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Zusammenfassung

Die obere Troposphire/untere Stratosphire (UTLS, engl. upper troposphere/lower stratosphere)
bezeichnet die Region um die Tropopause. Die Verteilung von Treibhausgasen in der UTLS hat
einen grofen Einfluss auf das Klima an der Erdoberflache. Allerdings ist die UTLS durch ein
komplexes Zusammenspiel von Transportbarrieren und multiskaligen Prozessen gekennzeich-
net, das zu starken Gradienten in der chemischen Zusammensetzung fiihrt. Diese Komplexitit
stellt sowohl fiir Beobachtungen als auch fiir Modellsimulationen eine gro3e Herausforderung
dar. Um die Auswirkungen des Klimawandels zu untersuchen, sind numerische Modellsimu-
lationen notwendig, doch selbst bei identischen Emissionen weisen die Modellresultate erhe-
bliche Unterschiede auf. Um die Griinde fiir die Unterschiede zu beleuchten, werden Simula-
tionen mit dem globalen Klima-Chemie Modell EMAC durchgefiihrt, in denen jeweils nur ein
einziger Aspekt variiert wird. Der Einfluss von vier Modellkonfigurationen auf die simulierte
UTLS wird untersucht: (1) die Newtonsche Relaxation der Troposphédrendynamik, die einen
direkten Vergleich zwischen Modellergebnissen und Beobachtungen begiinstigen, (2) die
Gitterauflosung, die fiir die Auflosung starker Gradienten entscheidend ist, (3) die Wahl der
Konvektionsparametrisierung, die mit grolen Unsicherheiten sowie dem troposphérischen Trans-
port in die UTLS verbunden ist, und (4) der Einfluss der Konvektionsparametrisierung auf die
UTLS unter dem Einfluss des Klimawandels.

Neben der Reduzierung der troposphérischen Temperatur- und Wind-Biases im Modell erhoht
Newtonsche Relaxation den Wasserdampf-Bias in der unteren Stratosphire erheblich und ver-
starkt die stratosphérische Zirkulation, was den simulierten Ozon-Bias weiter erhoht. Diese
gegensitzlichen Einfliisse erschweren die Schlussfolgerung iiber die Fahigkeit der realistischen
Simulation der UTLS im freilaufenden Modell.

Eine Erhohung der horizontalen Auflosung fiir Klima-Chemie Simulationen iiber Klimaskalen
reduziert die numerische Diffusion erheblich. Die Ubereinstimmung der Modellergebnisse
mit den Beobachtungen nimmt aufgrund einer niedrigeren Tropopause und einer langsameren
stratosphérischen Zirkulation zu.

Die Wahl der Konvektionsparametrisierung hat erhebliche Auswirkungen auf die atmosphérische
Dynamik, den konvektiven Transport in der Troposphire sowie die stratosphérische Zirkula-
tion. Durch den zusitzlichen Einfluss auf die chemischen Umsatzraten beeinflusst die Wahl
die simulierte Zusammensetzung der UTLS, insbesondere die Verteilung von Wasserdampf
und Ozon. Simulationen zum Ende des 21. Jahrhunderts mit verschiedenen Konvektions-
parametrisierungen zeigen eine robuste Anpassung der simulierten UTLS an den Klimawan-
del. Wesentliche Unterschiede in der Anpassung sind auf die Regeneration von Ozon durch
die Reduktion des menschengemachten katalytischen Ozonabbaus in der polaren Stratosphére
zuriickzufiihren.






Abstract

The upper troposphere/lower stratosphere (UTLS) is the transition region around the tropopause.
Due to the significant radiative effect of greenhouse gases (GHGs) in the UTLS on the surface
climate, their representation is essential for climate studies. However, the UTLS is charac-
terised by a complex interplay of transport barriers and atmospheric processes operating across
a wide range of temporal and spatial scales, leading to steep gradients in abundances of chem-
ical constituents. This complexity poses major challenges for observations and realistic model
simulations of the UTLS. Therefore, our knowledge about the UTLS is subject to consider-
able uncertainty. Numerical model simulations are necessary to investigate the effect of climate
change, but even with the same forcing scenario, the model results show a large spread. To iden-
tify the causes of this spread, sensitivity simulations with the ECHAM/MESSy Atmospheric
Chemistry (EMAC) Chemistry Climate Model (CCM) are performed by varying a single aspect
at a time. The influence of four model configurations on the simulated UTLS characteristics are
examined: (1) Newtonian relaxation of the tropospheric dynamics, which is favourable for a
direct comparison between CCM results and observations, (2) the grid resolution, which is
crucial to resolve steep gradients, (3) the choice of the convection parameterisation, which is
associated with large model uncertainty and the transport of tropospheric constituents into the
UTLS, and (4) the effect of the convection parameterisation on the UTLS under climate change.
Newtonian relaxation reduces temperature and wind biases in the troposphere and the lower
stratosphere, but also significantly increases the moist bias in the lower part of the lowermost
stratosphere (LMS) and alters the wave forcing. The enhanced stratospheric circulation thereby
increases the ozone bias in the LMS. Therefore, the opposing effects complicate the drawing of
conclusions about the model performance for the UTLS in a free-running simulation.
Increasing the horizontal resolution for climate-scale CCM simulations substantially reduces
biases caused by numerical diffusion in the lower part of the LMS. Especially the lower tropo-
pause and the slower stratospheric circulation improve the model performance relative to ob-
servations. An additional finer vertical resolution in EMAC yields only minor improvements in
model results.

The choice of the convection parameterisation substantially affects the atmospheric transport,
from the convective transport in the troposphere to the stratospheric circulation. In combination
with its influence on chemical turnover rates, the choice affects the simulated composition of the
UTLS, particularly the distribution of water vapour and ozone. Future projection simulations
with different convection parameterisations show a robust response of the simulated UTLS to
climate change. Significant differences in the response are due to the regeneration of ozone
through decreased anthropogenic catalytic ozone depletion in the polar stratosphere.
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Chapter 1

Introduction

1.1 Motivation

The climate science community has already stated in the First Assessment Report of the In-
tergovernmental Panel on Climate Change (IPCC) that anthropogenic emissions increase the
natural greenhouse effect, which causes a changing climate system and warming of the Earth’s
surface (Houghton et al., 1990). The following IPCC reports strengthened and quantified the
statement with new findings every time, but the core message stayed the same. Even if we
were to stop all use of fossil fuels and land-use changes today, our current activities will still
affect Earth’s climate over the coming centuries (Chen et al., 2021a). But while the tropo-
sphere warms due to the emission of carbon dioxide (CO») and other greenhouse gases (GHG),
the stratosphere cools (Manabe and Wetherald, 1967; Steiner et al., 2020; Gulev et al., 2021).
The cooling in the stratosphere arises from the higher emissivity due to higher GHG abun-
dances, in addition to a weaker outgoing longwave radiation due to the absorption by GHGs in
the troposphere. In the lower stratosphere, the cooling observed today is dominated by a de-
crease of ozone (O3), due to the anthropogenic emission of ozone depleting substances (ODS),
most importantly chlorofluorocarbons (CFCs). Stratospheric cooling is one of the most evident
signs that rapid climate change is caused by human activities rather than natural variability (Ra-
maswamy et al., 2001; Ramaswamy and Schwarzkopf, 2002; Shine et al., 2003; Pierrehumbert,
2010; Santer et al., 2023). Opposite temperature trends imply changes in both the vertical and
horizontal temperature gradients between the tropical upper troposphere and the subtropical
lower stratosphere, which in turn alter several atmospheric processes. Over the last decades, an
upward trend in the tropopause has been observed (Seidel and Randel, 2006; Xian and Home-
yer, 2019; Meng et al., 2021). A widening of the tropics, as projected by model studies, will be
observed in the foreseeable future, if we further emit GHGs (Seidel et al., 2007; Staten et al.,
2018) and global climate model simulations and reanalysis datasets indicate a strengthening of
the Brewer-Dobson Circulation (Butchart, 2014; Garny et al., 2024). These changes affect the
characteristics and mass exchange, and therefore the chemical composition, of the transition
region between the troposphere and the stratosphere, the upper troposphere/lower stratosphere
(UTLYS).

The UTLS exhibits characteristics of both the troposphere and the stratosphere, which display
strong gradients in many atmospheric species driven by their source regions, atmospheric life-
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times, and the role of the tropopause as a transport barrier. At the tropopause, the temperature
decrease with altitude in the troposphere switches to a temperature increase in the stratosphere,
changing from a less stable to a more stable stratification. Already small changes in the UTLS
abundance of GHGs such as water vapour (H,O), O3 and methane (CH4) have a significant
climate impact (Forster and Shine, 1997; Forster and Shine, 2002; Soden et al., 2008; Solomon
et al., 2010; Riese et al., 2012). Therefore, a high confidence about the composition of the
UTLS is required for reliable climate change projections.

To quantify the UTLS composition and its changes associated with climate change, it is essential
to have robust observations and consistent model simulations of the current state. However,
global measurements and simulations of the UTLS are challenging. The UTLS is affect by
processes on a wide range of temporal and spatial scales, from turbulence (Holton et al., 1995;
Chau et al., 2025) and the interaction of clouds and aerosols with radiation, over the impact
of warm conveyor belts (Spichtinger et al., 2005), the fast transport by deep convection and
intrusion events by tropopause breaking events (Pan et al., 2004; Pan et al., 2009; Homeyer
et al., 2014) to the large scale dynamical transport by the BDC. Many processes vary globally,
with substantial large-scale differences between the tropics and the extratropics (Fueglistaler
et al., 2009; Gettelman et al., 2011). Large-scale events or processes such as the Asian Summer
Monsoon Anticyclone and the deep branch of the BDC further introduce inter-hemispheric and
seasonal differences in the UTLS dynamics and composition (Rosenlof et al., 1997; Butchart,
2014; Vogel et al., 2016; Rolf et al., 2018). Global transport processes such as the BDC further
reveal hemispheric asymmetries in the response to climate change (Ploger and Garny, 2022).
The wide range of scales presents challenges for both observations and model simulations.

The UTLS is usually observed by measurements carried on three platforms: aircraft, balloon
and satellite. Each platform has its benefits and drawbacks. Aircraft-borne instruments on pas-
senger aircraft provide regular observations over a larger extent of the globe, spanning several
decades, enabling the creation of climatologies of atmospheric trace gas species (Zahn et al.,
2014; Cohen et al., 2018; Cohen et al., 2025; Konjari et al., 2025). They provide data with
high horizontal and temporal resolution. However, the observations are restricted to the defined
flight corridors, which are primarily located in the Northern Hemisphere (NH) and the upper
troposphere (UT), and have hardly any vertical extent. Balloon-borne instruments provide ver-
tically high-resolved observations spanning from the ground far into the stratosphere, making
them very well suited to provide profiles and gradients in the UTLS (Degen et al., 2025). How-
ever, regular balloon starts are rare and very localised, and an individual flight does not provide
horizontal coverage beyond the uncontrolled drift caused by the wind. Finally, satellite-borne
instruments can provide global observations (sun-synchronous) or high-frequency observations
of a specific section of the Earth (geostationary). Climatologies and longer time series can be
created by combining observations from multiple satellites (Tummon et al., 2015; Davis et al.,
2016). The global coverage comes at the cost of a coarser resolution in both time and space
compared to the other two platforms. Furthermore, the data products mostly end in the UTLS,
at the cloud top height, the tropopause or even higher in case of the merged data products, and
exhibit the largest uncertainty in the UTLS for HO and O3z (Hegglin et al., 2013; Tegtmeier
et al., 2013; Hassler et al., 2014; Tummon et al., 2015). Despite these limitations, the obser-
vations have revealed significant discrepancies and biases between atmospheric models in the
UTLS (Benito-Barca et al., 2025).

Free-running Chemistry Climate Models (CCMs) are capable of simulating the UTLS struc-
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ture and trends qualitatively well, but exhibit biases relative to observations as well as a large
spread between model results (Hegglin et al., 2010; Gettelman et al., 2010). What CCMs share
is a tropopause that is too high compared to reanalyses (Abalos et al., 2026). Comparing the
simulated UTLS composition with climatologies based on observations by aircraft-borne instru-
ments shows an underestimation of tropospheric transport into the UT and an overestimation
of the stratosphere-troposphere exchange (Cohen et al., 2025). Many models show temperature
biases in the UTLS and at the cold point leading to biases of H,O vapour in the stratosphere,
with a too dry stratosphere in Coupled Model Intercomparison Project (CMIP) Phase 6 models,
independent of the consideration of CH,4 oxidation (Keeble et al., 2021). In contrast, the lowest
levels of the lowermost stratosphere (LMS) are too moist in the models due to overly diffusive
transport schemes, which counteract the H>O biases and affect both the radiative budget and
the large-scale circulation (Stenke et al., 2007; Charlesworth et al., 2023). For O3 in the UTLS,
the significant uncertainties are reflected in the positive as well as negative trends in the lower
stratosphere (LS) simulated over the last decades with state-of-the-art CCMs, while observa-
tions indicate a decline (Ball et al., 2018; Ball et al., 2019; Benito-Barca et al., 2025). Any
temperature or H>O bias is further affecting the O3 abundance as well, for instance, due to the
formation of Polar Stratospheric Clouds (PSCs).

To compare the composition simulated by a CCM with a specific observation in space and time,
the meteorological conditions must be comparable, which cannot be achieved inherently by the
model due to the omnipresent mismatch of initial conditions. A methodology for matching the
meteorological fields between the model and the observed state is Newtonian relaxation, also
known as nudging. It adds an ad hoc forcing term toward a reference state for all or a subset
of the model’s prognostic variables. The reference state is often taken from reanalysis datasets.
Reanalysis datasets combine the global results of a high-resolution Numerical Weather Predic-
tion (NWP) model with observations to form a consistent time series. They are presumably
the closest estimate to the real atmospheric state. However, discrepancies exist between dif-
ferent reanalyses. Comparisons between reanalyses revealed differences between tropopause
and subtropical jet (STJ) characteristics, as well as between the strength of the Brewer-Dobson
Circulation (BDC), with significant implications for atmospheric transport (Abalos et al., 2015;
Manney and Hegglin, 2017; Manney et al., 2017). The comparison of reanalyses to observa-
tions exhibits temperature biases at the cold point and the tropopause as well as H,O biases in
the lowermost stratosphere (Tegtmeier et al., 2020; Kriiger et al., 2022). By using the reanalysis
as reference datasets for nudging, the biases of meteorological variables are then introduced
into the climate model. A former model intercomparison of nudged models revealed a larger
spread in atmospheric circulation and composition than in their corresponding free-running
simulations (Orbe et al., 2018; Orbe et al., 2020). The most extensive spread in atmospheric
transport is found in the troposphere, particularly linked to convective transport (Orbe et al.,
2017). Chrysanthou et al. (2019) found that nudging over the stratosphere affects large-scale
transport and tropical upwelling, presumably by decoupling the residual circulation from its
wave forcing. This leads to differences in atmospheric circulation between the nudged simula-
tion and the reference reanalysis, as well as to a larger spread in circulation strength in nudged
simulations than in free-running simulations. The errors introduced by nudging into transport
processes accumulate at the destination (Davis et al., 2022). Therefore, the largest errors for the
residual circulation as well as fast convective transport occur in the UTLS, affecting the local
composition. The UTLS composition is therefore strongly affected by nudging. However, a
detailed analysis of the effect of nudging on the climatological state of the UTLS composition
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has not yet been performed.

The uncertainties and discrepancies associated with the UTLS are also present in future pro-
jections. What adds to the uncertainty is our lack of confidence in the dynamical response
to climate change, for instance, in the response of the large-scale circulation and its interac-
tions with convection and clouds (Shepherd, 2014; Bony et al., 2015). The models differ more
strongly in the projected temperature change in the 21 century in the UTLS than in the rest of
the lower atmosphere (Lee et al., 2021). Stratospheric H>O is expected to increase primarily in
the LMS (Banerjee et al., 2019), causing the major part of the global mean radiative feedback.
Ozone trends in the UTLS are projected to be the strongest in the entire atmosphere (Iglesias-
Suarez et al., 2016), but with a smaller model spread than under present-day conditions (Friedel
et al., 2023; Polvani et al., 2023). Furthermore, O3 and the strength of the BDC exhibit large
sensitivity to the projected GHG and ODS abundances, leading to a large spread across different
climate change scenarios (Banerjee et al., 2018; Morgenstern et al., 2018; Polvani et al., 2019).

One fundamental issue that all models have is their discrete grid. With a finer grid, the reso-
lution increases, and we expect convergence towards the real solution: more accurate distribu-
tions, gradients, and processes can be resolved and calculated. While it is nowadays technically
possible to run a General Circulation Model (GCM) for more than a month at resolutions that
allow the explicit calculation of convection (Hohenegger et al., 2020), this is not feasible for
climate simulations, even more so for CCMs. Given the common horizontal grid resolution of
a few hundred kilometres in climate simulations, many essential atmospheric processes occur
on subgrid scales. The effect of each process on the large scales is estimated using parame-
terisations, simplified descriptions based on approximations, rather than calculating the actual
process (Randall et al., 2003). And each climate model is a unique combination of different
model descriptions and process parameterisations (see Figure 1.1 for a schematic overview),
leading to the spread in model results, from local species distributions to the global climate
feedback due to climate change (Dietmiiller et al., 2014; Nowack et al., 2014; Marsh et al.,
2016). The climate feedback spread has even increased between the last two Coupled Model
Intercomparison Project (CMIP) phases, CMIPS5 and CMIP6 (Tebaldi et al., 2021). Due to
the very different model descriptions, no conclusions can be drawn about the contribution of
single process parameterisations to the overall spread in model results. And since the UTLS
is affected by many small-scale processes as well as large-scale dynamics with horizontal and
vertical gradients, the errors from parameterisations accumulate in this region.

Parameterised convection significantly contributes to model discrepancies in the troposphere
and the UTLS. It is responsible for fast vertical transport, enabling species with a short atmo-
spheric lifetime emitted at or near the surface to reach the UTLS. Direct convective transport
mostly ends in the upper troposphere. Still, convection has a non-negligible effect on the strato-
spheric H,O abundance by the interaction of cirrus clouds in the tropical UT with transported
air parcels (Schoeberl et al., 2018; Jensen et al., 2020; Dauhut and Hohenegger, 2022; Ueyama
et al., 2023). The formation of clouds is further essential for the radiative balance of the at-
mosphere. But convective updrafts occur on scales of 1-100 m, and cloud microphysics are
even smaller. Therefore, its effects must be heavily parameterised in climate models, introduc-
ing significant uncertainty into the simulations. For instance, the effect of convective mixing
in the tropical lower and middle troposphere, and how it is parameterised, accounts for half of
the variance in climate sensitivity (Sherwood et al., 2014). Only a limited number of studies
have yet investigated the robustness of the model results to the convection parameterisation.
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Figure 1.1: Schematic diagram of the different physical processes represented in the IFS model,
providing an overview of processes which differ between different models, next to the dynami-
cal core. Adapted from Figure 1.1 of IFS Documentation CY49R1 Part IV: Physical Processes,
© European Centre for Medium-Range Weather Forecasts (ECMWF, 2024), licensed under CC
BY 4.0.

They found the most substantial differences in H,O in the UTLS under both present-day and
future climate conditions (Tost et al., 2006b; Rybka and Tost, 2014). The studies focused on the
troposphere, without fully resolving the stratosphere or atmospheric chemistry. If atmospheric
chemistry is included in studies of the impact of the convection parameterisation, large relative
differences are found for species with short atmospheric lifetimes (Tost et al., 2010), indicating
significant differences in convective vertical transport. Tost et al. (2010) compared results from
four months of flight campaigns, focusing on the troposphere. The simulations were nudged,
and any feedback from the atmospheric chemistry was turned off. Therefore, it remains an
open question how robust the UTLS composition is to the convection parameterisation when
using a CCM, and how the convection parameterisation alone affects the model spread in future
projections.

The most apparent improvement for accurately modelling the UTLS would be a higher vertical
resolution to better represent the steep gradients and transport barriers (Wang et al., 2018).
However, increases in vertical resolution directly increase the computational resources required
to perform the simulation. It further requires a matching horizontal resolution to represent
processes in space reasonably. This leads to an increase in time resolution to achieve a stable
simulation and to a multi-fold increase in computing resources. This explains the relatively
small increase in resolution over recent decades in climate-scale studies, especially in CCMs.
With the improvements in computational resources (https://www.top500.0rg/lists/t
op500/2025/11/, https://scied.ucar.edu/learning-zone/how-climate-works
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/fast-computers-complex-climate-models; last accessed: 01.03.2026) and the better
parallelisation of recent models (Giorgetta et al., 2018; Crueger et al., 2018), an increase in the
resolution over climate scales will become feasible. The extent to which the representation of
the global UTLS will benefit is yet to be thoroughly investigated.

1.2 Research questions and outline

This work investigates the uncertainty of the simulated UTLS at climate scales for certain as-
pects of the climate model configuration. While future projections gain confidence through
model intercomparison, I go one step further by isolating the impact of a single process pa-
rameterisation and quantifying the spread in simulated composition arising from uncertainty in
its realisation. Concerning the UTLS representation, the presumably most considerable uncer-
tainty in climate modelling arises from the convection parameterisation. Secondly, a significant
improvement in modelling of the UTLS is expected from a finer resolution. CCMs have to
rely on relatively coarse resolutions due to the high computational demands. Still, with modern
High Performance Computing (HPC) systems, it is feasible to increase resolution in climate-
scale simulations. I will investigate the dynamical effect of a feasible increase of model grid
resolution for the UTLS. And finally, I compare the effect of nudging on the UTLS composition
on the climatological scale. The effect of the accumulated transport errors in the UTLS due to
nudging needs to be quantified to be considered in comparisons with observations. The gaps in
our understanding pointed out here result in the following research questions:

1. How does Newtonian relaxation affect the simulated UTLS composition on climate scales?
How do nudged and free-running simulations perform compared to observations?

2. What will be the benefit for the UTLS characteristics of a computationally feasible in-
crease of the model grid resolution in EMAC?

3. How does the choice of the convection parameterisation affect the simulation of UTLS
characteristics and composition?

4. In what ways are the projected UTLS responses on climate change dependent on the
choice of the convection parameterisation?

The thesis is structured as follows: Chapter 2 introduces the UTLS and the relevant transport
and chemistry processes affecting the UTLS composition on global climate scales. Chapter 3
introduces the CCM used throughout this thesis and its modular structure, which enables the
sensitivity studies regarding the convection parameterisation. More detailed information is pro-
vided for the model setup aspects that are actively varied in the sensitivity studies. A significant
effort was necessary to set up the simulations that represent the climate states for the beginning
and the end of the 21 century consistently and to isolate the effects of the model configuration
aspect. The utilised tuning process is introduced. Further observations and reanalysis datasets
used for comparison are mentioned. The end of a chapter outlines the simulation strategy and
highlights the differences between the model setups. In Chapter 4, I investigate the effect of
nudging on the UTLS composition. Chapter 5 shows the sensitivity of the simulated UTLS un-
der present-day climate conditions to the convection parameterisation and to the increase in the
resolution on climate scales. In Chapter 6, I compare the future climate state with the present-
day state for simulations with different convection parameterisations to analyse the dependence
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of future projections on the choice of convection parameterisation. All results are placed in the
context of the literature at the end of each chapter. In Chapter 7, the general limitations of the
methodology are discussed. The research questions are answered in Chapter 8, and an outlook
for future work is provided.
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Chapter 2

Scientific Background

2.1 Properties of troposphere and stratosphere

The troposphere is the lowest layer of the atmosphere, where weather that affects our daily lives
takes place. Solar irradiation heats the surface, and with altitude the temperature decreases,
leading to omnipresent turbulence and mixing, resulting in a relatively homogeneous distribu-
tion of trace gas species (tracers) (Seinfeld and Pandis, 2016). As the layer of the atmosphere
in contact with the surface, the chemical composition is strongly influenced by both natural
and anthropogenic emissions. Tracers with lifetimes of hours to days can reach the middle and
upper troposphere through fast transport via convection, the vertical motion associated with
density differences driven by thermal expansion (Tost et al., 2010). Convection further initiates
cloud formation and precipitation, an essential removal process for soluble tracers and particles
in the troposphere (Seinfeld and Pandis, 2016). The tropospheric zonal and vertical circulation
patterns are characterised by three circulations: the Hadley cell in the tropics, the Ferrel cell in
the mid latitudes and the Polar cell in the high latitudes. In the extratropics, the circulation is
mainly driven by baroclinic waves (Gettelman et al., 2011). Turbulence induced by wave prop-
agation into the upper troposphere initiates mixing between atmospheric layers. The Hadley
cell in the tropics is thermally driven by diabatic heating from strong convection (ascending
flow) at the latitude of the strongest solar irradiation around the equator, and by radiative cool-
ing in the subtropics (descending flow). The ascent further includes an eddy-driven component
due to Rossby wave breaking in the STJ region, leading to additional pumping in the tropics
from above (Shepherd, 2007; Staten et al., 2018). The strong ascent of the Hadley cell leads to
transport into the tropical upper troposphere and from there into the atmospheric layer above.

The layer above the troposphere is the stratosphere. The stratosphere is characterised by stable
stratification, with increasing temperature with altitude. The temperature increase with alti-
tude results from the absorption of solar ultraviolet (UV) radiation by O3 (Seinfeld and Pandis,
2016). As altitude increases, so does the amount of high-energy irradiation, thereby enabling
the photolysis of otherwise relatively stable molecules. The stratosphere extends to approxi-
mately 1 hPa, corresponding to an altitude of roughly 50 km, where the lapse rate becomes
negative at the mesopause. The stratosphere would be in radiative equilibrium, and tracer abun-
dances would be highest where they are produced without the transport by the Brewer-Dobson
Circulation. The BDC is explained in more detail in the following sections.
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2.2 The tropopause

The tropopause is the conceptual boundary between the troposphere and the stratosphere. Due
to differences in stratification between the troposphere and the stratosphere, the tropopause acts
as a transport barrier, inhibiting direct transport and vertical and horizontal mixing (Haynes and
Shuckburgh, 2000; Haynes et al., 2001; Hegglin et al., 2009; Gettelman et al., 2011). Due to
the latitudinal dependence of upward longwave radiation and large-scale transport between the
troposphere and stratosphere, the tropopause itself exhibits pressure differences between the
poles and the tropics (Thuburn and Craig, 2000). The tropopause is located at about 300 hPa (8
km) at the poles and increases to about 100 hPa (17 km) in the tropics. The steepest increase of
tropopause altitude occurs in the subtropical regions, which are dynamically dominated by the
subtropical jet (STJ). The STJ originates from strong solar irradiation and convective heating in
the tropics, which initiates movement in the lower troposphere upward. Following mass conser-
vation and the temperature gradients between low and high latitudes, a poleward transport in the
upper troposphere is initiated, which is then redirected eastward by the Coriolis force. Without
surface friction, angular momentum is conserved, and the reduced distance to the Earth’s axis
implies an increase in wind velocity, the STJ (Lee and Kim, 2003; Schneider, 2006). As a di-
rect consequence of the intense heating in the tropics, the STJ is thermally-driven, in contrast to
the eddy-driven jet (EDJ) in the mid latitudes (Messori et al., 2021). Another distinction is the
vertical wind shear. The STJ occurs only in the upper troposphere with a strong vertical wind
shear. In contrast, the EDJ in the mid-latitudes is driven by baroclinicity, which results from
non-parallel density and pressure surfaces leading to the conversion of potential energy into ki-
netic energy. This conversion produces westerly winds in the lower troposphere, and therefore
low vertical wind shear at the eddy-driven jet (Davis and Birner, 2016). The baroclinic ed-
dies that lead to the EDJ further affect the tropopause structure in the mid-latitudes (Schneider,
2004). Finally, the tropopause exhibits an annual cycle, reflecting differences in solar irradiance
and transport patterns.

While there is a precise semantic definition of the tropopause, the physical definition is ambigu-
ous. Several concepts have been developed over the past few decades, driven by an increase in
available information and by research across fields. The first concept was officially introduced
by the World Meteorological Organization (WMO) in 1957, purely based on the temperature
decrease with altitude, the lapse rate, and a somewhat arbitrary value of 2° C km ™! (WMO,
1957). This definition is known as the thermal or lapse rate, or the WMO tropopause. By
this definition, more than one tropopause may be found at a given point in time in the vertical
column. Double-tropopause events can occur near the STJ and indicate increased horizontal
mixing (Pan et al., 2004; Pan et al., 2009). The WMO tropopause definition also considers
vertical profiles independently, which may result in a horizontally discontinuous tropopause. A
continuous tropopause, apart from the deep tropics around the equator, is defined by the dy-
namical tropopause. The dynamical tropopause is based on the potential vorticity (PV) field,
which is increasing with altitude. This leads to higher PV values in the stratosphere than in the
troposphere and the definition of the dynamical tropopause by selecting a suitable PV value.
Since the dynamical tropopause provides a global, continuous, quasi-material surface (outside
the deep tropics), the definition is especially valuable for the analysis of tropopause folding
events (Reed, 1955; Gettelman et al., 2011). On an isentropic surface, PV can be written as
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written as in Gettelman et al. (2011). {p is the relative vorticity on isentropic surfaces, f the
Coriolis parameter and ¢ the isentropic density. However, special care has to be taken at the
equator, as the Coriolis parameter becomes zero and (g is not uniquely defined. The PV value
is often selected to match the WMO tropopause; however, the most suited value depends on
the investigated latitude. The values range between 1.5 and 4 PVU (potential vorticity unit,
[PVU] = 10K m? (kgs) ') between pole and equator (Holton et al., 1995), with 3.5 PVU for
mid-latitudes (Hoerling et al., 1991). At the tropopause, strong PV gradients are found, which
are associated with strong vertical gradients in static stability, indicating a significant barrier to
isentropic mixing (Haynes and Shuckburgh, 2000). The strong PV gradients are further used
to adapt the PV tropopause definition from arbitrarily selected values to the gradient maximum
(Kunz et al., 2011; Turhal et al., 2024). A third concept utilises the transport barrier and the
chemical distinction between the troposphere and the stratosphere to define the so-called chem-
ical tropopause. The chemical tropopause can either be calculated by the steep gradient of one
tracer, for instance O3 (Bethan et al., 1996), or by a tracer-tracer correlation between one tracer
with a high abundance in the troposphere and one with a high abundance in the stratosphere
(Zahn and Brenninkmeijer, 2003). The latter has the advantage of recognising transition layers.
In contrast, the chemical tropopause, based solely on the gradient of a single tracer, is, on aver-
age, 800 m below the WMO tropopause (Gettelman et al., 2011). This highlights the spread in
tropopause altitude due to different definitions. In model studies, the chemical tropopause can
also be calculated using artificial tracers to eliminate chemical effects (Prather, 2025). Recently,
a new definition of the tropopause was proposed, based on the vertical gradient of relative hu-
midity with respect to ice, to account for diabatic processes that are crucial for the tropopause
structure in midlatitudes (Reutter and Spichtinger, 2025). In summary, there are numerous def-
initions for the tropopause. All of them differ in the altitude at which the tropopause occurs,
which makes the selection of a tropopause definition an essential decision for air mass studies
and the creation of climatologies (Bauchinger et al., 2025).

In the tropics, the tropopause is not associated with a vertical transport barrier. Instead, in the
tropics, the main upward transport from the troposphere into the stratosphere occurs, defining
the starting point of the stratospheric Brewer-Dobson Circulation.

2.3 The Brewer-Dobson circulation

The BDC describes the global meridional mass circulation through the stratosphere (Butchart,
2014). Tropospheric air enters the stratosphere in the tropics, ascends, moves poleward, then
descends in the higher latitudes and back into the troposphere. It was proposed to explain the
stratospheric distribution of O3 and H,O by Dobson et al. (1929), Brewer (1949) and Dobson
(1956), which led to its naming (see Figures 2.1 and 2.2). The BDC is driven by the dissipation
of upward propagating atmospheric waves from the troposphere. Synoptic-scale Rossby waves
dissipate in the lower stratosphere throughout the year, resulting in a poleward forcing. The
poleward motion in the lower stratosphere is called the shallow branch of the BDC (Birner and
Bonisch, 2011). Transport by the shallow branch occurs on timescales of days to months. In
the middle and upper stratosphere, planetary-scale Rossby wave propagation is dependent on
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the season. Only in the absence of solar irradiation during the hemispheric winter does the
temperature gradient between the cold polar vortex and the equator drive westerly winds, which
are required for higher wave propagation (Shepherd, 2007). The dissipation of Rossby waves in
the middle and upper stratosphere creates a poleward flow in the winter hemisphere. The polar
flow in the middle and upper stratosphere is called the deep branch of the BDC. Transport by
the deep branch occurs on timescales of months to years from the tropical lower stratosphere
into the LMS of the winter hemisphere. To maintain mass conservation, air must be pumped
from the troposphere into the stratosphere in the tropics, and it must move downward from the
stratosphere into the troposphere in the extratropics. By the upward pumping in the tropical UT,
colder air is transported into the LS, affecting the tropical lapse rate. Similarly, warmer air is
transported down from the higher stratosphere into the LS in the extratropics, shifting the lapse
rate turning point downward. This leads to a significant contribution of the BDC to the contrast
in tropopause pressure between the poles and the tropics, accounting for more than half of the
differences in polar and tropical tropopause altitude (Birner, 2010a).

To isolate the effect of transport by the BDC, a standard metric is the residual mean circulation
using the Transformed Eulerian-Mean (TEM), which combines the contribution of eddies with
the mean transport (Andrews and MclIntyre, 1976). TEM reduces the BDC to a zonal mean
vertical and polarward motion. Furthermore, the residual mean circulation in this formulation
is a good approximation for the diabatic circulation. To also account for the effect of air-parcel
mixing, the Age of Air (AoA) approach is used (Hall and Plumb, 1994; Garny et al., 2024). AoA
is defined as the transit time of an air parcel between a selected location and a reference location,
the latter often chosen to be the tropical tropopause or the surface in the tropics. While each
location actually has an AoA spectrum instead of a single value, due to mixing and different
transport processes, the mean transit time is often used as a representative value. There are
several ways to study the stratospheric circulation using global atmospheric models. However,
evaluating the results remains challenging, as estimations of AoA based on observations remain
uncertain to this day, due to the sparse amount of global, continuous observations of almost
chemically inert trace gases such as CO; and SFg and the missing of idealised trace gases, e.g.
with no chemical reactions and a linear source at the surface (Engel et al., 2008; Engel et al.,
2017).

The BDC explains the O3 and H,O abundances in the stratosphere in the midlatitudes and polar
regions, where weak to no chemical production can take place. And the entire existence of the
stratosphere is based on the chemical reaction of O, with UV photons. Atmospheric chemistry
plays a crucial role in shaping life on Earth and in forming the atmosphere. Furthermore,
the production and removal reactions depend heavily on atmospheric composition and solar
irradiation, leading to substantial differences between the troposphere and the stratosphere.

