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Abstract

Sudden stratospheric warming (SSW) events which lead to a reversal of the stratospheric polar
night jet in winter are discussed in literature as a potential source of increased predictability of
European cold waves on the subseasonal to seasonal time-scale. One displacement-type (D-type)
and three split-type (S-type) SSW events of the past 20 years are therefore investigated using the
ERA-Interim reanalysis data set. The focus of this analysis lies on the characteristics of the SSW
events and their potential links to European cold waves. The S-type events with their onset dates
on 3 February 2001, 24 January 2009 and 25 January 2010 show a similar evolution in the middle
stratosphere. Maximum westerly winds and minimum polar-cap averaged temperatures precede
the rapid deceleration of the stratospheric polar night jet and temperature increase. These events
feature generally stronger and longer-lasting easterly winds in the middle stratosphere compared
to the D-type event. All three S-type events are followed by an equatorward displacement of
the tropospheric mid-latitude jet stream over the North Atlantic ocean and a shift of the North
Atlantic Oscillation (NAO) to its negative phase. Both indicate a downward influence of the SSW
events on surface weather. Nevertheless, these events cannot be linked to European cold waves
directly, at least not with the methods used in this thesis. Only the D-type SSW event with its
onset date on 23 November 2000 is suggested to be linked directly to the European cold wave
occurring between 21 and 25 December 2000. Therefore, this event is analyzed with the European
Centre for Medium-Range Weather Forecasts (ECMWF) S28S reforecasts in addition to the ERA-
Interim reanalysis. An improvement in the European 2 metre temperature anomaly distribution
is found when the geopotential height anomalies in the lower stratosphere, caused by the SSW
event, are represented correctly in the S2S reforecast initialized on 25 November 2000. Since the
anomalies show non-negligible differences in the exact location and magnitude in comparison to
the ERA-Interim reanalysis, the prediction of the European and Scandinavian mean temperature
is not improved. The same applies to the NAO index. Hereby it is important to note that the
investigated reforecast is the only reforecast comprising both, the European cold wave associated
with the SSW event and an initialization with easterly winds in the middle stratosphere. To make
a quantitative statement about a possible increase in the predictability of European cold waves
after SSW events, further case studies need to be investigated. The large multi-model ensemble
forecasts of the S2S data base are a good basis herefore. This thesis clearly demonstrates the high
case-to-case variability of the characteristics and downward impacts of SSW events. Therefore,
exploratory case studies are necessary to understand the phenomena of the coupling between SSW

events and European cold waves.
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Zusammenfassung

Plotzliche Stratosphidrenerwiarmungen (SSWs), die zu einem Richtungswechsel des stratosphé-
rischen Strahlstroms in der winterlichen Polarnacht fiithren, werden in der Literatur als mogliche
Quellen einer erhohten Vorhersagbarkeit von europdischen Kiltewellen auf subsaisonalen bis
saisonalen Zeitskalen gehandelt. Eine SSW, die zu einer Verschiebung des polaren Wirbels Rich-
tung Aquator fiihrt (D-Typ), und drei SSW, die eine Teilung des polaren Wirbels zur Folge haben
(S-Typ), werden daher mit dem ERA-Interim Reanalysedatensatz untersucht. Der Fokus der Ana-
lyse liegt auf den Eigenschaften der SSW-Ereignisse und moglichen Verbindungen zu europé-
ischen Kiltewellen. Die S-Typ-Ereignisse, deren Anfiange am 3. Februar 2001, 24. Januar 2009
und 25. Januar 2010 liegen, zeigen eine dhnliche Entwicklung in der mittleren Stratosphére. Die
stiarksten Westwinde und geringsten Temperaturen iiber der Polkappe sind vor dem schnellen Ab-
bremsen des stratosphirischen Strahlstroms in der Polarnacht und dem Anstieg der Temperaturen
zu finden. Diese SSW-Ereignisse zeigen extremere und linger anhaltende Ostwinde in der mitt-
leren Stratosphire als das D-Typ-Ereignis. Auf alle drei S-Typ-Ereignisse folgt eine dquatorwir-
tigen Verschiebung des troposphirischen nordatlantischen Strahlstroms in den mittleren Breiten
und eine negativen Phase der Nordatlantischen Oszillation (NAO). Beides legt einen Einfluss der
SSW-Ereignisse auf das Bodenwetter nahe. Trotzdem konnen diese Ereignisse nicht direkt mit
europdischen Kiltewellen verkniipft werden, zumindest nicht mit den in dieser Arbeit angewen-
deten Methoden. Nur die D-Typ-SSW mit Beginn am 23. November 2000 wird mit einer eu-
ropdischen Kiltewelle zwischen dem 21. und 25. Dezember 2000 in Verbindung gebracht. Da-
her wird dieses Ereignis zusitzlich zur Untersuchung mit dem ERA-Interim Reanalysedatensatz
auch mit dem S2S Re-Vorhersagedatensatz des Europdischen Zentrums fiir mittelfristige Wet-
tervorhersage (EZMW) analysiert. Eine verbesserte Vorhersage der Verteilung der europdischen
2-Meter-Temperaturanomalien wird beobachtet, wenn die von der SSW verursachten Anomalien
der geopotentiellen Hohe in der unteren Stratosphire korrekt in der S2S Re-Vorhersage mit Ini-
tialisierung am 25. November 2000 dargestellt werden. Da die Anomalien im Vergleich zur ERA-
Interim Reanalyse nicht vernachlédssigbare Unterschiede in der exakten Position und Stérke zeigen,
ist eine Verbesserung der Vorhersage der mittleren europdischen und skandinavischen Temperatur
nicht zu finden. Dasselbe gilt fiir die Vorhersage des NAO-Index. Die untersuchte Re-Vorhersage
ist die einzige, die mit Ostwinden in der mittleren Stratosphire initialisiert wird und gleichzeitig
die mit der SSW in Verbindung gebrachte europdische Kiltewelle enthdlt. Um eine quantitative
Aussage iiber eine mogliche Erhohung der Vorhersagbarkeit von europidischen Kiltewellen nach
dem Auftreten von SSW-Ereignissen zu treffen, miissen weitere Vorhersagen analysiert werden.
Die groien Multi-Modell Ensemble-Vorhersagen des S2S Datensatzes sind hierfiir eine gute Ba-
sis. Diese Arbeit zeigt die hohe Variabilitit der Eigenschaften und bodengerichteten Einfliisse
der SSW-Ereignisse. Daher sind detaillierte Fallstudien nétig, um die Kopplung zwischen diesen

Ereignissen und europiischen Kiltewellen zu verstehen.
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1 Introduction

In winter, the polar stratosphere is characterized by strong westerly winds encircling the pole (But-
ler et al., 2015). These westerly winds are called ,,stratospheric polar night jet or ,,stratospheric
polar vortex*. Variabilities in this stratospheric polar vortex are known to be able to affect tropo-
spheric weather in mid- and high-latitudes (Tripathi et al., 2015).

In spring, the stratospheric polar night jet reverses from westerly to easterly wind speeds (Butler
etal., 2015) due to increased radiative heating by the rising sun. But also in winter, temporal rever-
sals of the stratospheric polar night jet are possible. These so-called major ,,sudden stratospheric
warming® (SSW) events have first been observed 1952 by Scherhag (Butler et al., 2015).

In 1971, Matsuno developed a simple model to demonstrate the development of SSW events from
upward propagating planetary-scale waves which penetrate into the stratosphere. Wave breaking
in the upper stratosphere-lower mesosphere region, which is characterized by prevailing easterly
winds, leads to an increase of temperatures and the formation of a new layer with easterly winds
where the following waves break. This so-called ,,critical layer interaction is typical for the top-
down development of an SSW event.

In the middle stratosphere, a temperature increase between 30 K and 40K in the time-range of a
few days is usually observed in combination with SSW events (Butler et al., 2015). The deposition
of easterly momentum due to the breaking of tropospheric easterly waves leads to a deceleration
of the westerly stratospheric polar night jet (Kidston et al., 2015; Matsuno, 1971). The weakened
polar vortex is then either displaced off the pole or split into two parts (Charlton and Polvani,
2007).

In some cases, the large temperature and wind anomalies caused by an SSW event have an in-
fluence on surface weather (Charlton-Perez et al., 2018). Hereby, especially the region over the
North Atlantic ocean is sensitive to changes in the stratospheric circulation but also the North Pa-
cific ocean can be affected according to Charlton-Perez et al. (2018) and Afargan-Gerstman and
Domeisen (2020). Concerning the region of the North Atlantic ocean, changes in the stratospheric
circulation induced by SSW events result in the negative phase of the North Atlantic Oscillation
(NAO) at the surface. Although different studies find different fractions of SSW events which have
an influence on the NAO, they agree that the likelihood of an NAO- phase is increased after SSW
events in comparison to climatological or strong stratospheric polar vortex conditions.

The negative phase of the NAO is one of the primary drivers of European cold waves in winter
(Butler et al., 2015). According to King et al. (2019) especially Scandinavia experiences more
cold extremes in the 2 months after an SSW event than under climatological conditions.

A correct prediction of European cold waves on the subseasonal to seasonal time-scale is an im-
portant factor for both, society and economy (Cattiaux et al., 2010). According to Cattiaux et
al. (2010) cold waves in the currently warming climate strongly affect social protection, sectors

of energy supply and public as well as industrial transport. Since SSW events affect European
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surface weather up to 2 months after their occurrence, they are discussed as a potential source of
increased predictability of European cold waves on subseasonal to seasonal time-scales (Baldwin
et al., 2003; Garfinkel et al., 2017; Vitart et al., 2017).

Therefore, the following thesis investigates four major SSW events of the past 20 years concerning
their characteristics and potential links to European cold waves. The theoretical concepts needed
to characterize and associate SSW events with European cold waves are describes in chapter 2.
Chapter 3 comprises the data and methods used in this thesis. The chapters 4 to 6 contain the de-
tailed analysis of the chosen SSW events, sorted by the strength and duration of easterly winds in
the middle stratosphere. The event which features the strongest and longest-lasting easterly winds
is thereby described first. In chapter 7, the investigated SSW events are compared to each other
and discussed with literature. Chapter 8 sums up the most important results of this thesis and gives

an outlook.



2 Theoretical Concepts

2.1 Atmospheric Circulation

2.1.1 The Navier-Stokes Equation for Atmospheric Motions

The Navier-Stokes equation describes essentially Newton’s second law and comprises all relevant
forces in an air parcel, a symbolic volume of air. The visualization of air as parcels is used for
the easier formulation of pressure balances (Holton, 2010). The Navier-Stokes equation can be
written as:

F=F+F+F+F,, (2.1)

where F; is the Coriolis force, F;, the pressure gradient force, Ff the friction and F, gravitiy.
The Coriolis force F; describes the influence of the Earth’s rotation on the air parcel (Holton,
2010). It is latitude and height depended:

FC:_f.(zxv),f:m-sin(@). 2.2)

The Coriolis parameter f comprises the Earth’s rotation rate @ = 7.3-10>s~! and the sine of the
latitude ®. The height dependency is calculated inside the cross-product, where the unit vector
k= (0,0,1)T is multiplied with the 3-dimensional velocity ¥ of the air parcel.
The pressure gradient force F, describes the influence of different pressure levels in the same
height. Since the circulation in the troposphere is always seeking an equilibrium, air is transported
from higher pressure levels to lower pressure levels along the pressure gradient % p:

F= —1%1:. (2.3)

p

The friction force Fr is usually neglected whenever suitable or parametrized in models when
needed.

The gravitational force Fy is only relevant for vertical movements:
Fy=k-g. (2.4)

The gravitational constant g is latitude and height depended but its dependency on latitude is
usually neglected (https://apps.ecmwf.int/codes/grib/param-db/?id=129, last viewed 2 Septem-
ber 2019).
The resulting force F' can then be decomposed in its Eulerian form, featuring the local time derivate
and an advection term :

oV

F=2+ (v %) 7. (2.5)
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The Navier-Stokes equation can now be written in the following form:

av

E—#(\?%)V:—f-(%xﬁ)—%%p—ﬂé-g%—ﬁ. (2.6)

In the undisturbed atmosphere, all forces balance each other.

2.1.2 The Transformed Eulerian Mean Equation for the Zonal-Mean of
Atmospheric Circulations

The stratospheric circulation is little turbulent due to the lack of surface contact and the lesser
density of air (Baldwin et al., 2003). Therefore, only the zonal component of the Navier-Stokes

equation is relevant:
—fu=—+v——+w=—=f{v— —=—p+Fx. 2.7)
y Z p dx

The three dimensions of the air parcel’s velocity are described as (u,v, W)T, the three cartesian
dimensions as (x,y, z)T. Since the zonal-mean zonal flow is the variable of interest when looking

at the stratospheric polar night jet, a Reynold’s averaging is applied:
d(a+u) N O(ia+u) REICERTS! N O(id+u)
_ i _ v _ v _ 2.8
< T +( (a+u) I +{ (F+V) 2 +{ (w+w) 2 (2.8)

' I(p+p =
—(f~(v+v)):)((p(;;p)>+(ﬂx+ﬂ~x),

where ¥ indicates the zonal-mean and x’ the deviation from the zonal-mean. Derivates from the
zonal-mean are small and are therefore neglected:
dil il dil il 10

The zonal derivate of the zonal-mean flow is zero by definition:

on i ai . 19

Since the Earth is a sphere, it is easier to look at spherical coordinates instead of cartesian coordi-

nates. The transformation of the formular in spherical coordinates leads to:

dit 8&)__8& 1 ap

1
5 =7 <f— cos(@)a -cos(P)

=— -+ Fpx. 2.11
00) "oz peos(@)aan @1
It is now depending on the latitude @, the longitude 6 and the height z. The Earth’s radius a
is latitude depended as well. The friction term is still named Fpy as it will not be considered
explicitly.

To describe the behaviour of the stratospheric polar vortex, different terms of the equation are

substituted appropriately. The pressure gradient force is substituted by the Eliassen-Palm flux



2.1 Atmospheric Circulation

since the stratospheric zonal-mean zonal flow disturbances are typically forced by waves (Baldwin

et al., 2003). The divergence of the Eliassen-Palm flux % - F describes such a wave-forcing:

op - =
a—ezv-F.
v-F=v-
i\ I@y _ e T
VO 1 dii Ve
(O,p-a-cos(e) ((M)m-a-cos(@) f_a-cos(9)<8®cos(e)>' %j) —w’u’])
Z Z

Using the Eliassen-Palm flux instead of the pressure gradient force leads to the dependency of the
formular on the potential temperature @ instead of the pressure p. The potential temperature is

calculated as a function of temperature and pressure:

R

®_T<p5f°>cr’. (2.12)
p

R; is the gas constant of dry air and ¢, the specific heat capacity of it. Substituting the pressure

gradient force with the Eliassen-Palm flux leads to:

dil

T

cos(®) + Fiy. (2.13)

da _ (e 1 du\ _di 1
an cos(®P)a

P a”’

Yo p cos(®)

In the next step, the mean meridional circulation is expressed differently, adding the originally
neglected height dependence again:
v (2.14)

IR d VT g do
—*:—_777 _ N2: 2o .
v pH8szN2>’ Ved

The equation is now depending on the Brunt-Viisili frequency N> which itself is depending on

v

potential temperature, the gravitational constant and height. It is a measure of stability of the air
mass (Holton, 2010). Other dependencies of the formular are the universal gas constant R, the
scale height H, the density of the air at the surface py and the temperature 7. Using the alternative

expression of the mean meridional circulation, the original formular modifies to:

di

. 1 i _di 1
5 =7 (f— cos(@)a -cos(P) ) -

— - F + Fi. 2.15
aq) av + 13 ( )

W?Z a p cos(P)

The equation is now called a transformed Eulerian Mean (TEM). Analogously, the mean verti-

cal circulation is also expressed differently with the inclusion of the originally neglected vertical

component:
w=w (2.16)
Pt el (T)
Hoy \ N?
This leads to:

Ja

. 1 AN L
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The last change to the equation is only a different notation for the small scale processes, which are
usually not resolved by models:
F=X. (2.18)

The TEM equation can now finally be written as:

di

. 1 di ol 1 oL

av) " oz po-a-cos(P)

This is the formulation used by Kidston et al. (2015). They divide the TEM equation in seven

parts to show the different influences on the zonal-mean stratospheric circulation:

dii . 1 it it 1 oo
o f - ) — |- Ww—-t— - F+ X . 2.20
ot \V,./ ~~ a~cos(<I>) COS( )8cI> W dz + Po- a-cos(CID) v +\/ ( )
\l/ 2 3 —— 7
4 5 6

The term number 1 describes the change of the zonal-mean zonal flow. When looking at the polar
cap, this is equivalent to changes of the polar vortex. The term number 2 describes the mean
meridional circulation which is dependent on the heat flux and stability. The influence of the cori-
olis force on the zonal-mean zonal flow is described in term 3. Derivatives of the mean meridional
circulation can be transported across latitudes, described by term 4. Derivates of the zonal-mean
zonal-flow can also be transported vertically, described by term 5. This transport is dependent on
the heat flux and stability. Disturbances of the zonal-mean zonal flow leading to derivations of it
are usually forced by anomalously strong upward propagating waves. This is described by term 6,
the Eliassen-Palm flux. It is dependent on densitiy, turbulence and stability. Processes which are
typically not resolved by models, such as friction and small-scale gravity waves, are described by

term 7.

2.2 Dynamics of Sudden Stratospheric Warming Events

2.2.1 Theoretical Description by the Model of Matsuno (1971)

Matsuno (1971) proposes a simple numerical model to show the development of SSW events
originating from tropospheric wave forcing. It is based on the adiabatic, geostrophic potential
vorticity equation which can be derived from the Navier-Stokes equation, equation (2.6). In a first
step the so-called vorticity equation is obtained by taking the curl of it. For the interaction between

the troposphere and stratosphere, only the vertical component is relevant:

9 30N (Y L dany
(Frmtsog)e(5-5) 5 (G8-55) e e

The vorticity { with its vertical compenent {,, is also called the relative vorticity of an air parcel

and measures the local rotation. It is defined as:

2 =~ . (Jdv du
C—vxu,éz—<ax—8y). (2.22)
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In a next step, adiabatic conditions are assumed, meaning that neither heat nor mass is exchanged
by the air parcel with its environment (Holton, 2010). This leads to the neglection of friction, since
friction leads to exchange of mass and heat between the air parcel and its surroundings.

Besides the relative vorticity, also the potential vorticity can be used to express the rotation of an
air parcel. It is a combination of the Earth’s planetary vorticity and the local vorticity of the air
parcel, relative to the potential temperature. The potential temperature can thereby be used as a

measure of height and the potential vorticity expressed in isentropic coordinates:
1 N
P:E(ZQ—&—qu)v-@. (2.23)

In spherical, isentropic coordinates, the potential vorticity is written as:

1 v 00 du 00 .
g= E _£W+a—zm+ <2951n(6)+

v a[ucos(e)}) a@)] |

acos(0)0A acos(0)d6 ) oz
(2.24)

with terms containing the vertical velocity and the Coriolis force. Terms proportional to the cosine
of latitude are neglected and the distance to the Earth is set constant to the Earth’s radius a.

The vorticity equation, equation (2.21), is then expressed in spherical coordinates with the poten-
tial vorticity used instead of the relative vorticity. This results finally in the adiabatic, geostrophic
potential vorticity equation. Matsuno (1971) uses this equation in a simple, comprehensive form

in his model:
FTRICFY)

The zonal mean angular velocity of the air parcel is expressed with @. It is important to note,

(5057 ) o)+ Spv=0.0= 10 (225)

that v is the disturbance velocity in latitudinal direction in Matsuno’s notation, and not, as before,
the velocity in y-direction. To describe the generation of potential vorticity from the disturbance
heights of isobaric surfaces ¢, Matsuno uses an operator .. This operator is dependent on the
latitude 6, the longitude A, the height z, the pressure p, the Earth’s angular speed of rotation Q and
radius a as well as the Brunt-Viisila frequency N. The potential vorticity in isentropic coordinates

is given as §.

Using an alternative expression for v leads to:

o 9 dq 1 a9
<at+“’aa>‘$ (9)+ 36 (@77 cos(0) 94~ (2:20)

This differential equation is now solved numerically in Matsuno’s model. The wave solution for

equation (2.26) uses thereby the following ansatz, introducing a new variable y:
O(A,0,2,1) = e eMy(0,2,1), (2.27)

$(2,6,2,1) =W (6,2,1). (2.28)

The advantage of this new variable is the reduced dependency on only three variables, latitude,
height and time, instead of four. The longitudinal dependence is expressed with exponential func-

tions containing the longitudinal wavenumber m. Without disturbances, y(60,z,7) = 0.
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Matsuno (1971) investigates the development of SSW events from tropospheric wave disturbances

that start on the surface. Therefore, the lower boundary conditions of his model are expressed as:
oy
l,l/(G,z:O,t):F(G,t),W:O. (2.29)

A perturbation of V is thereby equivalent to a perturbation of i or T. The forcing is described as
a sine peaking at a specific latitude, here 60°N, in combination with a function f(z) describing the

suggested treatment of the disturbance by the model:
F(0,t) =sin[m(0 —30°)/60°] dmax f (1), 30° < 6 <90°, (2.30)

F(0,t) =0, otherwise. (2.31)

At the top of Matsuno’s model in 110 km, the disturbance is O:

w@g:thmﬂ:O%%:O (2.32)

2.2.2 Development from Tropospheric Wave Forcing

In the following, the development of an SSW event in a typical wintertime stratospheric circulation
from a wavenumber-2 tropospheric wave disturbance is shown according to Matsuno (1971). The
typical wintertime circulation in the middle stratosphere is marked by the westerly polar night jet
encircling the pole. In Matsuno’s notation, this case is called ,,C2* and comprises a sphere with a
model wall at the equator, thus, modelling only the flow in the northern hemisphere. The typical
wintertime wind distribution in the troposphere and stratosphere contains continuous westerly
wind conditions between 20°N and the pole with maximum westerly winds in 10 km and 65 km
height (Figure 2.1 left). This circulation can be disturbed by mechanically, thermally or turbulently
excited waves propagating from the troposphere into the stratosphere (Schneidereit et al., 2017).
The modelled wavenumber-2 disturbance fits roughly to the wavenumber-2 disturbance observed
before the sudden stratospheric warming event in 1963 (Figure 2.1 right). Thus, the simple model
by Matsuno (1971) serves the purpose of demonstrating the qualitative development of sudden
stratospheric warming events.

Tropospheric planetary-scale waves, such as Rossby waves, can only propagate in westerly wind
fields (Baldwin and Dunkerton, 1999). This is shown by the Charney-Drazin criterion for wave

propagation (Holton, 2010):

1\2
0<12—c<uc,uc—f<> . (2.33)

m

This criterion essentially states that the difference between the mean zonal background flow & and
the wave’s group velocity ¢ has to be greater 0 but also smaller than a critical velocity u.. This
critical velocitiy itself is a function of the wavenumber m. For waves with wavenumber 1, the crit-
ical velocity is higher than for waves with wavenumber 2 and higher. Waves with wavenumber 1
can therefore propgate into stronger mean background zonal flows than waves with wavenumber 2
with the same group velocity. For stationary waves, the group velocity is O and the penetrating of

upward propagating waves solenmly depends on the mean background zonal flow.
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In the troposphere and stratosphere, the mean background zonal flow is westerly, making i posi-
tive (Figure 2.1 left). In the polar stratosphere, this flow resembles basically the polar vortex which
is then perturbed by upward propagation planetary-scale waves. The easterly acceleration of these
waves increases with height as the amplitude of the planetary-scale wave increases with decreasing
air density (Matsuno, 1971; Kidston et al., 2015). According to Charlton and Polvani (2007) SSW
events are preceded by strong polar vortex conditions, meaning that the mean background flow
velocity is largely positive. Following Matsuno (1971) easterly propagating waves with a positive
group velocity can propagate into this strong mean background zonal flow. Westward propagating
waves with a negative group velocity cannot.

In regions with easterly mean background flow, for example in the region of the upper stratosphere
and lower mesosphere, i turns negative. When easterly propagating waves enter these regions, it
is impossible to meet the lower condition of the Charney-Drazin criterion. The amplitude of the
easterly propagating waves dampens rapidly (Figure 2.2 left). The waves break and decelerate
the westerly jet by depositing easterly angular momentum (Matsuno, 1971; Kidston et al., 2015).
Kidston et al. (2015) explain the deceleration of the westerly jet as an effect of the conservation
of angular momentum and mass. When breaking waves deposit angular momentum in the strato-
sphere, the circumpolar jet slows down and transports momentum to the pole to conserve angular
momentum. The stratospheric circulation becomes less symmetric and the polar vortex can be dis-
placed off the pole and in some cases eventually break up (Limpasuvan et al., 2004; Butler et al.,
2015). This can be detected in the geopotential heights on a fixed pressure level, where the vortex
core is located at the lowest geopotential height values (Figure 2.3). The geopotential height is
defined as:

P h
7= 2 cp:/ 2dz, (2.34)
8sfc 0

with the geopotential @ and the gravitational constant at the surface gs.. When substituting g

according to the ideal gas law, the geopotential can be expressed as:

" pz)
- /0 10" (2.35)

This means, that the geopotential height on a given pressure level p(z) increases when the temper-
ature increases (Limpasuvan et al., 2004).

To regain the geostrophic balance in the stratosphere after the disturbance of the stratospheric po-
lar vortex, a mean-residual circulation is induced which moves mass into the stratosphere over the
polar cap (Coy and Pawson, 2015; Kidston et al., 2015). Due to continuity, the additional mass
over the pole is transported downward, while in the lower latitudes mass is transported upward
(Matsuno, 1971; Kidston et al., 2015; Limpasuvan et al., 2004). This leads to an adiabatic warm-
ing and a high pressure system at the surface on the pole and adiabatic cooling and a surface low
pressure system in lower latitudes. Over the pole, the sinking of air masses leads to warm tem-
perature anomalies in the regions below and low temperatures in the regions above the region of
the sinking motion (Figure 2.2 right). When this process happens in the course of a few days, the

warming over the pole is called a ,,sudden stratospheric warming*.
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2.2.3 Downward Propagation of Stratospheric Anomalies

Matsuno (1971) calls the interaction between the breaking waves and easterly background flow
wcritical layer interaction®, where the critical layer is the region with easterly winds. The break-
ing of waves leads to the formation of a new critical layer in the region of breaking. Thus, leading
to a downward shift of the positive temperature and easterly wind anomalies. Above the critical
layer, the polar jet recovers slowly, driven by radiative cooling due to absence of wave activity
(Baldwin and Dunkerton, 1999, Tripathi et al., 2015). The recovery of the polar vortex takes on
average 10 days in the middle stratosphere and 40 days in the lower stratosphere due to different
radiative dumping scales (Charlton and Polvani, 2007). It is only possible during polar night as
the increased radiative heating in spring due to the rising sun prevents the reformation of the polar
vortex.
The critical layer itself, respectively the stratospheric anomalies, can descend down into the tro-
posphere and change surface weather pattern (Baldwin et al., 2003). A particularly sensitive area
for the coupling between the troposphere and stratosphere is the lower stratosphere (Charlton and
Polvani, 2007). Stratospheric anomalies persist there for several weeks up to 2 month, being pre-
vented from frictional dissipation by the Coriolis force (Limpasuvan et al., 2004). In the lower
stratosphere, the anomalies induce non-local dynamical effects that influence the tropospheric cir-
culation and sometimes even propagate down to the surface (Karpechko et al., 2018; Baldwin
et al., 2003; Hinssen et al., 2011). This results then in one of the strongest dynamical couplings
between troposphere and stratosphere (Charlton and Polvani, 2007). Usually though, there is a
hydrostatic balance, a geostrophic balance and a thermal-wind balance at the tropopause which
hinder stratospheric anomalies from entering the troposphere. The hydrostatic balance can be ex-
pressed with the hydrostatic approximation which results from the balance between the pressure
gradient force and buoyancy:
i—l; =—p-g (2.36)

The geostrophic balance describes the balance between the Coriolis force and the pressure gradient
force and the thermal wind balance is given with the thermal wind equation:

—‘Z)jj = %-% < 7,7 (2.37)
This equations describes the vertical change of the geostrophic wind v, in hydrostatic approxima-
tion.
These balances can be disturbed when the momentum forcing in the stratosphere is strong and
persistent enough to penetrate through the tropopause to the surface (Limpasuvan et al., 2004).
This so-called ,,downward control“ principle is controversially discussed in literature. According
to Limpasuvan et al. (2004) the main reason for discussion is the small mass of the stratosphere
in comparison to the troposphere. In winter, the stratosphere contains less than 25% of the at-
mospheric mass of the extratropics which leads to a larger momentum forcing in the troposphere
than in the stratosphere. The principle of downward control is therefore probably only working,
when the stratospheric anomalies project onto the modes of tropospheric variability, such as the
NAO pattern well. If this is the case, stratospheric anomalies can descend into the troposphere and

influence surface weather.
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The wind and temperature anomalies caused by an SSW event are related via the thermal wind

equation. Integrating this equation between two pressure levels leads to thermal wind vT:

RN (”0>%x% T (2.38)
f P P

and is dependent on the mean temperature T of the atmospheric layer between the pressure levels
po and p;. When looking at the lower pressure level, the warm temperature anomalies precede the
easterly wind anomalies (Limpasuvan et al., 2004). According to Limpasuvan et al. (2004) this
time-lag between warming temperatures and easterly winds is around 10 days in 10 hPa height.

