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ABSTRACT

Abstract

Weather regimes are quasi-stationary and persistent atmospheric circulation patterns. They
have been proven useful in describing the mid-latitude wintertime circulation and are commonly
identified by applying a clustering algorithm to the mid-tropospheric geopotential height field.

The four wintertime regimes that are typically recognised in the Euro-Atlantic sector are the

positive and negative phases of the [North Atlantic Oscillation| (NAO)), the Scandinavian Block-

ing, and the Atlantic Ridge regime. By impacting the large-scale atmospheric flow, the individ-
ual regimes have considerable influence on surface weather and extreme events. In this thesis,

future atmospheric circulation changes in the Euro-Atlantic region are investigated within the

weather regime framework. For this purpose, simulations performed by the [Swedish Meteo-|
irological and Hydrological Institute[s Large Ensemble (SMHI-LENS)) with the global climate

model EC-Earth3 are explored. The regime patterns arising from clustering geopotential height

anomalies at the 500 hPa level are calculated for two ensemble simulations, one with histori-
cal and one with [SSPp-8.5 scenario forcing, and compared to ERA5 reanalysis data. Firstly,
four weather regimes are identified in the historical simulation. Three of these
resemble the regimes identified in ERA5 and in previous studies reasonably well. Only the
positive [NAQ| phase is not captured by the ensemble. Under the strong global warming sce-
nario in the SMHI-LENS]| the regime patterns get weaker by the end of the century, with the
exception of the [NAO}- regime, which experiences an enhancement of the geopotential height
gradient. Composited near-surface temperature anomalies and extremes weaken, while precipi-
tation anomalies and extremes intensify in response to global warming. The general patterns of
the geopotential height, temperature, and precipitation anomaly composites, however, remain
practically unchanged under the strong forcing scenario. The future changes in weather regimes
simulated with the are seen to agree with the general shifts expected under global
warming. Despite the disagreement between the observed and the simulated [NAOH- regime,
the as a single-model initial-condition large ensemble is shown to be a useful tool
in robustly identifying independent circulation regimes and studying the accompanying surface

weather conditions.
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INTRODUCTION

1 Introduction

1.1 Motivation

According to the latest report of the [Intergovernmental Panel on Climate Change| (TPCC),
the increase in global surface temperature for the decade 2011-2020 relative to pre-industrial
conditions (1850-1900) is 1.09 [0.95 to 1.20] °C and human influence is the main driver of the
rapidly changing climate (IPCC 2021: Arias et al.[2021). The expected consequences of climate

change are manifold and far-reaching: Human health is endangered both directly and indirectly,
inter alia by extreme weather events and the facilitated transmission of diseases due to the
deterioration of environmental conditions (Kim et al. [2014)). The economic impacts of climate
warming are currently a highly debated research subject, but there is growing evidence that, in
the long run, the negative impacts are likely to outweigh the positive ones (Tol 2018). Special
challenges are also expected in the energy sector, which can be severely vulnerable to extreme
weather events (Schaeffer et al. 2012). Last but not least, worst-case scenario models predict
that almost one-third of the world’s population will live in uninhabitable climatic conditions
by the end of the century, which could lead to the migration of considerable parts of the human

population in the future (Balsari et al. |2020)).

Good knowledge of the possible range of future changes in weather and climate is vital for
strategic approaches to mitigation and adaptation. Uncertainty in future projections, however,
comes from the non-linear and chaotic nature of the weather system (Lorenz |[1963)) and the
fact that the internal variability of the atmospheric circulation is typically large (Deser et al.
2012). Even if a perfect model existed and was forced by realistic external factors, predictions
would still be sensitive to initial errors and reliable forecasts difficult on all scales (Ferranti
et al. |2015). Large ensembles with a single model have been proven useful in distinguishing the

response to external forcing from internal variability (Lehner et al. 2020; Deser et al. 2020).

One region known for its substantial natural variability is the North Atlantic (Deser et al.
2012). A suitable framework to study the internal modes of its atmospheric variability is to
classify the large-scale circulation in terms of recurrent and persistent patterns that are mostly
referred to as [Weather regimes| (WRs) (e.g. Michelangeli et al. [1995} Fabiano et al. [2020).

In this thesis, a large ensemble performed with the EC-Earth3 model is used to investigate the
recurrent and persistent Euro-Atlantic under a historical and a future scenario forcing.
The remaining part of Section [1|introduces the concept of and summarises current litera-
ture on expected changes under global warming. Section [2|describes the data and methods used
to investigate changes in [WRsl The results for associated temperature and precipitation
changes, and extreme weather are described in Sections [, [4, and [B] respectively. Section [6]

discusses these findings before they are summarised to draw a conclusion in Section [7]
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1.2 Concept and history of weather regimes

The atmospheric wintertime circulation in the Euro-Atlantic region is known to be very complex
and highly variable. It is characterised by the chaotic nature of the weather system, shifts in the
position of the jet stream, generation of persistent anticyclonic blockings (Barriopedro et al.
2006), and interaction with topography (Dorrington et al. 2022). Different approaches have
been introduced to describe this variability. A powerful concept, derived from the 1940s idea of
'GrofBwetterlagen’ (Baur et al. |1944; Levick 1949), which means general weather situations in
German, is to classify the circulation in terms of[WRsl The term "Weather Regime’ traces back

to Rex (1951) and his description of the weather conditions accompanying European blocking.

In this framework, observed circulation variations (typically in geopotential height) are
categorised into a limited number of recurrent, quasi-stationary patterns that persist longer
than the usual life cycle of individual circulation disturbances (Reinhold and Pierrehumbert
1982; Hannachi et al. 2017). The Euro-Atlantic atmospheric wintertime circulation can then

be described in terms of transitions between these WRs| (Ferranti et al. [2015).

Mostly, four wintertime are identified in the Euro-Atlantic sector (e.g. Michelangeli et al.
1995; Cassou [2008; Dawson et al. [2012; Ferranti et al. 2015} Fabiano et al. [2020). Following

i.a. Fabiano et al. (2020), the four Euro-Atlantic regimes are:

e The positive phase of the [North Atlantic Oscillation| (NAOH-), which shows a strong low-
pressure anomaly south of Iceland and high pressure over southern latitudes. The
describes a large-scale atmospheric pressure see-saw identified as the leading mode of
variability in the North Atlantic region (Hurrell et al. 2003)).

e The Scandinavian Blocking pattern (sometimes also called European blocking, e.g. in
Ferranti et al. (2015)), characterised by a strong high-pressure anomaly over the North

Sea and western Scandinavia.

e The Atlantic Ridge pattern, showing high pressure over the middle of the North-Atlantic

south of Iceland and Greenland and low pressure over northwestern Europe.

e The negative phase (NAO}-), which is characterised by a high-pressure anomaly

over Greenland and lower pressure over southern latitudes.

The separation of the circulation into can also be undertaken for the summer atmosphere
(Cassou et al. 2005)) or year-round (Vrac et al. [2014; Cortesi et al. [2021), although this mostly
leads to different regime patterns. Identifying persistent in spring and autumn is typically
more difficult due to the higher variability of atmospheric circulation patterns during these
seasons (Yiou et al. 2008).

The practical interest in the [WR] classification lies in the knowledge that the different
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influence the surface weather by impacting the large-scale atmospheric flow (Plaut and Si-
monnet 2001; Yiou and Nogaj 2004; Michel et al. [2012; Wiel et al. [2019)), thereby affecting
both mean and extreme events. In addition to the large-scale flow, local weather in the mid-
latitudes is heavily influenced by the passage of cyclones that are related to precipitation, wind,
and temperature extremes (Shaw et al. [2016)). These extratropical cyclones aggregate in the
Euro-Atlantic region along the North-Atlantic storm track and a relation between and
the location and orientation of the cyclone tracks has been described in previous studies (Pinto

et al. 2009; Michel et al. [2012)).

Each of the aforementioned wintertime has very distinct impacts on the weather condi-
tions over the Euro-Atlantic sector. The influence of the opposite phases of the [NAO] on the
mean weather conditions has been identified in both observations and models: stronger surface
westerlies during positive phases favour wetter and warmer than normal weather over
northern Europe and dry conditions over southern Europe and the Mediterranean region, while
the weakening of the westerly winds during the negative phase is typically associated with
anomalies of opposite sign (Hurrell et al. 2003; Pinto and Raible [2012)). Scandinavian Blocking
regimes were found to be connected to heat waves over Scandinavia and Iceland, but also cold
spells over southeastern Europe due to the advection of polar air. In addition, a reduction
in heavy precipitation over central Europe is frequently connected to this regime (Yiou and
Nogaj 2004; Kautz et al.[2022). The presence of an Atlantic Ridge in the pressure field induces
above-average temperatures and below-average precipitation in the region of the ridge as well
as northwesterly winds over western and central Europe, although the responses in surface
temperature and precipitation are generally weaker in the European region than for the other
'WRs| (Plaut and Simonnet 2001; Wiel et al. [2019)).

1.3 Weather regimes and climate change

Generally, changes in the mean climate are associated with changes in the frequency, intensity,
location, duration, and timing of weather and climate extremes (IPCC 2021 technical sum-
mary: Arias et al. 2021) These shifts in extreme events can be linked to varying probability
distributions of the respective variables as seen in the example of global surface temperature
in Figure 2012). These possible changes in the shape and the mean of the probabil-
ity distribution might mitigate but also reinforce each other, as displayed for cold and warm

extremes, respectively, in Figure [Ik.

Globally, an overall decrease in the number of cold days and nights and an increase in warm
days and nights is observed along with a general intensification of the global water cycle that
increased the severity of wet and dry extreme events (IPCC 2012 and 2021: Field et al. 2012}
Arias et al. [2021)).
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Figure 1: Possible shifts in
the probability distribution of
global surface temperature un-
der the influence of climate
change (IPCC 2012: Field et al.
2012).

Under a warming climate as simulated by current state
climate models, a continuation of a positive trend in
warm extreme frequency along with a decrease in the
frequency of cold events is virtually certain, while
an increase in the probability of heavy precipitation
events for most locations is very likely (IPCC 2012 and
2021: Field et al. ; Arias et al. . Naturally,
regional differences are pronounced and deviations
from this general trend are to be expected. Changes in
the different atmospheric variables are interconnected,
yet many cause-effect relationships still require fur-
ther study. One of the most prominent connections
is between temperature and precipitation. The ongo-
ing and projected increase in atmospheric tempera-
tures allows the atmospheric saturation vapour pres-
sure to increase based on the Clausius-Clapeyron rela-
tion, which forms a thermodynamic constraint on pre-
cipitation given by an increase in precipitable water of
7% per degree of warming. It thereby affects both pre-
cipitation mean and extreme values in a changing cli-
mate (Field et al. 2012} Pendergrass et al. [2017), and,
in general terms, precipitation appears to roughly fol-
low the Clausius-Clapeyron relation. On a regional
scale, however, precipitation observations and projec-

tions can significantly deviate from the increase ex-

pected from the Clausius-Clapeyron relation, e.g. in large parts of Europe and in the subtropics
(Lenderink and van Meijgaard 2008; Pfahl et al. 2017). This indicates that other effects such

as increased latent heat release and changes in atmospheric dynamics can allow for regional

deviations. In fact, the current [Coupled Model Intercomparison Project| generation (CMIPB)

still shows large uncertainties in extreme precipitation projections at the regional scale (John

et al. 2022).

In an attempt to characterise future changes in mid-latitude circulation, the response of Euro-
Atlantic to global warming has also been explored in different modeling studies. An
increase in regime frequency was identified in both Hertig and Jacobeit (2014), by
evaluating .5 scenario simulations with models, and Fabiano et al. , by
additionally including the current generation of [CMIP| models, i.e. [CMIPB. Fabiano et al.
also found the regimes to be more persistent in different forcing scenarios. The
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frequency of occurrence of the Scandinavian Blocking regime, on the other hand, was seen to
decrease in their study (Fabiano et al.2021)), which is in contrast to a lack of significant changes
in regime frequency and spatial patterns reported in Bacer et al. (2022). The latter authors
used the [WR] approach to examine the impact of climate change on European blocking. The
Atlantic Ridge regime’s frequency was seen to increase in [RCPR.5 simulations with [CMIPp
models (Hertig and Jacobeit 2014), whereas a decrease in regime frequency was identified when
also including models (Fabiano et al. 2021)). For the negative phase, a consistent
increase in regime frequency was found in Cattiaux et al. (2013a) in the majority of
models. However, Hertig and Jacobeit (2014]), who evaluated ensembles, described the
representation of the NAO} regime to be highly variable in the historical and scenario runs,

suggesting that the regime is not represented correctly in the [GCM] simulations.

This short review of previous work on the effect of climate change on [WR] characteristics shows
a substantial disagreement between the different studies. The common methodology used in
these studies is to project the data from the future simulation onto the identified in a
reference dataset, mostly given by reanalysis data. This ensures the identification of the same
regimes in the future simulation and allows the evaluation of changes in regime statistics (such
as regime frequency and persistence). At the same time, this approach implies that the spatial
structure of the regime patterns is time-invariant. Considering the possibly manifold changes
in atmospheric circulation in response to different degrees of global warming, this assumption
does not necessarily hold as changes in the spatial patterns or even the emergence of new [WRs|
are conceivable. The projection of the future simulation onto historical [WR] patterns, however,
cannot capture spatial changes or potentially new (Ullmann et al. [2014; Dorrington et al.
2022).

