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Abstract

This thesis examines the relationship between upper-level atmospheric circulation and
heatwaves. We studied the role of planetary Rossby waves in the observed increase in
intensity, frequency, and duration of extreme temperature events in the mid-latitudes.
Focusing on the summer season, we tested the proposed hypothesis that links recent
changes in the Rossby wave amplitudes and propagation speed to the increased occurrence
of extreme events. We applied a Fourier decomposition technique to separate the large-
scale Rossby waves, defined a fitting amplitude-like metric, and developed a peak-tracking
algorithm to estimate their zonal propagation speed.

Heatwaves were identified using a percentile-based definition that enables a straightfor-
ward comparison of heatwave magnitude across different regions. We carried out a statisti-
cal analysis of the Rossby wave speeds and amplitudes during heatwaves and formulated
a hypothesis regarding the latitude-dependent circulation mechanisms that potentially
favor heatwaves.

We found that heatwaves in the southern mid-latitudes are more often associated with a
low-amplitude setting and non-disrupted zonal flow, while heatwaves in the northern mid-
latitudes are accompanied by high-amplitude Rossby waves. We confirmed that this trend
further intensified in the last decade. Our analysis did not reveal any overall hemispheric
trends in the Rossby wave speed or amplitudes. We did, however, find significant regional
trends that possibly affect the heatwave activity through the proposed mechanism.

i





Acknowledgements

I would like to thank my supervisor Rune Grand Graversen for his valuable ideas and for
his navigation through the maze of scienti�c research. Our meetings and conversations
shaped this thesis and made it possible.

I am grateful to my family and my parents for encouraging me in my passion for knowledge,
and for their continuous support throughout my studies, both in the Czech Republic and
here in Norway. D¥kuju vám.

A big thanks to my friends in Tromsø, who made the last two years an experience of a
lifetime, one full of skiing and adventures. I o�er my sincere gratitude to the workers of
Tromsø kommune bydrift, who diligently tracked the skiløyper. You too have made this
ride smoother. Takk skal dere ha.

And �nally, thank you, Cooper, for your help with LATEX, for reminding me to eat regu-
larly, and for being there for me when things got hard.

iii





Contents

Abstract i

1 Introduction 1
1.1 The circulation hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Previous research . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Theoretical background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Thermal wind . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.2 Rossby waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Data and methods 9
2.1 ERA5 global reanalysis dataset . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Fourier decomposition of the geopotential �eld . . . . . . . . . . . . . . . . 10

2.2.1 Approximation of the geopotential and the wave amplitudes . . . . 10
2.2.2 Peak tracking and the wave speed . . . . . . . . . . . . . . . . . . . 14

2.3 Heatwave detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3 Results 21
3.1 Overall changes in amplitude and speed . . . . . . . . . . . . . . . . . . . . 21

3.1.1 Results of the speed analysis . . . . . . . . . . . . . . . . . . . . . . 22
3.1.2 Results of the amplitude analysis . . . . . . . . . . . . . . . . . . . 25

3.2 Changes in amplitudes and speed during heatwaves . . . . . . . . . . . . . 26
3.2.1 Results of the speed analysis . . . . . . . . . . . . . . . . . . . . . . 28
3.2.2 Results of the amplitude analysis . . . . . . . . . . . . . . . . . . . 30
3.2.3 Early-period and late-period heatwaves . . . . . . . . . . . . . . . . 33

4 Discussion and conclusion 35
4.1 Results interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2 Di�erent methodological approaches . . . . . . . . . . . . . . . . . . . . . . 36

