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Abstract

Extra-tropical cyclones are the primary natural hazard to affect the mid-latitudes.
As individual and clustered cyclones are the most intense in winter, and may also
be accompanied by wind gusts and heavy precipitation, they have the potential to
cause severe damage across societies like Europe. To project the impact of cyclones
on society, it is crucial to comprehend long-term trends of cyclone characteristics
and the storms’ capacity to cluster within short periods of time – especially in a
world that is rapidly warming.

In this thesis, long-term trends of cyclone characteristics are investigated using
the recently extended ERA5 reanalysis, focussing on the North Atlantic – European
and the North Pacific regions. During 1950-2021, extra-tropical cyclones have sig-
nificantly intensified in the entire Northern Hemisphere, while also traveling more
poleward and for longer distances, but at a slower pace. Since 1979 wind gusts from
North Atlantic and precipitation extremes from North Pacific cyclones have also
significantly increased, which have led to large socio-economic losses.

Not only strong individual Northern Hemispheric winter storms have changed
in terms of showing higher intensities in the last few decades, but sequences of
cyclones, so-called cyclone clusters, are projected to increase in certain regions by
2060-2100 compared to the reference period 1980-2020. Using Large Ensemble sim-
ulations from the Community Earth System Model version 2 (CESM2-LE) of an
upper-middle Shared Socioeconomic Pathway forcing scenario (SSP3-7.0), cyclone
clustering over Europe increases for 3 and 4 cyclones within 7 days by up to 25%
on average during 2060-2100 compared to 1980-2020. In contrast, cyclone clustering
along the west coast of the US and Canada is projected to decrease significantly by
up to 24.3% in the future. A similar decrease in cyclone clustering was detected in
the Gulf of Alaska by up to 10.1% on average during 2060-2100.

These results demonstrate the importance of understanding long-term trends of
cyclone features and clustered cyclone activity in a warmer winter climate. Quan-
tifying the economic cost of individual as well as of clustered cyclones will become
more important in the case of more volatile events in the future. Since the climate
signal between 2060-2100 and 1980-2020 shows enhanced changes in the clustering
of cyclones across Europe due to global warming, higher anthropogenic greenhouse
gas emissions should be avoided to minimize all future socio-economic impacts.
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Zusammenfassung

Außertropische Wirbelstürme stellen die primäre Naturgefahr für die mittleren
Breiten dar. Da einzelne und gruppierte Stürme, die von Windböen und starken
Niederschlägen begleitet werden können, im Winter am intensivsten sind haben
sie das Potenzial in Gesellschaften wie Europa schwere Schäden anzurichten. Um
die zukünftigen Auswirkungen von Zyklonen auf unsere Sozioökonomie
vorherzusagen ist es entscheidend die langfristigen Trends der
Zykloneigenschaften und die Fähigkeit der Stürme, sich innerhalb kurzer Zeit als
Gruppe oder Zyklonfamilie zu häufen, zu verstehen – insbesondere in einer Welt,
die sich schnell erwärmt.

In dieser Dissertation werden langfristige Trends von Zykloneigenschaften
unter Verwendung der kürzlich erweiterten ERA5-Reanalyse mit Fokus auf den
Nordatlantik – Europa und über dem Nordpazifik untersucht.

Zwischen 1950 und 2021 haben sich außertropische Wirbelstürme in der
gesamten nördlichen Hemisphäre signifikant intensiviert, während sie sich
gleichzeitig auch mehr polwärts und über längere Strecken bewegen, jedoch mit
langsamer Geschwindigkeit. Seit 1979 haben auch Windböen aus Nordatlantik-
und Niederschlagsextreme aus Nordpazifik-Zyklonen deutlich zugenommen, die
in der Vergangenheit zu großen wirtschaftlichen Schäden geführt haben.

Nicht nur starke einzelne nordhemisphärische Winterstürme haben sich in den
letzten Jahrzehnten dahingehend verändert, dass sie höhere Intensitäten zeigten,
sondern es wird auch prognostiziert, dass Sequenzen von Zyklonen, sogenannte
Zykloncluster, in bestimmten Regionen bis 2060-2100 im Vergleich zum
Referenzzeitraum 1980-2020 zunehmen werden. Unter Verwendung von
Large-Ensemble-Simulationen aus dem Community Earth System Model Version 2
des SSP3-7.0-Szenarios nimmt die Zyklon-Clusterbildung über Europa für 3 und 4
Zyklonen innerhalb von 7 Tagen im Zeitraum 2060-2100 im Vergleich zu 1980-2020
im Durchschnitt um bis zu 25% zu. Die Zyklonenhäufung entlang der Westküste
der USA und Kanadas nimmt innerhalb von 7 Tagen hingegen signifikant um bis
zu 24.3% ab. Ein ähnlicher Rückgang der Zyklon-Clusterbildung um bis zu 10.1%
im Mittel wurde für den Zeitraum 2060-2100 im Golf von Alaska festgestellt.

Diese Ergebnisse zeigen wie wichtig es ist langfristige Trends von
Zyklonmerkmalen und geclusterter Zyklonaktivität in wärmeren Winterklimata zu
verstehen. Die Quantifizierung der Kosten, sowohl einzelner als auch gehäufter
Wirbelstürme, wird bei volatileren Ereignissen in Zukunft an Bedeutung
gewinnen. Da das Klimaänderungssignal zwischen 2060-2100 und 1980-2020
signifikante Veränderungen in der Häufung von Wirbelstürmen in ganz Europa
aufgrund der globalen Erwärmung impliziert, sollten höhere anthropogene
Treibhausgasemissionen vermieden werden um alle zukünftigen
sozioökonomischen Auswirkungen zu minimieren.
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Chapter 1

Introduction

1.1 Motivation

Extra-tropical cyclones (also often referred to, for example, as mid-latitude storms
or low pressure systems) are an important part of the atmospheric circulation in
the mid-latitudes due to their ability to transport large amounts of moisture and
momentum. Over 70% of the total precipitation across Europe in winter is caused
by extra-tropical cyclones (Hawcroft et al., 2012). Cyclones are also responsible for
the day-to-day variability in the mid-latitudes and can be accompanied by strong
wind gusts and heavy precipitation: leading to flooding, storm surges, and damage
in many areas (Roberts et al., 2014). These extreme events pose severe risks for
vulnerable environments and socio-economies, including the infrastructure therein
(Gliksman et al., 2022). In the Northern Hemisphere, not only has there been more
intense strong individual winter storms (Fink et al., 2009), but there has also been
an emergence of sequences of cyclones, known as cyclone clusters, which have led
to extensive socio-economic damage (Priestley et al., 2017; Mühr et al., 2022).

This thesis aims to address the gaps in the knowledge of long-term trends of
Northern Hemispheric winter cyclones and related impacts such as wind gusts and
heavy precipitation, and to show specifically how this climatological information
may be used in a regional-to-local context to project future impact locations from
extreme winter storms. Understanding how cyclones have changed over the last 71+
years will enhance the predictability of mid-latitude weather extremes induced by
cyclones. In addition to historical changes, such as an intensification of cyclones due
to natural variability and global warming, this thesis also aims to fully comprehend
how a warmer winter climate will affect the activity and occurrence of Northern
Hemisphere clustered cyclones at the end of the 21st century.

The remaining part of this chapter will evaluate the current state of knowledge
on this topic. Section 1.2 is dedicated to the formation of extra-tropical cyclones. The
Northern Hemisphere storm tracks are discussed in Section 1.3, focussing on the
main methods for detection, their features and locations. The specific phenomenon
of cyclone clustering is discussed in Section 1.4, with a focus on the definition, dy-
namics and main conclusions from climate models. An overview of the impacts
from individual and clustered cyclones will be given in Section 1.5, while Section 1.6
reviews the different “Shared Socioeconomic Pathways” (SSPs). Current knowledge
gaps between long-term trends of cyclone features and clustered cyclones from past
observations and future projections are addressed in Section 1.7. Finally, the study’s
aims, structure, and research questions of this thesis are presented in Section 1.8.
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1.2 Formation of Extra-Tropical Cyclones

How do extra-tropical cyclones form? The most common models to describe extra-
tropical cyclone development are the Norwegian and the Shapiro-Keyser models
(Bjerknes, 1922; Schultz et al., 2019; Dacre, 2020). In the classical Norwegian cy-
clone model, a stationary front forms between cold and warm air masses, creating
a strong vertical wind shear within the troposphere. As a result of the perturbation
between the two air masses, a surface low-pressure system develops where warm
air is advected north and cold air is advected south by a cyclonic circulation system
(in the Northern Hemisphere). Along this stationary front, the cyclone begins to
grow and develops a warm and a cold front. This process is typically triggered by
an upper-level trough. As the cyclone deepens, both fronts become more clearly de-
fined and a warm sector emerges. When the cold front catches up to the warm front,
the so-called occlusion process is initiated. The cyclone reaches its peak intensity at
this point (Bjerknes, 1922). Soon after, the cyclone decays. In the Shapiro-Keyser
model, the early phases of cyclone development are similar, however the cold front
does not catch up to the warm front, but builds a T-bone structure instead of a warm
sector during occlusion as in the classical model (Shapiro and Keyser, 1990).

1.3 Storm Tracks

1.3.1 Eulerian Approach

Storm tracks are regions of high synoptic timescale activity, for example, in the mid-
latitudes, where the variability associated with low pressure centers is enhanced
(Blackmon, 1976). Blackmon (1976) was the first to classify these mid-latitude active
variability patterns using band-pass filtering of 500 hPa geopotential height data
over a specific period of time (2.5-6 days). By removing the diurnal and greater-
than-weekly variability of the atmospheric data, the temporal filtering revealed two
regions of high storm variance in the Northern Hemisphere: one over the North At-
lantic and the other over the North Pacific (Blackmon, 1976). Through calculating
the standard deviation of the filtered data at each longitude and latitude, the cli-
matological baroclinic wave activity was interpolated (Wallace et al., 1988). Storm
tracks are an essential and particularly important part of our climate, since they
transport eddy kinetic energy (EKE) poleward, minimizing the energy imbalance
between the equator and the pole (Shaw et al., 2016).

Filtering out such regions is what is understood by the Eulerian (storm track)
approach. Since its discovery in the 1970s, this approach has been used in sev-
eral studies to characterize storm track activity and changes in storm locations (e.g.,
Hoskins and Hodges (2002), Wettstein and Wallace (2010), Harvey et al. (2014), Har-
vey et al. (2020), Montoya Duque et al. (2021), and Yang et al. (2021)). An example of
the Eulerian storm track, high-pass filtered by the storms’ EKE, is given in Fig. 1.1
(see coloured shaded areas within black contours, Shaw et al. (2016)).

However, the Eulerian approach does not provide any information about indi-
vidual cyclone characteristics such as the storm frequency, its intensity or other more
specific cyclone parameters (e.g., storm radius) that can be used to identify trends
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or changes in impacts (Hoskins and Hodges, 2002; Zappa et al., 2013a; Zappa et al.,
2013b; Walker et al., 2020).

1.3.2 Lagrangian-based Approach

The specific cyclone characteristics, for example, intensity, life time and size are
known when storms are individually tracked using a Lagrangian-based approach.
This is also more broadly referred to as objective feature tracking of cyclones
(Hoskins and Hodges, 2002). In this manner, cyclone-related impacts, such as
wind gusts and precipitation extremes, can even be linked to particular events (e.g.,
Caldas-Alvarez et al. (2022))1. This is because the Lagrangian-based approach al-
lows for the tracking of these features at any location in space and time rather than
just one region at any particular time as in the Eulerian approach (e.g., Flaounas
et al. (2023)2. Furthermore, this is very useful for climatological analyses such as
detecting long-term trends in cyclones (Karwat et al., 2022). An illustration of indi-
vidual Lagrangian ‘cyclone’ tracks is shown in Fig. 1.1 (see blue lines, Shaw et al.
(2016)).

Most Lagrangian-based cyclone tracking algorithms use mean sea-level pressure
(e.g., Murray and Simmonds (1991), Pinto et al. (2005), and Wernli and Schwierz
(2006)), relative vorticity (e.g., Sinclair (1994), Hodges (1995), Hodges (1996), and
Hodges (1999)) or the 1000 hPa geopotential (height) (Blender et al., 1997; Blender
and Schubert, 2000; Raible et al., 2018; Karwat et al., 2022). Thus, only Lagrangian
trajectories provide the cyclone spatial and temporal information needed for a thor-
ough investigation of storms and related impacts.

1.3.3 North Atlantic and Europe

The entire life cycle (or time) of an extra-tropical cyclone spans approximately at
least 48 hours (Blender et al., 1997; Mailier et al., 2006). It is divided into the process
of cyclogenesis, further development, and lysis, which are discussed in the follow-
ing section. The physical processes through which cyclones form and develop are
widely understood (see Section 1.2). In a broader sense, low pressure systems are
produced by baroclinic instability due to Rossby waves. This part is commonly re-
ferred to as cyclogenesis. Cyclogenesis often occurs near the North American east
coast and is triggered by strong temperature gradients: by the sea-surface temper-
ature gradient of the Gulf Stream and the opposite temperatures emerging off the
North American continent (Priestley et al., 2020).

The North Atlantic storm track has a typical southwest-northeast tilt (see areas
within thick black contour lines on right side of Fig. 1.1, Shaw et al. (2016)). The
western part of the storm track - the region along the east-coast states of the US and
Canada - is typically associated with strong baroclinicity, which dominates in these
regions during the winter season. This is most favourable for cyclogenesis (Mailier
et al., 2006). Hence, storms are the most intense during this season. To develop
more rapidly, strong upper-level divergence and vertical ascent at the right entrance
and left exit of the jet streaks are needed (Pinto et al., 2014). Propagating due east,

1published in Nat. Hazards Earth Syst. Sci., 2022, with A. Karwat as co-author.
2currently under review in Weather Clim. Dyn., 2023, with A. Karwat as co-author.
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storms cross the North Atlantic and usually begin to occlude in the Northeastern
Atlantic (Shaw et al., 2016). Here, storms tend to move slower and have a higher
potential to appear as groups of cyclones, hence to cluster (Dacre and Pinto, 2020).
Sometimes newly developing and fast-moving cyclones may also cluster in these
regions (Mailier et al., 2006; Dacre and Pinto, 2020).

1.3.4 North Pacific

The counterpart to the North Atlantic – European storm track is the North Pacific
storm track (see areas within thick black contour lines on left side of Fig. 1.1, Shaw
et al. (2016)). Its main cyclogenesis region typically emerges east of Japan and some-
times extends to a more central part of the North Pacific (Sickmöller et al., 2000).
Changes in the storm track over the North Pacific depend on the position and in-
tensity of the Aleutian Low (Salathé Jr, 2006). As the North Pacific ocean is highly
susceptible to the interaction of aerosols and clouds throughout the winter, there is
a strong link between Asian pollution and an enhanced North Pacific storm track
(Zhang et al., 2007). In the past, the eastern North Pacific has also experienced a
second storm track aside from the main cyclone track where cyclones partly propa-
gated toward the US Pacific Northwest and British Columbia (Bancroft, 2016).

On average, and while developing further, cyclones track over the North Pacific
and occlude, for example, in the Bering Sea, across the Aleutian Islands or in the
Gulf of Alaska (Trenberth and Hurrell, 1994). Here, there is a particularly high
chance that cyclones may cluster as groups (Mailier et al., 2006; Blender et al., 2015).

FIGURE 1.1: Wintertime (December-February) (DJF) storm tracks
in the Northern Hemisphere. Averaged 10-day high-pass filtered
eddy kinetic energy (EKE) [MJ m−2] from the ERA-Interim reanaly-
sis (coloured shading). Black contours show cyclone track density and
blue lines show individual cyclone tracks for the top 0.5% most intense
cyclones ranked by minimum sea level pressure (shown separately for
the North Pacific, North Atlantic, and Mediterranean). Figure and cap-
tion adapted from Shaw et al. (2016) and reproduced with permission

from Springer Nature.
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1.4 Cyclone Clustering

Storms that occur completely at random are comparable to a homogeneous Poisson
process with constant intensity (Cox and Isham, 1980) (see details on the Poisson
process in Section 2.4.2). However, this is not the case for regularly occurring storms
and storms that are observed as sequences, so-called clustered cyclones. The theo-
retical approach (relative metric) to separate clustered from non-clustered cyclone
activity is by a dispersion statistic, which was introduced by Mailier et al. (2006)
(for details see Section 2.4.3). The main idea is that cyclones either appear regularly
(i.e., variance less than mean) or clustered (i.e., variance greater than mean) (Mailier
et al., 2006). Thus, the dispersion can be interpreted as the standard deviation of a
Poisson process. It has been an established and useful tool in many studies to distin-
guish between regular and clustered cyclones (e.g., Mailier et al. (2006), Vitolo et al.
(2009), and Economou et al. (2015)).

These storm sequences, groups or ’cyclone families’ are more specifically re-
ferred to as a phenomenon called cyclone clustering (Mailier et al., 2006; Priestley
et al., 2020; Dacre and Pinto, 2020). From a practical perspective, cyclone clustering
describes the passage of several, typically at least 2, 3, 4 or more intense cyclones
tracking through a preferred geographical region (absolute metric), mostly originat-
ing over the eastern ocean basins in the Northern Hemisphere (see Sections 1.3.3 and
1.3.4). Indeed, clustered cyclone activity is more common over the eastern North At-
lantic and northwestern Europe as well as in the eastern North Pacific including the
Gulf of Alaska and the Pacific Northwest than in other regions (Mailier et al., 2006;
Blender et al., 2015).

Vitolo et al. (2009) found that the most intense cyclones cluster near the exit of
the North Atlantic storm track, specifically over Great Britain, the Benelux countries,
France, and northern Germany. This is because of a number of reasons: in the North
Atlantic, cyclone clustering is based on a very strong jet stream, which is flanked to
the north and to the south during Rossby wave breaking (Pinto et al., 2014; Priestley
et al., 2017). It is caused by a steering of the large-scale flow, which directs storms
in a similar direction and generates conditions favourable for a fast intensification.
It is also produced through secondary cyclogenesis (Pinto et al., 2014; Ziv et al.,
2015; Priestley et al., 2020). These factors all contribute to the cyclone clusters seen
over the northeastern Atlantic and western Europe. Although the dynamics behind
clustering are less studied concerning the North Pacific, it is argued that the North
Pacific storm track is also flanked during times of clustering (Mailier et al., 2006;
Blender et al., 2015).

The following section elaborates on studies that analyzed cyclone clustering in
climate models. Pinto et al. (2013) analyzed a large coupled Global Climate Model
(GCM) ensemble for present-day climatic conditions, demonstrating that the GCM
can mainly reproduce the geographical locations of clustered cyclones, although
with certain biases: the areas where clustered cyclones are detected, for example,
are more zonal in the GCM ensemble than in the reanalyses. Under future climate
conditions, using data from the Coupled Model Intercomparison Project 3 (CMIP3),
cyclone clustering decreases over the North Atlantic storm track and over parts of
western Europe, as well as for more extreme cyclones. However, results were often
not statistically significant in either present-day or in future scenarios (Pinto et al.,
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2013). Pinto et al. (2013) concluded that the impact of anthropogenic climate change
may be underestimated, since the study considered only a single GCM, and that
a multi-model CMIP5 ensemble was required to further assess the uncertainties in
future cyclone clustering.

Cyclone clustering using historical ERA40 reanalysis data (1958-2001) and 17
CMIP5 models for the RCP4.5 scenario during 2069-2099 was studied by Economou
et al. (2015). Economou et al. (2015) stated that the typical aspects of the underdis-
persion (regularly occurring cyclones along the east coast of the US and near New-
foundland) and overdispersion (clustered cyclones in the eastern North Atlantic and
over western Europe) of cyclone occurrences were captured by the models, which
were in line with previous studies (e.g., Mailier et al. (2006) and Vitolo et al. (2009)).
Moreover, the CMIP5 models were also able to reproduce the increase in overdis-
persion as shown for more extreme storms in the reanalyses (similar to Vitolo et al.
(2009)). Future changes in the dispersion, however, were generally found to be mi-
nor and inconsistent between the models (Economou et al., 2015). In the RCP4.5 sce-
nario, the multi-model mean dispersion demonstrated an increase in more intense
storm clusters over Northern Europe and Scandinavia. But the 30-year overdisper-
sion statistic was also characterized by large sample uncertainty and did not provide
a strong indication of anthropogenic climate change (Economou et al., 2015).

Storm data sets often contain considerable sample and observational errors,
which require a thorough quality control. Using 8 different storm data sets, Cu-
sack (2016) showed that by reducing large uncertainties, such information provides
a novel approach to evaluate cyclone clustering. This confirmed, in particular, that
cyclone clustering increases with storm severity (Cusack, 2016).

Pinto et al. (2016) found that the overall features of underdispersion and overdis-
persion over the North Atlantic and western Europe, as well as the dipolar pattern
of the North Atlantic Oscillation (NAO)’s influence on the dispersion, are essen-
tially independent from the choice of the cyclone tracking method. Indeed, this
emphasizes that clustering does not depend on the definition of a cyclone. Yet, the
magnitude of the dispersion may still vary between different methods (Pinto et al.,
2016).

To conclude, it is of utmost importance to examine and quantify the feedback
from strong clustered cyclones over different regions in the Northern Hemisphere.
The concept of the dispersion statistic opens up new possibilites to investigate cy-
clone clustering in various reanalysis data sets and climate models.
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1.5 Impacts from Individual and Clustered Cyclones

1.5.1 Environments and Sectors

Extra-tropical cyclones pose severe socio-economic consequences for different envi-
ronments such as the agriculture and forest habitats, as well as urban, transport and
energy sectors (Fig. 1.2). In the following section, we will present an overview of
the specific sectors and how they are affected by the occurrence of single individual
or clustered cyclones (for a detailed review see Gliksman et al. (2022)3).

Cyclone-generated strong winds can damage or destroy urban areas including
buildings, personal property, bridges, parks, trees, and turning loose debris into
harmful flying objects. The severity and type of damage depends on the level of
exposure as well as the vulnerability of the individual objects that are affected by
local severe winds. For example, a city’s infrastructure (i.e., railroads, roads, side-
walks) might largely be disrupted by overturning cars as an immediate consequence
of emerging crosswinds or even floods (Alert Air Worldwide, 2022a).

In addition to damaging property, wind gusts from cyclones may harm the nat-
ural environment by causing storm surges that knock down trees, cause rivers and
lakes to overflow, and create coastal erosion along beaches (Russell, 1993; Gliksman
et al., 2022). Storm surges are generated by an unusual rise of water induced by
strong winds from storms. This is particularly dangerous for houses built in coastal
areas. Slow moving cyclones may accumulate large amounts of precipitation over
the same area, leading to unprecedented rainfall and flooding (Sillmann et al., 2021;
Koks et al., 2022).

Not only urban and transport sectors are affected, but also the energy sector:
cities and rural environments all rely on an uninterrupted supply of energy, but this
is a critical vulnerability when storms damage wind turbines (Kettle, 2020; Kettle,
2021). Similarly, solar panels might not withstand extraordinary wind gusts (Patt
et al., 2013).

Another sector that human societies depend on is agriculture. Crops and plants
are very sensitive towards an above-average supply of wind and water. Therefore,
any losses in the production of, for example, wheat, might have socio-economic
consequences (Gliksman et al., 2022).

Last but not least, storms may harm different flora and fauna in forest habitats.
Windthrow, for instance, can increase the risk of fire, insect, and fungal damage in
managed forests, as well as the damage to lakes and watercourses (Gardiner et al.,
2010).

To summarize this overview, cyclone-related impacts such as wind gusts, storm
surges, and flooding may be destructive to human-made structures and different
environments. Indeed, the more exposed and vulnerable a sector, the larger the
damage. This implies that (individual or clustered) cyclones can lead to significant
socio-economic losses.

3currently under review in Nat. Hazards Earth Syst. Sci., 2022, with A. Karwat as co-author.
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FIGURE 1.2: A schematic of all the sectors affected by individual and
clustered cyclones (own creation).

