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Abstract
The tropopause is a transition layer in which the atmosphere changes from tropospheric
to stratospheric conditions. Tropopause characteristics contain a wide range of infor-
mation. Tropopause altitude, for example, has been suggested to be an indicator of
climate change, as it is sensitive to air temperature changes of both troposphere and
stratosphere.
In this thesis, a general overview of the tropopause is given, and its role in the atmo-

sphere is discussed. This work focuses on the thermal tropopause, and interpretation
and implementation of this definition are explained in detail.
To compute tropopause parameters from temperature profiles, a high vertical reso-

lution of the data set is required. This work is based on GPS radio occultation data,
which do not only fulfill the criterion of high vertical resolution, but also feature charac-
teristics like high accuracy and precision, all-weather capability, and long-term stability.
In addition, global coverage of radio occultation measurements allows to study spatial
variations thoroughly.
In this thesis, lapse rate tropopause and cold point tropopause altitude and tem-

perature are investigated. Spatiotemporal characteristics are discussed on the basis of
individual profiles. High tropical altitudes and low extratropical altitudes (low tropical
temperatures and high extratropical temperatures) form two well-defined regions. Longi-
tudinal variations due to land/sea coverage and orography occur mainly in the northern
hemisphere. The annual cycle is investigated for different latitude bands on the basis of
monthly averaged data. Both amplitude and phase vary strongly with latitude. Double
and triple tropopause occurrence as well as their characteristics are discussed. A trend
study using multiple regression analysis is performed for the time series from September
2001 to December 2010.
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Zusammenfassung
Die Tropopause bildet die Übergangszone von Troposphäre zu Stratosphäre. Charak-
teristika der Tropopause beinhalten Information über den Zustand der Atmosphäre.
Die Tropopausenhöhe etwa reagiert auf Temperaturänderungen in Troposphäre und
Stratosphäre und kann als Indikator für Klimaänderungen betrachtet werden.
In dieser Arbeit wird eine Einführung in die Tropopause gegeben sowie ihre Rolle in

der Atmosphäre diskutiert. Der Fokus liegt auf der Interpretation und Implementierung
der thermischen Tropopause.
Tropopausenparameter werden von Temperaturprofilen berechnet, wobei eine hohe

vertikale Auflösung Voraussetzung ist. Die Radiookkulationsmethode liefert hochaufge-
löste Temperaturprofile von hoher Genauigkeit und globaler Abdeckung, und ist zusätz-
lich kalibrationsfrei und wetterunabhängig. Diese Eigenschaften machen genaue Unter-
suchungen räumlicher Variationen möglich.
In dieser Arbeit werden die Tropopausenparameter Höhe und Temperatur behandelt.

Zeitliche sowie breiten- und längenabhängige Tropopausencharakteristika werden auf der
Basis von Einzelprofilen untersucht. Hohe tropische Tropopausenhöhen und niedrige ex-
tratropische Tropopausenhöhen bzw. niedrige tropische Tropopausentemperaturen und
hohe extratropische Tropopausentemperaturen sind klar unterscheidbar. Längenab-
hängige Variationen kommen vor allem in der Nordhemisphäre aufgrund der Land- und
Meerverteilung vor. Der Jahresgang verschiedener geographischer Breiten wird mithilfe
zonaler Monatsmittelwerte diskutiert und zeigt starke Unterschiede in Amplitude und
Phase. Die Häufigkeit bzw. Charakteristika von zweiten und dritten Tropopausen in
einem Temperaturprofil werden für verschiedene Breiten und Jahreszeiten analysiert.
Die Zeitreihe von September 2001 bis Dezember 2010 ermöglicht eine Studie bezüglich
der Trends von Tropopausenhöhe und -temperatur.

v





Acknowledgments
First and foremost, I would like to thank my supervisor Ulrich Foelsche for the oppor-
tunity to write my thesis at the Wegener Center for Climate and Global Change and
for the financial support provided by the research grant from the Austrian Science Fund
(FWF) through his project BENCHCLIM. I am grateful for his encouragement to take
part in national and international conferences and present my work there. Also, I would
like to express my gratitude to the Wegener Center for the financial support that helped
me to join these conferences, and for the excellent infrastructure, knowledge base and
motivating scientific environment.
Sincere thanks to my co-supervisor Barbara Scherllin-Pirscher, who has the amazing

skill of bringing clarity in times of confusion and helped me to keep a clear head. Her
ideas, support and fair critique during the last months were much appreciated, as was
her help in proofreading this thesis.
I wish to offer particular thanks to Florian Ladstädter for his endless enthusiasm in

so many different fields. He was a constant source of motivation and I really appreciate
his willingness to invest so much time and effort into sharing his knowledge. I also wish
to thank him for proofreading this thesis.
I thank my office mates for the enjoyable and fun work atmosphere. Special thanks

to Veronika Proschek for her IT-related support and her encouragement.
I am very lucky to have met a number of people during the course of my studies,

who, through the many hours of solving integrals, have become close friends. I will be
finishing my studies at the Wegener Center with three of them and I thank them for
their great company during the recent months.
Finally, I would like to express thanks to my parents. Apart from their financial

backing these past years, they have always encouraged me to choose my own path and
have never unduly pushed me, but rather reminded me to do what is best for me. Thank
you both so very much for supporting not only my academic pursuits, but also all manner
of non-academic activities, allowing me to be the most well-rounded person I can be.

vii





Contents

Acronyms xi

1 Introduction 1

2 The radio occultation technique 5
2.1 Measuring technique and retrieval . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Occultation Processing System at the WEGC . . . . . . . . . . . . . . . . 8
2.3 Radio occultation missions . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 Radio occultation characteristics . . . . . . . . . . . . . . . . . . . . . . . 8

3 The tropopause 11
3.1 Different tropopause definitions . . . . . . . . . . . . . . . . . . . . . . . . 12

3.1.1 The thermal tropopause . . . . . . . . . . . . . . . . . . . . . . . . 12
3.1.2 Other tropopause definitions . . . . . . . . . . . . . . . . . . . . . 15

3.2 Tropopause retrieval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4 Temporal and spatial tropopause characteristics 21
4.1 Temperature profiles and the location of the tropopause . . . . . . . . . . 21
4.2 Latitudinal perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.2.1 Tropopause altitude versus latitude . . . . . . . . . . . . . . . . . . 30
4.2.2 Tropopause temperature versus latitude . . . . . . . . . . . . . . . 32

4.3 Longitudinal perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.3.1 Altitude of the first and second tropopause . . . . . . . . . . . . . 35
4.3.2 Temperature of first and second tropopause . . . . . . . . . . . . . 37

4.4 Time series of various tropopause parameters . . . . . . . . . . . . . . . . 40
4.4.1 Altitudes of first, second, and third tropopause . . . . . . . . . . . 40
4.4.2 Temperatures of first, second, and third tropopause . . . . . . . . 45
4.4.3 Double and triple tropopause occurrence . . . . . . . . . . . . . . . 49

4.5 Trends of tropopause altitude and temperature . . . . . . . . . . . . . . . 53

5 Summary and conclusion 57

List of Figures 59

ix



Contents

List of Tables 61

Bibliography 63

x



Acronyms
B

BDC Brewer-Dobson circulation.

C

CHAMP Challenging Mini-Satellite Payload.

COSMIC Constellation Observing System for Meteorology, Ionosphere, and Climate.

CPT Cold Point Tropopause.

CPT1 First CPT.

CPT2 Second CPT.

CPT3 Third CPT.

D

DTO Double Tropopause Occurrence.

E

ECMWF European Centre for Medium-Range Weather Forecasts.

ENSO El Niño-Southern Oscillation.

F

F3C Formosat 3/COSMIC.

F3C-FM4 Formosat 3/COSMIC, Flight Model 4.

G

GPS Global Positioning System.

GPS⁄MET Global Positioning System⁄Meteorology [experiment].

xi



Acronyms

GRACE Gravity Recovery and Climate Experiment.

L

LEO Low Earth Orbit.

LRT Lapse Rate Tropopause.

LRT1 First LRT.

LRT2 Second LRT.

LRT3 Third LRT.

N

NH Northern Hemisphere.

O

OPSv54 Occultation Processing System, Version 5.4.

OPSv56 Occultation Processing System, Version 5.6 [test run].

P

PVU Potential Vorticity Unit.

Q

QBO Quasi Biennial Oscillation.

R

RO Radio Occultation.

S

SAC-C Satélite de Aplicaciones Científicas⁄Scientific Applications Satellite C.

SH Southern Hemisphere.

T

TRP Tropopause.

xii



Acronyms

TRP1 First Tropopause.

TRP2 Second Tropopause.

TRP3 Third Tropopause.

TTO Triple Tropopause Occurrence.

U

UG University of Graz.

UTLS Upper Troposphere–Lower Stratosphere [region].

W

WEGC Wegener Center for Climate and Global Change [University of Graz].

WMO World Meteorological Organisation.

WV Water Vapor.

xiii





1 Introduction

The Tropopause (TRP) is one of the key regions in the atmosphere. It divides tropo-
spheric and stratospheric air masses, which are very different concerning chemical, ther-
mal, and dynamical properties. The TRP is not always a sharp boundary. In the tropics,
it has been suggested to rather be a transition layer, in which tropospheric conditions
change to stratospheric conditions (see e.g., Highwood and Hoskins 1998). There, strong
upwelling leads to transport of tropospheric air through this mixing layer (i.e. the TRP
region) up into the stratosphere. The tropics are the main source for tropospheric air in
the stratosphere. In regions of the subtropical jets (located between 50°S and 20°S, and
20°N to 50°N, depending on season and longitude), troposphere-stratosphere exchange
can occur horizontally. TRP characteristics, such as its sharpness, have an impact on
the amount of exchange that can take place. The amount of exchange, on the other
hand, strongly influences tropospheric and stratospheric chemistry and characteristics.
Features of TRP parameters vary strongly in space and time. The strongest changes

are connected to variations in latitude due to the change in tropospheric and strato-
spheric air temperature. There are also longitudinal variations of TRP parameters that
occur due to land and sea coverage, orography and circulation patterns. Finally, an
annual cycle of TRP parameters can be observed for most latitudes, reflecting seasonal
changes of tropospheric and stratospheric conditions. Thus spatial and temporal varia-
tions of TRP parameters are of high interest.
During the last years, an increasing number of trend studies of TRP parameters have

been conducted and received great interest. Changes of various TRP parameters are
caused by a number of forcing mechanisms, as shown in Figure 1.1 (taken from Santer
et al. 2004). Increase of tropospheric temperature due to higher CO2 concentration as well
as decrease of stratospheric temperature due to O3 depletion force TRPs to rise. Such
temperature changes have been observed in both troposphere and stratosphere. This
once again confirms the assumption that the increase in surface temperatures starting
several decades ago is anthropogenic and not due to natural variability (Shindell 2008).
As TRP parameters are dependent on tropospheric and stratospheric temperature, they
are called “climate sensitive” (Santer et al. 2003). In addition, the TRP acts as a natural
filter, removing most of the influence of large-scale natural atmospheric variability, such
as El Niño-Southern Oscillation (ENSO) (Sausen and Santer 2003).
In a study by Seidel et al. (2001), radiosonde data were used to investigate the trop-

ical Lapse Rate Tropopause (LRT) (see Subsection 3.1.1). They showed a nonmono-
tonic trend in LRT altitudes of about 20m/decade and LRT temperatures of about
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1 Introduction

Figure 1.1: Different forcing mechanisms of TRP altitude (taken from Santer et al. 2004): both
stratospheric cooling and tropospheric warming cause TRP altitudes to rise.