2.4 Overview of the relevant atmospheric chemistry

This section follows the information provided by Seinfeld and Pandis (2016), unless otherwise
stated. In addition to the exchange of chemical trace gases with the Earth’s surface, many con-
stituents are produced and destroyed in the atmosphere by physical processes, such as particle
formation, and by chemical processes. Depending on the effectiveness of a constituent’s loss
processes, its lifetime in the atmosphere can range from seconds to thousands of years. Con-
nected to the atmospheric lifetime is the distance over which the tracer can be transported before
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being removed by a process. Highly reactive constituents such as radicals that have at least one
unpaired valence electron, for instance hydroxyl radical (HO-; in the following abbreviated
to OH), react within seconds and are therefore transported only a few centimetres to metres.
Tropospheric O3 has a lifetime of some months and can be transported on mesoscales, ten to
hundreds of kilometres, before being removed. Chemically more inert constituents, such as
CH4 and nitrous oxide (N;0O), can remain in the atmosphere for hundreds of years, leading to
homogeneous distributions over global scales.

In the following, I will give an overview of the atmospheric chemistry of three GHGs: N;O,
CH4 and O3. They vary widely in chemical complexity and atmospheric distribution and serve
as the basis for the chemical composition analysis in the sensitivity studies in this work.

2.4.1 Nitrous oxide

N>O is a GHG with a global warming potential (GWP) over 100 years of 300, i.e. 300 times
the radiative forcing of CO,. Its largest natural sources are the ocean and the tropical soil. The
agricultural soil and feedstock are the primary anthropogenic sources, leading to an increasing
N,O abundance in the atmosphere by about 1 ppby per year in the 21% century (Lan et al.,
2025). The atmospheric abundance increased from 280 ppb, in 1850 to 325 ppb, (parts per
billion by volume) in around 2010. N;O is chemically inert in the troposphere. The chemical
sinks are in the upper stratosphere by photodissociation (90% of the sink)

N>O +hv — O('D) +N; (R2.1)

and the reaction with excited oxygen (O('D)) (10% of the sink)

N,0+0('D) — 2NO (R 2.2a)
N>O+0O('D) — N+ 0, . (R2.2b)

hv in Reaction R 2.1 represents the energy by radiation, £ is Planck’s constant, v the frequency
of the photon, the ratio between the speed of light ¢ and its wavelength A.

2.4.2 Methane

CHy is the hydrocarbon with the largest atmospheric abundance. It is also a GHG with a warm-
ing potential more than 20 times that of CO,, referring to the GWP over 100 years. Primary
natural emission sources include wetlands, termites, and the oceans, with wetlands being the
most significant contributor by an order of magnitude. Additionally, CHy is emitted by various
anthropogenic sources, including fossil fuel energy production, ruminant livestock, and rice
agriculture. Anthropogenic emissions have increased tremendously since the Industrial Revo-
lution, leading to a rise in atmospheric abundance from 850 ppb, before 1850 to more than 1800
ppby around 2010 (Seinfeld and Pandis, 2016; Lan et al., 2025). Methane is removed from the
atmosphere mainly (90 %) by the reaction with OH,

CH4 +OH — CH3 +H,O (R2.3)
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producing methyl radical (CH3) and starting a long oxidation chain. The removal by Reaction
R 2.3 is by an order of magnitude larger in the troposphere than in the stratosphere. Neverthe-
less, methane oxidation plays a crucial role in the stratosphere, as it is the primary chemical
source of H>O in the dry stratosphere. The atmospheric lifetime of CHy is 9.1 &+ 0.9 years
(Prather et al., 2012), resulting in a nearly homogeneous abundance throughout the well-mixed
troposphere. Further chemical sinks are

CH4+O('D) — OH + CH3 (R 2.4a)
CH4 +Cl — CH3 +HCl (R2.4b)
and direct photolysis in the stratosphere (Saunois et al., 2020).
2.4.3 Ozone
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Figure 2.1: Ozone concentration as zonal mean climatology based on the 20 years of the
REFo4ay simulation (introduced in Chapter 3). The white line indicates the WMO tropopause.

O3 i1s the chemical constituent responsible for the increase in temperature with altitude in the
stratosphere and dominates stratospheric chemistry. It is a GHG that protects living beings
from harmful incoming UV radiation, UV-B radiation with a wavelength between 240 and 290
nm. The highest atmospheric concentration, exceeding 10'2 molecules cm 3, occurs at altitudes
between 20 and 30 km, known as the ozone layer (Figure 2.1). The primary chemical production
of O3 occurs in the tropics due to the highest UV radiation and is then transported to the higher
latitudes (Figure 2.1). Above the ozone layer, O3 production decreases due to lower air density,
leading to fewer production reactions. The importance of the ozone layer for the health of all
living beings on Earth led to the signing of the Montreal Protocol on September 16, 1987, to
ban the anthropogenic emissions of ODS (Ozone-Secretariat, 2020). Nowadays, the United
Nations (UN) ozone treaty is universally ratified, and an observed recovery of the ozone layer
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has accompanied it. However, due to the long atmospheric lifetime of ODS, for instance, 45
years for CCI3F (known as CFC-11) and 100 years for CCl,F, (CFC-12), the removal continues
over the 21% century (SPARC, 2013; Seinfeld and Pandis, 2016).
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Figure 2.2: Net change in the ozone concentration by atmospheric chemical reactions as zonal
mean climatology based on the 20 years of the REF;yqay simulation (introduced in Chapter 3).
Positive changes (red colours) indicate net chemical production; negative values (blue colours)
net chemical removal. The black line indicates the WMO tropopause.

The O3 main stratospheric O3 chemistry is described by the Chapman cycle (Chapman, 1930).
In the stratosphere above 30 km oxygen (O) is dissociated by UV radiation (A < 240 nm)

Oy +hv —20 (R2.5)

The atomic oxygen (O) reacts with another O, and a third reaction partner M to produce O3

O+02+M —03+M - (R2.6)

M is a necessary collision partner for the energy transfer. M is a substitute for O, or nitrogen
(N2), due to their omnipresent abundance. Reaction R 2.6 is the primary production of O3 in
the stratosphere. The O3 is dissociated by UV radiation

O3 +hv —0+0, (R2.7a)
O3 +hv — O('D) + 0, (R2.7b)

and provides the molecular oxygen again. Reaction R 2.7a requires radiation with wavelengths
400-600 nm, Reaction R 2.7b smaller than 320 nm. Excited oxygen (O('D)) collides with M
very fast, so it resets to the ground state. The O3 is removed if it reacts with molecular oxygen
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O+03 —20, - (R2.8)

Reactions R 2.6 and R 2.7a/R 2.7b have a much higher reaction rate than R 2.5 and R 2.8, lead-
ing to a continuous reaction between O3 and O. Therefore, they are often discussed together,
referred to as the odd oxygen family (Ox). The ratio between O3 and O is dominated by O3.
The ratio in Oy as well as the entire Chapman cycle depends strongly on the altitude in the
stratosphere. Above the ozone layer, the air density decreases further, which reduces the num-
ber of reaction partners, M, necessary for Reaction R 2.6. Below, the amount of UV radiation
decreases, which is necessary to initiate the Chapman cycle. While most of the O3 is produced
in the tropical stratosphere due to the strongest irradiation, high abundances are also found in
the high latitudes. The reason is that the lifetime of O3 in the tropical stratosphere is weeks to
months, which is sufficient for its transport to higher latitudes.

While the Chapman cycle describes the primary production of O3z, it does not account for the
additional ozone-depleting reactions necessary to explain observations. Many of these reactions
form catalytic cycles, so no large abundances are required to explain ozone depletion. Important
cycles include the NO (NO + NO,), the HOx (OH + HO,), the Cl1O4 (Cl + ClO) and the BrOy
(Br + BrO) chemical families. The chlorine and bromine chemical families are essential because
they undergo catalytic loss reaction with O3, one Cl molecule reacts on average with 10° O3
molecules, which highlights the impact of even small amounts of ODS, molecules containing
Cl or Br atoms. To end a catalytic cycle, the reactive species must be converted into a more
stable product and can then be transported into the troposphere. Examples of reactions leading
to meta-stable, also known as reservoir species, that stop catalytic cycles are

OH+NO; +M — HNO3; +M (R2.9a)
Cl+4CHs — HCI1+CH3 (R2.9b)
CIO+NO;+M — CIONO; +M . (R2.9c¢)

And they are essential for explaining ozone depletion over Antarctica during spring. During the
polar winter, the air cools strongly, creating westerly winds that isolate the polar region from
the midlatitudes, forming the polar vortex. The polar vortex traps Oz-rich air in the polar region
until it breaks down with the first irradiation in spring. Inside the polar vortex, the temperatures
decrease below 183 K in the LS, at which the small amount of H,O vapour in the stratosphere
condenses and freezes and forms Polar Stratospheric Clouds (PSCs). They further consist of
nitric acid trihydrate (NAT), a thermodynamically stable form of HNOs. The NAT particles are
sufficiently large to sediment, potentially leading to a loss of NOx from the stratosphere (see
R 2.9a), a process known as denitrification. The stable HCI gets absorbed by the PSCs very
efficiently, and this enables the heterogeneous reaction on the PSCs surface

HCI (s) + CIONO; — Cl, 4+ HNO3(s) (R2.10)

to release Cl, from its chemically stable molecule. The symbol (s) indicates that the molecules
are attached to the surface of the PSC ice crystals and are not present in their gaseous state.
This heterogeneous reaction is much faster than a homogenous reaction purely in the gas phase.
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When irradiation reaches the polar region in spring, Cl; is photolysed, and the free CI atoms
react with the O3, leading to a massive ozone depletion by the ClOx and BrOy families. The Cl
is rapidly catalytically recycled, leading to a net loss of Os:

Cl+03 — CIO+ 0Oy
CIO+0 —Cl4+ 0,

Net: O+03 ——20,

Due to denitrification, Reaction R 2.9c¢ cannot bind Cl as effectively as usual, resulting in greater
depletion of O3. Since the polar night is approximately 10 K colder over the Antarctic than over
the Arctic, the Arctic polar vortex is weaker, and fewer PSCs are formed, resulting in a weaker
ozone depletion in spring.

Although O3 is mainly present in the stratosphere, its smaller abundance in the troposphere also
plays a central role in tropospheric photochemistry. Tropospheric O3 abundance is governed by
the interaction of chemical families. The photolysis of nitrogen dioxide (NO,) (A < 424 nm)

NO, +hy ——~ NO+0 (R2.11)

produces O which initiates the main O3 production by Reaction R 2.6. The NOy cycle is termi-
nated by

03+NO ——~NO,+0, - (R2.12)

The O3 abundance depends on the ratio between NO, and NO, i.e. the higher the ratio, the more
O3 is present. While the tropospheric O3 abundance is low, it is crucial to produce the essen-
tial oxidant hydroxyl radical (OH), which drives tropospheric chemistry. Following Reaction
R 2.7b, the photolysis of O3 can produce O('D). Together with the high abundance of H>O in
the troposphere it produces OH

O('D)+H,0 — 20H - (R2.13)

As O('D) is produced by photolysis of O3 with UV radiation with A < 320 nm, the highest
production of OH in the troposphere occurs in the tropics. If OH reacts with a carbon-containing
compound, hydroperoxyl radical (HO;) is created in the oxidation chain, contributing to the
HOy cycle. If that is the case, it can lead to a higher O3 abundance, if

HO, + NO —— OH +NO, (R2.14)

effectively preventing the removal of O3 by Reaction R 2.12.

The simplest carbon-containing compound, CO, creates HO, almost directly without interme-
diate steps, by

CO+OH —— CO2,+H (R2.15)
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creating hydrogen (H) next to carbon dioxide (CO,) which produces the HO,

H+0;4+M ——HO,+M , (R2.16)

producing one O3 molecule per CO molecule as theoretically maximum net gain, CHy has a
large oxidation chain, leading in theory to a maximum of

CHs4 +100 — CO+H,O0+20H+503 - (R2.17)

In the troposphere, O3 is produced by the reaction of peroxyl radicals with NO, to 70 % by
Reaction R 2.14 and about 20 % by the reaction NO + CH30,, produced for instance during the
CH4 oxidation. The O3 loss is dominated equally by the reactions R 2.13, if O( ID) leaves the Oy
cycle, and the direct reaction O3 + HO», and to a lesser extent by the reaction with OH (Wang
et al., 1998; Seinfeld and Pandis, 2016). In addition to its protective role in the stratosphere
for life on Earth, O3 is harmful to living beings when in direct contact. And its tropospheric
abundance is increased by anthropogenic emissions, for instance, of NOy (see Figure 2.2 for
chemical production at the surface from precursors).

The substantial differences in tropospheric and stratospheric chemistry, along with the atmo-
spheric lifetimes of chemical constituents, result in distinct compositions in the two regions.
Mixed compositions and steep gradients are found in the upper troposphere/lower stratosphere.

2.5 The upper troposphere/lower stratosphere

While the tropopause is a concept describing the boundary between the troposphere and the
stratosphere, the conjunction of the troposphere and the stratosphere is better described as
a transition layer surrounding the tropopause (Highwood and Hoskins, 1998; Thouret et al.,
2006). The transition region is generally referred to as the upper troposphere/lower stratosphere
(UTLS). The UTLS composition and properties are affected by many processes that further
vary between the poles and the equator. Due to the two-way stratosphere-troposphere exchange
(STE), the UTLS has properties of the troposphere as well as the stratosphere, creating impor-
tant structures inside the UTLS. While the UTLS is defined as the region around the tropopause,
its upper and lower boundaries are not strictly defined and vary between studies, for example,
5-22 km (Hegglin et al., 2010; Millan et al., 2024), 6-25 km (Riese et al., 2012), 8-20 km
(Gettelman et al., 2011) and 10-22 km (Millan et al., 2025).

In the tropics, the tropopause does not inhibit bi-directional transport between the stratosphere
and the troposphere, which creates an airmass with both tropospheric and stratospheric prop-
erties, known as the TTL, the tropical tropopause layer (Randel and Jensen, 2013). While
horizontally bound by the strong decreasing tropopause altitude in the subtropics, the estimated
vertical extent of the TTL varies between studies. Some studies refer to the TTL as the region
from the main convective outflow to the cold point tropopause (Gettelman and Birner, 2007),
while others use the point of zero radiative heating as the lower boundary (Fueglistaler et al.,
2009). The TTL emerges as a result of convective transport, waves generated by convection,
radiation, cloud microphysics and the BDC (Gettelman et al., 2010). The main transport path
from the troposphere into the stratosphere by the BDC goes through the TTL, which therefore
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Figure 2.3: Schematic of the UTLS. The thick blue dashed line represents the lapse rate
tropopause, which is broken in the vicinity of the subtropical jet (STJ) and polar jet (PJ) in
green. Thin blue dashed lines represent potential temperature isolines (isentropes). The highest
isentrope plots 380 K. The big grey arrows sketch the Brewer-Dobson Circulation (BDC) of the
shallow and the beginning of the deep branch in the tropics, as well as the upward pumping in
the tropical troposphere. Grey inhomogeneous patterns depict clouds, and the brown structure
represents high orography at the surface. Both are sources for gravity waves (GW, light blue
wavy arrows), which initiate mixing and turbulence around the tropopause. Thick dark blue
two-sided wavy arrow indicate mixing between the troposphere and the stratosphere. These
transport and exchange processes create three structures of the UTLS: the tropical tropopause
layer (TTL), the extratropical tropopause layer (EXxTL, blue area), around the tropopause and
the lowermost stratosphere (LMS) between the tropopause and the 380 K isentrope. Graphic
after the Collaborative Research Centre TR301 "TPChange", P. Hoor and V. Bense, personal
communication.
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exerts a strong influence on the trace gases that reach the stratosphere. In the case of wa-
ter vapour, entry into the lower stratosphere through the TTL is determined by the cold point
temperature, leading to freezing out of H>O, the strength of the BDC, and the QBO, the Quasi-
Biennial Oscillation (Dessler et al., 2014). The cold point temperature exhibits an annual cycle,
with the coldest temperatures occurring in the NH winter, resulting in a tape recorder signal in
tropical stratospheric HyO abundance (Mote et al., 1996).

In the subtropics to both sides of the tropics, the tropopause altitude steeply decreases, coin-
ciding with the location of the STJ. At the jet core, there are strong gradients in isentropic
PV, associated with a horizontal transport barrier between the stratosphere and the troposphere
that inhibits continuous transport. Wind speeds are higher in winter than in summer, leading
to a stronger barrier. At the edges of the STJ, the region experiences significant wind shear,
baroclinic instability, and wave breaking, resulting in turbulence, mixing, and bi-directional ex-
change events between the troposphere and the stratosphere (Lelieveld et al., 1997; Gettelman
etal., 2011).

Polarward of the STJ in the midlatitudes follows the lowermost stratosphere (LMS). The LMS is
defined as the part of the stratosphere between the tropopause and the 380 K isentrope (Holton
et al., 1995). Due to the curvature of the tropopause, air masses can be exchanged between
the LMS and the tropical UT through horizontal transport and adiabatic transport across the
STIJ region in situations with a weak transport barrier, as well as mixing at the jet boundaries.
The 380 K isentrope closely matches the tropopause altitude in the tropics, and is therefore
associated with the first isentrope that lies entirely in the stratosphere. From above, stratospheric
air is transported into the LMS by the BDC. The transport into the LMS via different pathways
varies throughout the season. In winter, transport is strongest from the stratosphere via the
BDC, whereas in summer, transport from the troposphere dominates due to weaker PV gradients
(Chen, 1995). In the polar region, the polar vortex can extend down from the upper stratosphere
to the LMS, affecting transport and chemical composition, and isolating the polar region.

Analogously to the TTL, a transition layer is found with properties of tropospheric as well as
stratospheric air masses around the lapse rate tropopause in the extratropics (Pan et al., 2004;
Hoor et al., 2004; Hoor et al., 2010; Gettelman et al., 2011), called the extratropical tropopause
layer (ExTL). Diabatic mixing is driven by baroclinic instabilities, leading to wave breaking in
the ExTL. This layer is located around the WMO tropopause, extending from approximately
1 km below the tropopause to 1-1.5 km above it in the subtropics, and 3—4 km in the polar
regions, as identified in observations (Hegglin et al., 2009; Zahn et al., 2014). The asymmetry
of the EXTL around the tropopause is caused by the faster mixing timescales in the troposphere
(Shepherd, 2007). The transport from the troposphere is weaker in the Southern hemisphere,
leading to a lower upper limit of the ExXTL. Furthermore, a seasonal variability has been found,
with a maximum extent during summer (Tilmes et al., 2010). The ExTL is associated with
strong vertical gradients in chemical constituents.

An essential process for the transport into the upper troposphere and which is associated with
turbulence and mixing into the LS is convection. However, it is not straightforward to accurately
represent its processes on the large scales of climate models.
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2.6 Convection in climate models

Convection is associated with rapid vertical motion resulting from density differences caused
by thermal expansion. The dry convection driven by density differences is accompanied by wet
convection driven by diabatic heating and cooling associated with water-phase transitions in the
atmosphere, which leads to cloud and precipitation formation. Convection in the atmosphere is
driven by heat fluxes from the surface, radiative cooling by outgoing longwave radiation in areas
without clouds, the large-scale dynamics, such as atmospheric waves, and meso- and synoptic-
scale systems, for instance, MCSs, mesoscale convective systems (Bechtold, 2017; Rio et al.,
2019). The occurrence and strength of convection vary significantly across the Earth due to
differences in irradiance between the tropics and the poles, differences in heat flux between land
and ocean surfaces, the daily cycle of the sun, orography, and sources of atmospheric waves.
Air rises or sinks under unstable conditions. Rising air expands and cools, increasing relative
humidity (RH). Once the saturation vapour pressure is reached, the water vapour condenses
into water or even deposits as ice, and clouds form. During the phase transition, latent heat
is released into the atmosphere, resulting in increased instability, upward transport (updraft),
and feedback to the dynamics through the interaction of clouds with radiation, as well as the
stimulation of turbulence and atmospheric waves (Bony et al., 2015).

During the formation of clouds by convection, air is exchanged with the surrounding envi-
ronment. The process of mixing environmental air into a cloud is called entrainment. The
environmental air is generally drier, leading to reduced relative humidity, increased evapora-
tion, and a cooling effect. This can enhance the turbulence in the cloud (Bechtold, 2017). The
opposite effect is called detrainment. Convection transports tracers from the surface into the
UT on timescales down to hours, whereas vertical large-scale transport requires days to weeks.
Therefore, convective transport enables tracers with a short atmospheric lifetime to reach the
upper troposphere and the stratosphere (Tost et al., 2010). Since mass is conserved, the upward
transported air must be balanced by a downward movement. While there is some rapid convec-
tive downward (downdraft) motion inside the cloud, the upward motion is mainly balanced by
the slow downward motion outside the cloud, called subsidence.

In conclusion, convection plays a central role in tropospheric vertical transport, dynamics, and
its interaction with both incoming and outgoing radiation. Nevertheless, convection poses a ma-
jor challenge for weather and climate modelling and significantly contributes to the uncertainties
in climate warming projections (Bony and Dufresne, 2005). The challenge of simulating con-
vection lies in the scales on which convection occurs: single convective clouds and even MCSs
occur on microscales (up to 100 m) to mesoscales (up to 100 km), usually much smaller than
the horizontal grid resolution of weather and climate models. To incorporate this fundamental
aspect of the troposphere, the effect of these processes at large scales is approximated. This
approximation is known as a parameterisation (Randall et al., 2003).

Convection parameterisations must approximate all relevant convective processes in each grid
cell at model grid scales, accounting for their different magnitudes. In practice, this begins with
a criterion for whether convection occurs, i.e. the trigger of convection. If a convective event is
triggered, the heat, moisture, and momentum exchange are calculated, and the vertical extent of
the convection is determined. They are based on the total available energy, defined by the mass
flux at the cloud base. The determination of the mass flux is referred to as the closure problem
(Bechtold, 2017).



22 2. Scientific Background

The trigger of convection usually differentiates at least between two convective classes, shallow
and deep, by the height of the convective cloud (Rio et al., 2019). Since convection param-
eterisations were required from the beginning of weather and climate simulations (Manabe et
al., 1965), many parameterisations have been developed in the second half of the 20™ cen-
tury. With horizontal grid sizes of hundreds of kilometres in climate models, a widespread
assumption in convection parameterisations is that convection and the large-scale forcings are
in quasi-equilibrium, dating back to the work of Bjerknes (1938). Based on that assumption,
the convection parameterisation of the mass flux approach was developed. It divides the grid
box into a convective (cloudy) part and a cloud-free environmental part, describing the total
up- and downdraft within the grid box. While it simplifies the calculation of vertical motion,
the entrainment and detrainment rates must be specified in the parameterisation. Common ap-
proaches assume a plume or bulk model to describe the entire convection within a grid cell as
a single cloud entity. On which levels entrainment and detrainment occur can either follow a
predefined vertical distribution (e.g. Tiedtke, 1989) or a stochastic distribution of mixing to in-
clude episodic entrainment and detrainment, which better agrees with observations but is more
complex and computationally more expensive (Emanuel, 1991; Raymond and Blyth, 1992).
The convective tracer transport is also based on a bulk model, but entrainment and detrainment
can occur on every level, defined by the mass flux profile (Lawrence and Rasch, 2005).

Finally, to calculate the convective quantities, the total available energy must be specified. This
is achieved by estimating the total mass flux at the cloud base and applying closure assumptions.
The total energy associated with the mass flux is used to estimate heat release, precipitation
amount, vertical motion, the extent of the cloud, and the exchange with the environmental air.
The closure assumptions often differ across the convective cloud classes used to define the
convection trigger. Many closure assumptions, especially for deep convection, assume some
relationship between the strength of the convection and Convective Available Potential Energy
(CAPE), defined as

top c __ Te
CAPE = g——dz . (2.6)
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CAPE describes the available energy in the entire convective cloud from the cloud base to the
cloud top based on the differences between the virtual temperature (7)) inside the cloud (7Y)
and the environment (7}7).

This is the concept of most convection parameterisations used in modern climate models. They
were developed several decades ago for very coarse resolutions. Any cloud and precipitation
organisation is not considered. Examples are mesoscale convective systems, characterised by
a convective cloud at the front of the system and a large trailing stratiform cloud cover and
precipitation, as well as the interaction between the two cloud types. Instead, they are mostly
seen as the unresolved (convective) and the resolved (stratiform) parts of clouds and precipita-
tion. While the convective regions are essential for vertical transport, the large stratiform areas
strongly influence the temperature profile and the radiative budget. The large-scale effect is
assumed to compensate for the missing interactions and organisation (Donner et al., 2001).

The crude approximations lead to several discrepancies between model simulation results and
observations. In atmospheric models, the distribution between convective and stratiform precip-
itation is shifted too far towards convective precipitation in low-resolution models (Chen et al.,
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2021b). Additionally, light precipitation is triggered too frequently, leading to too rare heavy
precipitation events; both phenomena are reduced with finer resolution (Dai, 2006; Huang et al.,
2017). A common phenomenon in climate modelling is the double-intertropical convergence
zone (ITCZ), which results from ocean-atmosphere feedback and too-frequent deep convection
in the tropics (Lin, 2007). However, significant progress and improvements have been made by
the individual convection modelling groups over the last few decades, accompanied by a steep
increase in computational resources that has enabled higher-resolution simulations and the di-
rect calculation of large convective events rather than a parameterisation. Rio et al. (2019) point
out that part of the improvement in convection parameterisation is probably concealed due to
the necessity of tuning for climate simulations to match the radiative imbalance of the climate
system. It often involves modifying the parameters of the convection parameterisation, which
affects cloud cover and precipitation. More information on climate model tuning is presented
in Section 3.3.

Despite the progress in convection parameterisation, further improvements are necessary, es-
pecially in the representation of convective cloud ensembles, their organisation, and their in-
teractions with large-scale processes. A detailed review was written by Rio et al. (2019). For
instance, they point out that common assumptions, such as the quasi-equilibrium, no longer hold
for horizontal grid sizes below 250 km. Further, unsaturated downdrafts must be considered,
which is currently the case in only a few parameterisations (e.g., Emanuel, 1991).

For completeness, I would like to mention additional approaches that were developed for, or
have become feasible with, the computational resources available today. Next to the first global
cloud-resolving models over short timescales (Satoh et al., 2019), one approach is the use of
super-parameterisations, which employ a 2D cloud-resolving model in each grid column of
global simulations (Randall et al., 2003; Arakawa, 2004; Bechtold, 2017). However, they are
not feasible for climate simulations. Nowadays super-parameterisation simulations are con-
ducted over a few years only, and the implementation approach is a topic of current research
(Grabowski, 2016; Rybka and Tost, 2020). Another approach is the use of machine learning
algorithms trained on high-resolution datasets to provide a statistical solution for convection
(Schneider et al., 2017; Gentine et al., 2018). They might be an addition to traditional convec-
tion parameterisations. However, they require substantial computational resources to train the
algorithm and are only useful for investigating physical processes if they comply with physical
laws.

Everything I introduced so far is changing rapidly due to anthropogenic climate change. Espe-
cially the temperature change in the UTLS is highly uncertain.

2.7 Atmospheric responses due to climate change

The anthropogenic emissions of GHGs, especially CO», lead to a warming of the troposphere
and a cooling from the middle stratosphere to the mesosphere. The effect of greenhouse gases,
primarily causing cooling of the middle and upper stratosphere, is known as the blocking ef-
fect. With higher greenhouse gas abundances, the atmosphere becomes optically thicker for the
emitted longwave radiation. Greenhouse gases absorb outgoing longwave radiation, leading to
local warming, and then emit it in all directions, thereby retaining a larger portion of the energy
in the atmosphere. The local temperature determines the energy of the emitted longwave radia-
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tion required to achieve local radiative balance. The surface is warming, so outgoing longwave
radiation increases. In the troposphere, longwave radiation originates mainly from the surface.
The air above the surface warms (Goessling and Bathiany, 2016). In the stratosphere, the higher
emissivity due to the greater abundance of GHGs dominates, resulting in a cooling effect. The
cooling effect is further enhanced if the absorbed longwave radiation originates from the atmo-
spheric GHGs below instead of directly from the surface. Over the satellite era, from 1986 to
now, the observed cooling is between 1 and 2 K in the middle to upper stratosphere (Santer
et al., 2023). The cooling stratosphere is one of the most significant pieces of evidence that the
climate change we observe is caused by anthropogenic emissions, as a natural climate change
would typically warm or cool the entire atmosphere, rather than exhibit the bimodal change
(Santer et al., 2023). With a warming troposphere and a cooling stratosphere above, the an-
thropogenic climate change especially affects processes connecting the two regions, the upper
troposphere/lower stratosphere (UTLS). Chemistry Climate Models project that the warming
troposphere further leads to a warmer tropical cold point, which is the strongest contributor to
a stronger transport of HyO into the stratosphere over the 21% century (Smalley et al., 2017).

The warming of the troposphere and the cooling of the stratosphere due to climate change lead
to an expansion of the troposphere and a higher tropopause, which is observed over the last two
decades (Forster and Tourpali, 2001; Xian and Homeyer, 2019; Meng et al., 2021) as well as
simulated by model studies (Gettelman et al., 2010; Hegglin et al., 2010; Tegtmeier et al., 2020).
Only the extratropical tropopause altitude in the SH is decreasing in some datasets, presumably
connected to O3 recovery in the LMS and a strengthening of the BDC (Birner, 2010b; Weyland
et al., 2025). Additionally, the tropics are expanding, most likely due to upper-tropospheric
warming, stratospheric cooling observed today due to O3 depletion, anthropogenic pollution,
and decadal variability and trends in SST (Staten et al., 2018). Dynamical changes affect storm
track paths, the location of subtropical dry zones, and precipitation patterns (Seidel et al., 2007).
The tropical widening over the last few decades can already be derived from model studies and
reanalysis datasets; however, the widening rates differ depending on the metric (Birner, 2010a;
Davis and Birner, 2017; Weyland et al., 2025). The metrics can be divided into those based
on lower- or upper-tropospheric quantities (Staten et al., 2018), with the lower-tropospheric
metrics agreeing more closely and estimating a tropical expansion of 0.5° decade™!. Upper
tropospheric metrics, such as the STJ position, vary more strongly among each other. Maher et
al. (2019) found a weaker tropical expansion based on the STJ location as metric and presumes
that the area is not dynamically coupled to the edge of the Hadley cell.

Chemistry Climate Models further predict a strengthening of the BDC caused by the warming
troposphere, increased wave drag and an upward movement of the critical layer for Rossby
wave breaking in the subtropical lower stratosphere (Shepherd and McLandress, 2011; Butchart,
2014). Many model projections agree on a 2 to 4 % increase per decade in the net upwelling
mass flux at 70 hPa in the tropics. However, Oberldnder-Hayn et al. (2016) question the metric.
A fixed pressure level relative to the ground is biased by the expansion of the troposphere
and the rise in tropopause altitude under future conditions. Using satellite-based temperature
observations of the lower stratosphere reveals a strengthening of the BDC over the last four
decades (Fu et al., 2019). While a good agreement has been found between trends in the shallow
branch of the BDC between model results and observations, there is a large spread between the
CMIP6 model results for the deep branch in the middle and upper stratosphere (WMO, 2018;
Abalos et al., 2021). The BDC trend is affected by the increase of GHGs (faster circulation) and
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the decrease of ODS (slower circulation), leading to a projected reduction in the acceleration
of the BDC in projections until 2100 (Polvani et al., 2019). The acceleration is such that the
relative differences between the hemispheres in the BDC strength remain. Faster transport has
a significant impact on the abundance and distribution of O3 and the coupling between the
troposphere and the stratosphere. The more vigorous upwelling of tropospheric air reduces
O3 in the tropical lower stratosphere, and a faster BDC in the stratosphere leads to a larger
abundance in the polar stratosphere. Therefore, the transport between the troposphere and the
stratosphere is projected to increase in both directions in the future (Abalos et al., 2017; Abalos
et al., 2020).

Changes in atmospheric temperature affect the rate of chemical reactions. The primary pro-
duction of O3 by Reaction R 2.6 is inversely dependent on temperature, resulting in increased
production in the context of climate change, and the heat release mitigates the cooling in the
stratosphere O3 (Jonsson et al., 2004). The continuous reduction of the atmospheric ODS abun-
dance results in a reduction of PSCs and leads to O3 recovery in the higher latitudes. With more
O3 entering the troposphere (Hegglin and Shepherd, 2009; Neu et al., 2014), the tropospheric
chemistry may amplify due to a higher production of OH by Reaction R 2.13, leading to higher
tropospheric oxidation of constituents such as CHy.
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Chapter 3

Methods and Data

To answer the research questions stated in my introduction, I require an atmospheric chemistry
model that allows for isolated changes to the model setup. I use the Modular Earth Submodel
System (MESSy) (https://messy-interface.org/; last accessed: 01.03.2026) and its
ECHAM/MESSy Atmospheric Chemistry (EMAC) model configuration. In the following, I
will introduce MESSy and EMAC, providing a more detailed description of the components
required to build the different model setups used in the analysis.

3.1 Model description

3.1.1 MESSy - The framework

MESSYy is an integrated software framework to combine numerical representations of compo-
nents of the Earth system. The philosophy behind the framework is to modularise all processes
necessary to simulate the Earth system and couple them in a standardised way (Jockel et al.,
2005). The modularisation provides the greatest freedom and flexibility to create a numerical
model setup best suited to investigate the scientific question at hand. It further enables the
independent development, modification, or addition of alternative descriptions of a process pa-
rameterisation or entirely new processes. This is possible because the coupling is generalised
through clearly defined interfaces and handled separately by the framework.

The MESSy framework is divided into four distinct layers (see Figure 3.1), enabling a high de-
gree of independence between the different process descriptions. The base model layer (BML)
defines the dynamical core of the model. Its extent can range from only time integration in box
models to a complete GCM in which individual components are removed or replaced by MESSy
submodels. Connected to the BML is the base model interface layer (BMIL), the MESSy in-
frastructure. It defines which submodels are activated in a specific model setup (SWITCH), it
controls the data exchange between the submodels (CHANNEL), the input to the model (IM-
PORT) with necessary grid transformations (GRID) and the output of the model (CHANNEL)
and which chemical constituents are involved, if chemical processes are included (TRACER),
and handles the time integration of the prognostic variables (TENDENCY) (Jockel et al., 2008;
Jockel et al., 2010; Eichinger and Jockel, 2014; Kerkweg and Jockel, 2015; Kerkweg et al.,
2018). In brackets are the names of the infrastructure submodels. The submodel interface layer


https://messy-interface.org/

28 3. Methods and Data

ECHAM OSMO | CLaMS | ICON WARF

MECO(n) Comin

¥ v L 2
Modular Earth Submodel System Infrastructure

SWITCH|CHANNEL| TRACER || TIMER || IMPORT || GRID

8 Heo HeoLeo BeoHeo Heo BeoFeoHee Ao

Figure 3.1: Schematic diagram of the MESSy framework. Abbreviations on the left are the
four distinct layers of MESSy: base model layer (BML), base model interface layer (BMIL),
submodel interface layer (SMIL) and submodel core layer (SMCL). Licensed by DLR under
CC BY-NC-ND 3.0.