1.5.2 Socio-Economic Losses

Since storms have the potential to cause large damage across different sectors, in-
surance companies provide protection to people and property against storm-related
losses. There have been several damaging cyclones in the past, for example, Lothar
and Martin, Kyrill, Ciara, and most recently Dudley and Eunice (Munich Re, 2002;
Alert Air Worldwide, 2009; Alert Air Worldwide, 2022a). In the event of a storm,
the insurance companies rely on an accurate storm model to estimate the claims re-
sulting from that particular storm. According to Alert Air Worldwide (2022a), the
insured losses of past cyclone cluster events since 1990 have reached approximately
up to 17 bn € if they were to happen again today (Tab. 1.1). As a result, understand-
ing the risk of previous storm occurrences is crucial for providing greater protection
to socio-economies and reducing the cost of these natural hazards. Therefore, it
is important to shed light on the long-term behaviour of storms in order to prevent
and prepare our environments from hazardous and land-falling cyclones (Karwat et
al., 2022). Developing climate-economy models that take into account the response
of global warming might also help policy-makers to adapt societies in the future
(Klawa and Ulbrich, 2003; Schwierz et al., 2010; Donat et al., 2011; Franzke, 2017;
Franzke, 2021; Franzke et al., 2022).
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TABLE 1.1: Insured losses of past cyclone cluster events if they were to
happen again today as modeled with the “Verisk Extratropical Cyclone
Model for Europe” (Table and caption adapted from Alert Air World-

wide (2022a)).

historical clustered Verisk modeled
season extra-tropical cyclones insured loss (in bn €)

1990 Daria and Herta 14.5
1990 Vivian and Wiebke 8.9
1999 Lothar and Martin 17
2007 Hanno and Kyrill 6.6
2015 Elon and Felix 1.1
2015 Mike and Niklas 1.8
2022 Dudley and Eunice approx. 3-5

1.6 The Shared Socioeconomic Pathways

An international team of climate scientists, economists and energy systems mod-
ellers have developed a number of new “pathways” that look at how societies,
economies and demographies may evolve under different atmospheric greenhouse
gas emissions scenarios until 2100. These pathways are referred to as “Shared So-
cioeconomic Pathways” (SSPs) and are separated into 5 main categories (O’Neill et
al., 2016; Riahi et al., 2017):

• SSP1: Sustainability (“Taking the Green Road”)

• SSP2: Middle of the Road

• SSP3: Regional Rivalry (“A Rocky Road”)4

• SSP4: Inequality (“A Road divided”)

• SSP5: Fossil-fueled Development (“Taking the Highway”)

Each of these categories differs in terms of socio-economic developments and
thus leads to different climate policies. Using a predetermined selection of these
scenarios, climate change simulations have been carried out by international climate

4This SSP scenario was used in Chapter 4.
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research organizations (O’Neill et al., 2016; Riahi et al., 2017). The Intergovernmen-
tal Panel on Climate Change’s sixth assessment report (IPCC AR6) from 2021, for
example, is also based on these SSPs (Masson-Delmotte et al., 2021).

The first narrative, SSP1, illustrates a sustainable and “green” world where the
limits of nature are being respected. Human welfare is given more priority than
economic expansion. Income disparities within and across states are decreasing.
The consumption of energy and resources is minimized as much as possible. This
scenario is the only one that meets the Paris Agreement’s goal of keeping global
warming in 2100 to around 1.5°C above preindustrial temperatures of 1850-1900
(O’Neill et al., 2016; Riahi et al., 2017).

The SSP2 scenario takes into account developments and emissions from the past
and present. There are major differences between income patterns among nations.
Although collaboration between countries is present, it is barely increased. The
world population will gradually decline in the second half of the 21st century. There
is a certain deterioration of environmental systems. After 2050, global CO2 emis-
sions will have drastically decreased but not as quickly as in the SSP1 narrative. As
the progress toward sustainability is slow, average temperatures rise about 2.7°C by
the end of the century (O’Neill et al., 2016; Riahi et al., 2017).

Following the SSP3 scenario, global issues are put aside due to national and re-
gional conflicts. Policymakers focus more on these conflicts and security issues,
whereas education and technological advancement are given less attention. Thus,
inequality is significantly increasing and some areas experience severe environmen-
tal harm. On this path, CO2 emissions roughly double compared to preindustrial
times. As countries become more competitive with one another, average tempera-
tures rise by approximately 3.6°C (O’Neill et al., 2016; Riahi et al., 2017).

The SSP4 narrative describes a pathway of inequality. The difference between
industrialized countries that cooperate on a global scale and those who remain at a
lower developmental stage, with low income and poor education levels, is growing.
In some areas, environmental policies work well to address local issues, but not in
others. Here, temperatures are increasing by roughly 3.7°C in 2100 compared to
preindustrial temperatures of 1850-1900 (O’Neill et al., 2016; Riahi et al., 2017).

The last one, SSP5, leads to a scenario with very high fossil fuel use, energy de-
mand and CO2 emissions. Since global markets become more interconnected in
this scenario, innovations and technical advancement are increasing. However, the
global energy-intensive lifestyle and an increased usage of fossil fuel resources are
the foundations of social and economic progress. Thus, the global economy is ex-
panding, while local environmental issues like air pollution are being individually
addressed. By 2100, the average global temperature is about 4.4°C higher (O’Neill
et al., 2016; Riahi et al., 2017).

All of these SSPs can be further divided into specific subcategories that describe
the additional radiative forcing of future greenhouse gas emissions by 2100, ranging
typically from 1.9 to 8.5 W/m2 dependent on the scenario (see e.g. O’Neill et al.
(2016)). In this study, we concentrate on the SSP3-7.05 scenario.

5see details in Chaper 4
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1.7 Current Knowledge Gaps

In the last years, a considerable number of studies have been conducted on extra-
tropical cyclone activity, with many of them focussing on how these storms will
change in a warming climate. For example, Ulbrich et al. (2009) reported that in
most studies the number of winter cyclones decreases under anthropogenic climate
change, but in specific regions, over the Northeast Atlantic and the British Isles, as
well as in the North Pacific, the number of intense cyclones increases in the climate
models. However, cyclone frequency and intensity often are the only two main cy-
clone features considered, but less attention is given to other storm parameters such
as the storms’ radii and depths, which are crucial for cyclone development and in-
tensification (Schneidereit et al., 2010). Cyclone propagation speed, direction and
overall travelled distance of the storms are also factors that could change under
global warming. The linkage between these features and a warmer climate has been
partially explored by Jiang and Perrie (2007): under enhanced CO2 emissions, au-
tumn storms were able to develop larger radii, become more intense and propagate
faster, although these results were often not statistically significant.

Moreover, not many studies have addressed the combined effect of changes
in storm impacts related to long-term trends in cyclone characteristics. These as-
pects are frequently regarded as independent issues, but are clearly interconnected.
Therefore, it remains yet to be seen whether wind gusts and heavy precipitation as-
sociated with extreme winter storms have significantly changed in the last decades.

Studies on the Northern Hemisphere cyclone tracks have determined that storms
might shift more poleward in the future (Bengtsson et al., 2006; Tamarin and Kaspi,
2017; Harvey et al., 2020), whereas there is a substantial lack of studies focussing
on quantifying storm changes in historical reanalyses (e.g., using the state-of-the-
art extended ERA5 reanalysis). Indeed, no robust estimations on various cyclone
characteristics for different cyclone intensities have been determined. To capture
the full spectrum of long-term behaviour in storms, long and consistent data sets
are needed to predict future storm activity.

In a review by Catto et al. (2019), the authors have noted that the general inter-
acting processes that might lead to changes observed in extra-tropical cyclones in
a warmer climate are known. But despite this, no study has been able to precisely
evaluate the regional-to-local when-and-where component with high statistical sig-
nificance. Exploring such ties also applies to Northern Hemisphere storminess.

Apart from an individual storm perspective, clustered cyclone activity has
gained more importance in recent decades due to excessive socio-economic costs
(see Section 1.5.2). While the dynamics behind clustering are largely known, at least
for the North Atlantic cyclone track (Priestley et al., 2020; Dacre and Pinto, 2020), the
statistical quantification of clustering in historical and projected winter climates re-
mains still unanswered. Using a dispersion statistic to characterize cyclone cluster-
ing, Karremann et al. (2014b) concluded that a constant overdispersion factor cannot
be identified for storm losses, since the factor varies with intensity and between data
sets. It is yet unclear whether alternative, more intuitive methods would be able to
provide answers to this question.

Dacre and Pinto (2020) summarized that there are large sample uncertainties in
clustered cyclone activity in climate change studies. It is yet to be determined how
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different projections among the climate models are related to changes in clustered
cyclones. This amplifies the increasing demand for new studies on multi-model or
large ensemble evaluations of, for example, CMIP6 data. Nevertheless, as climato-
logical analyses rely on consistent and long data sets, including a high, temporal and
spatial, resolution to perfom cyclone tracking – such data have to be available. As a
result, options often are limited because the resolution of climate models is not high
enough; there is a lack in different future emissions scenarios or the climate models
are restricted by time (they might not necessarily be available for a constant period,
e.g., 2060-2100), which make direct comparison and quantifying cyclone clustering
difficult. These are all critical research gaps.

1.8 Thesis Aims and Structure

The aim of this thesis is to address the knowledge gaps and questions highlighted
above. The main research questions (RQ) that will be answered are as follows:

RQ1: Are the different ERA5-BE and ERA5 data sets compatible to perform a long-
term trend analysis on storms and impacts in the full period 1950-2021?

RQ2: To what limit does a Lagrangian-based analysis allow for a comprehensive as-
sessment of cyclone characteristics, for example, frequency, size, and intensity
in the extended ERA5 reanalysis?

RQ3: Are there significant trends in the Northern Hemisphere storm tracks that
provide us with new data on the atmospheric circulation response to global
warming?

RQ4: How is clustered cyclone activity in the Northern Hemisphere mid-latitudes
characterized in the ERA5 reanalysis and CESM2-LE in 1980-2020?

RQ5: How is extra-tropical cyclone clustering projected to change by 2060-2100
compared to 1980-2020 based on two metrics?

RQ6: What are possible reasons in terms of large-scale dynamics and cyclone char-
acteristics for these projected changes?

Following these questions, the remaining part of this thesis is structured as follows:

Chapter 2 addresses the cyclone tracking method of Blender et al. (1997), which
was applied in this thesis. Furthermore, the main data sets used for the analysis
of historical long-term trends in Northern Hemispheric winter cyclones, as well as
of clustered cyclone activity in recent and future winter climates, are presented.
In addition, the background of the statistical methods for identifying trends in
cyclones and how to differentiate between random, regular, and clustered cyclone
activity are discussed. An overview of several statistical tests for quantifying results
is provided.
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Chapter 3 concentrates on the extensive analysis of long-term trends of Northern
Hemispheric winter cyclones using a Lagrangian-based approach. The analysis
shows the compatibility between ERA5-BE and ERA5 with a study focus of the
cyclone characteristics and related impacts in the North Atlantic and North Pacific.
Moreover, statistical significant trends are identified. This chapter was published in
full in JGR Atmospheres as Karwat et al. (2022).

Chapter 4 examines clustered cyclone activity in recent and future winter cli-
mates. Cyclone clustering is characterized by two different metrics, and applied
to the ERA5 reanalysis and CESM2-LE to identify preferred geographical regions
for cyclone clustering in 1980-2020. Moreover, CESM2-LE simulations including
an upper-level greenhouse gas emissions scenario are used to predict and quantify
cyclone clustering in 2060-2100 compared to 1980-2020 and 1850-1890, respectively.
This chapter has been submitted to the Journal of Climate and is currently in review
as Karwat et al. (2023).

Chapter 5 discusses the main results of this thesis. The implications and limi-
tations are summarized. In addition the key conclusions of this thesis are presented.
Finally, directions for potential future work in this field and beyond are proposed.
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Chapter 2

Data and Methods

2.1 Cyclone Tracking Algorithm

As extra-tropical cyclones can largely differ in size (100-1000 km) and structure (of-
ten asymmetric), their velocities and other characteristics may also vary (Neu et al.,
2013). Tracking the same physical features at different times acknowledges that one
cyclone can sometimes split into different features or that two will merge into one,
which may be a challenge for automated algorithms that are designed to identify
and track the cyclones. Over the years, several tracking algorithms have been devel-
oped to track cyclones (e.g., Murray and Simmonds (1991), Sinclair (1994), Hodges
(1995), Pinto et al. (2005), and Wernli and Schwierz (2006)). For a recent review see
Neu et al. (2013).

The most common tracking scheme is based on a nearest-neighbour search
where the trajectories of individual cyclones are connected at subsequent time steps
as shown by Blender et al. (1997). Blender et al. (1997) define cyclones as local min-
ima of the 1000 hPa geopotential field (as applied in Chapter 3) or as local minima
of the mslp field (as applied in Chapter 4). This tracking algorithm assumes no pre-
ferred propagation direction and speed in the preceding field, making it a reliable
and robust method to identify cyclones.

To conclude, multiple cyclone tracking algorithms have been established in the
past, which have enabled studies on different storm aspects including storm fea-
tures, connections to impacts, dynamics, and related mechanisms. Each tracking
scheme has both advantages and disadvantages. As there is no universal definition
of a cyclone, the tracking ultimately depends on how the storm was defined prior
to analysis (Raible et al., 2008; Neu et al., 2013).

2.2 ERA5 Reanalysis

Reanalysis data are an assimilation of heterogeneous observations coupled with a
numerical weather prediction model to reconstruct the historical weather and cli-
mate (Bollmeyer et al., 2015). Due to the reanalysis’s temporally and spatially high
resolution, these data sets can be applied to an increasing range of earth science dis-
ciplines such as the long-term study of cyclones. Although commonly used in many
different fields, reanalysis data sets may intrinsically show some uncertainties, for
example, global reanalysis data sets often underestimate the observed daily precip-
itation extremes (Hu and Franzke, 2020), since the difficulties lie in the (statistical or
dynamical) downscaling in order to receive data in a specific resolution. Therefore,
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the regional enhancement of global reanalysis data is very important. Reanalysis
data sets are continuously being improved, updated and re-evaluated, since they
provide a reliable source of historical weather and climate conditions in the atmo-
sphere.

In this thesis, ERA5, a global atmospheric reanalysis produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF) (2020) was used. ERA5 is
the latest state-of-the-art reanalysis by the ECMWF and the successor of the well-
known ERA-Interim dataset (Hersbach et al., 2020).

In November 2020, the ECMWF released an ERA5 Back Extension (ERA5-BE)1

ranging from 1950 to 1978 for the first time (European Centre for Medium-Range
Weather Forecasts (ECMWF), 2020). In addition to the standard ERA5 reanalysis
data from 1979 to 2021 (Hersbach et al., 2020), after some quality control and com-
patibility tests2, a consistent and extended data series from 1950 to 2021 was used
for detecting long-term trends in extra-tropical cyclones and related impacts.

The ERA5-BE and ERA5 reanalysis data sets have a horizontal resolution of 0.25°
and a temporal resolution of one hour. For the cyclone tracking, 1000 hPa geopo-
tential fields were interpolated on a 2° x 2° grid using three-hourly data for the
winter months: December through February (DJF). Other studies in the past have
used, for example, 850 hPa relative vorticity, which might be less influenced by the
background state but more suitable for smaller (geographical) spatial scales due to
its very high vortex resolution. A potential drawback of choosing relative vorticity
rather than the geopotential or sea level pressure is that it is more noisy and could
imply detecting some ’fake cyclones’. To estimate impacts related to the tracked cy-
clones hourly ERA5 data of 10m wind gust, the 10m u- and v-components of the
wind, and total precipitation with a 0.25° spatial resolution were used. Cyclones
were analyzed in the Northern Hemisphere with a focus on the North Atlantic and
North Pacific sectors. Consequently, cylones were tracked over the North Atlantic
and Europe (80°W to 30°E and 25°N to 75°N) and in the North Pacific (120°E to
120°W and 25°N to 65°N).

For studying clustered cyclone activity, ERA5 mean sea level pressure data from
1980 to 2020 (Hersbach et al., 2020) was used in the same spatial resolution, but for
six-hourly data. The study areas of Europe (10°W to 15°E and 50°N to 60°N), the
west coast of the US states and western Canadian provinces (120°W to 135°W and
30°N to 60°N) and the Gulf of Alaska (135°W to 165°W and 50°N to 60°N) were
considered as most relevant for the cluster analysis.

2.3 CESM2 Large Ensemble

For projections on cyclone clustering, the CESM2 Large Ensemble (CESM2-LE)
(Rodgers et al., 2021) was used. The CESM2-LE is based on the Community Earth
System Model (CESM, version 2) and has a horizontal resolution of 1° (Danabasoglu
et al., 2020). The model is forced by the CMIP6 historical forcing from 1850 to 2014
and a higher Shared Socioeconomic Pathways forcing scenario (SSP3-7.0) from 2015
to 2100. The SSP3-7.0 scenario relates to an additional radiative forcing of 7 W/m2

1preliminary until June 2022
2see details in Chapter 3

16



2.4. Statistical Approaches

by 2100 (Masson-Delmotte et al., 2021). On this path, temperatures rise steadily
and CO2 emissions roughly double from current levels by 2100. By the end of the
century, average temperatures have risen by approximately 3.6°C compared to pre-
industrial temperatures of 1850-1900 (Masson-Delmotte et al., 2021). This scenario
is in the upper-middle part of all the scenarios in CMIP6. It was introduced to close
the gap between the RCP6.0 and RCP8.5 scenarios in CMIP5.

The same conditions for the cyclone tracking as conducted with ERA5 were used.
Overall, the focus was on three different time slices: pre-industrial times (1850-1890),
recent past (1980-2020), and future (2060-2100).

2.4 Statistical Approaches

The background of the statistical methods for identifying long-term trends in cy-
clones and differentiating random from regular or clustered cyclones are discussed
in the following sections.

2.4.1 Quantile Regression

In predictive analysis, a commonly used method to detect trends is linear regression,
which relies on specific assumptions about the model data. For example, data that
is normally or Gaussian distributed. A Gaussian distribution is symmetric (i.e., bell-
shaped) and has a constant mean and variance3 (Wilks, 2011). It is one of the most
frequently observed data distributions in nature. Thus, it is often called normal or
standard distribution.

However, data does not always follow a clear linear trend where the data come
from a normal distribution. Quantile regression does not imply such an assumption
(Koenker and Hallock, 2001). It is a parametric method4 to estimate, for example,
the median, the 90th percentile and other quantile thresholds. In literature, quantiles
are usually referred to as fractions (0.9) and percentiles to percents (90 %) (Coles,
2001). Quantile regression estimates the median or other quantiles of the dependent
variable by solving the simplex algorithm (Koenker and Hallock, 2001). Thus, the
aim is to minimize a sum of residuals5, with n as the length of the time series y, ρp as
the check function and p as the specified percentile, xT as the vector of time points
and β as the regression coefficients to be estimated. Consequently, it is defined by
Koenker and Hallock (2001) as follows:

n

∑
i=1

ρp(yi − xTβ). (2.1)

The advantage of using quantile regression is that it is robust against outliers
(Koenker and Hallock, 2001). In this study, a quantile regression analysis was per-
formed in an almost identical manner to linear regression with one exception that
an extra argument called τ, for example, τ = 0.9 for the 90th percentile, is used to
specify the quantile (Coles, 2001). The applied method is defined by eq. 2.2 with

3Variances measure the dispersal of the data points around the mean.
4see details in Section 2.5.2
5Residuals describe the difference between an observed value and a predicted value.
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y(storm variable6) as the dependent variable, x as the slope, t as the independent time
step and ε as the intersection with the y-axis:

y(storm variable) = x1t1 + x2t2 + ... + xntn + ε + τ. (2.2)

Using quantile regression, the study’s aim is to estimate the effect of an independent
variable like the seasonal period of boreal winter (December, January, and February)
on a specified quantile, for example, the 90th percentile of the dependent variable
(i.e., a storm variable such as the cyclones’ intensity) in Northern Hemisphere storm
tracks.

2.4.2 Homogeneous vs. non-homogeneous Poisson Process

The homogeneous Poisson (point) process is a stochastic process, which assumes
that a number of points in a region of finite size is a random variable that fits a
Poisson distribution (Stoyan et al., 2013; Ross, 2020). In other words, it models the
occurrence of random events in time and thus assumes that the arrival of any event
is independent of the number of preceding events and the amount of time since the
preceding event (Stoyan et al., 2013; Ross, 2020). The homogeneous Poisson process
implies a constant rate parameter λ (Mailier et al., 2006). Here, it is assumed that
storms occur at random and that the waiting times between storms are exponen-
tially distributed.

In contrast, a non-homogeneous Poisson process can have a variable rate param-
eter λ(t) that is a function of time. This implies that the increments between events
are non-stationary (Ross, 2020). Hence storms occur at specific times, depending on
the intensity function defined in the process.

For example, storms that appear in clusters during high frequency periods are
therefore more adequately represented by the Poisson cluster process, which is
based on the assumption that many cyclones track over the same region in a short
amount of time (Mailier et al., 2006). This case will be reviewed in the next section.

2.4.3 Dispersion Statistic

Mailier et al. (2006) introduced the concept of the dispersion statistic derived from
a variable rate Poisson process to model cyclone occurrences. The probability of a
number of occurrences (N) with a fixed rate λ during a time interval (∆T) is defined
as follows:

P(N = n) = (λ∆T)ne−λ∆T/n!, n = 0, 1, 2, .... (2.3)

Thus, the deviation from a Poisson process is given by the dispersion index that is
defined as

ψ = Fano factor − 1 = (σ2/µ)− 1 (2.4)

where σ2 and µ are the variance and mean of the number of cyclone occurrences at
each grid point, respectively. A value of ψ = 0 (Fano factor = 1) corresponds to a

6for example, the storms’ intensity or radius
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homogeneous Poisson process, which implies that the occurrences are uncorrelated
and thus random events (eq. 2.4). For values of ψ < 0, cyclone occurrences are un-
derdispersive and thus cyclones occur regularly; for values of ψ > 0 the occurrences
are more clustered than random and hence overdispersive (Mailier et al., 2006).

To summarize, cyclone clustering can mathematically be described by the Pois-
son cluster process. In the cluster process, regions with high clustered activity have
a large number of cluster events, whereas regions with low clustered activity show
a small number of cluster events.

2.5 Statistical Significance, Tests and Quantification

In order to have a robust estimate of results, it is necessary to quantify and thereby
demonstrate the statistical significance of the data. Here, the concept of hypothesis
testing and the differences between parametric and non-parametric methods are
presented. In addition, an overview of the most commonly used significance tests
are given, focusing on the standard methods, such as t-tests, the modified Mann-
Kendall trend test, and the alternative method of bootstrapping with replacement.

2.5.1 Hypothesis Testing

In statistics, hypothesis testing is the process of determining whether an assumption
regarding a certain sample or data set is statistically significant. Statistical signifi-
cance indicates that the outcome cannot be explained purely by chance or random
variables. It is used to provide an educated guess about the data based on a specific
assumption prior to testing. Thus, there are two mutually exclusive hypotheses:
the null and the alternative hypothesis (Wilks, 2011; Ross, 2020). The null hypoth-
esis states that there is no difference between groups or no relationship between
variables. When there is adequate evidence for statistical significance in the data
sample, the null hypothesis can be rejected and it is concluded that the result is sta-
tistically significant. In this case, the alternative hypothesis is accepted. Statisticians
often denote the null hypothesis as H0 and the alternative hypothesis as Ha (Wilks,
2011; Ross, 2020).

As the alternative hypothesis is the most intriguing one, because it assumes a
significant difference in the two samples, a statistical test is run on the data to show
that the null hypothesis can be rejected and that the data are statistically significant.
This is accomplished by determining the probability (p-value) of a hypothesis to
be true and comparing it to a specific threshold (significance level), where the null
hypothesis can be rejected (Wilks, 2011; Ross, 2020). The p-value is an important
component of statistical results, because it measures how strongly the data sample
contradicts the null hypothesis. A significance level, typically α = 0.05, for example,
represents a 5% probability that a difference in the data exists. If the data provide
solid evidence, e.g., the p-value is less than or equal to the significance level α, the
null hypothesis can be rejected and the alternative hypothesis is accepted. Hence,
the data is assumed to be statistically significant. In contrast, p-values greater than α
suggest that there is not sufficient evidence for the data to be significantly different
(Wilks, 2011; Ross, 2020).
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2.5.2 Parametric or non-parametric?