In this thesis, the are identified in regard to the respective climates rather than projecting
the model data onto the regime patterns identified in a reference dataset. Thereby, no assump-
tion about the spatial time-invariance of the regime patterns is made and we cannot, a priori,
expect to find the known circulation regimes, but instead attempt to identify the circulation
patterns in the Euro-Atlantic region that are inherent to the observed and simulated climates.
In this context, using a large initial condition climate model ensemble allows the robust iden-
tification of the forced response of the regimes to a strong warming scenario for the historical

and future periods independently.
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2 Data and Methods

2.1 Data

This thesis makes use of reanalysis data and results from climate model ensemble simulations.
For both, geopotential (height) at 500 hPa, near-surface air temperature (SAT]), and total

precipitation are retrieved from the respective sources.

2.1.1 The ERAS reanalysis

Daily [ERAD| reanalysis (Hersbach et al. 2020) data from the [European Centre for Medium-|
IRange Weather Forecasts| (ECMWE)) are used as an estimate of the atmospheric state for the
historical period. ERA5 uses the [Integrated Forecasting System| (IFS)) Cy41r2 to assimilate

historical atmospheric observations (Hersbach et al. [2020). The dataset analysed in this the-
sis covers the period from 01.01.1979 to 31.12.2021, yielding 43 full years of reanalysis data.
ERA5 data are available with a spatial resolution of approximately 0.25° horizontally and 37
pressure levels between 1000 to 1 hPa vertically. For this thesis, data interpolated by bi-linear

interpolation onto an even spatial grid with a horizontal resolution of 1° x 1° is used.

2.1.2 The SMHI Large Ensemble with EC-Earth3

In addition, climate model ensemble projections are used to assess the impact of future climate
change on |[WRsl The model ensemble at hand was created by the [Swedish Meteorological|
land Hydrological Institute] (SMHI). The performed a large ensemble of climate model
simulations, the SMHI Large Ensemble , using EC-Earth3 version 3.3.1 (D6scher
et al. 2021)).

2.1.2.1 EC-Earth3

EC-Earth3 is a non-operational global Earth system model developed and maintained by the
European research consortium EC-Earth (Doscher et al. 2021)), which is used as a contribution
to the Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring et al. 2016). The
atmospheric model, IFS Cy36r4, uses a time step of 45 min and the spectral truncation T255
in combination with a linearly reduced Gaussian grid at N128 resolution. There are 91 levels
between the surface and 1 hPa in the vertical. This atmospheric model is coupled at every time
step to the NEMO3.6 ocean model, which includes the sea ice model LIM3 (Wyser et al. 2021)).
The data have a daily temporal resolution, which is common for the computation of weather
regimes as described in Section [2.2] and were remapped to an evenly spaced horizontal grid

with a resolution of 2° x 2° to reduce the required memory capacity.
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2.1.2.2 Ensemble experiments design

The SMHI-LENS|is a single-model initial-condition large ensemble (SMILEJ). A [SMILE]| repre-

sents the range of internal variability by running multiple simulations with the same climate

model but applying slightly different initial conditions. This allows taking into account the role
of internal variability when investigating the atmospheric response to climate change (Deser
et al. 2012} Lehner et al. 2020; Maher et al. [2021; Mittermeier et al. [2022). The
consists of 50 members, which cover the period 1970 — 2100, and features different
[Socioeconomic Pathway] (SSP) scenarios (Wyser et al. [2021). All simulations of a given [SSP]

experiment are subject to identical external forcings following the CMIP6 and [Scenario Model|

IIntercomparison Project| (ScenarioMIP)) protocol (Jensen et al. 2022).

Out of these SSPs, SSP5-8.5 is the most extreme scenario and supersedes the predecessor
IRepresentative Concentration Pathway| (RCP|) 8.5 which was used in CMIP5. It assumes an

energy-intensive, fossil-based economy. The greenhouse gas emissions in this scenario lead to

a radiative forcing level of 8.5 Wm~=2 in 2100, which corresponds to a strong warming signal
in global mean near-surface temperature of around 6°C, relative to the years 1850-1900 as a

baseline (O’Neill et al. 2016; Wyser et al. 2021)).

For this thesis, two sets of ensembles are used, consisting of 50 members each: a historical sim-
ulation covering the period 01.01.1970-31.12.2014 and a future high emission SSP5-8.5 scenario
simulation covering 01.01.2070-31.12.2100. The initial conditions of the different members of
each ensemble were obtained by [SMHI|from branching off breeding simulations that were started
from six members of the historical experiment for [CMIP6. From running these six breeding
simulations for 20 years each, 50 initial states were chosen for the atmosphere and the ocean
and used as initial conditions for the large ensemble. Table 1 in Wyser et al. (2021) lists the
model times at which the breeding experiments were branched off for the different ensemble
members. The initial date for each member was set to 01.01.1970 (Wyser et al. [2021)).

2.1.2.3 Data pretreatment

The calculation of weather regimes is based on the analysis of an atmospheric circulation
variable, in this case geopotential height anomalies at the 500 hPa pressure level . Since
the ERAD reanalysis dataset only contains geopotential, it is converted to geopotential height
by division by the value used by the [World Meteorological Organization| (WMO)) for the Earth’s

gravitational acceleration of g=9.80665 ms~2.

Total precipitation is provided in different units in the ERA5 reanalysis and the SMHI-LENS]
In ERAD, precipitation is available in m per hour and is converted to mm/day by multiplying
by a factor of 24000. The [SMHI-LENS| however, provides precipitation in kgm~2s~!, which is
converted to mm/day by multiplication with a factor of 86400.
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In addition, the model ensemble members in this thesis are concatenated along the time di-
mension to obtain a longer time series of 50 times 30 years (= 1500 years) of data for both
the historical and the future simulation. This could reduce the impact of noise by reliably
covering the different modes of internal variability that are represented in the model (compare
Strommen et al. |2019).

2.2 Methods

2.2.1 Calculation of weather regimes

1) Anomalies from the seasonal cycle
Following the steps described by Fabiano et al. (2020), the raw [Z500| data is preprocessed to get
boreal wintertime anomalies as input to the clustering algorithm used to determine the weather

regimes.

The mean seasonal cycle is calculated by averaging over the given period by day of the year
and then applying a 20-day running mean to average out higher frequency variations caused
by internal variability. Anomalies are computed by subtracting the daily climatology, which is
taken over different periods for the different data sets: 1979-2021 for ERA5, 1980-2010 for the
historical simulations and 2070-2100 for the SSP5-8.5 projections.

In the next step, this seasonal cycle is subtracted from the daily [4500] data to obtain a time

series of daily geopotential height anomalies from the seasonal cycle.

Following Fabiano et al. (2020]), no detrending was applied to the data in the final analysis,
since the trend in [£500| was found to be of the same order as decadal variability for some regions.
Also, sensitivity tests in the early stage of this thesis showed that the resulting weather regimes

are insensitive to detrending.

2) Clustering

In this thesis, the k-means clustering algorithm is used to identify atmospheric circulation
regimes (MacQueen 1967; Lloyd |1982)). The term ”k-means” was first introduced by MacQueen
(1967). This algorithm is an unsupervised partitional clustering approach, meaning that the
dataset is decomposed into a set of k disjoint clusters. In an iterative process, each data point
in the given dataset is assigned to the nearest cluster centroid. The nearest centroid is found
using the Euclidean metric as a measure of distance. The number of clusters has to be chosen
by the data analyst and various studies describe different approaches to selecting the right
number of clusters (e.g. Chiang and Mirkin (2007)) tested different methods). For this thesis,
the number of clusters is given by the number of Euro-Atlantic WRs, which is mostly reported
to be four (see Section (1] Introduction).
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After the data analyst has decided on the number £ of clusters, the general algorithm can
be summarised in four steps (Arthur and Vassilvitskii [2006; Tkotun et al. [2023)), that aim to
maximise the variance between the clusters while at the same time minimising the variance

within a given cluster. The steps are:
1. Randomly assign k objects from the given dataset as initial cluster centroids.
2. Assign each object in the dataset to the closest cluster centroid.
3. After assigning all objects, calculate the new positions of the cluster centroids.

4. Repeat steps 2 and 3 until nothing changes anymore, indicating that the algorithm has

found a minimum.

The k-means clustering algorithm is non-deterministic, which means that the outcome of apply-
ing the algorithm can differ between runs. This is mostly due to the initialisation of the clusters
which requires a random initial seed. If the system has multiple local minima, the algorithm
can result in different clusters, depending on the initial seeds. Hence, a careful selection of
these initial seeds needs to be made as described in Arthur and Vassilvitskii (2006)). Following
their report, the k-means++ method is applied to choose the initial states. To ensure that the
clusters found by the algorithm are stable, the above steps were repeated with different random

initial seeds and the regime patterns were found to be robust for all datasets.

To identify the dominant [WRs this clustering algorithm is applied to a low-dimensional trun-
cated phase space. The phase space is obtained by applying empirical orthogonal function [EOF]
analysis to a circulation variable, here boreal wintertime (December, January, and February:
DJF) anomalies weighted by the cosine of latitude to account for different grid box sizes.
Following i.a. Fabiano et al. (2020), the phase space spanned by the leading four is used.
These explain more than 50% of the variance for all datasets as can be seen in Table in
the appendix. The exact region that is used for the definition of Euro-Atlantic differs
slightly in previous studies (e.g. in Cassou (2008), Cattiaux et al. (2013b), Wiel et al. (2019),
and Bacer et al. (2022)). In this thesis, a latitude range of 30 °N to 90 °N and a longitude band
covering 80 °W to 40 °E are used, which agrees with the Euro-Atlantic region used in various
earlier studies (Dawson et al. 2012; Ferranti et al. 2015; Madonna et al.|2017; Strommen et al.
2019; Fabiano et al. 2020; Dorrington and Strommen 2020).

3) Regime frequencies

For each weather regime, the frequency of occurrence is calculated as the ratio of days within
this certain regime to the total number of days in the given dataset. For the historical and
the future simulations performed with the [SMHI] the regime frequencies are calculated after

concatenating the ensemble members along the time dimension as described above.
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4) Compositing

Maps of the anomalies related to the different are obtained by taking the mean across all
daily fields that are assigned by the clustering algorithm to a given regime. The compositing
is performed for wintertime , near-surface air temperature (SAT]), and total precipitation

anomalies from climatology.

5) Regime attribution

The order of the labels found by the k-means clustering algorithm is arbitrary. Many studies
have identified regime patterns in reanalysis data before, so the attribution for the in
ERAS5 was possible to be performed ’by eye’, i.e. by subjectively comparing the patterns to the

literature.

To objectively identify the pairs of the SMHI-LENS historical regimes and in ERA5 that
agree best, the linear sum assignment method (Dorrington et al. 2022) was applied, since
this technique aims to minimise a cost matrix. In our case, the cost matrix equals the correlation
matrix between the different clusters. More precisely, the correlation matrix is given by the
area-weighted pattern correlations of all possible combinations between the regime patterns
identified in ERA5 and in the SMHI-LENS historical simulation. Since the [LSA] algorithm
aims to solve a minimising task but we seek the combination that maximises the correlation

between the two datasets, the correlation matrix with inverted sign is used as the cost matrix.

6) Robustness testing

After compositing the geopotential height anomalies, the robustness of the anomalies found for
each weather regime is tested. For each grid point, the fraction of days that agree on the sign
of the composited anomaly is calculated. If at least 80% of the days show the same sign, the

composited anomaly at that grid point is considered to be robust.

2.2.2 Extreme weather

The definition of extreme weather (e.g. extreme temperature or precipitation) is always some-
what arbitrary since a threshold has to be defined beyond which anomalies are counted as
‘extreme weather’ (Walsh et al. 2020). This threshold can be a concrete value taken from the
distribution (e.g. defining temperatures at or below -50°C at the South Pole as extreme cold
events (Keller et al. 2022))), or a value relative to the distribution (e.g. 1.5 standard deviations
or the 99" percentile (Wheeler et al. 2011} Pendergrass et al. 2016))).

A commonly used range is given by the 5" to 95" percentile (e.g. IPCC 2021: Arias et al.
2021)). In this framework, the values below the 5" percentile are considered low extremes’ while
the values above the 95" percentile are counted as ’high extremes’. In the case of temperatures,

this corresponds to cold and warm extremes. According to Coelho et al. (2008) and Heikkila
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et al. (2011)), the thresholds given by the 5" and the 95 percentile, respectively, represent a
good compromise between a cutoff value that is high enough to define extreme weather events

and a sufficient occurrence of exceedances of the threshold to represent those events.

and precipitation anomalies corresponding to the 5* and 95" percentiles in the historical
simulation are used as thresholds for the anomalies in the SSP5-8.5 scenario simulation to show

the spatial changes in the distribution of anomalies under global warming, as described next.

Firstly,[SAT]and total precipitation anomalies from the seasonal cycle are calculated, separately
for the historical (1980-2010) and the future periods (2070-2100).

Secondly, the time series of anomalies are composited into the different [WRs, based on the
labels obtained from clustering the respective geopotential height.

