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ABSTRACT

The frequency and intensity of European summer heatwaves (EuSHWSs) have in-
creased in recent years causing large humanitarian and economic losses. Yet, our
ability to anticipate the occurrence of EuSHWs is very limited, and the timing and
location of EuSHWs can only be predicted a week in advance. Several case studies
suggested that North Atlantic sea surface temperature anomalies (SSTAs) might pre-
cede EuSHWs, indicating different patterns as early as in spring. Such SSTAs might
have influenced the occurrence of past EuSHWSs. However, the limited number of
observed events associated with several physical mechanisms prevented a robust
identification of spring North Atlantic SSTAs as precursors of different EuSHWs .
In this dissertation, I identify the most important spring North Atlantic SSTAs that
precede EuSHWs to, in turn, open the possibility of extending the predictability of
EuSHWs up to a season ahead.

I overcome the limitation of case studies by combining 100 historical simulations
of the MPI Grand-Ensemble with explainable neural networks. I find that a spring
North Atlantic tripolar pattern with positive SSTAs in the Subtropical Gyre is a
common precursor of EuSHWs. The North Atlantic tripolar pattern with positive
SSTAs in the Subtropical Gyre is related to negative winter and spring precipita-
tion anomalies over Europe, which reduce the soil moisture and precondition the
occurrence of EuSHWs. Furthermore, I find that positive spring SSTAs in distinct
regional seas are a precursor of distinct EuSHWSs. While positive SSTAs around the
Iberian Peninsula indicate the occurrence of western EuSHWS, positive SSTAs in
the Mediterranean, North, and Baltic Seas indicate the occurrence of southeastern
EuSHWs. Positive regional SSTAs enhance the persistence of spring high-pressure
anomalies in different parts of Europe, reducing the precipitation and early summer
soil moisture, and preconditioning the occurrence of distinct EuSHWsS.

However, a relatively coarse resolution of the MPI-Grand Ensemble leads to
model biases, and the model might misrepresent the relationships between spring
North Atlantic SSTAs and EuSHWs. Therefore, I test the applicability of the spring
North Atlantic tripolar pattern and regional SSTAs to anticipate the occurrence of
recent EuSHWSs. I employ the GFCS2.1 seasonal forecast system initialized in May,
which runs the high-resolution version of the MPI-ESM model, as well as ERA5
reanalysis product, and EOBS and OISST observational datasets. I find that in all
datasets the probability of western EuSHW occurrence is increased with the spring
tripolar North Atlantic pattern with positive SSTAs in the Subtropical Gyre, and
with positive SSTAs around the Iberian Peninsula. Furthermore, the probability of
southeastern EuSHW occurrence is increased with positive spring SSTAs in the
Mediterranean, North, and Baltic Seas. In contrast, the probability of EuUSHW oc-
currence is reduced with negative spring SSTAs averaged over the regional seas.

Overall, this dissertation contributes towards the seasonal predictability of EuSHWSs
and it opens an opportunity to develop an early warning system of EuSHWSs based
on spring North Atlantic SSTAs.



ZUSAMMENFASSUNG

Die Héaufigkeit und Intensitdt der sommerlichen Hitzewellen in Europa (EuSHW)
haben in den letzten Jahren zugenommen und verursachen grofie humanitiare und
wirtschaftliche Verluste. Dennoch ist unsere Moglichkeit, das Auftreten von EuS-
HWs vorherzusehen, sehr begrenzt, und der Zeitpunkt und der Ort von EuSHWSs
konnen nur eine Woche im Voraus vorhergesagt werden. Mehrere Fallstudien deu-
ten darauf hin, dass Anomalien der Meeresoberfldchentemperatur (SSTAs) des Nord-
atlantiks den EuSHWs vorausgehen konnten und bereits im Friithjahr unterschiedli-
che Muster aufweisen. Solche SSTAs konnten das Auftreten vergangener EuSHWSs
beeinflusst haben. Die begrenzte Zahl der beobachteten Ereignisse, die mit verschie-
denen physikalischen Mechanismen in Verbindung gebracht werden, verhinderte
jedoch eine eindeutige Identifizierung der nordatlantischen Friihjahrs-SSTAs als
Vorldufer verschiedener EuSHWs. In dieser Dissertation identifiziere ich die wich-
tigsten nordatlantischen Friihjahrs-SSTAs, die EuSHWSs vorausgehen und eroffne
damit die Moglichkeit, die Vorhersagbarkeit von EuSHWSs auf eine Saison im Vor-
aus zu erweitern.

