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Abstract

The main entrance region for trace gases which are emitted in the troposphere reaching
the stratosphere, is the tropical tropopause layer (TTL). Chemical and dynamical processes
within the TTL control the amount of trace gases entering the stratosphere.

In this study a Lagrangian analysis of the upper TTL is presented, using backward trajec-
tory calculations with a kinematic method. The Lagrangian approach is applied in order to
determine the main entrainment regions of air masses into the stratosphere - the Lagrangian
cold points (LCP)- with the new reanalysis product ERA Interim. Further, it is evaluated
how well climate models are able to reflect the basic LCP temperature and distribution.
Additionally, future simulations are analyzed in order to understand the evolution of the
TTL in a changing climate. This calculation is carried out employing ERA Interim data for
the period 1979-2011 and different CCMs from CCMVal-2 and one model from the CMIP5
project, analyzing one decade in the past (1990s) and two decades in the future (2040s and
2090s).

As shown by ERA Interim, the main air mass entrainment is located over the tropical West
Pacific, where more than 50% of the air masses enter the stratosphere on annual average.
Generally, the analyzed climate models are able to capture this main entrance region for
stratospheric air masses. Further, it is shown that also other convective regions, like South
America, West Africa and the Indian Ocean play a larger role as entrainment regions in the
reanalysis and the climate models compared to previous studies. During NH winter the West
Pacific becomes even more important as entrance region for air masses to the stratosphere
(62%), which is also simulated by most of the climate models.

A new diagnostic method for analyzing the impact of the tropical widening on the upper
TTL is presented in this thesis. By analyzing the meridional extension of the LCPs a sig-
nificant broadening of the upper TTL is detected by ERA Interim of 1.2° lat/dec on the
annual average between 1979-2011, indicating an increase of air mass entrainment into the
stratosphere. However, the broadening of the upper TTL revealed larger transitions prior
to the year 2000 than afterwards, possibly due to changes in the stratospheric circulations
at the same time. Most of the climate models reveal a slight positive change of the width of
the upper TTL as well for the time period 1990-1999, though the results are not significant.
For the future scenarios the climate models project an increase of the LCP temperature
around 1 K from the 1990s to the 2090s. Additionally, by determining the spatial evolution
of the LCP occurrence, all climate models agree with each other by projecting an increase of
the air mass entrainment over the West Pacific by 2% to 8% annually averaged. Simultane-
ously, a slight broadening of the upper TTL within the whole tropics and in particular over
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the main entrance region, the West Pacific is projected by the climate models on the annual
average. These results suggest that the role of the tropical West Pacific as main entrance re-
gion for air masses into the stratosphere will be even more pronounced in a changing climate.



Zusammenfassung

Der Haupteintragungsort fiir Spurengase, die in der Troposphéare emittiert werden und bis
hinauf in die Stratosphére gelangen, ist die tropische Tropopausenschicht (TTL). Chemische
und dynamische Prozesse innerhalb dieser Schicht kontrollieren den Anteil an Spurengasen,
die tatséachlich in die Stratosphare transportiert werden.

In dieser Arbeit wird mithilfe von Riickwartstrajektorien eine Lagrange Untersuchung der
oberen TTL durchgefiithrt, die auf der kinematischen Methode basiert. Diese Lagrange
Naherung dient dazu den Haupteintragungsort von Luftmassen in die Stratosphare, der
durch den Lagrangen Kéltepunkt (LCP) bestimmt wird, anhand des neuen Reanalysepro-
duktes ERA Interim zu ermitteln. Desweiteren werden unterschiedliche Chemie Klimamod-
elle (CCM) in Bezug auf ihre grundsétzliche Darstellung der LCP Temperatur und Verteilung
evaluiert. Zukunftssimulationen werden ausgewertet, um die Entwicklung der Eigenschaften
der TTL in einem sich dndernden Klima zu untersuchen. Unter Anwendung des ERA In-
terim Datensatzes (1979-2011) und unterschiedlichen CCMVal-2 CCMs und einem Modell
des CMIP5 Projektes, werden diese Berechnungen fiir ein Jahrzehnt in der Vergangenheit
(1990er Jahre) und zwei Jahrzehnte in der Zukunft (2040er und 2090er Jahre) durchgefiihrt.
Basierend auf den Ergebnissen von ERA Interim, befindet sich der Haupteintragungsort
fiir Luftmassen iiber dem tropischen West Pazifik, wo mehr als 50% der Luftmassen im
Jahresmittel die Stratosphare erreichen. Generell sind die unterschiedlichen CCMs féhig
diesen Haupteintragungsort fiir Luftmassen wiederzugeben. Weiter wird gezeigt, dass auch
andere konvektiv dominierte Regionen neben dem West Pazifik, wie Siid Amerika, das West-
liche Afrika und der Indische Ozean zwar eine untergeordnete Rolle als Haupteintragungsort
fiir Luftmassen in die Stratosphéahre spielen, sich hier jedoch im Vergleich zu fritheren Stu-
dien starker hervorheben. Wahrend des norhemisphérischen Winters wird dem West Pazifik
eine noch ausgepragtere Rolle als Haupteintragungsort fiir Luftmassen in die Stratosphare
zuteil, welcher auch von den Klimamodellen wiedergegeben wird.

Um die Verbreiterung der oberen TTL zu untersuchen, wird in dieser Arbeit ein neues Di-
agnoseverfahren vorgestellt. Indem die meridionale Ausbreitung der LCPs untersucht wird,
kann man eine signifikante Verbreiterung der oberen TTL von 1.2° Breitengrad pro Dekade,
basierend auf ERA Interim von 1979-2010, feststellen, welche eine Zunahme des Luftmassen-
transportes in die Stratosphére andeutet. Die Verbreiterung der oberen TTL weist jedoch
eine starkere Zunahme vor dem Jahr 2000 auf als in den Jahren danach, was moglicherweise
auf Anderungen in der stratosphérischen Zirkulation in dieser Zeit zuriickzufithren ist. Die
meisten der Klimamodelle lassen eine positive Anderung der Breite der oberen TTL zwischen
1990 und 1999 erkennen, jedoch sind die Ergebnisse nicht signifikant.
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Die Zukunftssimulationen zeigen eine Zunahme zwischen den 1990er und 2090er Jahren der
gemittelten LCP Temperatur von 1 K auf. Ferner stellte sich bei allen Klimamodellen bei
Betrachtung der LCP Héaufigkeit eine Zunahme des Luftmasseneintrages tiber dem West
Pazifik um 2% bis 8% von den 1990er bis 2090er Jahren heraus. Gleichzeitig wurde eine
schwache Verbreiterung der oberen TTL im gesamten tropischen Bereich im Jahresmittel
insbesondere iiber dem Haupteintragungsort fiir Luftmassen, dem West Pazifik, von den
Klimamodellen projiziert. Diese Ergebnisse deuten an, dass die Rolle des tropischen West
Pazifiks als Haupteintragungsregion fiir Luftmassen in einem sich d&ndernden Klima noch an
Bedeutung dazugewinnen wird.
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Chapter 1

Introduction

The tropical tropopause layer (TTL) is the transition region between the tropical troposphere
and stratosphere, ranging from approximately 14 to 18.5 km and is laterally bounded by the
sub-tropical jets at around 30° (Fueglistaler et al., 2009). It is the main entrance region for
all trace gases being transported from the troposphere to the stratosphere, among them wa-
ter vapor and halogenated Very Short Lived Substances (VSLS). VSLS are defined as trace
gases with atmospheric lifetimes less than six months. The last years brought the discovery
of VSLS significantly contributing to the stratospheric ozone depletion, in addition to the
long-lived ozone depleting substances (ODS) like chlorofluorocarbons (CFCs), (e.g WMO,
2003; Salawitch et al., 2005; WMO, 2007). VSLS are mainly of natural origin and have, by
definition, atmospheric lifetimes shorter than 6 months. When chemically active trace gases
enter the stratosphere through the TTL, their concentration is controlled by the dynamical
and chemical processes within this layer. But also a change of the meridional extension
of the TTL, hence the entrance region, could have a large impact on the amount of trace
gases that can enter the stratosphere from below. It is crucial to a better understanding
of key processes in the TTL in order to improve predictions of the stratospheric chemical
composition in a changing climate.

Trace gases, which are emitted from the Earth’s surface and the oceans, can reach the TTL
through upward transport by tropical deep convection until they reach the TTL. Once they
reach the level of zero radiative heating (LZRH), the ascending branch of the Brewer-Dobson
Circulation (BDC) carries them further upward into the stratosphere. The short and long-
term variability of trace gases, are linked to the variability of the minimum temperature
in the upper TTL, the so-called cold point tropopause (CPT) (Randel et al., 2004). Only
these temperatures are low enough to allow dehydration of the moist tropospheric air to the
observed low values of water vapor in the stratosphere (Brewer, 1949).

Recently, a widening of the tropical belt was identified by several studies, which are mainly
based on observations of different atmospheric characteristics within the troposphere (e.g.
Seidel et al., 2008; Davis and Rosenlof, 2012). The tropical belt is meteorologicaly defined
via the large scale atmospheric circulation systems like the position of the jet streams and
the Hadley circulation (Fueglistaler et al., 2009). Changes in the Hadley cell and the BDC
in turn could effect the meridional extent of the TTL, which is also reflected by changes
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in the mid-latitude storm tracks (Gettelman et al., 2009). Changes in the tropical width,
associated with a displacement of atmospheric circulation systems like the Hadley cell, would
also alter the structure and the transport in the TTL (Fueglistaler and Haynes, 2005). Most
of the previous studies use atmospheric features of the troposphere to identify a change in
the tropical borders. In contrast, this study uses transport characteristics in the upper TTL,
which is stratospheric influenced, to analyze whether the upper TTL reflects a broadening
of the tropical belt as well.

The cause for the change of the tropical belt was analyzed by Lu et al. (2009) using re-
analysis data and two GFDL model simulations. One simulation is forced by observed sea
surface temperatures (SSTs) and sea ice, the other is additionally forced by estimated radia-
tive forcing from natural (solar and volcanic aerosol) and anthropogenic sources (well-mixed
greenhouse gases GHG, tropospheric and stratospheric ozone, and tropospheric aerosols).
They use the frequency of high tropopause days to define tropical borders. Although the
model indicates a weaker broadening compared to observations, the authors attributed this
change to direct radiative forcing from natural and anthropogenic sources. Chemistry Cli-
mate model (CCM) simulations based on future atmospheric scenarios under the influence
of GHGs and CFCs, suggest a warming and a lifting of the cold point tropopause until the
end of the 21st century (Gettelman et al., 2010). Based on future simulations from Coupled
Model Intercomparison Project Phase 5 (CMIP5), Hu et al. (2013) analyzed a poleward shift
of the Hadley circulation indicating a broadening of the tropical belt until the end of the
21st century.

This study aims to investigate transport processes in the upper TTL and a possible widen-
ing of this region in past, present and future climate. A Lagrangian transport model, which
is applied in this study, is a useful tool to investigate the question of possible transport
changes in the TTL. Trajectories obtained from Lagrangian model studies can be used to
analyze the individual pathways, the density and the temperature history of air parcels.
The Lagrangian cold point (LCP), the lowest temperature of a trajectory, is the so-called
“dry point” controlling the amount of water vapor that can reach the stratosphere. Since
no washout occurs above the LCP and air is ascending, the LCP determines the uppermost
boundary of the TTL. One of the first Lagrangian studies that analyzed the transport in
the TTL was by Jackson et al. (2001) based on forward trajectories driven by large scale
meteorological datasets. The authors initialized trajectories on the 150 hPa level within
four main convective regions and noted that the majority of trajectories stayed within the
troposphere and that hence, the LCP was not captured well. Using Lagrangian calculations
forward and backward in time based on ERA-40 data, Fueglistaler et al. (2004) revealed
the importance of different geographical regions for the troposphere-stratosphere-transport
(TST), highlighting the West Pacific as main contributor for stratospheric air. Several La-
grangian ECMWPF based studies showed differences in predicted water vapor during El Ninio
and La Nina conditions (Bonazzola and Haynes, 2004), and good agreement of the water
vapor amount derived with the Lagrangian approach compared to radiosonde and satellite
measurements (Fueglistaler and Haynes, 2005). Another study by Kriiger et al. (2008) pre-
sented a long term climatology of TTL processes using ERA-40 and operational ECMWF
data based on diabatic heating rates. The authors showed that there is a disagreement
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between the diabatic and the kinematic method in the calculated amount of air masses
reaching the stratosphere within different regions. Their trajectories indicated improved
performance of the Lagrangian approach using the “diabatic method”, where diabatic heat-
ing rates are used instead of vertical winds (“kinematic method”) to drive vertical motion.
However, Ploeger et al. (2010) showed a reduction of the differences between the two dif-
ferent methods (kinematic and diabatic) using the new ECMWF reanalysis ERA Interim.
Kremser et al. (2009) analyzed two CCMVal-1 CCMs (E39/C and FUB-CMAM-CHEM) for
different reference years and seasons, which indicate a fairly good geographical distribution
of the LCPs compared to ERA-40 data during an ENSO neutral event. However, the CCMs
seem to have difficulties in reproducing LCP temperatures well and partly the LCP distri-
butions during EI Nino or La Nina events.

This Lagrangian study is based on the new ERA Interim assimilation from 1979-2011,
which revealed improved vertical velocity fields compared to the older ECMWEF products
(Dee et al., 2011; Monge-Sanz et al., 2012). Model output of different CCMs from CCMVal-
2 and of one CMIP5 model, simulating the recent past and the future until the end of the 21st
century, are analyzed as well. These CCMs use advection schemes for the transport of the
chemical compounds, which are driven by vertical and horizontal winds; no diabatic heating
rates were available. As a consequence, this study is based on the kinematic method for both
applications, reanalysis and the climate model data. The applied CCMs take into account
a well-resolved stratosphere and stratospheric ozone chemistry, but most of the models use
prescribed SSTs as lower boundary. The model from CMIP5 has a well-resolved stratosphere
as well and includes a fully coupled ocean, however stratospheric chemistry is missing. One
essential goal of this study is to analyze how well those climate models are able to reproduce
recent changes and variabilities, enabling us to evaluate the TTL changes in a future climate.

In the present study, long-term changes of the upper TTL of ERA Interim and different
climate models will be investigated in more detail. By analyzing the LCP temperature and
geographical distribution and with a new method the poleward extension of the LCPs, the
following questions will be addressed:

e How is the upper TTL represented in ERA Interim reanalysis?

e Where is the main entrance region for trace gases into the stratosphere using ERA
Interim?

e How well do the different climate models reproduce upper TTL characteristics from
ERA Interim?

e [s there a change in the width of the upper TTL in ERA Interim and climate models
i the past and the present?

e Does the TTL change in a future climate?



Outline

An overview of main atmospheric processes in the atmosphere and in the TTL is presented
in chapter 2. One of the main questions - whether a broadening of the tropical belt is also
reflected in the upper TTL - will be introduced and motivated there. Chapter 3 describes
the different datasets and methods, which are applied within this study in more detail.
Furthermore, the fundamentals for the Lagrangian transport model, the model setup and
analysis method are described. In chapter 4, climatologies of the LCP and their occurrence
within different regions is presented and discussed for ERA Interim and for different climate
models for the recent past. The analysis of the broadening of the upper TTL is based on
a new method defining the poleward extension of the LCP distribution (chapter 5). The
annual and seasonal change of the LCP distribution is analyzed for the whole tropics and for
different geographical regions within the tropics based on ERA Interim and seven climate
simulations. In chapter 6, future changes of the TTL, which can be attributed to changes in
temperature, occurrence and poleward extent of the LCP, are analyzed using three climate
models. A conclusion and outlook is presented in chapter 7.



Chapter 2

Basics

2.1 Structure of the atmosphere

The atmosphere of the Earth is a complex system formed by physical and chemical processes.
Based on the vertical structure of the temperature, the atmosphere is divided into different
layers, which are defined by characteristic properties and processes. Figure 2.1 shows a
typical temperature profile of the atmosphere. Two temperature maxima are visible, one at

the surface and one at the stratopause (50 km).
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Fig. 2.1: Temperature and pressure profiles through the layers of the atmosphere (Gottwald et al.,
2006).
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The first layer, the troposphere, begins at the surface and extends up to 9 to 13 km at higher
latitudes and up to 17 to 18 km in the tropics. Most of the atmospheric mass is contained
within the troposphere (90%) (Labitzke and Loon, 1998). Since most of the weather events
occur in this layer, it is also known as “advection” or “weather” layer. The word troposphere
is derived from the Greek, where “tropos” means “change”, which describes the behaviour of
the well mixed turbulent troposphere. In general, the temperature decreases monotonically
from the surface to the tropopause, which separates the troposphere from the stratosphere
above. The highest tropopause is located in the tropics. The high surface temperatures
and the high amount of water vapor there provide energy for deep convection, deepening the
tropopsphere. From the equator to the poles the height of the tropopause drops rapidly. The
lowest temperatures of the tropopause are reached at the equator. Within the tropics the
tropopause becomes the transition layer, where most of the exchange of air masses between
the troposphere and the stratosphere takes place (see section 2.3.1).

The stratosphere is the second atmospheric layer above the surface. It extends up to the
stratopause in approximately 50 km height, which separates the stratosphere from the meso-
sphere. In the stratosphere the majority of natural ozone is produced. The ozone absorbs
the harmful UV-radiation from the sun and converts the evolved electromagnetic radiation
into heat, which leads to the inverse temperature gradient. Thus, the temperature increases
steadily with altitude in this layer, which makes the stratosphere dynamically stable. The
stratosphere got its name from its characteristic, where the Latin word “stratus” means
“layered”.

In the mesosphere, the temperature decreases again with altitude up to the mesopause. Dur-
ing polar summer, the mesopause is located at around 90 km above the surface, where the
lowest temperature of the atmosphere exist. This coldest place of the atmosphere occurs
due to the braking of gravity waves combined with the preferred eastward propagation of
gravity waves in the mesopause region during summer (Labitzke and Loon, 1998). On the
respective winter hemispheres the mesopause can be found at higher altitudes at around 100
km with higher temperatures. The mesopause separates the mesosphere from the thermo-
sphere, which is located above. The thermosphere extends up to the limit of the atmosphere
at 500-600 km altitude (Malberg, 1997). The temperature increases strongly due to the
absorption of X-rays and gamma radiation from the sun. There, the physical processes and
laws of meteorology are not longer valid. Due to the very low air density in that altitude,
thermal conduction is not possible any more.

2.2 Global circulation

Three circulation cells are located in the lower atmosphere, surrounding the Earth. The
Hadley cell, the Ferrel cell and the Polar cell. They were observed already in the 18th
century. The Hadley cell (HC) describes an atmospheric large scale meridional circulation
in the tropical troposphere. Due to the surface temperature gradient between the equator
and the poles, evolving from the high solar insolation at the equator diminishing towards
the poles, energy is transported polewards. Warm humid air rises at the equator, which



2. Basics 7

moves poleward near the tropopause, where the air cools and sinks slowly between 30° and
35° latitude. The Coriolis effect turns the equatorward flow of the HC near the surface to
the west resulting in a northeast and southeast component on the northern and southern
hemisphere respectively. These so-called trade winds are the dominating wind system in
the tropics, converging at the equator to the Inter Tropical Convergence Zone (ITCZ). The
schematic in Figure 2.2 illustrates some atmospheric features, which are described in this
section.

At the poleward edges of the trade winds, the vertical component of the circulation is directed
downward, resulting in the subtropical high pressure belt. From around 35° to 70° latitude
prevailing westerlies dominate this part of the Farth’s surface. Typical for this zone are
the development of wave-motions due to large horizontal temperature gradients. They can
propagate up into the higher atmosphere with different wave-lengths (see section 2.2.1).
Between 60° and 70° latitude the polar front is located, separating two main air masses, the
cold polar air and the subtropical warm air. The polar cell describes a circulation within
the troposphere, located on the poleward side of the polar front, where still relatively warm
air rises at around 60°. The air sinks at the poles, resulting in a cold and dry high pressure
area at surface. In contrast to the Polar and Hadley cells, which are thermally direct cells,
the Ferrel cell is a thermally indirect cell and represents the reverse flow of them. The Ferrel
cell is located equatorward of the HC towards the polar front and describes a poleward and
eastward flow near the surface.

On each hemisphere, two narrow air currents from east to west between the troposphere and
the stratosphere can be found reaching high wind speeds of around 100 m/s. At around 30°,
in the zone between the tropical and extratropical tropopause region (see section 2.3.1), the
subtropical jets are located. They emerge from the Coriolis effected poleward flow of the
air of the HC. At the polarfront the strongest jet streams, the polar jets, evolve. Both jets
are formed due to large meridional temperature gradients, which cause tropopause breaks
in that regions as well.

2.2.1 Brewer Dobson circulation

In 1949, Alan Brewer was the first scientist detecting a global meridional circulation in the
stratosphere. He carried out trace gas measurements over South England. One of the ob-
served quantity was atmospheric humidity. It can be measured by the “frost point”, which is
the temperature below the water vapor content of an air mass that will condensate. He ob-
served very low values of water vapor in the stratospheric air, which were found immediately
above the tropopause. The frost point of the stratospheric air experienced a rapid drop of
~20 K. Due to this observation, Brewer suggested that this phenomena in the stratosphere
can only be explained by a slow mean upwelling motion of air from the tropical tropopause
into the stratosphere (Brewer, 1949). Only in the tropical tropopause the temperatures are
low enough to dehydrate the air to the values observed over South England (mid-latitudes).
From the tropical stratosphere the air moves poleward and sinks into the troposphere in
extra tropical and polar regions. This phenomenon is also the explanation why the tropical
atmosphere contains much less ozone than the observed values of the polar air, even if ozone
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Fig. 2.2: A schematic of atmospheric phenomena to distinguish the tropics (Seidel et al., 2008).

is mostly produced in the tropical stratosphere. Even then Dobson et al. (1929) speculated
about a poleward movement of air in the stratosphere based on the ozone distribution from
very few available observations at that time. However, only in 1956 he revived his thoughts
due to the increased number of ozone measurement and the previous work from Alan Brewer
(Dobson, 1956). This slow mean upwelling motion in the tropics from the upper troposphere
into the stratosphere and poleward and downward movement in the stratosphere is called
the Brewer Dobson Circulation (BDC).

The BDC results from atmospheric waves in the troposphere. Planetary and gravity waves
develop through temperature differences between ocean and land or from interactions of
winds with the Earth surface. Those waves can propagate from the troposphere into the
stratosphere and mesosphere respectively, whilst their amplitudes grow with decreasing air
pressure. There are seasonal differences in matters of the strength and the behavior of the
BDC. The westerlies, which are located in the extratropical troposphere, are strongest dur-
ing winter (Labitzke and Loon, 1998). Additionally, in the stratosphere westerly winds exist
on the winter hemispheres, whereas during summer easterlies are present. Planetary waves,
which transfer energy, are able to propagate vertically as well when westerlies are dominat-
ing and hence penetrating into the stratosphere. This gives the BDC a greater significance
during winter. In the stratosphere only planetary waves with wave-number 1-3 can propa-
gate (Charney and Drazin, 1961). When easterlies or too strong westerlies arise these waves
can not propagate into the stratosphere. Gravity waves are able to propagate further and
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Fig. 2.3: Schematic of the Brewer Dobson circulation (Holton et al., 1995). The thick black line
denotes the position of the tropopause, whereas the wavy-arrows visualize meridional
transport by eddy motions.

break due to instability in the mesosphere. When the waves break, impulse and energy is
delivered to the atmosphere. Within the developed wave braking area, the so-called “surf
zones”, which are mainly located in the extratropical region, horizontal mixing takes place
(McIntyre and Palmer, 1983). Additionally, the westerlies in the mid latitudes slow down,
caused by the wave induced impulse and energy transfer. The resulting deceleration and the
unbalanced quasi-geostrophic equilibrium leads to a northward stream component, which

drives the residual circulation. This phenomenon is also called the

‘wave driven extra trop-
ical pump”, (Holton et al., 1995, Figure 2.3). This definition refers to the pumping effect of
the poleward stream on the tropical and polar air masses. Figure 2.3 shows a schematic of
the BDC, with upwelling at the equator and the wave-driven poleward flow with the resulting

large-scale subsidence at high altitudes (Holton et al., 1995).

2.3 The tropopause

The tropopause is the boundary between the troposphere and the stratosphere. It is typ-
ically characterized by a temperature inversion layer in the atmosphere from the surface
(Figure 2.1) and was discovered at the beginning of the 20th century. In the 1890s Richard
Assman a German Meteorologist, carried out several unmanned balloon flights and found
some indications of an inversion layer in the higher atmosphere. However, he was skeptical
about the measured temperatures and forced future manned balloon flights. In July 1901,
two German balloonists, Reinhard Uring and Arthur Berson, were appointed to carry out
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the first manned balloon measurements to high altitudes. During the implementation of the
balloon flight, both scientists fainted despite of a good oxygen supply at approximately 10
to 11 km. However, they were able to strain the security leash in time to sink back to the
Earth surface alive. In May 1902, Leon Teisserenc de Bort, in France, and Richard Assman
in Germany, published about the existence of the tropopause and an overlying stratosphere
at the same time. They used instruments lifted up by several unmanned balloons to high
altitudes during the year 1901, obtaining comparable results to the manned balloon mea-
surements (Labitzke and Loon, 1998).

Due to different physical and chemical characteristics within the stratosphere and the tropo-
sphere, the height of the tropopause can be defined by several ways. Based on the vertical
temperature profile of the atmosphere there exists the thermal tropopause, which was defined
by the World Meteorological Organization (WMO). After this definition, the tropopause was
assumed as “lowest level at which the temperature lapse rate decreases to 2° C/km or less,
and also the average lapse rate between this level and all higher levels within 2 km does
not exceed 2° C/km” (WMO, 1957). In other words, the tropopause is defined by its static
stability, which increases from the troposphere to the stratosphere. Another common “ther-
mal” definition for the tropopause is the “cold point tropopause” or “cold point temperature”
(CPT). Thus, the tropopause can be also approximated by the temperature minimum. These
two definitions are most appropriate for the tropics

Dynamically, the stratosphere can be distinguished from the turbulent troposphere due to its
high static stability, associated with monotonically increasing potential temperature values
within the stratosphere.

The potential temperature 6 of an air parcel at the given pressure p and the current tem-
perature T', is defined as the temperature the air parcel needs if it would be brought to a
reference pressure pg, dry-adiabatically. It is defined as following:

0=T-(po/p)" (21)

k = R/c, =0.286 represents the adiabatic exponent for dry air where R=287 J/(kg - K) is
the specific gas constant, ¢,=1003 J/(kg - K) the heat capacity at constant pressure and
Po=1000 hPa the reference pressure. The potential temperature (Equation 2.1), is a con-
served quantity and the vertical gradient of # is a measure of stability in the atmosphere.
As the stratosphere has a widely stable stratification, # is increasing with height and thus,
a geometric allocation is possible. Figure 2.4 presents a vertical cut of zonally averaged
potential temperature and temperature for January 1993 from United Kingdom Meteoro-
logical Office (UKMO) analyzes. The extratropical tropopause can be approximated by the
“dynamical” definition. Here, the tropopause is defined by a surface of constant potential
vorticity (PV), which is a measure of the horizontal wind shear. Based on observations, the
extratropical tropopause was found near the 2PVU surface (Holton et al., 1995). Due to the
dependence on the Coriolis force, potential vorticity becomes zero at the equator and the
dynamical tropopause is not valid anymore. Within the tropics the 380 K 6 level is often
used to approximate the tropopause. In Figure 2.3 the 380 K 6 level, which approximates the
tropopause in the tropics is located in the lower boundary of the “stratospheric overworld”
(isentropes are entirely in the stratosphere), but it should be kept in mind that the actual
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Fig. 2.4: Latitude-altitude cross section for January 1993 showing longitudinally averaged potential
temperature (solid line) and temperature (dashed line), dynamical tropopause is marked
by the heavy solid line of the 2 PVU (1PVU = 107%m?/s K/kg) potential vorticity
contour. The shaded area, where the isentropes cross the tropopause, represents the
lowermost stratosphere (Holton et al., 1995).

boundary is somewhat variable (Holton et al., 1995).

Due to different concentrations of chemical species between the troposphere and the strato-
sphere there also exists a “chemical” definition of the tropopause. Based on the change of
the correlation of ozone (O3) and Carbon monoxide (CO) between the troposphere and the
stratosphere, Zahn et al. (2004) defined a “chemical” tropopause in the tropics. The authors
showed that their chemically derived tropopause revealed a constant value of 2 PVU. Thus,
the “chemical” and “dynamical” tropopause can be identical.

A definable structure of the tropopause is not possible everywhere. At the borders of the
large scale atmospheric circulation systems tropopause-breaks come along with the existence
of jet streams (see section 2.2). From the equator to the poles, the height of the tropopause
drops rapidly in the area of the subtropical and polar jets, especially when the jet is strong
and the connected fronts intense (Geerts and Linacre, 1997). The extense height of the tro-
popause in the tropics and the lower tropopause height in the extratropics is controlled by
the upwelling branch of the BDC in the tropics, which induces cooling and lifts the tropo-
pause, whereas the downwelling branch in the extratropics induces warming and lowers the
tropopause (Birner, 2010b).

As the tropical tropopause differs in respect to physical and chemical characteristics and
reveals rather a transition layer than a sharp boundary, the tropical tropopause layer will
be introduced in more detail in the following section.