4.2.1 Identifying Rossby wave characteristics . . . . . . . . . . . . . . . . 36
4.2.2 Heat wave selection . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.3 Future research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

v



vi Contents

A Trends in GP amplitudes 41

B Propagation speed of high-amplitude waves 45

C Speed trends in early- and late-period heatwaves 49



List of �gures

1.1 Arctic ampli�cation measured by thickness anomaly, which is highest dur-
ing the cold months of the year. Figure taken from an article by Francis
and Vavrus [14]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Rossby wave propagation mechanism. The horizontal line represents the
original material line aligned around a circle of latitude. An initial distur-
bance displaces it to the solid line labeled witht = 0. The velocity �eld
associated with� further advects the �uid parcels in the direction denoted
by the arrows, inducing the wavy westward movement. The �gure is taken
from [26] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1 A pronounced Rossby wave at 500 hPa stretching far north. Blue and
purple colors signalize a higher wind speed. This screenshot was taken on
28 April 2023 from windy.com [30] . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 A plot of Z500 and GP1�5 on a randomly selected day. The blue line is
GP1�5, the sum of the �rst �ve terms of the Fourier series. We see that
GP1�5 correctly captures the overall shape of the geopotential height �eld,
but doesn't include the small height perturbations. . . . . . . . . . . . . . 12

2.3 GP1 and GP1�5 daily amplitudes and corresponding monthly climatolo-
gies, calculated at 50°N, both at 500hPa and 850hPa levels . . . . . . . . . 13

2.4 GP1�5 on the �rst three days of July 2022 at 50°N . . . . . . . . . . . . . 14
2.5 A relative frequency histogram for the number of peaks that contribute to

the GP1�5 speed estimate . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.6 GP1�5 speed during summer 2022 at 50°N. Note that 600 km/day corre-

sponds to roughly 7 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.7 Maximum daily temperatures and the percentile-based climatology used to

determine the duration of the 2010 Russian heatwave. The heatwave days
are marked by the red line. . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.8 HWMId plot for the Russian heatwave that took place between 7 July 2010
and 13 July 2010, with the maximum HWMId value of 86 . . . . . . . . . 18

2.9 Duration and HWMId value of the strongest heatwave that occurred every
year per latitude and averaged over a latitude range 56°� 60 °N. Other
latitude bands show similar results. . . . . . . . . . . . . . . . . . . . . . . 19

vii



viii List of �gures

3.1 QQ plots of GP1�5 speed at 500 hPa for di�erent latitudinal ranges . . . . 23
3.2 QQ plots of GP1�5 speed at 850 hPa for di�erent latitudinal ranges . . . . 24
3.3 Histograms comparing the distributions of the 1981�2010 data and 2011�

2022 data. Corresponding probability density functions were calculated
using Gaussian kernel density estimation. . . . . . . . . . . . . . . . . . . . 25

3.4 QQ plots of GP1�5 peak-to-peak amplitudes at 500 hPa for di�erent lati-
tudinal ranges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.5 QQ plots of GP1�5 peak-to-peak amplitudes at 850 hPa for di�erent lati-
tudinal ranges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.6 QQ plots of GP1�5 speed at 500 hPa for di�erent latitudinal ranges during
heatwaves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.7 QQ plots of GP1�5 speed at 850 hPa for di�erent latitudinal ranges during
heatwaves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.8 Mean di�erence between GP1-5 speed during heatwave periods and non-
heatwave periods, expressed in km/day. . . . . . . . . . . . . . . . . . . . . 30

3.9 QQ plots of GP1�5 peak-to-peak amplitudes at 500 hPa for di�erent lati-
tudinal ranges during heatwaves. . . . . . . . . . . . . . . . . . . . . . . . 31

3.10 QQ plots of GP1�5 peak-to-peak amplitudes at 850 hPa for di�erent lati-
tudinal ranges during heatwaves. . . . . . . . . . . . . . . . . . . . . . . . 32

3.11 Mean di�erence between GP1-5 peak-to-peak amplitudes during the heat-
wave periods and outside of the heatwave periods, expressed in meters. . . 32

3.12 QQ plots of GP1�5 peak-to-peak amplitudes at 500 hPa for di�erent lati-
tudinal ranges during early-period (1979�2010) and late-period heatwaves
(2011-2022). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.13 QQ plots of GP1�5 peak-to-peak amplitudes at 850 hPa for di�erent lati-
tudinal ranges during early-period (1979�2010) and late-period heatwaves
(2011-2022). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