(SMIL) connects the BMIL to the submodel core layer (SMCL), the basemodel-independent
core calculations of the process. SMIL and SMCL define a submodel representing a process
or an online diagnostic. The SMIL collects all necessary information from the BMIL for the
SMCL, and the results are transferred back to the BMIL so other submodels can further access
them. The user interacts with the MESSy framework primarily via Fortran namelists to build the
required complexity of the Earth system numerical model. Each submodel is controlled by its
specific namelist file, which contains the control (CTRL) and coupling (CPL) namelists. In the
namelist file, the import to the submodel is defined, a realisation of a selected process is spec-
ified, parameter values are set, additional tracers are created, and specific couplings between
submodels are defined. These various configuration options enable the specific model setups.
Depending on the setup, MESSy can be used to create atmospheric models of varying complex-
ity and scales. The spectrum ranges from a box model to a fully coupled Earth System Models
(ESM), encompassing high-resolution atmospheric event studies and climate simulations.

In the following sections, I outline the core model setup used for the simulations in this thesis.

3.1.2 ECHAMS/MESSy - The atmospheric general circulation model

Until today, the most essential basemodel in MESSy is the 5" version of the Atmospheric Gen-
eral Circulation Model (AGCM) ECMWF and Hamburg (ECHAM), called ECHAMS (Roeck-
ner et al., 2003; Roeckner et al., 2004), a derivative of the early Integrated Forecasting System
(IFS) model from European Centre for Medium-Range Weather Forecasts (ECMWF). At the
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beginning of MESSy, Jockel et al. (2005) used ECHAMS to modularise it into the MESSy struc-
ture, translating all physical processes into separate submodels and coupling them via BMIL to
the atmosphere model component of ECHAMS. The atmosphere model of ECHAMS, specifi-
cally the spectral dynamical core, large-scale advection, and the implementation of Newtonian
relaxation (nudging), remains the original implementation. While the name ECHAMS is kept,
major bug fixes and changes in the ECHAMS development were also implemented in MESSy.
To run ECHAMS/MESSy, several submodels of physical processes have to be included. Dif-
ferent parameterisations exist for many of these processes, but the original ECHAMS parame-
terisations are still included and, in many cases, remain the default. The calculation of cloud
cover and cloud microphysics is done in the submodel CLOUD, and the submodel CONVECT
calculates the convection. The cloud cover calculation in this thesis is based solely on spe-
cific humidity (Sundquist scheme). For the convection parameterisation, several realisations
exist in MESSy. In addition to the original ECHAMS (Tiedtke, 1989; Nordeng, 1994), the
parameterisation by Emanuel and Zivkovié¢-Rothman (1999) is used in this work. Their differ-
ent approaches are further introduced in Section 3.1.6. The convective transport of trace gases
is handled by the submodel CVTRANS. It is based on a bulk approach that incorporates the
convective mass flux and the entrainment and detrainment rates from the selected convection
parameterisation in CONVECT. Entrainment and detrainment of trace gases are allowed on all
levels. ESVDIFF calculates the vertical diffusion and exchange of the prognostic variables be-
tween the surface and the atmosphere, as well as some tracer fluxes. An updated version, called
VERTEX, was recently implemented in MESSy (Emmerichs et al., 2021). It includes code
optimisations and bug fixes, as well as modifications to several internal calculations, such as
the transfer coefficients for vertical diffusion, the roughness length over sea, and the kinematic
heat and moisture fluxes. It is used here in several simulations instead of the ESVDIFF real-
isation. GWAVE calculates the momentum flux and wind drag due to non-orographic gravity
waves. The submodel SURFACE calculates surface temperature and water content in various
forms, including snow and ice amounts, soil water, and resulting heat fluxes, depending on the
surface type. Finally, the interaction of radiation with different parts of the atmosphere has to
be included. ORBIT calculates Earth’s orbit around the Sun, defined by the radius, the Sun’s
declination, and right ascension, resulting in the solar zenith angle and day/night phases. With
the optical properties of aerosols and clouds by AEROPT and CLOUDOPT, the surface albedo
and the information about GHG abundances, RAD calculates the radiation flux in the Earth’s
atmosphere (Dietmiiller et al., 2016) and creates a complete AGCM. Recently, the radiation
scheme of ECHAM6, PSRAD (Pincus and Stevens, 2013), got added as an alternative param-
eterisation, which further adds a submodel to calculate the surface albedo (ALBEDO, Niitzel
et al. (2024)). The new parameterisation is used for many simulations in this work.

This setup has to be extended by an atmospheric chemistry submodel and the processes it re-
quires to build ECHAM/MESSy Atmospheric Chemistry (EMAC), a Chemistry Climate Model
(CCM).

3.1.3 EMAC - The chemistry climate model

To build the EMAC model, ECHAMS/MESSy AGCM gets expanded by the submodels neces-
sary to simulate atmospheric chemistry. Next to the description of the chemical reactions and
reaction rates, this includes both the emission and removal of atmospheric species.
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At the centre of the chemistry component of MESSy is the MECCA submodel, which solves
the partial differential equation (PDE) system describing the chemical mechanism in both the
gas and aqueous phases as well as aerosol species of the atmosphere. While capable of up to
600 chemical species and more than 1600 reactions (Sander et al., 2019), this complexity is not
feasible for global climate simulations. The chemical mechanism is typically reduced to the
gas-phase chemistry of ozone, methane, odd nitrogen, alkanes and alkenes up to 4 C atoms,
chlorine and bromine halogen chemistry, and the chemical reactions of isoprene and a few
non-methane hydrocarbons (NMHC). The reduced mechanism is then referred to as the mainz
isoprene mechanism (MIM) version 1 and is based on Poschl et al. (2000). In total, MIM1
considers 155 species with about 310 reactions. The necessary photolysis rate coefficients are
calculated by the submodel JVAL (Sander et al., 2014). MECCA also provides the option to add
diagnostic tracers to individual chemical reactions, enabling determination of their effects on
the overall abundance of the trace gas. It is a helpful tool for analysing the individual contribu-
tions of production and loss reactions to the overall abundance of a trace species, for example,
O3. In the CCM simulations for this work, I also utilised the submodel GMXe, which incorpo-
rates tropospheric aerosols into the simulation and calculates their properties and microphysical
processes (Pringle et al., 2010). This affects heterogeneous reactions; therefore, the chemistry
differs from a simulation without aerosols. Crucial for the O3 chemistry are Polar Stratospheric
Clouds (PSCs). The abundance of PSCs as well as the second-order reaction rates for the het-
erogeneous reactions on their surface and on stratospheric background aerosol in general are
calculated by the submodel MSBM (Jockel et al., 2010; Kirner et al., 2011).

Chemical species and aerosols are removed from the atmosphere by wet and dry deposition,
along with sedimentation for aerosols. The submodel SCAV calculates wet deposition by pre-
cipitation, also known as scavenging (Tost et al., 2006a). It further calculates the aqueous-phase
chemistry and the phase transitions between the aqueous and gaseous phases. Dry deposition is
calculated by the submodel DDEP and depends on the surface properties and the near-surface
turbulence. The submodel SEDI describes the process of sedimentation, which is the slow fall to
the ground due to gravity (Kerkweg et al., 2006a). Therefore, especially larger, heavier aerosols
are affected by sedimentation.

The chemical species and aerosols are emitted into the atmosphere, primarily at the surface.
They can be divided into two sources: anthropogenic and natural. Anthropogenic emissions
originate from various aspects of our lives, including the transport sector, agriculture, and en-
ergy production, leading to a heterogeneous distribution of the emissions. The emissions are
collected and homogenised in extensive emission inventories, which then can be used as in-
put to the CCM. These emissions are mainly independent of the meteorological situation and
are directly emitted via the OFFEMIS submodel, which adds the emission as a tendency to
the respective species. If the emission further depends on meteorology, it must be calculated
during the simulation based on the specific conditions and external information. Sea salt and
dust emissions, calculated by the submodel ONEMIS (Kerkweg et al., 2006b), are two exam-
ples. Considering a mask of biosphere types and dry particulate matter, BIOBURN calculates
biomass burning emissions, which offer greater control than direct emissions from an emis-
sion inventory, e.g. (Kaiser et al., 2012). The submodel MEGAN calculates emissions of gas
species and aerosols from the terrestrial ecosystem, taking meteorological conditions into ac-
count, such as temperature (Guenther et al., 2006). And finally, the submodel LNOX calculates
the production of nitrogen oxide family, NO + NO, (NOy) in the atmosphere by lightning. The
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calculation is based on the flash frequency and distribution, which are themselves determined
by meteorological conditions, most notably the strength of convection (Tost et al., 2007). Sev-
eral parameterisations exist in MESSy for this process; here, the realisation by Price and Rind
(1992) is used, along with the modification by Luhar et al. (2021) for one set of simulations.
Due to the strong dependence on convection, the annual global mean flash frequency and, con-
sequently, the NOy production must be rescaled to match observations for each simulation.

And with that, the EMAC model is primarily established. For many GHG and ODS, there
exists no robust information about emission and removal fluxes, or components are missing,
such as a complete carbon cycle for CO,, and therefore the boundary conditions are prescribed
by relaxing the surface value against the values collected in datasets based on observations.
This is done via the submodel TNUDGE (Kerkweg et al., 2006a). For submodels such as
MSBM, which operate only in the stratosphere, some tropopause information is required. For
that, there is the diagnostic submodel TROPOP (now METEODIAG), which calculates several
tropopause definitions, as well as the cold point, the potential temperature and the potential
vorticity in MESSy (Jockel et al., 2006). A detailed description of the implementation of the
WMO lapse rate tropopause is provided in Appendix B. Additionally, several purely diagnostic
submodels are used in the model setups of this work. VISO calculates user-defined iso-surfaces,
for instance, the 380 K isentropic surface (Jockel et al., 2010). VAXTRA regrids user-defined
variables on a user-defined vertical grid, such as altitude, pressure, potential temperature or
potential vorticity. The submodel PTRAC incorporates prognostic tracers with a wide range of
possible properties, spanning from the defined mass and medium to the point at which processes
affect the new tracer (Jockel et al., 2008). TREXP offers the option to add point sources to a
tracer or to add a lifetime (Jockel et al., 2010). This completes the list of submodels used in this
work. A summary is provided in the tables A.1 and A.2 in the supplement.

3.1.4 Newtonian relaxation

Any evaluation of the model results requires comparison with observations. To evaluate the
chemical composition at a specific location and time, the meteorological conditions must be
met, ensuring that transport by fronts and weather systems is similar. However, free-running
atmospheric model simulations will never achieve this inherently. The main reasons are coarse
resolution, parameterisations, model biases, and, first and foremost, the butterfly effect. A free-
running simulation is initiated from an initial state, based on some reference for this specific
time. After a few hours to days, the simulation diverges from the reference evolution due to
small deviations, becoming independent of the initial state. Without continuous modifications in
their meteorology to reflect the actual state, a direct instantaneous comparison with observations
is futile. To facilitate a more accurate comparison with observations for hindcast simulations,
Newtonian relaxation, often referred to by convenience as nudging, is employed.

With Newtonian relaxation, the meteorology is nudged towards the observed meteorological
state at that time, used as a reference, by adding a forcing term that favours that state for
variables such as temperature, wind, and surface pressure. This can be done over the entire
atmosphere, or only over a horizontal or vertical region. The method is defined as

dx, | ax, !
( MOCLZ)fL(tO)> _ MOZEL(tO) —E<XMODEL(IO)_XREF(IO)> ' G-D
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XumopeL(to) describes a multidimensional meteorological variable calculated at time #, 7 is the
relaxation time, which can differ for each nudged variable, and Xger (o) is the meteorological
situation, which is assumed to describe the actual value and the model is nudged towards.

In the case of ECHAMS, the Newtonian relaxation is performed in the dynamical spectral core
of the model. First, the model tendencies are calculated, and afterwards, the Newtonian relax-
ation is carried out. Following Krishnamurti et al. (1991) (Eq. 7.3), the finite difference form
of equation 3.1 can be written as

X™ prior(t + At k) +2At -N (X, k) - X" rer (t + At k)
1+2At-N(X k)

X" (t + At k) = : (3.2)

m is the spectral coefficient, k is the index of the vertical model level, and N is the reciprocal of
the relaxation time 7. The equation includes twice the time step, A¢, because ECHAM uses the
leapfrog scheme. It is called the nudging coefficient and defines the strength of the relaxation.
X represents the variables relaxed against the reference dataset. In case of ECHAM these are

* divergence

* vorticity

¢ temperature

* and logarithm of the surface pressure,

as implemented by Jeuken et al. (1996). The Newtonian relaxation strength differs for each vari-
able and with the vertical level. Typically, the nudging coefficient is set to 0 s~! outside of the
troposphere, which is equivalent to turning nudging off. As the atmospheric region with weather
activities, the smallest temporal and spatial scales of atmospheric events, and the majority of
observations, it is the area that benefits most from nudging for comparison and correction of the
meteorological situation. Outside the troposphere, the detrimental aspects of nudging prevail
and are therefore typically avoided altogether. As seen in equation 3.1, Newtonian relaxation
nudges the model simulation by adding a unphysical ad-hoc forcing, dependent on the size of
the difference between the intrinsic model results and the reference. This additional forcing
perturbs the model’s otherwise balanced energy system and can lead to results that are only
indirectly affected by nudging and agree even less with observations. This can inadvertently af-
fect the large-scale transport regimes over the entire stratosphere and, therefore, the simulation
results everywhere.

In this work, the simulation using Newtonian relaxation is nudged toward ECMWF Reanalysis
version 5 (ERAS) (Hersbach et al., 2020). Reanalysis datasets are a combination of Numeri-
cal Weather Prediction (NWP) model output and observations, creating a consistent time series
that closely matches the global meteorological state. Nudging is focused on the vertical layer
between about 700 hPa and 100 hPa to avoid spurious behaviour in the stratosphere due to
decoupling of the stratospheric residual circulation from its wave forcing by nudging (Chrysan-
thou et al., 2019). To avoid hard spikes, the nudging strength is reduced stepwise over the levels
around this area. The vertical nudging area is visualised in Figure 3.2.

The divergence is nudged in the main layer with a relaxation time of 48 hours, while the temper-
ature and the logarithm of the surface pressure are nudged with a relaxation time of 24 hours,
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Figure 3.2: Relaxation time in the vertical direction of vorticity, temperature, divergence and
the logarithm of the surface pressure, which are nudged against ERAS. The relaxation time is
the reciprocal of the nudging coefficient and is therefore not defined outside the nudged vertical
region.

and the vorticity is nudged strongest with a relaxation time of 6 hours. The values are based
on numerical experimentation (Krishnamurti et al., 1991). No nudging is performed on the 0
wave number, i.e. the global mean, however. This means that the EMAC simulation keeps its
intrinsic temperature bias compared to ERAS. This decision was made because earlier experi-
ments revealed a temperature bias by diabatic heating on short timescales when the global mean
is also nudged.

3.1.5 The model grid resolution

In atmospheric models, the primitive equations are solved numerically, using vertical and hor-
izontal discretisations to represent the model domain. The vertical discretisation is defined as
isolines of constant altitude or pressure, or as hybrid levels that follow orography in the lower
atmosphere and pressure isolines in the upper atmosphere. For the horizontal discretisation,
spectral methods dominate in atmospheric models developed in the 20" century, such as those
used in ECHAMS with a triangular truncation (Roeckner et al., 2003).

The advantages of spectral methods include an intrinsic high accuracy in calculating horizontal
advection, exact results by accounting for quadratic nonlinearity terms, straightforward mod-
elling of flows over the entire globe, and easy use of semi-implicit time integration schemes
(Bourke, 1988). However, the dynamics are affected by nonlinear physical processes, which
are only available in the grid space, such as convection and radiation. To include them, a trans-
formation between spectral and grid space is required at each time step. In the transformation
by Fast Fourier (longitude) and Legendre (latitude) transformation from the grid space into the
spectral space, the PDE are translated into a set of ordinary differential equation. The prod-
ucts are computed on the grid, while the derivatives are computed in the spectral space. As
only scalar quantities should be represented by a series of spherical harmonics, the primitive
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Table 3.1: Grid points in longitudinal (Nj,,) and latitudinal (Nj,) direction and horizontal reso-
lution corresponding to the spectral resolutions used in this work.

T42 T106
Nlon 128 320
Niat 64 160

Hor. Res. 2.8°x2.8° 1.125°x1.125°

equations are in the vorticity and divergence formulation of the wind instead of the zonal and
meridional components (Riddaway and Hortal, 2002).

In numerical calculations, the infinite series of spherical harmonics must be truncated. As
spherical harmonics involve a summation over the indices of the zonal wavenumber and the
total wavenumber, both must be truncated. Several types of truncation exist; a prevalent type is
triangular truncation, which truncates both indices by the same constant, creating a triangular
shape of included index combinations in the plane of the two indices (see Figure 1 in Jarraud
and Simmons, 1983). The triangular truncation has the advantage of being isotropic, resulting
in a uniform resolution over the sphere (Machenhauer, 1979). With the truncation at the same
value, the spectral resolution using triangular truncation is directly identified by the abbreviation
"T" followed by the highest resolved wavenumber, e.g. T21.

To obtain exact results before and after the transformation, the resolutions in spectral and grid
spaces are not independent. Following the Gaussian quadrature, the integral over a polynomial
can be described exactly if sufficient grid points are used. In the case of the spherical harmonics,
the necessary grid points are the roots of the Legendre polynomial. While the longitudes are
equidistantly spaced on each latitude around the globe, the latitudes along a longitude are not,
the Gaussian latitudes. This is a mathematical necessity on the sphere, more roots of the Legen-
dre polynomials for the Gaussian quadrature are found near the poles than near the equator due
to the convergence of longitudes at the poles. To achieve exact results before and after the trans-
formation between spectral and grid space, the transformation must avoid aliasing, which can
lead to interpreting a wave with a short wavelength as one with a longer wavelength (Riddaway
and Hortal, 2002). Sufficient grid points are required to represent the nonlinear interactions that
lead to shorter waves. Using triangular truncation and under consideration of quadratic nonlin-
earities, the relation between the highest resolved zonal wavenumber N (spectral space) and the
number of grid points (grid space), Njo, and Ny, for an alias-free computation is

Nlon 2 3N+ 1

AN+ 1 (3.3)
Nlat Z 2 )

e.g. (Machenhauer, 1979), a so-called quadratic Gaussian grid. The minimum number of grid
points, with a factor-2 relationship between Nj,, and Ny, 1s typically used. The grid resolution
in degrees is calculated as
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In this work, the spectral resolution of the EMAC simulations is T42 and T106. The number of
grid points and the resolution in degrees following Equations 3.3 and 3.4 are given in Table 3.1.

In the vertical, ECHAM uses a hybrid-pressure grid which follows the terrain in the lower levels
of the domain. Throughout this work, I use an upper limit of the atmosphere at 0 hPa, with the
highest half-level at 0.01 hPa (= 80 km). Spurious wave reflection at the upper boundary is
avoided by introducing a dampening of the wave amplitudes in the highest model levels, called
the sponge layer. The setup with the highest half-level at 0.01 hPa is referred to as the ‘Middle
Atmosphere’ (MA) domain altitude, which encompasses the atmosphere up to the stratopause,
enabling simulation of the primary transport mechanism by the BDC. 90 and 191 vertical levels
are utilised from the surface to the upper limit of the model domain. This results in twice as
many vertical levels in the UTLS region, with a high vertical resolution, increasing from 25 to
48 levels with a layer thickness of 600 to 300 m, respectively, in the pressure range between
500 hPa and 50 hPa (see Figure B.1).

Spectral methods have the disadvantage that the calculations cannot be parallelised very ef-
ficiently on modern High Performance Computing (HPC) cluster architectures, since spectral
calculations require global information rather than independent regional calculations. Further-
more, the number of calculations increases cubically with the highest resolved wavenumber.
While 20 % of the computational cost is due to the Legendre transformation on a T63 spectral
resolution, on a T252 resolution, the Legendre transformation accounted for 50 % of the com-
putational cost on an early IFS version (Jarraud and Simmons, 1983). This gave rise to the finite
elements methods developed in this century. One example for an atmospheric model using this
method is the ICOsahedral Non-hydrostatic modelling framework (ICON) model.

3.1.6 Convection parameterisation

Convection and the concept of convection parameterisations are introduced in Section 2.6. In
climate models, convection is often parameterised to adjust the energy and water budgets of
a model column to achieve a more stable atmosphere (Tost et al., 2010). But there exists a
variety of different approaches and realisations. In any case, different parameterisations affect
atmospheric chemistry in the troposphere (Tost et al., 2010), including the simulated O3 lifetime
(Lelieveld and Crutzen, 1994).

In the following, I will introduce two convection parameterisations with different approaches
in further detail: The parameterisation by Tiedtke (1989) with the Nordeng closure (Nordeng,
1994), and the parameterisation by Emanuel and Zivkovié¢-Rothman (1999), based on Emanuel
(1991). In both cases, the convective tracer transport is calculated by the submodel CVTRANS.

TIEDTKE

The convection parameterisation by Tiedtke (1989) with the Nordeng closure (Nordeng, 1994)
(hereafter referred to as TIEDTKE) is the parameterisation used in most EMAC simulations
and also used as the standard for all simulations used in this thesis, if not stated otherwise. It
was developed for the IFS which needed an improved cumulus convection parameterisation,
especially in the tropics around Indonesia.

The parameterisation is based on the mass flux approach, which requires the definition of a cu-
mulus cloud model, closure assumptions for calculating the cloud mass flux, the discretisation
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of the vertical advection terms associated with cumulus-induced circulations, and a represen-
tation of different cumulus cloud types (Emanuel, 1991). Instead of characterising cumulus
convection as a large ensemble of clouds with different sizes, cumulus clouds are defined by
a bulk model, following the approach of Yanai et al. (1973). They demonstrated that a bulk
model can accurately represent the realistic contributions of convection to the large-scale heat
and moisture budgets. The bulk model is applied separately to cumulus updrafts and down-
drafts, using bulk properties such as cloud-base mass flux and entrainment/detrainment rates.

The bulk properties differ between the considered convection types; TIEDTKE considers deep
(penetrative), shallow, and mid-level convection. Deep convection requires synoptic-scale con-
vergence, as is typically present in the tropics. Shallow convection occurs in situations without
a large-scale convergent flow, for instance, in the ridge region of tropical easterlies or along
the tradewinds in the presence of an inversion. Mid-level convection forms above the boundary
layer as convective cells in warm fronts.

The most uncertain and challenging part in parameterising convection is defining the closure
assumptions that determine the individual cloud properties (Tiedtke, 1989). The closure as-
sumptions describe the criteria under which the cloud types form and the magnitude of the
bulk. They were defined based on observations across all considered cumulus cloud types and
later refined by Nordeng (1994).

EMANUEL

The convection parameterisation developed by Emanuel and Zivkovié-Rothman (1999) and
based on the ideas of Emanuel (1991) (hereafter referred to as EMANUEL) is the second pa-
rameterisation used to illustrate the differences in composition and dynamics resulting from the
realisation of the convective processes alone. I selected this parameterisation because it follows
a very different approach from the mass flux approach of TIEDTKE.

Emanuel (1991) argues that for an accurate description of cumulus convective transport, one
needs to represent entrainment and microphysical processes in the clouds correctly. Emanuel
and Zivkovié-Rothman (1999) states that a good convection parameterisation should include
major properties of cumulus clouds such as (I) the ability to penetrate to the level of neutral
buoyancy of undiluted subcloud-layer air, (Il) the mass of a convective cloud is composed
mainly of entrained air, (III) the saturated downdrafts can be as strong as updrafts in non-
precipitating cumulus clouds and (IV) the unsaturated downdrafts driven by evaporation of
precipitation are essential agents of transport and are critical for restabilising the atmosphere to
convection from the boundary layer.

Based on these properties, they rejected the use of a plume model and the need for cloud-type
differentiation, opposing the standard approach and actively citing the work of Tiedtke (1989).
Instead, EMANUEL is based on the buoyancy-sorting hypothesis (Raymond and Blyth, 1986),
which assumes that mixing in clouds is highly episodic and inhomogeneous rather than assum-
ing predefined mixing rates, yielding a single vertical distribution of entrainment and detrain-
ment rates across all bulk clouds. The parameterisation is developed to represent the effects of
updrafts and downdrafts at subcloud scales, of the order of 100m. EMANUEL includes the fea-
ture of reversible ascent, mixing with the environment and transport to a level at which further
mixing would result in zero buoyancy.
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The primary challenge lies in redistributing water and converting it into precipitation. Both
processes are governed by microphysics and cloud dynamics, which must be simulated using
model parameters. One simplification in that regard is that no interaction between cloud water
and precipitation is allowed.

In summary, TIEDTKE and EMANUEL are two distinct approaches for convection parameteri-
sation in large-scale models. Both are developed and evaluated against observations to improve
their representation in the model, and neither can be ranked above the other. They demonstrate
the variety of possible solutions for the problem of convective transport in global models, and
I will investigate the impact this has on the UTLS region, particularly on its composition and
large-scale dynamics.

3.2 Emissions and boundary conditions

A specific time or situation is defined by its boundary conditions. Without the correct emissions
of an event or the global surface mixing ratios of GHGes, it is impossible to simulate a historical
atmospheric state. To project the future climate, emissions and boundary conditions are esti-
mated under defined scenarios to determine how the atmosphere will change. Therefore, they
significantly impact the simulation’s outcome and are a crucial consideration when setting up a
model.

In model intercomparison studies, the same boundary conditions and emission inventories are
specified in advance to attribute differences between the results to variations in model real-
isations. Here, the emissions and boundary conditions from the Chemistry Climate Model
Initiative (CCMI)-2022 are used, which are mainly based on the Coupled Model Intercompar-
ison Project (CMIP) phase 6 (Meinshausen et al., 2017). The boundary conditions differ from
the CCMI-2022 protocol only for the ODS. In this regard, as here only the CMIP6 conditions
are applied, not the WMO-2018 annual conditions. Furthermore, two additional species are
included: CH;Cl, and CHCI3. Historical emissions and boundary conditions, based on ob-
servations, extend up to 2014 for CMIP6; thereafter, projections must be used. Following the
CCMI-2022 protocol (Plummer et al., 2021), after 2014 the data of the projection Shared So-
cioeconomic Pathway (SSP) scenario SSP2-4.5 is used, which defines the “middle-of-the-road”
scenario, with moderate population growth, a growth in GHG emissions similar to present-day
and a target radiative forcing of 4.5 Wm~2 in the year 2100 compared to preindustrial condi-
tions (Fricko et al., 2017; Gidden et al., 2019). The projection of the emissions and boundary
conditions in the future is based on simulations with the reduced complexity carbon-cycle cli-
mate model MAGICC7.0 (Meinshausen et al., 2011a; Meinshausen et al., 2011b) under the
SSP2-4.5 scenario (Meinshausen et al., 2020).

The GHGs and ODSs in this work are prescribed as mixing ratios at the lowest model level in
all simulations. Table 3.2 shows the global annual mean boundary conditions for two specific
years: 2012 as a representative of present-day conditions and 2100 for future conditions. The
boundary conditions of 2012 have been selected after comparing the natural and anthropogenic
boundary conditions over the first 20 years of the 21% century to avoid years with strong outliers
relative to the 20-year mean. The comparison has been visualised in Appendix D.1. It shows
the overall increase in CO; and the replacement of CFC-11 and CFC-12 with other ODS, such
as HFC-125. Table 3.3 provides an overview of the same representative years for the anthro-
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Table 3.2: Greenhouse Gases and Ozone Depleting Substances surface boundary conditions as
global mean molar fraction for today (2012) and future (2100) conditions, following the CMIP6
emission inventory and SSP2.4-5 projections. Values are rounded to the second decimal digit.

Tracer Unit  Today  Future | Tracer Unit Today Future
CO, ppm  393.02  602.78 | CH3Br ppt 6.99 5.47
CHy ppb 181526 1683.16 | HCFC-141b  ppt 22.54 1.02
N,O ppb  325.00 377.26 | HCFC-22 ppt 220.11 0.66
CFC-11 ppt  236.21 53.93 | HFC-125 ppt 11.74 288.38
CFC-12 ppt 525.83  214.80 | HFC-134a ppt 67.75 115.15
CCly ppt 85.01 5.27 | HFC-143a ppt 12.85 229.65
CH;3CCl3 ppt 5.25 0.00 | HFC-152a ppt 8.04 1.76
CH3Cl ppt 537.65 464.83 | HFC-23 ppt 2499  23.66
Halon-1211  ppt 3.96 0.04 | HFC-32 ppt 5.64 0.01
Halon-1301  ppt 3.25 1.53 | CH,Cl, ppt 2930  28.77
CFC-113 ppt 73.98 27.29 | CHCI3 ppt 8.84 6.56
CFC-114 ppt 16.34 10.44 | HCFC-142b  ppt 21.62 0.54
CFC-115 ppt 8.41 8.66 | Halon-2402  ppt 0.44 0.04

pogenic and natural emission fluxes imported into the simulation, grouped by emission sources.
Overall, it shows a reduction in anthropogenic emissions, following the SSP2-4.5 scenario.

Next to the meteorology-independent emissions in Table 3.3, some emissions need to be calcu-
lated with respect to the meteorological situation during runtime. They are affected by quantities
such as temperature and wind. For the production of NOy by lightning (submodel LNOX) and
by biogenic emissions (MEGAN), references for the emission amounts exist, which were tar-
geted using scaling. In case of lightning NOy, the observation is based on the Optical Transient
Detector (OTD) satellite data, which gives a global annual mean flash frequency of 44 s~ +
5 s~! and a mean NO, production of 15.6 kg(N) flash—!. Be aware that both variables exhibit
high uncertainty (Price et al., 1997; Schumann and Huntrieser, 2007). The flash frequency in
the simulations under present-day conditions is therefore scaled to provide a global annual mean
NOy production of slightly below 5 Tg(N) year™!, which lies in the centre of the uncertainty
range of Schumann and Huntrieser (2007).

For biogenic emissions calculated by MEGAN, the desired global mean values for 2000 are
provided by A. Pozzer of the Max Planck Institute for Chemistry and listed in the MEGAN
namelist. A table of the online-calculated and scaled emissions is presented in the following
section, which outlines the individual EMAC simulations conducted for this thesis.

3.3 Tuning of a climate model

Regarding climate simulations, a crucial process often overlooked in the literature is the setup
tuning. The climate model consists of the coupling of numerous atmospheric processes, several
of which occur on subgrid scales and are approximated by parameterisations. To combine them
into a harmonised system, it may be necessary to slightly modify some processes so that, in the
end, the model better compares with observations and describes the current climate (Hourdin
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Table 3.3: Annual global mean prescribed emissions clustered to tracer classes and sources for
today (2012) and future (2100) following the CMIP6 emission inventory and SSP2.4-5 projec-
tions. Emissions are grouped into the emissions sectors biomass burning (BB), anthropogenic
(ANTH), agricultural waste burning (AWB), shipping (SHIP), road traffic (ROAD) and Aircraft
(AIRC), and the grouped species of non-methane hydrocarbons (NMHC). DMS_TERR is the
abbreviation for terrestrial dimethyl sulfide. Emissions are rounded to the second decimal digit.

Emission Unit Today Future | Emission Unit Today Future
CO_BB Tg(C)lyr 134.23 86.55 | NO_BB Tg(N)/yr  6.03 3.79
CO_ANTH Tg(C)lyr 19470  52.87 | NO_AWB Tg(N)/yr  0.34 0.34
CO_AWB Tg(C)lyr  10.26 8.51 | NO_SHIP Tg(N)/yr  6.86 6.01
CO_biogenic Tg(C)/yr 5.57 5.58 | NO_ROAD Tg(N)/yr 13.62 3.80
CO_SHIP Tg(C)lyr 0.29 0.18 | NO_AIRC Tg(N)/yr 091 3.71
CO_ROAD Tg(C)yr 6897 1691 | NH;_BB Tg(N)/yr  3.05 3.96
CO_AIRC Tg(C)lyr 0.24 0.73 | NH;_ANTH Tg(N)/yr 4890 49.72
NMHC_BB Tg(C)lyr 2493 15.68 | NH3_AWB  Tg(N)/yr 042 0.13

NMHC_ANTH  Tg(C)yr 30.69 15.18 | NH;_SHIP Tg(N)/yr 0.0l  0.01
NMHC_AWB  Tg(C)lyr 247 136 | NH;_ROAD Tg(N)yr 032  0.15
NMHC_SHIP  Tg(C)/yr  0.74  0.00 | NH;_AIRC Tg(N)yr  0.00  0.00
NMHC_ROAD Tg(C)lyr  8.08  3.78 | NH;_bio Teg(N)yr 873  8.73

NMHC_AIRC Tg(C)lyr 0.01 0.06 | SO,_BB Tg(S)lyr 1.12 094
NMHC_biogenic Tg(C)/yr 1.36 1.36 | SO,_ANTH Tg(S)/yr 50.32 13.22
Aerosol_BB Tg(C)yr  17.61 11.14 | SO,_AWB Tg(S)yr  0.05 0.08

Aerosol_ANTH  Tg(C)lyr  24.97 4.52 | SO,_SHIP Tg(S)/yr 448 0.00
Aerosol_AWB Tg(C)/yr 0.72 0.82 | SO,_ROAD  Tg(S)/yr 1.95 0.89
Aerosol_SHIP Tg(C)/yr 0.30 0.00 | SO,_AIRC Tg(S)/yr 0.14 0.35
Aerosol_ROAD  Tg(C)lyr 2.11 0.74 | DMS_TERR Tg(C)/yr  0.34 0.34
Aerosol_AIRC Tg(C)/yr 0.02 0.04 | CH3I Tg(C)/yr  0.02 0.02
Halocarbs Tg(C)lyr 0.03 0.03

et al., 2017). However, tuning is highly subjective and varies across model groups (Schmidt et
al., 2017). While the overall procedure is similar, the targets may vary. This can further impact
the model’s performance in simulating specific climate variables. If the variable were used for
some clustering in model intercomparison projects, the clustering could be biased. Therefore,
the modelling groups are encouraged to document their tuning practices (Hourdin et al., 2017;
Schmidt et al., 2017).

A climate simulation strives to represent the observed climate as closely as possible to draw any
conclusions or comparisons to the real situation. Before the Industrial Revolution, a simulation
of the climate system should show naturally forced variations around an equilibrium between
incoming and outgoing radiation. With the Industrial Revolution and the systematic burning of
fossil fuels, along with the ongoing emission of greenhouse gases, the climate system should
exhibit an increasing positive imbalance: more energy is entering the Earth’s climate system
than leaving it. The mean temperature on Earth increases to reduce the radiative imbalance,
following the Planck feedback, the most critical negative feedback process.

A climate simulation of the present-day climate should show a radiative imbalance at the top of
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atmosphere (TOA) of slightly below 1 Wm™2. Johnson et al. (2016) states an energy imbalance
of 0.71 £+ 0.1 W m~2 for 2005 to 2015, Schuckmann et al. (2023) an imbalance of 0.76 + 0.2
W m~2 for 2006 to 2020 (both calling it earth energy imbalance). The final model setup must
be tuned to describe the required climate state accurately.