2.3.1 The tropical tropopause layer

The tropical tropopause layer (TTL) is referred to be the main entrance region for atmo-
spheric trace gases like water vapor and other relevant climate gases like ozone depleting
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substances (ODS), traveling from the Earth surface up to the higher atmosphere. Thus, the
TTL acts as a “gate to the stratosphere” (Fueglistaler et al., 2009) and is essential if we
want to understand the chemical composition of the stratosphere.

The TTL is not a sharp, well-defined boundary between the troposphere, which is mainly
dominated by convection, and the stratosphere, which is mainly controlled by radiation.
The TTL can be regarded as an interface between these two dynamically different regimes,
where properties of the troposphere and the stratosphere can be observed (Fueglistaler et al.,
2009). The idea of a transition layer between the stratosphere and the troposphere is not
new. Bjerknes and Palmén (1937) registered multiple tropopause structures in radiosound-
ings and named the region in between the “sub-stratosphere”. Thereupon, in the following
publications the tropopause is defined as “transition layer” rather than a sharp intersection.
Highwood and Hoskins (1998) and Folkins et al. (1999) were the first publications mention-
ing the TTL.

Although the TTL is more an interface among the troposphere and the stratosphere, it is
still valuable to distinguish between these two regimes. Large differences are observable,
when looking at the time scale of the vertical transport of chemical species. In the tropo-
sphere, the vertical transport can take place within only some hours, when air is lifted up
by moist convection, or within several days in the mid latitudes via baroclinic eddy motions
(Holton et al., 1995). On the other hand in the stratosphere vertical transport is driven
by radiative heating or cooling and takes place on much longer timescales like months to
years. This significant difference of the timescales of the vertical transport is also the main
reason why it is possible to distinguish between the characteristics of the troposphere and
the stratosphere (Holton et al., 1995). Furthermore, there is a rapid change of the chemical
composition, like the decrease of water vapor mixing ratio and the increase in ozone mixing
ratio, when entering the stratosphere from below.

As the TTL is a transition layer where different characteristics of the troposphere and the
stratosphere occur, different definitions for the TTL exist. If the definition of the TTL is
more motivated by chemical tracers, clouds or thermodynamics, upper and lower boundaries
could be set higher or lower. E.g. Sherwood and Dessler (2001) set their boundaries of the
TTL from “the level of neutral buoyancy of the most buoyant tropospheric air at 150 hPa to
50 hPa, to the absolute highest possible overshooting height”. This definition corresponds
to the “entrainment zone” based on laboratory experiments of atmospheric boundary layers
from Deardorff et al. (1980). The definition of the TTL from Fueglistaler et al. (2009) is
mainly motivated by the large-scale dynamical structures that can be observed, thus levels
with important temperature and circulation characteristics are mainly distinguished. Cor-
responding to Fueglistaler et al. (2009), vertically the TTL extends approximately from the
height of main convective outflow at 150 hPa (14 km altitude or 355 K) to the height where
the lapse rate has its maximum at about 70 hPa (18.5 km altitude or 425 K). The temper-
ature minimum is located in the upper part of the TTL at approximately 90 hPa (17 km
altitude or 380 K). The level of zero radiative heating (LZRH) with radiative heating above
and cooling below, is located slightly above the level of main convective outflow at 125 hPa
(15.5 km altitude or 360 K). Laterally, the TTL is bounded by the position of the subtropical
jets (Fueglistaler et al., 2009).
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Fig. 2.5: A schematic of the tropical tropopause layer (TTL), shown as purple area. The level of
zero radiative heating (LZRH) is presented as yellow dashed line in the lower TTL. The
cold point tropopause is located at approximately 380 K in the tropics. The tropopause is
approximated with the orange bold line. Different isentropes are shown with blue dashed
lines for 340, 350, 360, 380 and 425 K. Green ellipses represent the subtropical jet core.
The Brewer Dobson circulation is illustrated by the thick blue arrows.

Figure 2.5 shows the extension of the TTL based on the definition used for this study. The
upper boundary of the TTL is located at the cold point tropopause or cold point (CP) tem-
perature, which is based on the vertical temperature structure similar to the TTL definition
from (Gettelman and de F. Forster, 2002). The CP temperature plays a crucial role in the
exchange of air masses between the troposphere and the stratosphere as the transport of
trace gases is mainly controlled by the temperature at the CP. Changes of the meridional
extent of the upper TTL are presented and discussed in section 2.5 and in chapter 5 based
on Lagrangian calculations.

2.3.2 Past and future changes of the TTL

Due to the fact that the TTL acts as a main entrance region for air masses carrying trace
gases into the stratosphere, future changes in the structure of the TTL may also modify the
transport (Fueglistaler and Haynes, 2005) and consequently trace gases like water vapor,
which in turn affects the chemical composition of the stratosphere. Changes in the behavior
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of the tropopause on longer time scales might be a relevant indicator of the anthropogenic
climate change (e.g. Santer et al., 2003). Changes in the large scale meridional circulation
may also effect the meridional extent of the TTL (Gettelman et al. (2009); Chapter 5).
The representation of the TTL has been analyzed in different Chemistry Climate Models
(CCMs). Even though large differences exist among the models, i.e. in representing the cold
point tropopause, the treatment of clouds and convection, they are able to reproduce the ba-
sic structure and some key properties of the TTL. Gettelman and Birner (2007) analyzed two
CCMs from CCMVal-1 (CMAM and WACCM) and found that both simulations reproduced
the correct TTL structure like the altitude of CP temperature or the location of the LZRH.
Furthermore, different CCMs from CCMVal-2 were able to reproduce historical trends from
reanalysis products like the tropical tropopause pressure decrease from 1980-1999 and the
overall negative water vapor trend measured by HALOE from 1992-2004 (Gettelman et al.,
2010).

Based on radiosonde data a negative temperature anomaly of the tropical lower strato-
sphere can be observed between 1979 and 2008 (Randel et al., 2009). However, this cooling
trend is stronger between 30 and 70 hPa compared to the 100 hPa pressure level. Another
observational based study, analyzing temperature anomalies of the tropical tropopause tem-
perature based on NCEP reanalysis and radiosonde data, reported a strong cooling especially
in the 1990s anticorrelated with Seasurface temperature (SST) anomalies in the underlying
ocean, indicating a direct influence of the underlying ocean on the tropical lower stratosphere
(Rosenlof and Reid, 2008). In contrast to the studies indicating a cooling of the tropical tro-
popause, Wang et al. (2012) showed by adjusting radiosonde data that the long-term cooling
trends are less certain. Further, they report that the height of the CP temperature has in-
creased more than previously thought. However, they argue that a decrease or an increase of
the CP temperature are both physically plausible due to a tropospheric warming occurring
simultaneously to a stratospheric cooling. Temperature observations of the tropical tropo-
pause temperature were anomalously low after 2000 (Randel et al., 2006), especially over the
warm pool region in the West Pacific (Rosenlof and Reid, 2008). Changes at the tropopause
temperature trend near the year 2000, might be caused by the observed change of ozone
trend showing a decrease after 2000, as well as to the stratospheric water vapor decrease
by about 10 % after 2000 (Randel et al., 2006; Solomon et al., 2010). Based on an atmo-
spheric model with coupled stratospheric chemistry, a striking change of the trend in the
tropopause pressure and temperature was identified near the year 2000 as well. The model
results indicate a slowdown of the decreasing tropopause pressure trend accompanied by a
change of the tropopause temperature trend relative to the year 2000. Before, the tempera-
ture revealed a decrease after 2000 an increase again (Austin and Reichler, 2008). (Li et al.,
2008) suggest that these changes are dominated by changes of the tropical upwelling, which
in turn is influenced by the ozone concentration in the lower stratosphere. An comparison of
ozone and temperature trends before the year 2000 in observations, CCMVal-2, CMIP3 and
CMIP5 models was carried out by Young et al. (2013). They indicated that the relationship
of the trends from climate models, which are partly analyzed within this study, are within
the range of observations. Another important consequence of a stronger TTL upwelling
might be a shorter stratospheric lifetime of chemical tracers due to a faster troposphere to



2. Basics 15

stratosphere transport (Randel and Jensen, 2013).

Future CCM simulations show a significant decreasing trend in the lapse rate tropopause of
-23 hPa and an increase of the cold point temperature over the 21st century of 0.5-1 K per
century (Gettelman et al., 2010, Figure 2.6). Additionally, CCMs project a “thinning” of
the TTL (after the definition of Gettelman and de F. Forster (2002) from the level of main
convective outflow to the CP temperature 12-18 km) of ~ -1.7 hPa/decade in the vertical
dimension, due to a simulated faster decrease in the Lapse Rate Minimum pressure compared
to the Lapse Rate Tropopause Pressure. Further, an increase of water vapor is simulated in
the lower stratosphere by 0.5-1 ppmv per century. Smaller but still significant changes for
the future TTL were shown by Austin and Reichler (2008) based on an atmospheric model
using coupled stratospheric chemistry with future GHGs scenarios from the Intergovernmen-
tal Panel on Climate Change (IPCC scenario A1B !). The authors suggest that the radiative
effect due to ozone recovery in the future contributes to an increase in the tropopause tem-
perature. But after 2040 the increasing SSTs caused by the increase in GHG concentration
accompanied by a warming of the troposphere, plays an even larger role. Due to a warming
of the tropical upper troposphere, the subtropical jets are strengthening, resulting in an in-
crease of the mean tropical upwelling in the lower stratosphere (Butchart et al., 2010). One
consequence of an increase in the tropical upwelling is a stronger upward TTL transport.
This in turn effects the ozone concentration in the tropical lower stratosphere, which de-
creases and might lead to lower temperatures there in the future (Randel and Jensen, 2013).
However, most CCMs predict a rising and warming of the cold point tropopause and an in-
crease of stratospheric water vapor, recent observations do not demonstrate those simulated
trends (Wang et al., 2012).

As the amount of trace gases in the lower stratosphere is controlled by the transport of air
masses from the troposphere to the stratosphere and the minimum temperature, it is crucial
to investigate the cold point temperature in more detail, which is the goal of the present
study.

2.4 The cold point temperature

The CP temperature is the minimum temperature of the lower atmosphere. Usually the
CP temperature is a good approximation for the tropical tropopause. The temperature of
the CP is important, as it defines the amount of tropical water vapor that can enter the
stratosphere (Holton and Gettelman, 2001). It was shown that the temperature minimum
can only exist in radiative equilibrium, above the region, which is influenced by deep con-
vection (Thuburn and Craig, 2002). The maximum altitude of tropical deep convection is
observed to be not higher than 200-150 hPa (Gettelman et al., 2002a). Although the CP can
in principle be decoupled from convection, Kuang and Bretherton (2004) showed a strong
connection between the location of the convective cooling maximum due to uplift and the
location of the CP using an cloud-resolving model. Furthermore, they found an increase in

!Balanced across all sources - best estimate temperature rise of 2.8°C until 2100.
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Fig. 2.6: Cold point temperature time series for future REF-B2 scenarios. Thin lines are linear
fits. Multimodel mean (MEAN) is the thick black line (Gettelman et al., 2010).

the height of the cold point temperature with increasing SSTs, but no increase in the CP
temperature at the same time, which might be probably due to ignoring the TTL ozone field
that could produce further temperature changes. There is observational evidence that the
temperatures in the TTL are affected by convections leading to significant cold anomalies in
the TTL (Kim and Dessler, 2004). A relationship between frequent convection penetrations
and low tropopause temperatures has been reported by (Gettelman et al., 2002b). How-
ever, the CP is more a stratospheric feature depending stronger on the photochemistry of
ozone than on convection (Mehta et al., 2008). The CP temperature in the tropics varies
on seasonal to interannual timescales largely due to variations in large scale ascent, which
in turn is connected to the BDC, Quasi-Biennial Oscillation (QBO), ENSO and volcanic
eruptions (Kuang and Bretherton, 2004; Randel et al., 2000, 2003, 2004; Zhou et al., 2001;
Kriiger et al., 2008). The influence of Volcanic eruptions were analyzed by Randel et al.
(2000), they found a warming and lowering of the tropical tropopause after the eruption
from El Chichon in 1982.

On a seasonal timescale the CP varies in its temperature and altitude from summer to win-
ter. During NH winter the temperatures at the tropical CPT are lowest compared to the
other seasons. This is caused mainly by enhanced wave driving during NH winter, which
lifts and cools the tropopause (Holton et al., 1995), see section 2.2.1. Based on radiosonde
data, Seidel et al. (2001) found that the CP is zonally and meridionally structured in dif-
ferent quantities like the temperature and potential temperature. From the equator to the
poles, the cold point temperature is increasing, as well as the potential temperature of the
CP. Zonally lowest CP temperatures occur over the maritime continent, which is associated
with localized deep convection where the tropopause height decreases with decreasing atmo-
spheric stability (e.g. Highwood and Hoskins, 1998; Seidel et al., 2001; Kim and Son, 2012).
Seidel et al. (2001) further mention particularly that the highest CP levels with lowest pres-
sure are not found over the western Pacific, but rather over Central America and Africa, as
higher surface air temperatures can occur over the continents.

On the annual timescales the CP reveals variability in matters of temperature and its geo-
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graphical distribution as well. Events like ENSO (Section 2.4.2) or the Indian monsoon are
the most dominant source for climate variability. They have a large impact on the location
and distribution of convection over the Pacific, which in turn influences the circulation and
temperature in the tropical tropopause region (Fueglistaler and Haynes, 2005).

2.4.1 The Lagrangian cold point

Trajectory calculations are used to analyze the location, where air enters the stratosphere.
This “entry point” point is given by the minimum temperature an air mass experiences
along its trajectory, the so called Lagrangian cold point (LCP). It also specifies the location
of minimum saturation mixing ratio of air masses entering the stratosphere. Thus, it can be
also termed as the “dry point” or “dehydration point” as an air mass gets dehydrated to its
minimum due to the temperature minimum. The location of the Lagrangian cold point is
not coincident with the so termed “cold point”, which refers to the lowest temperature in a
given vertical profile like the Eulerian cold point (ECP) does. The LCP has systematically
lower temperatures typically 2.5 K (and 4 K in potential temperature on the average) than
Eulerian cold points due to horizontal transport of air parcels during ascent into the strato-
sphere through regions with a horizontal temperature gradient (Fueglistaler et al., 2005).

Jackson et al. (2001) was one of the first studies, calculating the transport in the TTL with
trajectories based on large-scale meteorological datasets using 3D windfields. However, due
to the application of forward trajectories, the LCP was not captured well as the trajectories
stayed within the troposphere. That work was followed by several other Lagrangian studies
like Fueglistaler et al. (2004) using ERA-40 data from the year 2001 as input for forward
and backward trajectories analyzing the pathways of trajectories. The authors identified
the West Pacific, being the main contributor for stratospheric air. Bonazzola and Haynes
(2004) calculated large backward trajectory ensembles to determine pattern of transport
for stratospheric water vapor during different ENSO phases. A comparison of trajectory
model calculations based on ERA-40 with radiosonde data and satellite measurements was
carried out from Fueglistaler and Haynes (2005). They found good agreement of the water
vapor amount between observations and model calculations. Trajectory calculations based
on a larger time period from 1979-2001 with ERA-40 data to estimate stratospheric water
vapor mixing ratios was carried out from Fueglistaler et al. (2005). The authors showed im-
proved estimates of stratospheric humidity compared to calculations from Eulerian tropical
tropopause temperatures. The study from Kriiger et al. (2008) showed a long-term clima-
tology of LCPs and the dependence of the LCP temperature and distribution on natural
variability using radiative heating rates as vertical velocity, highlighting also the differences
among the kinematic and diabatic approach. Although improved performance was shown
by Kriiger et al. (2008) using the diabatic method compared to the kinematic method for
ERA-40 data, Ploeger et al. (2010) demonstrated reduced differences between the two meth-
ods with ERA Interim data. Two different CCMs from CCMVal-1 were analyzed with a La-
grangian approach by Kremser et al. (2009). The authors showed a fairly well representation
of the LCP distribution for the CCMs during different ENSO states. However, those CCMs
had difficulties in reproducing the LCP temperature and in highlighting the main entrance
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region for air masses into the stratosphere, the West Pacific.

Accompanied in the air, which is transported to the stratosphere also trace gases, which
can contribute to the depletion of stratospheric ozone, are able to reach the stratosphere at
the location of LCP. Hence, to better understand this transport the evolution of the LCP
pattern is analyzed in more detail in the present study.

The density distribution and the temperature of the LCPs reveal a pronounced seasonal and
annual cycle (Fueglistaler et al., 2005). Especially the temperature and hence, the amount of
water vapor entering the stratosphere, largely depends on the conditions of the West Pacific
area. Randel et al. (2004) found highest correlations of water vapor near the lower strato-
sphere and temperature anomalies in the West Pacific. LCP accumulations beside the area
over the West Pacific are also found over South America and West Africa during all seasons.
During NH summer a large amount of LCPs can be also determined over the Bay of Bengal,
caused by the Asian Monsoon. Generally, highest LCP temperatures are observed during
NH summer and lowest temperatures occurring during NH winter, which is linked to the
annual cycle of zonal mean tropical tropopause temperatures. The western Pacific plays an
important role as main entrance region for air masses traveling into the stratosphere during
all seasons. Further results and discussion for the CP will be given in section 4.1.

2.4.2 The influence of ENSO

The cold point temperature for different ENSO phases based on the ERA Interim data, is
presented in Figure 2.7 for the Eulerian (left) and Lagrangian (right) perspective during NH
winter. The average CP temperature pattern for one ENSO neutral case is shown in Figure
2.7(a). Lowest temperatures are located over the West Pacific with 188.5 K, while the tem-
peratures are increasing polewards. During the strong El Nino in 1997/98 (Figure 2.7(c)),
the location of lowest temperatures is shifted to the east and reach slightly higher values
(188.8 K). During the strong La Nina event in 1998/99 (Figure 2.7(e)) lowest temperatures
are indicated with 186.8 K, which is 2 K lower and more pronounced over the West Pacific
compared to ENSO neutral.

Similar to a varying structure and temperature of the ECPs, the distribution and the tem-
perature of the LCPs is varying with underlying changing climate conditions as well. On
the right side of Figure 2.7 the effect of ENSO on the geographical distribution and the
temperature of the LCP is shown. The corresponding LCP pattern during ENSO neutral
conditions is presented in Figure 2.7(b) revealing the main entrance region located over
the maritime continent with minimum temperatures around 186 K. During El Nino (Figure
2.7(d)) the entrance regions of air masses traveling from the surface to the stratosphere is
shifted to the East Pacific. The LCPs are distributed almost homogenously over the whole
tropical area, indicating higher minimum temperatures compared to ENSO neutral (around
187 K). During La Nina (Figure 2.7(f)), the geographical distribution of the LCP is more
pronounced and concentrated over the West Pacific region revealing lower minimum tem-
peratures (around 185 K) compared to ENSO neutral.

Fueglistaler and Haynes (2005) and Kriiger et al. (2008) investigated also other natural forc-
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Fig. 2.7: Eulerian (left) and Lagrangian (right) cold point temperature for the different ENSO
states during NH winter (ERA Interim), ENSO neutral 1993/1994 (a) and (b), El Nifo
DJF 1997/1998 (c) and (d) and La Nina DJF 1998/1999 (e) and (f).

ing factors beside ENSO, such as QBO, volcanic eruptions and the solar cycle. The analysis
of the LCPs revealed an impact of natural forcings on the LCP temperature and pattern. A
colder TTL and dryer stratosphere is reached during La Nina and QBO East north of the
maritime continent. During el Nino and QBO West a warmer TTL and less dry stratosphere
is analyzed based on trajectory results.

2.5 The tropical widening

Already Pittock (1988) states: “The most robust of the empirical climatic relationships and
correlations is the argument that with a global mean warming the climatic zones will tend
in general to move poleward”.

Recently, a growing number of studies gave evidences for a widening of the tropical belt (e.g.
Seidel et al., 2008; Davis and Rosenlof, 2012). However, the location of the boundaries of the
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Fig. 2.8: Different metrics to diagnose the tropical edges are highlighted by asterisks on a monthly-
mean zonal-mean cross section of atmospheric properties from the NCEP-NCAR reanal-
ysis and NCEP OLR dataset for January 2008. The zonal-mean zonal wind is shaded
(5 m/s contours), and the mean meridional streamfunction (¢) based on the zonal-mean
meridional wind is contoured in blue (Davis and Rosenlof, 2012).

tropics are not consistently defined. This inconsistency is due to the difficulties, defining a
clear border between the subtropics and the tropics at different levels of the atmosphere. Be-
tween these two zones, atmospheric characteristics experience gradual modifications. Based
on different indicators, varying definitions of the tropical boundaries exist, which all rep-
resent a measure of the width of the tropical belt (Reichler, 2009). Figure 2.2 visualizes a
schematic diagram of different atmospheric features that are used to distinguish the tropics
(Seidel et al., 2008). Dynamical indicators focus on the atmospheric circulation, like the
lateral boundary of the Hadley cell or the position of the subtropical jet streams. Physical
indicators apply characteristics like the amount of outgoing long wave radiation (OLR), the
change of ozone concentration in the stratosphere or the thermally defined tropopause height.
Figure 2.8 displays various thresholds in different properties of the atmosphere, which have
been used to define tropical edges (Davis and Rosenlof, 2012). Further, Figure 2.8 visualizes
the different latitudinal locations depending on the threshold ranging from 25° latitude for
the tropopause height threshold at 15 km to 45° latitude for the latitude of peak wind at
850 hPa at around 1 km height. Table 2.1 summarizes different diagnostics identifying a
broadening of the tropical belt, which are described in more detail in the following.

In the year 1992, Gibson (1992) presented results, showing a poleward movement of the
subtropical wind maximum of 0.18° latitude per year between 1976-1991 on the SH and
relates that to the consequences of the greenhouse effect. One of the first publications that
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Diagnostic

‘ Trend (lat/dec) ‘

Data source

Reference

Lat. of subtropical 1.8° 1976-1991 Gibson (1992)
wind max. (STWM) Austral. Bureau of Met.
(SH winter) 500-hPa analyses
Upwelling Branch 3° 1992-2001 Rosenlof (2002)
of BDC satellite (HALOE)
Poleward shift 2° 1979-2005 Fu et al. (2006)
of jet streams satellite (MSU)
Poleward shift 1.1° 1979-2003 Hudson et al. (2006)
of fronts satellite (TOMS)
Hadley Cell 0.8° to 2° 1979-2005 Hu and Fu (2007)
width ERA40, NCEP/NCAR,
NCEP/DOE reanalysis
Frequency of high 1.9° to 3.1° 1979-2005 Seidel and Randel (2007)
tropopause days radiosonde
Poleward shift ~0.3° 1979-2001 Archer and Caldeira (2008)
of jet streams ERA40, NCEP/NCAR
reanalysis
Frequency of high 0.5° 1979-2009 Birner (2010a)
tropopause days ERA40, NCEP/NCAR,
NCEP/DOE reanalysis
Poleward shift 1.68° 1979-2009 Fu and Lin (2011)
of subtropical jets satellite (MSU)
Poleward shift 1.2°NH;2.1°SH 1979-2010 Hudson (2012)
of jet streams satellite (TOMS)
1)Max. tropos. dry -0.5° to 0.9° 1979-2012 Davis and Birner (2013)
bulk static stability MERRA,
2)Subtropical jet 0.3° to 0.6° ERA Interim,
3)Vertical average 0.4° to 2.0° NCEP reanalysis
stream function
Hadley Cell <0.2° 1979-2005 Johanson and Fu (2008)
width CMIP3 historical
Frequency of high 0.71° 1958-1999 Lu et al. (2009)
tropopause days GFDL SST+Rad
Hadley Cell 0.17° 1979-2005 Hu et al. (2013)
width CMIP5 historical
Hadley Cell 0.27° 21st century Hu et al. (2013)
width CMIP5 RCP8.5

Tab. 2.1: Tropical widening diagnostics, trends and data source referred from different observa-

tional and model studies for the recent past.
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showed long-term trends for an indication of the tropical widening, was Rosenlof (2002). By
analyzing the poleward extent of the upwelling branch of the BDC, based on satellite borne
water vapor records in the lower stratosphere, the author found a widening of the upwelling
region of ~3° latitude per decade between 1992-2001.

The expansion of the Hadley circulation was analyzed by Hu and Fu (2007). Their results
were based on different reanalysis datasets, and indicated that the Hadley Circulation ex-
perienced a significant expansion of about 2° to 4.5° of latitude in the time period from
1979 to 2005. Based on temperature changes in the troposphere and stratosphere, Fu et al.
(2006) estimated a poleward shift of the subtropical jet streams. As the jet streams limit
the poleward extent of the HC (section 2.2), they related this to a widening of the HC
of 2° latitude between 1979 and 2005. Historical trends in the sub-tropical and polar jets
were analyzed from Archer and Caldeira (2008). They identified a poleward movement of
all jets between 1979 and 2001, accompanied by a weakening of the sub-tropical jets on both
hemispheres and a strengthening of the poler jet on the SH. Another indicator for the width
of the tropics was investigated by Hudson et al. (2006). They analyzed the variability of
total ozone within different latitudinal regimes. The changes of total ozone were related to
changes in the position of the subtropical and polar fronts. Hudson et al. (2006) observed a
poleward movement of the subtropical and polar fronts by 1.1° latitude per decade between
1979 and 2003. Later, Hudson (2012) analyzed the location of jet streams at mid-latitudes
using ozone data. The author found a significant poleward shift of the jet streams on both
hemispheres of 3.7° and 6.5° latitude on the NH and SH between 1979 and 2010. Using
different CMIP3 and CMIP5 models (Min and Son, 2013) suggest that stratospheric ozone
depletion significantly contributed to the observed widening of the Hadley cell on the SH in
the last decades. Another study from Seidel and Randel (2007) showed an increase in the
frequency of occurrence of high tropopause days appearing in the subtropics. Their analyzes
were based on radiosonde measurements and reanalysis datasets, resulting in an expansion
of the tropical region of about 5° to 8° latitude between 1979 and 2005. However, Birner
(2010a) suggested that tropopause statistics based on current reanalysis datasets may not
be the best method to quantify long-term changes in the width of the tropical belt as the de-
rived trends were not robust to different tropical edge definition methods. In his analysis he
introduced an alternative tropopause height threshold definition relating the threshold of the
tropopause to tropopause height statistics of the inner tropics. Using that threshold results
in smaller but still significant widening trends of around 0.5°/decade for NCEP (1979-2009)
and ERA40 (1979-2001) datasets. Nevertheless, the height of the tropopause is a variable
that has often be neglected in the detection of climate change. In a study by Santer et al.
(2003) it is shown that different reanalysis products indicate an increase in the global mean
tropopause height of ~1 to 2 hPa/decade. This result is also consistent with the resulting
decrease in tropical lapse rate pressure estimated from radiosondes by Seidel et al. (2001).
A different possible effect on the width of the tropical belt was investigated by Grassi et al.
(2012). They found a broader tropical area, when the index of the Pacific decadal oscillation
shifts from positive to negative values due to disturbances in the meridional gradient of the
temperature at the edges of the tropical belt.

Fu and Lin (2011) showed that the observed trend of lower-stratospheric temperature, has
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Fig. 2.9: Temperature anomaly using ERA Interim between 1979-2010 in 70 hPa in the subtropical
midlatitudes between 14-44° NH (blue) and SH (red) and linear regression (dashed).

the characteristic of an enhanced cooling in the subtropical midlatitudes (between 15 ° and
45° north and south). This cooling in turn, they use as a measure for the extent of the
poleward shifted jets in the subtropics. Based on satellite-borne microwave sounding unit
(MSU) temperature data from 1979-2009 they found a widening of 1.68° latitude since 1979.

Figure 2.9 shows the temperature anomaly between 14° and 44° N and S, respectively, from
the 70 hPa pressure level (lower stratosphere) using ERA Interim reanalysis between 1980-
2010. The temperature anomalies for the NH (red) and SH (blue) are shown separately. A
cooling from 1980-2000 can be observed followed by a slight warming after the year 2000.
This result indicates a poleward shift of the subtropical jets prior to 2000, followed by a slight
equatorward movement after 2000 again (this study; Fu and Lin, 2011). A recent study by
Davis and Birner (2013) investigated more robust versions of existing diagnostics to define
tropical edges. The authors used new reanalysis datasets from MERRA, ERA Interim and
NCEP from 1979 to 2012. The resulting trends of a poleward shift of the tropical belt range
from -0.5° to 2.0° latitude per decade (lat/dec) depending on the data and diagnostics, where
smallest trends results from ERA Interim.

The cause of the widening of the tropics has been examined in a study by Lu et al. (2009).
They showed that the widening can be replicated by an atmospheric general circulation
model. They carried out sensitivity studies, where one simulation was forced by observed
SSTs and sea ice, and the other was additionally forced by estimated radiative forcing from
natural (solar and volcanic aerosol) and anthropogenic sources (well-mixed greenhouse gases,
tropospheric and stratospheric ozone, and tropospheric aerosols). To define the borders of
the tropics, they used the frequency of high tropopause days similar to Seidel and Randel
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(2007). The authors concluded that the direct radiative forcing especially in matters of
greenhouse gas and stratospheric ozone are the main force for the past trend of the widening
and that SST forcings can be neglected. Analyzing different model output from AMIP2
and CMIP3 models, Johanson and Fu (2008) were able to identify a widening of the tropical
belt in the 20th century as well. However, the simulated widening is weak compared to
observations. Nevertheless, the widening is consistently simulated from most of the models.

