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A B S T R A C T

Atmospheric heat waves lead to substantial economic damage and fatalities. The
formation, maintenance mechanisms and long-term prediction of heat waves re-
main a challenge. Given their increasing number and strength due to climate
change, the importance of understanding processes involved with heat waves can
hardly be overstated.

Previous studies focused on regional processes associated with heat waves. This
thesis diagnoses heat waves from a global framework employing a novel method
for the regime- and scale-dependent decomposition. The thesis focuses on Eurasian
heat waves defined by the 2-meter temperature exceeding the 95th percentile over
three consecutive days, and the associated global circulation. Daily circulation
fields are decomposed into scales and Rossby and non-Rossby components us-
ing the normal-mode function framework. Energy anomalies associated with heat
waves are analysed separately for the zonal-mean state (zonal wavenumber k=0),
planetary-scale (k=1-3) and synoptic-scale (k=4-10) Rossby waves. The key ques-
tion asked is how the scale-dependent, spatio-temporal variance distribution of
troposphere-barotropic Rossby waves changes during Eurasian heat waves in re-
analysis datasets and how these changes are simulated by the models involved
in the Coupled Model Intercomparison Project Phase 5 (CMIP5). The four mod-
ern reanalyses are combined to analyse the present climate. Several CMIP5 mod-
els are analysed, including their atmospheric simulations forced by the observed
sea-surface temperature (AMIP) and coupled atmosphere-ocean simulations of the
present climate, and the results are compared with the reanalyses. The probability
density functions (PDFs) of the Rossby wave energy anomalies are found to be
skewed. The skewness parameter is used to describe the change in the PDFs dur-
ing Eurasian heat waves with respect to the climatological PDFs. The results reveal
that during Eurasian heat waves, the PDFs of the Rossby waves change differently
at different scales. At planetary scales, the skewness increases due to an increase
in probabilities of large energy anomalies. For the synoptic-scale Rossby waves, a
shift in the PDF towards larger positive energy anomalies is found, which coin-
cides with an increase in intramonthly variability. The skewness remains almost
unchanged for the zonal-mean state, which can be related to the opposite changes
in the intramonthly variability at different latitude belts.

The AMIP simulations by the CMIP5 models are able to represent the main
aspects of the Eurasian heat waves and the associated planetary-scale Rossby cir-
culation found in the reanalysis data, but discrepancies are noticed in the simu-
lated temporal variability of global energy. In contrast, the coupled CMIP5 simula-
tions struggle to represent the main features of the Rossby-wave circulation during
Eurasian heat waves. The discrepancy may be related to a poor representation of
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air-sea interactions in coupled models and the interaction between the surface and
troposphere above it. Future efforts should be spent on understanding the coupling
between thermodynamic processes near the surface and large-scale tropospheric
circulations contributing to the development of heat waves.
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Z U S A M M E N FA S S U N G

Atmosphärische Hitzewellen können zu Todesfällen und erheblichen wirtschaftlichen
Schäden führen. Die Entstehung, die Mechanismen zur Aufrechterhaltung und
die langfristige Vorhersage von Hitzewellen bleiben eine Herausforderung. An-
gesichts ihrer zunehmenden Anzahl und Stärke aufgrund des Klimawandels
kann die Bedeutung des Verständnisses von Prozessen im Zusammenhang mit
Hitzewellen kaum genug betont werden.

Frühere Studien konzentrierten sich auf regionale Prozesse im Zusammenhang
mit Hitzewellen. Diese Dissertation diagnostiziert Hitzewellen aus globaler
Perspektive unter Verwendung einer neuen Methode zur regime- und skalenab-
hängigen Darstellung. Die Arbeit konzentriert sich auf eurasische Hitzewellen,
definiert durch die Überschreitung des 95%-Perzentil der 2-Meter-Temperatur an
drei aufeinanderfolgenden Tagen, und die damit verbundene globale Zirkulation.
Tägliche Zirkulationsfelder werden unter Verwendung von Normal-Mode-
Funktionen in verschiedene Skalen und Rossby- und Nicht-Rossby-Komponenten
zerlegt. Energieanomalien im Zusammenhang mit Hitzewellen werden getrennt
für Rossby-Wellen im zonalen Mittel (zonale Wellenzahl k=0), auf planetarer
Skala (k=1-3) und auf synoptischer Skala (k=4-10) analysiert. Die Hauptfrage
ist, wie sich die skalenabhängige, räumlich-zeitliche Verteilung der Varianz von
troposphärisch-barotrope Rossby-Wellen während eurasischer Hitzewellen in
Reanalyse-Datensätzen ändert und wie diese Änderungen von am Coupled
Model Intercomparison Project Phase 5 (CMIP5) beteiligten Modellen simuliert
werden. Die vier modernen Reanalysen werden verwendet, um das gegenwärtige
Klima zu analysieren. Mehrere atmosphärische Simulationen von CMIP5-Modelle,
die durch die beobachtete Meeresoberflächentemperatur (AMIP) und gekop-
pelte Atmosphäre-Ozean-Simulationen des gegenwärtigen Klimas angetrieben
werden, werden analysiert und mit den Reanalysen verglichen. Die Wahrschein-
lichkeitsdichten (PDFs) der Rossby-Wellenenergieanomalien sind schief. Die
Schiefe der PDFs wird verwendet, um die Änderung der PDFs während eurasis-
cher Hitzewellen in Bezug auf die klimatologischen PDFs zu beschreiben. Die
Ergebnisse zeigen, dass sich die PDFs der Rossby-Wellen während eurasischer
Hitzewellen skalenabhängig ändern. Auf planetaren Skalen nimmt die Schiefe
aufgrund einer Zunahme der Wahrscheinlichkeiten großer Energieanomalien zu.
Für die Rossby-Wellen auf synoptischer Skala wird eine Verschiebung der PDF
hin zu größeren Anomalien positiver Energie gefunden, die mit einer Zunahme
der Variabilität innerhalb eines Monats zusammenhängt. Die Schiefe bleibt für das
zonale Mittel nahezu unverändert, was mit den gegenläufigen Änderungen der
intramonatlichen Variabilität in verschiedenen Breitengraden zusammenhängen
kann.
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Die AMIP-Simulationen der CMIP5-Modelle sind in der Lage, die Hauptaspekte
der eurasischen Hitzewellen und der damit verbundenen Rossby-Zirkulation auf
planetarer Skala darzustellen, die in den Reanalysedaten gefunden wurden;
es werden jedoch Unterschiede in der simulierten zeitlichen Variabilität der
globalen Energie festgestellt. Im Gegensatz dazu werden in den gekoppelten
CMIP5-Simulationen Hauptmerkmale der Rossby-Wellen-Zirkulation während
eurasischer Hitzewellen unzureichend wiedergegeben. Die Diskrepanz kann
mit der Parametrisierung der Ozean-Atmosphäre- und der Land-Atmosphäre-
Wechselwirkungen in gekoppelten Modellen zusammenhängen. Zukünftige
Anstrengungen sollten unternommen werden, die Kopplung zwischen ther-
modynamischen Prozessen nahe der Oberfläche und der großräumigen tro-
posphärischen Zirkulationen zu verstehen, die zur Entwicklung von Hitzewellen
beitragen.
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1
M O T I VAT I O N A N D T H E R E S E A R C H Q U E S T I O N S

Heat waves are extreme events in the climate system with scales starting from 1000

km or more and a lifetime ranging from days and months. Physical processes as-
sociated with heat waves vary in space and time, with larger scales influencing the
scales below them and vice versa. An example of small-scale processes are surface
fluxes, these occur locally with a lifetime of a few minutes to hours. On an in-
termediate scale, one can find synoptic systems, in particular, blocking (persistent
high-pressure systems), that is on a regional scale and with a lifetime ranging from
days to weeks. Furthermore, there are large-scale (planetary) structures, known as
Rossby waves, lasting for multiple weeks. These act on continental-sized areas, and
sometimes even larger, as was exemplified in the Northern Hemisphere heat waves
in 2010 (e.g. Schubert et al., 2014) and 2018 (e.g. Kueh and Lin, 2020). On larger
temporal scales, one can find remote sea surface temperature (SST) anomalies that
may influence heat wave formation months in advance (e.g. Della-Marta et al.,
2007). There is a rising concern that anthropogenic activity also influences heat
wave dynamics (Eyring et al., 2021), with scales varying from annual to centen-
nial. Hence, heat waves can be described as the product of a complex interaction
between different components, which is reflected in a wide variety of heat wave
definitions (Horton et al., 2016). A common way to define heat waves is by their in-
tensity and persistence, such as Heat Wave Magnitude Index (Russo et al., 2015) or
warm spell duration, one of the indices proposed by the Expert Team on Climate
Change Detection (ETCCDI, https://www.wcrp-climate.org/etccdi). Another type
of common definition: heat exposure, is based on impacts. The primary impact is
the influence on human health, in particular the cardiovascular system (e.g. Ken-
ney et al., 2014). Heat waves also have impacts on ecosystems (e.g. Stillman, 2019),
agricultural and energy sectors (e.g. Amazirh et al., 2017), and on infrastructure
(e.g. Zuo et al., 2015), which when sufficiently deteriorated by heat waves can lead
to additional, indirect, fatalities. Moreover, future impacts may be more severe as
heat waves are expected to increase in frequencies and magnitudes (Seneviratne
et al., 2021). Hence, it is necessary to understand heat waves and their drivers to
improve predictions of future extreme events which, in turn, contribute to improve-
ments in climate adaptation and mitigation.

Underlying processes leading to and occurring during heat waves are the outgo-
ing scientific challenges which can be described by a quote from Domeisen et al.,
2022: "A better understanding of the relevant drivers and their model representa-
tion, including atmospheric dynamics, atmospheric and soil moisture, and surface
cover should be prioritized to improve heatwave prediction and projection". Ev-
ery mentioned driver has been studied in different frameworks. Atmospheric and
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soil moisture together with surface cover are associated with "thermodynamics".
Atmospheric dynamics are defined as atmospheric processes contributing to heat
waves. These are typically associated with persistent high-pressure patterns, block-
ing, and large-scale Rossby waves. Rossby-wave propagation and amplification are
suggested to be determining factors in heat wave formation (e.g. Screen and Sim-
monds, 2014; Teng and Branstator, 2019). However, no study has yet attempted to
explore whether Rossby waves can be affected by heat waves or, in other words,
whether heat waves have signatures in the Rossby wave spectrum1. To fill this gap,
I pose the following research question:

How do heat waves, by definition regional phenomena, affect the global troposphere-
barotropic Rossby wave spectrum?

To answer this question, in the first step, I perform a statistical analysis on the
circulation associated with the Rossby waves at different zonal scales, i.e. the zonal
wavenumbers with the troposphere-barotropic structure. The analysis employs re-
analysis datasets and focuses on Eurasia.

In the next step, the results of the statistical analysis are interpreted in the con-
text of dynamics, i.e. processes in atmospheric circulation, within these ranges to
understand the following:

What large-scale processes are associated with signatures of heat waves in the global
variance spectra2?

Answers to these questions allow for 1) the development of a new, spatially
three-dimensional diagnostic tool and 2) an intercomparison of obtained results
with previous studies, mainly two-dimensional in space domain, thus connecting
processes occurring in spectral space with those in physical space. For spectral
analysis and transformation back to physical space, I project reanalysis datasets
into the normal-mode functions, a concept described in Section 2.2.

Finally, the new methodology is applied to the Coupled Model Intercomparison
Project Phase 5 (CMIP5) models to evaluate their performance. The evaluation is
done by answering the third research question:

Do heat waves have the same signatures in CMIP5 models on planetary scales as in
reanalyses?

The answers to the research questions are given in Section 3 and Appendices.
This essay aims to present their research context. A secondary aim is to interpret
and evaluate these findings by explaining how they contribute to existing scien-
tific knowledge. In Section 2.1, I give an overview of drivers of heat waves from
a multi-scale point of view and what statistical tools can be applied to study as-
sociated physical processes. In Section 2.2, the global three-dimensional modal

1 Here, the Rossby wave spectrum is defined as a continuous range of wave frequencies associated
with a wide range of spatio-temporal scales.

2 Here, "variance spectra" are defined as intramonthly variance distributions on different spatial scales.
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decomposition used in this study is briefly introduced. Section 2.3 describes how
heat waves and their associated atmospheric circulation are simulated in CMIP5

models, further elaborating on what systematic errors (biases) are detected in the
existing literature. Section 3 consists of the results of modal statistics accompanied
by a discussion of associated processes across scales and its evaluation in models.
In Section 4, the discussion of the strengths and limitations of a statistical analysis
in modal space is shown. In Section 5, I give a summary of the answers to the
research questions and conclude with an outlook at the end of the thesis.
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2
I N T R O D U C T I O N

In this section, I explore drivers of heat waves, including Rossby waves, give an
overview of applied statistical methods, introduce the MODES software for the
decomposition of atmospheric circulation and discuss how CMIP models simulate
the heat waves and associated high-pressure systems, so-called blockings which
are parts of Rossby waves.

2.1 connection between the surface heat waves and atmospheric

circulation

This section provides an overview of existing literature on drivers of heat waves at
different scales and how they can be analysed in a statistical sense.

2.1.1 From large- to small-scale drivers of the Eurasian heat waves

Heat waves are the product of complex interactions occurring in the Earth system.
In particular, the large-scale atmospheric circulation (dynamic factor) and land
processes (thermodynamic factor) are key drivers discussed in exhaustive studies.
Nevertheless, a complete understanding is still challenging due to processes act-
ing on different spatiotemporal scales. A recent study by Domeisen et al. (2022)
demonstrated that the heat wave phenomenon is multi-scale (see Fig. 1), not only
in driving processes but also in impacts. In this dissertation, I follow a similar
approach and discuss factors of heat waves occurring over Eurasia according to
their scales. I start the discussion with large-scale remote structures, such as quasi-
stationary Rossby waves (e.g. Stefanon et al., 2012) and sea surface temperature
(SST) anomalies (e.g. Ding and Wang, 2005) and then I move to local land pro-
cesses. Soil moisture content, in particular, also plays a role in heat wave formation
(e.g. Miralles et al., 2014) and can amplify already existing extreme hot conditions
(e.g. Fischer et al., 2007; Seneviratne et al., 2010). The latter highlights the complex-
ity of interaction with non-linear dynamics involved (e.g. Horton et al., 2016; Ma
and Franzke, 2021). This dissertation is not intended to formulate an overarching
theory; however, it demonstrates that even within a linear dynamics framework,
heat waves appear in global atmospheric circulation.

In the atmosphere, large-scale quasi-stationary wave patterns are associated with
persistent high-pressure systems (blockings) that circumvent the westerly flow to
the north and south, thus increasing the meridional component. Blocking, a main
dynamical driver of heat waves, is a multi-scale process with a lifetime ranging
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Figure 1: Schematic representation of processes contributing to midlatitude summer heat-
waves. From Domeisen et al. (2022).

from days to weeks, or in exceptional cases, even months (e.g. Kautz et al., 2022).
Therefore, various processes occur around blocks, and what prevails defines the
onset and decay phases.

Several previous studies focused on the effect of large-scale atmospheric modes
of variability on Eurasian heat waves. For example, the summer North Atlantic Os-
cillation was identified by Folland et al. (2009) and contributed to the 2018 summer
heat wave (Kueh and Lin, 2020). Another large-scale mode of variability, the sum-
mer Northern Hemisphere annular mode, may play a role in heat wave formation
and maintenance, as it was illustrated by Feudale and Shukla (2011) and Ogi et al.
(2005) for the 2003 European heat wave.

Blockings are considered to be a part of Rossby waves propagating away from
sources and their further amplification (White et al., 2022). There is no unifying
theory which could explain the entire process. One of the existing mechanisms is
the global teleconnection pattern (Ding and Wang, 2005), described as a circum-
global wave train within a jet stream, a narrow band of upper tropospheric winds.
For instance, Drouard and Woollings (2018) showed that the formation of block-
ing over Western Russia is preceded by a low-frequency large-scale wave train
and defined by low-frequency processes. Schubert et al. (2011) identified recurring
Eurasian stationary waves as part of the variability during the 2003 European and
2010 Russian heat waves. Deng et al. (2018) found that jet weakening over the At-
lantic region leads to the amplification of the Rossby-wave trains at the jets’ exit,
thus strengthening anticyclones over Eastern Europe and Northern China.

The Rossby waves are usually excited due to diabatic heating (heating caused
by energy exchange) in the tropics (e.g. Teng and Branstator, 2019). Di Capua et
al. (2020) analysed the connection between tropical convective activity and circum-
global Rossby-wave trains and found the influence of the South Asian monsoon
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on the circumglobal teleconnections, particularly in the Eurasian region. Trenberth
and Fasullo (2012) demonstrated that the atmospheric blocking during the 2010

Russian heat wave was maintained by the anomalous Rossby wave train from the
tropics. Schneidereit et al. (2012) showed that La Niña conditions favour the oc-
currence of the blocking observed during this heat wave by modulating stationary
waves.