−0.5K/decade for the period 1978 to 1997 for the tropics (15°S to 15°N). A more recent
study by Seidel and Randel (2006), using radiosonde data from 1980 to 2004, showed
global LRT altitude trends of (64 ± 21)m/decade.
For investigating trends at other latitudes than the tropics, radiosonde data are not

very well suited as coverage is poor in many regions (e.g., in the Southern Hemisphere
(SH) or above oceans). In his study Radio Occultation (RO) data are used. They
fulfill the criterion of high vertical resolution, which is required to derive the TRP, and
also feature characteristics like global coverage, high accuracy and precision, all-weather
capability, and long-term stability. These qualities make RO data a strong instrument
for climate research.
In this study, LRT and Cold Point Tropopause (CPT) are derived from individual RO

temperature profiles. The measurement principle of the RO technique is described as
well as its characteristics. To derive TRPs, an algorithm was established, whose imple-
mentation is described in detail. TRP characteristics are analyzed by the parameters
TRP altitude and temperature. As mentioned above, these parameters vary spatially
and temporarily. To give a general overview and show tropospheric and stratospheric
thermal conditions, temperature profiles and their TRPs are shown for different lati-
tudes. Analyzing TRP parameters versus latitude shows two well-defined regions: the
tropical region with high TRP altitudes (low TRP temperatures), and the extratropical

2



region with low TRP altitudes (high TRP temperatures). In the transition zones in
between, the subtropical jets are located, which fundamentally influence tropospheric
and stratospheric conditions. Longitudinal patterns are investigated on the basis of in-
dividual RO profiles. They show symmetry in the SH compared to large longitudinal
variability in the Northern Hemisphere (NH) due to land/sea coverage and orographic
conditions. Time series from September 2001 to December 2010 are used to investigate
the annual cycle for different latitude bands on the basis of monthly averaged data.
Mean and median are compared. Except for subtropical latitudes, they show little or no
differences. Double and triple tropopause occurrence as well as their characteristics are
discussed. A trend study is performed for the time series September 2001 to December
2010. The annual cycle is removed from the 10° averaged data (LRT and CPT mean and
median), and multiple regression analysis (including ENSO and Quasi Biennial Oscilla-
tion (QBO) proxies) is applied to the anomalies. Altitude trends are slightly negative in
the tropics and positive at mid latitudes, while temperature trends are positive in the
tropics and negative at mid latitudes. These results agree well with TRP altitude trend
studies conducted by Schmidt et al. (2008, 2010), also using RO data.
Climate change is a topic of high interest, and has become an issue that needs to

be dealt with both fast and globally. However, this means that fundamental changes
are required politically and economically, but denial of anthropogenic climate change is
widely spread. Thorough data sampling, investigation, and in-depth analyses of many
potential indicators of climate change may be a way to confirm anthropogenic influence
on climate. This awareness is the first step on the way towards a more sustainable
society with decreased impact on this fragile system.

3





2 The radio occultation technique
Computing the Tropopause (TRP) from atmospheric temperature profiles requires data
with high vertical resolution. Radiosonde data are widely used to investigate TRP char-
acteristics and have the advantage of a long data record to compare and investigate
variations and trends. However, data sampling is limited to certain locations, and cov-
erage is very poor in the Southern Hemisphere (SH) and above oceans.
In this study, I use Global Positioning System (GPS) Radio Occultation (RO) data.

In addition to global coverage and high vertical resolution, characteristics of RO mea-
surements include high accuracy and precision, all-weather capability, and long-term
stability (traceability to the international definition of the second). These features make
RO data a strong instrument for climate monitoring and investigation (Steiner et al.
2011).
RO is an active limb sounding technique and uses electromagnetic signals sent from a

GPS satellite to a Low Earth Orbit (LEO) satellite. The transmitted signals propagate
through the Earth’s atmosphere and are delayed and refracted depending on the atmo-
sphere’s properties. Due to the motions of both GPS and LEO satellites, the atmosphere
is scanned from bottom to top (rising event) or top to bottom (setting event), which
yields profiles of phase delays. These profiles of phase delays are processed to profiles of
various atmospheric parameters, such as density, temperature, or pressure.

2.1 Measuring technique and retrieval
RO uses both GPS frequencies, which are 1575.42MHz and 1227.60MHz. The elec-
tromagnetic signal transmitted by the GPS satellite propagates through the Earth’s
atmosphere, where it is bent and delayed due to atmospheric density gradients. On-
board the LEO satellite, the phase change as a function of time between the intrinsically
transmitted signal and the received frequency-shifted signal is measured (Hajj et al.
2002). Precise orbit information is used to process phase delay data to bending angle
profiles (see e.g., Kursinski et al. 1997; Melbourne et al. 1994). To remove ionospheric
influence, ionospheric correction is applied to the bending angle profile (Vorob’ev and
Krasil’nikova 1994). The bending angle α is a function of the impact parameter a. The
impact parameter is the perpendicular distance between a ray asymptote and the cen-
ter of refraction (which is roughly located at the Earth’ center) and is constant along
the ray path. At the point where the ray is closest to the Earth’s surface, a is given
as n(r) r, where n is the refractive index and r the radius of the ray tangent. Due to
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2 The radio occultation technique

Figure 2.1: The RO principle: electromagnetic signals transmitted from a GPS satellite to a LEO
satellite

radial variations of the refractivity, the ray is bent, and the bending angle is given by
the integral of incremental bending along the ray path (see e.g., Foelsche 1999). Bending
angle profiles are converted to profiles of refractive index using an Abel transform. In
theory, the upper boundary of the Abel integral is infinity. Thus an initialization of
the integral’s upper boundary is required. The initialization is done with background
information (see Ho et al. (2012) for information about the retrieval of various data
centers). At the Wegener Center for Climate and Global Change (WEGC), the bending
angle profiles are statistically optimized at altitudes between 30 km and 120 km using
co-located European Centre for Medium-Range Weather Forecasts (ECMWF) forecast
fields (see e.g., Gobiet and Kirchengast 2004; Steiner et al. 2013). The Abel integral for
the bending angle α is given as

α (a) =
α̂

0

dα′ = 2a
r=∞ˆ

r=rt

1√
(nr)2 − a2

dln (n)
dr dr, (2.1)

with the impact parameter a, the radius of the tangent point rt, and the refractive
index n (Kursinski et al. 1997). To obtain the refractive index from the bending angle,
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2.1 Measuring technique and retrieval

the inversion of the integral is required (derivation shown by Steiner 1998):

n (rt) = exp

− 1
π

∞̂

at

α (a)√
a2 − a2

t
da

. (2.2)

The refractive index is a function of height. Because variations of the refractive index
are fairly small, it is converted to the refractivity N with

N = (n− 1) × 106. (2.3)

The refractivity depends on a number of atmospheric parameters. It is given by the
Smith-Weintraub formula (Smith and Weintraub 1953) as

N = 77.6 p
T

+ 3.73 × 105 e

T 2 − 4.03 × 107ne
f2 + 1.4W , (2.4)

with atmospheric pressure p in hPa, temperature T in K, partial pressure of Water
Vapor (WV) e in hPa, electron density ne in electronsm−3, transmitter frequency f in
Hz, and the mass of condensed water in the atmosphere W in gm−3. The first term
on the right-hand side in (2.4) describes the contribution of the dry atmosphere, the
second term the contribution of WV. The third term represents the contribution of the
ionosphere. For the retrieval, this term can be neglected as ionospheric correction has
already been applied. The last term describes scattering due to liquid water in the
atmosphere and can also be neglected in the retrieval. Thus only the first and second
term remain, accounting for the contribution of dry air and WV to total refractivity,
respectively (Kursinski et al. 1997).
Via the Smith-Weintraub formula, refractivity profiles are processed to profiles of

density. At WEGC, dry parameters are retrieved, which means that the presence of WV
is ignored, and the density computed is the so-called dry density. Only the first term of
(2.4) remains, and by using the ideal gas law the dry density can be expressed as follows:

Ndry = 77.6
pdry
Tdry

= 77.6ρdry
R

Mdry
. (2.5)

R is the universal gas constant (8.314 JK−1mol−1) (Mohr et al. 2008) and Mdry is the
mean molecular mass of dry air (28.964 kg kmol−1) (Khélifa et al. 2007). Thus the dry
density can easily be derived:

ρdry (h) = Ndry (h)
Mdry
77.6R . (2.6)

Using the hydrostatic equation, dry pressure is given as

pdry (h) =
∞̂

h

g
(
φ, h′

)
ρdry

(
h′
)

dh′. (2.7)
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2 The radio occultation technique

The acceleration of gravity g is included as a function of latitude φ and altitude h.
Finally, the dry temperature is computed by using the ideal gas law:

Tdry (h) =
Mdry
R

pdry (h)
ρdry (h) . (2.8)

2.2 Occultation Processing System at the WEGC
At WEGC, a system processing phase delay profiles to profiles of various atmospheric pa-
rameters has been established. In this study, both Occultation Processing System, Ver-
sion 5.4 (OPSv54) and data of the Occultation Processing System, Version 5.6 (OPSv56)
test run are used. OPSv56 data have higher vertical resolution and they reach down
closer to the Earth’s surface for some satellites. Most results are based on OPSv56 data.
However, data are not available for all satellites for the whole time record yet, so OPSv54
data are used for analyzing time series and investigating trends.