The broadening of the tropical belt is not only a displacement within the tropics it also has
global climate consequences. A poleward movement of the Hadley circulation is connected
with a poleward expansion of the subtropical dry zones (Lu et al., 2007) and thus greater
potential of droughts also in the midlatitudes (Hu and Fu, 2007; Birner, 2010a). A poleward
movement of the subtropical jet streams has large influences on the development of storm
tracks in midlatitudes (Birner, 2010a). In ensemble simulations of 15 coupled GCMs for
the IPCC Fourth Assessment Report (AR4) scenario for the 21st century, a poleward and
upward shift together with an intensification of the storm tracks was investigated by Yin
(2005). The author connects the shifts of the storm tracks with changes in baroclinicity
and the thermal structure of the troposphere. Furthermore, the author notes that it might
be accompanied by shifts in surface wind stress and precipitation towards the poles and a
shift towards more positive indicies of the Northern and Southern Annular Mode (NAM,
SAM). A poleward shift of the subtropical jet streams could also lead to displacements of
the global weather patterns, the temperature, precipitation and hydrologic cycle towards the
poles (Hudson, 2012).

Lu et al. (2007) analyzed the width of the HC in simulations from the A2 scenario of IPCC
AR4 models. The authors identified a consistent weakening and poleward movement of the
HC in future model simulations of the 21st century. The authors suggest that besides the
GHG-induced global warming, the widening could be also linked to stratospheric ozone de-
pletion and climate variability. However, using GFDL models with radiative forcing from
[PCC AR4, Lu et al. (2009) found that the widening trend of the tropical edges can be
linked to direct radiative forcing and that SST forcing alone causes no significant change. In
contrast to Rosenlof (2002) who identified a broadening of the upwelling branch of the BDC
in the past, Li et al. (2010) detected a narrowing of the upwelling branch of the BDC and
HC in future simulations. The authors analyzed two model simulations from GEOSCCM
(A1b and A2) of the 21st century using IPCC GHG scenarios. Additionally they detected
a strengthening of the BDC. However, Li et al. (2010) also noted that there is probably a
close relationship between the narrowing of the ascending branch of the HC and the reported
widening of the descending branch of the HC. Historical and future simulations of the Cou-
pled Model Intercomparison Project Phase-5 (CMIP5) were analyzed by Hu et al. (2013).
The authors detected a significant widening of the Hadley circulation of 0.15° lat/dec for the
time period 1979-2005. Analyzing the extreme projected radiative forcing of RCP8.5 for the
21 st century, Hu et al. (2013) identified a significant widening of 0.27°/decade. Although
the CMIP5 models seem to underestimate the observed widening trends, results of CMIP5
historical simulations suggest that anthropogenic forcing and the increase of GHGs factors
explaining the observed and simulated trends.
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In the present study a new indicator for the measure of the width of the upper TTL (see
section 3.3.2) will be applied to analyze a possible change in the width of the transition be-
tween the troposphere to the stratosphere. The widening of the upper TTL will be analyzed
and discussed for the present and past in chapter 5 and for the future simulations in chapter
6.
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Chapter 3

Data, Model and Method

In this chapter the different datasets used for the study will be introduced. Also a short
description of the trajectory model, which was applied to observational and model data will
be given. One aspect of the present study is to evaluate and compare different global climate
models with a Lagrangian point of view. Furthermore, the model setup and the method,
which is used to evaluate the results of the trajectory model runs, will be presented.

3.1 Data

The reference data used in this study is based on the ERA-Interim reanalysis product. Dif-
ferent Chemistry Climate models (CCMs) participating in the IGAC/SPARC - CCMVal-2
initiative (International Global Atmospheric Chemistry / Stratospheric Processes And their
Role in Climate - Coupled Chemistry Climate Model validation-2) are applied for this La-
grangian study. The major target of the CCMs from CCMVal-2 is the stratosphere, thus
almost all applied CCMs use prescribed sea surface temperature (SST) from coupled cli-
mate model simulations. Additionally, one model run of the CMIP5 is provided for this
study. Different to the CCMs, the models participating in CMIP5 include an interactive
ocean, projecting changes in SST, sea-ice and the ocean circulation from a fully coupled
atmosphere/ocean GCM.

For the trajectory calculations, a temporal and spatial high resoluted model output is nec-
essary. Due to limited computing capacity and time, only some decades from the different
climate models are considered. Using these different datasets, the climate models are vali-
dated for the past to create assumptions about the development of the future climate and
the role of the ocean and the stratosphere therein.

3.1.1 ERA-Interim

ERA-Interim is a global reanalysis product of the ECMWEF (European Centre for Medium-
Range Weather Forecasts) (Uppala et al., 2008). ERA-Interim represents the time period
from 1979 to the present in preparation to replace ERA-40 as a next-generation extended re-
analysis product. In contrast to operational assimilations, the reanalysis assimilation model
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is run throughout a time period without changing parameterizations or resolution. Thus, re-
analysis datasets are more suitable for studies of a changing atmosphere on a longer timescale.
This “Interim” product has many improvements compared to the previous product ERA-40.
Systematic differences between observations and the model background are reduced, which
leads to a better vertical stability in the temperature analysis (Dee et al., 2011). Further-
more, the velocity of the upward transport (the Brewer-Dobson circulation) in the tropical
stratosphere is reduced to the half compared to ERA 40, but it is still almost twice as fast
as reported by observations (Dee et al., 2011). Accordingly, it was shown that the mean
stratospheric age-of-air using winds from ERA Interim improved significantly to more real-
istic values compared to ERA-40 winds (Monge-Sanz et al., 2012).

In contrast to ERA-40, now a 12 hour 4D-Var ! is carried out, with a higher horizontal res-
olution (from T159 to T255) and an upgraded formulation of background error constraints.
Some improvements have been made compared to ERA-40, like within model physics, which
now include a new supersaturation scheme for ice microphysics (Tompkins et al., 2007), or
an improved precipitation pattern, which was too strong over the tropical oceans bevore.
Further, an automated scheme for correcting biases in the satellite radiance observations
is included in ERA Interim (Dee et al., 2011). Mostly the same observations sets for the
overlapping time period as for ERA-40 were used, apart from some exceptions like a new
altimeter wave heights.

For this Lagrangian study, the 6 hourly data output from pressure levels with a horizontal
resolution of 2° x 2° was applied. ERA Interim is now available on 37 standard pressure lev-
els (23 for ERA-40), four of its vertical layers are situated approximately in the TTL region
between 70 hPa and 150 hPa (at 70, 100, 125, and 150 hPa). For the presented calculations
the temperature, meridional-, zonal- and the vertical wind fields on the pressure levels were
used. The calculations were carried out for the available data from 1979 to 2011.

3.1.2 Chemistry Climate Models (CCMs)

Data from four different Chemistry Climate models (CCMs) were used from the SPARC
CCMVal-2 initiative. The goal of CCMVal-2 is to improve the representation of physical
and chemical processes in the CCMs. One important aspect to improve the understanding
of CCMs is the comparison and validation of the CCMs reproducing past trends and past
variability as well as the comparison of their ability to predict the future (see also SPARC,
2010).

In this study, the CCMs within the CCMVal-2 project are used to evaluate the evolution of
the stratosphere under the influence of decreasing chlorofluorocarbons (CFCs) and increase
of greenhouse gases (carbon dioxide C'Os, nitrous oxide N,O and methane C'Hy) in the fu-
ture.

Several simulations have been proposed within the CCMVal-2 project and performed from
most of the groups participating in CCMVal-2. One can distinguish between: REF-B1 sim-
ulations, “reproducing the past” and REF-B2 simulations, “making predictions”.

The here presented REF-B1 transient run covers the near present and past from 1960-2006

!Compared to 3D-Var, in 4D-Var future observations are included by adding the time dimension.
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Fig. 3.1: SRES A1b scenario for surface COsz (solid), NoO (dotted), and CH, (dashed) concentra-
tions (SPARC, 2010, Chapter 2).

with forcing prescribed from observations. Those include anthropogenic and natural forcing,
and are based on changes in trace gases, solar variability, volcanic eruptions, QBO, SSTs
and sea ice cover (SIC).

The REF-B2 simulation considers the period from 1960-2100, at least for most of the models
participating in CCMVal-2. It uses only the anthropogenic forcing including natural uncer-
tainties obtained from climate simulations for SST and sea ice. Figure 3.1 shows the time
evolution of the GHGs as applied for the scenarios from SRES Alb and Al in the IPCC
and WMO reports. C'O, indicates more than a doubling by 2100 compared to 1950 (solid
line), whereas C'H, undergoes a trend reversal after 2050 (dashed) and N,O (dotted) shows
a trend with small growth rates. For more details of the simulations, see (SPARC, 2010,
Chapter 2).

The provided data from the different model groups, analyzed in this study, is presented in
table 3.1. Model data from four different CCMs were available, CMAM (Canadian Mid-
dle Atmosphere Model, Canada, Toronto), NIWA-SOCOL (National Institute of Water
and Atmospheric Research - SOlar Climate Ozone Links, New Zealand, Lauder), E39CA
(ECHAM4.L39(DLR)/CHEM/-ATTILA European Center HAMburg 4, Oberpfaffenhofen,
Germany) and WACCM (Whole Atmosphere Community Climate Model, Boulder, USA).
The REF-B1 scenario was available from all models, whereas the REF-B2 scenario could
only be provided from CMAM and NIWA-SOCOL.

CMAM

Data from two different model versions were applied in this study. CMAM has a spectral
resolution of T31/L71 with the uppermost computational level at 0.00081 hPa (90 km) and
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Simulation | CMAM | NIWA-SOCOL E39CA WACCM

REF-B1 | 1990-1999 1990-1999 1990-1999 | 1990-1999
REF-B2 | 1990-1999 1990-1999 - -
2040-2049 2040-2049 - -
2090-2099 2089-2098 - -

Tab. 3.1: Used model data from different CCMs.

a fully interactive stratospheric chemistry. The 6 hourly output data is used on standard
pressure levels with a resolution of 5.6°(lat) x 5.6°(lon) on 41 vertical layers with a top at
0.01 hPa (80 km). The only CCM that was coupled to an ocean is the model version for
the REF-B2 simulation from CMAM. The coupled NCOM 1.3 (NCar Ocean Model) ocean
general circulation model has a horizontal resolution of 1.86° and 29 levels with a 50 m upper
layer and 300 m layers in the deep ocean (Scinocca et al., 2008).

NIWA-SOCOL

The spectral resolution of NTWA-SOCOL is T30/1.39. The uppermost computational level
is placed at 0.01 hPa (80 km). Two different working groups within the CCMVal community
contributed SOCOL (Solar Climate Ozone Links) with some differences in the model setup
(Schraner et al., 2008). NIWA-SOCOL differs from SOCOL regarding the lower boundary
conditions and some photochemistry details (SPARC, 2010, Chapter 2). For the NTWA-
SOCOL model, SOCOL is a combination of the GCM MA-ECHAM4 and the chemical
transport model (CTM) MEZON and includes a comprehensive representation of the chem-
istry of the stratosphere. The resolution of the used dataset is 12 hourly with 3.7°(lat) x
3.7°(lon) including 21 vertical levels up to 10 hPa (30 km).

E39CA

E39CA uses a spectral resolution of T30/L39 and has its uppermost computational level at
10 hPa (30 km). The dynamic part of E39CA is based on ECHAM4 with CHEM as strato-
spheric chemistry module. A Lagrangian mass conserving non-diffusive scheme ATTILA
is used to transport tracers (Steil et al., 2002; Reithmeier and Sausen, 2002; Stenke et al.,
2009). The applied dataset for this study is based on a 12 hourly data output with 3.7°(lat)
x 3.7°(lon) on 21 vertical levels and top at 10hPa.

WACCM

The last CCM analyzed in this study is WACCM. The model has a spectral resolution of
1.9°(lat) x 2.5°(lon) with 66 vertical levels. The uppermost computational level of the model
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lies in the lower thermosphere at 5.96 x 10 =5 hPa (98 km). All physical parameteriza-
tions are included from the Community Atmosphere model (CAM 3.5) (Gent et al., 2009).
MOZART3 provides the stratospheric chemistry for the fully interactive CCM, WACCM
(Kinnison et al., 2007; Garcia et al., 2007). The data that was provided in this study is on
a 6 hourly time interval and applied with the same resolution and number of vertical levels
as described above.

3.1.3 Coupled Model Intercomparison Project Phase 5 (CMIP5)
- Models

In anticipation of addressing open scientific questions that arose during preparation of AR4
on the IPCC, a new standard set of coordinated climate model experiments were set up
within CMIP5 (Taylor et al. (2012); http : //emip — pecmdi.llnl.gov/cmip5/). The goals of
the different model simulations are:

e to better evaluate if the simulations of the models are realistic for the recent past;

e to supply projections of climate change in the near (until 2035) and in longer terms
(up to 2100 and beyond);

e to capture responsible factors causing differences in the model projections and to quan-
tify cloud and carbon cycle feedbacks.

The historical CMIP5 runs represent simulations from 1850-2005. In this study they were
applied from 1990-1999, including all forcings like atmospheric composition with C'Oy (an-
thropogenic and volcanic), solar forcing, emissions or concentrations of short-lived species
and natural and anthropogenic aerosols or their precursors (Taylor et al., 2012).

The characteristics of the different Representative Concentration Pathways (RCPs-greenhouse
gas concentration scenarios) experiments, are described in van Vuuren et al. (2011). Four
different RCP scenarios were carried out within CMIP5 with different concentrations of
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Fig. 3.2: Concentrations of GHGs for different RCP scenarios represented by different colors. Grey
area indicates the 98th (light) and 90th (dark) percentile (van Vuuren et al., 2011).
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GHGs leading to radiative forcing of 2.6, 4.5, 6 and 8.5 W/m? by the end of the century.
They are representative in terms of emissions and concentrations developed and published
by different scientific working groups and cover the time period up to 2100. The different
concentrations of GHGs for the above mentioned RCP scenarios are presented in Figure 3.2.
RCPS8.5 is a scenario of “non climate policy”, whereas the RCP2.6 scenario needs an “exact
climate policy” for limiting emissions. In this study the RCP8.5 scenario was applied, where
emissions and concentrations of the greenhouse gas considerably increase in time. Radiative
forcing leads to 8.5 W/m? in 2100 without including any specific climate reduction targets,
(see also Keywan et al., 2011). The concentration of CO; in the RCP8.5 scenario is almost
three times higher in 2100 than in 2000. For CCMVal-2 REF-B2 scenarios the C'Oy doubles
until the end of the 21st century (Figure 3.1).

MPI-ESM

In this study, output of the Max Planck Institute Earth System Model Low Resolution
(MPI-ESM-LR) was used. The Atmosphere in MPI-ESM is based on the compounds of
ECHAMG6 with a spectral resolution of T63 with 47 vertical levels and model top at 0.01
hPa (80 km). The Max Planck Institute ocean model (MPIOM) uses 1.5° resolution and
40 vertical levels. Additionally, the land biosphere model JSBACH and the biogeochemical
Model HAMMOCC are compounds of MPI-ESM. A separate coupling program (OASIS3)
enables the exchange of information numerical codes representing different components of
the climate system between ocean and atmosphere. Compared to ECHAMS5/MPIOM the
IPCC-AR4 model from Hamburg was expanded by the carbon cycle to make statements
about the influence of climate change on the carbon cycle for the upcoming 5th assessment
report from IPCC (Giorgetta et al., 2012).

For this study model output with a resolution of 1.85° (lat) x 1.875° (lon) using 26 vertical
levels and top at 1 hPa (50 km) was applied. One historical run from 1990-1999, and the
future runs for 2040-2049 and 2090-2099 from the RCP8.5 scenario were used (Table 3.2).

| Simulation | MPT-ESM |

Historical | 1990-1999
RCP8.5 2040-2049
2090-2099

Tab. 3.2: Used model data from MPI-ESM-LR.

3.2 Lagrangian transport model

Two different approaches are usually used to analyze the transport of air masses, the Eule-
rian and the Lagrangian approach. In the “Eulerian” perspective, a fixed point in space is
observed where air masses are passing by. At this constant location, the evolution of different
parameters of the air can be observed. With the “Lagrangian” approach in contrast, one
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considers the changes in temperature or in other variables along the path of an air parcel.
This path is called a trajectory. In the present study the Lagrangian method was applied.
The objective of this work is to gain knowledge about the origin of air masses in the lower
tropical stratosphere, which is done by analyzing large scale atmospheric transport. More
detailed, air masses are analyzed along backward trajectories. Considering backward tra-
jectories is a common approach to derive the history of air masses at a given location of
interest, e.g in the tropical lower stratosphere. In contrast, forward trajectories give a better
estimate of the region, where air masses arrive.

To avoid confusion, we describe the here used backward trajectories on the basis of forward
motion and therefore, the numerical initialization (or start) point is called the trajectory
end point and the numerical end point is labeled as the origin of the air mass or trajectory
start point.

3.2.1 Numerical trajectory calculation

In reality, the exact path of an air mass is not known, but indicated by the windfield. To
find a precise trajectory, it is useful to consider the problem as an “initial value problem”.
As the windfields exist on a finite grid, numerical approximations must be used to find a
solution of the initial value problem.

A trajectory is then equivalent to a numerical solution of the differential equation 3.1, which
describes the path of an air parcel over time. In a flow field u, each air parcel is moving
during the time ¢ along a path x(t).

de(t) /dt = u(x(t),1). (3.1)

First, it is necessary to define a starting point of the trajectory, which equals the specification
of the numerical initial value problem by setting xy = z(¢y). Then, numerical methods can
be applied to find a function z(t), which fulfills the initial value problem defined by equation
3.1 and xg.

Here, the Runge Kutta method is used to calculate an approximation of the trajectory. The
numerical value z,, at time t,, is obtained using previous values x,,, m < n, in accordance to
3.1, where a reduction of the arising discretization error (see below) is obtained by the use
of supporting points between t,, and t, + 1.

In Figure 3.3 a real trajectory (solid curve) and its approximation (dotted curve) are ex-
emplary given. Obviously, the approximated trajectory does not exactly correspond to the
real path of the trajectory, which is caused by the discretization error, visualized by the
short dashed lines in Figure 3.3. Figure 3.4 shows on the left a one dimensional function
x(t) within the interval [t,,t, + h] and on the right, an approximation of the same function
when applying the Runga Kutta method. Here, a fourth order method is shown, where four
derivatives (f1, f2, f3 and f;) are combined to get the best estimate of the change of x(t) in
the interval [t,,t, + h].
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Fig. 3.3: Approximation for the path of a trajectory. The dotted curve represents the trajectory
x(t) for the time interval [to, tn41], @ numerical approximation is given by the solid curve
(Tegtmeier, 2006).
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the Runge Kutta method (b) (Tegtmeier, 2006).

The linear combination f5 (red line) of these derivatives is used to determine the approxi-
mation 4.

The integration steps of the numerical method are based on the meteorological variables at
the integration positions. Within the routine of the trajectory model, a linear interpolation
is being applied to determine the meteorological data as it is only available on a limited grid.

3.2.2 Vertical transport

There are two different ways to implement vertical transport in a numerical trajectory model.
One can use the kinematic or the diabatic method (Schoeberl et al., 2003). The kinematic
method is based on the continuity equation, whereas the diabatic method is based on the
energy balance equation.

In the diabatic calculations, horizontal transport takes place on isentropic surfaces. The
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cross-isentropic vertical motion © is derived by the radiative heating rate through the energy
balance equation. The vertical velocity is given by the potential temperature tendency.

. ©

O = Q?, (3.2)
with temperature 7' and ) = é, including diabatic heating rate J and specific heat capacity
Cp-
In contrast, in the kinematic method, air parcels are moved along isobars driven by horizontal
wind transport. The unit of the vertical coordinate is pressure, hence the vertical velocity w is
given by the pressure tendency. The vertical motion (Equation 3.3) is derived by integrating
the continuity equation from surface pressure p, to p and thus, the vertical velocity w at

pressure p is derived using the horizontal gradient V" of the horizontal velocity V" where

u and v represent the horizontal wind components and w;=0 assuming a horizontal surface
(Holton, 1992, Chapter 3.5).

W= w,— /p v Vhdp. (3.3)

E]

V= (u,v) (3.4)

Horizontal winds dominate atmospheric motion, and thus, these wind fields are much larger
than the dimension of vertical windfields. Hence, already small errors in the horizontal
wind can lead to large errors in the vertical wind. Trajectories, numerically derived by
the kinematic or the diabatic method, differ due to their unequal underlying initialization
fields (diabatic heating for the diabatic method and horizontal wind for kinematic method)
and the physical equations the calculations are based on (energy balance for the diabatic
method and mass balance for the kinematic method). Thus, model results based on the
two calculation methods do show differences like different pathways to the stratospheric
overworld, while the real trajectory is unique. E.g. Ploeger et al. (2010) showed differences
in the net heating fields derived from trajectory calculations in the upper TTL when using
the two methods. Their results demonstrate that based on the diabatic method almost no
subsidence occurs (because d(6)/dt is positive in average), while with the kinematic method
frequent subsidence is visible. As comparable measurements do not exist, the question which
method is the actual more realistic one can not be answered.

3.2.3 Applied trajectory model

In this study, the trajectory model developed by Tegtmeier (2006) for polar studies, was used
for the TTL. It is based on the Runge Kutta method and includes diabatic and kinematic
transport as well. The model code was adapted to the purpose of the present study. In
particular, import routines needed to be adapted due to the application of various model
datasets using different resolutions in time and space.

Within this study, the trajectory model is used applying the kinematic method, since the
model data used in the present study is mainly from GCMs where the trace gas transport in
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Fig. 3.5: Location of the initialization points of the trajectory model represented by the blue dots
on a 2° x 2° grid from 30° S to 30° N.

the advection schemes is driven by vertical winds. The given vertical winds from the input
data can be used directly to drive kinematic trajectories. Hence, in this study the kinematic
method has been applied and vertical motion of an air parcel is calculated based on these
vertical winds. The potential temperature is used as a measure of height for these quasi
isentropic trajectory calculations (Chapter 4, 5 and 6).

3.2.4 Model setup

The back-trajectories were all started on the potential temperature level of 400 K (420 K for
future simulations, chapter 6), which lies in the upper part of the TTL at around 18.5 km (19
km) (see chapter 2.3.1). For the backward calculation it is important that the initialization
point lies above the cold point tropopause, which is at approximately 90 hPa or 17 km (see
chapter 2.3.1). The trajectory model setup is on a 2° x 2° grid, spanning 30 ° S to 30° N,
which results in 5580 trajectories for each run. The blue dots visualize the location of the
initialization points in Figure 3.5.

The LCPs, calculated in this kinematic study, were reached in most cases within the first
30 days of the backward calculation. In order to span a whole season with well distributed
LCPs and to get a good statistical coverage, the model was initialized at the end of each
month of a season separately (Figure 3.6(a)). This means, e.g., for the winter season that
the model is initialized at the end of February, January and December running for each
initialization until the first of December.

To decide on the UTC starting time of the trajectory calculations, sensitive studies were
carried out (Section 4.1.2). Resulting LCP patterns indicate that the distribution of the
LCPs is sensitive to the different vertical windfields at initialization UTC time, which is
found for the 6 hourly ERA-Interim reanalysis output. In order to not favor a certain UTC
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Fig. 3.6: Schematic of initialization method for the trajectory model (a) and a visualization for the
sample criteria of the trajectories (b), the green solid curve represents a trajectory that
fulfills the sample criteria. The green dashed curve represent trajectories that are not
considered. The sample criteria implies that only trajectories are considered that reach
the 350 K at least once and stay below 420 K. Their dehydration point usually happens
near the 380 K potential temperature level.

pattern connected to one particular UTC starting time, trajectory runs were initialized four
times each month: at 00, 06, 12 and 18 UTC. The schematic in Figure 3.6(a) illustrates this
initialization of the trajectory model. For each season, 12 model starts were initialized. The
resulting LCP distribution for one season is then a composite of the results from these 12
model runs. Thus, 1548 model initializations for the ERA-Interim dataset are performed
(between 1979-2011), which yields to a total of 8.637.840 trajectories with a computing time
of ~130 hours in total.

For the analysis of the trajectories only selected trajectories were considered, namely the
ones fulfilling certain conditions. These are that trajectories need to reach at least once the
350 K 6 level, which is the level of main convective outflow (at around 200 hPa or 12,5km).
Furthermore, to analyze air masses traveling through the TTL and to avoid backflow from
the higher stratosphere, only those trajectories are considered that stay below 420 K (440
K for future simulations). According to this selection the trajectories that travel from the
troposphere to the stratosphere are considered to calculate the LCP, the coldest point of
each trajectory and their geographical location (Figure 3.6(b)).

3.2.4.1 Annual averages

With the calculation of trajectories seasonal maps are obtained. In case for the NH winter
season, months from two sequent years are considered. Hence, the method for the averaging
of the annual means contributing to the time series need to be described in more detail,
which is given here.

As mentioned before, ERA Interim data is available from Jan 1979 onwards. Thus, the first
seasonal map for a trajectory run is available for the NH spring season (MAM) 1979. An
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annual average is calculated by averaging over the four seasons of a year, beginning with
NH spring. Hence, e.g., the annual average of the year 1979 results from an average of NH
spring (MAM), summer (JJA) and fall (SON) of 1979 and winter (DJF) 1979/1980.

In case of the climate models the annual averages are calculated in the same way. However,
as the climate model data of the year 2000 was only provided from NIWA-SOCOL REF-
B2, for the other climate models the datapoint at the year 1999 was calculated based in
spring, summer and fall averages of 1999 and the winter average of December 1999 and
January /February 1999 (instead of January/February 2000)

3.3 Methods

3.3.1 Lagrangian cold point analysis

To derive the geographical distribution of the LCPs for one season of a year, the model
setup method and sample criteria has been applied as described in section 3.2.4. Thus,
the LCP distribution for a season is a composite of 12 LCP distributions at the different
initialization times 00, 06, 12 and 18 UTC (for a 6 hourly dataset) and for each month of a
season. This was applied for ERA-Interim, CMAM, WACCM and MPI-ESM. In case of a
12 hourly input, the composition for one season is accordingly composed by only 6 different
LCP distributions with and initialization twice per day, 00 and 12 UTC and each month
separately (NIWA-SOCOL, E39CA). The composite of the results from the different initial-
ization conditions represent the average LCP distribution for a season. A composite of the
seasonal LCP distribution in turn, represents the annual average LCP distribution.

As an example, Figure 3.7 shows the composite of the LCP distribution for DJF 1999 /2000
for ERA-Interim including the different model start conditions (composition from 12 model
starts as illustrated in Figure 3.6(a)). The minimum temperature of one trajectory, fulfilling
the mentioned conditions, are marked by the colored dots.

3.3.2 Widening of the upper TTL

LCPs represent the location where tropospheric air masses enter the stratosphere. As air
enters the stratosphere primarily in the tropics the LCPs represent the upper tropical tro-
popause layer (TTL) (section 2.3.1). Here, only the method of analyzing the LCPs will be
presented. The obtained results of analyzing the widening of the upper TTL, are further
described in chapters 5 and 6. Hence, to get the information about a possible widening
of the upper TTL, the latitudinal distribution of the LCPs needs to be determined. For
this analysis as well only those trajectories are considered that fulfill the above mentioned
sample criteria (section 3.2.4). First it is important to define a threshold setting the border
of the upper TTL properly, in order to derive a robust border of the width of the upper TTL
region. In the next step, the change of the border of the upper TTL on long-term can be
analyzed.

A simple method to derive a stable threshold, would be to count the number of the same
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Fig. 3.7: Composite scatter plot of the temperature and geographical distribution of LCPs for
ERA-Interim DJF 1999,/2000.

amount of LCPs within the tropical belt, which then defines the width of the upper TTL.
Due to the sample criteria the LCPs have to fulfill (section 3.2.4), the amount of trajecto-
ries reaching the LCP is varying for each initialization. Thus, the calculation of a certain
percentile to choose as threshold for the upper TTL border, was found to be a good option.
The percentile is a statistical measure to calculate a value (here: width of the LCP dis-
tribution) of a variable (here: the number of LCPs), below which a given percentage of
observations (here: LCPs) fall, i.e. by taking the 90th percentile for example, the value
of the width of the TTL can be determined, below which 90 percent of the LCPs may be
found. Figure 3.8 presents one example of the tropical distribution of LCPs for a model
initialization at 00 UTC from ERA-Interim DJF 1999/2000 (left side). Additionally, the
latitudinal distribution of LCPs sampled in 2 ° bins is visualized (right side). The areas that
represent possible thresholds for the border of the TTL, 90 and 70 percentiles, are roughly
sketched with the pink and blue shaded regions around the equator.

After calculating the geographical and then the latitudinal distribution of the LCPs for each
season, one can determine the width of the upper TTL in degrees North and South for each
season by choosing a certain percentile. To find the most stable threshold of the border
of the TTL, different percentiles of the LCPs were analyzed from the annual average LCP
distribution, resulting in a certain value for the changing of the width of the upper TTL for
each percentile.

The timeseries of the width of the upper TTL for ERA Interim from 1979-2010, based on
different percentiles is presented in Figure 3.9. It is shown, depending on the percentile,
certainly the width of the upper TTL is varying by approximately 5 © latitude between the
70th and 90th percentile.