Another proposed forcing of Rossby waves is found in polar regions through
Arctic amplification (e.g. Coumou et al., 2018), the theory of wave excitation due
to rapidly warming high latitudes. The role of this process is actively debated due
to model biases in these regions (e.g. Anstey et al., 2013), the way waviness is
analysed (e.g. Screen and Simmonds, 2013) and the lack of a sufficient length of
observations, as these mechanisms act on larger scales (e.g. Blackport and Screen,
2020). Another disputable theory is quasi-resonance amplification (Petoukhov et
al., 2013), which relies on resonance between two components of Rossby waves,
the stationary parts (excited due to orography and land-sea contrasts) and the
travelling or free parts. The resonance occurs in the presence of waveguides, in
other words, two jet streams on two latitudes, and thus travelling Rossby waves
are trapped. The trapped Rossby waves resonate with stationary Rossby waves,
which results in increased wave amplitudes observed during several heat waves
in recent studies (e.g. Kornhuber et al., 2019). However, the lack of sufficient data
length, and the necessity of idealised experiments, means that this theory remains
disputable.

Instead of circumglobal Rossby-wave trains, it is suggested that upper-
tropospheric Rossby-wave packets (RWPs) are dominant in heat wave formation
(Chang, 2001). RWPs are defined as localised large-amplitude waves. Fragkoulidis
et al. (2018) demonstrated that the surface extremes are better confined with
RWPs rather than circumglobal patterns. Ali et al. (2021) revealed recurrent
synoptic-scale RWPs as being important in modulating the persistence of heat
waves. It has been shown in some studies (e.g. Chang et al., 2016) that synoptic
variability is expected to decrease along with the weakening of the jet stream
(Coumou et al., 2015). However, according to theory (Coumou et al., 2014), the
weakening of zonal flow leads to meandering, which leads to wave amplification
and, consequently, to more extremes on the surface. Therefore, it is unclear what
is leading what, which in turn affects future projections.

Another cause for future projections’ uncertainties is systematic errors (biases)
in general circulation models (GCMs). For example, biases in North Atlantic SSTs
affect the representation of several processes, including blocking and heat waves,
over Europe. Nabizadeh et al. (2021) demonstrated that the cold North Atlantic
SSTs, observed in early summer, favour jet stream meandering and the ridge over
Europe and, thus, triggering heat waves in 2015 and 2018. Extratropical SSTs are
connected with tropical SSTs (e.g. Wu et al., 2007). Tropical SSTs, being Rossby
wave sources, also influence monsoon onset, which is shown to affect heat wave
occurrences, as very hot and dry long periods (e.g. Teng et al., 2013). Indian Ocean
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SSTs are found to have an influence on heat waves over Europe (e.g. Bader and
Latif, 2005; Behera et al., 2012), whereas Pacific SSTs have more relevance to hot
extremes over northern America (e.g. McKinnon et al., 2016).

On shorter spatiotemporal scales, the thermodynamic drivers can be of the same
importance as the dynamic ones, which are mainly represented as the advection
of tropical air masses for midlatitudes (Della-Marta et al., 2007) and warmer air
masses for high latitudes. The latter is found to be a reason for the recent Antarc-
tic heat wave of March 2022 (Turner et al., 2022). Nevertheless, the advection is
of second-order importance for European heat wave formation. The primary fac-
tor is air subsidence (downward motion) from upper levels. For the British Isles,
as an example, along with subsidence, adiabatic heating (heating caused by air
mass compression without heat transfer) is primary in heat wave formation. In
contrast, the thermodynamic factor is becoming more important for western Rus-
sia through diabatic heating and influence from remote energy fluxes (Zschen-
derlein et al., 2019). The energy transfer between the atmosphere and surface is
provided through energy fluxes (sensible and latent heat fluxes). The sensible heat
flux represents the direct heat transfer, whereas the latent heat flux depends on
the moisture content and energy release through evaporation. Therefore, the lesser
the moisture, the smaller the latent heat fluxes and the larger the sensible heat
fluxes. The larger sensible heat fluxes mean more surface warming and drier soil,
thus, generating positive soil-moisture-temperature feedback, inevitably resulting
in prolonged heat waves and droughts. For instance, Whan et al. (2015) showed
that this feedback also plays a role in spring dry soil anomalies, which are consid-
ered to be precursors to summer heat waves over Europe. Similarly, Schumacher
et al. (2019) pointed out the importance of considering remote heat fluxes as their
advection favours the occurrence of intensive heat waves.

The coupling between land and atmosphere can also explain different types of
heat waves. Thomas et al. (2020) demonstrated that daytime and nighttime heat
waves have different mechanisms. For daytime, clear-sky conditions increase in-
coming shortwave radiation, which enhances sensible heat fluxes of dry soil, and
leads to a rise in surface temperature. Nighttime heat waves occur mainly due to
scattered radiation, moist air and temperature advection. Similar processes have
been outlined for another type of heat wave - the wet heat wave, a phenomenon
recently separated due to the vital role of humidity (Yu et al., 2021). The high hu-
midity limits water vapour release from the soil, which is important for cloud
formation and surface cooling. Other factors like vegetation and land use can
accentuate or mitigate land-atmosphere feedback. In the case of vegetation, the
effects can be described via mechanisms of evapotranspiration, the process involv-
ing plant transpiration and moisture evaporation from the soil. If transpiration is
weak and moisture content is low, the atmosphere is less humid, and vice versa.
Even the type of vegetation is important: broad-leaved or needle-leaved forests are
more likely to reduce heat (e.g. Schwaab et al., 2020; Eyster and Beckage, 2022).
As for land use, it is known that irrigation decreases surface temperature, meaning
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that agricultural activities are non-negligible in areas where heat waves are more
likely to occur (Lobell et al., 2008).

To conclude, heat waves are multi-scale processes. It involves planetary scales
with Rossby waves and remote SST anomalies, along with local effects where the
vegetation and moisture content defines its further evolution. To better understand
the processes leading to extremes, several studies (e.g. Terray, 2021; Wehrli et al.,
2019) used different approaches to disentangle dynamic and thermodynamic fac-
tors. According to Suarez-Gutierrez et al. (2020), the dynamic factor is the domi-
nant driver of variability in extreme European summer temperatures in the present
and future. However, it has been found that, in the future, local thermodynamic
mechanisms will prevail in extreme occurrences. However, related future dynamics
(atmospheric circulation) projections are largely uncertain (Shepherd, 2014), and
current models contain numerous biases, which are discussed in Section 2.3.

2.1.2 Statistics of atmospheric circulation associated with heat wave

The climate and its variability are characterised by a broad spectrum of spatiotem-
poral scales. In each window of this spectrum, there is an infinite number of modes
and their interactions. When extreme events, such as heat waves, occur, some inter-
actions might be enhanced or weakened. To identify robust features, the statistical
analysis offers a variety of methods. Inferential statistics, or the analysis of distri-
butions of the variables of interest, is traditionally applied in order to draw con-
clusions about the processes behind the data. This thesis aims to understand the
distributions of the global balanced circulation and how they change during heat
waves by ascribing them to certain theoretical distributions. According to the cen-
tral limit theorem, in high-dimensional systems, such as atmospheric circulation,
sums of independent distributions with equal mean and variance will be Gaus-
sian. Moreover, variables averaged or summed over long enough periods would
also exhibit Gaussian or "normal" behaviour.

Nonetheless, in general, atmospheric fields are found to be non-Gaussian (e.g.
Sura et al., 2005). Probability distributions of near-surface temperatures from dif-
ferent locations are shown to be skewed. With the help of Monte-Carlo simulations,
Perron and Sura (2013) computed the skewness of several atmospheric variables
from every grid. For instance, the temperature at 925 hPa is characterised by non-
Gaussian distribution dependent on climatological highs and lows that define the
sign of skewness. The skewness of low-level zonal wind is positive in the tropics,
but changes sign in mid and high latitudes. Zonally averaged fields have almost no
skewness. Positive skewness is found in the Northern Hemisphere in the merid-
ional wind but positive in the Southern Hemisphere with some small regional
differences, probably associated with impacts from the surface. For the horizontal
wind speed, the skewness is mainly positive globally, except for localised negative
skewness in tropical regions. The distribution of low-level horizontal wind is likely
described by Weibull distribution or a special case of Rayleigh distribution. At
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higher vertical levels (300 hPa), the skewness of the relative velocity field depends
on latitude but with maximum values near the jet streams. Barnes and Polvani
(2013) discussed jet stream latitude anomaly distributions in GCMs and identified
that those models, which tend to simulate jets closer to the equator, are usually
more positively skewed. The skewness is zero or even negative in models where
the jet stream is closer to the poles. Geopotential height at 500 hPa has positive
skewness in equatorial and polar regions, but it is negative in the midlatitudes.

Therefore, the above-mentioned scientific literature highlights the importance of
considering skewness, as most distributions are asymmetric with respect to the
mean. Furthermore, changes in skewness, along with excess kurtosis, a measure
relative to the normal distribution, reflect changes in the probabilities of tails and
hence, probabilities of extremes in the data. Statistical modelling studies of ex-
tremes often apply extreme value theory. This theory allows for gaining return
levels which would not be present in observational data but are essential in in-
frastructural engineering, insurance and other sectors with long-term planning.
However, the major challenge in applications to climate data is the small length of
such data sets because the statistics are performed on tails of distributions which
often contain a small number of occurrences.

Still, skewness and excess kurtosis are useful parameters to describe non-
Gaussian distributions. For instance, χ2 distribution is used to define the number
of degrees of freedom as a criterion for modelling heat waves in Australia
(Wong, 2015). The concept of the number of degrees of freedom often appears in
physical and mathematical studies. In dynamical systems theory, it is exploited
to evaluate different regimes. On the example of the blocking regime over the
Atlantic, Lucarini and Gritsun (2020a) showed that the number of degrees of
freedom is increased during the onset and decay of blocking; therefore, these
states are of low predictability. In contrast, during the mature phase, the number
of degrees of freedom decreases; therefore, these states are highly predictable.
Another advanced statistical method - the large deviation theory - applied by
Galfi and Lucarini (2021). The results showed that the dynamic of persistent
weather patterns observed during heat waves is part of the natural variability
of the climate. However, it is also rather atypical in terms of the intensity of the
considered anomalies.

Moreover, the application of dynamical systems theory and large deviation the-
ory to climate and weather problems is relatively new. More traditional and in-
tuitive methods are based on correlating atmospheric fields representing atmo-
spheric motions (geopotential height at 500 and 300 hPa or streamfunctions on
similar levels) corresponding blocking indices with surface variables, mainly 2 m
temperature (T2m) (e.g. Sousa et al., 2018). For example, Pfahl and Wernli (2012)
found that the evolution of blocking is strongly connected to heat wave formation
by correlating events of intensive blocking with extreme T2m values.

The Fourier transform is a widely used approach for analysing atmospheric
fields, where data are projected into a set of trigonometric functions. It allows
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analysing the wavenumber spectra, including dominant frequencies identified as
peaks in the spectrum within a specified domain. For the midlatitudes and on
monthly scales, Screen and Simmonds (2014) found the change in the mean and
variance of the distribution of large-scale waves (zonal wavenumbers 3-8) during
temperature extremes compared to near-averaged weather. In a similar way, sev-
eral studies (e.g. Coumou et al., 2014; Kornhuber et al., 2017) revealed that the
Fourier amplitudes of zonal wavenumbers 5-8 of meridional wind at different lev-
els are amplified during recent heat waves. Not only the Fourier amplitudes but
also phase speeds are investigated in relation to temperature extremes. Riboldi et
al. (2020) used composites of high and low phase speeds of Fourier harmonics ob-
tained from meridional wind at 250 hPa. They confirmed findings from previous
studies (e.g. Kornhuber et al., 2019) showing that low phase speeds are typical
during surface temperature extremes.

Empirical orthogonal functions are useful in identifying dominant patterns pri-
marily associated with modes of variability. These modes of variability are typ-
ically analysed in teleconnection studies and, in particular, to diagnose Rossby-
wave train propagation (e.g. Tachibana et al., 2010; Schubert et al., 2014). These
studies demonstrated that anomalies in Rossby waves are part of the dynamics
preceding heat waves.

Similarly, self-organising maps (SOMs), which identify patterns based on arti-
ficial neural networks, are becoming more widely used. This approach does not
require approximations, making it more flexible than other methods. Lee et al.
(2017) applied SOMs and found that enhanced teleconnections are highly corre-
lated with temperature extremes over the Northern Hemisphere. Other advanced
methods, such as Peter and Clark - Momentary Conditional Information algorithm
or Maximum Covariance Analysis, are used to detect co-variability between trop-
ical regions as sources of Rossby waves and extremes in the midlatitudes (e.g.
Di Capua et al., 2020; Vijverberg and Coumou, 2022).

In summary, the described methods are used to study particular aspects of heat
waves, including the influence of remote regions. In contrast, I apply a simple
statistical analysis on the distributions of global Rossby circulation to examine
its climatology and how it changes during Eurasian heat waves. The analysis is
performed in modal space after reanalysis datasets are projected into the normal-
mode functions, a concept described in Section 2.2.
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Our picture of the atmosphere is that of a vibrating system with many modes of
oscillations, like a musical instrument.

— (Žagar et al., 2015)

2.2 global three-dimensional modal decomposition

Atmospheric circulation is typically described as wind and temperature fields. In
this thesis, I employ a modal view of global circulation, where these fields are de-
composed into a series of two-dimensional oscillations associated with various ver-
tical structures. This subsection describes a concept, whereas the complete theory
and other applications can be found in Žagar and Tribbia (2020) and the references
therein.

Within linear theory, atmospheric circulation is represented as a set of normal
modes with small amplitudes around the basic state of rest. These motions can
be further separated into low- and high-frequency parts, which I refer to as bal-
anced (Rossby) and unbalanced (inertia–gravity) dynamics with different horizon-
tal and vertical scales. To separate into different horizontal scales, the input data
are projected into the complete set of the Hough functions, examples of which
are presented in Fig. 2. In order to decompose input data into different vertical
scales, the vertical structure functions are applied. These structures are coupled by
a parameter, the so-called equivalent depth. These procedures are incorporated in
the MODES software (Žagar et al., 2015) with the output of the time series of the
Hough expansion coefficients. Every coefficient represents a single normal mode, a
function of the zonal wavenumber, k, meridional mode, n and vertical-mode index,
m.

Figure 2: Schematic representation of the MODES decomposition only for the wind field
at 300 hPa averaged throughout the 2010 Russian heat wave.

The variations in the global circulation can be described by the changes in
modes with different spatio-temporal scales. Spatial variability is represented by
the global total (kinetic plus available potential) energy spectra (e.g. Žagar et al.,
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2017). Temporal variability can also be analysed in terms of the spectra of tem-
poral variance as for example by (Žagar et al., 2020). The temporal variability is
computed as deviations from their respective climatological means over different
time scales (annual, monthly, daily). For heat waves, as multi-scale events, it is
relevant to consider all scales. However, in this study, I discuss only intramonthly
variability, where I identify significant changes. The results are presented in Sec-
tion 3 and Appendix A.

2.3 heat waves and related atmospheric circulation in the cmip

models

Numerical models in weather and climate are mathematical formulations of pro-
cesses governed by natural laws. There is a wide range of model applicability:
the verification of specific hypotheses, the prediction of system evolution, and the
treatment of missing data. Before models can be applied to any of the tasks, they
have to be validated with observational datasets, reanalyses or other models.

The largest project, where models are validated and re-applied, is the Coupled
Model Intercomparison Project (CMIP). It consists of several phases, with Phase
6 (CMIP6) being the most recent one with the largest number of models, better
vertical and horizontal resolution, improved physics, and inclusion of more Earth
system components (Eyring et al., 2019).

One of the major aims of CMIP is to perform and evaluate future projections of
climate extremes. In the case of extremes, such as heat waves, this is challenging
due to different definitions of the events and the sensitivity of these definitions
to the input data (Perkins, 2015). Moreover, due to climate change, the time series
of climate variables, including their extremes, are non-stationary, meaning that
what statistical relations identified for the present might not hold in the future
(Seneviratne et al., 2021). Because of these uncertainties, their future drivers and
interconnections still need to be fully understood. Nevertheless, future heat wave
projections are considered to be robust and display a severe global increase in
magnitude and frequency by the end of the century (Seneviratne et al., 2021).

It is important to keep in mind that models are biased. In other words, there
is a discrepancy between actual Earth system processes and our simulations of
them. To reduce this discrepancy, process-based estimation studies are performed.
In the case of extreme surface temperatures, for example, several studies (e.g.
Wehrli et al., 2019) reported that biases in thermodynamics lead to higher surface
temperatures in models. In contrast, blocking tends to be underrepresented (e.g.
Davini and d’Andrea, 2020). Both affect the representation of heat wave metrics.
In this spirit, I first give an overview of CMIP models’ performance of heat waves,
blocking and associated Rossby waves with their biases origins discussed in the
second part of this subsection.
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2.3.1 How well are they simulated?

In order to numerically simulate the climate system, one has to know the gov-
erning dynamical and thermodynamical equations. The thermodynamic energy
equation describes the evolution of temperature. The quasi-geostrophic theory is
a good description of the large-scale atmospheric circulation in the midlatitudes.
However, the mathematical description of heat waves and blocking remains a chal-
lenge partially due to the involved sub-grid-scale processes unresolved in climate
models. Therefore, model biases are inevitable. To evaluate the impact, the model
performance is usually assessed.