Before choosing the most appropriate significance test, it is important to distinguish
whether to employ a parametric or a non-parametric test, because these tests rely
on different assumptions about the data (Wilks, 2011; Ross, 2020). A parametric test
assumes that

1. the data is normally distributed,

2. the data in each group is sampled independently or randomly,

3. there are no extreme outliers in the data,

4. the variance of the data in each group should be almost the same.

Conversely, a non-parametric test (sometimes also referred to as a distribution-
free test) does not assume anything about the underlying distribution of the data.

To assure that the parametric method is the most suitable for further analysis, the
above mentioned conditions should, if possible, be validated. For example, there
are two tests to check whether the data is normally distributed: the Shapiro-Wilk
and the Kolmogorov-Smirnov test (Shapiro and Wilk, 1965; Wilks, 2011; Ross, 2020).
For both of these tests, the null hypothesis states that the data come from a normal
(or Gaussian) distribution. In the Shapiro-Wilk test, a test statistic of the sample’s
variance is calculated and then compared to critical thresholds. If the test statistic
is less than the critical threshold, the null hypothesis must be rejected (Wilks, 2011;
Ross, 2020). In other words, the regression line for the estimated values should be
almost equal, resulting in a quotient close to 1, to assume that the data are normally
distributed (e.g., visually solved by a QQ-plot).

In contrast, the Kolmogorov-Smirnov test compares the data’s observed and ex-
pected, therefore normal, cumulative relative frequencies. The cumulative relative
frequency is the cumulative frequency divided by the sample size. As a result,
the maximum absolute difference between these curves is used as the test statistic
(Wilks, 2011; Ross, 2020).

To summarize, the Shapiro-Wilk test is a more appropriate method for small
sample sizes (n < 50 samples), while the Kolmogorov-Smirnov test is typically used
for larger sample sizes of n ≥ 50 when attempting to demonstrate that the data is
normally distributed (Shapiro and Wilk, 1965; Wilks, 2011; Ross, 2020).

A parametric approach assumes not only normality, but also implies that the
variances of the data sets are almost the same. For example, the F-test is used to
check whether the variance of two groups of data is significantly different. The term
F-test assumes that this test uses a F-statistic (inherently it is a test statistic), which is
the ratio of two variances. If the variances are identical, the variance ratio equals 1
and the condition is fulfilled (Wilks, 2011; Ross, 2020). Since variances have squared
units, they might be difficult to interpret. By taking the square root of the variance,
the standard deviation of the data is obtained, which may be a more straightforward
way for interpreting the results (Wilks, 2011; Ross, 2020).

Having checked the above conditions of a parametric method, a significance
test is chosen. There are two main tests to compare the means of two independent
groups of data and show whether the data are statistically significant: the Student’s
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t-test and Welch’s t-test (Wilks, 2011; Ross, 2020). Both tests state in their null hy-
pothesis that there is no statistically significant difference between the data (H0 = 0).
The following sections now examine the differences between these two tests.

2.5.3 Student’s t-test

The Student’s t-test assumes that both groups of data come from samples that follow
a normal distribution and that those two groups have the same variance (Wilks,
2011). This is probably the most frequently used test to show significance. Here the
test (t-)statistic is defined as follows:

(x1 − x2)/sp(
√

1/n1 + 1/n2) (2.5)

where x1 and x2 are the sample means, n1 and n2 are the sample sizes for sample 1
and sample 2, respectively, and where sp is calculated as:

sp =
√
(n1 − 1)s2

1 + (n2 − 1)s2
2/(n1 + n2 − 2) (2.6)

where s1 and s2 are the sample variances. After determining the t-statistic and the
degrees of freedom (i.e., the number of independent values in a data sample), a
p-value may be found using a table of values from Student’s t-distribution (Wilks,
2011). If the calculated p-value is less than the statistical significance threshold (e.g.,
the 95th percentile level), then the null hypothesis is rejected in favor of the alterna-
tive hypothesis. Thus, the result is concluded to be statistically significant.

2.5.4 Welch’s t-test

The Welch’s t-test also assumes that both groups of data are taken from samples that
follow a normal distribution (Derrick et al., 2016). However, unlike the Student’s t-
test, it does not assume that those two groups have the same variance (Derrick et al.,
2016). The test statistic is therefore defined as follows:

(x1 − x2)/(
√

s2
1/n1 + s2

2/n2) (2.7)

where x1 and x2 are the sample means, and n1 and n2 are the sample sizes for sam-
ple 1 and sample 2, respectively. Here, the t-statistic and degrees of freedom are
computed similarly to the Student’s t-test, and the resulting p-value is compared to
the pre-determined significance threshold. Employing this test has the advantage
that it can be used on data where different variances are expected. Welch’s t-test
also remains robust for skewed distributions and large data samples (Derrick et al.,
2016).

2.5.5 Pearson’s chi-square goodness of fit test

The Pearson’s chi-square goodness of fit test evaluates whether an observed distri-
bution differs from the expected distribution (Wilks, 2011; Ross, 2020). Here, the
null hypothesis states that data follow the specified distribution, whereas the data
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do not follow the specified distribution in the alternative hypothesis. Consequently,
the test statistic for the chi-square goodness of fit test is defined as follows:

x2 = ∑
(O − E)2

E
(2.8)

where O are the observed and E the expected values (Wilks, 2011; Ross, 2020). The
larger the difference between the observations and the expectated data, the bigger
the chi-square x2. Similarly to the t-tests, the resulting p-value, obtained from the
test statistic and the degrees of freedom, is compared to the significance level (Wilks,
2011; Ross, 2020). If the p-value is less than the significance level, the null hypothesis
can be rejected and it is concluded that the differences are statistically significant.
Thus, the hypothesized distribution would not follow the expected distribution.

If many of the expected data are very small, the approximation of the p-value
may be poor in Pearson’s chi-square goodness of fit test. In this case, an alternative
test such as the G-test or Fisher’s exact test might be more suitable (Upton, 1992;
McDonald, 2009).

The G-test, like previous tests, employs a test statistic that enables the computa-
tion of the p-value and subsequently, the comparison with the significance thresh-
old. A p-value larger than the threshold would imply that the data do not follow
the hypothesized distribution (McDonald, 2009)

Fisher’s exact test, on the other hand, is used to find the total number of con-
tingency tables (i.e., frequencies for combinations of two variables), which might
have the same rows and columns (i.e., marginal distributions – the distribution of
each of the individual variables) as the observed table. By calculating the percentage
of hypothetical tables that are more extreme than the observed table, it is possible
to determine the probability for the p-value (Upton, 1992; McDonald, 2009). The
p-value can thus be compared to the significance level. If it is concluded that the
alternative hypothesis is true and that the two variables are not independent, then
the results are statistically significant (Upton, 1992; McDonald, 2009).

2.5.6 Modified Mann-Kendall trend test

The Mann Kendall trend test is used to analyze time series data for the quantifi-
cation of increasing or decreasing trends (Mann, 1945; Kendall, 1975). It is a non-
parametric method that does not assume a normal distribution. The null hypothesis
in the Mann-Kendall test states that the data are independent and randomly ordered
(H0 = 0) (Mann, 1945; Kendall, 1975).

For a value other than H0 = 0, the alternative hypothesis suggests a trend in the
data. However, time series data are often affected by autocorrelation and therefore
excluded in some trend detection tests, because the error would be transferred from
one period to the next (Mann, 1945; Kendall, 1975).

In this study, a modified Mann-Kendall trend test by Hamed and Rao (1998) was
used. In the modified test, a correction term is applied to avoid the effect of auto-
correlation (ρ). This is done by using only significant values of ρs to calculate the
variance correction factor n/n∗

s , since the variance of the Kendall test statistic (V(S))
is underestimated when the data are not serially independent. The number of obser-
vations n, and the ’effective’ number of observations n∗

s account for autocorrelation
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in the data, and ρs(i) is the autocorrelation function of the observations. Thus, the
empirical expression by Hamed and Rao (1998) is defined as follows:

n/n∗
s = 1 +

2
n(n − 1)(n − 2)

n−1

∑
i=1

(n − i)(n − i − 1)(n − i − 2)ρs(i). (2.9)

The parent autocorrelation function of the observations, ρ(i), is given by Kendall
(1975):

ρs(i) = sin−1(
ρ(i)

2
). (2.10)

Consequently, the corrected variance V∗(S) by Hamed and Rao (1998) is then com-
puted as follows:

V∗(S) = V(S)n/n∗
s (2.11)

with V(S) obtained from the number of observations n and ties t up to sample i
(Mann, 1945):

V(S) =
[n(n − 1)(2n + 5)− ∑t t(t − 1)(2t + 5)]

18
. (2.12)

The Kendall test statistic S (Kendall, 1975) is given as:

S =
n−1

∑
k=1

sgn(xj − xk) (2.13)

where sgn(xj − xk) is the signum function. The remaining process of the trend anal-
ysis is included in the Mann-Kendall test by the corrected variance in the standard-
ized test statistics (Zmk), also denoted as z-score, which is estimated by Mann (1945)
and Kendall (1975) as follows:

Zmk =



S − 1√
V(S)

if S > 0

0 if S = 0
S + 1√

V(S)
if S < 0

(2.14)

Zmk shows the direction of the trend, since the sign values of the Kendall test statistic
S will tend to increase or decrease continuously. A positive value of the z-score
indicates an upward trend and a negative value indicates a downward trend. If S =
0, then no trend is detected.

Furthermore, it is noteworthy that by applying more data points n, the probabil-
ity to find a trend is higher (Hamed and Rao, 1998). In this study, significance levels
of 5 % and 10 % were used for the autocorrelation of ρs(i), which produce the best
overall empirical significance levels. The advantage of applying a corrected vari-
ance is that there is no need to either normalize data or their autocorrelation func-
tion (Hamed and Rao, 1998). The Mann-Kendall trend test is a common method
used in the analysis of trends as shown, for example, by Gavrilov et al. (2016).
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2.5.7 Bootstrapping with replacement

An alternative method to quantify results is by applying a bootstrap. Bootstrapping
with replacement is the process of resampling a single data set to generate many
simulated samples (Wilks, 2011; Ross, 2020). This also implies that all values in
the sample have an equal probability of being selected, including multiple times.
Thus, bootstrapped data could have duplicates. Bootstrapping follows this logic:
resample, calculate a statistic (e.g., the mean), repeat this hundreds or thousands
of times and a precise uncertainty of the mean of the data’s distribution can be es-
timated (Wilks, 2011; Ross, 2020). The most important advantage over traditional
hypothesis testing is that this method does not rely on any test statistic or a priori
assumptions about the data’s distribution.

Instead of looking at p-values, like with any classical t-test, the significance of the
bootstrapped data can be determined by examining whether the confidence inter-
vals for each group of data overlap (Schenker and Gentleman, 2001; Wilks, 2011). An
overlap means that a sample of group 1 is in the interval of group 2. If they overlap,
the null hypothesis would be accepted and it is concluded that there is no statisti-
cally significant difference between the groups. In contrast, if there is no overlap
of the bootstrapped confidence intervals, the null hypothesis must be rejected and
the alternative hypothesis is accepted, which suggests that the data are statistically
significant. For the confidence intervals usually the 95th and 5th percentiles are
considered (e.g., Daniels et al. (2014)). This is similar to the 95% significance level of
t-tests.
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Chapter 3

Long-Term Trends of Northern
Hemispheric Winter Cyclones
in the Extended ERA5 Reanalysis1

The research questions that are addressed in this chapter are as follows:

RQ1: Are the different ERA5-BE and ERA5 data sets compatible to perform a
long-term trend analysis on storms and impacts in the full period 1950-2021?

RQ2: To what limit does a Lagrangian-based analysis allow for a comprehen-
sive assessment of cyclone characteristics, for example, frequency, size, and
intensity in the extended ERA5 reanalysis?

RQ3: Are there significant trends in the Northern Hemisphere storm tracks
that provide us with new data on the atmospheric circulation response to global
warming?

3.1 Abstract

Understanding how historical extratropical cyclone tracks respond to global warm-
ing is crucial for predicting future storm activity. Thus, long reanalysis data sets
are needed to investigate long-term changes in storm features and their impacts. By
using a systematic change-point analysis, we provide evidence that the presatellite
ERA5 data of the Backward Extension (covering 1950–1978) is highly compatible
with the standard ERA5 (1979–2021) data set. The joint ERA5 data from 1950 to
2021 is consistent in all storm-related quantities, consequently allowing long-term
studies. Our trend analysis suggests that the intensity of extratropical cyclones has
increased significantly during 1950–2021. The number of North Pacific storms has
increased, and while they have longer life cycles and travel larger distances, they
grow more slowly. For 1979–2021, we find notable increases in wind gusts for North
Atlantic storms and in precipitation extremes for North Pacific storms. Our results
also indicate an increase in Northern Hemispheric storminess based on an index of
an extreme percentile of the central geopotential. Finally, we show potential impact
locations using the findings of our trend analysis.

1published in J. Geophys. Res. Atmos., 2022, with A. Karwat as first-author.
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3.2 Plain Language Summary

To understand how midlatitude storms change in the context of global warming,
long-term trends in the historic storm behavior need to be examined. This requires
long data sets that are consistent over time. By using a recently extended data set
that covers the years 1950–2021 for the first time, we look for inconsistencies in their
time series of several storm characteristics. Our results indicate continuous behav-
ior in all storm measures, allowing us to use the full period for the long-term study
of midlatitude storms and their impacts. We perform a trend analysis and show
that midlatitude storms have intensified from 1950 to 2021. The number of North
Pacific storms has increased, and while they have longer life cycles and travel larger
distances, they grow more slowly. Since 1979 wind gusts and storm-related pre-
cipitation have notably increased. We show potential impact locations using the
findings of our trend analysis. Future storm adaptation planning should take these
results into account.

3.3 Key Points

• We provide evidence that ERA5 data of the Backward Extension is highly com-
patible with ERA5 for midlatitude storms and, thus, their combination can be
used for long-term studies

• We find significant trends in both Northern Hemispheric storm tracks for more
poleward storms, longer distance traveled, and a speed decrease

• We find significant positive trends for 1979–2021 in wind gusts for the North
Atlantic and in precipitation extremes for the North Pacific

3.4 Introduction

Extratropical cyclones are one of the major natural hazards affecting the midlati-
tudes, especially large economies in Europe. For instance, the economic damage
caused by the European wind storm Ciara in February 2020 caused at least €1.9 bil-
lion in insurance claims (Alert Air Worldwide, 2020) and was recently surpassed by
insurance claims ranging from €3 billion to €5 billion in the aftermath of the storms
Dudley and Eunice in February 2022 (Alert Air Worldwide, 2022a). These storms
are among the most expensive storms since storm Kyrill hit Northern and Central
Europe in January 2007. Furthermore, hurricane-force wind gusts and heavy precip-
itation accompanied the North Pacific Hanukkah Eve wind storm in December 2006
and the Great Coastal storm in December 2007; both caused havoc in the US states
of Oregon and Washington and the Canadian province of British Columbia (Mass,
2008). In December 2020, an intense extratropical cyclone moved across the North
Pacific toward the Aleutian Islands of Alaska. This storm developed rapidly by
bombogenesis and set a new record for the lowest central pressure in Alaska (Na-
tional Environmental Satellite Data and Information Service, 2021). These events
show how important it is to understand how extratropical cyclones have changed
in the last few decades to gauge probable future storm behavior.
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To estimate the impacts of extreme storms, current research focuses on develop-
ing economic damage functions and high-resolution wind damage models (Franzke,
2017; Franzke, 2021; Franzke and Czupryna, 2019; Koks and Haer, 2020). An impor-
tant question from a predictability point of view is the estimation of storm losses
for potential long-term impacts; studies show that there are significant trends in
socio-economic damages (Franzke, 2021; Franzke and Czupryna, 2019). Current
research is also interested in cyclone-related compound precipitation and wind ex-
treme events and their relationship to extratropical cyclones (Messmer and Sim-
monds, 2021; Owen et al., 2021). Owen et al. (2021) show that these events are
frequently observed over Europe.

A Lagrangian perspective is particularly crucial for linking wind gust and pre-
cipitation extremes to Northern Hemispheric storms, since this kind of approach
incorporates the tracking of cyclonic features, e.g., storm speed and intensity, at any
point in space and time. Therefore, only Lagrangian trajectories sustain spatial and
temporal representativeness of cyclones that allows for a comprehensive analysis of
storms and impacts (Walker et al., 2020). The Eulerian method, however, provides
less information about the individual cyclone characteristics but instead indicates
how a given location will experience these changes (Walker et al., 2020).

Indeed, winter storm activity of the Northern Hemisphere is of great interest:
an increase in storminess over the Northeast Atlantic and Northern Europe during
1960–1995 was identified (Alexandersson et al., 1998; Alexandersson et al., 2000),
while studies on longer time scales often could not confirm significant trends (Storch
and Weisse, 2008). Thus, long-term trends in storminess are still an active area of
research (Feser et al., 2015; Krueger et al., 2019; Matulla et al., 2008). Trends in
extratropical cyclones have been investigated, for instance, using the ERA-20C and
NOAA-20CR reanalyses (Befort et al., 2016; Krueger et al., 2013; Wang et al., 2012)
or the ERA-Interim reanalysis (Lee et al., 2019). Dullaart et al. (2019) show that
ERA5 can be used to simulate probable surge heights of historical storm events,
albeit Dullaart et al. (2019) also indicate that a longer ERA5 record could reduce
uncertainties.

In a recent study, Bell et al. (2021) show that the extension of the ERA5 reanalysis
back from 1979 to 1950 continues coherently with the latter period of 1979-present.
For example, there is high confidence in the back extension due to the precise repre-
sentation of the North Sea Storm of 1953 (Bell et al., 2021). Additionally, the variabil-
ity of precipitation is consistent with observations; the distribution of winds agrees
in most parts (Bell et al., 2021). However, neither long-term trends of midlatitude
storms nor storm-related impacts are addressed by Bell et al. (2021). As a result, it is
still unclear if the reanalysis can be used for a more in-depth study of extratropical
cyclones in the full period 1950–2021. Here, we aim to close that knowledge gap.
No studies have investigated trends of extratropical cyclones and related impacts
like extreme precipitation and wind gusts using the most recently extended ERA5
reanalysis that spans about 71 years of data. In our study, we provide evidence that
ERA5 data of the Backward Extension (ERA5-BE; 1950–1978) and ERA5 (1979–2021)
can be combined for the long-term study of extratropical cyclones and their impacts.
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To achieve this, we define our study objectives as the following:

1. We explore whether there are quantitative changes between the two ERA5 data
sets using a systematic change-point analysis and temporal histograms of all
storm-related variables in the full period 1950–2021.

2. We apply a Lagrangian-based analysis that allows for a comprehensive as-
sessment of the cyclone characteristics, e.g., frequency, size, and intensity in
the extended ERA5 reanalysis.

3. Finally, we quantify significant trends in the Northern Hemisphere storm
tracks that provide us with new data on the atmospheric circulation response
to global warming.

The remainder of this paper is organized as follows: In Section 3.5, we introduce
the ERA5 data sets and the methodology; in Section 3.6, we present our results, and
in Section 3.7, we discuss the conclusions of this study.

3.5 Data and Methods

3.5.1 ERA5 Reanalysis Data

We use the ERA5 back extension reanalysis data from 1950 to 1978 (preliminary
version, hereafter referred to as ERA5-BE) and the ERA5 reanalysis data from 1979
to 2021 (European Centre for Medium-Range Weather Forecasts (ECMWF), 2020;
Hersbach et al., 2020). ERA5-BE has been a preliminary version since its release in
November 2020. This is because the quality control showed that tropical cyclones
were overly intense. A recent update from June 2022 corrected the issue with tropi-
cal cyclones in ERA5-BE. Nevertheless, we only study extratropical cyclones so this
issue does not affect us. The ERA5-BE and ERA5 reanalysis products have a hori-
zontal resolution of 0.25° and a temporal resolution of 1 hour. For the Lagrangian cy-
clone tracking we interpolate the 1,000 hPa geopotential fields on a 2° × 2° grid and
use 3-hourly data for the winter months December-February (DJF). To estimate im-
pacts related to the cyclones, we use hourly ERA5 data of 10-m wind gust, the 10 m
u-component and v-component of the wind, and total precipitation with a 0.25° spa-
tial resolution. We analyze cyclones in the Northern Hemisphere and focus on the
North Atlantic and North Pacific sectors. Cyclones are tracked over the North At-
lantic and Europe (80°W–30°E and 25°–75°N) and in the North Pacific (120°E–120°W
and 25°–65°N; Figure 3.1).

3.5.2 Methods

To show how compatible ERA5-BE and ERA5 are, we will introduce a change-point
detection analysis of all storm-related variables, followed by the methods for identi-
fying trends in cyclone characteristics, the storm tracking methodology and impact
measures.
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a)

b)

FIGURE 3.1: Study areas of the (a) North Atlantic and (b) North Pa-
cific sectors. Cyclones are tracked over the North Atlantic and Europe
(80°W–30°E and 25°–75°N) and in the North Pacific (120°E–120°W and

25°–65°N).

Compatibility of ERA5-BE and ERA5

In order to evaluate whether we can combine ERA5-BE and ERA5 for a long-term
cyclone analysis, we apply a change-point detection analysis, which is a method
to detect systematic changes in the mean or variance of different variables at some
a priori unknown time. Here, we use a binary segmentation-based change-point
analysis method (Killick and Eckley, 2014).

The inclusion of satellite data starting in 1979 has the potential to introduce a
significant change in the reanalysis. If the change-point analysis does not detect
any significant change-point around 1979 we claim that we can combine both re-
analysis data sets for a long-term analysis. For a single change-point detection, the
test statistic is defined as λ = 2[maxτ1 ML(τ1) − log p(y1:n|θ̂)], where ML(τ1) is
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the maximum log-likelihood of the change-point position τ and log p(y1:n|θ̂) is the
log-likelihood of the probability density function p. This function depends on the
data y for 1:n years and the maximum likelihood estimate θ̂. Thus, for a specific
threshold c, if λ > c, a single change-point in the data is detected (Killick and Eckley,
2014). This concept can be further extended to detect multiple change-points within
a data series by minimizing the function Σm+1

i=1 [C(y(τi−1+1):τi)
] + β f (m) where C is

a cost function based on the log-likelihood and β f (m) is a multiple change-point
indicator of the threshold c (Killick and Eckley, 2014). To minimize this function, a
binary segmentation (Edwards and Cavalli-Sforza, 1965; Killick and Eckley, 2014)
is used, which is one of the most common algorithms in change-point analysis. In
the binary segmentation algorithm, a single change-point test statistic is applied
to the full data series. If it identifies a change-point in the data, the data are split
into two at the location of the change-point. This concept is then repeated on the
two new data sets and the algorithm continues splitting the data sets until no more
change-points are identified (Edwards and Cavalli-Sforza, 1965; Killick and Eckley,
2014). Here, we look explicitly for single change-points in our storm-related vari-
ables, however, considering multiple change-points do not change our conclusions.
If there are change-points, we use a bootstrap to estimate a probability on whether
these change-points are significant. Here, we use a Bootstrapping with resampling
(Wilks, 2011). By doing this n times (here: n = 1,000), we are able to determine a
probability of the mean (confidence interval) of the data distribution.