Figure 3.10 presents the change in the width of the upper TTL for the annual mean LCP
distribution between 1979 and 2010 as a function of percentile. The significance of each
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Fig. 3.9: Annual average width of the upper TTL represented by the 70th, 80th and 90th per-
centiles and the median of the LCP distribution for ERA Interim from 1979-2010.

value (within 95% significance level) is given by the blue lines. Ranging from smaller up to
higher percentiles, the changing of the width of the upper TTL is increasing but also the
error bars, due to the decreasing density of LCPs in the subtropics (see also Figure 3.7). The
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Fig. 3.10: Change of the width of the TTL (in degrees/decade) for the annual mean for different
thresholds (percentiles), shown for the time period 1979-2010 for the ERA-Interim data.
Red dots mark the value of the widening of the TTL, blue vertical lines mark the
standard 1.96 o ( 95%) error bars for each calculated percentile.

largest changes in the width of the upper TTL, is given by the percentiles between 85th and
90th. Also here the most stable interval of changes is visible. Consequently the threshold
used as upper TTL boundary was found to be described by the 88th percentile of the LCPs
distribution as best. To calculate the change in the width of the upper TTL, the gradient of
the linear regression of the total width of the TTL for the 88th percentile is analyzed. The
results concerning the longer term changes and the differences between seasons, hemispheres
and the different model data, will be presented in chapters 5 and 6.






Chapter 4

TTL analysis

In this chapter, long-term climatologies for the upper TTL, analyzing the Eulerian and
the Lagrangian cold points are presented based on the new ERA Interim product from
the ECMWF for the time period 1979-2011 (section 4.1). Different CCMs from CCMVal-2
and one climate model from CMIP5 are analyzed likewise for the time period 1990-1999
(section 4.2). Differences and similarities between ERA-Interim and the climate models
for the Eulerian and Lagrangian temperature patterns are determined. Furthermore, the
geographical distribution of the LCPs on a seasonal and interannual cycle.

4.1 ERA-Interim

4.1.1 Eulerian cold point

The minimum temperature is determined by identifying the vertically lowest temperature
of the 37 standard pressure levels of the ERA Interim assimilation, from surface (1000 hPa)
to the upper stratosphere (1 hPa). This minimum temperature is called the Eulerian cold
point. Typically, the CP temperature appears near 90-105 hPa (Randel, 2010). Due to ap-
plication of the data on standard pressure levels (37 levels) and the lower vertical resolution
compared to the model levels (60 levels), the temperature minima, at least for the ERA
Interim dataset, are mostly found on the 100 hPa pressure level.

4.1.1.1 Climatology

The climatology for the tropical average annual CP temperature for 1979-2010 for the ERA
Interim reanalysis is presented in Figure 4.1. The coldest region for the TTL, the so-called
“cold trap” is visible over the West Pacific. In accordance to Figure 4.1, the lowest tem-
perature in the annual mean reaches 190.5 K. The annual mean CP temperature within the
tropics is adjusted almost meridionally symmetric to the equator. The temperatures are
ranging from around 190 K to 202 K from the equator to 30° latitude. The region with low-
est temperatures of 190 to 192 K over the West Pacific agrees with the location for the CP
temperature from ERA 40 data analyzed for the time period 1979-2001 in Fueglistaler et al.

43
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Fig. 4.1: Climatology of the Eulerian cold point temperature for the annual mean using ERA
Interim 1979-2010; contour interval is 2 K.

(2005). But for ERA Interim lower temperatures on the annual average occur over South
America compared to the ERA 40 pattern. A comparison of the tropical CP temperature
using ERA-40 and ERA Interim data reveal generally 1 to 2 K lower temperatures in ERA
Interim as well (Gettelman et al., 2010)

For the ERA-Interim dataset, from 1979-2011, the seasonal variation of the minimum tem-
perature in the TTL is illustrated in Figure 4.2. The lowest CP temperature (188 K) occurs
during NH winter (Figure 4.2(d)). The highest CP temperature minimum occurs during bo-
real summer with 192 K (Figure 4.2(b)), where the branch of lowest temperatures towards
the Indian ocean is influenced by the Asian Monsoon, usually starting in June lasting until
September (Kumar et al., 1999). The structure of the CP temperature distribution during
NH fall (Figure 4.2(c)) mostly resembles the temperature pattern during NH summer with
a lower temperature minimum of 191 K. The spatial structure of the CP temperature distri-
bution during boreal spring (Figure 4.2(a)) seems to be more similar to the CP temperature
pattern during NH winter indicating only a small area over the West Pacific with tempera-
tures between 188 and 190 K.

In comparison to the Eulerian temperature fields shown for ERA 40 data in Fueglistaler et al.
(2005), the CP temperature is generally similar centred for ERA Interim during all seasons
(this study). A barbell structure of the lowest temperatures is visible during all seasons in
ERA 40, which is not occurring during NH winter and spring for ERA Interim. Besides, dur-
ing NH winter, a second centre of minimum temperatures is occurring over South America for
ERA Interim, with similar low temperatures like over the West Pacific (Figure 4.2(d)). This
phenomena is not occurring in the ERA-40 timeseries from 1979-2001 (Fueglistaler et al.,
2005). Comparing the strength of the minimum temperatures, the results from ERA In-
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Fig. 4.3: Annual average vertical velocity in 100 hPa for ERA-Interim (1979-2010)

terim, presented in Figure 4.2, indicate lower minimum temperatures of 1 to 2 K compared
to the results based on ERA-40 data.

4.1.2 Vertical wind fields

The resulting geographical pattern of the LCPs is also strongly depending on the vertical
wind fields next to the TTL temperature in itself (Wohltmann and Rex, 2008; Kriiger et al.,
2008). For analyzing these effects more closer, the vertical wind fields on the annual average
and at different UTC time with the resulting LCP pattern are investigated.

The annual average vertical velocity field in 100 hPa (16 km) using ERA Interim (1979-
2010), is presented in Figure 4.3. On the annual average ascent regions are visible over the
West Pacific, the Caribbean Sea and over Africa (blueish colors). Noisy patterns occur over
South America and the Tibetan plateau probably affected by high altitude mountains, the
Andenes and the Himalaya. Subsidence is apparent over North West Africa and the middle
East, visible by the reddish color. Thus, ascent regions are in accordance with the main
LCP accumulation regions (compare with Figure 4.8).

4.1.3 LCP sensitivity study

4.1.3.1 Vertical wind fields

Global maps of the climatological vertical wind fields in the 100 hPa layer of the NH winter
season (DJF, ERA-Interim 1980-2010) are shown in Figure 4.4. Four different UTC times
were used to initialize the trajectory model. The mean vertical wind for 00 UTC (Figure
4.4(a)), reveals a pronounced upward motion of air over the western Pacific and parts of
South America, which is indicated by the blue colored area with negative units in [Pa/s] of
the vertical velocity. However, over the maritime continent subsidence is modeled by the
ERA Interim reanalysis 00 UTC product. The wind field for 06 UTC in 100 hPa is shown in
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Fig. 4.4: Vertical velocity in [Pa/s] for different UTC time at 100 hPa for DJF 1979-2010 average
(a) 00 UTC, (b) 06 UTC, (c) 12 UTC and (d) 18 UTC.

Figure 4.4(b). Upward motion is occurring mainly over the maritime continent, whereas a
relatively strong subsidence is indicated over West Africa (colored red). The sign of vertical
motion over West Africa changes for 12 UTC (Figure 4.4(c)). Relatively strong upward mo-
tion occurs at noontime over West Africa and downward motion over South America. This
motion over South America changes for 18 UTC (Figure 4.4(d)). The pattern of the strongest
vertical upward motions seems to propagate simultaneously with the local noon time, re-
flecting a pronounced diurnal cycle due to solar insolation. The vertical velocity in 100 hPa
is clearly dominated by convection. Thus, the diurnal pattern must be also reflected in con-
vection activity at 100 hPa. Indeed, tropical convection is observed to have a diurnal cycle,
which is pronounced over land masses and weak over the oceans (Handon and Woodberry,
1993). This feature of a noticeable stronger vertical wind, hence convective activity, over the
continents compared to the oceans is also visible in Figure 4.4. A maximum in brightness
temperature, which stands for high convective clouds, over the continents around local noon
time was found by Yang and Slingo (2001), which agrees with the strongest vertical velocity
fields over the continents around local noon (Figure 4.4).

4.1.3.2 LCP distribution

Figure 4.5 shows the mean density of the different geographical distribution of LCPs for the
four different starting times of the trajectory model for DJF 1980-2010. In Figure 4.5(a),
the density of the occurrence of the LCPs for a starting time at 00 UTC of February 28 is
presented. Most of the trajectories reach their temperature minimum over the West Pacific.
The density distribution for a starting time at 06 UTC is shown in Figure 4.5(b). Here, still
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Fig. 4.5: Distributions of the LCPs relative density per 5° x 5° grid with contour interval of
0.05% regarding the different initialization time UTC for DJF averages 1980-2010 of the
trajectory model runs. 00 UTC (a), 06 UTC (b), 12 UTC (c) and 18 UTC in (d).

most of the LCPs are located over the western Pacific, but with an enlarged area to West and
to the East. For a model initialization at 12 UTC (Figure 4.5(c)), beside an accumulation
of the LCPs over the western Pacific, which is a little smaller than for 00 UTC and 06 UTC,
also a large amount of trajectories reach their entrainment point over West Africa. When
initializing the trajectories at 18 UTC of February 28 (Figure 4.5(d)), a large number of
LCPs appear over South America as well. The density of LCPs over West Africa decreases
but is still existent.

These different diurnal patterns occur for all seasons with different starting times (not shown
here). The main entrance region of tropospheric air masses reaching the stratosphere is the
maritime continent. However, a large number of trajectories, which reach their coldest
points, seems to shift their entrance regions towards local noontime, hence the location of
maximum insolation of the model start. This may be connected with the existing vertical
wind fields (compare with Figure 4.4) near the model start region (400 K, which is approxi-
mately at 100 hPa). One explanation could be that the trajectories are strongly influenced
by the first time steps of the initial windfield. The vertical windfield for DJF 18 UTC shows
a strong vertical upward motion over South America at 100 hPa, which is consistent with
the maximum density of LCPs over this continent (compare Figure 4.5(d) and 4.4(d)). In
Figure 4.4(b) an enlarged upward motion is apparent over the tropical West Pacific at 2 pm
localtime, resulting in a large density of LCPs over the maritime continent (see Figure 4.5(b)).
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4.1.3.3 Case study

To explain the connection between LCPs and the initialization wind field, single trajectories
from different starting times (UTC), were considered. Figure 4.6 shows exemplary the be-
havior of several single trajectories starting over South America for different starting UTC
times of February 28 th of 1996. For this sensitivity test, all trajectories are considered,
which means the trajectories did not need to fulfill the conditions of the sample criteria as
explained in section 3.2.4. The evolution of the potential temperature, starting at 400 K, is
displayed for the following 90 days of calculation. Due to their different starting time at 00,
06, 12 and 18 UTC, the trajectories are initialized by different wind fields, resembling the
average windfields shown for the average NH winter in Figure 4.4. Thus, the trajectories
whose initialization location is above the South American continent are influenced by these
wind fields respectively. It is expected that the trajectories, which were started at 00 UTC
experience an upward motion due to the initialization field, which indicates a slight upward
velocity over South America (Figure 4.4(a)). The resulting evolution of an exemplary num-
ber of trajectories started over South America are displayed in Figure 4.6. Approximately
half of those trajectories, originate from the lower stratosphere. The other half comes from
below and crossed the 350 K 6 level. Thus, those trajectories fulfill the sample criteria and
are considered afterwards in the LCP analysis. The trajectories initialized at 06 UTC and 12
UTC (Figure 4.6(b) and 4.6(c)) are expected to show an upward motion over South Amer-
ica. The single trajectories from 06 and 12 UTC (Figure 4.6(b) and 4.6(c)) behave similar to
those from 00 UTC (Figure 4.6(a)). Some trajectories originate from above the initialization
level and some from below, which reduces the LCPs fulfilling the criteria. The trajectories,
which are initialized at 18 UTC (Figure 4.6(d)), experience at their first initialization step
a strong upward motion, caused by the underlying meteorological wind field with a strong
upward motion above South America (see Figure 4.4(d)). Thus, all the single trajectories
originate from below and hence, fulfill the sample criteria. Figure 4.7 shows exemplary for
DJF 1995/96, the average time of the trajectories to reach their minimum temperature.
The trajectories were started for each month of a season individually. The majority of the
trajectories reach their LCPs within the first 30-40 days.

The different behavior of these trajectories caused by their underlying wind fields could be
the explanation of an accumulation of the LCPs in the respective area of relatively strong
vertical upward motion at noontime, e.g. also visible in the accumulation of LCPs over West
Africa for an initialization at 12 UTC (compare Figure 4.5(c) and 4.4(c)).

The effect of the initialization field on the LCP distribution has been analyzed within this
study for ERA Interim. So far, these dependencies haven’t been mentioned in any other
study yet. Furthermore, other publications do not mention a favorized starting time of their
Lagrangian calculations. In the following, the trajectories were calculated based on an av-
erage LCP distribution resulting from the trajectory initialization times 00, 06, 12 and 18
UTC.
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Fig. 4.6: Evolution of the potential temperature for different initialization times from randomly

chosen single trajectories over South America in DJF 1995/1996. 00 UTC (a), 06 UTC
(b), 12 UTC (c) and 18 UTC (d), different colors indicate different starting locations of
trajectories over South America. Same colors indicate same location of trajectory start.
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Fig. 4.7: Histograms of the time in days after initialization, when the LCP is reached for DJF
1995/1996.

4.1.4 Lagrangian cold point

In contrast to the Eulerian method, where the temporally evolution of atmospherical vari-
ables can be observed only at one constant spatial point, the Lagrangian method is useful
to follow these variables along its’ path the so called trajectory. After the trajectories are
selected due to their sample criteria, they need to fulfill (see chapter 3.2.4), the lowest tem-
perature of each trajectory is determined. Hereafter, the geographical distribution of the
LCPs can be identified.

4.1.4.1 Climatology

The climatology of the Lagrangian temperature and the mean occurrences of LCPs for ERA
Interim 1979-2011 is presented in Figure 4.8. The temperature of the LCPs (color shading)
as well the relative frequency (white contour line) of the LCPs are sampled per 5° x 5°
grid. This long term annual mean shows around the whole equator LCP temperatures lower
than 192 K. Lowest temperatures occur over the maritime continent with minimum LCP
temperatures of 189.5 K. Thus, most of the air masses reach their dehydration point over
the tropical West Pacific, the so called “cold trap”. That means most of the sampled air
masses crossed the coldest region. Fueglistaler et al. (2005) showed a climatology of the LCP
frequency based on ERA 40 data indicating similar locations for the main entrance regions of
LCPs. Beside the high occurrence of LCPs with 0.6% over the West Pacific, two secondary
maxima of the occurrence of LCPs exist over West Africa (0.4%) and South America (0.3%)
in the present calculation, which are not visible in ERA 40 calculations by Fueglistaler et al.
(2005). Figure 4.8 shows the climatology of the annual mean LCP temperature and density
distribution. In the long term annual mean most of the trajectories enter the stratosphere in
the western Pacific as indicated by the contour lines. Lowest LCP temperatures are reached
with 190 K over the maritime continent. The location of this region is comparable to the
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Fig. 4.8: Annual average climatology of the LCP temperature per 5° x 5° (ERA Interim 1979-
2011). White contour lines display the density of LCP occurrence from 0.1% up to 0.7%
with an interval of 0.1%.

coldest region presented in the Eulerian picture in Figure 4.2. The LCP temperature from
ERA Interim indicates temperatures approximately 2 K lower compared to the Eulerian CP
temperatures in Figure 4.1. Besides, it is also important to know at which vertical level the
CP is reached. In the publication by Bonazzola and Haynes (2004), it was pointed out that
the “cold point layer” extends from 360 - 380 K 6, showing average potential temperatures at
370 K for NH winter 97/98 and 98/99. The long term annual mean potential temperature of
the LCPs for ERA Interim is presented in the appendix in Figure A.1. The cold point layer
in the analyzed calculations, extends from 370 - 395 K 6 in the annual average indicating
lowest 6 over the maritime continent. The seasonal distribution is shown in Figure A.2.
During NH winter the CP layer is located at lowest altitudes in comparison to the different
seasons (see Figure A.2(a)-(d)). The minimum potential temperatures (lowest altitudes) for
LCPs is reached for DJF (360 K) and maximum (highest altitudes) for JJA (370 K).

In contrast to Bonazzola and Haynes (2004), who used large ensembles of 90-day backward
trajectories for only 2 NH winter seasons using ECMWEF data with 3D winds, in this study
32 NH winter seasons between 1979-2011 were analyzed and averaged for ERA Interim based
on the kinematic method as well.

Figure 4.9 shows the seasonal average LCP temperature and occurrence analyzed per 5° x
5° grid. Figure 4.9(a) presents the climatology for NH spring. Lowest temperatures of 188.9
K occur above the West Pacific, South America and West Africa. Most air masses enter the
stratosphere in the tropics over the West Pacific and over West Africa with 0.6%. A smaller
maximum is visible over South America (0.3%). Figure 4.9(b) shows the climatology of LCP
temperatures during NH summer. The average temperatures are highest during this season,
and the coldest LCPs are located over the western Pacific as well with 191.2 K. The main
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entrance region for air masses traveling from the troposphere into the stratosphere is over
the western Pacific and over Bay of Bengal with 0.6%. In boreal summer air masses often
reach their Lagrangian cold point over the Bay of Bengal, due to the anticyclone there, which
appears during the Asian monsoon season. A large amount of air masses reach the strato-
sphere also over West Africa and Central America (0.3 - 0.4%). During NH autumn (Figure
4.9(c)), the lowest temperatures of 190.2 K exist over the West Pacific with a larger cold area
compared to the NH summer season. The main entrance region for tropospheric air masses
into the stratosphere is located over the tropical West Pacific as well (0.7%), but compared
to the other seasons also the South American continent reveals high occurrences of LCPs
with 0.5% and over West Africa with 0.4%. Figure 4.9(d) represents the LCP climatology
for NH winter. This season shows the most intense pattern in LCP occurrence and temper-
ature. This is caused by a generally more intense upward Brewer Dobson circulation in the
tropical lower stratosphere during NH winter (Bonazzola and Haynes, 2004; Kriiger et al.,
2009). Lowest temperatures reach 187.5 K with the coldest region over the western Pacific
accordingly with a large area of LCP frequencies reaching 0.7%. The cold point area is not
exactly coincident with the region where most air masses enter the higher atmpsphere. The
densest area of LCPs is shifted to the East compared to the cold point region over the mar-
itime continent. Thus, fewer air masses are sampled directly in the coldest region. A similar
behaviour of the displacement of the LCP density maximum and temperature minimum was
shown by Kriiger et al. (2008) for calculations based on ERA 40 heating rates. The authors
showed the densest LCP area just south of the minimum CP temperature. A similar shift of
the LCP density in respect to the lowest CP temperatures was shown by Fueglistaler et al.
(2005) using ERA-40 data based on a kinematic method.

4.1.4.2 Spatial pattern

To better understand the LCP distributions during different seasons, the number of LCPs
are tropically averaged in 5° longitude bins to highlight the zonal distribution of them (Fig-
ure 4.10). The black line represents the annual mean occurrence of LCPs from 1979-2010
for ERA-Interim. Between 120° and 180° East, 38% of the LCPs reached their lowest tem-
perature in that region in the long term annual average. Results for the different regions
are indicated by different colors. In NH winter most trajectories enter the stratosphere over
the maritime continent with 45% (blue line). The maximum occurrence is shifted towards
the East compared to the annual mean. During NH summer a large amount of air masses
reach their cold point between 80° and 100° East (India/Bay of Bengal). Between 350°
and 50° East (West Africa), largest occurrence of LCPs takes place in NH spring (green).
(Kriiger et al., 2008) calculated the LCP occurrence for ERA-40 and opECMWF data for
the same region, resulting in 34% using vertical winds and 50-60% using diabatic heating
rates of one single winter. A secondary peak over South America around 285 ° E is indicated
using opECMWF 3 D windfields (Kriiger et al., 2008). This peak is also visible in Figure
4.10, using ERA Interim data. However, comparing the NH winter 2001/2002 from this
study, using ERA Interim with the one shown by Kriiger et al. (2008) using ERA-40 and
opECMWF reveals that the entrainment over South America is relatively smaller to the
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marked area between 120° and 180° East. The annual (black) and seasonal averages are
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entrainment over the West Pacific (not shown here) and for the average NH winter as well
(Figure 4.10 blue curve). Furthermore, the accumulation of LCPs over West Africa around
20° E during NH winter for ERA Interim 2001/2002 (not shown here) and on the annual
average (Figure 4.10), is not indicated in opECMWF and ERA-40 data (Kriiger et al., 2008).
A varying initialization method of the trajectories is not applied there and in other studies
neither. This might be a possible explanation for neglecting an accumulation of LCPs es-
pecially over West Africa for an initialization time at local noon (12 UTC). It may however
also reflect changes between the ECMWEF assimilation models and techniques (Dee et al.,
2011, e.g).

4.2 Global climate models

In this section, the ability of climate models to represent the basic structure of the upper TTL
and the main entrance region into the stratosphere is investigated. Different seasons and
regions are considered for the time period between 1990 and 1999. For the global models,
basically, four different CCMs including full stratospheric ozone chemistry are analyzed.
Most models within CCMVal-2 use a prescribed ocean, whereas CMAM REF-B2 is the only
model, taking an interactive ocean into account. For comparison, the CMIP5 model MPI-
ESM is analyzed as well, which is driven by observed GHG and ozone changes and uses an
interactive ocean as well. Due to the large amount of data, the presentation of key results is
chosen. More details, e.g. climatologies of the Eulerian cold point and the Lagrangian cold
points for each model, are presented in the appendix (Figure A.3).
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4.2.1 Eulerian cold point

As the Eulerian cold point temperature has a large impact on the LCP analysis of the cli-
mate models, Figure 4.11(a) presents the annual mean CP temperature for reanalysis and
climate models between 10°N and 10°S. The average Eulerian cold point in Figure 4.11(a)
varies for ERA-Interim between 191.5 K and 193 K. The two CMAM models, WACCM
and the MPI-ESM simulations show similar temperatures (4/- 1.5 K) between 10°N and
10°S. The simulations from NIWA-SOCOL however simulate 2 to 5 K lower temperatures
compared to ERA Interim. A warm Eulerian cold point bias appears in the E39CA model
with temperatures 1 to 2 K higher than ERA Interim. There are several studies, reporting
a cooling in the tropical tropopause especially from the 1990s onward, e.g. the work from
Rosenlof and Reid (2008), which was based on reanalysis and satellite data. However, no
trend is visible in the cold point for ERA Interim between 10°N and 10°S in Figure 4.11(a),
which is consistent with results shown by Wang et al. (2012). They suggest that the reported
decrease of CP temperature is not significant. By adjusting radiosonde data the authors de-
termined less certain trends. That could be one reason why ERA Interim reflects no CP
temperature decrease as it assimilates adjusted radiosonde data to produce their reanalysis
product (Wang et al., 2012; Dee et al., 2011).

The behavior of the cold point tropopause temperatures simulated from different CCMs
within the CCMVal-2 project, has been investigated by Gettelman et al. (2010). The dif-
ferences between the models and ERA Interim show comparable characteristics of the cold
point tropopause temperature between 20°N and 20°S, like in the temperature presented
here. The models CMAM REF-B1, E39CA, NIWA-SOCOL REF-B1 and MPI-ESM reveal
a strong peak in 1991, whereas ERA Interim, WACCM and the two REF-B2 simulations
do not. Global maps of the climatology for the Eulerian cold point are presented in the
appendix (Figures A.3(b)-(h)) for each climate model.

4.2.2 Vertical winds

As the Lagrangian study is performed based on the kinematic method, differences in the
underlying vertical wind fields of the models can have a large impact on the simulated path
of air masses. The strength of the vertical wind near the tropopause has been analyzed
between 10°N and 10°S for each climate model (Figure 6.3(a)). At 100 hPa pressure level,
ERA Interim has an average uplift of -0.8:1073 Pa/s. E39CA indicates the weakest verti-
cal velocity of -0.2-1072 Pa/s, whereas the other climate models have the tendency to have
slightly stronger vertical velocities compared to ERA Interim. The strongest vertical velocity
is simulated for CMAM REF-B2 (-1.3-107%) Pa/s. An intercomparison between the models
and the multi model mean of the different climate models from CCMVal-2 project revealed
as well stronger vertical velocities at 70 hPa in the tropics for NIWA SOCOL and weaker
vertical velocities for E39CA compared to the multi model mean (Butchart et al., 2010).

The LCP temperatures are higher for E39CA and lower for the other climate models com-
pared to ERA Interim. However, the strength of the cold or warm bias cannot be explained
simply by the strength of the vertical velocity as NIWA SOCOL shows the strongest cold
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bias to ERA Interim. The strong biases could be also attributed to the used model dy-
namics. In case of NIWA SOCOL, the applied semi-Lagrangian hybrid-transport-scheme
could possibly have an effect on the much faster tape recorder and residual velocities (pers.
comm. with Dan Smale - NTWA-SOCOL PI) compared to the other models within CCMVal-
2 (SPARC, 2010, Chapter 5.). This could have an effect on the LCP temperature. The El
Nino like pattern of the LCP distribution for NIWA-SOCOL REF-B1 and REF-B2, with an
LCP accumulation over the eastern Pacific, rather than over the western Pacific as shown
for ERA Interim (Figure 4.12(a) and (c), (d)) could arise from the climate model forcings.
The NIWA-SOCOL model has a rather distinct atmospheric response to volcanic and QBO
forcing (SPARC, 2010, Chapter 8.). This specific phenomena for NIWA SOCOL can be
explained by the eruption of Mount Pinatubo and a stronger than normal QBO, which oc-
curred in the early 90’s.

The average vertical velocity fields in 100 hPa for ERA Interim and the different climate
models is shown for NH winter in Figure A.4 and for NH summer in Figure A.5. Generally
all models reflect an ascent region (blue) over the West Pacific and South America during
NH winter (Figure A.4). Strongest ascent is indicated by CMAM REF-B2 and weakest
by MPI-ESM, which is most similar to ERA Interim. During NH summer (Figure A.5)
the strongest ascent region is located over East Asia and the China Sea according to ERA
Interim. The climate models generally reproduce those ascent regions however, large differ-
ences exist among the models. CMAM REF-B2 simulates the strongest ascent region even
spread over the Bay of Bengal and the tropical West Pacific. E39CA reproduces the ascent
region over East Asia worse. WACCM and MPI-ESM reflect the location and strength of
the ascent region best.

4.2.3 Lagrangian cold point

The time series of the Lagrangian cold point temperature between 10°N - 10°S is presented
in Figure 4.11(b). The LCP temperature varies between 189 K and 191 K for ERA Interim.
The climate models behave similar as for the Eulerian cold point analysis regarding their
differences in the LCP temperature to ERA Interim. Highest LCP temperatures are simu-
lated by the E39CA model and NIWA SOCOL reveals LCP temperatures up to 5 K lower
than ERA Interim.

The differences between the Eulerian and the Lagrangian cold point is given in Figure 4.11(c).
For ERA Interim, the LCP temperature is systematically ~2 K lower than the Eulerian cold
point. The CMAM REF-B1 simulation shows the smallest differences (~1.4K) and largest
differences are indicated by the E39CA model (~2.5K). Analyzing ERA 40 data from 1979-
2001, Fueglistaler et al. (2005) showed that the Lagrangian cold point is systematically about
2.5 K lower, than the cold point temperatures in the Eulerian perception.

4.2.3.1 Climatology

Figure 4.12 shows the annual mean LCP temperature between 1990-1999 for ERA-Interim
(a) and the differences with the climate models (b)-(h). Lower LCP temperatures in the
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climate models compared to ERA Interim are indicated by blueish colors, higher LCP tem-
peratures are indicated by reddish colors. The E39CA model has a warm bias of 2 to 6 K,
compared to ERA-Interim, which is increasing with distance from the equator. Only the
temperature in the western Pacific region varies within +/- 1 K. The maximum frequency
of LCPs in the West Pacific area compared to ERA-Interim is shifted to the Southeast vi-
sualized by the green contour lines (Figure 4.12(b)). Accordingly, less LCPs occur over the
maritime continent up to the Bay of Bengal. In the two REF-B1 and REF-B2 runs from
NIWA-SOCOL (c) and (d) a negative bias of the tropical LCP exists of -5 to -6 K, which is
strongest over the West Pacific and decreasing polewards. Over the maritime continent up
to 0.3% less LCPs occur, whereas in the East Pacific more entrainment into the stratosphere
takes place. The two simulation runs from CMAM (Figure (e) and (f)) show only very small
differences in the LCP temperature of +/- 1 K compared to ERA Interim. The difference of
LCP occurrences over the maritime continent is up to 0.2%. However, over South America
and India CMAM REF-B1 reveals up to 0.4% higher LCP occurrence than for ERA Interim,
which does occur in CMAM REF-B2 simulations as well. Figure (g) presents the REF-B1
simulation of WACCM. The LCP temperature has a slight bias of -1 to -2 K within the
tropics. In WACCM, the occurrence of LCPs is shifted to the East over the central and
East Pacific and is higher with 0.4% more than ERA Interim. Further, less entrainment is
simulated by WACCM over West Africa than compared to the other models. The MPI-ESM
model (g), has an overall negative bias in the tropics between -1 to -2 K and simulates less
LCPs over the whole Pacific (-0.5%), but 0.3% more over West Africa and 0.2% over South
America in comparison to ERA Interim.