When the stratospheric stratopsheric anomalies propagate down into the troposphere, the mass,
and therefore the pressure, is slowly redistributed. The change in pressure is thereby proportional

to a change in temperatures according to the ideal gas equation:
p=RTg (2.39)

This redistribution of mass leads to a decrease of the tropopause height through up- and down-
welling processes, an increase of pressure over the polar cap and an reduction of it over the mid-
latitudes. This is the manifestation of the negative phase of the Arctic Oscillation (Baldwin et al.,
2003; Wang et al., 2010). A balancing movement of airmasses transports the cold polar surface
air from the pole into the mid-latitudes and further equatorwards, which leads to cold waves in the
northern hemisphere mid-latitudes. Temperature changes below the tropopause are though much
less than above it due to the lower lapse rate of the troposphere (Kidston et al., 2015).

In literature, there are numerous time scales for the downward propagation of stratospheric anoma-
lies discussed, reaching from days to 2 months (Baldwin et al., 2003; Tripathi et al., 2015; Manney
et al., 2009). In general, the downward propgation is faster in the beginning of the winter than at
its end (Baldwin and Dunkerton, 1999). According to Charlton-Perez et al. (2018) the response
time from the troposphere to changes in the stratospheric circulation is on average 20 days.

An open research question according to Kidston et al. (2015) is the exact role of tropospheric
eddy feedbacks which are an important factor in the troposphere-stratosphere coupling. They are
initialized when the mass between the troposphere and stratosphere is redistributed. These eddy
feedbacks are associated with the altering of tropospheric weather systems and the propagation of
tropospheric waves which influence the strength and position of the tropospheric jets in the high-

and mid-latitudes.

2.2.4 Precursors for Tropospheric Wave Forcing

Especially before the development of SSW events featuring a breakup of the polar vortex in the
stratosphere, the polar vortex is reduced in size and strength by the breaking of upward propagat-
ing planetary-scale waves at the vortex edges (Baldwin and Dunkerton, 1999; Limpasuvan et al.,
2004; Charlton and Polvani, 2007). This is called ,,preconditioning* of the polar vortex. It leads to
a smaller moment of inertia of the polar vortex due to its reduced size (Limpasuvan et al., 2004).
Therefore, poleward and upward propagating planetary-scale waves can enter the stratosphere
more easily and lead to SSW events (Manney et al., 2009; Limpasuvan et al., 2004). Accord-

ing to Charlton and Polvani (2007) a typical situation for preconditiong is a largely positive zonal
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Figure 2.1: Set-Up of Matsuno’s Model for a Wavenumber-2 Disturbance in a Typical Northern Hemi-
sphere Wintertime Wind Distribution. Figure 9 of Matsuno (1971) (left): ,,Initial distribution
of zonal winds, adopted as the initial condition for cases C1-C3*“. Figure 3 of Matsuno (1971)
(right): ,,The amplitude of waves forced at the lower boundary (solid line). The dashed line
shows the observed amplitude of the m=2 wave at 300 mb in January-February 1963 (data from

Dr. Hirota).*
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Wave Amplitude and Temperature, Calculated with Matsuno’s Model. Figure 12 of Mat-

suno (1971) (left): ,,Time-height section of the wave amplitude at 60°N, case C2. Hatched area
indicates easterly mean flow.” Figure 14 of Matsuno (1971) (right): ,,Time-height section of
temperature [deviation (°C) from the initial temperature] at the pole, case C2.*

wind anomaly in the troposphere and stratosphere, centered at 70°N. This can be linked to positive
mean sea level pressure anomalies over the North Atlantic ocean, Alaska and the Ural which are
often observed before SSW events (Karpechko et al., 2018). According to Lee et al. (2019) the

high pressure system over the Ural is amplified by Rossby wave-breaking and co-occurs with the
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Figure 2.3: Time Evolution of Isobaric Heights and Temperature, Calculated with Matsuno’s Model.
Figure 15 of Matsuno (1971): ,,Time evolution of isobaric heights (500 m contours, thick lines),
temperature (°C, thin lines), and the surface auf p= py exp(-30km/H) ~13 mb for case C2.
Temperature is shown as deviation from its initial value at the pole. The contours cover the area
north of 30°N.*

so-called ,,Scandinavia-Greenland dipole* which is characterized by an anomalously strong mean
sea level pressure gradient between Scandinavia and Greenland. In 35% of the cases, this dipole
is observed in the 15 days prior to the central date of the SSW event. The Scandinavia-Greenland
dipole requires the poleward shift of the North Atlantic storm track which is associated with the
positive phase of the NAO. This NAO+ phase itself is often associated with a strengthened polar
vortex. This is a typical situation observed prior to an SSW event (Lee et al., 2019; Charlton and
Polvani, 2007).

Another often observed situation before SSW events is blocking which is often mentioned in lit-
erature as a typical precursor for SSW events (Tripathi et al., 2015).

Blocking patterns over the Atlantic ocean often precede SSW events which lead to a displacement
of the polar vortex off the pole (Yu et al., 2018; Martius et al., 2009). According to Martius et
al. (2009) their frequency maxima are located east of Greenland and over Scandinavia. If these
SSW events take place in early winter, usually a strong Aleutian high is observed prior to the event
(Baldwin and Dunkerton, 1999). Both situations lead to a wavenumber-1 flow in the troposphere
according to Martius et al. (2009). The corresponding, upward propagating Rossby wave is tilted
westwards with height and shows a baroclinic structure. Blocking patterns over either the Pacific
ocean or both, the Atlantic and Pacific ocean, with frequency maxima over the eastern Pacific,
Alaska and west of Greenland, often precede SSW events which lead to a split of the polar vortex.
A wavenumber-2 tropospheric circulation is developed. The upward propagating Rossby waves
are also tilted westward with height but show a more barotropic structure. This modulation of
upward propagating planetary-scale tropospheric waves, such as Rossby waves, is confirmed by
Woollings et al. (2018). These waves can penetrate into the stratosphere more easily and interef-

ere there with climatological planetary waves when the tropospheric block is located beneficially.

13



2 Theoretical Concepts

Especially in the case of SSW events leading to a split of the polar vortex, the location of the
tropospheric blocks relative to each other matters. When the westward with height tilted upward
propagating Rossby waves are located beneficially, the tropospheric wave with wavenumber 2 in-
terferes constructively with the climatological stratospheric wave with wavenumber 1. In the upper
stratosphere, this can lead eventually to the split of the polar vortex. It is also possible that first an
anomalously strong upward propagation of Rossby waves with a wavenumber 1 is observed fol-
lowed by an anomalous upward propagation of Rossby waves with wavenumber 2 (Tripathi et al.,
2016). According to Martius et al. (2009) in the case of SSW events which lead to a displacement
of the polar vortex off the pole, a beneficial location of the tropospheric wave with wavenum-
ber 1 and the climatological stationary wave pattern is important. The climatological stationary
wave pattern is enhanced which can lead to the development of an SSW event when the upward
propagating Rossby wave, induced by the block, penetrates into the stratosphere. According to
Tripathi et al. (2015) these upward propagating Rossby waves have to be anomalously strong for
longer than a week in order to trigger an SSW event. Nevertheless, the blocking duration is not the
dominant factor of the linkage between blocks and SSW events. Furhtermore, blocking might be
necessary for the development of an SSW event but it is not found to be sufficient by Manney et
al. (2009). This is confirmed by the fact that some models produce the observed blocking patterns
but not the following SSW (Tripathi et al., 2016).

Controversially discussed as a precursor of SSW events is the snow cover extent in early win-
ter which may enhances the upward propagation of planetary-scale waves (Tripathi et al., 2015).
Another open research question is the linkage between SSWs and certain phases of the Madden
Julian Oscillation (MJO) (Tripathi et al., 2015). When MJO and La Nifia conditions are phased
beneficially, they enhance a wavenumber-2 tropospheric wave-forcing (Schneidereit et al., 2017).
According to Schneidereit et al. (2017) La Nifia conditions also favor blocking anticyclones over
the Pacific ocean and north of Scandinavia. The MJO, especially phase 7 and 8, form a low pres-
sure anomaly, centered over the central North Pacific, and a high pressure anomaly centered over
Canada. This leads to a quasi-stationary pattern of troughs and ridges, enhancing a wavenumber-
2 flow pattern in the troposphere. When MJO phases 7 and 8 co-occur with La Nifia conditions,
this quasi-stationary pattern is strengthened, leading to an amplification of upward propagating
Rossby waves.

The linkage between the different states of the El Nifio-Southern Oscillation (ENSO) and SSW
events is also discussed controversially in literature. According to Tripathi et al. (2015) some
studies find that events occur twice more likely during El Nifio than during La Nifia but other
studies do not find a difference between the two phases. One reason for this discrepancy might the
difficulty to separate the influence of ENSO and the Quasi-Biennual Circulation (QBO) (Lehtonen
and Karpechko, 2016). During the QBO east phase, weak vortex events including SSWs are twice
as likely as during the QBO west phase (Baldwin and Dunkerton, 2001; Tripathi et al., 2015).
Changes in the Brewer-Dobson Circulation (BDC) are another discussed phenomena which pos-
sibly influences the occurrence of SSW events (Zhang and Tian, 2019). According to Zhang and
Tian (2019) the BDC influences not only the state of the polar vortex but also the tropospheric
jet streams and surface temperatures. When the BDC is enhanced, the meridional transport of air
masses to the polar stratosphere is increased. The temperature over the polar cap rises, leading to

a weaker polar vortex and possibly SSW events.
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Other discussed influences on the state of the polar vortex are volcanic eruptions, anthropogenic
changes, including increased greenhouse gas concentrations, and the solar cycle (Butler et al.,
2019).

2.2.5 Resonant Excitation of the Polar Vortex

In some cases, SSW events are observed without the typical tropospheric precursors or vortex
preconditioning (Tripathi et al., 2015). According to Tripathi et al. (2015) in these cases the
stratospheric polar vortex is excited by small planetary-scale waves in such a way that resonance is
created. Although an enhanced upward propagation of planetary-scale waves from the troposphere
into the stratosphere does not take place, the polar vortex is deformed or even disrupted. This
mechanism is called the ,resonant excitation of the polar vortex. According to Tripathi et al.
(2015) a resonant excitation of a polar vortex in a baroclinic structure leads to the displacement
of the vortex off the pole, a resonant excitation of the polar vortex in a barotropic structure to a
breakup of it. Especially in the latter case, very small changes in the tropospheric wave forcing or

the stratospheric circulation can lead eventually to very large changes of the polar vortex state.

2.3 Characteristics of Sudden Stratospheric Warming
Events

SSW events are characterized in the stratosphere, in heights of 30 to 50km, by a temperature
increase of 30 to 40K in the time range of a few days (Butler et al., 2015). As the land-sea
contrast in the southern hemisphere is not favorable for the formation of strong planetary-scale
waves which are needed for the occurrence of SSW events, SSWs occur almost exclusively in the
northern hemisphere (Butler et al., 2015). In extreme cases, also called major SSWs, the anoma-
lously high upward-propagation of tropospheric planetary-scale waves leads to a reversal of the
stratospheric polar night jet from westerlies to easterlies (Butler et al., 2015; Charlton and Polvani,
2007; Karpechko et al., 2018). The polar vortex is then either displaced off the pole or split into
two parts of comparable size (Figure 2.4; Butler et al., 2015, Charlton and Polvani, 2007).

SSW events which lead to a displacement of the polar off the pole are called ,,displacement-
type“ (D-type) events (Charlton and Polvani, 2007). During the displacement of the vortex fila-
ment, it is distorted into a ,,comma-shape* (Figure 2.4 top). The circulation in the stratosphere
is thereby still characterized by a wavenumber-1 structure (Charlton and Polvani, 2007). The oc-
currence of D-type SSW events is equally likely during the whole winter but due to the increased
likelihood of SSW events which lead to a split of the polar vortex in mid-winter, SSW events
in early winter are usually D-type events (Baldwin and Dunkerton, 1999; Charlton and Polvani,
2007). In literature, the D-type events occurring in early winter are sometimes referred to as
»Canadian Warmings®™ (Butler et al., 2015).

SSW events which lead to a breakup of the polar vortex into two parts of comparable size are
called ,,split-type* (S-type) events (Figure 2.4 bottom). Nearly half of all SSW events belong to
this type (Charlton and Polvani, 2007). During these events, the circulation in the stratosphere
resembles a wavenumber-2 structure (Charlton and Polvani, 2007). In general, S-type events are

characterized by a more sudden and deeper extending wind-reversal than D-type events (Butler
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Figure 2.4: Different Types of SSW events. Figure 1 of Charlton and Polvani (2007): ,,Polar stereographic
plot of geopotential height (contours) on the 10-hPa pressure surface. Contour interval is 0.4 km,
and shading shows potential vorticity greater than 4.0 x 10°° Kkg~'m?s~!. (a) A vortex dis-
placement type warming that occurred in February 1984. (b) A vortex splitting type warming
that occurred in February 1979.

et al., 2015). Middle-stratospheric temperatures are increased slightly stronger and influenced up
to 20 days longer (Charlton and Polvani, 2007). S-type SSW events show a clear seasonality with
the highest probability of occurrence in January and February (Charlton and Polvani, 2007).

2.4 Downward Impact of Sudden Stratospheric
Warming Events

2.4.1 Blocking in the Middle Troposphere

The term atmospheric ,,blocking* is not defined in a unique way. In general, a large-scale merid-
ional, horizontal tropospheric circulation which leads to changes in the prevailing zonal flow and
storm tracks is referred to as blocking (Liu, 1994; Woollings et al., 2018). Other common charac-
teristics found in literature are persistence and quasi-stationarity (Woollings et al., 2018). Accord-
ing to Liu et al. (1994) a persistence criterion is usually applied to exclude minor variability in the
troposphere not related to the blocking pattern. Depending on the study, time scales from a single
day to a week are given as the minimal duration of blocking (Tibaldi and Molteni, 1990; Tripathi
et al., 2015). Although blocking patterns are often indicated as being especially persistent, it has
to be kept in mind that they are generally not more persistent than the zonal flow regime (Liu,
1994).

Typical blocking situations are stationary ridges embedded in a large-amplitude Rossby wave pat-

tern with a phase-speed near zero (Figure 2.5a); Woollings et al., 2018). The so-called ,,Q2* block
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is not a stationary ridge but also associated with a stationary Rossby wave pattern (Figure 2.5b);
Woollings et al., 2018). According to Buehler et al. (2011) it is one of the two dominant block-
ing patterns over the North Atlantic region. In comparison with stationary ridges, its amplitude
is generally larger and it features some closed contours of geopotential height isolines inside the
high pressure area (Woollings et al., 2018). This high pressure area is usually called the ,,block-
ing anticyclone® (Buehler et al., 2011). Upstream and downstram of it are low pressure systems
located forming an Q which is visible in the 500 hPa geopotential height isolines (Buehler et al.,
2011; e.g. Figure 6.11 top).

The second dominant blocking pattern over the North Atlantic ocean is a ,,high over low* pattern
at the same longitude (Figure 2.5¢); Buehler et al., 2011). This kind of blocking pattern develops
when large-scale Rossby waves break anticyclonically (Figure 2.5d); Woollings et al., 2018). In
literature, it is also called a ,,Dipole-“ or ,,Rex-“ block, referring to the first studies of atmospheric
blocking done by Rex in 1950 (Woollings et al., 2018; Liu, 1994).

Blocking frequencies are generally higher in winter than in summer, with the blocking anti-
cyclones being usually located over the oceans in winter and over the continents in summer
(Woollings et al., 2018). In winter, blocking is often observed before SSW events and there-
fore seen as a typical tropospheric precursor of these events (Martius et al., 2009).

According to Domeisen et al. (2020) blocking furthermore plays an important role in determining
the tropospheric response of SSW events. Especially the so-called European blocking is important
for the formation of European cold waves after SSW events. When the European blocking, a ridge
over the British Isles, is present at the time of the formation of the SSW, colder than usual 2 metre
temperatures are found over central and northern Europe after the event. The lowest anomalies are
observed 20 days and 40 days after the SSW when simultaneously a so-called Greenland blocking
situation is present. This blocking situation is characterized by an enhanced ridge over Greenland,
leading to lower temperature anomalies than usually over Europe. This link between blocking and
the tropospheric response of SSW events is though not confirmed by Garfinkel et al. (2017) who
state that the tropospheric response to an SSW event is independent of the tropospheric state.
Controversially discussed in literature is the question if SSW events have an influence on the oc-
currence of blocking. Charlton-Perez et al. (2018) state that blocking itself is not influenced by the
state of the polar vortex, as it occurs usually during neutral polar vortex states. This is in contrast
to Woollings et al. (2018) who mention a significant increase of blocking in the high-latitudes and
a longer duration of this blocks after SSW events, especially in the region of the Atlantic ocean.
According to Woollings et al. (2018) independent of the possible coupling to SSW events, block-
ing situations can influence European surface weather by changing the prevailing zonal flow which
transports relatively warm oceanic air into Europe. During a blocking situation, relatively cold po-
lar air is transported downstream into Europe leading possibly to cold waves. Only a minor effect
in winter is the unusual cooling of the region below the blocking anticyclone due to the reduced
cloud cover.

Besides the influence on European temperatures, blocking patterns over the North Atlantic ocean
influence precipitation (Woollings et al., 2018). The actual influence of the blocking system on
temperatures and precipitation depends strongly on its geographical location and type (Woollings
et al., 2018). Blocking patterns near the British Isles, for example, influence surface temperatures

and precipitation over Europe (Buehler et al., 2011). According to Woollings et al. (2018) below
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Figure 2.5: Examples of North Atlantic blocks. Figure 1 of Woollings et al. (2018): ,,Snapshots of (colour
shading) potential temperature 6 on the dynamical tropopause (PV =2 PVU) and (contour lines)
geopotential height at 500 hPa (contour spacing 60 m) for the dates indicated. Data is from
ERA-Interim®.

the blocking anticyclone precipitation is drastically reduced to zero, while below the low pressure
systems up- and downstream of it precipitation is increased strongly. This is due to the forced
pathway of storms around the anticyclone. The stagnant air masses below the anticyclone lead
furthermore to an accumulation of pollutants which affects air quality.

Unlike a possible influence of blocking events on the stratospheric circulation, the severity of
changes in temperature and precipitation due to a blocking situation is largely depending on its per-
sistence leading up to several weeks of anomalous surface weather. This is confirmed by Buehler
et al. (2011) who found that the number of days with cold spells increase with the duration of the

blocking situation.

2.4.2 The Mid-Latitude North Atlantic Jet Stream in the Lower Troposphere

Tropospheric zonal-mean winds are decreased by up to Sms™!, when stratospheric anomalies,
caused by an SSW event, are present in the lower stratosphere (Lehtonen and Karpechko, 2016).
When these anomalies influence the troposphere, usually the mid-latitude tropospheric jet stream
over the North Atlantic ocean is displaced from its climatological position (Afargan-Gerstman and
Domeisen, 2020). According to Afargan-Gerstman and Domeisen (2020) the shift of the jet stream
starts on average 10 days after the occurrence of the SSW event and persists in its new position up
to 1 month.

A fraction of 2/3 of the SSW events show a zonally symmetric tropospheric response, leading to
an equatorward displacement of the mid-latitude jet stream over the North Atlantic ocean. This
co-occurs with the negative phase of the NAO and a weaker than usual strom track over Europe.
The remaining 1/3 of the SSW events are followed by a zonally asymmetric tropospheric response,
leading to a poleward displacement of the mid-latitude jet stream over the North Atlantic ocean.
The North Atlantic storm track is then stronger than usual.

Besides the stratospheric variability, also the internal tropospheric variability, such as blocking
patterns, can influence the position of the mid-latitude jet stream. Woollings et al. (2018) describe

the onset of a block by a poleward displacement of subtropical air in the time range of 1-3 days.
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This creates an extended ridge, which penetrates into the midlatitude jet stream. The jet stream
can then be displaced southward or split, with its remnants located up- and downstream of the
blocking pattern (Manney et al., 2009; Martius et al., 2009).

2.4.3 The North Atlantic Oscillation at the Surface

One of the most important factors that determine wintertime surface temperatures in the northern
hemisphere is the NAO (Wang and Chen, 2010). It describes the oscillation of atmospheric air
masses in the northern Atlantic ocean (Hurrell et al., 2003). This oscillation of air masses leads
to a varying strength of the climatological high, located in the area of the Azores, and the cli-
matological low, located in the region of Iceland. For the development of the two phases of the
NAO, called NAO+ and NAO-, Rossby wave breaking plays a substantial role (Benedict et al.,
2004). According to Benedict et al. (2004) synoptic-scale wave disturbances travelling from west
to east are transformed into north-south direction, forming the typical NAO pressure dipole be-
tween the areas around Iceland and the Azores. The positive phase of the NAO is preceded by
two anticyclonic Rossby wave breaking events. One over the west coast of North America and the
other one over the subtropical North Atlantic ocean. The NAO+ phase is therefore characterized
by a stronger than usual low pressure system in the region of Iceland and a stronger than usual
high pressure over the region of the Azores (Figure 2.6 left, top plot; Leckebusch et al., 2008).
The pressure over the polar cap is lower than usual and an enhanced frequency of high pressure
systems, associated with blocking, is observed over Europe (Baldwin et al., 2003; Blessing et al.,
2005).

The negative phase of the NAO is preceded by a cyclonic Rossby wave breaking over the North
Atlantic ocean (Benedict et al., 2004). This NAO phase is characterized by a weaker than usual
low pressure system in the region of Iceland and a weaker than usual high pressure system over the
region of the Azores (Figure 2.6 left, bottom plot; Leckebusch et al., 2008). The mid-latitude jet
stream over the North Atlantic ocean is displaced southward with blocking patterns mostly located
over the western North Atlantic ocean and south of Greenland (Butler et al., 2015; Blessing et al.,
2005).

The NAO is part of the AO which spans across the northern part of the northern hemisphere and
includes the polar vortex in the stratosphere (Baldwin and Dunkerton, 1999). Therefore the AO,
and subsequently the NAO, are strongly influenced by the state of the polar vortex (Baldwin and
Dunkerton, 1999; Baldwin et al., 2003; Blessing et al., 2005). In the stratosphere, a strong po-
lar vortex resembles an AO+ signature, a weak and disorganized polar vortex an AO- signature
(Baldwin and Dunkerton, 2001; Lehtonen and Karpechko, 2016). This AO signature propagates
downward in approximately 10 days from 10 hPa to the tropopause with the possibility to reach
the surface (Figure 2.6 right; Baldwin and Dunkerton, 2001). According to Charlton-Perez et al.
(2018) and Afargan-Gerstman and Domeisen (2020) the troposphere over the northern Atlantic
ocean is more sensitive to the stratospheric state than over the northern Pacific. According to
Charlton-Perez et al. (2018) especially the negative phase of the NAO is sensitive to the strato-
spheric variability, occurring in 1/3 of all cases after a weak polar stratospheric vortex but only in
5% after a strong polar stratospheric vortex. This sensitivity of the NAO- phase to the occurrence
of SSW events is confirmed by Domeisen (2019) as such. But she additionally states that 2/3 of
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Figure 2.6: Schematic of the NAO Phases and Downward Propagation of Stratospheric AO Signals.
Figure 1 of Bradbury et al. (2002) (left): ,,Schematic Illustration of North Atlantic Atmospheric
Conditions During Positive (upper panel) and Negative (lower panel) Phases of the North At-
lantic Oscillation (NAO). During positive NAO winters the atmospheric pressure gradient be-
tween Iceland and the Azores is at a maximum and the mid-latitude westerlies dominate air
circulation throughout the region. During negative NAO winters the Icelandic low is weak
and Atlantic blocking occurs more frequently.” Figure 1 of Baldwin and Dunkerton (2001)
(right): ,,Time-height development of the northern annular mode during the winter of 1998
—1999. The indices have daily resolution and are nondimensional. Blue corresponds to positive
values (strong polar vortex), and red corresponds to negative values (weak polar vortex). The
contour interval is 0.5, with values between >0.5 and -0.5 unshaded. The thin horizontal line
indicates the approximate boundary between the troposphere and the stratosphere.*

the SSW events are either followed by a persistent NAO- phase or a change from NAO+ to NAO-
and 1/4 of the SSW are followed by both. Although a non-negligible number of SSW events is
followed by the negative phase of the NAOQ, it has to be kept in mind that less than 1/4 of the NAO-
phases observed in winter are preceded by an SSW event (Domeisen, 2019).

Besides a possible influence of SSW events, the negative phase of the NAO is also prone to the
influence of the MJO, showing a significantly higher chance of an NAO- phase 10 days after the
MJO is in phase 6 (Vitart et al., 2017). Lee et al. (2019) explains this teleconnection with an
enhanced vertical heat flux and upward propagation of Rossby waves over the region of the MJO
which leads to a warmer stratosphere and a weaker stratospheric polar vortex in winter. This tele-
connection from the MJO, in this study the MJO phase 7, to the NAO- phase via the stratosphere
is especially likely during La Nifia conditions. The NAO- regime can furthermore directly be
influence by a teleconnection between ENSO and the North-Atlantic-European region, which is

strongest for moderate El-Nifio-conditions.

2.4.4 European 2 Metre Temperatures

Especially over Europe and the North Atlantic ocean, a significant influence of SSW events on
surface weather is observed (Domeisen et al., 2020). European 2 metre temperatures depend on
the phase of the NAO which can be influenced by SSWs (Wang and Chen, 2010; Charlton-Perez
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et al., 2018; Afargan-Gerstman and Domeisen, 2020). During the negative phase of the NAO in
winter, North America, northern Eurasia and Siberia experience colder than usual 2 metre temper-
atures (Butler et al., 2015). The midlatitude jet-stream is shifted southward leading to a movement
of cold polar air into the mid-latitudes, a so-called ,,cold air outbreak* (CAO) (Butler et al., 2015).
Since the likelihood of occurrence of NAO- phases is increased after SSW events, an influence of
SSW events on European surface temperatures, especially on wintertime cold waves, is suggested
(Charlton-Perez et al., 2018).

According to King et al. (2019) especially the cold extremes over Scandinavia are stronger in the
2 months after an SSW while colder than usual mean 2 metre temperatures are found to be present
also before the SSW event (Figure 2.7). They propose the hypothesis, that the mean changes in
weather patterns are small in the time around an SSW event but the likelihood of cold snaps is
increased in the 2 month after the SSW event. Garfinkel et al. (2017) confirm the latter part of
this hypothesis. They state that more cold snaps are observed when the polar vortex is in a weak
state, for example during an SSW event, than in a strong state. In addition to that, the cold snaps
observed during weak vortex states last up to 6 weeks longer than the ones observed during strong
vortex states.

The first part of the hypothesis by King et al. (2019) is confirmed by Lehtonen and Karpechko
(2016). In their study they find that especially for D-type SSW events, the mean 2 metre tem-
perature anomalies over northern Eurasia are lower before the SSW event than in the month after
it. They link the lower 2 metre temperature anomalies in the time before an SSW event to at-
mospheric blocking situations which modulate the upward propagating Rossby waves, possibly
leading to the SSW event.

Blocking itself can also lead to cold waves in winter without an SSW event when the pattern is per-
sistent for longer than a week (Woollings et al., 2018). Then, temperature and moisture anomalies
can develop, leading to an increased number of days with colder and drier than usual conditions
in the region of the blocking anticyclone (Woollings et al., 2018). According to Lehtonen and
Karpechko (2016) this influence of blocking on the 2 metre temperatures is by far stronger than
the influence of SSW events. It has also to be kept in mind that the NAO and the eventual Euro-
pean surface temperatures are strongly influenced by the internal troposperic variability which can

suppress the stratospheric influence (Tripathi et al., 2015; Domeisen et al., 2020).

