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Zusammenfassung

Die dynamische Kopplung von Stratosphére und Troposphére ist im Winter besonders ausge-
pragt, da starke Westwinde polare Regionen umkreisen und den stratosphérischen Polarwirbel
bilden. Induziert durch strahlungsbedingte meridionale Temperaturgradienten stellt der Po-
larwirbel einen Wellenleiter zur Verfiigung, iiber den sich planetare Rossby-Wellen von der
Troposphare bis in die obere Stratosphére ausbreiten kénnen. Dissipieren diese Wellen, wird
die gemittelte stratosphérische Strémung abgebremst, was bis hin zum vollstdndigen Zusam-
menbruch des Polarwirbels fithren kann, mit entsprechenden Auswirkungen auf die Tropo-
sphére wie Kélteeinbriichen. Abgesehen davon kénnen planetare Wellen auch an der oberen
Stratosphare reflektiert und unter bestimmten Bedingungen sogar in die Troposphére zuriick-
gefiihrt werden, was polwértige Verschiebungen des troposphérischen Jetstreams auslésen kann
und als Downward Wave Coupling Event bekannt ist. Daher sind kiinftige Trends des strato-
sphérischen Polarwirbels fiir robuste Prognosen von Zirkulationsidnderungen als Reaktion auf
erhohte Treibhausgaskonzentrationen von entscheidender Bedeutung, weisen derzeit aber in
Simulationen mit komplexen Klimamodellen grofse Unsicherheiten auf.

Um die Reaktion des gekoppelten Systems aus Stratosphére und Troposphére auf erhohte
Treibhausgaskonzentrationen besser zu verstehen, wird in dieser Arbeit ein trockenes, rein dy-
namisches Klimamodell verwendet, das thermodynamische Prozesse wie Strahlung und Kon-
vektion durch einfache Relaxation der Temperaturen zu vorgeschriebenen Gleichgewichtswer-
ten ersetzt und die reale Atmosphére nachahmt. Auf diese Weise kénnen Zirkulationsénde-
rungen direkt auf Anderungen der Gleichgewichtstemperatur zuriickgefithrt und nicht durch
andere Prozesse, die die Temperatur beeinflussen, verwischt werden. In einer ersten Reihe von
Experimenten wird der troposphérische Einfluss verschiedener Realisierungen des stratosphé-
rischen Polarwirbels analysiert. Es zeigt sich, dass der Polarwirbel die Troposphére nur dann
beeinflussen kann, wenn er sich weit genug in die untere Stratosphére erstreckt. Durch eine
kiiltere untere polare Stratosphére kann der Polarwirbel einen Ubergang von einem schwachen
und variablen hin zu einem starken und stabilen Regime vollziehen, der mit einer polwértigen
Verschiebung des troposphérischen Jets einhergeht. Die begrenzte Geometrie des Wellenleiters
fiir planetare Wellen und die erh6hte Anzahl von Events mit abwérts gerichtetem Wellenfluss
sind Hinweise darauf, dass der Regimewechsel mit dem Auftreten von Downward Wave Cou-
pling Events zusammenhéngt.

In einer zweiten Reihe von Experimenten werden Zirkulationsédnderungen als Reaktion auf eine
Erwarmung der oberen tropischen Troposphére untersucht, die eine erhéhte Treibhausgaskon-
zentration nachahmt. Es zeigt sich, dass es kritische Werte der troposphérischen Erwérmung
gibt, die einen Regimewechsel auslosen, der dem bereits in den Experimenten zur Kiihlung
der unteren polaren Stratosphére beobachteten &hnelt. Im Vergleich zu einem Setup ohne
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Polarwirbel wird der Regimewechsel hin zu einem starken und stabilen stratosphérischen Po-
larwirbel von einer verstérkten polwartigen Verschiebung des troposphérischen Jets begleitet.
Eine kombinierte Analyse zeigt, dass sowohl Abkiihlungen in der unteren polaren Stratosphéa-
re als auch Erwdrmungen in der oberen tropischen Troposphére den meridionalen Gradienten
der potenziellen Vortizitdt in der unteren Stratosphére der mittleren Breiten wahrend der
Entwicklung eines begrenzten Wellenleiters mit reflektierender Schicht erhdhen, was auf das
Auftreten von Downward Wave Coupling Events hinweist. Wahrend die wichtige Rolle der
unteren Stratosphére fiir die Kopplung zwischen Stratosphére und Troposphére in friitheren
Studien auf subsaisonalen Zeitskalen aufgedeckt wurde, erweitert diese Arbeit ihre Rolle auf
Klima-Zeitskalen und verfeinert das Versténdnis fiir Form und Stérke des Wellenleiters.

