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Abstract

The 21st century has seen an increase in mid-latitude extreme weather events. This
thesis examines whether heat wave occurrences in 2003, 2010, 2015 and 2018 are
linked to characteristic jet stream patterns. A potential link between North Atlantic
sea surface temperatures (SST’s), the jet stream and European surface temperatures
is evaluated with particular emphasis on the heat wave 2018.
Previous studies suggested a link between cold North Atlantic SST’s anomalies prior
to heat wave occurrences over Europe. Other studies proposed a mechanism, called
QRA (Quasi-Resonant Amplification) mechanism, combining a double jet presence
with quasi-stationary and highly-amplified Rossby wave events as a response, increas-
ing the likelihood of heat wave conditions. In this thesis the relationship between
remarkable anomalies during summer 2018 and both mechanisms is studied.
This thesis demonstrates that central and northern Europe have experienced ex-
tremely hot and dry conditions during May and July 2018. An anomalously cold
North Atlantic from spring to early summer is linked to a strong double jet be-
haviour evident in the Atlantic-European sector and to the high temperatures over
Europe in summer 2018. This thesis confirms via correlation as well as composite
analysis of ERA-Interim reanalysis data, that generally persistent cold North Atlantic
SST anomalies are more likely to induce the development of a double jet a few
weeks afterwards, leading to a strongly undulated jet stream. The jet stream has
a preferred phase position in the North Atlantic-European sector. These conditions
initiate enhanced surface temperatures over the European continent. The analysis
supports that the coexistence of cold SST anomalies and warm surface temperatures
over Europe are linked to an amplified and persistent trough-ridge system across the
North Atlantic-European sector supporting a relationship between the two proposed
mechanisms involving North Atlantic SST anomalies as well as wave resonance and
amplification.
The analysis reveals similar conditions for previous heat waves in 2003 and 2015. By
contrast, the Moscow heat wave in 2010 might had different drivers since no signifi-
cantly negative North Atlantic SST anomalies and no double jet structure is found.
This thesis evaluates and confirms a link between the North Atlantic SST’s and the
QRA mechanism for the first time. North Atlantic SST’s are important to investigate
since they likely act as a precursor for the generation of the QRA mechanism and
thus also for European heat wave occurrences.
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Zusammenfassung

Das 21. Jahrhundert ist von einem Anstieg in Extremwetterereignissen gekennze-
ichnet. Diese Arbeit untersucht die Hitzewellen in 2003, 2010, 2015 sowie 2018 im
Hinblick auf einen möglichen Einfluss von charakteristischen Jet Stream Mustern.
Eine mögliche Verbindung wird zwischen den Oberflächentemperaturen im Nordat-
lantik, dem Jet Stream und Oberflächentemperaturen über Europa untersucht, wobei
der Schwerpunkt auf die Hitzewelle im Jahr 2018 gelegt wird.
Vorangegangene Studien vermuten, dass kalte Anomalien im Nordatlantik zahlreichen
Hitzewellen vorausgehen. Weitere Studien haben den sogenannten QRA (Quasi-
Resonant-Amplifikation) Mechanismus untersucht, der einen Doppel-Jet mit quasi-
stationären Rossby Wellen großer Amplitude in Verbindung bringt. Langanhaltende
gleichbleibende Bedingungen begünstigen wiederum die Wahrscheinlichkeit von Hitze-
wellen. Diese Arbeit versucht die signifikanten Anomalien des Sommers 2018 mit
beiden Mechanismen zu verknüpfen.
Zentral- und Nordeuropa sind von extrem warmen und trockenen Bedingungen im
Mai und Juli 2018 beeinflusst worden. Großflächig negative Temperaturanomalien
im Nordatlantik während des Frühjahrs werden mit einem Doppel-Jet, der vom Nor-
datlantik bis Europa reicht, sowie hohen Temperaturen in Europa im Sommer 2018
in Verbindung gebracht.
Tatsächlich bestätigen Korrelations- und Kompositanalysen der ERA-Interim Re-
analyse Daten, dass langanhaltende kalte Oberflächentemperaturen im Nordatlantik
mit einer gewissen Wahrscheinlichkeit der Entstehung eines Doppel-Jets nach ein
paar Wochen vorausgehen. Dieser Doppel-Jet wiederum begünstigt eine größere
Auslenkung des Jet Streams, wobei der Doppel-Jet bevorzugt im Nordatlantik-Europa
Sektor zu finden ist. Daraus resultieren höhere Oberflächentemperaturen über dem
europäischen Kontinent. Die Koexistenz von kalten Oberflächentemperaturen über
dem Nordatlantik und warmen Oberflächentemperaturen über Europa ist auf ein ver-
stärktes Trog-Rücken-Muster in dem Sektor zurückzuführen. Diese Erkenntnis unter-
stützt die These, dass die Mechanism, basierend auf den Oberflächentemperaturen
im Nordatlantik und der Rossby Wellen Resonanz sowie Amplifikation, miteinander
verbunden sind.
Unsere Analyse ergibt ähnliche Ergebnisse für die Hitzewellen in den Jahren 2003 und
2015. Dagegen scheint die Moskau Hitzewelle im Jahr 2010 durch andere Einflüsse
hervorgerufen worden zu sein, da der Nordatlantik keine deutlichen negativen SST
Anomalien und der Jet Stream keine Doppelstruktur aufweist.
Diese Arbeit bestätigt zum ersten Mal die Verknüpfung zwischen SST Anomalien im
Nordatlantik und dem QRA Mechanismus. Die Untersuchung der SST Anomalien
im Nordatlantik ist von großer Bedeutung, da sie wahrscheinlich als Vorbote für den
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QRA Mechanismus und somit auch für Hitzewellen in Europa dienen können.
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1. Introduction

1.1. Motivation

In the 21st century an increase in mid-latitude extreme weather events like heat waves and
droughts (Christidis et al., 2015), characterized by a duration of several weeks, led to widespread
and catastrophic damage over Europe, i.e. triggering disease, vegetation mortality, wildfires
and agricultural losses (Coumou et al., 2018). A shift in the temperature distribution towards
higher values, due to climate change, have initiated threshold exceeding temperatures and thus,
a higher frequency of heat waves (Mann et al., 2018). The observed increase in mid-latitude
extreme weather events has been linked to upper-tropospheric anomalies associated with the jet
stream (Trouet et al., 2018). Persistent patterns in the jet stream’s structure are responsible for
continental extreme weather events initiating devastating effects for economics, human health
and other sectors (Kornhuber et al., 2019).
In 2003, a record-breaking heat wave affected Europe, particularly France, Germany and Italy,
where the continental mean temperature exceeded +1.9◦C (around two standard deviations)
(García-Herrera et al., 2010). During summer 2010 Europe has been affected by another promi-
nent heat wave, the so-called Russian or Moscow heat wave (Grumm, 2011). With 33 consecutive
days with temperatures above 30◦C (Coumou and Rahmstorf , 2012) western Russia registered
temperatures near +18◦C above average for the months of July and August (Grumm, 2011).
Both heat waves in 2003 and 2010 resulted in an estimate of additional 70,000 and 55,000
deaths relative to the average for the time of the year, respectively (Sinclair et al., 2019).
From June to August 2015 central Europe experienced another extreme summer heat wave with
temperature records (Dong et al., 2016). Averaged over central Europe, the seasonal mean
(June–August) of surface air temperature anomalies was 2.4◦C above the 1964–93 mean. In
2018 again many parts of Europe have seen another heat wave (Sinclair et al., 2019). During
several weeks in May and July anomalous temperatures were recorded particularly across large
parts of Scandinavia.
But what caused these anomalous high summer temperatures in all mentioned years (2003, 2010,
2015, 2018)? Heat waves generally exhibit prolonged periods of anticyclonic conditions associated
with clear skies. Previous studies suggest that the contribution of soil moisture anomalies and
their interactions with the atmosphere through surface feedbacks including latent and sensible
heat fluxes also plays an important role. (Black et al., 2004; Fischer et al., 2007). During the
heat wave 2003 the soil moisture over central Europe decreased, because land surface dried to
a large extent due to strong radiative forcing. When the forcing was weaker, the lack of soil
moisture was responsible for negative latent heat flux anomalies. As a consequence, sensible
heat fluxes were higher than usual conditioned by extremely high surface temperatures over cen-
tral Europe. Thus, the European heat wave 2003 was likely to be induced mainly by a strong
radiative forcing and a subsequent lack of soil moisture (Sinclair et al., 2019). In 2018 posi-
tive temperature anomalies occurred throughout the whole depth of the troposphere suggesting
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a different mechanism compared to 2003 (Sinclair et al., 2019). The mid-latitude circulation
was characterized by anomalously persistent meandering patterns of the upper-tropospheric flow
(Kornhuber et al., 2017, 2019). The hemisphere-wide alternating system of troughs and ridges
remained in the same longitudinal position for several weeks (Kornhuber et al., 2019). Thus the
question arises how such a quasi-stationary wave pattern develops and persists during European
summer. Different climate modes determine the state of the jet stream. For instance, tropical
variations, i.e. associated with the El-Niño Southern Oscillation, stratospheric impacts like the
Quasi-Biennial Oscillation or the oceanic influences via sea surface temperatures (SST’s) give
rise to a change in the jet stream characteristics (Hall et al., 2014). In the framework of this
thesis it is impossible to investigate the role of all processes and their interactions with respect
to the jet stream intensity, its displacement, or stationarity. Therefore this thesis will focus on
a recently proposed mechanism, called QRA mechanism, involving the existence of a double jet
and hemisphere-wide high amplitude waves favouring the development of heat waves over the
European continent (Kornhuber et al., 2017). Additionally a second proposed relationship is
studied: an altered behaviour of the jet stream induced by SST anomalies in the North Atlantic
(Duchez et al., 2016). Both approaches and their potential relationship with each other are
gaining scientific attention due to the recent increase in heat wave occurrence.
In this thesis both mechanisms are examined in combination. On the basis of ERA-Interim re-
analysis data, the thesis targets the heat wave in 2018 and the relationship between the North
Atlantic SST, characteristic jet stream patterns and European surface conditions. In order to
ensure the proposed relationship, this thesis provides a comparison between the case study in
2018 and other heat waves in 2003, 2010 and 2015.
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1.2. Background

1.2.1. jet stream: Variability, Characteristics and Trends

The jet stream is a narrow band of strong upper-tropospheric winds appearing around the whole
hemisphere (Archer and Caldeira, 2008). The upper level wind band maximizes roughly at the
300 hPa level. Each hemisphere is characterized mainly by two prominent jets (Pena-Ortiz
et al., 2013): Wind speeds increasing with height corresponding to the eddy-driven polar jet
are observed at a front of a strong meridional temperature gradient satisfying the thermal wind
balance (Holton, 1992; Hall et al., 2014). The polar jet is identified at the border between the
mid-latitude and polar air masses. A second jet, the subtropical jet, is located at the upper
poleward margin of the thermally driven direct Hadley-circulation cell at around 30◦N. Both, the
polar as well as the subtropical jet are visualized in the Northern Hemisphere in Fig. 1. The
subtropical jet is formed by conservation of angular momentum of poleward-flow in upper-levels,
and reinforced temperature gradients due to the warm air carried by the Hadley-cell from the
tropics to the north (Pena-Ortiz et al., 2013; Hall et al., 2014).