21



2 Theoretical Concepts

In month before SSW In month after SSW In second month after SSW

Temperature anomaly (°C)

A b M L4 o 4 N ow sa
Temperature anomaly (°C)

1ow

T
0

T T
10E 20E 30E 1ow 0 10E 20E 30E 1ow 0 10E 20E 30E

Figure 2.7: Comparison of Mean and Extreme European Daily Minimum Temperatures around SSW
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Events. Figure 3 of King et al. (2019) (top row): ,,Monthly average daily minimum temperature
before and after central dates of SSW events. Stippling indicates at least 75% of grid box
anomalies across individual SSW events are of the same sign. Anomalies are calculated from
a daily climatological average for 1979-2016 to remove the influence of the seasonal cycle.*
Figure 5 of King et al. (2019) (bottom row): ,,Average anomalous intensity of the coldest
minimum temperatures before and after central dates of SSW events. Stippling indicates at least
75% of grid box anomalies across individual SSW events are of the same sign. Anomalies are
calculated from a daily climatological average for 1979-2016 to remove the influence of the
seasonal cycle.*



3 Data and Methods

3.1 ERA-Interim Reanalysis Data Set

For the description of the atmospheric state, the reanalysis data set from the European Center
for Medium Range Weather Forecast (ECMWF), ERA-Interim, is used in this thesis. According
to King et al. (2019) this data set is suitable for the description of the mean surface response
to SSW events. Numerous previous studies, e.g. by Afargan-Gerstman and Domeisen (2020),
Charlton-Perez et al. (2018) or Karpechko et al. (2018) underline the suitability of the ERA-
Interim reanalysis data set for the investigation of SSW events and their influence on tropospheric
weather. Using the ERA-Interim reanalysis data set constraints the analysis to the period between
1 January 1979 and 31 August 2019. The winter 2019/2020 is therefore not investigated in this
thesis. The used horizontal resolution of the data is 1.5°x1.5°. In the vertical, 37 pressure levels
are available between 1 and 1000 hPa. Except the geopotential height, all needed variables are
directly given in the ERA-Interim data set. The geopotential height is calculated from the geopo-
tential by dividing it through the gravitational constant. For doing this, the ECMWF recommends
to neglect the latitudinal dependency of the gravitational constant and to use a fixed value of
9.80665 ms ™~ instead for all latitudes (https://apps.ecmwf.int/codes/grib/param-db/?id=129, last
viewed 2 September 2019). This is done in this thesis. For every variable, the daily mean of all

available times is used unless stated otherwise.

3.2 Subseasonal To Seasonal Reforecast Data Set

The Subseasonal To Seasonal (S2S) data set is the used extended range ensemble forecast data
set in this thesis. According to Vitart et al. (2017) the S2S data set is suitable to investigate
SSW events concerning their impact on the predictability of surface weather on the subseasonal
to seasonal time-scale. Studies, e.g. by Kautz et al. (2020) or Karpechko et al. (2018) demon-
strate this. The S2S data set consist of both, near-realtime forecasts and reforecasts with lead
times up to 60 days from 11 operational forecast centers worldwide (Vitart et al., 2017; Vitart
et al., 2012). In this thesis, only the data from the ECMWF is used. Since near-realtime fore-
casts are only available from 2015 onwards, reforecasts are used in this thesis to increase the
number of winters for analysis. These reforecasts are initialized twice weekly with the ERA-
Interim renalysis as initial conditions and computed for the same date of initialization for the
last 20 years (https://confluence.ecmwf.int/display/S2S/ECMWF+Model+Description+CY46R1;
last viewed 25 May 2020). ECMWEF reforecasts are produced ,,on-the-fly” using always the
latest version of the Integrated Forecasting System (IFS) of the ECMWF for the computation
(https://confluence.ecmwf.int/display/S2S/ECMWF+Model+Description+CY46R1; last viewed
25 May 2020). To take advantage of this, only model-versions of the years 2019 and 2020 are
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used in this thesis. Therefore, the earliest winter which is investigated in this thesis is the win-
ter 1999/2000.

The reforecast verification is done with the ERA-Interim reanalysis data set (Kautz et al., 2020;
Karpechko et al., 2018). For a better comparison between the S2S reforecasts and the ERA-Interim
reanalysis, the same horizontal resolution as the ERA-Interim reanalysis data is used for the S2S
reforecasts, but in the vertical, only 10 pressure levels between 10 and 1000 hPa are available. All
variables needed in this thesis, including the geopotential height, are directly available in the S2S
data set but only with 1 value per day.

In contrast to the reanalysis data, the reforecast data on subseasonal to seasonal time scales can
be affected by a significantly large and non-negligible model error (Vitart et al., 2012). This is

especially important when looking at extremes.

3.3 Calculation of Climatologies and Standard
Deviations

Climatologies are needed to calculate anomalies from the mean state of the atmosphere. How-
ever, in literature, a unique recommendation how to calculate a climatology best suited for the
given application of this thesis cannot be found. Therefore, three different types of climatolo-
gies are computed and compared with each other. For every climatology, all available data from
ERA-Interim, reaching from 1 January 1979 to 31 August 2019, are used for the calculation.
The simplest approach to calculate a climatology is to use a multi-year daily mean, called ,,daily
climatology* hereafter. Another possibility is the use of a running mean over a certain number
of days. This ensures that sporadic and small-scale events do not have a strong influence on the
climatology, which is especially important for short time series. According to Baldwin and Dunk-
terton (1999) a 10-day running mean is suitable to exclude synoptic-scale variations from the data.
Therefore, the length of the running mean is set to 10 days. To spare computing power, the daily
climatology is computed first and then the running mean is applied. To preserve the length of the
time series, the necessary number of days from the daily climatology are pasted to the end and
the beginning of the time series before applying the running mean. In case of the S2S data, which
has a maximum length of 46 days per reforecast, the missing values at the beginning and end of
the time series are replaced manually by the nearest valid value. To minimize the missing values
due to the running mean on the one hand, but still excluding small-scale variations on the other
hand, a shorter window of 7 days for the running mean is tested as well. As a third possibility
for calculating climatologies, blocks of 10 and 7 days are used. In this case the mean over a fixed
number of days is taken. So every day in this fixed number of days has the same value. Sporadic
events and synoptic-scale variations are completely removed in this approach. The missing values
are substituted the same way as done for the running-mean climatologies.

For the calculation of standard deviations with ERA-Interim, only the time-step for 00 UTC is
used to reduce the download load. The standard deviations are then calculated as a multi-year
daily standard deviation over all available dates and averaged over the analyzed time-period un-
less stated otherwise. For the calculation of the standard deviations with the S2S data, all perturbed

ensemble members from the available reforecasts with the same initialization date are used. The
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daily standard deviation is calculated in a first step and then the multi-year daily mean of the daily
standard deviations is computed. Unless stated otherwise, the resulting standard deviations are

averaged over the investigated time period in a last step.

3.3.1 Comparison of Different ERA-Interim Climatologies

To compare the different climatologies with each other, the Pearson’s correlation coefficient over
the Euro-Atlantic sector, 30°N to 80°N and 80°W to 60°E, is computed exemplarily for the 2 metre
temperature and the mean sea level pressure. The Euro-Atlantic sector is chosen as reference area,
because it is an important region for the downward influence of SSW events on surface weather
(Charlton-Perez et al., 2018). In all cases, the correlation between the climatologies is higher for
the 2 metre temperature climatologies than for the mean sea level pressure climatologies. It is low-
est for the comparison between the daily climatology and blocks of either 10 or 7 days (not shown).
The differences between the daily climatology and running mean climatologies with either 10 or
7 days are marginal, smallest for climatologies with a running mean of 10 days (Figure 3.1).
The correlation coefficient is exceeding 0.91 for both, the 2 metre temperature climatologies and
the mean sea level pressure climatologies. Comparing the running mean climatologies of 10 and
7 days, the correlation coefficients show values over 0.99 (not shown). Keeping in mind that the
7-day running mean climatology has less missing values which is especially important for the S2S
reforecasts, the 7-day running mean climatology is used in this thesis.

For the calculation of horizontal ERA-Interim climatologies, the daily mean of 4 times per day
is used. Only for the climatology needed for the vertical profile of the normalized geopotential
height anomalies, 1 time per day is used to reduce the download load. The difference between
a climatology with 4 times per day and a climatology with 1 time per day is exemplarily calcu-
lated for 15 February. With a range between 1.5 gpm and 3.25 gpm difference between the two

climatologies, the use of only 1 time per day to calculate this specific climatologies is justified.

3.3.2 Calculation of S2S Climatologies

In case of the S2S data set, a separate climatology for each initialization date needs to be cal-
culated. The climatology is computed from all perturbed reforecasts with the same initialization
date of every available year. Due to the limited available data, the year which is investigated is
excluded from the climatology. At first, the ensemble mean of every year is calculated. Then, the
multi-year daily mean is computed and afterwards, a 7-day running mean is performed to guaran-
tee comparability with the ERA-Interim climatologies. As the reforecasts have a maximum length
of 46 days, the missing values due to the running mean are substituted manually by taking the first,
respectively the last, available value and pasting it to beginning and end of the climatology. This

has to be kept in mind when analyzing the first and last three values of climatologies or anomalies.
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Figure 3.1: Differences between Climatologies Based on ERA-Interim (1979-2019). Correlation of the
daily climatology and the 7-day running mean climatology for the mean sea level pressure. The
time step on the x-axis of the figure corresponds to the day of year.

3.4 Downward Propagation of Standardized
Geopotential Height Anomalies

Standardized geopotential height anomalies are frequently used to show the downward propaga-
tion of stratospheric signals to the surface (e.g. Karpechko et al., 2018). Anomalies in wind and
temperature are also visible in the geopotential height, making it to a useful tool to show not only
the downward propagation of signals but also their influence on a fixed pressure level. Usually the
geopotential height anomalies in respect to the temporal climatology are used to detect positive
anomalies induced by SSW events (e.g. Figure 5.1). The standardization of these anomalies is
used for an easy comparison between the strength of different events. Also wave structures can
be seen in the geopotential height and in its anomalies when using the anomalies from the zonal-
mean geopotential height ((e.g. Figure 5.2); Lim and Wallace, 1991). It has to be kept in mind
that waves with different wavenumbers can be superposed, making a clear statement concerning
upward or downward propagation difficult. In general, westward with height tilted structures show
upward propagating baroclinic waves (Lim and Wallace, 1991). So downward propagating baro-
clinic waves feature an eastward with height tilted structures. When the structures are not tilted
with height, they show barotropic features (Lim and Wallace, 1991). For both, barotropic and
baroclinic wave structures, coupling between the troposphere and stratosphere is possible (Attard
and Lang, 2019). The structures can also be identified when looking at the geopotential height and,
for example, on temperature (e.g. Figure 5.4). When the geopotential height isolines and the tem-
perature isolines intersect each other, a baroclinic structure is present (Holton, 2010). Otherwise,
the structure is barotropic. When looking at several pressure levels, vertical changes in baroclinic

or barotropic structures can be determined as well as the vertical tilt and twist of structures.
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3.5 Sudden Stratospheric Warming Indices

SSW indices are defined in various ways, usually for the months November to March (Butler et al.,
2015). SSW events occurring during this period are sometimes also called ,,midwinter warmings*
in literature (Butler et al., 2015).

Based on the used definition, the number of detected SSW events per year changes significantly
(Butler et al., 2015). One of the most used definitions is based on the reversal of the zonal-mean
10 hPa zonal wind at 60°N (Butler et al., 2015; Charlton and Polvani, 2007). It is argued though
that it would be better to look at a reference latitude of 65°N rather than 60°N because the latter is
located in the so called surf-zone, where local reversals of the zonal-mean zonal wind can occur
due to wave breaking. Those wind-reversals are not associated with the dynamics of the polar
vortex. Butler et al- (2015) found that using 65°N instead of 60°N in the SSW index definition
gives about 10% less events in the period from 1958 to 2015.

Another wind-based definition uses the zonal-mean zonal wind averaged over the polar cap,
60°N to 90°N. By this SSW index, 30% more events are detected in the period from 1958 to 2015.
All wind-based SSW index definitions call the first day when the wind speed reaches 0ms~! or
becomes negative the central date of a major SSW (Karpechko et al., 2018; Charlton and Polvani,
2007). This implicitly defines which weak polar vortex events are classified as major SSW events.
For the separation of two events, the zonal-mean zonal wind has to turn westerly again for at least
20 consecutive days (Butler et al., 2015, Charlton and Polvani, 2007). These 20 days correspond
to the time of two radiative damping time-scales at 10 hPa, leaving enough time for the polar vor-
tex to recover through radiative processes (Charlton and Polvani, 2007). Wind reversals at the
end of winter are not classified as SSW events and called ,,final warmings* instead (Butler et al.,
2015; Charlton and Polvani, 2007). A wind-reversal is classified as a final warming when the
zonal-mean zonal wind at 10 hPa does not return westerly in 10 consecutive days before 30 April
(Butler et al., 2015; Charlton and Polvani, 2007). Final warmings occur at the end of every winter
due to the seasonal reversal of zonal wind, caused by the increasing radiative heating due to the
rising sun (Butler et al., 2015).

In addition to the purely wind-based indices, a combination of the meridional temperature gradi-
ent, averaged over the polar cap, and the reversal of the zonal-mean 10 hPa zonal wind at 60°N is
calculated in this thesis (Butler et al., 2015; Yu et al., 2018). A major SSW event is detected when
the wind reverses to easterlies and the meridional temperature gradient turns negative in 10 con-
secutive days as well. According to Charlton and Polvani (2007) the inclusion of the meridional
temperature gradient in the definition of the SSW index makes little difference in the number of
detected SSWs.

The fifth computed index in this thesis is a temperature-based SSW index. It detects a major SSW
event when the temperature between 100 hPa and 10 hPa at any grid point northward of 60°N in-
creases more than 40K in one week. This index does not differentiate between SSWs and final

warmings (Butler et al., 2015).
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3.5.1 Comparison of Sudden Stratospheric Warming Indices for
the Winters of 1999/2000 to 2018/2019

The SSW index by Charlton and Polvani (2007) (CP07) detects 17 SSW events in 14 out of the
20 winters which are investigated in this thesis (Table 3.1). Twelve of those SSWs are also de-
tected by the wind- and temperature-based SSW index (U&T). The modification of the CP07
index which uses 65°N instead of 60°N as reference latitude (U65) detects 20 events in the same
14 winters. The central dates of the SSWs detected by both wind-based indices vary up to 8 days.
This increase in the number of SSW events when using 65°N as reference latitude instead of 60°N
is contrary to the findings of Butler et al. (2015). A possible explanation of this dissent is the
different considered time period.

The third wind-based SSW index which uses the meridional mean between 60°N and 90°N as
reference latitude (U6090) detects 26 SSW events in 18 of the 20 available winters (Table 3.1).
The increase of detected SSW events detected by this index in comparison to CP07 is consistent
with the findings of Butler et al. (2015).

The purely temperature based SSW index (TMP) does not detect any SSWs in the winters
of 1999/2000 to 2018/2019 (Table 3.1). Therefore, this index is not used to detect SSW events
in this thesis. The U&T index is also excluded because it is more computing-intensive than the
purely wind-based indices and does not support necessary additional information.

Concerning the wind-based indices, all three indices are taken into consideration, with U65 used
for the detailed analysis (e.g. Figure 5.3). It is calculated for the ERA-Interim data using all avail-
able times per day to include important daily fluctuations in the 10 hPa zonal-mean zonal wind.
The classification of SSW events is done analogous to Charlton and Polvani (2007) but taking
the period of 13 days prior and 18 days after the central date of the SSW obtained by U65 into
consideration. This is done to account for the maximum variation of the central dates obtained by
CP07 and U65.
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Table 3.1: Detection of SSW Events by Different SSW Indices for the Winters 1999/2000 to 2018/2019.
The SSW index by Charlton and Polvani (2007) (,,CP0O7*) is compared to its modified versions
regarding the reference latitude (,,U65“ and ,,U6090%) and its combination with a meridional
temperature gradient (,,U&T*). Furthermore a purely temperature-based index (,,TMP*) is used.
If an SSW event is detected, the central date of this event is given, otherwise there is a dash.

Winter CPO7 U&T u65 U6090 TMP
1999/2000 20 Mar - 20 Mar 20 Mar -
200072001 11 Feb Vv 23 Nov, 3 Feb 22 Nov, 2 Feb -
2001/2002 30 Dec, 17 Feb  /, - 29 Dec, 16 Feb 29 Dec, 16 Feb -
2002/2003 18 Jan Vv 17 Jan, 17 Feb 16 Jan, 17 Feb -
2003/2004 4 Jan v/ 3 Jan 29 Dec -
2004/2005 - - - 12 Mar -
2005/2006 20 Jan v/ 21 Jan 12 Jan -
2006/2007 24 Feb Vv 23 Feb 22 Feb -
2007/2008 22 Feb v/ 22 Feb 22 Feb -
2008/2009 24 Jan Vv 24 Jan 24 Jan -
2009/2010 28 Jan, 23 Mar  +/, v/ 25 Jan 23 Jan, 20 Mar -
2010/2011 - - - - -
2011/2012 - - - 14 Jan, 14 Feb -
2012/2013 6 Jan - 6 Jan 6 Jan -
2013/2014 - - - 4 Feb -
2014/2015 - - - 3 Jan, 2 Feb -
2015/2016 - - - - -
2016/2017 2 Feb v/ 24 Nov, 1 Feb, 24 Feb 24 Nov, 31 Jan, 24 Feb -
2017/2018 11 Feb, 19 Mar  +/, - 11 Feb, 22 Mar 11 Feb -
2018/2019 1 Jan - 31 Dec 29 Dec -

3.6 Blocking Index

In literature, many approaches to define blocking indices are found. Rex (1950) proposes a sub-

jective criterion based on 500 hPa geopotential height anomaly maxima and Dole (1978) extends

this criterion by adding a mandatory persistence of the pattern. Okland and Lejends (1987) also

focus on blocking persistence and define a climatological probability that a specific blocking pat-

tern lasts at least for a certain number of days. These subjective blocking indices are compared by

Liu (1994).

An objective blocking index based on the meridional gradient of the 500 hPa geopotential height
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field is developed by Tibaldi and Molteni (1990). They calculate a northern meridional gradient,
GHGN, between 60°N and 80°N and a southern gradient, GHGS, between 60°N and 40°N:

Z(Pn) —Z(P0)

GHGN =
o, Dy

Z (CDO) —Z (q)s)
e N
where Z is the 500 hPa geopotential height at a specific latitude ®. The latitude P is thereby varied

GHGS =

as follows:

@, = 80°N+ A, Py = 60°N+ A, By = 40°N+ A, A= —4°, 0°or 4°.

Hereby is @ called the ,,central latitude®. For the occurrence of blocking, GHGN needs to be
smaller than -10 m/° latitude and GHGS greater than 0. For the detection of blocking, it is sufficient
if GHGS and GHGN fulfill their criteria for one central latitude ®y. Therefore, the maximal
values of GHGS, as this needs to be >0, and the minimal values for GHGN, as this need to be
<-10 m/° latitude, are computed for each longitude. If blocking is detected, GHGS, which is a
proxy for the blocking strength, is shown for the ERA-Interim reanalysis in a Hovmoller plot with
the 500 hPa geopotential height field in the background (e.g. Figure5.6). A region is considered
as blocked, if 3 adjacent grid points are blocked.

A 2-dimensional extension of the index by Tibaldi and Molteni (1990) is developed by Scherrer
et al. (2006). This index is computed in a similar way with GHGS and GHGN but the central
latitude varies from 35°N to 75°N. In this thesis, the central latitude is varied between 34.5°N and
75°N with a latitude step of 1.5° due to the model resolution. This is also done by Quinting and
Vitart (2019). A is set constantly to O:

&, = Dy + 15°

®, = By — 15°
@y =35°Nto 75°N in 1.5°steps, A = 0°.

In this approach, a field of the blocking index is calculated and not only a single value per latitude
as done by Tibaldi and Molteni (1990). If both, GHGS and GHGN, fulfill their criterion, blocking
is detected and GHGS plotted. For the ERA-Interim reanalysis data set, these plots also show the
500 hPa geopotential height field in the background to illustrate ridges and troughs and therefore
the type of blocking (e.g. Figure 5.7). Scherrer et al. (2006) additionally include a 5 day persis-
tence criterion, which is not used in this thesis because in the Hovmoller plot showing the blocking
index by Tibaldi and Molteni (1990) the persistence of the blocking pattern can be detected easily
and applied to the 2-dimensional extension by Scherrer et al. (2006).

For the S2S data, the 500 hPa geopotential height anomalies, averaged between 70°W and 30°E
as well as 40-80°N, are shown instead of the Hovmoller diagrams (e.g. Figure 6.12). This is done
because Hovméller diagrams are disadvantageous when having large ensemble spreads, such as
at the end of the reforecasts’ lead time. Then, the overlap of the different GHGS values for the
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3.7 Position of the Mid-Latitude Jet Stream

ensemble members makes it difficult to determine single blocking patterns. For the same reason,
in the 2-dimensional 500 hPa geopotential height field only the 5600 gpm isoline is drawn for the
ensemble members and the ERA-Interim reanalysis (e.g. Figure 6.14).

Other blocking indices found in literature are based on the potential temperature. These indices in-
clude wave breaking in their criteria, which is an important factor of blocking (Pelly and Hoskins,
2003). As the potential temperature is only available in the ERA-Interim data set but not in the

S2S data set, indices based on potential temperature are not used in this thesis.

3.7 Position of the Mid-Latitude Jet Stream

For the position of the jet stream, the 850 hPa zonal-mean zonal wind is displayed in a Hovmoller
diagram with latitude and time on its axes (e.g. Figure 5.8). The wind-maxima, which indicate
the position of the jet stream, are marked additionally with lines. To filter out synoptic-scale
events such as cyclones, a Lanczos filter with a 61-day moving window and a cutoff-frequency of
1/10 days is applied (Woollings et al., 2010; Duchon, 1979). The truncated weight function of the

filter can be written as:
w(k) = o1+ 0, w(n) = w(—n)... = 2 cutoff-frequency, k € [—n,n|,

where w(k) is the truncated weight function with k being the step and o the so-called o-factor
developed by Lanczos (Duchon, 1979). The weight function is symmetric around k = 0. The total
number of steps 7 is computed depending on the length of the moving window:

(length moving window — 1)

= 1.
n > +

It is half the length of the moving window, creating a symmetric weight function which is essen-
tially a centered running mean multiplied by a factor . This o-factor is dependent on the steps

and the total number of steps:
sin (”7") ‘n
oc=—>"
k

It is a sinc-function, showing only values #0 inside a window between the negative and positve
cutoff-frequency. The first o-factor o) is given with:

_ sin(27k - cutoff-frequency)

o] = .
wk

This Lanczos filter is basically a 10-day lowpass-filter combined with a 61-day running mean. This
leads to 31 days at the beginning and end of the used time series which are affected by boundary
conditions and therefore uncertain. The same filtering method is applied to the 850 hPa zonal-mean
zonal wind climatology to determine the position of the jet stream relative to its climatological

mean.
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3.8 North Atlantic Oscillation Indices

There is not a unique definition of the NAO index in literature but there is a sign convention. A
positive index corresponds to a strengthening difference between the Icelandic low and the Azores’
high, a negative index corresponds to a weakening difference between the Icelandic low and the
Azores’ high (Blessing et al., 2005). According to Leckebusch et al. (2008) the traditional way
to calculate the NAO index is the use of the difference of standardized mean sea level pressure
anomalies between Lisbon and a station on Iceland, typically Stykkish6lmur or Reykjavik. This is
also called the Lisbon-Iceland index.

To take the movement of the NAO centers into consideration, the EU Index uses two latitude cir-
cles, one at 35°N and one at 65°N, which are averaged over the sector between 20°W and 40°E.
The difference of the standardized mean sea level pressure anomaly of the southern and northern
circle is then called the EU Index. One possible issue with this approach is the choice of the lon-
gitude sector, which is positioned to a great extent over continental Europe, but the NAO itself is
defined over the northern Atlantic ocean basin.

The Zonal Index is defined in a region closer over the North Atlantic ocean by using a longitudinal
sector between 0°W and 40°W. It also uses a latitudinal sector creating two regions, in which the
mean sea level pressure anomalies are then averaged separately and standardized. The southern
area is located between 35°N and 50°N, the northern area between 55°N and 70°N. The difference
between the southern and the northern area creates the Zonal Index.

Instead of using standardized mean sea level pressure anomalies, standardized geopotential height
anomalies can also be used for the calculation of the NAO index in different heights (Jung et al.,
2011). This approach is tested for the standardized 500 hPa geopotential height anomalies and the
regions defined by the Zonal Index.

Beside the gridpoint-based indices, indices based on empirical orthogonal functions are used fre-
quently (Jia et al., 2007). But according to Jia et al. (2007) gridpoint-based indices represent
the difference between the two NAO phases better than indices based on empirical orthogonal

functions. Therefore, only the former are used in this thesis.

3.8.1 Comparison of North Atlantic Oscillation Indices

The comparison of the different definitions of the NAO index is done exemplarily for the win-
ter 2017/2018. The differences between the various NAO indices are found to be not negligible
and sometimes even varying in sign (Figure 3.2 left). As the Lisbon-Iceland Index does not con-
sider movements of the NAO centers, the other indices are preferred (https://climatedataguide.ucar.
edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-based, last viewed 26 Au-
gust 2019). For the same reason, the Zonal Index is prefered over the EU Index, as the latter
only considers longitudinal movements of the NAO centers. Except for the magnitude, the sur-
face based Zonal Index and the 500 hPa geopotential height based Zonal Index show a similar
behaviour (Figure 3.2 left and right). To include the analysis of dynamics on the surface, the mean
sea level pressure based Zonal Index in this thesis. The standardization of the index is done with
the multi-year temporal standard deviation of the mean sea level pressure.

As daily values of the NAO index are computed to show the influence of the SSW events on the

pattern, the results are sensitive to the used climatology. The difference for the Zonal Index cal-

32
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culated once with a daily climatology and once with a 7-day running mean climatology varies
between +0.25 standard deviations during November to May (not shown). For consistency in
this thesis, the 7-day running mean climatology is used to calculate the Zonal Index. To exclude
synoptic-scale events of the considered winter, a 7-day running mean of the Zonal Index is calcu-
lated afterwards and plotted together with the daily NAO index (e.g. Figure 5.9; e.g. Baldwin and
Dunkerton, 1999).

Comparison between Lissabon-celand, EU and Zonal NAO Index with 7 Days Running Mean Climatology Zonal NAO Index in 500 hPa Geopotential Height with 7 Days Running Mean Climatology

I Lisbon-Iceland NAO Index A | = 7day running mean
x H

AO Indes
4 2l NAO Index

2

NAO Index
L b °
NAO Index

&

201711 01712 2018.01 2018.02 2018.03 2018.04 2018.05 201711 01712 2018.01 2018.02 2018.03 2018.04 2018.05
Year Date

Figure 3.2: Comparison of Different NAO Indices. Comparison between the mean sea level pressure
based Lisbon-Iceland, EU and Zonal Index computed with a 7-day running mean climatology
(left) and the Zonal Index in 500 hPa geopotential height also computed with a 7-day running
mean climatology (right) for the winter 2017/2018. The green respectively black dashed line
shows the central date of the first major SSW in this winter, the gray dashed line the date of the
second major SSW.

3.9 Definition of Cold Waves

In literature, a unique definition of cold waves cannot be found. Garfinkel et al. (2017) define
a cold snap as the 2 metre temperature anomalies below 1 K under the climatological value. Al-
though for the cold wave itself there is not a persistence criterion, the separation of events is clearly
done with demanding at least 3 consecutive days between two events. This definition is adapted
for the ERA-Interim reanalysis and the S2S-reforecast data and calculated for the European mean
and regional means for different European regions (Figure 3.3). To spare the duration criterion, a
7-day running mean of the daily anomalies is calculated afterwards. The days which fulfill the cri-
terion for cold waves are marked (e.g. Figure 4.11). The term ,,European cold wave* describes in
this thesis a period of consecutives days which fulfill the criterion for cold waves in the European
mean. This description is adapted for the different European regions.

In addition to this definition, the definition of cold waves by Smid et al. (2019) is used for the
ERA-Interim reanalysis. This definition is based on the 2 metre daily minimum temperature and
defines a cold snap as those days which are colder than the lowest 10 percentile of the climatol-
ogy. The climatology is calculated for the period of 1999-2019 with a 31-day moving window.
The minimum duration of a cold wave is given with 3 consecutive days. The definition by Smid
et al. (2019) is also calculated for the European mean and the different European regions (Fig-
ure 3.3). The term ,,European cold waves* is used in the same way as done for the definition of

cold waves based on the 7-day running mean of the 2 metre temperature anomalies.
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Figure 3.3: Regions for the Detection of Cold Waves. The European mean is calculated by averaging
between 10°W to 42°E and 35°N to 72°N. The anomalies for north-western Europe between
10°W to 3°E and 45°N to 60°N, for south-western Europe between 10°W to 3°E and 35°N to
45°N, for eastern Europe between 20°E to 42°E and 45°N to 60°N, for northern Europe between
3°E to 42°E and 60°N to 72°N, for central Europe between 3°W to 20°E and 45°N to 60°N and
for the Mediterranean between 3°E to 42°E and 35°N to 45°N.
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3.10 Selection of Case Studies

The selection of case studies is done subjectively with the aim to show the high case-to-case vari-
ability of the SSW events itself and their possible influence on European cold waves on the sub-
seasonal to seasonal time scale. As a first case study the winter 2008/20009 is selected. This winter
features the strongest and longest-lasting SSW event of the past 20 years (Table 3.2). Easterly
winds reach values up to -36 ms~! and a total duration of 34 days in the middle stratosphere. Ac-
cording to Afargan-Gerstman and Domeisen (2020) this SSW does not influence surface weather
over Europe. Thus, the SSW event should not have an effect on the predictability of European
cold waves and the winter 2008/2009 is only analyzed with the ERA-Interim reanalysis.