Um abzuschétzen, ob die Ergebnisse aus idealisierten Modellexperimenten fiir komplexe Kli-
mamodelle relevant sind, wird eine kurze Analyse eines Multi-Modell-Ensembles durchge-
fiihrt, das einen exponentiellen Anstieg von Kohlenstoffdioxidkonzentrationen simuliert. Es
zeigt sich, dass die Verstarkung des siidhemisphérischen Polarwirbels mit der Entwicklung
eines fiir planetare Wellen begrenzten Wellenleiters zusammenhéngt, was die extrem seltenen
Zusammenbriiche des siidhemisphérischen Polarwirbels in kiinftigen Klimazusténden erkléren
konnte. Die grofse Streuung der Trends des nordhemisphérischen Polarwirbels ist konsistent
mit den unterschiedlichen Entwicklungen der entsprechenden Wellenleiter und erfordert wei-
tere Untersuchungen. Nichtsdestotrotz konnte der in dieser Arbeit vorgeschlagene dynamische
Mechanismus dazu beitragen, kiinftige Entwicklungen der atmosphérischen Zirkulation zu be-
schreiben und in Einklang mit den Prognosen zu bringen.



Abstract

The dynamical coupling of the stratosphere and troposphere is particularly pronounced dur-
ing winter seasons, when strong westerly winds encircle polar regions, constituting the strato-
spheric polar vortex. Induced by radiatively driven meridional temperature gradients, the
polar vortex provides a waveguide which allows planetary-scale Rossby waves originating in
the troposphere to propagate to the upper stratosphere. Upon dissipation, these waves decel-
erate the stratospheric mean flow, which might even cause a complete breakdown of the polar
vortex with imminent tropospheric impacts including cold spells. Apart from that, planetary-
scale waves can also be reflected at the upper stratosphere and even be guided back to the
troposphere under certain conditions which can induce poleward displacements of tropospheric
jet streams, known as downward wave coupling events. Therefore, future stratospheric polar
vortex trends are vital for robust projections of circulation changes in response to increased
greenhouse-gas concentrations, but are currently found to exhibit large uncertainties in simu-
lations with complex climate models.

Aiming for a better understanding of the coupled stratosphere-troposphere response to in-
creased greenhouse-gas concentrations, this thesis employs a dry dynamical-core model which
replaces thermodynamic processes such as radiation and convection by a simple relaxation of
temperatures to prescribed equilibrium values, mimicking the real atmosphere. In this way,
circulation changes can directly be attributed to changes in the equilibrium temperature and
are not blurred by other processes affecting temperature. In a first set of experiments, the
tropospheric influence of different realizations of the stratospheric polar vortex is analyzed.
It is found that the polar vortex can only affect the troposphere if the polar vortex extends
sufficiently into the lower stratosphere. Induced by a colder polar lower stratosphere, the
polar vortex is able to undergo a transition from a weak and variable to a strong and stable
regime, which is accompanied by a poleward shift of the tropospheric jet. The confined geom-
etry of the waveguide for planetary-scale waves and the occurrence of an increased number of
downward wave flux events provide evidence that the regime transition is associated with the
emergence of downward wave coupling events.

In a second set of experiments, circulation changes in response to tropical upper-tropospheric
warming, mimicking increased greenhouse-gas concentrations, are analyzed. It is found that
critical tropospheric warming levels exist at which a transition to a strong polar vortex oc-
curs that is similar to the one observed in stratospheric cooling experiments. Compared to a
setup without polar vortex, the transition to a strong and stable stratospheric polar vortex
is accompanied by an enhanced poleward shift of the tropospheric jet. A combined analysis
reveals that both polar lower-stratospheric cooling and tropical upper-tropospheric warming
act to increase the meridional gradient of potential vorticity in the midlatitude lower strato-
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sphere during the development of a confined waveguide with reflecting surface in the upper
stratosphere, providing evidence for the occurrence of downward wave coupling events. While
the important role of the lower stratosphere for stratosphere-troposphere coupling has been
discovered by previous studies to appear on subseasonal time scales, this thesis extends its
role to time scales relevant for climate change, and refines the understanding of the shape and
strength of the waveguide.

In order to estimate whether the results from idealized model experiments are relevant for
complex climate models, a brief analysis of a multi-model ensemble that is forced by an expo-
nential increase in carbon dioxide concentrations is conducted. It is found that the southern-
hemispheric polar vortex strengthening is associated with the development of a more confined
waveguide for planetary-scale waves, which might explain the extremely rare formation of
polar vortex breakdowns in future climates. The large spread in northern-hemispheric po-
lar vortex trends is consistent with various waveguide developments and requires additional
investigations. Nevertheless, this thesis proposes a new dynamical mechanism which could
contribute to describe and reconcile future atmospheric circulation changes.
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Chapter 1

Introduction

The projection of future climates is a challenging endeavor. In order to most realistically
reproduce the climate system, modern-day earth-system models couple physical, chemical, and
biological processes from a variety of compartments including the atmosphere, ocean, land, and
ice sheets (e.g., Jockel et al., 2005; Collins et al., 2011; Hurrell et al., 2013; Swart et al., 2019a).
These complex climate models prove the anthropogenic influence on increasing global surface
temperatures since the preindustrial era, and are used to assess future climate change (IPCC,
2014, 2022). Inherent in climate projections are, however, certain degrees of uncertainty arising
from three major sources: model uncertainty, scenario uncertainty, and internal variability
(Hawkins and Sutton, 2009). Model uncertainty describes the fact that different climate
models produce different results in response to identical boundary conditions (Tebaldi and
Knutti, 2007). Missing information of these boundary conditions, e.g., the future development
of greenhouse-gas concentrations or volcanic eruptions, represents scenario uncertainty. And
even if boundary conditions are perfectly known, natural fluctuations of the climate system
can cause deviations from predicted trends, denoting internal variability (Deser et al., 2012).
Whereas scenario uncertainty dominates on longer terms, model uncertainty and internal
variability are more important for short-term predictions and especially on regional scales
(Hawkins and Sutton, 2009). In order to reduce uncertainties in future climate projections,
ensembles of many models are consulted (Tebaldi and Knutti, 2007; Eyring et al., 2016) and

a variety of possible scenarios is assessed (Tebaldi et al., 2021).