In the next step, the 5" and the 95" percentile are computed for the different at each
grid point from the historical simulation time series to serve as thresholds for low and high
extremes. This way, the threshold is determined by the distribution of the (simulated) present-
day climate at each grid point individually, hence taking into account geographical differences
in variability.

Finally, these thresholds as obtained from the historical simulation are used to estimate the
future probability of extreme events with a comparable magnitude as in the (simulated) present-
day climate for every grid point. An example: if the temperature anomaly that corresponds to
the 5'® percentile in a certain regime in the historical simulation (e.g. -4 K at a certain latitude
and longitude) is projected to occur in less than 5% of the days within this same future regime,
it can be said that cold extremes with the same magnitude as in the present-day climate are

expected to occur less frequently or to become less extreme at this grid point.

2.2.3 Storm tracks

Following early studies in the 1970s and 1980s as well as more recent publications, storm tracks
can be identified as regions of increased high-frequency fluctuations in the geopotential height
field (Sawyer [1970; Blackmon [1976; Lau [1988; Trigo [2006; Chu et al. 2013; Yang et al. 2021)).

Hence, the North-Atlantic storm tracks and their activity are in the following represented by the
standard deviation of six-day high-pass filtered wintertime (DJF]) [2500, The six-day high-pass
filtering was performed by subtracting a six-day rolling mean from the raw [4500| data.

Different time filterings have been applied in various previous studies to extract the high-
frequency fluctuations in geopotential height (see e.g. Lau [1988; Trigo et al. 2000; Sickmoller
et al. 2000; Trigo 2006). For the purpose of this thesis, neglectable differences were seen when
applying ten-day high-pass or band-pass filters (typically 2.5-6 days), and the method was set
to a high-pass filter with six days as in Kidson and Sinclair (1995)).
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3 Weather regime patterns in present-day and fu-

ture climate

To shed some light on the projected changes in under a strong climate warming scenario
as simulated by the [SMHI-LENS] the following section first looks at the [WR] patterns that
are calculated from the ERADS reanalysis data and then compares them with the [WRg| in the
historical and the [SSPb-8.5 scenario simulation.

3.1 Historical weather regimes in the ERA5 reanalysis

The WR] patterns identified in the ERA5 reanalysis by averaging over the daily anomaly
fields assigned to the different clusters are shown in Figure

The first and the last cluster (Fig. and d) are consistent with the spatial patterns observed
during the opposite phases of the[North Atlantic Oscillation| (NAO)) (e.g. Hurrell et al. 2003) and
referred to as [NAOH and [NAO}, respectively. They are defined by a pronounced meridional
gradient in anomalies caused by a robust trough over the North Atlantic (for ), or
a distinct ridge centred over the Labrador Sea (in the case of ), and anomalies of opposite
sign further south. The second (Fig. ) is identified as the Scandinavian Blocking regime

as it is characterised by a large ridge over Scandinavia that is encircled by weaker negative

anomalies. Finally, the remaining cluster (Fig. [2¢) is referred to as the Atlantic Ridge regime
and consists of a robust ridge over the North Atlantic and a negative anomaly over central

and northern Europe.

Out of the four [WRg identified in the ERA5 reanalysis, the Scandinavian Blocking regime
appears most frequently with a regime frequency of 28.9% for the period 1979-2021. The
regime, however, is the least frequent regime with 20.3%. and Atlantic Ridge

dominate the atmospheric circulation in 26.5% and 24.3% of the reanalysis days, respectively.

The identified in ERAb agree well with the regime patterns seen in many previous studies
(e.g. Dawson et al. 2012; Ferranti et al. 2015; Strommen et al. |2019)). Since the methodology
in Fabiano et al. (2020) was followed closely to obtain the clusters for this thesis, the agree-
ment with their study was expected and aimed for. Slight differences, e.g. in the shape of the
trough(s) during the NAOF- regime, can be due to their use of a different reanalysis product cov-
ering a different time period: Fabiano et al. (2020)) computed patterns from a combination
of the two reanalyses ERA40 and ERA-Interim for the period 1957-2014.

The regime patterns identified in this thesis using the leading four EOFs for the clustering
algorithm are relatively insensitive to the exact number of leading used in the clustering
algorithm (see Figures and in the appendix). Also, in previous studies the regimes were
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Figure 2: Composited geopotential height anomalies for the weather regimes identified in ERA5
using the full time period 1979-2021. Grey hatching indicates robust anomalies at
an 80% level. The percentage values next to the regime patterns show the frequency
with which the respective weather regime occurred within the entire time period.

seen to be robust regardless of the number of leading used for clustering (Ferranti et al.
2015; Wiel et al. 2019)) or the use of different reanalysis products (Cassou [2008; Cattiaux et al.
2013b; Delgado-Torres et al. [2022).
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3.2 Historical weather regimes in the SMHI Large Ensemble

The WR] patterns identified in the reanalysis dataset are taken as a reference to assess how well
the climate model ensemble reproduces the for the current climate. The regime patterns
in the SMHI-LENS]| as composites of geopotential height anomalies for the historical period
1980-2010 are shown in Figure [3]

To start with the cluster that visually agrees most with its observational counterpart, the
Scandinavian Blocking regime (Fig. ) confidently reproduces the characteristic ridge over
Scandinavia and the accompanying weaker negative anomalies. Also the robust ridge over the
North Atlantic during the Atlantic Ridge regime (Fig. ) assorts well with the respective
ERAD cluster (Fig. ) The accompanying European trough, however, is stronger and located
further south than in the reanalysis dataset, thereby squeezing the ridge and reducing its area.
The cluster (Fig. ) still shows some accordance in the form of a negative anomaly
over the North Atlantic albeit nearly completely missing the strong ridge that is centred over
the Labrador Sea in ERAb5 and the characteristic meridional gradient, which is much less
pronounced in the . For the regime (Fig. ), the features obtained from
the SMHI-LENS] historical simulation are not observed in the ERA5 reanalysis and the pattern
more closely resembles the Atlantic Ridge regime in ERA5 (Fig. ) with a ridge located over
the (eastern) North Atlantic and a trough in over Northern Europe.

It is worth pointing out that the method to identify the simulated used here differs from
Fabiano et al. (2020)). They applied clustering to pseudo Principal Components obtained by
projecting the simulated geopotential height fields onto the observational [EOFs Since the aim
of this thesis is to investigate the in future climates, the simulated regime patterns are
identified independently from the reanalysis data not to have present-day as a reference.

Differences between observed and modelled are visible for all regimes but by far most
pronounced for the [NAOH regime. One can speculate that the smaller differences for the
other patterns accumulate, in a sense, and that, since the clustering algorithm has to assign
a fourth cluster, the NAOH pattern is a remainder of the algorithm rather than the actual
observed [WR] To make the labelling consistent with the observed regimes, this regime will
continue being referred to as the[NAOH- regime in the SMHI-LENS] regardless of the assignment
inconsistencies. One must keep in mind, however, that this regime pattern lacks any visual
agreement with the observed [NAOH- regime.

The regime frequencies for NAOH-, Scandinavian Blocking, and [NAO}- have almost identical
values, just over 25%), while the Atlantic Ridge regime occurs slightly less often, with a frequency
of 23.7% in the historical ensemble simulations. This means that compared to the [WRs| in
ERA5, the frequency of the regime is increased by ca. 5%, while the other regimes

are to some extent under-represented in terms of their frequency of occurrence. Doscher et
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Figure 3: Composited geopotential height anomalies as in Figure [2/ but for the weather regimes
identified using the historical simulation covering the time period 1980
2010. Again, grey hatching indicates robust anomalies at an 80% level and regime
frequencies are printed next to the regime patterns.

al. found that the common underestimation of winter European blocking in climate
models is also present in EC-Earth3, which agrees well with the seen shortfall in Scandinavian
Blocking regime frequency of three percentage points. However, this finding has to be treated
with caution because of the significant differences in the simulated regime patterns compared to

ERAD since a changed spatial pattern will definitely impact the number of days assigned to this
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SSP5-8.5 SMHI-LENS

-135 -105 -75 —45 -15 15 45 75 105 135
Geopotential height anomaly (m)

Figure 4: Composited geopotential height anomalies as in Figure [2| but for the weather regimes
identified in the future simulation for the time period 2070-2100. Again,
grey hatching indicates robust anomalies at an 80% level and regime frequencies are
printed next to the regime patterns.

specific cluster but thereby also to the other regime frequencies. This means that although the
Scandinavian Blocking regime pattern is reproduced fairly well by the model, the differences in

the other regimes will definitely affect this regime and its frequency of occurrence.

The upper row of Table lists spatial pattern correlation coefficients for the corresponding
[WR] patterns identified in the historical simulation and in ERA5. These correlation coefficients
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confirm that the Scandinavian Blocking regime in the SMHI-LENS] historical simulation looks
most like its reanalysis counterpart, while Atlantic Ridge and [NAO}- still resemble the regimes
in the ERA5 reanalysis. The[ NAOH regime, however, does not agree with the reanalysis dataset

and even has a slightly negative pattern correlation coefficient.

3.3 Future weather regimes in the SMHI Large Ensemble

In the SSP5-8.5 scenario simulation for the end of the century, the general position
of the anomalies for the different in Figure [ is very similar to the patterns in the

historical simulation described in the previous section.

For the regime pattern (Fig. ), both the ridge over the North Atlantic and the trough
over northern Europe remain in place but decrease in magnitude compared to the historical
ensemble. Future Scandinavian Blocking regimes (Fig. ) are projected to feature a strong
ridge over Scandinavia that stays similar in magnitude. The surrounding trough gets less deep
over the Labrador Sea. The Atlantic Ridge regime’s positive anomaly (Fig. ) is still
robustly located over the western North Atlantic at the end of the century but does not reach the
same magnitude as in the historical ensemble simulation. The European trough associated with
the Atlantic Ridge regime maintains a similar strength under the SSP5-8.5 scenario. During the
regime (Fig. ), stronger positive anomalies over northeastern Canada are projected
to stretch further over the Labrador Sea and Greenland, while a weak trough spreads further
over northern Siberia. For all of the regimes under the SSP5-8.5 simulation, anomalies tend to
not reach the same magnitude as in the historical simulation. Only the [NAO}- pattern exhibits
a strengthening of the ridge over the Labrador Sea.

Regime frequencies only experience minor changes under the future scenario. By the end of
the century, the regime’s frequency of occurrence is projected to increase to 26.1%.
Also the Atlantic Ridge regime occurs more frequently than in the historical simulation with

24.9%, while both the Scandinavian Blocking and the regime dominate the tropospheric
circulation less frequently than before with 24.5% and 24.4%, respectively.

The pattern correlation coefficients in the bottom row of Table [A2] confirm the visual similarity
between the patterns identified in the historical and the future scenario simulation with the
lowest correlation coefficient being 0.9 for the [NAO}- regime. All the other have a corre-
lation above 0.92 and in line with the observation, the Scandinavian Blocking regime reaches

the highest coefficient of 0.987.
Overall, the appears capable of producing fourWRs|, three of which are identified

as the observed regimes. Under a future high-emission scenario, the associated geopotential

height anomalies mostly experience a reduction in magnitude and only minor spatial changes.
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4 Near-surface temperature and total precipitation

patterns in present-day and future climate

4.1 Representation of and changes in simulated mean climate

To reliably simulate the future climate, a model ensemble first of all needs to be able to
adequately represent the historical climate. The left column of Figure [5| illustrates this by

showing the bias in mean climate in the SMHI-LENS| (represented by in Fig. [5a and total

precipitation in Fig. ) compared to ERAD reanalysis data for the historical period 1979-2014.

Near-surface temperatures in Figure [Ba are generally too cold in the compared
to ERA5 for the entire Arctic Ocean, most of the North Atlantic Ocean, Northern Europe,
and Africa as well as most of the United States. The strongest cold bias can be seen in the
Greenland and the Labrador Sea with differences of below -6 K. Canada, East Siberia, and

the Bering Sea, however, are on average warmer in the simulations than in the observations.

A cold bias in the western North Atlantic is a common feature of [CMIP| models with a spatial
resolution of around 1° and it is also present in EC-Earth3 and the This is
often attributed to the misrepresentation of the path of the [North Atlantic Current| (NAC) at
these resolutions: Compared to observations, the [NAC] direction is often shown as too zonal
(Danabasoglu et al. 2014; Roberts et al. 2019). Meanwhile, Doscher et al. (2021)) named the

overestimation of winter sea ice concentration and thickness in the Arctic, and especially in the

Labrador, the Greenland-Iceland-Norwegian, and the Barents Seas, as a reason for the cold bias.
Sea ice concentration and thickness in the Bering Sea are, on the other hand, underestimated

by EC-Earth3 (Déscher et al. [2021)), which agrees well with the warm bias seen in this region.

The representation of total precipitation in the historical SMHI-LENS| simulation (Fig. ) is
characterised by a strong dry bias exceeding -1.5 mm/day over a region from the Labrador Sea

southeastwards to the middle of the North Atlantic Ocean. Also most of the Arctic Ocean,
northern Africa, and Eurasia are on average drier in the ensemble than in observations. Total
precipitation is too high in the simulated historical climate along the North American coast

and between the British Isles and Iceland.