The winter 2009/2010 is selected as a second case study. This winter is appealing because it fea-
tures besides a strong and long-lasting SSW event in January 2010 another reversal of the 10 hPa
zonal-mean zonal wind at the end of March 2010. The U65 index classifies this wind reversal
already as the final warming but the CP07 and U6090 index detect a second SSW here (Table 3.1).
The SSW detected by all indices features maximum easterly winds up to -20m~'s which last
32 days in the middle stratosphere. According to Jung et al. (2011) and Santos et al. (2013) the
SSW plays only a minor role in the maintenance of the following surface weather pattern. There-
fore, this winter is only analyzed with the ERA-Interim reanalysis.

As a third case study, the winter 2000/2001 is selected. It features two very different SSW events
(Table 3.2). The first SSW is a rather weak and short-lasting D-type warming at the end of Novem-
ber. Easterly winds with a maximum amplitude of -4 ms~! are present for 4 days in the middle
stratosphere. The second SSW is a S-type warming in the beginning of February. It features max-
imum easterly winds with -16 ms~! and a duration of easterly winds for 20 days in the middle
atmosphere. To the knowledge of the author, the first SSW of the winter 2000/2001 is not ana-

lyzed in studies concerning its impact on surface weather. A reason for this might be that it is not
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detected by the often used SSW index by Charlton and Polvani (2007) which uses the reversal of
the 10 hPa zonal-mean zonal wind at 60°N as a measure of major SSWs. This makes the first SSW
event of the winter 2000/2001 suitable for a detailed analysis with the S2S reforecasts in addition

to the ERA-Interim reanalysis.

Table 3.2: Features of the Major SSW events of the Winters 1999/2000 to 2018/2019. The reversal of
the 10 hPa zonal-mean zonal wind at 65°N is used for the detection of events (Butler et al., 2015).
The case studies selected for further analysis are printed in bold.

Winter Central Date SSW  Type Max. Easterly Wind Speed Duration Easterlies

1999/2000 20 Mar D 11 ms™! 2d
2000/2001 23 Nov D -3ms~! 4d
2000/2001 3 Feb S -16ms™! 20d
2001/2002 29 Dec D -Sms~! 18d
2001/2002 16 Feb D -Sms~! 4d
2002/2003 17 Jan S 3ms~! 2d
2002/2003 17 Feb S -Sms~! 20d
2003/2004 3 Jan D -12ms™! 33d
2004/2005 - - - -
2005/2006 21 Jan D 28 ms~! 27d
2006/2007 23 Feb D -18ms™! 5d
2007/2008 22 Feb D 21 ms™! 33d
2008/2009 24 Jan S -36ms~! 34d
2009/2010 25 Jan S -20ms ! 32d
2010/2011 - - - -
2011/2012 - - - -
2012/2013 6 Jan S 21 ms™! 23d
2013/2014 - - - -
2014/2015 - - - -
2015/2016 - - - -
2016/2017 24 Nov D 2ms~! 1d
2016/2017 1 Feb D -S5ms~! 1d
2016/2017 24 Feb D Sms~! 19d
2017/2018 11 Feb S -34ms~! 16d
2017/2018 22 Mar D -6ms™! 8d
2018/2019 31 Dec S -15ms™! 26d
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3.10.1 Selection of S2S Reforecasts and Representative Members

The selection of reforecasts for analysis of the first SSW event of the winter 2000/2001 is based
on the SSW index, which is only defined between November and March. Therefore, the earli-
est useful initialization date of the S2S reforecasts is 31 October 2000. At this date, 1 ensemble
member predicts the central date of the first SSW in the winter 2000/2001 correctly, 1 member
too early and 9 members show only westerly winds (Table 3.3). The SSW event is considered to
be predicted correctly when the ensemble member predicts the reversal of the 10 hPa zonal-mean
zonal wind in the time-range of 3 days around the central date of the SSW event obtained from
the ERA-Interim renalysis (Karpechko et al., 2018). At this early time of initialization, the correct
prediction of the SSW event could be coincidence but the reforecast initialized 4 days later also
features 1 member which predicts the SSW’s central date correctly. This might be an indicator
for an early predictability of the SSW. The reforecast initialized on 31 October 2000 is therefore
subject to further analysis.

So is the reforecast initialized on 7 November 2000 which features 4 members predicting the SSW
correctly and 5 members, which do not predict easterly winds during at all (Table 3.3). This case
looks very promising to detect the differences in reforecasts with and without SSWs. The refore-
casts initialized after 7 November 2000 show an increasing number of ensemble members which
predict the SSW correctly. Firstly on 18 November 2000, 5 days prior to the central date of the
SSW, all ensemble members predict the SSW correctly. The closest initialization date after the
central date of the SSW is 25 November 2000. This reforecast is not only the closest to the central
date of the SSW, but also the last one with all members being initialized as easterly winds (Ta-
ble 3.3). Thus, this reforecast is also investigated further.

For the selected reforecasts which are initialized prior to the central date of the SSW, the represen-
tative members are chosen based on the SSW index. From all members which predict the SSW
correctly the ensemble mean is calculated. This is done also for all member which do not show
easterlies at all during the reforecast period. For every cluster, the representative member is the
one which shows the smallest root mean square error to the ensemble mean. Ensemble members
which predict the SSW too early or too late are excluded. This guarantees a clear distinction be-
tween members being influenced by the SSW event and those which are not.

For the selected reforecast initialized after the central date of the SSW, the choice of the rep-
resentative members is based on the 100 hPa standardized geopotential height anomalies. The
ensemble member closest to the ensemble mean of all ensemble members showing only values
>0.5 standard deviation from the mid-December onwards is selected as the representative member
with prevailing standardized geopotential height anomalies >0.5 standard deviation. As it follows
the ERA-Interim reanalysis in sign, it is also called the member with the correct prediction of
the atmospheric state. It has to be kept in mind though that this only applies to the sign but not
the magnitude of anomalies. The ensemble member closest to the ensemble mean of all ensemble
members showing only values <0.5 standard deviation from the beginning of December onwards is
selected as the representative member with prevailing standardized geopotential height anomalies

<0.5 standard deviation.
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Table 3.3: Selection of Reforecasts for the Analysis of the Winter 2000/2001. In the table, the number
of ensembles members which predict the central date correctly (,,Central Date*), too early or too
late (,,Earlier or Later Easterlies™) or not at all (,,Only Westerlies*) are listed. The reforecasts
which are analyzed further are written in bold and marked by a tick.

Initialization ~Selected Central Date Earlier or Later Easterlies Only Westerlies

31 Oct 2000 Vv 1 1 9
4 Nov 2000 - 1 1 9
7 Nov 2000 N4 4 2 5
11 Nov 2000 - 2 1
14 Nov 2000 - 10 0 1
18 Nov 2000 - 11 0 0
21 Nov 2000 - 11 0 0
25 Nov 2000 vV 11 0 0
28 Nov 2000 - 0 0 11
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4 Winter 2008/2009

4.1 Troposphere-Stratosphere Coupling

The winter 2008/2009 shows a strongly positive normalized geopotential height anomaly up to
3.0 standard deviations at the stratospause between mid-January and mid-February 2009 (Fig-
ure 4.1). This is the only time when normalized geopotential height anomalies >1.0 standard
deviation are present at the stratospause. Especially striking is the sharp gradient of geopoten-
tial height anomalies at the beginning of the structure indicating a sudden change of the strato-
spheric circulation at that time (Figure 4.1). The positive geopotential height anomalies show
values >1.0 standard deviation in the stratosphere during the whole time but only between 11 and
16 February 2009 positive anomalies are found continuously from the stratopause to the surface
(Figure 4.1). When looking at the deviation from the geopotential height from the zonal-mean in
the stratosphere at the same time, a strongly westward tilted with height structure of continuously
positive geopotential height anomalies in the troposphere and stratosphere is found (Figure 4.2
bottom). This indicates the upward propagation of tropospheric baroclinic waves in the strato-
sphere (Lim and Wallace, 1991). In the troposphere, the structure is not tilted with height indicat-
ing a barotropic state. Besides this prominent structure of positive geopotential height anomalies
over the North Atlantic-European sector, another structure is visible in the troposphere over North
America (Figure 4.2 bottom). The westward tilted with height structure is also associated with
an upward propagation of tropospheric baroclinic waves (Lim and Wallace, 1991). This leads
to a wavenumber 2 flow in the troposphere whereas a wavenumber | circulation is present in
the stratosphere. The same circulation pattern is present between 5 and 6 November 2008 (Fig-
ure 4.2 top). The wavenumber 2 flow in the troposphere is characterized by a barotropic structure
with positive geopotential height anomalies over the North Atlantic-European sector and another
barotropic structure over North America. In the stratosphere, only the latter structure is visible
showing a slightly westward tilt with height. This indicates the upward propagation of baroclinic
tropospheric waves (Lim and Wallace, 1991). Polar-cap averaged positive normalized geopoten-
tial height anomalies >1.0 standard deviation are visible up to heights of 2.5 hPa during this time
(Figure 4.1).
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Vertical Profile of the Normalized Polar-Cap Averaged Geopotential Height Anomalies
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Figure 4.1: Vertical Profile of the Polar-Cap Averaged Normalized Geopotential Height Anomalies
during the Winter 2008/2009 based on ERA-Interim. The green structure starting at 1 hPa is
an indicator of a possible SSW event.

40



4.1 Troposphere-Stratosphere Coupling
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Figure 4.2: Normalized Geopotential Height Deviations from Zonal-Mean in the Winter 2008/2009
based on ERA-Interim. The top plot is averaged over the positive polar-cap averaged normal-
ized geopotential height anomalies at the surface, the bottom plot around the time of the largest
positive standard deviations of the normalized geopotential height anomalies associated with

the SSE event at the surface.
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4 Winter 2008/2009

4.2 Sudden Stratospheric Warming Signals in the
Middle Stratosphere

As the presence of the normalized geopotential height anomalies >1.0 standard deviation at the
stratopause already suggest, there is only one SSW event occurring in the winter 2008/2009 (Fig-
ure 4.1 and 4.3). This event is detected by all three wind-based SSW indices with its central
date on 24 January 2009 (Table 3.1). Until roughly 1 month before the SSW event, the 10 hPa
zonal-mean zonal wind varies between approximately 20 ms~! and 40 ms~! while the polar-cap
averaged 10 hPa temperature is steadily below 215 K (Figure 4.3). The polar vortex is stable dur-
ing this time with the exception of an elongation on 8 December 2008 (Figure 4.4 left column,
top). This is may caused by an anomalously wavenumber 1 tropospheric wave forcing observed at
the same time (Manney et al., 2009). In 10 hPa height, the strong polar vortex is slightly elongated
and shows a split of the 28750 gpm isoline. In 30hPa and 50 hPa height only less pronounced
separated geopotential height contours are seen (Figure 4.4 left column, middle and bottom). The
temperatures are down to 190 K in all three heights and the polar vortex is in a slightly baroclinic
state. Interestingly, polar-cap averaged normalized geopotential height anomalies >1.0 standard
deviation are not found in the stratosphere at that time (Figure 4.1). In mid-December 2008 the
stratospheric polar night jet accelerates until 11 January 2009 when it reaches its winter-maximum
with 68 ms~! (Figure 4.3). The 10 hPa polar-cap averaged temperature is below 205 K at that time,
just a few degrees above its wintertime-minimum in early January 2009. In all three displayed
heights, the polar vortex is centered over the pole (Figure 4.5 left column). In 10 hPa height, it has
an oval shape with minimum geopotential height values around 28000 gpm showing a slight baro-
clinicity while in lower heights the baroclinicity increases and the shape of the polar vortex is more
concentric. From 11 January 2009 onwards the 10 hPa zonal-mean zonal wind decelerates rapidly
(Figure 4.3). On 19 January 2009 the polar vortex is clearly elongated in 10 hPa, 30 hPa and
50 hPa height reaching far south into North America and Asia (Figure 4.4 middle column). In
10 hPa height the polar vortex is clearly in a baroclinic state with temperatures reaching locally
already up to 260 K (Figure 4.4 middle column, top). In lower heights, the polar vortex is in a
more barotropic state with temperatures staying below 240 K (Figure 4.4 middle column, middle
and bottom). At the central date of the SSW the 10 hPa polar-cap averaged temperature reaches
its wintertime-maximum with 252 K (Figure 4.3). Until this date, the temperature increased ap-
proximately 50 K in roughly 2 weeks. Locally temperatures up to 290 K are found over Grenland
in 10hPa, making this SSW event to one of the strongest SSW events (Figure 4.4 left column,
top; Schneidereit et al., 2017). The polar vortex is clearly split at the central date of the SSW
into two parts with minimum geopotential height values around 29500 gpm and 29250 gpm in
10 hPa height where it features strong baroclinic characteristics. In 30 hPa height the split of the
polar vortex is also visible as well as the baroclinic structure (Figure 4.4 right column, middle).
Temperatures stay here, and in 50 hPa height, below 240 K. In 50 hPa height the polar vortex is
only elongated but not split and in a less baroclinic state than in the upper levels (Figure 4.4 right
column, bottom).

On 29 January 2009 the SSW index reaches its winter-minimum with -36 ms~! (Figure 4.3). In the
last 3 weeks the stratospheric polar night jet changed its wind speed by 104 ms~! which is again
characterizing the SSW of the winter 2008/2009 as an especially strong one. The polar vortex is
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4.2 Sudden Stratospheric Warming Signals in the Middle Stratosphere

now clearly split in all three displayed heights and in a baroclinic state (Figure 4.5 middle column,
top, middle and bottom). Temperatures are still high in 10 hPa reaching locally values up to 270 K
(Figure 4.5 middle column, top). In the lower heights, temperatures do not reach values above
250 K (Figure 4.5 middle column, middle and bottom). From 29 January 2009 onwards the 10 hPa
zonal-mean zonal wind accelerates again and turns westerly on 25 February 2009 after 34 days
with easterly winds (Figure 4.3). Concurrently with the acceleration of the stratospheric polar
night jet the 10 hPa polar-cap averaged temperature decreases again. It reaches values slightly be-
low 210 K on 9 March 2009, the time when the polar vortex in 10 hPa is restored (Figure 4.3). Itis
in a nearly barotropic state again showing a rather concentric shape, centering a little south of the
pole (Figure 4.5 right column, top). According to Manney et al. (2009) this recovery of the polar
vortex is not significant in lower heights showing again the large impact of the SSW event on the
circulation in the stratosphere. In these lower heights the polar vortex is in a more baroclinic state
with a less concentric shape, centering more southward with decreasing height (Figure 4.5 right
column, middle and bottom). It is the only time when a clear tilt of the polar vortex with height is
seen in the winter 2008/2009.
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Figure 4.3: SSW Index and Polar-Cap Averaged 10 hPa Temperature for the Winter 2008/2009 based
on ERA-Interim. The blue dots show the modified SSW index by Charlton and Polvani (2007)
with 65°N instead of 60°N as reference latitude. The red line shows the polar-cap averaged
10 hPa temperature. Days with distinctive shapes of the polar vortex in the 10 hPa geopotential
height field are marked.
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4 Winter 2008/2009

Figure 4.4: Geopotential Height and Temperature in the Middle Stratosphere on 8 December 2008,

44

19 January 2009 and 24 January 2009 based on ERA-Interim. The geopotential height and
temperature are shown in 10 hPa (top row), 30 hPa (middle row) and 50 hPa (bottom row) for
8 December 2008 (left column), 19 January 2009 (middle column) and 24 January 2009 (right
column). All plots have the same color-scale except the plot on the top right (the color-scale for
this plot is given next to it).
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4.2 Sudden Stratospheric Warming Signals in the Middle Stratosphere

10 hPa Geopotential Height and 10 hPa Temperature: 2009-01-11 10 hPa Geopotential Height and 10 hPa Temperature: 2009-01-29 10 hPa Geopotential Height and 10 hPa Temperature: 2009-03-09

~

240
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Figure 4.5: Geopotential Height and Temperature in the Middle Stratosphere on 11 January 2009,
29 January 2009 and 9 March 2009 based on ERA-Interim. The geopotential height and
temperature are shown in 10 hPa (top row), 30 hPa (middle row) and 50 hPa (bottom row) for
11 January 2009 (left column), 29 January 2009 (middle column) and 9 March 2009 (right
column).
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4 Winter 2008/2009

4.3 Blocking in the Middle Troposphere

The winter 2008/2009 is characterized by a wavy zonal flow in the middle troposphere, shown
for the time between the beginning of December and mid-February (Figure 4.6). Already on
5 November 2008 four ridges are found in the northern hemisphere, partly with blocking embed-
ded (Figure 4.7 top). At the ridges over the Euro-Atlantic sector, North America and eastern Asia,
an upward propagation of tropospheric waves is detected (Figure 4.2 top). The normalized geopo-
tential height anomalies >1.0 standard deviation of this upward propagation reach up to 3 hPa
height and lead to a small temperature increase and deceleration of the stratospheric polar night jet
in 10 hPa (Figure 4.1 and 4.3). The elongation of the polar vortex on 8 December 2008 coincides
also with the occurrence of pronounced ridges over the Euro-Atlantic sector and western North
America but at that time, large blocking patterns are absent (Figure 4.6). According to Manney
et al. (2009) an anomalously strong wavenumber 1 tropospheric wave forcing is present in the
stratosphere around this time. This is may caused by the upward propagation of planetary-scale
waves at one of the detected ridges.

From 8 December 2008 onwards until 11 January 2009, four pronounced blocking patterns are
detected over the Euro-Atlantic sector and the North Pacific (Figure 4.6). These lead, according to
Schneidereit et al. (2017) to an anomalously upward propagation of wavenumber 2 tropospheric
waves into the stratosphere (Figure 4.6). Its causes may be found in the presence of moderate La
Nifia conditions which lead to a stronger than usual anticyclonic circulation over Alaska and Scan-
dinavia (Schneidereit et al., 2017). According to Schneidereit et al. (2017) the MJO also plays
a role in maintaining the Alaskan ridges. This beneficial phasing of ENSO and MJO conditions
in the winter 2008/2009 may dominates over the hindering influence of the QBO west phase and
the present number of sunspots on the development of an SSW event. Nevertheless, this is not the
only driver of the SSW event.

During this time of enhanced upward propagation of tropospheric waves, the stratospheric polar
night jet accelerates to its winter-maximum, the polar-cap 10 hPa temperatures drop below 205 K
and the polar vortex stabilizes until 11 January 2009 (Figure 4.3). From this date onwards, the
polar night jet rapidly decelerates and the polar-cap averaged 10 hPa temperature increases (Fig-
ure 4.3). At the same time a pronounced Scandinavian ridge develops and only small blocking
patterns are observed over the northern hemisphere (Figure 4.6). The large and long-lasting block-
ing pattern before 11 January 2009 might be a precursor of the following SSW event, however,
in the stratosphere only normalized geopotential height anomalies <1.0 standard deviations are
present at that time (Figure 4.1). Additionally, the largely negative geopotential height anomalies
at the stratopause in the beginning of January 2009 support rather the theory of a resonant excita-
tion of the polar vortex in mid-January than the theory of the vortex disturbance by anomalously
strong upward propagating tropospheric waves caused by blocking patterns (Figure 4.1; Albers
and Birner, 2014).

Positive normalized geopotential height anomalies >1.0 standard deviation at both, the stratopause
and the surface, are found firstly between 2 and 5 February 2009 (Figure 4.1). During this time
blocking is detected over the eastern North Atlantic ocean and parts of Europe (Figure 4.6). The
resulting strong meridional flow component features four pronounced ridges (Figure 4.7 middle).

The only time when positive normalized geopotential height anomalies are present continuously
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4.3 Blocking in the Middle Troposphere

from the stratopause to the surface is between 11 and 16 February 2009 (Figure 4.1). At this
time, only small blocking patterns are observed over North America and the Euro-Atlantic sector
which coincide with the upward propagation of tropospheric waves at these locations (Figure 4.6
and 4.2 bottom). Especially over western Asia and the eastern North Atlantic, two pronounced
ridges are found where tropospheric waves propagate upward into the stratosphere (Figure 4.7
bottom and 4.2 bottom). The time after 16 February 2009 is not investigated further since only
normalized geopotential height anomalies <1.0 standard deviations are present at surface making
an influence of the SSW event less likely than in the time between 11 and 16 February 2009 (Fig-
ure 4.1). The only exception are a few days in mid-March which show normalized geopotential

height anomalies >1.0 standard deviations from the surface to roughly 800 hPa height.

Areas with Blocking
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Figure 4.6: Blocking Situation between December 2008 and February 2009 based on ERA-Interim.
The Hovmoller diagram shows the 500 hPa geopotential height, averaged between 40°N and
80°N, as grey shading. The GHGS component of the blocking index by Tibaldi and Molteni
(1990) is shown in red. The horizontal black dashed lines mark the central date of the SSW
event. The area between the solid blue lines refers to the Euro-Atlantic sector, 70°W to 30°E.

47

GHGS in gpm/°latitude
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Figure 4.7: Distinctive Blocking Patterns in the Middle Troposphere in the Winter 2008/2009 based on
ERA-Interim. Selected days, 5 November 2008 (top), 2 February 2009 (middle) and 15 Febru-
ary 2009 (bottom) with blocking patterns are shown. The 500 hPa geopotential height is shown
as grey shading and the GHGS component of the blocking index by Scherrer et al. (2006) in
red.

4.4 Position of the Mid-Latitude Jet Stream in the Lower
Troposphere

In the beginning of the winter 2008/2009, the mid-latitude jet stream is located at its climatological
position, thus not indicating the upward propagation of tropospheric baroclinic waves occurring at
the same time (Figure 4.8 and 4.2 top). Here it is important to note that the wind data in November
is prone to boundary effects of the filtering and that the strongest upward propagation of baroclinic
waves occurs over the North Pacific and not over the North Atlantic ocean. Coinciding with the
elongation of the polar vortex on 8 December 2008, the mid-latitude jet stream over the North
Atlantic ocean is displaced poleward from its climatological position (Figure 4.8). This is may
caused by the occurring ridges in the North Atlantic region (Figure 4.6). The following long-
lasting and strong blocking situation in the Euro-Atlantic sector may cause either a split of the
mid-latitude jet stream or a rapid shift from high latitudes to 35°N at the end of December 2009
(Figure 4.6 and 4.8; Martius et al., 2009).

From mid-January onwards, coincinding with the deceleration of the 10 hPa zonal-mean zonal
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4.4 Position of the Mid-Latitude Jet Stream in the Lower Troposphere

wind, the position of the jet stream varies between its climatological position and 35°N (Fig-
ure 4.8 and 4.3). Between 11 and 16 February 2009 when positive normalized geopotential height
anomalies are present continuously from the stratopause to the surface, the mid-latitude jet stream
is displaced poleward and maybe split for a short time period (Figure 4.1 and 4.8). Since large
blocking patterns are absent over the North Atlantic ocean at that time, a split of the jet stream is
rather unlikely but cannot be excluded with the methods used in this thesis (Figure 4.6). The pole-
ward shift of the North Atlantic mid-latitude jet stream indicates according to Afargan-Gerstman
and Domeisen (2020) an surface influence of the SSW event over the Pacific ocean. This is not
confirmed by the deviation of the geopotential height from the zonal-mean which shows an upward
propagation of tropospheric waves over the Pacific ocean, at least at 65°N (Figure 4.2 bottom). The
SSW event of the winter 2008/20009 is therefore not associated with the poleward displacement of
the mid-latitude jet stream in mid-February 2009.

Until April 2009, the jet stream is located constantly in the region around its climatological posi-
tion and 10°latitude above it (Figure 4.8). The equatorward displacement in the beginning of April
is already more than 60 days after the central date of the SSW and therefore not associated with it
(Baldwin et al., 2003).

Position of the Jet Stream in 850 hPa in the Winter 2008/2009
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Figure 4.8: Zonal Wind Speed Anomalies during the Winter 2008/2009 based on ERA-Interim. The
zonal-wind anomalies in 850 hPa, averaged over 60°W to 0°E are shown as shading in the
Hovmobller diagram. The anomalies are filtered using a Lanczos filter with a moving window
of 61 days and a cutoff-frequency of 1/10 days. Data on the edges of the timeseries are prone
to boundary effects due to the filtering and therefore, shown paler than the unaffected data. The
wind maxima are shown as a black solid line. The white dashed line shows the climatological
position of the mid-latitudes jet stream. The central date of the SSW is marked with the vertical
black dashed line.
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4 Winter 2008/2009

4.5 North Atlantic Oscillation Index at the Surface

The winter 2008/2009 shows a frequent change of the NAO phases (Figure 4.9). Two of the
five NAO- phases in this winter reach values below -3.5 standard deviations in the 7-day running
mean of the standardized NAO index. The first strongly negative NAO phase occurs between
23 December 2008 and 8 January 2009 (Figure 4.9). It co-occurs with an equatorward shift of
the mid-latitude jet stream and a long-lasting strong blocking pattern over the North Atlantic-
European sector (Figure 4.8 and 4.6). Although the polar vortex is elongated on 8 December 2008,
a downward influence of the weak polar vortex is not detected by the methods used in this thesis
(Figure 4.4 left column, top).

On 9 January 2009, about 2 weeks prior to the central date of the SSW, a positive phase of the NAO
establishes (Figure 4.9). Only at 3 consecutive days in this time, on 13 and 15 January 2009, the
daily NAO index turns negative coinciding with negative polar-cap averaged geopotential height
anomalies at the surface (Figure 4.9 and 4.1). This is not reflected in the 7 day running mean of
the NAO index.

On 28 January 2009, coinciding with positive polar-cap averaged geopotential height anomalies at
the surface, the NAO index turns negative until 17 February 2009 (Figure 4.9 and 4.1). This com-
prises the time when positive geopotential height anomalies >1.0 standard deviation associated
with the SSW, are present at surface (Figure 4.1). Nevertheless, the NAO- phase is not associ-
ated with a downward influence of the SSW event since during this time, an upward propagation
of tropospheric waves is only present over the North Atlantic ocean, at least at 65°N (Figure 4.2
bottom). A possible trigger of this NAO- phase is a long-lasting blocking pattern over the North
Atlantic-European sector which is detected at the same time as the NAO- phase starts (Figure 4.6;
Santos et al., 2013). Two short blocking situations in mid-February may maintain it (Figure 4.6
and 4.9). It is noteworthy that the NAO- pattern is shifted eastward over Europe instead of being
centered over the North Atlantic ocean between the end of January and mid-February 2009 (Fig-
ure 4.10 top row).

The following NAO- phase in March 2009 could theoretically be influenced by a downward prop-
agation of stratospheric anomalies caused by the SSW as it occurs less than 2 month after the
central date of the SSW event (Figure 4.9; Baldwin et al., 2003). It coincides indeed with positive
normalized geopotential height anomalies >1.0 standard deviation at the surface but the roughly
climatological position of the mid-latitude jet stream at that time does not indicate a downward
influence of the SSW event on the troposphere (Figure 4.1 and 4.8). A downward influence of the
SSW event during this time is therefore not suggested.