Furthermore, we analyze the distribution of the geopotential (in regions and
along the tracks), relative vorticity at 850 hPa, mean sea level pressure, 10-m wind
gust, and the 10 m u-component and v-component of the wind through different
time series of histograms for both parts of the Northern Hemisphere. This is a pow-
erful approach to visualize possible changes within the different distributions of
the variables (Potter et al., 2020). Just like a classical probability distribution func-
tion (PDF), the temporal histograms take into account every single data point of
the geopotential, whereby the histogram bins are computed for the full (DJF) pe-
riod 1950–2021. Finally, the data are displayed as bin density (instead of counts)
and plotted against time (1950–2021). A great advantage of this approach is that it
reveals shifts in the data and that it can be used independently of location or time
scale (Potter et al., 2020).
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Trend evaluation

As we want to cover the whole range of cyclones and the impacts, we use the arith-
metic mean and take various percentiles into account. Trends in cyclone characteris-
tics and impacts are identified with quantile regression (Chatterjee and Hadi, 2000;
Koenker and Hallock, 2001). Therefore, we look at trends in both mean and per-
centiles. Furthermore, trends in extremes can be estimated when specified as high
or low percentiles (e.g., 5th or 95th percentile). This is a useful method to character-
ize trends in extremes (Donner et al., 2012; Franzke, 2015; Gao and Franzke, 2017;
Karwat and Franzke, 2021).

Moreover, examining various percentiles also enables us to gauge how the whole
distribution evolves over time. As a result, we investigate several percentiles for
assessing the full spectrum of cyclones and their impacts. This can be helpful for
different cyclone intensities and goes beyond the insight one can gain using just
linear regression.

Due to the auto-correlation of climate data (Franzke, 2012), statistical trend esti-
mation methods need to take account of this property. Here, we use the nonpara-
metric modified Mann-Kendall trend test (Hamed and Rao, 1998). The test can be
applied on specific percentiles as shown, e.g., by Gao and Franzke (2017) and Kar-
wat and Franzke (2021). For most significance tests, we provide the actual p-values.
However, we consider the significance levels of 5% and 10% as relevant for our dis-
cussion of trends.

Cyclone Tracking and Impacts

Different algorithms to identify tracks of cyclones have been developed by, e.g.,
Murray and Simmonds (1991), Sinclair (1994), Hodges (1995), Wernli and Schwierz
(2006), and Neu et al. (2013). Here, we use the Lagrangian cyclone tracking algo-
rithm of Blender et al. (1997). In the tracking algorithm cyclones are defined as local
minima of the 1,000 hPa geopotential field (z1000). The cyclone tracks are com-
puted by a nearest-neighbor search in the z1000 field where the trajectories of indi-
vidual cyclones are connected at subsequent time steps. Note that we distinguish
between the central geopotential (actual cyclone tracks) and the geopotential (entire
regions) for illustrative purposes. The central geopotential describes the intensity of
the storms from the tracking while the entire geopotential represents the intensity in
the whole regions including the cyclones. In our study, we only consider cyclones
with a minimum lifetime of 24 hr and which have traveled at least a distance of
1,000 km.

To estimate the impacts of wind and precipitation, we use a comoving La-
grangian cyclone-box, which uses the latitude, the longitude, the radius of each
cyclone, and the 2° grid spacing as the likely impact region of the cyclone. Within
this box, the impacts are calculated at 0.25° resolution at every hourly time step to
track the full movement of each individual cyclone.

The severity of storms is an important indicator in the analysis of long-term
trends of extratropical cyclones (Feser et al., 2015; Matulla et al., 2008).

31



Chapter 3. Long-Term Trends of Northern Hemispheric Winter Cyclones
in the Extended ERA5 Reanalysis

We define storminess by a seasonal storm index as a function of time

S(t) =
zc,0.2(t)− zc(t)

σ(zc(t))
(3.1)

where t is time and represents a value for each DJF in each year. We use the DJF time
series of the second percentile of the central geopotential zc,0.2(t) (2◦ resolution data)
from all tracked cyclones in a given year and season and from which the seasonal
average zc(t) is subtracted; then divided by the standard deviation σ(zc(t)). We use
the second percentile of the central geopotential since we are interested in the most
intense storms. This is similar to a Storm Severity Index (SSI; Roberts et al. (2014)),
which is important for damage and loss estimates. While the SSI depends on the
wind speed over land or the wind gusts, the area affected and the duration of the
storm, our storminess is directly associated with the intensity of the cyclones. The
central geopotential represents the intensity of the cyclones. Therefore, it is intrinsi-
cally linked to storminess and a derivative of the Lagrangian cyclone tracking. Our
storminess index is robust with regard to the particular choice of the percentile (not
shown).

We also compute a cyclone deepening rate for each cyclone: D(t) = ∆zc(t)/∆t,
where ∆zc(t) is the difference of the central geopotential between two consecutive
time steps and ∆t is the time step size. Second, we also use the mean gradient of
the geopotential instead of the central geopotential as an alternative method for a
deepening rate.

Trends in cyclone movement are studied by computing their propagation speed
from the great-circle distance between two points using the spherical Pythagorean
theorem (Haversine formula). Cyclone speed is then computed at every hourly time
step using v = ∆d/∆t, where distance is d and time is t.

Aside from the deepening and propagation speed, we also examine the 10 m eddy
kinetic energy (EKE) for each time step of the propagating cyclones and then compute
the respective percentiles of all cyclones per winter. The EKE is a common measure
for storm track intensity (Montoya Duque et al., 2021; Rivière et al., 2014); EKE =
(u2 + v2)/2, where u and v are the 10 m zonal and meridional velocity components,
respectively. An increasing EKE could provide information on the long-term trends
in cyclonic growth processes.

3.6 Results

3.6.1 Change-Point Analysis

First, we examine whether we can combine both ERA5 periods and whether there
is a systematic change-point between 1978 and 1979 due to the use of satellite data
in the latter period. It is important to check whether the mean or variance differs
between the two periods. Overall, the transition between ERA5-BE and ERA5 is
homogeneous in all North Atlantic and North Pacific cyclone-related parameters
across the distinct time series (see Figures A.1 and A.2 in Appendix A.1). The con-
tinuous behavior in the time series implies that the joint ERA5 data from 1950 to
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2021 is consistent, and is supported by the binary segmentation, which yields no
change-points in any bin density of the different variables.

The only exception is relative vorticity at 850 hPa. In 1978/1979, we find very
few change-points and only in the North Atlantic. To show how significant these
change-points are, we use a bootstrap analysis with 1,000 samples. Only in 1.41% of
our bootstrap samples we find evidence for a change-point detected in 1978/1979,
indicating that the change-point is outside the 95th percentile. Furthermore, the vor-
ticity time series is consistent despite some occasionally appearing change-points
(Figure 3.2). These change-points could be caused by internal variability of the in-
vestigated period. Since our cyclone tracking algorithm does not depend on vortic-
ity, we now can examine all other cyclone-related parameters in the full time series.

Analyzing the cyclone activity from 1950 to 2021 we find single change-points
for the seasonal number of extratropical cyclones in 1952 (North Atlantic) and 1974
(North Pacific); however, no change-point in the transition phase of 1978/1979,
which suggests that the time series is continuous (Figure 3.3a). In summary,
the combined ERA5 data can be used to study long-term trends in extratropical
cyclones.

FIGURE 3.2: Probability of a change-point in ERA5’s relative vorticity
at 850 hPa for the North Atlantic (green bars, upper panel) and North
Pacific (yellow bars, lower panel) study areas in 1950–2021. The prob-
ability for a change-point in 1978/1979 is 1.41% in the North Atlantic,
indicating that the change-point is outside the 95th percentile and not
significant. In the North Pacific, there is no change-point in 1978/1979.
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FIGURE 3.3: (a) Binary segmentation change-points in mean analysis of
Northern Hemispheric extratropical cyclone counts and (b) storminess
indices for the North Atlantic and North Pacific sectors in 1950–2021.
Note that positive indices relate to less storminess while negative in-

dices are connected to more storminess.
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3.6.2 Significant trends in cyclones

Having shown that there is no systematic change-point around 1978/1979, we can
examine the combined time series for trends. We find a change in the frequency
in both North Atlantic and North Pacific cyclones in 1950–2021 (Figure A.3 in Ap-
pendix A.1). The modified Mann-Kendall test indicates a positive significant trend
of ~1.1 cyclones per decade in the North Pacific. Although the number of cyclones
seems to increase in the North Atlantic also, albeit at a slower pace, the trend is not
significant here. The increase in numbers may be a slower process in this case; how-
ever, the trend in these two study areas is rather similar (Figure A.3 in Appendix
A.1). Furthermore, the F-test (Wilks, 2011) implies no significant differences in the
variance between both periods for neither North Atlantic (p-value = 0.65) nor North
Pacific cyclones (p-value = 0.89). This suggests that our results are robust. Since any
trends in the entire geopotential (z1000 field) might affect the tracking of cyclones,
we also check the background state of the geopotential for significant trends using
standard linear regression. We find that the geopotential is decreasing in 1950–2021,
e.g., at 30°W 57°N in the North Atlantic sector: ~1.88% per decade in 1950–2021
(p-value < 2.2 x 10−16). This suggests that the background state of the geopotential
might affect the intensity of the tracked cyclones. We see this is also true for the
geopotential in the North Pacific, e.g., at 200°E 61°N the geopotential is decreasing
by 0.73% per decade (p-value < 2.2 x 10−16). As a result, we expect that the further
cyclone trend analysis will be influenced by the background state of the geopoten-
tial.

Following the change in cyclone frequency, we examine whether there are also
trends in Northern Hemispheric storminess. The storm indices based on the second
percentile of the central geopotential in 1950–2021 are shown in Figure 3.3b. Note
that positive indices relate to less storminess while negative indices are connected
to more storminess. Indeed, the indices suggest an increase in North Atlantic and
North Pacific storminess. The largest (negative) storminess in the North Atlantic is
observed in the winter of 1989/1990 (Figure 3.3b). Here, the storminess is a result
of the storm series of 1990—with cyclones Daria (January 1990, McCallum (1990))
and Vivian (February 1990, Schüepp et al. (1994)) falling into our spectrum of winter
storminess. The second-largest storminess in the North Atlantic is associated with
wind storms Ciara (February 2020, Alert Air Worldwide (2020)) and Dennis (Febru-
ary 2020, German Weather Service (DWD) (2020)) in the 2019/2020 winter season
(Figure 3.3b). The stormy winter of 2013/2014 (Figure 3.3b) represents yet another
season affected by large storminess and is closely linked to the cyclones Bernd, Dirk
and Erich (all December 2013, Priestley et al. (2017)), and Tini (February 2014, Priest-
ley et al. (2017)).

The North Pacific saw the highest (negative) storminess in 2020/2021 (Figure
3.3b), when a triplet of extratropical cyclones developed over the North Pacific and
another storm set a new record for the lowest pressure in Alaska (National Envi-
ronmental Satellite Data and Information Service, 2021). Storminess was also large
during the 2015/2016 winter (Figure 3.3b), which was a particularly active season
(Bancroft, 2016). Strong North Pacific cyclones formed around Japan, before weak-
ening close to or in the Gulf of Alaska. Some cyclones moved across the North
Pacific, with one strong system moving into the Bering Sea in January 2016 (Ban-
croft, 2016). The Eastern North Pacific also experienced a second storm track aside
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from the main cyclone track where cyclones partly turned toward the US Pacific
Northwest and British Columbia (Bancroft, 2016).

Thus, we find that the Northern Hemispheric storminess has significantly in-
creased for the most intense cyclones from 1950 to 2021. Our findings reveal that
the trends in increasing Northern Pacific storminess and their seasonal numbers of
cyclones are slightly more robust (p-values ≤ 0.05) than the trends in North Atlantic
cyclones (p-values ≤ 0.1). Finally, the links between well-known storms and high-
active winter storm seasons in relation to large storminess indices also emphasize
that impacts are increasing since the 1990s. This is a critical factor to consider in
future storm adaptation planning.

3.6.3 Significant trends in cyclone characteristics and impacts
in 1950-2021

We further examine trends in mean characteristics and impacts of North Atlantic
and North Pacific cyclones (Figure 3.4). The cyclone characteristics are the central
geopotential, mean gradient of the geopotential, radius, depth, age, distance trav-
eled, propagation speed, EKE, storm location (coordinates), the 10 m u-component
and v-component of the wind, wind gust, and total precipitation.

We find a significant positive trend in the mean traveled distance of North At-
lantic cyclones of ~21 km (0.93%) per decade (p-value = 0.02, Figure 3.4a). Moreover,
these storms shift northward from ~54.05°N to 54.8°N on average, which relates to
a change of 0.2% per decade (p-value = 0.07, Figure 3.4a). The latitude band af-
fected by this shift includes central Northern Ireland, Northern England (e.g., North
Pennines), and the German-Danish border in Northern Germany. The change also
affects the largest German island in the North Sea, Sylt, as well as the Baltic Sea
islands of Southern Denmark, and the Polish Baltic coast. This trend suggests that
wind damage and flooding could become more common in these regions. It also
affects intrinsically larger areas north of the mean cyclone shift, such as Scotland,
Denmark, Scandinavia, and the Baltic nations (Figure 3.5), because cyclones fre-
quently make landfall in these particular regions. In 1950–2021, the mean analysis
of wind gusts shows no significant trends. There is a tendency toward a decline
in the mean amount of total precipitation in the Northern Hemispheric cyclones by
~0.7% per decade. However, this trend is also insignificant (not shown). Therefore,
we find that long-term trends in mean impacts cannot confirm any changes to the
lysis regions yet. This could be due to the cyclone-related impact measures being
underestimated in ERA5 or it may be a result of the high-interannual variability in
the (mean) time series.

Moreover, we check whether the impacts change in a wider cyclone-box since
this could imply different trends in, e.g., heavy precipitation. The instantaneous to-
tal, maximum, and mean amount of precipitation increases with the box size, how-
ever, the trends are not altered when extending the cyclone-box. This is an impor-
tant finding as it shows that the distribution of precipitation around the cyclone
does not change in a wider impact region. Thus, the accumulated precipitation is
proportional to the cyclone-box size. Similarly, we find that for wind gusts a bigger
cyclone-box does not lead to changes in the trends in any part of the Northern Hemi-
sphere, which indicates that our results are robust. Consequently, our cyclone-box
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method is showing reasonable skill in capturing the cyclone-related precipitation
and wind gust extremes.

In connection with impacts, it is also important to look at the propagation speed
of cyclones, since slow-moving storms may cause severe damage. The mean analy-
sis shows that North Atlantic cyclones are decreasing significantly in speed by ~0.2
km/hr (0.29%) per decade (p-value = 0.003, Figure 3.4a). This suggests that on av-
erage, North Atlantic cyclones are able to travel longer distances, albeit at a lower
speed, which might be due to changes to the jet stream and Arctic amplification
(Cohen et al., 2014; Meleshko et al., 2016). Both of which could influence the speed
and direction of cyclones. For instance, the steering of the large-scale flow drives
storms in a particular direction while a strong jet stream may even amplify this
mechanism (Priestley et al., 2017). Consequently, resulting in a more poleward shift
of cyclones. Furthermore, increased nonlinear advection and latent heat release are
hypothesized as two possible physical processes that would lead to storms moving
more northward (Tamarin and Kaspi, 2017). As cyclones prefer to develop in areas
where surface temperature gradients are large, changes in heat fluxes and growth
circumstances might also be a factor for extended cyclone tracks. The reduction
in cyclone propagation speed is most likely due to a slowdown of the atmosphere
(Kossin, 2018; Lai et al., 2020; Zhang et al., 2020) or simply a combination of the
former mentioned physical processes. More research is needed to address this ques-
tion.

Concerning North Pacific cyclones, we find significant positive trends in the
mean age of cyclones by ~0.5 hr (0.84%) per decade (4 hr overall in 1950–2021; p-
value = 0.06, Figure 3.4b), which is only one time step longer than our temporal
cyclone tracking resolution of 3 hr. Moreover, we find significant positive trends in
the mean traveled distance by ~23 km (1.16%) per decade (p-value = 0.006, Figure
3.4b), in the mean u-component of the wind by ~0.05 m/s (5.24%) per decade (p-
value = 0.1, Figure 3.4b) and in the mean v-component of the wind by ~0.06 m/s
(7.65%) per decade (p-value = 0.04, Figure 3.4b). However, there are no trends in
the EKE—we assume that this is due to the very minor absolute trends in the 10 m
u-wind and v-wind components. Our results reveal that on average, North Pacific
cyclones show a similar behavior in the traveled distance, which is here connected
to longer life cycles. Unfortunately, long-term studies on life cycle lengths of cy-
clones analyzed in terms of atmospheric dynamics and processes focus solely on
the intensity and deepening in tropical cyclones.

In conclusion, these results illustrate that we can find robust long-term trends in
mean cyclone characteristics, which might stem from changes in atmospheric con-
ditions. Compared to North Atlantic cyclones, cyclone-related impacts in the North
Pacific show a similar pattern in their mean values: the sum of total precipitation
appears to be decreasing while wind gusts remain stationary in this time series,
however, these trends are not significant (not shown). This suggests that it may be
important to look at how various and more extreme percentiles change over time,
since they may be more helpful to evaluate the complete spectrum of different cy-
clone intensities.
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a)

b)

FIGURE 3.5: Schematic of the trends in extratropical cyclone genesis
(green shades) and lysis (yellow shades) in 1950–1960 (colored shades)
compared to 2010–2020 (dotted shades) for (a) the North Atlantic and
(b) the North Pacific. Our trend analysis shows significant trends in
both Northern Hemisphere storm tracks for more poleward storms,
longer distance traveled, and a speed decrease from 1950 to 2021. As
indicated by the arrows on the schematic, cyclone genesis areas are
shifting northward (green arrows) and lysis regions are expanding over
broader areas (yellow arrows) in the last decades. The most affected
regions are located approximately between 51°N and 62°N. This con-
cerns large regions across Europe such as the Northern parts of Ireland,
Scotland, England, and Germany, as well as Southern Denmark, sev-
eral islands in the Baltic Sea and the Polish Baltic coast cities. In the
North Pacific, mainly the Bering Sea, the Gulf of Alaska, and North-
western Canadian provinces are affected by the cyclone shifts. Trends
also suggest that Northern Hemisphere storms are significantly inten-
sifying and storminess is increasing from 1950 to 2021. Finally, we find
significant positive trends for 1971–2021 in wind gusts for the North
Atlantic and in precipitation extremes for the North Pacific. The trends
in extratropical cyclone features and their impacts highlight the impor-

tance of adapting societies for future storm losses.
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North Atlantic

Significant trends in different percentiles of cyclone characteristics of North Atlantic
cyclones are shown in Figure 3.6. We find significant trends in our intensity mea-
sures: the mean gradient of the geopotential (from the edge to the center of the
cyclone) is increasing by ~0.57%, 0.63%, and 0.54% per decade in the 80th, 90th, and
95th percentiles (Figure 3.6a). On the other hand, the deepening rate based on the
mean gradient shows a decrease between 0.92% and 2.63% per decade in the 60th,
70th, and 80th percentiles (Figure 3.6b). Although these trends are comparatively
small, they suggest that North Atlantic cyclones intensify significantly in the higher
percentiles and intensify more slowly.

North Atlantic cyclones shift northward not only on average, but also in other
percentiles of the latitude that include different cyclone intensities. We find that
there are trends in the whole distribution, e.g., in the median and in upper extreme
percentiles of latitude, as well as in the 60th percentile of the latitude: from ~58.7°N
to 60.4°N (Figure 3.6c). This relates to a poleward shift of 0.41% per decade. We see
this shift at the level of, e.g., Southern Greenland, the Shetland Islands, over Bergen
in Norway, and over several Finnish islands. These regions are likely more prone
to wind gusts and heavy rainfall (Figure 3.5). Interestingly, this cannot be seen in
the impacts: long-term trends suggest that wind gusts may be increasing only since
1979 (Figure 3.8).

Another cyclone shift can be seen in the 40th percentile from ~51.4° to 53.1° (Fig-
ure 3.6c), which represents a distance of about 260 km and relates to a change of
0.47% per decade. Here the West Frisian Islands and Northern Germany are notably
affected by this shift. We also find a significant westward shift in the fifth percentile
from ~75.5°W to 76.3°W (Figure A.4 in Appendix A.1), which refers to a shift of
0.16% per decade. This implies that cyclones form closer to the east American coast,
e.g., at the level of the US city Norfolk. Combined with the mean northward shift,
these findings suggest a general displacement of cyclones. Studies on present and
future changes in (extra)tropical cyclones argue this to be a direct impact of anthro-
pogenic climate change on Northern Hemispheric cyclone tracks (Ciasto et al., 2016;
Mbengue and Schneider, 2016; Wang et al., 2017; Woollings et al., 2012). The acceler-
ating warming and sea ice loss brought on by Arctic amplification may increase the
latitudinal movement of storms. According to observations and model projections,
storms may move poleward as a result of the increase in anthropogenic greenhouse
gas emissions (Studholme et al., 2022).

Indeed, the release of latent heat and the increase of nonlinear advection are
argued to be two important physical processes leading to the cyclone poleward shift
as shown by Tamarin and Kaspi (2017). However, it is still unclear how changes in,
e.g., latent heat fluxes and sea surface temperatures contribute quantitatively to the
migration of storms.

Moreover, we find that not only does the mean distance increase, but also the
higher percentiles: cyclones travel ~32 km/1.23% (70th percentile), 44 km/1.49%
(80th percentile), and 69 km/1.26% (95th percentile) more per decade (Figure 3.6d).
This means that long living cyclones tend to live even longer now. Cyclone speed
is decreasing not only in the mean, but also in the median: ~0.3 km/hr (0.85%)
per decade (Figure 3.6e). Thus, there are significant long-term trends concerning
the traveled distance and the slower speed of cyclones. A likely mechanism could

40



3.6. Results

be Arctic amplification, which might induce changes in the speed and travel direc-
tion of cyclones. As a result of a warming atmosphere, a potential change in the
intensity and position of the Icelandic Low and the Azores High could be key to
answering this question, since a reduced baroclinic instability might then determine
how storms develop in the future. Changes could also likely originate from alter-
ations in the cyclonic growth rates and development processes (e.g., Besson et al.
(2021) and Pinto et al. (2009)). Further research is needed to evaluate the dynamics
and mechanisms behind this.

Having shown that the distribution of impacts does not change in a wider impact
region, we find that precipitation is decreasing significantly by ~1.3 mm (1.34%) per
decade in the 95th percentile in 1950–2021, but the years with extremes are increas-
ing (Figure 3.6f). For example, during the winter seasons 1990/1991 and 2013/2014
the storms that affected Northwestern and Central Europe brought heavy rainfall
and strong wind gusts to the European mainland (Priestley et al., 2017). This indeed
led to flooding over large parts of England such as at the Somerset Levels.

Overall, the North Atlantic storm track experiences changes not only in the mean
and median, but also in different, upper and more extreme percentiles: cyclones are
intensifying, moving more poleward, and showing increased track lengths. We also
find that impacts appear to be increasing more in recent decades. This emphasizes
the need for more studies between midlatitude storms and their impacts in longer
time series; especially in high-resolution climate models to estimate future socio-
economic impacts.

North Pacific

The significant trends in North Pacific cyclones are presented in Figure 3.7. The cen-
tral geopotential is decreasing by 1.27% per decade in the 5th and 10th percentiles
(Figure 3.7a). This suggests that these storms are significantly intensifying, similar
to the North Atlantic cyclones. Furthermore, North Pacific cyclones are showing
longer life cycles not only on average: we find significant positive trends of ~1.41%
longer life cycles per decade in the median (Figure 3.7b). The trend toward longer
life cycles can also be observed in the extreme 95th percentile for the most intense
North Atlantic cyclones, however, the trend was not significant there (not shown).

The cyclone deepening rate based on the central geopotential increases signif-
icantly by ~0.85% and 1.09% per decade in the 10th and 20th percentiles (Figure
3.7c). This is consistent with the deepening rate based on the mean gradient, which
decreases by ~1.2% per decade in the 90th and 95th percentiles (Figure 3.7d). Thus,
these findings reveal a slower growth rate in 1950–2021. This trend can also be seen
in North Atlantic cyclones, which suggests that both Northern Hemispheric storm
track areas likely undergo similar processes due to alterations in the atmospheric
circulation as part of natural variability and anthropogenic global warming.