The practice of tuning involves making minor adjustments to parameters in the model’s param-
eterisations within the model setup, thereby shifting the entire climate state towards the targeted
state. An often-adapted parameterisation for tuning is the parameterisation of convection (e.g.
Mauritsen et al., 2012). The entrainment rate of a convection type, the conversion rate from
cloud water to precipitation, the homogeneity of ice clouds, or the rate of approach to quasi-
equilibrium, to name a few, are typical parameters of a convection parameterisation that can be
used for tuning. They affect the strength and lifetime of convection, as well as the amount of
precipitation. A change in cloud cover directly affects the incoming and outgoing radiation. A
change in precipitation affects atmospheric temperatures and the abundance of water vapour,
altering its radiative feedback as a greenhouse gas. Changes of these parameters themselves are
of a small nature, and for none of these values exists a physically valid argument for a specific
value, since they are not observed values but necessary parameters for a simplification of the
process of convection.

What can be observed in the atmosphere, however, are the radiative fluxes, the cloud cover, the
amount of water vapour in the atmosphere and the total precipitation. And very often, there
is not a single set of parameter values in the parameter phase space that optimises all of the
mentioned climate quantities. Or at least finding the parameter combination would require an
enormous number of test simulations over several years, with the full complexity of the climate
model setup and systematic variation of all parameters across the parameter space. This requires
a large number of resources and time, and must be done for every model setup. In practice, a
subset of the atmospheric climate quantities is selected for optimisation, resulting in less-fitting
values for the rest. However, even this might require a large number of test simulations, as
tuning is often highly erratic. The parameters of a parameterisation are all interconnected and
exhibit a highly nonlinear behaviour. This highlights the caveat of the tuning process.

For the simulations in this thesis I prioritized the radiative imbalance to fit an imbalance of
slightly above 0.7 Wm~2 following the observations by Johnson et al. (2016), while trying
to keep the climate state parameters of the global mean radiative components at the top of
atmosphere (TOA), the cloud cover and the amount of precipitation as close to observations as
possible. The global mean values of the observations are listed in Table 3.4. A list of the final
tuning parameters is provided in Appendix Table C.1.



Table 3.4: Overview of used observational datasets to compare important climate indicators of the simulation results. *: Radiative imbalance
is estimated using the in situ observations of the ocean heat uptake measured by the floating instruments of the Argo program, https:
//argo.ucsd.edu/ (last access: 01.03.26). **: Calculated from the standard errors provided by the datasets, following Righi et al. (2020).

Climate indicator Dataset Temporal coverage Mean Uncertainty Unit Reference

Radiative imbalance -* 20052015 0.71 0.1 Wm? Johnson et al. (2016)
LW all-sky CERES EBAF Ed4.0 20052015 -240.1 25 Wm™2 Loeb et al. (2018)
SW all-sky CERES EBAF Ed4.0 20052015 240.9 25 Wm™2 Loeb et al. (2018)
LW clear-sky CERES EBAF Ed4.0 2005-2015 -268.7 45 Wm™2 Loeb et al. (2018)
SW clear-sky CERES EBAF Ed4.0 2005-2015 286.7 50 Wm™2 Loeb et al. (2018)
LW cloudy-sky CERES EBAF Ed4.0 2005-2015 27.9 44 Wm™2 Loeb et al. (2018)
SW cloudy-sky CERES EBAF Ed4.0 20052015 -45.8 55 Wm™2 Loeb et al. (2018)
Cloud Cover ESA cloud_cci 1982-2014 64.5 17.4%* % Stengel et al. (2017)
Precipitation GPCP v2.3 2009-2013 2.7 0.2 mm day‘1 Adler et al. (2018)
LWP ocean MAC 1988-2016 83.0 10.2** g m~2 Elsaesser et al. (2017)
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All these global-mean climate quantities are calculated by the emactuner Python class, written
by Franziska Winterstein, based on previous work by Mattia Righi and the emacutils Python
class.

3.4 Comparison datasets

To evaluate the overall performance of the model setups and to identify model biases in the
UTLS, I compare them with observations. However, as mentioned in the introduction, the
UTLS remains a region with large uncertainties in its structure and chemical composition, as
obtaining consistent, long-term, and large-scale observations remains challenging.

For an evaluation of the entire UTLS on Earth, two primary data sources are available: re-
analysis datasets and data products from retrievals based on measurements by satellite-based
instruments. A reanalysis is created by combining an atmospheric model with observations.
Many observations of climate variables, such as temperature and wind, date back to the mid-
20th century, providing a long-term and consistent dataset. And since it combines model results
with observations, it is closer to the real situation than the standalone model simulation. A
very popular and state-of-the-art reanalysis dataset is ECMWF Reanalysis version 5 (ERAS)
(Hersbach et al., 2020).

Meteorological data products based on retrievals from satellite observations have become in-
creasingly available over the past few decades. They either provide a continuous view of the
same region of Earth from a geostationary orbit or cover the entire Earth over a specific time
period using a polar or sun-synchronous orbit. Satellites measure the radiation or the reflec-
tion of a laser to derive information about the atmospheric composition. Over the last few
decades, sensors and retrieval algorithms have undergone significant improvements, enabling
the derivation of not only total column information but also atmospheric profiles. Deriving
gridded information on atmospheric gases from satellite signals using retrieval algorithms has
significantly simplified their use by the scientific community. With a strong focus on H>O and
O3, observations from several satellites are merged to create a consistent time series spanning a
period longer than the lifetime of a single satellite, which is utilised in the scientific community:
the Stratospheric Water and OzOne Satellite Homogenized data set (SWOOSH) dataset.

3.4.1 ERAS

Based on model output of the IFS combined with observations, the ERAS product is created.
It covers the entire globe at very high resolution, approximately 0.25° horizontally (T639), and
has 137 vertical model levels with an hourly time resolution. Sixteen variables are available
with a vertical profile, and more than 200 variables are available at specific levels. ERAS were
released in 2018; since then, the time coverage into the past has been gradually increased.
Today, it is available from 1940 to the present.

It is one of the state-of-the-art reanalysis products available, enabling many process studies that
were previously impossible. Nevertheless, it has some limitations and biases that one must be
aware of. For instance, Kriiger et al. (2022) showed a significant moisture bias in the LS in
ERAS, which is probably connected to the one in IFS (Kaufmann et al., 2018). The moist bias
in the LMS is a problem shared with many atmospheric models, likely due to overly diffusive
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transport schemes and the steep gradients in the UTLS (Charlesworth et al., 2023). A moist
bias of about 50 % compared to satellite observations in the tropical lower stratosphere is still
present in the most recent development cycle of IFS, making it one of the key targets for future
developments (Chabrillat et al., 2025). One must keep in mind that IFS simulations for NWP
and ERAS were performed using parameterisations for the chemical sources and sinks of O3
in the stratosphere, through a linear expansion with respect to the photochemical equilibrium,
rather than interactive chemistry (Cariolle and Teyssedre, 2007).

For my thesis, I use ERAS as one dataset to estimate the model bias in the EMAC simulations.
Additionally, I nudge one simulation towards ERAS to estimate the effect of nudging on the
UTLS composition on climate scales.

342 SWOOSH

The SWOOSH dataset is a merged dataset compiled from observations made by instruments on
multiple satellites. Data from the satellite instruments Stratospheric Aerosol and Gas Experi-
ment (SAGE) II and III, HALogen Occultation Experiment (HALOE), and Microwave Limb
Sounder (MLS) on the satellites Upper Atmosphere Research Satellite (UARS) and Aura, re-
spectively, are combined. For the primary product, data from SAGE, HALOE, and UARS MLS
are corrected to better align with Aura MLS. All corrections and homogenizations are well doc-
umented, and alongside the combined and harmonised products, the uncorrected information
is also available in the dataset. The combined data represent the weighted mean over all avail-
able satellite observations at the specified spatial and temporal points. Until the availability of
data observed from Aura MLS, the combined data product contains data gaps. A filled data
product is included, in which data anomalies in the latitude-time plane are interpolated to fill
gaps and then added back to the seasonal cycle, creating a data product without missing data.
The SWOOSH main products are H>O and O3 as monthly and zonal-mean gridded datasets.
The time series spans from 1984 to the present. The dataset is provided at several latitudinal
resolutions; throughout this work, the 2.5° resolution is used. The vertical resolution consists of
31 pressure levels, ranging from 316 to 1 hPa, which are identical to those of the AURA MLS
version 4 products. Alternatively, SWOOSH information is available at 21 isentropic levels
spanning the potential temperature range of 300-650 K. The SWOOSH dataset is still under
development, and the time series is still being extended.

Providing a merged data product on a regular grid simplifies comparisons with atmospheric
models and observations. However, some limitations need to be considered. When working
with datasets based on satellite observations, there is always uncertainty in the retrieval algo-
rithms. Several assumptions underlie the derivation of information about the gas abundance
profile from satellite instruments. Depending on the variable, clouds and surface albedo can
affect the instrument’s view. And with averaging kernels, there are assumptions about the pro-
files of trace gases, often derived from a model simulation. And the lower in the atmosphere the
product shall be, the higher the uncertainty in the value. SWOOSH focuses on the stratosphere,
with its lower limit at 316 hPa; however, even at this level, many points are already removed by
a quality flag. For H,O, the developers of SWOOSH recommend using the data only between
100 and 1 hPa; all values below should be used with great caution.

Tuse SWOOSH as a second comparison dataset in the UTLS, especially for O3. Regarding H,O,
this means I primarily consider a pressure range below the recommended altitude. However, a
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comparison on climate scales still offers valuable insights, and good and bad agreements can
be captured. In addition to the combined and filled products of H,O and O3 (combinedanom-
fillh20q and combinedanomfillo3q), I utilise the included temperature and geopotential height
information, which are based on the Modern-Era Retrospective analysis for Research and Ap-
plications, Version 2 (MERRA?2) reanalysis dataset.

3.5 Simulation strategy

To answer the research questions of this thesis, several EMAC simulations are necessary. While
they are performed using the same MESSy model version, minor deviations occur, partly to
address the questions and, to some extent, to incorporate the most recent model development.
The simulations can be divided into two groups, each with a different optimal model configura-
tion. All groups with interactive chemistry use the chemical mechanism used for CCMI-2022,
mecca_CCMI2-base-02.

To investigate the EMAC model bias and the effect of Newtonian relaxation on the simulated
climate state, two transient hindcast simulations are performed. This configuration involves ad-
justing boundary conditions and emissions over the specified period to match observed values.
The simulations SDyapgient @nd notSDy;ansient are transient simulations over the period 1998 to
2019. Specified Dynamics (SD) is a synonym for Newtonian relaxation. They are identical
but for the activation of SD against ERAS in SDynsient @s described in Section 3.1.4. To bet-
ter control emissions from biomass burning, the BIOBURN submodel was activated. Fire type
and vertical distribution of emissions are available from the Global Fire Assimilation System
(GFAS), while the amount of dry matter burned was obtained from the Global Fire Emissions
Database (GFED) since this information is only available before the year 2000. The NOy pro-
duction by lightning is calculated using the parameterisation for the flash frequency by Price
and Rind (1992). SDyransient @nd notSDyansient further use the ES radiation parameterisation, the
original scheme of ECHAMS. The meteorological conditions and abundance of the long-living
tracers CO; and SFg for the initialisation of the simulations are taken from an AGCM spin-up
simulation I created. The initialisation of the chemical tracers is taken from the EMAC sim-
ulation RD1SD-base-01, which was created as an CCMI-2022 contribution. The sea surface
temperature (SST) and sea ice concentration (SIC) data are obtained from the ERAS dataset,
ensuring consistency with the forcing by the Newtonian relaxation. The first two years of the
simulations are used as spin-up for the full coupled EMAC simulation and are excluded from
the investigation. Both simulation setups in the first group are not tuned.

The second group targets the sensitivity of the UTLS composition to the choice of convec-
tion parameterisation and resolution under present-day conditions, as well as the robustness
of future projections. For future projections, free-running simulations are necessary, and, for
consistency, simulations under present-day conditions must also be free-running to compare
quasi-equilibrium climate states. A large number of years is necessary for a statistical analysis,
which requires substantial computational resources. To reduce the number of years required to
identify a signal, the simulations of the second group are time-slice (TS) simulations. To reduce
noise from internal variability, the emissions and boundary conditions of a selected year are re-
peated for all subsequent years, and SST/SIC information is taken from 20-year climatologies.

After an analysis of the year-to-year differences in the emissions to find a year representative
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for the beginning of the 21% century (see Figures D.2, D.1), I selected the year 2012 for the
simulations under present-day conditions. As all future conditions are based on the scenarios, I
selected the assumptions for 2100 for the simulations under future conditions. The initial con-
ditions are taken from the EMAC projection simulations prepared for CCMI-2022 under the
SSP2.4-5 scenario, RD2-base-01, as a three-member ensemble average of the timestep before
01.01.2012 and 01.01.2100, respectively. To use consistent forcing based on SST/SIC informa-
tion for present-day and future setups, I also had to rely on information from a model simulation
under the SSP2.4-5 scenario. I used SST/SIC climatologies based on the first ensemble member
of the MPI-ESM1.2-LR simulations from year 2017 prepared for CMIP6, which coupled the
atmospheric model ECHAM version 6.3, the land model Joint Scheme for Biosphere Atmo-
sphere Coupling in Hamburg (JSBACH) version 3.20, the ocean model Max Planck Institute
Ocean Model (MPIOM) version 1.63 and the ocean biogeochemistry model Hamburg Model
about Ocean Carbon Cycle (HAMOCC) version 6, the Max Planck Institute for Meteorology
(MPI-M) Earth System Models (ESM) (Mauritsen et al. (2019), Miiller et al. (2018)). The
SST/SIC are used as climatologies for the period 2000-2019 for present-day conditions and for
the period 2080-2099 for future conditions.

The simulations investigating the sensitivity of the UTLS composition under present-day con-
ditions to the convection parameterisation are called REFyq.y and CONVyqay. REFioqay uses
the TIEDTKE convection parameterisation, CONV,q,y EMANUEL. The naming convention
also states that TIEDTKE is the reference and default parameterisation, used for all simulations
unless otherwise indicated. For the sensitivity study of the model resolution effect on the UTLS
composition, I targeted doubling the resolution in both horizontal and vertical dimensions. Due
to the triangular truncation of ECHAM, which allows only specific horizontal resolutions, I
aimed for the TI06L191MA resolution, which has not been used in EMAC studies at climate
scales. Increasing the resolution from our standard T42LL9OMA to T106L191MA corresponds
to an increase of more than a factor of 13 in the number of grid points. To fulfil the Courant-
Friedrichs-Lewy (CFL) criterion, which describes the relationship between spatial grid size and
time step length for a converging solution of a partial differential equation, the time step length
of the simulation has to be reduced. For a stable solution, the criterion can be expressed as

uyAt  uyAt
- 4+ 2 <1 3.5
- + Ay S (3.5)

where u, and u, are the magnitudes of the wind velocity in x and y direction, and Ax, Ay
and At the spatial and temporal step sizes. For a stable simulation of an AGCM setup, it was
necessary to reduce the time step even further to avoid instabilities due to wave breaking at
the model’s upper boundary, from 12 minutes in the T42L90MA setup to 2 minutes in the
TI106L191MA setup. This led to an enormous increase in the computational resources required
to run the simulation and in the size of the resulting data output. During the test simulations, it
became clear that it was not feasible to run EMAC on a high-resolution setup with interactive
chemistry over decades in the time frame of this thesis. Therefore, I decided to run these
sensitivity simulations as an AGCM simulation with diagnostics to investigate the differences in
dynamics and draw conclusions about the composition changes. AGCMr421.90, AGCMT106L90
and AGCMrjggL191 are the simulations with increasing resolution. AGCMr43199 has a default
horizontal resolution of T42 in spectral space and 90 vertical levels, but without interactive
chemistry to identify changes due to missing chemistry rather than to the resolution change.
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AGCMrT 06190 has a T106 spectral resolution, with 90 vertical levels, while AGCMrig61191
additionally increases the vertical resolution to 191 levels.

These five simulations show the influence of the convection parameterisation and the resolu-
tion on the simulated UTLS under present-day conditions. To compare the five simulations and
account for differences between simulated and observed climate, a tedious tuning of each sim-
ulation setup has been performed to match the radiative imbalance observed by Johnson et al.
(2016). Especially the tuning of CONV 4,y required a large number of test simulations due
to limited experience with the Emanuel parameterisation in EMAC for climate studies. The fi-
nal parameters are provided in Appendix C. Between REF o4,y and CONV qay, the tuning was
performed using only the convection parameterisation parameters.

Finally, to investigate the robustness of climate change projections to convection parameterisa-
tions, I repeated the simulations REF o4,y and CONV 4,y, using the emissions and boundary
conditions for 2100. The simulations are called REFye and CONV gyeyre.

To make a statement on the climate state of the UTLS region, the 20-year means are compared.
Only AGCMrj06191 1s 10 years long due to the high computational resources required. For
direct comparison, only the first 10 years of the reference dataset are used. Table 3.5 provides
an overview of all the simulations performed as the basis for this thesis, highlighting the major
differences in setup.

Table 3.5: Overview of performed simulations in this thesis. The setup changes between the
simulations are highlighted in each column: *TS?” indicates whether the simulation is a time-
slice simulation. If False (CF’), the simulation is a transient simulation with varying emissions
and boundary conditions. ’Chemistry?’ points out if interactive atmospheric chemistry was
included in the simulation. Column ’Today?’ indicates whether the emission and boundary
conditions are for present-day ("T’) or future (CF’) conditions. The column *Used for RQ’ lists
the Research Questions asked in Section 1.2 that are investigated using the simulation. All
simulations use the same setup described above and differ only in the aspects mentioned in the
text.

Simulation TS? Chemistry? Today? Used for RQ

SDransient F T T 1
n0tSDyransient F T T 1
AGCMT421 .90 T F T 2
AGCMrT106L90 T F T 2

AGCMr06L191 T F T 2

REFoday T T T 34

CONVoday T T T 34
REFsuture T T F 4
CONVyture T T F 4

There are some additional changes included in the setup between the first and second group.
Since the setup must not change between the simulations under present-day and future con-
ditions, the submodel BIOBURN was not used; instead, the CCMI-2022 emission inventory
was used directly. To incorporate recent model development, I included the submodel MEGAN
to improve the representation of biogenic emissions and replaced ESVDIFF with the updated
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Table 3.6: Online-calculated emissions for present-day and future conditions. Emissions are
global means over the entire simulation period, rounded to the second decimal digit.

Emission Unit REF,45y CONVioqay REFge CONVigygyre
NOy_Lightning Tg(N)/yr 4.71 4.99 5.16 5.58
NOy_Soil Tg(N)/yr 6.03 6.16 6.48 6.70
MEGAN_CO Tg(C)lyr 45.54 65.29 52.07 78.86
MEGAN_NMHC Tg(C)/yr 139.71 199.40 162.49 253.35
Dust Tglyr  2708.67 3120.74  2881.19 3250.25
Sea-salt Tglyr  4881.57 5027.69  4905.57 4973.13

version, VERTEX. For the flash frequency, the parameterisation by Luhar et al. (2021), a mod-
ification of that by Price and Rind (1992), was selected. Finally, as Niitzel et al. (2024) found
that part of the temperature bias at the tropical cold point in EMAC can be reduced when using

PSrad instead of ES, I changed the radiation parameterisation between group one and two to
PSrad.

Table 3.6 presents a list of online-calculated emissions for the four TS simulations with interac-
tive chemistry. The emissions depend on meteorology, which differs across convection param-
eterisations and climate states in present-day and future scenarios. Their values are based on an
exemplary year with both present-day and future forcing conditions. For the exemplary year,
the two scaled simulations under present-day conditions differ significantly from expectations
after scaling. For isoprene, the CONV 4,y simulation agrees well with the desired emission
size, while for the individual NMHC species, REFoq,y agrees better (not shown).

For the simulations without interactive chemistry, I need two additional modifications that may
affect the UTLS structure. Firstly, the submodel CH4 was included. It calculates the chemical
production of H>O by the oxidation of CH4 in the stratosphere, which is the most essential
chemical source. Secondly, the abundance of GHG must be included in the simulation for a
correct calculation of the radiative forcing. As the interactive-chemistry simulations were not
finalised before the start of the AGCM simulations, climatologies based on the EMAC simula-
tions for CCMI-2022, RD1-base-01, were used. However, as the ODS emissions differ between
the CCMI-2022 setup and the setup used for this work, together with general setup differences
and MESSy updates such as the change from ES5rad to PSrad. Differences in the individual
radiative forcing terms in RAD are expected. Figure D.3 visualises the relative differences in
the GHG abundances considered in the RAD parameterisation.
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Chapter 4

Effect of nudging on the UTLS
characteristics on climate scales

In this chapter, I investigate how Newtonian relaxation affects the simulated UTLS on climate
scales. While necessary for model comparison with observations, it remains an open question
how it affects the climate state over decades of the EMAC simulation. Furthermore, the analysis
offers insight into the model bias in EMAC and the impact that nudging has on it.

As described in Section 3.1.4, the nudging is performed only until the lower stratosphere. In
the middle and upper stratosphere, the circulation develops solely from the model’s physics.
Furthermore, the wave-0 in spectral space is not nudged; therefore, no correction for the global
mean model bias at each level is applied.

The chapter ends with a summary and a discussion of the results.

4.1 Differences in the UTLS

In my investigation, I focus on differences across three variables with varying direct nudging
effects but high relevance for the climate: temperature, H>O in the gaseous phase, and O3. The
temperature in the UTLS is nudged towards ERAS and is therefore most directly affected by
it. The abundance of H,O in the gaseous phase is strongly dependent on the temperature of
the air. The transport of H>O into the upper troposphere is affected by convection in the tro-
posphere, which also depends on temperature. However, because the ERAS temperature field
used for nudging includes diabatic heating and cooling from convective processes, the trig-
gering of convection and cloud formation in SDyansient Will differ from both the free-running
simulation notSDyapgient and ERAS. The abundance of H>O in the lower stratosphere is fur-
ther dependent on the tropical cold point temperature and, therefore, on temperature nudging.
The effect of nudging on H;O is smaller than that of temperature, but more factors affect the
abundance; whether nudging improves the abundance relative to observations needs to be inves-
tigated. Nudging should have the most indirect effect on the abundance of O3. Firstly, because
O3 is not directly affected by any of the nudged quantities, and secondly, because O3 is produced
mainly in the stratosphere, above the nudged region. Therefore, differences in Oz abundance
should primarily originate from dynamical differences in the troposphere driving the BDC. To
evaluate differences between nudged and free-running simulations, their results are compared
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with the ERAS reanalysis and the SWOOQOSH dataset, based on H,O and O3 measurements from
satellites.
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Figure 4.1: Zonal and temporal mean of the WMO tropopause pressure over the period 2000—
2019 for the December-January-February (DJF) season.

Figure 4.1 compares 20-year mean WMO tropopause pressures in DJF between the datasets
ERAS, SWOOSH, the nudged simulation SDyapnsient and the free-running EMAC simulation
notSDyansient- The WMO tropopauses for ERAS and SWOOSH are calculated and provided by
Hoffmann and Spang (2021). notSDyansient Shows that EMAC simulates a higher tropopause
than observations, while nudging removes most of the bias, as seen for SDyangient- The WMO
tropopauses of ERAS and SWOOSH strongly overlap over all latitudes. The substantial simi-
larity of the tropopause pressure between SDyansient and ERAS points to a minor effect of the
different tropopause calculations, e.g. by other implementations of the second condition of the
WMO tropopause.

Figure 4.2 shows the zonal mean statistics of the temperature over the 20 years of the DJF sea-
son for the temperature mean, the linear trend and the interannual variability. The linear trend
is estimated by linear least-squares regression, and the interannual variability is calculated by
subtracting the linear trend from the temperature time series, then computing the standard de-
viation. The zonal mean statistics are calculated on a tropopause-relative grid relative to the
WMO tropopause to exclude the variability of the tropopause height.

ERAS and SWOOSH closely agree on mean temperature statistics in the UTLS, since SWOOSH
temperature information is based on the MERRA?2 reanalysis dataset. The EMAC simulations
SD¢ransient and notSDyansient are colder than the two reanalyses, as can be seen by eye at the trop-
ical cold point temperature. Aside from the intrinsic temperature bias, nudging leads to similar
temperature patterns in the UTLS in the case of SDyansient. The linear temperature trends in
the UTLS are not statistically significant almost everywhere, as determined by a Student’s t-
test at the 0.05 confidence level. Including tropopause variability was not sufficient to detect
statistically significant trends with this relatively simple approach. However, the trend pattern
and strength correlate strongly between ERAS and SDyapgient- The opposite trend pattern in the
tropics simulated in notSDyansient confirms that the high correlation is due to nudging and that
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Figure 4.2: Zonal mean statistics of the temperature over the period 2000-2019 for the
December-January-February (DJF) season in the UTLS. The data is shown on an altitude grid
relative to the WMO tropopause of each dataset. The mean, the linear trend using a least-
squares regression, and the detrended standard deviation (top to bottom) for ERAS, SWOOSH,
SD¢ransient and notSDyangient (left to right) are shown. The dotted areas in the linear regression
plots mask not statistically significant trends, as indicated by a confidence level of 0.05 and a
two-sided Student’s t-test. The grey dashed line indicates the tropopause.

nudging is necessary for EMAC to simulate temperature trends similar to those in reanalysis
products. The interannual variability is comparable across all four datasets, as measured by
the detrended standard deviation. All share a distinct maximum in the polar winter hemisphere,
linked to variability in the polar vortex. Apart from the maximum, notSDyangient tends to a lower
detrended standard deviation compared to the other datasets in the UTLS, suggesting slightly
lower variability, potentially linked to the lower grid resolution.

Figure 4.3 compares the temperature 20-year means in the UTLS against ERAS to visualise the
biases. The not statistically significant regions (stippling), determined by a Student’s t-test at the
0.05 confidence level, correlate closely with regions of small differences between the datasets or
with regions of large interannual variability at the polar vortex in the NH. Differences between
ERAS and MERRA?2 (from the SWOOSH dataset) show a slightly warmer tropical cold point
than ERAS by about 2 K, but otherwise they agree strongly. Since the global mean temperature
is not nudged, SDyansient Shows a uniform cold bias all over the UTLS region by about 3 K.
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notSDyansient Simulates a tropical cold point temperature about 2 K colder than SDyqpgient, 1-€-
about 5 K colder than ERAS. However, the most significant cold bias is simulated around the
tropopause in the high latitudes, by up to 10 K in the SH.
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Figure 4.3: Temperature differences of SWOOSH (MERRAZ2), SDgansient @nd notSDyansient
relative to ERAS, shown as zonal and temporal means for the period 2000-2019 for season
DJF. Differences are shown on an altitude grid relative to the WMO tropopause. Grey solid
lines indicate temperature contours, and the grey dashed line marks the WMO tropopause. The
dotted areas denote regions that are not statistically significant according to a Student’s t-test
with a significance level of 0.05.

In the cases of H,O and O3, the linear trends in the UTLS are not statistically significant al-
most everywhere and the interannual variability is dominated by the strong vertical trends of
both trace gases. While the trend pattern is still very similar between ERAS and SDyansient
for HyO, there is no resemblance for the O3 trends. This is at least partly explained by the
simplified parameterisations of the stratospheric O3 chemistry in the IFS model for weather
forecasts. Therefore, the statistics bear no further robust similarities or unexpected differences,
and I restrict myself to the differences in the mean abundances in the UTLS.

The relative differences between the different datasets and SWOOSH reveal that ERAS is
moister than SWOOSH all over the UTLS, especially in the LMS of the summer hemisphere
(Figure 4.4). While H,O of SWOOSH has to be used with great cautious below 100 hPa (i.e.
in the LMS and the tropical UT), due to the H,O bias in ERAS discussed in Section 3.4.1, it
is justified to assume that SWOOSH is more accurate than ERAS in the LMS. notSDyansient
simulates a moist bias in the lowest levels of the LMS which is comparable to ERAS. Apart
from that, notSDyapsient 1S drier in the tropical UT and the stratosphere than SWOOSH. Com-
paring the H,O abundance between SWOOSH and SDyapgient reveals that the stratospheric HoO
abundance is higher and the dry bias is reduced. However, the moist bias at the lowest levels
is strongly enhanced. Larger regions in both hemispheres exhibit a H,O abundance more than
twice as large as in SWOQOSH. Therefore, Newtonian relaxation increases the moist bias in the
LMS. On a pressure grid, the more substantial moist bias is similarly simulated in both EMAC
simulations; however, the higher tropopause, and therefore the higher transport barrier, for in-
stance for convective transport, is responsible for it in the case of notSDyangient-

Both findings of the H,O abundance are strongly correlated with the reduction of the cold bias
in EMAC by nudging. The warmer tropical cold point in SDyansient cOmpared to notSDypansient
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Figure 4.4: Water vapour relative differences of ERAS, SDyangient @and notSDyangient relative
to SWOOSH, shown as zonal and temporal means for the period 2000-2019 for season DJF.
Differences are shown on an altitude grid relative to the WMO tropopause. Grey solid lines
indicate water vapour contours, and the grey dashed line marks the WMO tropopause. The
dotted areas denote regions that are not statistically significant according to a Student’s t-test
with a significance level of 0.05.

allows for more H,O transport into the stratosphere. In contrast, the warmer lowest levels of the
LMS lead to less freezing out of H,O for direct transport over the tropopause in the midlatitudes.
The drier UT is partly connected to the colder temperatures shown in Figure 4.3.

Figure 4.5 compares the O3 abundance of the datasets, using SWOOSH as the reference. For Os,
the effect of nudging is mostly indirect, mainly due to differences in the atmospheric dynamics
and from outside of the nudged region. As O3 in the UTLS originates from the stratosphere, dif-
ferences in the abundance are unaffected by tropopause height differences except for the closest
region around the tropopause. With that limitation in mind, the O3 comparison is performed on
a pressure grid.

In the tropical UT, ERAS and both EMAC simulations exhibit a higher O3 abundance than
SWOOSH by more than 50 %, whereas in the tropical LS, they show a slightly lower abun-
dance. In the extratropical LS, relative differences between SWOOSH and ERAS are mostly
negligible. SDyansient Simulates a higher abundance in both hemispheres, while notSDyansient
simulates a higher O3 abundance in the SH (summer) and a lower abundance in the NH (win-
ter). The lower abundance of O3z around the tropopause in notSDyangient 1S €Xpected, since the
tropopause of MERRA?2, as used by SWOOSH, is lower, resulting in a comparison of strato-
spheric air of SWOOSH with tropospheric air in O3.

To understand the differences in the O3 abundance between nudged and free-running EMAC
simulations, I compare the transport processes towards the UTLS between both simulations.

4.2 Effect on transport processes towards the UTLS

I compare two transport processes into the UTLS between SDyangient and notSDypansient t0 un-
derstand the differences in the O3 abundance. The first process is the fast convective upward
transport into the upper troposphere. As convection is strongly restricted by the change in sta-
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Figure 4.5: Ozone relative differences of ERAS, SDyansient and notSDyansient relative to
SWOOSH, shown as zonal and temporal means for the period 2000-2019 for season DJF. Grey
solid lines indicate ozone contours. Grey dashed lines mark the SWOOSH (MERRA2) WMO
tropopause, black dashed lines mark the WMO tropopause of each individual dataset. The dot-
ted areas denote regions that are not statistically significant according to a Student’s t-test with
a significance level of 0.05.

bility at the tropopause, so is its transport of trace gases. However, from the tropical upper
troposphere, the trace gases can be transported by the pumping of the Brewer-Dobson Circula-
tion, the second transport process I compare between the EMAC simulations. The stratosphere
is not nudged, so the circulation is coupled to its wave forcing. Since the waves originate in the
troposphere, their propagation into the stratosphere is affected by nudging of temperatures and
winds, and therefore differs between simulations.

In the case of the EMAC setup in this thesis, nudging increases the convective updraft mass
flux almost everywhere in the troposphere, leading to more transport in the tropical UT, as seen
for instance for HyO, shown in Figure 4.6. Only in the subtropics, especially around 45° S,
notSDyansient Simulates stronger convective updraft, indicating a stronger convective triggering,
suggesting differences in the westerly winds at the STJ region by nudging. To identify resulting
differences in the transport from the troposphere to the stratosphere, I use an idealised diagnostic
tracer. The E90 tracer has a constant boundary condition at the surface, an e-folding lifetime of
90 days, and no interactions with other tracers or feedback on the dynamics. Differences in the
E90 tracer abundance between SDy;ansient and NotSDy;ansient are solely connected to differences
in the vertical transport. Figure 4.7 compares the E90 tracer abundance in the UTLS. Since
the differences are largest around the tropopause, the comparison is performed on a vertical
altitude grid relative to the WMO tropopause. In the troposphere, the pattern of the E90 tracer
differences correlates with the differences in the convective updraft mass flux. Following the
stronger vertical transport in the troposphere, the E90 abundance is larger above the tropopause
in the extratropics. In the tropical LS, however, the E90 tracer abundance is slightly larger
in notSDyqnsient- This is probably related to the higher tropopause, which increases cloud top
height and slightly increases the E90 abundance.

The E90 tracer highlights transport barriers near the tropopause and the effect of tropopause-
relative coordinates. Due to the higher tropopause in notSDypgient, @ COmparison on pressure
coordinates (relative to the surface) results in a larger E90 abundance in notSDyapgient than in
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Figure 4.6: Convective updraft mass flux shown as zonal and temporal means for the period
2000-2019 for season DJF. The left panel shows the climatology for SDyangient, the right panel
the difference between notSDyansient and SDyransient. The grey dashed lines indicate the WMO
tropopause of SDyansient> the black dashed line the tropopause of notSDy;ansient- Grey contour
lines mark the convective updraft mass flux strength for 1, 5 and 10 gm—2s~! for each simula-
tion.

SD¢ransient for all points above the tropopause of SDyansient- Tropopause-relative coordinates are
necessary to include the effect in the comparison.

While the tropospheric transport leads to differences in the Osz-poor air that reaches the UTLS,
the stratospheric transport by the BDC is responsible for the transport of O3-rich air from the
tropical stratosphere into the LMS. The differences in the transport strength are highlighted
in Figure 4.8 by using the concept of Age of Air (AoA). The AoA is calculated by using an
artificial diagnostic tracer with a linear increasing source at the surface and no sinks in the at-
mosphere. The calculation uses the convolution method as formulated by Wagenhiuser et al.
(2024). As reference time series, I deseasonalised the diagnostic tracer time series in the trop-
ics (-17.5°=17.5° N) at 100 hPa to remove differences in the tropical vertical transport in the
AoA information. The 100 hPa level is selected to approximate the tropopause height. The
tropopause height differs between SDyapsient and notSDyansient; however, its effect on vertical
transport by the residual circulation is minor and does not affect the AoA result. The AoA
reveals that the lowest part of the shallow branch of the BDC that is inside the nudged region
is slower in SDyapgient, indicated by an older AoA. In the middle and upper stratosphere, how-
ever, AoA is younger by up to 0.4 years, which is evidence for a faster transport by the BDC
in SDyansient- The BDC is driven by the dissipation of Rossby waves, by the dissipation of syn-
optic scale Rossby waves in the subtropical lower stratosphere and by planetary scale Rossby
waves in the upper stratosphere at the polar vortex. Since the sign of the AoA differences
changes between the lower and middle/upper stratosphere, nudging must influence propagation
differently. The lower AoA in the upper stratosphere for SDyangient SUggests that nudging from
the troposphere to the lower stratosphere favours atmospheric conditions for the propagation of
planetary waves.