2.3 Radio occultation missions
In 1995, the first RO measurements were performed by the Global Positioning System⁄
Meteorology (GPS⁄MET) mission as a proof-of-concept experiment (Ware et al. 1996).
In the years after, more satellites were launched for further RO experiments. Challenging
Mini-Satellite Payload (CHAMP), launched in 2000, was the first satellite to provide data
operationally. Since then, a number of satellites have been launched to collect data and
investigate the atmosphere. In this study we used data from the following satellites:

• CHAMP: launch on July 15, 2000; data availability from September 2001 to Oc-
tober 2008

• Satélite de Aplicaciones Científicas⁄Scientific Applications Satellite C (SAC-C):
launch on November 21, 2000; data availability from August 2001 to November
2002

• Gravity Recovery and Climate Experiment (GRACE): launch on March 17, 2002;
data availability since March 2007

• Constellation Observing System for Meteorology, Ionosphere, and Climate (COS-
MIC): launch on April 15, 2006; data availability since July 2006

2.4 Radio occultation characteristics
RO data have a number of remarkable characteristics, that make them both suited and
valuable for climate benchmark measurements (Leroy et al. 2006). RO characteristics
include:
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2.4 Radio occultation characteristics

Self-calibration, long-term stability The measured quantity onboard a LEO satellite is
the phase change as a function of time between the intrinsically transmitted signal
and the received frequency-shifted signal. Assuming that the atmosphere does not
undergo major changes during the measurement of a profile, the RO technique can
be called self-calibrating. This also implies that the measurements are long-term
stable, which allows to use measurements taken by different LEO satellites without
the need of inter-calibration (Pirscher 2010; Foelsche et al. 2011).

All-weather capability RO measurements can be performed during all weather condi-
tions as they are independent of sunlight, and GPS signals can penetrate through
most of the clouds. Large WV content (e.g., in the tropics) however can lead to
multipath behavior (Gorbunov and Gurvich 2000).

Accuracy Accuracy of RO data depends on several parameters (Kursinski et al. 1997):
• quality of the instrument
• atmospheric conditions (WV ambiguity, atmospheric multipath)
• ionospheric conditions
• accuracy of the orbit determination
• quality of the initialization of the Abel integral

In the Upper Troposphere–Lower Stratosphere (UTLS) region, temperature errors
rarely reach 1K (Kursinski et al. 1997).

Vertical and horizontal resolution Depending on the retrieval, the vertical resolution
may be limited by geometrical optics vertical resolution, which is approximately
500m in the lower troposphere and about 1.4 km above (Kursinski et al. 1997).
However, including wave optics into the retrieval can improve the vertical resolution
to approximately 60m (Gorbunov 2002).
As RO is a limb sounding technique, the horizontal resolution is rather coarse and
reaches values of about 300 km (Kursinski et al. 1997).

Coverage Most satellites used for RO measurements are polar orbiting satellites, with
inclinations larger than 72°. Thus global coverage can be achieved. RO measure-
ment distribution in January 2008 is shown in Figure 2.2.

9



2 The radio occultation technique

Figure 2.2: RO measurement distribution in January 2008 (OPSv54 data). Global coverage has
been achieved with the launch of CHAMP. However, coverage strongly increased with the
launch of the six COSMIC satellites.
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3 The tropopause

The Tropopause (TRP) marks the transition between troposphere and stratosphere,
which are chemically and dynamically distinct regions. The troposphere is highly mixed
and contains about 85 % of the atmosphere’s mass and almost all of the water vapor
(Marshall and Plumb 2008). It is heated by infrared radiation emitted by the Earth’s
surface, hence temperature decreases with altitude. Water vapor is the most important
greenhouse gas for the troposphere and warms tropospheric air by absorbing infrared
radiation.

In the stratosphere, temperature increases with height. Here, the main production of
O3, another important greenhouse gas, takes place. Oxygen and ultraviolet radiation
yield atomic oxygen, which combines with molecular oxygen to O3. O3 production peaks
in the tropics where ultraviolet flux is highest. However, the Brewer-Dobson circulation
(BDC) transports O3 from the tropical mid stratosphere to the lower stratosphere at high
latitudes. O3 concentrations vary seasonally, but are generally highest in the Northern
Hemisphere (NH) polar region. The stable stratification of the stratosphere due to the
increasing temperature results in much longer transport timescales of the order of months
or years compared to transport times of days in the troposphere (Birner 2003).

The TRP is part of the thermal classification of the atmosphere and marks roughly the
point where the lapse rate (i.e. the negative temperature gradient) turns from positive
(in the troposphere) to negative (in the stratosphere), going upwards from the Earth’s
surface. Thus the TRP marks the boundary between troposphere and stratosphere.
It occurs throughout the globe, but with different characteristics, such as its altitude,
temperature, or sharpness. It is the region where troposphere-stratosphere interactions
occur, so TRP characteristics control the extend of mixing that can take place between
stratosphere and troposphere. The larger the difference of tropospheric and stratospheric
lapse rates, the smaller the exchange that can take place. Exchange rates, on the other
hand, have a high influence on the composition and distribution of greenhouse gases
in the atmosphere. At most latitudes, the TRP acts as a transport barrier. In the
tropics, however, strong equatorial upwelling occurs, which transports tropospheric air
into the stratosphere. The tropical upwelling is the main source for water vapor in
the stratosphere. Troposphere-stratosphere exchange is also caused by subtropical jets.
Double or even triple TRPs occur here throughout the year.
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3 The tropopause

Figure 3.1: Thermal and dynamical TRP at different latitudes (taken from Pan et al. 2004):
the thermal TRP is indicated by small black crosses, the dynamical TRP by solid contours,
colored according to their potential vorticity value (given in PVU). Zonal winds are marked
by dashed contours (30°N to 40°N: westerlies; 55°N to 65°N: easterlies).

3.1 Different tropopause definitions
There are several different definitions of the TRP, depending on which atmospheric
parameters are available or preferably investigated. This allows to choose the definition
that is suited best for the area, problem, or situation being analyzed. The most common
definitions are thermal, dynamical, and chemical (Figure 3.1).

3.1.1 The thermal tropopause
For finding the thermal TRP, either the lapse rate of the temperature profile or its
local minimum is used, yielding the Lapse Rate Tropopause (LRT) or the Cold Point
Tropopause (CPT), respectively. The lapse rate definition is the oldest and most com-
monly used one. It is defined by the World Meteorological Organisation (WMO) (WMO
1957) as follows:

(a) “The first tropopause is defined as the lowest level at which the lapse rate decreases
to 2 ◦Ckm−1 or less, provided also the average lapse rate between this level and
all higher levels within 2 km does not exceed 2 ◦Ckm−1.”

12
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Figure 3.2: Illustration of the two interpretations of the TRP criterion of the WMO (1957).
Interpretation 2 (right) is the correct interpretation.

(b) “If above the first tropopause the average lapse rate between any level and all
higher levels within 1 km exceeds 3 ◦Ckm−1, then a second tropopause is defined
by the same criterion as under (a). This tropopause may be either within or above
the 1 km layer.”

The formulation of this definition is neither very clear nor explicit as it allows two
interpretations. When analyzing them, only one of them is reasonable, but ambiguous
definitions lead to unnecessary confusion. I shortly want to discuss the two different
interpretations.

1. Moving from the bottom of the temperature profile to the top, the lapse rate is
computed at every point. We find the first point at which the lapse rate has a value
less than 2 ◦Ckm−1 and call it the lowest level from now on. At every level between
the lowest level and the level 2 km above the lapse rate is computed (Figure 3.2,
left). Afterwards the average of all these lapse rates is computed. If it does not
exceed 2 ◦Ckm−1, the TRP criterion is fulfilled and the first tropopause is found.
In theory (when having a sufficient number of levels), this yields the same result
as computing the average of the lapse rate of the lowest level and the one 2 km
above.

2. Moving from the bottom of the temperature profile to the top, the lapse rate is
computed at every point. We find the first point at which the lapse rate has a
value less than 2 ◦Ckm−1 and call it the lowest level from now on. For every

13



3 The tropopause

Figure 3.3: CHAMP profile on July 1, 2004 at at 11:44, located at 20.5°S, 28.3°E: dry temperature
profile colored according to its lapse rate. Horizontal bars indicate the lowest (first) LRT (red
bar, at about 13.5 km), second LRT (orange, at about 17.2 km); and first CPT (green) at the
local minimum of the profile (at about 17.5 km).

level zi between the lowest level and the one 2 km above, the average lapse rate
between the lowest level and zi is computed separately (Figure 3.2, right). Each
and every average lapse rate from the lowest level to any other level within the
next 2 km shall not exceed 2 ◦Ckm−1 for fulfilling the TRP criterion. By checking
the average lapse rate in this stratified way, it is ensured that a shallow stable layer
in the troposphere is not taken for the TRP accidentally (Homeyer et al. 2010).

This is the correct interpretation of the lapse rate tropopause.

Figure 3.3 shows a Radio Occultation (RO) dry temperature profile on July 1, 2004
at 20.5°S. The profile is colored according to its lapse rate. The lowest (first) LRT is
found at about 13.5 km (red horizontal bar). Above the first LRT, temperature continues
to decrease, reaching values for the lapse rate of 3Kkm−1 and more. Apparently, the
criterion for multiple TRPs is fulfilled, and a Second Lapse Rate Tropopause (LRT2) is
detected at about 17.2 km (orange horizontal bar). Above the LRT2, the temperature
profile reaches its minimum, i.e. the CPT (at about 17.5 km, green horizontal bar).
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3.1 Different tropopause definitions

The lapse rate definition is very suitable for atmospheric profiles with a high vertical
resolution, such as radiosonde or RO data. In fact, the vertical resolution of the levels
mentioned in the WMO definition are of the order of 1 km (Birner 2003), so when using
this definition, oversampling may slightly influence the result.
Because implementation of this definition is rather easy, it is widely used. Anyway,

its physical relevance may be limited. For the tropics, Highwood and Hoskins (1998)
suggest a definition that reflects the strength of convective processes, which influences
troposphere-stratosphere exchange. Hence, the cold point definition is popular for the
tropics. It is defined as the first local minimum of the temperature profile above a LRT.
Outside the tropics, the CPT can be unreasonably high, especially in winter hemispheric
high latitudes (see Section 4.2).
Generally it has been shown that the thermal criterion is not very well suited for polar

winter, especially in the Southern Hemisphere (SH). The strong polar jet isolates the
polar region and temperatures stay very low in the stratosphere. The low static stability
in the stratosphere leads to unreasonably high TRPs which are not meaningful (see e.g.,
Zängl and Hoinka 2001). Hence, a different TRP definition might be better suited.