There are significant positive trends in the traveled distances in all percentiles.
Here, cyclones travel between 1.7 and 86 km (0.87%–2.03%) more per decade (Figure
3.7e). Not only do cyclones in the median have longer tracks, but also those in upper
percentiles such as in the 80th, 90th, and 95th percentiles. The significant trends in
cyclone track lengths affect both storms of medium strength and those with higher
intensity, as indicated by the extreme percentiles. Nonetheless, the largest trend
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FIGURE 3.6: Trends in North Atlantic cyclones in 1950–2021. The vari-
ables are (a) mean gradient of the geopotential, (b) deepening rate
based on mean gradient, (c) latitude, (d) distance traveled, (e) speed,
and (f) sum of total precipitation. p-values ≤ 0.05 are marked in bold

and p-values ≤ 0.1 are in italic.

of 2.03% per decade is seen in the most intense cyclones (95th percentile, Figure
3.7e). This seems to be in accordance with the decrease in the cyclonic deepening
and the longer life cycles; hence, these results appear to be robust. We can also see
this pattern of change in North Atlantic cyclones, which suggest that cyclones in the
Northern Hemisphere exhibit comparable trends in the long period.

Our trend analysis additionally suggests a northward shift of the strongest North
Pacific cyclones in the 95th percentile from ~61.04°N to 61.82°N (Figure A.5a in Ap-
pendix A.1; 0.18% per decade), which is the level of Anchorage, Alaska’s biggest
city. Indeed, the Gulf of Alaska and the Bering Sea are the main affected areas
(Figure 3.5). Similar shifts were found in the North Atlantic-European region; this
implies possible changes for lysis regions (Figure 3.5). North Pacific storms are de-
creasing in speed by ~0.13 km/hr (0.14%) per decade in the 95th percentile (Figure
A.5b in Appendix A.1). Long-term trends toward slower cyclone speeds were also
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observed in the North Atlantic.
Moreover, the v-component of the wind is increasing by ~0.05 m/s per decade

in the median, which relates to an increase of 10.06% per decade (Figure 3.7f). Com-
parable trends were found in the mean wind components, but not in the EKE. Most
likely this is a result of the very minor trends we have seen previously.

In conclusion, our results indicate that North Pacific cyclones are not only
traveling longer distances, they also have longer life cycles and a slower speed.
Correspondingly, this seems to be in accordance with North Atlantic cyclones,
which suggests that in the long term, both storm track areas experience significantly
better growth conditions for cyclone development. In cyclone-related impacts,
however, this response is not seen, neither in the original cyclone-box nor in any
extension of it.
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43



Chapter 3. Long-Term Trends of Northern Hemispheric Winter Cyclones
in the Extended ERA5 Reanalysis

3.6.4 Significant trends in cyclone characteristics and impacts
in 1979-2021

As more recent changes in the dynamics of the atmospheric circulation could be
attributable to increased anthropogenic warming since the 1980s, it is important to
check whether this is the case for extratropical cyclones and their impacts, specifi-
cally in 1979–2021. For both Northern Hemispheric storm track areas, the majority
of the trends observed in 1979–2021 are consistent with the trends in 1950–2021. In
the following sections, we will now focus on the trends in 1979–2021 that differ from
the long-term trends in 1950–2021.

North Atlantic

We find a significant increase in the maximum wind gust by ~0.2 m/s (0.71%) per
decade in the 95th percentile for the most intense cyclones (Figure 3.8). Although
this trend is small, there is a tendency visible that the maximum wind gust increases
also in the other percentiles (not shown). This is a more recent trend, since it could
not be detected in the full period 1950–2021. It could be attributable to enhanced
warming and increases in atmospheric moisture since the 1980s (Climate Signals,
2021; Santer et al., 2007; Stocker et al., 2013).
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FIGURE 3.8: Significant trend in the 95th percentile of maximum wind
gust in North Atlantic cyclones in 1979–2021.
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North Pacific

Trends in cyclone radii suggest increases approximately between 2 and 9 km
(0.45%–1.59%) per decade in the median and higher percentiles (Figure 3.9a). These
results indicate that North Pacific storms have intensified since 1979, which can also
be seen by the central geopotential in the full period 1950–2021 (Figure 3.9a), but not
in the cyclone radii or mean gradient therein. This supports the trend toward more
recent intense storms since 1979. Moreover, the cyclone deepening rate based on the
central geopotential decreases significantly approximately between 2% and 2.77%
per decade in the 5th and 10th percentiles (Figure 3.9b). Similarly, the deepening
rate based on the mean gradient increases by ~2.73% and 2.47% per decade in the
90th and 95th percentiles (Figure 3.9c). This suggests that North Pacific cyclones in
more extreme percentiles are deepening more since 1979. Interestingly, the trends
in 1950–2021 suggest a slower growth rate. Therefore, this trend here is related to
more recent anthropogenic warming.

We also identify significant positive trends in the total precipitation: the sum in-
creases by ~2.4 mm (5.26%) per decade in the 90th percentile (Figure 3.9d). These
findings illustrate that the increases in cyclone-related precipitation are due to atmo-
spheric processes that favor the accumulation and occurrence of precipitation. In the
full period 1950–2021, this trend was insignificant, which suggests that the increase
in total precipitation of the most intense cyclones is a more recent trend, similar
to North Atlantic cyclones. It is related to anthropogenic global warming and the
increasing amount of atmospheric moisture since the 1980s (Climate Signals, 2021;
Santer et al., 2007; Stocker et al., 2013).
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FIGURE 3.9: Significant trends in North Pacific cyclones in 1979–2021:
(a) cyclone radius, (b) cyclone deepening based on the central geopo-
tential, (c) cyclone deepening based on the mean gradient of the geopo-
tential, and (d) sum of total precipitation related to North Pacific cy-

clones.

45



Chapter 3. Long-Term Trends of Northern Hemispheric Winter Cyclones
in the Extended ERA5 Reanalysis

3.7 Conclusions

In this study, long-term trends of extratropical cyclones and their impacts were ana-
lyzed in the recently extended ERA5 reanalysis, which spans about 71 years of data
(Figure 3.5).

The first aim of our research was to explore whether there are quantitative
changes between the two ERA5 data sets using a systematic change-point analysis
and temporal histograms of all storm-related variables in the full period 1950–2021.
Our results showed continuous behavior between ERA5-BE and ERA5 in any
cyclone-related parameters and, thus, that the extended reanalysis can be used in
long-term studies of midlatitude cyclones and their impacts. Using a different track-
ing metric other than the geopotential, such as relative vorticity at 850 hPa, may be
less appropriate due to a change-point in 1978/1979.

As a second study objective, we performed a Lagrangian-based analysis that
allowed us to comprehensively assess cyclone characteristics, e.g., frequency, size,
and intensity in the extended ERA5 reanalysis. Finally, directly linked and com-
bined with our previous aim, our third study objective was to identify significant
trends in the Northern Hemisphere storm tracks in order to provide us with new
data on the atmospheric circulation response to global warming.

Overall, our results suggest that extratropical cyclones have intensified in both
Northern Hemispheric storm track areas in 1950–2021. These trends are in line with
the latest international climate assessment, which shows that the intensity of storms
increases as global temperatures rise (Masson-Delmotte et al., 2021).

Long-term trends derived from the extended ERA5 reanalysis indicate a signifi-
cant northward (poleward) shift of the North Atlantic cyclone track in 1950-present,
which agrees with other studies (e.g., Bengtsson et al. (2006) and Harvey et al.
(2014)). Interestingly, these shifts are observed in the mean and in the 40th/60th per-
centiles, but not in the extreme upper or lower percentiles. This trend has an impact
on a number of locations, e.g., Northern England, Scotland, islands in Northern Ger-
many and Southern Denmark as well as on Polish Baltic coast cities. A key finding is
that we were able to identify more recent significant increases in wind gusts (North
Atlantic) and cyclone-related precipitation (North Pacific) in 1979–2021. These re-
sults have important implications for both storm track and lysis regions; as more
socio-economic damages can be expected in the future (Franzke, 2021; Ranson et al.,
2014). We believe further research is needed to quantify whether these trends are
due to natural variability or anthropogenic forcing.

Nevertheless, our trend analysis also revealed that the number of North Pacific
cyclones is significantly increasing; these storms show longer life cycles and travel
longer distances, while they grow more slowly in 1950–2021. The longer cyclonic
life cycles might be due to changes in atmospheric conditions over the North Pacific
(ocean), while the slow growth rate might be more related to a weakening of the
atmospheric circulation. Moreover, atmospheric processes like latent heating could
in turn still favor the cyclonic development. While one would initially expect higher
growth rates in more favorable conditions for cyclone development, the influence
of a slower atmospheric circulation in a warmer climate may play an important role
in early growth stages. Slower growth rates might also be caused by changes in
baroclinicity, which is the major determinant of the growth rate. However, there are
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no trends in the EKE that could give clues on how cyclones grow through baroclinic
instability and subsequently decay over land. We assume that this is due to the very
minor trends in the 10 m u-wind and v-wind components, implying that any trend
in EKE would equally be small. Large ensemble simulations might be helpful for
this question, since they might enable a higher signal-to-noise ratio to find small
trends. This is research we plan to pursue in the future.

Furthermore, we find similarities in both storm track regions, e.g., a decrease
in cyclone speed. Unsurprisingly, as the atmospheric circulation weakens under
anthropogenic warming, a slowdown is expected: This is a significant trend that
has also been observed in tropical cyclones, hurricanes and typhoons (Kossin, 2018;
Lai et al., 2020; Zhang et al., 2020).

In light of the importance we have placed on impacts, our results emphasize the
critical link between increasing Northern Hemisphere storminess and more recent
increases in heavy precipitation and wind gusts from winter storms.

Thus, these findings call for stronger efforts on part of policymakers to adapt
societies to the impacts of intense cyclones making landfall; particularly in the most
vulnerable and densely populated regions.
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Chapter 4

Northern Hemisphere Extra-Tropical
Cyclone Clustering in ERA5
Reanalysis and the CESM2 Large
Ensemble1

The research questions that are addressed here are as follows:

RQ4: How is clustered cyclone activity in the Northern Hemisphere mid-latitudes
characterized in the ERA5 reanalysis and CESM2-LE in 1980-2020?

RQ5: How is extra-tropical cyclone clustering projected to change by 2060-
2100 compared to 1980-2020 based on two metrics?

RQ6: What are possible reasons in terms of large-scale dynamics and cyclone
characteristics for these projected changes?

4.1 Abstract

Extra-tropical cyclones are a dominant feature of the mid-latitudes, and often oc-
cur as storm sequences. Such a phenomenon is known as cyclone clustering, and is
common over regions like the eastern North Atlantic and western Europe. Intense
clustered cyclones may lead to large cumulative socio-economic impacts. There are
several different approaches to quantify cyclone clustering, but a wide evaluation
on how clustering may change in a warmer climate is missing. Here, we perform a
cyclone clustering analysis for the Northern Hemisphere mid-latitudes using the
ERA5 reanalysis to characterize clustering during 1980-2020. Moreover, we use
Large Ensemble simulations of the Community Earth System Model version 2 fol-
lowing the SSP3-7.0 scenario to compare clustering during 2060-2100 to 1980-2020.
Our model simulations show significant enhancement in cyclone clustering over
Europe for 3 and 4 cyclones within 7 days in the future decades, which is increas-
ing by up to 25% on average during 2060-2100 compared to 1980-2020. In contrast,
cyclone clustering decreases along the west coast of the US and Canada by up to
24.3% and by 10.1% in the Gulf of Alaska for the same periods. Clustered cyclones

1currently under review in J. Clim., 2023, with A. Karwat as first-author.
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are generally intensifying in a warmer climate due to lower minimum pressure and
larger radii and depths compared to non-clustered events. Our findings suggest
that cyclone clustering may change under global warming, with implications for
the cumulative windstorm risk.

4.2 Significance Statement

Storm sequences like the one of December 1999 (Anatol, Lothar, and Martin) have
led to large socio-economic impacts in Europe. It is still unclear how such events
will change under global warming. We analyze storm sequences in a reanalysis
and a large climate model ensemble for recent (1980-2020) and future climate con-
ditions (2060-2100). Our results show a significant enhancement of storm sequences
over Europe for 3 and 4 storms within 7 days, while a decrease is found along the
west coast of the US, western Canada and in the Gulf of Alaska in future decades.
Our findings suggest that the characteristics of cyclone clustering may change in a
warmer world, and thus also the associated impacts.

4.3 Key Points

• Uncertainties in the quantification of future cyclone clustering can be reduced
by using large ensembles of global climate simulations.

• We find significant increases in cyclone clustering over Europe for 3 and 4
cyclones within 7 days by up to 25% on average during 2060-2100 compared
to 1980-2020.

• Cyclone clustering along the west coast of the US and Canada decreases on
average significantly by up to 24.3%, and by 10.1% in the Gulf of Alaska during
2060-2100 compared to 1980-2020.

4.4 Introduction

Sequences of intense extra-tropical cyclones have led to large socio-economic dam-
age in Europe in the last few decades. For example, the storm series of December
1999 - including Anatol, Lothar and Martin (Ulbrich et al., 2001) caused approxi-
mately €18.5 billion in economic damage over continental Europe (Munich Re, 2002;
Alert Air Worldwide, 2009). The stormy winter of 2013/14 was the stormiest on
record for the British Isles (Matthews et al., 2014) and was characterized by cluster
periods, in particular in late December 2013 and mid-February 2014 (Priestley et al.,
2017). Many of these storms brought a lot of precipitation to Europe and resulted
in some notable flood events, for instance, in southern England (Kendon and Mc-
Carthy, 2015; Schaller et al., 2016). A recent example occurred on 16-20 February
2022, when three major storms (Ylenia, Zeynep and Antonia) hit the European con-
tinent and caused much destruction over large areas of northwestern and central
Europe (Mühr et al., 2022). More than 20 storm-related deaths have been reported
across Europe, and the insured wind losses from the first two winter storms range
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between €3 billion and €5 billion, primarily in Germany, the UK, and the Nether-
lands (Alert Air Worldwide, 2022a).

The concepts of cyclone series (also known as cyclone sequences, cyclone fami-
lies, temporal clustering or temporally compounding cyclones) is not new (Schultz
et al., 2019). For example, Bjerknes (1922) had already recognized the importance of
cyclone families about a century ago, and described their synoptic characteristics.
In the present study, we focus on temporal clustering of extra-tropical cyclones, i.e.
sequences of cyclones affecting a certain area in a specific time window. Following
Dacre and Pinto (2020), there are several methods how to quantify clustering. The
first corresponds to absolute metrics based on synoptic knowledge, e.g., defining a
threshold of 4 or more cyclones over a certain location within a week as cyclone clus-
tering (Pinto et al., 2014). The second option is to consider relative metrics, where
clustering is defined as a positive deviation from a stochastic process, where more
cyclones occur than expected by chance (Mailier et al., 2006; Blender et al., 2015).
The last possibility is to assume impact metrics and determine the relationship be-
tween the more intense loss per year (occurrence exceedance probability, OEP) and
the cumulative loss per year (annual exceedance probability, AEP) (Priestley et al.,
2018).

For the North Atlantic basin, there is a large consensus that clustered cyclone
activity is found primarily on the flanks and exit region of the North Atlantic storm
track (overdispersion), including the UK, the Benelux countries, France, Germany,
and occasionally Scandinavia, while regions like the entrance of the North Atlantic
storm track are characterized by a regular process (underdispersion) (Dacre and
Pinto, 2020). There is evidence that clustering increases for more intense cyclones
(Vitolo et al., 2009; Pinto et al., 2013; Economou et al., 2015). While fast-moving
storms may produce strong wind gusts in a short period of time, slow-moving
storms can be just as damaging, since these storms can accumulate huge amounts of
precipitation during their development, and hence, result in severe floods (e.g., win-
ter 2013/14 in the UK (Priestley et al., 2017)). Accordingly, the clustering of extra-
tropical cyclones may be stronger for more extreme storms, and countries further
from the storm track are likely to be more affected than others (Cusack, 2016). Other
regions such as the Northeast Pacific, including the west coast states of the US and
the western Canadian provinces are also regions affected by clustering due to the
Northeastern Pacific storm track (Santos Mesquita et al., 2010). As strong cyclones
often pass across the Aleutian Island chain, the Gulf of Alaska is another important
storm-prone region, which might provide information on the future changes in cy-
clone clustering (Santos Mesquita et al., 2010). Still, there is a large knowledge gap
in studies assessing cyclone clustering outside of the North Atlantic basin. In fact,
only two studies have investigated cyclone clustering in the North Pacific in clima-
tological terms (Mailier et al., 2006; Blender et al., 2015). While both studies agree
that the preferred regions for cyclone clustering are the Gulf of Alaska and the west
coast of Canada and the US, large uncertainties remain.

Concerning historical periods, e.g. the last 40 years, clustered extra-tropical cy-
clone activity was examined only a few times and exclusively in the ERA-Interim
reanalysis or older reanalyses (Mailier et al., 2006; Pinto et al., 2013; Economou et
al., 2015; Priestley et al., 2018). The ERA5 reanalysis (Hersbach et al., 2020) have
recently been made available, and features both higher spatial and time resolution,
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and an improved data assimilation methodology. Thus, ERA5 is one of the best
reanalysis products suitable for reliable cyclone tracking and storm analyses, for
example, as in Karwat et al. (2022).

Another important question is how extra-tropical cyclone clustering will change
in a future climate under different greenhouse gas emissions scenarios. In the Cou-
pled Model Intercomparison Project Phase 5 (CMIP5), future changes were found
to be minor and inconsistent between models, whereas for more extreme storms
clustering increases over northern Europe and Scandinavia in the RCP4.5 scenario
(Economou et al., 2015). This is in line with Pinto et al. (2013), which focussed on
a single GCM large ensemble with 20 members. Other studies find shorter return
times for severe winter storms and related losses for western Europe in the future
(Della-Marta and Pinto, 2009; Pinto et al., 2012; Karremann et al., 2014a). Here, the
number of (clustered) cyclones is expected to increase, while overall the total num-
ber of non-clustered cyclones is projected to decrease in the future (e.g. Bengtsson
et al., 2006; Pinto et al., 2009; Ulbrich et al., 2009; Zappa et al., 2013b; Priestley and
Catto, 2022). However, many of these studies that address clustering focus on Eu-
rope.

There is also a substantial lack of available large ensembles of future climate sim-
ulations with CMIP6 models with sufficient temporal and spatial high-resolution
to perform cyclone tracking from 2050 onwards, and a general lack of studies as-
sessing all ocean basins except the North Atlantic (Dacre and Pinto, 2020). The 50-
member CESM2 Large Ensemble (CESM2-LE) (Rodgers et al., 2021) provides thus
an excellent opportunity to investigate how cyclone clustering may change from
pre-industrial times (e.g., 1850-1890) until the end of the 21st century in many dif-
ferent realizations. Moreover, two clustering metrics will provide us with more in-
sights into clustering from 1850 to 2100 focussing on both the North Pacific and the
North Atlantic basins. Therefore, the specific aims of this paper can be summarized
by the following three questions:

1. How is clustered cyclone activity in the Northern Hemisphere mid-latitudes
characterized in the ERA5 reanalysis and CESM2-LE in 1980-2020?

2. How is extra-tropical cyclone clustering projected to change by 2060-2100 com-
pared to 1980-2020 based on two metrics?

3. Can we identify reasons in terms of large-scale dynamics and cyclone charac-
teristics for these projected changes?

The remainder of this paper is organized as follows: in Section 4.5, we introduce
the ERA5 and the CESM2-LE data and the methodology; in Section 4.6, we analyze
the cyclone statistics and mean sea level pressure (mslp) fields for recent and future
climate conditions. Section 4.7 examines clustering based on the dispersion metric,
and Section 4.8 is dedicated to clustering based on absolute measures. Possible links
to large-scale patterns and cyclone characteristics are explored in Section 4.9. Finally,
we discuss the conclusions of this study in Section 4.10.
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4.5 Data and Methods

4.5.1 ERA5 Reanalysis Data

We use the European Centre for Medium-Range Weather Forecasts - ERA5 reanaly-
sis data from 1980 to 2020 (Hersbach et al., 2020). ERA5 has a horizontal resolution
of 0.25◦. For the Lagrangian cyclone tracking we interpolate the mslp fields on a 2◦

x 2◦ grid and use six-hourly data for the winter months December through February
(DJF). We analyze clustered cyclones in the North Atlantic and North Pacific sectors.
Cyclones are tracked over the North Atlantic and Europe (80◦W to 30◦E and 25◦N
to 75◦N) and in the North Pacific (120◦E to 120◦W and 25◦N to 65◦N). We consider
the areas of Europe (10◦W to 15◦E and 50◦N to 60◦N), the west coast of the US states
and western Canadian provinces (120◦W to 135◦W and 30◦N to 60◦N) and the Gulf
of Alaska (135◦W to 165◦W and 50◦N to 60◦N) (Fig. 4.1).

FIGURE 4.1: Map of the cyclone cluster regions in this study: a) Europe
(10◦W to 15◦E and 50◦N to 60◦N), b) the west coast of the US states and
western Canadian provinces (120◦W to 135◦W and 30◦N to 60◦N), and

c) the Gulf of Alaska (135◦W to 165◦W and 50◦N to 60◦N).
Map credit: own creation.
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4.5.2 CESM2 Large Ensemble

We use model simulations with the Community Earth System Model - version 2
(CESM2) (Danabasoglu et al., 2020). The large ensemble (CESM2-LE) is documented
in Rodgers et al. (2021). The CESM2-LE has a horizontal resolution of 1◦ and is
forced by the CMIP6 historical forcing from 1850 to 2014 and the Shared Socioe-
conomic Pathways forcing scenario (SSP3-7.0) from 2015 to 2100. The SSP3-7.0 sce-
nario relates to an additional radiative forcing of 7 W/m2 by 2100 (Masson-Delmotte
et al., 2021). On this SSP, temperatures rise steadily and CO2 emissions roughly dou-
ble from current levels by 2100. By the end of the century, global average temper-
atures have risen by approximately 3.6◦C compared to pre-industrial temperatures
of 1850-1900 (Masson-Delmotte et al., 2021). This scenario is in the upper-middle
part of all the scenarios in CMIP6. It was introduced to close the gap between the
RCP6.0 and RCP8.5 scenarios in CMIP5. We use the 50 of 100 CESM2-LE ensemble
members which have six-hourly mslp output fields chosen from a set of different
combinations of atmosphere and ocean initial states (Rodgers et al., 2021). Overall,
we focus on three different time slices: pre-industrial times (1850-1890), recent past
(1980-2020), and future (2060-2100).

4.5.3 Cyclone Tracking Methodology

Several algorithms for identifying cyclone tracks have been developed, for exam-
ple, by Murray and Simmonds (1991), Sinclair (1994), Hodges (1995), and Wernli
and Schwierz (2006). Here, we use the Lagrangian cyclone tracking algorithm of
Blender et al. (1997). In the tracking algorithm cyclones are defined as local minima
of the mslp field. The cyclone tracks are computed by a nearest-neighbour search in
the mslp field where the trajectories of individual cyclones are connected at subse-
quent time steps. In our study, we only consider cyclones with a minimum life time
of 48 hours and which have traveled at least a distance of 1000 km. The cyclone
statistics from this tracking method compare well with others (Neu et al., 2013), also
in terms of metrics related with cyclone clustering (Pinto et al., 2016). We use the
same conditions for the cyclone tracking for ERA5 and CESM2-LE.

4.5.4 Cyclone Statistics and Clustering Metrics

We compare ERA5 and CESM2-LE to investigate if the overall number of cyclones
per winter is comparable for recent climate conditions and if there are any signif-
icant changes between the different CESM2-LE time slices (1850-1890, 1980-2020,
and 2060-2100). In particular, we analyze the storm characteristics for ERA5 and
CESM2-LE in 1980-2020. Therefore, we look at the ensemble spread (defined as
twice the standard deviation of all ensemble members) of the cyclone counts, life
time, mslp, radius, depth, and distance. Since our tracking depends on the mslp
fields, any trends in mslp are likely to affect our cluster analysis. Thus, we exam-
ine the differences in the mslp fields of the North Atlantic and North Pacific storm
tracks in 2060-2100 compared to 1980-2020 and 1850-1890, respectively. To quantify
our results we use a Welch Two-Sample t-test (Wilks, 2011). We compare the lo-
cal cyclone mean counts from the large ensemble between the future winter climate
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and the current climate. Here we apply a bootstrapping with resampling (n = 1000)
(Wilks, 2011).