The global maps of the potential temperatures for the climate models between 1990-1999 is
shown in Figure A.7. Lowest potential temperatures are simulated by CMAM REF-B1 with
360 K 6 over the West Pacific, which is most similar to ERA Interim.

The structure of the LCP temperature (Figure A.6), as described above, is very similar
compared to the structure of the Eulerian cold point (Figure A.3). It is visible from those
that E39CA has an overall higher Eulerian CP temperature compared to ERA Interim, ac-
cordingly the LCP temperature from E39CA is higher compared to the LCP temperature
from ERA Interim. Probable reasons for a warm bias might be deficiencies in transport in
the TTL considering the differences from the Eulerian cold point (Figure 4.11(a)) (SPARC,
2010, Chapter 7.).

The two climatologies for the NIWA SOCOL simulations show lowest temperatures for the
Eulerian cold point (Figure A.3(c) and (d)), which is also the case looking at the Lagrangian
temperatures (Figure A.6(c) and (d)).

Figures 4.13 and 4.14 show the climatology of the average LCP temperatures for the NH
winter (DJF) and summer (JJA) seasons 1990-1999. In general, the differences of the LCP
temperatures for the different models compared to ERA Interim are in the same order in
winter (Figure 4.13(b)-(h)) and in the summer seasons (Figure 4.14(b)-(h)) compared to the
annual mean (Figure 4.12). The structure of the contour lines for the LCP occurrence
are more noisy during NH winter and summer, due to a smaller amount of considered
trajectories in the single seasons. Thus, differences in the LCP occurrence between the
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Fig. 4.12: Differences in the climatology of LCP temperature and occurrence from climate models
to ERA-Interim (1990-1999) per 5° x 5°. Overlied with contour lines for the density
of LCP occurrence in [%)] red: less than ERA-Interim, green: more than ERA-Interim.
(a) ERA-Interim, (b) E39CA, (c¢) NIWA-Socol REF-B1, (d) NIWA-Socol REF-B2, (e)
CMAM REF-B1, (f) CMAM REF-B2, (g) WACCM, (h) MPI-ESM. The color interval
is 2 K; for LCP occurrence and differences it is 0.1%. Ranging from 0.1% up to 0.7% for
white contour lines in (a); between -0.5% and -0.1% red contours and 0.1% until 0.5%
for green contour lines.
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Fig. 4.13: Differences in the climatology of LCP temperature in DJF and occurrence from climate
models to ERA-Interim (1990-1999) per 5° x 5°. Overlied with contour lines for the
density of LCP occurrence in [%] red: less than ERA-Interim, green:more than ERA-
Interim. (a) ERA-Interim,(b) E39CA, (c¢) NIWA-Socol REF-B1, (d) NIWA-Socol REF-
B2, () CMAM REF-B1, (f) CMAM REF-B2, (g) WACCM, (h) MPL-ESM. Color and
contour interval as for Fig 4.12.
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Fig. 4.14: Differences in the climatology of LCP temperature in JJA and occurrence from climate

models to ERA-Interim (1990-1999) per 5° x 5° .

Overlied with contour lines for the

density of LCP occurrence in [%] red: less than ERA-Interim, green:more than ERA-
Interim. (a) ERA-Interim,(b) E39CA, (c¢) NIWA-Socol REF-B1, (d) NIWA-Socol REF-
B2, () CMAM REF-B1, (f) CMAM REF-B2, (g) WACCM, (h) MPL-ESM. Color and
contour interval as for Fig 4.12.
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climate models and ERA Interim (DJF: Figure 4.13(b)-(h) and JJA: Figure 4.14(b)-(h)) are
more pronounced. The largest deviation in the LCP occurrence is visible in the western
Pacific during DJF, where most of the models (except WACCM) simulate a lower frequency
of LCPs. In the region over South America also large discrepancies are striking, especially
for the two CMAM simulations and for the MPI-ESM (Figure 4.13(e), (f) and (h)). They
indicate higher LCP frequencies over South America compared to ERA-Interim (Figure
4.13(a)).

For the NH summer season, the largest discrepancies in the LCP occurrence between climate
models and the ERA Interim reanalysis data are visible over the West Pacific and the Bay of
Bengal. The occurrence of LCPs is underestimated in all climate model simulations over the
tropical West Pacific (red contour lines). In contrast to most of the other climate models,
CMAM overestimates the LCP occurrence over the Bay of Bengal during NH summer (Figure
4.14(e) and (f)) (green contour lines). This might be probably due to the strong ascent in
that geographical region, which is not indicated by the other models (see Figure A.5).

4.2.3.2 Spatial pattern

In Figure 4.15 the relative number of the zonally averaged LCPs within 5° longitude bins
is shown for the period 1990-1999. The annual average (Figure 4.15(a)) and the seasonal
(Figure (b)-(e)) LCP occurrence is presented for ERA-Interim and for the different climate
models.

In the annual average, ERA Interim and the models agree with a main entrance region for air
masses located between 120° and 200° E. NIWA-SOCOL simulates a quite zonally uniform
distribution of LCPs highlighting this area least. Compared to ERA Interim, most climate
models indicate an eastward shift of the main LCP occurrence. For ERA Interim 36% of all
air masses reach the stratosphere in the area between 120° and 180° E. This amount is rep-
resented best from WACCM by simulating 39% of the air masses in that region. The other
models indicate 5 to 13% less LCPs in this region. Due to the zonally uniform distribution
from NIWA-SOCOL, both simulations show largest differences to ERA Interim.

The seasonal variability of the zonally averaged LCP distribution is shown in Figure 4.15(b)-
(e). During NH spring ERA Interim indicates a maximum of LCPs between 80° and 110°
E in the East Indian Ocean (Figure 4.15(b)). This accumulation is only reproduced by
WACCM and CMAM REF-B1, whereas the other models do not highlight this region. In
contrast to ERA Interim they indicate higher amounts of LCPs over the East Pacific and
partly over West Africa. CMAM REF-B1 is able to capture the accumulation over the West
Pacific best compared to the reanalysis. Discrepancies between ERA Interim and climate
models appear during NH summer (Figure 4.15(c)) as well. An extremely high number of
LCPs are simulated by CMAM REF-B1 (red) between 30° and 100° East in the Indian Ocean
indicating a number twice as large as ERA Interim. The region over the West Pacific between
120° and 180° East is best represented by the model E39CA in comparison to ERA Interim.
During NH fall generally it seems like discrepancies among ERA Interim and climate models
are less striking (Figure 4.15(d)). However, the main entrance region for air masses in the
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West Pacific is simulated by the climate models to be stronger shifted towards the East
compared to ERA Interim. For ERA Interim 36% of the air masses reach the stratosphere
above the West Pacific. WACCM performs best in reproducing that amount but on the other
hand indicates almost no LCPs between 0° and 60° E, which is shown by ERA Interim and
the other models. During NH winter, largest entrainment is indicated over the West Pacific
from ERA Interim. Most of the models (except NIWA SOCOL) are able to simulate the
largest entrainment in the West Pacific during NH winter as well. ERA Interim reveals 41%
of the air masses entering the stratosphere between 120° and 180° (Figure 4.15(e)). Highest
amount is shown for WACCM with 51%, CMAM REF-B1 performs best by simulating
40%. Two further regional accumulations of LCPs are apparent over West Africa and South
America with different intensities between the reanalysis and the climate models. CMAM
REF-B1 simulates a striking occurrence rate over South America (260° and 320°), which is
more than three times higher than for ERA Interim.

Overall, largest discrepancies appear during NH winter and summer among the climate
models compared with ERA Interim. For the annual average and during NH fall, the climate
models reproduce the occurrence of LCPs by ERA Interim best.

Inspecting the zonal distribution of the LCP, five entrainment regions covering the whole
tropics can be distinguished and are newly defined (in contrast to the study by Kriiger et al.
(2008) and previous sections, but similar to Fueglistaler et al. (2004)): West Pacific (WP),
East Pacific (EP), South America (SA), West Africa (WA) and the Indian Ocean (IN) (Figure
4.16). The time series of annual mean LCPs for these five regions is highlighted for ERA
Interim and the different climate models in Figure 4.17. The upper panel represents the
West Pacific (WP: 100° - 210°E 1), the second panel the East Pacific (EP: 210° - 270°E),

!Note that the area of the West Pacific is now enlarged in contrast to the previous analysis.

LCP ERA INT D-J-F 1999/2000
T -~ 195

lat [deg]

1 b\ 1
120 150 180 210 240 270 300 330 360
lon [deg]

Fig. 4.16: Definition of geographical regions of the LCP distribution from ERA Interim DJF
1999/2000. West Pacific (WP) 100° - 210°, East Pacific (EP) 210° - 270°, South Amer-
ica (SA) 270° - 330° E, West Africa (WA) 330° - 50° E and Indian Ocean (IN) 50° -
100°E.
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Fig. 4.17: Time series of annual average occurrence of LCPs inside 5 © longitude bins for different
regions. Number in [%] indicates the percentage of trajectories reaching the stratosphere
(see legend with color codings from Figure 4.11(c).) First panel: West Pacific 100° -
210°, second panel: East Pacific 210°-270°, third panel: South America 270° - 330° E,
fourth panel:West Africa 330° - 40° E, fifth panel: Indin Ocean 50° - 100°E.

the third panel South America (SA: 270° - 330°E), the fourth panel West Africa (WA:
330° - 50°E) and the lowermost panel the Indian Ocean region (IN: 50° - 100°E). Overall,
the highest frequencies of LCPs occur over the West Pacific, where the highest amounts
are reached by WACCM with around 60% (pink). The model from E39CA (blue) reveals
similar amounts of LCPs as the reanalysis data (black) with around 55%. NIWA-SOCOL
REF-B1 and REF-B2 (purple and cyan) reach up to 20% less LCPs in that region. In the
East Pacific, CMAM REF-B1 and REF-B2 (red and yellow) agree best with ERA Interim,
whereas the two NIWA-SOCOL simulations and to some parts WACCM overestimate the
amount of LCPs by up to 10 %. The LCP amount over South America is reproduced closely
by CMAM and NIWA-SOCOL in contrast to the other models, which simulate 5% to 10%
more (MPI-ESM) and less (WACCM and E39CA) LCPs compared to ERA Interim. All
climate models, except for WACCM, simulate up to 10% higher LCP frequency over West
Africa. Overall the climate models performance is best over the Indian Ocean, where up to
+/- 5% variations are found compared to ERA Interim.

In this annual mean time series, the interannual variability and the ENSO effect is visible as
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well. The LCP occurrence for ERA Interim in the West Pacific varies between 50% and 65%,
however for the year 1997 (strong El Nino), the LCP occurrence almost halfs and drops down
to around 40% in the West Pacific. Most climate models, except CMAM REF-B2 (yellow)
and MPI-ESM (green), which include both an coupled ocean, show a strong decrease of the
LCP occurrence in the West Pacific in 1997 as well, but at the same time an increase of
LCPs over the East Pacific. This behavior of an eastward shift of the LCP frequency to the
central and eastern Pacific, which is typical for an El Nino event and is also visible in Figure
2.7(d).

4.3 Summary

Climatologies of the Eulerian and the Lagrangian cold point for ERA Interim and different
climate models are highlighted in this chapter. The focus lies on the LCP occurrence to
answer the question in which region and season most air masses reach the stratosphere
and whether this coincides with lowest CP temperatures, hence the cold trap, where also
enhanced tropical uplift in the upper TTL occurs. The behavior of the LCP temperature and
distribution is analyzed for the annual and seasonal means using ERA Interim and climate
models.

It is shown that some models have comparable characteristics of LCP temperature compared
to ERA Interim. WACCM, CMAM REF-B1, CMAM REF-B2 and MPI-ESM are closest to
the annual average LCP temperatures from ERA Interim (within +/-1.5 K). E39CA has a
positive bias up to 2 K outside the maritime continent, whereas NIWA-SOCOL REF-B1 and
REF-B2 have biases of -3 to -5 K, which increases towards the tropical West Pacific. The
biases in the LCP temperatures are highly related to the Eulerian cold point climatologies and
the vertical wind near the tropopause region at 70 hPa (section 6.2). Stronger vertical winds
in the lower stratosphere tend to occur in models, which simulate lower CP temperatures
compared to ERA Interim.

The annual average, where ERA Interim has the maximum LCP occurrence over the West
Pacific, is well reproduced by the different climate models. However, they show discrepancies
in the amount of entrainment over the tropical West Pacific during NH winter compared to
ERA Interim (see also Figure A.8). During different seasons however, South America and
West Africa are partly much stronger pronounced compared to ERA Interim. All climate
models reproduce the shift of the accumulation of stratospheric entrainment points during
NH summer from the West Pacific towards the Bay of Bengal (see also Figure A.9).

To summarize the results of the LCP frequencies, Figure 4.18 shows the relative number
of LCPs in different regions, annually averaged over the years 1990-1999 for ERA Interim
and all climate models. The analysis of the Lagrangian calculations revealed that most
climate models reproduce a maximum entrainment of air into the stratosphere over the
tropical West Pacific within 52% +/- 10%. Fueglistaler et al. (2004) indicated a larger
occurrence of trajectories assuming their minimum saturation mixing ratio in the same region
for the year 2001 using ERA-40 data. During NH winter 71% and during summer 67% of
the trajectories reached their cold point in the WP, whereas in this study 60% and 52%
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are analyzed respectively using ERA Interim data between 1979-2010 (Figure A.15). The
differences probably appear due to the application of different ECMWF datasets and lengths
of time series.

E39CA reproduces the annual LCP occurrence over the West Pacific of the reanalysis best
(50.5%), however E39CA overestimates the number of LCPs in other regions, like the East
Pacific and West Africa by 5% (Figure 4.18). NIWA-SOCOL and WACCM simulations
reveal the strongest deviation compared to ERA Interim, especially over the Pacific and
West Africa. The area over the Indian Ocean is reproduced best by all models.

By analyzing two different CCMs from CCMVal-1 using a Lagrangian approach for different
reference years, Kremser et al. (2009) determined in contrast to the present work that the
CCMs were not able to reproduce the highest entrainment over the West Pacific. However,
the authors located a higher contribution of LCP occurrences over West Africa by the two
CCMs compared to ERA-40 data, which is also one outcome of the results from this study.
This may be due to the fact that enhanced vertical velocities (hence convective activity)
together with pronounced LCP occurrences is detected during local noontime and especially
over continents. In detail, ERA Interim revealed pronounced entrainment and strong vertical
velocities especially for 12 and 18 UTC climatology over West Africa and South America,
compared to earlier ECMWEF based studies (e.g Kremser et al., 2009; Kriiger et al., 2009;
Fueglistaler et al., 2004). The different resulting LCP pattern due to a varying UTC starting
time using ERA Interim data looks suspicious and should be addressed further in upcoming
studies.
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Fig. 4.18: Annual average occurrences of LCPs for different regions from ERA Interim and climate
models. West Pacific (WP): 100°-210°E, East Pacific (EP): 210°-270°E, South America
(SA): 270°-330°W, West Africa (WA): 330°-50°E and Indian Ocean (IN): 50°-100°W
for 1990-1999, black bar represents ERA-Interim 1979-2011.



Chapter 5

Widening of the upper TTL

In this chapter the widening of the tropical belt is investigated using a new diagnostic, the
meridional extension of the LCP distribution. Trajectory calculations based on ERA Interim
(1979-2011), CCMVal-2 and CMIP5 (1990-1999) data are analyzed. LCPs represent the en-
trance region of air masses traveling from the troposphere into the stratosphere, and mark
the upper boundary of the TTL (compare section 2.4.1). Hence, analyzing the meridional
extension of these LCPs, the width of the upper TTL, as indicator for a changing tropical
belt in the transition between the troposphere and the stratosphere, can be determined.
Different diagnostics have been applied mainly for the troposphere in the literature so far,
to analyze the behavior of the tropical belt (Section 2.5). To set-up a stable method, here,
a fix threshold for the border of the width of the upper TTL is determined, namely the 88th
percentile in accordance with the annual average LCP distribution for the ERA Interim re-
analysis (Section 3.3.2).

As described in section 2.4, the distribution of the LCPs reveals a seasonal cycle and
interannualy variability (e.g. ENSO). Besides, natural variability influencing the LCPs,
Fueglistaler and Haynes (2005) mentioned a broadening of the latitudinal density distribu-
tion of the LCPs based on ERA40 data (1979-2002), which could result from a change in the
tropical upwelling. The intention of this chapter is to analyze this latitudinal distribution of
the LCPs and the temporal evolution of the upper TTL widening in more detail using ERA
Interim assimilation (1979-2011) and coupled climate models (1990-1999).

5.1 ERA-Interim

In the first part of this chapter the change of the width of the upper TTL is analyzed based
on the LCP distributions of the ERA Interim assimilation (1979-2011). Because the width of
the upper TTL varies similar to the distribution of the Lagrangian cold points, the evolution
of this metric is analyzed for different seasons, hemispheres and different decades.

69
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5.1.1 Variability of the width of the upper TTL

Largest variabilities of the latitudinal LCP distribution from ERA Interim is found for NH
summer for the decade 1979-1989 (Table 5.1). Figure 5.1 shows a histogram of the LCPs for
this decade, representing the interannual variability of the meridional extension of the LCPs.
The LCPs have been counted inside 2.5° latitude bins and the relative amount is shown in
[%]. Highlighted are the LCP distributions for 1979 (pink) and 1989 (blue). During NH
summer most of the LCPs are located on the NH around 5° N. Overall, the meridional
distribution extends mainly from ~30° N to ~20° S. While for 1979 the histogram shows a
more narrow distribution, at least on the SH, the LCP distribution for 1989 is broader and
more flat. However, this alone is no proof for a broadening of the upper TTL as the LCP
distribution shows interannual variability as well. The goal is to find out if there is evidence
for a significant change of the LCP distribution on a longer timescale, and thus, whether the
upper TTL is broadening or if this is just by chance.

ERA-Interim [ DJF | MAM | JJA | SON | annual |
NH & SH 1979-2010 | 1.03 [0.65] | 1.14 [0.79] | 1.39 [0.7] | 1.22 [0.72] | 1.2 [0.49]

NH 1979-2010 | 1.00 [1.56] | 0.84 [1.01] | 0.31 [1.9] | 0.56 [0.62] | 0.68 [0.29]

SH 1979-2010 | 0.03 [1.18] | 0.3[0.47] | 1.1[1.06] | 0.66 [0.53] | 0.52 [0.29]
NH & SH 1979-1989 | 1.19 [3.98] | 3.2[2.98] | 4.7[3.3] | 2.16 [3.14] | 2.81 [2.34]
NH & SH 1989-1999 | 2.69 [3.12] | 2.15 [5.08] [ 1.95 [2.94] | 3.41 [3.75] | 2.55 [2.44]
NH & SH 1999-2009 | 0.07 [3.36] | -0.49 [3.33] | 1.34 [3.94] [ 0.11 [3.72] | 0.26 [2.6]

Tab. 5.1: Change of the upper TTL (in ° lat/dec) represented by the 88 th percentile of the
LCP distribution. Seasons, hemispheres and decades are analyzed separately. The 95
% confidence interval is calculated for each quantity and is displayed in the brackets.

Significant changes are shaded in grey.

5.1.1.1 Annual average

The annually average width of the TTL from 1979-2010 for ERA Interim, defined by the
threshold of 88th percentile (Section 3.3.2), is presented in Figure 5.2. The red shaded area
represents the width of the upper TTL and the borders are visualized by the red curves at
around 12° S for the southern and at around 15° N for the northern hemisphere. As can be
seen, the median of the geographical LCP distribution is located on the Northern Hemisphere
at around 2.5° N (green line). Thus, on the annual average most of the LCPs arise on the
NH. This can be linked to the position of the rising branch of the Hadley circulation, which
is located during most of the seasons some degrees north of the equator (Fueglistaler et al.,
2009).

The temporal evolution of the absolute width of the upper TTL is shown in the lower graph
of Figure 5.2. The total width of the TTL varies between 24° to 32° latitude. The linear
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regression (blue dotted line) reveals a significant (1.96 o level ~ 95%) increase of the upper
TTL width of 1.2 ° lat/dec for the time period 1979-2010 (see table 5.1). Considering the
absolute width of the upper TTL, the broadest TTL is found in 1999, whereas the most
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Fig. 5.1: Histogram for the LCP distribution for JJA ERA Interim 1979-1989 data.
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Fig. 5.2: Annual average width of the TTL represented by the 88 th percentile of the distribution
of LCPs on the time scale from 1979-2010 (ERA Interim).
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narrow TTL is found in 1982. This coincides with results of the tropical width analyzes
carried out by Birner (2010a) and Lu et al. (2009), whose analysis of a tropical widening
changes are based on the tropopause height using NCEP and ERA40 data. Birner (2010a)
reported on a possible correlation between the width of the tropical belt and major volcanic
eruptions and ENSO events. According to the author, minima of the width of the tropics are
found after volcanic eruptions like El Chichon and Pinatubo in 1982 and 1991 respectively
and anomalously large expansions after strong La Nina events as in 1999.

5.1.1.2 Seasonal cycle

The seasonal varying temperature and distribution of LCPs was shown in Section 4.1.4.1.
Thus, one can assume that the width of the upper TTL has a seasonal cycle as well. Figure
5.3 shows the width of the upper TTL for the different seasons. During NH spring, the
northern border of the upper TTL is located between 10° and 18° N (Figure 5.3(a)). On
the SH, the border varies between 8° and 12° S. The total width is most narrow (around
26° latitude) and has the highest year to year variability of up to 30 %. An increase of the
total width is demonstrated by the slope of the linear regression (blue dotted line). For NH
spring the width of the upper TTL is most narrow in 1997 and broadest in 2000, meaning
the LCPs are more accumulated within the tropics in 1997, while they are more spread out
in the year 2000. During NH summer the upper TTL is broadest (Figure 5.3(b)). This is
consistent with a poleward shift of the subtropical jets during that season (see also Birner
(2010a)). The subtropical jets define the TTL borders laterally, they vary seasonally in their
strength and position (Konopka et al., 2007). During NH summer the total width of the
upper TTL amounts to 26° to 35° latitude between 1979-2010. 44 % of the LCPs are located
between 8 and 20° N, thus the LCPs are mainly concentrated on the NH. Most of the air
masses reach their LCP over the Bay of Bengal (compare Figure 4.9(b)), which is due to the
Asian monsoon circulation. During NH fall, the highest amount of LCPs occur also on the
NH (Figure 5.3(c)). However, compared to NH summer, the TTL region is slightly shifted
towards the SH and the total width of the upper TTL amounts to 25° to 32°. In NH winter,
the majority of the LCPs is located on the SH (Figure 5.3(d)), where the borders are located
at around 10° N and 15° S. The total width varies between 20° and 30° latitude.

The presented migration of the upper TTL is consistent with the results by Birner (2010a)
and is assumed to be related to the seasonal oscillation of the subtropical jets and location
of maximum insolation.

Inspecting the total width of the upper TTL for each season and its linear regressions, a
broadening of the upper TTL is identified for all four seasons (table 5.1). The strongest
increase in the width of the upper TTL is indicated during boreal summer, with 1.39°
lat/dec. Most of this signal is influenced by the SH (1.1° lat/dec). During boreal winter,
the width of the upper TTL changes by 1.03° lat/dec. This change is mostly influenced by
the NH revealing an increase of 1° lat/dec, whereas almost no change is indicated on the
SH. During boreal spring, a positive change of 1.14° lat/dec is analyzed mainly due to the
change of 0.84° lat/dec on the NH. During boreal fall, similar changes are shown on both
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Fig. 5.3: Seasonal average width of the TTL represented by the 88 th percentile of the distribution
of LCPs (red shaded area) from 1979-2010 during different seasons. The median of the
distribution is presented by the green line. The total width of the 88 th percentile is
shown in the lower panels (blue curve). Linear regressions for all curves are represented
by the dotted lines with the corresponding colors. For MAM (a), JJA (b), SON (c) and
DJF (d).

hemispheres, which amounts to a total expansion of 1.22° lat/dec. All four seasons reveal
significant results on the 2 o level.

In general, the absolute change of the upper TTL is similar during all seasons. Seasonal
differences occur by concerning the two hemispheres separately, discussed in the following
section.

5.1.1.3 Hemispheric differencies

Table 5.1 shows the change of the width of the upper TTL on the northern and southern
hemisphere separately. For the annual mean the NH reveals a slightly stronger widening
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than the SH, which is significant on the 95 % confidence level. During NH winter and spring
the broadening of the upper TTL is more pronounced on the NH. The same holds for the
SH winter and spring, revealing a stronger change on the SH. For the NH summer and fall
seasons the changes are weaker on the respective summer hemisphere. However, these sea-
sonal differences on the hemispheres are not significant except for JJA and SON on the SH.
Hemispherical differences of the expansion of the tropical belt have been noticed in pre-
vious studies as well. The observed varying expansion of the tropical belt on the two
hemispheres depends on the underlying diagnostics that define the border of the tropics
(Davis and Rosenlof, 2012). Some studies suggest a stronger widening of the tropopause
on the SH, e.g. Birner (2010a), who found a significant widening trend based on the tro-
popause height diagnostic. This SH change could be possibly explained by the Antarctic
ozone loss (Son et al., 2009; Davis and Rosenlof, 2012). Davis and Rosenlof (2012) showed
that most diagnostics based on the tropopause show the largest tropical border expansion on
the SH, whereas outgoing longwave radiation (OLR) based diagnostics show the strongest
expansion on the NH. One explanation causing this feature is given by Davis and Rosenlof
(2012). They suggest that the stronger trend on the NH is possibly due to more assimilated
measurements on the NH effecting the hydrological cycle. However, for other metrics (e.g.
latitude of peak wind at 850 hPa and most equatorward most latitude of zero crossing of
mean meridional streamfunction at 500 hPa), Davis and Rosenlof (2012) investigated that
the tropical belt growth is largest during summer and fall of each hemisphere. This is also
the case analyzing the change of the upper TTL in this study.

5.1.1.4 Decadal changes

During the different time periods that have been analyzed for ERA Interim, decadal vari-
ability in the changing width of the upper TTL are detected. The data analyzed in this
study covers the years 1979-2011, thus basically three decades. The results for the different
decades are listed in Table 5.1. Noticeable is the fairly strong expand of the upper TTL
during the first two decades (1979-1989 and 1989-1999) with a significant widening, whereas
in the last decade (1999-2009) almost no change in the width of the upper TTL is apparent.
On the annual average the TTL reflects a broadening of 2.81 °/dec during the first decade
(1979-1989). The broadening of the TTL is strongest during NH spring and summer (3.2
and 4.7 ° lat/dec). During the second decade, 1989-1999 the upper TTL expanded again
significantly by 2.55 © lat/dec. The largest influence for the expansion arises during NH fall
with 3.41 ° lat /dec, whereas NH spring and summer indicates minor expansions of the upper
TTL with 2.15° lat/dec and 1.95° lat/dec (not significant). After the year 2000, the change
of the upper TTL experiences a slowdown. During 1999-2009, the width of the upper TTL
expands by 0.26 ° lat/dec on the annual average (not significant). During boreal summer,
the upper TTL indicates the largest expansion of 1.34 ° lat/dec, during NH spring even a
narrowing of 0.49 ° is showing up. However, none of the changes, occurring during the third
decade, are significant on the 95 % level.

Before the year 2000 an increase of the water vapor content in the lower stratosphere is
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reported by Rosenlof (2002). The author suggested that the widening of the tropical up-
welling region could be a possible mechanism for this water vapor increase. Some studies
report also about a slowdown of the growth of the tropical widening after the year 2000 (e.g.
Birner, 2010a; Davis and Rosenlof, 2012). A reason for this phenomena might be the ob-
served changes of the stratospheric circulation, which is related to the decrease of the water
vapor content in the lower stratosphere after the year 2000. These atmospheric changes are
correlated with a decrease of the cold point temperature in the tropics, a decrease of the
ozone concentration near the tropopause after the year 2001 and an increase of the mean
tropical upwelling (Davis and Rosenlof, 2012; Randel et al., 2006). However, the observed
water vapor drop in 2000 is not well represented in model predictions based on Lagrangian
calculations from ERA Interim or temperatures from radiosonde data (Fueglistaler et al.,
2013). In contrast to Fueglistaler et al. (2013), who analyzed the stratospheric water vapor
based on Lagrangian cold points, the results from this Lagrangian study reveal an indirect
effect of the water vapor drop in 2000 by a narrowing of the TTL region. Most of the publi-
cations concerning the tropical widening are based on observational data prior to 2005, thus
a possible slowdown of the tropical widening or even narrowing after 2000 was not reported
in previous studies yet.

5.1.2 Spatial pattern

Concerning the LCP distribution pattern, large variabilities are striking within different
regions. Due to seasonal effects, like the Asian Monsoon, changes in the LCP distribution
over the year are notable within specific regions (e.g. the Indian Ocean). The width of
the upper TTL within different regions during NH summer (JJA) and NH winter (DJF) is
shown for ERA Interim (1979-2010) in Figure 5.4. The definition of the geographic regions
from Section 4.2 (Figure 4.16) is applied in the following. Different thresholds are chosen to
visualize the variability of the upper TTL-width.