The heat wave performance is analysed throughout CMIP model generations
and related metrics. CMIP Phase 3 (CMIP3) performs well at capturing monthly
hot extremes (Yao et al., 2013). Daily extreme indices (the number of warm days,
maximum temperature, the number of tropical nights) in CMIP5/6 are compara-
bly well simulated with a decreased inter-model spread from CMIP3 to CMIP5

(Sillmann et al., 2013) and from CMIP5 to CMIP6 (Kim et al., 2020).
However, global warm spell duration remains overestimated (Fan et al., 2020),

whereas global heat wave frequency is still underestimated (Hirsch et al., 2021).
Di Luca et al. (2020) demonstrated that warm biases in temperature anomalies on
the global scale are the result of biases in regional estimations, such as mean and
maximum temperatures (e.g. Park et al., 2016) and their percentiles(Kim et al.,
2020). These variables significantly differ from observations in CMIP5/6 models
over Europe (Cattiaux et al., 2013; Carvalho et al., 2021). Marginal improvements
from CMIP5 to CMIP6 are also found in the representation of heat wave duration
and magnitude (Hirsch et al., 2021).

Plavcova and Kyselỳ (2016) demonstrated that a mismatch in heat wave duration
is connected to the misrepresentation in blocking persistence. Schiemann et al.
(2020) showed that the model’s median spread had not been changed for blocking
persistence, but it decreased twice for blocking frequency from CMIP5 to CMIP6.
However, Davini and d’Andrea (2020) identified that blocking frequency is still
underrepresented in models. Therefore, blocking and heat waves representation
still suffer from biases identified in previous generations (Schiemann et al., 2020).

The representation of blocking is affected by the zonal-mean flow and Rossby
wave propagation. While several biases in the zonal-mean flow are identified
(Berckmans et al., 2013), the midlatitude Rossby wave climatology is well repro-
duced in CMIP5 and CMIP6 models (Luo et al., 2022). Nevertheless, biases in
Rossby waves might originate from their sources, such as orography, land-sea
contrast and tropical diabatic heating. Nie et al. (2019) discussed the climatology
of the Rossby wave sources (RWS) during the summer season. It is found that
RWS are reproduced in the ensemble mean of the CMIP5 models over the globe
but overestimated in the subtropics and underestimated in the midlatitudes.
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To conclude, despite an overall improvement in CMIP models, biases are iden-
tified in global and regional metrics of heat waves and the related atmospheric
circulation. The second part of the subsection explores their possible sources.

2.3.2 Possible sources of the biases

Biases in numerical models have different origins: numerical scheme, i.e. how fu-
ture states are connected with previous ones; resolution, i.e. how fine the grid
(the size of cells) is constructed to capture physical processes; parameterisations,
i.e. representation of sub-grid-scale processes and complex processes that cannot
be described by the model equations based on numerical schemes and equations
derived empirically. The above sources of biases affect the representation of heat-
waves and the associated atmospheric circulation as well. Problems with numerical
schemes lead to blocking and heat waves simulations straying from observational
data. A resolution that is too course does not allow for the capture of physical
processes affecting the blocking and heat wave lifecycles. The issue with parame-
terisation influences all those mentioned above because many processes essential
for heat wave evolution are parameterised. Thus, by improving all of these aspects,
the representations of heat waves and blocking have to be improved as well.

The most common way, or "cure for biases", is the increase in temporal and
spatial resolution. More time steps mean that the evolution is captured more ac-
curately, while more processes can be resolved with finer horizontal and vertical
grids. Moreno-Chamarro et al. (2022) demonstrated that an increase in horizontal
model resolution improves the overall performance of climate models by reducing
biases in the midlatitude SST and zonal winds along with precipitation and cloud
cover in the tropics. Moreover, according to Di Luca et al. (2020), the errors in tem-
perature extremes are reduced in models with higher resolution. However, in the
example of blocking frequency, Davini and d’Andrea (2020) illustrated that biases
are not entirely alleviated simply by improving resolution.

Over the Euro-Atlantic region, for instance, the biases in blocking representa-
tion can be associated with smoothed topography and overall parameterisations
of convection and microphysics. Sandu et al. (2019) showed that the representa-
tion of the atmospheric circulation might be affected by how parameterisations
deal with topographic processes. This also affects the representation of large-scale
quasi-stationary Rossby waves because they originate from orography, which is
poorly represented in models (Pithan et al., 2016).

According to Zelinka et al. (2020), the biases in the parametrisation of low-level
clouds can explain with higher 95th percentiles for warm extremes in CMIP6 mod-
els. Fewer clouds and, therefore, a drier atmosphere leads to higher surface tem-
peratures in the model simulations. Higher surface temperatures lead to larger sen-
sible fluxes which, in turn, affect blocking maintenance (Pfahl et al., 2015). Remote
fluxes can lead to biases as well. Lee et al. (2019) illustrated that biases in Arc-
tic moisture flux are connected to tropical temperatures in the upper troposphere.
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Thus, due to the effect of remote biases, the improvement of local processes is not
sufficient.

Another strategy to diagnose and alleviate biases is to perform simulations
where some parts of the Earth system (ocean, for instance) are uncoupled from
other parts (atmosphere, for instance). Uncoupling the ocean from the atmosphere
means that the air-sea interaction, the connection between atmosphere and ocean,
is missing. These simulations are called "atmosphere-only" and, in the CMIP frame-
work, they are known as Atmospheric Model Intercomparison Project (AMIP)
experiments. These experiments allow diagnosing only the atmospheric model,
where SST and sea ice are observed. By comparing it with coupled simulations,
reveals whether errors remain when SST and sea ice are prescribed. One of the
numerous studies using this diagnostic tool, Scaife et al. (2011) illustrated that
blocking climatology is presented better in "atmosphere-only" runs. On the con-
trary, Davini and D’Andrea (2016) showed that both simulations perform similarly.
Therefore, the effect of biases associated with SST errors is an ongoing challenge.

Overall, several studies show a marginal improvement in heat waves and block-
ing simulations between different CMIP generations, suggesting that significant
improvements in spatial resolution, cloud parameterisations and many resolved
processes do not guarantee that models will be free of biases. This holds espe-
cially for the Euro-Atlantic region: numerous studies focus on this region using
high-resolution models and improved parameterisation, but still, the blocking per-
sistence is not well-captured (e.g. Kautz et al., 2022) and surface temperatures still
deviate from observations (e.g. Carvalho et al., 2021).
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3
C O N T R I B U T I O N S O F T H I S D I S S E RTAT I O N

Sections 2.1 and 2.3 demonstrated how much has been accomplished to under-
stand and simulate heat waves and associated atmospheric circulation. Still, ques-
tions of what processes lead to heat waves, how they are maintained, and how
atmospheric circulation responds remain open. Furthermore, to understand the
whole picture, not only local or regional processes should be considered, but also
global-scale processes. As an initial step in better understanding the connection be-
tween heat waves and global Rossby wave circulation, I formulated the following
research questions outlined in Section 1:

• How do heat waves, by definition regional phenomena, affect the global troposphere-
barotropic Rossby wave spectrum?

• What large-scale processes are associated with signatures of heat waves in the global
variance spectra?

• Do heat waves have the same signatures in CMIP5 models on planetary scales as in
reanalyses?

To answer the first question, I analysed anomalies in global total energy (the
kinetic energy plus the available potential energy) in modal space. The interpreta-
tion of energy anomaly results allows answering the second question with the help
of computed intramonthly variances, i.e. global variance spectra. The third ques-
tion is answered by comparing results based on reanalysis datasets with CMIP5

models.

3.1 modal statistics and associated processes in rossby circula-
tion across scales

It is evident that the processes in the atmosphere are connected with processes at
the surface. In this thesis, Rossby waves are associated with blockings which are
weather regimes observed during heat waves. Most of the previous studies focused
only on the midlatitudes. Some other studies discussed the effect of extratropical
and tropical dynamics on heat waves (e.g. Trenberth and Fasullo, 2012; Di Capua
et al., 2020) or polar regions (e.g. Coumou et al., 2018). Therefore, the dynamics of
heat waves are connected with dynamics that occur on a global scale. Particularly,
this connection can be considered as heat wave effects on the global circulation.
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While no current study addresses this aspect, I aimed to explore this gap by asking
the following question:

How do heat waves, by definition regional phenomena, affect the global troposphere-
barotropic Rossby wave spectrum?

To answer this question, I performed statistical analysis on global total energy
anomalies, which can be described in several steps.

(i) Reanalysis datasets are projected into the normal-mode functions. Their out-
puts are used to compute energy.

(ii) By subtracting the annual cycle, its anomaly is computed. These time series
are referred to as the climatological Probability Density Functions (PDFs).

(iii) Energy anomalies for days with heat waves are sampled and compared with
climatological PDFs.

In the first step, the four reanalysis datasets: European ERA5 (Hersbach et al.,
2020), ERA-Interim (Dee et al., 2011), the Japanese 55-year Reanalysis (Kobayashi
et al., 2015), and the Modern-Era Retrospective analysis for Research and Applica-
tions (Rienecker et al., 2011), which were projected into the normal-mode functions
over May-September 1980-2014 (for ERA5, 1980-2019). The output of this proce-
dure was daily Hough expansion coefficients, where every coefficient represents
every circulation mode in three dimensions. These three-dimensional coefficients
were used to compute daily energy time series, which, as I found, follow the χ2

distribution in a single normal mode. As examples with wind speed and geopo-
tential height distributions showed, non-zero skewness is expected. Because the
atmosphere is the superposition of different waves on a defined background, the
exact distribution is undetectable.

In the second step, I computed energy anomalies to remove the annual cycle and
then normalised them by standard deviation. Normalised time series were com-
bined into three ranges: the zonal-mean state, planetary-scale, and synoptic-scale
Rossby waves with the troposphere-barotropic part, a structure observed during
heat waves (e.g. Feudale and Shukla, 2011). Figure 3 depicts PDFs consisting of
all time steps and all reanalyses as green bars and curves. I refer to these PDFs as
climatological. Note that Fig. 3a shows normalised energy anomalies for the zonal-
mean state and Rossby waves together. Figure 3 demonstrates that all distributions
are skewed; therefore, the approximation of the χ2 distribution is still valid. The
highest asymmetry is found in the PDFs of the zonal-mean circulation (Fig. 3b)
and planetary Rossby waves (Fig. 3c). The asymmetry is described by skewness, a
parameter used further in the analysis.

In the third step, I proceeded with analysis during heat waves. I employed 2 m
temperature (T2m) in the Eurasian region limited by the Ural mountains (exact
latitude-longitude domain [35◦N-65◦N, 10

◦W-60
◦E]) and then spatially averaged

to obtain T2m time series. Heat waves were defined via the 95th percentile of
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Figure 3: PDFs of the normalised energy anomalies in the global balanced (Rossby mode)
circulation for (a) all wavenumbers, (b) the zonal-mean state, (c) planetary-scale
waves and (d) synoptic-scale waves. The empirical PDFs are depicted as green
bars. The dark green curve is the kernel density estimator (KDE). The red bars
and curves illustrate the same but for the Eurasian heat waves (HWs) listed in
Table 1.

temperature time series with exceedances of more than three days. This procedure
was done separately for every reanalysis. Based on the results, 13 heat wave events
were present in all datasets, with 15 more events only for ERA5 (Table 1). Identified
time steps with heat waves were used to sample energy anomalies. By comparing
the climatological PDFs and the PDFs during Eurasian heat waves (red bars and
curves in Fig. 3), I identified changes in circulation across scales, such as skewness
decrease in the zonal-mean state, its increase in planetary-scale Rossby waves and
an overall shift of the PDF in synoptic waves. To understand the processes that
associated to these changes, I proceeded further and asked:

What large-scale processes are associated with signatures of heat waves in the global
variance spectra?

Presented above statistical analysis revealed changes in the PDFs, one of which
is the increase in skewness in planetary scale-Rossby waves. I found the relation
between relative change in the skewness and the number of degrees of freedom.
According to the analysis, the decrease in the number of degrees of freedom is
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Table 1: Heat waves in Eurasia during May-September 1980-2019

ERA5 ERA-Interim JRA-55 MERRA

Start date Number of detected days

1 1994-09-23 3 3 2 3

2 2006-06-18 12 10 12 10

3 2006-09-20 3 5 6 2

4 2007-05-20 12 12 12 12

5 2007-08-21 6 6 6 6

6 2008-09-05 4 3 4 3

7 2010-06-28 26 27 27 26

8 2010-07-27 21 21 19 21

9 2012-05-09 4 4 4 4

10 2012-06-14 4 3 4 3

11 2013-05-02 7 7 6 5

12 2014-05-17 5 3 3 3

13 2014-06-05 5 6 5 6

14 2015-06-02 3 - - -

15 2015-08-11 3 - - -

16 2015-09-17 11 - - -

17 2016-06-21 4 - - -

18 2016-08-20 9 - - -

19 2018-05-02 8 - - -

20 2018-06-27 4 - - -

21 2018-07-13 22 - - -

22 2018-08-29 7 - - -

23 2018-09-11 12 - - -

24 2019-06-01 3 - - -

25 2019-06-08 5 - - -

26 2019-06-18 3 - - -

27 2019-06-23 4 - - -

28 2019-07-24 3 - - -∑
days 213 110 110 104

25% which is likely associated with the coarse structure and the persistent nature
of blocking.
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By performing additional analysis on intramonthly variance describing temporal
variability, I identified a reduction in zonal wavenumber 3 and an increase in zonal
wavenumber 8, which is likely associated with increased synoptic activity during
heat waves (Shutts, 1983; Yamazaki and Itoh, 2013). With this approach, I detected
the largest change in meridional components for the zonal-mean state, implying
that the zonal wind field is also modified. To assess it, I transformed the data back
to physical space. The result is shown in Fig. 4, where the zonally averaged zonal
wind is depicted. Figure 4b resembles the double-jet structure, where the second
jet stream occurs in high latitudes during heat waves (Ogi et al., 2005; Rousi et al.,
2022a). Figure 4c shows the difference between the climatological zonal wind and
zonal wind during heat waves. According to this figure, there is a weakening and a
slight northward shift of the maximum zonal-mean zonal wind at 45

◦N, whereas,
in high latitudes (60

◦N-90
◦N), the winds are twice as strong as with the largest

difference at 75
◦N.

The processes associated with identified signatures are scale-dependent: the am-
plitudes of planetary waves are increased with intramonthly variability being re-
duced. In contrast, the variability of synoptic-scale Rossby waves is increased with
the probabilities of larger energy anomalies compared to climatology. In the zonal-
mean flow, an increase in variability of meridional modes may be related to eddy-
zonal mean interaction and associated with the weakening of the main jet and
enhancement of the secondary one detected in high latitudes, a structure similar
to the double-jet phenomenon.

Figure 4: Zonal-mean zonal wind in the northern hemisphere troposphere in 1980-2019,
May-Sep ERA5 data. (a) Climatology, (b) Eurasian HWs and (c) HWs - climatol-
ogy.

The analysis demonstrated that Eurasian heat waves have signatures in the
troposphere-barotropic Rossby-wave circulation across scales. According to the
most recent IPCC report (2021), heat waves are expected to become more inten-
sive and frequent. However, no clear trend is found for atmospheric circulation.
Thus, the projections remain uncertain. In this thesis, I was focused on evaluating
how models used for climate projection (CMIP5, Taylor et al. (2012)) simulate sig-
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natures by applying the methodology outlined above. The details are explained in
the following subsection.

3.2 model evaluation in the present climate

The model evaluation is often obtained by comparing observational datasets with
models of different generations. According to numerous studies, heat wave and
blocking metrics are long-lasting challenges for GCMs. Schaller et al. (2018) demon-
strated that the link between blocking and heat waves is well-presented in models;
however, Van Oldenborgh et al. (2022) pointed out that heat wave variability re-
mains to be improved. To identify directions of improvement, one can make use of
several metrics. Signatures discussed in the previous section could also be consid-
ered as metrics. In this thesis, I explored this opportunity by asking the following:

Do heat waves have the same signatures in CMIP5 models on planetary scales as in
reanalyses?

To answer this question, single members of four CMIP5 models (CNRM-CM5,
GFDL-CM3, MIROC5, MPI-ESM-LR) with historical (coupled) and "atmosphere-
only" (AMIP, uncoupled) runs were projected into the normal-mode functions in
the same way as reanalysis datasets. Due to different vertical and horizontal resolu-
tions, the truncation is different; therefore, the number of troposphere-barotropic
modes is also different. For GFDL-CM3 and MPI-ESM-LR, the first five vertical
modes are troposphere-barotropic, whereas for CNRM-CM5 and MIROC5, only
the first two.

Before discussing circulation during heat waves, I discussed how CMIP5 heat
wave representation and the climatology of Rossby waves are similar to ERA5 and
other reanalyses. The climatology is obtained for the 27-year period (1979-2005) for
May-September.

In the first step, I evaluated how heat wave metrics are presented. For each
model and simulation, the set of heat waves was identified. To compare results
among models and ERA5, I employed T2m distributions and metrics introduced
by Perkins-Kirkpatrick and Gibson (2017).