The following two NAO- phases occur after 2 month after the central date of the SSW and are
therefore not associated with it (Figure 4.9; Baldwin et al., 2003).
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4.5 North Atlantic Oscillation Index at the Surface

NAO Index for the Winter 2008/2009
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Figure 4.9: NAO Index during the Winter 2008/2009 based on ERA-Interim. Shown is the Zonal Index
which is calculated as the standardized mean sea level pressure anomaly difference between a
southern box, averaged over 40°W to 0°E and 35°N to 50°N, and a northern box, averaged over
40°W to 0°E and 55°N to 70°N (Leckebusch et al., 2008). The black dashed line marks the cen-
tral date of the SSW. The period with normalized geopotential height anomalies >1.0 standard
deviation associated with the SSW which are present continuously from the stratosphere to the
surface, is shaded in dark grey.
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Anomaglges of Mean sea level pressure and 2 metre temperature: 2008-12-31 to 2009-01-10
Anomalies of Mean sea level pressure and 2 metre temperature: 2008-12-31 to 2009-01-10
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Figure 4.10: Mean Sea Level Pressure Anomalies and 2 Metre Temperature Anomalies for Two Eu-
ropean Cold Waves based on ERA-Interim. Shown is the European cold wave between
end of December 2008 and beginning of January 2009 (top row) and the European cold wave
in the end of March 2009 (bottom row). The dashed contours show negative mean sea level
pressure anomalies, the solid contours show positive mean sea level anomalies. The 2 metre
temperature anomalies are plotted as shading.
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4.6 European Cold Waves at the Surface

4.6 European Cold Waves at the Surface

When looking at the 2 metre temperature anomalies of the winter 2008/2009 only two European
cold waves are detected and only one of them is confirmed by the approach of Smid et al. (2019)
(Figure 4.11 and 4.12). The cold wave detected by both approaches coincides roughly with the
NAO- phase occurring between 23 December 2008 and 9 January 2009 (Figure 4.9). The coldest
temperatures are found over eastern Europe reaching mean values up to 6 K and locally up to
12 K below the climatology (Figure 4.11 and 4.10 top row). All European regions, except south-
western Europe according to the approach by Smid et al. (2019) experience colder than usual
2 metre temperatures. Since this cold wave happens before the SSW event, it cannot be associated
with it.

During the time when positive normalized geopotential height anomalies associated with the SSW
event are found continuously from the stratopause to the surface, a mean European cold wave is
not detected although the Mediterranean, central and northern Europe experience unusually cold
temperatures (Figure 4.11 and 4.12). This is surprising as the co-occurring NAO- phase often leads
to colder than usual temperatures in large parts of Europe (Butler et al., 2015). Since an upward
propagation of tropospheric waves over the Euro-Atlantic sector is observed during this time, an
influence of the SSW on European temperatures is not suggested (Figure 4.2 bottom).

The cold wave occurring between 22 and 27 March 2009 is only detected in the 7-day running
mean of the 2 metre temperature anomalies (Figure 4.11). It is strongest over northern Europe
with temperature anomalies up to 4 K below the climatology (Figure 4.10 bottom row). Since
the SSW event occurs almost exactly 2 month before the cold wave, it may have triggered but
not maintained it (Figure 4.3). The poleward shift of the mid-latitude jet stream and the change
between NAO- and NAO+ at that time also not support the idea of the SSW triggering the cold
wave (Figure 4.8 and 4.9). Therefore, it is not associated with the SSW.
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. 7 Day Running Mean Temperature Anomalies in Europe during the Winter 2008/2009

-2

2 metre temperature anomaly in K
(=]

== Furopean Mean
North-Western Europe
South-Western Europe
Eastern Europe
Northern Europe
Mediterranean
Central Europe

-4 4

[ o e e e e e s e e oy

2008-11 2008-12 2009-01 2009-02 2009-03 2009-04 2009-05
Date

Figure 4.11: 2 Metre Temperature Anomalies during the Winter 2008/2009 based on ERA-Interim.
Periods of cold waves are defined using 1 K below the climatological mean as the warm tem-
perature threshold for cold waves (Garfinkel et al., 2017). The days with cold waves are marked
as shading in the respective color. The vertical black dashed line marks the central date of the
SSW in the winter 2008/2009. The period with normalized geopotential height anomalies
>1.0 standard deviation associated with the SSW which are present continuously from the
stratosphere to the surface, is shaded in dark grey. The European mean is calculated by av-
eraging between 10°W to 42°E and 35°N to 72°N. The anomalies for north-western Europe
between 10°W to 3°E and 45°N to 60°N, for south-western Europe between 10°W to 3°E and
35°N to 45°N, for eastern Europe between 20°E to 42°E and 45°N to 60°N, for northern Eu-
rope between 3°E to 42°E and 60°N to 72°N, for central Europe between 3°W to 20°E and
45°N to 60°N and for the Mediterranean between 3°E to 42°E and 35°N to 45°N.
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4.6 European Cold Waves at the Surface

Daily Minimum Temperature in Europe during the Winter 2008/2009
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Figure 4.12: 2 Metre Daily Minimum Temperature during the Winter 2008/2009 based on ERA-
Interim. Periods of cold waves are defined as at least 3 consecutive days with daily mini-
mum temperatures below the 10" percentile of the climatological daily minumum temperature
(Smid et al., 2019). The climatology is calculated for the period between 1999 and 2019 with a
31 day running mean. The days with cold waves are marked as shading in the respective color.
The vertical black dashed line marks the central date of the SSW.The period with normal-
ized geopotential height anomalies >1.0 standard deviation associated with the SSW which are
present continuously from the stratosphere to the surface, is shaded in dark grey. The European
mean is calculated by averaging between 10°W to 42°E and 35°N to 72°N. The anomalies for
north-western Europe between 10°W to 3°E and 45°N to 60°N, for south-western Europe be-
tween 10°W to 3°E and 35°N to 45°N, for eastern Europe between 20°E to 42°E and 45°N to
60°N, for northern Europe between 3°E to 42°E and 60°N to 72°N, for central Europe between
3°W to 20°E and 45°N to 60°N and for the Mediterranean between 3°E to 42°E and 35°N to
45°N.
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4 Winter 2008/2009

4.7 Concluding Remarks

The winter 2008/2009 features the longest-lasting SSW event with the strongest easterly winds
in the middle stratosphere of the past 20 years (Table 3.2). In roughly 2 weeks, the 10 hPa polar-
cap averaged temperature increases by approximately 50 K while the 10 hPa zonal-mean zonal
wind decreases 104 ms~! in total. However, this S-type event is not associated with a downward
influence on European surface weather. Positive normalized geopotential height anomalies are
present continuously from the stratosphere to the surface between 11 and 16 February 2010 and
associated with an upward propagation of tropospheric baroclinic waves over the Euro-Atlantic
sector (Figure 4.1 and 4.2 bottom). Although the NAO is in its negative phase and the mid-latitude
jet stream is displaced equatorward, unusually low 2 metre temperatures are found only in central
and northern Europe but not in the European mean (Figure 4.9, 4.8, 4.11 and 4.12). A possible
explanation herefore is the occurrence of a pronounced ridge over the eastern North Atlantic ocean
with embedded blocking (Figure 4.7 bottom). This may lead to a meridional transport of polar air
at its eastern flank which is located over central Europe. The only European mean cold wave after
the central date of the SSW occurs between 22 and 27 February 2009 (Figure 4.11). Interestingly,
this cold wave is only detected by the 7-day running mean of the 2 metre temperature anomalies
but not when using the lowest 10" percentiles of the 2 metre minimum temperatures (Figure 4.12).
By the latter approach, only a small cold wave over northern Europe is detected. The late start of
the European cold wave roughly 2 months after the central date of the SSW is one reason why it is
unlikely that the cold temperature anomalies are linked to the SSW event (Baldwin et al., 2003).
The other reasons are the poleward displacement of the mid-latitude jet stream and the shift from
the negative to the positive phase of the NAO during this time (Figure 4.8 and 4.9).
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5 Winter 2009/2010

5.1 Troposphere-Stratosphere Coupling

During the winter 2009/2010, three structures with positive normalized geopotential height anoma-
lies >1.0 standard deviation are visible in the stratopause region around 1 hPa (Figure 5.1). Two of
these structures show continuous normalized geopotential height anomalies >1.0 standard devia-
tion from the stratopause to the surface. In case of the first structure, these anomalies are present
continuously at the surface between 9 December 2009 and 11 January 2010. The coupling of the
troposphere with the stratosphere is nearly instantaneous at the beginning of December 2009 but
around 2 weeks later positive normalized geopotential height anomalies >1.0 standard deviation
are only detected below the lower stratopause region (Figure 5.1). A coupling between the tropo-
sphere and stratosphere can be excluded in early January as negative geopotential height anomalies
are present in the upper and middle stratosphere above the positve anomalies detected in the tropo-
sphere. When looking at the deviation of the normalized geopotential height anomalies from the
zonal-mean, the structure with continuous positive geopotential height anomalies >1.0 standard
deviation in the troposphere and stratosphere shows a westward tilt with height (Figure 5.2 top).
This indicates an upward propagation of baroclinic waves (Lim and Wallace, 1991). At the same
time, an upward propagation of baroclinic waves into the lower stratosphere is present over Scandi-
navia. This upward propagation of tropospheric waves continuous as long as positive geopotential
height anomalies are still present at the surface (Figure 5.1). A possible reasons for the stop of the
troposphere-stratosphere coupling in mid-December 2009 might be the establishment of strong
westerly winds in the tropopause region caused for example by tropospheric internal variability.
As only positive geopotential height anomalies can be associated with SSW events (Karpechko et
al., 2018), negative geopotential height anomalies are not investigated further in this thesis. Pos-
itive normalized geopotential height anomalies >1.0 standard deviation belonging to the second
structure with continuous positive normalized geopotential height anomalies >1.0 standard devi-
ation from the stratosphere to the troposphere are found at the surface between 30 January 2010
and 27 February 2010 (Figure 5.1). The coupling of the troposphere and the stratosphere is again
nearly instantaneous. In the deviation of normalized geopotential height from the zonal-mean, the
structure with positive anomalies over the Pacific is not tilted with height from the surface to 3 hPa
height and then slightly tilted to the east with height (Figure 5.2 bottom). This mostly barotropic
feature indicates a downward propagation of stratospheric signals to the surface, although the
positive geopotential height deviation near the surface shows only positive values <1.0 standard
deviation (Figure 5.2 bottom; Lim and Wallace, 1991). Another strongly positive geopotential
height structure at the surface over Scandinavia shows a westward tilt with height, indicating the

upward propagation of tropospheric waves over that region (Lim and Wallace, 1991).
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Vertical Profile of the Normalized Polar-Cap Averaged Geopotential Height Anomalies
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Figure 5.1: Vertical Profile of the Polar-Cap Averaged Normalized Geopotential Height Anomalies
during the Winter 2009/2010 based on ERA-Interim. The green structures starting at 1 hPa
are an indicator of possible SSW events.
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5.1 Troposphere-Stratosphere Coupling
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Figure 5.2: Normalized Geopotential Height Deviations from Zonal-Mean after the SSW Events of
the Winter 2009/2010 based on ERA-Interim. The time for averaging is the time around
the largest positive standard deviations of the normalized geopotential height anomalies at the
surface, associated with positive geopotential height anomalies >1.0 standard deviation at the
stratopause (top plot) and from the beginning of positive normalized geopotential height anoma-
lies >1.0 standard deviation at the surface associated with the second structure of positive nor-
malized geopotential height anomalies >1.0 standard deviation at the stratopause (bottom).
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5 Winter 2009/2010

5.2 Sudden Stratospheric Warming Signals in the
Middle Stratosphere

The three structures with positive normalized positive geopotential height anomalies >1.0 stan-
dard deviation at the stratopause lead to the suggestion that three SSW events occur in the win-
ter 2009/2010 (Figure 5.1). This is not confirmed by the SSW index which only detects one SSW
event in this winter (Figure 5.3). The detected event with its central date on 25 January 2010 is as-
sociated with the third structure with positive normalized geopotential height anomalies >1.0 stan-
dard deviation at the stratopause. The structure with positive normalized positive geopotential
height anomalies >1.0 standard deviation at the beginning of the winter coincides with a decel-
eration of the 10 hPa zonal-mean zonal wind at 65°N (Figure 5.1 and 5.3). This clearly shows a
weakened polar vortex but the event is not classified as an SSW because the zonal-mean zonal
wind is still westerly. At the end of November 2009, the polar jet is strengthening again reaching
values slightly below 40 ms~! in the beginning of December. Until this time, the polar-cap aver-
aged 10 hPa temperature is below 210 K, but rises about 5 K in the days before 12 December 2009
(Figure 5.3). At this date, positive normalized positive geopotential height anomalies >1.0 stan-
dard deviation are present at the stratospause for the second time in this winter (Figure 5.1). This
structure shows positive anomalies continuously from the stratosphere to the surface and is asso-
ciated with an upward propagation of baroclinic waves over the Pacific ocean (Figure 5.2 top).
The upward propagation of tropospheric signals is also visible in the shape of the polar vortex
(Figure 5.4 left column). In 50 hPa height, the polar vortex is split clearly in two parts of com-
parable size. Temperatures are below 230 K over the whole northern hemisphere (Figure 5.4 left
column bottom). In 30hPa height, the polar vortex is split, too but in this height temperatures
between 230K and 240K are visible over the Sea of Okhotsk and parts of south-eastern Russia
(Figure 5.4 left column middle). The region of the warm temperatures is the same region, where
the upward propagating baroclinic waves are detected which indicates the breaking of these waves
in that region (Figure 5.2 top; Matsuno, 1971). In 10 hPa height, the regions with temperatures
above 230K are the same as the regions where the upward propagating baroclinic waves are de-
tected, too (Figure 5.4 left column top and 5.2 top). This supports the idea of wave breaking in this
region. The polar vortex itself is elongated in 10 hPa height with the beginning formation of two
smaller vortex parts inside the elongated vortex filament. The baroclinicity which is seen in the
geopotential height deviation from the zonal-mean is also seen in the different heights (Figure 5.2
top and 5.4 left column). Although the polar vortex is split in 30 hPa and 50 hPa height, all three
wind-based SSW indices do not detect an SSW event (Table 3.1). The U65 index shows minimal
westerly wind speeds of 17 ms~! while the 10 hPa polar-cap averaged temperatures are around
210K (Figure 5.3). After this split of the polar vortex, the two vortex parts reunite and form a
stable polar vortex with 28000 gpm at its core and maximum westerly wind-speeds of 59 ms~! on
10 January 2010 (Figure 5.3). The 10 hPa polar-cap temperature is with roughly 205 K on the low-
est state of the winter 2009/2010. The polar vortex has a concentric shape centered over the pole
in all three displayed heights and features a barotropic structure (Figure 5.5 left column). After
this strong polar vortex state, the 10 hPa zonal-mean zonal wind at 65°N decelerates rapidly and
reverses on 25 January 2010 (Figure 5.3). This is a typical behaviour observed before SSW events
(Charlton and Polvani, 2007). The polar-cap averaged temperature in 10 hPa increases up to 238 K
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until 1 February 2010. On 27 January 2010, 2 days after the central date of the major SSW, the
polar vortex is displaced from the pole and clearly elongated in all three displayed heights (Fig-
ure 5.5 middle column). The vortex split is observed on 4 February 2010, coinciding with large
positive normalized geopotential height anomalies at the surface belonging to the third strucure
with positive normalized geopotential height anomalies >1.0 standard deviation at the stratopause
(Figure 5.3 and 5.1). Although the SSW index is positive at that time, the polar vortex is clearly
split with its remnants located at the same position in all three displayed heights (Figure 5.4 mid-
dle column and 5.3). The stronger part with 29000 gpm is located over the North Atlantic ocean
and the weaker part with 30250 gpm over the North Pacific ocean. In 10 hPa height, temperatures
up to 260 K are found over eastern Scandinavia and locally over central Asia (Figure 5.4 middle
column top). The structure of the polar vortex is baroclinic, whereas in 30 hPa the structure of
the polar vortex is barotropic (Figure 5.4 middle column top and middle). This is also seen in the
geopotential height deviation from the zonal-mean at 65°N (Figure 5.2 bottom). In 30 hPa height,
the warmest temperatures up to 250K are located over north-western Russia (Figure 5.4 middle
column middle). In 50 hPa height, the warmest temperatures do not reach 240 K and are located
further southward (Figure 5.4 middle column middle and bottom). The polar vortex is again in a
barotropic state (Figure 5.4 bottom). Around 10 February 2010, the SSW index reaches its win-
ter minimum with -20 ms~!, roughly a week later than the temperature maximum of the winter
is reached (Figure 5.3). On 19 February 2010 the whole northern hemisphere in 10 hPa is still
clearly warmed over eastern Europe and western Asia with temperatures up to 257 K (Figure 5.4
right column top). Meanwhile three remants of the polar vortex show a baroclinic structure with
the strongest remnants located over Hudson bay. The weaker remnants are located over central
Europe and western Asia. In 30 hPa as well as in 50 hPa height, the vortex remants located over
Hudson Bay and western Asia stay in the same position (Figure 5.4 right column middle and bot-
tom). In the lower heights, the northern hemispheric temperatures are cooler, reaching maximum
below 250 K in 30 hPa height and below 240 K in 50 hPa height. In addition to the colder temper-
atures in 50 hPa height, the two weaker remnants of the polar vortex are not split and the filament
is located completely over Asia (Figure 5.4 right column bottom). In the following two and a
half weeks, the polar vortex is strenghtening again, featuring westerly winds from 26 February
onwards, 2 days before only normalized geopotential height anomalies <1.0 standard deviation
are found at the surface (Figure 5.3 and 5.1). This ends the 32 day lasting SSW event. At the
end of March 2010, the polar night jet turns again to easterlies. This marks the onset of the fi-
nal warming of the winter 2009/2010 according to the U65 index (Figure 5.3). The other two
wind-based SSW indices, CP07 and U6090, classify this wind-reversal as a second SSW of the
winter 2009/2010 (Table 3.1). The polar vortex is displaced off the pole and shows barotropic
features in all three displayed heights (Figure 5.5 right column). In 10 hPa height it shows the typ-
ical ,,comma-‘‘shape of a D-type event (Figure 5.5 right column top; Charlton and Polvani, 2007).
Temperatures up to 250 K are found over southern central Asia. In 30 hPa and 50 hPa height, the
polar vortex has a less distince ,,comma-‘‘shape (Figure 5.5 right column middle and bottom). The
maximum temperatures are below 220 K over the whole northern hemisphere at both pressure lev-
els (Figure 5.5 right column middle and bottom). After this phase of easterly winds, the polar night
jet accelerates again but does not reach westerly wind-speeds >5 ms~! until the final warming of

the winter 2009/2010 which changes the stratospheric zonal-mean zonal winds to easterlies again
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(not shown). The standardized geopotential height anomalies at the stratopause are constantly
<1.0 standard deviation during that time (Figure 5.1). This indicates a rather gradual than abrupt
change of the stratospheric circulation. In addition to that, the polar vortex does not recover to a
stable, concentric shape centered over the pole. Thus, this wind-reversal event is considered to be
part of the final warming of the winter 2009/2010, as classified by the U65 index, and therefore,

not investigated further in this thesis.
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Figure 5.3: SSW Index and Polar-Cap Averaged 10 hPa Temperature for the Winter 2009/2010 based
on ERA-Interim. The blue dots show the modified SSW index by Charlton and Polvani (2007)
with 65°N instead of 60°N as reference latitude. The red line shows the polar-cap averaged
10 hPa temperature. Days with distinctive shapes of the polar vortex in the 10 hPa geopotential
height field are marked.
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10 hPa Geopotential Height and 10 hPa Temperature: 2009-12-12 10 hPa Geopotential Height and 10 hPa Temperature: 2010-02-04 10 hPa Geopotential Height and 10 hPa Temperature: 2010-02-19
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Figure 5.4: Geopotential Height and Temperature in the Middle Stratosphere on 12 December 2009,
4 February 2010 and 19 February 2010 based on ERA-Interim. The geopotential height and
temperature are shown in 10 hPa (top row), 30 hPa (middle row) and 50 hPa (bottom row) for
12 December 2009 (left column), 4 February 2010 (middle column) and 19 February 2010 (right
column). All plots have the same color-scale except the plot on the top right (the color-scale for
this plot is given next to it).
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10 hPa Geopotential Height and 10 hPa Temperature: 2010-01-10 10 hPa Geopotential Height and 10 hPa Temperature: 2010-01-27 10 hPa Geopotential Height and 10 hPa Temperature: 2010-03-24
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Figure 5.5: Geopotential Height and Temperature in the Middle Stratosphere on 10 January 2010,
27 January 2010 and 24 March 2010 based on ERA-Interim. The geopotential height and
temperature are shown in 10 hPa (top row), 30 hPa (middle row) and 50 hPa (bottom row) for
10 January 2010 (left column), 27 January 2010 (middle column) and 24 March 2010 (right
column).
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5.3 Blocking in the Middle Troposphere

During the time of possible upward propagation of tropospheric signals with positive geopotential
height anomalies into the stratosphere, 9 December 2009 to 11 January 2010, four long-lasting
blocking patterns are detected over the Pacific and Atlantic sectors (Figure 5.6 top). On 9 Decem-
ber 2009, a strong ,,Q“-blocking over Alaska occurs concurrently with a pronounced ridge over
Scandinavia (Figure 5.7 top). This is a typical situation of a wavenumber 2 tropospheric wave
forcing, which may penetrates into the stratosphere (Tripathi et al., 2015). The roughly 1.5 weeks
lasting blocking event is followed by a 2 weeks lasting blocking event over the North Atlantic
ocean (Figure 5.7 top). According to Tripathi et al. (2016) a sequence of North Pacific blocking
followed by North Atlantic blocking is typical for upward propagating planetary waves which lead
to a break-up of the polar vortex. Although an SSW event is not detected at that time, the polar
night jet is disrupted and splits on 12 December 2009 (Figure 5.3, 5.2 top and 5.4 left column).
From this date onwards, the 10 hPa polar night jet accelerates again which indicates the absence of
planetary waves in that height (Figure 5.3). As the wave forcing induced by the frequent blocking
situations is constantly high, a plausible explanation for the stop of the troposphere-stratosphere
coupling is the formation of a layer with easterly winds in the tropopause region (Figure 5.6 top;
Matsuno, 1971). In the days before the central date of the SSW event Alaskan blocking is de-
tected (Figure 5.6 bottom). Since nearly instantaneous coupling between the troposphere and
stratosphere is observed, this blocking situation may is a precursor block of the SSW (Figure 5.1).
During the time of positive standardized gepotential height anomalies associated with the SSW
at the surface a long-lasting blocking pattern over the Atlantic ocean is observed besides several
small blocking patterns (Figure 5.6 bottom). It is a complex structure, featuring a ,,high-over-low*
blocking type over the western Atlantic, an ,,Q ““ block over the eastern Atlantic and an ampli-
fied ridge over western Asia, leading to a highly wavy and meridional circulation in the middle

troposphere (Figure 5.7 bottom).

65



5 Winter 2009/2010

Areas with Blocking
2009-12-01 .

27

2

&

5} &
GHGS in gpm/°latitude

2010-01-15 0
-150 -100 -50 0 50 100 150
Longitude
4300 4950 5100 5250 5400 5550 5700 5850 6000
Geopotential Height in gpm
Areas with Blocking
2010-01-15 30

] &
GHGS in gpm/°latitude

S

2010-03-08

Longitude

4800 4950 5100 5250 5400 5550
Geopotential Height in gpm

Figure 5.6: Blocking Situation between December 2009 and March 2010 based on ERA-Interim. The
Hovmoller diagrams show the 500 hPa geopotential height between December and mid-January
(top) as well as mid-January and mid-March (bottom). It is averaged between 40°N and 80°N
and shown as grey shading. The GHGS component of the blocking index by Tibaldi and Molteni
(1990) is shown in red. The horizontal black dashed lines mark the central date of the SSW
event. The area between the solid blue lines refers to the Euro-Atlantic sector, 70°W to 30°E.
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Figure 5.7: Distinctive Blocking Patterns in the Middle Troposphere in the Winter 2009/2010 based
on ERA-Interim. Selected days, 9 December 2009 (top) and 13 February 2010 (bottom) with
blocking patterns are shown. The 500 hPa geopotential height is shown as grey shading and the
GHGS component of the blocking index by Scherrer et al. (2006) in red.

5.4 Position of the Mid-Latitude Jet Stream in the Lower
Troposphere

From mid-December 2009 until mid January 2010, the 850 hPa jet stream is located up to 20° south
of the climatological position of the jet stream (Figure 5.8). This is a typical feature observed after
SSW events (Charlton-Perez et al., 2018; Domeisen, 2019). Although the equatorward displace-
ment of the mid-latitude jet stream coincides with the split of the polar vortex on 12 Decem-
ber 20009, it is not associated with it. The reason herefore is the upward instead of downward
propagation of positive geopotential height anomalies associated with frequent and long-lasting
blocking situations over the North Pacific and North Atlantic ocean (Figure 5.2 top and 5.6 top).
These blocking patterns themselves may lead to the southward displacement of the midlatitude-jet.
In the days before the central date of the SSW, the jet stream moves poleward again to roughly
60°N which coincides with negative standardized geopotential height anomalies in the lower tro-
posphere (Figure 5.8 and 5.1). Shortly after 25 January 2010, the central date of the SSW, the
mid-latitude jet stream is displaced southward again and positive normalized geopotential height
anomalies are observed in the whole stratosphere and troposphere (Figure 5.8 and 5.1). Already
in the beginning of February 2010 it is located at latitudes about 20° south of its climatological
position. Since a downward propagation of positive geopotential height anomalies caused by the

SSW is present only over the Pacific ocean, the equatorward shift of the jet stream over the North
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Atlantic ocean is not associated directly with the SSW (Figure 5.2 bottom). It is either caused
by the internal tropospheric variability or maybe by a teleconnection between the Pacific/North
American (PNA) pattern and the North Atlantic storm track which is not analyzed further in this
thesis (Pinto et al., 2011; Afargan-Gerstman and Domeisen, 2020). The persistent southward dis-
placement of the mid-latitude jet stream leads to a weak zonal flow and frequent blocking patterns
caused by cyclonic Rossby-wave breaking (Santos et al., 2013). These blocking patterns can lead
to a split of the jet stream (Martius et al., 2009). The jump in the jet stream latitude in the begin-
ning of March 2010 may shows such a split of the mid-latitude jet stream, perhaps caused by the
Atlantic blocking happening at the same time (Figure 5.8 and 5.6). Another possible split of the
jet stream is visible in mid-April 2010 after a poleward displacement of it (Figure 5.8). As the
positive standardized geopotential height anomalies associated with the SSW event only last until
17 March 2010 in the lower troposphere, this development of the mid-latitude jet stream is not
analyzed further (Figure 5.1). Additionally it has to be kept in mind that the wind data in April is
prone to boundary effects due to the applied filtering.

Position of the Jet Stream in 850 hPa in the Winter 2009/2010
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Figure 5.8: Zonal Wind Speed Anomalies during the Winter 2009/2010 based on ERA-Interim. The
zonal-wind anomalies in 850 hPa, averaged over 60°W to 0°E are shown as shading in the
Hovmoller diagram. The anomalies are filtered using a Lanczos filter with a moving window
of 61 days and a cutoff-frequency of 1/10 days. Data on the edges of the timeseries are prone
to boundary effects due to the filtering and therefore, shown paler than the unaffected data. The
wind maxima are shown as a black solid line. The white dashed line shows the climatological
position of the mid-latitudes jet stream. The central date of the SSW is marked with the vertical
black dashed line.
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5.5 North Atlantic Oscillation Index at the Surface

It is striking that most of the winter 2009/2010 is characterized by a strongly negative NAO phase,
lasting from 7 December 2009 until 19 March 2010 considering the 7-day running mean of the
NAO index (Figure 5.9). One possible explanation of this long-lasting NAO- phase is the presence
of moderate to strong El Nifio conditions in the winter 2009/2010 which favor the teleconnec-
tion between ENSO and the negative phase of the NAO index (https://www.cpc.ncep.noaa.gov/
products/analysis_monitoring/ensostuff/detrend.nino34.ascii.txt, last viewed 2 June 2020; Lee et
al., 2019). Other factors which may contribute to the long-lasting NAO- phase are the QBO east
phase and the anomalously snow cover extent over the northern hemisphere (https://www.geo.
fu-berlin.de/en/met/ag/strat/produkte/northpole/index.html, last viewed 4 June 2020; Jung et al.,
2011). According to Jung et al. (2011) and Santos et al. (2013) though, these external forcings are
neither the dominant cause nor maintainer of the NAO- phase.

On 9 December 2009, the daily NAO index turns negative (Figure 5.9). This coincides with the
start of positive geopotential height anomalies at the surface which are associated with an upward
propagation of tropospheric baroclinic waves (Figure 5.1 and 5.2 top). These waves are may ex-
cited by a blocking pattern over the North Pacific ocean, lasting from 3 to 15 December 2009
(Figure 5.6). At the same time, upward propagation of tropospheric waves over Scandinavia is
observed (Figure 5.2 top). According to Jung et al. (2011) the internal atmospheric variability
which includes blocking pattern, is probably the cause of the NAO- phase. With an exception of
1 week at the end of December 2009, the North Atlantic ocean is constantly featuring blocking
patterns until 14 January 2010 (Figure 5.6). Santos et al. (2013) state that cyclonic wave breaking
causing the blocking pattern over the North Atlantic-European sector is relevant for the formation
and maintenance of the negative phase of the NAO.