A.1 GP3 amplitudes at 500 hPa show the most pronounced changes from all
individual waves. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

A.2 GP2 amplitude at 500 hPa showing an opposite trend to GP1�5. . . . . . . 43

B.1 Comparison of the speed distributions of high-amplitude and lower-amplitude
waves at 500 hPa. Notice the di�erences are highly visible in both tails,
showing that both westward and eastward propagation is a�ected. . . . . . 46

B.2 Comparison of the speed distributions of high-amplitude and lower-amplitude
waves at 850 hPa. The decreasing tendency is most visible in the eastward
propagation speed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

C.1 Comparing the distributions of GP1�5 speed at 500 hPa on the heatwave
days of the early period (1979�2010) and the late period (2010-2022). . . . 49

C.2 Comparing the distributions of GP1�5 speed at 850 hPa on the heatwave
days of the early period (1979�2010) and the late period (2010-2022). . . . 50



Chapter 1

Introduction

Heatwaves are prolonged periods of extremely hot weather, often with little to no rainfall.
Frequently dismissed as merely an uncomfortable seasonal phenomenon, heatwaves in fact
pose a signi�cant threat to public health, a�ect the economy, and challenge our way of
life. Their devastating impact on society should not be underestimated, especially in a
warming world, where the events considered extreme today might become the norm in
the upcoming decades.

While we can adapt the existing infrastructure to better resist extreme heat, we cannot
adapt our bodies. Exposure to high temperatures can lead to heat exhaustion, dehy-
dration, and life-threatening heatstrokes. Elderly people, young children, and those with
pre-existing medical conditions are especially vulnerable. The UN has estimated that the
two deadliest heatwaves of the last 20 years, the 2003 European heatwave and the 2010
Russian heatwave, had a combined death toll of over 120 thousand [12], and as recently
as in 2022, WHO reported over 15 thousand excess deaths in Europe caused by extremely
hot weather [29].

Even though it might seem that Europe is being a�ected particularly hard, it is likely that
the high share of heatwave-related deaths is a result of better reporting systems, and the
death toll in other regions is thus undercounted [12]. Moreover, people living in wealthier
societies have better access to drinking water, air conditioning, and other resources that
provide relief from the harmful e�ects of heat. It is expected that heatwaves and climate
change in general will promote the already existing economic and social inequality.

Drought is closely linked to heatwaves. The UN estimated the worldwide economic costs
of drought to be $128 billion over the last 20 years [12]. However, this is likely not
the �nal �gure due to the gaps in records reported by underdeveloped countries. The
economic losses stem mainly from reduced work productivity and disrupted agricultural
production leading to lower crop yields [20]. Furthermore, heatwaves a�ect the natural
water cycle and threaten the drinking water supply. Water shortage can also negatively
impact electricity generation from hydropower [21] as well as other energy sources, since
power plants often use river water as a cooling medium [8].

In conclusion, heatwaves pose signi�cant risks to society as a whole, making it crucial
to study their causes and impacts. As global temperatures continue to rise, it is likely
that heatwaves will become more frequent and severe, underscoring the importance of
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2 1 Introduction

continued research in this area. By developing a better understanding of the causing
mechanisms, we can improve our forecasting abilities, learn more about the character of
extreme events in the future, and take steps to prevent and mitigate their impacts.

1.1 The circulation hypothesis

There is agreement that the probability of heatwave occurrence is likely to increase due
to anthropogenic climate change [10] [18]. While the exact mechanisms of this process are
far from being fully understood, the thermodynamically-driven global warming caused
by rising levels of greenhouse gases has been identi�ed as a key reason for the increasing
severity of certain types of extreme events, such as heat waves, droughts, and �oods [10]
[18] [4].

The projected change in global average temperature is expected to directly impact the
magnitude of future heatwaves. However, a linear argument simply linking more powerful
heatwaves to the temperature increase might not su�ciently explain the full picture, as
it could lead to an underestimate of other, non-linear e�ects, whose relationship to the
global temperature increase is not as straightforward.