In the next step, I evaluated the similarity of the climatology of Rossby waves
between CMIP5 and reanalyses by discussing their mean circulation with a focus
on how their Rossby-wave patterns resemble each other in physical space. The
comparison was also made in modal space by comparing quantiles of normalised
energy anomaly distributions for the model ensemble and each model separately.
In the first case, I compared the distribution of the model ensemble with the reanal-
ysis ensemble. In the second case, each model’s distribution was compared with
ERA5’s distribution separately. This two-step analysis was performed to under-
stand whether 1) models robustly simulate the climatology and 2) a single model
is capable of simulating the same climatology as ERA5. Similarly, AMIP simula-
tions were evaluated.
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Lastly, I discussed how mean circulation and normalised energy anomaly PDFs
during heat waves are simulated in models with coupled and uncoupled simula-
tions. Mean circulation was analysed for each model separately, while model PDFs
are compared with reanalysis PDFs. The findings are presented in three steps.

In the first step, statistics of heat waves were assessed in CMIP5 models and
ERA5. Models showed similar results in all metrics and were comparable to ERA5

results, including T2m distributions and their anomalies with respect to the mean,
50th and 95th percentiles. No systematic differences between coupled and uncou-
pled simulations were identified.

In the second step, I compared the climatology of planetary Rossby-wave circu-
lation in CMIP5 and reanalyses, along with individual models and ERA5. Most
models showed small differences with ERA5 planetary Rossby-wave climatology,
except MIROC5, where anomalies in the geopotential height field were larger than
in ERA5. Quantile-quantile (Q-Q) plots of normalised energy anomalies demon-
strated a good agreement between models and reanalyses. Nevertheless, higher
quantiles in models were found to be overestimated. A similar pattern was ob-
served when I compared individual models (GFDL-CM3 and MPI-ESM-LR) with
ERA5.

I also compared the confidence intervals (CIs) of skewness and excess kurtosis
by applying bootstrapping procedure on these two parameters for ERA5 and each
model to estimate whether their inter-quantile ranges match each other. For skew-
ness (for excess kurtosis, results were similar) showed that only CNRM-CM5 and
MIROC5 were within CIs identified from the ERA5 distribution, whereas GFDL-
CM3 and MPI-ESM-LR were outside due to larger positive energy anomalies.

Therefore, only CNRM-CM5 demonstrated similar climatology of planetary
Rossby waves, whereas MIROC5 had the largest discrepancies in the time-
averaged (mean) circulation at 500 hPa. In contrast, GFDL-CM3 and MPI-ESM-LR
demonstrated a good agreement in the mean circulation with ERA5, but their
energy anomaly distributions were statistically different from ERA5 distributions.

In the third step, I noted that the mean circulation during heat waves resembled
the same patterns in coupled and uncoupled simulations, whereas the intensity
was reproduced only in uncoupled simulations. Thus, coupled runs struggle to
simulate planetary Rossby circulation during the Eurasian heat waves. I did not
find statistically significant changes in the PDFs of planetary-scale Rossby waves.
It suggests that the temporal variability of energy anomalies in models differs from
those found in reanalyses.

In summary, some signatures are similar to those in reanalyses, but not all.
Coupled and AMIP runs struggle to simulate the temporal variability of energy
anomalies, but at least AMIP can simulate the time-averaged circulation during
the Eurasian heat waves. Further work may shed light on the reasons behind this
result. The explanation might be related to the models’ poor representation of
air-sea coupling. The discussion on possible causes is presented in Section 5 and
Appendix B.
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4
D I S C U S S I O N

This thesis introduces a new methodology of scale-dependent filtering of global
Rossby-wave circulation associated with regional surface extremes, i.e. heat waves.
Although I focused on the Eurasian heat waves, the method can be applied for
any region of interest and other types of extreme events. It is therefore pertinent
to discuss the strengths and limitations of the approach.

Multi-variate diagnostic tool and selection of different horizontal and vertical scales
The applied decomposition is multi-variate, i.e. analysed quantities represent

mass and velocity fields simultaneously. Moreover, by this decomposition, one can
separate three-dimensional atmospheric circulation into a set of modes correspond-
ing to the two prevalent flows (Rossby and inertia-gravity waves).

Global statistics in modal space
The global total energy and its anomalies can be computed for each mode. By

analysing energy anomaly distributions of selected modes, I obtained information
on the temporal variability of energy. The analysis of distributions allows for the
identification of skewness as one of the key parameters to describe changes during
heat waves, which I analysed as a set of events rather than as individual events.

Scale-selective filtering
Selected modes of atmospheric circulation can be projected back to physical

space. It allows for diagnosing spatial patterns and their changes during events of
interest.

Based on this, I propose this global multi-variate approach as complementary to
the regional-based single-level Fourier analysis with the following limitations:

Linear solutions
The MODES software applied in this thesis is based on the linearised equation

system, where every normal mode is orthogonal to each other. Thus, no interac-
tions are considered. According to Ma and Franzke (2021), non-linear processes
and their interactions can also play a crucial role in heat wave evolution.

Assumption about dry atmosphere
The linearised system is also adiabatic, meaning that moisture effects are not

directly included. Thus, some effects like latent heat release in clouds and its role
in blocking formation and maintenance (Pfahl et al., 2015) are not represented.

Composites of circulation and inability to track atmospheric dynamics during heat wave
evolution
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In this thesis, I discussed only the composites, i.e. time-averaged circulation over
time steps with heat waves. Thus, I could not estimate how circulation changes
within the heat wave lifecycle. However, the modal regression technique intro-
duced in Žagar and Franzke (2015) might be an addition to the presented method-
ology.
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5
C O N C L U S I O N S

Heat waves involve many different scales. Most studies analysed regional circula-
tion within the midlatitudes. Previous studies also identified that heat waves have
remote drivers. Thus, I formulated the research question in the following way:

How do heat waves, by definition regional phenomena, affect the global troposphere-
barotropic Rossby wave spectrum?

• Several signatures were identified in the PDFs and their skewnesses of
normalised energy anomalies. In the zonal-mean state, the skewness is de-
creased, which is likely associated with the weakening mechanism proposed
by Coumou et al. (2015).

• At planetary scales, I found a statistically significant increase in the skewness
of PDFs with an increase of geopotential height anomalies at 500 hPa over
the region where heat waves were observed.

• At synoptic scales, I detected the statistically significant shift of the entire dis-
tribution, which is likely associated with larger amplitudes observed during
heat waves.

The next step is to relate PDF changes with changes observed in physical space
and intramonthly variance spectra by answering the next question:

What large-scale processes are associated with signatures of heat waves in the global
variance spectra?

• The persistence of blocking is likely associated with a decreased number of
degrees of freedom and reduced intramonthly variability.

• In contrast, the variability of synoptic-scale Rossby waves is increased with
the probabilities of larger energy anomalies compared to climatology. It could
be associated with intense precipitation observed around the blocking.

• In the zonal-mean flow, an increase in variability of meridional modes may be
related to eddy-zonal mean interaction and associated with weakening of the
main jet and enhancement of the secondary one detected in high latitudes, a
structure similar to the double-jet phenomenon.
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CMIP models used for climate projections contain biases in the representation of
heat waves and associated atmospheric circulation. Thus, it is helpful to evaluate
how these models simulate the signatures discussed above. For this, I asked:

Do HWs have the same signatures in reanalyses and CMIP5 models on planetary scales
as in reanalyses?

• All heat wave metrics in models are similar to those in ERA5. I found the
same results in T2m and its anomalies with respect to the mean, 50th and
95th percentiles. Analysis of their box plots revealed the similarity between
models and ERA5.

• The composites of mean planetary Rossby circulation at 500 hPa showed sim-
ilar patterns as ERA5, but a difference in intensity was found. In particular,
MIROC5 tended to overestimate geopotential height anomalies in the midlat-
itudes.

• Comparison between different simulations revealed no significant biases in
SST; however, I noted that anomalies of different sign could cancel each other
out when averaging over time steps.

• The model ensemble with energy anomalies had a good agreement with the
ensemble of reanalysis. No significant difference was identified between his-
torical and AMIP simulations.

• Model-to-model comparison revealed significantly different skewness in en-
ergy anomaly distributions of GFDL-CM3 and MPI-ESM-LR.

• During heat waves, the composites of geopotential height anomalies at 500

hPa among models showed an increase in anomalies over northern Europe,
similar to ERA5. Marginal differences were found among historical and
AMIP runs.

• Analysis of models PDFs, nevertheless, did not exhibit the same shift as in
ERA5, with skewness estimation being largely uncertain. The same applies
to comparisons between simulations along with model and reanalysis ensem-
bles.

To conclude, historical runs of CMIP5 models reproduce patterns but not inten-
sity in the mean circulation of planetary-scale Rossby waves during the Eurasian
heat waves. In contrast, AMIP runs simulate patterns and intensity of Rossby
waves. Thus, this signature is the same in reanalyses and CMIP5 models. However,
another signature, a statistically significant increase in skewness, is not present in
models in both simulations.

On a final note, the key finding of this dissertation is the evidence of the Eurasian
heat wave signatures in the Rossby-wave circulation. These signatures were evalu-
ated in CMIP5 models in coupled and AMIP simulations. The results conclude
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that AMIP simulations can simulate the planetary-scale Rossby circulation but
with discrepancies in the PDFs of the global total energy anomalies. Contrary to
uncoupled runs, coupled simulations have difficulty simulating the signatures in
the planetary-scale Rossby waves. The possible causes are likely associated with
the poor representation of air-sea interactions and the land-atmosphere feedback.
Therefore, further studies should focus on understanding the coupling between
thermodynamic processes near the surface and dynamic processes in the tropo-
sphere, factors both contributing to heat wave development.

5.1 paths forward

The next step would be to investigate the scale-dependent dynamics behind these
signatures. For example, one could compute wave activity fluxes and E vectors
for stationary and transient Rossby waves, respectively. This methodology has al-
ready been applied in Schneidereit et al. (2012), where it has been shown that both
contributed to blocking maintenance in the 2010 Russian heat wave.

Other types of waves might be diagnosed as well. For example, inertia–gravity
waves are prevalent in the tropics, regions known as Rossby wave sources. Other
special types of waves (Kelvin and Mixed–Rossby–gravity waves) could also be
examined as they are shown to be related to Madden-Julian Oscillation, which is
part of dynamics associated with heat waves in the western United States (Lee and
Grotjahn, 2019) and northeastern Asia (Hsu et al., 2020).

The findings of the second paper suggest that coupled simulations cannot
simulate planetary Rossby circulation during the Eurasian heat waves. In contrast,
atmosphere-only (AMIP) simulations are capable of it. Considering the large
importance of parameterisations and known issues, one might study how well
they represent certain processes and how well the connection with the dynam-
ical core of models is presented. For example, the air-sea interactions and the
land-atmosphere feedbacks are the first processes which should be evaluated in
models. The possible reasons for the discrepancy are problems with the schemes
parameterising surface fluxes. These schemes are influenced by the evolution
of SSTs and sea ice together with soil temperatures and soil moisture. Involved
temperature and specific humidity are core variables also used in other schemes
parameterising convection, clouds, and turbulence in the planetary boundary
layer. The parameterisation of convection and clouds affect moisture fluxes which
are essential in simulating soil moisture-temperature feedbacks (Stéfanon et al.,
2014). The parameterisation of the planetary boundary layer and turbulence define
the level of entrainment (or the top level of the planetary boundary layer) and the
strength of vertical mixing, which are crucial for blocking and heat wave evolution
(Wei et al., 2017). This list is not complete. Other possible sources of biases, such
as biases in the zonal-mean state, parameterisation of orography and the effect of
the horizontal and vertical resolution, were discussed in Section 2.3.
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The results obtained for only single members in CMIP5 could also be further
validated by applying the same methodology to CMIP6 models or the entire en-
semble of one model as it has been applied in Suarez-Gutierrez et al. (2020) to
diagnose the simulations of the 2003 European heat wave.

Finally, it is possible to study three-dimensional atmospheric circulation in cli-
mate projections within different scenarios by applying the same methodology.
However, the biases and their sources in the present climate have to be examined
first.
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S I G N AT U R E S O F E U R A S I A N H E AT WAV E S I N G L O B A L
R O S S B Y WAV E S P E C T R A

The Appendix consists of a paper that have been published in Weather and Climate
Dynamics as Strigunova et al. (2022):

Strigunova, I., R. Blender, F. Lunkeit, and N. Žagar (2022). “Signatures of Eurasian
heat waves in global Rossby wave spectra.” In: Weather Clim. Dynam. 3.4,
pp. 1399–1414. doi: 10.5194/wcd-3-1399-2022.

IS developed the algorithm, performed the data analysis and wrote a first draft of
the article. All authors contributed to the study conception and design. All authors
participated in data interpretation and revised previous versions of the article. All
authors read and approved the final article.
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Signatures of Eurasian heat waves in global Rossby wave
spectra

Iana Strigunova1, Richard Blender1, Frank Lunkeit1, Nedjeljka Žagar1

1Meteorological Institute, Center for Earth System Research and Sustainability (CEN),
Universität of Hamburg, Grindelberg 5, 20144 Hamburg, Germany

abstract

This paper investigates systematic changes in the global atmospheric circulation
statistics during Eurasian heat waves (HWs). The investigation of Rossby wave
energy anomalies during HWs is based on the time series of Hough expansion
coefficients representing Rossby waves with the troposphere–barotropic structures
through the extended boreal summer in the European ERA5, ERA-Interim,
Japanese 55-year Reanalysis (JRA-55) and Modern-Era Retrospective analysis for
Research and Applications (MERRA) reanalyses. The climatological Rossby wave
energy distribution is shown to follow a χ2 distribution with skewness dependent
on the zonal scale.

The applied multivariate decomposition reveals signatures of the Eurasian HWs
in the probability density functions (PDFs) of the Rossby wave energy across scales.
Changes in the PDFs are consistent with changes in the intramonthly variance dur-
ing HWs. For the zonal-mean state (the zonal wavenumber k = 0), a decrease in
skewness is found, although it is not statistically significant. A reduction in skew-
ness hints to an increase in the number of active degrees of freedom, indicating
more independent modes involved in the circulation. A shift in the spectral distri-
bution of the k = 0 intramonthly variance is shown to describe a weakening of the
mean westerlies near their core at 45

◦N and their strengthening at high latitudes.
At planetary scales (k = 1− 3), the skewness in the troposphere–barotropic Rossby
wave energy significantly increases during HWs. This coincides with a reduction
of intramonthly variance, in particular at k = 3, and persistent large-scale circula-
tion anomalies. Based on the χ2 skewness, we estimate a reduction of the active
degrees of freedom for the planetary-scale Rossby waves of about 25% compared
to climatology. At synoptic scales (k = 4− 10), no change in skewness is detected
for the Eurasian HWs. However, synoptic waves k = 7− 8 are characterised by a
statistically significant increase in intramonthly variance of about 5% with respect
to the climatology. In addition, a shift of the entire Rossby wave energy distribution
at synoptic scales, along with amplification, is observed during HWs.
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a.1 introduction

Heat waves, periods with the daily maximum temperatures exceeding the climato-
logical conditions by certain thresholds, have been increasing in number and mag-
nitude, especially over Eurasia (e.g. Rousi et al., 2022b). While the current opera-
tional numerical weather and ensemble prediction systems forecast such extremes
several weeks ahead (e.g. Emerton et al., 2022), understanding the mechanism
and dynamics of heat waves poses a challenge. Heat waves (HWs) are connected
with persistent high-pressure systems (blockings). Numerous studies focus on the
onset and drivers of blocking; however, no consensus exists due to the complex-
ity of the dynamical and thermodynamical processes involved (e.g. Kautz et al.,
2022). Blockings are often parts of large-scale quasi-stationary wave patterns (e.g.
Stefanon et al., 2012). On one side, persistent weather patterns are part of inter-

nal variability. On the other side, the effect of climate change on the frequency
and persistence of these patterns is still under debate (Woollings et al., 2018). For
example, Park and Lee (2019) showed that these persistent weather patterns can
be forced or triggered by remote anomalous tropical heating. While the physical
mechanisms leading to blockings are under discussion (Petoukhov et al., 2013;
Nakamura and Huang, 2018; Teng and Branstator, 2019; Wirth and Polster, 2021),
the quasi-stationary behaviour of these wave patterns is shown to lead to concur-
rent extreme events (Kornhuber et al., 2020; Fuentes-Franco et al., 2022).

In contrast to previous studies investigating particular aspects of HWs, our re-
search aims to identify changes in the global Rossby wave energy statistics during
Eurasian HWs and to couple them with the observed circulation. While a num-
ber of studies addressed particular aspects of HWs over Eurasia (e.g. Feudale
and Shukla, 2011; Schneidereit et al., 2012; Trenberth and Fasullo, 2012; Drouard
and Woollings, 2018), their effects on the global spatio-temporal variance spectra
have not been studied. We analyse the global three-dimensional (3D) circulation in
terms of horizontal and vertical scales of the Rossby waves and compare the HWs
with the climatology. As we show, the probability density function (PDF) of the
Rossby wave energy, which is described by the χ2 distribution, changes during the
Eurasian HWs. The changes are quantified by skewness of the PDFs for different
zonal wavenumbers. The associated reduction of the number of active degrees of
freedom compared to climatology can be used to explain the coarse structure of
blocking events in the midlatitude troposphere.