Between 14 and 25 January, blocking is detected over western Europe but not over the North
Atlantic ocean (Figure 5.6). The NAO index increases to values >-1 during that time but stays
negative in the 7-day running mean (Figure 5.9). The fact that it decreases in the following 3 days
when blocking occurs again over the North Atlantic ocean supports the idea that the North At-
lantic blocking patterns maintain this NAO- phase (Figure 5.9 and 5.6). From 30 January until
8 February 2010, blocking patterns are again absent over the North Atlantic ocean (Figure 5.6).
This time though, the NAO index continuous to decrease (Figure 5.9). At the same time, positive
geopotential height anomalies at the surface associated with the SSW event on 25 January 2010
are detected (Figure 5.1). Due to the absence of North Atlantic blocking, the decrease of the NAO
index during this time can may be explained by the downward influence of the SSW event, if there
is for example a teleconnection between the PNA and the NAO, keeping in mind that a varying
strength of external forcings such as the possible teleconnection with ENSO may plays a role as
well. During the time of positive geopotential height amomalies at the surface, associated with the
SSW event, the NAO index stays negative with maximum values around -4 in the 7-day running
mean (Figure 5.9). Besides the influence of the SSW on the NAO during this time, a 2 weeks
lasting North Atlantic blocking pattern in February may helps to maintain this strongly negative
NAO- phase (Figure 5.6). While in February a typical NAO- pattern with a strong pressure gradi-
ent between Iceland and the Azores is observed, in March the NAO- pattern is shifted southwards

with the positive mean sea level pressure anomaly being displaced eastward and the negative mean
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sea level pressure anomaly displaced westwards (Figure 5.10 right column top and bottom). This
results in a less negative NAO index in the beginning of March 2010 which is perhaps maintained
by a roughly 1 week lasting blocking pattern in March (Figure 5.9 and 5.6). Though normal-
ized positive geopotential heights >1.0 standard deviation associated with the SSW event are not
present at the surface, a possible influence of the SSW on the NAO cannot be excluded for the
times with less extreme positive geopotential height anomalies at the surface (Figure 5.1).

On 19 March 2010 the NAO index turns positive until 24 March 2010 when considering the
daily NAO index (Figure 5.9). According to Baldwin et al- (2003) SSW events influence sur-
face weather up to 60 days after their central date, which is in the case of the winter 2009/2010
up to 25 March 2010. Although the SSW event cannot be excluded as being part of the triggering
mechanism of this NAO- phase, it is suggested to play a negligible role. The last NAO- phase of
the winter 2009/2010 occurs more than 2 months after the central date of the SSW event and is
therefore not associated with it (Baldwin et al., 2003; Tripathi et al., 2015).
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Figure 5.9: NAO Index during the Winter 2009/2010 based on ERA-Interim. Shown is the Zonal Index
which is calculated as the standardized mean sea level pressure anomaly difference between a
southern box, averaged over 40°W to 0°E and 35°N to 50°N, and a northern box, averaged over
40°W to 0°E and 55°N to 70°N (Leckebusch et al., 2008). The black dashed line marks the cen-
tral date of the SSW. The period with normalized geopotential height anomalies >1.0 standard
deviation associated with the SSW at surface is shaded in dark grey.
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Anomaglges of Mean sea level pressure and 2 metre temperature: 2010-02-07 to 2010-02-22
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Figure 5.10: Mean Sea Level Pressure Anomalies and 2 Metre Temperature Anomalies for Two Eu-
ropean Cold Waves based on ERA-Interim. Shown is the European cold wave in Febru-
ary 2010 (top row) and in March 2010 (bottom row). The dashed contours show negative
mean sea level pressure anomalies, the solid contours show positive mean sea level anomalies.
The 2 metre temperature anomalies are plotted as shading.

5.6 European Cold Waves at the Surface

During the time of the negative NAO phase, several cold waves occur in Europe (Figure 5.11).
According to the index by Smid et al. (2019) the cold waves in Europe exclusively happen in
the time, when the NAO index shows negative values. During this time, every region experiences
between 2 and 5 periods with unusually low 2 metre minimum temperatures (Figure 5.12). This
is also true for the 7-day running mean of the 2 metre temperature anomalies, except for 2 short
cold waves over eastern Europe in the beginning and end of the winter 2009/2010 (Figure 5.11).
The first two European mean cold waves occur during the time when positive geopotential height
anomalies >1.0 standard deviation are present at surface (Figure 5.11 and 5.2). Since these anoma-
lies are associated with an upward propagation of tropospheric waves, a stratospheric influence on
European 2 metre temperatures is not suggested in this case (Figure 5.2 top). A possible trigger of
the European cold waves are the frequent blocking situations occurring over the North Atlantic-
European sector in the same time (Figure 5.6). According to Woollings et al. (2018) the frequent
blocking patterns are an important reason for the cold European weather in the winter 2009/2010.

The European cold wave comprising the central date of the SSW event, coincides with block-
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ing over central Europe (Figure 5.11 and 5.6). This might be the reason why eastern Europe is
especially strongly affected by this cold wave, featuring temperatures up to 11 K below the clima-
tology in the 7-day running mean 2 metre temperature anomalies (Figure 5.11). During the time
when positive geopotential height anomalies associated with the SSW are present on surface, one
European cold wave is detected in the 7-day running mean 2 metre temperature anomalies (Fig-
ure 5.11). The cold wave happening between 5 and 10 February 2010 with European mean tem-
perature anomalies around 2 K below the climatology is detected by both approaches to classify
cold waves (Figure 5.11 and 5.12). Longest affected is northern Europe during the cold wave but
the most extreme temperatures are found in eastern, central and south-western Europe with 2 me-
tre temperatures around 4 K below the climatological mean (Figure 5.10 top left and 5.11). The
only not-affected area when looking at the 2 metre temperature anomalies is the Mediterranean.
This is not confirmed when looking at the lowest 10 percentiles of the daily minimum tempera-
tures. When using this approach, all European regions experience unusual cold temperatures, with
the strongest cold waves detected in south-western and north-western Europe (Figure 5.12). As
the NAO- phase coinciding with the European cold wave is maybe influenced indirectly by the
SSW, the European cold wave is, too. An indication of the downward propagation of stratospheric
anomalies caused by the SSW is the strong positive temperature anomaly over western Greenland
and northern North America, reaching values up to 20 K above the climatological mean locally
(Figure 5.10 top right; Hinssen et al., 2011). At the time of the second European cold wave, hap-
pening between 3 and 15 March 2010, largely positive anomalies over southern Greenland and
Canada are again an indication of the downward propagation of stratospheric signals (Figure 5.10
right bottom; Hinssen et al., 2011). Since negative geopotential height anomalies are present at the
surface during this time, the European cold wave is not associated with the SSW (Figure 5.1). This
cold wave affects in the mean central Europe the strongest with 2 metre temperatures up to 8 K
below the climatology (Figure 5.10 left bottom). All European regions except the Mediterranean
are affected by this cold wave detected by the 7-day running mean of the 2 metre temperature
anomalies (Figure 5.11). The approach by Smid et al. (2019) does not detect the European mean
cold wave (Figure 5.12). Only eastern, north-western and south-western Europe show cold waves

in this approach with the strongest one detected over south-western Europe.
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7 Day Running Mean Temperature Anomalies in Europe during the Winter 2009/2010
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Figure 5.11: 2 Metre Temperature Anomalies during the Winter 2009/2010 based on ERA-Interim.
Periods of cold waves are defined using 1 K below the climatological mean as the warm tem-
perature threshold for cold waves (Garfinkel et al., 2017). The days with cold waves are marked
as shading in the respective color. The vertical black dashed line marks the central date of the
SSW in the winter 2009/2010. The period with normalized geopotential height anomalies
>1.0 standard deviation associated with the SSW at surface is shaded in grey. The European
mean is calculated by averaging between 10°W to 42°E and 35°N to 72°N. The anomalies for
north-western Europe between 10°W to 3°E and 45°N to 60°N, for south-western Europe be-
tween 10°W to 3°E and 35°N to 45°N, for eastern Europe between 20°E to 42°E and 45°N to
60°N, for northern Europe between 3°E to 42°E and 60°N to 72°N, for central Europe between
3°W to 20°E and 45°N to 60°N and for the Mediterranean between 3°E to 42°E and 35°N to
45°N.
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Figure 5.12: 2 Metre Daily Minimum Temperature during the Winter 2009/2010 based on ERA-
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Interim. Periods of cold waves are defined as at least 3 consecutive days with daily mini-
mum temperatures below the 10" percentile of the climatological daily minumum temperature
(Smid et al., 2019). The climatology is calculated for the period between 1999 and 2019 with a
31 day running mean. The days with cold waves are marked as shading in the respective color.
The vertical black dashed line marks the central date of the SSW. The period with normalized
geopotential height anomalies >1.0 standard deviation associated with the SSW at surface is
shaded in grey for the SSW of the winter 2009/2010. The European mean is calculated by
averaging between 10°W to 42°E and 35°N to 72°N. The anomalies for north-western Europe
between 10°W to 3°E and 45°N to 60°N, for south-western Europe between 10°W to 3°E and
35°N to 45°N, for eastern Europe between 20°E to 42°E and 45°N to 60°N, for northern Eu-
rope between 3°E to 42°E and 60°N to 72°N, for central Europe between 3°W to 20°E and
45°N to 60°N and for the Mediterranean between 3°E to 42°E and 35°N to 45°N.
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5.7 Concluding Remarks

The most striking feature of the winter 2009/2010 is the long-lasting negative NAO phase between
December 2009 and April 2010 (Figure 5.9). It can be divided into 2 parts with a strongly negative
NAO index reaching values around -4, separated by a short time period when the NAO index shows
values around -1. Between 30 January and 27 February 2010, coinciding with the second part of
the strongly negative NAO index and an equatorward shift of the mid-latitude jet stream, positive
normalized geopotential height anomalies are found at the surface (Figure 5.1). These anomalies
are associated with a downward propagation of stratospheric signals caused by the S-type SSW
event with its central date on 25 January 2010 (Figure 5.2 bottom). Usually an equatorward shift
of the mid-latitude jet stream over the North Atlantic ocean and the negative phase of the NAO
are indicators of a downward influence of the SSW on surface (Afargan-Gerstman and Domeisen,
2020; Charlton-Perez et al., 2018). However, the downward propagation of the geopotential height
anomalies caused by the SSW is located over the North Pacific ocean and, not as expected from
the behaviour of the jet stream and the NAO, over the North Atlantic ocean (Figure 5.2 bottom).
This leads to the suggestion that the shift of the jet stream and the NAO- phase may arise from
internal tropospheric variability such as blocking situations or possibly from teleconnections. Due
to the absence of blocking patterns over the North Atlantic-European sector at the end of Jan-
uary 2010, the decrease of the NAO index and the equatorward shift of the mid-latitude jet stream
may therefore be linked to some kind of teleconnection (Figure 5.6). An example for a possible
teleconnection is the influence of the PNA on the North Atlantic storm track and therefore the NAO
(Pinto et al., 2011; Afargan-Gerstman and Domeisen, 2020). Since the downward propagation of
stratospheric anomalies caused by the SSW occurs over the North Pacific ocean, an influence of
the SSW on the PNA is likely. Assuming that there is a teleconnection between the PNA and NAO
in the winter 2009/2010, the equatorward shift of the mid-latitude jet stream, the NAO- phase and
the concurrent European cold wave may be linked to the SSW. It has to be kept in mind though
that according to Jung et al. (2011) and Santos et al. (2013) external forcings, such as the SSW
event, are not the primary cause and maintainer of the NAO- phase.

Under the assumption of a nearly instantaneous coupling between the North Pacific and North
Atlantic ocean, the first European cold wave occurring during this second strongly negative NAO
phase of the winter 2009/2010 can be associated with the SSW event (Figure 5.11). Another factor
which contributes to the European cold wave is blocking over the North Atlantic-European sec-
tor which coincides also with the anomalously low 2 metre temperatures over Europe (Figure 5.6;
Woollings et al., 2018). The cold waves occurring in the first strongly negative NAO- phase cannot
be associated with a stratospheric influence. Although the polar vortex is split in the middle strato-
sphere on 12 December 2009, stratospheric signals seem not to propagate downward (Figure 5.4
left column, 5.1 and 5.2 top). The steady upward propagation of tropospheric waves is associated
with frequent blocking situations over the Pacific and North Atlantic ocean (Figure 5.6). The latter
are together with the strong NAO- phase likely the reason for the European cold waves occurring
before 30 January 2010.

All European cold waves, except for two short ones over eastern Europe at the beginning and end
of the winter 2009/2010, coincide with the long-lasting negative NAO phase. The short eastern

European cold wave in the beginning of the winter 2009/2010 occurs simultaneously with positive

75



5 Winter 2009/2010

geopotential height anomalies at the stratopause but at least the anomalies >1.0 standard deviation
do not enter the troposphere (Figure 5.11 and 5.1). These anomalies indicate a weak stratospheric
polar vortex state starting before November 2009. Since the SSW index is only defined from
November onwards, this weak stratospheric polar vortex state is not detected as an SSW. The
stratospheric temperatures stay below 215 K and the 10 hPa zonal-mean zonal wind at 65°N does
not reverse (Figure 5.3).

At the end of April, another eastern European cold wave occurs, roughly 1 month after a re-
versal of the 10 hPa zonal-mean zonal wind at 65°N. While the U65 index classifies this wind-
reversal already as the final warming, the CPO7 and U6090 index detect a second SSW in the
winter 2009/2010 (Table 3.1). The polar vortex shows the typical features of a D-type SSW event
but only in 10 hPa height (Figure 5.5 right column). As standardized geopotential height anoma-
lies >1.0 standard deviation are not found in the stratosphere at that time, the wind-reversal is

associated with the gradual final warming of the winter 2009/2010 (Figure 5.1).
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6.1 Troposphere-Stratosphere Coupling

The winter 2000/2001 shows 4 structures with positive normalized geopotential height anoma-
lies >1.0 standard deviation in the troposphere and stratosphere (Figure 6.1). Two of these anoma-
lies are present at 1 hPa. This indicates that these normalized geopotential height anomalies are
induced by SSW events. The other two structures show a bottom-up development and are there-
fore not investigated further. The first possible SSW event is characterized by a large normalized
geopotential height anomaly up to 4.0 standard deviations and an almost instantaneous downward
propagation of the anomaly. Positive normalized geopotential height anomalies are present at
surface between 10 December 2000 and 3 January 2001, containing a few days with slightly less
positive values (Figure 6.1). During the time of the largest positive normalized geopotential height
anomalies, an eastward tilted with height structure of the positive normalized geoptential height
deviation from the zonal-mean is observed (Figure 6.2 top). This is an indicator for a downward
propagation of stratospheric anomalies induced by the SSW to the surface with the largest geopo-
tential height deviations located over the North Atlantic ocean (Figure 6.2 top; Lim and Wallace,
1991). The second possible SSW event is indicated by positive normalized geopotential height
anomalies smaller than 2.5 standard deviations (Figure 6.1). Especially at the stratopause-level
around 1 hPa the normalized geopotential height anomalies are less extreme than the ones of the
first possible sudden stratospheric event of the winter 2000/2001. The downward propagation of
the anomalies is also different to the first possible SSW, showing a clear time-lag of about 3 weeks
between positive normalized geopotential height anomalies >1.0 standard deviation at 1 hPa and
the tropopause region (Figure 6.1). At the surface, positive normalized geopotential height anoma-
lies >1.0 standard deviation are present between 22 February and 6 March 2001, interrupted by
a few days with slightly less positive normalized geopotential height anomalies. The normalized
geopotential height deviations from the zonal-mean at 65°N show two slightly westward tilted
with height structures of positive deviations over the North Pacific sector and the North Atlantic
ocean (Figure 6.2 bottom). This leads to the suggestion that both structures develop at the surface

and propagate upward.
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Vertical Profile of the Normalized Polar-Cap Averaged Geopotential Height Anomalies
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Figure 6.1: Vertical Profile of the Polar-Cap Averaged Normalized Geopotential Height Anomalies
during the Winter 2000/2001 based on ERA-Interim. The green structures starting at 1 hPa
are associated with SSW events.
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6.1 Troposphere-Stratosphere Coupling
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Figure 6.2: Normalized Geopotential Height Deviations from Zonal-Mean after the SSW Events of
the Winter 2000/2001 based on ERA-Interim. The time for averaging is the time around the

largest positive standard deviations of the normalized geopotential height anomalies associated
with the preceding SSW at surface.
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6 Winter 2000/2001

6.2 Sudden Stratospheric Warming Signals in the
Middle Stratosphere

The U65 index confirms the two SSW events suggested by the positive normalized geopotential
height anomalies >1.0 standard deviation at the stratopause in the winter 2000/2001 (Figure 6.1
and 6.3). So does the U6090 index but not the CPO7 index which detects only one SSW event
with its central date on 11 February 2001 (Table 3.1). According to the U65 index, the central
date of the first SSW is on 23 November 2000 and the central date of the second event on 3 Febru-
ary 2001 (Figure 6.3). Referring to Manney et al. (2001) the first SSW of the winter 2000/2001
is triggered by a wavenumber-1 amplification. The polar vortex in the middle atmosphere shows
the typical ,,comma-shape®™ classifying the warming as a D-type event (Figure 6.4 left column;
Charlton and Polvani, 2007). The polar vortex is at a nearly constant location in the whole mid-
dle atmosphere. The coldest temperatures down to 190K are found inside the polar vortex in
10 hPa, 30 hPa and 50 hPa height. This barotropic structure in the stratosphere is an indicator of
a downward propagation of stratospheric signals into the troposphere (Attard and Lang, 2019).
The polar-cap averaged temperature increases by about 10 K during this warming event in 10 hPa
height, in the lower stratosphere by 15 K (Figure 6.3; Manney et al., 2001). The maximum easterly
wind speed in 10 hPa is reached on 26 November 2000 with -3 ms~! (Figure 6.3). Easterly winds
persist there for 4 days (Figure 6.3). According to Manney et al. (2001) this SSW has, despite its
relatively small temperature increase and little weakening of the 10 hPa polar vortex, a substantial
impact on the further development of the polar vortex. From the beginning of December 2000 to
mid-January 2001, the polar vortex strengthens again with an intermediate weakening at the end
of December. At the same time, the polar-cap averaged 10 hPa temperature curve shows a local
maximum with temperatures around 222 K. According to Manney et al. (2001) the 10 hPa polar
vortex is stronger than average and the lower stratospheric polar vortex weaker than average at
this time. In mid-January 2001 the 10 hPa wind reaches its winter-maximum with 43 ms~!. At the
same time, the 10 hPa polar-cap averaged temperature reaches its winter minimum around 200 K
(Figure 6.3). The polar vortex is stabilizing until the 23 January 2001, reaching values beneath
28250 gpm and a near concentric shape, centered north-east of Greenland (Figure 6.5 left column).
The coldest temperatures down to 190 K are found inside the polar vortex, while warm temper-
atures up to 260 K are found over northern Asia in all three displayed heights, showing again a
barotropic structure of the middle stratosphere. The polar vortex is located further northward in
the lower heights leading to a slightly twisted vortex structure with height. In the following days
the polar vortex is displaced southward and starts to elongate as the polar-cap averaged 10 hPa
temperature rapidly rises (Figure 6.3). On 31 January 2001 the polar vortex features values up
to 1500 gpm less in geopotential height than on 23 January 2001, showing a clear weakening of
the stratospheric polar-night jet (Figure 6.5 middle column). The lowest 10 hPa temperatures of
about 200 K are found on the western flank of the elongated jet, while the warmest temperatures
up to 260K are found on the north-eastern flank of it. In 30hPa and 50 hPa height, the cold-
est temperatures are found inside the polar vortex and the warmest are centered north-west of it.
In all three levels, baroclinicity is observed and the polar vortex is slightly twisted with height.
On 9 February 2001, 6 days after the central date of the SSW, the polar vortex is clearly elon-

gated and displaced off the pole, covering northern UK, Scandinavia and parts of northern Russia
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6.2 Sudden Stratospheric Warming Signals in the Middle Stratosphere

(Figure 6.4 middle column). The lowest temperatures are found again inside the polar vortex fil-
ament, reaching values down to 210 K. The warmest temperatures of about 250 K are seen on the
north-eastern flank of the elongated polar vortex. In all three levels, baroclinicity is again ob-
served. The polar vortex is roughly located at the same position in all three levels, showing only
a small northward displacement in lower heights. Maximum polar-cap averaged 10 hPa temper-
atures are reached with 235K a few days before, ending the rapid temperature increase of more
than 35K in less than 1 week (Figure 6.3). Maximum easterly winds with -16 ms~! are reached
on 18 February 2001. The polar vortex is already split a day earlier, featuring a stronger western
than eastern part (Figure 6.3 and Figure 6.5 right column). Both parts are clearly weakened, show-
ing geopotential height values greater than 30000 gpm. The SSW event is therefore classified as
a S-type. Warm temperatures higher than 230K are found almost everywhere over Europe and
Asia in 10 hPa height with maximum temperatures up to 268 K over eastern Europe (Figure 6.5
right column). The middle stratosphere shows a baroclinic structure with a strongly twisted polar
vortex. Easterly winds prevail in 10 hPa height for 20 days until 23 February 2001 (Figure 6.3).
On 28 March 2001 the polar vortex in the middle atmosphere is restored again but profoundly
weaker than before the SSW (Figure 6.4 left and right column). The 10hPa polar-cap averaged
temperature is with 215 K more than 15K higher than before the warming, showing minimum
values down to 200 K in the middle of the polar vortex (Figure 6.3 and 6.4 left and right column).

Also in 30 hPa and 50 hPa low temperatures and a barotropic structure are present again.

SSW Index and Polar-Cap Averaged 10 hPa Temperature for the Winter 2000/2001
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Figure 6.3: SSW Index and Polar-Cap Averaged 10 hPa Temperature for the Winter 2000/2001 based
on ERA-Interim. The blue dots show the modified SSW index by Charlton and Polvani (2007)
with 65°N instead of 60°N as reference latitude. The red line shows the polar-cap averaged
10 hPa temperature. Days with distinctive shapes of the polar vortex in the 10 hPa geopotential
height field are marked.
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10 hPa Geopotential Height and 10 hPa Temperature: 2000-11-26 10 hPa Geopotential Height and 10 hPa Temperature: 2001-02-09 10 hPa Geopotential Height and 10 hPa Temperature: 2001-02-18
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Figure 6.4: Geopotential Height and Temperature in the Middle Stratosphere on 26 November 2000,
9 February 2001 and 18 February 2001 based on ERA-Interim. The geopotential height and
temperature are shown in 10 hPa (top row), 30 hPa (middle row) and 50 hPa (bottom row) for
26 November 2000 (left column), 9 February 2001 (middle column) and 18 February 2001 (right
column). All plots have the same color-scale except the plot on the top right (the color-scale for
this plot is given next to it).
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10 hPa Geopotential Height and 10 hPa Temperature: 2001-01-23 10 hPa Geopotential Height and 10 hPa Temperature: 2001-01-31 10 hPa Geopotential Height and 10 hPa Temperature: 2001-03-28

=N

20x
f
208
£
20
20
200
190
180
280
270
2%0
250
20
f
208
£
20
20
200
190
180
50 hPa Geopotential Height and 50 hPa Temperature: 2001-01-23 50 hPa Geopotential Height and 50 hPa Temperature: 2001-01-31 50 hPa Geopotential Height and 50 hPa Temperature: 2001-03-28
280
! \ 270
T
¢ %0 r/A\ 260
Sl
250
"i'ﬂ‘“
7
280
f
208
£
20

Figure 6.5: Geopotential Height and Temperature in the Middle Stratosphere on 23 January 2001,
31 January 2001 and 28 March 2001 based on ERA-Interim. The geopotential height and
temperature are shown in 10 hPa (top row), 30 hPa (middle row) and 50 hPa (bottom row) for
23 January 2001 (left column), 31 January 2001 (middle column) and 28 March 2001 (right
column).
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6.3 Predicted Sudden Stratospheric Warming Signals in
the Middle Stratosphere

The ensemble members of the reforecast initialized on 31 October 2000 show a similar behaviour
of the SSW index as the ERA-Interim renalysis but with a slight shift to later times in the first
10 days (Figure 6.6 top). Between 15 November and 4 December 2000, the shape of the curve of
the S2S ensemble member with the correct prediction of the SSW is similar to the curve of the
ERA-Interim data but shifted to earlier times by about 3 days. After this date, the two curves differ
remarkably. Considering the early initialization 23 days before the central date of the SSW, the
ensemble member which predicts the SSW correctly forecasts the state of the atmosphere up to a
lead time of 34 days well. The representative ensemble member which does not show easterlies
in this reforecast does not capture the state of the atmosphere well beyond 17 November 2000.
It is important to note that the spread of the ensemble is remarkably small until the beginning of
December 2000, concerning the early initialization time. This leads to the suggestion that this
SSW event could have a high predictability.

The two representative members of the reforecast initialized on 7 November 2000, 16 days prior to
the central date of the SSW, show a way more similar behaviour than the representative members
of the reforecast initialized on 31 October 2000 (Figure 6.6 bottom). The ensemble member which
predicts the SSW correctly captures the form of the curve of the ERA-Interim reanalysis well until
8 December 2000 but is shifted about 4 days to earlier times. The ensemble member which shows
only westerly winds follows the ERA-Interim reanalysis well from 22 November to 3 Decem-
ber 2000 but features especially on the central date of the SSW about 10 ms~! higher zonal wind
speeds (Figure 6.6). The ensemble spread is rather small until the beginning of December 2000
and then increases. The fact that the ensemble spread for the initialization on 31 October 2000 also
increases in the beginning of December 2000 leads to the suggestion that around this time a rather
unpredictable weather situation occurs. A possible explanation could be an enhanced wave activ-
ity with at least two, for the model equally probable realization. At this point, it has to be kept in
mind that the model simulates waves with wavenumber 2 less well than waves with wavenumber
1, and thus, waves with wavenumber 1 are more probable from the model’s point of view (Tripathi
et al., 2016). Manney et al. (2001) state that after 8 December 2000 there is a wavenumber 2
amplification observed. This supports the suggestion that in the beginning of December 2000 the
enhanced wave activity leads to the large spread among the ensemble members.

This is also true for the reforecast initialized on 25 November 2000, which also indicates that
in the beginning of December 2000 a rather unpredictable weather situation occurs (Figure 6.7
top). Until mid-December, both representative members follow the ERA-Interim reanalysis
closely. Then the representative member with prevailing standardized geopotential height anoma-
lies <0.5 standard deviation follows the shape of the ERA-Interim reanalysis curve roughly but
mostly at higher values. The representative member with prevailing standardized geopotential
height anomalies >0.5 standard deviation shows an additional, artificial SSW event on 20 Decem-
ber 2000.
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Zonal-mean zonal wind at 10 hPa and 65°N in ms**-1
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Figure 6.6:

SSW Index of S2S Reforecasts Initialized prior to the Central Date of the SSW. The shaded
area shows +3 days around the central date of the SSW event obtained from the ERA-Interim
reanalysis. The ERA-Interim SSW index is shown by the red dashed line. For the reforecast
initialized on 31 October 2000, the SSW index is shown from 1 November 2000 onwards (top).
The reforecast initialized on 7 November 2000 is shown on the bottom plot.
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Zonal-mean zonal wind at 10 hPa and 65°N in ms**-1

Standardized Geopotential Height Anomalies

Figure 6.7:
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SSW Index of the S2S Reforecast Initialized after the Central Date of the SSW and Nor-
malized Geopotential Height Anomalies in 100 hPa. The shaded area shows £3 days around
the central date of the SSW event obtained from the ERA-Interim reanalysis. The ERA-Interim
reanalysis is shown by the red dashed line (top). The representative members are obtained from
the polar-cap averaged 100 hPa normalized geopotential height anomalies (bottom). The data
of the first and last 3 days of the 100 hPa standardized geopotential height anomalies refore-
cast are prone to boundary effects due to the use of 7-day running mean for the calculation of
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6.4 Predicted Shape of the Polar Vortex in the Middle Stratosphere

6.4 Predicted Shape of the Polar Vortex in the Middle
Stratosphere

Already in the first initialization on 31 October 2000, the representative member with the cor-
rect central date captures the ,,comma‘-shape of the polar vortex in 10hPa well (Figure 6.8 left
column). The vortex in the S2S reforecast is only slightly smaller and more concentric but the
magnitude of the geopotential height values is the same. The representative member without
easterlies shows smaller geopotential height values than the ERA-Interim reanalysis but the core
of the vortex is at the same position. The shape of the vortex is rather an oval than a ,,comma*
(Figure 6.8). The differences between the two representative members are small in the region of
the polar vortex suggesting a well predictable vortex state.