3.1.2 Other tropopause definitions

The lapse rate definition is easy to apply, but it does not separate the air masses by
different compositions or features. For this purpose the dynamical TRP based on the
potential vorticity (PΘ) is more appropriate. It was introduced by Reed (1955) and
effectively divides tropospheric air from stratospheric air. However, its implementation
is more complicated as its computation requires more parameters. In isentropic coordi-
nates, PΘ is given by

PΘ = −g (ζΘ + f)
(
∂p

∂Θ

)−1
, (3.1)

where g is the acceleration of gravity (9.806 65m s−2), ζΘ the relative vorticity along
the isentropic surface (which is the surface of equal potential temperature Θ), f the
Coriolis parameter (2Ω sinφ), and p the pressure. The dynamical TRP is given in units
of potential vorticity (1 Potential Vorticity Unit (PVU) = 1 × 10−6Km2 kg−1 s−1). It
is understood to be a near-zero-order discontinuity in PΘ, which separates low values in
the troposphere from high values in the stratosphere (Hoinka 1998). The WMO (1968)
suggests a PΘ value of 1.6 PVU for the dynamical TRP. Dynamical TRPs computed
with this value disagree strongly from TRPs derived with the thermal definition. Thus
a number of studies was performed to investigate the potential of different PΘ values
to separate tropospheric and stratospheric air masses. Hoerling et al. (1991) showed
that the TRP pressure was systematically overestimated for values less than 3 PVU and
systematically underestimated for values greater than 4 PVU, and suggested a value of
3.5 PVU (Hoinka 1998).
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3 The tropopause

Figure 3.4: The chemical TRP concept introduced by Pan et al. (2004): locating the TRP by
using tracer relationships. Tropospheric and stratospheric tracer in altitude space (a) and in
tracer-tracer space (b)

Another TRP definition to divide tropospheric and stratospheric air masses is the
chemical definition. It uses the different concentrations of trace gases for different al-
titudes to locate the chemical transition layer between troposphere and stratosphere.
Figure 3.4 shows the concept introduced by Pan et al. (2004): tropospheric tracers (e.g.
Water Vapor (WV), CO2) decrease with altitude, while stratospheric tracers (e.g., O3)
increase with altitude. In the vicinity of the TRP, sharp changes in concentrations occur
(left panel). The right panel in Figure 3.4 shows the same concept in tracer-tracer space.

3.2 Tropopause retrieval

For the computation of the TRP parameters from individual RO profiles, an algorithm
using the lapse rate definition of WMO (1957) and the cold point definition is used.
WV, which is ignored in the dry retrieval, can lead to large variations in the profiles at
the lowermost couple of kilometers (Figure 3.5). Physical temperature is always warmer
than dry temperature, so WV can force the dry temperature to drop to very low values in
the lower and mid troposphere. Starting the TRP algorithm at the Earth’s surface would
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3.2 Tropopause retrieval

Figure 3.5: COSMIC dry temperature profiles and their TRPs for January 1, 2007 in the tropics
(OPSv56 data): WV variations in the temperature profiles can be seen in the lowermost couple
of kilometers up to approximately 8 km.

lead to unreasonable TRPs located at the first couple of kilometers, at a temperature
minimum due to these WV variations. To avoid this, a starting altitude for the search
of the first LRT is set in the algorithm. This starting altitude depends on season and
latitude (Table 3.1).
In addition, a minimum altitude that the profile must reach is set (Table 3.2). The

profiles used to derive the TRP parameters vary in their range towards the Earth’s
surface. Without a minimum altitude, a bias would be introduced when averaging over
a certain area and time. Profiles that do not reach somewhat further down than the
average TRP altitude at this latitude would raise the average as they would yield Second
Tropopauses (TRP2s) for First Tropopauses (TRP1s).
Minimum altitudes for the profiles and starting altitudes for the LRT algorithm for

January are shown in Figure 3.6. The CPT does not need these restrictions as it must
be located above the LRT anyway. Its maximum altitude is set to 24 km.
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3 The tropopause

Table 3.1: Starting altitudes (km) used for the implementation of the thermal TRP.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

60°N–90°N 4.5 5.0 5.0 5.0 5.5 5.5 6.0 6.0 6.0 5.5 5.0 5.0
50°N–60°N 4.5 5.0 5.0 5.5 6.0 6.0 6.5 6.5 6.5 5.5 5.0 5.0
40°N–50°N 5.5 5.5 5.5 6.0 6.5 7.0 8.0 8.0 7.0 6.0 6. 5.5
30°N–40°N 6.5 6.5 7.0 7.0 7.0 8.5 9.0 9.0 9.0 8.0 7.0 6.5
20°N–30°N 7.5 7.5 7.5 9.0 10.0 11.0 11.0 1.0 11.0 11.0 10.0 9.0
10°N–20°N 9.0 10.5 10.0 10.0 11.0 12.0 11.0 12.0 12.0 12.0 12.0 12.0

0°–10°N 13.0 12.0 13.0 12.0 11.0 12.0 11.0 12.0 12.0 12.0 12.0 12.0
10°S–0° 13.0 12.0 13.0 12.0 11.0 11.0 11.0 12.0 12.0 12.0 12.0 12.0

20°S–10°S 13.0 12.0 13.0 12.0 11.0 11.0 11.0 12.0 12.0 12.0 12.0 12.0
30°S–20°S 11.0 11.5 10.5 9.0 8.0 9.0 7.0 6.5 7.0 8.0 9.0 10.0
40°S–30°S 8.0 8.0 7.5 7.5 7.0 7.0 6.5 6.0 6.0 7.0 7.0 7.5
50°S–40°S 6.5 6.0 6.0 6.0 6.0 6.5 5.5 5.5 5.0 5.5 6.0 6.0
60°S–50°S 5.5 5.5 5.5 5.5 5.5 6.0 5.5 5.5 5.0 5.0 5.0 5.0
90°S–60°S 5.5 5.5 5.5 5.5 5.5 6.0 5.5 5.5 5.0 5.0 5.0 5.0

Table 3.2: Minimum altitudes (km) used for the implementation of the thermal TRP.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

60°N–90°N 6.0 5.5 6.0 6.0 6.5 6.5 7.0 7.0 7.0 7.0 6.0 6.5
50°N–60°N 6.0 6.0 6.0 6.5 6.5 7.0 8.0 8.0 7.0 7.0 6.0 6.5
40°N–50°N 7.5 7.5 7.5 7.5 7.5 8.0 8.5 8.5 8.0 7.5 7.5 7.5
30°N–40°N 8.0 8.0 8.0 8.0 9.0 10.0 10.0 10.0 10.0 9.0 8.0 8.0
20°N–30°N 9.0 10.0 10.0 11.0 11.0 12.0 12.0 12.0 13.0 12.0 11.0 10.0
10°N–20°N 13.0 14.0 14.0 13.0 14.0 13.0 13.0 13.0 14.0 14.0 13.0 14.0

0°–10°N 15.0 15.0 14.0 14.0 15.0 14.0 13.0 13.0 14.0 14.0 13.0 14.0
10°S–0° 15.0 13.0 14.0 14.0 14.0 13.0 13.0 13.0 14.0 14.0 13.0 14.0

20°S–10°S 15.0 13.0 14.0 14.0 14.0 13.0 13.0 13.0 14.0 14.0 13.0 14.0
30°S–20°S 13.0 13.0 12.0 11.0 10.5 10.0 8.0 8.0 9.0 9.0 10.0 11.0
40°S–30°S 10.0 10.0 9.0 9.0 8.5 8.0 8.0 8.0 8.0 8.0 8.0 8.0
50°S–40°S 8.0 7.5 8.0 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5
60°S–50°S 6.5 6.5 6.5 6.5 7.0 7.0 7.0 7.0 6.0 6.0 6.0 6.0
90°S–60°S 6.5 6.5 6.5 6.5 7.0 7.0 7.0 7.0 6.0 6.0 6.0 6.0
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3.2 Tropopause retrieval

Figure 3.6: LRT of individual RO profiles for January 2007 (OPSv56 data). Green lines indicate
the starting altitude for the LRT algorithm, blue lines the requested minimum altitude of the
profile.
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4 Temporal and spatial tropopause
characteristics

Tropopause (TRP) characteristics are most commonly analyzed in the parameters TRP
altitude, temperature, pressure, and lately also sharpness. These TRP parameters vary
spatially and temporarily. In this work, TRP altitude and temperature are investigated.
They are presented on the basis of figures, where one TRP parameter is plotted with
respect to time, latitude, or a different TRP parameter.

4.1 Temperature profiles and the location of the tropopause
Atmospheric conditions vary with latitude. The resulting variability in temperature
profiles leads to different TRP properties. To show these characteristics, temperature
profiles for different latitude bands for July 2004 are plotted in Figure 4.1 to Figure 4.7,
with Lapse Rate Tropopauses (LRTs) and Cold Point Tropopauses (CPTs) marked.
Figure 4.1 shows typical summer profiles and TRPs for Northern Hemisphere (NH)

high latitudes. The temperature of the profiles decreases with altitude in the tropo-
sphere, strongly increases above the TRP, and reaches values of 220K to 235K in the
lower stratosphere. Atmospheric conditions seem to be rather stable as profile variability
is not very large. First Tropopauses (TRP1s) are found between 6 km and 12.5 km at
temperatures ranging from 210K to 235K. Higher TRPs generally reach lower temper-
atures. Almost no double TRPs occur.
At NH mid latitudes (Figure 4.2), profile variability is larger. TRP altitudes range

from polar TRP altitudes at approximately 8 km to tropical TRP altitudes at almost
17 km. Comparison with Figure 4.8 shows that TRPs that reach these altitudes are the
ones located at 40°N to 45°N. TRP temperatures vary between 205K and 230K. The
subtropical jet is located in this region, so Double Tropopause Occurrence (DTO) is
increased. About a fifth of the profiles have two TRPs. Triple Tropopause Occurrence
(TTO), however, is practically non-existing in the NH during summer.
In hemispheric summer, most profiles in the subtropics (Figure 4.3) show characteris-

tics of tropical profiles, and TRPs become higher, colder, and sharper. The profiles agree
very well in their shape, indicating atmospheric conditions that do not vary strongly.
Only a few double TRPs occur. Profiles with two TRPs are generally warmer and with
a rather low TRP1, so they are probably located at the northern part of the latitude
band near the subtropical jet.
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In the tropics (Figure 4.4), atmospheric conditions are quite stable and the profiles
overlap fairly well (the large profile variability in the lowermost couple of kilometers
occurs due to ignoring Water Vapor (WV) in the dry air retrieval (see Section 3.2)).
Variations of both TRP altitude and TRP temperature are very small here. TRP1s
occur at altitudes between 13 km and 17 km, with temperatures from 185K to 210K.
The First Cold Point Tropopause (CPT1) is located right on top the First Lapse Rate
Tropopause (LRT1), indicating a rather sharp TRP. Some double TRPs occur in the
tropics due to Kelvin waves with large amplitudes in the lower stratosphere influencing
the temperature gradient in the atmosphere (Randel and Wu 2005).
Conditions in Southern Hemisphere (SH) subtropics (Figure 4.5) are very different

from the ones in NH subtropics, where most of the profiles had tropical properties.
Here, the single profiles vary strongly and TRPs occur between 7 km and almost 18 km.
Thus, TRP temperatures also cover a rather wide range, from approximately 190K
to 245K. The difference concerning the number of Second Lapse Rate Tropopauses
(LRT2s) to Second Cold Point Tropopauses (CPT2s) is also noticeable. If the lapse rate
of a temperature profile does not change to negative values (i.e. a positive temperature
gradient) above the LRT but temperature continues to drop, the CPT1 is found above
LRT2. This results in a higher number of LRT2s compared to CPT2s, as can be seen in
Figure 4.5 (the profile shown in Figure 3.3 also shows this phenomenon). The subtropical
jet is strongest in hemispheric winter and has a high influence on atmospheric conditions.
Thus DTO is very common at these latitudes in July, with about 30% (i.e., 30% of all
profiles have a Second Tropopause (TRP2)).
At SH mid latitudes (Figure 4.6), profile variability increases even further. Temper-