The distributions of atmospheric fields are in general known to be non-Gaussian
(Sura et al., 2005; Perron and Sura, 2013). However, the central limit theorem may
still be applicable when the sums of components in high-dimensional systems are
involved, with assumptions of independent and identical distributions of summing
components1. As we demonstrate, the distributions of anomalies in atmospheric

1 Under the independence of components or variables in a high-dimensional system, one can consider
that their time series are uncorrelated. The identity of distributions of summing components can be
regarded in terms of their mean and variances being equal.
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energy can appear visually close to the normal distribution due to the central limit
theorem. However, the energy anomaly distributions are still skewed, which can
be considered an inherited property from energy (χ2 distributions). The skewness,
γ, of the χ2 distribution is given by

√
8/df, and the excess kurtosis, κ, is given by

12/df with the number of independent degrees of freedom denoted by df (Wilks,
2011). In the χ2 distribution, the term “degrees of freedom” is defined by the num-
ber of sum of squares of independent (uncorrelated) normally distributed variables.
In our analysis, the number of degrees of freedom is the number of all possible
modes used in the projection, while the number of active degrees of freedom is
a measure of the concentration of energy in large wavenumbers during a heat
wave. It is important that localised structures like blocking do not consist of a fi-
nite set of low wavenumber modes but can also include contributions from higher
wavenumbers (as is the case for Fourier series). Therefore, the number of active de-
grees of freedom is not a sharp condition but can be used to measure the system’s
complexity. Note that because the atmospheric circulation is the composite of the
zonal-mean state and the superposition of waves which might be dependent, the
statistical properties might deviate from the ideal situation.

Advanced statistical methods are common tools in the research of extreme
weather events. For example, Galfi and Lucarini (2021) analysed surface HWs
using the large deviation theory and found that the associated persistent atmo-
spheric patterns are not typical (in the statistical sense) when compared to the
climatology, but follow a dynamic which is already encoded in the natural climate
variability. Lucarini and Gritsun (2020b) considered blockings to be manifestations
of unstable periodic orbits and their stability to be an indicator of predictability
and the involved number of degrees of freedom. They find low predictability
at the onset and the decay and increased predictability in the mature phase of
blocking events in the Atlantic.

A more common tool for the examination of midlatitude circulation during heat
waves is the Fourier series analysis of single-variable data along the latitude circles.
This approach identifies anomalies in the planetary- and synoptic-scale Rossby
waves during extreme events in terms of the Fourier amplitudes and phases of tem-
perature, geopotential or wind variables at different levels. For example, Screen
and Simmonds (2014) found a significant increase in the monthly variance and
mean of anomalies of the Fourier amplitudes of 500 hPa geopotential heights for
zonal wavenumbers 3-8 and suggested that amplified planetary waves are con-
nected to temperature and precipitation extremes. Coumou et al. (2014) analysed
wind fields at 300 and 500 hPa and found that zonal wavenumbers 6− 8 are the
most probable candidates for quasi-resonance (amplified quasi-stationary Rossby
waves due to the resonance with free waves trapped within the waveguide) accord-
ing to Petoukhov et al. (2013). More recently, Kornhuber et al. (2019) showed the
coupling between the zonal wavenumber 7 in daily wind and temperature data
at several standard pressure levels and surface extremes, such as HWs and floods
which occurred during the boreal summer 2018.
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Our heuristic approach to spectral analysis of HWs considers the horizontal and
vertical scales simultaneously by using the normal-mode function (NMF) decom-
position to project daily circulation fields onto Rossby and non-Rossby components
(Žagar and Tribbia, 2020). The NMF decomposition is multivariate meaning that
the wind and geopotential variables are represented by the same spectral expan-
sion coefficient thereby separating the circulation into the balanced (or Rossby) and
unbalanced (non-Rossby) components2.

Previous applications of the NMF decomposition showed that modal analysis
complements other methods of analysing global circulation by providing scale-
and dynamical-regime-dependent information on the variability and by quantify-
ing it in wavenumber space (Žagar et al., 2017; Žagar et al., 2020; Žagar et al., 2019).
Žagar et al. (2020) quantified amplitudes and trends in midlatitude travelling and
quasi-stationary Rossby waves and in the equatorial wave activity in the reanaly-
sis data. They found a statistically significant reduction of subseasonal variance in
Rossby waves with zonal wavenumber k = 6, along with an increase in variance
in wavenumbers k = 3− 5 in the summer seasons of both hemispheres. However,
they did not attempt to relate these changes to the surface weather or extreme
events. This task is carried out in the present study.

Our goal is to investigate whether and how surface heat waves during boreal
summer over Eurasia affect the global atmospheric variability spectrum. While
it is not evident a priori that regional HWs have their signatures in the global
Rossby wave spectra, we show that this is, in fact, the case. First, we demonstrate
statistically significant changes in the global total energy anomalies probability
density functions (PDFs) during HWs. Then, we interpret the dynamics of the
planetary Rossby waves through the change in active degrees of freedom and in
temporal variance on intramonthly scales. At last, we provide an overall picture of
the changes in atmospheric circulation across scales.

The paper is organised as follows. The 3D decomposition method, statistical
analysis and the heat wave identification algorithm are explained in Section A.2.
Section A.3 contains results. First, we present examples of the NMF decomposition
for two recent HWs. This is followed by the results of statistical analysis of spatial
spectra (climatological and HWs energies) and its interpretation by filtering parts
of balanced circulation back to physical space. Finally, we discuss how temporal
variance spectra change during HWs. Conclusions are presented in Section A.4.

a.2 method and data

In this section we describe our research method that makes use of the NMF de-
composition and the MODES software (Žagar et al., 2015). The method is applied

2 The real-time decomposition of the ECMWF circulation in Rossby and non-Rossby components is
available on the MODES web page at https://modes.cen.uni-hamburg.de (last access: 27.01.2023).
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to the four modern reanalysis datasets. We present the criteria for Eurasian surface
HWs and associated selection method for the spectral expansion coefficients.

a.2.1 Normal-mode function decomposition of global circulation

The NMF decomposition is carried out in the terrain-following global coordinate
system (λ,φ,σ), where σ = p/ps is the ratio of the vertical level pressure p and
the surface pressure ps, λ denotes longitude and φ is latitude. At every time step
t, the horizontal winds (u, v) and geopotential height (h) on σ levels are projected
to precomputed vertical and horizontal structure functions (VSFs and HSFs, re-
spectively). The VSFs are the numerical solutions of the vertical structure equation
whereas the HSFs are eigensolutions of the Laplace equation without forcing and
are given in terms of the Hough harmonics. The Hough harmonics are defined as
a product of the latitude-dependent Hough functions and harmonic waves in the
longitudinal direction (e.g. Žagar and Tribbia, 2020). The horizontal and vertical
structures are coupled by the eigenvalues of the vertical structure equation, the so-
called "equivalent depth". The reader is referred to Žagar et al. (2015) and Žagar
and Tribbia (2020) and the references therein for details of the theory.

The projection of discrete data consists of two steps. In the first step, the data
vector X(λ,φ,σ) = (u, v,h)T is expanded into a series of orthogonal VSFs denoted
Gm according to

X(λ,φ,σ) =
M∑

m=1

Gm(σ)SmXm(λ,φ) . (1)

The vertical-mode index m ranges from 1 to M, the total number of vertical modes,
that can be equal or less than the number of vertical levels. For every m, the nondi-
mensisonal data vector Xm(λ,φ) = (ũ, ṽ, h̃)T is obtained by the normalisation by
the 3×3 diagonal matrix Sm with elements

√
gDm,

√
gDm and Dm, where Dm de-

notes the equivalent depth of the vertical mode m. The nondimensional variables
are denoted with (̃ ).

In the second step, the horizontal nondimensional motions are projected onto a
series of Hough harmonics Hk

n for every m as

Xm(λ,φ) =

R∑
n=1

K∑
k=−K

χkn(m)Hk
n(λ,φ;m) , (2)

where K denotes the total number of zonal waves and R is the total number of
meridional modes. The complex Hough expansion coefficients χkn(m) depend on
three indices: m, meridional mode index n and zonal wavenumber k. For every n,
the projection includes two types of motions: Rossby modes3 (quasi-geostrophic
or balanced dynamics) and inertia–gravity modes that represent divergence-
dominated unbalanced dynamics. The inertia–gravity modes consist of eastward-
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and westward-propagating solutions and together with the equatorial Kelvin and
mixed Rossby–gravity waves constitute the non-Rossby modes that are not used
in this study.

It is the inverse of Eq. (1) and Eq. (2) that is solved in the forward projection. The
second step gives the complex Hough expansion coefficients χkn(m) as

χkn(m) =
1

2π

∫2π
0

∫1
−1

Xm [Hk
n]

∗dµdλ , (3)

where µ = sin(φ) and the asterisk (*) denotes the complex conjugate. The inte-
grations in the zonal and meridional directions are calculated by the fast Fourier
transform and the Gaussian quadrature, respectively.
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Figure A.1: Vertical structure functions (VSFs) for the first seven vertical modes. VSFs are
derived for 43 σ levels using the stability profile of ERA-Interim data. VSFs
that do not change the sign below the tropopause (defined as 250 hPa level)
are troposphere–barotropic modes.

MODES is applied to the four modern reanalyses: European ERA5 (Hersbach et
al., 2020), ERA-Interim (Dee et al., 2011), the Japanese 55-year Reanalysis (JRA-55)
(Kobayashi et al., 2015), and the Modern-Era Retrospective analysis for Research
and Applications (MERRA) (Rienecker et al., 2011). We use daily data at 12 UTC
from 1980-2014 (1980-2019 for ERA5) on the regular Gaussian grid that consists of
256× 128 grid points in the zonal and meridional directions, respectively. Vertically

3 We use both ’modes’ and ’waves’ interchangeably but the latter refers to the case without the zonal-
mean state (k = 0).
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the data are interpolated on the predefined 43 σ levels. The same datasets and
setup were used in Žagar et al. (2020) except that ERA5 has been extended for
the period 2015-2019. The projection is carried out using the following truncations:
K = 100, M = 27, and R = 150 which combines 50 meridional modes for the
Rossby modes, for the eastward inertia-gravity and for westward inertia-gravity
waves modes. Since the mixed Rossby-gravity mode is counted as the first balanced
mode, the present study makes use of 49 Rossby modes for every m and k, with
the meridional mode index going from n = 1 to n = 49.

We are interested in the balanced circulation with the troposphere–barotropic
vertical structure that characterises the midlatitude weather during HWs. This
is taken into account by selecting a subset of the VSFs that do not change their
signs within the tropopause. In the NMF decomposition, the rigid lid is at zero
pressure, just like in the models used for reanalyses. The 43-level datasets ex-
tend vertically up to about 0.5 hPa so that a number of VSFs are characterised
by a barotropic structure within the troposphere meaning no zero crossing below
the tropopause. The first seven VSFs are shown in Fig. A.1. With the middle-
latitude tropopause taken at 250 hPa, the VSFs with m = 1− 5 can be regarded as
troposphere–barotropic modes.

a.2.2 Heat waves

The study area is the Eurasian region limited by the Ural mountains ([35◦N-65◦N,
10

◦W-60
◦E]). The study area is frequently affected by HWs (e.g. Zhou and Wu,

2016), in particular, eastern Europe and western Russia, a location of one of the
strongest HWs observed in recent decades (e.g. Barriopedro et al., 2011). For heat
wave identification, we analyse daily 2 m temperature fields for the extended bo-
real summer (months May to September, denoted MJJAS) from 1980-2014 (until
2019 for ERA5). The identification algorithm of Ma and Franzke (2021) applies
the following two criteria: (i) the temperature exceeds the 95th percentile thresh-
old and (ii) the duration of the exceedance is longer than three consecutive time
steps (three days). Table 1 presents the list of days with HWs in the four reanal-
ysis datasets, which is based on the algorithm. As the identification algorithm is
performed independently for each reanalysis, it is expected to have discrepancies
among them as seen in Table 1. A total of 13 HWs are identified in ERA-Interim,
JRA-55 and MERRA, but the duration of HWs in individual datasets differs. Note
that there are two cases with a shorter duration (2 days instead of 3 days) that were
included to recognise that the four reanalyses reproduce the same HW events. All
together, there are 537 days with HWs; this is about 1.5% of the total number of
days, which is a percentage expected for extreme events.
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Table A.1: Heat waves in Eurasia during May-September 1980-2019

ERA5 ERA-Interim JRA-55 MERRA

Start date Number of detected days

1 23 September 1994 3 3 2 3

2 18 June 2006 12 10 12 10

3 20 September 2006 3 5 6 2

4 20 May 2007 12 12 12 12

5 21 August 2007 6 6 6 6

6 5 September 2008 4 3 4 3

7 28 June 2010 26 27 27 26

8 27 July 2010 21 21 19 21

9 9 May 2012 4 4 4 4

10 14 June 2012 4 3 4 3

11 2 May 2013 7 7 6 5

12 17 May 2014 5 3 3 3

13 5 June 2014 5 6 5 6

14 2 June 2015 3 - - -

15 11 August 2015 3 - - -

16 17 September 2015 11 - - -

17 21 June 2016 4 - - -

18 20 August 2016 9 - - -

19 2 May 2018 8 - - -

20 27 June 2018 4 - - -

21 13 July 2013 22 - - -

22 29 August 2018 7 - - -

23 11 September 2018 12 - - -

24 1 June 2019 3 - - -

25 8 June 2019 5 - - -

26 18 June 2019 3 - - -

27 23 June 2019 4 - - -

28 24 July 2019 3 - - -∑
days 213 110 110 104

a.2.3 Time series of Rossby wave energy anomalies

Our statistics make use of Rossby wave energy anomalies during HWs in compar-
ison to the climatology. We compute the energy time series, their anomalies and
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standard deviations used for normalisation, followed by combining normalised
time series for all troposphere–barotropic modes and statistical analysis. In the
first step, the total energy (the kinetic energy plus the available potential energy) is
computed for every circulation mode ν, ν = (k,n,m), as the square of the absolute
value of the complex Hough expansion coefficient χν:

Iν = Ikn(m) =
1

2
gDm

∣∣∣χkn(m)
∣∣∣2 , (4)

where g is the gravity. For the derivation of Eq. (4), see Žagar and Tribbia (2020) or
Kasahara and Puri (1981).

The time series of the daily total energy, Iν(t), span over the MJJAS period within
35 years (1980-2014) for ERA-Interim, JRA-55 and MERRA (Ny = 35) as well as 40

years (1980-2019) for ERA5 (Ny = 40). The climatological annual cycle is defined
as an average over all years (Ny) for each day in MJJAS as

⟨Iν⟩ =
1

Ny

Ny∑
y=1

Iν,y , (5)

and subtracted from daily energies to compute the energy deviations (or anoma-
lies) as

I′ν = Iν − ⟨Iν⟩ . (6)

In the further analysis, the time series of the anomalous daily energies, I′ν, is con-
sidered to be the climatological state (climatology) as a reference state for the com-
parison with the time series of anomalous energies during heat waves. The latter
is formed combining only time steps of the observed HWs according to Table 1.
For every mode ν, we divide energy anomalies by their climatological standard
deviation σν,

Ĩ′ν =
I′ν
σν

. (7)

The mode-wise normalisation by the standard deviation is crucial since the energy
spectrum is red not only in terms of the horizontal scales (Žagar et al., 2017),
but also in terms of the vertical scale. Note that the entire time series of energy
anomalies (climatology) and time series during HWs are normalised by different
σ. This procedure is applied for every reanalysis independently.

The next step is to split the normalised energy anomalies of the single Rossby
modes into planetary (k = 1 − 3) and synoptic (k = 4 − 10) scales and to aver-
age over the five troposphere–barotropic modes. The mean zonal flow defined by
k = 0 is analysed separately. For each k, averaging is applied also over meridional
modes whenever the results are discussed in terms of the zonal wavenumber. Fi-
nally, we combine the time series of the normalised energy anomalies from the
four reanalyses in the three subdomains of the global circulation: the zonal-mean
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state, the planetary waves and the synoptic waves. Žagar et al. (2020) showed that
the differences between climatological variance spectra for the four reanalyses are
minor. Therefore, our PDFs consist of independent but similar time series. Thus,
we can detect robust features of distributions of energy anomalies across different
datasets.

a.3 results

Our presentation of the results starts by showing that the selected Rossby modes
from the NMF decomposition and the applied HW detection method correspond
to the circulation patterns typical for the HW events. After demonstrating our
methodology, we continue with the statistical analysis of the Eurasian HWs in
global spectra and wrap up by coupling statistical properties with the circulation
changes during HWs. But first we demonstrate in Fig. A.2 that the global energy in
a single Rossby mode is χ2-distributed4. The presented example uses the energy
Iν (Eq. 4) of the Rossby mode with ν = (k,n,m) = (7, 3, 1), which represents a part
of midlatitude barotropic circulation at synoptic scales. The histogram and the fit
of the χ2 distribution with two degrees of freedom, df = 2, correspond to the real
and the imaginary parts of the time series of Ikn(m) = I73(1). The Kolmogorov-
Smirnov test reveals a negligible p-value, confirming the fit. Therefore, we find
that the approximation of χ2-distributed energy is satisfied to a high degree, as
expected.

a.3.1 Northern Hemisphere midlatitude circulation during heat waves

Now we demonstrate that the selected subset of vertical modes is suitable for the
statistical analysis of HWs by showing the climatological state and two selected
events. Figure A.3a depicts the May-September balanced wave circulation (Rossby
modes with k > 0 and all m,n) at σ level close to 500 hPa. The pattern remains
almost the same when only the troposphere–barotropic vertical modes, m = 1− 5,
are retained (Fig. A.3b). This confirms our selection of the VSFs. Figure A.3 is
based on the ERA5 results, but other datasets provide similar results.