To assess cyclone clustering, we use two methods: a dispersion statistic ψ (fol-
lowing e.g., Mailier et al. (2006)) and the number of cyclone occurrences per week,
e.g., 3-6 cyclones in 7 days (following e.g., Pinto et al. (2014)). In the dispersion
statistic (see details in Appendix B), a value of ψ = 0 corresponds to a homogeneous
Poisson process, which means that the occurrences are uncorrelated random rare
events. For values of ψ < 0, occurrences are less clustered than random and thus
underdispersive cyclones occur regularly; for values of ψ > 0 the occurrences are
more clustered than random and hence overdispersive (Mailier et al., 2006). We
also investigate the decadal dispersion at specific grid points in genesis and clus-
ter regions under present climate conditions, and then use CESM2-LE to compare
the future climate in 2060-2100 to 1980-2020. For the second metric we use 5◦ x 5◦

grid boxes (similar to Mailier et al. (2006)) in which we count the number of cy-
clone occurrences and differentiate whether there are 3, 4, 5 or 6 cyclones at the
respective grid location during 7 days. These high numbers are necessary because
of the already high number in weekly cyclone occurrences (see details in Appendix
B). We define ’ensemble agreement’ as the cumulative percentage of ensemble mem-
bers that predict a trend (positive, negative, or none) in the different type of cluster
events and specifically analyze the lower (more extreme) 5th, 10th, 15th, and 20th
percentiles and the median. Finally, we summarize the mean cyclone clustered ac-
tivity and relate their significance to our ensemble agreement, corresponding to i.e.
60% (medium), 70% (high), and 80% (very high) of all individual ensemble members
in 2060-2100 compared to 1980-2020.

Moreover, we examine the large-scale patterns that have been caused by cyclone
clustering in 2060-2100 and compare them to patterns from historical clustering dur-
ing 1980-2020. Here, we concentrate on the 3 cyclones within 7 days scenario to
capture the most severe cyclone cluster events using CESM2-LE. Finally, we inves-
tigate specific cyclone characteristics that help us understand whether cyclones are
more intense in the future by evaluating the mslp, the storms’ radii and depths, life
times, and the distances traveled. With this aim, we use the Welch Two-Sample t-
test (Wilks, 2011) to show significance between 2060-2100 and the recent climate in
1980-2020.

4.6 Cyclone and Large-Scale Evaluation of ERA5 and
CESM2-LE

4.6.1 Cyclone statistics for recent climate conditions

Our analysis starts with comparing the number of all cyclone occurrences in ERA5
and CESM2-LE. We find that for 1980-2020 CESM2-LE reproduces the cyclone fre-
quency in both study areas compared to ERA5 well (Tab. 4.1). The slightly underes-
timated number of cyclones from the ensemble mean of CESM2-LE could be related
to ERA5 being more sensitive towards tracking cyclones or internal variability in
the large ensemble. Overall, there is evidence that the number of all cyclones is
decreasing in the Northern Hemisphere within the 40-year period (Tab. 4.1). This
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trend is clearer when considering the three time slices, i.e., 2060-2100 in comparison
with 1980-2020 and 1850-1890, respectively (p-values ≤ 0.05, Tab. 4.1). Only in the
North Pacific between 1980-2020 and 1850-1890 the number of cyclones remains sta-
tionary (Tab. 4.1). The significant trends in cyclone occurrences suggest that their
numbers have been decreasing since pre-industrial times and that there will be less
cyclones by the end of the current century. These findings are in line with other
studies, which also have identified a reduction in the number of cyclones in future
decades (e.g., Bengtsson et al. (2006), Pinto et al. (2009), Ulbrich et al. (2009), Zappa
et al. (2013b), and Priestley and Catto (2022)).

The characteristics of the North Atlantic storm track are almost identical in ERA5
and CESM2-LE in 1980-2020 in terms of the typical north-east south-west tilt of the
main storm track (Fig. 4.2a-b). In both data sets the maximum in the number of
seasonal cyclone counts is located between Greenland and Iceland (e.g., Denmark
Strait). Furthermore, the number of cyclones is decreasing from northern to central
Europe, with the lowest numbers occurring between 25◦N to 40◦N (Fig. 4.2a-b). In
CESM2-LE, a higher number of up to 2 cyclones per grid point is detected between
Iceland and Great Britain (Fig. 4.2e). Here, ERA5 identifies fewer cyclones (Fig.
4.2a). With the exception of a few minor differences (e.g., Baffin Bay and eastern
Mediterranean), CESM2-LE reproduces the North Atlantic storm track rather well.

The storm track features in the North Pacific are very well replicated by CESM2-
LE in 1980-2020 compared to ERA5 (Fig. 4.2c-d). Although the maximum in sea-
sonal cyclone counts may be slightly more specific in terms of where the maxima
are located in ERA5 (Fig. 4.2c) as in CESM2 (Fig. 4.2d), the storm track is well cap-
tured. A somewhat higher number of up to 2 cyclones is detected over Siberia and
Alaska in ERA5 (Fig. 4.2f).

Moreover, we compare ERA5 to the ensemble spread (defined as twice the en-
semble standard deviation) of the large ensemble in 1980-2020 to ascertain how
cyclone characteristics are represented in both data sets. The ensemble spread of
cyclone counts matches well with the number of cyclones in ERA5, especially for
North Pacific cyclones (Tab. 4.2). Northern Hemispheric winter cyclones have
slightly longer life times and therefore larger radii and depths, and travel longer
distances in the large ensemble than in ERA5 (Tab. 4.2). However, these differences
are comparably small – as is the ensemble spread. This indicates high confidence in
the ensemble.

To conclude, CESM2-LE provides an accurate estimate on the Northern Hemi-
sphere storm tracks and storm characteristics in 1980-2020 compared with the tracks
and characteristics in ERA5. We assume that the internal variability between the 50
ensemble members might be responsible for the regional differences.

We further evaluate the mslp fields of both Northern Hemisphere storm tracks
to show whether ERA5 and CESM2-LE are comparable during 1980-2020. The most
noticeable differences in the North Atlantic mslp are found between Iceland and
Scotland, where ERA5 shows higher mslp of up to 3 hPa and over the western
Mediterranean with lower mslp of up to 5 hPa (Fig. B.1a in Appendix B). In the re-
cent climate of the North Pacific, mslp in ERA5 is higher over the Bering Sea than in
CESM2-LE (Fig. B.1b in Appendix B). Thus, some of these differences might account
for changes in storms that originate in these regions.

56



4.6. Cyclone and Large-Scale Evaluation of ERA5 and CESM2-LE

TABLE 4.1: Statistical significance of the cyclone frequency in the North
Atlantic and North Pacific in ERA5 and in CESM2-LE.

North Atlantic no. per DJF relation p-value trend
1850-1890 113 1850-1890 vs 1980-2020 0.04 decrease
1980-2020 111 (124 in ERA5) 1980-2020 vs 2060-2100 6.2·10−20 decrease
2060-2100 103 1850-1890 vs 2060-2100 2.5·10−24 decrease

North Pacific no. per DJF relation p-value trend
1850-1890 89 1850-1890 vs 1980-2020 0.2 -
1980-2020 89 (93 in ERA5) 1980-2020 vs 2060-2100 1.5·10−15 decrease
2060-2100 84 1850-1890 vs 2060-2100 1.2·10−13 decrease

a) b)

c) d)

e) f)

FIGURE 4.2: North Atlantic storm track in a) ERA5 and b) CESM2-LE;
c) and d) same but for the North Pacific storm track, e) and f) storm

track differences between ERA5 and CESM2-LE in 1980-2020.
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TABLE 4.2: Mean cyclone counts per winter, life time, minimum and
mean mslp, mean radius, depth and distance in ERA5 and CESM2-LE
in 1980-2020. We compare ERA5 to the ensemble spread of CESM2-LE.

North Atlantic ERA5 CESM2-LE (Ensemble Spread)
mean cyclone counts per winter 124 cyclones 111 ± 8 cyclones
mean life time 3.3 days 3.5 ± 0.05 days
min mlsp 917 hPa 919 ± 8.8 hPa
mean mslp 994 hPa 991 ± 1.2 hPa
mean radius 388 km 398 ± 3.5 km
mean depth 643 m 692 ± 11.6 m
mean distance 2998 km 3391 ± 71 km

North Pacific ERA5 CESM2-LE (Ensemble Spread)
mean cyclone counts per winter 93 cyclones 89 ± 7 cyclones
mean life time 3.4 days 3.6 ± 0.06 days
min mlsp 927 hPa 922 ± 8.7 hPa
mean mslp 994 hPa 992 ± 0.9 hPa
mean radius 384 km 396 ± 4 km
mean depth 685 m 704 ± 11.7 m
mean distance 2698 km 3057 ± 68 km

4.6.2 Mean Sea Level Pressure conditions in ERA5 and CESM2-LE

Having shown that ERA5 and CESM2-LE are highly compatible in cyclone fre-
quency, characteristics and mslp, we investigate the differences in the mslp fields
of both storm tracks in 2060-2100 compared to 1980-2020 to see whether they can
(partly) explain changes in storm intensities (Fig. 4.3).

We find that in the North Atlantic region mslp is decreasing over the Hudson Bay
and central to northern Scandinavia by up to 4 hPa (Fig. 4.3a). A t-test shows that
these trends are statistically significant as indicated by the black dots. A strength-
ening eastern trough associated with cyclogenesis over the eastern Hudson Bay im-
plies that storms in or emerging from these areas are more intense (Fazel-Rastgar,
2020). The melting of ice caps in Canada might also contribute to the changes in
pressure in these regions (Serreze et al., 2017). Moreover, pressure is significantly
increasing over Greenland by up to 3 hPa. These trends indicate that storms that
have their cyclogenesis, for example, over Greenland or in the Denmark Strait, have
a higher initial pressure before they intensify as they are propagating towards the
European mainland. Greenland is one of the fastest-warming regions on Earth and
its ice sheet is melting more rapidly in the higher global warming SSP3-7.0 scenario
(Xie et al., 2022). As a result of Arctic warming, this might lead to an increase in
mslp. Furthermore, this might also affect the baroclinicity and therefore the in-
tensity of cyclones. Note that changes in mslp over Greenland should be treated
carefully, since estimates may be less accurate.

In the Mediterranean, we also find that pressure is increasing (Fig. 4.3a). A t-test
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confirms that there is a significant difference between the two periods (p-values <
0.05). This region has been identified as drying up with fewer numbers of cyclones
in the future (Ulbrich et al., 2009; Reale et al., 2022). With the exception of a very
few minor shifts and more extended areas, the future changes in mslp we have seen
here between 2060-2100 and 1980-2020 are almost identical with those of 2060-2100
compared to 1850-1890. This means that mslp in 1980-2020 is very similar to 1850-
1890 (not shown).

Significant changes in mslp are also found in the North Pacific region (see black
dots in Fig. 4.3b). Here, the central part of the North Pacific ocean experiences an
increase in pressure by approximately 3 hPa (Fig. 4.3b). Higher greenhouse gas
emissions in the SSP3-7.0 scenario might cause this amplifying effect. Over Siberia
and in the Bering Sea we find that pressure is significantly decreasing by up to 5 hPa
(Fig. 4.3b), which means that cyclones propagating over the Northern part of the
North Pacific and towards Alaska and Canada are more intense. There is a decline
in the sea-ice extent over this particular region (Jeong et al., 2022; Huang et al., 2022),
similar to the ice sheet melting over Greenland (Zheng et al., 2022). Interestingly, the
trend here is negative. One possible reason could be changes in stratification or in
the meridional temperature gradient, which in turn could affect the baroclinicity.
This could explain alterations in the cyclones’ intensities. Future research is needed
to identify the processes behind these opposite trends between a decline in sea-ice
mass and changes in mslp. We find that the differences here are similar to those of
2060-2100 and 1850-1890 with the exception of one small area near the west coast of
the US (located approximately at 130◦W and 40◦N) where pressure is decreasing by
up to 2 hPa. It might be a derivative of the climate response between 1980-2020 and
1850-1890 (not shown). This eastern part of the North Pacific storm track is more
prone to cyclone clustering. Hence, cyclones in this particular region might be more
intense.

While a statistically significant decrease in mslp is found for some areas under
future climate conditions (e.g., northeastern Canada, Scandinavia, the Bering Sea,
and Alaska), other regions show an increase (e.g., Greenland, the Mediterranean,
and central part of the North Pacific ocean), thus changing the large-pressure gradi-
ents in the mid-latitudes. In conclusion, our findings suggest that the climatological
background state, the mslp fields, influences the intensity of cyclones under future
conditions.

4.6.3 Future Cyclone Mean Counts in CESM2-LE

We are also interested in the future cyclone mean counts, since they are highly af-
fected by the changes in the intensity of the climatological background states. To
study the number of cyclones in more detail, we examine the mean cyclone transits
in 2060-2100 and compare them to 1980-2020 (Fig. 4.4). We find that the number of
the mean cyclone transits is decreasing over Greenland and in the eastern Mediter-
ranean (Fig. 4.4a), where we found that cyclones have a higher initial pressure (Fig.
4.3a). These are the only differences identified by the large ensemble. Comparing
the different confidence intervals shows that the decrease in the number of cyclones
is, however, only statistically significant for cyclones in the eastern Mediterranean.
The future changes in mean cyclone counts we have seen here between 2060-2100
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a)

b)

FIGURE 4.3: Differences in mean sea level pressure between 2060-2100
and 1980-2020 in the a) North Atlantic and b) North Pacific storm track
regions using CESM2-LE. The black dots mark grid points where dif-

ferences are significant at the 95% confidence level.
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and 1980-2020 are similar to those of 2060-2100 and 1850-1890 (not shown). In the
latter period, the decreases in cyclone counts are statistically significant for both
southern Greenland and the eastern Mediterranean.

In the following sections, we only focus on the Pacific Northwest, since we are
particularly interested in cyclone clustering in the eastern part of the North Pa-
cific including the Gulf of Alaska and the west coast states of the US and Canada.
CESM2-LE shows less cyclone transits in the future (Fig. 4.4b). This reduction in cy-
clone transits is argued to be a result of global warming (e.g., Bengtsson et al. (2006),
Pinto et al. (2009), Ulbrich et al. (2009), Zappa et al. (2013b), and Priestley and Catto
(2022)). The only exception is western Canadian provinces, where it is indicated
that the numbers of cyclones are slightly increasing (Fig. 4.4b). Both results are
statistically significant as indicated by the black dots. There are no significant dif-
ferences between 2060-2100 and 1850-1890 that differ from 1980-2020 (not shown).
This suggests robust findings in future North Pacific cyclone counts.

To conclude, climate simulations show that the number of cyclones decreases
particularly over rapidly warming regions, such as Greenland and the eastern
Mediterranean. In addition the central Northeast Pacific will experience signifi-
cantly less cyclone transits in the future. It is likely that dynamic changes are re-
sponsible for these changes.

4.7 Clustering Analysis based on dispersion statistics

4.7.1 ERA5 and CESM2-LE in recent climate conditions

Following Mailier et al. (2006)’s definition of the dispersion statistic we compare
the dispersion of cyclone counts during 1980-2020 for both our study areas in ERA5
and CESM2-LE (Fig. 4.5). Along the east coast of the US and in the western North
Atlantic we find regularly occurring (underdispersive) cyclones denoted by the neg-
ative values of the dispersion (Fig. 4.5a). Following the storm track from the south-
west to the northeast Atlantic the dispersion is increasing (Fig. 4.5a). This is in line
with the increasing dispersion along the storm track axis as found by Blender et al.
(2015). A maximum in dispersion of up to 0.5 is found near the Iberian Peninsula
and over the British Iles – these are preferred regions of clustered cyclones (Fig.
4.5a). Comparing ERA5 to CESM2-LE, we find that the large ensemble generally
reproduces the dispersion seen in ERA5 well (Fig. 4.5b). While the overdispersion
in ERA5 has a more dipole structure in north-south direction, it is more zonal and
west-east oriented in CESM2-LE. This might be due to the peculiarity of the model
data. In the North Pacific cyclones occur regularly over the central part of the North
Pacific (see negative values in Fig. 4.5c). Overdispersive cyclone occurrences, there-
fore cluster areas, are identified along the west coast of the US and Canada (Fig.
4.5c). The large ensemble deviates from ERA5 here: in CESM2-LE, the overdis-
persion is characterized as largest in the central Northeast Pacific (Fig. 4.5d). We
assume that this is due to internal variability in the ensemble.
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a)

b)

FIGURE 4.4: Differences in the number of mean cyclone counts per grid
point of a) North Atlantic and of b) Northeast Pacific cyclone transits
during 2060-2100 compared to 1980-2020 using CESM2-LE. The black
dots mark grid points where differences are significant at the 95% con-

fidence level.
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a) b)

c) d)

FIGURE 4.5: Dispersion statistic of North Atlantic and Northeast Pa-
cific cyclone transits in 1980-2020 from the ERA5 reanalysis (left row)
and CESM2-LE (right row). The dispersion statistic is the standard
deviation of a Poisson process and describes whether cyclones occur
regularly (negative values), randomly (near zero values) or in clusters
(positive values). The black dots (genesis regions) and crosses (cluster
regions) in a) and c) mark specific grid points where the dispersion is

changing in 1980-2020 (see Fig. 4.7).
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4.7.2 Possible changes in dispersion statistics in CESM2-LE

Now we explore possible future changes in the dispersion as projected by the large
ensemble (Fig. 4.6). Over central and southern Iceland we find that the dispersion
is decreasing during 2060-2100 compared to 1980-2020, relating to more regularly
occurring cyclones in the future (Fig. 4.6a) (p-values < 0.05). Other regions are
characterized by more randomly occurring cyclones during 2060-2100, for example,
in the cyclogenesis regions: along the east coast of the US (Fig. 4.6a). This sug-
gests that physical processes associated with global warming may be important for
the transformation or shift towards more regular or clustered occurrences (or vice
versa). The temperature gradient might also play a role. From 2060-2100 to 1850-
1890, we find that the projected changes in the dispersion are rather similar to the
results we have seen before. The only exception is a small area located approxi-
mately over northern Germany at 5-15◦W and 50◦N where more regularly cyclones
are occurring in comparison with pre-industrial times (not shown). The changes in
the dispersion might already represent the current climate change during 1980-2020.

In the Northeast Pacific, the large ensemble identifies mostly values close to zero,
except along the east coast of the Aleutian Island chain where the dispersion is
slightly more enhanced during 2060-2100 than in 1980-2020 (Fig. 4.6b) (p-values
< 0.05). Higher anthropogenic greenhouse gas emissions seem to support cluster-
ing, since the climate signal is even more recognizable when comparing 2060-2100
to 1850-1890: here, we find larger and more extended areas of the overdispersion
and another small region of preferred clustering at the west coast of the US, ap-
proximately between 120-127◦W and 39-45◦N (not shown). This is most likely the
difference of the climate response of 1980-2020 to 1850-1890.

In conclusion, our findings reveal that all statistically significant changes pro-
jected for the North Atlantic emerge from a specific region between Newfoundland
and Iceland, which is characterized by more regular cyclone occurrences during
2060-2100 compared to 1980-2020. This indicates a smaller potential for cyclones to
cluster north of the British Isles. In contrast, along the east coast of the Aleutian
Island chain and the west coast states of the US we find that these regions show
a significantly enhanced overdispersion during 2060-2100. We assume that the cli-
mate signal of 1980-2020 plays a critical role. However, some of these changes are
comparably small so that it becomes necessary to investigate the temporal evolution
of the dispersion at different grid points.

4.7.3 Trends in Non-Clustered vs. Clustered Events

Since the dispersion might undergo changes over time due to natural variability or
anthropogenic warming, it is important to assess the decadal statistics of different
grid points of non-clustered (genesis) regions and cluster regions in 1980-2020 and
2060-2100 (see the specific grid points in Fig. 4.5a,c and associated time series in
Fig. 4.7-4.8). This can be helpful to identify the regions most affected by clustering.
In the current climate, we find that the overdispersion in the Northeast Atlantic
cluster region is increasing with time and has become more volatile since the 1990s,
but the dispersion in the genesis regions remains stationary in ERA5 (Fig. 4.7a-
c, left panel). In the ensemble mean of CESM2-LE, the dispersion of both genesis
and cluster regions do not reveal any trends (Fig. 4.7g-i, right panel). Indeed, the
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a)

b)

FIGURE 4.6: Differences in the dispersion statistic of a) North Atlantic
and of b) Northeast Pacific cyclone transits during 2060-2100 compared
to 1980-2020 using CESM2-LE. The black dots mark grid points where

differences are significant at the 95% confidence level.
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dispersion in the genesis regions is partly more random than regular (Fig. 4.7g-i,
right panel). Similar distributions of the dispersion are seen at other grid points
(not shown).

In genesis regions of the Northeast Pacific, however, the overdispersion in cluster
regions is decreasing, while the dispersion in genesis regions is stationary in 1980-
2020 in ERA5 (Fig. 4.7d-f, left panel). Neither genesis nor cluster regions of the
Northeast Pacific exhibit any trends at the selected grid points in the large ensemble
(Fig. 4.7j-l, right panel). In particular, the distribution of over- and underdispersion
are reversed at one grid point (Fig. 4.7l, right panel). Other grid points show similar
tendencies (not shown).

To summarize, there are no changes in the dispersion of non-clustered (genesis)
regions between 1980-2020 in neither ERA5 nor in CESM2-LE. The overdispersion in
both Northern Hemispheric cluster regions, on the other hand, suggests high vari-
ability in the current climate in ERA5. For the European region this may imply more
clustering over time; while for the Pacific Northwest less clustering is observed.
When considering the large ensemble, the dispersion did not change in the period
1980-2020.

Future projections of the dispersion show a different pattern: in the Northeast
Atlantic, the dispersion of former genesis regions is less regular and more ran-
dom by 2060-2100, while the overdispersion in cluster regions remains constant in
CESM2-LE (Fig. 4.8a-c, left panel). The trends in the Northeast Pacific are rather
similar (Fig. 4.8d-f, right panel), except for two grid points where regular cyclone
occurrences of the past are more clustered in the future winter climate (Fig. 4.8e-
f, right panel). This suggests that a warmer atmosphere might contribute to the
enhanced clustering. As the storm track shifts poleward on zonal and annual av-
erage (e.g., Bengtsson et al. (2006), Harvey et al. (2020), and Karwat et al. (2022)), it
could also have an impact on the locations where we see alterations in the disper-
sion. Furthermore, clustering might be uncertain in future decades (larger spread).
As the large ensemble does not reflect the variability in the dispersion of clustered
cyclones that we have seen for both Northern Hemisphere storm tracks in ERA5,
we will next investigate the different cyclone cluster types directly to determine
whether the large ensemble supports the indicated trends by ERA5.

4.8 Clustering Analysis based on storm numbers

4.8.1 ERA5 and CESM2-LE in recent climate conditions

Now we examine clustered events from the cyclone tracking data directly. First we
compare how many cluster type events were identified by ERA5 and CESM2-LE
during 1980-2020, respectively. For 3 cyclones within 7 days, ERA5 identifies 17
clustered events on average; 14 in CESM2-LE (Fig. 4.9a). There have only been up
to 5 clustered events in the most extreme 5th and 10th percentiles over Europe in the
past, since these are very rare events. Along the west coast of the US and Canada we
find that the intensity of clustered cyclones is clearly lower, indeed, there has been
only one occurrence in the 20th percentile, while the median is characterized by ap-
proximately 10 clustered events during 1980-2020 (Fig. 4.9b). In contrast, cyclones
in the Gulf of Alaska cluster on average almost 10 times more often than along the
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FIGURE 4.7: Dispersion statistics in the indicated periods of North
Atlantic cyclone transits at specific grid points in cyclogenesis (green
boxes) and cluster (purple boxes) regions (a-f); similar for Northeast
Pacific cyclone transits (g-l). The dispersion statistics were computed
from ERA5 (left panel) and CESM2-LE (right panel) for 1980-2020. The
decadal uncertainty of the dispersion is given by the range of the box

plots.
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FIGURE 4.8: Dispersion statistics in the indicated periods of North
Atlantic cyclone transits at specific grid points in cyclogenesis (green
boxes) and cluster (purple boxes) regions (a-c); similar for Northeast
Pacific cyclone transits (d-f). The dispersion statistics were computed
from CESM2-LE for 2060-2100. The decadal uncertainty of the disper-

sion is given by the range of the box plots.
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west coast of the US and Canada and 5-6 times more often than over Europe: the de-
viation between CESM2-LE and ERA5 is less than 6% (Fig. 4.9c). Extremely intense
cyclone clusters, e.g., 5th percentile, occur about every 5-6 years in this region.