The degree of uncertainty underlying specific aspects of future climates also depends on the
physical quantity analyzed from model output (Shepherd, 2014). Ice sheet extents, snow
covers, and surface temperatures can be projected more robustly due to their thermodynamic
foundation. In contrast to this, changes of regional precipitation patterns and circulation
regimes exhibit drastically lower robustness due to their strong dependence on changes in

atmospheric dynamics with its chaotic nature as visualized in Fig. 1.1. Large regions of Europe,
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North Africa, America, Australia, and in the Middle East are exposed to uncertainties in the
precipitation change by the end of the twenty-first century due to disagreeing models. In
midlatitudes of both hemispheres, these uncertainties arise from diverse projections of future
position and strength of tropospheric jet streams (Shepherd, 2014)—bands of westerly winds
that encircle polar regions. Seasonal variations of their latitudinal position are connected to
annular modes which can be defined via surface pressure differences between midlatitude and
polar regions (e.g., Thompson and Wallace, 2000). For example, positive phases of the annular
mode over the North Atlantic sector correspond to poleward displacements of the jet stream
with increased storms and precipitation in Northern Europe, whereas negative phases are in
general associated with enhanced Mediterranean precipitation (e.g., Hurrell, 1995). Climate
change over Europe is in particular sensitive to the developments of many domains of the
atmosphere and especially to stratospheric circulation changes, including contrasting future

precipitation patterns (Zappa and Shepherd, 2017).

The stratosphere is able to exert significant influence on the troposphere. During winter sea-
sons when sunlight ceases to reach polar regions, strong circumpolar westerly winds extend
to the top of the stratosphere, constituting the stratospheric polar vortex which plays an
essential role in the dynamical coupling of the stratosphere and troposphere (Gerber et al.,
2012; Kidston et al., 2015; Zappa and Shepherd, 2017). In general, the strength of the polar
vortex is correlated with the phase of tropospheric annular modes (Baldwin and Dunkerton,
2001; Thompson et al., 2005). A strong polar vortex involves a positive annular mode phase
(Limpasuvan et al., 2005), whereas weak polar vortices are observed in combination with neg-
ative annular modes (Limpasuvan et al., 2004). In this way, the stratospheric polar vortex is
coupled to tropospheric jet streams. Abrupt decelerations of the stratospheric polar vortex or
breakdowns with wind reversals, known as sudden stratospheric warmings (SSWs), can lead
to extreme tropospheric anomalies including cold-air outbreaks during northern-hemispheric
winter seasons (Kolstad et al., 2010) and heat waves during southern-hemispheric spring sea-
sons (Lim et al., 2019). Since extreme developments of the polar vortex can act as precursors
of tropospheric conditions, improved understanding of relevant coupling processes offers the

possibility of extended and robust predictions of severe surface impacts (Baldwin et al., 2003).

The crucial region for stratosphere-troposphere coupling has been identified to be the lower
stratosphere (LS). Most significant annular mode anomalies associated with SSWs that prop-
agate downward from the stratosphere are observed in the troposphere shortly after appearing
in the lower stratosphere (Hitchcock and Simpson, 2014). The actual onset date of the SSW
defined in the upper stratosphere is much earlier. Moreover, the lower stratosphere determines
whether annular mode anomalies are able to propagate downward to the troposphere or not
(Karpechko et al., 2017). This aspect of stratosphere-troposphere coupling applies also to the
developing stage of SSWs. Only about one third of observed and modeled SSWs are generated
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Figure 1.1: Changes in surface air temperature (a) and precipitation (b) between the end and
the beginning of the twenty-first century for the Representative Concentration Pathway 8.5 scenario
projected by the Coupled Model Intercomparison Project Phase 5 (CMIP5) multi-model ensemble.
Robust (not significant) changes are indicated by stippling (hatching). The figure is taken from
Shepherd (2014).

by extreme events in the troposphere, whereas the majority of SSWs are products of internal
variability of the lower stratosphere (Birner and Albers, 2017; White et al., 2019).

To this end, a robust projection of future stratospheric circulation changes is vital. Up to now,
however, a variety of possible polar vortex developments in the northern hemisphere (NH) in
response to increased carbon dioxide (CO3) concentrations is present in complex climate mod-
els (Manzini et al., 2014; Ayarzagiiena et al., 2020). Paradoxically, their demand to represent
Earth’s climate most realistically prevents the detection of reasons for this spread in complex-
ity gaining Earth-system models (Wu et al., 2019). Circulation changes can not be uniquely
attributed to arise from radiative or purely dynamical processes which both affect tempera-
ture. Better understanding of future circulation changes and differences in their projections
therefore requires an opposite approach via hierarchies of models (Held, 2005). Starting from
basic principles, only those dynamical equations, physical processes, and space-time scales are
included which are absolutely necessary to investigate the question of interest (Maher et al.,
2019).