The circulation during the Eurasian HWs is commonly associated with the block-
ing and can be in the NMF-filtered circulation during two recent HW events: the
Russian heat wave in 2010 (Barriopedro et al., 2011) shown in Fig. A.3c and the
European heat wave in 2019 (Xu et al., 2020) displayed in Fig. A.3e. The difference
with respect to climatology in Fig. A.3b is seen in greatly enhanced amplitudes of
the anticyclonic circulation over the observed surface temperature extremes (West-
ern Russia and Europe). For the Russian heat wave (Fig. A.3c,d), anomalies over
Asia have been coupled to the Pakistan flood (Lau and Kim, 2012). Similarly, the

4 The Greek letter χ used for the statistical distribution is not related to our Hough expansion coeffi-
cient χν, the notation of which follows Žagar et al. (2015).
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Figure A.2: Atmospheric energy distribution for the Rossby wave with the zonal wavenum-
ber k = 7, meridional mode n = 3 and vertical mode index m = 1 in ERA5 for
1980–2014. The dashed black lines correspond to the theoretical χ2 distribution
(df represents the degrees of freedom).

wavy pattern along the latitudinal belt depicts teleconnections (Teng and Bransta-
tor, 2019). The difference between climatology and HWs (Fig. A.3d,f) shows the
meridional extension of the circulation anomalies from the tropics to the polar
regions in agreement with the suggested coupling of these regions during mid-
latitude extremes (Behera et al., 2012). Overall, the patterns shown in Fig. A.3
are qualitatively known from previous studies. The novelty is that our results are
produced by multivariate filtering of the global 3D circulation, allowing a scale-
dependent quantification of the circulation and anomalies associated with extreme
events.

a.3.2 Global statistics in Rossby-wave space: climatology

Our next step is to investigate how the Eurasian HWs affect the global spatial
variability spectrum, i.e. their impact on global circulation. Here, the term global
variability spectrum refers to the PDFs of the normalised anomalies in global en-
ergy, whereas the effects (or signatures) of HWs imply significant changes in the
distribution of energy anomalies. The climatological PDFs are analysed for zonal
wavenumbers corresponding to three ranges as described in Section A.2: (i) the
zonal-mean state, k = 0, (ii) the planetary-scale circulation k = 1− 3, and (iii) the
synoptic-scale circulation with k = 4− 10. We focus on the skewness which is not
impacted by the normalisation.

Figure A.4a shows the PDF for the case when all zonal wavenumbers are in-
cluded in the analysis. With the skewness equal to 0.38, the PDF clearly deviates
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Figure A.3: (a),(b) Climatological Rossby wave circulation for extended boreal summer (MJ-
JAS) at the σ level close to 500 hPa in the midlatitudes. (a) All zonal wavenum-
bers k > 0, all meridional modes n and all vertical modes m are included. (b)
As in (a), but only troposphere–barotropic vertical modes, m = 1− 5. (c) As
in (b) but for the Russian heat wave (HW) in 2010. (d) Difference between the
(c) and (b). (e) As in panel (b), and panel (f) is as in (d) but for the European
HW in 2019. Coloured contours are geopotential height anomalies (in gpm).
The wind speed is shown by the length of the wind vectors (with 15 ms−1 as
a reference vector).
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from a Gaussian distribution. A deviation from the normal distribution is found
for all three ranges of wavenumbers (Fig. A.4b-d). While the all ranges exhibit
noticeable asymmetry, the skewness for the zonal mean and planetary-scale wave
PDFs is almost 2 times greater than that of the synoptic-scale waves. In addition,
we note that the distributions for the zonal-mean state and the planetary scales are
broader than for the synoptic scales. This may reflect more timescales with a larger
range of magnitudes being associated with large-scale variability in comparison to
the synoptic scales.
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Figure A.4: PDFs of the normalised energy anomalies in the global balanced (Rossby
mode) circulation for (a) all wavenumbers k, (b) the zonal-mean state (k = 0),
(c) planetary-scale waves (k = 1− 3) and (d) synoptic-scale waves (k = 4− 10).
The empirical PDFs are depicted as green bars. The dark green curve is the
kernel density estimator (KDE).

Focusing on the skewness and kurtosis of the PDFs, Figure A.5 shows box plots
of the respective parameters for all four PDFs. Both the climatology and the HWs
are presented in the figure, but the latter will be discussed in the next section to-
gether with the HW PDFs. The robustness of the statistical analysis is checked by
applying bootstrapping with replacement for skewness and excess kurtosis with
1000 realisations for every presented wavenumber range. All results are found to
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be within the defined 95% confidence intervals (CIs) for each wavenumber range
(not shown). The skewness and kurtosis show that the normalised energy anomaly
distribution has the highest asymmetry at the planetary scales and the zonal-mean
circulation seen as extended right tails in the PDFs in Fig. A.4. The different num-
bers of contributing modes can partly explain the different skewnesses in the four
wavenumber ranges. However, changes in the dynamics, such as during HWs, can
modify the skewness and the active degrees of freedom, as discussed next.
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Figure A.5: Box plots for the (a) skewness and (b) excess kurtosis of the PDFs of normalised
energy anomalies for four circulation components: all Rossby modes (all k),
the zonal-mean flow (k = 0), planetary-scale Rossby waves (k = 1− 3), and
synoptic-scale Rossby waves (k = 4− 10). Vertical lines mark 95% confidence
intervals. Green and red shades denote the climatology and HWs, respectively.

a.3.2.1 Changes in the Rossby-wave energy statistics during heat waves

Now we compare PDFs during the observed HWs over Eurasia with the clima-
tology in terms of the skewness and excess kurtosis that diagnose the changes in
shape, especially in the tails of distributions.

The PDFs of the normalised energy anomalies in Fig. 3 demonstrate how prob-
abilities of the energy deviations change during HWs. For the normalised total
energy anomalies (all k; Fig. 3a) the PDF becomes broader with a longer posi-
tive tail indicating more high-energy extremes. For the zonal-mean flow (k = 0;
Fig. 3b) only small changes are visible on the first view. The PDF of the planetary
waves (k = 1− 3; Fig. 3c) shows a shift of the maximum towards negative values
and more positive values. While the aforementioned changes in the entire PDFs
are not significant, we identify a statistically significant change (according to the
Mann-Whitney U test with 95% confidence) in the PDFs of synoptic Rossby waves
(k = 4− 10; Fig. 3d). Here, the complete distribution is shifted to higher values
without change in its shape. The shift can be interpreted as increased positive de-
viations in the synoptic-scale energy during HWs. More energy in synoptic-scale
circulation can be viewed as more intensive cyclones and anticyclones which are
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Figure A.6: As in Fig. A.4, but for the Eurasian heat waves listed in Table 1.
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found to maintain blocking by eddy straining (Shutts, 1983) and selective absorp-
tion (Yamazaki and Itoh, 2013) mechanisms.

How do the skewness and the excess kurtosis change during the Eurasian HWs?
An increase (decrease) in skewness hints to fewer (more) active degrees of freedom,
which can be interpreted as less (more) independent modes contributing to the
variability. This can be caused by both a change in the number of contributing
modes and a change in temporal coherence between different modes contributing.
An increase in excess kurtosis reflects a rise in the probability of extreme values.

Together with the climatology, Figure A.5 shows the skewness and the excess
kurtosis for the HWs. For HW events, the two quantities change qualitatively
the same way for different ranges of the wavenumbers. While we find almost no
changes for the synoptic waves, changes are the largest at the planetary scales in
the excess kurtosis (Fig. A.5b). In this case, the excess kurtosis for extreme events is
approximately twice as large as than climatology, which reflects a rise in the prob-
ability of extreme values. The opposite change is found for the zonal-mean flow,
where skewness and the excess kurtosis decrease; this implies that the distribution
has fewer extreme values. We conclude that anomalies of the planetary-scale circu-
lation show relatively less (and more coherent) variability in general and persistent
anomalies are generated as shown in Fig. A.3d and f, although positive extremes
are more likely. On the other hand, the zonal-mean flow anomalies become weaker
in general, in agreement with Coumou et al. (2014).

The change in skewness allows for the estimation of the change in the active
degrees of freedom during the HWs compared to the climatology. For the esti-
mation, we use the exact relation for the skewness of the χ2-distributed variable,
γ =

√
8/df, where df is the number of squares of the independent Gaussian

variables with a unit variance which defines the χ2-distributed variable. We use
dfe/dfc = γ2

c/γ
2
e, which says that the ratio between the number of active degrees

of freedom during HWs and climatology, dfe and dfc respectively, is equal to the
ratio of their skewnesses γe and γc, respectively. For the planetary waves which
show the largest change, the estimated γe ≈ 1.2 and γc ≈ 0.6 (see Fig. A.5a) yield
a reduction of the active degrees of freedom of about 25% during HWs.

Finally, we make a note of the fact that the changes in PDFs during the Eurasian
HWs apply to the global atmosphere. Our Rossby modes consist of symmetrical
(n odd) and asymmetrical (n even) components with symmetry with respect to the
Equator defined for the geopotential height and zonal wind fields. We checked that
both symmetrical and asymmetrical parts contribute to the PDFs of all meridional
modes. In other words, the Rossby waves in the Southern Hemisphere might have
contributed to the results presented. However, taking into account the lower fre-
quency of atmospheric blocking (Wiedenmann et al., 2002) in the Southern Hemi-
sphere might have contributed to the results presented. However, taking into ac-
count the lower frequency of atmospheric blocking (Wiedenmann et al., 2002) in
the Southern Hemisphere, we may assume that this influence is negligible.
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a.3.3 Changes in planetary-scale circulation during heat waves

The changes in the PDFs for different scales can be physically interpreted by fil-
tering selected Rossby waves to physical space, similar to what has been done in
Fig. A.3. Instead of case studies, we now present the planetary-scale circulation
averaged over all days with observed extremes. As earlier, we show the horizontal
circulation at ERA5 σ level near 500 hPa as representative for the troposphere–
barotropic circulation.

Figure A.7a is very similar to Fig. A.3b which included all zonal wavenumbers.
Figures A.7b and c reveal that during the Eurasian HWs, a large enhancement
of the positive geopotential height anomaly over northern Europe and a negative
geopotential anomaly over the North Atlantic and central Asia take place. The ver-
tical cross sections along the latitude circle 54◦N reveal the expected troposphere–
barotropic vertical structure of anomalous circulation that extends throughout the
lower stratosphere (Fig. A.7d,e). The northward winds over Europe (0◦− 30◦E) and
southward winds over the Asian part of Russia (60◦ − 90◦E) are enhanced during
HWs. Overall, we find an increase in wave amplitudes, and change in phases as
can be noticed by westward and northward shifts in Fig. A.7b,c and Fig. A.7d,e
in the Baikal lake area (90◦ − 120◦E). The results in Fig. A.7 align with Teng and
Branstator (2012) and Ragone and Bouchet (2021), where the zonal wavenumber
k = 3 pattern was found to be dominant for HWs that occurred in the US, France
and Scandinavia. Therefore, the results demonstrate that changes in atmospheric
circulation during surface extremes occur not only regionally but also in remote
regions, similar to the idea of teleconnection patterns noted in recent studies (e.g.
Kornhuber et al., 2019).

a.3.4 Changes in intramonthly variance during the surface heat waves

So far, we discussed signatures of HWs in spatial variance (energy). Now we inves-
tigate related changes in temporal variance on intramonthly scales. The temporal
variance and its square root, variability, are usually studied at single points or us-
ing the time series of atmospheric indices such as the North Atlantic Oscillation.
The global intraseasonal variance was analysed by Žagar et al. (2020) who showed
statistically significant trends in both midlatitude Rossby waves and in large-scale
equatorial waves. Here, we compare the climatological intramonthly variance with
that for the months with the observed Eurasian HWs in all reanalyses.

The unbiased variance (Jkg−1) is computed as

Vν =
1

N− 1

N∑
t=1

gDm|χν(t) − χν|
2 , (8)

where χν is the monthly mean and N is the number of days in a single month. As
the 3D NMF expansion is a complete representation of the system, the components
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Figure A.7: Planetary-scale, troposphere–barotropic Rossby waves (k = 1− 3, m = 1− 5,
all n) at the σ level close to 500 hPa in ERA5. (a) Mean circulation in May-
September in 1980-2019, (b) composite of 28 Eurasian heat waves (HWs) pre-
sented in Table 1 and (c) difference between (b) and (a). Coloured contours
are geopotential height anomalies, every 20 gpm. The wind speed is shown
by the arrow length. (d)–(f) Longitude–pressure cross sections of planetary-
scale geopotential height (colours) and meridional wind (isolines) perturba-
tions along 54

◦N. (d) Climatology, (e) HWs, and (f) difference between (d)
and (e). Solid and dashed contours in (d)-(f) correspond to the northward and
southward meridional wind speed, respectively, every 2 ms−1.
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ν of the state vector are statistically independent and correspond to independent
degrees of freedom, as discussed in Section A.2. The zonal wavenumber variance
spectra are obtained by summing the variances in the five vertical and all merid-
ional modes as previously.

Intramonthly variance is computed for all months and averaged to create the
climatological variance spectrum, Vν. The averaging over all months with heat
waves gives us the HW variance spectrum Vh

ν (here we drop extra signs for the
averaging operator). The relative change in intramonthly variance due to HWs is

Vh
ν − Vν

Vν
or

Vh
ν

Vν
− 1 . (9)

The global intramonthly Rossby wave variance spectrum is shown in Fig. A.8a. It
is a red spectrum, similar to the subseasonal variance spectra in Žagar et al. (2020).
The redness of the spectra in Fig. A.8a makes differences between the climatology
and HWs difficult to detect, but they are made clear by zooming in on the planetary
and synoptic scales displayed as an inset panel. It shows a variance reduction of
about 6% in the zonal wavenumber k = 3 along with the 5% variance increase
in k = 7 − 8. We note that the changes in intramonthly variance are consistent
with the shifts of the maxima of the respective normalised energy anomaly PDFs
(Fig. 3c,d). In addition, the reduction of planetary wave intramonthly variance is
also consistent with the appearance of the persistent large-scale anomaly shown in
Fig. A.7.

The blue shading around the variance spectra in Fig. A.8a depicts the 95%-CI
obtained through bootstrapping. It suggests the largest uncertainty at planetary
wavenumbers. The variance reduction at k = 3 is within 95% CI and is therefore
insignificant. At k = 7− 8, the intramonthly variance during HWs is slightly out-
side the CI; therefore, the variance change is considered significant. We note here
that our findings are based on a relatively small sample of identified HWs and
that many events lasted under a week. To provide stronger evidence, general cir-
culation model (GCM) simulations can be performed, which is the scope of future
studies.

A more detailed view of the changes in the global intramonthly variance during
HWs is provided in Fig. A.8b also including the zonal-mean state. The variance
reduction at k = 3 and an increase at k = 7− 8 are seen across multiple meridional
modes n in agreement with the midlatitude character of HWs. The quantitatively
largest variance change is, however, seen in the zonal-mean state k = 0 with a
positive and negative change in the two asymmetrical meridional modes, n = 4

and n = 6, respectively. The change in k = 0 can be explained using the latitudinal
profile of the zonal-mean zonal wind presented in Fig. A.9. First, it shows that
the maximum zonal-mean zonal wind at 45

◦N during HWs is about 10% weaker
than the climatology and slightly shifted (about 1

◦) northward. The jet near 45
◦N is

more confined in the troposphere, with the 10 ms−1 isoline near 300 hPa compared
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to 200 hPa in climatology. This means that the vertical shear of the mean zonal
wind decreases during the Eurasian HWs.

Other features of the HWs seen in Fig. A.9 are twice as strong as zonal-mean
zonal winds in the latitude belt between 60

◦N and 90
◦N with a peak difference

of up to 3 ms−1 at 75
◦N. The dipole shape of the difference in Fig. A.9c is in

Fig. A.8b seen as a variance decrease in the meridional mode n = 4 and an increase
in n = 6. Note that Fig. A.9 is obtained by filtering χ0n to physical space. Similar
filtering for any horizontal or vertical scale of interest is straightforward, which
makes the holistic modal-space statistics an attractive global complement to the
single-variable, single-level Fourier analysis. We speculate that the enhancement
of high-latitude k = 0 zonal winds is a component of more persistent double jets
over Eurasia during HWs recently discussed by Rousi et al. (2022b).
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Figure A.8: (a) Intramonthly variance spectra of the Rossby waves for the climatology
(blue) and Eurasian heat waves (magenta). The embedded panel shows the
relative change in percentages of the climatology. The blue shading denotes
the 95%-confidence intervals. (b) Changes in the intramonthly variance with
respect to climatology as a function of the zonal wavenumber and meridional
mode including the zonal-mean state.

a.4 conclusions

Extreme events such as surface HWs are accompanied by changes in atmospheric
circulation across many scales. Our study shows that Eurasian HWs have signa-
tures in the global balanced circulation. The changes in global statistics of the
Rossby-wave variance are made evident by analysing the four modern reanalyses:
the ERA5, ERA-Interim, JRA-55, and MERRA datasets. The Rossby waves are iden-
tified by a multivariate projection of the global horizontal winds and geopotential
height on the eigensolutions of the linearised primitive equations on the sphere
with a basic state at rest (the so-called normal-mode functions). A complete pro-
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Figure A.9: Zonal-mean zonal wind in the Northern Hemisphere troposphere in 1980-2019,
May-Sep ERA5 data. (a) Climatology, (b) Eurasian heat waves (HWs) and (c)
climatology - HWs.

jection basis provides global statistics of Rossby waves as a function of the zonal
wavenumber, the meridional mode index and the vertical modes associated with
the vertical structure functions. The method includes scale-selective multivariate
Rossby-wave filtering in physical space offering an attractive global complement
to the single-variable, single-level Fourier analysis.