These and precipitation biases for the [SMHI-LENS| agree with the biases identified in
Doscher et al. (2021) for EC-Earth3 in comparison to ERA5 (see their Figures 5b and 6b).

When compared, the biases in and precipitation show a clear connection: regions that
show a cold bias are mostly characterised by a climate that is on average too dry in the

ensemble simulations.
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Figure 5: Biases and future changes in the mean DJF climate simulated by the [SMHI-LENS]
Panels (a) and (c) show the bias between the historical simulation in the SMHI-LENS]|
and the observational ERA5 reanalysis data for the period 1979-2014 for 2 metre
temperature and total precipitation, respectively. For every grid point, the bias was
obtained by subtracting the DJF mean in the reanalysis product from the DJF mean
in the ensemble simulation data. Panels (b) and (d) display the changes in mean
climate simulated by the following the SSP5-8.5 scenario compared to

the historical simulation.
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The right column in Figure |5 shows the simulated future changes in mean DJF (Fig. [5b)
and total precipitation (Fig. [pd). Positive values for the change indicate an increase in the
respective variable for the future ensemble simulation compared to the historical simulation,

whereas negative values correspond to a decrease.

Near-surface temperatures in Figure pb increase towards a warmer climate everywhere in the
Northern Hemisphere. The strongest warming happens over the Arctic region with differences
to the simulated temperatures for the current climate of over +14 K. The weakest warming is
seen in the North Atlantic south of 60 °N and lies in the range of +2-3 K. More than likely, the
strong polar warming, especially over the Arctic Ocean, is a result of sea-ice loss, which in turn
is caused by the generalised climate warming. Under the high-emission SSP5-8.5 scenario, even
winter sea ice disappears (Wyser et al. 2021)), yielding strong differences in since the

future Arctic sea surface temperatures are generally much higher than the surface temperatures

of sea ice and snow. The associated [Arctic amplification| (AA]) of climate change in the high

latitudes further enhances this difference in warming between high and lower latitudes (Wyser
et al. 2021, Previdi et al. 2021)).

Total precipitation in Figure [od shows an increase at the end of the century under the SSP5-8.5
scenario for most of the regions north of 60 °N with the strongest increase of over +1.5 mm/day
over the Kara and the Barents Sea. On northerly latitudes, only the region just south of Iceland
gets drier in the future simulation. The Atlantic Ocean south of 60 °N as well as the northern
part of the African continent tends to get drier in the future scenario compared to the historical

simulation. Also the Mediterranean Sea gets drier under the SSP5-8.5 scenario.

Already Held and Soden (2006) have shown a tendency of wet-gets-wetter and dry-gets-drier
in climate change experiments with coupled climate models, which agrees with the general
observation of a wetting trend in the mid-latitudes and a drying of the subtropical regions in
the future simulation. Although the wintertime precipitation reduction in the
Mediterranean region has been reported in previous studies, the amplitude of the projected
changes differs between different climate model simulations (Zappa et al. 2015). An Arctic
wetting trend has been identified in many climate change projections before and current
projections reveal even higher increases in Arctic precipitation than earlier simulations (see
McCrystall et al. 2021, and references therein). The Kara and the Barents Seas are the regions
pointed out by Wyser et al. (2021)) to experience the strongest warming in the and
to show clear [AA] This strongly suggests that the strong precipitation increase is connected to

an increase in [AAl
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A large proportion of the precipitation in the mid-latitudes is brought by extratropical cyclones,
which aggregate in the Euro-Atlantic region along the North-Atlantic storm tracks as described
in the introduction. For this thesis, storm tracks are identified as regions of enhanced standard
deviation of six-day high-pass filtered anomalies (see Methods Section and shown

for the historical and the future scenario simulation in Figure [6]

(a) Historical (b) SSP5-8.5

Standard deviation
of Z500 (m)

Difference in std
of Z500 (m)

Figure 6: Storm tracks as seen in the standard deviation of wintertime six-day high-pass filtered

7500/ anomalies in the SMHI-LENS| (a) historical (1980-2010) and (b) future SSP5-8.5

(2070-2100) simulations. Panel (c) displays the difference between the future scenario
minus the historical simulation.

In the historical simulation (Fig. [6h), storm tracks are most active in the area between Eastern
Canada across the North Atlantic towards Europe. Peak values above 90 m in standard
deviation are seen along a band reaching from Newfoundland to Iceland. This band is slightly

tilted northeastwards towards the Denmark Strait.

According to the SSP5-8.5 scenario simulation (Fig[6b), the storm tracks are projected to main-
tain their general shape while weakening in most regions. Storm track activity as represented
by standard deviation still reaches peak values of over 90 m, but the region is spatially
more limited to a band off the coast of Newfoundland. Also, the southwest-northeast tilt of the
storm tracks towards the Denmark Strait appears less pronounced under the SSP5-8.5 scenario

with storm track activity rather following a more zonal track.
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The change between the future and the historical simulation in Figure [ confirms these ob-
servations. Generally, storm track activity gets weaker as seen in the dominating negative
differences. The positive change in standard deviation off the coast of Spain, however,
supports that the storm tracks in the SMHI-LENS] are projected to become more zonal.

Generally within general circulation models [GCMg| there is a tendency to produce North At-
lantic storm tracks that are too zonally orientated (Zappa et al. 2013a; Catto et al. 2019)),

although a significant systematic improvement in the representation of the North Atlantic

storm track was identified for the current [CMIPp models (Harvey et al. 2020).

Using the root mean square of band-pass filtered mean sea level pressure as a metric for storm
tracks, similar patterns for the response to climate change have been identified by Harvey et al.
(2020) for the multimodel average. Under the [SSPR-4.5 scenario, a weakening of the
northern flank of the North Atlantic storm track is accompanied by a modest zonal extension
towards Europe. Also a reduction in the intensity of northern hemisphere extratropical cyclones
in response to increasing atmospheric greenhouse gas concentrations was identified for

models (Catto et al. 2019). Again, this agrees with the general decrease in storm track activity

seen in Figure [6]

4.2 Observed influence of weather regimes on temperature

and precipitation patterns

Applying regime compositing to ERA5 and total precipitation anomalies yields the pat-
terns shown in Figures [7] and [ respectively. In the ERA5 reanalysis data, anomalies
during the regime (Fig. [7h) are dominated by above-average temperatures over most
of Eurasia as well as cold weather over the North American continent and especially over the
Labrador Sea region. Anomalies of opposite sign are seen during regimes (Fig. [7d) with
temperatures over 4.5 K above climatology over the Labrador Sea, Greenland, and eastern
Canada. The Scandinavian Blocking regime (Fig. ) is characterised by warm anomalies over
the northern North Atlantic between Greenland and Norway as well as over most of North
America, while the northernmost regions of the American continent are slightly colder than
in the climatological mean. Also most of Eurasia, except for Scandinavia, experiences below-
average temperatures. During Atlantic Ridge conditions (Fig. ), cold weather is present over
western Europe, Scandinavia, and the adjacent Atlantic Ocean towards Greenland as well as
over eastern North America. Western North America and a band between the Black Sea and
the Kara Sea are warmer on average. Also the North Atlantic off Newfoundland shows positive
anomalies.

Total precipitation anomalies during regimes (Fig. [8h) are characterised by wet con-
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Figure 7: Composited anomalies for the different identified in the ERAb reanalysis
dataset using the time period 1979-2021.

ditions over the Atlantic north of 40 °N, which maximise over the British Isles and southern
Scandinavia, along with dry anomalies south and west of that. Again, the regime (Fig.
) shows a similar but opposite picture, with dry anomalies over the northern Atlantic max-
imising at the east coast of Greenland and wet conditions to the south. During the Scandinavian
Blocking regime (Fig. ), precipitation tends to be below average over western Europe, but
heavy precipitation anomalies are experienced in the Denmark Strait region. The Atlantic
Ridge regime (Fig. ) features strong dry anomalies in the area of the pronounced ridge in

the geopotential height field and weaker wet anomalies around.

The correlation between Euro-Atlantic and temperature and precipitation anomalies is
summarised in Hertig and Jacobeit (2014)) and matches the observed patterns in Figures
and |8 very well. For example, above-average temperatures and precipitation over northern
Europe and Scandinavia were found to accompany the positive [NAO] phase along with dry
anomalies over southern central Europe and Northwest Africa (Hurrell et al. [2003)), or in the
most extreme cases also heavy precipitation events over Northern Europe and drought periods in
the Mediterranean region (Yiou and Nogaj 2004). During negative phases, the frequency
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Figure 8: Composited total precipitation anomalies for the different[WRs|identified in the ERA5
reanalysis dataset using the time period 1979-2021.

of cold days is increased over Scandinavia and decreased over Iberia (Plaut and Simonnet 2001]),
and heavy precipitation events are seen over Southern Europe (Yiou and Nogaj2004). Blocking
regimes are typically associated with a warm and dry Scandinavian region and below-average
temperatures over south-eastern Europe (Plaut and Simonnet 2001; Yiou and Nogaj 2004)).
The observed anomaly patterns also agree very well with the composites of European
temperature anomalies over land for the different identified in the NCEP/DOE reanalysis
by Cattiaux et al. (2013a)), who used the observational E-OBS v3.0 dataset produced from

in-situ temperature measurements.

Comparing the regime composites of SAT]anomalies to the composites in Section 3| reveals
that temperatures tend to be below average where we see troughs in the geopotential height
field, while ridges are often accompanied by warm weather. Also for the composites of total
precipitation anomalies, the regions of dry anomalies often coincide with geopotential height
ridges, while heavy precipitation is often seen in regions where strong gradients meet
orography (for example the strong wet anomaly at the Greenland coast during Scandinavian

Blocking conditions).
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Before assessing the ensemble’s representation of the historical and total precipitation
patterns, a note on the statistical distribution of precipitation anomalies: Since precipitation
does generally not follow a Gaussian normal distribution, but rather a Gamma distribution (e.g.
Yiou and Nogaj[2004; Martinez-Villalobos and Neelin 2019)), the majority of the daily anomalies
are expected to be negative, while a few days show very heavy precipitation anomalies, which
can nudge the mean towards positive values. As a logical consequence, the spatial pattern of
the median of precipitation anomalies (see Figure in the appendix) is heavily dominated
by negative values. The only region to show a slightly positive median value is Iceland during
the Scandinavian Blocking regime (Fig. ), which experiences strong positive precipitation

anomalies in the composite mean (Fig. [8b).

4.3 Simulated historical temperature and precipitation pat-

terns associated with different weather regimes

The same compositing procedure is applied to the and total precipitation anomalies in
the historical simulation to obtain Figures [9 and [L1] respectively. anomalies
during Scandinavian Blocking regimes (Fig. |§]b) are characterised by the same pattern as in the
reanalysis data: warm anomalies over the northern North Atlantic surrounded by weaker cold
anomalies, although both the positive and the negative anomalies show an increased magnitude
compared to ERA5. Also for the Atlantic Ridge regime (Fig. [9¢), the pattern resembles the
one observed in ERA5 and features above-average temperatures over the Atlantic coast of
Newfoundland and eastern Europe, whereas western Europe and the eastern North Atlantic as
well as eastern North America experience below-average temperatures. For the NAO}- regime
in the (Fig. [0d), positive anomalies over eastern Canada are again present but do
not reach the same magnitude as in ERA5 and are even replaced by weak cold anomalies over
Greenland. During the simulated regime (Fig. [Oh), negative anomalies over the region
around the Labrador Sea are weaker and much less coherent than in ERA5. Also, western
Europe is not characterised by warm anomalies as in ERA5 but rather has a tendency towards

below-average temperatures in northern and southern Europe.

For total precipitation anomalies, the same picture can be drawn. Again, the Scandinavian
Blocking regime (Fig. [I1p) with the associated wet anomaly over the Denmark Strait and dry
conditions over Scandinavia, as well as the Atlantic Ridge regime (Fig. ), with the charac-
teristic strong dry anomaly over the central North Atlantic and above-average precipitation in
Southern Europe, are represented fairly well by the ensemble. For the Atlantic Ridge regime,
anomalous heavy precipitation is considerably stronger over the Mediterranean region com-
pared to ERA. The precipitation anomaly pattern during regimes (Fig. [11{d) features

dry anomalies in the northwest Atlantic and wet anomalies to the southwest that are compara-
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ble in magnitude to ERA5, but shows less of the characteristic zonality as is also the case for
the composites. Especially the region around the Faroe Islands is simulated to experience
much wetter conditions than in ERA5. The simulated regime (Fig. ) is characterised
by below-average precipitation in the Bay of Biscay and weak positive precipitation anomalies
over central and eastern Europe as well as over the western North Atlantic, whereas this regime

is dominated by strong above-average precipitation over most of the North Atlantic in ERAS5.

The observed differences in and precipitation anomaly patterns between the ensemble
simulations and ERAb go along well with the differences seen in the patterns in Section
Bl Since temperature and precipitation anomalies are correlated with the mean circulation
during the different , this behaviour is to be expected (Hertig and Jacobeit |2014). While
Scandinavian Blocking and Atlantic Ridge are represented well, the ensemble struggles more at
reproducing the[NAO}- and especially the[NAOH- regime and the associated anomalous weather.
As seen for ERA5, regions of ridges in the anomalies mostly coincide with warm and dry
anomalies in the composites, while troughs are often connected to below-average temperatures

and wet conditions.