ature in the lower stratosphere sharply increases just above the TRP, but does not
continue to increase higher up. Generally, temperatures stay much cooler in the mid
stratosphere at SH mid latitudes than at NH mid latitudes as July equals SH winter.
TRP parameters do not vary as much, reaching values of 7 km to 13 km and 195K to
230K for altitude and temperature, respectively. There is a relatively high DTO with
around 25% to 30%, and rather high TTO with about 4% to 6%.
Figure 4.7 shows temperature profiles and TRPs for SH high latitudes. LRT1s occur

between 7 km and 12 km, while many CPT1s occur above 17 km. As mentioned in
Subsection 3.1.1, the thermal TRP definition is not very well suited for polar winter.
Especially in the SH the strong polar vortex causes temperatures to drop very low in the
lower and mid stratosphere (Zängl and Hoinka 2001). The low static stability leads to
unreasonably high TRPs. The lapse rate criterion is not fulfilled for some profiles until
very high altitudes, and very often no pronounced minimum occurs in the temperature
profile after a LRT, which leads to even higher CPT. DTO is very frequent and reaches
45% for the LRT and about 25% for the CPT. However, this is mainly caused by the
thermal definition not dealing with decreasing temperatures in the stratosphere. Apart
from indicating a very low static stability in the lower and mid stratosphere, multiple
TRP occurrence at hemispheric winter high latitudes is not meaningful.
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4.1 Temperature profiles and the location of the tropopause

Figure 4.1: CHAMP temperature profiles and their TRPs for July 2004 at NH high latitudes
(60°N and 90°N) (OPSv56 data). The colors indicate first (red), second (orange), and third
(yellow) LRTs, and first (dark green), second (green), and third (light green) CPTs.
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Figure 4.2: CHAMP temperature profiles and their TRPs for July 2004 at NH mid latitudes
(40°N to 60°N) (OPSv56 data). The colors indicate first (red), second (orange), and third
(yellow) LRTs, and first (dark green), second (green), and third (light green) CPTs.

24



4.1 Temperature profiles and the location of the tropopause

Figure 4.3: CHAMP temperature profiles and their TRPs for July 2004 in NH subtropics (20°N
to 40°N) (OPSv56 data). The colors indicate first (red), second (orange), and third (yellow)
LRTs, and first (dark green), second (green), and third (light green) CPTs.
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4 Temporal and spatial tropopause characteristics

Figure 4.4: CHAMP temperature profiles and their TRPs for July 2004 in the tropics (20°S to
20°N) (OPSv56 data). The colors indicate first (red), second (orange), and third (yellow)
LRTs, and first (dark green), second (green), and third (light green) CPTs.
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4.1 Temperature profiles and the location of the tropopause

Figure 4.5: CHAMP temperature profiles and their TRPs for July 2004 in SH subtropics (40°S
to 20°S) (OPSv56 data). The colors indicate first (red), second (orange), and third (yellow)
LRTs, and first (dark green), second (green), and third (light green) CPTs.
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Figure 4.6: CHAMP temperature profiles and their TRPs for July 2004 at SH mid latitudes (60°S
to 40°S) (OPSv56 data). The colors indicate first (red), second (orange), and third (yellow)
LRTs, and first (dark green), second (green), and third (light green) CPTs.
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4.1 Temperature profiles and the location of the tropopause

Figure 4.7: CHAMP temperature profiles and their TRPs for July 2004 at SH high latitudes
(90°S to 60°S) (OPSv56 data). The colors indicate first (red), second (orange), and third
(yellow) LRTs, and first (dark green), second (green), and third (light green) CPTs.
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4.2 Latitudinal perspective
The figures in Section 4.1 show the thermal conditions in the troposphere and lower
stratosphere as well as TRP characteristics. However, TRP altitude and temperature
plotted versus latitude give a better overview of the latitudinal distribution and seasonal
variations.

4.2.1 Tropopause altitude versus latitude

Figure 4.8 shows LRT altitude versus latitude for January 2007 (top) and July 2007 (bot-
tom). As already discussed in Section 4.1, two well-defined regions can be distinguished:
a region with tropical TRP altitudes at around 15 km to 18 km, and an extratropical
region with TRP altitudes of approximately 6 km to 11 km. There are transition zones
in between. In the winter hemisphere, the subtropical jet is strong and a clear break
between tropical and extratropical TRPs can be seen. In the summer hemisphere, a
transition from extratropical TRPs to tropical TRPs occurs. Double and even triple
TRPs occur throughout the year in regions of the subtropical jets (located roughly at
around 50°S to 20°S and 20°N to 50°N, but shifting slightly dependent on the season).
DTO is always higher in hemispheric winter, when the subtropical jet is stronger. Ad-
ditionally, there is DTO and TTO in hemispheric winter at mid and high latitudes.
The relevance of these TRPs might be limited, but they are indicators of the unstable
atmospheric conditions in this region and season.
In addition to the LRTs of the individual profiles, the mean (solid light green) and

median (dashed dark blue) of LRT1 for 10° latitude bands are shown, indicated by
horizontal bars (for the exact values see Table 4.1). Mean and median agree very well
for most latitudes. Major differences occur in the transition region from tropical TRP
altitudes to extratropical TRP altitudes (between 20° and 30°) in the winter hemisphere.
There, LRT1 altitudes can reach altitudes between about 8 km and 18 km. As shown in
Table 4.1, the median lies 0.8 km to 1 km higher than the mean, indicating that most of
the TRP altitudes agree with the ones in the tropics. Still, the lower mean denotes the
transition to much lower LRT1 altitudes. In July, some very high LRT1s raise the mean
at SH high latitudes.
Figure 4.9 shows CPT altitudes for January 2007 (top) and July 2007 (bottom) with

mean (solid light green) and median (dashed dark blue) of the 10° latitude bands. The
overall CPT distribution is very similar to the LRT distribution, especially in January.
There are some very high CPTs at NH high latitudes that do not occur for LRTs,
raising the mean (Figure 4.9, top panel, latitudes between 60°N and 90°N). In July,
however, the situation is different, and CPTs become very high in SH winter at mid
and high latitudes (see Table 4.1). For the 70°S to 60°S latitude band, the median is
at approximately 11.2 km, while the mean is 2.5 km higher. This indicates that at least
half of the CPT1s are still at altitudes below approximately 11 km, but the ones above
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4.2 Latitudinal perspective

Figure 4.8: LRT altitude with respect to latitude for January 2007 (top; satellites: CHAMP,
F3C-FM4) and July 2007 (bottom; satellites: CHAMP, F3C-FM4, GRACE) (OPSv56 data).
Shown are first (red), second (orange), and third (light blue) LRT. Green and blue horizontal
bars indicate mean and median of the 10° latitude bands, respectively.
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Table 4.1: Mean and median of LRT1 and CPT1 altitudes (km) for January and July 2007

LRT1 CPT1
Jan Jul Jan Jul

mean median mean median mean median mean median

80°N–90°N 8.86 8.80 9.68 9.96 10.95 9.52 9.84 10.10
70°N–80°N 9.05 9.01 9.95 9.97 10.70 9.58 10.12 10.11
60°N–70°N 9.07 8.99 10.51 10.55 10.08 9.39 10.69 10.71
50°N–60°N 9.31 9.19 11.00 11.02 9.81 9.59 11.25 11.20
40°N–50°N 9.89 9.91 12.74 12.54 10.37 10.37 13.35 12.94
30°N–40°N 11.71 11.47 15.54 15.65 12.56 11.87 16.22 16.57
20°N–30°N 15.48 16.42 16.24 16.32 16.14 17.07 16.76 16.92
10°N–20°N 17.00 17.19 16.30 16.33 17.39 17.54 16.64 16.60

0°–10°N 17.14 17.23 16.31 16.35 17.38 17.43 16.60 16.64
10°S–0° 17.15 17.26 16.43 16.46 17.39 17.45 16.71 16.73

20°S–10°S 16.98 17.07 16.35 16.45 17.35 17.44 16.78 16.86
30°S–20°S 16.53 16.75 14.84 15.64 17.11 17.31 15.50 16.32
40°S–30°S 14.67 14.89 11.51 11.27 15.70 16.24 12.17 11.70
50°S–40°S 11.60 11.70 10.08 10.09 12.37 12.14 10.56 10.44
60°S–50°S 9.54 9.36 9.68 9.72 10.00 9.74 10.88 10.32
70°S–60°S 8.90 8.84 10.23 10.20 9.19 9.10 13.76 11.23
80°S–70°S 8.84 8.83 10.94 10.59 9.07 9.06 16.53 19.63
90°S–80°S 8.73 8.74 11.63 10.72 8.95 8.98 18.88 21.35

are very high as they significantly drive up the mean. At latitudes between 80°S and
70°S, however, the mean moves up to 16.5 km and the median even to almost 20 km.
This behavior indicates that the major part of the CPT1s occurs at very high altitudes
here, which can also be seen in Figure 4.7. Between 90°S and 80°S, the mean (median)
reaches altitudes of almost 19 km (more than 21 km).