Our analysis focuses on the Rossby waves with the barotropic structure within
the troposphere that is characteristic of the midlatitude circulation during HWs.
The reconstructed physical space picture of the Eurasian HWs is in agreement
with previous studies (Lau and Kim, 2012; Behera et al., 2012; Coumou et al., 2014;
Teng and Branstator, 2019). We find largely increased amplitudes of the positive
geopotential height anomaly over northern Europe, otherwise typical for the ex-
tended summer period, and a negative geopotential anomaly over the North At-
lantic and central Asia. The anomalous circulation extends throughout the lower
stratosphere. In addition, there are westward and northward shifts in the circula-
tion. During HWs, the zonal mean westerlies somewhat weaken near their clima-
tological maximum at 45

◦N but get twice as strong in high midlatitudes (centred
at 75

◦N). Future work should couple these findings with the study by Wirth and
Polster (2021) on the role of Rossby waves in processes leading to the double jet
formation, recently discussed for Eurasian HWs by Rousi et al. (2022b).

The statistical analysis is carried out on the complex time series of the Hough
expansion coefficients representing Rossby modes across many horizontal scales
with the troposphere–barotropic vertical structure. We demonstrate that the energy
distribution of a single mode follows a χ2 distribution. Statistics of the normalised
energy anomalies show that the zonal-mean state (k = 0) and the planetary-scale
(k = 1− 3) circulation are more skewed than the synoptic and smaller scales, with
extended right tails. Increased skewness of the distribution hints to the reduction
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in active degrees of freedom. This can be interpreted as fewer independent modes
contributing to the observed variability, either because the number of total modes
is smaller or because there is temporal coherence between different modes.

During the Eurasian HWs, the skewness in planetary-scale Rossby waves in-
creases, while the opposite occurs in the zonal-mean state. The increase in skew-
ness for planetary-scale waves reveals the decrease in the number of active de-
grees of freedom during HWs. This aligns with the results of Lucarini and Gritsun
(2020b), which are based on the atmospheric stability during Atlantic blockings.
Based on the χ2 skewness, we estimate a reduction of the active degrees of free-
dom for the planetary-scale Rossby waves during Eurasian HWs of about 25%
compared to climatology.

Consistent changes in wavenumber space are found in the intramonthly variance.
Eurasian HWs are characterised by a statistically significant increase of about 5% in
the intramonthly variance at synoptic scales k = 7− 8 with respect to climatology.
This is consistent with increased synoptic activity during blocking (e.g. Shutts,
1983; Yamazaki and Itoh, 2013). In contrast, a reduction of intramonthly variance
in k = 3 of about 6% is found not to be statistically significant. Future studies with
longer datasets, such as climate model outputs, are an opportunity for models’
validation and larger datasets of extreme events.

Despite the uncertainties due to the limited sample size, our results provide
the following overall picture, consistent with previous studies. During HWs, the
planetary-scale Rossby waves (primarily k = 3) exhibit reduced intramonthly vari-
ability. The involved modes are less independent from one another and a persistent
large-scale anomaly is formed, typically referred to as blocking. On the other hand,
the intramonthly variability of the synoptic Rossby waves increases, particularly at
the zonal wavenumbers k = 7 − 8. The contributions of more active meridional
modes to the zonal-mean flow during HWs, perhaps excited by eddy-mean flow
interactions, show as an enhancement of the mean westerlies north of 60

◦N and
their weakening near 45◦N.

code and data availability. The ERA-Interim datasets are available via
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=ml/ (last
access: 18 November 2022; Dee et al., 2011; https://doi.org/10.1002/qj.828), and
ERA5 reanalysis datasets are available via https://cds.climate.copernicus.

eu/cdsapp#!/search?text=ERA5 (last access: 18 November 2022; Hersbach et al.,
2020; https://doi.org/10.1002/qj.3803). The MERRA and JRA-55 are available at
https://disc.gsfc.nasa.gov/datasets?project=MERRA (last access: 18 Novem-
ber 2022; Rienecker et al., 2015; https://doi.org/10.1175/JCLI-D-11-00015.1) and
https://search.diasjp.net/en/dataset/JRA55 (last access: 18 November 2022;
Kobayashi et al, 2015; https://doi.org/10.2151/jmsj.2015-001), respectively. The
MODES software can be requested via https://modes.cen.uni-hamburg.de.
The time series of the Hough expansion coefficients for the four reanalyses are
available upon the request from the authors.
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abstract

Heat waves (HWs) identified in reanalysis datasets have signatures in the global
Rossby-wave spectrum. In this study, we evaluate the ability of CMIP5 models to
simulate these signatures during extended boreal summer. The evaluation is based
on comparing energy anomaly distributions obtained for ERA5 and other reanaly-
ses with CMIP5 models. Daily energy time series are computed from the time se-
ries of Hough expansion coefficients representing global circulation with the possi-
bility of analysing only troposphere–barotropic planetary-scale Rossby waves. The
procedure of how models simulate Rossby-wave circulation is formulated in three
steps. In the first step, we detect HWs based on 2 m temperatures (T2m) averaged
over Eurasia. The probability density functions (PDFs) of T2m from CMIP5 models
have the same distributions as in ERA5, with little differences in HW metrics. In
the second step, the model ensemble of the climatology of planetary-scale Rossby
waves is found to be well-simulated, but differences among models are noticed. In
the third step, during HW, models have large uncertainty in the skewness of PDFs
of energy anomalies. Thus, the increase in tails is not clearly identified in CMIP5

models compared to ERA5 and other reanalyses. The comparisons of historical
(coupled) and "atmosphere-only" (uncoupled) simulations reveal that uncoupled
simulations represent the mean circulation, while coupled can simulate the Rossby-
wave patterns but not the intensity. Further work is needed to study the underlying
reasons.

b.1 introduction

Record-breaking Eurasian heat waves in recent years have led to devastating so-
cioeconomic and ecological impacts. In the future, they are expected to increase
in duration, magnitude and frequency (Seneviratne et al., 2021) as a consequence
of projected global mean temperature increase due to rising greenhouse gas con-
centrations (e.g. Meehl and Tebaldi, 2004; Fischer and Knutti, 2015), the so-called
"thermodynamical" driver. The influence of the "dynamical" factor for future heat
waves has been studied less due to large uncertainty in regional and global cli-
mate models. The climate projections of blocking atmospheric patterns involved
in heat wave formation vary among regions and exhibit no trend in the Northern
Hemisphere and globally (Gulev et al., 2021; Doblas-Reyes et al., 2021). This can
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be partly attributed to reported biases in the mean flow (Berckmans et al., 2013),
coarse resolution (Schiemann et al., 2017), parameterisations of orographic drag
and convection (e.g. Jung et al., 2010; Pithan et al., 2016). Davini and d’Andrea
(2020) noted improvement in the blocking frequency from CMIP5 to CMIP6 by
increasing resolution and better physics in a newer model generation. However,
blocking over the Euro-Atlantic region is still underrepresented in frequency and
persistence (Fabiano et al., 2020). Despite existing biases, the link between atmo-
spheric blocking and heat waves is well-presented in the large-ensemble CMIP5

(e.g. Schaller et al., 2018; Brunner et al., 2018; Jeong et al., 2022), as it also has been
shown for the European heat wave in 2018 (Li et al., 2020) and in the regional
study over China (Wang et al., 2019). Given that the link is well-represented, it
seems puzzling why models still have large uncertainty in projecting circulation
changes while the global mean surface temperature trends are likely certain (Lee et
al., 2021). Moreover, no study has been attempted to evaluate how well the global
Rossby-wave circulation and its statistics are simulated during Eurasian HWs in
CMIP5 models. Here, we apply the methodology developed by Strigunova et al.
(2022) to assess it.

There are multiple studies (e.g. Thorarinsdottir et al., 2020; Wehner et al., 2020)
investigated heat waves metrics in CMIP5 and CMIP6 models and pointed out that
there is an improvement in heat wave duration and cumulative heat, however, the
magnitude is still overestimated. Sillmann et al. (2013) explored CMIP5 models
by comparing the extreme indices with those from observations and reanalyses.
They found no substantial differences among models; however, warm biases exist
in hot extremes. Daily temperature anomalies are still overestimated in CMIP6,
according to Di Luca et al. (2020). Absolute errors of another extreme index, warm
spell duration, are reduced in CMIP6 to compared to CMIP5 (Kim et al., 2020),
but regional differences remain in CMIP6 (Fan et al., 2020). Moreover, Wang et al.
(2023) showed that CMIP6 models do not capture the June 2021 Pacific Northwest
heatwave.

Plavcova and Kyselỳ (2016) showed that a mismatch in heat wave duration is
connected with the misrepresentation in blocking duration (or persistence). The
model’s median spread for blocking frequency is decreased twice from CMIP5 to
CMIP6, but this does not hold for blocking persistence. The models still suffer
from substantial biases representing blocking duration (Schiemann et al., 2020).
Several studies (e.g. Anstey et al., 2013) identified that biases in the sea surface
temperature (SST) are possible sources of misrepresentation. Masato et al. (2013)
found that blocking over oceans is overestimated, whereas Castanheira and Mar-
ques (2022) showed that the variability of barotropic modes is overestimated in the
North Pacific but underestimated in the North Atlantic. Chen et al. (2021) iden-
tify this connection in the ensemble mean of CMIP5, however, with large spread
among models. Davini and D’Andrea (2016) showed the minor importance of SSTs
in blocking process formation in western Russia. Therefore, the problem of accu-
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rate representation of atmospheric blocking cannot be solved only by improving
one factor but rather the combination of different factors (Woollings et al., 2018).

Better representation in models and, therefore, future changes in blocking are as-
sociated with biases and changes in large-scale Rossby circulation, usually referred
to as its stationary component (e.g. Wills et al., 2019). Several studies (e.g. Screen
and Simmonds, 2014; Fragkoulidis et al., 2018) demonstrated stationary Rossby
waves’ role in the formation of heat waves throughout blocking formation. Nie
et al. (2019) discussed the climatology of the Rossby wave sources (RWS) during
the winter and summer seasons and how it is reproduced in the ensemble mean of
the CMIP5 models. They found that large-scale RWS is reproduced well; however,
most models overestimate RWS in subtropics but underestimate in the midlati-
tudes. East Asia and western North America are regions of the largest differences
among models. The biases in this region can be associated with smoothed topog-
raphy and overall parameterisations of convection and microphysics. Sandu et al.
(2019) showed that atmospheric circulation representation might be topographic
processes are parametrised.

From another perspective, Lee et al. (2019) found that biases in Arctic mois-
ture flux are connected with tropical upper troposphere temperatures. Moreover,
by analysing future projections with RCP8.5, they identified identical biases as
in historical simulations. It highlights that future projections must be analysed
cautiously, and the ensemble mean, used as a proxy for "truth", does not always
represent the picture realistically.

It has also been shown that small biases in upper-troposphere circulation have
a large impact on surface fields in the midlatitudes (Luo et al., 2022). The biases
are estimated via wave amplitudes comparison within zonal wave numbers 1-10

obtained by the Fast Fourier Transform of meridional wind at 250 hPa on weekly
scales with experiments of atmospheric circulation and soil moisture. It has been
shown that CMIP5 models are able to reproduce the summertime Rossby wave
climatology with small biases but it leads to significant underestimation on surface.

Here we present another view on global circulation via normal modes in the con-
text of the connection between heat waves over Eurasia and the global balanced
circulation via three-dimensional diagnostic across different spatio-temporal scales
(MODES). Previous studies show that MODES can be applicable to a wide range
of research questions, including diagnostics components of circulation during ex-
treme events Strigunova et al. (2022). Therefore, here we use the same method to
assess whether CMIP5 models are able to reproduce the troposphere–barotropic
planetary Rossby circulation during Eurasian HWs in the present climate. To an-
swer this, the following questions are addressed:

• Do statistics of HW events in CMIP5 in agreement with ERA5’s?

• Do the climatology of planetary Rossby-wave circulation in CMIP5 in agree-
ment with climatology from reanalysis datasets?
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• Do HWs have the same signatures in reanalyses and CMIP5 models on plan-
etary scales?

b.2 data and methods

Single ensemble members of historical (coupled) and "atmosphere-only" simula-
tions (uncoupled) from four CMIP5 models (CNRM-CM5, GFDL-CM3, MIROC5,
MPI-ESM-LR) are analysed in this study. To identify heat waves, we use 2 m tem-
perature (T2m) over Eurasia, limited by the Ural mountains. Zonal and meridional
wind components and geopotential height fields at model levels are employed to
project model outputs into the normal-mode functions. The climatology is obtained
for the 27-year period (1979-2005) for the months May-September.

b.2.1 Heat Waves

To identify HWs, we applied the same algorithm to reanalysis datasets as in Stri-
gunova et al. (2022). Briefly, daily T2m temperatures are averaged over Eurasia for
every model. Their 95th percentiles are subtracted to remove the annual cycle, and
only positive anomalies are considered. HW is identified when positive values re-
peat more than three-time steps (days). Obtained results show a mismatch in the
dates of identified events. Therefore, the list created on results from reanalyses
cannot be compared with the models’ results.

b.2.2 CMIP5: climatology of Rossby-wave circulation

CMIP5 models are decomposed in terms of the waves associated with two main
dynamical regimes: Rossby waves (balanced regime) and inertia–gravity waves (un-
balanced regime) using MODES (Žagar et al., 2015). The outputs of decomposition
are the daily Hough complex coefficients, where each coefficient is a function of
the zonal wavenumber k, the meridional index, n, and the vertical-mode index, m.
Their total numbers (K, M, N) are truncations of the projection, which depend on
the model’s vertical and horizontal resolutions listed in Table B.1. Based on each
truncation, the number of troposphere–barotropic modes is defined separately for
each model. The details of the procedure can be found in Strigunova et al. (2022).
For GFDL-CM3 and MPI-ESM-LR, the number of troposphere–barotropic modes
is m = 1− 5, whereas for CNRM-CM5 and MIROC5, only the first two vertical
modes (m = 1 − 2). In MODES, the first balanced mode is the mixed Rossby-
gravity mode, which has maximum in the tropics. Therefore, we consider all other
meridional modes except the first one. In this study, only planetary-scale (k = 1−3)
Rossby waves are discussed.
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Table B.1: CMIP5 model parameters and their truncations in MODES (HIST is short for
historical simulation, and AMIP stands for "atmosphere-only" simulations)

Model HIST AMIP Horizontal resolution

CNRM-CM5 + + N64

GFDL-CM3 + + N36

MIROC5 + + N64

MPI-ESM-LR - + N48

Model N. of vertical levels Top level (in hPa) Truncation (K×M×N)

CNRM-CM5 28 10 64× 64× 20

GFDL-CM3 45 0.01 72× 36× 33

MIROC5 37 3.5 80× 64× 25

MPI-ESM-LR 44 0.01 60× 48× 32

b.3 results

Before proceeding to the discussion of models’ ability to reproduce signatures of
Eurasian heat waves in the troposphere–barotropic Rossby circulation, we start
with discussing how HWs represented in models in comparison with ERA5.

b.3.1 Metrics of HWs in CMIP5 models

Before discussing the Rossby circulation during HWs, we are interested in distribu-
tions of daily 2 m temperature (T2m) averaged over the Eurasian region limited by
Ural mountains (or [35◦N− 65◦N, 10◦W − 60◦E] in a latitude-longitude domain).
Figure B.1 shows box plots of temperatures in ERA5 and individual models from
CMIP5. Interquartile ranges (IQRs) are displayed as whiskers with boxes framed
with vertical lines (25th and 75th percentiles) along with lines approximately in
the middle (50th percentile or median). It is seen that all CMIP5 IQRs overlap with
ERA5’s IQR; it implies that distributions are similar. However, we see differences
in the tails of some distributions, such as GFDL-CM3 (only coupled), with shifts
towards lower temperatures. The same model with an uncoupled (AMIP) run
demonstrates IQR, which is closer to ERA5’s, and it has fewer outliers. Another
two models, MIROC5 and CNRM-CM5 (both coupled and uncoupled), demon-
strate distribution shifted towards higher temperatures. Positive biases (in median
of all CMIP5 models according to Flato et al. (2013)) in these models are shown to
be larger than in other models.