Pursuing the strategy of idealized climate models, this thesis aims for a better understanding
of the dynamical coupling of the stratosphere and troposphere on climatological time scales
by simulating the dry-atmosphere response to different thermodynamic forcings mimicking,
among other forcings, higher carbon dioxide concentrations (Wang et al., 2012). This can be
achieved by prescribing an equilibrium temperature the atmosphere of the model is relaxed
to (Held and Suarez, 1994; Polvani and Kushner, 2002). In this way, circulation changes for
different equilibrium temperatures are known to arise from purely dynamical effects. Gained

knowledge about dynamical mechanisms is in the end used to interpret the different circulation
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changes of complex climate models in response to increased carbon dioxide concentrations. Ac-

cordingly, this thesis contributes to reducing model uncertainty in future climate projections.

1.1 State of the art

To set the stage for this thesis, well-established concepts necessary to comprehend the dynam-
ical coupling of the stratosphere and troposphere are presented first. Derivations throughout
this section are frequently based on standard literature (Andrews et al., 1987; Holton, 2004;
Vallis, 2017). The formed foundation is then used to embed the aims of this thesis which are
addressed in the subsequent Sec. 1.2.

1.1.1 The general circulation in the stratosphere

In contrast to the troposphere, temperatures tend to increase with height in the stratosphere
due to the presence of ozone absorbing ultraviolet radiation from the sun in the summer
hemisphere and equatorward parts of the winter hemisphere (e.g., Holton, 2004). Polar re-
gions in the winter hemisphere which are not reached by sunlight exhibit, however, far colder
temperatures. As a result, a strong meridional temperature gradient is radiatively developed
towards every winter season in both hemispheres. These temperature differences are balanced
by a meridional overturning circulation which is—in contrast to the overturning Hadley cell
(HC) in the troposphere—mnot driven by locally maximized heating, but rather by waves prop-
agating upward from the troposphere (Andrews et al., 1987). When these waves dissipate in
the stratosphere, a zonal force is exerted on the mean flow causing air masses in the summer
hemisphere to ascend and to move towards the winter hemisphere where they descend (Holton
et al., 1995). Due to the Coriolis force, the resulting flow from summer to winter hemisphere is
accelerated in westward direction in the summer hemisphere, and in eastward direction in the
winter hemisphere, respectively. The wave-driven circulation tends to attenuate the radiatively
generated meridional temperature gradient and balances the fast westerly zonal winds in the
winter hemisphere, surrounding the polar vortex. Intruding air from the troposphere below
has to pass through the cold point of the tropical tropopause layer which drastically reduces
the content of water vapor in the stratosphere. Consequently, the stratosphere is extremely dry
compared to the troposphere (Brewer, 1949; Dobson et al., 1926; Dobson and Massey, 1956).
In the following, the mathematical framework is introduced which describes the stratospheric

flow and its interactions with waves driving the meridional overturning circulation.

Primitive equations

Adapted to the stratospheric environment, the primitive equations for the case of a dry,
hydrostatic, inviscid flow on a rotating sphere with radius a and angular rotation rate {2 can

be developed from the Navier—Stokes equations. Expressed in a coordinate system employing
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longitude A and latitude ¢ in the horizontal plane as well as pressure p in the vertical direction,

they read (Andrews et al., 1987; Vallis, 2017)

iz_quf“T¢>:_ﬁ%f¢+X’ (1.1)
$+U<f+Uth¢> :_8(Z<I>+K o)

RT
Op® =——" (1.3)
aéc);\)gqﬁ + %ﬁﬁg?) +Opw =0, (1.4)
Cp% - };Tw =J. (1.5)

The flow is characterized by zonal, meridional, and vertical wind components u = a cos ¢ d\/dt,
v =adg¢/dt, and w = dp/dt, respectively, with total time derivative
d < uﬁ)\ Ua¢

t

dt acos¢+a+wap>‘ (1.6)

Partial derivatives with respect to the coordinate x are denoted by 0,. Additional variables
include temperature T', geopotential ®, diabatic heating rate J per unit mass, and nonconser-
vative mechanical forcings X and Y. The specific gas constant for dry air is represented by
R, the heat capacity at constant pressure by c,, and f = 2{)sin ¢ is the Coriolis parameter.
This set of equations is solved in dynamical cores of atmospheric general circulation models
(GCMs, e.g., Roeckner et al., 2003). Different models can share the same dynamical core,
but vary in complexity by coupling various compartments of the atmospheric system as ra-
diation and cloud effects to the dynamical core (Maher et al., 2019). Nevertheless, essential
features of the general circulation can be simulated solidly without additional physical and
chemical processes, as long as consistent idealized heating rates are provided that mimic the

aforementioned processes (Held and Suarez, 1994; Polvani and Kushner, 2002).