Figure 1: Visualization of polar and subtropical jet extracted from http://svs.gsfc.nasa.gov/11471

In wintertime the flow associated with the polar jet experiences a southward shift increasing the
likelihood of a merging of both jets. Due to the meandering and fragmented nature of both jets
the position and strength of the jets vary spatially and temporally. On occasions, the contiguous
jets (polar and subtropical jet) will merge into a single wind band (Pena-Ortiz et al., 2013). In a
seasonal average, both jets do not appear as separated wind bands (Archer and Caldeira, 2008).
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Thus, in the following the existence of strong upper-tropospheric winds induced by both, polar
jet and subtropical jet, is labelled as ’jet stream’.
The analysis and interpretation of jet stream variability and possible trends is essential in order
to understand the generation of synoptic-scale weather patterns (Hall et al., 2014, 2017). The
jet stream over the North Atlantic is responsible for temperature and precipitation variability as
well as storm tracks evolving over the North Atlantic and moving towards Europe.
The location and intensity of the jet stream arise from a mixture of different climate modes (Hall
et al., 2014). The study provides a detailed summary of the most relevant modes influencing jet
stream variability. For instance decadal variations of the SST in the North Atlantic associated
with the Atlantic Multidecadal Oscillation (AMO), interannual variability associated with the
El-Niño Southern Oscillation (ENSO), stratospheric impacts like the Quasi-Biennial Oscillation
(QBO) and sudden stratospheric warmings (SSW’s) as well as cryospheric effects modify the jet
stream characteristics. The influence of different climate modes on different time scales makes it
difficult to extract the different weights of the climate modes in a given period of time. Nonlinear
interactions between two or more climate modes make an estimation even more complex and
challenging.
Additionally it is important to think about the preferred time or season of different climate modes.
For instance the coupling between the tropospheric jet stream and the stratospheric circulation is
significantly stronger during wintertime (Karpechko et al., 2017). Consequently, the stratospheric
impact could be less important for the persistence of heat waves during summer, unless there is
a preconditioning from the winter that persists into early summer (Kidston et al., 2015).
The jet stream undergoes a strong seasonality in both intensity and location. The intensity of
the jet stream depends on the average meridional temperature gradient between pole and mid-
latitudes in the Northern Hemisphere, which is much larger in wintertime (Holton, 1992). As
a consequence higher wind velocities occur during winter due to the thermal wind balance. In
summer a smoother jet stream with a poleward shift of the meandering wind band is identified.
Apart from the meridional shift of the jet stream between summer and winter, upper level winds
interestingly show another feature: throughout summer months the jet stream is not only char-
acterized by an attenuation and a northward displacement, but also by a rather zonal structure
(Coumou et al., 2018). Strong upper level winds ’start’ in the subtropical East Atlantic and ’end’
over the British Isles (Archer and Caldeira, 2008). Generally the jet stream reveals a baroclinic
state, but in summer, especially in episodes of an amplified wave structure, the jet stream can
be assumed as near-barotropic (Kornhuber et al., 2019).
The jet stream is not a randomly distributed meandering wind current around each hemisphere.
Previous studies found that the jet stream shows rather a preferred structure, particularly in
the North Atlantic sector: the storm track and eddy-driven jet stream exhibits a pronounced
southwest-northeast tilt. Such a clear tilt is neither observed in other longitudinal bands of
the Northern Hemispheric jet stream nor in the Southern Hemisphere (Woollings et al., 2010;
Woollings and Blackburn, 2012).
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Trends of jet stream characteristics, i.e. meridional position, altitude as well as strength are
still under debate (Pena-Ortiz et al., 2013). With regard to the former aspect there has been
agreement on a poleward shift of the jet stream in the last three decades (Archer and Caldeira,
2008; Pena-Ortiz et al., 2013; Seidel et al., 2008). One suggestion to justify this tendency is the
poleward expansion of the Hadley-circulation cell, predominantly generated by the temperature
difference between the poles and the equator, which is likely to decrease (e.g. Hu and Fu (2007)).
In summer a poleward shift of the jet stream can result in more settled weather with fewer storms
accompanied by less precipitation over Europe.
But unfortunately there has been no consensus yet about the magnitude of a poleward shift.
Pena-Ortiz et al. (2013) proposed that different trend values of the jet stream’s measures are
due to the variety of methodologies or data to detect the jet stream.
Still there has also been no agreement on the magnitude of a possibly rising altitude of the jet
stream or tropopause height. Archer and Caldeira (2008) found that the jet stream experiences
a negative change in pressure implying a rise in altitude.
Still a highly debated issue is how climate change might affect the jet stream (Francis and Vavrus,
2012; Cohen et al., 2014). Recent studies found that an amplified warming in the Arctic induces
the aforementioned lower meridional temperature gradient (Hu and Fu, 2007) resulting in a slow
down of the jet stream (Francis and Vavrus, 2012). Climate models, observations as well as
theoretical approaches further showed evidence of a surface warming in the Arctic triggering a
rise of polar geopotential surfaces (Cohen et al., 2014) due to thermal expansion. This in turn
leads to more elongated troughs and ridges. Both effects, the slow down as well as the more
pronounced elongation of the jet stream, facilitates the development of persistent weather pat-
terns also referred to as blocking patterns (Francis and Vavrus, 2012). This hypothesis argues
for a higher presence of blocking events associated with extreme weather events such as heat
waves and droughts favoured by stationary upper level ridges as well as massive rainfall and floods
accompanied by long lasting upper level troughs.
This thesis pursues the question whether jet stream anomalies could be linked to heat waves in
boreal summer particularly over Europe. There is no unique definition for heat waves. Neverthe-
less the occurrence is described by prolonged periods during which the near surface temperature
is higher than the climatological average (Sinclair et al., 2019). Persistent hot weather conditions
of this type are linked to an upper-tropospheric ridge and slow-moving anticyclonic conditions
associated with descending air movement (Kornhuber et al., 2019). This suppresses the formation
of clouds and allows for clear skies for an extended time period. Now the question arises how a
heat wave can be formed and can persist anomalously long during boreal summer.
The next sections 1.2.2 and 1.2.3 introduce mechanisms, that may be responsible for long-lasting
surface temperature anomalies.
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1.2.2. The QRA-mechanism

The so-called Quasi-Resonant Wave-Amplification (QRA) mechanism could explain the develop-
ment and persistence of strongly meandering wave patterns in mid-latitudes (Petoukhov et al.,
2013). A certain structure in the zonal wind, i.e. two distinct wind maxima associated with sharp
horizontal temperature gradients at around 45◦ and 70◦N combined with a minimum in wind
speed and low horizontal temperature gradients in between, also called double jet, is necessary in
order to be a favouring precondition for the initiation of the QRA mechanism. The development
of a double jet over the North Atlantic is more likely in the presence of an anomalous positive
Northern Annular Mode (NAM) than during periods of a negative NAM. Tachibana et al. (2010)
suggested that the interaction between waves and zonal-mean zonal wind flow in the upper tro-
posphere could be a key factor for the growth of the double jet structure.
For describing the QRA mechanism it is necessary to distinguish between two kinds of Rossby
waves originating from diabatic sources and sinks as well as from orographic forcings (Kornhuber
et al., 2017; Hoskins and Karoly , 1981): (i) synoptic scale Rossby waves travel as ’free waves’,
once they are originated and (ii) quasi-stationary planetary-scale Rossby waves.
Free waves generally allow wavenumbers higher or equal to 6 and tend to be travelling since the
quasi-stationary component of the free waves is weak. The quasi-stationary wave usually have
wavenumbers smaller than 6. If the aforementioned double jet structure is present, the synoptic-
scale free waves are likely to be trapped in mid-latitudes (Coumou et al., 2014). Therefore, the
energy is not dissipated towards pole and equator. The confinement of the synoptic-scale free
waves to the mid-latitudes is referred to as a waveguide (Kornhuber et al., 2017). If additionally
the wave number of the trapped synoptic-scale wave is almost equal to the wave number of the
forced wave, resonance between these waves occur, leading to an increase in amplitude.
The Fig. 2, extracted from Kornhuber et al. (2019), supports this behaviour. A stationary and
strongly meandering wave pattern is indicated by widespread anomalies in meridional wind speed
during QRA conditions. Furthermore Fig. 2 demonstrates that wave-7 events are characterized
by an hemisphere-wide pattern with preferred locations of troughs and ridges in boreal summer.
During stationary and amplified wave events a consistent picture between phase speed, amplitude
and phase position develops: beside a rising amplitude the phase speed slows down and the wave
enters its preferred phase position associated with a stationary system of troughs and ridges in
mid-latitudes. Kornhuber et al. (2019) found this coherent picture during the heat wave of 2018.
Therefore the characteristic meridional wind field of stationary wave-7 events in the Northern
Hemisphere summer confirms the consequence of the QRA mechanism (Petoukhov et al., 2013).
Recent decades show an increase in those wave-7 events associated with a strongly meandering
jet stream (Kornhuber et al., 2017).
In conclusion, the generation of QRA events is the stage on which anomalously persistent me-
andering jet stream patterns can develop, which are trapped in the same longitudinal band for
several weeks and thus initiate extreme weather events.
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Figure 2: Extracted from Kornhuber et al. (2019): 300 hPa meridional wind speed composite (in m
s )

of weeks of wave-7 events (high-wave-7 amplitudes (>1.5σ, 43 weeks) in summer over the
NH mid-latitudes (30◦N - 67.5◦N observed over the period 1979 - 2017) (northward: red;
southward: blue); points delineate grid-cells with significant deviations from JJA climatology.

Soil moisture associated with latent and sensible heat fluxes may amplify the anomalous state
near the surface. Negative latent heat flux anomalies result in an increase of sensible heat fluxes
into the atmosphere due to the lack of soil moisture and a subsequent rise of surface tempera-
tures, strengthening an extreme event (Black et al., 2004; Fischer et al., 2007).
A potential link between North Atlantic ocean anomalies on European surface temperatures is
introduced and described in section 1.2.3.

1.2.3. Influence of North Atlantic ocean SST anomalies on European surface
temperatures

Recent investigations proposed another potential origin of European heat waves: significantly cold
North Atlantic SST anomalies were present prior to numerous heat waves since 1980 (Duchez
et al., 2016). Cold SST anomalies are suggested to be initiated by a combination of air-sea heat
loss and a re-emergent sub-surface ocean heat anomaly that developed in preceding years (Duchez
et al., 2016). This thesis do not address further attention to the development of North Atlantic
SST anomalies. This thesis rather focus on the effect of anomalous ocean surface temperature
conditions.
Fig. 3 depicts the maximum 2m-air temperature anomaly over land and the SST anomaly
over the Atlantic ocean for summer (JJA) 2015. The North Atlantic experiences cold SST
anomalies whereas central Europe experienced higher maximum 2m air temperatures than usual.
Negative SST anomalies and subsequently forming low pressure anomalies in the North Atlantic



8 1 Introduction

are accompanied by high pressure conditions and positive surface air temperatures downstream
over Europe. Thus North Atlantic ocean surface temperatures preceed atmospheric circulation
anomalies initiating European heat waves. The study by Duchez et al. (2016) provides evidence
on this lagged relationship.
The aim of this thesis is to evaluate a possible connection between the relationship proposed
by Duchez et al. (2016) and the mechanism by Kornhuber et al. (2019) discussed in detail in
the previous section 1.2.2. The drivers suggested by the two studies in combination may provide
causality to the initiation of certain heat wave occurrences. A North Atlantic SST anomaly might
have an effect on the jet stream pattern, by triggering the QRA mechanism leading to persistent
European surface conditions afterwards.
Section 2 gives information about the data and methods used for the analysis. In section 3.1
characteristics of the climatological state of the jet stream are shown. Additionally trends in the
jet stream are discussed afterwards. A closer look on the generation of heat waves is elaborated in
section 3.2 by connecting the North Atlantic SST anomalies, the upper-tropospheric large-scale
circulation associated with the jet stream and the European surface temperatures. In both sections
particular emphasis is provided on the heat wave in 2018. Anomalous surface temperatures in
2018 are further compared with the heat wave occurrences in 2003, 2010 and 2015.