Figure 4.9 compares the zonal wind field of the EMAC simulation with the data of ERAS.
The nudging of the wind divergence and the vorticity until the lower stratosphere leads to
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Figure 4.7: E90 tracer abundance shown as zonal and temporal means for the period 2000-2019
for season DJF on an altitude grid relative to the WMO tropopause. The left panel shows the
climatology for SDyuansient, the right panel the difference between notSDyansient and SDiransient-
The grey dashed line indicates the WMO tropopause. Grey contour lines show the E90 tracer
abundance for each simulation. The dotted areas denote regions that are not statistically signif-
icant according to a Student’s t-test with a significance level of 0.05.

the same zonal wind field between SDyapgient and ERAS. The free-running EMAC simulation
notSDyansient T€SUlts in a smaller latitudinal extent of the strong westerlies at the summer STJ
and generally stronger winds in the tropical UT. The stronger subtropical jet leads to a stronger
vertical wind shear, which enhances the formation of convection, as seen by the similar pat-
tern for the differences in the convective updraft (Figure 4.6). Over most of the stratosphere
of the SH, EMAC simulates stronger easterlies and the change from easterlies to westerlies in
the tropics is shifted northwards. In the northern hemisphere, however, the differences between
notSDyansient and ERAS are smaller than between the nudged simulation SDygpgiene and ERAS.
Nudging of the troposphere and lower stratosphere initiates differences that accumulate in the
dynamics of the upper stratosphere, reducing the zonal wind at the polar vortex by up to 8 ms .
The analysis of the Transformed Eulerian-Mean (TEM) following the formulation by Andrews
et al. (1983) implemented into MESSy by Hella Garny associates the weaker polar vortex at
least partly with a more substantial deceleration of the zonal wind by planetary Rossby waves.
The Eliassen-Palm (EP) flux divergence describes the interaction of waves with the mean flow.
The stronger negative divergence in the upper polar stratosphere simulated in SDyapgjent COM-
pared to notSDypgient (N0t shown) leads to a more substantial deceleration of the zonal wind
and a weaker polar vortex.

The O3 differences in the LMS results from a combination of processes and are not straight-
forward to disentangle. The O3 abundance is generally low, less than 0.8 ppm,, therefore even
minor differences lead to the relative differences of up to 30 % compared to SWOOSH. The
significantly stronger transport of Oz-poor air from the troposphere into the winter LMS in
NotSDyransient than in SDyansient 18 sufficient to simulate a lower O3 abundance than SWOOSH.
In case of SDyapgient the transport of Oz-rich air BDC dominates. In the summer hemisphere,
tropospheric transport is weaker, and stratospheric transport dominates. Differences can origi-
nate from differences in the chemical removal process during spring, but this cannot be investi-
gated at this point.
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Figure 4.8: Age of Air shown as zonal and temporal means for the period 2000-2019 for season
DJF. The left panel shows the climatology for SDynsient, the right panel the difference between
notSDyransient a1d SDyransient- The grey dashed lines indicate the WMO tropopause of SDyransients
the black dashed line the tropopause of notSDypsient- Grey contour lines show AoA for each
simulation. The dotted areas denote regions that are not statistically significant according to a
Student’s t-test with a significance level of 0.05.

In summary, nudging strongly affects the UTLS dynamical characteristics and composition.
The nudging of the temperature towards ERAS reduces the temperature biases at the tropical
cold point by about 2 K, and by up to 7 K in the SH around the tropopause. The nudging
aligns the temperature profile towards ERAS, leading to a similar static stability and a WMO
tropopause in EMAC that closely matches the tropopauses of the reanalysis datasets ERAS
and MERRAZ? (based on the information included in SWOOSH). In contrast, the free-running
EMAC simulation simulates a WMO tropopause which is up to 50 hPa lower in the extratropics.
It shows why nudging is necessary to compare observations of the UTLS with model results.
However, next to the positive effect on the stratospheric dry bias in EMAC, nudging increases
the moist bias above the tropopause in the extratropics significantly, leading to a HoO abundance
more than twice as large as SWOOSH in both hemispheres. In case of the O3 abundance in the
UTLS, nudging increases the stratospheric transport into the winter hemisphere, leading to a
slightly larger abundance than in SWOOSH. In comparison, the free-running EMAC simulation
simulates a smaller abundance. The faster BDC is indicated by a younger AoA up to 0.4 years
in the nudged EMAC simulation compared to the free-running EMAC simulation.

4.3 Discussion

The analysis revealed several disadvantages of Newtonian relaxation over climate scales and
of the configuration in general. Firstly, the cold bias in the extratropics around the tropopause
is driven by excessive numerical diffusion, common on the coarse grids of climate models in
regions with steep gradients (Stenke et al., 2007). The transported H,O in the lower stratosphere
primarily causes cooling in the region, leading to a cold bias. The fix of the cold bias by
changing the temperatures directly, rather than the cause of the cold bias, allows for less freezing
out and more direct transport. This leads to the substantial enhancement of the moist bias.
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Figure 4.9: Zonal mean differences of SDyqangient (left) and notSDypsient (right) relative to
ERAS, shown as zonal and temporal means for the period 2000-2019 for season DJF. The grey
dashed lines indicate the WMO tropopause of ERAS, the black dashed lines the tropopause of
the shown dataset. Grey contour lines mark the climatological zonal wind field of the EMAC
simulations in 20 ms~! increments.

Secondly, the effect on the BDC. Following the results by Chrysanthou et al. (2019), which
showed that nudging over the stratosphere decouples the residual circulation from its wave
forcing leading to an unphysical transport, I restricted the nudging to the troposphere up to
the lower stratosphere. However, as the driving Rossby waves originates from the troposphere,
the forcing is still affected by nudging. My results revealed that nudging results in a faster
BDC. The faster transport by the deep branch enhances the already too young AoA in models
compared to observations (SPARC, 2010; Garny et al., 2024; Abalos et al., 2026). Nudging
mainly affects the wave forcing by adjusting the temperature wind field in the troposphere,
affecting wave triggering and wave propagation. To allow more waves to propagate into the
stratosphere, westerly winds are necessary but they have to be slower than the phase speed of the
propagating atmospheric waves, mainly planetary Rossby waves. With the weaker zonal mean
wind at the polar vortex in the nudged simulation, planetary Rossby waves propagate higher,
which is visible in the larger EP flux divergence, indicating more wave dissipation, stronger
reduction of the mean flow and more vigorous pumping, leading to a faster transport. However,
a more sophisticated dynamical analysis of the wave propagation differences is necessary to
determine the strength of the contribution by waves and the effect by dynamical differences,
for instance by differences in the horizontal temperature gradient, creating the polar vortex. To
understand the effect of nudging for the synoptic scale Rossby waves and gravity waves, the
analysis has to be expanded, for instance using a Fast Fourier Transformation and analysing the
different wave numbers.

Thirdly, when free-running and nudged simulations are compared, the differences are inevitably
influenced by different climate states. Between SDyansient @nd notSDy;ansientthere is a difference
of 4 Wm™2 in the radiative imbalance at the TOA. It is not possible to achieve the same climate
state without tuning both simulations independently, but then the nudging effect is no longer
isolated. Therefore, the different climate parameters are always a direct consequence of nudging
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and must be taken in mind in the analysis.

Nudging improves the representation of transport barriers, thereby enhancing the inter-comparison
with observations, since simulated air mass characteristics are more realistically distinguished
between the troposphere and the stratosphere. Next to a more accurate location of the transport
barrier, also the strength of the transport barrier will better align with the reference if a higher
resolution dataset such as ERAS is utilised. However, deficiencies in the LMS composition
and the substantial effect on the stratospheric residual circulation indicate that Newtonian re-
laxation introduces biases into the model results in the UTLS. Therefore, any conclusion about
the model’s performance from comparisons between observations and nudged simulations over
longer timescales must be drawn with care, especially for trace gases such as Oz with depen-
dence on the stratospheric circulation strength. The benefit of Newtonian relaxation lies in
the comparison of tropospheric trace gases and anthropogenic emissions on short timescales, in
which the composition is affected by tropospheric transport and the accurate location of weather
systems.

For climate studies, free-running model simulations have to use a physically conserved sys-
tem and to be able to draw conclusions on the model configuration and model performance.
Therefore, I don’t use any Newtonian relaxation for the following studies in this thesis.
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Chapter 5

Sensitivity of the simulated UTLS
characteristics to grid resolution and
convection parameterisation

In this chapter, I investigate the sensitivity of the simulated UTLS dynamics and composition to
EMAC setup changes under present-day conditions by increasing the resolution and using a dif-
ferent convection parameterisation. Since the simulations had to be performed with differently
optimised parameter sets (as a result of the tuning for radiative imbalance), I first compare the
climate states across the different simulations. This includes the convection, as its parameters
are adapted during the tuning process. Afterwards, I focus the sensitivity analysis of the simu-
lated UTLS first on the atmospheric dynamics and subsequently on the chemical composition.
The latter is limited to analysing the effect of the chosen convection parameterisation, since
the high-resolution could not be performed with interactive chemistry. However, as AGCMs
as close as possible to the EMAC simulations with interactive chemistry, they already provide
insights into the effects on dynamics and transport to and through the UTLS.

To reduce interannual variability, all simulations in this chapter are time-slice (TS) simulations
that repeat the boundary conditions of 2012. The exceptions are diagnostic transport tracers,
which require a transient increase of the surface boundary conditions, such as for the calcula-
tion of AoA. Therefore, only climatological averages are reasonable for comparison, and fewer
years are required for robust climatologies. All simulations were performed over 20 years, but
the simulation with finer horizontal and vertical resolution was performed over 10 years due
to computational feasibility during my thesis. The effect will be discussed at the end of the
chapter.

5.1 The climate states after tuning

A prerequisite for a meaningful analysis in the following chapters is a comparable radiative
imbalance for the simulations under present-day conditions. Otherwise, the simulations would
drift to a different climate equilibrium. The tuning is performed by varying the parameters of
the convection parameterisation to achieve the same radiative imbalance, as discussed in Section
3.3. The tuning is further described in Appendix C, which lists the final tuning parameters for
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each simulation. Since the tuning is performed using convection parameters, the convection
must be investigated separately from the other model results and is compared in this section.

5.1.1 Global climate parameters

Figure 5.1 shows the global and climatological mean radiative components at the top of atmo-
sphere (TOA) for all simulations under present-day conditions. The individual panels show the
net longwave (LW) against the shortwave (SW) radiation components. Incoming energy into
the Earth’s climate system is defined as positive. The horizontal and vertical grey lines define
the observed values listed in Table 3.4, and the lighter grey area represents the corresponding
uncertainty range. Diagonal lines indicate the sums between the LW and SW components, as
shown in the individual subplots. Red colours indicate a positive imbalance between LW and
SW, leading to more energy being directed into the climate system. Blue colours show a nega-
tive imbalance and less energy in the system when comparing the two radiative components in
the subplot.

Panel a. shows the total LW and SW components, referred to as ’all-sky’. For present-day con-
ditions around the year 2010, observations lie both around a value of -240 W m~2 and 240 W
m~2 respectively, with slightly more net incoming SW than outgoing LW radiation, leading to
a radiative imbalance of about 0.8 W m~2. All tuned simulations under present-day conditions
show an imbalance very close to that observed. However, they differ in the contributions made
by the LW and SW components. The three simulations with varying resolutions, AGCMr41 99,
AGCMr 06190, and AGCMri06L191, Show net component values that are close to the observa-
tions. For AGCMr06190, the net radiative components are both higher, cancelling each other
out, resulting in the same total imbalance. All tuned simulations with the Tiedtke convection
parameterisation reproduce the total radiative components at the TOA well, in agreement with
observations. For the simulation with the Emanuel convection parameterisation CONVyqay,
however, I achieved tuning to the observed total radiative imbalance only with radiative LW
and SW components lower than observations by more than 10 W m™2, far outside the uncer-
tainty range. The respective tuning parameters are acceptable, as the imbalance aligns with the
target value. But it suggests further differences in the clouds and cloud-related quantities. As
the two convection parameterisations are different by design, differences are expected.

Panel b. shows the ‘clear-sky’ LW and SW components at the TOA, defined as the radiative
components in a cloud-free atmosphere. The spread between the simulations is smaller than
for the ‘all-sky’ components in panel a., and all simulations lie within the uncertainty range of
the ’clear-sky’ estimates by Loeb et al. (2018) based on observations. The darker grey back-
ground indicates the range of uncertainty for both ’clear-sky’ data products. Furthermore, all
simulations estimate a net positive radiative imbalance in the ‘clear-sky’ estimation; more en-
ergy enters the Earth’s climate system than leaves it. All simulations yield a SW ‘clear-sky’
radiation, with a similar value around 288 W m~2, inside the uncertainty range of observations.
The large agreement is expected due to the missing cloud reflection of the incoming irradiation.
The Tiedtke simulations have a larger LW ’clear-sky’ component than the simulation with the
Emanuel convection parameterisation, REFqay is larger than CONV o4,y by more than 4 W
m~2. The differences indicate differences in the GHG abundance in the atmosphere and dif-
ferences in the location. The three AGCM simulations have a slightly larger LW component,
which increases further with higher resolution. All but AGCMro¢L191 are below the uncer-
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Figure 5.1: Radiative imbalance of all tuned simulations performed and analysed throughout
this thesis. Plots show the mean and standard deviation (small) of the radiative components
over the entire simulation. Panel a. shows the shortwave (SW) against the longwave (LW)
component of the ’all-sky’ net radiation at the top of the atmosphere (TOA), meaning a global
mean over the entire Earth. Panel b. shows the radiative fluxes of the ’clear-sky’ components.
Panel c. shows the ’cloudy-sky’ component of the net LW and SW radiation, the counterpart to
panel b. Coloured diagonal lines represent lines of constant radiative imbalance concerning the
shown radiative component, since the radiative imbalance is the sum of the two components.
Grey lines and areas indicate the mean and uncertainty range of observations for the radiative
components, as provided by Loeb et al. (2018) and listed in Table 3.4.

tainty range of the LW ’clear-sky’ observations. Between simulations with varying resolutions,
higher resolution increases LW ‘clear-sky’ radiation.

Panel c. shows the ‘cloudy-sky’ LW and SW component at the TOA, the counterpart to ‘clear-
sky’ and just the part of the radiative components that result from interaction with clouds. The
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primary source of SW radiation is solar irradiance; its reflection leads to a net negative effect.
LW radiation is mainly outgoing from the Earth; therefore, its absorption and emission down-
ward is a positive effect on the radiation balance at the TOA. The reflection of incoming SW
radiation by clouds creates a SW flux more than twice as large as the LW flux that is emit-
ted back to the surface. While the Tiedtke simulation results are within the uncertainty of SW
"cloudy-sky’ observation-based estimates, but are lower than the LW observation-based esti-
mates uncertainty, CONVyqay is close to the mean estimate of LW “cloudy-sky’ but has a 10
W m~2 larger SW component. These differences in the *cloudy-sky’ components are the main
reason for the differences in the "all-sky’ radiation. REF o4y, AGCMT421.90 and AGCMr06L191
are close to LW uncertainty range of observations while AGCMr 6190 1s lower by about 3 W
m~2. Figure 5.1 shows that the differences between the simulations in the SW radiation orig-
inate from the differences in the ’cloudy-sky’ components, i.e. the abundance of clouds. In
contrast, the LW radiation differences differ in the ’clear-sky’ component due to differences in
the distribution of GHGs and the differences in the abundance of clouds.

Figure 5.2 visualises the differences of important cloud and precipitation climate parameters
between the tuned simulations. Panel a. shows the global mean precipitation rate against the
global mean cloud cover. Grey lines and background shadings show the means and uncertainty
ranges from the observation datasets. While all simulations are within the uncertainty range for
the global cloud cover observations, all simulations with the Tiedtke convection parameterisa-
tion but REF,4,y yield a too high precipitation rate, with REF,4,y being close to the upper end
of the uncertainty range of observations by Adler et al. (2018). The cloud cover in the Tiedtke
simulations is lower than the observed mean. CONVy4,y, with the Emanuel convection pa-
rameterisation, has a precipitation rate lower than the observed mean value and a higher cloud
cover. This indicates a lower conversion rate of cloud water to precipitation and a longer cloud
lifetime.

Panel b. splits the precipitation rate into the two types in MESSy, convective and large-scale
precipitation. They are based on the two MESSy submodels that convert the H,O in the at-
mosphere into precipitation, CLOUD (large-scale precipitation) and CONVECT (convective
precipitation). Their ratio is an indicator of the performance of the convection parameterisa-
tion. Due to the tuning using parameters of the convection parameterisation, the trigger for
precipitation can be too high, and CLOUD compensates by producing more precipitation. This
unrealistic behaviour should be avoided. For the Tiedtke simulations, CONVECT is responsible
for 2/3 of the total precipitation rate, except for AGCMrge1191 Where it is almost evenly dis-
tributed among the two. For CONV 4ay, the ratio is reversed; CLOUD is responsible for 2/3 of
the total precipitation rate. The higher contribution from convective precipitation is favourable,
but this ratio had to be accepted to achieve the targeted radiative imbalance.

Panel c. shows the global mean liquid water path (LWP) over the ocean against each simula-
tion’s vertically integrated water vapour. LWP is defined as the vertical integral of water in the
liquid state in the atmosphere. Together, they provide information on the total abundance of all
water in the atmosphere, except for ice. For LWP over the ocean, observations are available to
evaluate model performance. Consistent with the lower precipitation rate, CONV g,y results
in higher atmospheric H>O abundance in both the gaseous and liquid phases than simulations
using the Tiedtke parameterisation. Its LWP over the ocean is slightly higher than the observed
mean value. The Tiedtke simulations have LWP below the observed uncertainty range, and
higher-resolution simulations are even lower. AGCMr¢g1191 has a H>O vapour amount in the
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Figure 5.2: Precipitation and water amount of all simulations performed in this thesis. Plots
show the global climatological mean and standard deviation (small). Panel a. shows the total
precipitation against the cloud cover. Panel b. splits the total precipitation. into the internal
precipitation types in MESSy; hence, observations lack this differentiation, and no global ref-
erence data exist. Panel c. shows the liquid water path (LWP) over the ocean, the total mass of
liquid water in the vertical column per area, against the mass of water vapour (no observations
available). Grey lines and areas show the observed global mean values and their uncertainty
range. The observation of the precipitation rate is provided by Adler et al. (2018), of the cloud
cover by Stengel et al. (2017) and of the LWP over the ocean by Elsaesser et al. (2017).

atmosphere higher than the other Tiedtke simulations but lower than CONV gqay.

The cloud- and water-related climate parameters differ most between simulations with different
convection parameterisations. Therefore, I go one step further and compare their spatial differ-
ences over the Earth. Figure 5.3 compares the differences in the climatological mean precipita-
tion rate on Earth of REF 4,y and CONV 4,y again with the Global Precipitation Climatology
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Figure 5.3: Comparison of the annual mean climatological precipitation rates resulting from
the TS simulations REF 4,y and CONV 4,y with the GPCP satellite product of the year 2012
(Adler et al., 2018).

Project (GPCP) observational dataset. The highest precipitation rate is measured within the
intertropical convergence zone (ITCZ), especially over the Pacific Ocean, over Indonesia. The
lowest precipitation rates are measured above the Atlantic and Pacific Oceans in the subtropics.
Both simulations show a very similar structure of differences compared to GPCP over the Earth.
The largest differences occur in the tropics and subtropics. Instead of an intense precipitation
band over the Pacific Ocean at the equator, the simulations have two ITCZs, one north and
one south of the equator. This phenomenon of a double-ITCZ is a common artefact in many
Atmosphere Ocean General Circulation Models (AOGCM) (Lin, 2007), such as the MPI-ESM
model, from which I used the SST/SIC data as forcing data for EMAC (see Section 3.5). The
simulations show lower precipitation rates at the ITCZ and higher rates in the subtropics of the
SH. The exception is the region of strong precipitation east of Indonesia, where the simulations
exhibit an even more substantial precipitation than observed. Most positive differences are more
substantial in REF,4,y, while CONV o4,y has more substantial negative differences in the pre-
cipitation rate. Except for east of Indonesia, where CONV 4,y also has a stronger precipitation
rate. Both simulations simulate a zonal-mean precipitation pattern consistent with GPCP (not
shown).

Figure 5.4 compares the cloud cover of REF,q.y and CONV 44,y With observations. Clouds
cover a large portion of the Earth. Both EMAC setups simulate lower cloud cover in the mid-
latitudes of both hemispheres and higher cloud cover over the polar regions. They exhibit the
most substantial negative cloud cover differences, particularly in the subtropics west of the
continents, including North and South America, Africa, and Australia. In the tropics, the two
simulations differ. REF 4.y tends to a lower cloud cover than observations, while CONV qay
shows a substantially higher one. These findings are consistent with the theory. Within the
ITCZ occurs the most intensive precipitation on Earth. A slower conversion of cloud water and
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Figure 5.4: Comparison of the climatological total cloud cover resulting from the TS simula-
tions REFo4ay and CONVyy4ay with the European Space Agency (ESA) Climate Change Initia-
tive (CCI) global satellite product of the year 2012 (Stengel et al., 2017).

ice into precipitation results in the largest differences in the tropical region.

5.1.2 Comparison of convective quantities

Convection plays a significant role in the fast vertical transport from the boundary layer into the
UTLS and substantially contributes to cloud formation. Here, I investigate the differences in the
convective quantities between the tuned simulations. During the tuning process, the convection
parameterisation parameters were adjusted to improve the simulation of the radiative imbal-
ance. The direct effect on the convective quantities is unintentional and may lead to spurious
behaviour. This should be kept in mind and can explain differences between simulations with
the same convection parameterisation but different resolutions.

Figure 5.5 shows the cloud cover differences between the tuned simulations, using REFqay
as the reference. The cloud cover is highest in the UT of the SH polar region in the case of
REF4ay and CONV 4,y It does not occur in any of the AGCM simulations and is likely to be
connected to Polar Stratospheric Clouds (PSCs) in the LMS region in both hemispheres. The
largest cloud cover in the polar UT is found in the winter hemisphere when comparing seasonal
means, supporting the hypothesis that larger cloud cover is associated with PSCs. The cloud
cover calculation in all these simulations is based solely on relative humidity, which depends on
water vapour abundance and temperature. Investigating the water vapour and temperature on a
pressure grid (not shown) reveals that, in the case of AGCMr42190, the polar UT is drier than
REFioqay, and the temperatures are similar. In the case of AGCMr 96190 and AGCMr 6L 191, the
water vapour abundance is similar or even larger, but the polar UT is colder by about 2 K. Both
cases result in a lower relative humidity and a lower cloud cover. The largest difference in cloud
cover in CONV 4,y compared to REF 4,y occurs in the tropical UT, reaching slightly above the
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Figure 5.5: Annual climatological differences of the zonally averaged cloud cover between
each simulation and REFyqay. For REF 44,y the climatological cloud cover is shown. The grey
dashed line marks the WMO tropopause of REFoqay, the black dashed line marks the WMO
tropopause of the individual simulation. Solid grey lines mark contour lines of the cloud cover
field. Regions with a cloud cover below 1 % are masked out. The dotted areas denote regions
that are not statistically significant according to a Student’s t-test with a significance level of
0.05.

tropopause. The larger cloud cover, especially in the tropical UT in the climatological mean,
corresponds to a higher frequency or a longer lifetime of convection. Except for the UT in the
polar region, AGCMTt451 99 shows only minor and mostly not statistically significant differences
in cloud cover. In AGCMr 6190 the cloud cover is slightly lower, while in AGCMr6119; the
cloud cover is larger in the tropics. The change cannot be attributed solely to the higher vertical
resolution or to the different set of parameters in the convection parameterisation, but rather is
probably a combination of both.

Tropopause height differences will affect cloud top heights between the simulations and might
be visible in the tropical UT of AGCMrioer90 compared to REF,q,y. While the tropopause
height differs the most at higher latitudes, there the influence is masked by the cloud cover
reduction due to missing chemistry in AGCMr431 90, AGCMrt1061.90 and AGCMri061.191-

Figure 5.6 shows the convective vertical updraft (solid) and downdraft (dashed) mass fluxes in
the tropics, zonally averaged between -10°-10° N. All simulations with the Tiedtke convec-
tion parameterisation exhibit a peak in updraft mass flux near the surface, followed by a steady
decrease to 100 hPa. The convective updraft mass flux in the Emanuel convection parame-
terisation misses the strong peak near the surface and shows an almost constant updraft flux
until above 200 hPa. Then the updraft weakens continuously in CONV 4.y, but at a lower rate
than the Tiedtke simulations. This leads to a stronger convective vertical updraft mass flux in
the Emanuel convection parameterisation in the UTLS in the tropics compared with Tiedtke.
At the lower boundary of the tropical UT, around 350 hPa, and slightly below the tropopause,
the convective updraft is of similar magnitude. This leads to weaker transport into the UT
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Figure 5.6: Climatological mean of convective mass fluxes, zonally averaged and averaged over
the tropics (-10°-10° N). Solid lines denote updraft mass flux (defined as positive), and dashed
lines denote downdraft mass flux.

but stronger transport into the LS, since everything that enters the UT in Emanuel is transported
more strongly toward the tropopause. The convective downdraft mass flux (dashed) is one order
of magnitude smaller than the updraft in the troposphere for the Tiedtke convection parameter-
isations and even two orders of magnitude smaller for Emanuel. Therefore, the slow transport
by the subsidence balances the fast updraft mass flux by convection there. The results show that
the convective mass flux to the tropopause is strongly affected by the choice of the convection
parameterisation. It is noteworthy that all four Tiedtke simulations agree very well in terms of
the strength of convective updrafts and downdrafts. This leads to the conclusion that neither the
interactive atmospheric chemistry nor the model resolution has a significant influence on the
convection parameterisation, despite the necessary adaptations of the parameter set to match
the radiative imbalance.
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Figure 5.7: Zonally averaged convective updraft (solid lines) and downdraft (dashed lines) mass
fluxes at 350 hPa as climatological mean.

Figure 5.7 shows the zonal average of the convective up- (left) and downdraft (right) at 350 hPa,
used as a measure for the convective transport into and out of the UT. All simulations have a sim-
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ilar updraft strength at that pressure level. The most substantial differences between REF 4,y
and CONV 4,y appear over the SH polar region, where Emanuel lacks vertical updrafts. In the
tropics, REFpqay, CONV{oqay and AGCMr4z190, agree closely. While sharing the latitudinal
structure, AGCMrT1061.90 €xhibits a slightly stronger convective updraft in the tropics, whereas
AGCMr 061191 simulated a weaker updraft in the tropics as well as in the SH polar region com-
pared to AGCMr421.90. The convective downdraft mass flux at 350 hPa is more than two orders
of magnitude smaller than the updraft for all simulations; therefore, the fast updraft at 350 hPa
is balanced by the slow subsidence. This implies that convection in the UTLS primarily leads
to convective upward transport, rather than enhanced vertical mixing.

5.2 Effect on dynamical characteristics

From now on, the analysis focuses on the DJF climatological average instead of the annual
climatological average. With that, it is possible to disentangle the model setup effects from those
caused by the seasonality of various processes, such as photolytic chemical reactions. I begin
with an analysis of differences in dynamics and large-scale transport processes, followed by an
investigation of changes in atmospheric chemistry that significantly impact UTLS composition.
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Figure 5.8: Climatological DJF mean of the diagnosed zonally averaged tropopause following
the WMO definition. WMO tropopauses of ERAS5 and SWOOSH (MERRA?2) are provided by
Hoffmann and Spang (2021).

Figure 5.8 compares the WMO tropopause pressure across all simulation results under present-
day conditions, as well as the datasets ERAS and SWOOSH (MERRA?2), to assess agreement
with high-resolution reanalyses directly. While all EMAC simulations, except notSDyansient
agree closely with the observations in the tropics, the differences are larger in the higher lat-
itudes. An increase in horizontal resolution in AGCMrtjosr.00 and AGCMrper.191 results in
a lower tropopause (higher pressure), indicating an improvement relative to the reanalysis
datasets. The effect is more substantial in the NH, the hemisphere in winter. Interestingly,
AGCMr 6190 simulates a lower tropopause than AGCMr 61,191 does, which also incorporates
a higher vertical resolution. In the tropics, AGCMrjo6L19; Simulates the highest tropopause
among all TS simulations. Therefore, AGCMrgsr90 performs best among all free-running
EMAC simulations concerning the tropopause pressure. In the SH, the tropopauses between
the simulations with the Tiedtke convection parameterisation agree well, CONV 4,y shows the
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highest tropopause, even higher than SDpsien in the polar region. In the NH, REF 4,y and
CONV oqay show lower tropopause pressure at higher latitudes, whereas this is not observed in
the reanalyses or AGCM simulations. This implies an effect of atmospheric chemistry on the
vertical temperature profile, in combination with differences in the composition of GHGs in the
atmosphere (Figure D.3.
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Figure 5.9: Temperature differences between the sensitivity simulations and the reference simu-
lation REF44ay (upper left). Shown are zonal mean temperature differences between the clima-
tological mean temperatures in season DJF in the UTLS on an altitude grid relative to the WMO
tropopause pressure (grey dashed lines) of the corresponding simulation results. REF,4,y shows
the temperature climatology. Grey solid lines represent temperature contour levels for each
simulation. Dotted areas are not statistically significant, according to a Student’s t-test at a 0.05
confidence level based on DJF means per year.

Figure 5.9 shows the temperature in the UTLS region of REF 4,y and the temperature differ-
ences of the sensitivity simulations. To account for the differences in tropopause pressure and
the major differences in the temperature occurring around the tropopause, the comparison is
performed on an altitude grid relative to the WMO tropopause. To maintain focus on the UTLS
region, only the EMAC data in the range of 500-50 hPa are interpolated onto the relative grid.
Compared to REF 45y, CONV o4,y is warmer around the tropical tropopause and the cold point,
and colder elsewhere, with a maximum in the LMS of the Southern Hemisphere. The double
sign change in the tropical temperature differences implies different temperature gradients and,
therefore, differences in the static stability with different convection parameterisations. Fur-
thermore, since Emanuel simulates warmer temperatures around the tropical cold point, the
Tiedtke convection parameterisation is at least partly responsible for the cold bias at the tropical
cold point seen in most EMAC simulations. Without chemistry, but with the same resolution
(AGCMrT421.90), the temperature differences are small and not statistically significant, as deter-
mined by a Student’s t-test and a confidence level of 0.05. However, it is not possible to isolate
the effect of the chemistry on the temperature, since the GHG abundances in REFyq,y are higher
in the lower atmosphere than in the climatologies used as input for the radiation scheme in the
simulations without chemistry (see Figure D.3). This leads to additional tropospheric warming,



72 5. Sensitivity of the simulated UTLS

which blurs the effect of interactive chemistry. In the northern hemisphere, the polar UTLS in
AGCMr4y1 99 is warmer. On a pressure grid, the temperature differences in the polar UT are
insignificant, indicating differences in the temperature profile due to a lower cloud cover. In-
creasing the horizontal and vertical resolutions (AGCMr o190 and AGCMrpe191) results in
a warmer UTLS, with maxima in the temperature differences in the LMS in both hemispheres,
more pronounced in the winter hemisphere. As seen in chapter 4, EMAC in its default resolu-
tion and the Tiedtke convection parameterisation simulates a cold bias at the tropical cold point
and the LMS above the tropopause. Therefore, the finer resolution reduces the cold bias in the
LMS. At the tropical tropopause, differences are not statistically significant.
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Figure 5.10: Zonal wind differences between the sensitivity simulations and the reference sim-
ulation REFyqay (upper left). Shown are zonal mean differences between the climatological
mean zonal wind in season DJF over the stratosphere. REFo4,y shows the climatology. Grey
solid lines are zonal wind contour levels of the individual simulation. The grey dashed line
is the climatological mean of the WMO lapse rate tropopause of REF 4,4y, and in black the
tropopause of the individual sensitivity simulation. Dotted areas are not statistically significant,
according to a sStudent’s t-test at a 0.05 confidence level based on DJF means per year.

Figure 5.10 compares the zonal wind speed between the sensitivity simulations over the strato-
sphere. CONVyq,y simulates a substantially different wind field than REFqay, pointing to
substantial dynamical differences due to the convection parameterisations. In CONVyqay the
STJ is located further poleward than REF,q,y, and it further exhibits a weaker stratospheric
polar jet. Additionally, the strong wind speeds around the STJ and the stratospheric polar vor-
tex are less separated, the zonal wind speed between the two jet streams is faster in the case of
CONV oday-

Interactive chemistry has almost no effect on the zonal wind, leading to small and mostly not
statistically significant zonal wind differences between AGCMr42190 and REFqay. Increasing
the resolution, however, shifts the STJ and the polar vortex. The largest differences are found at
the strong wind speeds in the upper stratosphere. Interestingly, AGCMr 6190 simulates larger
differences in the zonal wind in the stratosphere compared to REFyqay than AGCMrig6L191-



5.2 Effect on dynamical characteristics 73

ERAS
REF;oday
CONV iy
AGCMr421.90
AGCMr106L90
AGCMr106L191

180 A r

XX X XX

190 4 -
200 - %’% L

210

Pressure (hPa)

7215 7210 735 7.17)0 7I25 25 30 3I5 40 45
SH(°N) NH (°N)

Figure 5.11: Climatological STJ position in DJF for the sensitivity simulations and ERAS. The
mean position (cross) and standard deviation (error lines) in latitude and pressure are shown.
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Figure 5.12: Climatological STJ mean (bars) wind speed and standard deviation (error bars) in
DIJF for the sensitivity simulations and ERAS.

Increasing the vertical resolution counteracts the effect of increasing the finer horizontal resolu-
tion. This effect can be seen clearly for the contradicting zonal wind differences in the tropical
UT, close to the STJ.

Figure 5.11 compares the differences in the STJ core location. The latitude of the STJ core is
calculated using the TropD package written by Adam et al. (2018). The pressure at the core is
calculated by calculating the zero crossing of the gradient of the zonal wind speed at the STJ
latitude in the logarithmic pressure profile. While all simulations agree closely with the position
of ERAS for the STJ in the winter hemisphere (NH), the location varies substantially with the
weaker STJ in the summer hemisphere (SH). CONV 44,y simulates the lowest STJ across all
simulations, the furthest away of the STJ location in ERAS. In ERAS, the summer STJ is equa-
torward of the EMAC simulations. The much larger variability is caused by transient changes
over 20 years rather than time-slice simulations, and is probably further enhanced by the higher
resolution. AGCMrjger191 matches the location of the STJ in the SH the closest among all sim-
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ulations, while AGCMreL90 1s further away, closely to CONVyq,y. The different STJ location
is consistent with the discrepancy in the tropical UT zonal winds.