The transformed Eulerian-mean framework

A convenient advancement of the primitive equations is achieved within the transformed
Eulerian-mean (TEM) framework (Andrews et al., 1987) which allows to investigate the inter-
action of the zonal-mean flow with deviations from it—hereafter referred to as waves or eddies.
To this end, every variable A occurring in the primitive equations (1.1)—(1.5) is decomposed

into zonal mean A and disturbance A’ via

o 2

A(t,p,é)Z% ; A(t,p, ¢, A) dA (1.7)
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Figure 1.2: Meridional motion of air parcels in presence of planetary-scale waves. For adiabatic
flow, no net transport emerges (left). When tropical regions are diabatically heated and polar regions
are diabatically cooled, the circulation induces a net transport with upwelling in low latitudes and
downwelling in high latitudes influencing the concentration X of an arbitrary tracer (right). Both
figures are taken from Holton (2004).

and
Alt,p,p,\)=A— A (1.8)

After zonally averaging the primitive equations including the wave-mean flow decomposi-
tion (1.8), the conventional Eulerian-mean equations are obtained. Inherent in this Eulerian-
mean framework, however, is the nontransport paradox for adiabatic flow in the stationary
limit (Andrews et al., 1987; Holton, 2004). Under these circumstances, planetary-scale waves
induce a nonzero zonal-mean meridional circulation (7,w) that reflects no net transport in the
vertical direction since adiabatic flow prevents motion across isentropes. Hence, air parcels
move in closed ellipses in the meridional plane as shown in the left panel of Fig. 1.2. Only in
presence of diabatic processes, a net transport of the meridional circulation can be observed

as shown in the right panel of Fig. 1.2.

The misleading nontransport of adiabatic motion can be circumvented by a transformation to

the residual-mean meridional circulation (7*,w*) given by (Andrews et al., 1983)

i

T =0-0, <v€> ; (1.9)
0,0

e 1 e

W' =w+ acos¢8¢ <cos¢ 3p9> , (1.10)

introducing the potential temperature § = T'(p, /p)* with reference pressure p, usually taken to

be 1000 hPa and with x = R/c, ~ 2/7. The zonal momentum and thermodynamic equations
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in the transformed Eulerian-mean framework then read!

_ w7 —sn— . V-F
ou=-7v"f-w apu+acos¢+X’ (1.11)
e Ol A0
00 =—-Lo5-wa,0—0, [ L% L G| g, (1.12)
a a Oyt

respectively, with f = (acos @)L Os(u cos ¢) — f, the diabatic heating term Q = (J/cp)(p:/p)",
and the Eliassen—Palm flux divergence (EPFD)

0y (F(¢) cos qﬁ)

F =
v a cos ¢

+ 9,F®) (1.13)

with meridional and vertical Eliassen—Palm (EP) flux components

-
F) = gcos¢ <u’v’ + 299 Opu> , (1.14)
P
vy
F®) = qgcos ¢ <—u’w’— i f> , (1.15)
0pt
respectively.

In contrast to the zonal momentum equation in the conventional Eulerian-mean framework
which only includes the eddy fluxes of momentum, both eddy fluxes of momentum and heat are
comprised in the EP flux divergence V- F entering the TEM zonal momentum equation (1.11).
Considering the identical case of steady and conservative waves on adiabatic flow that led to the
nontransport paradox in the conventional Eulerian-mean framework, the EP flux divergence
vanishes and the solution 7* = @w* = 0 exists in the TEM framework indicating no net transport
as expected. Only if waves dissipate, generating diabatic conditions, a nonzero residual-mean

meridional circulation (RC) is driven (Andrews et al., 1987).

Rossby-wave propagation

Atmospheric waves originate from various sources on Earth. Horizontal oscillations that are
restored by the northward increasing Coriolis parameter are denoted by Rossby waves, and ver-
tical oscillations that are restored by buoyancy in a stably stratified environment are denoted
by gravity waves (Andrews et al., 1987). Rossby waves can be generated by different surface
heating rates over oceans and continents, by the overflow of mountain ranges (Plumb, 1985),
by nonlinear wave-wave interaction (Scinocca and Haynes, 1998; Domeisen and Plumb, 2012),

and by baroclinic instabilities (Farrell, 1989). Gravity waves can be excited by displaced air

!Expressions of the remaining primitive equations in the conventional as well as in the transformed Eulerian-
mean framework can be found in Andrews et al. (1987).
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masses following the orography (Smith et al., 2009) and by convection (Larsen et al., 1982).2
This thesis focuses on planetary- and synoptic-scale Rossby waves, where waves with zonal
wavenumbers (WNs) of 1, 2, and 3 are considered as planetary-scale and waves with WNs

larger than 3 are considered as synoptic-scale waves.