Figure 3: Extracted from Duchez et al. (2016): 2015 JJA SST anomalies (ocean) and maximum 2m-air
temperature anomalies (continent) in ◦C (shading). Dashed lines represent regions exceeding
2 and 2.5 standard deviations. The left box indicates the cold SST anomaly (2015) and the
right box shows the region to define the 2015 air temperature anomaly.
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2. Data and Methods

2.1. Data

The thesis is based on the global atmospheric ERA-Interim reanalysis data provided by the Euro-
pean Centre for Medium-Range Weather Forecasts (Dee et al., 2011). Reanalysis data, a blend of
observations and model simulation, is used with a spatial resolution of 2.5◦ x 2.5◦. The data cov-
ers the satellite time range from 01.01.1979 until 31.12.2018. Daily mean values were obtained
on five different levels (100, 200, 300, 500 and 850 hPa) for each parameter. The zonal (u)
and meridional (v) wind component as well as the geopotential height (z) are used for analysis.
Additionally the two-dimensional-fields of the SST and the 2m-air temperature are examined.

2.2. Methods

2.2.1. Calculation of characteristic jet stream measures

Trend analysis about the jet stream measures (wind speed, pressure, latitude) are made following
Archer and Caldeira (2008). In this thesis, the calculation is slightly different: a three-dimensional
mass weighted average mi,j,k is defined in order to take into account mass differences not only in
vertical direction, i.e. on levels k, but also in longitude i and latitude j:

mi,j,k = ρi,j,k · Vi,j,k, (2.1)

where ρi,j,k represents the density and Vi,j,k the volume of a particular grid box. The components
are defined as:

ρi,j,k =
pk

R · Ti,j,k
(2.2)

Vi,j,k = xj · y · hi,j,k, (2.3)

where R = 8.314 J
mol·K is the gas constant, pk the pressure at level k and Ti,j,k the temperature

of the grid box. The value xj denotes the distance in longitudinal, y the distance in latitudinal
direction and hi,j,k the thickness of the grid box.
Furthermore Archer and Caldeira (2008) used 6 pressure levels between 400 and 100 hPa to
determine the parameters. The levels pk = 100, 200, 300 hPa are used, in order to detect high
wind speeds associated with the jet stream. The mass weighted average wind speed WS for each
horizontal grid point (i, j) is defined as:

WSi,j =

k=100hPa

∑
k=300hPa

(mi,j,k ·
�

u2
i,j,k + v2

i,j,k)

k=100hPa

∑
k=300hPa

mi,j,k

(2.4)

Additionally the total wind speed, the mass weight as well as the pressure pk at level k serves to
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define the mass-flux weighted pressure Pi,j for each horizontal grid point. Pi,j can be considered
as the average pressure of flow near the tropopause (Archer and Caldeira, 2008):

Pi,j =

k=100hPa

∑
k=300hPa

(mi,j,k ·
�

u2
i,j,k + v2

i,j,k) · pk

k=100hPa

∑
k=300hPa

mi,j,k ·
�

u2
i,j,k + v2

i,j,k

(2.5)

A third measure is defined similar to the pressure: the mass-flux weighted latitude LNH
i is ex-

pressed for each longitude i, where ϕi,j is equal to the grid cell latitude. In order to define the
jet stream on the Northern Hemisphere the sum is limited between 15◦ and 70◦N in agreement
with Archer and Caldeira (2008).

LNH
i =

j=70N

∑
j=15N

�
k=100hPa

∑
k=300hPa

(mi,j,k ·
�

u2
i,j,k + v2

i,j,k)

�
· ϕi,j

j=70N

∑
j=15N

k=100hPa

∑
k=300hPa

mi,j,k ·
�

u2
i,j,k + v2

i,j,k

(2.6)

These calculations are necessary to generate the set of time series shown in Fig. 6. They have
been produced by averaging globally and within the latitude range of 15◦ to 70◦N.

2.2.2. Double jet Index

The Double jet Index (DJI) is based on a double jet structure in the jet stream represented by
the total wind speed of the 300 hPa level. The total wind speed for the DJI is calculated by:

U =
�

u2 + v2 (2.7)

where u and v corresponds to the zonal and meridional wind speed.
Since the jet stream behaviour during summer is of particular interest, monthly values of the
DJI based on the climatologies for May, June, July and August are calculated, respectively. The
climatological state (shading) of the jet stream is examplarily shown for May in Fig. 4. A double
jet pattern provides a necessary precondition for the development of heat waves based on the
QRA mechanism (Kornhuber et al., 2017).
The North Atlantic jet stream is characterized by the aforementioned southwest-northeast tilt.
Thus, staircases, which are based on the climatological state are constructed. Monthly averages
reveal differences in the location of the double jet. Hence, two different sets of staircases are
produced: For May and June (solid) the DJI is derived by using monthly averages of the total
wind speed, averaged between 7.5◦ to 45◦W and

45◦ - 52.5◦N for the poleward maximum Unorth
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20◦ - 27.5◦N for the equatorward maximum Usouth

27.5◦ - 45◦N for the minimum in between Umid

For climatologies of July and August (dashed) the double jet is located further north (not shown)
resulting in an adjustment of the staircases:

47.5◦ - 55◦N for the poleward maximum Unorth

25◦ - 32.5◦N for the equatorward maximum Usouth

32.5◦ - 40◦N for the minimum in between Umid

  60°W   45°W   30°W   15°W    0°    15°E 
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Figure 4: 300 hPa Total Wind Speed of the climatological mean (1979 - 2018) examplarily shown for
May (coloured) in m

s ; solid connected grid points between 7 and 45◦W are used for double jet
index (DJI) calculation in May and June; dashed connected grid points between 7 and 45◦W
are used for monthly averages in July and August; three branches of the jet stream in the
North Atlantic are distinguished: 1.Maximum: poleward branch; 2.Maximum: equatorward
branch; Minimum: middle branch.
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With those three representative values for both maxima and the minimum in between the DJI for
each month is defined as:

DJIt =
Unorth

t + Usouth
t − Umid

t


n
∑

t=1
Unorth

t + Usouth
t − Umid

t

n




(2.8)

In principle the DJI consists of the calculation for each individual year t divided by the average
of all years (n = 40), where t = 1,..,n.

2.2.3. Mann-Kendall significance test

The Mann-Kendall significance test was first published by Mann (1945) and later revised by
Kendall (1975). The test intends to define a measure for the significance of a trend. The test is
independent of the distribution of the data and is suitable for the detection of linear and non-linear
trends. The Null hypothesis H0 of the trend test according to Mann-Kendall states that a time
series Xt (with t = 1, ..., n) is independent and equally distributed. In this case the time series
doesn’t show a trend. If the alternative hypothesis H1 is true, the time series exhibits a trend.
The result of the test contains a probability τ about the existence of a trend in a certain data
set.
First the sum of differences of all data pairs is calculated:

S =
n−1

∑
k=1

n

∑
j=k−1

sgn(xj − xk) (2.9)

where xj and xk are the data values in the years j and k with j > k and sgn is the sign function:

sgn =





+1, xj − xk > 0

0, xj − xk = 0

−1, xj − xk < 0

(2.10)

A positive value for S represents a positive trend whereas a negative value indicates a negative
trend. The distribution of S is well approximated by the normal distribution if the sample size n
is sufficiently large. Hence the expected value µs and the variance σS is obtained as:

µs = 0 (2.11)

σS =

�
n(n − 1)(2n + 5)−

p

∑
j=1

tj(tj − 1)(2tj + 1)

�

18
(2.12)
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For the calculation of σS it is necessary to define groups or intervals from j = 1, .., p. P is the
number of groups and tj the number of data values in such a group. A group is a set of sample
data that consists of same values. If there are no groups, this summation process can be ignored.
For all parameters used here (wind speed, latitude, pressure and 2m-air temperature) an interval
length of 0.1 is defined.
Now the standarized test statistics Z can be calculated:

Z=





S − 1
σS

, S > 0

0, S = 0
S + 1

σS
, S < 0

(2.13)

Z is normally distributed. Now Z is tested with respect to significance α using the normal
distribution. Based on a two-sided test the Null Hypothesis with significance α is rejected if |Z|
> Zα/2. Zα/2 is defined as the value of the standard normal distribution with an exceedance
probability of α/2.
As a first measure of the Mann-Kendall trend statistics the so-called ’p-value’ is obtained. For
a two-sided test, the p-value is twice the probability to obtain an equal or greater Z than the
calculated one (with a positive Z) or an equal to or less Z (for a negative Z). Consequently the
larger the p-values, the higher the probability that the Null-hypothesis is accepted. As a threshold
for the definition of significance of a trend serves the significance α. If p ≤ α, the Null-Hypothesis
is rejected and thus, the time series shows a significant trend.
For the calculation of the Mann-Kendall τ the value D is further calculated. It represents the
theoretically highest possible value for S: This case applies when x1 < x2 < ... < xn. D is
defined as:

D =

�
1
2

n(n − 1)− 1
2

p

∑
j=1

tj(tj − 1)

�1/2 �
1
2

n(n − 1)
�1/2

(2.14)

Finally the Mann-Kendall τ is obtained as:

τ =
S
D

. (2.15)

The value τ is defined as the ratio between the actually observed increasing or decreasing amount
of value pairs (S) compared to the total amount of value pairs (D). Thus, the Mann-Kendall τ

states the probability of an upward or downward trend.

2.2.4. Composite analysis

In this thesis a composite analysis is applied on the behaviour of the jet stream forced by North
Atlantic SST conditions. First the seasonal variability is removed. Afterwards the mean over
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an Atlantic box (45 - 60◦N; 15 - 40◦W) is calculated based on Duchez et al. (2016). Monthly
averages for summer (MJJA) are selected for the whole time range between 1979 and 2018.
Further, the distribution of 160 values is produced as shown in Fig. 5. The 0.1 quantile (blue)
represents the cold SST events whereas the 0.9 quantile indicates the warm SST events (red).
The centered range between the 0.4 and 0.6 quantile delineate medium SST events (green).
Years of warm, cold and medium SST events are composited and the corresponding total wind
speed on the 300 hPa level is investigated for all events, respectively. In each case the maximum
wind speed for each longitude in the Northern Hemisphere is obtained to illustrate the jet stream.
The jet stream latitude anomalies are defined as the difference between warm and medium as
well as cold and medium SST events, respectively. The behaviour of the jet stream based on
three different forcings are shown in Fig. 21a.
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Figure 5: Histogram of MJJA SST average over North Atlantic box (45 - 60◦N; 15 - 40◦W); values in
the blue range (0.1 quantile) denote cold SST events; the red area represents the range of
warm SST events (0.9 quantile); values in the green range indicate medium SST events (0.4
- 0.6 quantile).
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3. jet stream variability and European temperature

response

This section is decomposed into two main parts: the first part describes the climatological mean
state, spatial and temporal variability of the jet stream and its trends. Further the anomalous
state in summer 2018 regarding the jet stream as well as surface conditions is dicussed. The sec-
ond chapter investigates possible causes and relationships between ocean and atmosphere related
to heat waves as well as for the particular case in summer 2018, focusing on the QRA mechanism
discussed in the study by Kornhuber et al. (2017) and the North Atlantic influence suggested by
Duchez et al. (2016).

