1
SPURT – IOP3 0517 1 nb 40 80 0 200 300 340 75.2 306.4
SPURT – IOP3 0517 1 nb 0 40 80 800 300 340 36.6 507.3
SPURT – IOP3 0517 1 nb 0 40 80 800 340 360 32.9 551.6
SPURT – IOP3 0517 1 nb 10 18 300 600 340 360 30.3 576.1
SPURT – IOP3 0517 1 nb 0 40 80 800 360 380 6.5 302.5
SPURT – IOP3 0517 2 nb 18 40 80 450 320 330 42.7 615.7
SPURT – IOP3 0517 2 nb 20 35 80 150 340 350 33.7 262.9
SPURT – IOP3 0517 2 nb 0 40 80 700 340 360 30.3 551.0
SPURT – IOP3 0517 2 nb 0 8 80 700 360 380 17.7 522.6

SPURT – IOP4 0822 1 sb 90 100 100 150 320 340 103.9 535.5
SPURT – IOP4 0822 1 sb 50 70 200 300 340 350 88.4 546.5
SPURT – IOP4 0822 1 sb 47 50 180 200 350 360 82.1 337.1
SPURT – IOP4 0822 2 sb 80 100 100 200 320 340 109.0 290.3
SPURT – IOP4 0822 2 sb 20 100 80 500 340 360 87.5 295.4
SPURT – IOP4 0822 2 sb 26 32 150 400 360 380 37.2 999.1
SPURT – IOP4 0823 1 nb no valid H2O data
SPURT – IOP4 0823 2 nb no valid H2O data

SPURT – IOP5 1017 1 sb 5 20 50 300 320 340 27.0 264.1
SPURT – IOP5 1017 1 sb 8 20 130 300 340 360 18.1 259.5
SPURT – IOP5 1017 1 sb 0 20 50 120 340 360 17.6 151.8
SPURT – IOP5 1017 1 sb 0 8 140 180 350 360 9.4 164.6
SPURT – IOP5 1017 2 sb 14 30 50 250 310 340 26.7 354.1
SPURT – IOP5 1017 2 sb 10 11 150 250 340 350 27.8 262.3
SPURT – IOP5 1017 2 sb 0 10 50 400 360 380 6.3 211.0
SPURT – IOP5 1018 1 nb 23 40 100 250 300 340 45.4 319.6
SPURT – IOP5 1018 1 nb 15 25 150 300 340 350 25.4 365.1
SPURT – IOP5 1018 1 nb 0 6 150 280 360 380 7.8 289.3
SPURT – IOP5 1018 2 nb 20 25 220 260 330 340 48.3 334.8
SPURT – IOP5 1018 2 nb 10 25 80 400 340 360 24.2 385.3
SPURT – IOP5 1018 2 nb 6 8 200 400 350 360 12.5 338.7
SPURT – IOP5 1018 2 nb 0 20 80 600 360 380 6.3 274.2

SPURT – IOP6 0215 1 sb 40 60 50 800 310 340 50.6 1136.0
SPURT – IOP6 0215 1 sb 20 30 50 200 310 340 30.4 448.7
SPURT – IOP6 0215 2 sb 30 40 100 220 300 320 43.5 563.4
SPURT – IOP6 0215 2 sb 30 35 200 500 320 340 36.4 1199.4
SPURT – IOP6 0215 2 sb 0 20 80 400 310 340 22.6 750.3
SPURT – IOP6 0216 1 nb 20 38 50 110 320 340 41.8 118.0
SPURT – IOP6 0216 1 nb 10 18 200 400 340 350 29.8 520.1
SPURT – IOP6 0216 1 nb 20 30 150 400 340 350 39.9 568.2
SPURT – IOP6 0216 2 nb 0 22 50 400 300 340 25.4 386.8
SPURT – IOP6 0216 2 nb 20 40 200 400 330 340 35.1 650.6
SPURT – IOP6 0216 2 nb 12 15 350 650 340 350 22.0 1053.1
SPURT – IOP6 0216 2 nb 0 20 50 800 350 360 15.6 857.1
SPURT – IOP6 0216 3 nb 30 40 200 400 310 340 53.1 500.8
SPURT – IOP6 0216 3 nb 27 35 150 250 330 340 32.9 714.4
SPURT – IOP6 0216 3 nb 13 17 180 300 330 340 23.5 482.3