The next step is to discuss how anomalies (only positive) from the 95th percentile
of T2m differ among models in comparison with ERA5.
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Figure B.1: Box plots of daily 2 m temperature (T2m) averaged over Eurasia. ERA5 is
shown as a green boxplot. CMIP5 coupled simulations are displayed as blue
box plots, the uncoupled as red box plots. MPI-ESM-LR temperature time se-
ries is displayed as a purple boxplot. Interquartile ranges (IQRs) are displayed
as whiskers with boxes framed with vertical lines (25th and 75th percentiles).
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Figure B.2: The same as in Fig. B.1 but only positive deviations from 95th percentile iden-
tified for every dataset separately.

Fig. B.2 shows box plots only for positive temperature anomalies from the 95th
percentile (the value is computed for every dataset separately). First, all models
are within ERA5’s IQR, demonstrating that distributions are similar. In detail, the
median in CNRM-CM5 is also shifted to the larger anomalies compared to ERA5’s
median. Moreover, it has one of the largest IQR along with MIROC5, with the
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maximum value (more than 2 K) among all datasets. There is no decrease in IQRs
among coupled and uncoupled simulations. Still, there is a decrease in the number
of outliers suggesting that SST biases are likely to lead to larger overestimation. On
another side, there is a clear improvement in CNRM-CM5 when SST is fixed. In
contrast, for MIROC5, there is a small decrease in IQR, and, moreover, in GFDL-
CM3 uncoupled simulations, IQR is larger than coupled. Therefore, the effect of
SSTs is only seen via the number of outliers. However, outliers are sensitive to the
number of samples. With sample sizes of around 100, it is likely that these results
are non-robust. Therefore, the only robust feature is that datasets have similar dis-
tributions of positive temperature anomalies to ERA5, implying that the statistics
on HWs are expected to be similar as well.

As a next step, we want to estimate how similar HWs represented among mod-
els and how they are comparable to ERA5. As estimates, the following metrics
have been used: the number of HW days, the number of HW events, average event
duration, and maximum event duration (Perkins-Kirkpatrick and Gibson, 2017).
All these metrics based on T2m time series averaged over Eurasia are used to see
a more detailed picture of how models perform. According to Table B.2, mod-
els show similar results in all metrics and are comparably close to ERA5 results.
There are also no systematic differences between coupled and uncoupled (shown
in parentheses) simulations.

Overall, we conclude that near-surface temperatures and HWs in CMIP5 models
are similar to ERA5.

Table B.2: HW metrics (Perkins-Kirkpatrick and Gibson, 2017). Uncoupled simulations are
shown in parentheses.

N. of HW days N. of HW events

ERA5 107 23

CNRM-CM5 132 (102) 27 (22)

GFDL-CM3 111 (109) 19 (19)

MIROC5 132 (135) 24 (26)

MPI-ESM-LR 138 21

average event duration (in days) max event duration (in days)

ERA5 4.6 12

CNRM-CM5 4.9 (4.6) 14 (12)

GFDL-CM3 5.8 (5.7) 12 (15)

MIROC5 5.5 (5.2) 13 (11)

MPI-ESM-LR 6.6 15
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b.3.2 Present-day climatology of the troposphere–barotropic planetary-scale Rossby waves
in CMIP5 models

Here, we discuss how the climatology of the troposphere–barotropic planetary-
scale Rossby waves is presented among CMIP5 models throughout the mean cir-
culation in grid space and the normalised energy anomalies PDFs in modal space.
The mean circulation allows us to estimate the similarity of patterns of planetary
Rossby waves averaged in time. The comparison is shown only with ERA5, as other
reanalyses demonstrate similar results. The PDFs of normalised energy anomalies
describe the variability of daily energy in the Rossby wave in each time step. We
can estimate similarity by the quantile-quantile plots. The results are shown only
for every model with ERA5 comparison. We also compare the model ensemble (all
models) with the reanalyses ensemble (all reanalysis datasets) to evaluate ensem-
ble performance.

Figure B.3a shows the climatology of planetary Rossby waves in ERA5 (the same
as in Fig. 7a from Strigunova et al. (2022)) and how it deviates in CMIP5 models
(Fig. B.3b-h). Fewer differences are observed in uncoupled simulations compared
to coupled. The exception is MIROC5 (Fig. B.3g, h). In AMIP, more differences
compared to coupled are seen over northern America, while, in other regions,
there is an improvement. Still, this model has the largest discrepancies. Mainly,
it is due to positive geopotential height anomalies over northern America where
the Rockies are located (effect of orography?) and too strong geopotential height
anomalies over the northern Atlantic. There are also larger anomalies over the re-
gion of blocking (northern Europe), which are appeared in CNRM-CM5 (only in
coupled) as well. To conclude, most of the models show small differences with
ERA5 planetary Rossby-wave climatology, except MIROC5, where anomalies in
the geopotential height field are larger than in ERA5.

The mean state of troposphere–barotropic planetary Rossby-wave circulation is
shown to be represented quite well, with an exception of MIROC5. The next step
is to estimate how the variability is simulated in models. For this purpose, we
make use of distributions of normalised energy anomalies, metrics used to iden-
tify changes during Eurasian HWs. We first compare the energy anomalies dis-
tribution consisting of all reanalyses datasets used in the previous study (ERA5,
ERA-Interim, JRA55, MERRA) and with distribution with all CMIP5 models used
in this study to evaluate the performance of the entire ensemble. To illustrate it, we
show quantile-quantile (Q-Q) plots (Fig. B.4a). Overall, models in both runs show
a good agreement with reanalyses, which can be seen as overlaps with blue and
green dashed lines used as a "perfect" fit reference. Nevertheless, higher quantiles
in models are overestimated (the top dot is shifted to the right compared to the
dashed line). A similar pattern is observed when we compare individual models
(GFDL-CM3 and MPI-ESM-LR) with ERA5 in Fig. B.4c, e. CNRM-CM5 (Fig. B.4b)
and MIROC5 (Fig. B.4d) demonstrate a good fit to ERA5, but the quantiles are
smaller in range.
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Figure B.3: Climatological Rossby wave circulation for extended boreal summer (MJJAS)
at the σ level close to 500 hPa in the midlatitudes in ERA5 (a) and difference
in CMIP5 models (c), (e), (g) in coupled and (b), (d), (f), (g) in uncoupled. Only
zonal wavenumbers k = 1 − 3, all meridional modes n and vertical modes
m = 1− 5 (m = 1− 2 for CNRM-CM5 and MIROC5) are included.

We also compare skewness and excess kurtosis of the above-mentioned distri-
butions by applying bootstrapping procedure on these two parameters for ERA5

and each model to estimate whether their inter-quantile ranges match each other.
For skewness (for excess kurtosis, results are similar) show that only CNRM-CM5

and MIROC5 are within CIs identified from the ERA5 distribution, whereas GFDL-
CM3 and MPI-ESM-LR are outside due to larger positive energy anomalies. There-
fore, only CNRM-CM5 demonstrates similar climatology (mean and variability) of
planetary Rossby waves, whereas MIROC5 has the largest deviations in the mean
state. In contrast, GFDL-CM3 and MPI-ESM-LR demonstrate good agreement on
the mean state with ERA5, but energy anomaly distributions is statistically differ-
ent from ERA5.
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Figure B.4: Quantile-quantile (Q-Q) plots of the normalised energy anomalies in the global
balanced (Rossby mode) planetary circulation (k = 1− 3). (a) all reanalyses (x-
axis) compared with all CMIP5 models (y-axis). CMIP5 HIST (coupled) are
displayed as green dots and AMIP (uncoupled) as blue dots. (b) the same as
(a), but only one reanalysis (ERA5) and one model (CNRM-CM3) are displayed.
The same is for GFDL-CM3 in (c), MIROC5 in (d) and MPI-ESM-LR in (e). Note
that the last model is presented only with an AMIP run. Dashed lines are a
"perfect" fit for each comparison.
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Figure B.5: Box plots for the skewness of the PDFs of normalised energy anomalies for
planetary-scale Rossby waves (k = 1− 3) from ERA5 and each CMIP5 model.

We would like to note that there are no distinct differences in PDFs between
coupled and uncoupled simulations, implying that models contain biases origin
not only from SSTs but other sources of uncertainty such as physical parameterisa-
tions, horizontal and vertical resolution atmosphere and ocean, numerical schemes
(Woollings et al., 2018).

In total, our findings suggest that the ensemble of models represents well the
climatology of planetary Rossby waves (only the troposphere–barotropic part) but
individual models have discrepancies in the mean state and in the distributions of
energy anomalies.
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b.3.3 Do HWs in reanalyses and CMIP5 models have the same signatures on planetary
scales?

Strigunova et al. (2022) revealed an increase in the skewness of PDFs of normalised
energy anomalies of planetary-scale Rossby waves. It is also shown as an increase
in the probability of larger positive anomalies in energy (Fig. B.6a), and larger
anomalies of geopotential height as the mean circulation showed (Fig. B.7a-c).
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Figure B.6: PDFs of the normalised energy anomalies in the global balanced (Rossby mode)
planetary circulation (k = 1 − 3). (a) the same as Fig. 6c in Strigunova et al.
(2022). Model ensembles with coupled and uncoupled simulations are shown
in (b) and (c), respectively. Red curves with shading are energy anomalies only
during Eurasian HWs. Note that the identification algorithm is applied for each
model and simulation separately.

Here, we evaluate how the change in PDF of planetary Rossby waves is repre-
sented in the model ensemble of CMIP5 models with separation on coupled (Fig.
B.6b) and uncoupled (Fig. B.6c) runs. There is a common feature of distributions
during HWs: they all exhibit an increase in probabilities but for different ranges
of energy anomalies. In the historical run, models show a peak at very large en-
ergy anomalies, but it is only exhibited in one model (GFDL-CM3). In the AMIP
run, there is no increase in probabilities of tails on the right but an increase for
intermediate energy anomalies. The change in tails reflects the change in skew-
ness. However, the latter is insignificant for both runs according to bootstrapping
procedure. Thus, we presume all changes in PDFs of CMIP5 models are not robust.

Despite large uncertainty in distributions, we find that the CMIP5 model’s com-
posite of Rossby-wave patterns is similar to ERA5’s. The examples of one model
(GFDL-CM3) composites are presented in Fig. B.7d-f. Over the region of occurred
HWs, lesser geopotential height anomalies are identified in coupled run compared
to ERA5 (Fig. B.7e, e.). Figures B.8e, f demonstrate it clearly as GFDL-CM3 fields
during HWs were subtracted from respective fields in ERA5. In contrast, the com-
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posite of mean circulation (Fig. B.7g-i) in uncoupled (AMIP) simulations revealed
larger positive anomalies in the geopotential height field during HWs over this
region. However, Fig. B.8h, i show that the location of maximum is shifted to the
south (negative values on the north and positive on the south). Figures B.8f, i also
reveal that changes in circulation look similar to those depicted as the mean com-
posite during HWs (Fig. B.8e, h). It also revealed that the Rossby-wave pattern
in GFDL-CM3 is different compared to ERA5’s in other locations, especially in re-
gions over the Pacific. Therefore, we show that one model (for other models, results
are similar) can reproduce planetary Rossby-wave circulation during HWs. How-
ever, in coupled simulations, anomalies are weaker, and in uncoupled, the core of
large positive anomalies is shifted to the south.

Figure B.7: Planetary-scale, troposphere–barotropic Rossby waves (k = 1− 3, m = 1− 5,
all n) at the σ level close to 500 hPa in ERA5. (a) Mean circulation in May-
September in 1980-2019, (b) composite of 28 Eurasian Heat Waves (HWs),
(c) difference between (b) and (a). Coloured contours are geopotential height
anomalies, every 20 gpm. The wind speed is shown by the arrow length. (d)
The same as (a), but GFDL-CM3 (coupled) is displayed (only 1979-2005). (e) the
same as (b) but a composite of 23 Eurasian Heat Waves (HWs), (f) the same as
(c). Similarly, GFDL-CM3 AMIP is shown in (g)-(I).
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Figure B.8: The same as in Fig. B.7 but ERA5 fields are subtracted from GFDL-CM3’s ac-
cordingly.

b.4 conclusions

To diagnose Rossby planetary circulation during HWs, we first compared distri-
butions of T2m and its anomalies for each model with ERA5 used as a reference
dataset. The findings show that the distributions are within ERA5’s CIs (IQRs).
The same holds when considering only deviations from the 95th percentile identi-
fied for each model and compared with ERA5 statistics. Moreover, the HW metrics
match as well, meaning that CMIP5 models have a good agreement with ERA5.

Second, we discussed how the climatology of Rossby circulation is presented
among models. We find that the mean circulation at 500 hPa for every model is
similar, except for MIROC5. Nevertheless, when the distributions of normalised en-
ergy anomalies of all models are considered together as time series and compared
with all reanalyses, there is almost no difference. Nevertheless, the analysis of indi-
vidual models with only one dataset (ERA5) revealed that the distributions of two
models (GFDL-CM3 and MPI-ESM-LR) are more skewed compared to ERA5 and
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the difference is statistically significant. Therefore, models show some differences
with ERA5, even in climatology.

During HWs, the planetary Rossby waves’ variability (normalised energy
anomaly distributions) is not reproduced due to the small sample size and
inconsistent changes among models in both simulations. The further comparison
in time-averaged circulation (only one model is shown) revealed that, in coupled
simulations, the anomalies are weaker, and, in uncoupled, they have similar values
with ERA5, but the location of the maximum is shifted southward. Discrepancies
in other regions are also identified. We speculate that, according to these results,
HWs have different realisations in simulations.

b.5 discussion

This study illustrated several discrepancies in CMIP5 compared to ERA5, while
the 2 m temperature and related metrics used for HW identification seem well-
simulated. The mismatch in dates of events can be attributed to the sensitivity of
the threshold and, thus, the HWs’ identification to internal variability simulated
by each model. However, the overall statistics are shown to be similar. Therefore,
the role of internal variability remains to be explored.

Composite maps of wind and geopotential fields at 500 hPa representing the cli-
matology of planetary-scale Rossby waves are well-simulated, except for MIROC5.
Meanwhile, the PDFs of normalised energy anomalies demonstrate that the two
models with the highest vertical resolution significantly differ from ERA5’s PDF.
According to Table B.1, MPI-ESM-LR and GFDL-CM3 have 47 and 45 vertical lev-
els, respectively, with top-level ≈0.01 hPa. ERA5 has a similar vertical resolution;
however, its horizontal resolution is much higher. Therefore, some model biases in
upper levels can be transmitted to the troposphere, resulting in much larger energy
anomalies than the reanalysis shows. The preliminary results revealed no signifi-
cant differences in longitude-vertical cross-sections averaged in the midlatitudes
and over the northern hemisphere. Therefore, it might be attributed to biases in
other regions. Due to the global domain, the explanation of the different behaviour
of PDFs of GFDL-CM3 and MPI-ESM-LR is hard to tackle; therefore, it remains an
open question.

The most puzzling is why uncoupled simulations can simulate mean circulation
during HWs, whereas coupled are not. Several hypotheses have been proposed.

According to Suarez-Gutierrez et al. (2018), it has been shown that Max-Planck
Grand Ensemble (MPI-GE) can reproduce the circulation during European HW
2003. It can be explained that MPI-GE is based on 100 simulations of MPI-ESM-LR
with different initial conditions but the same model physics and external forcing.
Therefore, among 100 members, there are some realisations which realistically rep-
resent the state of atmospheric circulation. Thus, future studies with the same
diagnostics and larger ensemble sizes might give a different conclusion than the
one given in the present study. Nevertheless, we see that models represent the
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same dynamics but with less intensity meaning that it is likely a different cause
than some completely different initial conditions.

In Strigunova et al. (2022), it has been demonstrated that during HWs, there is
a weakening of the zonal-mean maximum at 45

◦N with a shift slightly northward
along with a strengthening of the zonal-mean wind at centred at 75

◦N. We find
that CMIP5 models’ uncoupled simulations are good enough to reproduce this,
but coupled simulations are not. It hints that the underlying dynamics of HWs
are different and coupled and uncoupled runs. Following Rousi et al. (2022a), a
double-jet structure is likely to occur due to the thermal contrast between land
and ocean in the Arctic. While land being rapidly warmed for several decades,
most likely due to anthropogenic forcing (e.g. Connolly et al., 2019), the ocean
warming trend is slower. Therefore, the cause for biases in coupled simulations
can be originated from high latitudes (for example, SSTs are larger in simulations
and, therefore, the less contrast leads to no double-jet).

These results might also stem from biases identified in models. Liu et al. (2022)
also noted an underestimation of blocking intensity in GFDL models in CMIP5

and CMIP6. For boreal summer, they found close alignment in location but not
intensity for several models. They also pointed out that biases in zonal eddies
contribute to blocking, but the effect appeared to be small. Nevertheless, recent
studies mentioned that these small biases might be transmitted to the zonal-mean
state through zonal-mean-eddy feedback.

Quasi-stationary planetary-scale Rossby waves are forced not only from land-sea
contrast but also from orography, which is poorly represented in models (Pithan
et al., 2016). Their transient parts are forced by tropical heating, which is connected
to convection in the tropics, another struggle of modern general circulation models
(e.g. Nie et al., 2019).
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