3.1. Climatology and Trends

3.1.1. jet stream

This thesis concentrates on the analysis of the Northern Hemispheric jet stream. First the in-
tensity, zonality and latitudinal parameters in terms of the climatological behaviour is examined.
Seasonal means of the jet stream represented by the wind structure on the 300 hPa level were
produced for all four seasons (Fig. 6).
In general, a prevailing westerly wind structure in the upper troposphere is observed indicated
by the arrows. They demonstrate that the zonal wind component contributes most to the total
wind speed. During boreal winter (DJF) highest values of the zonal wind component of up to
60 m

s are observed particularly over the western Pacific (Fig. 6a). Here a distinct maximum of
the jet stream is identified. The wind band does not show a zonally continuous behaviour. The
westerlies are weaker with values of about 20 m

s over the eastern Pacific and 10 m
s over western

Europe. Another local maximum can be found in between. A zonal wind speed maximum with a
peak of 40 m

s is identified over the eastern part of North America (Fig. 6a). It extends into the
North Atlantic area and the already addressed southwest-northeast tilt of the jet stream over the
North Atlantic is observed.
The jet stream shows a seasonally varying structure. As expected the jet stream moves poleward
during summertime and vice versa. Another seasonal variability in the wind structure is identified
by looking at the merging and splitting of the jet stream over the Atlantic sector. The aforemen-
tioned spiral-like structure of the jet stream starting and ending over the Atlantic ocean implies a
splitted jet stream in this longitudinal band during winter (Fig. 6a). In the climatological mean
this state does not appear during summertime (JJA) (Fig. 6c). Both branches of the jet stream
converge or even merge in boreal spring (MAM) (Fig. 6b) and the existence of a nearly contin-
uous circumglobal jet stream persists until boreal autumn (SON) (Fig. 6d). During wintertime
the existence of a double jet over the North Atlantic is again observed (Fig. 6a).
In summary it can be stated that the results are in agreement with the study by Hall et al. (2014):



16 3 jet stream variability and European temperature response

during wintertime the climatological means reveal stronger westerlies in the mid-latitudes, sepa-
rated branches of the jet stream in the Atlantic sector as well as an equatorward shift of the jet
stream. During boreal summer a slow down of the westerly wind structure and a zonal-like and
poleward shifted jet stream pattern is obtained.

Figure 6: 300 hPa climatological Mean (DJF - December, January, February; MAM - March, April,
May; JJA - June, July, August; SON - September, October, November): (i) of zonal wind
component in m

s (coloured), (ii) of total wind speed in m
s (arrow).

Characteristical jet stream parameters such as wind speed, pressure and latitude are examined
based on the analysis from Archer and Caldeira (2008). The adjusted calculation for the data is
described in section 2.2.1. Time series for DJF, JJA and annual mean are shown in Fig. 7 for all
three parameters, respectively.
The magnitude and seasonal variations are discussed in comparison to the study by Archer and
Caldeira (2008)and the trend analysis is discussed afterwards .
The magnitude of wind speed agrees with the study by Archer and Caldeira (2008). With veloc-
ities of approximately 23 m

s higher values are observed in wintertime (Fig. 6a). During summer
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the wind speed reduces down to 11 m
s .

The jet stream altitude in terms of pressure does not coincide with Archer and Caldeira (2008)
(Fig. 6b). Lower values in the analysis are probably caused by a difference in the usage of pressure
levels. Whereas Archer and Caldeira (2008) took 6 levels between 100 and 400 hPa into account,
this thesis is based on three pressure levels (100, 200, 300 hPa) (see section 2.2.1). Beside the
fact that both jet stream altitudes in terms of pressure are not in the same range, a seasonal
difference is also obtained. Whereas Archer and Caldeira (2008) found that the altitude of the jet
stream has no significant seasonal variations, a higher pressure with values of approximately 200
hPa is observed and thus a lower altitude of the jet stream during summer (JJA). Values of 190
hPa on average indicate a higher altitude during winter (DJF). The mass-flux weighted latitude
shows generally higher anomalies (Fig. 7c). However the whole set of time series reproduces
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Figure 7: Wind Speed ( m
s ), Pressure (hPa) and Latitude Anomaly (◦) trends for the annual mean and

seasonal means of DJF (December, January, February) and JJA (June, July, August) between
1979 and 2018 produced corresponding to calculations shown in section 2.2.1.
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mostly a similar structure with the study by Archer and Caldeira (2008).
Table 1 serves for a quantitative discussion of the trends. A slope per decade for both studies
(only annual average available from Archer and Caldeira (2008)) as well as p-values and the
Mann-Kendall-τ for the set of time series shown in Fig. 7 provide sufficient information about
trend tendencies and their significance. The full derivation of the p-value and the Mann-Kendall-τ
is provided in section 2.2.3. P-values smaller than the significance α = 0.05 indicate a significant
trend.
In general the slopes are lower compared to those published in the set of time series in the study
by Archer and Caldeira (2008). The reason for such an appearance in the analysis is probably
the extended length of the data sets in this thesis. Archer and Caldeira (2008) made use of data
sets with a time range from 1979 to 2001, whereas the data in this thesis is based on a time
range from 1979 to 2018. The data sets were tested for the same length to check the analysis
for accuracy. In this case a considerably higher value for the trend is revealed. Thus, results of
both data sets coincide when using a time series between 1979 and 2001. But a longer data set
has the advantage that significance tests are more robust.
Although the trend magnitudes do not agree, the set of time series reproduces at least the same
sign in annual averages for all three parameters. Whilst the study of Archer and Caldeira (2008)
reveals a statistically significant upward trend of the latitude anomaly in agreement with sev-
eral other previous studies, here only a slight tendency with a p-value of 0.204 for a poleward
movement of the jet stream is obtained. With respect to wind speed, the p-value is insufficient
to argue about a reduction of the jet stream’s intensity in annual mean. But the flow shows a
considerable decrease during summer, achieving a favourable condition for stationarity and the

Parameter Time Slope per
Decade

Slope per Decade
Archer and Caldeira (2008)

p-value τ

Wind speed Annual -0.058 -0.156 0.299 -0.116
(m/s) DJF -0.108 - 0.180 -0.149

JJA -0.054 - 0.067 -0.114

Pressure Annual -0.227 -0.419 0.061 -0.203
(hPa) DJF 0.123 - 0.408 0.092

JJA -0.407 - 0.044 -0.223
Latitude Annual 0.050 0.165 0.204 0.141
(◦) DJF -0.001 - 0.334 0.108

JJA 0.018 - 0.658 -0.050

Table 1: Annual, DJF (December, January, February) and JJA (June, July, August) averages for wind
speed (m

s ), pressure (hPa) and latitude anomaly (◦): Slope per Decade from own calculation,
annual averages extracted from Archer and Caldeira (2008) and p value as well as Mann-
Kendall-τ from Mann-Kendall significance test.



3 jet stream variability and European temperature response 19

development of blocking events associated with long-lasting weather patterns (Woollings et al.,
2018) .
Only one case provides a p-value lower than the significance level. The mass-flux weighted pres-
sure indicates a negative trend that corresponds to an increase in altitude. The results are similar
with those found in the study by Archer and Caldeira (2008). Strongest significance for an in-
crease in altitude is found during summer.
Further differences in the proportionality or the sign between slope per decade and Mann-Kendall-
τ are obtained, because the slope per decade is based on linear regression whereas the Mann-
Kendall-τ is an output of the weighted average time series. For instance the latitude anomaly
reveals a very small positive slope per decade in summer, which doesn’t fit to a negative value
of the Mann-Kendall-τ. The Mann-Kendall significance test is susceptible for auto-correlation.
Nevertheless, for higher significances the quantities act as a good estimate for trend tendencies.
To sum the trend analysis up, only one component has a significant trend. The altitude rep-
resented by the mass-flux weighted pressure shows a downward trend during summer, meaning
that the jet stream experiences an increase in altitude.
In the next section 3.1.2, characteristic jet stream patterns are addressed with a focus on the
case study 2018.

3.1.2. jet stream: Case study 2018

At first the jet stream is investigated in order to find characteristic patterns. Monthly means for
May are shown in Fig. 8 for years of particular interest, since these years were characterized by
record-breaking temperatures in Europe. For completeness, the total wind speed is displayed for
May 1979 to 2018 in Fig. A1.
In spite of high variability in all sectors, two prominent patterns of the jet stream are discussed.
The already mentioned spiral-like structure is a well-known feature. Among other years, 2003 as
well as 2018 show a strong spiral like behaviour (Fig. 8a,d). Both years also show a wide band
of a double jet structure over the North Atlantic. The band ranges from the North Atlantic to
Europe or even to parts of Asia. Here a clear separation between the poleward and equatorward
branch of the jet stream is identified. As mentioned above, this condition in addition to the
previously obtained reduction of wind speed during summertime, can be favourable for the onset
of quasi-stationary waves.
In contrast, another characteristic pattern is observed: The zonal-like structure in May 2010
(Fig. 8b). The structure of the jet stream is not equivalent with the climatology shown in Fig.
6, particularly over the North Atlantic. The characteristic tilt of the North Atlantic jet stream is
absent in May 2010. The tilted northward branch merges with the branch running further south.
In summer 2015 neither a spiral-like nor a zonal-like structure is observed during May, rather a
mixture of both (Fig. 8c).
The set of plots in Fig. 8, already implies an intense double jet in the North Atlantic sector for
2018 (Fig. 8d). This behaviour is quantified for each year in Fig. 9 based on the calculation
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Figure 8: Monthly Mean 300 hPa total wind speed ( m
s ) for May 2003, 2010, 2015, 2018 (years of

particular interest for discussion); for the whole set of figures see Fig. A1.

described in section 2.2.2. A DJI of ’1’ is identical to the climatological state. Regarding the
QRA-mechanism (Petoukhov et al., 2013) only significantly positive indices are of importance for
this thesis. Anomalous indices below the climatological state won’t be discussed.
The time series of DJI for May (black) shows that the strongest double jet structure occurred
in 2018 (Fig. 9a). The anomaly of the double jet pattern is approximately 80 % stronger
in comparison to the climatological mean. The period from June to August 2018 was not
characterized by such a strong double jet structure (Fig. 9b-d). Nonetheless this outstanding
feature of May 2018 seems to be special and causes of this anomalous or even singular behaviour
are investigated in section 3.2.
As mentioned above, the figure for May 2015 in Fig. 8c shows a mixture of a spiral-like and zonal
like behaviour. A DJI near the climatological state mirrors this recognition. But the DJI for the
following months (June and July) is substantially higher (Fig. 9b,c). Indices of approximately 1.6
to 1.7 in two consecutive months indicate a long-lasting double jet pattern in the North Atlantic.
This condition was probably responsible for the heat wave in 2015.
For the case studies of 2003 and 2010 no anomalous high DJI is identified. This already suggests
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Figure 9: Double jet Index for May, June, July, August (1979-2018) (for calculation see section 2.2.2).

that a discussion about the double jet behaviour on its own is not sufficient to identify years with
noticeable heat waves in Europe. However, heat waves were present in these years. The results
give the hint that other impacts have to be taken into account.
Beside the years of interest (2003, 2010, 2015, 2018), strong positive double jet structures are
observed in May 2004 and May 2007, May and June 2000 as well as June 1991. The thesis will
not discuss these cases.