4.2.2 Tropopause temperature versus latitude
Figure 4.10 shows LRT temperature versus latitude for January 2007 (top) and July
2007 (bottom). Tropical LRT1s reach temperatures between 185K and 195K in winter,
and are about 5K warmer in summer. Between 20° and 40° (hemispheric winter) and
20° to 50° (hemispheric summer), LRT1s increase gradually, reaching 210K to 230K. In
the winter hemisphere, temperatures decrease again from 40° on polewards, going down
to 200K to 210K. In the summer hemisphere, LRT1 temperatures stay around 210K
to 230K.
Mean and median have very similar values everywhere, with the exception of winter

hemispheric subtropical jet regions. At 20° to 30°, mean TRP1 temperatures are higher
than the median of TRP1 temperatures (see also Table 4.2). This agrees with the lower
mean of TRP1 altitudes at these latitudes (see Subsection 4.2.1).
Temperatures of LRT2s mostly reach the same values as LRT1 at all latitudes. An

exception is SH winter where LRT2 temperatures are much colder (185K to 196K).
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4.2 Latitudinal perspective

Figure 4.9: CPTs altitude with respect to latitude for January 2007 (top; satellites: CHAMP,
F3C-FM4) and July 2007 (bottom; satellites: CHAMP, F3C-FM4, GRACE) (OPSv56 data).
Shown are first (red), second (orange), and third (light blue) CPT. Green and blue horizontal
bars indicate mean and median of the 10° bands, respectively.
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4 Temporal and spatial tropopause characteristics

Figure 4.10: LRT temperature with respect to latitude for January 2007 (top; satellites:
CHAMP, F3C-FM4) and July 2007 (bottom; satellites: CHAMP, F3C-FM4, GRACE)
(OPSv56 data). Shown are first (red), second (orange), and third (light blue) LRT. Green and
blue horizontal bars indicate mean and median of the 10° latitude bands, respectively.
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4.3 Longitudinal perspective

Table 4.2: Mean and median of LRT1 and CPT1 temperatures (K) for January and July 2007

LRT1 CPT1
Jan Jul Jan Jul

mean median mean median mean median mean median

80°N–90°N 208 208 222 221 216 206 222 221
70°N–80°N 209 209 222 221 217 208 221 221
60°N–70°N 212 212 220 219 211 211 220 219
50°N–60°N 214 214 219 219 214 213 219 219
40°N–50°N 216 216 215 215 216 215 215 214
30°N–40°N 215 215 204 204 214 213 203 203
20°N–30°N 202 199 198 198 201 198 197 197
10°N–20°N 193 192 195 195 192 192 195 195

0°–10°N 190 190 194 194 189 189 194 194
10°S–0° 190 190 194 194 189 189 194 194

20°S–10°S 192 191 196 196 191 191 196 195
30°S–20°S 197 196 206 203 196 195 205 202
40°S–30°S 207 206 215 215 205 204 214 214
50°S–40°S 216 215 215 214 215 214 214 214
60°S–50°S 221 221 213 213 220 220 211 211
70°S–60°S 220 220 206 206 220 220 201 202
80°S–70°S 219 219 201 200 219 218 192 187
90°S–80°S 218 219 197 198 218 218 186 182

CPT temperatures for different latitudes are shown in Figure 4.11. They are quite
similar to LRT temperatures for most latitudes. Exceptions are SH high latitudes in SH
winter, where CPT1 temperatures drop dramatically (down to 185K) and are signifi-
cantly lower than LRT1 temperatures (at around 200K). Also, from 70°S polewards, the
median of CPT1 temperatures becomes noticeably lower than their mean (see Table 4.2).

4.3 Longitudinal perspective

Latitudinal variation of TRP parameters due to changing climatic conditions with lati-
tude is one of the main patterns of TRP characteristics. However, there are also longitu-
dinal variations that occur due to land/sea influence and orographic conditions. These
zonal asymmetries will be discussed in the following on the basis of TRPs from individual
profiles.

4.3.1 Altitude of the first and second tropopause

Global CPT1 and LRT1 altitudes are shown in Figure 4.12. Generally, the patterns of
LRT1 and CPT1 altitude are very similar, and many longitudinal characteristics occur
for both TRPs. There is one main longitudinal variability that occurs throughout the
year, which are the relatively high TRP1 altitudes above the South West of the USA, the
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4 Temporal and spatial tropopause characteristics

Figure 4.11: CPTs temperature with respect to latitude for January 2007 (top; satellites:
CHAMP, F3C-FM4) and July 2007 (bottom; satellites: CHAMP, F3C-FM4, GRACE)
(OPSv56 data). Shown are first (red), second (orange), and third (light blue) CPT. Green
and blue horizontal bars indicate mean and median of the 10° bands, respectively.
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4.3 Longitudinal perspective

North Atlantic, and Central Asia (red circles in the top panels), compared to low TRP1
altitudes at the large-scale Rossby wave troughs at the eastern side of North America
and Asia (green circles) (Zängl and Hoinka 2001). The pattern varies with time (note
the especially low TRP1s above eastern Canada), but it is present during all seasons.
The tropical TRP1 also shows some zonal asymmetries. In April, TRP1 is already

somewhat lower than in January, with the exception of TRP1s above India (pink circle),
where their altitudes are increased. In July, this pattern becomes even stronger. TRP1s
above the Middle East and Southern Asia (pink circle) reach altitudes of 17 km to 18 km
for the LRT1 (and slightly higher for the CPT1), compared to about 15 km in the rest of
the tropics. TRP1s above the south of the USA, Mexico and the Pacific Ocean (purple
circles) between 15°N and 45°N, on the other hand, are located significantly lower at
around 14 km to 15.5 km. In October, the low tropical TRP1s above the Pacific Ocean
are mostly gone, but now occur above the Atlantic Ocean (especially in the NH, dark
blue circle). The high TRP1 altitudes above the Middle East and Southern Asia have
vanished.
The SH generally shows less longitudinal variation because Rossby wave activity is

much weaker there due to the more symmetric (exratropical) land-sea distribution and
orography (Zängl and Hoinka 2001). Generally, there is a smooth transition from polar
low TRP1s to tropical high TRP1s. An exception is SH winter (July), when the merid-
ional gradient of TRP1 altitude changes direction, and polar TRP1s become higher than
the ones at mid latitudes. Especially CPT1s increase strongly and can be as high as
22 km. Antarctic TRP1s stay high for a couple of months. In fall, TRP1s are still some-
what higher above the region 60°W to 120°E (light brown circle) compared to the rest
of Antarctica.
Figure 4.13 shows CPT2 and LRT2 altitudes. For the NH, there is a band of TRP2s

between 20° and 50° around the globe in January (increased occurrence of TRP2s at
regions of the subtropical jet in hemispheric winter). In summer, most TRP2s disappear
there. Exceptions occur above Asia (at 30°N) and Southern Europe. In the SH, TRP2s
are present throughout the year at mid latitudes. At the equator, a thin band of TRP2s
is present throughout the year, but occurrence is higher during NH summer (see also
Figure 4.8 and Figure 4.9).
Mostly, CPT2s are clearly higher than LRT2s, which indicates that the TRP2 is not

very sharp. This can especially be seen at SH polar regions in SH winter (July), where
the CPT1 is several kilometers higher than LRT1. Still, during the high DTO in winter
at NH mid latitudes, for both LRT2 and CPT2 the increase of TRP2 altitude when
moving towards the equator can be seen.

4.3.2 Temperature of first and second tropopause
In Figure 4.14 global temperature patterns of the TRP1 are shown. TRP temperature
patters are usually reversed to TRP altitude patterns, i.e., high temperatures correspond
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4 Temporal and spatial tropopause characteristics

Figure 4.12: Altitudes of CPT1s (left) and LRT1s (right) for January, April, July, and October
2007 (OPSv56 data).
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4.3 Longitudinal perspective

Figure 4.13: Altitudes of CPT2s (left) and LRT2s (right) for January, April, July, and October
2007 (OPSv56 data).

39



4 Temporal and spatial tropopause characteristics

to low altitudes, and low temperatures to high altitudes. The longitudinal TRP1 altitude
asymmetry in the NH in January, which has already been shown in Figure 4.12, can also
be seen for TRP1 temperatures: there is a large-scale temperature minimum above the
Atlantic Ocean, Europe, and Asia (red circle) with TRP1 temperatures between 205K
and 210K, while TRP1 temperatures reach up to 215K to 225K above eastern Canada
and the Pacific Ocean (dark blue circles). The pattern is very strong in winter, smoothing
out during spring, almost vanishing in summer, and strongly occurring in fall again.
In April, TRP temperatures above the tropical Pacific Ocean (pink circle) are around

5K to 10K warmer compared to the rest of the tropics (at around 185K to 190K).
In July, tropical TRP temperatures are generally increased throughout the globe, but
the region of higher zonal temperatures is shifted and enlarged, and covers the tropical
eastern Pacific Ocean, Middle America, parts of South America, and the tropical Atlantic
Ocean.
In July, the reversed meridional gradient of TRP temperature at SH high latitudes

can be seen, as well as the remaining colder temperatures between 60°W and 120°E in
October (purple circle).
Temperatures of LRT2s and CPT2s (Figure 4.15) show the transition from warm

TRP2s at high latitudes to cold TRP2s at low latitudes in all seasons and for both
hemispheres (exceptions are SH polar regions at SH winter with high and cold TRPs).
Comparing Figure 4.14 and Figure 4.15 shows very similar temperatures for first and
second TRPs.

4.4 Time series of various tropopause parameters
To investigate the annual cycle of various TRP parameters for different latitudes, time
series of the (latitude weighted) average for 10° latitude bands are shown in this section.
Since data are available from September 2001 to December 2010, the time series covers
112 months. July 2006 has been removed as data are only available for the first couple
of days for this month.

4.4.1 Altitudes of first, second, and third tropopause
Figure 4.16 shows monthly averaged LRT1 (top) and CPT1 (bottom) altitudes versus
time (mean: solid, median: dashed). The temporal and latitudinal variations of CPT1
altitudes mainly agree with the ones of LRT1s (apart from the exceptionally high Antarc-
tic TRPs in SH winter, which have already been discussed in Section 4.1), so LRT and
CPT altitudes are discussed together in the following. Also, the mean and the median
mostly agree. Major differences can only be seen at latitudes between 20° and 30°, as it
has already been shown in Figure 4.8 and Figure 4.9.
At most latitudes, the expected annual cycle can be seen: TRP altitudes increase in

hemispheric spring, reach their maximum in summer, decrease in fall, and reach their
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4.4 Time series of various tropopause parameters

Figure 4.14: Temperatures of CPT1s (left) and LRT1s (right) for January, April, July, and Oc-
tober 2007 (OPSv56 data).
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4 Temporal and spatial tropopause characteristics