4.4 Projected future temperature and precipitation patterns
during different weather regimes

For the future and total precipitation anomaly patterns under the high-emission [SSPp-
8.5 scenario, one has to keep in mind, that the anomalies are calculated with reference to the
respective climatology. The anomalies shown in Figures and do not account for any
changes in the mean climate, which was described in Section [4.1]

Under the high-emission [SSPp-8.5 scenario, the anomalies are generally projected to
weaken (Figure [10). Compared to the simulated composites in Figure [J] the patterns
and the sign of the anomalies stay the same but are weakened in amplitude for all four [WRs|
This is particularly the case for the previously pronounced warm anomalies during the Scan-
dinavian Blocking regime (Fig. ) over the northern North Atlantic of over 4.5 K in some
places, that mostly stay below 2.5 K in the future climate.

The decrease in the magnitude of anomalies compared to the historical simulation is in
line with the decrease seen in the anomaly patterns. A change in the gradient affects
the intensity of the large-scale flow and the advection of warm and cold air masses by the mean
circulation (Hurrell et al. 2003).

The total precipitation anomalies, however, are rather seen to increase in magnitude for most
of the regimes under the strong warming scenario. The [NAOH regime’s dry anomalies over

the Bay of Biscay (Fig. ) increase slightly and are opposed by stronger wet anomalies to
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the west. During the Scandinavian Blocking regime (Fig. ), the dry anomalies over central
and northern Europe increase in the future simulation, while the strong wet anomalies over the
Denmark Strait region persist. The dry Atlantic Ridge (Fig. [12) is projected to have slightly
less strong dry anomalies, but the wet anomalies to the east and the west intensify. The [NAO}
regime (Fig. ) experiences a strong increase in heavy precipitation over the eastern North

Atlantic along with a strengthening of the dry anomalies in the western North Atlantic.

This increase in the magnitude of precipitation anomalies agrees well with the generally en-
hanced atmospheric water vapor content under global warming expected from the Clausius-
Clapeyron relationship and the enhanced precipitation variability on daily to decadal timescales
identified in models and two climate model large ensembles under .5 forcing (Pen-
dergrass et al. 2017). Also, it aligns well with the observation of wet-gets-wetter and dry-gets-
drier as described for the mean climate in Section (compare Held and Soden 2006)).

The close connection between the identified in the previous section and [SAT|and precipi-
tation anomaly patterns described in this section confirms the relevance of the framework

for describing the Euro-Atlantic weather and circulation.
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5 Projected changes in extreme weather during

weather regimes

After looking at the changes in mean temperature and precipitation that are associated with
the different weather regimes, this section presents the simulated changes in hot and cold, as
well as wet and dry extremes related to the framework.
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Figure 13: Histogram of wintertime at 54 °N, 10 °E for the historical and future
simulation of the SMHI-LENS] The smoothed curves are kernel density estimates
of the distribution. The triangles below the x-axis indicate the temperatures corre-
sponding to the 5™ and 95" percentiles.

Figure [13] shows the probability distribution of [SAT]in the historical and future
scenario simulations at 54 °N, 10 °E, which corresponds to a location close to the city of

Neumiinster in Northern Germany. This serves as an example of how the statistical distribution
is connected to the definition of extreme events and how they are projected to change under
climate warming. The 5™ percentile serves as the threshold to cold extremes, while values
above the 95" percentile are counted as warm extremes. This means that 90% of the simulated
values are within the range between the lower and the upper threshold.

As can be seen in the example of the [SAT] distribution at the chosen location, both the mean
and the width of the distribution change under the future [SSPp-8.5 scenario. The mean in-
creases notably, whereas the distribution width gets narrower. While the difference between the
thresholds for cold and hot extremes is around 14 K for the historical simulation, it decreases
to around 10 K under the SSP5-8.5 by the end of the century.

In the following, the focus will be on comparing the extremes relative to the respective clima-
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tological mean of the historical and the future simulation of the SMHI-LENS] So, rather than
looking at shifts in the distribution mean, changes in the extreme percentiles of the anomaly
distributions are assessed. This is achieved by using the historical 5" and 95" percentiles as
thresholds for the future SSP5-8.5 scenario simulation as described in the Methods (Section
2.2.2)).

5.1 Changes in extreme near-surface temperature

The probability of exceeding the historical threshold value in the future ensemble simu-
lation is shown for cold extremes in Figure [I4 and for warm extremes in Figure [I5] Since the
thresholds are given by the 5™ and 95" percentiles, values below 5% indicate that reaching
extremes of the same magnitude is less likely, or in other words, extremes get less extreme.
For values above 5% probability, the occurrence of extremes of historical magnitude is more

probable, thereby implying that more extreme values get more likely.

Over most of the northerly latitudes (north of 40 °N), the same trend for all and both
warm and cold extremes is seen: a decrease in probability indicating that extremes of the same
magnitude as during the historical simulation get less extreme or less likely. This general trend
indicates that, for most regions, the distribution gets narrower under the [SSPp-8.5 scenario

simulation.

Cold extremes (Fig. experience the strongest decrease in magnitude or probability in the
region of the historical winter sea ice edge (as seen e.g. in the median March sea ice extent for
the period 1981-2010 in Meier et al. (2021))), namely in the Bering, Chukchi and Okhotsk Sea,
the Laptev, Kara and Barents Sea and the Greenland and Labrador Sea. In these regions, the
probability mostly drops to 0%, indicating that extreme cold events of historical magnitude
relative to future climate are not to be expected from the ensemble simulations. The location
of this strong decrease gives rise to the assumption that these changes in cold extremes are
related to changes in Arctic sea ice. The winter sea ice extent is seen to vary between years,
leading to a fluctuating sea ice edge (Meier et al. 2021)). Since the surface temperatures are very
different for open ocean or sea ice and snow, these changes in sea ice will be heavily reflected
in anomalies along the sea ice edge. Under the high-emission [SSPp-8.5 simulation, Arctic
sea ice is projected to decrease drastically (Wyser et al. 2021). This makes the assumption
plausible, that the region of the mean historical sea ice edge will be constantly characterised
by open ocean, thereby decreasing the variability in surface temperatures and decreasing the

magnitude and likelihood of cold extremes.

The probability of surpassing the historical threshold for warm extremes (Fig. decreases for
nearly the entire region encircled by the winter sea ice edge to values close to or at 0%. Likewise,

Scandinavia and the Ural region experience less warm extremes in the future simulation. As
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for cold extremes, a connection between this decrease in the probability of warm extremes
and the melting of Arctic sea ice seems likely. Following the same reasoning as above, the
projected decrease in sea ice reduces the [SAT] variability over most of the Arctic and thereby
the probability of extreme warm events. Only the region between Ellesmere Island, Lincoln
Sea, and the North Pole shows a weaker decrease in probability. In the current climate, this
region is still characterised by relatively thick multiyear sea ice (Meier et al. [2021)), and climate
simulations with strong forcing scenarios show that the sea ice in this region is often projected
to be last to melt completely (Koenigk et al. |[2013; Wei et al. [2020)). If this is also the case for

(some of) the |SMHI-LENS|simulations, this could explain a weaker decrease in variability
and hence warm extremes as seen in Figure [15] for all [WRS

Regional differences between the WRs are present, especially over the Atlantic Ocean and over
Europe and North Africa. The most pronounced differences away from the Arctic region are
seen for the regime (Figs. and ) While the probability of cold extremes decreases
slightly over North Africa, the probability of warm extremes increases to over 9% in some places
for the same region, indicating a distortion of the distribution towards a distribution with
a more positive skewness (i.e. the right tail gets longer). The composited mean anomalies
in Figures [9d and did not show any remarkable changes for this region. Intriguingly,
warm extremes during phases (Fig. [I5{d) over Greenland are almost unchanged, whereas
extremes of historical magnitude are getting less likely over Greenland for the other regimes.
Over the Atlantic Ocean south of 40 °N, cold extremes during negative NAQ]experience a strong
increase in two bands: east of the Caribbean and west of Cape Verde. Also the Mediterranean
region sees a weak increase. North of these bands of increased probability, the North Atlantic

shows a probability of 0% for cold extremes of historical magnitude.

The INAOH- regime’s warm extremes (Fig. ) experience an increase in probability over the
middle of the North Atlantic just south of 40 °N, whereas the strong decrease over the Ural
region is seen to spread further east over Asia than during the other Cold extremes
during positive phases (Fig. ) are characterised by a reduction in probability along

the historical sea ice edge that is mostly in line with the general changes described before.

The Scandinavian Blocking regime shows a slight increase in cold extremes (Fig. ) between
Iceland and the British Isles, which corresponds to the region that is characterised by a decrease
in the magnitude of positive anomalies in the composite mean (Figs. Op and [10p). This
regime’s changes in the probability of warm extremes (Fig. ) agree well with the general
decrease seen for all regimes with a weaker reduction over Greenland compared to the positive
[NAQ| and the Atlantic Ridge regime.

During Atlantic Ridge regimes, cold extremes (Fig. ) get slightly more extreme or likely in
the middle of the Atlantic just south of the location of the ridge in the anomaly field.

34



CHANGES IN EXTREMES

Also tropical Africa experiences an increase in the probability of cold extremes of historical
magnitude that is not seen during the other regimes, while cold extremes over Greenland
decrease less compared to the other . Warm extremes during Atlantic Ridge regimes (Fig.
) are considerably more probable over the Caribbean region and the adjacent western North
Atlantic. In contrast to the other regimes, the Iberian peninsula and France during Atlantic
Ridge conditions experience weak changes and even an increase in warm extremes over northern

Morocco and Algeria.

Some of the regional differences can be related to the changes seen in the composite mean
(Figs. |§| and . Regions that are characterised by a decrease in positive anomalies under
-8.5 forcing tend to show a (weak) increase in the probability of cold extremes (as e.g.
in the Mediterranean region during phases), while some of the regions characterised by
cold [SAT] anomalies in the composite mean show an increased probability for warm extremes
compared to the other regimes (as is the case for the Labrador Sea region during Scandinavian

Blocking regimes).

5.2 Changes in extreme precipitation

Repeating the same analysis for precipitation anomalies yields the changes in the probability
of dry extremes in Figure [I6] and of wet extremes in Figure [I7 Again, extremes are defined by

the simulated historical 5" and 95" percentiles.

Generally, dry extremes are projected to become more likely for most of the Northern Hemi-
sphere during all conditions with probabilities increasing to over 16% for some regions.
Also wet extremes are seen to increase in probability over the Arctic Ocean, Siberia, and Asia
during all The subtropical Atlantic, on the contrary, experiences a decrease in the prob-
ability of both dry and wet extreme events of historical magnitude. Moreover, the region just
south of Iceland shows a lower probability of dry extremes for all regimes, which is in strong

contrast to the surrounding pronounced increase.

These general changes in the probability of extreme events align with the simulated changes
in mean climate: especially the occurrence of wet extremes agrees well with the mean [SAT]
changes (Fig. . This could be understood in the context of an increasing hydrological cycle
in response to enhanced atmospheric water vapour content in a warmer climate (Held and
Soden 2006)), especially in the Arctic region, which in addition is influenced by and sea-ice
loss (McCrystall et al. 2021)).

The changes in dry extremes, on the other hand, appear to also be connected to the mean
precipitation changes. As described in Section [£.0] Arctic precipitation is enhanced in the

warmer future climate and this elevated mean in total precipitation also makes more extreme
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dry events possible (since negative precipitation values are nonexistent, the mean precipitation
value sets the upper bound for the magnitude of dry extremes). The subtropical North Atlantic
and the region just south of Iceland, on the other hand, are characterised by less precipitation

in the future climate as well as less intense dry extremes (Fig. .

As for the extremes described in the previous section, regional differences between the
WRs| are also present for both wet and dry extremes. During the Scandinavian Blocking
regime, the probability of wet extremes (Fig. ) only increases slightly over Scandinavia and
western Europe, while the probability of dry extremes (Fig. ) experiences a strong increase
of over 10 percentage points. The Atlantic Ridge regime is characterised by an increase in the
probability of dry extremes over Southeastern Europe (Fig. ), while, at the same time, wet
extremes over Scandinavia and the British Isles are becoming more likely (Fig. ) During
phases, dry extremes (Fig. ) experience the same general increase in probability at
northern latitudes as during the other regimes although the changes over land are comparably
weak over Canada, Alaska, and Eurasia. Changes in the probability of wet extremes during
conditions (Fig. [17d) show at the most only a weak increase or no change for the
North Atlantic region around and south of Iceland, whereas the NAOH- regime’s probability of
wet extremes (Fig. ) increases consistently in this area. The enhanced probability of dry
extremes over the Arctic Ocean is even more consistently exceeding 16% during positive NAO
conditions (Fig. [L6h) compared to the other regimes.

The regional differences in the probability changes are in line with the changes in the mean
total precipitation composites in Figures[I1]and[I2] Stronger dry anomalies in the precipitation
composites under the [SSPB-8.5 scenario tend to align with strong increases in the probability
of dry extremes and comparably weak or no increases for wet extremes, for example for the
Scandinavian region during Scandinavian Blocking regimes. The regions that are more likely
to experience wet extremes, however, are more often characterised by (intensifying) positive
precipitation anomalies in the composites, as seen for southwestern Europe during the Atlantic

Ridge regime.