Since the DJI was strongest in May 2018, Fig. 10 shows the anomalies (shading) and the clima-
tological mean (contours) in the Northern Hemisphere.
The climatology exhibits a zonal wind maximum in the North Atlantic at around 40 to 50◦N
with velocities of 15 m

s . Most vigorous anomalies in 2018 occur in the North Atlantic sector with
increased upper-level winds of 15 to 20 m

s at 50◦N. Thus, the poleward branch of the spiral-like
jet stream in the North Atlantic was displaced slightly northward. The climatological minimum
over the North Atlantic at around 30◦N exhibits even negative values. Hence weak easterly winds
correspond to a discontinuity in the predominant westerly wind structure in mid-latitudes.
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Further south a secondary climatological maximum between 20 and 30◦N is observed. This
equatorward branch of the spiral-like jet stream extends along the northern part of the African
continent to approximately 45◦W. Compared to the poleward branch, higher values of the clima-
tological mean combined with only slightly positive anomalies contribute only to a small relative
increase in wind speed. Nonetheless the meridional gradient in zonal wind speed over the eastern
North Atlantic between 0 and 45◦W is exceptionally remarkable. Compared with the zonal wind
anomalies of seasonal means shown in Fig. 6, the double jet structure in the eastern North
Atlantic is intensified during spring 2018. Thus the following analysis will focus on this sector.
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Figure 10: 300 hPa zonal wind component ( m
s ) for: (i) climatology (contours with interval length of 5

m
s ), (ii) 2018 anomalies (shading).

Therefore, the evolution of the zonal wind component in a higher temporal resolution is presented
in Fig. 11. A Hovmöller-Plot of the 5-day mean zonal wind component against latitude is analyzed
for 2018. The climatology (contour) as well as anomalies for 2018 (coloured) are averaged over
the eastern North Atlantic (0 to 45◦W).
The climatology expose the prevalent splitting between the northern branch of the jet stream
at 50 to 60◦N and the southern branch at 20◦N from autumn until spring. During summer
the merged jet stream establishes strongest zonal wind speeds at around 50◦N. Such seasonal
variations of the jet stream are consistent with the seasonal means shown in Fig. 6.
In 2018 both the northern and the southern branches evolved very different in the Atlantic
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sector. Whereas the poleward branch revealed a fast northward movement during spring, the
equatorward branch stayed within subtropical latitudes. Thus, both branches still coexisted even
during summer and they unusually did not converge in 2018 at all. Such a separation between
the northern and southern branch of the jet stream is supported by negative anomalies persisting
between both branches through the whole year.
Another anomalous feature is a significant northward displacement of zonal wind occurring during
two periods: during end of May as well as during July the jet stream showed strongest winds at 70
to 80◦N. Negative anomalies are located at 50◦N where the actual maximum of the climatological
mean would exist.
Such a set of anomalies indicate the presence of a double jet structure even during summertime
leading to favourable conditions for long-lasting heat waves in 2018. In addition to the theory of a
double jet triggering wave resonance associated with quasi-stationary and high-amplified waves,
Trouet et al. (2018) claimed that such a poleward North Atlantic jet stream anomaly results
in a higher probability of heat waves and droughts in northwestern Europe. This motivates to
investigate the surface temperatures in the North Atlantic-European sector, particularly during
the two episodes of a northward displacement of the jet stream, disclosed in the next section
3.1.3

Figure 11: 5-day mean of u-wind component at 300 hPa ( m
s ) depicting the jet stream over the North

Atlantic (0-45◦W) climatology (1979-2018) (contour) and jet stream anomaly for 2018
(shaded), thick lines highlight strong winds (u ≥15 m

s ), dashed lines represent easterly
winds.
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3.1.3. Surface Temperature trends in the North Atlantic-European sector

The surface temperature distribution is studied with particular emphasis on the European sector.
Investigating temperature anomalies requires that the trend of the data needs to be detrended in
case of significant trends. The emergence of trends are likely the response of the Arctic amplifi-
cation associated with climate change (Cohen et al., 2014). The significance of trends obtained
by linear regression of 2m-air temperature is examined for each grid cell.
Fig. 12 depicts the 2m-air temperature trend per decade. Interestingly, the North Atlantic region
reveals slightly negative trend tendencies. Applying again the Mann-Kendall significance test to
the box, a consistent picture is obtained: the p-value of the trend test for the North Atlantic
region is very high, indicating low significances. This thesis do not address causes here, but
mention that this phenomenon is commonly known as the ’North Atlantic cold blob’. (Rahmstorf
et al., 2015; Allan and Allan, 2019).
By contrast, unambiguous positive temperature trends of up to 0.6◦C per decade are observed
over land. Very small p-values (p < 0.001) indicate here an undisputable rejection of the Null-
Hypothesis. Thus all five continental regions show a considerable and significant warming trend
in Fig. 13.
However, trends over Europe are not uniformly distributed. In order to capture regional differ-
ences, attention is drawn to the highlighted boxes in Fig. 12. Separation between six different
regions are made for subsequent analysis: one region is roughly located around the cold blob and
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Figure 12: Summer (MJJA) trend for 2m-air temperature in ◦C (1979 -2018); highlighted boxes were
used for regional average trend calculation (Fig. 13): (i) North Atlantic (15 - 35◦W, 45 -
60◦N); (ii) Scandinavia (5 - 35◦E, 57.5 - 70◦N; (iii) Western Europe (10◦W - 5◦E, 42.5 -
57.5 ◦N); (iv) Eastern Europe (20 - 35◦E, 42.5 - 57.5◦N); (v) Central Europe (5 - 20◦E,
42.5 - 57.5◦N); (vi) Mediterranean (5◦W - 35◦E, 32.5 - 42.5◦N).
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five boxes are placed over Europe, decomposed into Scandinavia, western, eastern and central
Europe as well as the Mediterranean region.
Accordingly, for all boxes area-averaged six time series are calculated, displayed in Fig. 13. Su-
perimposed linear regression serves to calculate trends per decade for all boxes, respectively.
Apparent from Fig. 13 the Mediterranean region as expected shows by far the highest average
temperature. Between 1979 and 2018 the temperature shows an increase of approximately two
degrees. Other European areas indicate a lower but still a significant increase. North Atlantic
temperatures are slightly decreasing approaching twelve degrees in the summer mean.
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North Atlantic, p = 0.789
Scandinavia, p = 0.002
Western Europe, p < 0.001
Eastern Europe, p < 0.001
Central Europe, p < 0.001
Mediterranean, p < 0.001

Figure 13: Summer(MJJA) 2m-air temperatures (◦C) and linear regression superimposed for six boxes
shown in Fig. 12; box limits are listed in the caption of Fig. 12; legend shows p-values
(description in section 2.2.3) for the respective areas.

The study by Nilsen et al. (2014) also adressed temperature trends over Europe. In agreement
with the previous results they found strongest warming trends in Southern Europe during summer,
while Northern Europe experiences smaller values.
Peaks of up to 0.8 ◦C per decade were found in annual mean temperature trends. The same
magnitude can be identified here, especially in Southeastern Europe. A mean over all continental
regions reveals a trend of 0.44 ◦C per decade in summer (MJJA).
In conclusion, quantification of temperature trends has confirmed unequivocal evidence of long
term trends over the European continent, potentially driven by the Arctic amplification, which
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occurs in all seasons (Cohen et al., 2014). Thus, the 2m-air temperature is detrended to isolate
anomalies from a signal due to climate change.

3.1.4. Temperature: Case study 2018

In this section surface temperature anomalies are examined in relationship with the lower-tropospheric
state represented by the 850 hPa geopotential height in summer 2018. Therefore 15-day means
for May-June (Fig. 14) and July-August (Fig. 15) were produced, motivated by Fig. 11, which
showed episodes of an anomalously northward displacement of the jet stream during May and
July 2018.
During the first half of May, Southern Greenland experienced lower temperatures than usual,
whereas Scandinavia and eastern Europe have seen positive anomalies (Fig. 14a). This picture is
consistent with the existence of a well-developed trough-ridge system in the lower troposphere.
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Figure 14: 15-day mean for May/June 2018 maps of: (i) 850 hPa mean geopotential height (contours)
in m’; (ii) detrended 2m-air temperature anomaly (shading) in ◦C.

Excessive heat with temperature anomalies of 5◦C particularly over Scandinavia persisted into
the second half of May since the ridge remained nearly stationary over Scandinavia (Fig. 14b).
During June the waviness mitigated and Europe experienced the typical westerly wind structure
again (Fig. 14c,d). Concurrently surface temperature anomalies weakened towards the climato-
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logical mean, but anomalies of up to four degrees still occurred during first half of June (Fig.
14c).
In July another strong undulation of the lower tropospheric circulation developed over the North
Atlantic-European sector (Fig. 15a,b). Across Scandinavia again an anomalously strong anticy-
clone was formed triggering a heat wave with temperatures of 5◦C above the climatological mean
in Northern Europe. Simultaneously cyclonic conditions occurred across Iceland initiating strong
northward winds associated with advection of warm air into subpolar latitudes over Europe. An
attenuation and southward shift of the ridge happened during the first half of August (Fig. 15c).
Concurrently positive temperature anomalies decreased over Scandinavia and became stronger in
central Europe.
The second half of August was characterized by typical westerly wind conditions accompanied by
weak temperature anomalies (Fig. 15d).
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Figure 15: Same as for Fig. 13, but here for July and August 2018.