To summarize, ERA5 and CESM2-LE are highly comparable over different per-
centiles in 1980-2020. Thus, the large ensemble shows reasonable skill compared to
ERA5 in identifying clustered events with different cyclone intensities.

4.8.2 Future projections of different cyclone cluster events in
CESM2-LE

We now look at possible trends (positive, negative, or none) in the different type of
cyclone cluster events between 1980-2020 and 2060-2100. To quantify clustering we
look at 3, 4, 5 and 6 cyclones within 7 days as the cumulative percentage of ensemble
members. These high numbers are necessary because of the already high number in
weekly cyclone occurrences (see Appendix B).

For 3 cyclones within 7 days, the ensemble members agree by 72% in the median
that there will be more clustering over Europe (Fig. 4.10a). Furthermore, the large
ensemble finds no changes in extreme cyclone quadruples concerning the 5th per-
centile of mslp in 7 days (up to 90% agreement, Fig. 4.10b). However, the ensemble
shows medium confidence in an increase of 4 cyclones within 7 days in the future
(62% agreement, Fig. 4.10b). In terms of 5 or 6 cyclones within 7 days, values that
rarely occur in this area, there is very high ensemble confidence across almost all
percentiles that there are no changes expected by 2060-2100 (Fig. 4.10c-d). Com-
paring 1850-1890 with 2060-2100, we find similar projections (not shown). In con-
clusion, the large ensemble predicts more clustering over Europe for cyclone triples
and quadruples within 7 days, but no changes in the most extreme percentile and
concerning 5 or 6 cyclones.

For the west coast states of the US and Canada, 74% of the ensemble members
agree on a decrease in the median of mslp for 3 cyclones within 7 days (Fig. 4.11a).
For cyclone quadruples we find no changes across different percentiles except for
an overall decrease in clustering indicated by the median for 7 days (58% ensemble
agreement, Fig. 4.11b). The trends we have seen in the median are more confident
between 1850-1890 and 2060-2100, and agree with the current climate (not shown).
Considering 5 or 6 cyclones, which also rarely occur in this area, the large ensemble
shows overall no trend across different percentiles between 2060-2100 and 1980-2020
(Fig. 4.11a-d). This is an important finding, since it suggests that extreme cyclone
clusters might not necessarily become more common in the Pacific Northwest.

In the Gulf of Alaska, the clustering of cyclone triples within 7 days decreases in
the 20th percentile according to 98% of all ensemble members (Fig. 4.12a). Cyclone
quadruples are also shown to be decreasing overall in the future (up to 72% agree-
ment, Fig. 4.12b). In addition no trend is identified in the 5th percentile of mslp
concerning 5 cyclones in 7 days (Fig. 4.12c). However, there seems to be a clear cut
when comparing 6 cyclones in 7 days: here, we detect high ensemble confidence
for less clustered cyclones in the 20th percentile and especially in the median (Fig.
4.12d). We find that the ensemble members are even more confident in the decrease
of clustering across all percentiles when comparing these projections to 1850-1890

69



Chapter 4. Northern Hemisphere Extra-Tropical Cyclone Clustering in ERA5
Reanalysis and the CESM2 Large Ensemble

a)

5th 10th 15th 20th median

cluster intensity [percentile of mslp]

n(
3 

cy
cl

on
es

 in
 7

 d
ay

s)
 in

 1
98

0−
20

20

0

5

10

15

20

2
1

3
2

6

3

8

5

17

14

ERA5 CESM2−LE

b)

5th 10th 15th 20th median

cluster intensity [percentile of mslp]

n(
3 

cy
cl

on
es

 in
 7

 d
ay

s)
 in

 1
98

0−
20

20

0

2

4

6

8

10

12

14

1 1

8

11
ERA5 CESM2−LE

c)

5th 10th 15th 20th median

cluster intensity [percentile of mslp]

n(
3 

cy
cl

on
es

 in
 7

 d
ay

s)
 in

 1
98

0−
20

20

0

20

40

60

80

100

8 6

26
18

35
30

42 42

92
87ERA5 CESM2−LE

FIGURE 4.9: Total number n of the ’3 cyclones in 7 days’ cluster type
event over a) Europe, b) along the west coast of the US and Canada, and
c) in the Gulf of Alaska as identified by ERA5 and CESM2-LE during

1980-2020.
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FIGURE 4.10: Ensemble agreement for trends in cyclone clustering over
Europe for a) 3 cyclones, b) 4 cyclones, c) 5 cyclones, and d) 6 cyclones
in 7 days, respectively. The ensemble agreement is defined as the cu-
mulative percentage of all 50 ensemble members (ems) of CESM2-LE
that either predict an increase (orange bars), decrease (beige bars) or no

trend (grey bars) between 2060-2100 and 1980-2020.

and 2060-2100 (not shown). This could be due to the climate signal more noticeable
between pre-industrial times and the SSP3-7.0 scenario in the future.

To summarize, the majority of ensemble members agree that enhanced cyclone
clustering will occur over Europe in the future, but only on average rather than in
the most extreme percentile. Clustering along the west coast of the US and Canada is
seen to generally decline or remain steady in lower percentiles; the ensemble agree-
ment on clustering to decrease in the Gulf of Alaska in a future winter climate is
similarly confident.

4.8.3 Ensemble Agreement on Projections in CESM2-LE

For different types of clustering we can now compare the mean cyclone clustered ac-
tivity to the significance derived from our ensemble agreement (Tab. 4.3). Concern-
ing Europe, we find an increase of 21.5% for 3 cyclones within 7 days by 2060-2100
compared to 1980-2020 (high confidence) (Tab. 4.3). Similarly, cyclone quadruples
are increasing over Europe within 7 days by 25% during 2060-2100 compared to
1980-2020 (medium confidence). Along the west coast of the US and Canada cy-
clone triples within 7 days decrease by 24.3% during 2060-2100 compared to 1980-
2020 (medium ensemble confidence, Tab. 4.3). However, the actual numbers here
are small, since these are very rare events. Over the Gulf of Alaska, clustering is
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FIGURE 4.11: Ensemble agreement for trends in cyclone clustering at
the west coast of the US and Canada for a) 3 cyclones, b) 4 cyclones,
c) 5 cyclones, and d) 6 cyclones in 7 days, respectively. The ensemble
agreement is defined as the cumulative percentage of all 50 ensemble
members (ems) of CESM2-LE that either predict an increase (orange
bars), decrease (beige bars) or no trend (grey bars) between 2060-2100

and 1980-2020.
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FIGURE 4.12: Ensemble agreement for trends in cyclone clustering in
the Gulf of Alaska for a) 3 cyclones, b) 4 cyclones, c) 5 cyclones, and
d) 6 cyclones in 7 days, respectively. The ensemble agreement is de-
fined as the cumulative percentage of all 50 ensemble members (ems) of
CESM2-LE that either predict an increase (orange bars), decrease (beige

bars) or no trend (grey bars) between 2060-2100 and 1980-2020.
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TABLE 4.3: Trends in cyclone clustering of 3 or 4 clustered cyclones in
7 days as mean numbers per winter and as mean percentage change
for Europe, the west coast regions of the US and Canada, and the Gulf
of Alaska during 2060-2100 compared to 1980-2020 and 1850-1890 in
CESM2-LE. Ensemble confidence is defined as the agreement of the
same trend that is identified by at least 60% (medium), 70% (high), and
80% (very high) of all individual ensemble members in 2060-2100 com-

pared to the reference period 1980-2020.

Clustering no. in no. in % change in % change in ensemble
Type 1980-2020 2060-2100 2060-1980 2060-1850 confidence

Europe
3 cyclones in 7 days 1 1.2 21.5 13 high
4 cyclones in 7 days 0.3 0.4 25 26.2 medium

US and Canadian West Coast
3 cyclones in 7 days 0.5 0.4 -24.3 -27.9 medium
4 cyclones in 7 days 0.15 0.1 -23.5 -19.1 < medium

Gulf of Alaska
3 cyclones in 7 days 6 5.4 -10.1 -15.2 high
4 cyclones in 7 days 3.4 3.1 -8.3 -17.2 medium

more common and decreases by 10.1% in the same period (high confidence, Tab.
4.3).

To conclude, there is high confidence in the ensemble for more cyclone clustering
over Europe and for less clustering in the Pacific Northwest regions based on this
metric. Overall, this direct approach of comparing cyclone triples and quadruples
and the other cyclone cluster types appears to be more suitable when determining
actual changes in future cyclone clustering compared to the theoretical approach
(dispersion statistic). The dispersion was less helpful since changes were either
small or insignificant. In addition the ensemble was not able to capture any vari-
ability. Therefore, relating different types of cyclone cluster events to the ensemble
confidence provides robust results.

4.9 Large-scale features of clustered cyclones

4.9.1 Possible links between clustering and large-scale patterns in
CESM2-LE

There are considerable knowledge gaps in the physical mechanisms that underlie
possible changes in cyclone clustering, which is thus quite uncertain (Dacre and
Pinto, 2020). Changes in baroclinicity brought on by global warming and substan-
tial variations in large-scale conditions are often considered as the main two factors
to influence (clustered) cyclone occurrences (Walz et al., 2018). Pinto et al. (2009)
showed that a positive North Atlantic Oscillation (NAO) phase is more favourable
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for the growth conditions of extreme cyclones than a negative NAO phase. Addi-
tionally, the impact of the NAO on cyclone clustering is largely independent from
the cyclone tracking algorithm used (Pinto et al., 2016). For the positive phase of
the Pacific-North American (PNA) pattern, Mailier et al. (2006) found a decrease in
cyclone counts across the Canadian west coast but an overall increase of cyclones in
the North Pacific.

Here, we examine the large-scale patterns that have been caused by cyclone clus-
tering in 2060-2100 and compare them to patterns from 1980-2020 (Fig. 4.13). We
focus on the 5th percentile of the 3 cyclones within 7 days scenario to capture the
most severe cluster events in CESM2-LE. A minimum in mslp over Northern Ire-
land was shown during cyclone clustering in 1980-2020 (Fig. 4.13a). By 2060-2100,
the minimum has moved further east towards Scotland (Fig. 4.13b).

In 1980-2020, cyclones cluster along the west coast of the US and Canada when a
minimum in mslp is located near Vancouver Island (Fig. 4.13c). There may also be
a second low pressure system present north of the Aleutian Islands (Fig. 4.13c). In
the future, however, these two low pressure systems have merged into one overall
system (Fig. 4.13d). This suggests that the energy from the clustered cyclones may
become more concentrated.

Cyclones in the Gulf of Alaska cluster during the occurrence of a mslp minimum
south of the Aleutian Islands (see 970 hPa isobar in Fig. 4.13e). We find that this min-
imum shifts further east and slightly expands by 2060-2100 (Fig. 4.13f). However,
there is little change to the impact regions.

Thus, the large-scale patterns might not project onto the NAO, PNA or other
teleconnections. When considering different intensities (other percentiles) or types
of cyclone clusters, similar patterns are found (not shown). This confirms that the
overall large-scale conditions are rather persistent during times of cyclone clustering
(Hauser et al., 2023), which could be useful not only for weather predictions but also
for future projections.

4.9.2 Trends in Cyclone Characteristics in CESM2-LE

Finally, we investigate possible changes in cyclone characteristics in a warming cli-
mate, considering both non-clustered and clustered cyclones. For the North At-
lantic, we find evidence that cyclones are decreasing in mslp, life time, radius, and
depth during 2060-2100 compared to 1980-2020 (p-values ≤ 0.05, Tab. 4.4). Regu-
larly occurring cyclones also travel longer distances in the future (p-value ≤ 0.05,
Tab. 4.4). These trends are in line with a previous study where cyclones have been
shown to be more intense in recent decades and traveling longer distances (Kar-
wat et al., 2022). Next we focus on clustered cyclones in the North Atlantic, but
specifically on ”3 cyclones in 7 days” as this seems to be the most representative
scenario compared to what is used by insurance companies to evaluate the socio-
economic losses of clustered storms (Alert Air Worldwide, 2022c; Alert Air World-
wide, 2022b). We find that clustered cyclones in the North Atlantic are more intense
than regularly occurring storms, have larger radii and travel longer distances dur-
ing 2060-2100 compared to 1980-2020 (median, p-values ≤ 0.05, Tab. 4.5). When
considering the most extreme clustered cyclones, the 5th percentile of mslp, we find
that mslp is decreasing during 2060-2100 (p-values ≤ 0.05, Tab. 4.5). At the same
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a) b)

c) d)

e) f)

FIGURE 4.13: Ensemble mean of the large-scale patterns during his-
torical clustering of cyclone triples within 7 days over a) Europe, c)
along the west coast of Canada and the US, and e) in the Gulf of Alaska
in 1980-2020; b), d), f) analogously but for 2060-2100. Here, only the
strongest cyclones are considered, e.g., the 5th percentile of mslp of 3
cyclones within 7 days. We find similar patterns for other intensities of

clustered cyclones using CESM2-LE (not shown).
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TABLE 4.4: Trends in North Atlantic (NA) and North Pacific (NP)
cyclone characteristics of non-clustered cyclones using the ensemble
mean of CESM2-LE. We compare the cyclone characteristics of intensity
(mslp), life time, radius, depth, and distance traveled during 2060-2100

to the reference period 1980-2020.

1980-2020 2060-2100 NA NP
NA NP NA NP p-value p-value

mslp [hPa] 990.5 990.5 989.8 990 3.8·10−11 1.6·10−7

life time [hours] 85.5 87.7 85.1 88.5 0.003 3.5·10−8

radius [km] 403.7 404 401.1 405.1 8.5·10−11 0.007
depth [m] 712.5 730.4 702 719 1·10−13 2·10−17

distance [km] 3330 3039 3440 3105 5.6·10−23 9.3·10−17

time the most extreme cyclone clusters have larger radii and depths in the future,
while they also travel longer distances than during 1980-2020 (p-values ≤ 0.05, Tab.
4.5). As a result, trends in the 5th percentile of mslp are similar to the median. Thus,
especially North Atlantic clustered cyclones of different intensities will intensify in
the future. This implies increases in socio-economic losses for Europe.

Non-clustered North Pacific cyclones, like North Atlantic cyclones, are decreas-
ing in mslp and depth, but are showing longer life times, radii and distances trav-
eled during 2060-2100 compared to 1980-2020 (p-values ≤ 0.05, Tab. 4.4). This in-
tensification can also be seen in clustered cyclones, which have larger radii during
2060-2100 in comparison with 1980-2020 (median, p-values ≤ 0.05, Tab. 4.5). The
most extreme cyclones show similar trends in radius and depth, however, the trends
are not statistically significant (Tab. 4.5). Hence, North Pacific clustered cyclones re-
veal the same trends as North Atlantic clustered cyclones, but are significant in only
a few variables.

In conclusion, all Northern Hemispheric cyclones are intensifying, but especially
clustered cyclones reveal larger radii and depths in future decades. While it is not
clear what may cause the enhanced growth rates in clustered cyclones, there are
several factors that could play a role. These include the fact that clustered cyclones
might have lower static stability and higher moisture content available than non-
clustered cyclones due to the previous storms. Therefore, they may develop better
in a warmer and wetter climate. This might explain why certain cyclones are inten-
sifying more rapidly than others under the SSP3-7.0 scenario.

77



Chapter 4. Northern Hemisphere Extra-Tropical Cyclone Clustering in ERA5
Reanalysis and the CESM2 Large Ensemble

TABLE 4.5: Trends in North Atlantic (NA) and North Pacific (NP) cy-
clone characteristics of clustered cyclones using the ensemble mean of
CESM2-LE. We compare the cyclone characteristics of intensity (mslp),
radius, depth, and distance traveled during 2060-2100 to the reference
period 1980-2020. Here, the “3 cyclones in 7 days” scenario is consid-

ered for the median and the 5th percentile of mslp.

3 cyclones in 7 days: median
1980-2020 2060-2100 NA NP
NA NP NA NP p-value p-value

mslp [hPa] 979 980 978 978 4.6·10−7 6.8·10−21

radius [km] 514 489 518 496 0.006 2.07·10−6

depth [m] 1065 983 1071 1003 0.2 8.2·10−6

distance [km] 5190 4373 5455 4369 2.3·10−15 0.9
3 cyclones in 7 days: 5th percentile

mslp [hPa] 959 960 957 958 1.6·10−8 1.9·10−15

radius [km] 653 597 668 606 0.001 0.16
depth [m] 1497 1313 1542 1340 0.0007 0.2

distance [km] 5299 4150 5802 4100 1.4·10−6 0.61

4.10 Conclusions

Using the ERA5 and CESM2-LE data, we analyzed the representation of Northern
Hemisphere extra-tropical cyclone characteristics and specifically of cyclone clus-
tering under recent and future climate conditions for boreal winter. With this aim,
we have considered two different metrics for clustering, a dispersion statistic and
an absolute measure based on storm numbers. The main conclusions are as follows:

1. During 1980-2020, we find that clustered cyclones often form close to the
Iberian Peninsula and over the British Isles. For the Northeast Pacific, most
of the clustered cyclones occur in the Gulf of Alaska and along the US and
Canadian west coast. Compared to ERA5, CESM2-LE provides an accurate
estimate on the storm tracks and characteristics, but some uncertainties on the
precise location of the identified cluster regions remain. The identified cluster
regions are in line with the studies that have examined cyclone clustering in
the Northern Hemisphere (e.g., Mailier et al. (2006), Blender et al. (2015), and
Dacre and Pinto (2020)).

2. Using a relative metric (dispersion statistic), CESM2-LE is not able to capture
any of the decadal variability as shown in ERA5 and thus cannot predict any
trends. The dispersion statistic is also limited to only distinguish between reg-
ular and clustered cyclones, excluding different cyclone intensities. Using an
absolute metric (clustering based on storm numbers) on the CESM2-LE, how-
ever, we find robust results across different percentiles and thus can identify
significant trends in cyclone clusters with varying intensities: during 2060-
2100, clustering increases by up to 25% on average for 3 and 4 cyclones within
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7 days over Europe, but decreases by 24.3% along the west coast states of the
US and Canada and by 10.1% in the Gulf of Alaska compared to 1980-2020.

3. In the SSP3-7.0 scenario, the large-scale patterns do not change under cyclone
clustering in 2060-2100 in comparison with 1980-2020, which may be useful
for predicting future cluster events. At the same time cyclones are intensifying
by having lower mslp minima but especially clustered cyclones may develop
even better in a warmer winter climate, since they have much larger radii and
depths than non-clustered cyclones in the future. This highlights the need for
new studies addressing the changes in the dynamics behind clustering.

Projected changes in the spatial distribution of the dispersion statistic could be
related to a poleward shift of the storm tracks on zonal average (e.g., Bengtsson et
al. (2006), Harvey et al. (2020), and Karwat et al. (2022)). It is likely that cluster-
ing is also affected by cyclone tracks shifting northward and therefore affecting the
dispersion. Despite the CESM2-LE being less successful than ERA5 in reproducing
the dispersion statistic, its signal on trends in clustering is overly confident and ro-
bust as shown by a strong ensemble agreement across different intensities of cyclone
triples, quadruples and even higher numbers of cyclones in the future. Moreover,
this direct approach appears to be more suitable when comparing socio-economic
losses and quantifying future changes in cyclone clustering. Thus, the new insights
presented here may facilitate a better probability on future cyclone clustering in dif-
ferent regions.

Our study has only considered the SSP3-7.0 scenario where higher greenhouse
gas emissions lead to more clustering over Europe, and to less clustering and shifts
in the dispersion statistic on part of the Pacific Northwest. Thus, the obtained prob-
abilities may be different for other scenarios.

To conclude, our study provides evidence that cyclone clustering over the North-
ern Hemisphere may change in a warmer climate, with implications also for the
associated hazards, primarily strong wind gusts, heavy rainfall, and storm surges.
Studies that combine clustering of storms and impacts are strongly needed. It has
already been shown that clustering of precipitation extremes alone increases under
global warming (Franzke, 2022). Thus, an adequate quantification of clustering and
its impacts in a warming climate is very important. Finally, the uncertainties can
be reduced when utilizing large ensembles of data, like in the present study, which
ideally would be CMIP6 type multi-model ensembles.

4.11 Acknowledgments

The simulations were conducted on the IBS/ICCP supercomputer “Aleph,” 1.43
peta flops high-performance Cray XC50-LC Skylake computing system with 18,720
processor cores, 9.59 PB storage, and 43 PB tape archive space. We also acknowledge
the support of KREONET.

AK, JGP and RB were supported by the Federal Ministry of Education and
Research (BMBF) consortium ClimXtreme, projects B3.6 and A6 (01LP1902F,
01LP1901A). CF and SSL were supported by the Institute for Basic Science (IBS),
Republic of Korea, under IBS-R028-D1 and CF by the National Research Fund of
Korea (NRF-2022M3K3A1097082). JGP thanks the AXA Research Fund for support.

79



Chapter 4. Northern Hemisphere Extra-Tropical Cyclone Clustering in ERA5
Reanalysis and the CESM2 Large Ensemble

4.12 Data Availability Statement

The ERA5 reanalysis is openly available in the Climate Data Store of the
ECMWF at https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset. The
CESM2-LE ensemble members are available in the Climate Data Gateway
at NCAR https://www.earthsystemgrid.org/dataset/ucar.cgd.cesm2le.atm.proc.
6hourly_ave.PSL.html and at request at the IBS/ICCP in Busan, South Korea: https:
//ibsclimate.org/research/cesm2-large-ensemble-community-project/.

80

https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset
https://www.earthsystemgrid.org/dataset/ucar.cgd.cesm2le.atm.proc.6hourly_ave.PSL.html
https://www.earthsystemgrid.org/dataset/ucar.cgd.cesm2le.atm.proc.6hourly_ave.PSL.html
https://ibsclimate.org/research/cesm2-large-ensemble-community-project/
https://ibsclimate.org/research/cesm2-large-ensemble-community-project/


Chapter 5

Discussion and Conclusions

5.1 Overview of the Thesis

Extra-tropical cyclones are one of the largest disturbances of the atmospheric cir-
culation in the Northern Hemisphere. These storms, whether they form alone or
appear as clusters, represent a direct threat to both nature and human life in the
mid-latitudes. In order to be able to quantify any storm changes in a warmer fu-
ture winter climate, a deeper statistical understanding of the long-term behaviour
of cyclone characteristics and of the storms’ potential to cluster are required.

This thesis has investigated long-term trends of Northern Hemispheric winter
cyclones and related impacts such as wind gusts and heavy precipitation in the ex-
tended ERA5 reanalysis during 1950-2021. Furthermore, clustered cyclone activity
was assessed in historical ERA5 data and quantified for a warmer winter climate
using large ensemble simulations from CESM2-LE, following the SSP3-7.0 scenario.
The specific aims of this thesis were summarized by 6 research questions presented
in Section 1.8 and answered throughout this study. These questions are:

RQ1: Are the different ERA5-BE and ERA5 data sets compatible to perform a long-
term trend analysis on storms and impacts in the full period 1950-2021?

RQ2: To what limit does a Lagrangian-based analysis allow for a comprehensive as-
sessment of cyclone characteristics, for example, frequency, size, and intensity
in the extended ERA5 reanalysis?

RQ3: Are there significant trends in the Northern Hemisphere storm tracks that
provide us with new data on the atmospheric circulation response to global
warming?