continued on next page



XVIII APPENDIX E. H2O ENTRY VALUES AT THE EXTRA-TROPICAL TROPOPAUSE

Table E-I continued from previous page
campaign mission dir. H2Omin H2Omax Omin

3 Omax
3 Θmin Θmax H2OTP OLS

3

SPURT – IOP6 0216 3 nb 17 20 200 600 350 360 25.1 902.7

SPURT – IOP7 0427 1 nb 20 40 200 500 310 340 57.6 680.7
SPURT – IOP7 0427 1 nb 60 80 250 500 310 340 83.4 1166.2
SPURT – IOP7 0427 1 nb 20 25 400 800 340 350 38.3 1277.0
SPURT – IOP7 0427 1 nb 40 42 400 600 340 350 55.0 1675.3
SPURT – IOP7 0427 1 nb 29 31 500 1000 360 380 51.8 1806.3
SPURT – IOP7 0427 2 nb 65 100 120 200 300 320 121.1 238.2
SPURT – IOP7 0427 2 nb 5 20 200 600 300 340 23.5 690.1
SPURT – IOP7 0427 2 nb 27 33 200 400 310 340 43.8 792.6
SPURT – IOP7 0427 2 nb 31 37 340 400 330 340 51.9 818.1
SPURT – IOP7 0427 2 nb 38 55 350 500 330 340 94.8 687.8
SPURT – IOP7 0428 1 sb 5 80 80 700 320 340 73.8 261.7
SPURT – IOP7 0428 1 sb 20 30 80 400 320 340 35.8 652.5
SPURT – IOP7 0428 1 sb 20 25 100 240 340 350 26.5 954.1
SPURT – IOP7 0428 1 sb 5 20 460 700 350 360 20.2 757.0
SPURT – IOP7 0428 2 sb 15 25 200 300 320 340 35.2 487.7
SPURT – IOP7 0428 2 sb 5 40 80 700 320 340 39.7 540.3
SPURT – IOP7 0428 2 sb 0 30 80 700 340 360 35.4 564.5
SPURT – IOP7 0428 2 sb 5 9 400 700 350 360 21.6 581.9
SPURT – IOP7 0428 2 sb 0 6 400 700 360 380 10.1 613.9
SPURT – IOP7 0429 1 nb 30 80 80 210 310 340 80.9 300.9
SPURT – IOP7 0429 1 nb 55 58 240 280 310 340 81.5 639.2
SPURT – IOP7 0429 1 nb 35 40 400 800 350 360 63.4 1048.7
SPURT – IOP7 0429 1 nb 27 28 400 800 360 380 44.0 1181.2

SPURT – IOP8 0709 1 sb 5 150 80 500 320 340 131.0 353.4
SPURT – IOP8 0709 1 sb 25 50 50 400 340 350 50.6 584.5
SPURT – IOP8 0709 1 sb 10 15 50 350 350 360 14.8 383.3
SPURT – IOP8 0709 1 sb 5 10 80 500 360 380 11.0 403.4
SPURT – IOP8 0709 2 sb 20 80 80 400 320 340 72.4 371.3
SPURT – IOP8 0709 2 sb 35 45 100 150 340 350 56.9 217.1
SPURT – IOP8 0709 2 sb 11 12 300 400 350 360 22.3 477.2
SPURT – IOP8 0709 2 sb 0 4 50 500 360 380 9.4 324.8
SPURT – IOP8 0710 1 nb 50 60 300 350 320 340 89.5 637.9
SPURT – IOP8 0710 1 nb 39 50 350 500 340 350 76.9 806.6
SPURT – IOP8 0710 1 nb 20 23 400 600 360 380 40.4 870.4
SPURT – IOP8 0710 2 nb 40 60 400 500 320 340 118.7 638.8
SPURT – IOP8 0710 2 nb 52 60 250 350 330 340 81.0 763.0
SPURT – IOP8 0710 2 nb 20 35 400 600 350 360 54.8 1067.6
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Abbreviations and symbols

Organisations and institutes

abbreviation standing
BMBF Bundesministerium für Bildung und Forschung (German

Ministry for Education and Research)
ECMWF European Centre for Medium-Range Weather Forecasts
EU European Union
FZJ Forschungszentrum Jülich GmbH (Research Centre

Jülich)
GFD Gesellschaft für Flugzieldarstellung
GmbH Gesellschaft mir beschränkter Haftung (limited liability

company)
IACETH Institute for Atmospheric and Climate Science of the Swiss

Federal Institute of Technology Zürich
ICG-I Institut for Chemistry and Dynamics of the Geosphere