Interestingly, the prediction of the representative members of the reforecast initialized on 7 Novem-
ber 2000 is less well (Figure 6.8 left and middle column). This could either mean that the good
representation of the polar vortex in the earlier reforecast is coincidence or, that there is a more
unpredictable phenomena considered in the later intitialized reforecast. The representative mem-
ber with the correct central date of this reforecast shows a larger core of the polar vortex than the
ERA-Interim reanalysis but centered on the same location (Figure 6.8). Also the ,,comma“-shape
of the vortex is not as distinct as it is in the ERA-Interim reanalysis. The representative member
without easterlies shows a vortex core with the same magnitude as in the ERA-Interim reanalysis
but shifted to the west. Also the shape of the polar vortex does not resembles a classical ,,comma“-
shape (Figure 6.8). The largest differences between the two representative members is found at
the eastern end of the vortex core and east of it.

The reforecast initialized on 25 November 2000 shows almost no differences between its two
representative members (Figure 6.8). This is most likely due to the very short lead time of 1 day.
Both representative members show the southward displaced, ,,comma‘“-shape polar vortex in the

same location and with the same magnitude as the ERA-Interim reanalysis.
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Correct Central Date: 10 hPa Geopotential, 2000-11-26 (+26 d) Correct Central Date: 10 hPa Geopotential, 2000-11-26 (+19 d) ies >0.5: 10 hPa , 2000-11-26 (+1 d)
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Figure 6.8: Shape of the Polar Vortex in 10 hPa Geopotential Height on 26 November 2000 in the Se-
lected S2S Reforecasts. Comparison of the representative member with the correct prediction
of the atmospheric state (top row) and the representative member without the correct predic-
tion of the atmospheric state (middle row). The difference of both members is shown in the
bottom row. The left column shows the representative members of the reforecast initialized on
31 October 2000, the middle column the representative members of the reforecast initialized on
7 November 2000 and the right column the representative members of the reforecast initialized
on 25 November 2000.

6.5 Predicted Sudden Stratospheric Warming Signals in
the Lower Stratosphere

In contrast to the reforecast initialized on 25 November 2000, the representative members of the
other two selected reforecasts show less distinct differences in their prediction of the 100 hPa
normalized geopotential height anomalies (Figure 6.9). Concerning the reforecast initialized on
31 October 2000, the representative member with the correct central date follows the ERA-Interim
reanalysis roughly until the beginning of December but then turns to largely negative geopo-

tential height values while the ERA-Interim reanalysis stays positive. The representative mem-
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ber without easterlies turns to negative standardized geopotential height values already in mid-
November 2000. Regarding this reforecast, the member with the correct central date is closer to
the ERA-Interim reanalysis. This finding is in contrast to the reforecasts initialized on 25 Novem-
ber and 7 November 2000 (Figure 6.7 bottom and 6.9 bottom). Therefore, it cannot be assumed
that a good representation of the SSW index by an ensemble member leads to a good representa-
tion of the polar-cap averaged, standardized 100 hPa geopotential height anomalies.

In case of the reforecast initialized on 7 November 2000, both representative members show a
quite similar behaviour (Figure 6.9 bottom). The representative member with the correct central
date is only closer to the ERA-Interim reanalysis than the representative member without easterlies
until the end of November. This leads to the question whether a good representation of the SSW
index by the S2S reforecast is more important for the prediction of a potential surface impact of an
SSW or the correct representation of the anomalies induced by the SSW in the lower stratosphere,

for example the polar-cap averaged 100 hPa standardized geopotential height anomalies.
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Normalized Anomalies of 100 hPa Geopotential Height, Reforecast: 2000-10-31
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Figure 6.9: Polar-Cap Averaged Normalized Geopotential Height Anomalies in 100 hPa in the S2S Re-
forecasts Initialized Before the Central Date of the SSW. Shown are the reforecast initialized
on 31 October 2000 from 1 November 2000 onwards (top) and the reforecast initialized on
7 November 2000 (bottom). The ERA-Interim reanalysis is marked by the red dashed line. The
data of the first and last 3 days of the reforecasts are prone to boundary effects due to the use of
7-day running mean for the calculation of climatology.

6.6 Blocking in the Middle Troposphere

During the time when the positive standardized geopotential height anomalies associated with
the first SSW of the winter 2000/2001 are present at surface, a long-lasting strong blocking pat-
tern over the Euro-Atlantic sector is detected (Figure 6.1 and 6.10 top). This pattern occurring

between 20 and 30 December 2000 is clearly visible in the deviation of the geopotential height
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6.6 Blocking in the Middle Troposphere

at 65°N (Figure 6.2 top). The striking blocking pattern over the Euro-Atlantic sector shows a
tilted Q-like shape and is centered over central Europe (Figure 6.11 top). A similar blocking
situation is detected between 24 February and 7 March 2001, in the period, when positive stan-
dardized geopotential height anomalies associated with the second SSW of the winter 2000/2001
are present at surface (Figure 6.1 and 6.10 bottom). The again Q-shaped blocking pattern is
less tilted at that time and centered over the western North Atlantic ocean (Figure 6.11 bottom).
While the blocking pattern between 24 February and 7 March 2001 co-occurs with an upward
propagation of tropospheric waves, the blocking pattern between 20 and 30 December 2000
co-occurs with a downward propagation of stratospheric signals to the surface. Therefore, an
association with the preceding SSW event might be suggested. However, this is not in agree-
ment with literature. According to Charlton-Perez et al. (2018) blocking patterns do not show
a significant sensitivity to changes in the stratospheric circulation. On the other hand the strato-
spheric circulation shows significant changes after tropospheric blocking situations (Woollings
et al., 2018; Martius et al., 2009). The frequent occurrence of long-lasting, simultaneously oc-
curring Scandinavian and Alaskan ridges during the winter 2000/2001, can therefore lead to an
enhanced upward propagation of tropospheric waves, which may disturb the stratospheric po-
lar vortex (Figure 6.10 top and bottom; Schneidereit et al., 2017). According to Manney et
al. (2001) this is the case of the first SSW of the winter 2000/2001, although it is associated
with a stronger than average Aleutian high and a wavenumber-1 amplification. The strong Aleu-
tian high is visible in the 500 hPa geopotential height field, developing before the beginning of
November and persisting until 14 December 2000, 3 weeks after the central date of the first SSW
of the winter 2000/2001 (Figure 6.10 top and 6.11 top). It is accompanied by a strong Scan-
dinavian ridge (Figure 6.10 top and 6.11 top). At the central date of the second SSW in this
winter, the two ridges are also present, indicating a possible wavenumber-2 perturbation of the
polar vortex (Figure 6.10 bottom; Schneidereit et al., 2017). Furthermore, blocking over the pole
at the same time is stated to be a precursor of the second SSW event of the winter 2000/2001
(Martius et al., 2009). Since slight La Nifa conditions are present during the whole winter,
it has also to be kept in mind that these may favor the development of blocking anticyclones
(https://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/detrend.nino34.ascii.txt,
last viewed 5 November 2019; Schneidereit et al., 2017).

91



6 Winter 2000/2001

Areas with Blocking

27

2

&

5} &
GHGS in gpm/°latitude

Longitude

4800 4950 5100 5400
Geopotential Height in gpm

Areas with Blocking

®

@ 2001-02-15

8

]
GHGS in gpm/°latitude

S

Longitude

4800 4950 5100 5250 5400 5550
Geopotential Height in gpm

Figure 6.10: Blocking Situation between November 2000 and March 2001 based on ERA-Interim.
The Hovmoller diagrams show the 500 hPa geopotential height between November and mid-
January (top) as well as between the end of January and the beginning of March (bottom). It is
averaged between 40°N and 80°N and shown as grey shading. The GHGS component of the
blocking index by Tibaldi and Molteni (1990) is shown in red. The horizontal black dashed
lines mark the central date of the SSW events. The area between the solid blue lines refers to
the Euro-Atlantic sector, 70°W to 30°E.
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Figure 6.11: Distinctive Blocking Patterns in the Middle Troposphere after the SSW Events of the
Winter 2000/2001 based on ERA-Interim. Selected days, 22 December 2000 (top) and
1 March 2001 (bottom) with blocking patterns are shown. The 500 hPa geopotential height
is shown as grey shading and the GHGS component of the blocking index by Scherrer et al.
(2006) in red.

6.7 Predicted Blocking in the Middle Troposphere

For the occurrence of blocking patterns in the S2S reforecasts, the 500 hPa geopotential height
anomalies, averaged over 40°N to 80°N and 70°W to 30°E, are used. Concerning the reforecast
initialized on 31 October 2000, the representative member with the correct central date follows
the curve of ERA-Interim reanalysis rather closely with maximum deviations around 50 gpm (Fig-
ure 6.12 top). The representative member without easterlies follows the ERA-Interim reanalysis
only until 15 November 2000 and then differs most of the time in magnitude and sign. It seems,
as if there is an added value in the prediction of blocking situations, when the SSW event is rep-
resented correctly. This might be coincidence since the occurrence of blocking patterns is not
sensitive to changes in the stratospheric state (Charlton-Perez et al., 2018).

The most striking feature of the reforecast initialized on 7 November 2000 is the strong increase
of the ensemble spread around 20 November 2000 (Figure 6.12 bottom). According to Manney
et al. (2001) this is the time of a wavenumber-1 amplification in the troposphere. This leads to
the idea of different realization possibilities for the type and strength of atmospheric waves at that
time. The representative member without easterlies shows in the following 2 weeks deviations up
to 75 gpm from the reanalysis, while the deviations of the representative member with the correct

central date are maximally around 50 gpm. Thus, there is again a slightly better representation of
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the atmospheric state by the representative member with the correct central date. After 25 Decem-
ber 2000 both representative members show a similar curve in shape and magnitude.

Concerning the reforecast initialized on 25 November 2000, both representative members show a
rather similar behaviour, not following the shape of the ERA-Interim reanalysis well (Figure 6.13).
The correct representation of the standardized geopotential height anomalies in 100 hPa does not
seem to add value to the predicition of the geopotential height anomalies in 500 hPa in this case.
This supports the findings of Charlton-Perez et al. (2018) who state that the tropospheric blocking
patterns are insensitive to the stratospheric conditions.

The Q-blocking pattern observed after the first SSW of the winter 2000/2001, is not visible in the
ERA-Interim 5600 gpm isoline which exhibits a rather zonal flow in the North Atlantic-European
sector (Figure 6.14 top and bottom). The representative member without easterlies of the refore-
cast initialized on 7 November 2000 shows a distinct Q-shape, however, too far east and at the
wrong geopotential height level (Figure 6.14 top). Regarding the representative member with the
correct central date of the same reforecast, the 5600 gpm isoline is predicted too far south over the
continents. The largest difference between the two representative members is found over northern
Asia in the region of the Q-block predicted by the member without easterlies. Over the North
Atlantic ocean, the difference and the ensemble spread are smallest.

This also applies to the reforecast initialized on 25 November 2000 but the largest differences be-
tween the two representative members of this reforecast are found over Scandinavia, north of the
Q-block predicted by the representative member with prevailing standardized geopotential height
anomalies <0.5 standard deviation in 100 hPa. (Figure 6.14 bottom). The blocking pattern is pre-
dicted less pronounced than in the previous reforecast and on the right location but still to strong in
the 5600 gpm isoline. The representative member with prevailing standardized geopotential height
anomalies >0.5 standard deviation in 100 hPa follows the ER A-Interim reanalysis more closely but

shows an additional trough south of the Iberian Peninsula.
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Anomalies of 500 hPa Geopotential Height, Reforecast: 2000-10-31
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Figure 6.12: Geopotential Height Anomalies in 500 hPa of the S2S Reforecast Initialized before the
Central Date of the SSW. The 500 hPa geopotential height anomalies are averaged between
40°N and 80°N as well as 70°W and 30°E. The red dashed line shows the ERA-Interim reanal-
ysis. The reforecast initialized on 31 October 2000 is shown from 1 November 2000 onwards
(top plot). The reforecast initialized on 7 November 2000 is shown in the bottom plot. The
data of the first and last 3 days of the reforecasts are prone to boundary effects due to the use
of 7-day running mean for the calculation of climatology.
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Anomalies of 500 hPa Geopotential Height, Reforecast: 2000-11-25
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Figure 6.13: Geopotential Height Anomalies in 500 hPa of the S2S Reforecast Initialized after the Cen-
tral Date of the SSW. The 500 hPa geopotential height anomalies are averaged between 40°N
and 80°N as well as 70°W and 30°E. The red dashed line shows the ERA-Interim reanalysis.
The data of the first and last 3 days of the reforecast are prone to boundary effects due to the
use of 7-day running mean for the calculation of climatology.
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Figure 6.14: Blocking Pattern in the Middle Troposphere on 22 December 2000 in the S2S Reforecasts.
The top plot shows the ensemble members of the reforecast initialized on 7 November 2000,
the bottom plot the ensemble members of the reforecast initialized on 25 November 2000.
Shown are the 5600 gpm geopotential height isolines, for the ensemble in white, the represen-
tative members with the correct prediction of the atmospheric state in brown and the represen-
tative members without the correct prediction of the atmospheric state in blue. The red dashed
line shows the ERA-Interim reanalysis. In the background, the difference between the two
representative members is shown as grey shading for the depicted reforecast.
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6.8 Position of the Mid-Latitude Jet Stream in the Lower
Troposphere

In comparison to the climatological mean, the mid-latitude jet stream is located further south than
usual most of the time until 11 February 2001 (Figure 6.15). This is a typical behaviour, observed
after 2/3 of the SSW events (Afargan-Gerstman and Domeisen, 2020). Then, the jet is displaced
northwards up to 65°N, which is observed after 1/3 of all SSW events (Afargan-Gerstman and
Domeisen, 2020). This indicates that the SSWs of the winter 2000/2001 show different influ-
ences on the surface. After the poleward shift of the mid-latitude jet stream, the maximum wind
speeds are found around 30°N and are more likely associated with the subtropical jet than the
mid-latitude jet stream. It is suggested that the mid-latitude jet stream is weakened from here
on and restrengthens in mid-March, where it is again located equatorward of the climatological
mean position (Figure 6.15). At this time though, its position cannot be associated with the second
SSW of the winter 2000/2001. In April, the mid-latitude jet stream is located at its climatological
latitude again or a little further northward (Figure 6.15).

Position of the Jet Stream in 850 hPa in the Winter 2000/2001
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Figure 6.15: Zonal Wind Speed Anomalies during the Winter 2000/2001 based on ERA-Interim. The
zonal-wind anomalies in 850 hPa, averaged over 60°W to 0°E are shown as shading in the
Hovmoller diagram. The anomalies are filtered using a Lanczos filter with a moving win-
dow of 61 days and a cutoff-frequency of 1/10 days. Data on the edges of the timeseries are
prone to boundary effects due to the filtering and therefore, shown paler than the unaffected
data. The wind maxima are shown as a black solid line. The white dashed line shows the
climatological position of the mid-latitudes jet stream. The central date of the first SSW in the
winter 2000/2001 is marked with the vertical black dashed line, the central date of the second
SSW with the vertical grey dashed line.
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6.9 NAO Index at the Surface

Roughly 1 week before the SSW event occurring on 23 November 2000, the NAO is in its pos-
itive phase (Figure 6.16). Exactly on the central date of he SSW, the 7-day running mean of
the NAO index turns negative but the daily NAO index turns negative already 3 days prior to
the central date. Therefore, this following NAO- phase is rather unlikely triggered by the SSW
and hence, not directly associated with it. This is supported by the fact that the SSW induced
positive geopotential height anomalies >1.0 standard deviation associated with the SSW reach
the surface earliest on 10 December 2000 (Figure 6.1). The long-lasting NAO- phase between
18 December 2000 and 23 January 2001 coincides with positive geopotential height anomalies
>1.0 standard deviation at the surface and therefore is likely triggered and maintained by the first
SSW of the winter 2000/2001 (Figure 6.16 and 6.1). This is supported by the finding that positive
geopotential height deviations from the zonal-mean associated with a downward propagation of
stratospheric signals, are found over the North Atlantic ocean at that time (Figure 6.2 top). The
pressure systems over the North Atlantic ocean show a large pressure gradient between roughly
50°N and 60°N and are located over the area which is used for the calculation of the NAO in-
dex (Figure 6.17 top row). From 4 January 2001 onwards, less positive normalized geopotential
height anomalies prevail at the surface, making the influence of the SSW on surface weather less
likely (Figure 6.1). The NAO at that time is still in its negative phase and stays there until 22 Jan-
uary 2000 (Figure 6.16). A possible maintainer of this NAO- phase is a long-lasting blocking
pattern over the Euro-Atlantic sector occurring in mid-January (Figure 6.10 top). After a short
period with a positive phase of the NAO, the 7-day running mean of the NAO index turns nega-
tive again on 31 January 2001. The daily values of the index turn negative on 3 February 2000,
the day of the central date of the SSW (Figure 6.16). This indicates that this NAO- phase could
be triggered by the SSW (Lee et al., 2019; Domeisen, 2019). The fact that at this time normal-
ized positive geopotential height anomalies >1.0 standard deviation have not reached the lower
stratosphere, does not support this indication. On 10 February 2001, the NAO becomes positive
again for 11 days (Figure 6.16). The following NAO- phase coincides with positive normalized
geopotential height anomalies at surface for the following 2 weeks (Figure 6.1). But since the de-
viation of the normalized geopotential height from the zonal-mean shows an upward propagation
at this time, the NAO- phase is not associated with the SSW event (Figure 6.2 bottom). With the
exception of 4 positive values of the daily NAO index in the beginning of March, the NAO index
stays negative until 27 March 2001 (Figure 6.16). Possible maintainer of this long-lasting NAO-
phase are 3 blocking patterns occurring over the Euro-Atlantic sector during that time (Figure 6.10
bottom). Interestingly, the pressure distribution does not resemble the ,,classical“ NAO- pressure
distribution (Figure 6.17 bottom row). The low pressure system over Iceland extends further south
and it is not well distinguishable. The situation of the displayed week shows a rather merdional

than zonal flow over the North Atlantic ocean.
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NAO Index for the Winter 2000/2001
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Figure 6.16: NAO Index during the Winter 2000/2001 based on ERA-Interim. Shown is the Zonal Index
which is calculated as the standardized mean sea level pressure anomaly difference between
a southern box, averaged over 40°W to 0°E and 35°N to 50°N, and a northern box, averaged
over 40°W to 0°E and 55°N to 70°N (Leckebusch et al., 2008). The black dashed line marks
the central date of the first SSW, the grey dashed line the central date of the second SSW. The
period with normalized geopotential height anomalies >1.0 standard deviation associated with
the SSWs at surface is shaded in dark grey for the first SSW of the winter 2000/2001 and in
light grey for the second SSW of this winter.
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Anomaglges of Mean sea level pressure and 2 metre temperature: 2000-12-22 to 2000-12-25
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Figure 6.17: Mean Sea Level Pressure Anomalies and 2 Metre Temperature Anomalies for Two Euro-
pean Cold Waves based on ERA-Interim. Shown is the the European cold wave associated
with the first SSW of the winter 2000/2001 (top row) and the European cold wave happening
after the second SSW of this winter (bottom row). The dashed contours show negative mean
sea level pressure anomalies, the solid contours show positive mean sea level anomalies. The
2 metre temperature anomalies are plotted as shading.
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6.10 Predicted NAO Index at the Surface

It is striking, that all three selected reforecasts show rather large differences to the ERA-Interim
NAO index (Figure 6.18 top and bottom and 6.19). This is may due to the fact that even slight
shifts of the pressure systems responsible for the typical NAO pattern can result in large changes of
the NAO index, as the area over which it is computed is fixed (Leckebusch et al., 2008). Concern-
ing the reforecast initialized on 31 October 2000, both representative members of the reforecast
show a similar behaviour until 5 December 2000 (Figure 6.18 top). But none of them is following
the daily or the 7-day running mean values of the ERA-Interim NAO index closely. The large
ensemble spread shows that the NAO index is not predicted well by this reforecast, independently
whether the SSW is represented correctly in the reforecasts or not.

The ensemble spread of the reforecast initialized on 7 November 2000 shows also a large ensem-
ble spread (Figure 6.18 bottom). The representative members do not capture the ERA-Interim
NAO index well but show a more different behaviour this time. From the beginning of November
onwards, they differ mostly in sign but show a similiar magnitude. Until 10 December 2000, the
curve of the representative member without easterlies is closer to the curve of the ERA-Interim
reanalysis. After this date, the representative member with the correct central date shows a more
similar behaviour to the ERA-Interim reanalysis.

Only for the reforecast initialized on 25 November 2000, the representative member with the cor-
rect representation of the state of the stratosphere is closer to the ERA-Interim NAO index than the
representative member without the correct representation of the stratospheric state (Figure 6.19).
The representative members for this reforecast are chosen based on the normalized geopotential
height anomalies in 100 hPa. Although the representative member with prevailing standardized
geopotential height anomalies >0.5 standard deviation is generally closer to the ERA-Interim re-
analysis, it differs mostly in sign from it. So does the representative member with prevailing
standardized geopotential height anomalies <0.5 standard deviation but with a larger amplitude.
The strong negative NAO- phase starting in mid-December 2000 is not captured by the two rep-
resentative members at all. At that time, the representative member with prevailing standardized
geopotential height anomalies >0.5 standard deviation predicts a high pressure system over most
of the North Atlantic ocean, while the representative member with prevailing standardized geopo-
tential height anomalies <0.5 standard deviation predicts an NAO+ structure, shifted from the

North Atlantic ocean to the European continent (Figure 6.17 bottom row).
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Figure 6.18: NAO Index of S2S Reforecasts Initialized Before the Central Date of the SSW. The top
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plot shows the reforecast initialized on 31 Octobre 2000 from 1 November 2000 onwards, the
bottom plot the reforecast initialized on 7 November 2000. Shown is the zonal index which
the standardized mean sea level pressure anomaly difference between a southern box, averaged
over 40°W to 0° and 35°N to 50°N, and a northern box, averaged over 40°W to 0° and 55°N
to 70°N (Leckebusch et al., 2008). The red shading shows the daily NAO index and the red
dashed line the 7-day running mean of it calculated with the ERA-Interim reanalysis data set.
The vertical black dashed line marks the central date of the SSW. The data of the first and last
3 days of the reforecasts are prone to boundary effects due to the use of 7-day running mean
for the calculation of climatology.



6.10 Predicted NAO Index at the Surface

NAO Index, Reforecast: 2000-11-25
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Figure 6.19: NAO Index of the S2S Reforecast Initialized After the Central Date of the SSW. Shown
is the zonal index which the standardized mean sea level pressure anomaly difference between
a southern box, averaged over 40°W to 0° and 35°N to 50°N, and a northern box, averaged
over 40°W to 0° and 55°N to 70°N (Leckebusch et al., 2008). The red shading shows the daily
NAO index and the red dashed line the 7-day running mean of the daily NAO index calculated
with the ERA-Interim reanalysis data set. The data of the first and last 3 days of the reforecast
are prone to boundary effects due to the use of 7-day running mean for the calculation of
climatology.
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Figure 6.20: 2 Metre Temperature Anomalies and Mean Sea Level Pressure Anomalies between
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22 and 25 December 2000 in the S2S Reforecast Initialized on 25 November 2000. Com-
parison of the representative member with prevailing standardized anomalies >0.5 standard
deviation (top row) with the representative member with prevailing standardized anomalies
<0.5 standard deviation (middle row) of the reforecast initialized on 25 November 2000. The
difference between the two representative members is shown in the bottom row. All plots in
the top and middle row except one in the middle row on the right have the same color-scale,
shown on the top right. The color-scale of the plot in the middle row on the right is given next
to it.



6.11 European Cold Waves at the Surface

6.11 European Cold Waves at the Surface

Three European cold waves can be detected during the winter 2000/2001 using the 7-day run-
ning mean of the 2 metre temperature anomlies (Figure 6.21). Following the cold wave definition
by Smid et al. (2019) only the latter two are identified as cold waves (Figure 6.22). The first
European cold wave is not detected by the approach of Smid et al. (2019) but coincides with
positive normalized geopotential height anomalies at the surface, associated with the SSW event
on 23 November 2000 (Figure 6.21 and 6.1). It shows values about 1.2 K below its climatological
mean in the time between 22 and 25 December 2000 (Figure 6.21). The strongest manifestation is
seen in northern Europe with values around 5 K below average. Eastern, north-western and central
Europe also experience unusual cold temperatures during that time. The coinciding NAO- phase,
the equatorward shift of the tropospheric jet and the detected downward propoagation of positive
normalized geopotential height anomalies caused by the first SSW of the winter 2000/2001 indi-
cate that the European cold wave happening between 22 and 25 December 2000 is linked to the
SSW event with its central date on 23 November 2000 (Figure 6.21, 6.16, 6.15 and 6.2 top). This
is supported by the large positive temperature anomalies up to 20 K above average found over
Greenland and the Bering Strait at that time (Figure 6.17 top row). The second European cold
wave in the winter 2000/2001 happens around the central date of the second SSW (Figure 6.21).
Since positive geopotential height anomalies induced by this SSW event reach the surface first
in mid-February, this cold wave is not associated with it (Figure 6.1). Between 21 February and
1 March 2001, the third and last European cold wave of the winter 2000/2001 occurs (Figure 6.21).
During that time, positive standardized geoptential height anomalies, caused by the SSW with
its central date on 3 February 2001, are observed at the surface (Figure 6.1). But because the
deviation of the geopotential height from the zonal-mean at 65°N does not show a downward
propagation of stratospheric signals, this cold wave is not associated with the SSW event as well
(Figure 6.2 bottom). This European cold wave is characterized by temperatures lower than 1K
below average (Figure 6.21). The maximum cold temperatures are lower than 7 K below average
in northern Europe and around 3 K lower than average in the European mean. Except the Mediter-
ranean, all European regions experience unusually cold temperatures (Figure 6.17 bottom row).
This is detected by both definitions of cold waves. The largest positive temperature anomalies
are found south-west of Greenland, indicating again downward propagating stratospheric positive
temperature anomalies, which is not supported by the deviation of the geopotential height from

the zonal-mean, averaged at 65°N (Figure 6.17 bottom row and 6.2 bottom).
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Figure 6.21: 2 Metre Temperature Anomalies during the Winter 2000/2001 based on ERA-Interim.
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Periods of cold waves are defined using 1 K below the climatological mean as the warm temper-
ature threshold for cold waves (Garfinkel et al., 2017). The days with cold waves are marked as
shading in the respective color. The vertical black dashed line marks the central date of the first
SSW in the winter 2000/2001, the vertical light grey line the central date of the second SSW.
The period with normalized geopotential height anomalies >1.0 standard deviation associated
with the SSWs at surface is shaded in dark grey for the first SSW of the winter 2000/2001 and
in light grey for the second SSW of this winter. The European mean is calculated by averaging
between 10°W to 42°E and 35°N to 72°N. The anomalies for north-western Europe between
10°W to 3°E and 45°N to 60°N, for south-western Europe between 10°W to 3°E and 35°N
to 45°N, for eastern Europe between 20°E to 42°E and 45°N to 60°N, for northern Europe
between 3°E to 42°E and 60°N to 72°N, for central Europe between 3°W to 20°E and 45°N to
60°N and for the Mediterranean between 3°E to 42°E and 35°N to 45°N.
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Figure 6.22: 2 Metre Daily Minimum Temperature during the Winter 2000/2001 based on ERA-
Interim. Periods of cold waves are defined as at least 3 consecutive days with daily mini-
mum temperatures below the 10" percentile of the climatological daily minumum temperature
(Smid et al., 2019). The climatology is calculated for the period between 1999 and 2019 with
a 31 day running mean. The days with cold waves are marked as shading in the respective
color. The vertical light grey dashed line marks the central date of the first SSW in the win-
ter 2000/2001, the vertical black line the central date of the second SSW. The period with
normalized geopotential height anomalies >1.0 standard deviation associated with the SSW at
surface is shaded in dark grey for the first SSW of the winter 2000/2001 and in light grey for
the second SSW of this winter. The European mean is calculated by averaging between 10°W
to 42°E and 35°N to 72°N. The anomalies for north-western Europe between 10°W to 3°E and
45°N to 60°N, for south-western Europe between 10°W to 3°E and 35°N to 45°N, for eastern
Europe between 20°E to 42°E and 45°N to 60°N, for northern Europe between 3°E to 42°E
and 60°N to 72°N, for central Europe between 3°W to 20°E and 45°N to 60°N and for the
Mediterranean between 3°E to 42°E and 35°N to 45°N.
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6.12 Predicted European Cold Waves at the Surface

Considering all selected reforecasts, it is striking that the ensemble members tend to be colder than
the ERA-Interim reanalysis.

The reforecast initialized on 31 October 2000 features one ensemble member which closely fol-
lows the ERA-Interim reanalysis until 8 December 2000 (Figure 6.23 top). In contrast to this
member, the representative members of the reforecast only follow the ERA-Interim reanalysis
rather closely until mid-November 2012. Both predict a European cold wave in early December,
when the ERA-Interim reanalysis shows only positive temperature anomalies. The representative
member without easterlies deviates less from the ERA-Interim reanalysis than the representative
member with the correct central date (Figure 6.23 top).