Changes in atmospheric dynamics are hypothesized to contribute to the occurrence of
temperature extremes as part of this non-linear e�ect. With the dynamic drivers of
extreme heat acting on top of the well-established response to the rising greenhouse gas
levels, the risk of life-threatening heatwaves is exacerbated. The combined e�ects lead to
extremes that cannot be explained solely by the positive radiative forcing induced by the
increased concentration of greenhouse gases.

The hot tail of the temperature distribution has shifted more toward the extremes in
comparison to the mean, suggesting that there are unforeseen complex processes a�ecting
weather variability other than the observed temperature increase [11]. In this thesis, we
use reanalysis data to investigate one of the suspected mechanisms, changes in atmospheric
circulation. We further attempt to establish a relationship between these changes and the
occurrence of summer heat waves in the mid-latitudes.

It has been well observed that the current global warming is not happening at the same
rate across all latitudes [7]. The Arctic regions undergo faster warming compared to the
mean global rate. This e�ect is known as Arctic ampli�cation and it possibly has signi�-
cant implications for the characteristics of the zonal atmospheric �ow [11]. A hypothesis
that received attention both from the scienti�c community [1] and the media [28], is the
circulation hypothesis. Proposed in 2012 by Francis and Vavrus [14], the hypothesis con-
nects Arctic ampli�cation to changes in the properties of atmospheric waves and, further,
links these changes to extreme weather events. As Arctic ampli�cation reduces the merid-
ional temperature gradient, this in turn decreases the speed of zonal winds through the
thermal wind relation. The zonal �ow is responsible for advection of weather systems,
and with the circulation becoming more stationary, the surface weather conditions become
longer-lasting and their impact is therefore enhanced.

The mid-latitude atmospheric circulation patterns are characterized by synoptic-scale
cyclones and large-scale planetary waves known as Rossby waves. The Rossby waves
contribute to the overall heat transfer in the atmosphere by carrying heat from the tropics
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toward the poles and, conversely, cold air toward the equator [17] [15], thus in�uencing the
local weather conditions. Elongation of the Rossby wave amplitudes in the meridional
direction is another hypothesized change that would widen the range of latitudes that
can be a�ected. This thesis investigates the changes in the wave amplitudes during
heatwaves to see if a signi�cant correlation between high amplitude days and extreme
surface temperatures can be established.

According to Rossby wave theory [26], Rossby wave phase speed is related to the velocity
of the zonal winds. Some of the recent observational analyses suggest that the velocity
of the zonal jet stream is decreasing [13] [9], and several modeling studies have succeeded
in �nding a causal link between Arctic warming and a weaker mid-latitude jet stream
[1]. The combined arguments hint at a possible decrease in the Rossby wave eastward
propagation speed due to Arctic ampli�cation. The purpose of this thesis is thus to explore
the questions inherent to the circulation hypothesis within the framework of summer
heatwaves through statistical data analysis. We examine the changes in the atmospheric
circulation patterns and the trends of both wave amplitudes and phase speeds.

1.1.1 Previous research

We provide a quick overview of the previously published research. In their �rst article
on the circulation hypothesis [14], Francis and Vavrus focused on the deceleration of
the eastward progression of the Rossby waves and the increase in their amplitude. The
study was regionally constrained to North America and North Atlantic. The authors
directly linked the previously observed zonal wind reduction to slower wave propagation.
By selecting a narrow range of 500 hPa contour lines and tracking them over the whole
study region, they captured the wave pattern in the geopotential height �eld. Their
analysis con�rmed a northward elongation of the wave amplitudes. Their results showed
considerable seasonal di�erences both in the amplitude and speed trends that the authors
explained by the seasonal di�erences in Arctic ampli�cation, which reaches its maximum
during the cold months of the year, as shown in Fig. 1.1. Therefore many following studies
focused on the in�uence of Arctic ampli�cation on mid-latitude winter weather [5] [7].