I: Stratosphere
IPCC Intergovernmental Panel on Climate Change
JWGU Institute for Meteorology and Geophysics, Johann Wolf-

gang Goethe University of Frankfurt/Main
MPI Max Planck Institute for Chemistry Mainz
SPARC Stratospheric Processes and their Role in Climate
WMO World Meteorological Organization

Aircraft measurement campaigns and programs

abbreviation standing
AFO2000 Atmosphärenforschung 2000 (federal atmospheric re-

search 2000)
CARIBIC civil aircraft for the regular investigation of the atmosphere

based on an instrument container
continued on next page
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continued from previous page

abbreviation standing
CONTRACE convective transport of trace gases into the middle and up-

per troposphere over Europe
MOZAIC measurement of ozone on airbus in-service aircraft
POLSTAR polar stratospheric aerosol experiment
SPURT Spurenstofftransport in der Tropopausenregion (trace gas

transport in the tropopause region)
STREAM stratosphere-troposphere experiment by aircraft measure-

ments
UTOPIHAN-ACT upper tropospheric ozone: processes involving HOx and

NOx, the impact of aviation and convectively transported
pollutants in the tropopause region

Instruments and measurement principles

abbreviation standing
CL chemiluminescence
CLD 790 SR sensitivity analyser for measuring reactive nitrogen (NOy),

nitrogen monoxide NO), and ozone (O3) simultaneously
ERBS Earth Radiation Budget Satellite
FISH fast in situ stratospheric hygrometer
GC gas chromatography
GHOST II gas chromatograph for the observation of stratospheric

tracer
HALO high altitude and long range research aircraft
HALOE Halogen Occultation Experiment
JOE Jülich ozone experiment
LiCor-6262 instrument to measure primarily CO2

LIDAR Light detection and ranging
Ly-α Lyman-α fluorescence
NDIR non-dispersive infrared-absorption
POAM Polar Ozone and Aerosol Measurement (POAM)
SAGE II stratospheric aerosol and gas experiment II
TDLAS tunable diode laser
TRISTAR tracer in situ TDLAS for atmospheric research
UVA UV absorption

Acronyms

abbreviation standing
CASL contour-advective semi-Lagrangian algorithm

continued on next page
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continued from previous page

abbreviation standing
CLaMS chemical Lagrangian model of the stratosphere
CPT could point tropopause
CSRT clear sky radiative tropopause
CTM chemistry transport model
DJF December, January, and February (winter season)
DL length of day in s
DTP distance from tropopause
DWT downward transport
FLEXPART Lagrangian particle dispersion model
HP hygropause
IOP intensive operation phase
JJA June, July, and August (summer season)
LAGRANTO Lagrangian analyses tool
LMS lowermost stratosphere
LRT lapse rate tropopause
LS lower stratosphere
LSTPC last significant tropopause crossing
LTPC last tropopause crossing
MAM March, April, and May (spring season)
ML (extra-tropical) mixing layer
NTPC number of tropopause crossings
OHP Observatoire de Haute Provence
PJ polar jet
PDF probability distribution function
RDF reverse domain filling
SJ sub-tropical jet
SH specific humidity
SON September, October, and November (autumn season)
STE stratosphere-troposphere exchange
STR stratosphere
STT secondary tropical tropopause (only in section 3.1)
STT stratosphere-to-troposphere transport
TD touch down
TO take off

continued on next page



XXII LIST OF ABBREVIATIONS

continued from previous page

abbreviation standing
TP tropopause
TPtinych chemically defined tropopause

TPtinyth tropopause defined by the temperature lapse rate

TPR tropopause region
TR time resolution
TRO troposphere
TST troposphere-to-stratosphere transport
TTL tropical transition layer
TTT tropical thermal tropopause
UT upper troposphere
UTC coordinated universal time
UV ultraviolet
UWT upward transport
VMR volume mixing ratio
VOC volatile organic compounds

Symbols

abbreviation standing
◦N degree north
∂T/∂z temperature lapse rate
ζ relative vorticity
κ Poisson constant, adiabatic exponent (≈ 0.286)
λ geographical longitude
λc critical Lyapunov exponent
µ, 4µ ambiguous letter for any field that shows a mean monotonic

decrease or increase with latitude on a given isentrope (cf.
section 4.1)

µe
H2O H2O entry value at the tropopause

ξ ambiguous letter for any parameter at the tropopause
π universal constant of the circle (≈ 3.141)
ϕ geographical latitude
ϕe equivalent latitude
Θ, 4Θ potential temperature, distance to the local tropopause in