The results are particularly in agreement with those published by Sinclair et al. (2019). Anoma-
lous heat during May and July 2018 was centered over southern Norway and Sweden. Primarily
easterly winds advected continental air masses from Russia towards Scandinavia. Further the
study by Sinclair et al. (2019) confirms that the heat wave was not confined to a thin layer
close to the surface. Positive temperature anomalies extended throughout the whole depth of
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the troposphere.
According to their results surface feedbacks and limited soil moisture played a minor role in initiat-
ing the heat waves. However, a lack of soil moisture may have contributed to an amplification of
a present anomaly. More likely an increase in incoming solar radiation associated with clear skies
were suggested by Sinclair et al. (2019) to be induced by anomalously long-lasting anticyclonic
circulation patterns during May and July 2018 (Figs. 13 and 14). Both months were also charac-
terized by an anomalous northward displacement of the jet stream as shown in Fig. 11 supporting
a relationship between upper-tropospheric signals and surface conditions. A northward shift of the
jet stream reduces the impact of cyclones and advection of cool and moist air from the Atlantic
towards Europe. This can be related to the summer North Atlantic Oscillation (NAO) (Folland
et al., 2009). The index for the summer NAO is defined by the pressure difference between the
east of Shetland and the northwest of Greenland. A positive summer NAO index is associated
with a northward displacement of storm tracks, reducing rainfall and increasing the likelihood of
higher temperatures over Europe (McCarthy et al., 2019), and illustrates a significant positive
anomaly for summer 2018.
Remarkable anomalies in 2018 motivate to start investigations about potential drivers. Section
3.2 is dedicated to possible influences of heat wave occurrences. In section 3.2.1 and 3.2.2 the
influence of the North Atlantic SST anomaly (Duchez et al., 2016) on the upper-tropospheric
circulation is examined via a correlation analysis. In Section 3.2.3 the analysis will go one step
further: based on the understanding of the QRA mechanism applied on recent findings by Korn-
huber et al. (2017), the correlation between the upper-tropospheric circulation and the European
temperature is studied. A potential relationship between the signals of the North Atlantic and
the jet stream are attempted to be linked to the onset of the heat waves in 2018.
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3.2. North Atlantic SST and jet stream linked to European Heat

Waves

3.2.1. North Atlantic influence

This section adresses causes of different heat wave occurrences. Most recently, significant tem-
perature anomalies are observed during May and July 2018. Previous findings suggest that the
Atlantic ocean is an important driver of summertime climate over Europe. (Duchez et al., 2016;
Cassou et al., 2005; Sutton and Hodson, 2005). The frequency of European heat waves is sen-
sitive for North Atlantic SST’s.
In order to compare the results with Duchez et al. (2016), a three monthly mean (June, July,
August) as representative average is used for summer 2018. Anomalies are displayed for the
2m-air temperature over land and for SST over the ocean in Fig. 16. For both parameters the
1979 - 2018 trend is removed. Closed boxes refer to the areas which were used for the analysis
by Duchez et al. (2016) shown in Fig. 3, whereas the boxes with dashed lines highlight the
optimized area with respect to the anomalies in 2018. The box over the North Atlantic only is
shifted to a small extent compared to the box of Duchez et al. (2016). A displacement towards
the Northwest captures more intense cold anomalies in the range of -2 to -3◦C.
Generally, colder SST’s over a large area in the North Atlantic ocean are a remarkable feature
of both, summer 2018 as well as summer 2015. Temperature anomalies over Europe yield larger
differences. In 2015, only central Europe experienced a significant heat with values of up to
+2◦C (Fig. 3). Against this, the summer 2018 provided also southern parts of Scandinavia with
anomalously high temperatures (Fig. 16). Thus, the selected area for summer 2018 is shifted
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Figure 16: Detrended JJA 2018 anomalies: (i) SST (ocean) and (ii) 2m-Temperatur (continent); closed
box shows box used for 2015 anomalies in Duchez et al. (2016) (see Fig. 3); box with dashed
lines represents an optimized box for 2018 anomalies.
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slightly to the north and is also stretched in latitudinal direction. Exceptional heat didn’t only
spread across the continent. Positive SST anomalies with a value of +1◦C in the proximity of
the United Kingdom are in agreement with the study by McCarthy et al. (2019).
Box averages calculated for each summer (JJA) are shown in Fig. 17. The summers with a
significant positive 2m-air temperature anomaly in the 21st century are of particular importance
for this thesis. These years are highlighted in Fig. 17 (2003, 2010, 2015, 2018). Departures
from the 2m-air temperature time series created by Duchez et al. (2016) are mainly due to two
differences: on one hand Duchez et al. (2016) used maximum 2m-air temperature anomalies,
whereas here daily mean values are studied. On the other hand the data sets are here again
modified by removing the long term trend, in order to better compare the strength of different
summer seasons and to find outstanding years without manipulation by a long term trend. Smaller
deviations between the time series by Duchez et al. (2016) and the time series shown in Fig. 17
are found for the North Atlantic SST. This is due to the fact, that both used the same kind of
data set and the long term trend of the SST is negligible.
For 2003, 2015 as well as for 2018, an anti-correlation between both parameters is identified.
Warmer temperatures over Europe were accompanied by colder North Atlantic SST’s during the
highlighted summers. The heat wave in 2010 centered over eastern Europe may have had a
different origin, since North Atlantic SST’s were warmer than usual with positive anomalies of
+0.5◦C. Box averages optimized for anomalies in 2018 exhibit a slightly different time series com-
pared to the average used for the boxes in Duchez et al. (2016). For summer 2003 and 2010 the
differences are negligible. By contrast, in summer 2018 both anomalies strengthens resulting in
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Figure 17: Detrended JJA time series (1979-2018) of: (i)+(iii) SST+2m-Temperature anomaly based
on box from Duchez et al. (2016) (solid); (ii)+(iv) same as (i)+(iii) but based on box
optimized for 2018 (dashed).
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an elevated anti-correlation. But in summer 2015 the relocated box leads to a notable reduction
in the temperature anomaly of 0.6◦C, whereas the SST anomaly remains as low as in the average
by Duchez et al. (2016). The large difference in 2m-air temperature between both box averages
confirms that only central Europe was experiencing significant positive temperature anomalies
during summer 2015. Scandinavia had smaller or even negative anomalies in agreement with Fig.
3.
Figs. 16 and 17 indicate almost equal surface conditions over the North Atlantic as well as
over central Europe for both summers 2015 and 2018. With widespread and significant cold
SST anomalies across the North Atlantic a necessary precondition for heat waves as proposed by
Duchez et al. (2016) is fulfilled. So far a statistical relationship between the European tempera-
ture and the North Atlantic SST is found. In the next section 3.2.2, the two anomalies are tested
whether they are linked via a quasi-stationary and strongly meandering jet stream.

3.2.2. Correlation of North Atlantic SST and jet stream

First the climatological behaviour of the relation between North Atlantic SST and the upper-
tropospheric state is studied in the North Atlantic-European sector. Therefore correlations be-
tween the North Atlantic SST box average (15 - 40◦W and 45 - 60◦N) and the 300hPa geopo-
tential height are calculated for the whole time-range (1979 - 2018). The box average over the
North Atlantic is based on the same box used in Duchez et al. (2016). Daily resolution allows
for investigation of lags.
In Fig. 18 correlation maps are shown for zero-lag and leading SST configurations. Although
values are not considerably high, induced by a natural smoothing of the long term mean, the
climatological correlations already indicates an interesting tendency: zero-lag configuration indi-
cates positive correlations of up to 0.3 over the North Atlantic area (Fig. 18a). The maximum
of positive correlations over the North Atlantic is displaced slightly northward relative to the
box. Nevertheless the results confirm that an initial cold SST anomaly spread across the North
Atlantic, as previously seen for summer 2018 in Fig. 16, is likely to coexist with a trough in the
jet stream.
Across Europe an anti-correlation with values of approximately -0.2 to -0.25 is observed. Thus,
the development of a trough over the North Atlantic would be probably accompanied by an
upper-tropospheric ridge downstream over central Europe. Further another pattern of positive
correlations, mainly located over Kazakhstan, is identified, meaning that another trough is likely
to occur here in case of cold North Atlantic SST’s. In general correlations of the long term mean
show a decline of the signals with higher distance from the North Atlantic box.
Correlations between the North Atlantic SST area and the 850 hPa level are even slightly lower
over the North Atlantic area (Fig. A2). This might be due to a higher frequency variability
associated with synoptic scale circulations near the surface. Nevertheless the patterns coincide
between both pressure levels: the pattern with positive correlations is surrounded by negative
values to the south, covering the region of the subtropical gyre (STG), and to the east, over
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Figure 18: Correlation maps between SST anomaly of a North Atlantic box (15 - 40◦W and 45 - 60◦N)
and 300 hPa geopotential height for the whole time-range (1979-2018); both parameters
were detrended, deseasonalized and smoothed with a 15-day mean; Calculations are made
for zero-lag and leading SST (4 days, 8 days and 12 days) configurations.

central to eastern Europe, as well.
Lagged correlations are necessary to show that the signal, in fact, propagates from the ocean
into the upper levels of the atmosphere. Correlation patterns remain nearly stationary and reveal
stronger values, when the SST leads the circulation (Fig. 18b-d). Hall et al. (2017) and Ossó
et al. (2018) confirm that the North Atlantic SST anomalies appear to be leading the summer
Atlantic atmospheric variability and thus also the position of the jet stream over the North At-
lantic.
Next, the climatological correlations are compared with correlations of summer 2018. Particu-
larly the connection between a cold North Atlantic SST anomaly triggering in part a trough-ridge
pattern over the North Atlantic-European sector will be now examined.
Fig. 19 illustrates correlations between the North Atlantic box and 300hPa geopotential height
for summer 2018 (MJJA). Generally higher values are observed compared to Fig. 18 since cor-
relations are based on a shorter time period. Correlations don’t only concentrate on the North
Atlantic-European sector. Even strong alternating correlations are found in Eurasia suggesting
a teleconnection pattern in association with quasi stationary conditions favoured by a strongly
meandering character of the jet stream at least across the longitudinal band shown in Fig. 19.
No Lag configuration doesn’t show significant correlations within the box range (Fig. 19a). But
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Figure 19: Same calculation as in Fig. 18, but here for summer (MJJA) 2018.