Figure 4.15: Temperatures of CPT2s (left) and LRT2s (right) for January, April, July, and Oc-
tober 2007 (OPSv56 data).
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4.4 Time series of various tropopause parameters

minimum in winter. In the tropics, the annual cycle is not very pronounced. Altitude
changes of only approximately 1.5 km occur. A reversed annual cycle for 0° to 20°N can
be seen, with maximum altitudes in winter, and minimum altitudes in summer. The
Brewer-Dobson circulation (BDC) strongly influences TRP altitudes in the tropics due
to equatorial upwelling. Unlike the SH branch of the BDC, the NH branch has a strong
annual cycle, with a maximum in winter. Tropical TRP altitudes follow this annual
cycle of equatorial upwelling (Yulaeva et al. 1994).
For subtropical and mid latitudes, the annual cycle follows the expected pattern. It

is strongest in the subtropics, with TRP altitude differences of approximately 4 km to
5 km. The amplitude of the annual cycle decreases towards high latitudes. In the NH
polar region, the annual cycle is a combination of two patterns due to different orog-
raphy of different regions. The two patterns are a single wave pattern over subpolar
eastern Siberia and North America, with minimum (maximum) TRP altitudes in winter
(summer), and a double wave pattern over northern Europe, western Siberia, and gen-
erally high Arctic latitudes, with minimum (maximum) TRP altitudes in spring and fall
(summer and winter) (Zängl and Hoinka 2001).
In the SH, the expected annual cycle (with maximum altitudes in hemispheric summer

and minimum altitudes in hemispheric winter) can be seen in the tropics and subtropics.
From about 50°S polewards, however, SH patterns change, leading to fundamental dif-
ferences in Arctic and Antarctic annual cycles. At SH mid and high latitudes, maximum
altitudes occur in winter and minimum altitudes in summer. Between 50°S and 60°S,
the annual cycle is very weak, but it strongly increases in amplitude towards the pole.
Differences of summer and winter TRP altitudes are around 4 km to 5 km for LRT1, and
about 10 km to 13 km for CPT1.
The reversed cycle over Antarctica can be explained by different strength and static

stability of the NH and SH polar vortices. Rossby wave activity controls stratospheric
meridional circulation. In the zonal mean, the large-scale subsidence in the polar strato-
sphere connected with this circulation is only about half as strong in the Antarctic
winter than in the Arctic winter (see e.g., Rosenfield et al. 1987). Thus the Antarctic
polar vortex is more stable and stronger than the Arctic one (Zängl and Hoinka 2001).
In Figure 4.17, the temporal evolution of TRP2s altitudes is shown. As mean and

median are identical or very similar at all latitudes, only the mean is shown.
LRT2 altitudes are located approximately between 13 km and 21 km. Altitudes are

highest in the tropics with no annual cycle, and decrease when moving towards mid
latitudes, where a weak annual cycle can be seen. Interestingly, the maximum of LRT2
altitudes at latitudes of 50°N and northwards occurs during winter in the NH, while
Figure 4.16 shows that LRT1 altitudes are at their minimum for these latitudes and
time of the year. In the SH, the turnover of the annual cycle from maximum altitudes
in SH summer to maximum altitudes in SH winter happens for LRT2 as for LRT1, but
it occurs closer to the equator at around 40°S to 50°S.
For the CPT2 altitudes, the overall patterns are similar to the ones of LRT2 altitudes.
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4 Temporal and spatial tropopause characteristics

Figure 4.16: LRT1 and CPT1 monthly mean (solid) and median (dashed) altitude for 10° latitude
bands (OPSv54 data).
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4.4 Time series of various tropopause parameters

Generally, altitudes are higher with 14 km to 24 km and the annual cycle is much more
distinct at both NH and SH high latitudes.
Mean Third Lapse Rate Tropopause (LRT3) and Third Cold Point Tropopause (CPT3)

altitudes are shown in Figure 4.18. Altitudes range from 14 km to 22 km for LRT3s, and
16 km to 24 km for CPT3s. There is no obvious annual cycle for any latitude band.
However, it can be seen that a third tropopause is present at latitudes between 30°S
and 50°S almost for the entire time range of 112 months. TTO drops to very low values
during SH winter, but apparently does not completely disappear most of the times (see
also Figure 4.23).
The blue lines indicating TTO in the tropics only occur after fall 2006. Shortly after

the launch of the six COSMIC satellites in July 2006, much more data became available.
Thus the absolute number of Third Tropopauses (TRP3s) increased, even though the
relative occurrence of TRP3s did not change (see Figure 4.23). There are a couple of blue
dots in Figure 4.18 between fall 2001 and mid 2006, indicating also TTO during these
years. However, they occur more sporadic due to the low absolute number of TRP3s
and are hard to recognize and easily missed.

4.4.2 Temperatures of first, second, and third tropopause
In Figure 4.19, monthly averaged LRT1 (top) and CPT1 (bottom) temperatures ver-
sus time (mean: solid, median: dashed) are shown. As the temporal and latitudinal
variations of CPT1 temperatures mainly agree with the ones of LRT1s (apart from the
exceptionally low Antarctic CPT temperatures in SH winter), LRT and CPT tempera-
tures are discussed together in the following.
At most latitudes, TRP1 temperature reversely follows the annual cycle of TRP1 al-

titude. In the tropics, where the annual cycle of TRP1 altitude is rather weak, TRP
temperatures range from about 188K in NH winter to approximately 196K in NH sum-
mer. At NH mid latitudes, temperatures are generally higher and the amplitude of
the annual cycle becomes stronger (205K to 215K). Latitudes from 40°N polewards,
however, show a six months shift. The amplitude of the annual cycle is only about 4K
between 40°N and 50°N, but increases with latitude. The temperature cycle does not
show a mixed single wave and double wave pattern at NH high latitudes like the altitude
cycle, but a single wave pattern with maximum temperatures in summer and minimum
temperatures in winter.
In the SH, TRP1 temperatures reversely follow the annual cycle of TRP1 altitudes for

all latitudes, with temperatures between 188K and 198K in the tropics, 204K and 218K
at mid latitudes, and a very strong annual cycle of 190K to 220K at high latitudes.
LRT2 and CPT2 mean temperatures are shown in Figure 4.20. There are similarities

in the annual variations of TRP2 temperatures and TRP2 altitudes, such as the clear
annual cycle for mid and high latitudes (ranging from about 190K (180K) in the NH
(SH) up to more than 230K for TRP2 temperatures). However, at some latitudes annual
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Figure 4.17: LRT2 and CPT2 monthly mean altitude for 10° latitude bands (OPSv54 data).
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Figure 4.18: LRT3 and CPT3 monthly mean altitude for 10° latitude bands (OPSv54 data).
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Figure 4.19: LRT1 and CPT1 monthly mean (solid) and median (dashed) temperature for 10°
latitude bands (OPSv54 data).
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variations of TRP2 temperatures are very different from the ones of TRP2 altitudes. The
annual cycle more or less disappears for TRP2 temperatures between 30°N and 50°N. In
the SH, the annual cycle shifts its phase by 6 months at these latitudes. In the tropics,
where TRP2 altitudes are very smooth throughout the year, an annual cycle can be seen
in TRP2 temperatures. Temperatures range from approximately 190K to 200K, with
their maximum in NH summer.
Overall, LRT2 and CPT2 temperatures show very similar patterns, but CPT2s gen-

erally reach lower temperatures at their minimum during the annual cycle, especially at
SH high latitudes.
Unlike TRP3 altitudes, TRP3 temperatures do show an annual cycle at some latitudes

(Figure 4.21). From about 50° polewards, a minimum in TRP3 temperatures can be seen
in hemispheric winter (when stratospheric temperatures decrease significantly) for both
hemispheres, and both LRT3 and CPT3. At polar regions, TRP3 temperatures vary
significantly during the year from 190K to 230K (180K) in the NH (SH) to (more than)
230K.

4.4.3 Double and triple tropopause occurrence
Figure 4.22 shows the time series of the number of TRP2s to TRP1s for the LRT (top)
and the CPT (bottom) for NH and SH, respectively. DTO has an annual cycle with
maximum occurrence in hemispheric winter. In terms of spatial variation, DTO peaks
at subtropical and mid latitudes. The annual cycle is especially strong at latitudes
between 30°N and 40°N, where DTO ranges from 60% to 80% during winter, and goes
back to almost 0% in summer. At latitudes from 20°N to 30°N and 40°N to 50°N a
distinct annual cycle can still be seen, and maximum DTO ranges from 20% to 50%.
At NH high latitudes, DTO is at around 30% during peak time in hemispheric winter.
In the SH, the annual cycle of DTO in the subtropical and mid latitudes can still be

seen, but it is not as clear as in the NH. For the latitude band 30°S to 40°S, DTO is
at around 50% at its maximum and around 20% to 30% during its minimum. At SH
polar regions, DTO peaks in SH winter, with almost 60% for LRT2, and around 35%
for CPT2. As there are profiles with two LRTs, but only one CPT (such as the profile
shown in Figure 3.3), DTO is generally higher for LRTs than for CPTs.
In Figure 4.23, the time series of the number of TRP3s to TRP1s for LRT (top)

and CPT (bottom) for NH and SH are shown. TTO has the same annual cycle as DTO
(peaking in hemispheric winter), but it is a lot lower than DTO. For the investigated time
range, TTO peaked in 2006 at 30°N to 40°N with 15%, while DTO can be around 80%.
Similar to double TRPs, triple TRPs mainly occur at subtropical and mid latitudes, but
while DTO is highest at latitudes between 30° and 40°, TTO is just as frequent at these
latitudes as between 40° and 50°. This accounts for both NH and SH, with values of
around 6% to 10% and 4% to 6%, respectively.
For the LRT, TTO (during peak time in winter) first decreases when going from
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Figure 4.20: LRT2 and CPT2 monthly mean temperature for 10° latitude bands (OPSv54 data).
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Figure 4.21: LRT3 and CPT3 monthly mean temperature for 10° latitude bands (OPSv54 data).
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Figure 4.22: Number of LRT2s to LRT1s (top) and number of CPT2s to CPT1s for 10° latitude
bands (OPSv54 data).
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30° northwards/southwards, and increases again when approaching the polar regions.
Hence, TTO is very often as high (or even higher) at high latitudes as in the subtropics.
TTO of CPTs, on the other hand, peaks at latitudes between 30° and 50° and gradually
decreases polewards. TTO in the tropics ranges from non-existing throughout the whole
year to generally less than 2% (LRT) and 1% (CPT) during hemispheric winter.

4.5 Trends of tropopause altitude and temperature
For this work, data from September 2001 to December 2010 are used (112 months). July
2006 has been removed since data are only available for the first couple of days for this
month.
To investigate TRP altitude and temperature trends, the annual cycle of the parame-

ters is removed and anomalies for the 10° latitude bands are computed. Trend analysis
is done for the mean and median of LRT1 and CPT1, respectively. Multiple regression
analysis is applied to the anomalies A (t), using proxies for El Niño-Southern Oscillation
(ENSO) and Quasi Biennial Oscillation (QBO):

A (t) = a+ b · t+ c · ENSO (t) + d · QBO (t) . (4.1)

The estimated values are a, b, c, and d, of which b is the trend value.
As ENSO proxy we use the monthly Niño3.4 index provided by the National Oceanic

and Atmospheric Administration Climate Prediction Center. Monthly Singapore wind
data at 50 hPa serve as proxy for QBO variability. For the regression analysis, TRP
data lag ENSO and QBO by three months. This yields maximum correlation be-
tween ENSO/QBO and tropospheric temperature anomaly (Scherllin-Pirscher et al.
2012; Steiner et al. 2009).
For the trend analysis, only data from 50°S to 50°N are used. At high latitudes with

large atmospheric variability, errors due to irregular sampling in averaged latitudinal
bands (the sampling error) become large (Foelsche et al. 2008). Correcting these errors
in the TRP analyses of high latitudes is subject of future work.
Figure 4.24 shows altitude trends of LRT1 mean (red), LRT1 median (yellow), CPT1

mean (green), and CPT1 median (blue) with their 95% confidence intervals. Filled
squares denote statistically significant values at a significance level ≥ 95%. Trends
at latitudes between 30°S and 20°N are rather small, and almost everywhere non-
significant for all TRP altitude parameters. The estimated values range from approx-
imately −100m/decade to 75m/decade. At both NH and SH subtropics and mid lat-
itudes the trends are higher and statistically significant. Between 30° and 40°, they
reach values of approximately 275m/decade to 400m/decade in both hemispheres. At
40° to 50°, the trend decreases again to about 100m/decade to 225m/decade. The
trend pattern has a hemispherical symmetry, apart from the latitude band from 20° to
30°. While trends become positive and statistically significant in the NH (ranging from
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Figure 4.23: Number of LRT3s to LRT1s (top) and number of CPT3s to CPT1s (bottom) for
10° latitude bands (OPSv54 data).
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Figure 4.24: Altitude trends for LRT1 mean (red), LRT1 median (yellow), CPT1 mean (green)
and CPT1 median (blue) for 10° latitude bands and their 95% confidence interval (OPSv54
data). Filled squares denote statistically significant values at a significance level ≥ 95%.