The comparison of the wind speed at the STJ core (Figure 5.12) reveals that the differences
in the maximum wind speed are not correlated with differences in the location. While the
wind speed of the stronger winter STJ is matched very closely by the simulations with the de-
fault T42L90MA resolution, AGCMro61.90 and AGCMr 61191 calculated higher wind speeds,
with AGCMrig61191 calculating higher wind speeds by about 3 ms~! compared to ERAS. The
weaker STJ in the summer hemisphere is overestimated by all EMAC simulations. The convec-
tion parameterisation and the use of interactive atmospheric chemistry have little effect on the
STJ wind speed, and higher resolution reduces it only slightly. The differences in the STJ may
affect the location of wave dissipation in the LS as well as the occurrence of mixing.
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Figure 5.13: Same as 5.9 but for the diagnostic E90 tracer.

To investigate differences between simulated tracer transport to the UTLS region and throughout
the atmosphere driven by large-scale processes, I use artificial, inert diagnostic tracers. They
are independent of other tracers, have single and idealised sources and sinks, and do not exert
any feedback on the dynamics. Therefore, they can be used to isolate the effect of transport by
reducing the noise due to additional sources and variability.

The E90 tracer has a constant boundary condition at the surface, an e-folding lifetime of 90
days, and no interactions with other tracers or feedback on the dynamics. With its idealised
exponential decay and its homogenous source at the surface, it can be used to investigate the
transport strength from the surface into the UTLS region. Figure 5.13 shows the differences
in the E90 tracer abundance between the sensitivity simulations and REF;q,y in the UTLS
region. As the differences are maximised around the tropopause, the comparison is performed
in tropopause-relative coordinates. The Tiedtke simulations yield a larger E90 abundance in the
UT and LMS, and the Emanuel simulation CONV,q4,y yields a higher abundance in the tropical
LS. The result shows a stronger transport from the troposphere into the stratosphere using the
Emanuel convection parameterisation. AGCMr431.90 simulates a smaller E90 abundance in the
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Figure 5.14: Same as Figure 5.10 but for AoA. The reference point is at 100 hPa in the tropics.

tropical LS but a larger one in the LMS regions, suggesting a stronger transport through the STJ
region in simulations without interactive chemistry. Increasing the resolution increases E90
abundance in the UTLS, except in the LMS directly at the tropopause. In AGCMrq6L90 this is
mainly the case in the SH, in AGCMrgg1.191 the reduction appears in both hemispheres. At the
latitudes of the STJs and below the tropopause in the NH polar regions, positive maxima in the
E90 abundance difference are found. They suggest a stronger transport barrier at the tropopause
in combination with the jet differences. While the transport through the STJ regions is reduced,
a finer resolution appears to exhibit more transport into the LS on the upper edge of the STJ,
encouraged by a slightly shifted and stronger jet compared to REFo4,y. The result is stronger
above the STJ in the NH, the stronger winter jet.

As seen in Figure 5.6, the convective updraft by the Emanuel scheme is weaker than by the
Tiedtke scheme below the UT and stronger in the UT. The main outflow region of Emanuel lies
higher than that of Tiedtke, allowing for easier transport into the tropical stratosphere. However,
the generally stronger updraft in Tiedtke results in a higher abundance in the UT. The higher
abundance in the UT is responsible for the higher abundance in the LMS, as it is dominated by
adiabatic and horizontal transport through the STJ region from the UT. Due to the significant
differences in the convective updraft and the height of the main convective outflow, the E90
tracer abundances in the UTLS differ strongly between REFq,y and CONVoq,y. These dif-
ferences prevent any conclusion about the strength of the transport barrier between simulations
with different convection parameterisations. For AGCMrp61.90 and AGCMr 61191, the results
of the E90 tracer abundance cannot be explained by the differences in the convective transport.
While the stronger updraft mass flux at 350 hPa for AGCMrgg1.90 compared to AGCMra431 99 1S
consistent with the larger E90 abundance, AGCMr 6191 contradicts the hypothesis to attribute
the increase solely to the convective updraft mass flux.

To investigate differences in the simulated stratospheric large-scale transports, I rely on AoA.
As in Chapter 4, AoA is calculated using the convolution method as formulated by Wagen-
hiuser et al. (2024). However, due to different available information, the calculation in this
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chapter is based on a CO; tracer. Therefore, deviations in AoA are expected between chapters,
but within a chapter the definition is consistent and allows statements about the strength of the
BDC. Choosing 100 hPa in the tropics as the reference location removes differences in convec-
tive transport in the tropical troposphere as seen in Figure 5.6. 100 hPa in the tropics matches
closely with the tropopause pressure. Since the vertical transport does not vary strongly at the
tropopause, differences in the tropopause pressure between the simulations do not affect the
result of the AoA calculation.

Figure 5.14 shows the comparison of the AoA between the different simulations. A younger
AoA denotes a faster transport. CONV 4,y simulates a faster transport through the stratosphere,
which is faster in the NH (winter) than the SH (summer), as a result of a faster transport by the
BDC. Without interactive chemistry, the stratospheric transport tends to be slower; however,
most of the differences in AoA are not statistically significant, except for a slower transport by
the shallow branch in AGCMrggLo0 and AGCMripeL191. They both show older AoA in the
polar winter stratosphere, indicating a stronger polar vortex, which is consistent with the com-
parison of the zonal wind (Figure 5.10).

Since AoA in the middle and upper stratosphere can be dominated by a faster transport of the
shallow branch, I further compare the meridional and vertical residual wind speeds, Figure 5.15
and 5.16 respectively, following the formulation of the Transformed Eulerian-Mean (TEM) the-
ory by Andrews et al. (1983), implemented into the MESSy tools by Hella Garny. The analysis
reveals that the entire stratospheric circulation is increased in the case of CONV 4,y compared
to REFoqay, for the shallow and the deep branch of the BDC. An increase (decrease) in v* in
the upper stratosphere at the polar vortex is connected to a stronger (weaker) deceleration of
the zonal wind by wave interaction, as resulting from the comparison of the EP flux divergence
(not shown), indicating more (less) wave driving. The comparison of v* further reveals for
CONV 44y a reduced poleward transport by the residual circulation in the tropical UT in both
hemispheres compared to REFyq,y. It indicates weaker horizontal transport of the tropical UT
into the extratropical LS, contributing to reduced E90 abundance and a negative maximum in
the differences in the STJ region. For AGCMrj61.90, @ weaker v* in the tropical UT is simu-
lated mainly around the equator. In the case of AGCMreL191 on the other hand, the poleward
transport to the STJ in the northern hemisphere is increased. In the upper stratosphere, v* con-
firms the reduced poleward motion due to the stronger polar vortex in the case of AGCMr061.90
and AGCMr06L191 .-

The comparison of w* confirms the higher reaching convective updraft in the tropical UT reach-
ing above the tropopause in the case of CONVyq,y. In the stratosphere, the vertical residual
wind is statistically significantly stronger until the upper stratosphere. In simulations with a
finer resolution, the vertical meridional wind in the stratosphere is weaker, consistent with the
older AoA compared to REF o4y

The investigation of transport mechanisms in the troposphere and stratosphere reveals substan-
tial differences between the sensitivity simulations, which will contribute to differences in the
UTLS composition.

5.3 Effect on chemical composition

While technically the simulations AGCMr431 90, AGCMrT1061.90 and AGCMr 061191 are AGCM
simulations without detailed atmospheric chemistry, there is one exception: H>O. For a real-
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Figure 5.15: Same as Figure 5.10 but for meridional residual wind speed v*. Positive wind
speeds are northwards.

istic H>O distribution in the stratosphere, the primary chemical production by CH4 oxidation
has to be included. This is done for the three simulations using the submodel CH4. Apart from
the analysis of the HoO vapour abundance in the UTLS, the other trace gas differences under
present-day conditions can only be investigated for sensitivity to the convection parameterisa-
tion using REFpqay and CONV 4,y .

The H,O vapour abundance in the UTLS region is shown in Figure 5.17 as relative difference
to REF pqay. The comparison is performed on tropopause-relative vertical coordinates, as the
differences with AGCMr9sL90 and AGCMre1191 are largest around the tropopause. Due to
the generally dry nature of the stratosphere, differences in the total abundance by a few ppm,
result in large relative differences. CONV o,y yields a higher H,O abundance in the entire
UTLS, small relative differences in the UT and directly above the tropopause in the extratropics
and polar regions. In the tropical UT and LS CONV,y4.y reaches 200 % higher abundances
than REFo4.y. The three AGCM simulations yield a drier stratosphere than REF;q,y. This
is at least partly caused by the lower CHy abundance in the climatology used for the RAD
scheme compared to REF o4,y (see Figure D.3). Differences in the LS between AGCMr421.90
and AGCMrp690 and AGCMr 061191 appear only in the LMS regions, where a finer resolu-
tion results in a smaller H,O abundance. The effect is more pronounced in the SH (summer),
and in AGCMri061.191 Where the vertical resolution is further enhanced. The drier LMS in
AGCMr 06190 and AGCMr 061191 implies a reduction of the moist bias in EMAC, independent
of the vertical coordinate. AGCMrt42190 has very small and mostly not statistically significant
relative differences compared to REF;yqay. The higher H,O abundance in the polar UT in the
NH is an artefact from the tropopause differences and the steep H,O gradients in the UT. On
a pressure grid relative to the surface, the polar UT is drier in AGCMr4;190 than in REFqay.
The artefacts occur for all simulations in vertical profiles with tropopause pressure differences.
CONV oqay has a higher tropopause than REF,4,y in the SH polar latitudes, leading to negative
differences on the tropopause-relative grid but simulates a higher H,O abundance everywhere
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Figure 5.16: Same as Figure 5.10 but for vertical residual wind speed w*. Positive wind speeds
are downwards.

on the pressure grid. AGCMr o690 has a lower tropopause, with a maximum for NH polar
latitudes, leading to a larger abundance on the tropopause-relative grid, but on a pressure grid,
the relative differences are small. In the tropics, the small differences on the tropopause-relative
grid correspond to a drier tropical UT on a pressure grid. For AGCMro6L19; the grid transfor-
mation to tropopause-relative amplifies the already larger H,O abundance over the entire UT.
The result highlights the risk of grid transformations for regions with steep gradients.

To understand the stratospheric H,O vapour abundance differences, I compare the tropical cold
point temperatures in further detail. The tropical cold point temperature is crucial for the amount
of HO vapour that can be transported from the moist troposphere into the dry stratosphere.
The lower the temperatures, the more H>O vapour is frozen out, and the drier the stratosphere
becomes. Figure 5.18 shows the temperature at the cold point, based on the online calculated
diagnostic of the minimum temperature in the tropics (10° S—10° N average). While interactive
chemistry and grid resolution have hardly any influence on the cold point temperature, the
differences between REF o4,y and CONV g,y are almost 5 K.

Due to a strongly non-linear relation between temperature and the H>O amount that can be
present as vapour, also relatively small temperature differences have a substantial impact on the
H>O vapour amount entering the stratosphere. This saturation H,O vapour pressure is described
by the Clausius-Clapeyron equation over ice and can be approximated by

es(T) = 955042672299 1:3.530681n(T)—0.00728332-T 7 (5.1)
following Murphy and Koop (2005). The temperature T is in units of K, and the calculated
saturation pressure e, is in units of hPa.

Figure 5.19 shows the theoretically possible HyO vapour amount at the tropical cold point in
units of ppmy based on e and a relative humidity of 100 %. It shows that, due to the almost 5 K
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Figure 5.17: Relative differences of HyO between the sensitivity simulations and the reference
simulation REF g,y (upper left). Shown are zonal mean differences between the climatolog-
ical mean water vapour in season DJF in the UTLS on an altitude axis relative to the WMO
tropopause pressure of the corresponding simulation results. REFq,y shows the H>O clima-
tology. Grey solid lines are HoO contour levels. The grey dashed lines are the climatological
mean of the diagnosed tropopause based on the WMO definition. Dotted areas are not statis-
tically significant, according to a Student’s t-test at the 0.05 significance level based on DJF
seasonal means per year.

warmer cold point temperature, twice as much H,O vapour can enter the stratosphere through
the cold point. The hashed areas show the simulated amount of H,O vapour at the cold point.
A larger fraction of the theoretically possible amount is present at the cold point in CONV 4,y
compared to REF;q,y and the other simulations with the Tiedtke parameterisation. This leads
to the conclusion that EMAC’s stratospheric HoO vapour bias strongly depends on the applied
convection parameterisation.

In the following, I investigate the sensitivity of the simulated chemical composition of the UTLS
to the applied convection parameterisation. Figure 5.20 shows the distribution and relative
difference of N2O in CONV g,y compared to REFo4,y. N2O is a greenhouse gas with a long
lifetime in the atmosphere. It has a nearly homogeneous abundance in the UT and decreases
with increasing altitude, similar to CO,. CONV 4,y yields a higher abundance in the upper LS
in the mid latitudes, following a stronger poleward transport as seen by the comparison of AoA
and the meridional residual circulation component v*. In the LMS, there is a lower abundance
than in REF 44,4y, Which is in agreement with the stronger horizontal transport from the tropical
UT to the LMS, as found by the analysis of the E90 tracer. The stronger BDC leads to a faster
transport from the higher stratosphere into the LMS, which has a lower N,O abundance, which
adds to the lower N>O abundance found in CONV 4,y .

A major driver of atmospheric chemistry is the photolysis rate of constituents. Photolysis in the
atmosphere is linked to irradiation, which provides the energy needed for chemical reactions
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Figure 5.18: Comparison of cold point temperatures. The calculation uses the online-calculated
cold point temperature, averaged over -10°~10° N latitude range, as the climatological mean
for all DJF seasons. Error bars represent the interannual variability, calculated as the standard
deviations over the period.

and breaks chemical bonds, creating highly reactive radicals. The photolysis rate coefficient for
each molecule, referred to as the J value, depends on several atmospheric properties. Therefore,
the difference in the J value of an arbitrarily selected constituent between the two simulations
can be used for a qualitative statement about the general change direction. Figure 5.21 shows
the J value of O,. It is strongest in the upper stratosphere of the tropics, where intense irradia-
tion is prevalent. But photolysis already occurs in the tropical LS. CONV 4,y yields a higher
photolysis rate in the tropical LS, by about 15 %. Photolysis is increased due to several factors
that affect it, such as temperature, O3 concentration, and clouds.

Figure 5.22 shows the differences between the simulated abundance of CH4 in the UTLS re-
gion. CHy4 is mainly emitted at the surface, leading to a vertical gradient in the abundance, but
is chemically more active than N2O. CONV 4,y shows a higher CHy4 abundance in the LS in
the mid-latitudes and tropics, similar to N>O, and a lower abundance everywhere else. The rel-
ative differences are mostly statistically significant but small, with a maximum positive relative
difference of 5 %, due to the long atmospheric lifetime of CHy4. The smaller relative differ-
ences between REFyq,y and CONV g,y for CHy than for N> O are related to the overall lower
abundance of N;O, leading to a stronger relative increase. The transport differences affect CHy
similarly to N>O. Additionally, CHy4 1s affected by differences in the turnover rates of chemical
reactions, most notably by differences in the CH4 oxidation by OH.

The hydroxyl radical plays an essential role as an oxidant and dominates the atmospheric life-
times of many chemical substances such as CH4 and CO. The differences between the simulated
OH abundances in the UTLS region are shown in Figure 5.23. As a radical, it has a very short
atmospheric lifetime but a fast production rate, for instance, through photolysis, which leads to
very small abundances at night, such as in the polar regions of the winter hemisphere. In the
UTLS, OH has the highest abundance at the upper edge in the tropics and the summer hemi-
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Figure 5.19: Theoretically possible H,O vapour abundance at the tropical cold point, based on
the estimations of the Clausius-Clapyeron equation over ice by Murphy and Koop (2005). The
cold point calculation is the same as for Figure 5.18. The hashed areas indicate the simulated
H,O abundance at the tropical cold point.

sphere (SH), as well as in the tropical UT. In CONV 4,4y, the OH abundance is primarily larger
all over the UTLS. A higher OH abundance leads to a shorter atmospheric lifetime of CH4 and
is the second explanation for a lower abundance of CH4 in most of the UTLS.

As introduced in Sections 2.3 and 2.4, the abundance of O3 is strongly affected by chemical
sources and removal processes as well as transport by the BDC. It combines the results of
the simulated transport and chemistry found so far and concludes the investigation. Figure 5.24
shows the simulated O3 abundance in the UTLS and the relative differences between CONV o4,y
and REF,yqay. The O3 abundance increases towards the higher stratosphere with maxima at the
upper edge of the LS in the mid-latitudes. In CONV 4,y the O3 abundance is larger in the NH,
around the tropopause in the tropics and subtropics and in the UT in the southern hemisphere.
In the tropical UT, the O3 abundance is smaller due to the stronger convective transport of air
from lower regions of the troposphere with lower O3 abundance into the UT in REFyqay. In the
overall low abundance of O3, this is sufficient to lead to a larger O3 abundance in REF 4,y than
in CONVyqay. The smaller O3 abundance in the LMS of the SH by about 20 % contradicts an
explanation of the differences by a stronger stratospheric transport into the LMS and points to
chemical differences due to the choice of the convection parameterisation.

To understand the complex pattern of the O3 differences, I use the diagnostic output of the at-
mospheric chemistry module MECCA for the individual O3 chemical production and loss rates.
Figure 5.25 shows the net O3 tendency calculated by the kinetics solver. Since the tendency de-
pends on the total abundance, it is expressed as a percentage of the abundance at each grid point
to ensure comparability across simulations. In the UTLS region, O3 is mainly produced with
the strongest production relative to the abundance in the tropical UT. The very small chemical
tendencies in the UTLS highlight the importance of transport for the O3 distribution. The nega-
tive tendency in the extratropical LS indicates a net chemical loss in this region. In CONV qay,
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Figure 5.20: Comparison of N,O distribution in the UTLS as climatological and zonal mean
in DJF. Shown is the mixing ratio in REF 4,y (left) and the relative difference of CONV 44,y
compared to REF o4,y (right). Grey contour lines mark mixing ratios. The grey dashed line
indicates the WMO tropopause of REF 4,4y, the black dashed line the WMO tropopause of
CONVoqay. Dotted areas are not statistically significant, according to a Student’s t-test at a
0.05 confidence level based on DJF seasonal means per year.

the production in the tropical UT is shifted northward to be more directly at the equator. In the
summer hemispheric UTLS, the net chemical O3 tendency is larger as well as in the tropical
LS. In the winter hemispheric UTLS the tendency is smaller. The largest differences occur at
the lower edge of the topical UT, where CONV 4,y Simulates a lower net tendency.

Figure 5.26 shows the chemical production of O3 expressed as a percentage of the abundance at
each grid point to determine whether the differences in the net chemical tendency in the UTLS
occur due to chemical production or removal differences. The comparison reveals that the shift
in the net chemical tendency in the tropical UT originates a shift in the chemical production.
Furthermore, the chemical production in CONVyqay is larger in the tropical LS and the summer
hemisphere (SH). In the LS of the winter hemisphere (NH) and at the lower edge of the tropical
UT, the chemical loss is larger. This stronger chemical loss contributes to the smaller abundance
in the tropical UT, while the larger production in the UT of the summer hemisphere is likely
to drive the larger O3 abundance in CONVyyqay than in REF 4,y in the region. However, the
stronger stratospheric circulation results in a stronger stratosphere-to-troposphere transport in
the extratropics to balance the stronger mass transport into the stratosphere in the tropics. The
downward transported O3 can contribute to the larger abundance even though the abundance in
the LS is lower than in REFo4,y. In the winter hemisphere, the analysis of chemical tendencies
revealed that chemistry cannot be the source of the differences; therefore, the stronger strato-
spheric circulation governs them. In the winter hemisphere, the O3 transport is further enhanced
by the deep branch.

Looking further into the individual production terms for O3 reveals that the reaction of NO with
HO, to produce NO; (not shown), which leads to O3 formation (see chapter 2), accounts for
about 80 % of the total chemical production in the tropical UT. The shift in chemical production
can also be attributed to this reaction. Figure 5.27 shows that the shift is connected to a shift
and different distribution in the NOy emission by lightning. In CONV 4,y the production and
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Figure 5.21: Same as 5.20 but for the photolysis rate. Shown is the difference between the
simulated photolysis rates of O, but the change is consistent for all photolysis rates.
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Figure 5.22: Same as 5.20 but for CHg.

emission of NOy by lightning occurs higher and is spread over a broader area in the tropics than
in REF 44,y .

The lower abundance of O3 in the summer hemispheric LS (SH) cannot be explained by trans-
port differences or chemical production or loss rates in DJF. One important group of chemical
losses of O3 in the LS are reactions with ODS, catalytic reactions with radicals that contain
ClI and Br at the surface of PSCs. The PSCs form in winter, but the catalytic reactions require
photolysis, leading to O3 depletion in spring. While the emissions of ODS are identical in both
simulations, the atmospheric conditions to form PScs are not. Table 5.1 lists the climatologi-
cal mean PSC surface area in the winter season of each hemisphere. It shows a much larger
PSC surface area in CONV 4,y due to the moister stratosphere and the lower temperatures than
in REFo4,y. Figure 5.28 shows the chemical loss by all ODS that contain Cl in the season
September-October-November (SON), the spring season in the SH, to identify their impact on
the O3 abundance in the DJF. Consistent with the higher PSC surface area, CONV g,y yields
a significantly larger chemical loss than REFyqay. The loss by the CI group is three times that
of the Br group, due to its larger emissions and atmospheric abundance. The higher loss rates
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Figure 5.23: Same as 5.20 but for the absolute differences in OH.
50 REFtoday
|y . 30.0
- : 225
CG —
< : 75 2
g : 00 O
2 200 : 75 9
£ - ~15.0 '8
400 ' —22.5
0.0 . . . | V=300
-90 -45 0 45 90 -90 -45 0 45 90
Latitude (° N) Latitude (° N)

Figure 5.24: Same as 5.20 but for O3.

in the preceding season explain the lower O3 abundance in the LS of the southern hemisphere
during DJF. The more substantial chemical loss partly prevails into the summer seasons of the
SH, despite the stronger O3 transport by the stratospheric circulation. Therefore, the choice of
the convection parameterisation strongly affects the O3 abundance in the UTLS due to transport
as chemical turnover rate differences.

In summary, I successfully tuned all sensitivity simulations to a radiative imbalance at the top
of atmosphere of about 0.8 Wm ™2, consistent with observed values for the beginning of the 21
century.

While the cloud cover and the convective mass flux are only weakly affected by the grid res-
olution of the model, the choice of the convection parameterisation has a strong effect on the
maximum updraft strength and on the height of the main convective outflow in the tropical UT.
This leads to significant differences in the UTLS composition in the tropics as well as in the
LMS.

The location of the tropopause improves with a finer resolution, in the winter hemisphere, al-
most as much as the effect of nudging using ERAS, even though the resolutions differ substan-
tially. The sensitivity of the tropopause to the choice of convection parameterisation is strongest
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Figure 5.25: Same as 5.20 but for the absolute differences of the net chemical tendency of O3
in the UTLS region.
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Figure 5.26: Same as 5.20 but for the absolute differences of the chemical production of O3 in
the UTLS region.

in the southern hemisphere, linked to O3 differences, while the simulation of PSCs and their
feedback on the temperature profile results in a higher tropopause than in AGCM simulations.
With a finer resolution, more atmospheric waves can be explicitly resolved, affecting the tem-
perature and wind fields and leading to a stronger polar vortex. The stratospheric circulation
tends to be slower, especially in the winter hemisphere. The convection parameterisation af-
fects atmospheric temperature through GHG composition and differences in cloud abundance.
A higher GHG composition in the LS leads to colder temperatures, which in turn reduces the
wind speed in the stratosphere in the high latitudes, leading to a weaker polar vortex and a faster
stratospheric circulation. Therefore, the choice of the convection parameterisation affects the
dynamics of the atmosphere far above the region of direct influence.

A finer grid resolution reduces the moist bias in the LMS above the tropopause from more than
100 % to less than 50 % compared to SWOOSH (see Appendix D.2), the cold point temper-
ature and therefore the dry bias in the stratosphere is not affected at all. The cold point tem-
perature, however, is strongly affected by the choice of the convection parameterisation. Using
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Figure 5.27: Same as 5.20 but for emission tendency of NOy by lightning.
Comparison of the emission tendency of NOy by lightning in the UTLS as climatological and
zonal mean in DJF. Shown is the tendency for REF g,y (left) and CONV g,y (right). Grey
contour lines mark the WMO tropopause of the individual simulation.

Table 5.1: The climatological mean of the PSC surface area in the simulations REFq,y and
CONVy4ay in the winter of each hemisphere, DJF in NH and JJA in SH. The surface area is
rounded to the next integer in km?.

Sim NH (km?) SH (km?)
REF oday 318154 801907
CONViogay 1005309 1908068

the Emanuel convection parameterisation instead of Tiedtke, annuls the tropical cold point bias,
creating a moist bias rather than a dry bias in the stratosphere of about 200 % compared to
SWOOSH.

Finally, the choice of the convection parameterisation significantly affects the UTLS chemical
composition. In addition to its dynamical effects on transport processes in the troposphere and
stratosphere, it also influences photolysis rates and OH abundance, thereby strongly affecting
chemical turnover rates. The OH abundance varies by up to 100 % in the LS. Most importantly,
the convection parameterisation modifies the conditions for the formation of PSCs, resulting in
relative differences in the O3 abundance in the LS by up to 30 % under present-day conditions.

5.4 Discussion

During the course of this thesis, it was only feasible to perform the simulation with finer hori-
zontal and vertical resolutions over 10 years, rather than 20 years for the other TS simulations.
A comparison of a 10-year climatology with a 20-year climatology of the reference simulation
REFioqay revealed that the differences are generally small. The temperature differences are be-
low 0.5 K everywhere below 10 hPa, higher in the atmosphere, the 10-year climatology tends to
be warmer with a maximum of 1 K in the polar mesopause. In case of the zonal wind, the largest
difference occurs for a vertical pattern of positive and negative differences in the stratosphere
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Figure 5.28: Same as 5.20 but for the absolute differences in the chemical loss of O3 by the
LossO3Cl group in the UTLS region during the SON season.

above the equator by up to 3 ms~!, indicating the stratospheric vertical variability between the
boundary of westward and eastward winds between the hemispheres. However, repeating the
test with the simulation AGCMrgg190 results in a similar magnitude of differences but a dif-
ferent pattern throughout the atmosphere. Only the general vertical zonal wind pattern is also
found between the two climatologies for AGCMrpsL90. Therefore, no assumption about the
changes in AGCMr 61191 1f 20 years were used for the climatologies can be made.

The investigation of resolution dependence on the UTLS structure in EMAC revealed an im-
proved representation of temperature and water vapour distribution with finer resolution model
setups compared to SWOOSH, especially in the LMS. Small differences are expected due to the
transient nature of observations and the TS configuration for the EMAC simulations. The rep-
resentation (when model results are compared with observations) improves primarily when the
horizontal resolution is increased, and is further improved only slightly when the vertical reso-
lution is increased as well. An increase of the model grid resolution strongly reduces the cold
and the moist biases in the LMS. With finer grid resolution, steep gradients are better resolved,
and numerical diffusion is reduced (Stenke et al., 2007). Too large numerical diffusion can
be caused by insufficient vertical or horizontal resolution, or by both combined. The warmer
LMS reduces the horizontal temperature gradient, affecting the wind field in the UTLS region.
The observed weaker westerlies above the subtropical jet allow less Rossby wave propagation,
which might explain the stronger polar vortex due to weaker wave dissipation, as indicated
by the PV flux divergence, leading to a reduction in the zonal wind. A stronger polar vortex
contributes to the colder polar temperatures. Furthermore, the higher resolution is especially
beneficial in regions with strong gradients as in the vicinity of jets. Part of the differences in
stratospheric temperatures and winds result from the finer grid resolution. A more detailed anal-
ysis of the wave driving is necessary to quantify its contribution to the differences.

Roeckner et al. (2004) stated for already much coarser vertical resolutions that the ratio be-
tween the horizontal and vertical resolution is important, whether an increase in one direction
improves the simulated model results. Furthermore, they found tropospheric warming and a
poleward shift of the STJ with increased horizontal resolution, and the opposite effect with in-
creased vertical resolution. Since the vertical resolution is high in the standard configuration
T42L90MA compared to other climate models, a beneficial effect of the horizontal resolution
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increase is expected. While the finer vertical resolution would be desirable for UTLS com-
position studies, the matching finer horizontal resolution is probably not yet computationally
feasible, at least for climate studies. For the EMAC standard-resolution T42LL90MA, the hor-
izontal resolution appears to be the limiting factor, leading to better representation when only
the horizontal resolution is increased to T106 (AGCMr61.90), since the vertical resolution is
already rather high (about 600 m, see Figure B.1), at least in comparison to other models, as
investigated by Richter et al. (2014) and Wang et al. (2018) with a finer grid resolution of
about 500 m. Both studies also found improved representations of the LMS temperature and
H,O abundance compared to simulations with coarser vertical resolution. In contrast to Wang
et al. (2018), I found no clear improvement in the higher vertical resolution (AGCMri06L.191)
simulation of UTLS temperature and H,O abundance compared to the lower vertical resolu-
tion (AGCMr106190) and ERAS. Furthermore, AGCMrp690 compares better with ERAS for
the zonal wind from the upper troposphere over the entire stratosphere. The discrepancy be-
tween the results may be due to differences in the reference datasets, the simulated periods, or
free-running versus time-slice simulations. The fewer number of years for the climatology of
AGCMr 61191 can also contribute to the lower performance, especially for the zonal wind dif-
ference above the equator. Last but not least, the effect of the finer vertical resolution might be
model-dependent. The cause of the contradictory results cannot be identified without reducing
the number of differences through further simulations.

With increased resolution, my results indicate a slower residual circulation in the stratosphere,
which better aligns with observations (Garny et al., 2024), although older AoA in the middle
and upper stratosphere are mostly not statistically significant. AGCMre119; simulates even
higher wind speeds, especially for the polar vortex. A potential explanation is parameterised
gravity waves, which have a significant effect on the wind speeds in the upper stratosphere
(Giorgetta et al., 2006; Eichinger et al., 2020). The generation of parameterised gravity waves
is mainly defined by the threshold of the root-mean-square wind speed, which is used globally,
and studies have shown a high sensitivity to this parameter (Jockel et al., 2006). For the higher
vertical resolution, a different threshold might be more favourable. Furthermore, Eichinger et
al. (2023) showed that improved horizontal propagation of gravity waves in EMAC results in
better simulations of the stratospheric circulation and the polar vortex.

While the influences of the tuned convective differences cannot be prevented, the analysis of
the cloud cover differences revealed only minor differences between the AGCM simulations.
The differences between the HO abundances are not statistically significant in the tropical UT,
but the LS is similarly drier in all three AGCM simulations. The drier stratosphere can be at-
tributed to a lower chemical production of H,O. As I described in Section 3.5, the three AGCM
simulations include the primary chemical source of H>O in the stratosphere, the oxidation of
CH4. But CHy itself is not considered in the simulations, and a climatology is used instead. It
is the same climatology as used for the GHGs for the radiation scheme. These climatologies
were created from the EMAC contribution to CCMI-2022, RD1SD-base-01, which simulated
several differences in atmospheric composition driven by differences in the model setup. There-
fore, the differences between AGCMr42190 and REF4ay do not isolate the effect of interactive
chemistry on the UTLS climate state. For CHy4, the abundance in the stratosphere is larger in
REFioqay(see Figure D.3), resulting in an enhanced CHy4 oxidation and an enhanced chemical
production of HyO compared to AGCMr43190. But the effect is uniformly distributed across
the LS, and the main results of the resolution analysis remain unaffected. This is supported by
the fact that the relative differences are independent of the resolution. The differences in GHG
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abundances under the radiation scheme further explain the need for retuning between REF o4y
and AGCMr421.90. Consistent GHG climatologies based on REF,4,y would have been ideal for
isolating the effect of the grid resolution.

The investigation of the effect of the convection parameterisation revealed a substantial impact
on transport into the UTLS region. In addition to the direct effect, i.e., differences in cloud
formation, location, and extent, these factors affect the temperature field by diabatic heating
and then the wind field, leading to differences in the creation, propagation, and dissipation of
Rossby waves. The setup incorporating the Emanuel convection parameterisation, CONV qay,
simulates a younger AoA by up to one year in the winter upper stratosphere compared to the
simulation with the Tiedtke parameterisation, REF;yqay. As shown in the analysis, the Emanuel
convection parameterisation leads to greater cloud cover, especially in the tropical UT. The
connected stronger diabatic heating leads to stronger horizontal temperature gradients between
tropics and polar regions, similar to the effect of climate change. The stronger temperature
gradients create stronger winds in the UTLS region. In the stratosphere, Emanuel increases
the abundance of GHGs with the main source from the troposphere, such as CHy, N>O and
especially H,O, leading to a cooling due to the larger emissivity (Ramaswamy et al., 2001).
Since the increase in GHGs originates from transport differences from the troposphere into the
stratosphere, the cooling is strongest in the tropics, and therefore reduces the horizontal tem-
perature gradient, leading to weaker winds, which is also seen in the zonal wind differences
between the simulations. The strength of the zonal wind in the winter stratosphere determines
the extent to which planetary Rossby waves can propagate into the upper stratosphere. West-
erlies are required for the general propagation, but the zonal wind has to be slower than the
phase speed of the Rossby waves. If the zonal wind is too fast, the wave hits a critical layer and
dissipates. In the case of the Emanuel convection parameterisation, EMAC simulates stronger
westerly winds above the STJ in the winter hemisphere in the climatological mean, leading to
more frequent westerlies between the STJ and the polar vortex, allowing more propagation.
Additionally, the weaker polar vortex moves the critical layer for the Rossby wave propagation
higher. This mechanism explains how convection affects the stratospheric circulation as seen
by the analysis of AoA. However, the differences in temperature and wind are also affected by
dynamical feedbacks rather than solely by radiative differences. The strength of the individual
contributions cannot be determined without further analysis of the wave activity. To determine
the contribution from differences between the synoptic-scale and the planetary Rossby waves, a
fast Fourier transformation can be used (e.g. Harzer et al., 2025). The wave numbers 1 to 3 are
associated with planetary waves, and the synoptic scale waves with smaller wave numbers. To
investigate the upward propagation of Rossby waves, investigations on the longitude-pressure
plane through the polar vortex are necessary, rather than the zonal mean analysis. Another
reason, in theory, would be gravity waves, which can be triggered by convection. However,
convection as a source of gravity waves is not yet considered in MESSy; therefore, they can be
ruled out as a reason for the differences.

To my knowledge, the effect of the convection parameterisation on the strength of the strato-
spheric circulation has not been shown before. With all that said, in my studies, the simula-
tion REF o4,y With the Tiedtke convection parameterisation performs better in the simulation
of the UTLS than CONV 4,y with the Emanuel parameterisation, when compared to ERAS
and SWOOSH (Appendix D.2). Too much H>O enters the stratosphere in CONV qay, and the
stratospheric circulation is even faster than already compared to observations (Abalos et al.,
2026). REFoqay simulates a dry bias in the lower stratosphere, similarly to most CMIP6 models
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(Keeble et al., 2021). The compensating effects of stronger circulation and stronger chemical
loss of O3 by PSCs lead to small relative differences compared to SWOOSH under present-day
conditions.