K
Θ̇ isentropic vertical velocity
% Spearman’s rank correlation coefficient

continued on next page
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continued from previous page

abbreviation standing
τcross time for crossing the tropopause
τs residence time in the stratosphere
τt residence time in the troposphere
ω vertical velocity in the pressure system
A(µq) area enclosed by the value µq on a considered isentrope
ClO chlorine monoxide
ClONO2 chlorine nitrate
CFC chlorofluorocarbon
CFC11 CFCl3
CFC12 CF2Cl2
CH4 methane
CO carbon monoxide
CO2 carbon dioxide
cp specific heat constant and constant pressure

(1004 J kg−1 K−1)
D total number of data points
dt total time derivative
esat saturation water vapour pressure
FF, 4FF horizontal wind velocity, wind speed difference to the jet

stream maximum wind speeds
f coriolis parameter
g acceleration of gravity (9.81 m s−1)
GPH geopotential height
H2O total water
H2OOBS observed total water (not corrected to anisokinetic sam-

pling)
HCl hydrogen chloride
HOx reactive hydrogen
IS ice saturation mixing ratio
N , Ni number of bins, elements in the ith bin
N2O nitrous oxide
NO nitric oxide
NOx NO+NO2+NO3

NOy reactive nitrogen
O3 ozone

continued on next page
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abbreviation standing
OH hydroxyl radical
p pressure
p0 constant reference pressure (1000 hPa)
ppbv parts per billion volume
ppmv parts per million volume
PV potential vorticity
PVU potential vorticity unit 10−6m2s−1Kkg−1

R individual gas constant of dry air (287.04 J kg−1 K−1)
RHice relative humidity with respect to ice
r Pearson’s rank correlation coefficient
re radius of the Earth
SE Shannon entropy
SF6 sulfur hexafluoride
T temperature
t time
U0 velocity of the free flow
U flow velocity inside the inlet
u wind component in easterly direction
v wind component in northern direction
x x-coordinate
x ambiguous letter for any parameter (cf. page 47)
x̄ mean value of any parameter (on page 47)
xi ambiguous letter for any parameter (on page 47)
y y-coordinate
y ambiguous letter for any parameter (cf. page 47)
ȳ mean value of any parameter (on page 47)
yi ambiguous letter for any parameter (on page 47)
z z-coordinate
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Krämer, M., and A. Afchine: 2004, ‘Sampling characteristics of inlets operated at low U/U0 ratios:
new insights from computational fluid dynamics (CFX) modeling’. J. Aer. Sci. 35, 683–694. 115

Lamarque, J. F., and P. G. Hess: 1994, ‘Cross-tropopause mass exchange and potential vorticity
budget in a simulated tropopause folding’. J. Atmos. Sci. 51(15), 2246–2269. 5

Lamarque, J. F., A. O. Langford, and M. H. Proffitt: 1996, ‘Cross-tropopause mixing of ozone through
gravity wave breaking: Observation and modeling’. J. Geophys. Res. 101(D17), 22969–22976. 5

Langford, A. O., C. D. Masters, M. H. Proffitt, E.-Y. Hsie, and A. F. Tuck: 1996, ‘Ozone measurements
in a tropopause fold associated with a cut-off low system’. Geophys. Res. Lett. D23(18), 2501–
2504. 5



REFERENCES XXXIII

Lelieveld, J., and F. Dentener: 2000, ‘What controls tropospheric ozone?’. J. Geophys. Res. 105(D3),
3531–3551. 25, 26, 54, 107, 109

Levy, H. I., P. S. Kasibhatla, W. J. Moxim, A. A. Klonecki, A. I. Hirsch, S. J. Oltmans, and W. L.
Chameides: 1997, ‘The global impact of human activity on tropospheric ozone’. Geophys. Res.
Lett. 24(7), 791–794. 26

Levy, H. I., J. D. Mahlman, W. J. Moxim, and S. C. Liu: 1985, ‘Tropospheric ozone: The role of trans-
port’. J. Geophys. Res. 90, 3753–3772. 25, 105

Lindzen, R. S.: 1990, ‘Some coolness concerning global warming’. Bull. Am. Meteorol. Soc. 71,
288–299. 2

Liu, S. C., M. Trainer, F. Fehsenfeld, D. Parrish, E. J. Williams, D. W. Fahey, G. Hübler, and P. C.
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