RQ4: How is clustered cyclone activity in the Northern Hemisphere mid-latitudes
characterized in the ERA5 reanalysis and CESM2-LE in 1980-2020?

RQ5: How is extra-tropical cyclone clustering projected to change by 2060-2100
compared to 1980-2020 based on two metrics?

RQ6: What are possible reasons in terms of large-scale dynamics and cyclone char-
acteristics for these projected changes?

Section 5.2 is dedicated to addressing these questions based on the results pre-
sented in Chapters 3 and 4. In Section 5.3, the implications and limitations of the
results are discussed, with the concluding remarks of this thesis presented in Sec-
tion 5.4. Finally, suggestions for potential future work are outlined in Section 5.5.
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5.2 Key Findings

In this section, the key findings of this thesis based on the results of Chapters 3 and
4 are discussed. Each of the 6 research questions posed in Section 1.8 are addressed
individually.

5.2.1 RQ1

Are the different ERA5-BE and ERA5 data sets compatible to per-
form a long-term trend analysis on storms and impacts in the full
period 1950-2021?

Using a systematic change-point analysis, we showed that the pre-satellite ERA5
data of the Backward Extension (covering 1950-1978) is highly compatible with the
standard ERA5 (1979-2021) data set. The joint ERA5 data from 1950 to 2021 is con-
sistent in all storm-related quantities, including the tracking measure (the 1000 hPa
geopotential) and impact measures (e.g., 10m wind gust and total precipitation).
However, when testing a different tracking measure such as relative vorticity at 850
hPa for change-points, we found very few change-points in the transition phase
of 1978/79 in the North Atlantic. However, these change-points are found in only
1.41% of the bootstrap samples and are therefore outside the 95th percentile (not
significant). Since our tracking does not depend on relative vorticity, the combined
ERA5 data set is compatible to perform a long-term trend analysis on storms and
impacts in the full period 1950-2021.

5.2.2 RQ2

To what limit does a Lagrangian-based analysis allow for a com-
prehensive assessment of cyclone characteristics, for example, fre-
quency, size, and intensity in the extended ERA5 reanalysis?

The Lagrangian-based approach is the only perspective that allows for the tracking
of cyclonic features, for example, storm speed and intensity, at any point in space
and time. Using the extended ERA5 reanalysis, we were able to detect significant
long-term trends of the cyclone characteristics such as the frequency, radius, and
intensity in 1950-2021. Moreover, impacts like wind gusts and heavy precipitation
could be directly linked to individual storms – in an Eulerian approach this would
not be feasible. Thus, there is no limit to a Lagrangian-based analysis when assess-
ing cyclone characteristics in long-term studies.
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5.2.3 RQ3

Are there significant trends in the Northern Hemisphere storm
tracks that provide us with new data on the atmospheric circulation
response to global warming?

Overall, our findings suggest that extra-tropical cyclones have intensified in both
Northern Hemispheric storm track regions from 1950 to 2021. We also find a signif-
icant decrease in cyclone speed in both study areas. Long-term trends derived from
the extended ERA5 reanalysis show a significant northward (poleward) shift of the
North Atlantic cyclone track from 1950 to the present. In addition, we were able
to identify more recent significant increases in wind gusts (North Atlantic) and in
cyclone-related precipitation (North Pacific) from 1979 to 2021. Our trend analysis
also revealed that the number of North Pacific cyclones is significantly increasing;
these storms show longer life cycles and travel longer distances, while they grow
more slowly in 1950-2021. Thus, there are several significant trends in the Northern
Hemisphere storm tracks emerging off the long-term study of cyclone characteris-
tics in the extended ERA5 reanalysis.

5.2.4 RQ4

How is clustered cyclone activity in the Northern Hemisphere mid-
latitudes characterized in the ERA5 reanalysis and CESM2-LE in
1980-2020?

We used a dispersion statistic to identify the preferred locations of clustered cy-
clones in the Northern Hemisphere mid-latitudes using the ERA5 reanalysis and
CESM2-LE in 1980-2020. In Europe, clustered cyclones primarily form over or close
to the British Isles and the Iberian Peninsula. Thus, clustered cyclones typically
form in the eastern ocean basin of the North Atlantic. This tendency is also evi-
dent in clustered North Pacific cyclones, notably in the Gulf of Alaska and over the
Aleutian Islands – hence in the North Pacific’s eastern ocean basin. In addition,
clustered cyclones are also identified along the west coasts of the US and Canada.
Notwithstanding some uncertainty about the exact locations of the indicated cluster
regions, CESM2-LE adequately replicates the storm tracks and characteristics when
compared to ERA5.

5.2.5 RQ5

How is extra-tropical cyclone clustering projected to change by
2060-2100 compared to 1980-2020 based on two metrics?

We employed two metrics to assess possible changes in Northern Hemisphere cy-
clone clustering during 2060-2100 compared to 1980-2020: a relative metric (dis-
persion statistic) and an absolute metric (cyclone clustering based on storm num-
bers). This led to crucial differences in the projections. Using a dispersion statistic,
CESM2-LE was unable to detect any variability in the dispersion over time in both
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Northern Hemisphere storm tracks. This was initially evident when comparing the
dispersion at different grid points of cyclogenesis and cluster regions under present
climate conditions (1980-2020), as CESM2-LE could not reproduce the high variabil-
ity that was seen in ERA5. Under future climate conditions, CESM2-LE also showed
no changes in the overdispersion. In contrast to the relative metric, by defining dif-
ferent cyclone cluster types, such as 3-6 cyclones in 7 days with different intensities
(5th, 10th, 15th, 20th percentiles and median), we found significant trends and some
shifts in the preferred cyclone cluster regions. For Europe, clustering increases by
up to 25% on average for cyclone triples and quadruples within 7 days during 2060-
2100 compared to the reference period 1980-2020. In contrast, the Pacific Northwest
appears to be less affected: cyclone clustering decreases on average by 24.3% along
the west coast states of the US and Canada and by 10.1% in the Gulf of Alaska for
the same periods. Overall, there is high ensemble confidence across different per-
centiles. Thus, CESM2-LE cannot represent the climate variability over time when
depending on the dispersion statistic, but it is more successful when quantifying
trends in absolute numbers of diverse cluster types as indicated by high agreement
among the different ensemble members.

5.2.6 RQ6

What are possible reasons in terms of large-scale dynamics and cy-
clone characteristics for these projected changes?

In the SSP3-7.0 scenario, we found that the large-scale patterns are rather persistent
under cyclone clustering with only minor changes to the impact regions reported
for 2060-2100. Significant trends in future cyclone characteristics, on the other hand,
might explain and account for the projected changes in cyclone clustering: North-
ern Hemisphere mid-latitude cyclones are generally intensifying by having lower
mslp minima but especially clustered cyclones may develop even better in a warmer
winter climate, since they have much larger radii and depths than non-clustered cy-
clones in the future.

5.3 Implications and Limitations of the Thesis

5.3.1 Implications

This thesis has investigated long-term trends of extra-tropical cyclones in the ex-
tended ERA5 reanalysis and cyclone clustering in a warmer future winter climate.
The key findings discussed above have several implications.

First of all, we provided evidence that the joint ERA5 data of the Backward
Extension (ERA5-BE; 1950-1978) and ERA5 (1979-2021) is consistent in all storm-
related quantities and impact measures, and thus allows for a comprehensive statis-
tical assessment of cyclone characteristics. Multiple significant trends were detected
in both regions of the Northern Hemisphere storm tracks as shown in Chapter 3.
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For example, North Atlantic cyclones intensify significantly in higher percentiles
in 1950-2021. This implies possible changes for lysis regions where more socio-
economic damage can be expected in the future. Storms also move more north-
ward. This is in line with studies by, e.g., Bengtsson et al. (2006) and Harvey et al.
(2014), but here we provide further information in terms of where such shifts are ob-
served: in the mean and in the 40th/60th percentiles, but not in the extreme upper
or lower percentiles. Numerous locations are affected, e.g., Northern England, Scot-
land, islands in Northern Germany and Southern Denmark, as well as cities along
the Polish Baltic coast side.

In the North Pacific, we find a northward shift of the strongest North Pacific
cyclones in the 95th percentile – approximately at the level of Anchorage, Alaska’s
biggest city. The increasing latitudinal shift of storms could be due to the accelerated
land warming and Arctic sea ice loss. Cyclones may also move poleward as a result
of the increase in anthropogenic greenhouse gas emissions (Studholme et al., 2022).

There are significant long-term trends concerning the traveled distance and the
slower speed of Northern Hemisphere winter cyclones between 1950 and 2021. The
significant trends in cyclone track lengths affect both storms of medium strength and
those with higher intensity. This seems to be in accordance with the decrease in the
cyclonic deepening and the longer life cycles, especially in the North Pacific. As the
atmospheric circulation weakens due to global warming, a slower speed is expected.
This is a noteworthy trend that is also seen in tropical cyclones, hurricanes, and
typhoons (Kossin, 2018; Lai et al., 2020; Zhang et al., 2020).

As a result of the warming atmosphere, a potential change in the intensity and
position of the Icelandic Low and the Azores High might explain such trends, since
a reduced baroclinic instability might also determine how storms develop in the
future. This is a critical knowledge gap that needs to be addressed in further re-
search. Alterations in the cyclonic growth rates and development processes, e.g.,
latent heating, could be another potential explanation for the observed changes in
cyclone characteristics (e.g., Besson et al. (2021) and Pinto et al. (2009)).

The increase in Northern Hemisphere storminess and more recent increases in
heavy precipitation and wind gusts from winter storms indicate that storms have
significantly intensified in the last decades. Previous research has not been able to
quantify trends in storminess over longer time periods (Storch and Weisse, 2008;
Feser et al., 2015). This further illustrates the importance of re-evaluating key vari-
ables. Moreover, in terms of impacts, it is crucial to comprehend the regional-to-
local component in order to project future impact areas. Thus, our findings call for
more efforts from policymakers to prepare socio-economies against intense cyclones
in the most vulnerable environments.

Our study on clustered cyclones yielded important results about their signifi-
cance and thus has implifications for different regions of the Northern Hemisphere
storm tracks. Using the ERA5 and CESM2-LE data, we found that clustered cy-
clones in the Northern Hemisphere mainly form i) over the British Isles and near
the Iberian Peninsula, ii) in the Gulf of Alaska and iii) along the west coast of the
US and Canada during 1980-2020. While the main focus of previous studies has
been on North Atlantic cluster regions, less light is shed onto cluster regions in the
Northeast Pacific. Here, we have added to the current understanding by taking into
account these underrepresented regions.
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By 2060-2100, we found significant trends and some shifts in the preferred cy-
clone cluster regions compared to 1980-2020 and 1850-1890, respectively. The shifts
in the spatial distribution of the dispersion could be related to a poleward shift of
cyclones (e.g., Bengtsson et al. (2006), Harvey et al. (2020), and Karwat et al. (2022)).
Since cyclone tracks migrate northward, which affects the dispersion, this is likely
to have an impact on clustering. As cyclone clustering increases over Europe in
2060-2100, there will be more triples and quadruples within 7 days (up to 25%) on
average in the future. This implies that clustering will occur more often over Eu-
rope, increasing the likelihood of socio-economic losses.

In contrast, the Pacific Northwest appears to be less affected by clustering in the
future: the large ensemble showed that clustering decreases on average along the
west coast of the US and Canada (up to 24.3%) and in the Gulf of Alaska (up to
10.1%) in 2060-2100 in comparison with 1980-2020. This has important implications
for, i.e., coast cities at the west coast of the US, where less socio-economic damage
from clustered cyclones is expected. The results presented in Chapter 4 show high
ensemble agreement using the ‘3-6 cyclones in 7 days’ metric. This demonstrates
that using a large ensemble with 50 ensemble members is a feasible and alternative
approach to individual climate models.

Under the SSP3-7.0 scenario, not only are Northern Hemisphere winter storms
intensifying, but only clustered cyclones have larger radii and depths by 2060-2100.
This highlights the need for new studies addressing the changes in the dynamics
behind clustering in different future scenarios.

Large-scale drivers, such as the NAO, PNA or other sea-surface temperature
anomalies from different teleconnection indices, may also modify the direction and
intensity of the storm tracks. This has implifications for the occurrence and fre-
quency of clustered cyclones. Here, we have shown that the large-scale patterns
caused by cyclone clustering do not change much by 2060-2100. This may be useful
for predicting future cluster events.

Finally, we have seen that the climate signal between 2060-2100 and historical
winter climates implies some (amplified) alterations in the clustering of cyclones
due to anthropogenic warming. This emphasizes that the quantification of cluster-
ing will become more important in the decades to come.

5.3.2 Limitations

There are several limitations to the analysis and results presented in this study.
Studying the long-term behaviour of cyclonic features is often limited by short data
sets, making trend quantification difficult. As a result, any trends must adhere to
a certain confidence level in order to demonstrate that the results are significant.
Here, we have shown that it is indeed possible to detect significant trends in cy-
clones, however, some of these trends are rather small (see Chapter 3). This is not
unexpected: cyclones might undergo changes only slowly and over an even longer
period. Thus, detecting trends might be limited by uncertainty in the historical data
and by natural bias. Since our study is the first to analyze long-term trends of cy-
clone characteristics in the extended ERA5 reanalysis, any of these uncertainties can-
not be compared to other studies.
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Quantifying clustered cyclones in warmer future winter climates also presents a
challenge: while the dynamics behind cyclone clustering are somewhat well known,
especially for the North Atlantic, there is a substantial gap in the statistical assess-
ment of cyclone clusters. Firstly, there are some differences in the dispersion statistic
of clustered cyclones between ERA5 and CESM2-LE during 1980-2020 (see Chapter
4). The key characteristics of clustered North Atlantic cyclones in the current cli-
mate are well reproduced by the large ensemble, although the overdispersion in
ERA5 is more dipole in north-south direction, but more zonal and west-east ori-
ented in CESM2-LE. However, both data sets agree on the main locations of clus-
tered cyclones (e.g., British Isles and close to the Iberian Peninsula). Clustering in
the Northeast Pacific, on the other hand, slightly differs from the results we have
seen in ERA5. In ERA5, the main area of clustered cyclones is located along the west
coast, whereas the origin of the cyclone clusters is shifted more toward the central
Northeast Pacific in CESM2-LE. Furthermore, CESM2-LE was less certain on the
dispersion statistic, in particular, it was unable to represent the climate variability
of the dispersion over time that was observed in ERA5. In addition the dispersion
statistic is also limited to only distinguish between regular and clustered cyclones,
excluding different cyclone intensities.

This study has only considered the SSP3-7.0 scenario where higher greenhouse
gas emissions lead to more clustering over Europe, and to less clustering and shifts
in the dispersion statistic in the Pacific Northwest. As a result, the obtained proba-
bilities may be different for other scenarios.

5.4 Key Conclusions

Overall, this thesis has provided a thorough statistical assessment of Northern
Hemisphere extra-tropical cyclone characteristics and related impacts in the ex-
tended ERA5 reanalysis, as well as of clustered cyclones, using data from ERA5
and the CESM2 large ensemble in historical and future winter climates. From the
results presented in this thesis, several key conclusions have been found.

• Long-term trends in cyclones show that storms have significantly intensified,
travel longer distances, and show longer life cycles, while there have also been
more recent increases in storm-related precipitation and wind gusts of more
extreme storms. Both storm tracks and lysis regions are affected. This new
knowledge calls for stronger efforts from policymakers and stakeholders to
adapt socio-economies to future damage.

• Our findings emphasize the importance of quantifying changes in clustered
cyclones due to their potential to cause large destruction of both human-made
structures and natural environments. Here, we have shown that cyclone clus-
tering is a complex phenomenon whose quantification depends on the metric.
From the relative metric (dispersion statistic), it transpires that CESM2-LE was
unable to capture any variability, while an absolute metric, such as using one
of the respective ‘3-6 cyclones within 7 days’ scenarios, produced robust re-
sults.
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• Significant trends in future cyclone clustering were identified: over Europe we
found increases in 3 and 4 cyclones within 7 days (up to 25% on average) in
2060-2100 in comparison with 1980-2020. In contrast, clustering decreases on
average along the west coast of the US and Canada (up to 24.3%) and in the
Gulf of Alaska (up to 10.1%) for the same periods. An overall high ensem-
ble agreement across different percentiles showed that large ensemble simula-
tions are an important alternative to individual climate models, since they can
reduce uncertainties in future projections. By defining categories of different
cyclone intensities, it was further demonstrated that this is a feasible method
to capture the variability of each of these clusters and to provide robust esti-
mates on future cyclone clustering.

In conclusion, this thesis has shown that Northern Hemisphere extra-tropical cy-
clones are multi-dimensional natural hazards with many different characteristics.
Therefore, statistical quantification is important in order to predict future impacts on
nature and human socio-economics. Finally, additional warming should be avoided
regardless of the scenario to minimize all socio-economic impacts, as it has been
demonstrated by devastating storm events in the past and those that may occur in
the future.

5.5 Potential Future Work

The work completed in this thesis has opened up a number of interesting new di-
rections for further research. These directions are presented below.

• A recent study reported that the Southern Hemisphere is even stormier than
the Northern Hemisphere due to topography and ocean circulation (Shaw et
al., 2022). Thus, an in-depth analysis of extra-tropical cyclone characteris-
tics in the Southern Hemisphere would be of interest. For example, insights
into the long-term behaviour of storms over Southern America, Southern
Africa, Southern Australia and New Zealand might extend our knowledge on
extra-tropical cyclones in different hemispheres (Jones and Simmonds, 1993;
Mendes et al., 2010; Marrafon et al., 2021; Pepler and Dowdy, 2022).

• With more than 83 years of data, the most recent expansion of the ERA5 re-
analysis back to 1940 might present an excellent opportunity to extend this
study by examining historical storm events during the decade of war.

• This study has taken advantage of using large ensemble simulations with
fine resolution from CESM2-LE. However, a caveat of the results presented
in Chapter 4 is that these results depend on the SSP3-7.0 scenario. This is
because there is a substantial lack of different CMIP6 ensemble simulations
and climate models that are available for a consistently longer time frame –
and temporally or spatially high enough to perform cyclone tracking. Thus,
expanding this cluster analysis by including more future scenarios might be
beneficial as new model simulations become available in finer resolution.
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• In relation to the previous suggestion, high-resolution data of impact mea-
sures, like wind gusts and total precipitation, are in dire need to conduct com-
pound analyses of individual or clustered cyclones in future climate simula-
tions. This would be most helpful for the prediction and preparation against
severe cyclone occurrences and their impacts on different environments.

• As it is hypothesized that the intensity of storms may increase due to higher
amounts of atmospheric moisture content available in a warmer world (Booth
et al., 2013; Priestley and Catto, 2022), it is crucial to comprehend the mech-
anisms underlying changes in extra-tropical cyclones. It is still not clear how
global warming quantitatively affects the moist energy budget of storms. In
particular, the dynamic response to extreme storm events is rather uncertain.
Machine learning methods might help in answering these questions.

• Extra-tropical cyclone development can be influenced by latent and sensible
heat fluxes from the sea surface temperature (SST) (Bui and Spengler, 2021).
Air-sea interactions, for example, were determined to be a significant factor in
the unusual 2013/14 winter season SST cooling anomaly (Dacre et al., 2020).
As the mechanisms by which cyclones contribute to seasonal SST anomalies
have not yet been thoroughly understood, more research into quantifying the
coupled atmosphere-ocean feedback is highly encouraged.

• Further research that may be able to explain the increase in clustering over Eu-
rope and the decrease in clustering in the Northeast Pacific is in dire need. The
regional differences in future clustered cyclones highlighted by this study em-
phasize, for instance, the possibility that atmospheric teleconnections might
play a more significant role than previously assumed (McDonald, 2011; Guo
et al., 2017; Walz et al., 2018).

• Given its complexity and limitations, identifying the dynamics of cyclone clus-
tering in the Gulf of Alaska, for example, might be of interest and contribute
to our understanding of extra-tropical cyclones in the Pacific Northwest.

• In a recent study, a strong connection between the magnitude of mid-latitude
storminess and cloud-albedo was detected (Hadas et al., 2023). This implies,
e.g., less cyclones when the cloud albedo is lower. It is still unclear how future
baroclinic activity affects storminess and the projected storm changes.

• During particularly stormy winters, flooding and coastal erosion can occur,
which may even be exacerbated under a higher SSP scenario. A final avenue
for further research would thus be to assess whether there is a preceding pat-
tern behind severe storms that would allow for a better estimation of socio-
economic damage in future warmer winter climates.
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Appendix A

Supplementary Material for Chapter 3

A.1 Long-Term Trends of Northern Hemispheric
Winter Cyclones in the Extended ERA5 Reanalysis

A.1.1 Time series histograms
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FIGURE A.1: Time series histograms of the geopotential from the ex-
tended ERA5 data of the a) North Atlantic and b) North Pacific and
time series histograms of the central geopotential from the c) North
Atlantic and d) North Pacific cyclone tracks in 1950-2021. The white
vertical lines represent the transition between the ERA5-BE and ERA5

data.
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FIGURE A.2: Time series histograms of mean sea level pressure, wind
gust, u-component of the wind and v-component of the wind for the
North Atlantic (left row, a-d) and North Pacific (right row, e-h) in 1950-
2021. The white vertical lines represent the transition between the

ERA5-BE and ERA5 data.
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A.1. Long-Term Trends of Northern Hemispheric Winter Cyclones
in the Extended ERA5 Reanalysis

A.1.2 Cyclone frequency in the Northern Hemisphere in 1950-2021

1950 1960 1970 1980 1990 2000 2010 2020

110

120

130

140

150

160

170

nu
m

be
r 

of
 e

xt
ra

−
tr

op
ic

al
 c

yc
lo

ne
s

ERA5 overlap 1978/79 North Atlantic (p−value = 0.33) North Pacific (p−value = 0.03)

FIGURE A.3: Number of extra-tropical cyclones in the extended ERA5
data set.

A.1.3 Additional significant trend in the North Atlantic
in 1950-2021
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FIGURE A.4: Quantile regression of the 5th percentile of the longitude
in the North Atlantic in 1950-2021. The red dashed line shows the tran-

sition phase of 1978/79 to 1979/80.
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A.1.4 Additional significant trends in the North Pacific
in 1950-2021
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FIGURE A.5: Quantile regression of the 95th percentile of the a) lati-
tude and b) cyclone speed in 1950-2021. The red dashed line shows the
transition phase of 1978/79 to 1979/80. p-values ≤ 0.05 are marked in

bold and p-values ≤ 0.1 are in italic.
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Appendix B

Supplementary Material for Chapter 4

B.1 Northern Hemisphere Extra-Tropical Cyclone
Clustering in ERA5 Reanalysis and the CESM2
Large Ensemble

First, we describe cyclone clustering by a dispersion index (deviation of a Poisson
process), which is defined by Mailier et al. (2006) as

ψ = Fano factor − 1 = (σ2/µ)− 1. (B.1)

where σ2 and µ are the variance and mean of the number of cyclone occurrences
at each grid point, respectively. Second, we define cyclone clustering using an
absolute measure based on storm counts within 7 days (following e.g., Pinto et al.
(2014)). To assess the effect of clustered cyclones it is necessary to consider higher
numbers of cyclones, e.g. 3-6 storms in 7 days, since the weekly cyclone occurrences
are already high in CESM2-LE (see Tab. B.1).

TABLE B.1: Number of weekly cyclone occurrences and standard devi-
ation in the three study regions using CESM2-LE for the different time

slices 1850-1890, 1980-2020, and 2060-2100.

1850-1890 1980-2020 2060-2100
Europe 2.87 ± 0.22 2.8 ± 0.21 2.85 ± 0.18
US/CAN west coast 3.6 ± 0.22 3.7 ± 0.19 3.6 ± 0.15
Gulf of Alaska 6.3 ± 0.3 6.2 ± 0.32 6.1 ± 0.19
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B.1.1 Differences in mslp between ERA5 and CESM2-LE during
1980-2020

a)

b)

FIGURE B.1: Differences in mean sea level pressure between ERA5 and
CESM2-LE in the a) North Atlantic and b) North Pacific storm track

regions during 1980-2020.
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