All in all, the general direction of the projected changes in extreme surface weather is opposite
for temperature and precipitation. This is most pronounced over the Arctic region. While
extremes over most of the northerly latitudes are projected to get less extreme relative to
the simulated future climate, the precipitation extremes experience an intensification over the
same region. These changes are indicative of modifications of the probability distributions in
the form of a more narrow distribution and a wider precipitation distribution (although
one has to keep in mind its non-Gaussian shape). At more southerly latitudes, these changes
are mostly more moderate or even of opposite sign. Regionally, differences from these general
changes are seen when looking at individual and are often in accordance with the changes
in the and precipitation composite means.
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6 Discussion

In the following, the results described in Sections[3] [4, and [5]are discussed in a more general con-
text. The first discussion question is about the representation of in current state climate
models along with possible biases. This is followed by an assessment of the simulated future

changes, before putting the connection to surface weather and extreme events into context.

6.1 How well do climate models represent weather regimes?

Overall, the EC-Earth3 model used for the was found to have reduced biases
in compared to the previous version (EC-Earth2) used in the effort (Ddscher
et al. |2021)). Nonetheless, significant biases in climatological mean and precipitation are
still present, especially over the North Atlantic region (see Section . The North Atlantic
jet is still displaced poleward and shows a too-penetrative pattern over Europe compared to
observations. Moreover, winter European blocking frequency is underestimated in comparison
to observational data. Also the March sea ice concentration is generally too high in EC-Earth3
compared to satellite observations in the Greenland Sea, the Labrador Sea, and the Eastern
Barents Sea (Doscher et al. 2021)).

A recent study by Delgado-Torres et al. (2022) specifically investigated the representation
of Euro-Atlantic in a ten-member ensemble performed with EC-Earth3.3. Using non-
initialised historical simulations, they compared the simulated regime patterns to two different
reanalysis products, the Japanese 55-year Reanalysis JRA-55 and the NCEP/NCAR Reanaly-
sis. Independently calculating the for each dataset, they found high correlations between
EC-Earth3 and the reanalysis data for all winter regime patterns - higher and more consistent
than the correlations in this thesis. However, their algorithm differs from the methodology used
here: Days that do not distinctly belong to any of the clusters were filtered out by applying
minimal-correlation and minimal-persistence filters to their projected daily maps. This addi-
tional step and the application of the clustering algorithm to sea level pressure instead of
anomalies are possible explanations for more observation-consistent results in their study com-
pared to this thesis. Delgado-Torres et al. (2022) chose specifically sea level pressure because

it is less affected by global warming compared to geopotential height.

Also by using the approach of pseudo Principal Components (pseudo (i.e. projecting the
simulated geopotential height fields onto the regime patterns identified in a reference dataset,
often reanalysis data), more consistent results between reanalysis and model data can be found
in the literature (e.g. Ullmann et al. |2014; Wiel et al. 2019; Fabiano et al. [2020). This is
expected from this methodology, which is employed to ensure high levels of spatial similarity
between the different datasets (see the explanation in Wiel et al. |2019). With this approach,
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one can investigate the model’s ability to reproduce the known [WRs| and conveniently analyse
changes in regime statistics. Since the focus of this thesis is on identifying the regimes and
their potential changes in a future climate, the use of pseudo-PCs was omitted on purpose not

to take present-day data as a reference.

In contrast to using pseudo{PCy| this thesis has focused on the spatial patterns that are inherent
to the different datasets. This technique must be understood, however, taking into account that
horizontal resolution has been identified as an important factor in allowing climate models to
capture the Euro-Atlantic regimes in previous systematic assessments of the representation of
regime patterns. Dawson et al. (2012) evaluated the regime patterns in the model
Cy36r1 in a high-resolution configuration integrated at T1279 resolution (corresponding to ca.
16 km grid spacing) and a low-resolution configuration (T159, corresponding to ca. 125 km).
They found that the low-resolution version of the same global atmospheric model performs
much worse at representing the regime patterns compared to the high-resolution counterpart:
in the T159 configuration only the positive and negative phases were identified, whereas
the T1279 configuration features all four regimes and reproduces the spatial patterns accurately.
Dawson and Palmer (2015 suggested that some improvements can already be achieved with
an intermediate resolution configuration of the same model (T511, corresponding to ca. 40 km)
in comparison with the low-resolution setup, especially in the temporal characteristics such as

regime persistence and frequency.

Both studies used one model with a single member at each resolution and all model runs were
performed with Cy36rl (a different version of the atmospheric model used in ERA5 and
EC-Earth3), leaving open the possibility still that their findings were model-dependent. This
question was addressed by Strommen et al. (2019) in their study of the impact of resolution on
three different models with three members each, with one of these models being EC-Earth3.1.
In addition, they investigated the impact of using an ensemble by concatenating the individual
ensemble members, which agrees with the way the [SMHI-LENS] is used in this thesis. They
found that models with weaker regime structures require a larger sample size to diagnose regimes
robustly and that no systematic improvement in the spatial patterns could be observed with
increasing resolution, although some regime characteristics like sharpness and persistence (of

the Scandinavian Blocking regime) were represented more accurately.

Additionally, quite some work has been devoted to studying the representation of blocking
events in climate models, also in the Euro-Atlantic region (e.g. Schiemann et al. 2017; Davini
and D’Andrea 2020)). Although improvements with increasing resolution were observed in
different atmospheric and [CMIP] model generations, even the latest [CMIP] generation
(CMIPPB) still underestimates winter European blocking frequencies. To be precise, no model
that was evaluated by Davini and D’Andrea (2020) managed to attain the observed blocking

frequency.
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Altogether, there seems to be potential for an improved representation of with increased
resolution, at least to some extent. This could be due to the better representation of orography
and Rossby wave-breaking processes, which help to maintain persistent anomalies, at higher
spatial resolutions (compare conclusions in Dawson and Palmer (2015)). However, considering
the variety of outcomes in the studies named before, the impact of a higher resolution could
be model-dependent and different for the individual regime statistics. The horizontal resolu-
tion of the SMHI-LENS| with EC-Earth3, which is ca. 80 km for the atmospheric component,
corresponds to double the intermediate-resolution grid spacing in Dawson and Palmer (2015]).
Hence, following their arguments, it could potentially perform worse than higher-resolution
configurations. However, this thesis made use of a large ensemble of model runs, which could
help to identify the regimes more robustly (Strommen et al. 2019). So, albeit possibly repre-
senting the regimes better than a low-resolution model with only one member, there might still
be a lot of room for improvement considering the spatial resolution of the SMHI-LENS|

Nevertheless, it is also likely that increasing the horizontal resolution alone would not solve all
current errors. More and more studies also point to the role of biases in the mean fields as a
source of uncertainty in the representation of Especially reducing biases in sea surface
temperature has been identified as a possible step to further decreasing the negative
blocking frequency bias (Scaife et al. 2011} Davini and D’Andrea [2020; Fabiano et al. 2020)).
As described in Section [£.1] climatological mean [SAT] biases in the are quite pro-
nounced over the North Atlantic region and possibly a result of the overestimation of winter
sea ice concentration and thickness (Doscher et al. [2021)). This also suggests considerable [SST]
biases in this region and it appears conceivable that these biases contribute to the misrepre-

sentation of the regime patterns by substantially impacting the synoptic-scale circulation and

thereby all in this region (Scaife et al. [2011; Strommen et al. [2019).

Furthermore, [WRs| and also blocking in particular, are linked to the position of the jet stream
(Woollings et al.[2010; de Vries et al.2013; Madonna et al.2017; Pasquier et al. 2019). Analysing
the wintertime North Atlantic eddy-driven jet stream typically yields three preferred latitudinal
positions that agree well with three Euro-Atlantic (Woollings et al. 2010). Extending
these findings, Madonna et al. (2017) seamlessly connected the eddy-driven jet perspective
with the [WR] framework for the Euro-Atlantic region. They identified four clusters in both
approaches and found that the Atlantic Ridge regime features a preferred northern jet location,
the zonal regime (corresponding to the phase) is connected to a central jet state, the
Greenland Anticyclone (matching the regime) coincides with a southern jet location, and
the European/Scandinavian Blocking pattern corresponds to a mixed jet cluster. This mixed

cluster is characterised by a split or strongly tilted North Atlantic jet (Madonna et al. [2017)).

Interestingly, a recent study by Dorrington and Strommen (2020) has stressed the role of jet

speed variability in determining stable regimes. By filtering out the linear variability of the
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eddy-driven jet, Dorrington et al. (2022)) identified regimes in the field linked to the spa-
tial features of the jet stream and its latitudinal position instead of variations in the jet speed.
This means that there are very different roles for the latitudinal and longitudinal jet variability
in determining [WR] patterns: the latitudinal position is closely linked to the individual regime
patterns thereby supporting the regime classification (Woollings et al. [2010; Madonna et al.
2017). By contrast, the longitudinal variability (characterised by the jet speed) generally rather
obscures the clustering results due to its strong projection on the field, which conversely
offers the possibility to identify more stable regimes by filtering out jet speed variations (Dor-
rington and Strommen [2020; Dorrington et al. 2022)). Dorrington and Strommen (2020) even
suggest decomposing the Euro-Atlantic circulation into one linear mode corresponding to a
zonal flow as described by the [NAOH- phase and three regimes, which describe nonlinear and
persistent deviations from the linear mode. Intriguingly these three stable regimes correspond
to the regimes in the historical simulation that resemble the observed patterns in
the ERAS reanalysis. Taking these findings into account, one may speculate that the deviation
of the simulated from the observed [NAOH- pattern could be a result of a misrepresentation
of the strength of the North Atlantic jet stream and its variability in the with

EC-Earth3, but this would require further investigation to confirm.

All in all, previous studies along with the results in this thesis suggest that the differences
between model and reanalysis could be a result of the North Atlantic biases in [SAT|and [SST] as
well as a bias in the North Atlantic eddy-driven jet stream. Considering that the atmospheric
spatial resolution in the is close to the lower range of resolutions evaluated in
Dawson et al. (2012)) and Dawson and Palmer (2015)), and taking into account the considerable
biases in the Euro-Atlantic sector and especially in the North Atlantic storm track region, the
representation of the patterns in the with EC-Earth is surprisingly good.
The ensemble simulates four regime structures and three out of the four regimes resemble the
observed patterns reasonably well. Only the observed [NAOH regime could not be reproduced
by the model.

6.2 How do future changes in weather regimes relate to changes

in tropospheric weather?

The response of the Euro-Atlantic to climate change has been rather conflicting in earlier
studies, as outlined in the Introduction, and most of these results are not consistent with the
changes seen in this thesis either. Studies have largely been devoted to investigating changes
in regime statistics by using the approach of pseudo-PCs. Cattiaux et al. (2013a)) found an

increase in [NAO}- frequency in models, which is in contrast to a decrease seen in the
SMHI-LENS| At first glance, the results by Hertig and Jacobeit (2014) appear to agree with
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the findings in this thesis for the regime responses to climate change: both the NAOH and
the Atlantic Ridge regime are projected to occur more frequently in the former, which is in
line with slightly higher frequencies of occurrence in Section [3] Considering that the [NAOH-
regime identified in the SMHI-LENS] does not resemble the observed pattern and that Hertig
and Jacobeit (2014) used the pseudo-PCs approach, this agreement appears to be rather by
chance however. The same applies to the increase in [NAOH frequency identified by Fabiano
et al. (2021)). No significant long-term trend in regime frequencies was found in Ullmann et al.
(2014)), but the high-pressure anomaly over the Azores during Atlantic Ridge regimes was seen
to strengthen. This is in contrast to a weakening of the ridge in the geopotential height field
seen during this regime under the [SSPp-8.5 scenario as simulated by the SMHI-LENS]

Even more literature exists on the effect of climate change on blocking activity and there
seems to be general agreement on a reduction in winter blocking frequency in strong warming
scenarios (de Vries et al. 2013} Davini and D’Andrea [2020; Bacer et al. |[2022). However, Masato
et al. (2014) found a slight increase in Atlantic blocking frequency, which agrees with the more
frequently occurring Atlantic Ridge regimes in the [SSP5-8.5 [SMHI-LENS| simulation (Fig. {4),
and no changes for European blocking in four [CMIPp models under [RCPR.5 forcing. In line
with the former studies, the SMHI-LENS| under the [SSPp-8.5 scenario simulates a reduction
in Scandinavian Blocking frequency of roughly 1% (compare Figures [3| and . Davini and

D’Andrea (2020)) even suggested that the actual response in blocking frequency reduction might
be stronger than projected by current [CMIP] models considering the under-representation of
simulated blocking frequency for historical periods and that models with higher frequencies of
occurrence project larger reductions (Davini and D’Andrea 2020). In the spatial patterns of
winter European blocking events, Kennedy et al. (2016) and Nabizadeh et al. (2021)) identified
a general, yet spatially nonuniform, strengthening of the anomalies under future warming
scenarios. This strengthening is not confirmed by the future simulation with the
seen in Figure [ Additionally, disagreement exists on a possible spatial translation of the
blocking centres, also in the literature: While the response was noticeably shifted westward
in Nabizadeh et al. (2021)), an eastward shift was reported by Masato et al. (2014). Neither the
Atlantic Ridge nor the Scandinavian Blocking is seen to move under the [SSPp-8.5 scenario in
this thesis.