During NH winter the median is mostly located on the SH, which implies a less variable
border on the SH for almost all regions compared to the TTL-border on the NH. Exceptional
is the East Pacific. There the median varies around the equator between 5°S and 5°N
indicating larger variabilities on the NH as well (Figure 5.4(c)). Generally, during NH
summer the LCP variability and accordingly the T'TL border reveal high variability on the
SH, the winter hemisphere, for all regions (Figure 5.4, lower panel). For those cases the
variability on the SH is higher as the median of the LCPs lies on the NH.

The region with lowest LCP variability, among different percentiles, is indicated by the
West Pacific (Figure 5.4(a) and (b)). On annual average the major part of tropopspheric
air masses reach the stratosphere above the West Pacific with more than 50% (Figures 4.17
and 4.18). A slight displacement of the NH border towards the pole appears above the
WP during NH winter (Figure 5.4(a)). Highest LCP variability is projected for the East
Pacific on both hemispheres during NH winter and summer (Figure 5.4(c) and (d)). There
annually averaged only 10 % of the LCPs reach the stratosphere from below (Figures 4.17
and 4.18). Above South America, the border of the upper TTL reveals a change towards the



76 5.1 ERA-Interim

South Pole during NH summer (Figure 5.4(f)). During NH winter the TTL border on the
NH is located most equatorward above West Africa compared to other regions. However,
a poleward migration of the NH edge is visible until the year 2010 (Figure 5.4(g)). During
NH summer the TTL border on the SH reveals a poleward migration during the analyzed
period as well (Figure 5.4(h)). A similar behavior is indicated over the Indian Ocean with
a poleward displacement of the NH border during boreal winter (Figure 5.4(i)) and of the
SH border during boreal summer (Figure 5.4(j)). Overall the upper TTL border on the NH
tends to shift towards the pole during NH winter within all regions. Comparably there is a
shift of the SH border towards the pole as well during NH summer.

The total width of the upper TTL for the defined regions during the different seasons and on
the annual average between 1979 and 2010 is presented in Figure 5.5. The results are based
on the 70th! percentile as threshold. In the West Pacific a significant positive change of the
width of the upper TTL is revealed on the annual average with 0.99° lat/dec. A significant
broadening is also identified during NH winter, summer and fall (Figure 5.5(a)). Over the
East Pacific on the annual average a significant positive change of the T'TL width is indicated
by 0.89° lat /dec. However, the strongest positive change is appears during NH summer with
1.87° lat/dec but also during NH fall a significant broadening can be detected (Figure 5.5(b)).
For South America a broadening of the upper TTL is significant on the annual average with
0.87° lat/dec during NH summer and fall. The most pronounced change appears during NH
summer showing a broadening of 1.21° lat/dec (Figure 5.5(c)). Above West Africa smallest,
but still significant changes of the upper TTL appear on the annual average with 0.67°
lat/dec and also during NH fall 0.58 ° lat/dec (Figure 5.5(d)). Significant changes in the
upper TTL are also revealed over the Indian Ocean on the annual average with 0.86° lat/dec.
During NH summer and fall significant broadening is also detected with the largest change
over the Indian Ocean during NH summer with 1.33° lat/dec (Figure 5.5(e)).

For the total width of the upper TTL, the largest variability is shown during NH summer
over the Indian Ocean where the upper TTL width varies from 14° to 29° latitude. Note,
howsoever, that the absolute width reveals now a more narrow upper TTL compared to the
values in Section 5.1.1 due to the necessity to select a smaller percentile threshold for the
regional analysis. The regions with least interannual variability of the LCP distribution is
found over the West Pacific and West Africa. Here the differences of the total width of the
TTL during different seasons is small compared to the other regions. On the annual average
the total width over West Africa is most narrow and varies from 13° to 19° latitude, whereas
the broadest upper TTL is found above West Pacific, South America and the Indian Ocean
(17° to 23° latitude).

5.1.3 Discussion

The absolute width of the upper TTL based on the Lagrangian cold point analysis using
the 88th percentile threshold for ERA Interim reanalysis ranges from 25° to 30° latitude.

'Due to a smaller amount of LCPs in single regions the 88th percentile could not be applied. This is also
indicated by large differencies of the upper TTL border represented by the different percentiles e.g. large
variability of the border of the upper TTL on the SH in the Indian Ocean Figure 5.4(j).
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Depending on the season, this area is located more on the NH, during NH summer, and on
the SH, during NH winter, covering the inner tropical region of the upper TTL. Whereas,
other more tropospheric diagnostics, which are used to determine the tropical edges, enclose
a broader region. Different widths representing the tropics are resulting by applying different
diagnostics. The width of the Hadley circulation generally include a latitudinal band of 60°
to 70° (Hu and Fu, 2007). Using the tropopause height diagnostic from Seidel and Randel
(2007) the tropical borders cover 50° to 60° latitude. However, varying between different
thresholds for the tropopause height, the width of the tropics can also range from 35° to 65°
latitude (Seidel and Randel, 2007).

Though, the following question arises: is the meridional extension of the Lagrangian cold
point, which is applied within this study as a metric to define a certain width of the upper
TTL, really an adequate diagnostic?

Most of the characteristics, which are used to define tropical borders are located in the tro-
posphere (e.g. jet-streams and the Hadley circulation; Section 2.5). The diagnostic of this
study, is an important parameter to identify the main entrance region of air masses traveling
from the troposphere into the stratosphere. It defines the cold point tropopause though,
it connects the TTL with the upwelling branch of the BDC or the lower boundary of the
tropical pipe (Plumb, 1996). The definition of the tropopause based on the cold point is
reliable, when the lower stratosphere is not close of being isothermal, i.e., within the deep
tropics (Highwood and Hoskins, 1998). Especially, in respect of transport processes between
the troposphere and the stratosphere, the cold point tropopause is more relevant than the
lapse rate tropopause (Selkirk, 1993; Mehta et al., 2011). Thus, even though different diag-
nostics and definitions for the total width of the tropics exist, they all represent a measure
of one specific quantity of the width of the tropical belt.

Hence, when analyzing the broadening of the upper TTL it should be kept in mind that a
poleward extension of the LCPs describes the cold point tropopause, which doesn’t cover the
whole tropical region but rather defines the inner tropics of the TTL. It is a stratospherical
influenced metric for the main entrance region for tropospheric trace gases into the strato-
sphere. A change in the width of the upper TTL represents one consequence of the tropical
broadening, which has not been investigated so far.

The results presented in Table 5.1 indicate that significant changes of the width of the upper
TTL mostly exist, when the time interval is long and smooth enough. Thus, the change in
the width of the upper TTL is significant considering the different seasons over the years
1979-2010 as well as for the annual average. The results for the annual average on the south-
ern and northern hemisphere separately and of the two decades 1979-1989 and 1989-1999
show significances as well. Analyzing the change of the width of the upper TTL for differ-
ent geographical regions, each region indicate significant positive changes between 1979 and
2010. On the annual average the upper TTL over the West Pacific reveals the largest change
with 0.99° lat/dec. The East Pacific indicates the largest seasonal change of the upper TTL
during NH summer by 1.87° lat/dec.

However, compared to previous studies, the change of the tropical widening deviates, which
is probably due to differently applied diagnostics. (Davis and Rosenlof, 2012) pointed out
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that especially subjective chosen diagnostics reveal a larger trend than the results from diag-
nostics, which are based on an objective threshold . The here detected significant change of
1.22 ° lat/dec for the upper TTL between 1979-2010 (ERA Interim data) based on an objec-
tive threshold, is larger than the trend obtained from objective methods by Birner (2010a)
analyzing the tropopause height, who revealed a trend of -0.5 to +0.7 ° lat/dec (1979-2005)
depending on the input data).

5.2 Global climate models

In the second part of this chapter the widening of the upper TTL is analyzed for the dif-
ferent climate models and is compared with ERA Interim assimilation for the time period
1990-1999. Firstly, the threshold for the tropical widening diagnostic is evaluated. The 88th
percentile threshold is used for the climate models as for ERA Interim (except for WACCM:
78th percentile). Then, the width of the upper TTL is analyzed for the climate models with
respect to the annual and seasonal cycles.

5.2.1 TTL widening diagnostic

Among the reanalysis and the different climate models moderate discrepancies appear con-
cerning the resulting change of the width of the upper TTL dependent on different thresholds.
The behavior of the climate models for different thresholds is shortly described in the follow-
ing. Figure 5.6 shows the change of the width of the upper TTL for the annual mean LCP
distributions for ERA Interim (a) and for the different climate models (b)-(h) as functions
of percentile between 1990 and 1999. For all models, the change of the upper TTL width
increases with percentile, but a clear positive change is only given by ERA Interim (a) and
MPI ESM (h). For MPI-ESM this holds only up to a percentile of 94 %. For E39CA (b), the
change slightly increases until the 83rd percentile and experiences a jump at the 90the per-
centile. Afterwards, the distribution is too irregular to define a clear border. The LCPs are
uniformly distributed up to the 94th percentile of the LCP distribution for NIWA-SOCOL
REF-B1 (c¢). When larger percentiles are applied, no clear border can be defined anymore.
The same behavior is visible for CMAM (e), whereas a stable change occurs by using a
percentile between 88 and 93.

The changes of the upper TTL width show different behaviors for the REF-B2 simulations
(NIWA-SOCOL (d) and CMAM (f)). The REF-B1 simulations indicate almost all (except
WACCM) an increasing width of the TTL, which is displayed by positive numbers for the
change. In contrast, the REF-B2 simulations reflect in both cases a narrowing of the upper
TTL. In comparison to all other model results, the change of the width of the upper TTL
indicates large variances for WACCM (g) when the percentile is larger than 78. Up to the
78th percentile the width of the upper TTL indicates a narrowing, but the LCPs located
more outside of the 78 th percentile seem to be not uniformly distributed and thus no TTL
border can be defined.
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Fig. 5.6: Change of the width of the upper TTL (in °lat/dec) of the annual mean for different
thresholds (percentiles) shown for the time period 1990-1999 for (a) ERA-Interim,(b)
E39CA, (d) NIWA-SOCOL REF-B2, (c) NIWA-SOCOL REF-B1, () CMAM REF-
B1, (f) CMAM REF-B2, (g) WACCM, (h) MPI-ESM. Red dots mark the value of the
change of the TTL, blue vertical lines mark the 95 % level of the significance. (Note that
there are different axis labelling for (b) and (h)).
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For ERA Interim and the different climate models the 88th percentile as one joint threshold
is chosen (for WACCM 78th percentile). Nevertheless it is important to mention that al-
though for ERA Interim the 88th percentile is selected as most robust threshold, there might
be more suitable thresholds to define the width of the upper TTL for the different climate
models individually.

The results shown in Figure 5.6 lead to the assumption that due to the different behavior
of the LCP distribution from the models, they all reveal a particular threshold, where the
assumed change in the width of the upper TTL is most stable. However, due to an adequate
number of LCPs for most models (not shown here), it is possible to define a clear border of
the upper TTL up to the 93th percentile (except for WACCM). Figure 5.7 represents the
width of the upper TTL based on different percentiles for ERA Interim and the climate mod-
els (70th: light blue; 80th: dark blue; 90th: red; median: yellow). ERA Interim and most of
the climate models show an uniform change over the time period for different percentiles of
the LCP distribution. However, small irregularities are indicated by E39CA (b). There, the
width of the upper TTL, represented by the 90th percentile (red), reveals a more variable
evolution on the SH compared to the 80th and 70th percentile. This indicates that there is a
smaller number of LCPs on the SH than on the NH, increasing the variation of SH upper TTL
border. Large discrepancies are shown for WACCM (g). There, the border on the NH re-
veals large discrepancies among different thresholds and thus, no clear border can be defined.

The results, presented in Figure 5.6 and 5.7, illustrated the diagnostic in defining the width
of the upper TTL and the interannual variability of it for ERA Interim and different climate
models. For most of the models (except WACCM) applying the 88th percentile threshold is
within the limits of a stable definition for the borders of the upper TTL.

5.2.2 Annual average

Figure 5.8 shows the annual average width of the upper TTL between 1990 and 1999 for
ERA Interim and climate models. The median of the LCP distribution is mostly located on
the NH between 0° and 3° N. This means more LCPs are located on the NH. As WACCM is
an outlier, due to the unrealistic representation of the NH edge of the upper TTL, it is not
considered in the following description. The most equatorward edge for the 88th percentile
of the LCP distribution is indicated by CMAM REF-B2 (14°N - 12°S). The most poleward
edges are simulated by E39CA and NIWA-SOCOL REF-B1 (7° N to 15° S). The edges of
the upper TTL for reanalysis and climate models are more confined on the NH (14° to 17°
N), whereas they show a larger spread on the SH and varies between 10° S and 17° S. These
locations of the hemispherical borders of the upper TTL coincide approximately with the
latitude, where the gradient of the stratospheric tropical upwelling at 70 hPa changes from
an increase of the vertical velocity to a decrease of the upward massflux between around 15°
N and 10° S (SPARC, 2010, Chapter 4). The turn-around latitude, defined as where the
upward mass flux becomes zero, is located beyond the borders of the upper TTL, further
poleward at around 40° N and 35° S.
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Fig. 5.7: Annual average width of the upper TTL represented by the 70th (cyan), 80th (blue), 90th
percentiles (red) and the median (yellow) of the LCP distribution for ERA Interim and
climate models 1990-1999. (a) ERA-Interim, (b) E39CA, (c) NIWA-SOCOL REF-B2,
(d) NIWA-SOCOL REF-B1, (f) CMAM REF-B1, (¢) CMAM REF-B2, (g) WACCM, (h)
MPI-ESM.
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The absolute width of the upper TTL varies between 26° and 33° latitude. The most
narrow width is shown by ERA Interim and the two REF-B2 simulations. E39CA and
NIWA-SOCOL REF-B1 reveal the broadest upper TTL. A significant positive change of the
width of the upper TTL is indicated by ERA Interim with 2.84 ° lat/dec. The only climate
model simulating a significant positive change of the upper TTL is the historical run of
MPI-ESM. However, the change of 1.37 ° lat/dec is less than half of the change indicated by
ERA Interim. The remaining REF-B1 simulations suggest a positive change of the upper
TTL as well although it is not significant on the 95 % level. The REF-B2 simulations though
simulate a negative change of the upper TTL.

5.2.3 Seasonal cycle

During NH spring 5.9(a), the deviation in the location of the upper TTL border on the SH
is small between ERA Interim and the different climate models, whereas on the NH almost
all climate models show a border located more poleward compared to the reanalysis. Hence,
on the average the total width of the upper TTL is larger for all climate models during
NH spring than for ERA Interim. The median of the LCP distribution for ERA Interim
is varying around the equator, which is also reflected by the climate models. During NH
summer (b), most of the climate models reveal an upper TTL border similar to ERA Interim
on the NH, whereas the spread of the southern border is larger, varying between 9° and 15°
S. The median of the LCP distribution is consistently located on the NH between 2° and 10°
N for all models. During most of the time period, ERA Interim and CMAM REF-B1 reveal
the location of the median further poleward. During NH fall (c¢), ERA Interim and climate
models agree well with the edge of the upper TTL on the NH (15° to 18° N) apart from the
outlier WACCM. The location on the SH shows a larger variability of the edges from 7° to
22° S. The median of the LCP distribution varies around 5° N for ERA Interim, whereas
all climate models indicate a systematic southward shift towards the equator. During bo-
real winter (d) all models, seem to agree best with ERA Interim in matters of the width
of the upper TTL . Due to the maximum insolation, the location of the median is located
on the SH with a slight northward displacement for WACCM. The total width of the TTL
varies between 22° and 32 ° latitude. Kremser et al. (2009) analyzed two CCMVal-1 CCMs
(E39CA among them) with a Lagrangian approach for different NH winters. Although the
authors do not mention it explicitly, the meridional extension of the LCPs of the CCMs is
distributed more polewards as well indicating a more polewards TTL border. This is also
analyzed for E39CA in the present study not only during NH winter but on the annual
average as well (Figure 5.8).

During NH summer and fall the most narrow upper TTL width is simulated by CMAM
REF-B2. During NH winter and spring ERA Interim, CMAM REF-B2 and NIWA-SOCOL
REF-B2 are close-by showing the most narrow width. Seasonally, the most narrow width of
the upper TTL appears during NH spring and winter. During NH summer the TTL width
is widest for reanalysis and all climate models. Smallest deviations between ERA Interim
and climate models are often found on the hemispheres, where most LCPs are located thus,
the hemisphere the median appears. A striking feature of the shown results for the width of



5. Widening of the upper TTL

85

Width of the TTL

30 ‘ ‘ !

20

10

lat[deg]
o
T
I
1
(4
L]
(1]
[}
[1]
m
n
i |
|
1]}
u

_20 L

wh
u
w
i
"
i
0
o
"]
"l
"

-30

year

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999

Total width of the TTL

40 T T T T
38} -
36
34
32
=
[«B]
S, 30
E
28
26} ERA-INTERIM 1
NIWA-SOCOL R2
NIWA-SOCOL R1
24r CMAM R2 M
CMAM R1
ool E39CA 1
WACCM R1
MPI-ESM
20 I I I I I I I I
1990 1991 1992 1993 1994 1995 1996 1997 1998 1999
year

(b)

Fig. 5.8: Annual average borders of the upper TTL for ERA Interim and climate models from
1990-1999 (a) and the total width of the TTL respectively (b).
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the upper TTL in Figure 5.9 is the well represented border of the upper TTL from WACCM
on the SH whereas on the NH there seem to be large discrepancies (except for DJF). Due to
a smaller percentile chosen for WACCM (78 %), the southern edge of TTL is located more
equatorward than shown by the reanalysis and simulated by the other climate models.

A spatial change of the width of the upper TTL was tested within this study. Due to large
variability of the spatial LCP distribution on the annual and seasonal average for all climate
models a spatial analysis of the width of the upper TTL lead to large uncertainties. Further,
the time period is too short to detect longterm changes or trends. However, an outlook for
the upper TTL width, at least for the West Pacific the most robust LCP occurrence area,
will be given in chapter 6 for the future simulations.
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Fig. 5.9: Width of the upper TTL represented by the 88th (WACCM, 78th) percentile of the
distribution of LCPs on the time scale from 1990-1999, seasonal averages for ERA Interim
and climate models. See Figure 5.8 for color coding legend.
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Changes of the upper TTL width between 1990-1999

The change of the upper TTL for the different climate models between 1990-1999 is presented
in Table 5.2. Annually averaged, ERA Interim reveals a significant positive change of the
upper TTL of 2.84° lat/dec between 1990-1999. All REF-B1 simulations and the historical
run from MPI-ESM, indicate a broadening of the upper TTL as well. However, the REF-
B2 simulations from CMAM and NIWA-SOCOL project a narrowing of the upper TTL
area of -0.26° and -0.62° lat/dec. MPI-ESM indicates a significant meridional expansion of
1.37° lat/dec during that decade. Whereas, the changes by CMAM REF-B1 (0.97° lat/dec),
NIWA-SOCOL REF-B1 (0.67° lat/dec), E39CA (0.49° lat/dec), CMAM REF-B2 (-0.26°
lat/dec) and NIWA-SOCOL REF-B2 (-0.62° lat/dec) are not significant.

On a seasonal cycle, the models behave differently in matters of the strength of a changing
TTL width. However, most of them agree with a broadening of the upper TTL, which is
significant for ERA Interim during all seasons. WACCM, indicates large but unrealistic
changes during NH spring, summer and fall. The changes in the upper TTL for the climate
models mostly vary between 0.1° and 2° lat/dec between 1990 and 1999. A significant
narrowing of the TTL region is indicated during NH fall by the two REF-B2 simulations by
the NIWA-SOCOL and CMAM models. During NH summer NIWA-SOCOL REF-B1 and
REF-B2 and E39CA simulate a narrowing of the upper TTL, however these results are not
significant.

Compared to the annual average change in the width of the upper TTL, resulting from
the ERA Interim reanalysis within the same time period, the models simulate a weaker
change. For a different diagnostic, the width of the Hadley cell, Johanson and Fu (2008)
found a significant widening of around 3° between 1979-2005 based on observational data
(ERA40 and NCEP). The authors showed that various GCMs do simulate a significantly
weaker widening of the tropical belt. Although a different diagnostic has been used in
Johanson and Fu (2008), this discrepancy between observational data and climate models is
also one result of the present study.
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1990-1999 DJF MAM JJA SON annual
ERA Interim 2.72 [0.72] | 3.2 [1.13] | 2.39 [0.66] | 3.04 [0.86] 2.84 [0.55]
CMAM REF-B1 0.88 [2.25] | 0.25 [2.12] | 1.49 [1.91] 1.27 [3.4] 0.97 [1.08]
CMAM REF-B2 0.02 [0.75] | 0.14 [1.21] | 0.63 [1.58] -1.95 [0.97] | -0.26 [0.69]
NIWA-SOCOL REF-B1 | 1.31 [2.8] | 1.27 [4.67] | -1.85 [2.3] 1.95 [3.41] | 0.67 [1.39]
NIWA-SOCOL REF-B2 | 0.76 [2.55] | 0.37 [2.77] | -0.7 [2.44] -2.16 [2.12] | -0.62 [1.15]
WACCM 1.87 [5.41] | 8.7 [15.88] | 1.28 [18.09] | -5.72 [13.91] | 1.53 [4.71]
E39CA 0.23 [2.91] | 2.05[2.7] | -0.47 [3.88] | 0.13 [8.43] | 0.49 [2.58]
MPI-ESM 1.11 [2.12] | 1.8 [1.65] | 1.66 [1.37] 0.21 [1.72] 1.37 [1.11]

Tab. 5.2: Change of the upper TTL (in ° lat/dec) for ERA Interim and climate models represented
by the 88th percentile (WACCM 78th) of the LCP distribution between 1990 and 1999.
Seasons, hemispheres and decades are analyzed separately. The 95% confidence interval
is calculated for each quantity and is displayed in the brackets. Significant changes are
shaded in grey.

5.3 Summary

In this chapter a new metric is applied to analyze the widening of the upper TTL in ERA
Interim and different climate models. It is shown that a change of the edges of the upper
TTL can be diagnosed by the meridional distribution of LCPs using trajectory calculations.
A change of the meridional distribution is also an indication of a change in the tropical
upwelling region (Fueglistaler and Haynes, 2005).

ERA Interim annual averages indicate a significant broadening of the upper TTL with 1.2
° lat/dec between 1979 and 2010. The two hemispheres change almost uniformly on the
annual average, whereas for the seasonal cycle the changes of the upper TTL between the
hemispheres reveal differences as expected. It is also shown that the resulting temporal
change in the TTL is highly depending on the considered time period. While a relatively
strong change occurs in the first two decades 1979-1989 and 1989-1999 with 2.5° and 2.8°
lat/dec widening respectively, only a small positive (non significant) change is detected
for the decade 1999-2009. This might be due to a change of the stratospheric circulation
around 2000 (Davis and Rosenlof, 2012), influencing also the stratospheric water vapor con-
tent (Randel et al., 2006)

Additionally, the change of the width of the upper TTL width within different geographi-
cal regions is analyzed for ERA Interim for the timeperiod 1979-2010. The area over the
tropical West Pacific is the main entrance region of air masses traveling from the surface to
the stratosphere. The analysis revealed that beside the whole tropical belt also a significant
broadening within the West Pacific can be observed during all seasons and a change of 0.99°
lat/dec on the annual average. Significant broadening of the upper TTL is also found for
different seasons and regions and on the annual average for all geographical regions. Largest
significant change is projected during NH summer over the East Pacific with 1.87° lat/dec.
Figure 5.10 summarizes the annual average changes of the width of the upper TTL for ERA
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Varying width of the upper TTL between 1990-1999
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Fig. 5.10: Change in the annual mean width of the upper TTL [in © lat/dec] shown for ERA Interim
and different climate models from 1990-1999, applying the 88th percentile threshold.
Vertical lines mark the 95 % level of the significance.

Interim and climate models between 1990 and 1999. The vertical bars represent the signifi-
cance within the 95 % confidence interval. ERA Interim indicates a broadening of the upper
TTL of 2.84° lat /dec for the 1990-1999 period. The REF-B1 models and MPI-ESM simulate
a broadening of 0.5° to 1.4° lat/dec during the same period. Overall, the analyzed histori-
cal CMIP5 run of the MPI-ESM simulation showed the best agreement with ERA Interim
performance representing a significant widening of the TTL. The two REF-B2 simulations
indicate a narrowing of the TTL region. The REF-B2 scenario uses anthropogenic forcings
only compared to REF-B1, where natural forcing is taken into account as well. The cause of a
widening tropical belt has been investigated by Lu et al. (2009) who found that the increase
of the width of the Hadley Cell is caused entirely by the direct radiative forcing related to
GHG increase and stratospheric ozone depletion. Thus, in contrast to Lu et al. (2009), who
showed that the broadening of the tropics can be attributed solely to anthropogenic forcings,
the REF-B2 simulations analyzed within this study simulate a narrowing. This result indi-
cates the importance of the role played by natural variability such as volcanic eruptions and
ENSO on the meridional distribution of LCPs, hence on the width of the upper TTL. The
expansion of the upper TTL are only significant for ERA Interim and MPI-ESM, whereas
they are not for the CCMs. All models reveal a weaker widening of the upper TTL compared
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to ERA Interim. Based on the Hadley cell diagnostic, a systematicly weaker widening of the
tropical belt in GCMs compared to observations was also found by Johanson and Fu (2008).
The authors argue that model responses to volcanic, GHG or ozone depletion forcing are
probably too small and hence, underestimating the stratosphere troposphere coupling in the
tropics.



Chapter 6

Future changes of the TTL

In this chapter future changes of the upper TTL are analyzed based on climate model
simulations applying a Lagrangian approach. In the first part differences of the Eulerian cold
points and the vertical velocity in the TTL between past and future are investigated. These
fields are used as initialization for the trajectory calculations of the TTL. The resulting LCP
temperature and their distribution and change in the future within different seasons, years
and regions are presented. Furthermore, a possible change of the width of the upper TTL in
the future is analyzed. Three future simulations, two from CCMVAL-2 REF-B2 (CMAM and
NIWA-SOCOL), and one from CMIP5 (MPI-ESM) are analyzed for the decades 1990-1999,
2040-2049 and 2090-2099'.

6.1 Eulerian cold point

The annual average cold point temperatures within 10°N-10°S for ERA Interim and the
different climate models is presented in Figure 6.1. The evolution of the Eulerian cold point
temperature in the inner tropics (solid line) for the three future simulations reveals a slight
increase from the past (1990s) to the future (2090s). The average cold point temperature for
CMAM REF-B2 (yellow) varies in the 1990s around 191.7 K and increases up to the 2090s
decade to 192.7 K. The same amount of ~1 K increase is also visible for MPI-ESM (green)
from 192 K to 193 K. NIWA-SOCOL REF-B2 (light blue) reveals a somewhat smaller in-
crease of ~0.8 K from 187.7 K in the 1990s to 188.5 K in the 2090s. As mentioned before in
Chapter 4, the NIWA-SOCOL model has a strong cold bias up to 5 K. The global maps for
the Eulerian CP temperature of the future simulations is shown in Figure A.10.

6.2 Vertical velocity

The vertical velocity fields for future model simulations (CMAM REF-B2, NIWA SOCOL
REF-B2 and MPI-ESM) at 100 hPa are presented in Figure 6.2. The average vertical

IFor NIWA-SOCOL REF-B2 instead of 2090-2099, the decade 2089-2098 was provided and compared
respectively.
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Fig. 6.1: Time series for the annual average Eulerian cold point temperature (solid) and the La-
grangian cold point temperature (dashed) between 10°N - 10°S, using ERA Interim,
1990-1999 and different climate models (1990-1999, 2040-2049, 2090-2099). For NIWA-
SOCOL REF-B2 data from 2089-2098 were provided. See legend for color coding.

velocity for the climate models from 1990-1999 (left panel) are in good accordance with the
ascent regions over the West Pacific and Africa as indicated by ERA Interim (Figure 6.2(a)).
However, the pronounced ascent region over the Caribbean Sea, as shown by ERA Interim,
is shifted towards the South and is located more over the South American continent for the
climate models (Figure 6.2). The subsidence regions over North West Africa and the Middle
East are also apparent in the climate models. Generally, the vertical velocity at the 100 hPa
level near the tropopause is strongest in the CMAM REF-B2 simulation (upper row), where
especially in the West Pacific the ascent is two times higher compared to ERA Interim but
also the main ascent area is somewhat shifted to the SH tropics. The vertical velocity field
of the climate model MPI-ESM (lower row) represents very similar magnitude and locations
of subsidence and ascent as ERA Interim probably due to the fact that both models rely on
the original ECMWF model code. The magnitude of vertical velocity from NIWA-SOCOL
REF-B2 lies in between the two other climate models, but reveals stronger ascent in the
central and eastern Pacific as well caused by the ENSO like pattern in the 1990s associated
with an eastward shift of the main ascent region.

Analyzing 11 CCM simulations until 2100, Butchart et al. (2010) analyzed an increase of the
tropical upwelling by 2% of the multi model mean per decade in the lower stratosphere. At
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the 100 hPa pressure level this trend was indicated to be largest for CMAM (3%), but this
trend decreases at the 70 hPa level to the half. The authors explained that the major part
of this trend was forced by the parameterized orographic gravity wave drag of the models.
The differences of the vertical velocity fields for the 2040s and 2090s compared to the 1990s
period is shown in the middle and right panel from Figure 6.2. All models reveal an increase
in the magnitude of the vertical velocity in the main ascent region, the West Pacific, towards
the end of the 21th century. Strongest increase for the ascent region (up to -0.0075 Pa/s)
but also for the subsidence regions (0.005 Pa/s) is projected for the two CCMs CMAM and
NIWA-SOCOL.