This is not true for the reforecast initialized on 7 November 2000. The representative member with
the correct central date follows the ERA-Interim reanalysis more closely than the representative
member without easterlies but still deviates up to 4 K from it (Figure 6.23 bottom). It shows the
same shape of curve as the ERA-Interim reanalysis until the beginning of December but with an
offset of about 1K to lower temperature anomalies. Until this time, the correct prediction of the
SSW in the reforecast seems to add value to the European 2 metre temperature prediction. Nev-
ertheless, it is important to note that for the reforecast initialized on 7 November 2000, none of
the ensemble members follows the ERA-Interim reanalysis well and even the member closest to
the ERA-Interim reanalysis shows deviations of more than 2 K temporarily (Figure 6.23 bottom).
This implies that either the good representation of the ERA-Interim reanalysis of one member of
the reforecast initialized on 31 October 2000 is coincidence or that the reforecast initialized on
7 November 2000 takes into account other or maybe additional atmospheric phenomena which
decrease its predictive skill. At the very end of the lead time of the reforecast initialized on
7 November 2000 the European cold waves starts. While the representative member with the cor-
rect central date does not predict a European cold wave at all, the representative member without
easterlies predicts a cold wave but too early in the beginning of December 2000 (Figure 6.23 bot-
tom).

The reforecast initialized on 25 November 2000 comprises the European cold wave between
22 and 25 December 2000. Since this cold wave is especially strong in Scandinavia, the Scan-
dianvian 2 metre temperature anomalies are shown as well (Figure 6.17 top row and 6.24 bottom).
Concerning the European mean temperatures, both representative members show a similar be-
haviour on 10 December 2000, following the ERA-Interim reanalysis quite well (Figure 6.24 top).
The European cold wave between 22 and 25 December 2000 is captured at the beginning by the
representative member with prevailing standardized geopotential height anomalies >0.5 standard
deviation. However the member underestimates its amplitude and duration. The reason for this
is the prediction of too warm temperatures over the Iberian Peninsula and western France as well
as over parts of eastern Scandinavia and eastern Europe (Figure 6.17 top row and 6.20 top row).
The representative member with prevailing standardized geopotential height anomalies <0.5 stan-
dard deviation predicts positive temperature anomalies above 2 K higher than the climatological
value at that time. This can be clearly seen by the positive temperature anomalies predicted over
almost every European region except parts of the Iberian Peninsula and Scandinavia (6.17 top row

and 6.20 middle row). The differences between both representative members is therefore locally
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6.12 Predicted European Cold Waves at the Surface

up to +18 K and down to -24 K (Figure 6.20 bottom row). The ensemble member which predicts
the European cold wave best, is generally too cold and predicts two additional cold waves, which
are not observed in the ERA-Interim reanalysis. Concerning the Scandinavian mean temperature
anomalies, both representative members perform better (Figure 6.24 bottom). Although they devi-
ate up to 5 K from the ERA-Interim reanalysis, they capture the form of its curve well and predict
the Scandinavian cold wave at the end of December 2000. The representative member with pre-
vailing standardized geopotential height anomalies >0.5 standard deviation thereby predicts only a
short cold wave reaching temperature anomalies only slightly below 1 K under the climatological
value. This is due to the fact that in eastern Scandinavia warmer than normal temperatures are
predicted (Figure 6.17 top row and 6.20 middle row). The representative member with prevailing
standardized geopotential height anomalies <0.5 standard deviation predicts a roughly double as
long cold wave as the ERA-Interim renalysis shows, starting at 16 December 2000. The predicted
magnitude of the cold wave is underestimated about 2.5 K. Although cold temperature anomalies
are predicted for most of Scandinavia, the too warm predicted temperatures over southern Scan-
dinavia lead to the too little magnitude of the Scandinavian cold wave in comparison with the
ERA-Interim reanalysis (Figure 6.17 top row and 6.20 middle row). In addition, the representa-
tive member with prevailing standardized geopotential height anomalies <0.5 standard deviation
predicts a cold wave in the beginning of December 2000, when the ERA-Interim reanalysis shows
positive temperature anomalies of about 2.5 K above climatology. The closest ensemble member
to the ERA-Interim reanalysis predicts two additional cold waves in the beginning and mid of
December 2000. The cold wave seen in the ERA-Interim reanalysis is predicted, too but with an

overestimated duration and an underestimated magnitude.
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Figure 6.23: 2 Metre Temperature Anomalies of S2S Reforecasts Initialized Before the Central Date
of the SSW. In the top plot, the reforecast initialized on 31 October 2000 is shown from
1 November 2000 onwards, in the bottom plot the reforecast initialized on 7 November 2000
is shown. The red dashed line shows the ERA-Interim reanalysis. The European mean is
calculated by averaging between 10°W to 42°E and 35°N to 72°N. The data of the first and
last 3 days of the reforecasts are prone to boundary effects due to the use of 7-day running
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Figure 6.24: 2 Metre Temperature Anomalies of S2S Reforecasts Initialized After the Central Date
of the SSW. The European mean temperature (top) and the Scandinavian mean temperature
(bottom) of the reforecast initialized on 25 November 2000 are shown. The European mean
is calculated by averaging between 10°W to 42°E and 35°N to 72°N, the Scandinavian mean
by averaging between 3°E to 42°E and 60°N to 72°N. The data of the first and last 3 days
of the reforecast are prone to boundary effects due to the use of 7-day running mean for the
calculation of climatology.
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6.13 Concluding Remarks

The stratospheric circulation in the winter 2000/2001 is dominated by two SSW events with very
different features. The first SSW event is an example of the sensitivity of the wind-based SSW
indices on the chosen reference latitude (Table 3.1). Only the SSW indices using 65°N or the
meridional mean between 60°N and 90°N detect the event with its central date on 23 Novem-
ber 2000. The often used SSW index by Charlton and Polvani (2007) with 60°N as reference
latitude, does not. Although the D-type event features only a small temperature increase of about
10K of the 10hPa polar-cap averaged temperature, it still shows downward propagating normal-
ized geopotential height deviations from the zonal-mean at 65°N (Figure 6.4 left column, top, 6.3
and 6.2 top). The polar vortex shows a barotropic structure in the middle stratosphere, with almost
no change of its position in the different heights. In the time between 10 December 2000 and
3 January 2001, the positive normalized geopotential height anomalies associated with this SSW
are present at surface (Figure 6.1). During this time, a strong NAO- phase and an equatorward
displaced mid-latitude jet stream in 850 hPa are observed (Figure 6.16 and 6.15), both indica-
tors of an influence of the SSW on the surface and therefore possibly on European cold waves
(Charlton-Perez et al., 2018; Afargan-Gerstman and Domeisen, 2020). The European cold wave
between 22 and 25 December 2000, detected in the 7-day running mean of the 2 metre tempera-
ture anomalies, is therefore associated with the first SSW of the winter 2000/2001 (Figure 6.21).
It is strongest over northern Europe with anomalies down to 5 K below climatology. Besides the
SSW, a large blocking pattern over the Euro-Atlantic sector at this time is another candidate for
the trigger and maintainer of the NAO- phase and the cold wave (Figure 6.10).

The second SSW event in the winter 2000/2001 with its central date on 3 February 2001 is de-
tected by all three wind-based SSW indices used in this thesis (Table 3.1). It is a S-type warming
event, featuring a baroclinic vortex structure in the middle atmosphere and a temperature increase
of about 35 K in roughly 1 week (Figure 6.4 right column and 6.3). Although positive normalized
geopotential height anomalies are present at surface between 22 February and 6 March 2001, the
normalized geopotential height deviation from the zonal-mean at 65°N shows only upward prop-
agating signals (Figure 6.1 and 6.2 bottom). This is one indication that the SSW does not have
an influence on surface weather. The present NAO- phase seems to contradict this but it can also
be triggered and maintained by the frequent blocking situations happening over the Euro-Atlantic
sector (Figure 6.16 and 6.10). Additionally, the mean sea level pressure anomalies show a rather
merdional flow over the North Atlantic ocean featuring strong cyclonic anomalies over the pole
and most of the North Atlantic ocean (Figure 6.17 bottom row). The mid-latitude jet stream in
850 hPa is displaced poleward in the beginning of the NAO- phase and then weakened to an ex-
tend, so that the subtropical jet stream is stronger (Figure 6.15). This leads to the suggestion that
the European cold wave occurring between the end of February and early March 2001 is not influ-
enced by the second SSW of the winter 2000/2001 (Figure 6.21).

It is unclear, whether the correct representation of the SSW or the normalized geopotential height
anomalies in the lower stratosphere have a beneficial influence on the prediction of European cold
waves on subseasonal to seasonal time scales for the winter 2000/2001. The shape of the polar
vortex and the 10 hPa temperature is predicted well by all representative members of all selected

reforecasts, regardless if the SSW index or the normalized 100 hPa geopotential height anomalies
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are represented correctly (Figure 6.8 and 6.7). Concerning blocking situations and the NAO in-
dex, the representative ensemble members perform generally not well, not showing a clear benefit
when the atmospheric conditions in the stratosphere are represented well (Figure 6.13, 6.14 bot-
tom and 6.19). Especially the strong NAO- index, during which the European cold wave between
22 and 25 December 2000 occurs, is not captured by the representative members of the refore-
cast covering that time period. This reforecast is initialized 2 days after the central date of the
SSW and its representative members are therefore chosen based on the normalized geopotential
height anomalies in 100 hPa. When looking directly at the 2 metre temperature anomalies, the
representative members do not predict the European or Scandinavian cold wave well in the mean
but the representative member with the correct atmospheric state predicts the 2 metre temperature
anomaly field better than the representative member without the correct atmospheric state (Fig-
ure 6.24 and 6.20). In this case, there seems not to be a substantial increase in predictability, when

the stratospheric state is represented correctly in this S2S reforecasts.
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7 Comparison of Case Studies and
Discussion

7.1 Characteristics in the Middle Stratosphere

Four representative SSW events are investigated in this thesis. The analyzed S-type events occur
in the second half of the respective winter with their central dates on 3 February 2001, 24 Jan-
uary 2009 and 25 January 2010. This is consistent with Charlton and Polvani (2007) who find
the highest occurrence probability of S-type events in January and February. The analyzed D-type
event occurs on 23 November 2000 which is also consistent with literature. Since D-type events
do not show a seasonality, SSW events in early winter are generally D-type events (Butler et al.,
2015). The consistency of the chosen SSW events to literature confirms the representativeness of
these events.

In January and February the polar vortex is radiatively strongest (Charlton and Polvani, 2007).
Therefore, all three S-type events are preceded by the strongest westerly winds and coldest polar-
cap averaged temperatures in the respective winter. Nevertheless, they show a high variability in
the magnitude and speed of the deceleration of the stratospheric polar night jet and the tempera-
ture increase over the pole. During the SSW event in the winter 2008/2009, the 10 hPa polar-cap
averaged temperature increases about S0K in 2 weeks and the 10 hPa zonal-mean zonal wind
decelerates about 104ms~' in 3 weeks (Figure 4.3). In comparison to this event, the event in
the winter 2009/2010 is less extreme. The 10hPa zonal-mean zonal wind weakens during this
SSW event about 80 ms~! in roughly 6 weeks and the polar-cap averaged 10hPa temperature
increases by 36 K in 1 month (Figure 5.3). The weakest of the three analyzed S-type events is the
SSW occurring in February 2001. It features a deceleration of the 10 hPa zonal-mean zonal wind
around 60 ms~! in roughly 4 weeks and an increase of the 10 hPa polar-cap average temperature
of approximately 35 K in 2 weeks (Figure 6.3). In comparison to the S-type events, the analyzed
D-type event is by far less extreme. The 10 hPa zonal-mean zonal wind decelerates about 30 ms~!
in roughly 2 weeks and the polar-cap averaged 10 hPa temperature rises around 20K in 3 weeks
(Figure 6.3). The weaker characteristics of the D-type event are consistent with literature (Charl-
ton and Polvani, 2007). This is especially true for D-type events occurring in the beginning of
the winter like the analyzed one (Butler et al., 2015). Furthermore it is important to note that the
D-type event develops from a neutral polar vortex state with average westerly wind speeds and
polar-cap averaged temperatures. The different vortex states before the SSW events already show
the variability between S- and D-type events. When looking at the deceleration of the zonal-mean
zonal wind and the increase in temperatures, the variability in strength among the S-type events
themselves is evident as well. A difference between roughly 40 ms~' in the deceleration of the
stratospheric polar night jet between 3 weeks and 6 weeks after the central date of the SSW event is

observed. Concerning the temperature change, a difference of 30 K between events in time-ranges
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between 2 weeks and 3 weeks is seen. This already shows that the evolution of single events in
the middle stratosphere differs greatly from composites of SSW events of the same type.

The large differences in the characteristics of SSW events is also seen in the absolute values of
the zonal-mean zonal wind and the polar-cap averaged temperature in the middle stratosphere.
The SSW event occurring in the winter 2008/2009 features the most extreme and longest-lasting
easterly winds in the middle stratosphere of the past 20 winters (Table 3.2). Easterly winds prevail
in 10 hPa height for 34 days reaching maximum values of -36 ms~!. The polar-cap averaged tem-
perature in the same height reaches maximum values about 252 K (Figure 4.3). The SSW event in
the winter 2009/2010 reaches a similar duration of the easterly winds in the middle stratosphere
with 32 days (Table 3.2). It is important to point out though that the stratospheric polar night jet
accelerates after the central date of SSW event again and reaches westerly wind speeds for ap-
proximately 1 week before turning to an easterly wind direction again (Figure 5.3). The maximum
easterly wind speed with -20 ms~! and the maximum polar-cap averaged temperatures with 237 K
are profoundly weaker than during the SSW event in the winter 2008/2009. The weakest of the
three S-type events is again the event in the winter 2000/2001 (Table 3.2). It shows maximum
easterly wind speeds of -16ms~! and a duration of easterly winds in the middle stratosphere of
20days. Similar to the SSW event of the winter 2009/2010, an intermittent phase of westerly
winds is observed. Maximum polar-cap averaged temperature reach 232 K in 10 hPa (Figure 6.3).
The D-type event is the weakest of all analyzed events. Easterly winds reach a maximum speed of
only -3ms~! in 10 hPa height and last there for 4 days (Table 3.2). This is consistent with Charlton
and Polvani (2007) who find a longer duration of easterly winds in the middle stratosphere of up to
20 days for S-type events. The maximum polar-cap averaged temperature reaches values around
226 K (Figure 6.3). Again, the differences among events are non-negligible. Concerning the max-
imum easterly wind speed, a difference of 16 ms™! is observed between the S-type events and a
difference of 33 ms~! between all four SSW events is observed. The duration of easterly winds in
the stratosphere differs between 4 days and 36 days with two events showing an intermittent phase
of westerly winds. Also the absolute polar-cap averaged temperature shows a non-negligible dif-
ference of 26 K between events.

Concerning the time of the vortex displacement or split, the location of the vortex remnants and the
temperature distribution in the middle stratosphere a high case-to-case variability between events
is again seen. On the central date of the SSW event in the winter 2008/2009, the polar vortex is
clearly split into two parts (Figure 4.4 right column, top). These are centered over the Hudson Bay
and central Asia. Maximum temperatures reach values up to 290 K locally over Greenland, east
of one the vortex remnants. Ten days after the central date of the SSW in the winter 2009/2010,
the polar vortex is split in 10 hPa height (Figure 5.4 right column, top). The stronger remaining
vortex part is thereby centered over Iceland, the weaker part over eastern central Asia. At both
centers, temperatures up to 260 K are found locally. The vortex split during the S-type SSW event
of the winter 2000/2001 happens also after the central date of the event. In this case, 15 days
later (Figure 6.4 right column, top). The two remaining, nearly equal in size polar vortex parts
are centered over the eastern North Atlantic ocean and eastern central Asia. Over eastern Europe,
locally maximum temperatures up to 270 K in 10 hPa height are found. Three days after the cen-
tral date of the D-type SSW event in the winter 2000/2001, the polar vortex is clearly displaced
off the pole in the middle stratosphere (Figure 5.5 left column, top). Its center is thereby located
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over northern Siberia. The maximum 10 hPa temperature is still below 240 K and observed over
western Alaska. When looking at the 2-dimensional fields of geopotential height and temperature,
it is best seen that composite analyses are not sufficient to describe the characteristics of SSW
events in the middle stratosphere completely. Therefore, the analysis of case studies is of great

importance.

7.2 Influence on European Cold Waves

Concerning the influence of SSW events on European cold waves, the characteristics of the events
in the middle stratosphere seem not to be the dominant factor, at least not in the case of the four
analyzed SSW events. According to Afargan-Gerstman and Domeisen (2020) SSW events lead to
an equatorward displacement of the tropospheric mid-latitude jet stream and the negative phase of
the NAO when influencing European surface weather. The relevant time-range comprises thereby
the 2 months after the central date of the SSW event (Baldwin et al., 2003). After the SSW event in
the winter 2008/2009, two NAO- phases are observed (Figure 4.9). During the first NAO- phase,
also an equatorward displacement of the mid-latitude jet stream is found (Figure 4.8). Regarding
the SSW event in the winter 2009/2010, the whole 2 months after the central date are characterized
by the negative phase of the NAO and most of the time also by an equatorward displacement of the
mid-latitude jet stream (Figure 5.9 and 5.8). After the second SSW event of the winter 2000/2001,
two NAO- phases co-occur with an equatorward displacement of the mid-latitude jet stream (Fig-
ure 6.16 and 6.15). Concerning the first SSW event of the same winter, the mid-latitude jet stream
is also displaced southward during the two NAO- phases occurring in the 2 months after the cen-
tral date of the SSW. When looking only at these two tropospheric phenomena, as done e.g. by
Afargan-Gerstman and Domeisen (2020), a downward impact of all four analyzed SSW events on
European surface weather is suggested.

To verify this suggestion, the positive geopotential height anomalies caused by the SSW events
are analyzed in the stratosphere and troposphere. After the SSW event in the winter 2008/2009,
positive geopotential height anomalies are only present continuously from the stratosphere to the
surface for 6 days (Figure 4.1). During this time, an upward propagation of tropospheric waves is
observed over the Euro-Atlantic sector (Figure 4.2 bottom). Positive geopotential height anoma-
lies associated with the SSW event of the winter 2009/2010 are present continuously from the
stratosphere to the surface for roughly 1 month. But a downward propagation of stratospheric sig-
nals is only observed over the North Pacific ocean (Figure 5.1 and 5.2 bottom). After the S-type
SSW event in the winter 2000/2001, positive geopotential height anomalies are present contin-
uously from the stratosphere to the surface for approximately 2 weeks (Figure 6.1). During the
time of the largest anomalies at surface, only upward propagating signals are observed (Figure 6.2
bottom). Positive geopotential height anomalies are observed continuously from the stratosphere
to the surface for roughly 1 month after the D-type SSW event of the same winter (Figure 6.1).
During this time, a downward propagation of stratospheric signals is observed over the North
Atlantic ocean (Figure 6.2 top). Although all SSW events show the typical indications of a down-
ward influence of SSW events on European surface weather, only the D-type event also shows an

downward propagation of stratospheric signals to the surface over the North Atlantic ocean. It has
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to be kept in mind though that an overlap of upward and downward propagating waves, especially
in barotropic tropospheric structures, cannot be excluded. Additionally, the occurrence probability
of an NAO- phase is higher after weak vortex states than after strong vortex states, but still less
than one quarter of the wintertime NAO- phases are preceded by an SSW event (Charlton-Perez
et al., 2018; Domeisen, 2019). This highlights the importance to analyze the downward propaga-
tion of stratospheric anomalies instead of only focussing on the tropospheric state after the SSW
events.

The D-type SSW event is the only SSW event analyzed in this thesis which is suggested to in-
fluence European surface weather directly. During the time of the downward propagation of
stratospheric signals, a European cold wave is observed. This cold wave occurs between 21 and
25 December 2000 and shows European mean 2 metre temperature anomalies around 1.5 K below
the climatology and northern European mean 2 metre temperature anomalies down to 5 K below
average (Figure 6.21). Locally, temperature anomalies down to 16 K below the climatology are
observed over northern and central Europe (Figure 6.17 top row). The fact that the most extreme
cold temperatures are observed over northern Europe is consistent with the findings of King et al.
(2019). Besides the influence of the SSW on European surface weather, a large blocking pattern
located over the Euro-Atlantic sector at the same time might also have an influence on this Euro-
pean cold wave (Figure 6.10; Buehler et al., 2011). Under the assumption that the PNA, which is
likely influenced by the downward propagating stratospheric signals over the North Pacific ocean,
is coupled to the NAO via teleconnection, the SSW event of the winter 2009/2010 could also
influence European surface weather. According to Pinto et al. (2011) and Afargan-Gerstman and
Domeisen (2020) a link between the PNA and NAO is possible. But a link between the SSW
and the European cold wave occurring between 7 and 22 February 2010 is not clear since Jung
et al. (2011) and Santos et al. (2013) exclude external forcings, such as the SSW event, as the
primary cause and maintainer of the NAO- phase and therefore also the European cold wave. This
cold wave features roughly 2 K lower than usual European mean 2 metre temperatures and 9 K
lower than usual northern European mean temperatures. Locally, down to 12 K below average
are observed over Scandinavia (Figure 5.11). During the cold wave, blocking over the North
Atlantic-European sector is observed which may maintains the strongly negative NAO- phase and
the European cold wave (Figure 5.6; Buehler et al., 2011). Even when a downward propagation of
stratospheric signals over the North Atlantic ocean and a simultaneously occurring NAO- phase
are observed, an association of a co-occurring European cold wave with the preceding SSW event
is still not easy to make. The influence of blocking on the 2 metre temperatures is e.g. by far
stronger than the influence of SSW events (Lehtonen and Karpechko, 2016). Generally, the NAO
and European cold waves are strongly influenced by the internal tropospheric variability which is

able to suppress a stratospheric influence (Tripathi et al., 2015; Domeisen et al., 2020).
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SSW events are able to influence mid-latitude surface weather in the 2 months after their central
date (Baldwin et al., 2003; Tripathi et al., 2015). Two thirds of the events are thereby followed by
the negative phase of the NAO and an equatorward displacement of the tropospheric mid-latitude
jet stream over the North Atlantic ocean (Afargan-Gerstman and Domeisen, 2020). Therefore,
SSW events possibly influence European cold waves and their predictability on the subseasonal to
seasonal time-scale (Vitart et al., 2017; Garfinkel et al., 2017).

In this thesis an overview of useful techniques to analyze SSW events, their potential impact
on European surface weather and possible use in tropospheric weather forecasts with lead times
up to one and a half month is given. The thesis is embedded in the Waves-to-Weather (W2W)
C8 project which deals with the stratospheric influence on the predictability of persistent weather
patterns. This thesis focuses on the characteristics of SSW events in the stratosphere, their possible
downward coupling via geopotential height anomalies and the dominating tropospheric drivers of
European surface weather, such as blocking and the NAO. It underlines the high case-to-case vari-
ability among the characteristics of four representative SSW events and their downward impacts
on European cold waves. Furthermore, it is demonstrated that a coupling between the stratosphere
and the troposphere cannot be determined by solemnly looking at the tropospheric state after the
SSW event. Instead, the analysis of vertical profiles, e.g. of geopotential height anomalies, is
necessary.

One D-type and three S-type SSWs are selected based on the reversal of the 10 hPa zonal-mean
zonal wind at 65°N. These representative events of the past 20 years are analyzed with the ERA-
Interim reanalysis data set regarding their characteristics and possible surface impacts, especially
focussing on European cold waves. The D-type SSW event is additionally analyzed with S2S re-
forecasts. This is done to determine the influence of the correct representation of the SSW event
and its subsequent anomalies on the predictability of European cold waves.

The analyzed S-type SSW events with their central dates on 3 February 2001, 24 January 2009
and 25 January 2010 show a similar behaviour in their development in the middle stratosphere.
The strongest westerly winds and coldest polar-cap averaged temperatures are observed right be-
fore the rapid decrease of the wind speed of the stratospheric polar night jet and the increase in
temperature. Nevertheless, the change in wind speed and temperature differs remarkably in time
and magnitude. The same applies to the maximum easterly wind speed and polar-cap averaged
temperature as well as the duration of easterly winds in the middle stratosphere. Two of the S-type
events show thereby an intermittent phase of westerly winds. The D-type SSW event with its cen-
tral date on 23 November 2000 develops from a neutral polar vortex state with average westerly
wind speeds and polar-cap averaged temperatures.

The strongest of the four analyzed SSW events is the S-type event in the winter 2008/2009, the
weakest the D-type event in the winter 2000/2001. The deceleration of the 10 hPa zonal-mean
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zonal wind is small with 30 ms~! to a maximum easterly wind speed of -3 ms~!. In comparison,
the S-type events lead to a deceleration of the 10 hPa zonal-mean zonal wind between 60 ms ™!
and 104 ms~! reaching a maximum easterly wind speed between -16ms~! and -36ms~!. Also
the temperature increase by roughly 15 K to 226 K is smaller in comparison to the S-type events
which feature a temperature increase between 35 K and 50K to a maximum polar-cap averaged
temperature between 232 K and 252 K. The duration of easterly winds is also shortest after the D-
type event with only 4 days. During the S-type events, easterly wind conditions last in the middle
stratosphere between 20 days and 36 days.

Independently of the large differences among the analyzed events in the middle stratosphere, the
typical indications of a downward influence on surface weather are observed in the 2 months after
every event. Nevertheless, a downward influence of all analyzed SSW events on European surface
weather is not suggested. Concerning the S-type events in the winter 2008/2009 and 2000/2001,
only upward propagating signals are found in the deviation of the geopotential height from the
zonal-mean at 65°N. Therefore, these events are not associated with European cold waves. The
S-type event in the winter 2009/2010 shows a downward propagation over the North Pacific ocean.
An association with the European cold wave occurring between 7 and 22 February 2010 can there-
fore only be made under the assumption of a nearly instantaneous teleconnection between the PNA
and NAO. After the D-type SSW event in the winter 2000/2001 a downward propagation of strato-
spheric signals over the North Atlantic ocean is detected. Therefore, this SSW event is associated
directly with the European cold wave observed between 21 and 25 December 2000.

Since a downward propagation of stratospheric anomalies caused by the D-type SSW event is de-
tected over the North Atlantic ocean, this event is analyzed further regarding its influence on the
predictability of the subsequent European cold wave occurring between 21 and 25 December 2000.
Herefore, the ECMWF S28S reforecasts are used. The only reforecast comprising the European
cold wave and an initialization with easterly winds in the middle stratosphere is initialized on
25 November 2000, 2 days after the central date of the SSW event. Therefore, the selection of the
representative members from this ensemble reforecast is based on the 100 hPa geopotential height
anomalies. The representative members predict clearly different fields of the 2 metre temperature
and mean sea level pressure anomalies during the European cold wave. A better representation
of the ERA-Interim 2 metre temperature anomaly distribution is predicted by the representative
member with the correct atmospheric state. But differences in the exact location and magnitude
of the cold anomalies in comparison to the ERA-Interim renalysis are non-negligible. This is also
the reason why an improvement of the European or Scandinavian mean temperature prediction
is not found for the representative member with the correct atmospheric state. Concerning the
distribution of the mean sea level pressure anomalies, both representative members perform not
well, neither in location nor in magnitude. Subsequently, an improvement of the prediction of
the NAO index when the correct atmospheric state is represented in the ensemble member, is also
not seen. At this point it is important to keep in mind that the European cold wave occurs at the
lead time of roughly 1 month of the reforecast. In this investigated case, a substantial increase
in the predictability of European cold waves when the SSW event is represented correctly in the
ECWMF reforecast, is not given.

To obtain a statistically relevant statement of a possible increase in the predictability of Euro-

pean surface weather after SSW events, further case studies need to be investigated. Since SSW
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events exhibit a high case-to-case variability in their characteristics and downward influence, as
demonstrated in this thesis, case studies show an added value compared to composite studies. Ad-
ditionally, a larger ensemble of forecasts on the subseasonal to seasonal time-scale is necessary
to perform a statistical analysis. This is given in the S2S data base which consists in total of
270 ensemble members in forecasts and 93 ensemble members in hindcasts (Vitart et al., 2017).
Multi-model studies with this large ensemble of the S2S data base are planned within the W2W
C8 project.

To link SSW events to European cold waves causaly, further case studies are needed as well. This
coupling between the stratosphere and the troposphere is not fully understood yet and, as shown in
this thesis, highly variable. An important goal of the W2W C8 project is therefore to get a better
understanding of the influence of SSW events on surface weather. This is of high importance for
the exploitation of the full potential of SSW events as a possible source of increased predictability

of European cold waves and other extremes on the subseasonal to seasonal time-scale.
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