Generally, as mentioned in the introduction, the common methodology in previous studies of
responses of [WR] patterns to climate change was based on projecting the future fields on the
reduced phase space obtained from present-day reference data (i.e. the pseudo approach).
These studies thereby ignore variability in the spatial patterns, since particular regime patterns
from the reference dataset are prescribed. This approach is often motivated by an early study
by Palmer (1999)), who found geographical regime structures to be unaffected by the external
forcing both in theoretical considerations and integrations. There, the system responded
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primarily through changes in regime statistics (Palmer 1999). This prompted following studies
to characterise the [WR] response to climate change in terms of changes in regime occurrence
and persistence (Cattiaux et al. 2013a; Ullmann et al. [2014; Fabiano et al. 2021). However,
this approach breaks down if the regimes experience spatial changes or if the regime patterns
are not represented correctly in climate models, thereby likely introducing additional uncer-
tainties, as elucidated in detail in Dorrington et al. (2022)). These considerations served as
one major motivation for the methodology applied in this thesis: By not prescribing regime
structures for the simulations, new patterns can evolve. However, as seen in
the misrepresentation of the NAOH regime in the historical simulation, this again introduces
new challenges in the interpretation of the results for the future scenario. Nevertheless, since
the general weakening of anomalies in the composites in the future simulation is quite

consistent for all regimes, this allows for confidence that similar changes can be expected for
the observed [NAOH- pattern.

As described before, there is a close connection between the position of the North Atlantic
eddy-driven jet stream and Euro-Atlantic WRsl Hence it appears logical that jet changes
might lead to changes in these (Dorrington et al. [2022)). Furthermore, the position of
the North Atlantic jet stream is directly associated with the North Atlantic storm track: the
jet streams are just to the south of the storm tracks (Madonna et al. [2017)) and, in the time
mean, storm tracks and jet stream closely follow one another (Lofverstrom [2020)). Changes in
the position and the intensity of storm tracks, on the other hand, are related to the response of
the mid-latitude temperature gradient to climate change (Shaw et al. 2016). Moreover, spatial
changes in [WR] patterns have been seen to be associated with jet and storm track changes in
model simulations (Piazza et al. |2016). Here a lot of uncertainty in future projections comes
into play: The mid-latitude temperature gradient is subject to competing processes, leading
to a tug-of-war on the response of the storm tracks (Shaw et al. 2016; Catto et al. 2019; Yu
et al. 2023). While the warming of the tropical upper-troposphere due to enhanced latent
heat release in tropical convection as well as ocean warming at lower latitudes acts to increase
the meridional temperature gradient, intensify and push the mid-latitude jet poleward, Arctic
surface warming that is enhanced by [AA] can be seen to have the opposite effect on the jet
stream and storm tracks (i.e. a weakening and equatorward shift) (Shaw et al. 2016; Peings
et al. [2017). The actual response to climate change will depend on the relative influence of
these competing processes. However, there is emerging evidence for a more zonal mid-latitude
circulation along with a squeezing of the North Atlantic jet under a changing climate, which
could reconcile the tug-of-war between the opposing effects of upper-tropospheric warming and
(Barnes and Polvani [2013} Peings et al. [2017; Peings et al. [2018]).

A zonalisation of the mid-latitude circulation and the storm tracks was also seen in the [SSPH-

8.5 simulation with the [SMHI-LENS| in this thesis (Fig. @ along with a weakening of the
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North Atlantic storm track. This decrease in storm track activity indicates a reduction of
geopotential height variability in the (since storm tracks were identified in the
standard deviation of high-pass filtered compare Figure @ This decrease is in line
with generally weaker geopotential height anomalies identified in the future simulation for the
different regime patterns (compare Figure . Although no agreement on the response of the
North Atlantic jet speed to external forcing was seen in different [CMIPB models in Woollings
and Blackburn (2012), the weakening of storm track activity seen in this thesis assorts well
with a weakening of the polar vortex and the jet stream in response to reduced Arctic sea ice
in an atmospheric described in Crasemann et al. (2017) and the decrease in extratropical
cyclone intensity under increasing greenhouse gas concentrations in [CMIPH models in Catto
et al. (2019). According to Francis and Vavrus (2015), a weaker jet stream is associated with
a more meridional (i.e. wavier) flow character, which in turn could increase the frequency of
extreme weather events due to persistent jet stream configurations. Other studies, however,
project a strengthening for the wintertime North Atlantic storm track (Peings et al. 2018)),
which is not found in the SMHI-LENS| with EC-Earth3, and the response is generally stronger
in the current ensemble compared to its predecessor (Harvey et al. 2020; Priestley and
Catto [2022)).

6.2.1 Temperature changes

To evaluate future temperature changes, a general remark about global warming simulated
by models needs to be made. A very recent study by Pan et al. (2023) recommends
caution when interpreting Arctic climate change projected by [CMIPB models from the NEMO
family. They found a common overestimation of [AA]in climate models that employ the NEMO
ocean component family when investigating the response to [SSPp-8.5 forcing, independent of
the choice of atmosphere and sea ice models. They attribute the increased [AA] to stronger
poleward ocean heat transport in this group of models compared to other [CMIPf members.
However, taking into account that non-NEMO models are found to slightly underestimate [AA]
in historical simulations, NEMO-family models may even perform better at projecting future
Arctic climate change despite their overestimation of poleward ocean heat transport, since
historical winter mixed-layer depth and sea ice extent are closer to observations (Pan et al.
2023). Nevertheless, keeping in mind that EC-Earth3 belongs to the NEMO-family climate
models, the future Arctic warming projected by the SMHI-LENS] is most probably rather at

the upper end of the range of possible temperature responses, even within [SSPp-8.5 simulations.

In general, temperatures are projected to rise in response to increased greenhouse gas emissions
with the strongest increase in mean temperatures over the Arctic due to (as also seen in
the future scenario ensemble mean in Figure ) and the future changes simulated by
the with EC-Earth3 are reported to be significant almost everywhere (Wyser et
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al. 2021)). Furthermore, there is strong evidence that the magnitude and probability of warm
events are increasing under global warming (Walsh et al. [2020; Arias et al.|2021)). This appears
to be in contrast to the finding of a more narrow [SAT] distribution and less intense temperature
extremes for most northerly latitudes as seen in Section [o|in this thesis. The increase in warm
events in other studies, however, is rather an indication of the general background warming

since extremes are often defined relative to the current climate (Walsh et al. [2020).

This motivates a look at additional statistical quantities, other than changes in the climato-
logical average. Tamarin-Brodsky et al. (2020) investigated the response of temperature mean,
variability, skewness, and extremes to strong [RCPR.5 warming scenarios in [CMIPH models.
They developed a theory explaining the dynamic generation of variance and skewness changes
from changes in the mean temperature gradient, thereby also accounting for the response to
global warming. In this framework, decreases in temperature variance are a direct consequence
of the weakening of the mean temperature gradient due to reduced advection and temperature

skewness is generated by linearly advecting non-uniform background temperature gradients.

As expected and in line with previous studies, both an increase in mean temperature and
an additional decrease in temperature variance for northerly latitudes are observed (compare
Figure 1c-d in Tamarin-Brodsky et al.[2020). This mean warming along with a decrease in
variability yields an explanation for an increase in warm events in a future climate (relative to
the current climate), and at the same time allows for the decrease seen in temperature extremes

for northerly latitudes in this thesis, which were computed relative to the future climate.

Also temperature skewness is projected to change under strong forcing scenarios. As a reminder:
skewness measures the asymmetry between the positive and negative tails of a probability
distribution, a symmetric (Gaussian) distribution consequentially has zero skewness. Skewness
is positive (negative) if strong warm (cold) anomalies are more frequent. By the end of the
century, Tamarin-Brodsky et al. (2020) showed negative wintertime skewness changes over
most of the Northern Hemisphere (compare their Figure 7f in the extended data). South of the 0
°C temperature line, a positive skewness shift was observed (Tamarin-Brodsky et al.2020). The
increase in variance in combination with the negative skewness change over northerly latitudes
implies a stronger weakening of warm anomalies. This was suggested to be related to the effects
of melting snow and sea ice, which is in line with the reasons discussed in Section |5 and the
generally stronger reduction in warm extremes in Figure [15| compared to cold extremes. It is
interesting to note that in their main manuscript, Tamarin-Brodsky et al. (2020)) investigated
changes at the 850 hPa level. They mention that their findings for the winter mean and variance
apply to[SAT]as well, but that changes in winter skewness are of opposite sign for most northerly
latitudes: positive at the 850 hPa level due to horizontal advection arguments and negative

near the surface in relation with snow and sea-ice loss as described above.
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The response to the strong warming scenario in the regime composites (Fig. was seen
to be in line with the changes in the [WR] patterns. In the ERA5 reanalysis and the historical
simulation, warm anomalies were seen to align with ridges, while cold conditions were
rather co-located with troughs. This connection is seen to remain in the future, but the general
weakening of anomalies under [SSPp-8.5 forcing implies reduced gradients, thereby

affecting the advection of warm and cold air by the large-scale circulation (Hurrell et al. 2003)).

Cattiaux et al. (2013a) investigated the response of European temperatures in to the
[RCPR.5 scenario using the [WR] approach and found a moderate cooling effect in connection
with a reduction in [NAO}- frequency, which is not seen in the as mentioned before.
By separating the contributions of large-scale dynamics and regional processes to changes, they
concluded that the projected European warming at the end of the 215 century is not primarily
driven by circulation changes but rather by non-dynamical processes. Shifts in the Euro-
Atlantic circulation are instead found to contribute to the inter-model spread. Again, their

results were obtained by using pseudo{PCdand large spatial variability was actively suppressed.

Also the changes in temperature anomalies associated with blocking were investigated in several
modelling studies and mostly attributed to changes in large-scale thermal advection (Kennedy
et al. 2016; Woollings et al. [2018). Reduced amplitudes were found for both [SAT| and [Z500]
anomalies during Atlantic blocking conditions under strong [RCPR.5 forcing applied to four
different models (Masato et al. 2014). A weakening of the cooling associated with
Atlantic winter blocking, especially over northeastern Europe, was also identified in Sillmann
et al. (2011) in climate simulations with a coupled . In fact, the decrease in both
and [SAT] anomalies is in line with the changes seen during Atlantic Ridge regime conditions

under the future -8.5 scenario simulation with the[SMHI-LENS|in this thesis (Figs. 4c and

) and also agrees with a general reduction in temperature variance as discussed before. Also

during European blocking regimes, both the positive temperature anomalies over northern
Europe and the cold anomalies over southern Europe have been reported to weaken under
future warming experiments with an atmospheric model (Kennedy et al. 2016). Considering
the general warming that is stronger over the Arctic Ocean and the European landmasses than
over the Atlantic (see Fig. ) yields an explanation for this reduction: The anticyclonic large-
scale circulation during these blocking episodes features warmer easterly winds to the south of
the European ridge, while the westerlies to the north are warmed less by the subjacent ocean
(Kennedy et al.|2016). In line with this, the Scandinavian Blocking regime in the
—8.5 simulation is characterised by weaker anomalies (Fig. ) A response that is
not seen in the is a northeastward shift of the European winter blocking that is
reported in Sillmann and Croci-Maspoli (2009) and Masato et al. (2014). If present, such a
shift in blocking location could imply larger impacts (also in terms of temperature extremes)

in regions that are less affected under the current climate (Woollings et al. 2018)).
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6.2.2 Changes in precipitation and storm tracks

In contrast to the reduction in anomalies, precipitation anomalies were seen to strengthen
in response to a strong warming scenario (Fig. . The general precipitation response to
global warming is given by a mean increase that is, in general terms, consistent with the
Clausius-Clapeyron relation (Held and Soden 2006; Catto et al. [2019; Walsh et al. [2020)). Per
°C of warming, an increase in atmospheric water vapour of 7% is expected, thereby effectively
leading to more precipitable water in a warmer climate. Also intense precipitation associated
with extratropical cyclones is projected to increase in these warmer and moister conditions
(Catto et al.2019). This is in line with the projected general increase in total precipitation for
most regions in the [SSPp-8.5 simulation ensemble mean (Fig. [pld). However, while future [SAT]
changes in the SMHI-LENS| were found to be significant, the precipitation response is much
less robust and needs more ensemble members to be detected (Wyser et al. 2021)). This has

also been reported for other models (Deser et al. [2012).

Again, as discussed for [SAT], not only the mean is subject to change, but also precipitation
variability is altered in future climate simulations. In accordance with a wider precipitation
distribution in the future simulation as seen in the increase in the probability of
dry and wet extremes of historical magnitude (Figs. and , precipitation variability is
projected to increase in most regions in and other climate model large ensembles in
response to .5 forcing (Pendergrass et al. 2017)). This increase in precipitation variability
is at least of the same order as the mean precipitation increase. However, it is weaker than the
increase in moisture explained by the Clausius-Clapeyron relation and also than the increase
in extreme precipitation, indicating that the effect of enhanced atmospheric moisture is to
some extent attenuated by circulation changes (i.e. a weakened circulation related to enhanced
mid-latitude stability) (Pendergrass et al. 2017).