The analysed strength of the convective updraft and downdraft mass fluxes is consistent with
those found by Tost et al. (2010). Quantitative differences are expected due to the tuning and
investigation of 20-year climatological averages in my study versus a mean over four months
(September to December) analysed by Tost et al. (2010). They further compared three additional
convection parameterisations, in addition to Tiedtke and Emanuel, and showed that neither
Tiedtke nor Emanuel simulates strong outliers in convective mass fluxes compared to the other
three parameterisations. Evaluating simulated convective mass fluxes is complicated because
direct atmospheric measurements are not possible; they can only be estimated. One estimate
uses the definition of the mass flux by Arakawa and Schubert (1974) as the product of the
air density, the cloud area fraction, and the net vertical wind velocity. Kumar et al. (2016)
used 3-hourly radar observations above Darwin, Australia, to define the cloud area fraction and
estimated the vertical wind velocity based on the echo top height of a radar to estimate the
convective mass fluxes on AGCM grid scales. They estimated a mean convective mass flux of
5 gm~2s~!, 6 km above the surface and a linear decrease to 1 gm—2s~! at 14 km, in the tropical
UT. These estimates, based on observations, match well with the 20-year average of convective
updraft of CONV g,y in the tropics (compare Figure 5.6). However, Savazzi et al. (2021) used
the same observational data but with a 10 minute sampling frequency and estimated a convective
mass flux of 17 gm_QS_ I 4 km above the surface and a linear decrease to 2 gm_zs_1 at 14 km,
in the tropical UT. These estimates, based on observations, match better with the climatological
averages of REF 4,y in the tropics. Savazzi et al. (2021) attribute the significant differences
to the different sampling frequency of the observations; a shorter sampling frequency captures
strong convective events directly, rather than smoothing them out when there are no further
events in the same period. With this spread in the convective mass fluxes from observations
estimated on the grid scales of AGCM models, the results for the convective mass flux from
both convection parameterisations are within the uncertainty range.

The investigation of the model performance with different convection parameterisations to
match global mean observations of climate-state parameters revealed a grouping for radiative
and water-related parameters. REF 4,y With the Tiedtke parameterisation closely matches the
radiative LW and SW fluxes at the TOA, and shows larger differences for the precipitation rate
and the LWP. The latter two are well simulated by CONV oq,y. A larger water content in the
atmosphere in CONV 4,y is associated with the larger cloud cover, suggesting a longer life-
time of the clouds. The larger cloud cover in CONV g,y compared to REF;yqay 0ccurs mainly
in the tropical UT, which agrees with satellite observations and higher-resolution simulations
(Chepfer et al., 2010; Crueger et al., 2018). However, the climatologically averaged convective
cloud height calculated by the Emanuel parameterisation exceeds the tropopause in the tropics.
Observations do not support such a high frequency of overshooting convection in the tropics
(Jensen et al., 2020). The differences in the GHG composition and distribution are responsible
for differences in the LW clear-sky component, keeping more outgoing LW radiation trapped in
the atmosphere in the case of the Emanuel convection parameterisation. One possible explana-
tion for the differences in the climate state parameters is the different approach of the Emanuel
parameterisation. Emanuel (1991) aimed to develop a physically sound parameterisation of
convection, including subcloud-scale behaviour and exchange, based on the buoyancy sorting
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hypothesis. On the other hand, he evaluated the parameterisation using a column model rather
than a global circulation model. The role of clouds in the climate system was subordinate to the
convection processes. In contrast, Tiedtke (1989) developed a parameterisation for IFS instead.
He focused on the effect on the global scale.

The potentially strongest bias in the results, favouring the Tiedtke parameterisation, was the
tuning starting point. Since Tiedtke has been the default convection parameterisation in EMAC
over the last two decades, the cloud parameterisation is optimised for simulations with Tiedtke.
Due to the strong coupling between the cloud and convection parameterisations, an optimal tun-
ing might require adapting both parameterisations together. However, to isolate the effect of the
choice of convection parameterisation, I had to restrict the tuning process to the convection pa-
rameterisation’s parameters. To my knowledge, I performed the first EMAC simulation with the
Emanuel parameterisation in the "Middle Atmosphere" configuration, including atmospheric
chemistry over climate scales. The last time an EMAC simulation using Emanuel was tuned
was more than a decade ago (Tost et al., 2010), for a simulation over four months. Significant
effort was required to tune the CONV g,y to match the radiative imbalance observed around
2010, while preserving some convective precipitation rather than relying solely on the cloud
parameterisation to create precipitation to remove excessive water in the atmosphere. Since the
radiative longwave and shortwave components do not match the observed values, there is room
for improvement. And I am not claiming that I have found the best parameter configuration
if only the parameters of the Emanuel parameterisation are modified. Therefore, it is likely
that the model results with the Emanuel convection parameterisation can be improved, espe-
cially if the cloud parameterisation is also adjusted. A tedious additional investigation would
be necessary.

To my knowledge, there is one AGCM that used the Emanuel convection parameterisation as
its default parameterisation: the Laboratoire de Météorologie Dynamique (Zoom capability)
(LMDZ) version 4 (Hourdin et al., 2006). For the 4™ version, they switched from the origi-
nal Tiedtke parameterisation (Tiedtke, 1989) to the Emanuel parameterisation (Emanuel, 1991;
Emanuel, 1993). Additionally, they included the cloud parameterisation by Bony and Emanuel
(2001). After a tuning process for the new setup, the representation of the Hadley-Walker cir-
culation improved (Hourdin et al., 2006). By comparing the model results with Tiedtke and
Emanuel, they also found a colder lower stratosphere and colder tropics in their Emanuel sim-
ulation than in their Tiedtke simulation. As Hourdin et al. (2006) compared AGCM simulation
setups, the dynamical effect of the different heating rates by Emanuel contributes to the tem-
perature differences in the stratosphere. Surprisingly, they still found a much larger specific
humidity in most of the troposphere and the lower stratosphere in the Tiedtke simulation, which
contrasts with my results and the strong influence of temperature on H,O abundance. Only
in the tropical UT Emanuel simulates a slightly higher specific humidity. Different versions
of both parameterisations can partly explain the diverging results, as LMDZ did not include
the improved closure criteria by Nordeng (1994) for the Tiedtke parameterisation and did not
use the changes by Emanuel and Zivkovié-Rothman (1999) for the Emanuel parameterisation.
Another reason is the adaptation of the cloud scheme, which I kept untouched.

The sensitivity studies of the choice of convection parameterisation under present-day condi-
tions revealed substantial differences in the UTLS and atmospheric transport processes. This
raises the question of whether the choice leads to a different response to climate change.
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Chapter 6

Robustness of future projections

In this chapter, I investigate how the response of the simulated UTLS on a projected climate
change depends on the choice of the convection parameterisation. To assess robustness, I visu-
ally compare the response, defined as the change in the climate state (20-year mean) between
future and present-day conditions. The time-slice simulations REFe and CONV e are
identical to their corresponding present-day simulations REF,q,y and CONV 4,y besides the
climate forcing by the SST/SIC climatology and the emissions.

6.1 Comparison of the UTLS response to climate change
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Figure 6.1: Climatological and zonal mean of the WMO tropopause pressure change in DJF
(left) and JJA (right). The change is shown relative to the tropopause height under present-day
conditions. Shaded areas show the standard deviation under present-day conditions. The pres-
sure axis is decreasing. A negative pressure change indicates a higher tropopause. Dots indicate
not statistically significant tropopause pressure changes, black for REF, white for CONV.

Figure 6.1 shows the response in the WMO tropopause pressure due to climate change between
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future and present-day conditions as zonal mean for the season DJF and JJA. The tropopause
pressure generally decreases, resulting in a higher tropopause altitude. REFg¢re and CONViyure
agree the most in the tropics and the northern hemisphere, the winter hemisphere, with a 5 hPa
pressure decrease in the tropics. Since the tropopause pressure differences agree well across all
latitudes, this implies a stronger tropopause shift in the tropics, due to the logarithmic decrease
in atmospheric pressure. The projections disagree most strongly in the SH polar region during
DJF. REFyre has a pressure decrease of -2.5 hPa, CONVygye @ pressure increase of more
than 7.5 hPa. However, as CONV 4,y simulates a lower tropopause pressure than REFoqay,
see Figure 5.8, the tropopause pressure of the lapse rate tropopause agrees better under future
simulations with different convection parameterisation, leading to a more robust climate state
than under present-day conditions. The tropopause pressure comparison further reveals that the
tropopause differences between present-day and future are smaller than those found between
the sensitivity studies investigated in the two previous chapters. This reduces the beneficial ef-
fect of tropopause-relative coordinates in relation to the introduction of transformation errors,
especially in the vicinity of steep gradients.

Figure 6.2 shows the temperature response under climate change, defined as the change be-
tween the future and the present-day climatologies of DJF. The response is further compared on
a vertical pressure grid (top row) and on a tropopause-relative altitude grid to visualise the effect
of the grid transformation for the small change in tropopause pressure. On the pressure grid,
both setups show a warming of the troposphere, with the strongest warming by up to 3 K in the
tropical UT. The tropical LS tends to cool, even more so between REFg,qe and CONVigypure.
In the extratropical LS, the two setups agree on the warming in the SH (summer) and show
no statistically significant differences in the NH (winter). The simulated temperature response
of the LMS of the southern hemisphere is the strongest difference between the Tiedtke and
Emanuel simulations. While the Tiedtke simulation under future conditions warms by about 2
K as a response to climate change, the Emanuel simulation warms by up to 5 K, resulting in
the largest response in the UTLS region. If tropopause-relative coordinates are used, the robust
warming signal in the tropical UT is strongly reduced, leading to not statistically significant
temperature changes and even a cooling signal in the Tiedtke simulations at the lower edge of
the tropical UT. The differences between the coordinate systems suggest that the upward shift
of the tropopause following the tropical expansion compensates for a strong part of the warm-
ing, if the UTLS is defined by the range around the tropopause rather than a fixed pressure
range. This effect mainly occurs in the vicinity of steep vertical gradients, as small changes al-
ready have a significant effect, which explains why the extratropical LS is only weakly affected.
However, the grid transformation from pressure to tropopause-relative introduces an error in the
transformed data, since interpolation is most error-prone in regions of steep gradients.

The horizontal warming differences predict differences in the dynamical response between
hemispheres and between model setups. Figure 6.3 shows the response in the zonal mean
wind speed in the stratosphere. The pattern of the stratospheric response between the Tiedtke
simulations correlates strongly with the differences REF 45y and CONV qay(compare Figure
5.10). The westerlies above the STJ are stronger, and the polar vortex is weaker, in addition
to a stronger stratospheric circulation. However, the strength of the response is half that of the
differences between the sensitivity simulations in the last chapter, which explains the mostly
not statistically significant response. A consistent response to climate change across the setups
is found in the tropics, with a statistically significant increase in westerly winds at the STJ re-



6.1 Comparison of the UTLS response to climate change 95

—_

o

(=)
1

5.00

3.75
200 -

Pressure (hPa)

-2.50

400 - -1.25

- 0.00

A temp (K)

-—1.25

- —2.50

-3.75

Altitude (km)

—5.00

%, EREFAN
—10 - T - B T T

-90 -45 0 45 90 -90 -45 0 45 90
Latitude (° N) Latitude (° N)

Figure 6.2: UTLS temperature response to climate change between the simulations with the
Tiedtke convection parameterisation (REF, left) and with the Emanuel parameterisation (CONYV,
right) under future and present-day conditions as climatological and zonal mean of the DJF
season. The top row shows the temperature change at pressure levels, the bottom row shows the
temperature change on an altitude grid relative to the WMO tropopause. For the bottom row, the
visualised data corresponds to the 500—50 hPa pressure range, to focus on the differences in the
UTLS region. Grey dashed lines are the respective zonal mean WMO tropopause climatologies
of the present-day simulations, and the black dashed lines show the climatologies of the future
simulations. Grey contour lines depict the temperature field under present-day conditions. In
the dotted regions, the temperature changes are not statistically significant according to a two-
sided Student’s t-test at a 0.05 confidence level.

gion and above, indicating more consistent westerlies in the DJF season and better conditions
for Rossby wave propagation in the winter hemisphere. In the extratropics, the zonal wind re-
sponse between the Emanuel simulations is weaker, and in the middle and upper stratosphere of
the winter hemisphere, it is even opposite to the response in the Tiedtke simulations. Therefore,
the simulated future climate states from simulations with different convection parameterisations
agree better than the climate state under present-day conditions, indicating a decreasing model
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spread due to convection parameterisation with climate change.
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Figure 6.3: Stratospheric zonal wind response to climate change between the simulations under
future and present-day conditions as climatological and zonal mean of the DJF season. On the
left, the response for the setup with the Tiedtke convection parameterisation (REF), on the right,
for that with the Emanuel parameterisation (CONV). Grey dashed lines indicate the respective
mean WMO tropopause under present-day conditions, black dashed lines indicate the future
conditions. Grey contour lines depict the zonal wind field under present-day conditions. In the
dotted regions, the changes are not statistically significant according to a two-sided Student’s
t-test at a 0.05 confidence level.

The simulated response in the strength of the BDC is investigated by comparing AoA between
the present-day and future simulations. The AoA calculation for all four simulations is based on
an idealised tracer with a linear increasing abundance at the surface with no atmospheric sinks.
As in the chapters before, the AoA calculation uses the convolution method and the tropics at
100 hPa as the reference point. The fixed pressure at the reference location does not account for
the tropospheric expansion and differences in the tropospheric vertical transport; however, as
the vertical transport around the tropopause does not vary strongly with pressure, the effect on
the AoA calculation is also small. Figure 6.4 shows the response of AoA over the entire strato-
sphere. Both simulations show a younger AoA throughout the stratosphere, indicating faster
transport compared to corresponding simulations for present-day conditions. The larger and
statistically significant change in AoA is simulated between the Tiedtke simulations REFg e
and REF,qay. To distinguish between an AoA change dominated by the shallow branch or a
change by the entire BDC, I calculate the response of the meridional and vertical wind compo-
nents of the residual circulation, D.8 and D.9, respectively. Most changes in the stratosphere are
not statistically significant because the differences between the simulations are smaller. How-
ever, the sign of the differences indicates an increase in the shallow and the deep branch, which
is more pronounced between the Tiedtke simulations. The faster circulation ultimately indicates
stronger wave dissipation in the upper stratosphere and, therefore, more or stronger planetary
Rossby wave propagation.

To investigate the future response of the tropospheric transport into the UTLS, I rely again on the
diagnostic E90 tracer (Figure 6.6). The comparison between future and present-day conditions
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Figure 6.4: Same as Figure 6.3 but for the response of AoA.

reveals an increase in the vertical transport in the tropical LS, which is then transported into the
LMS by the shallow branch. The strength of the increase reaches up to 25 %, if the tropospheric
expansion is not considered and decreases to less than 10 % if it is, using a tropopause-relative
grid. Similarly, the E90 tracer abundance increase around the tropopause in the extratropics is
connected to the upward shift of the tropopause, since the increase disappears on a tropopause-
relative grid. The weaker abundance of the E90 tracer in the UT can be explained by a reduction
in the convective updraft mass flux in the lower and middle troposphere, as shown in Figure 6.5.
In the tropical UT, however, the convective updraft mass flux increases in both future setups,
leading to greater transport into the tropical LS. The response pattern of the convective mass
flux to climate change is consistent between the two convection parameterisations. Due to the
substantially different updraft strengths in the lower and middle troposphere, as visualised by
the contour lines, Emanuel’s response is smaller, except in the tropical UT.

So far, I have found a very similar response of the UTLS to climate change across simulations
with different convection parameterisations. Therefore, the UTLS composition will change
consistently if the trace gas is mainly affected by transport processes, such as NoO and CHy,
as seen in the previous chapter. Due to their long atmospheric lifetimes, their UTLS abundance
is driven by projected changes in their emissions and surface boundary conditions until 2100.
Table 3.2 summarised the projected surface boundary condition changes between 2012 and
2100 in the SSP2-4.5 scenario. nitrous oxide is projected to increase, while the anthropogenic
CH4 emissions are projected to decrease, leading to a smaller mixing ratio at the surface. Both
surface emission changes are directly projected into the response of the UTLS composition,
with consistent results across both setups. nitrous oxide increase homogenously by about 15
% 1n the UT and LMS, then the increase enhances towards the upper edges of the polar LS to
about 25 % increase for the smallest absolute abundances. methane decreases homogenously
by about 7 % in the UT, then the decrease reduces towards the upper edges of the polar LS
to insignificant changes at the smallest absolute abundances. The gradient occurs due to the
relative differences.

The response of the OH abundance in the UTLS is very small. In the summer hemisphere, the
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Figure 6.5: Convective mass flux differences between the simulations under future and present-
day conditions as climatological and zonal mean of the DJF season. On the left, the difference
for the setup with the Tiedtke convection parameterisation (REF), on the right, for that with the
Emanuel parameterisation (CONV). The dashed lines indicate the WMO tropopause, shown in
grey from the present-day simulations and in black from the future simulations. Grey contour
lines mark the convective updraft mass flux strength for 1, 5 and 10 gm—2s~! for each simulation
under present-day conditions.

abundance decreases by less than 10 %, in the tropical UT, the abundance slightly increases by
a similar amount. Due to its central role in atmospheric chemistry, the small differences cannot
be attributed to individual reactions, and a deeper analysis than is possible within this thesis
would be necessary. All figures are available in the Supplement (Figures D.10 and D.11).

The special role of the temperature for H,O vapour in the atmosphere is visible in Figure 6.7.
The H,O abundance increase correlates strongly with the corresponding temperature response
in the UTLS, leading to the strongest increase by about 30 % in the tropical UT on a pressure
grid relative to the surface. On a tropopause-relative grid, the logarithmic decrease of H,O
and the small increase in the tropopause pressure result in a small and even not statistically
significant H,O response to climate change, similar to the temperature response. However, the
risk of spurious behaviour by the grid transformations is largest H,O in the tropical UT due
to the logarithmic decrease. In the extratropics, the grid transformation has a negligible effect
on the comparison. In the tropical LS, the HyO abundance is smallest on a pressure grid and
slightly increases on a pressure-relative grid. The stronger warming of the tropical cold point
in the Emanuel setup explains the larger H,O abundance in the LS. In the Tiedtke simulations,
the larger abundance in the tropical UT enables stronger horizontal transport through the STJ.
The response is weaker for the Emanuel simulations, probably due to the already substantially
larger H>O abundance in the LS under present-day conditions. Overall, the magnitude of the
projected H>O change is consistent between the Tiedtke and Emanuel simulations, despite the
large relative differences in the stratosphere under present-day conditions, and the spread from
the convection parameterisation in UTLS H,O persists.

Finally, Figure 6.8 shows the response of the UTLS O3 distribution between both setups. Both
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Figure 6.6: Response of the E90 abundance to climate change between the simulations under
future and present-day conditions as climatological and zonal mean of the DJF season. On the
left, the response for the setup with the Tiedtke convection parameterisation (REF) is shown, on
the right, for that with the Emanuel parameterisation (CONV). Grey dashed lines indicate the
respective mean WMO tropopause under present-day conditions, black dashed lines indicate
the future conditions. Grey contour lines depict the E90 abundance under present-day condi-
tions. In the dotted regions, the changes are not statistically significant according to a two-sided
Student’s t-test at a 0.05 confidence level.

strongly agree on the pattern, with a reduction in the tropical abundance and an increase in
the LS in the extratropics. The reduction in the tropics is partly driven by stronger vertical
transport and by increased chemical loss below 200 hPa (not shown). The largest O3 increase is
simulated for both convection parameterisations in the LMS of the SH. The strength, however,
is twice as strong in CONViyyre, leading to a 30 % larger O3 abundance in CONVyyqyre than in
REFgqre- The region of the most substantial increase correlates with the stronger temperature
response seen in Figure 6.2. The diagnostic output of the chemical reactions, as described in the
previous chapter, confirms that the future increase of Os is driven by a reduction of the catalytic
loss cycles in the LS. Figure D.13 displays the change in the chemical loss by Cl-containing
radicals in season SON. The reduction follows the ban on ODS emissions and a reduction
of their atmospheric abundance in the 21% century (see Table 3.2). Under future conditions,
the stronger stratospheric circulation is no longer balanced by the stronger catalytic removal
simulated under present-day conditions, explaining the stronger increase in the O3 abundance
in the LMS.

In summary, the response to climate change projected by the SSP2-4.5 scenario is very robust
between simulations that differ only in their choice of the convection parameterisation. Further-
more, the response is smaller than the sensitivity of the choice itself. In both setups, the tropical
tropopause pressure decreases by about 5 hPa, leading to a higher tropopause. The tropical
UT warms by about 3 K, and the warming in the LMS of the southern hemisphere (summer)
correlates strongly with the different strength of the O3 recovery due to the reduction of ODS in
the future scenario. The tropospheric transport and the strength of the stratospheric circulation
increase, and differences in the strength lead to a smaller model spread under future conditions
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Figure 6.7: Same as in Figure 6.6 but for H>O as relative differences. Grey contour lines depict
the H>O mixing ratio under present-day conditions in ppmy.

than under present-day conditions. Last but not least, the response of the UTLS composition
changes is consistent across the setups, except for the O3 recovery in the LMS. The projected
future changes are largely independent of the applied convection parameterisation.

6.2 Discussion

Over the 21% century, the strength of the BDC is projected to increase further, although less
than the increase simulated over the last 20 years of the 20" century. Polvani et al. (2019) and
Eichinger et al. (2019) found a reduction of the AoA trends between the last 20 years of the
20" and the 21°¢ century as an indicator for the change of the BDC strength. They found a
trend half as strong under future conditions over the CCMVal-2 and CCMI simulations. The
multimodel mean AoA decreases by about 0.05 years per decade from 2000 to 2080, vertically
averaged between 100 and 1 hPa (Polvani et al., 2019). At 50 hPa, Eichinger et al. (2019) found
a mean AoA reduction from 2090s and 1990s for the CCMI REF-C2 models between 0.2 and
0.6 years in the tropics and a larger model spread in the extratropics. They further used an AoA
relative to the tropopause. The response in the Tiedtke simulations is a AoA reduction of about
0.2 years at the boundary of the uncertainty range; however, this is also due to the shorter time
difference between the start and end points by two decades. Since the first decades show the
largest decrease in AoA, the response by the Tiedtke simulations agrees with that of the CCMI
simulations. The response in the Emanuel simulations is smaller, as expected, given the already
significantly faster stratospheric circulation. Abalos et al. (2021) investigated AoA trends in the
CMIP6 1pctCO2 experiment and found the strongest decrease of AoA in the LMS, the upper
stratosphere and polar stratosphere, with which my results are consistent.

To investigate the changes of the fast transport from the tropics in the UTLS between the time-
slice simulations under future and present-day conditions, I used the diagnostic E90 tracer.
Similar to studies using CCMI simulation results, I found larger future abundances in the tropi-
cal LS and the LMS, and lower abundances in the UT and the middle troposphere, compared to
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Figure 6.8: Same as in Figure 6.6 but for O3 as relative differences. Grey contour lines depict
the O3 mixing ratio under present-day conditions in ppmy.

present-day (Abalos et al., 2017; Abalos et al., 2020). This implies faster and higher-reaching
transport. The lower E90 abundance in the UT is linked to a lower convective mass flux simu-
lated with both convection parameterisations, which is confirmed by theory and previous studies
(Held and Soden, 2006; Hwang et al., 2011).

For an evaluation of the vertically resolved temperature and zonal wind changes projected at the
end of the 21% century, I compare my results with the current state of knowledge documented
in the IPCC report (IPCC, 2021). While these reports synthesise our scientific understanding
and serve as the rationale for the CMIP simulations, they focus primarily on surface climate
and surface changes, rather than on vertically resolved changes under future conditions. Never-
theless, Lee et al. (2021) compared the temperature change in the 21% century for the SSP1-2.6
and SSP3-7.0 scenarios. They found that the warming in the tropical UT is strongest between 2
and 5 K, depending on the scenario, and is consistently simulated with both convection param-
eterisations in this thesis. The LMS warms or cools depending on the scenario, however, with a
low model agreement. Following the observed cooling of the LMS over the last decades of the
20 century due to the O3 depletion (e.g. (Ramaswamy et al., 2001)), the warming in the LMS
under future conditions is associated with the O3z recovery. Due to the stronger O3z depletion
in the simulation using the Emanuel convection parameterisation, the stronger recovery leads
to a stronger warming in the LMS compared to the simulations using the Tiedtke convection
parameterisation. This suggests that atmospheric chemistry drives the deviation from IPCC.
For CMIP6, which was the basis for the IPCC (2021), none of the models used a tropospheric
interactive chemistry scheme, and only 9 include some form of stratospheric chemistry. The
others prescribe species such as Oz (Keeble et al., 2021).

Following the analysis of the response of the zonal wind due to climate change for the CMIP6
models, Lee et al. (2021) found a strengthening of the westerlies above the STJs by up to 3
and 6 ms~! for SSP1-2.6 and SSP3-7.0, respectively. While I simulated the same pattern of
zonal wind changes with both convection parameterisations, the strength of the changes above
the STJ region is close to the response to the SSP1-2.6 scenario, in the case of the Emanuel
convection parameterisation, even smaller. The smaller response in the Emanuel simulations
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might be due to the fact that the differences between the Tiedtke and Emanuel simulations
under present-day conditions resemble the zonal wind response to climate change, potentially
leading to a weaker necessary change to match future conditions. To my knowledge, three
climate models incorporate a version of the ECHAM model. They therefore should simulate
the closest response to EMAC to the same climate forcing: the AOGCMs AWI-CM and MPI-
ESM (before they changed to ICON), and the CCM SOCOL (e.g. Chiodo et al., 2023). Of
course, next to the climate studies using the AGCM ECHAM and a SST/SIC climatology (e.g.
Koskentausta et al., 2025). Semmler et al. (2020) contributed to CMIP6 with the AOGCM
AWI-CM-1-1 and simulated a zonal wind response between 4—6 ms~! to the SSP3-7.0 scenario
over annual means between the climatologies 2071-2100 and 1985-2014, corresponding to the
multi-model response in CMIP6. This could indicate a smaller response to projected climate
change in EMAC. However, so far I found no response for the SSP2-4.5 scenario, and the cli-
matology periods differ, which prevents a final conclusion.

For the global precipitation change, Tebaldi et al. (2021) estimated a 4 % mean increase for
2100 and a 2-7 % 1.640 interval compared to the mean of 1995-2014, based on the CMIP6
SSP2-4.5 simulation results. The precipitation change calculated with the Tiedtke simulations
exhibits a 2.85 % increase, with the Emanuel simulation only 1.51 %. The smaller increase
of precipitation in the future simulation with Emanuel may indicate a lower dependence of the
convection on temperature changes or an inconsistency in the SST forcing data.

Under SSP2-4.5, the stratospheric H,O above the LMS is projected to increase by 0.6 ppmy
from the first 15 years of the 21% century to the last, with a temperature increase of 1.5 K at 100
hPa (Keeble et al., 2021). While the temperature response at 100 hPa is similar in both setups,
the increase in stratospheric H>O is not. REFy,qe simulates an increase of slightly more than
0.1 ppmy, CONVyyure more than 1 ppmy, similar to the substantial differences in the strato-
spheric H>O abundance.

For O3, the CMIP6 multi-model mean projects an O3 increase in the stratosphere and a de-
crease in the troposphere (Keeble et al., 2021; World Meteorological Organization, 2022). At
the tropical tropopause, O3 decreases by 15-20 % for the CMIP6 model results, which is slightly
stronger than for the EMAC simulations. The smaller decrease corresponds to the positive O3
bias in the troposphere simulated by EMAC (e.g. compare Figure D.7). The strongest increase
of more than 30 % is projected in the LMS of the SH, matching the O3 response for the Tiedtke
simulations closely. In contrast, the Emanuel convection simulations overestimate O3 depletion
under present-day conditions, leading to a O3 recovery that is twice as strong on a percentage
basis. Under future conditions, CONVgy e simulates a O3 abundance in the LMS up to 30
% larger than REFg .. Since CCMI is completely based on CCM model results, this would
be the more suitable comparison. However, CCMI did not compare O3 mean changes in the
UTLS vertically resolved, and the forcing and emission data differ from those of CMIP6 and
SSP2-4.5. Furthermore, even the 2022 Ozone Assessment report, used for their investigation
CMIP6 model results (World Meteorological Organization, 2022). The CMIP6 data comprise
results from models with no chemistry (prescribed O3), simplified chemistry, and interactive
stratospheric chemistry. Therefore, O3 chemistry is the first to be included, thanks to the ongo-
ing research on stratospheric O3 and O3 depletion over the last decades.

The strength of the O3 increase is dominated by the strength of the removal reactions on PSCs.
Friedel et al. (2023) found large differences between the impact of PSCs simulated with differ-
ent models in CCMI and CCMI-2022, which is consistent with the effect of different convection
parameterisations found in this study. The differences are projected to decrease under future
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conditions, leading to a stronger agreement between the models for the strength of O3 minima
in the polar regions (Friedel et al., 2023; Polvani et al., 2023). The O3 recovery in the LMS
together with the stronger BDC results in an enhanced O3 transport from the stratosphere into
the troposphere (Abalos et al., 2020; World Meteorological Organization, 2022). The effect is
stronger in the Emanuel simulations in the SH, as reflected by the larger O3 increase.

The comparison between temperature, HyO, O3, and PSCs in the LMS of the SH during DJF be-
tween present-day and future conditions highlights their strong coupling. Stratospheric H,O is
more abundant in the simulations using the Emanuel convection parameterisation than in those
using the Tiedtke convection parameterisation. The smaller abundance of the GHGs H;0, N»O,
and CHy leads to cooling of the LMS (Ramaswamy et al., 2001), which is likely enhanced by the
dynamical feedback of Emanuel on the dynamics compared to Tiedtke (Hourdin et al., 2006).
The lower temperatures and the higher H,O abundance favour the formation of PSCs, thereby
reducing O3 abundance and further enhancing cooling. Over the 21% century, the abundance of
ODS in the atmosphere decreases due to the ban on their emissions, leading to the O3 recov-
ery. Due to the stronger loss due to PSCs in the Emanuel simulations, the O3 recovery in the
future scenario is stronger, which in turn leads to a stronger radiative heating in the LMS and
a stronger temperature response. This proposed mechanism to explain the strong differences in
the response is consistent with the attribution studies of Ramaswamy and Schwarzkopf (2002)
and Shine et al. (2003) and others.
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Chapter 7

Discussion of methodological choices and
their limitations

In the previous chapters, I presented my results and put them in context with literature. This
chapter discusses the applied methodologies and their limitations.

7.1 The choice of the tropopause and a tropopause-relative
representation

I selected the WMO lapse rate tropopause as the boundary between the troposphere and the
stratosphere throughout this thesis for several reasons. Firstly, at the coarse resolution of
CCM simulation over climate scales, the model cannot simulate tropopause folding events or
tropopause breaks. Therefore, the lapse rate tropopause provides one global tropopause surface.
Secondly, the dynamical tropopause shows spurious behaviour in the tropics due to a change
in sign of the planetary vorticity at the equator. This led to a combination of the dynamical
tropopause outside the tropics and another definition in the tropics. For instance, Hoffmann and
Spang (2021) used the 380 K isentrope in the tropics and the 3.5 PVU dynamical tropopause
elsewhere. In EMAC, a combination of the dynamical and lapse rate tropopause is implemented.
The default value for the dynamical tropopause is 3.5 PVU, the default switch between the two
definitions occurs at 30° N/S. However, simulations with a finer grid resolution showed a lower
lapse-rate tropopause, creating kinks at 30° N/S. Therefore, the definition would need to be
revised to avoid a spurious comparison between the simulations. This finding motivated me to
introduce the combined tropopause based on the dynamical tropopause and the 380 K isentrope
into MESSy. The default settings are at the equator (5° N/S), the 380 K isentrope, and, other-
wise, the lower of the 380 K and the 2 PVU dynamical tropopause, which always selects the 2
PVU outside the tropics but with a less strict latitude criterion for the switch. Thirdly, the lapse
rate tropopause is used for region-dependent processes during the simulation and therefore best
aligns with the results. Examples of processes are chemical reactions that occur only in the
troposphere or the stratosphere, and the MSBM submodel for the formation of PSCs. Test sim-
ulations with the newly implemented combined tropopause used during runtime revealed that
the radiative imbalance at the TOA is strongly sensitive to the tropopause definition. This is
further an indication of the strong effect of the UTLS region on the radiative forcing. It would
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have been necessary to retune the simulations significantly and even rerun some of them to en-
sure consistency. Therefore, I decided against changing the tropopause definition and use the
lapse rate tropopause in my investigations to be as consistent with the simulation as possible,
which should have the largest effect for UTLS studies.

Using tropopause-relative vertical coordinates eliminates the local effect of tropopause pressure
differences, which are evident in both the sensitivity simulation results and the present-day and
future scenarios. Eliminating the seasonal variability of the tropopause pressure from the time
series further simplifies the identification of robust trends in the LMS (Thompson et al., 2021).
However, not on the monthly means used to derive the trends in this thesis. Furthermore, as the
tropopause is not lifted uniformly between poles and equator, e.g. as seen in Figures 5.8 and
6.1, non-local effects can be concealed (Match and Gerber, 2025). Especially in the vicinity of
steep vertical gradients, such as those for H,O and temperature in the tropics, the grid transfor-
mation is prone to errors. Therefore, the main benefit occurs when the differences are primarily
around the tropopause.

The tropopause can further be seen as a transport barrier, in addition to the boundary between
the troposphere and the stratosphere. Using this property, tropopause-relative coordinates can
be used to investigate the strength of the transport barrier across simulations. However, there is
no universal tropopause definition that fits the transport barrier equally well for all trace gases,
as shown by the tropopause pressure differences among the lapse rate, dynamical, and chemical
tropopauses. Using the same definition across all datasets and for all quantities ensures that
each data point is assigned to the same layer, enabling comparisons of different variables based
on their position relative to the tropopause. Furthermore, the selected lapse rate tropopause
is based on a strict definition, apart from differences in the implementation of the second cri-
terion, with clear thresholds and straightforward global calculation. Better-suited tropopause
definitions for describing the transport barrier for a trace gas, such as the dynamical or chemical
tropopause, vary with latitude and across species. These benefits lead me to conclude that it
is better to include minor misrepresentations due to misclassified individual data points around
the tropopause than to ignore the transport barriers at the tropopause altogether.