The results of Francis and Vavrus were disputed on the basis of sensitivity to the method-
ology used. In her 2013 article, Barnes argued that the dynamic changes presented in
the previous study were not supported by observations [2]. Francis and Vavrus revisited
the circulation hypothesis again in 2015, assessing trends in the frequency of occurrence
of high-amplitude days in several selected regions and in the whole Northern Hemisphere
[13]. They concluded that the high-amplitude days are becoming more frequent in most
of the studied regions, however, due to substantial regional and seasonal variability, de-
termining a signi�cant mean hemispheric e�ect is challenging.

Despite the ambiguity of the early results, the circulation hypothesis became widely pop-
ular among the scienti�c community as well as the general public [28]. Individual ex-
treme events were directly attributed to the hypothesized e�ects of Arctic warming [5]
[31]. However, several following studies failed to �nd a robust correlation between Arctic
ampli�cation and atmospheric blocking responsible for persistent weather conditions [3],
overall hemispheric trends in the Rossby wave phase speed [22] or their amplitudes [4].

Signi�cant regional wave trends were con�rmed in relation to extreme weather events
characterized by persistent temperature and precipitation anomalies [25]. To investigate



4 1 Introduction

the role of Arctic warming, observed regional changes in the zonal propagation of weather
systems during summer months have been recently positively correlated to the decreas-
ing meridional temperature gradient. The following modeling attempts to determine a
causal relationship between Arctic warming and the future character of these changes
have however been inconclusive [19]. Now our thesis will follow, investigating the summer
heatwaves and taking inspiration from the prior studies.

This brief overview of the previous research shows that the results are often divergent
or even contradictory. Moreover, proving causality using observations alone is di�cult
since distinguishing a forced response from the natural atmospheric variability presents a
major obstacle. With only about 40 years of su�ciently accurate observational records,
we cannot simply rule out the possibility that the observed changes are no more than
manifestations of the internal year-to-year or decadal variability.

Nonetheless, there is strong model evidence that Arctic warming can indeed impact the
atmospheric �ow and surface weather in the mid-latitudes [1], justifying the research in
this area. An assessment of past changes, the main objective of this thesis, is just as
important as �nding out more about the mechanisms that will be a�ecting the climate
system in the future.

1.2 Theoretical background

1.2.1 Thermal wind

The Arctic regions are on average warming more than twice as fast as the lower latitudes,
owing to a variety of factors, some of them also being linked to changes in atmospheric
circulation and energy transport [15]. Nevertheless, most sources mention sea ice loss and
the decrease in spring and summer snow cover as the main driving mechanisms, inducing
positive feedback by exposing the land areas and oceans, and thus lowering the surface
albedo [6].

Arctic ampli�cation can be measured by comparing the change in surface temperature
in the Arctic relative to the mean hemispheric change. However, for the purposes of
quanti�cation of the e�ects of Arctic ampli�cation on atmospheric circulation, a di�erent
metric can be used, based on the temporal di�erences in the 1000 � 500 hPa thickness.
The thicknessZ of a layer, de�ned by the hypsometric equation [17]

Z = Zp2 � Zp1 =
R
g0

T ln
�

p1

p2

�
; (1.1)

is the di�erence in geopotential height of two isobaric surfaces, and it is proportional to
the mean layer temperatureT. The thickness has increased more in the Arctic than in
other regions, proving that the meridional temperature gradient has decreased throughout
the whole layer. This is a more relevant metric due to its association with the thermal
wind relation [13]

~vT = ~vg(p2) � ~vg(p1) =
R
f

ln
�

p1

p2

�
ẑ � r T : (1.2)
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Figure 1.1: Arctic ampli�cation measured by thickness anomaly, which is highest during
the cold months of the year. Figure taken from an article by Francis and Vavrus [14].

Based on hydrostatic and geostrophic balance, the thermal wind~vT is obtained as a vector
di�erence in the geostrophic wind at two pressure levelsp1 and p2, and since the jet stream
at 500 hPa is generally considered to be almost geostrophic, a decrease in the magnitude
of ~vT directly translates to a decrease in the jet stream velocity. The equation (1.2) shows
the importance of the decrease in the temperature gradientr T, which exists due to the
natural di�erence in solar insulation between the high and low latitudes, and which is
a�ected by Arctic ampli�cation, although with strong seasonal di�erences that can be
seen in Fig. 1.1.