Naturally, the modulation of the jet stream position and intensity during the different
is also reflected in the accompanying extratropical cyclone activity (Madonna et al. 2017).
Pasquier et al. (2019) described the connection between these regime-dependent changes in
the large-scale flow and the occurrence of atmospheric rivers and heavy precipitation events
(compare also Yiou and Nogaj 2004). This link seems obvious considering the close connection
between the North Atlantic jet stream and storm track and including the fact that most mid-
latitude precipitation extremes are associated with storm tracks (Shaw et al. |[2016]). Moreover,
this connection strongly suggests that North Atlantic jet stream and storm track responses to
climate change are directly linked to changes in the Euro-Atlantic

The expected changes in response to global warming, however, are less straight-forward, as
elucidated before in the discussion of the tug-of-war between the opposing effects of [AA] at the
surface and upper-tropospheric warming in the tropics (Shaw et al. [2016; Catto et al. 2019;
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Harvey et al.|2020). The actual response to enhanced greenhouse gas forcing will depend on the
relative importance of these opposing influences. This is still under investigation, thereby also
leading to a large spread in the modelled precipitation responses since the occurrence of wet
extremes is favoured by strong storm track activity, while dry episodes are more connected to
low activity (Lehmann and Coumou 2015) as was also seen in Chang et al. (2022), who estimated
the impact of storm track changes on precipitation in and [CMIPB models. Regionally,
they found substantial differences in the storm track changes projected by the models that can

lead to significantly different regional precipitation impacts (Chang et al. 2022)).

In line with this tug-of-war on storm track impacts, Yu et al. (2023)) identified opposing influ-
ences of global ocean warming and sea-ice loss on precipitation. These opposing impacts are
closely related to coincident changes in storm density and intensity, namely an equatorward
shift of the North Atlantic storm track in response to sea-ice loss and a northeastern extension
due to ocean warming. The future precipitation changes in the (Fig. [B{), which
are dominated by a general wetting trend, are more in line with the response to future global
ocean warming than to Arctic sea-ice loss in Yu et al. (2023)). Also the projected drying in the
Mediterranean region agrees with the response to increasing [SSTs Only the drying over the
Atlantic south of Iceland appears to rather be attributed to Arctic sea-ice loss than increasing
and is also present in the combined response to these opposing effects in Yu et al. (2023).

Connecting and precipitation changes, Tsanis and Tapoglou (2019) found an increase in
winter precipitation over northern and a decrease over southern Europe in accordance with
more frequent extremely positive [NAQ] phases. While this general precipitation trend was
confirmed by McKenna and Maycock (2022)), they described the ’s role in precipitation
projections to be small over northern Europe, whereas its role over southern Europe was seen
to be substantial, thereby offering the potential for improved precipitation projections over
this area by more reliably simulating changes in the (McKenna and Maycock 2022).
Unfortunately, this increase in NAOH occurrence is hard to compare to the SMHI-LENS]| due
to the misrepresentation of this regime. However, the more observation-consistent NAO}- regime
experiences a frequency decrease in the SMHI-LENS|[SSPH-8.5 simulation, which is in line with
Tsanis and Tapoglou (2019) and McKenna and Maycock (2022]).

A striking feature of the future simulation is a dry ’blob’ south of Iceland seen
in the changes of total precipitation anomalies relative to the historical simulation (Fig. ),
which is in contrast to a general wintertime wetting trend at northerly latitudes. This dry
'blob’ appears to also affect the changes in dry extremes for all regimes (Fig. as described
in Section . Also Zappa et al. (2013b)), looking at .5 and 8.5 simulations in models
(see their Fig. 2e), as well as Pendergrass et al. (2017)), evaluating [RCPR.5 projections
(their Fig. 2), found a decrease in precipitation in this region, although less confined than

the SMHI-LENS| dry ’blob’ region. As mentioned above, also Yu et al. (2023)) found a drying
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trend in this area in [CMIPP simulations (their Fig. 8) and pointed to Arctic sea-ice loss as the
main driver. Another interesting aspect to consider could be changes in the Atlantic meridional
overturning circulation (AMOC), since a large decline thereof has been connected to a reduction

in precipitation south of Iceland in Bellomo et al. (2021)).

Taking into account that most of the precipitation in the mid-latitudes is brought by extratrop-
ical cyclones along the storm tracks, this local drying trend could potentially be associated with
changes in the intensity and location of the North Atlantic storm track. One could speculate
that the general weakening and more zonal orientation of the storm track that is seen in the
—8.5 scenario simulation at the end of the century (Fig. @ is a potential contributor to
the dry ’blob’: A weaker and more zonally oriented North Atlantic storm track advects less
precipitation from the southwest, instead more precipitation is brought from the west. When
ascending over southern Greenland, these westerlies could favour orographic convection and
increased precipitation over southeast Greenland, while reducing precipitation further down-
stream the North Atlantic storm track in the region south of Iceland. This is just a potential
explanation of the observed dry 'blob’ under the [SSPp-8.5 scenario and requires further study

to confirm.

Baker et al. (2019) also highlighted the role of horizontal resolution in modelling the precip-
itation associated with extratropical cyclones. Their study suggests that sufficient horizontal
resolution is necessary to better resolve Greenland’s topography and the precipitation associ-
ated with extratropical cyclones downstream of orography. Concretely, they found more of this
precipitation over the Atlantic east of Greenland at higher resolutions (N512; corresponding to
ca. 25 km grid spacing) compared with lower resolutions (N96; ca. 135 km) under historical
forcing (see their Fig. 8). Under the —8.5 scenario, the difference in this region is less clear.
Since the resolution of the atmospheric component of the is closer to the lower
resolution simulation, this could be an additional factor to take into account when analysing

the precipitation response downstream of orography.

All in all, there still remains considerable uncertainty about future climate change in general
and the response of in particular. The results obtained with the in this
thesis are seen to be in line with some of the previous studies, especially the general changes
in and precipitation agree with the scientific consensus (Arias et al. |2021; Wyser et al.
2021). At the same time, the future of the Euro-Atlantic remains particularly unclear and
difficult to project. Since the use of pseudofPCs| on the one hand, assumes time-invariance of
the regime patterns, while, on the other hand, the agreement with observational regimes in this
thesis was notably affected by the use of the respective dataset’s[PCy|, the scientific community
appears to always be prompted to make a compromise. Nevertheless, the general changes in the

future simulation are seen to also apply to the different thereby allowing for
confidence in these results and promoting the (non-pseudo{PC|) approach used in this thesis.
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7 Summary and Conclusions

In this thesis, weather regime clustering was applied to reanalysis and climate model ensem-
ble data from the [Swedish Meteorological and Hydrological Institute Large Ensemble| (SMHI
LENS|) with EC-Earth3 to identify the changes in the dominant Euro-Atlantic [Weather regimes|
(WRs) in response to a strong global warming scenario. The emerging regime patterns were
compared between the different datasets before assessing the impact of the different on

tropospheric weather as seen in near-surface temperature [SAT] and precipitation as well as the

effect on extreme events with respect to those variables.

Using the ERAb reanalysis, the known wintertime Euro-Atlantic were identified in the
geopotential height field. These were seen to bring different [SAT| and precipitation
anomaly patterns that agree with the anomalies described in the literature. Despite con-
siderable biases, especially in the North Atlantic sector, the historical simulation
was able to reproduce an atmospheric circulation system with four distinguishable WRg The
quality of the individual regimes’ representations, however, differed. While Scandinavian Block-
ing was represented very well, the ensemble struggled most at reproducing the positive
phase. In accordance with the differences in the simulated compared to the observed [WRs
the modelled [SAT] and total precipitation patterns were similar for all but the NAOH regime.
These differences between ERA5 and the historical SMHI-LENS] results are likely attributable
to the North Atlantic biases in[SAT|and [SST], as well as a bias in the North Atlantic jet stream.
Nevertheless, considering these significant biases in the North Atlantic region and the model’s
resolution of around 80 km, the proved to be able to reproduce three out of four

weather regimes surprisingly well.

The response to the [SSPp-8.5 forcing scenario was investigated by looking at the emerging
regime patterns, their associated and precipitation composites as well as the changes
in extreme weather. Under the strong global warming simulation, the geopotential height
anomalies associated with the different remained very similar to the historical simulation.

However, the anomalies’ magnitude decreased for most regimes, thereby effectively reducing
the gradient. Only the [NAO} regime showed an increased gradient.

Likewise, the general SAT|and precipitation patterns were seen to be unchanged by the[SSPp-8.5
forcing. Nevertheless, while the magnitude of the anomalies and extremes decreased over
northerly latitudes, precipitation anomalies and extreme events were seen to mostly strengthen
for all WR] As discussed in Section [6, the [SAT] changes, corresponding to a narrowing of
the [SAT] distribution, can be understood in terms of a strongly elevated mean temperature
at the end of the century that is accompanied by a decrease in temperature variance. The
precipitation changes, on the other hand, given by a widening distribution, were postulated

to agree with enhanced atmospheric moisture and increased variability following the Clausius-
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Clapeyron relationship. Regional differences in the changes in the probability of extreme events
between the individual were seen to be in line with the composited mean and

precipitation patterns.

The primary objectives of this thesis were to investigate the future changes in the dominant
Euro-Atlantic in response to a strong global warming scenario and to assess the accom-
panying temperature and precipitation changes. The [SMHI-LENS| with EC-Earth3 was seen
to be a useful tool in examining this response by giving robust results for the historical and
the future simulation, respectively. Generally, the in the showed a similar
spatial pattern under the [SSPp-8.5 scenario compared to the historical simulation albeit with
reduced magnitude for all regimes but the NAQ}-, and the [SAT] and precipitation changes ac-
companying the individual were seen to be in line with the general shifts expected under
global warming. Nevertheless, many uncertainties remain and motivate further investigation
of this topic. Especially the representation of the historical [WR] patterns in the SMHI-LENS]
was identified as a limiting factor. Considering their spatial agreement with the future regime
patterns, a more realistic representation would very likely also improve the [WR] projections.
But already with the shortcomings listed before, the SMHI-LENS| was able to give insights into

possible future changes, with these shifts being within the range discussed in the literature.

Using large ensembles like the SMHI-LENS] offers many possibilities for future studies. An
interesting extension of the work conducted in this thesis could be to compare the magnitude
of the forced response seen in the [SMHI-LENY] future simulation with the magnitude of the
natural variability in the ensemble. This could help to assess and interpret the seen response

in the different variables in light of their present-day and future internal variability.

Also studying the impact of the [EI Nifio-Southern Oscillation| (ENSO)) or the [Madden-Julian|
[Oscillation| (MJO) by only sampling within a certain state or phase could be a use
case for the SMHIELENS! Since interaction between these oscillations and the Euro-Atlantic
'WRs| especially the , has been described in previous studies (e.g. Cassou 2008; Fereday
et al. [2020)), this could further support the disentangling of the complex interplay that forms

the mid-latitude wintertime circulation.

Finally, repeating the analysis in this thesis with one or more large ensembles performed with

different models would help to review the results obtained with the SMHI-LENS]
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APPENDIX

Appendix

Methods

Pattern correlation coefficients
To compare two fields, area-weighted pattern correlation coefficients R, are calculated accord-

ing to the following formula:

Cov(a,b)

Ryt =
pet \/Cov(a,a) Cov(b,b)

(1)

where the covariance Cov(a,b) of two fields weighted by a vector of weights w is given by

i]\il wi(Xa,i - 7a)()(b,i - Yb)

Cov(a,b) = 2 SR

The weighted average X of the fields is obtained following:

N
X — D iz Xi Wi

Y i =1V, ()

In our case of area-weighted pattern correlation coefficients, the vector of weights w corresponds

to the cosines of latitudes ¢: w = cos(y).

To use this formula, the fields need to be flattened and the vector of weights needs to be adjusted

accordingly. Then N corresponds to the number of latitudes times the number of longitudes.
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APPENDIX

Supplementary tables

Table Al: Variance of the |[Z500] anomalies explained by the leading four EOFs in ERA5, the

Dataset

Explained variance

ERAS5 Reanalysis

Historical SMHI-LENS
SSP5-8.5 scenario SMHI-LENS

55.1%
53.1%
52.2%

historical and the [SSPp-8.5 simulation, respectively.

Scandinavian Atlantic
NAO+ Blocking Ridge NAO-
ERAS5 and . -0.071 0.933 0.697 0.651
historical scenario
Historical and
SSP5-8.5 scenario 0.923 0.987 0.925 0.900

Table A2: Pattern correlation coefficients for the geopotential height anomalies associated with
the different weather regimes identified in ERA5, the historical ensemble simulation

and the future scenario simulation with the SMHI-LENS|
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Supplementary figures
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Figure Al: Composited geopotential height anomalies for the identified using the leading
8 EOFs of anomalies in the ERAb reanalysis data.
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Figure A2: Weather regime composites as in Figure but using the leading 10 EOFs.

63



APPENDIX

(a) NAO+

T
P

(b) Sc. Bocking
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Figure A3: Composited median of total precipitation anomalies for the four identified in
ERAS for the period 1979-2021.
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