leading SST configurations for summer 2018 confirm the previously recognized tendency, that the
SST leads the atmospheric circulation (Fig. 19b-d). Remarkable positive correlations of up to 0.9
develop in 8 and 12 day lag over the North Atlantic box. Concurrently North Atlantic SST and
geopotential height anomalies over central and eastern Europe are significantly anti-correlated.
Negative values are amplified up to 0.7 for leading SST configurations as well. Such a dipole
pattern with enhanced correlations and coherent development with leading SST configurations
support a certain chance of a long-lasting occurrence of a trough-ridge pattern during summer
2018. Such a finding implies a parallel to the summer 2015. A coexistence of high pressure
conditions over Europe and low pressure conditions over the central North Atlantic was already
evident for the case study of summer 2015, which is analyzed in great depth by Duchez et al.
(2016).
The behaviour of correlations with 850hPa geopotential height are almost similar (Fig. A3).
Again patterns with higher correlations are obtained compared to the climatology. But one as-
pect is different: Whereas positive correlations strengthen with increasing lag, a decrease of
negative correlations is observed over central to eastern Europe with increasing lag. At 850 hPa
the establishment of the ridge over Europe occurs prior to the trough over the North Atlantic.
Dunstone et al. (2019) introduced a different approach for the occurrence of the anomalous
conditions in summer 2018. They evaluated a potential causal link between the North Atlantic
SST patterns and the jet stream with respect to the extreme case in 2018. They used a set of
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perturbation experiments and showed that an increased meridional temperature gradient between
the cold anomalies in the North Atlantic Subpolar Gyre (SPG) and the warm anomalies in the
mid-North Atlantic associated with the Gulf stream current is thought to increase the baroclinicity
of the jet stream. This in turn leads to a poleward displacement and an intensification of the jet
stream downstream in the eastern North Atlantic and Europe. Since barotropic conditions are
assumed during periods of amplified Rossby waves (Kornhuber et al., 2019), such a behaviour is
again consistent with the findings extracted from Fig. 11. The aforementioned significant north-
ward displacement during May and July 2018 could be a response to an increased meridional SST
gradient in the North Atlantic region.
In order to evaluate whether the QRA mechanism might be related to an SST anomaly, the SST
anomalies are matched with the initial stage of the QRA mechanism. Referring to Kornhuber
et al. (2017), the majority of QRA events detected have been found to be connected with a
double jet pattern. Thus, the previously discussed DJI is related to the North Atlantic SST
anomaly via a scatter plot shown in Fig. 20. The analysis is restricted again on the summer
season (MJJA). Monthly values of years with particular interest are marked within the plot (May,
June, July, August / 2003, 2010, 2015, 2018).
Characteristic low frequency variability of SST’s is responsible for a persistence of values through
an individual summer. For instance, monthly values for 2010 stay within a range of anomalies
between 0 to +1◦C. By contrast, anomalies for 2018 are constrained between -1 to -0.5◦C.
Although the plot exhibit a strong scattering throughout the whole time range, a tendency be-
tween both measures is identified: double jet structures in the North Atlantic region appear more
intensified if North Atlantic SST’s are colder than usual. The tendency is quantified by applying
a linear regression to the data. A slope of -0.21 is obtained. As an example, the case study for
summer 2018 provides agreement to the proposed tendency, particularly during May: a negative
North Atlantic SST anomaly is coexistent with an outstanding double jet structure, which is 80%
stronger than the climatological mean.
Once a double jet is established, next stages of the QRA mechanism have the potential to
develop. A mid-latitude waveguide is able to produce high-amplified and quasi-stationary wave-
events. Thus, the meandering character and the phase position of the jet stream is evaluated
during particular SST events. Therefore a composite analysis is produced for warm, cold and
medium SST events, respectively (Fig. 21a). An exact description of the calculation is provided
in section 2.2.4.
Fig. 21a displays the jet stream latitude anomaly between warm and medium (red) as well as cold
and medium SST events (blue). The zero line depicts the case of medium SST events. Over the
North Atlantic (10 - 40◦W) variations of the jet stream’s location represented by the 300 hPa to-
tal wind speed maximum are weak between cold and warm SST composites. But over Europe (0
- 20◦W) a mismatch is recognized. Here, the jet stream experiences a northward shift in case of
cold SST events. A latitude difference of 4◦ is obtained compared to the case of medium SST’s.
Hence cold SST events show an enhanced meandering and thus a preference for a trough-ridge
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Figure 20: Scatter Plot of monthly mean values (MJJA) for Double jet Index as calculated in section
2.2.2 and North Atlantic SST Anomaly (15 - 40 ◦W and 45 - 60◦N) respectively; Years of
particular interest are denoted by ’month/year’.

system over the Atlantic-European sector as expected from the correlation patterns in Fig. 18.
By contrast, warm SST events reveal only a slight northward displacement with values of +1 to
+2◦. Generally, warm SST events show a more zonal-like jet stream maximum.
A positive correlation pattern over Kazakhstan in Fig. 18 already suggested that the occurrence
of a trough is more likely during cold SST events. The composite analysis confirm this expecta-
tion by locating the jet stream further south compared to warm and medium SST events.
Based on the interpretation from the composite analysis a more ridging jet stream is expected
over Europe for the case studies 2015 and 2018, since both summers were characterized by a
prominent cold SST anomaly in the North Atlantic. Figs. 21b and 21c show both case studies,
where the 300 hPa total wind speed maximum of medium SST events serves as a reference
(dashed line). In summer (MJJA) 2015 the trough over the North Atlantic is located further
south and the ridge over Europe further north with respect to the reference case. Positive merid-
ional wind anomalies of 4-6 m

s over the United Kingdom support a considerable increase of the
northward component, contributing to a more pronounced trough-ridge system in 2015.
In agreement with Kornhuber et al. (2019), significant and widespread meridional wind anomaly
patterns are found during summer 2018 supporting that the observed waviness of the jet stream
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Figure 21: a.) Composite of MJJA 300 hPa jet stream latitude anomalies for cold North Atlantic SST
events (blue line) and warm North Atlantic SST events (red line) with respect to medium
SST events (black line), respectively (description is provided in 2.2.4); b.) MJJA 2015 300
hPa total wind speed maximum (between 45 -90◦N due to double jet presence in this sector)
for each longitude (solid line) and total wind speed maximum for medium SST events (dashed
line); shading indicates 300 hPa meridional wind anomalies (MJJA 2015); c.) Same as b.),
but here for MJJA 2018; North Atlantic SST events are defined by the SST average over
the box (45 - 60◦N;15 - 40◦W) shown in b.) and c.)

is exceptional in the Atlantic-European Sector (Fig. 21c). A prominent northward component
across the North-East Atlantic confirms the transition between a trough upstream at Newfound-
land and ridge further downstream over Scandinavia. Remarkable southward wind anomalies with
a peak in the northwestern part of Russia indicate a closure of the ridge in agreement with the
jet stream represented by the total wind speed maximum.
The composite analysis verified that cold North Atlantic SST patterns could be at least partly
responsible for a ridge over Europe and, generally, for a stronger waviness of the jet stream (Fig.
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21a). The case studies of the summer seasons 2015 and 2018 exhibit higher jet stream latitude
anomalies compared to the composite of medium SST events (Fig. 21b,c). Both summers were
influenced by a remarkable trough-ridge system, probably favoured by very cold SST anomalies
(Fig. 16 and Fig. 17).
So far, the link between the signals of the North Atlantic SST and the upper-tropospheric levels
of the atmosphere is evaluated. Section 3.2.3 discusses whether the North Atlantic SST, by
extension, also act as a precursor for European surface temperatures.

3.2.3. Correlation of SST, jet stream and European surface temperature

First the climatological behaviour is studied. The marked European area denote a box used
for an average and subsequent lag analysis in Fig. 24. Strong positive correlations of up to
0.8 are found within the North Atlantic box (Fig. 22a-d). Values are approaching zero with
greater distance from the box. Central and eastern Europe is covered with slightly negative
correlations of approximately 0.2. Zero-lag correlations do not differ significantly from correlations
in configurations, where the North Atlantic SST leads the circulation (Fig. 22b-d).
Correlation analysis of SST with geopotential height (Fig. 18) and 2m-air temperature (Fig. 24),
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Figure 22: Correlation maps between SST anomaly of a North Atlantic box (15 - 40◦W and 45 -
60◦N) and 2m-air temperature for the whole time-range (1979-2018); both parameters were
detrended, deseasonalized and smoothed with a 15-day mean; Calculations are made for
zero-lag and leading SST (4 days, 8 days and 12 days) configurations: Box over Europe (10
- 22.5◦E; 37.5 - 50◦N) indicates average used for Fig. 24
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respectively, produced patterns with almost similar locations. Although the long term correlation
again doesn’t reveal significant values, this motivates us to study the correlations for summer
2018 in order to confirm the previously proposed tendency. In general, individual case studies
reveal an increase in correlation patterns, as previously seen in Fig. 19.
In fact, the four-month period in 2018 is characterized by overall larger correlations (Fig. 23a-
d). Positive correlations over the North Atlantic are accompanied by a wedge-shaped pattern of
anti-correlation, which is evolving from Scandinavia into large parts of central and eastern Europe
with respect to increasing lag (Fig. 23b-d). Here the air temperature signal is a response of the
North Atlantic SST. Thus, both upper-tropospheric pressure as well as surface air temperature
signals seem to be influenced with a certain lag by the North Atlantic SST anomalies in summer
(MJJA) 2018.
The study by Dunstone et al. (2019) extended their causal link: the above mentioned northward
shift and strengthening of the North Atlantic jet stream due to enhanced baroclinicity further
shows a response on the European temperatures. The shift leads to a reduction of the North
Atlantic moisture flux (McCarthy et al., 2019).
Next a particular interest is attributed to the lags of all previously observed correlations in order to
understand the consecutiveness of all processes (Fig. 24). Figs. 18 and 22 already give the hint,
that the climatological behaviour of SST’s and correlation exhibits maxima with low correlations.
Nonetheless they confirm that a peak correlation is reached when the SST leads the circulation.

Figure 23: Same calculation as in Fig. 21, but here for summer (MJJA) 2018.
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Correlations with both levels of geopotential height show a similar behaviour with a joint peak of
above 0.2 at 12 days of leading SST. Values of the 300 hPa level are slightly higher throughout all
lags. This might be due to a better correspondence between SST and upper levels, since surface
levels are more likely to be influenced by higher frequent variability, which is more chaotic.
Correlations with the European temperature box are in the same magnitude. They show a similar
development, but for negative values. The minimum of -0.18 is already reached at 7 days of a
leading North Atlantic SST.
For summer 2018 a similar shape and development of the correlation as a function of the lag
is observed. But peak correlations are substantially higher in the case study as noted earlier in
the maps of Figs. 19 and 23. Generally more significant correlations in summer 2018 let us
assume that an initial SST anomaly is accompanied by a long-lasting anomaly in geopotential
height of the same sign just above the North Atlantic box and further by a temperature anomaly
with reversed sign over the European continent. These results further confirm the previously
postulated hypothesis.
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Figure 24: Correlations as a function of lag between North Atlantic SST box average (15 - 40◦W and
45 - 60◦N) and (i) geopotential height average based on the same box on 850 hPa (black)
; (ii) geopotential height based on the same box on 300hPa (blue); (iii) 2m-air temperature
based on European box (10 - 22.5◦E; 37.5 - 50◦N) (red), respectively for the whole range
(1979 - 2018) indicated by solid lines and for the case study (MJJA 2018).
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Correlation maxima between both pressure levels yield a difference to the climatology. In 2018,
higher correlations of +0.59 near the surface can be explained by a less varying field favoured by
quasi-stationary conditions of low- and high pressure systems.
North Atlantic atmospheric and European surface temperature responses don’t coincide in their
timing. In summer 2018, maxima of correlations with geopotential height anomalies are present
when the North Atlantic SST leads the circulation for 8 days. The European temperature response
is marked by a more pronounced delay of 13 days. The development of circumglobal Rossby
waves associated with a strongly meandering jet stream may be essential to provide a reasonable
concatenation between the disparately timed responses: An initial cold SST anomaly in the North
Atlantic during 2018 (Dunstone et al., 2019) may have triggered a trough in the North Atlantic
via a strengthened double jet and subsequent wave resonance due to the establishment of a mid-
latitude waveguide according to the QRA-mechanism. An increased undulation of the jet stream
during summer 2018 would build up a ridge over Europe. While a strong ridge is already created,
the surface temperature will peak a few days afterwards.
The pattern of a low and also a high pressure system further downstream in the North Atlantic-
European sector, that is evident during May (Fig. 14) as well as during July (Fig. 15), could
be linked to an event of particular wave resonance, which was present during summer 2018
(Kornhuber et al., 2019, 2020). This event may have been driven by cold North Atlantic SST’s
and a subsequent double jet structure (Fig. 19, which is a favourable precondition of the QRA
mechanism.
Preliminary findings are further applied on the long-lasting heat wave in summer 2018 as well as
on different heat waves. Inspired by Duchez et al. (2016) and Kornhuber et al. (2017) the SST
over the North Atlantic, total wind speed maximum and the surface temperature over Europe is
assembled as they together might explain the occurrence of the heat waves in 2003, 2010, 2015
and 2018. Hovmöller plots show the evolution of the North Atlantic SST through the respective
years. Fig. 25 displays SST anomalies lower than -1◦C (dashed lines). Additionally the average
of the jet stream maximum (black solid line) is computed for Europe (10 - 22.5◦E). This range is
chosen based on the area used for previous correlation analysis. The maximum between 45 and
90◦N is obtained by using a 5-day running mean. Further the 850 hPa temperature distribution
(coloured) for the same longitudinal range (10 - 22.5◦E) is shown. The level was chosen in
order to neglect potential surface effects and feedback mechanisms involved. Thus, unintended
manipulations is avoided and the exact lagged responses are better captured. The analysis is
confined to the summer season in order to display daily values for SST and temperature.
First the role of SST forcing is interpreted in all four case studies. The summers 2015 and 2018
experienced almost continuously cold SST anomalies in the North Atlantic region between 40 and
60◦N (Fig. 25c,d). In 2003 the North Atlantic exhibit lower values, but cold anomalies are still
observed, predominantly during June and July (Fig. 25a). As previously noticed, the heat wave
in 2010 might not be generated by a cold SST anomaly. Here a widespread pattern of significant
anomalies is not observed at all (Fig. 25b).
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Figure 25: Hovmöller diagram of three parameters for each case study (2003, 2010, 2015, 2018), re-
spectively: (i) Detrended values of SST daily anomalies lower or equal -1◦C averaged over 20
- 40◦W (dashed line); (ii) Detrended values of daily 850 hPa temperature anomalies averaged
over 10 - 22.5◦E (coloured); (iii) Latitude of total (U+V) wind speed maximum of 5 day
running mean at 300hPa determined between 45 and 90◦N averaged over 10-22.5◦E (solid
line).