The time series of the tropical averaged vertical velocity at 100 hPa for ERA Interim
reanalysis (1979-2011) and all climate models (1990s, 2040s and 2090s) is presented in Figure
6.3(a). The magnitude of the average vertical velocity for ERA Interim varies around -0.0007
Pa/s. NIWA-SOCOL REF-B1 and REF-B2 and CMAM REF-B1 show similar strength
of the vertical velocity. WACCM, MPI-ESM and E39CA reveal smaller vertical upward
motions on average in the tropics. Strongest uplift is simulated by CMAM REF-B2. For
all future model simulations the average tropical vertical velocity is strengthening at 100
hPa and 70 hPa pressure levels (Figure 6.3(b)). Strongest increase is visible for CMAM
REF-B2, which might be due to the position of the strongest ascent area, which is located
more equatorwards compared to the other two models (Figure 6.2). Hence, an increase of
tropical deep convection in the future can probably be referred from that. A lifting of the
tropopause under future climate conditions as analyzed by (Gettelman et al., 2010) using
different CCMs, would cause an increase of the vertical velocity at the present tropopause
height (around 100 hPa) due to an increase of tropospheric conditions.

x10°° vertical velocity between 10N and 10S 100 hPa x10™ vertical velocity between 20N and 20S 70 hPa
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Fig. 6.3: Time series of the annual average vertical velocity between 20°N - 20°S for ERA Interim
(1979-2011) and for climate models 1990s, 2040s and 2090s at the 100 hPa (a) and 70
hPa (b) levels.



6. Future changes of the TTL 95

6.3 Sensitivity study

As already mentioned before, due to changing characteristics of the tropopause in the future,
also the trajectory model setup needs to be adapted to the new atmospheric conditions. For
the purpose of the present study, it needs to be ensured that trajectories cover the whole TTL
region. As the tropopause height is projected to increase in the future (Gettelman et al.,
2010; SPARC, 2010), the trajectories need to be setup at an higher altitude than the calcu-
lations carried out before (Chapters 4 and 5).

For the following Lagrangian calculations analyzing future model simulations, some sensitiv-
ity studies are presented that were carried out with model output from the CMAM REF-B2
simulations. This model was chosen representative as CMAM REF-B2 reveals the strongest
increase in tropopause height compared to other CCMs (Gettelman et al., 2010; SPARC,
2010). Different trajectory model setups were applied for the different decades. The model
setup and criteria were chosen to be the following:

1. Start at 400K 6 level + fulfill 350 K criteria
2. Start at 420K 0 level + fulfill 350 K criteria
3. Start at 420K @ level + fulfill 370 K criteria
4. Start at 450K 6 level + fulfill 350 K criteria

5. Start at 450K 0 level 4 fulfill 390 K criteria

For the first decade 1990-1999, criteria 1) to 3) are applied, but for the two following decades
in the future, the 2040s and 2090s, where the tropopause is lifted to higher levels, criteria
1) to b) are taken into account to analyze the differences between the model setup at 420
K compared to 450 K. Similar sensitivity studies were also tested for the two future simu-
lations NIWA-SOCOL REF-B2 and MPI-ESM, which basically revealed the same results as
for CMAM (not shown here).

The average trajectory sum? for CMAM REF-B2 fulfilling the criteria 1) to 5) for the annual
average is presented in Figure 6.4. The average number for trajectories of one model start,

fulfilling different criteria for ERA-Interim and all climate models, is illustrated in Figure
A1l

Applying the 1) model setup 400 K - 350 K (yellow), around 13,500 trajectories fulfill the
criteria on average between 1990-1999. The number of trajectories is increasing strongly for
the 2040s and the 2090s, where 19,000 are considered for the final analysis. Model setup
2) (dark blue) reveals 9,000 trajectories fulfilling the criteria during the 1990s, showing an
increase up to 11,000 trajectories until the 2090s. Model setup 3) (purple) has similar values
for the 1990s like criteria 1), but in contrast the number of trajectories increase in the future

2The sum refers to the number of trajectories, which were initialized originally to obtain one composite
map of a season. 5580 trajectories are started for one model setup. For a season composite 3 (one per
month) * 4 (different UTC times) = 12 model starts are carried out, resulting in 66960 trajectories.
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slightly. Model setup 4) and 5) were only calculated for the 2040s and 2090s. Apparently,
fewest trajectories fulfilling the condition are found for the criteria 4) (pink). Only 6,500 of
the originally 66,960 trajectories on the average are able to travel through the 100 K thick
layer of potential temperature 6 in contrast to the 50 K ¢ and 70 K @ thick layers of criteria
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Fig. 6.4: Annual average number of trajectories fulfilling different criteria tested for CMAM REF-
B2 composite analyses.
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Fig. 6.5: Annual average LCP temperature for CMAM REF-B2 tested for different criteria repre-
sented by different colors.
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1) and 3). Criteria 5) indicates similar numbers like criteria 3) during the 2040s but in
contrast shows no increase in the number of trajectories in the 2090s, probably due to the
lower criteria located at 390 K 6, which might be too high.

The average LCP temperature between 10°N to 10°S for CMAM REF-B2, where different
model criteria are applied is displayed in Figure 6.5. The average LCP temperature between
1990-1999, is almost indistinguishable for the trajectories from criteria 1) to 3), which leads
to the assumption of a robust model setup during that decade. However, for the 2040s and
2090s the differences of the LCP temperature between criteria 1) and 2) to 5) is increasing.
A possible explanation of this result might be that starting at 400 K is already below the
cold point tropopause, at least for the majority of the trajectories. Indeed, this assumption
is supported by the global maps showing the potential temperature ¢ at the location of the
LCP for the different climate models (Appendix Figure A.12 to A.14). It becomes clear that
especially for the years 2090-2099, the LCP is located almost at the original initialization
point at 400 K in some regions (e.g. North Atlantic). For criteria 2) 420 to 350 K most
of the LCPs are located even above the 400 K level. Thus criteria 1) implies a too low
trajectory start, to capture the right locations of the LCPs at least for the 2090s. Basically
no striking difference can be derived for the LCP potential temperature maps for the future
using criteria 2) and 3). Thus, the criteria 1) (yellow) doesn’t “hit” the right cold point any
more. The LCP temperature for criteria 1) is ~0.3 K higher compared to criteria 2) to 5),
which are within the same temperature range.

The result of this sensitivity study leads to the conclusion that the TTL is not captured well
for the available future model simulations, when trajectories are started at the 400 K 6 layer.
Whereas, the 420 K 6 layer as starting level is placed high enough to cross the LCP, hence
the upper part of the TTL. During the 1990s a major part of the trajectories reach their
LCP around the 360 K 6 level, whereas during the 2040s and 2090s the LCP is located at
higher levels (Figures A.12 to A.14). Hence, to compare the results of the different decades
with each other using the most robust and similar criteria for all, the lower criteria of 350K
is chosen. Using criteria 2) (420 K to 350 K) it is ensured to cover the lower part of the
TTL, hence the whole vertical domain of the TTL during all decades. The increase of the
tropical tropopause height is also reflected by an increase of the potential temperature of
the LCP location in the inner tropics of 10-15 K 6, which can be equated to a decrease in
the tropopause pressure of approximately 10 hPa from the 1990s to the 2090s (see Figures
A.12, A.13 and A.14). CCMVal-2 models simulated a decrease of around 10 hPa between
1960-2100 from 105 hPa to 95 hPa (Gettelman et al., 2010). A striking strong gradient in
the decrease of lapse rate tropopause pressure was especially simulated by CMAM REF-B2.
Thus, with a trajectory start at 420 K 6, which lies at ~18 km or ~85 hPa, a good coverage
of the TTL can be assumed.

Similar results as for CMAM REF-B2 sensitivity study exist also for NIWA-SOCOL REF-
B2 and MPI-ESM (not shown here), leading to the conclusion that a model start at 420 K
and the lower criteria of 350 K is feasible for the future model projections. Hence, for the
following calculations, criteria 2) is applied for all future simulations:

e Start at 420K @ level + fulfill 350 K criteria
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6.4 Lagrangian cold point

The LCP temperature as well indicates an increase in the inner tropical region (dashed lines
in Figure 6.1). For CMAM REF-B2 (yellow) and MPI-ESM (green) a slight increase of
approximately 1 K of the average LCP temperature is simulated from the decade 1990-1999
up to the decade 2090-2099. For NIWA SOCOL REF-B1 (light blue) also an increase of the
temperature of approximately 0.5 K from the present to the future can be noted. Hence, the
increase in Eulerian and Lagrangian cold point temperatures for the time period 1990-2100
is similar ranging between 0.5 to 1 K.

Results from the tropical average cold point temperature for several CCMVal-2 models are
shown by Gettelman et al. (2010). The climate models generally project a slight increase of
the cold point from 1960-2100 with 0.09 K/decade in the multi model mean. This number
would lead to an increase of 0.99 K between 1990 and 2099, which is comparable to the
increase of ~1 K for the same period, calculated for the ECP and LCP in the present study.
Global anomaly maps of the average LCP temperature are presented for the different climate
models simulating the future (Figure 6.6). The average LCP temperature overlied by density
contour lines for the decade 1990-1999 (left row) and the differences to the 2040s and 2090s
(middle and right rows) are presented for each model respectively (Figure 6.6). The overall
pattern for all three climate models indicates an increasing LCP temperature in the future.
CMAM REF-B2 (first row) reveals a temperature increase of 0.5 to 1 K for the 2040s, with
a further increase of the LCP temperature of 1 to 1.5 K in the 2090s compared to the 1990s.
The relative LCP density illustrates a slight decrease over the maritime continent (red lines),
accompanied by an increase of the LCP density over the eastern Indian Ocean in the 2040s
(Figure 6.6(b)). However, an increase of the LCP occurrence over the West Pacific and a
decrease over West Africa and South America is projected for the 2090s (Figure 6.6(c)).

As already mentioned before (Chapter 4) an El-Nino like pattern of the LCP density dis-
tribution by NIWA-SOCOL REF-B2 is displayed during the first decade 1990-1999 (Figure
6.6(d)). During the 2040s and the 2090s the LCP temperature and occurrence illustrates
more an ENSO neutral state again (see also Figure A.16(e) and (f)). Consequently, the
differences between the first and the two following analyzed decades are largest in the west-
ern and eastern Pacific region. The LCP temperature reveals a decrease of 0.5 K over the
West Pacific accompanied with an increase above the East Pacific of up to 2 K for the 2040s
(Figure 6.6(e)). However, for the 2090s the LCP temperature displays an increase of almost
the whole tropical area by 0.5 to 2.5 K compared to the 1990s (Figure 6.6(f)). The LCP
density shows an ongoing increase for the 2040s and 2090s period over the West Pacific and
a decrease above the East Pacific, caused by a shift of the main entrance region of air masses
from the East to the West due to a more ENSO neutral or La Nina state compared to the
1990s again (Figure 6.6(e) and (f)). Another decrease of the LCP occurrence is projected
over Africa and the western Indian Ocean in the 2090s.

Least changes for the future are projected by the CMIP5 MPI-ESM RCP8.5 simulation,
although it includes the strongest GHG forcing. Between the 1990s and the 2040s the
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LCP temperature and density shows very small variations within the tropical region (Figure
6.6(h)). However, compared to the 1990s for the 2090s a distinct tropical warming of 1 to
1.5 K of the LCPs is striking, which is accompanied by (Figure 6.6(i)) an increase of the
LCPs above the West Pacific and a decrease over West Africa and South America.

Overall, the climate models project a consistent evolution of the TTL for the 2090s period.
Global maps of annual average LCP temperature and density for the future simulations dur-
ing all decades are shown in the Appendix (Figure A.16). NH winter and summer seasons
for the different future simulations are presented as well in comparison to the 1990s (Figure
A.17 and A.18).

6.4.1 Spatial pattern

The relative number of the tropical averaged LCPs within 5° longitude bins for the three
future model simulations is presented in Figure 6.7. The changes for the longitudinal LCP
distribution from the 1990s to the 2090s is different between the climate models.

Three main LCP accumulation regions (West Pacific, West Africa and South America) persist
throughout all three decades for CMAM REF-B2 and MPI-ESM. However, NIWA-SOCOL
REF-B2 displays a more flat LCP occurrence over the whole tropical region during all decades
on the annual average, except the maximum over the East Pacific during the 2040s (Figure
6.7(a)). Largest changes of the LCP distribution are illustrated by NIWA-SOCOL REF-B2
(light blue) due to the El-Nino like pattern during the 1990s, which is not present any more
in the other two selected decades.

On the annual average, NIWA-SOCOL REF-B2 (light blue) and MPI-ESM (green) simulate
the largest increase of the LCP occurrence over the West Pacific from 38.38% to 43.27% and
from 41.44% to 48.07% (Figure 6.7(a)). In contrast CMAM REF-B2 (yellow) simulates a
slight decrease of the LCPs in the 2040s from 44.7% to 44.38% followed by a increase in the
2090s to 46.04% compared to the 1990s. The same behavior of a decreasing occurrence of
LCPs over the West Pacific in the 2040s followed by an increase in the 2090s again is visible
during NH summer and fall for CMAM REF-B2 (Figure 6.7(c) and (d)) and for MPI-ESM
during NH spring (Figure 6.7(b). NIWA SOCOL REF-B2 simulates a decrease of the LCP
occurrence in the West Pacific during NH fall (Figure 6.7(d)). All climate models agree that
the amount of LCPs is largest over the tropical West Pacific during NH winter throughout
all decades except for NIWA-SOCOL REF-B2 during the 1990s period, which is due to the
too strong model response on volcano and ENSO forcing (Dan Smale, pers. communication).

The future changes of the five main entrainment regions of air masses traveling from the
troposphere to the stratosphere are highlighted in Figure 6.8. In the present section, Figure
6.8 extends Figure 4.17 by the future climate scenarios of the TTL based now on the model
setup at 420 K, where the trajectories have to origin from 350 K 6 (criteria 2).

Over the West Pacific (upper panel) the occurrence of LCPs for CMAM REF-B2 and
MPI-ESM amounts to 39% to 45% during the 1990s and the 2040s. During the 2090s an
increase is projected reaching an amount of 41% to 50% respectively of LCPs over the West



6. Future changes of the TTL

101

Annual average

NIWA-S. R2 1990-1999: 38.38%
NIWA-S. R2 2040-2049: 41.84%)|
NIWA-S. R2 2089-2098: 43.27%

Occurrence [%]

CMAM R2 1990-1999: 44.7%
CMAM R2 2040-2049: 44.38%
CMAM R2 2040-2049: 46.04%
—— MPI-ESM 1990-1999: 41.44%
= = ~MPI-ESM 2040-2049: 43.03%
MPI-ESM 2090-2099: 48.07%

JIA

NIWA-S. R2 1990-1999: 45.58%|
NIWA-S. R2 2040-2049: 46.41%)|
NIWA-S. R2 2089-2098: 44.15%|

CMAM R2 1990-1999: 40.35%
CMAM R2 2040-2049: 39.22%
CMAM R2 2040-2049: 41.06%
—— MPI-ESM 1990-1999:39.59%
- = ~MPI-ESM 2040-2049: 43.7%
MPI-ESM 2090-2099: 49.01%

'
'
1
'
'
)
{
|
'
'
'
L

180 240 300
lon [deg]

DJF

360

o . . . . .
0 60 120 180 240 300 360
lon [deg]
MAM
! NIWA-S. R2 1990-1999: 34.18%] !
6 ; NIWA-S. R2 2040-2049: 39.89% 61 ;
! NIWA-S. R2 2089-2098: 43.2% '
' CMAM R2 1990-1999: 44.48% '
s5r ! CMAM R2 2040-2049: 46.56% 5y !
' CMAM R2 2040-2049: 46.19% :
= ' —— MPI-ESM 1990-1999: 40.52% - '
Sar ' : Sat '
g, | - - - MPI-ESM 2040-2049: 39.67% £ '
8 |1 ' MPI-ESM 2090-2099: 47.15% 8 !
E ,’ ! 1 é ]
53 ' ' ! 3 !
8 ' ' 8 .
' '
2 . \ , 2 i
: ' ’
\ \ \
A \ )
T < 1
1 X h g 1 i
' ' '
: : :
0 . i M . o . i
() 60 120 180 240 300 360 0 60 120
lon [deg]
(b) (c)
SON
! NIWA-S. R2 1990-1999: 37.77%] ;
61 ' NIWA-S. R2 2040-2049: 31.32%| 61 '
' NIWA-S. R2 2089-2098: 35.72%| '
| CMAM R2 1990-1999: 44.27% :
5t ! CMAM R2 2040-2049: 40.33% 5r !
| CMAM R2 2040-2049: 42.64% ; |
= ! —— MPI-ESM 1990-1999: 37.38% N !
.40 ' - - = MPI-ESM 2040-2049: 40.83% 4 '
8 ! MPI-ESM 2090-2099: 46.12% 8 |y .
& w g w
53 1 q 5 3r 1
g ! g !
] 1 S} 1
i i
' '
h '
Y
i
f
i
'
:

4
|
T
'
'
L

120

180 240 300
lon [deg]

360

NIWA-S. R2 1990-1999: 34.93%|

NIWA-S. R2 2040-2049: 46.78%)|

NIWA-S. R2 2089-2098: 48.35%|
CMAM R2 1990-1999: 48.89%
CMAM R2 2040-2049: 49.77%
CMAM R2 2040-2049: 52.8%
~——MPI-ESM 1990-1999: 47.09%
= = ~MPI-ESM 2040-2049: 47.24%
MPI-ESM 2090-2099: 49.54%

'
'
'
1
'
'
\
J
!
1

0 60

120

180 240 300
lon [deg]

360

Occurrence of LCP tropical averaged inside 5° longitude bins for ERA Interim and cli-
mate models (1990-1999, 2040-2049 and 2090-2099). The number in [%] indicates the
percentage of Trajectories reaching the stratosphere from below in the marked area be-
tween 100° and 210° E. Different linestyles present the selected decades (see inset for
color coding). (a) Annual average, (b) MAM, (c) JJA, (d) SON, (e) DJF.



102 6.4 Lagrangian cold point

Occurrence of LCPs

70 T | ] T
__60g : West Pacific .
|°\:| S0F \ P N . S d/
40 pe—— VA’ | \\/ <= I
30 | | | |
T | | T T
. i
- o0k /\ ; East Pacific |
=10 M :‘\/l\\___’\ = X

0 | 1 |

I South America

— 207

Im
o\o /\_——\9‘
_ l

|
0 — . =
0 | | | |
T | ] T T
20 ——ss §
|°\:| \-"_\_/ : T |
10+ Y - .
0 | . est Africa |
T | | T T
I |ndian Ocean
g 20 B 1 1
0 | | | |
1990 1995 2040 2045 2089 2094 2099
year

Fig. 6.8: Time series of annual average occurrence of LCPs inside 5 © longitude bins for different
regions for future simulations. Number in [%] indicates the percentage of trajectories
reaching the stratosphere from below for ERA-Interim (black), NIWA-SOCOL REF-B2
(light blue), CMAM REF-B2 (yellow) and MPI-ESM (green). West Pacific 100° - 210°,
East Pacific 210°-270°, South America 270° - 330° E, West Africa 330° - 40° E, Indian
Ocean 50° - 100°E.

Pacific. For NIWA-SOCOL REF-B2 a slight increase of the LCP occurrence above the West
Pacific is analyzed from 2040 onward. In the East Pacific region (second panel) a decrease
of LCPs after 1999 is shown from NIWA-SOCOL REF-B2, whereas MPI-ESM indicates
a slight increase in the amount of LCPs after 2040s. However, CMAM REF-B2 shows a
roughly constant amount of LCPs within that region. The LCP accumulations over South
America reveals a slight decrease of LCPs for MPI-ESM from the 1990s to 2090s and for
NIWA SOCOL from the 1990s to the 2040s. CMAM REF-B2 indicates a more constant
amount of LCPs of ~9% to 11% over South America. In the geographical region over West
Africa (fourth panel), NIWA-SOCOL indicates an increase of LCPs after 1999 followed by a
decrease again after 2049. In contrast, the two other climate models MPI-ESM and CMAM
REF-B2 reveal a slight decrease of LCP occurrence from 1990 onward until 2099, which is
more pronounced for MPI-ESM (from ~24% to 18%). Within the Indian Ocean region the
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occurrence of LCPs varies among the models between 10% and 20%, but no distinct change
in the amount of LCPs is obvious.

6.5 TTL widening

Here, a possible change in the expansion of the upper TTL -the cold point layer- is analyzed
based on future simulations of different climate models (CMAM REF-B2, NIWA-SOCOL
REF-B2 and MPI-ESM). The focus lies on the change of the meridional LCP distribution
within three decades, one for the past in the 1990s and two decades in the future 2040s and
2090s.

The annual average width of the upper TTL for the climate models and ERA Interim is
presented for the different decades in Figure 6.9(a). The borders of the upper TTL of the
two hemispheres are determined using the 83th percentile of the LCP distribution as thresh-
old (section 3.3.2). During the first decade, the northern edge is located between 13° to 16°
N and the southern edge between 11° to 14° S. The median is clearly located on the NH
around 2° N for ERA Interim, whereas for the climate models it is displaced towards the
equator. This bias, which is simulated by all analyzed climate models within this study is
also shown in Figure 5.8(a). For the future decades (2040s and 2090s) no distinct change is
visible concerning the edges and the median of the LCP distribution.

The total width of the region in the upper TTL is illustrated in Figure 6.9(b). Between 1990-
1999 the absolute width varies between 26 and 31° for ERA Interim and reveals a positive
change. The variation of the total width for the climate models is smaller compared to ERA
Interim during the first decade. The broadest TTL-width is simulated by MPI-ESM with
29° or 30° latitude. The most narrow upper TTL width is indicated by CMAM REF-B2
with 27° latitude, NIWA-SOCOL REF-B2 lies in between with 27.5° latitude. All climate
models reveal an increase of the total width of the upper TTL from the 1990s to the 2090s
of 1° to 2° latitude.

The seasonal cycle of the border and the width of the upper TTL for the future simulations,
are presented in Figure 6.10. During the 1990s, the borders of the upper TTL in the two
hemispheres and the median of the LCP distribution show only little deviations between
reanalysis and models during boreal spring (Figure 6.10(a)). The borders of the upper TTL
are located at around 13° for both hemispheres. The median is located at the equator,
thus the LCPs are equally distributed in both hemispheres. The total width of the upper
TTL is most narrow for reanalysis and NIWA-SOCO! REF-B2 (1990s), whereas MPI-ESM
simulates an upper TTL, which is 3.5° broader (Figure 6.10(c)). During the 2040s CMAM
REF-B2 reveals a slight displacement of the median towards the south, whereas no change
is indicated from the other climate models. Towards the future (2090s) a clear displacement
of the upper TTL border in the NH towards the pole is projected for all climate models,
leading to an increase of the total width of around 2° latitude between the 1990s ans 2090s.
During boreal summer the location of the upper TTL borders from MPI-ESM agree best
with ERA Interim during the 1990s (Figure 6.10(b)). The median of the LCP distribution of
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ERA Interim is located around 6° N during the first decade, whereas the median simulated
from the climate models is located more equatorwards at 4° to 5° N. The location of the
median during the 2040s and 2090s changes its position by moving towards the equator,
which is consistent for all three climate models. During the 2090s period, the median is
located around 2° to 3° N, which indicates a decrease of the LCP occurrences on the NH.
Accordingly, an increase of LCPs in the SH occurs, which is accompanied by a displacement
of the southern border towards the South Pole. For the total width of the upper TTL no
distinct changes are projected until the 2040s. However, positive changes of 1° to 2° are
projected for the 2090s period (Figure 6.10(d)). The most narrow upper TTL-width is sim-
ulated by CMAM REF-B2, whereas the broadest is simulated by MPI-ESM. Also for the
future simulations, boreal summer reveals the broadest upper TTL width among all other
seasons.

Largest discrepancies between ERA Interim and climate models is reflected by the median
of the LCP distribution during NH fall (Figure 6.10(e) see section 5.2.3). The median from
ERA Interim is clearly located on the NH around 5° N, whereas the median of the LCP
distribution from the climate models is further South around the equator. Until the 2040s
and the 2090s there is no distinct change visible concerning the border of the upper TTL.
Corresponding to this, the total width reflects no consistent development towards a broad-
ening or narrowing in a future climate. The width of the upper TTL varies between 24° to
33° latitude during all decades (Figure 6.10(g)).

During NH winter reanalysis and climate models project the location of the median on the
SH between 2° to 5° S (Figure 6.10(f)). They agree well with the location of the NH border
at ~10°N. However, the most poleward position of the SH is illustrated by MPI-ESM around
18° S. For the 2040s no striking change is indicated neither in the position of the borders
nor in the total width of the upper TTL compared to the 1990s. A shift of the median and
the NH border towards the North by 0.5° to 3° latitude is obvious until the 2090s. The total
width of the upper TTL region reveals a broadening for NIWA-SOCOL REF-B2 and CMAM
REF-B2 until the 2090s, which in contrast is not projected in the MPI-ESM (Figure 6.10(h)).

6.5.1 West Pacific

As the West Pacific is the main entrance region for air masses reaching the stratosphere from
below (40%-60%, see section 4.3), the area over the West Pacific is analyzed in more detail
in this section. For the analysis the 70th percentile of the LCP distribution is chosen due
to a smaller amount of LCPs in one single region, where the 88th percentile could not be
applied any more (see also Section 5.1.2).

The annual average width of the upper TTL for the West Pacific, projected from the dif-
ferent climate models, is presented in figure 6.11. During the 1990s, the broadest upper
TTL-width above the West Pacific is simulated by MPI-ESM with 23.2° latitude. The two
REF-B2 simulations from NIWA-SOCOL and CMAM REF-B2 simulate a width of ~22°
latitude. During the 2040s the total width of the upper TTL within the West Pacific reveals
an increase for CMAM with 0.7° latitude. However, NIWA-SOCOL REF-B2 indicates a
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decrease of 1.3° latitude and MPI-ESM shows only a change in the variability of the upper
TTL width. From the 2040s until the 2090s all climate models reveal an increase in the
width of the upper TTL of 0.7° latitude from MPI-ESM, 1.2° latitude from NIWA-SOCOL
REF-B2 and 0.2° latitude from CMAM REF-B2.

Figure 6.12(a) shows the change of the average width of the upper TTL in the future simula-
tions during NH winter. From the 1990s to the 2040s the average width reveals a narrowing
of the upper TTL of 1.5° latitude for NIWA-SOCOL, whereas MPI-ESM of 0.1° latitude. In
contrast CMAM REF-B2 shows a positive change of the upper TTL width of 0.9° latitude.
From the 2040s towards the 2090s all climate models indicate an increase of the average
width of further 0.7° latitude by MPI-ESM, 2.5° latitude by NIWA-SOCOL REF-B2 and
1.8° latitude for CMAM REF-B2.

During NH summer (Figure 6.12(b)) the simulations of MPI-ESM reveal larger changes com-
pared to the winter season. From the 1990s to the 2040s MPI-ESM and CMAM REF-B2
simulate a positive change of the upper TTL by 1.2° and 0.9° latitude. NIWA-SOCOL REF-
B2 indicates a decrease of the upper TTL width by 0.1° latitude. From the 2040s until the
2090s MPI-ESM and NIWA-SOCOL REF-B2 project an increase of the upper TTL width
of 1.5° and 0.5° latitude, whereas CMAM REF-B2 indicates no change.

The changes of the width of the upper TTL over the West Pacific for NH fall and spring is
shown in Figure A.20.

Annual average width of the TTL West Pacific
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Fig. 6.11: Average annual width of the upper TTL above the West Pacific for climate models
represented by the 70th percentile. Vertical lines indicate the variance (95 %) of the
TTL-width.
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6.6 Summary

In this chapter the future change of the upper TTL is analyzed with the help of different
climate models. Changes between three decades are investigated in more detail. The 1990s,
2040s and 2090s are analyzed with data from the different models CMAM REF-B2, NIWA-
SOCOL REF-B2 and MPI-ESM (historical and RCP8.5 scenarios). It is shown that the
tropical CP temperature and LCP temperatures are projected to increase on the annual
average of 0.5 K to 1 K between the 1990s and the 2090s, which is consistent among all
three models. The Lagrangian results shown here are comparable to the future TTL anal-
ysis by Gettelman et al. (2010), who illustrated an increasing cold point temperature of 13
CCM REF-B2 simulations in climate models of ~ 1 K between 2000 and 2099. The vertical
velocity in the tropics at the 70 hPa and 100 hPa level from the climate models shows an
increase towards the end of the 21th century, which is strongest for CMAM REF-B2 in the
100 hPa level revealing a doubling in the strength from 1990 to 2099.

Due to a projected higher tropical tropopause in the future (Gettelman et al., 2009, 2010),
the trajectory model setup was adapted to the future tropopause properties. Strongest de-
crease of the tropical tropopause pressure is simulated by CMAM REF-B2 from around 100
hPa in the 1990s to less than 88 hPa by the end of the 21th century (Gettelman et al., 2010).
Thus, carrying out a sensitivity study with CMAM REF-B2, the former trajectory start at
400 K 6, which is applied in chapters 4 and 5, is changed for all three climate models to a
higher start level at 420 K 6 for the future simulation data. The lower boundary criteria is
kept at 350 K 6.