7.2 The statistical significance of the differences

To assess the variability and significance of differences between the sensitivity studies and ob-
servations, I used an independent two-sided Student’s T-test, treating each data point as inde-
pendent. However, every grid point of the atmosphere is coupled to its neighbours, large regions
such as the LMS are affected by the same processes and will behave similarly. Therefore, the
statistical analysis should include some information about the other grid points. This can be
achieved by calculating a so-called field significance. It adjusts the independently calculated
p-values at each grid point based on the total quantity of grid points and p-values. One method
to do so is the false discovery rate (Wilks, 2016). However, adjusting the p-values by the false
discovery rate marks each difference in the UTLS as not statistically significant. The reason is
the small data sample: when comparing data as zonal and seasonal means, there are only 20
seasonal values for each grid point in the pressure/altitude-latitude plane. The false discovery
rate also does not account for the reduction in interannual variability resulting from the appli-
cation of the TS configuration. Therefore, the field significance is not applicable to my studies.
The statistical significance, based on the independent Student’s t-test with a significance level of
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0.05 applied in this study, mainly classifies regions with small differences or large interannual
variability as not statistically significant. Therefore, the results agree with our physical under-
standing and can support a statement about them, but they cannot be used to draw independent
conclusions.

A similar deficit occurs for the trend analysis performed in Chapter 4. By performing a linear
trend analysis only on the time series of the variable, large-scale processes that affect the at-
mosphere over years are not accounted for. This complicates any trend analysis, especially in
a highly variable region such as the UTLS. Removing the variability of the tropopause height
was insufficient. A method for accounting for variability due to large-scale processes is multi-
ple linear regression. For instance, Benito-Barca et al. (2025) used multiple linear regression to
calculate statistically significant O3 trends in the lower stratosphere over 20 years of data.

7.3 The missing ocean component

Another factor contributing to the differences between the resulting climate state parameters is
the SST/SIC forcing used in the simulations. Braconnot et al. (2007) found SST differences
by up to 2 K in the tropics, between simulations with the Tiedtke and the Emanuel convec-
tion parameterisation. This confirms a significant effect from the convection parameterisation
on the SST, next to the omnipresent effect from the ocean temperatures on the generation of
convection. In this work, no ocean component was coupled to the CCM EMAC, therefore, the
ocean forcing data had to be prescribed. The data is taken from an MPI-ESM simulation with
the AGCM ECHAM and the Tiedtke convection parameterisation. Any effect of the convection
parameterisation on SST/SIC spatial patterns introduces an inconsistency if the resulting data
are used to drive a model utilising another convection parameterisation, such as in CONVoday
and REFgqe. Therefore, SST forcing data will better align with the behaviour and generation
of convection with the Tiedtke simulations. The impact of the inconsistency for the Emanuel
simulations cannot be quantified without additional simulations with independent SSTSIC forc-
ing data. However, it is likely to affect global precipitation rates and cloud cover, influencing
the performance of the climate state parameters.

The inconsistency may also contribute to the increasing radiative imbalance at the TOA under
future forcing conditions and to a lower increase in the precipitation rate. While the radiative
imbalance at the TOA in REFse decreases to 0.58 Wm™2, it increases in CONVyure t0 3
Wm~2. The hypothesis cannot be confirmed without performing further simulations with a
consistent SST/SIC forcing dataset, or with an interactively coupled ocean model component.

Furthermore, an interactive ocean model is necessary to investigate the sensitivity of my results
on the surface warming in climate change. I showed in this thesis that the convection param-
eterisation significantly affects the GHG composition in the UTLS, and therefore the surface
temperature (Forster and Shine, 1997; Riese et al., 2012). One intermediate step is to investi-
gate radiative forcing differences driven by these GHG composition differences in the UTLS,
using diagnostic calculations with the MESSy radiation scheme or a stand-alone radiation ker-
nel.
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7.4 The single SSP scenario

The SSP scenarios cover a wide range of idealised projections of the global climate. It enables
model intercomparison and the investigation of uncertainty spread by removing avoidable dif-
ferences, such as differences in emission inventories, to the greatest extent possible. I chose the
SSP2-4.5 scenario for the future boundary conditions in 2100. It is defined as a "middle of the
road" scenario, extrapolating the current trend into the future, assuming international coopera-
tion does not expand and that global income inequality increases. With an additional radiative
forcing of 4.5 Wm~2 in 2100 compared to 1850, the best estimate based on the CMIP6 models
is a projected warming of 2.7 °C in 2100 relative to the period 1850-1900 (IPCC, 2021). Unfor-
tunately, by comparing the development of the mean surface temperature over the last decade
since the start of the SSP scenarios, we find that the scenarios underestimate the observed sur-
face warming. If the current trend in surface warming continues, we will reach 1.5° C mean
surface warming by 2030 (Copernicus, 2026). The last few years have seen a decline in efforts
to mitigate emissions. Based on these developments, a SSP scenario with a higher estimated
forcing by 2100 might be more realistic. Furthermore, the robustness of climate projections to
the convection parameterisation might vary significantly, depending on the sensitivity to larger
forcing. Therefore, additional projection simulations based on different forcing assumptions
are necessary. To cover the entire range of forcing scenarios, simulations using the highest sce-
nario would be a suitable complement to the investigations in this thesis, SSP5-8.5. Comparing
the UTLS composition changes between different climate forcing scenarios reveals whether the
convection parameterisation is sensitive to radiative forcing.

Finally, both future simulations in this thesis and all model projections based on SSP scenar-
ios significantly underestimate future climate uncertainty and the UTLS composition (Chim et
al., 2025). No assumptions about volcanic eruptions are included, however, small-to-medium
volcanic eruptions occur frequently and have a significant effect on total radiative forcing by
affecting the aerosol composition in the UT and the transparency of ice clouds (Schmidt et al.,
2018). This deficiency is removed from the forcing data of the most recent version of CMIP,
CMIP7 (Aubry et al., 2025). Therefore, CMIP7 will inevitably differ from previous versions.
Still, it will create a more realistic UTLS composition and aerosol load, and will change the
UTLS composition and its radiative effect.

7.5 The model spread by single configuration aspects

Throughout my thesis, I aimed to isolate the effect of specific model configurations, isolating
only one aspect at a time, on the simulated results. My results indicate that decisions, such
as those for the convection parameterisation, have a significant impact across the atmosphere,
even in regions where they have no direct effect. Such dedicated studies to isolate the effects of
a single aspect of climate models are necessary to attribute deficiencies in complex models to
specific processes within the model configuration. In all MIPs, the models differ with respect
to many model components and process parameterisations, nicely listed by Morgenstern et al.
(2017). An attribution of differences between simulation results of different models to individ-
ual differences is therefore hardly possible, if at all. Sometimes the same model component or
process parameterisation is used with the same ancestor, leading to a closer agreement between
the models (Knutti et al., 2013; Kuma et al., 2023). Nevertheless, such model families can only
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provide indications on the effects of components and parameterisations, motivating further sen-
sitivity studies. To identify the global effect of single processes, isolated variation of individual
parameterisations, one at a time, is the only option, and it must be investigated across different
models to filter out biases from other components.
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Chapter 8

Conclusions and Outlook

In this final chapter, I will answer my research questions formulated in Chapter 1.2. Afterwards,
I provide an outlook on future research, motivated by the results.

8.1 Answers to the research questions

1. How does Newtonian relaxation affect the simulated UTLS composition on climate
scales? How do nudged and free-running simulations perform compared to observations?

Newtonian relaxation affects the representation of the position of transport barriers in the sim-
ulated UTLS and the dynamical transport throughout the model atmosphere (see Chapter 4).
It reduces temperature and wind biases and decreases the deviation of the tropopause pressure
simulated in EMAC from that in high-resolution reanalysis datasets. Therefore, Newtonian re-
laxation solves the problem of a too high tropopause that many state-of-the-art CCMs calculate.
This is favourable to enable a reasonable comparison with observations, since more realisti-
cally simulated transport barriers are a prerequisite for comparing observed and simulated air
samples from corresponding regions. However, the benefit of Newtonian relaxation for the sim-
ulated UTLS composition is strongly limited to a subset of variables, for instance, H>O in the
stratosphere, by the reduction of the cold bias at the tropical cold point in EMAC. The configura-
tion of Newtonian relaxation typically applied in EMAC, including in the simulation presented
in this study, ends above the UTLS as previous studies have shown that Newtonian relaxation
in the stratosphere decouples the stratospheric circulation from its wave forcing, leading to spu-
rious behaviour and divergence from the reference. However, Newtonian relaxation indirectly
influences the stratospheric circulation, as it is driven by the dissipation of Rossby waves gener-
ated in the troposphere. The wave generation in the troposphere is, in turn, directly influenced
by Newtonian relaxation. In this Newtonian relaxation configuration in EMAC, Newtonian re-
laxation decreases the stratospheric circulation strength in the shallow branch of the BDC, but
substantially increases the circulation strength in the deep branch. The quantification of the
differences using AoA revealed younger AoA in the middle and upper stratosphere by up to
0.4 years, in the deep branch of the BDC. Therefore, Newtonian relaxation enhances the al-
ready too fast stratospheric circulation relative to AoA estimates based on observations. As a
consequence, the faster transport by the deep branch increases the simulated O3 abundance in
the LMS in the winter hemisphere, and therefore increases the positive O3 bias present in the
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results of free-running EMAC simulations.

The Newtonian relaxation configuration reduces regional temperature biases but not the global
mean, leading, for instance, to a strong reduction of the LMS cold bias in nudged versus free-
running simulations. However, this correction cannot fix the cause of the issue: the too strong
numerical diffusion. The reduction of the cold bias leads to more water vapour transport across
the tropopause into the lower part of the LMS, leading to HyO mixing ratio more than twice
as large as in the observational dataset SWOOSH in both hemispheres. However, for most of
the stratosphere, H,O abundance is governed by the tropical cold point temperature; reducing
its cold bias therefore reduces the stratospheric dry bias in simulations affected by Newtonian
relaxation.

My investigations revealed that the benefit of Newtonian relaxation is limited for UTLS studies.
It is preferable to ensure a good representation of the tropopause when comparing observed
stratospheric air samples with stratospheric air in the model, and likewise for tropospheric sam-
ples. The benefit decreases with increasing atmospheric lifetime and increasing effect of strato-
spheric transport. The stronger a constituent is affected by the stratospheric circulation, the
greater the deviation of the Newtonian-relaxed results from the free-running EMAC simulation
results, and, to an increasingly lesser extent, the results of a simulation affected by Newtonian
relaxation can be used as an indicator of the free-running model’s performance.

2. What will be the benefit for the UTLS characteristics of a computationally feasible
increase of the model grid resolution in EMAC?

With the increase of the horizontal grid resolution from the default T42L90MA resolution to
T106L90OMA, EMAC reduces several of its biases in the UTLS, defined as deviation from ob-
servations and reanalysis data (see Chapter 5 and Appendix D.2). The better representation
of the steep gradients in the extratropics reduces the numerical diffusion, leading to a stronger
transport barrier, which reduces the moist bias in the LMS above the tropopause. This reduces
the radiative cooling effect of H>O in the lower part of the LMS and therefore reduces the cold
bias from about -8 K to about -5 K compared to ERAS. In this context, it is important to note
that the moist and cold bias is still present in IFS (and therefore ERAS) results in the lower
part of the LMS, despite the fact that IFS is operated at a much finer horizontal (about 9 km
compared to 125 km grid size at the equator in EMAC T106) and finer vertical (137 vs 90 levels
until 0.01 hPa) resolution. The reduction of the cold bias in the LMS further changes the tem-
perature profile and reduces the tropopause height, reducing the tropopause height difference
between EMAC results and reanalysis data by 50 %. Temperature differences in the tropical
UT are insignificant, resulting in a reduction of the horizontal temperature gradient and further
to no effect on the cold bias at the tropical cold point and the dry bias in the stratosphere. The
stratospheric AoA is older when simulated at T106 resolution by up to 0.5 years in the winter
stratosphere, reflecting slower transport by the residual circulation, which better agrees with
observations. The older AoA in the polar winter stratosphere is associated with a stronger polar
vortex.

The investigation of different vertical resolutions in connection with the spectral resolution
T106 revealed that the default vertical resolution of 90 vertical levels yields results closer to
observational and reanalysis data than the simulation with 191 levels. In the vicinity of strong
winds, such as the STJ and the polar vortex, the finer vertical resolution leads to even higher
wind speeds in comparison to ERAS, especially for the polar vortex.
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The analysis revealed that increasing the horizontal resolution strongly improves UTLS dy-
namics, reduces several model biases in the UTLS, and further improves UTLS composition
by slowing the stratospheric circulation. An additional increase in vertical resolution provides
little to no benefit, underscoring the influence of the ratio of horizontal to vertical resolution on
model improvement.

3. How does the choice of the convection parameterisation affect the simulation of UTLS
characteristics and composition?

Different convection parameterisations differ substantially in their calculated cloud and H,O
abundances in the troposphere, and consequently in their influence on the dynamics. Therefore,
the choice of the convection parameterisation in a model has a strong influence on the simulated
UTLS composition (see Chapter 5). The UTLS composition is directly affected by the fast con-
vective transport of constituents into the upper troposphere. Moreover, convection influences
the generation of Rossby waves in the troposphere and their propagation into the stratosphere,
thereby influencing transport throughout the atmosphere.

The simulated convective vertical transport strength and the simulated height of main convective
outflow in the UT have a substantial effect on the resulting UTLS abundance of species with an
atmospheric lifetime of weeks to months. The larger cloud cover in the tropical UT simulated
with the Emanuel convection parameterisation leads to a complete removal of the cold bias at
the tropical cold point of about 5 K in comparison to ERAS, which is present when simulated
with the Tiedtke convection parameterisation. As a consequence, the simulation with Emanuel
results in a stratospheric moist bias of about 200 %, while the Tiedtke simulation results in a
dry bias of 25 % in comparison to SWOOSH, as seen in most CCMs. The induced effect of
convection on the dynamics alters temperatures in the LMS by several Kelvin, thereby affecting
the formation of PSCs and the O3 minima in spring. Convection further significantly affects the
entire stratospheric circulation by altering stratospheric temperature gradients and wind fields,
leading to AoA variations by up to 0.8 years in the deep branch of the BDC. Furthermore,
an analysis of the residual circulation using the Transformed Eulerian-Mean results in differ-
ences in the Rossby wave propagation to the upper stratosphere, indicated by differences in the
Eliassen-Palm flux divergence, which contributes to the differences in the circulation strength.
A quantitative analysis of the differences in the wave propagation is subject to further investi-
gations.

Overall, this shows that varying only the convection parameterisation in the model has a sub-
stantial impact on the UTLS composition and dynamics across the middle atmosphere. The
extent of this effect has not been shown before and could partially explain the spread in re-
sults from different models performed with the same boundary conditions, as is usually done in
MIPs. For instance, the convection parameterisation can be one reason for model differences
in the strength of O3 minima in spring and the O3 recovery in the 21% century. Furthermore,
the impact on the UTLS GHG composition might partly explain the spread of model results
of simulated surface warming in climate projections. Attributing part of the model spread in
surface warming to convection will highlight what we need to work on and maybe even allow
us to reduce the uncertainty in our current knowledge about surface warming.



114 8. Conclusions and Outlook

4. In what ways are the projected UTLS responses on climate change dependent on the
choice of the convection parameterisation?

The comparison of the mean state between future projections and present-day simulations re-
veals consistent responses across different convection parameterisations (see Chapter 6). There-
fore, in the case of a moderate climate change, as defined by the future scenario SSP2-4.5, the
change is robust to the choice of the convection parameterisation. Differences in the strength
of the dynamical response, such as the stratospheric circulation and the polar vortex, lead to a
reduction of the model spread under future conditions. Temperature, H>O and O3 responses on
climate change in the LMS of the southern hemisphere are driven by O3 recovery and the sensi-
tivity of the turnover rates of the chemical removal of O3 on PSCs under present-day conditions.
The formation of PSCs reduces under future conditions due to the ban on CFCs emissions, and
the differences in the strength of the stratospheric circulations are no longer balanced in the
future, leading to a change in sign of the O3 abundance differences. The radiative heating of
O3 in the stratosphere leads to the stronger warming of the LMS, which allows for a higher
H,0 abundance. In summary, the projected change (in terms of sign and magnitude) of the
UTLS composition under climate change is, to a large degree, unaffected by the choice of the
convection parameterisation.

8.2 Outlook

All sensitivity studies have shown significant differences in AoA, indicating an effect on the
stratospheric circulation. To differentiate between differences in mean flow advection and trans-
port due to wave eddy mixing, a budget analysis can be performed (e.g., Harzer et al., 2023).
Basing the analysis on the diagnostic tracers without chemical sources and sinks used for the
calculation of AoA further removes the source term from the budget equation.

The choice of the convection parameterisation has a strong effect on the simulated abundance
of GHGs in the UTLS, especially for H,O. Several previous studies showed that the surface
climate is susceptible to GHG changes in the UTLS. In my study, I quantified the effect of the
convection parameterisation on simulated UTLS composition. In the next step, it is required to
estimate the impact of convection on the radiative forcing in the UTLS. This could potentially
be achieved by utilising additional diagnostic calls in the radiation calculation with input from
differently simulated UTLS compositions. Alternatively, a radiative kernel can be used. If the
analysis results in significant differences in the radiative forcing, CCM simulations with differ-
ent convection parameterisations and an interactive ocean component are justified to quantify
differences in surface warming.

I further found a consistent response to climate change across simulations with different convec-
tion parameterisations, but strictly speaking only for the SSP2-4.5 scenario. However, different
forcing scenarios span a range of possible changes, and the system response is not linearly
related to the forcing. The convection parameterisations might respond differently to larger
forcing. Therefore, I propose to add future projections based on the SSP5-8.5 scenario.

Finally, I showed that a finer horizontal resolution leads to substantial improvements in the
simulated UTLS characteristics. My sensitivity simulation regarding the model resolution had
to be performed without atmospheric chemistry due to the high computational costs. To make
simulations with finer resolution computationally feasible for our CCM, we need to advance
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the development of ICON/MESSy. The goal is to replace the ECHAM atmospheric model
with its spectral representation by ICON, which uses finite-element methods instead. The finite
elements enable better parallelisation of the dynamical core calculations, leveraging modern
HPC infrastructure. Based on my findings, ICON/MESSy is expected to improve the UTLS
composition through its finer horizontal resolution.
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Appendix A

Overview of the MESSy submodels
included in the simulations

Table A.1: MESSy infrastructure framework.

Submodel Description Reference
CHANNEL  Data exchange between submodels Jockel et al., 2010
control of output and restart files

GRID Grid definition and transformation =~ Kerkweg et al., 2018
IMPORT Data import from external files Kerkweg and Jockel, 2015
QTIMER Simulation wall-clock time Jockel et al., 2010
and restart trigger
TENDENCY Tendency per process for Eichinger and Jockel, 2014
prognostic variables
TIMER Time and date control Jockel et al., 2010

TRACER Data and meta data handling for Jockel et al., 2008
chemical species

Table A.2: MESSy submodels used in this work. See https://messy-interface.org/; last
accessed: 01.03.2026.

Submodel Description Reference
AEROPT Aerosol optical properties Dietmiiller et al., 2016,
Niitzel et al., 2024
AIRSEA Emission and deposition over the ocean Pozzer et al., 2006
ALBEDO Surface albedo Niitzel et al., 2024
BIOBURN Biomass burning emissions Kaiser et al., 2012
CLOUD ECHAMS cloud scheme Roeckner et al., 2003
CLOUDOPT  Cloud optical properties Dietmiiller et al., 2016,
Niitzel et al., 2024
CONVECT Convection schemes Emanuel and Zivkovié¢-Rothman, 1999,
Tiedtke, Emanuel Roeckner et al., 2003,

Tost et al., 2006b
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A. Overview of the MESSy submodels included in the simulations

Table A.2 continued from previous page

Submodel Description Reference

CVTRANS Convective tracer transport Tost, 2006

DDEP Dry deposition Kerkweg et al., 2006a

ESVDIFF ECHAMS Land-Atmosphere exchange  Roeckner et al., 2003
(not for tracers) and vertical diffusion

GMXE Tropospheric aerosol microphysical Pringle et al., 2010
processes

GRID Grid definition and transformation Kerkweg et al., 2018

GWAVE ECHAMS non-orographic Roeckner et al., 2003
gravity wave scheme

IMPORT Data import from external files Kerkweg and Jockel, 2015

ISOPCOR Cosmogenic isotopes Poluianov et al., 2016

JVAL Photolysis rate coefficients Sander et al., 2014

LNOX NOXx production by lightning Tost et al., 2007

MECCA Atmospheric chemistry Sander et al., 2019

MEGAN Emissions from ecosystems Guenther et al., 2006

METEODIAG Meteorological diagnostics Jockel et al., 2006

MSBM Heterogenous reactions in Jockel et al., 2010
polar stratospheric clouds and
stratospheric background aerosols

OFFEMIS Tracer tendencies from offline Kerkweg et al., 2006b
emission files

ONEMIS Tracer tendencies from online Kerkweg et al., 2006b
calculated emissions

ORBIT Earth’s orbit parameters Dietmiiller et al., 2016

OROGW ECHAMS subgrid scale orographic Roeckner et al., 2003
wave drag parameterisation

PTRAC Add prognostic tracers Jockel et al., 2008

QBO Assimilation of QBO zonal wind Jockel et al., 2006
observations

RAD Radiation schemes Dietmiiller et al., 2016,
ESrad: ECHAMS (+ extensions) Niitzel et al., 2024
PSrad: ECHAMG6

SCAV Wet deposition and liquid phase Tost et al., 2006a
chemistry in precipitation

SCALC Online calculations Jockel et al., 2016

SEDI Sedimentation scheme Kerkweg et al., 2006a

SURFACE ECHAMS surface subroutines Roeckner et al., 2003

TBUDGET Production cycles for tracers Jockel et al., 2016

TNUDGE Tracer nudging to defined fields Kerkweg et al., 2006b

TREXP Adds prognostic tracers with Jockel et al., 2010
lifetime or point sources

UBCNOX Effect of energetic particles on NOx Funke et al., 2016

VAXTRA Online vertical grid transformation MESSy consortium
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Table A.2 continued from previous page

Submodel Description Reference

VERTEX Alternative to ESVDIFF Emmerichs et al., 2021
Includes bug fixes
VISO Iso-surfaces and -maps Jockel et al., 2010
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Appendix B

The implementation of the WMO lapse
rate tropopause in MESSy

The WMO defined the tropopause in 1957 as such:

"1. The first tropopause is defined as the lowest level at which the lapse rate decreases to 2°
C/km or less, provided also the average lapse rate between this level and all higher levels within
2 km does not exceed 2° C/km." — (WMO, 1957)

The lapse rate I' in the atmosphere is defined as the temperature 7 change with altitude z,

dT

N=——
dz

(B.1)
Since many atmospheric models employ a pressure-related vertical axis, calculating the WMO
lapse rate tropopause in GCMs necessitates some assumptions and intermediate steps to derive
the lapse rate on the model levels. The implementation of the WMO tropopause in MESSy
follows the method written down by Reichler et al. (2003). Here, I provide further details on
the implementation, which was used in the simulations presented in this work.

The first assumption is that adiabatic processes around the tropopause govern the change of the
temperature with decreasing pressure. Any rise of an air parcel from point (71, p1) to (12, p2)
then has a constant potential temperature 60,

Ry /Cﬂ R.&'/Cp
n(@) :9:5(@) (B.2)
pi P

with the specific gas constant of dry air, Ry, and the specific heat capacity at a constant pressure
cp. For air, this is Ry/c, = 287.05/1005.46. In the following, the constant will be abbreviated
with K = R /cp,. The assumption leads to the linear relation.

T o p* (B.3)

between temperature and pressure. Assuming further hydrostatic equilibrium,
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d
=—pg . (B.4)
<

with the density of air p, and the gravitational acceleration g, and the dry air as an ideal gas

pV =nRT
- %RT
_mR, (B.5)
P=Vu
= pR,T

V is the volume of the gas, n its amount, R the universal gas constant, m the mass of the gas,
and M the molar mass of the gas. The ratio R/M is the specific gas constant Ry, in this case of
dry air. Under these assumption, Equation B.1 can be rewritten to

9T 3p~ ap

I'= “35% 9p 9z (extension) (B.6)
T
=— aaprK_l Kg—i (derivation) (B.7)
T
=3 KpK*IKgp (hydrostatic) (B.3)
p
or ., _8&p .

— B.
apr KRST (ideal gas) (B.9)
oT p*«x

::apK%:E§ (B.10)

This equation is used to calculate the lapse rate in EMAC, solving the derivative by using finite
differences on the discrete model levels i. To facilitate comparison with the actual implementa-
tion, I count the model levels as defined in EMAC from the top, so a higher model index i + 1
corresponds to a lower level. To reduce the number of calculations, the vertical region to find
the tropopause is restricted to 600-50 hPa. Equation B.10 is then used to calculate the lapse rate
on all model interfaces, the vertical boundary between two grid boxes, by utilising the 7 and p*
values at the model levels and their linear relation:

C— Ti— Tty %(P;K‘f'P,"il)Kg B.11
1=k _ Kk 1/p ) R_ ) (B.11)
pi = Piy1 3(Ti+Tivr) Rs

i’ is the interface index half a level above model level i. The total number of interfaces is Y7’ =
1+Yi. Afterwards, we loop over all interfaces from bottom to top of the defined tropopause
region and check whether the first criterion is fulfilled, i.e.

K
I' >I'rp=—-0.002 — (B.12)
m
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If this is the case, the tropopause pressure, which is defined as the pressure at which the lapse
rate equals the first tropopause criterion, is calculated using linear interpolation from the lapse
rate at the interface and the interface below.

|
Trp=Tig+———— (PFp—pFi1) (B.13)

Py = Py

and solved for prp
1
I'rp—Tyi
prp = QTJ_FPIE-H . (B.14)
pf'c’fpf’ﬂ

To test for the second criterion of the WMO definition, first, the pressure dz = 2000 m above
prp is calculated, using the assumption of hydrostatic equilibrium and the ideal gas law again,

dp
a7 —pg
_pbig
I; Rs (B.15)
dp = _Pis g,
T; R
pi g

PTP+2000m = PTP = 2000
Starting from the interface level that initially satisfies the first criterion, the mean lapse rate
between this level and the interface immediately above is calculated and evaluated to determine
if the criterion remains fulfilled. If so, the next higher interface is included in the calculation of
the mean lapse rate. This iterative process continues until one of two conditions is met: either
the pressure at the interface falls below p7p.2000m, Or the mean lapse rate decreases below the
threshold value I'7p.

In the first case, the tropopause pressure level is identified for the given timestep, latitude,
and longitude, as defined by the WMO lapse rate criterion. In the second case, the calculated
tropopause pressure is deemed invalid, and the procedure restarts at the next higher interface
level that meets the first criterion.

Suppose the highest model level in the 600-50 hPa range is reached during the test before both
the first and the second criterion are fulfilled. In that case, no tropopause pressure can be
calculated (again for this timestep, latitude, and longitude). In this special case, the missing
values are filled with a simple latitude ¢ dependent climatological tropopause, defined as

prp = 300hPa—215hPa-cos*(¢) . (B.16)
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Figure B.1: Visualisation of altitude differences between grid points for the two vertical resolu-
tions used in this work, .90 (black) and L 191 (red). The markers are the model levels, and the

grey lines follow their midpoints.



Appendix C

Tuning parameters of the time-slice
simulations

To simulate today’s climate system, the simulations with present-day conditions in this thesis
are tuned to have a global mean radiative imbalance of 0.8 Wm™2 following the observations
by Johnson et al. (2016). The tuning process is necessary because the resolution of the model
strongly affects the behaviour of a parameterisation. In the case of the convection parameterisa-
tion, the cloud cover and precipitation are affected, which in turn affects the radiative imbalance
and the total water content in the atmosphere. The parameters are based on specific parameter-
isations and are therefore not directly comparable.

For the tuning, I adapted three parameters per simulation, one for the cloud optical properties
and two for the convection parameterisation, similar to most modeling centers (Hourdin et al.,
2017). "zinhoml2" is an array for the critical relative humidity to form clouds for the three
convection types: shallow, mid-level and high (Mauritsen et al., 2019). Increasing the relative
humidity threshold results in a reduction of cloud cover in the simulation and directly affects
the radiative imbalance.

"cprcon” and "cmfctop" are parameters of the Tiedtke convection parameterisation. "cprcon" is
the parameter for determining the conversion from cloud water to rain. Increasing this param-
eter leads to a reduction in cloud cover and a lower water amount in the atmosphere, resulting
from increased precipitation. "cmfctop” is the relative cloud mass flux at the level above non-
buoyancy. It describes the transport of cloud water from the boundary layer into the free atmo-
sphere by shallow clouds. Above the level of buoyancy, the cloudy water evaporates. Therefore,
a stronger mass flux leads to less cloud cover (Mauritsen et al., 2012).

"damp" and "alpha", on the other hand, are parameters of the Emanuel parameterisation. They
affect how fast the cloud-base updraft mass flux approaches the quasi-equilibrium of the sub-
cloud layer (Emanuel and Zivkovié-Rothman, 1999). The parameter settings used for the sim-
ulations are listed in Table C.1. The table is designed to facilitate the reproduction of the sim-
ulations. Just by its value, the effect of the parameters cannot be grasped, especially for those
of the convection parameterisations, because they are coefficients of more complex and entan-
gled equations. The simulations regarding the effect of nudging on climate scales and the effect
under future conditions were not tuned. The nudged simulation SDynsient 1S perturbed by the
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nudging term towards a different climate state than the model would have reached on its own;
therefore, it will not necessarily achieve the targeted radiative imbalance. To isolate the effect
of nudging, the not-nudged simulation notSDy;apgient Was also not tuned. And the future simula-
tions REFgyre and CONV e are projections of their corresponding present-day simulations,
REF4ay and CONV 4,y respectively. Therefore, their model parameters must be identical.

Table C.1: Overview of tuning parameters for each of the tuned simulations in this thesis to-
wards present-day conditions. zinhoml02 is a CLOUDOPT parameter, cprcon and cmfctop of
the Tiedtke convection parameterisation, damp and alpha of the Emanuel convection parame-
terisation.

Simulation zinhoml02 cprcon  cmfctop damp alpha
AGCMrT421.90 0.8,04,08 4.-107* 0.18 na na
AGCMr7ips100 0.8,0.4,0.8 4.-107% 0.165 na na
AGCMT106L191 0.8, 0.4, 0.8 1. 10_4 0.35 na na
REFoday 0.9,0.45,09 4.-107% 0.164 na na

CONV yday 0.9,0.45,0.9 na na 0.3 0.0358075




Appendix D

Supplementary figures

D.1 Input for simulations under present-day conditions
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Figure D.1: Global mean Stratospheric Aerosol Optical Depth (SAOD) based on CMIP6 inven-
tories, used as a proxy for volcanic activity. Shown is the shortwave extinction in the strato-
sphere around 100 hPa for the wavelength band 442-625 nm. The timeseries starts in 1980 to
include the effect of the largest volcanic eruptions in the 20" century, El Chichén in 1982 and
Pinatubo in 1991 for comparison. Their effect on the global mean SAOD is delayed by about
half a year. No information is included in SSP scenarios starting in 2015. The grey area marks
the monthly emissions of 2012, which were used for the TS simulations under present-day con-
ditions.
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Figure D.2: Global emissions fluxes based on CCMI-2022 emission inventory, used as input
data for the simulation in this thesis under present-day conditions. Emissions are grouped into
the following sectors: anthropogenic (ANTH), road traffic (ROAD), shipping (SHIP), biomass
burning (BB), and agricultural waste burning (AWB). NOy is represented as NO, equivalent.
The emissions are grouped by emission sectors. Until 2015, emissions were based on observa-
tions, thereafter, on the SSP2.4-5 scenario. The grey area marks the monthly emissions of 2012,
which were used for the TS simulations under present-day conditions.
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Figure D.3: Relative difference between the RAD input fields of chemical tracers based on
the RD1-base-01 simulation and the same tracers from the REF 4,y simulation performed in
this thesis, as (RD1-base-01 - REF 44y )/REF 4ay - 100. CFC-11+ is the weighted cumulative
abundance of CFC-11 and additional ODS. The relative differences are based on the 2000—
2019 temporal and zonal means. Grey contour solid lines indicate the abundance (unit added to
the panel title in brackets) of REFuq,y, dashed lines are the WMO tropopause of RD1-base-01
(grey) and REF o4,y (black). Differences arise from considering more ODS in this simulation
than in the CCMI-2022 protocol, and from general model differences, such as different RAD
parameterisations.
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D.2 Time-slice results compared to observations
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Figure D.4: Temperature differences between the sensitivity simulations and ERAS5. Shown
are zonal mean differences between the climatological mean temperatures in season DJF in the
UTLS on an altitude grid relative to the WMO tropopause pressure (grey dashed lines) of the
corresponding simulation results. Grey solid lines represent temperature contour levels for each
simulation. Dotted areas are not statistically significant, according to a Student’s t-test at a 0.05
confidence level based on DJF means per year.
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Figure D.5: Zonal wind differences between the sensitivity simulations and ERAS. Shown are
differences between the climatological mean zonal wind in season DJF over the stratosphere.
The grey dashed line is the climatological mean of the WMO lapse rate tropopause of ERAS,
and in black the tropopause of the individual sensitivity simulation. Grey solid lines represent
zonal wind contour levels for each simulation. Dotted areas are not statistically significant,
according to a Student’s t-test at a 0.05 confidence level based on DJF means per year.
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Figure D.6: Same as Figure D.4 but for the relative differences of HyO compared to SWOOSH.
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Figure D.7: Ozone relative differences between the sensitivity simulations and SWOOSH.
Shown are differences between the climatological mean O3 in season DJF over the strato-
sphere. The grey dashed line is the climatological mean of the WMO lapse rate tropopause
of SWOOSH, and in black the tropopause of the individual sensitivity simulation. Grey solid
lines are O3 contour levels of the individual simulation. Dotted areas are not statistically signif-
icant, according to a Student’s t-test at a 0.05 confidence level based on DJF means per year.

D.3 Further responses to climate change
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Figure D.8: Response of the meridional wind speed component of the residual circulation v*
based on TEM to climate change between the simulations under future and present-day condi-
tions as climatological mean of the DJF season. On the left, the response for the setup with the
Tiedtke convection parameterisation (REF) is shown, on the right, for that with the Emanuel
parameterisation (CONV). Grey dashed lines indicate the respective mean WMO tropopause
under present-day conditions, black dashed lines indicate the future conditions. Grey contour
lines depict v* under present-day conditions. In the dotted regions, the changes are not statisti-
cally significant according to a two-sided Student’s t-test at a 0.05 confidence level.
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Figure D.9: Same as Figure D.8 but for the vertical wind speed component of the residual
circulation w*.
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Figure D.10: Response of the N, O abundance to climate change between the simulations under
future and present-day conditions as climatological and zonal mean of the DJF season. On the
left, the response for the setup with the Tiedtke convection parameterisation (REF) is shown, on
the right, for that with the Emanuel parameterisation (CONV). Grey dashed lines indicate the
respective mean WMO tropopause under present-day conditions, black dashed lines indicate the
future conditions. Grey contour lines depict the N,O abundance under present-day conditions
in ppmy. In the dotted regions, the changes are not statistically significant according to a two-
sided Student’s t-test at a 0.05 confidence level.
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Figure D.11: Same as in Figure D.10 but for CHg.
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Figure D.12: Same as in Figure D.10 but for OH as absolute differences.
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Figure D.13: Same as in Figure D.10 but for chlorine-containing ODS as absolute differences
in the SON season.
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