The jet stream maximum, characterized by variability at higher frequencies compared to the SST,
reveals a notable northward displacement throughout the whole summer 2018. Particularly during
May and July the jet stream is located mainly between 60 and 80◦N (Fig. 25d). In 2003 and 2015
the jet stream runs further south on average (Fig. 25a,c). Nonetheless considerable 850 hPa
positive temperature anomalies were created. In a few cases (May 2010, beginning of July 2015,
end of July 2018) the establishment of a ridge over Europe is observed prior to the spreading of
anomalously positive 850 hPa temperature anomalies in the same longitudinal region.
One difficulty arises by connecting the SST with the jet stream maximum and the temperature
response, respectively. This is due to the fact that the SST is characterized by variability at
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much longer timescales than Rossby waves. As mentioned above, there are a few events of a
ridge that is in advance to positive temperature anomalies. Although in summer 2018, there is
hardly any abrupt increase in cold SST anomalies beforehand (Fig. 25), Figs. 17 to 24 show
that the double jet structure as well as the waviness described by the longitudinally alternating
correlation patterns, which lead to heat waves, are robustly linked to the persistent effects of cold
North Atlantic SST’s.
The case study of 2015 in Fig. 25c exhibits one event, where the line of argument can be
directly confirmed. In agreement with Duchez et al. (2016), in the end of June and beginning
of July 2015, cold anomalies were increasing. They show a broadening across the North Atlantic
simultaneously. Meanwhile a poleward movement of the jet stream maximum over Europe started
to develop a few days later. In order to close this argument, a temperature increase is recognized,
when the jet stream maximum moves equatorward again.
Although Kornhuber et al. (2019) used a different approach to detect the QRA events (zonally
averaged zonal wind), previous analysis in this thesis agree that the heat waves in summer
2003, 2015 and 2018 have a similar characteristic. They might be a response to an amplified
hemisphere-wide wave-7 pattern associated with wave-resonance due to a mid-latitude double-
waveguide. This characteristic wave-7 pattern wasn’t observed during 2010. Nevertheless 2010
experienced another circumglobal pattern associated with the QRA mechanism (wave-6 pattern)
(Kornhuber et al., 2017). This summer acts as a year of contrast, since the Moscow heat wave
seems to be initiated by different drivers. The analysis shows an insufficient preconditioning by
North Atlantic SST’s as well as a zonal-like structure of the jet stream in the North Atlantic-
European sector suggesting different mechanisms.
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4. Conclusion

The long-lasting heat wave in summer 2018 was remarkable and motivated us to evaluate possible
drivers. This thesis elucidates the relation of heat waves with the two previously proposed mecha-
nisms. On the one hand Duchez et al. (2016) explains a relationship between cold North Atlantic
SST anomalies and the occurrence of persistent heat wave conditions on the European continent.
On the other hand the suggested QRA mechanism (Petoukhov et al., 2013; Kornhuber et al.,
2017) connects a double jet structure with a mid-latitude wave-guide, which provides the basis
for wave resonance and amplification and thus a higher-probability for extreme weather events.
Further a comparison between the summer 2018 and other European heat wave occurrences in
2003, 2010 and 2015 was shown.
In the following, we summarize the key results of this thesis:

Seasonal means show spiral-like structure of the jet stream, that is evident particularly in
wintertime

Increase in the altitude of the jet stream

Three remarkable anomalies in 2018: (i) negative SST anomalies in the North Atlantic
ocean from spring to summer; (ii) strong double jet in the North Atlantic-European sector
and (iii) high surface temperatures over Europe during summer

Temporal coincidence of an unusually strong northward shift of the poleward branch of
the jet stream and anomalously positive temperature anomalies during May and July 2018,
respectively

Significant surface temperature trend over the continent

Composite and correlation analysis: cold North Atlantic SST anomalies are likely to force
a quasi-stationary trough-ridge system in the North Atlantic-European sector, which is
responsible for long-lasting heat conditions over Europe

cold North Atlantic SST anomalies tends to correlate with stronger double jet structure,
which is the basis for the QRA mechanism

The summers 2003, 2015 and 2018 revealed similar conditions: negative North Atlantic
SST anomalies, a double jet structure and positive temperature anomalies over Europe

In the following, the results of this thesis are discussed with respect to previous findings.
The band of strong wind currents in the upper levels of the atmosphere offer a characteristical
structure in the climatological mean: a southwest-northeast tilt of the jet stream across the North
Atlantic contributes to the typical spiral-like structure, which is evident particularly in wintertime
in agreement with the study by (Hall et al., 2014). The trend analysis based on four decades
(1979 - 2018) revealed an increase of the jet stream’s altitude in this thesis as well as in the study
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by Archer and Caldeira (2008). Additionally coincidence is made with their results by obtaining
no significant trend in wind speed. In contrast to their study the analysis in this thesis did not
reveal a latitudinal shift.
Furthermore we observed three significant anomalies in 2018. The SST anomalies across the
North Atlantic were exceptionally negative from spring to summer 2018. A similar SST distribu-
tion was found by Duchez et al. (2016) for the case study of 2015.
Monthly mean values of the jet stream’s structure were investigated during May for the whole
set (1979 - 2018) in order to find characteristic patterns. Here the second considerable anomaly
is identified: the introduced double jet Index (DJI) was strongest during late spring 2018, i.e.
showing an enhanced double jet pattern across the eastern North Atlantic in agreement with
Kornhuber et al. (2019).
Temporally closer inspection of the jet stream demonstrated a strong northward shift of the
poleward branch during May and July. The temporal coincidence between the northward dis-
placement of the poleward branch of the jet stream and a high-pressure system over Scandinavia
is observed, that further initiated the third significant anomaly: high positive temperature anoma-
lies over central and northern Europe. The study by Sinclair et al. (2019) confirmed the identified
two heat episodes over Europe. Thus, we observed cold SST anomalies contemporaneously with
high European surface temperatures during 2018. Duchez et al. (2016) provided evidence on
similar conditions for the case study of 2015: the SST anomaly in the North Atlantic showed an
anti-correlation with the European surface temperature.
Temperature trends are significant over the continent and different from the North Atlantic, where
non-significant trends were observed. These findings coincide quantitatively with the study by
Nilsen et al. (2014).
The aforementioned set of anomalies during 2018 motivated to examine a possible relationship
between the SST, the upper-tropospheric signal and the European temperature by using corre-
lation and composite analysis. Lead-lag correlations displayed a lagged response of the upper
level signal as well as of the European temperature signal with respect to the North Atlantic SST
in agreement with Hall et al. (2017) and Ossó et al. (2018). The composite analysis served to
confirm that cold SST events favour a stronger double jet and a more amplified trough-ridge
system in the North Atlantic-European sector as we have seen for the study 2018. This supports
the link of the QRA mechanism and an Atlantic ocean signal in advance.
A cold North Atlantic SST anomaly as well as a double jet structure was evident in three cases
(2003, 2015, 2018). Coincident conditions in these years are in agreement with the study by
Kornhuber et al. (2019). They found that during the heat waves 2003, 2015 and 2018 a similar
Rossby-wave train was observed, which preferred a particular phase position. The heat wave in
2010 had different preconditions: absent significant SST anomalies as well as a negative DJI,
corresponding to a zonal-like jet stream structure, gave the hint of different drivers for the es-
tablishment of the exceptional heat in eastern Europe.
This thesis combined the approaches by Duchez et al. (2016) and Kornhuber et al. (2017) for the
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first time: the previously discussed set of figures (Figs. 16 to 25) provides evidence on the influ-
ence of persistent cold North Atlantic ocean anomalies on a stronger double jet. Subsequently
a trough-ridge system in the North Atlantic-European sector is likely to generate by the QRA
mechanism associated with quasi-stationary and highly-amplified waves. In the case studies of
2015 and 2018, the unambiguous existence of a preferred phase position of the trough-ridge pat-
tern in the North Atlantic-European sector is underlined. On top of the above, Fig. 25 suggests
that the jet stream itself has a huge internal variability and various different forcings (Hall et al.,
2014).
All in all, this thesis discussed how the surface conditions in the North Atlantic ocean are able
to alter European temperatures via an atmospheric link associated with characteristic jet stream
patterns. These findings contribute to better predict European heat waves in advance. Further
intensified research on the relationship found in this thesis is crucial in order to give a better
possibility to provide warning measures for extreme high societal impact events.
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Figure A1: Monthly Mean 300 hPa total wind speed (U+V) for May (1979 to 2018); red highlighted
are the years of remarkable heat wave occurrences in the 21st century and thus of particular
interest for discussion.
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Figure A2: Correlation maps between SST anomaly of a North Atlantic box (15 - 40◦W and 45 - 60◦N)
and 300 hPa geopotential height for the whole time-range (1979-2018); both parameters
were detrended, deseasonalized and smoothed with a 15-day mean; Calculations are made
for zero-lag and leading SST (4 days, 8 days and 12 days) configurations.
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Figure A3: Same calculation as in Fig. A2, but here for summer (MJJA) 2018.



Erklärung 57

Erklärung

Hiermit erkläre ich (Julian Krüger), dass ich die vorliegende Arbeit selbstständig und ohne fremde
Hilfe angefertigt und keine anderen als die angegebenen Quellen und Hilfsmittel verwendet habe.
Die eingereichte schriftliche Fassung der Arbeit stimmt mit der auf dem elektronischen Speicher-
medium überein. Weiterhin versichere ich, dass diese Arbeit noch nicht als Abschlussarbeit an
anderer Stelle vorgelegen hat.

Datum, Unterschrift