The LCP temperature and distribution is analyzed for the future simulations, resulting in an
increase of LCP temperature, which is highest for NIWA-SOCOL in the East Pacific (1.5 K
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Fig. 6.13: Annual average occurrence of LCPs within different geographic regions for (a) CMAM
REF-B2, (b) NIWA-SOCOL REF-B2 and (c) MPI-ESM for three decades 1990s, 2040s
and 2090s.

to 2 K) and lowest for MPI-ESM in the West Pacific (1 K). All models simulate an increasing
occurrence of LCPs over the West Pacific, where MPI-ESM projects the strongest increase
until the 2090s. The strongest decrease of LCP occurrence overall is simulated by MPI-ESM
over West Africa until the 2090s.

Figure 6.13 summarizes the relative number of annual average occurrences of LCPs in dif-
ferent geographical regions for the three decades and the three climate models separately.
Overall, all climate models reveal the dominance of troposphere to stratosphere transport
for the tropical West Pacific. All climate models project an increase of the LCP occurrence
above the West Pacific by 2% to 8% until the 2090s, accordingly over other geographic re-
gions especially over West Africa the occurrence of LCPs is decreasing. Above the East
Pacific and Indian Ocean no distinct changes are visible, except for NIWA-SOCOL for the
East Pacific (see Section 4.2.3.1 for details). The seasonal changes are shown in the Ap-
pendix (Figure A.19).
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The upper TTL is analyzed also in matters of its poleward expansion. The annual aver-
age width of the upper TTL is displayed in Figure 6.14. For the past, the total width of
the upper TTL of the three model simulations lies within the range of the detected upper
TTL-width from ERA Interim, which gives confidence for the future model simulations. The
three climate models show smaller variability within one decade compared to ERA Interim.
All three climate models reveal an increasing width of the upper TTL from 1990 to 2099 of
0.5° to 1.5° latitude.

For the seasonal average a noticeable change is simulated during NH summer. All three
climate models project a displacement of the median of LCP distribution and the SH border
towards the South, hence an increase of LCPs on the SH. Additionally they also project a
positive change of the width of the upper TTL. For NH winter CMAM REF-B2 and NIWA-
SOCOL REF-B2 simulate a broader width of the upper TTL in the 2090s. No consistent
change is projected for the NH fall season. However, NH spring reveals a positive change at
least by NIWA-SOCOL REF-B2 and MPI-ESM from the 1990s to the 2090s.

Long-term changes of the position and strength of the jets and HC width were analyzed
using different future projections of models within CCMVal-2 and compared with CMIP3
models (SPARC, 2010, Chapter 10). They demonstrated that models from CCMVal-2 and
CMIP3 simulated a poleward expansion of the SH HC during the last decades of the 21th
century. However, it was shown that the observed widening of the HC is larger than the
simulated by the CMIP3 models, leading to the assumption that stratospheric ozone de-
pletion, which is not included in many of those models, might be one explanation for this
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discrepancy (Seidel et al., 2008).

The change of the upper TTL width within different geographical regions indicates most
pronounced changes for MPI-ESM during NH summer with 2° latitude and during NH win-
ter for CMAM REF-B2 of 2.1° latitude from the 1990s to the 2090s for the West Pacific.
NIWA-SOCOL-REF-B2 reveals a decrease of the upper TTL width from the 1990s to the
2040s followed by an increase towards the 2090s during all seasons.

Under the conditions of a changing climate in the future the role of the West Pacific becomes
even more pronounced due to an increase of the with of the upper TTL and simultaneously
the increased possibility for warmer and hence more moist air masses reaching the strato-
sphere in that region from below.






Chapter 7

Conclusion

The tropical tropopause layer (TTL) is the main entrance region for climate and ozone
relevant trace gases into the stratosphere. Once ozone depleting substances (ODS) reach
the stratosphere, they can significantly contribute to ozone depletion. As a consequence, the
originally harmful ultra violet (UV) radiation from the sun, absorbed by the ozone layer, can
enter the lower atmosphere and reach the Earth’s surface. Hence, it is crucial to investigate
transport processes within the TTL, especially under the influence of increasing greenhouse
gases (GHG) in a changing climate.

In this thesis, trajectory calculations were carried out to determine transport processes in
the upper TTL, using ERA Interim and seven different climate model data for the recent
past (1990s). In order to investigate changes in the TTL transport under future climate
conditions, three climate models using future GHG and ODS scenarios until the end of the
21st century, were considered additionally. The Lagrangian cold points (LCPs) of each tra-
jectory were analyzed to determine the entrainment region for tropospheric air masses into
the stratosphere.

To investigate whether the recently observed broadening of the tropical belt is also reflected
in the lowermost boundary of the stratosphere, a new diagnostic method for the upper TTL
was presented in this study. Previous studies mainly focused on tropospheric characteristics
like the position of jet streams or the width of the Hadley cell to define the tropical edges.
In contrast, within this study the width of the upper TTL, which is mainly influenced by
stratospheric characteristics, was analyzed by the spread of the meridional extension of the
LCPs.

In the first result chapter (chapter 4), long-term climatologies of the Eulerian and Lagrangian
cold points were derived using ERA Interim and different climate model data. In the follow-
ing the questions from the introduction are repeated and answered.

e How is the upper TTL represented in ERA Interim reanalysis?
Climatologies of the average Eulerian cold point (CP) were analyzed based on the new
meteorological assimilation from ERA Interim for 1979-2011. On the annual average,
the coldest region for the TTL, the so-called “cold trap”, is located over the tropical
West Pacific. The lowest temperatures, annually averaged, reach 190.5 K in that re-
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gion. These temperatures generally agree in location with the CP from the ERA-40
CP climatology, which was presented by Fueglistaler et al. (2005) for the time period
1979-2001. However, this study reveals that ERA Interim has around 1 K lower CP
temperatures over the tropical West Pacific. The minimum CP temperatures over trop-
ical South America are more pronounced in ERA Interim and reveals 1 to 2 K lower
temperatures compared to ERA-40 data. Seasonally, highest CP minimum tempera-
tures of 192 K occur during NH summer over the West Pacific and the Bay of Bengal.
During NH winter the minimum CP temperatures are lowest and more pronounced
over the tropical West Pacific reaching 188 K. Compared to ERA-40 the minimum CP
temperatures are generally 1 to 2 K lower during the different seasons as well.

Where is the main entrance region for trace gases into the stratosphere using ERA
Interim?

The tropical LCP distribution was divided into 5 main entrainment regions. On the
annual average, the main entrance region of tropospheric air masses into the strato-
sphere, is located over the tropical West Pacific (as defined by 100° to 210° E). More
than 50% of the air masses reach the stratosphere in this geographic region. After the
West Pacific, also West Africa (330° - 50° E) the Indian Ocean (50° - 100° E) and
South America (270° - 330° E) play a secondary role as eintrainment regions. 11% to
14% of the air masses reach the stratosphere from below in these regions on the annual
average. The East Pacific (210° - 270° E) contributes with less than 10% to the strato-
spheric air mass entrainment. During all seasons the West Pacific remains as main
entrance region for air masses into the stratosphere. In NH winter this entrainment
region is most pronounced indicating more than 60% of the air masses reaching the
stratosphere from below. During NH spring and summer the amount reduces to 49%
and 52%. During NH summer the Indian Ocean reveals the second largest air mass
entrainment after the West Pacific. Whereas, South America contributes as second
main region to the stratospheric air masses during NH fall.

How well do the different climate models reproduce upper TTL characteristics from
ERA Interim?

In order to evaluate seven different climate models compared to ERA Interim, the
LCP temperature and occurrence was analyzed. The annual average LCP tempera-
tures from CMAM REF-B1 and REF-B2 and WACCM reveal the best agreements
with ERA Interim within +/-1 K. NIWA-SOCOL REF-B1 and REF-B2 simulations
indicate a negative bias of -3 K to -5 K. A smaller bias of -1 K to -2 K in the tropical
region is simulated by MPI-ESM, whereas E39CA shows LCP temperatures up to 2 K
higher compared to the reanalysis.

In contrast to Kremser et al. (2009), who analyzed the main entrainment region with
CCMVal-1 models for single seasons, the here analyzed CCMVal-2 models are gener-
ally able to reproduce the main entrance region above the tropical West Pacific on
the annual and seasonal average. The model E39CA performs best indicating 1%
less air mass entrainment into the stratosphere compared to ERA Interim above the
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tropical West Pacific. The two CMAM simulations and MPI-ESM simulate slightly
less entrainment of 4% to 8%, whereas the two NIWA SOCOL runs exceed even 11%
less of stratospheric air mass entrainment. A higher entrainment compared to ERA
Interim is projected by WACCM with 9%. While most climate models overestimate
the occurrence of LCPs over West Africa by 2% to 7% on the annual average, only
WACCM simulates less LCP frequency in that region by around 8% compared to ERA
Interim. The Indian Ocean as entrainment region reveals the best agreement among
the reanalysis and the different climate models indicating 10% to 15% of the air masses
reaching the stratosphere from below within this region. Within the East Pacific, the
two NIWA-SOCOL runs simulate an air mass entrainment into the stratosphere twice
as large as for ERA Interim. Whereas, E39CA and WACCM underestimate South
America as entrainment region.

During NH winter, all climate models, except the two NIWA SOCOL simulations,
are able to reproduce the most pronounced main entrainment region for stratospheric
air masses over the tropical West Pacific. Similar as on the annual average, E39CA
performs best, followed by the two CMAM simulations and MPI-ESM underestimat-
ing this entrainment region by 4% to 10%, whereas WACCM overestimates the air
mass entrainment by 17%. The two NIWA SOCOL simulations do not highlight the
West Pacific during NH winter, which can be related to a too strong model response
to the combined volcano and ENSO forcings leading to an El Nino like pattern and
hence, more LCPs in the East Pacific. In contrast to the other climate models, CMAM
REF-B1 simulates a twice as large tropospheric entrainment into the stratosphere over
South America during NH winter compared to ERA Interim.

Overall, most of the climate models are able to reproduce the main entrance region for
tropospheric air masses into the stratosphere over the West Pacific and the location of
lowest minimum temperature.

In chapter 5 the broadening of the upper TTL was analyzed using a new method to define
the meridional edges of the upper TTL for reanalysis and different climate model data. The
following question arose and was answered in this chapter.

e [s there a change in the width of the upper TTL in ERA Interim and climate models
in the past and present?
Analyzing the poleward extension of the LCP distribution between 1979 and 2010,
ERA Interim reveals a significant broadening of the upper TTL of 1.2° lat/dec on
the annual average. While largest changes occur during the first two decades from
1979-1999, after 2000 no significant change is detected any more. This variation may
be linked to observed changes in the stratospheric circulation indicating an increase
in stratospheric upwelling and decrease of water vapor in the lower stratosphere from
2000 onward (Davis and Rosenlof, 2012; Randel et al., 2006). During NH summer a
significant change of 1.39° lat/dec was determined indicating the largest change during
all seasons on average from 1979-2010.
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By investigating geographic regions separately, within each of them a significant broad-
ening of width of the upper TTL can be detected on the annual average. However,
the largest change appears in the West Pacific with 0.99° lat/dec between 1979-2010.
Seasonally the largest change occurs in the East Pacific during NH summer with a
broadening of the upper TTL of 1.87° lat/dec.

Overall, most of the climate models indicate a slight positive change of the width
of the upper TTL between 1990-1999. However, the models tend to underestimate
the revealed positive change from ERA Interim of 2.84° latitude during that decade
by more than 50 %. Only MPI-ESM reveals a significant change with 1.37° lat/dec.
Johanson and Fu (2008) investigated the widening of the tropical belt by analyzing
the change in the width of the Hadley cell in CMIP3 models. The authors detected a
systematically weaker change by the CMIP3 models compared to observations as well,
which they related to a too weak model response to volcanic, GHG and ozone depletion
forcing, underestimating the stratosphere troposphere coupling in the tropics.

In chapter 6, future changes of the TTL were investigated, using data from three climate
models, driven with future GHG and ODS scenarios.

e Does the TTL change in a future climate?

All three climate models project an increase of the average LCP temperature from the
1990s until the end of the 21st century by 0.5 K to 1 K. This result is consistent with
an increasing CP temperature simulated by 13 different CCMs from CCMVal-1 of 0.1
K/decade, resulting to 1 K increase from the 1990s to the 2090s (Gettelman et al.,
2010). Compared to the 1990s, all climate models project an increase of the LCP
occurrence in the West Pacific accompanied by a decrease in other geographic regions
towards the future. The largest change is simulated by MPI-ESM, with the percentage
of air masses reaching the stratosphere above the tropical West Pacific increasing from
40% to 48% between the 1990s and the 2090s.

A positive change of the width of the upper TTL between the 1990s and the 2090s
is consistently simulated by the three models on the annual average. During NH
summer a positive change of the upper TTL, and strikingly, a displacement of the
LCP distribution towards the southern hemisphere is projected by all climate models.
Analyzing the change of the width of the upper TTL above the West Pacific separately,
a weak positive change from the 1990s to the 2090s is projected by all three climate
models by 0.1° to 1° latitude. However, there seems to be no consensus among the
climate models of a dominant season influencing this change. Further, the climate
model projections indicate no significant results for the changes of the width of the
upper TTL.

Overall, the increasing LCP frequency, combined with a changing width of the upper
TTL above the West Pacific, highlights the importance of this region as the main
entrance gate for tropospheric air masses into the stratosphere also in a future climate.
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Outlook

In this thesis, which was based on ERA Interim from 1979-2011 and different climate models,
TTL characteristics were analyzed with a Lagrangian perspective. The results revealed that
most of the analyzed climate models (CCMVal-2 and CMIP5) perform well in representing
the main properties of the TTL like the CP temperature distribution and the main LCP
occurrences. Due to computer time and space limitations of the trajectory calculations, only
three decades of CCMVal-2 model data were available and analyzed. However, applying a
longer-term time series would increase the robustness of the results and could better reflect
possible long-term changes. The residence time of air masses in the TTL before they enter
the stratosphere, is an useful diagnostic for the transport and chemical transformation of
ODS. Due to limited time within this thesis, the investigation of this parameter was not pos-
sible, which should be included in future CCM studies. Furthermore, to test the sensitivity
of trajectory calculations from CCMs using different vertical velocities like diabatic heating
rates as well would be beneficial for further TTL diagnostics. As the heating rates were not
available from the given climate models, this diabatic approach could not be tested within
the present study. Future Lagrangian TTL studies should also consider that initializing the
trajectory model with ERA Interim to a certain UTC time could lead to a mispresentation
of the LCP frequencies.

The above mentioned suggestions could be applied for the next generation of CCMs, which

will be available soon (end of 2013) within the new chemistry climate model initiative
(CCMI).
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Fig. A.4: Climatology of the average vertical velocity at 100 hPa during NH winter for ERA
Interim (1979-2010) and climate models (1990-1999).
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Fig. A.5: Climatology of the average vertical velocity at 100 hPa during NH summer for ERA
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Fig. A.6: Long term climatology for the annual mean LCP temperature and occurrence for 1990-
1999 per 5° x 5° from ERA Interim and climate models. White contour lines display the
density of LCP occurrence from 0.1% with an interval of 0.1%.
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Fig. A.7: Annual mean of LCP potential temperatures for ERA Interim and climate models 1990-

1999, color interval of 2 K.
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Fig. A.8: Long term climatology for LCP temperature and occurrence for DJF 1990-1999 per 5°
x 5° for ERA Interim (a) and climate models (b)-(h). White contour lines display the
density of LCP occurrence from 0.1% with an interval of 0.1%.
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Fig. A.15: Average occurrences of LCPs for different regions from ERA Interim and climate models
for different seasons. MAM (a), JJA (b), SON (c), DJF (d), West Pacific (WP): 100°-
210°E, East Pacific (EP): 210°-270°E, South America (SA): 270°-330°W, West Africa
(WA): 330°-50°E and Indian Ocean (IN): 50°-100°W for 1990-1999. Black and grey
bars represent ERA-Interim 1979-2010 and 1990-1999.



134

[6ap] uoj
09€ 0€€ 00€ 0L¢ O¥C 0Tc¢ 08T OST OCT 06 09 OF€ oov
T T T T g T T T T o
* 0Z-
‘ )
- ° 8
(014
R A N N~ Y
6602-060C WS3-IdN
[Bap] uo|
09€ 0€€ 00€ 0/Z O¥Z 0TZ 08T OST OZT 06 09 O O
- - - - g - - T T ov—
0c-
b 5
b A 0 o
@
Q
(074
- L L \ L L L \ L 1) o
6602-060C ¢HVMIN
[Bap] uo|
09€ 0€€ 00€ 0L¢ O¥Z OTZ 08T OST OZT 06 09 OF€ oov
- . - - q - - - . -
0c-
O = q oy
Q ' 0 m
o Q
(074
A L L L L L 0 or

6602-0602 CHNVIND

047170 JO [RAISIUT TR [IIM 04 () 03 AN 9O4T*() WOIJ 9DULLINDIIO0 J)T JO AJSUap oY)
Ae[dSIp SaUI[ INOJUOD DIYA oG X G Tod STONR[NUIIS 9ININJ 10] 9OUSLINDD0 pue dInjeadue) JO)T oY) Jo A3o[0reul[o 9gelose [enuuy 9Ty "SI

[Bap] uoj
09€ 0€E 00€ 0.2 O¥Z OTZ 08T OST OZT 06 09 0€ O

A B VS~

T
o
b

6¥0¢-070¢ NS3-IdIN

[Bap] uoj
09€ 0EE 00€ 0/Z OFZ 0TZ 08T OST 0ZT 06 09 O€ oov
- . - - g - - - . -
0c-
o e
b N \ OB
0c
L L L \ L L L \ L 0 ov
6702—-0170C CHVMIN
[6ap] uoj
09€ 0E€E€ 00€ 0.¢ O¥Z OTZ 08T OST OCZT 06 09 0€ 09N
- . - - g - - - . -
0c-
0
¢
(014
—— 4. : S or

6¥02-07702 CHNVINO

[Bap] 1e|

[Bap] 1e|

[Bap] ye|

[Bap] uo|
09€ 0€€ 00€ 0L¢ O¥¢ OTC 08T OST OCT 06 09 OF€ oow
T T T T q T T T T o
(. _
\
F 0c-
! . g
° ¥
v Q
i (014
A A Y S =+
666T-066T WS3-IdN
[Bap] uo|
09€ 0€€ 00€ 0/Z O¥Z 0TZ 08T OST 0T 06 09 O€ oo_T
0c-
V 5
[ O m
Q
(014
L L L ! L L L L N o
666T1-066T CHVMIN
[Bap] uo|
09€ 0€€ 00€ 0L¢ O¥Z OTZ 08T OST OZT 06 09 O0€ oow
- . - - q - - - . -
0c-
O 5
o 0 =
@
Q
(014
A L L L L L N or

666T-066T CHNVINO



135

A. Appendix

IouIM [N 0] (S060g Pue SOF0g) 9ming 01 (spe6T) 1sed o) WOIJ SPPOW 9JRWI[D 0] 9OUSLINDDO0 pur amjetodurd) J)HT Ul SOOUSISPL( LTV 81

"04T°0+ WOIJ :UaaI38 pue 0] °()- WO :Pal (9°9 9INSI] dFRIoAR [RNUUR 0] JUSISHIP DI0N) % °() ST }T 90USLINID0 )T 0] ‘3 G() ST
(S060g Pu®e sOF0g) seouaIefip arnjeioduwe) JO)T 10J [eAaur 10[0)) () pue (p) ‘() 10J %G () 03 dn 9,T°() WOIy SUISURI (SOUI] INOJUOD
9YIYM) 94T () ST J1 9IULIMIOO J)T 10§ -3 g ST [BAIOUL I0[0D A} 666T1-066T 104 "S060% (1) P SOF0g (U) :¢'8dIDYU S066T (8) :[edriolsiy
INSH-TAIN 80602 () Pue s0F0z (o) S0661 (P) ‘ed-ATd TODOS-VMIN $060% (9) Pue s0¥0g (4) ‘S066T () :gd-AdY INVIND S066T
Ul URY) oI0W :U9DI8 ‘SO)EET Ul URYY SSO[ :Pol [94] Ul 90USIMID0 JO)T JO AJSUSP oY) I0J SOUI] INOJUOD [IM POIIDA() "G X G Tod

[Bap] uo|
09€ 0€€ 00€ 0/Z O¥Z 0TZ 08T OST 0ZT 06 09 0€ O
; g - ot
8 A
e { ONl
00
= [} g
0 =0 QA 00 p AW
10N s .
0 AINA )
Y
[\ (174
R At WY SR ~+
(666T-066T)-(6602-0602) 40A INSI-IdIN dIUBIBHIP
[Bap] uo|
09€ 0€€ 00€ 0/Z O¥Z 0TZ 08T OST 0ZT 06 09 0€ O
, g 1 ot
o
S 0z-
SINE 9 A
A o A (
& 0 5 < 0
F 102
N A
(666T-066T)-(8602-6802) 40A 24 YMIN 82UdIa41p
[6ap] uoj
09€ 0€€ 00€ 0.Z O¥Z 0TZ 08T OST 0ZT 06 09 0€ O
. g 1 ov-
A \ g 0z-
A 4 A 2
9 Q 19
4 D ) BeS f 0
Q ob -
a)) D,
Q 3 R % f
H (074
AN A ke,

(666T-066T)-(6602-0602) 40A 2H INVIND 3dUBIBHIP

[Bap] 1e|

[Bap] 1e|

[6ap] re|

[Bap] uo)
09€ 0€E€ 00€ 0.2 O¥Z 0TZ 08T OST 0ZT 06 09 0 O
; e - ov-
il % A W § 2 o0z
. 1, ] -

o&Q | A S (el VQQ

< . a on o 9 &?:
o el QU SRR« 0
A S @ % 4 0 4!
L A & [l Av
0z
R At WY, SR~ 9
(666T-066T)-(6702-0702) 4CA INST-IdIN 30UBIBHIP
[Bap] uo)
09€ 0€E€ 00€ 0.2 O¥Z 0TZ 08T OST 0ZT 06 09 O O
, g i ov-
o /4 y 0z-
, ¢ 9=
© o o . i\ 0
©
.

F 102
R At WY, SR~ 9
(666T-066T)-(6702-0702) 404 24 YMIN 30UdIa4Ip

[Bap] uo|
09€ 0€E€ 00€ 0.Z O¥Z 0TZ 08T OST 0ZT 06 09 O O
, g — ov-
e WS 1 loz-
< h Q _7 . Q @ Q
oO < O@ o 0
o' 0 9
E 0z
N At WY, SE S

(666T-066T)-(6702-0702) 40A 2H INVIND 8oUBIBHIP

[Bap] 1e|

[Bap] 1e|

[6ap] 1e|

[Bap] uo|
09€ 0€€ 00€ 0/Z O¥Z 0TZ 08T OST 0CZT 06 09 O€ oov
- : - - g - - - . -
5 -
i (' , C -
‘ |
b 0
(014
S At WY, S -~
4rd 6661-066T WS3-IdN
[Bap] uo|
09€ 0€€ 00€ 0/Z O¥Z 0TZ 08T OST 0CZT 06 09 O€ oow
- . - T g - 8 - . -
0c-
<D
0
r (or4
- L L \ L L L \ L N o
40d 6661-066T ¢ VMIN
[6ap] uoj
09€ 0€E 00€ 0.Z O¥Z 0TZ 08T 0OST OCT 06 09 O€ oow
T T T T g T T T T o
7 . 1 0c-
@ : 0
0
(or4
L L L \ L L L \ L M v B ¥ .y o

40d 666T-066T CHANVINO

[Bap] 1e|

[Bap] 1e|

[6ap] 1e|



"04T°0+ WOIJ U013 pur 0] °()- WOIJ :pal (9°9 9INSI] dFRIoA®R [RNUUR 0] JUSISHIP DJ0N) % T°() ST }T 90USLINID0 J)T I0] ‘3 G() ST
(S060g Pue sOF0g) seouaIefip arnjeiodue) J) 10J [ealalur 10[o)) () pue (p) ‘() 10J %G () 03 dn 9, 1°() WoIy SUISURI (SOUI] INOJUOD
9YIYM) %4 T () ST 31 9IULMIOO J)'T 10§ -3 g ST [BAIOIUL I0[0D 9} 666T1-066T 104 "S060% (1) PUe SOF0g (U) :¢'8dIDYU 0661 (8) :[edriojsiy
INSH-TAIN 80602 (J) P 0705 () S066T (P) ‘¢d-Add TODOS-VMIN S060% () Pue s070z (4) S066T () :gd-AdY INVIND "S066T
Ul URY) oI0W :U9dI8 ‘SO)EET Ul URYY SSO[ :Pol [94] Ul 90USLMID0 JO)T JO AJSUSP oY) I0] SOUI] INOJUOD [IM POIIDA() "G X G Tod
Towrwns {N 10§ (s060g PU® sOF0g) iy 03 (s066T) 1sed 91 WOIJ S[PPOU 9)RWI[D I0J 90USLINIO0 pue drnjerodus) JO)T Ul So0ULIPI( TV "SI
[Gap] uo|

oomommoomonwo¢moamowaomaON._”omowomo
28T T T T T g T T T T ov

98T S

[Bap] uo)
09€ 0€€ 00€ 0.2 O¥Z 0TZ 08T OST 0ZT 06 09 0OE O

[6ap] uoj

09¢€ 0€€ 00€ 0.¢ Ove 0Tc¢ 08T OST OCT 06 09 O€ oov
T T T T ,A T T T T -

ov-

o
N
|
o
B

0c- 9 Q

Ladh

1)

136

Y] -dwar

LT MAN-AO

BN PN TN

S A W * S

(666T-066T)-(6602-0602) VCL WSI-IdIN 8oUBIaHIp

[6ap] uo)

09¢€ 0€€ 00€ 0.L¢ Ove 0Tc¢ 08T OST OCT 06 09 O€
T g T T T T

Y A WY * SR

(666T-066T)-(0602-6802) VL 24 VMIN SoUSIaHIp

[6ap] uoj

09€ 0€€ 00€ 0L¢ O OTC 08T OST 0CT 06 09 O€ oov

o

o
N

or

0

ov-

o

or

— .

) 7. ﬂ@bao.v
R W

(666T-066T)-(6602-0602) VL 24 WYIND ddudIayIp

o
g

o

o
N

o
<

[Bap] 1e|

[6ap] re|

[6ap] re|

- 0

@,

WO
A < o)L= ol T \

. S

o

o
N

or

(666T-066T)-(6702-0702) VCL WST-IdN dousIaylp

[Bap] uo)
09€ 0€E€ 00€ 0.¢ OvZ 0T1¢ 08T OST OCT 06 09 O0€

0
ov-

—— .

. S

(666T-066T)-(6702-0702) VL 28 VMIN ddusiayip

[6ap] uoj

0
or-

09€ 0€€ 00€ 0L¢ O¥C 0T¢ 08T OST 0CT 06 09 OF

A

(]

T

o
b

o

(666T-066T)-(6702-0702) VT 28 WVYIND ddudIayip

[Bap] 1e|

[6ap] 1e|

[6ap] 1e|

LU

<

(<))

—

o
[Bap] 1e|

802 SRR OE W

N

VCC 666T-066T NS3-IdN

[Bap] uo|

09€ 0€€ 00€ 0.¢ O¥C OTC 08T OST OCT 06 09 OF oow

RS

VI 666T-066T ¢d VMIN

[Bap] uo|

09€ 0EE 00€ 0/¢ Ov¢ 0T¢ 08T OST O0CT 06 09 OF

o
N

ov

—— .

J

802 SEY SR W

VCC 666T-066T CHNVIND

[6ap] 1e|

[6ap] 1e|



A. Appendix

137

CMAM R2 DJF CMAM R2 JJA
60 ‘ : 60 ; :
[ 1990-1999 [ 1990-1999
[12040-2049 [12040-2049
50 I 2090-2099 || 50 I 20902099 ||

401

percentage [%]

201

10f

30

percentage [%)]
w I
o o

n
o

10

0 0
EP SA WA IN WP EP SA WA IN
region region
NIWA SOCOL R2 DJF NIWA SOCOL R2 JJA
60 T T T 60 T T T
I 1990-1999 I 1990-1999
[72040-2049 [72040-2049
L I 2089-2098 | I 2089-2098||
50 50
401 40

percentage [%]
w
o

percentage [%]
w
o

201 20
10r 10
0 0
WP EP SA WA IN EP SA WA IN
region region
MPI-ESM DJF MPI-ESM JJA
60 T : 60 T T
I 1990-1999 I 1990-1999
[72040-2049 [72040-2049
50l I 2090-2099 || 50 I 2090-2099||

percentage [%]
w B
o o

N
o
T

10f

EP

SA
region

WA

percentage [%]
w IS
o o

N
o

10

WP EP SA
region

WA IN

simulations for NH winter (left) and summer (right).

Fig. A.19: Seasonal average occurrence of LCPs within different geographic regions from future
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Fig. A.20: Average width of the upper TTL above the West Pacific during NH spring and fall for
climate models represented by the 70th percentile. Vertical lines indicate the variance

(95 %) of the TTL-width during NH spring (a) and fall (b).
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