Originating from the troposphere, Rossby waves are able to propagate in the meridional plane.
In order to derive which regions of the meridional plane are accessible via Rossby-wave prop-
agation, linearized versions of the Eulerian-mean momentum and thermodynamic equations
are required. For adiabatic and frictionless motion upon a slowly varying, purely zonal, and
geostrophically balanced zonal-mean flow @ with logarithmic pressure z = —H In(p/p;) as
vertical coordinate, the thermodynamic and vorticity equations for small-amplitude zonal

perturbations read (Matsuno, 1970)

<8t + O >8Z®’ — fV'0.u+ N?uw' =0 (1.16)
acos ¢
and
Ea)\ / UL 7_i N
<8t + acosgb) ¢+ a&;m p@z(pw ) =0, (1.17)

respectively, neglecting contributions of the order of perturbations squared and with scale
height H, buoyancy frequency N2, vertical wind perturbation w’, relative vorticity pertur-
bation ¢/ = (acos¢) ' [O\v' — d4(u cos @)], and latitudinal gradient of zonal-mean absolute
vorticity g = 22 cos ¢ — p[(acos ¢) "1y (wcos ¢)]. The quasi-geostrophic (QG) potential
vorticity equation can then be derived by employing the thermodynamic equation (1.16) solved
for w’ in the vorticity equation (1.17) which leads to (Andrews et al., 1987)

uo)y ’ v
- — 1.1
<8t+ aCOw) q+ a%q 0, (1.18)

identifying the QG potential vorticity perturbation

f

RV e /
¢ =C +p82(N28z<I>) (1.19)

and the latitudinal gradient of the zonal-mean QG potential vorticity
o [fla ( p 7)
= ——0,(=d.u). 1.2

In order to arrive at the QG potential vorticity equation (1.18), geostrophic balance for the

meridional wind perturbation v’ is assumed. Following Harnik and Lindzen (2001), the QG

2Thorough reviews on gravity-wave dynamics are provided by Fritts and Alexander (2003) and Alexander
et al. (2010).
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potential vorticity equation (1.18) can be transformed into a wave propagation equation by
redefining the perturbations of geostrophic winds according to u/ = —a7'94Y’" and v/ =
(acos ) ~1O\Y’ with Y/ = &/ f, in combination with the transformation

T =pexp (%) N exp [zk’ <)\ — acgsqbt)} (1.21)

that incorporates wave-like solutions of zonal wavenumber k and zonal phase speed c. Neglect-

ing all terms with explicit time dependence, the wave equation for the rescaled geopotential

perturbation 1 reads
Dp(cos @ Opyp)  f2a?

cos ¢ + N2

O +nZyp =0 (1.22)
including the refractive index squared

_ 2
e [ Oy —( b > + f2F(N?)| a2 (1.23)

u—c a cos ¢

with 9, = a7'9, and F(N?) = —(2NH)~? for constant N? (Simpson et al., 2009; Gerber,
2012). Transforming back to pressure p as vertical coordinate, meridional gradient of zonal-

mean QG potential vorticity and buoyancy frequency are given by

__ 2Qcos¢ 1 Op( cos P) f? Pl O,
2 _ _@apg
N? = -T2 (1.25)

respectively.

Wave-like solutions for ¢ are obtained from Eq. (1.22) for a positive refractive index squared
nzk In regions of the meridional plane with ngk < 0, wave amplitudes i are exponentially
damped (Charney and Drazin, 1961). In general, waves are refracted towards regions with
higher values of the refractive index squared (Karoly and Hoskins, 1982; Chen and Robinson,
1992). A positive refractive index squared requires its first term to be positive since both its
second and third term are always negative. The first term of the refractive index squared
is proportional to the meridional potential vorticity gradient d,q divided by the difference of
the zonal-mean zonal wind @ and the phase speed ¢ of the propagating wave. Assuming only
positive d,q, wave propagation is therefore only allowed if the zonal-mean flow exceeds the
phase speed of the wave, i.e., w — ¢ > 0, but with the second condition that the difference
u — c falls below a critical value which depends in general on the wavenumber £ and on 0,g,
thus on the flow itself (Charney and Drazin, 1961; Andrews et al., 1987).
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Figure 1.3: Refractive index squared nzzo’k:Q for stationary waves of wavenumber 2 (first row),
its first term a? 9,¢/u including the meridional potential vorticity gradient 9, (second row), and
contributions to 9, from meridional and vertical curvature terms of the zonal-mean zonal wind @ (third
and fourth row, respectively) as functions of latitude ¢ and pressure p for different representations of
the wintertime stratosphere without polar vortex (NPV, left), with polar vortex (REF, middle), and
with a stronger polar vortex (CLS, right). Details of the displayed quantities can be inferred from
Egs. (1.23)—(1.25). Contributions to 8,7 are given in units of 3 = 2Qa~! cos ¢ as shown in the third
and fourth row. The zonal-mean zonal wind % (black contour lines with a contour interval of 10 ms™1,
negative contours dashed, thick zero-contour line) is added in each panel. The simulations used for this
figure correspond to the tropical upper-tropospheric warming (TUTW) experiments with a heating
amplitude of gy = 0.15 K day ! and resolution T42L90 introduced in Sec. 2.2.2.
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Figure 1.4: Wave-driven residual-mean meridional circulation (RC) in the stratosphere and meso-
sphere as well as the thermally-driven Hadley cell (HC) in the tropical troposphere. Shallow branches
of the RC exist in the lower stratosphere of both hemispheres and are driven by the dissipation of up-
ward propagating synoptic-scale waves (S). In the winter hemisphere, planetary-scale wave dissipation
(P) can reach the upper stratosphere, driving the deep branch of the RC. Gravity-wave breaking (G)
is relevant for atmospheric layers as high as the mesosphere. The figure is taken from Plumb (2002).