1.2.2 Rossby waves

We identify the driving forces that give rise to the Rossby waves and we examine some
of their important dynamical properties. To overcome the inherent complexity of �uid
dynamics and to gain insight into the processes occurring in the mid-latitude atmospheric
�ow, we make several simplifying assumptions: we will work within the shallow water
quasi-geostrophic framework. Even with these strong assumptions, the results turn out
to be relevant to the real atmospheric processes.

One of the assumptions of the quasi-geostrophic theory is that at the lowest order, the
�ow is geostrophic and therefore horizontally non-divergent. This allows us to de�ne a
stream function  (x; y) that describes the horizontal velocity �eld at the lowest order as

u = �
@ 
@y

; v =
@ 
@x
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Vorticity plays the most important role in the formation of Rossby waves. It is the measure
of spin in a �uid. We de�ne relative vorticity ~! as the curl of the velocity vector,

~! = r � ~v:

For a large-scale atmospheric �ow, only the vertical component of~! is of interest [17].
Therefore it is given a new symbol,

� = @xv � @yu = r 2 

Conventionally, � is also called relative vorticity. Absolute vorticity � is de�ned as

� = � + f;

where� is the relative vorticity f is the Coriolis parameter, also known as the planetary
vorticity.

Earth's rotation induces a natural planetary vorticity gradient, which in the mid-latitudes
can be approximated using the� -plane approximation

f (y) = f 0 + �y:

In every theory, it is useful to identify conserved quantities, as they provide insight into
the fundamental principles that govern a system, and often allow us to derive prognostic
equations that describe it. The prognostic equation related to the large-scale Rossby
waves is the potential vorticity equation, which under the shallow water quasi-geostrophic
assumptions simpli�es to

D
Dt

 

� + f �
 

L2
D

!

= 0; (1.3)

where D
Dt = @t + ~v � r is the material derivative operator andLD is the Rossby radius of

deformation. The term in parentheses is the potential vorticity, and the equation simply
states that it stays constant during the �uid's motion.

For the sake of simplicity, we will further assume thatLD is very large (larger than the
horizontal length scaleL). Then the last term in (1.3) can be neglected, resulting in

D
Dt

�
� + f

�
= 0; (1.4)

The equation (1.4) presents the never-ending tug of war between the relative and planetary
vorticity. There is a naturally present planetary vorticity gradient that exists due to
Earth's rotation, and therefore any change in the value off of a �uid parcel due to its
displacement must result in a change of� , so that the absolute vorticity � is conserved.

The basic Rossby wave propagation mechanism can be described as follows: imagine a
material line consisting of �uid parcels carried by a background zonal �ow, aligned along
a circle of latitude with � = 0 at a time t0. Now suppose a �uid parcel is displaced in the
meridional direction. This changes the value off , but according to (1.4), the potential
vorticity, which in our case is equal to the absolute vorticity, must be conserved. Thus,
the displacement of a �uid parcel results in a change in the relative vorticity� , a posi-
tive one for a southward displacement and a negative one for a northward displacement.
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Figure 1.2: Rossby wave propagation mechanism. The horizontal line represents the
original material line aligned around a circle of latitude. An initial disturbance displaces
it to the solid line labeled with t = 0. The velocity �eld associated with� further advects
the �uid parcels in the direction denoted by the arrows, inducing the wavy westward
movement. The �gure is taken from [26] .

The induced velocity �eld makes the �uid parcels oscillate back and forth around their
original latitude, and the now wavy material line propagates to the west in the form of a
Rossby wave (see Fig. 1.2). In the Earth's atmosphere, the displacement originates from
longitude-dependent di�erences in diabatic heating or it can be induced by topography,
such as the Rocky Mountains or the Himalayas. The resulting waves are the long Rossby
waves with low wave numbers, and they will be the subject of our study.