175m/decade to 225m/decade), they spread widely for the different trend parameters
in the SH, showing a significant negative trend of 100m/decade for CPT median, but
a very small non-significant trend for LRT mean. The overall pattern agrees very well
with the trend found by Schmidt et al. (2010). They explained the negative tropical
TRP altitude trend by the rather strong positive trend in lower stratospheric temper-
atures in the tropics. It compensates the weaker positive trend in upper tropospheric
temperatures, and tropical TRP altitude decreases as a result.
Temperature trends are shown in Figure 4.25 for LRT1 mean (red), LRT1 median

(yellow), CPT1 mean (green), and CPT1 median (blue). Trends are positive and statis-
tically significant for latitudes between 20°S and 20°N. The different trend parameters
overlap fairly well and lie within 0.6K to 1.0K. In the SH, trends become non-significant
and decrease only little for the next band further south, and then drop to values around
−0.5K to −0.65K for 30°S to 40°S. In the NH, trends already become non-significant at
20°N to 30°N, with values around −0.4K. Moving further north, trends become statisti-
cally significant and range from −0.9K to −1.1K. For both NH and SH, trends increase
again for 40° to 50° with values between −0.3K and 0.0K.

55



4 Temporal and spatial tropopause characteristics

Figure 4.25: Temperature trends for LRT1 mean (red), LRT1 median (yellow), CPT1 mean
(green) and CPT1 median (blue) for 10° latitude bands (OPSv54 data). Filled squares denote
statistically significant values at a significance level ≥ 95%.
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5 Summary and conclusion

The Tropopause (TRP), the transition layer between troposphere and stratosphere, is
one of the key regions in the atmosphere. In this work its properties, characteristics, and
role in the atmosphere were discussed. Different TRP definitions were introduced. The
focus lied on the definitions of thermal TRPs, in particular the Lapse Rate Tropopause
(LRT) and Cold Point Tropopause (CPT).
To investigate TRP parameters, a high vertical resolution of the data set is required.

During the last decades, radiosonde data have often been used to study TRP parameters.
However, Radio Occultation (RO) data are increasingly used for TRP investigation
recently. In addition to fulfilling the criterion of high vertical resolution, characteristics
of RO data include global coverage, high accuracy and precision, all-weather capability,
and long-term stability. These qualities make RO data a strong instrument for climate
research. In this work, the measurement principle of this limb-sounding technique was
described as well as the retrieval of atmospheric parameters.
TRP parameters were derived from individual RO temperature profiles. The temper-

ature gradient was used to determine the LRT, while the local minimum of the temper-
ature profile yielded the CPT. Zero to a maximum of three LRTs/CPTs were found per
profile. The implementation of this algorithm was described in detail.
Finally, TRP altitude and temperature were presented in various ways to show spatial

as well as temporal characteristics and variations. Temperature profiles with LRTs and
CPTs were shown for different latitudes, demonstrating tropospheric and stratospheric
conditions, and the location of the LRTs and CPTs.
TRP parameters change with latitude because the climatic conditions in both tro-

posphere and stratosphere are latitude-dependent. TRP altitude and temperature of
individual RO profiles plotted versus latitude showed the low TRP altitudes (high TRP
temperatures) at high latitudes and high TRP altitudes (low TRP temperatures) in the
tropics, and multiple TRP occurrence in the transition zones. Spread of TRP parameters
was largest in regions of the subtropical jets.
Longitudinal variations may not be as strong, but they do occur due to sea and land

coverage, circulation patterns, and orography. Generally, little longitudinal variability
could be seen in the Southern Hemisphere (SH). In the Northern Hemisphere (NH), TRP
altitudes (temperatures) were exceptionally low (warm) at the large-scale Rossby wave
troughs at the eastern side of continents. There were exceptionally high TRP altitudes
above the Middle East and Southern Asia in summer, while TRP altitudes were rather
low above southern USA, Mexico, and the Pacific Ocean between 15°N and 45°N.
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Second Tropopauses (TRP2s) occurred at latitudes between 20° and 50° throughout
the year in the SH. In the NH, TRP2s only occurred in hemispheric winter (when the
subtropical jet is strongest) for these latitudes. In NH summer, Double Tropopause
Occurrence (DTO) was restricted to Asia and southern Europe.
To investigate the annual cycle of TRP parameters, the mean and median were com-

puted on a monthly basis for 10° latitude bands. In the tropics, First Tropopause (TRP1)
altitude had its maximum in NH winter and its minimum in NH summer, following the
annual cycle of equatorial upwelling. In the extratropics, TRP1 altitude reached its max-
imum in hemispheric summer and its minimum in hemispheric winter. Exceptions were
NH high latitudes with a combination of a single wave pattern and double wave pattern,
and SH high latitudes where TRP1 altitudes were highest in SH summer and lowest in
SH winter. TRP1 temperatures reversely followed the annual cycles of TRP1 altitudes
for all latitudes except NH high latitudes. There, TRP1 temperatures did not show a
mixed single wave and double wave pattern, but a single wave pattern with maximum
temperatures in summer and minimum temperatures in winter.
Time series of TRP2 altitudes showed no annual cycle in the tropics, a weak annual

cycle at mid latitudes, and a distinct annual cycle at high latitudes. TRP2 temperatures,
on the other hand, showed a rather clear annual cycle in the tropics, and a very strong one
at high latitudes. No annual cycle could be seen for Third Tropopause (TRP3) altitudes,
while there was a strong annual cycle for TRP3 temperatures, with an amplitude of up
to 50K in the SH.
DTO and Triple Tropopause Occurrence (TTO) were generally highest at subtropical

and polar latitudes, and peaked in hemispheric winter. DTO reached more than 80%
(which means that more than 80% of the profiles have two TRPs) at some latitudes,
while TTO rarely exceeded 10%.
The time series from September 2001 to December 2010 was rather short for a trend

analysis, but global coverage with RO data allowed to investigate latitudinal trends. The
annual cycle was removed from the 10° averaged data, and multiple regression analysis
(including El Niño-Southern Oscillation (ENSO) and Quasi Biennial Oscillation (QBO)
proxies) was applied to the anomalies.
Altitude trends of the parameters (mean and median of First Lapse Rate Tropopause

(LRT1) and First Cold Point Tropopause (CPT1)) between 30°S and 20°N ranged from
−100m/decade to 75m/decade and were generally non-significant. They mostly be-
came statistically significant from 50°S to 30°S and from 20°N to 50°, and reached
values between 100m/decade and 400m/decade. Schmidt et al. (2010) explained the
negative TRP altitude trend in the tropics by the rather strong positive trend in lower
stratospheric temperatures, which compensates the weaker positive trend in upper tropo-
spheric temperatures and forces tropical TRP altitude to decrease. Temperature trends
between 30°S and 20°N ranged from 0.4K/decade to 1.0K/decade and were mostly
statistically significant. From 50°S to 30°S and from 20°N to 50°, they became non-
significant in large part, and reached values between −1.1K/decade and 0.0K/decade.
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Abstract: 
The tropopause is a transition layer in which the atmosphere changes from tropospheric to 
stratospheric conditions. Tropopause characteristics contain a wide range of information. 
Tropopause altitude, for example, has been suggested to be an indicator of climate change, 
as it is sensitive to air temperature changes of both troposphere and stratosphere. 
In this thesis, a general overview of the tropopause is given, and its role in the atmosphere is 
discussed. This work focuses on the thermal tropopause, and interpretation and 
implementation of this definition are explained in detail. 
To compute tropopause parameters from temperature profiles, a high vertical resolution of 
the data set is required. This work is based on GPS radio occultation data, which do not only 
fulfill the criterion of high vertical resolution, but also feature characteristics like high accuracy 
and precision, all-weather capability, and long-term stability. In addition, global coverage of 
radio occultation measurements allows to study spatial variations thoroughly. 
In this thesis, lapse rate tropopause and cold point tropopause altitude and temperature are 
investigated. Spatiotemporal characteristics are discussed on the basis of individual profiles. 
The annual cycle is investigated for different latitude bands on the basis of monthly averaged 
data. Double and triple tropopause occurrence as well as their characteristics are discussed. 
A trend study using multiple regression analysis is performed for the time series from 
September 2001 to December 2010. 
 
Zum Inhalt: 
Die Tropopause bildet die Übergangszone von Troposphäre zu Stratosphäre. Charakteristika 
der Tropopause beinhalten Information über den Zustand der Atmosphäre. Die 
Tropopausenhöhe etwa reagiert auf Temperaturänderungen in Troposphäre und 
Stratosphäre und kann als Indikator für Klimaänderungen betrachtet werden. 
In dieser Arbeit wird eine Einführung in die Tropopause gegeben sowie ihre Rolle in der 
Atmosphäre diskutiert. Der Fokus liegt auf der Interpretation und Implementierung der 
thermischen Tropopause. 
Tropopausenparameter werden von Temperaturprofilen berechnet, wobei eine hohe vertikale 
Auflösung Voraussetzung ist. Die Radiookkulationsmethode liefert hochaufgelöste 
Temperaturprofile von hoher Genauigkeit und globaler Abdeckung, und ist zusätzlich 
kalibrationsfrei und wetterunabhängig. Diese Eigenschaften machen genaue 
Untersuchungen räumlicher Variationen möglich. 
In dieser Arbeit werden die Tropopausenparameter Höhe und Temperatur behandelt. 
Zeitliche sowie breiten- und längenabhängige Tropopausencharakteristika werden auf der 
Basis von Einzelprofilen untersucht. Der Jahresgang verschiedener geographischer Breiten 
wird mithilfe zonaler Monatsmittelwerte diskutiert. Die Häufigkeit bzw. Charakteristika von 
zweiten und dritten Tropopausen in einem Temperaturprofil werden für verschiedene Breiten 
und Jahreszeiten analysiert. Die Zeitreihe von September 2001 bis Dezember 2010 
ermöglicht eine Studie bezüglich der Trends von Tropopausenhöhe und -temperatur. 
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