In order to get familiar with this concept, Fig. 1.3 visualizes the refractive index squared
n?zO’k:Q for stationary waves (¢ = 0) of wavenumber k = 2 together with its most important
contributions for different stratospheric basic states. Wave propagation is in principle enabled
for w > 0 as indicated in the first row of Fig. 1.3. Hence, planetary-scale waves can only reach
the upper stratosphere in presence of sufficiently upward extending positive zonal-mean zonal
winds which are provided by the polar vortex during winter seasons (middle and right columns
of Fig. 1.3). During summer seasons, wave propagation above the lower stratosphere is sup-
pressed (left column of Fig. 1.3).3 Towards polar regions, the second term of the refractive
index squared, i.e., k% (cos ¢)~2, eventually leads to negative values such that very high lati-
tudes are excluded from wave propagation already for low wavenumbers k& < 3 corresponding
to planetary-scale waves (compare first and second rows of Fig. 1.3). As a result, Rossby waves
are refracted equatorward in the stratosphere until encountering a critical line @ = ¢ where
they dissipate their momentum and energy to the mean flow. Synoptic-scale Rossby waves
with & > 4 are impeded to penetrate the polar vortex in high latitudes. Instead, synoptic-scale
waves dissipate in the lower stratosphere poleward of subtropical regions (Randel and Held,
1991).

3The effect different stratospheric mean flows have on wave propagation and dissipation is also summarized
in Fig. 8 of Gerber (2012).
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The dissipation of Rossby waves implies a zonal acceleration (a cos ¢)~!' V- F on air parcels of
the mean flow @ as described by the TEM equation (1.11) and propels the residual circulation
(v*,w*) (Holton et al., 1995). Since planetary- and synoptic-scale Rossby waves obey different
wave propagation criteria, their dissipation is associated with different branches of the residual
circulation as displayed schematically in Fig. 1.4. Synoptic-scale waves are filtered by high lat-
itudes and deposit their momentum in the subtropical lower stratosphere, driving the shallow
branch of the residual circulation. Planetary-scale waves can reach the upper stratosphere to
drive the deep branch of the circulation. Gravity waves can propagate up to the mesosphere

and obey a different index of refraction which is not discussed in this thesis.

Important for the shape of the waveguide for Rossby waves, i.e., the connected region of
positive refractive index squared, is the structure of the zonal-mean zonal wind @w. Meridional
and vertical curvature of @ enter the meridional potential vorticity gradient d,g. As indicated
in the third and fourth row of Fig. 1.3, regions around maxima of w in latitudinal direction
and regions below maxima of % in vertical direction contribute positively to 9,q, respectively.
Regions around minima of @ in latitudinal direction and decreasing zonal-mean zonal winds
with height contribute negatively to 9,q, respectively, constraining the waveguide. The crucial
region that determines the amount of planetary-scale wave activity that is able to penetrate
the stratosphere resides in the lower stratosphere poleward of the tropospheric jet and below
the polar vortex at around 100 hPa in idealized model setups. Small contributions from 9,q can
result in small or even negative values of ngzo’ —o as visible in the middle column of Fig. 1.3.
Larger values of the refractive index squared in the midlatitude lower stratosphere arising from
a stronger curved zonal-mean flow as shown in the right column of Fig. 1.3 enhance upward

wave propagation (Chen and Robinson, 1992; Gerber, 2012).

Wave reflection events

Apart from planetary-scale waves being absorbed in the stratosphere and driving the residual
circulation, special geometries of the waveguide offer the possibility of wave reflections (Char-
ney and Drazin, 1961) relevant in both hemispheres (Perlwitz and Graf, 2001; Shaw et al.,
2010). Strong reflection events can even reverse the residual circulation with upwelling in ex-
tratropical regions (Shaw and Perlwitz, 2014). The separation of the general refractive index
squared ng ;. for propagation in the meridional plane into meridional and vertical contributions
reveals horizontally aligned regions of wave evanescence for vertical propagation in the upper
stratosphere. These reflecting surfaces at the top of the stratosphere form in both hemispheres
(Shaw et al., 2010). In case of the general refractive index squared nik, large regions at the
top of the polar vortex with values below 10 as shown in the top right panel of Fig. 1.3 are
assumed to contain such a region of wave evanescence for vertical propagation (Harnik and
Lindzen, 2001). Analyses of the zonal background flow identify a strong vertical curvature

of the mean flow as the source of the reflecting surface. Short pulses of upward propagating
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Figure 1.5: Annual statistics of the 10 hPa zonal-mean zonal wind at 60°N (top) and 60°S (bottom)
including the mean (thick black line) as well as the 30th—70th percentile range (darker gray shading),
the 10th-90th percentile range (lighter gray shading), and minima and maxima (thin black lines) from
the Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2). Blue
and red lines indicate individual years, with data from the red lines not included in the statistics.
Similar figures for various variables and pressure levels can be generated at https://acd-ext.gsfc

.nasa.gov/Data_services/met/ann_data.html (Newman et al., 2021).
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planetary-scale waves themselves can induce the required curvature. Longer pulses of wave
activity, instead, tend to decelerate the polar vortex as a whole, causing sudden stratospheric

warmings (Harnik, 2009).