We can derive the dispersion relation for Rossby waves by looking for a wave-like solution
to (1.4). The solution can be found by linearizing around a mean �ow. For a �ow on a
mid-latitude � -plane, the potential vorticity equation (1.4) turns into

 
@
@t

+ u
@

@x
+ v

@
@y

!

� + �v = 0: (1.5)

Assume that the �ow consists of a constant background zonal �ow plus a perturbation in
the horizontal direction:

u = �u + u0; v = v0; � = @xv0 � @yu0 = � 0;

The perturbation terms u0 and v0 and their derivatives are assumed to be small compared
to the background �ow. We can now set in the prescribed forms ofu; v, and � into (1.5)
and linearize the result by neglecting the products of perturbation quantities, keeping
only the linear primed terms, since the magnitude of the non-linear terms is negligible.
The �nal form of (1.5) in terms of the stream function  0 is then

 
@
@t

+ �u
@

@x

!

r 2 0+ �
@ 0

@x
= 0: (1.6)

This equation can be solved analytically by seeking a wave-like solution

 0 = Re[ ~ exp(i� )];

where� = kx + ly � !t and k; l are the zonal and meridional wave numbers, respectively.
Setting in the assumed solution and solving for! = ! (k; l ) yields

! = �uk �
�k

k2 + l2
:
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The zonal phase speedcp
x is given by

cp
x =

!
k

= �u �
�

k2 + l2
: (1.7)

and the zonal group speedcg
x is calculated by di�erentiating ! with respect to k,

cg
x =

@!
@k

= �u �
�

�
l2 � k2

�

�
k2 + l2

� 2 : (1.8)

The zonal phase speed is always westward relative to the mean background �ow�u, in line
with the mechanism shown by Fig. 1.2. Because�u tends to be westerly and greater than
�= (k2 + l2), the zonal phase speedcp

x is usually westerly too. However, for long Rossby
waves with low wave numbersk and l, the phase speedcp

x can occasionally become zero
or negative, meaning that the Rossby waves are stationary relative to the Earth's surface,
or are even moving westward. This possibly has serious implications for the duration of
surface weather conditions. In our analysis, we will use reanalysis data to determinecp

x
of Rossby waves, and we will seek a possible strengthening of extreme events due to a
negative trend in cp

x .



Chapter 2

Data and methods

2.1 ERA5 global reanalysis dataset

In this thesis, we used the ERA5 reanalysis dataset produced by the European Centre for
Medium-Range Weather Forecast (ECMWF) [16]. It is a comprehensive, high-resolution
dataset containing gridded data of a large number of atmospheric, ocean-wave, and land-
surface variables from 1979 onward. The dataset is created using a process called data
assimilation that is based on combining weather observations and state-of-the-art weather
prediction models.

During the data assimilation process, a computer model is run using the best available
estimate of the current atmospheric state as the initial condition, and a weather forecast
for a given time period is generated. In the next step, observational data from the same
time period, such as satellite measurements, surface observations, and weather balloon
data, are combined and used to correct the weather forecast. The objective is to obtain
a consistent and continuous description of the atmosphere that closely resembles reality.
This updated state is called the analysis, and it is used as the initial condition for the
computer model in the next time step of the data assimilation process. ERA5 is a reanal-
ysis dataset, which is a comprehensive collection of analyses that reach back decades and
are all results of the same data assimilation algorithms.

For the purpose of studying heat waves, the ERA5 2m temperature was used. Addition-
ally, the 500 hPa and 850 hPa geopotential height datasets were utilized to analyze Rossby
wave patterns. The datasets consist of daily data with a spatial resolution of 0.5° latitude
by 0.5° longitude. Although the patterns are more pronounced at the 500 hPa level where
the large-scale �ow is not signi�cantly in�uenced by Earth's surface and synoptic-scale
weather systems, all �ndings were tested at the 850 hPa level to examine their continuity
across di�erent altitudes.
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