Downward propagating reflected waves still have the possibility to dissipate within the strato-
sphere when critical lines in subtropical regions are encountered. Therefore, reflected waves
can only reach the troposphere when the meridional waveguide is narrow enough to prevent
the waves from meridional dispersion (Perlwitz and Harnik, 2003). When the meridional cur-
vature of the zonal-mean flow is not strong enough, meridional dispersion of the wave is likely
to occur and hence, no significant influence of the reflected wave on the troposphere is ob-
served (Shaw et al., 2010). A bounded geometry of the waveguide with a reflecting surface in
the upper stratosphere and a narrow meridional waveguide is developed between January and
March in the northern hemisphere, and between September and December in the southern
hemisphere (SH), respectively (Shaw et al., 2010). The general refractive index squared nik
can also reveal the presence of a meridionally confined waveguide. In case of weak meridional
curvature of the polar vortex as present in the climate state of the middle column of Fig. 1.3,
high values of nzk occur on the equatorward side of the polar vortex. In contrast to this,
a polar vortex with strong meridional curvature as present in the climate state of the right
column of Fig. 1.3 exhibits a vertically aligned region of minimum ni ;. on its equatorward side.
As a result, so-called downward wave coupling events where reflected planetary-scale waves
exert a significant influence on the troposphere can only occur in the latter climate state due
to the bounded geometry of the waveguide. The tropospheric influence during downward wave
coupling events is characterized by a poleward shift of the tropospheric jet associated with a
positive phase of annular modes (Shaw and Perlwitz, 2013; Shaw et al., 2014; Dunn-Sigouin
and Shaw, 2015). This is consistent with the well-known correlation of the strength of the
polar vortex and annular modes (Baldwin and Dunkerton, 2001; Limpasuvan et al., 2004,
2005).

In summary, the waveguide for planetary-scale waves offers two regimes for the dynamical
coupling of the stratosphere and troposphere. Upward propagating planetary-scale waves
from the troposphere can either be entirely absorbed by the mean flow in the stratosphere,
decelerating the polar vortex and causing zonal-mean anomalies to propagate downward to the
troposphere, or be reflected without zonal-mean anomalies propagating downward (Perlwitz
and Harnik, 2004; Dunn-Sigouin and Shaw, 2015). Considering the annular statistics of the
polar vortex strength in both hemispheres as shown in Fig. 1.5 reveals that northern and
southern hemisphere polar vortices are fundamentally different. The northern hemispheric
polar vortex is in general weaker than its southern hemispheric counterpart and exhibits far
larger variability. Sudden stratospheric warmings occur, on average, six times per decade
in the northern hemisphere (Charlton and Polvani, 2007; Butler et al., 2017), whereas only

two sudden warmings have ever been observed in the southern hemisphere (Kriiger et al.,
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2005; Rao et al., 2020). Consistently, downward wave coupling events are the dominating
feature of stratosphere-troposphere coupling in the southern hemisphere (Shaw et al., 2010),
whereas planetary-scale wave reflection and absorption alternates in different winter seasons
in the northern hemisphere (Perlwitz and Harnik, 2004). Changes in ozone concentrations,
as observed in the southern hemisphere, can have an impact on the period and intensity of
downward wave coupling events (Shaw et al., 2011; Harnik et al., 2011), but can be neglected
compared to the changes induced by increased carbon dioxide concentrations towards the
end of the twenty-first century (Jucker et al., 2021). In the following section, expected and
uncertain atmospheric circulation changes in response to increased COo concentrations are

discussed.

1.1.2 Circulation response to global warming

Increased carbon dioxide concentrations in the atmosphere warm the troposphere and cool
the stratosphere (Vallis et al., 2015) as shown in the top left panel of Fig. 1.6. In the tro-
posphere, convection-dominated regions as the tropics exhibit higher warming rates in the
upper troposphere since larger water vapor content leads to greater latent heat release of
upwelling air masses when water vapor condensates (Held, 1993; Vallis et al., 2015). The asso-
ciated increased meridional temperature gradient due to tropical upper-tropospheric warming
(TUTW, Shepherd and McLandress, 2011; Vallis et al., 2015; Shaw, 2019) and stratospheric
cooling leads to accelerated upper flanks of the subtropical jets (bottom left panel of Fig. 1.6)
and a tropopause rise (Lorenz and DeWeaver, 2007). Additionally, tropospheric midlati-
tude eddy-driven jets robustly shift poleward in both hemispheres in response to increased
greenhouse-gas concentrations towards the end of the twenty-first century (Wilcox et al., 2012;
Barnes and Polvani, 2013), for which various dynamical mechanisms have been proposed so far
(Lu et al., 2010; Shaw, 2019). Apart from the tropical upper troposphere (TUT), increased
warming in the troposphere is observed in the Arctic arising from ice-albedo feedbacks of
shrinking sea-ice, which is not particularly pronounced in the Antarctic (Held, 1993; Holland
and Bitz, 2003). Hence, as long as sea-ice is present, but shrinking, opposing temperature dif-
ferences in the lower troposphere complicate the eddy-