Ich bewiltige die Einschrankungen von Fallstudien, indem ich 100 historische
Simulationen des MPI Grand-Ensemble mit erkldrbaren neuronalen Netzen kom-
biniere. Ich stelle fest, dass ein tripolares Friihjahrsmuster im Nordatlantik mit
positiven SSTAs im Subtropischen Wirbel ein hdufiger Vorlaufer von EuSHWsS ist.
Das nordatlantische tripolare Muster mit positiven SSTAs im Subtropischen Wirbel
steht im Zusammenhang mit negativen Winter- und Friihlingsniederschlagsanoma-
lien iiber Europa, die die Bodenfeuchtigkeit verringern und das Auftreten von EuS-
HWs voraussetzen. Dariiber hinaus stelle ich fest, dass positive Friithjahrs-SSTAs
in verschiedenen regionalen Meeren ein Vorldufer fiir verschiedene EuSHWs sind.
Wiéhrend positive SSTAs um die Iberische Halbinsel auf das Auftreten westlicher
EuSHWs hinweisen, deuten positive SSTAs im Mittelmeer, der Nord- und Ostsee
auf das Auftreten siidostlicher EuSHWs hin. Positive regionale SSTAs verstirken
die Persistenz von Friihjahrs-Hochdruckanomalien in verschiedenen Teilen Euro-
pas, verringern die Niederschldge und die Bodenfeuchtigkeit im Frithsommer und
sind die Voraussetzung fiir das Auftreten von ausgeprigten EuSHWs .

Die relativ grobe Auflosung des MPI-Grand Ensemble fiihrt jedoch zu Modell-
verzerrungen und das Modell konnte die Beziehungen zwischen den SSTAs im
Frithjahr im Nordatlantik und den EuSHWs falsch darstellen. Daher priife ich die
Anwendbarkeit des tripolaren Friihjahrsmusters des Nordatlantiks und der regio-
nalen SSTAs zur Vorhersage des Auftretens der jiingsten EuSHWs. Ich verwende
das saisonale Vorhersagesystem GFCS2.1, das im Mai initialisiert wurde und mit
der hochauflosenden Version des MPI-ESM-Modells sowie mit dem Reanalysepro-
dukt ERA5 und den Beobachtungsdatensidtzen EOBS und OISST arbeitet. Ich stelle
fest, dass in allen Datensédtzen die Wahrscheinlichkeit des Auftretens des westli-
chen EuSHW mit dem tripolaren nordatlantischen Frithjahrsmuster mit positiven
SSTAs im Subtropischen Wirbel und mit positiven SSTAs um die Iberische Halb-
insel erhoht ist. Dariiber hinaus wird die Wahrscheinlichkeit des Auftretens von
EuSHW im Siidosten durch positive Frithjahrs-SSTAs im Mittelmeer, in der Nord-
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und Ostsee erhoht. Im Gegensatz dazu verringert sich die Wahrscheinlichkeit des
Auftretens von EuSHW bei negativen Friithjahrs-SSTAs im Durchschnitt {iber die
regionalen Meere.

Insgesamt leistet diese Dissertation einen Beitrag zur saisonalen Vorhersagbarkeit
von EuSHWSs und eroffnet eine Moglichkeit, ein Frithwarnsystem fiir EuSHWs auf
der Grundlage der nordatlantischen Friihjahrs-SSTAs, zu entwickeln.
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UNIFYING ESSAY






LINKING SPRING NORTH ATLANTIC SEA SURFACE
TEMPERATURE ANOMALIES TO THE OCCURRENCE OF
EUROPEAN SUMMER HEATWAVES

1 INTRODUCTION

Global mean surface temperatures have already increased by 1.1 °C since the prein-
dustrial times due to human activities according to the last report of the Inter-
governmental Panel on Climate Change (IPCC, 2023). Albeit a one-degree increase
might not create an immediate alarm in society, the increase in temperatures is not
spatially and year-to-year uniform (Easterling et al., 1997; Meehl et al., 2012). Due to
complex interactions between different components of the climate system, a small
global long-term temperature change can result in a disproportional variability of
the climate system leading to disastrous extreme events (Katz and Brown, 1992;
Mearns et al., 1984).

Atmospheric heatwaves are one example of such extreme events. In recent decades
the episodes of extreme heat have increased in frequency, duration, and intensity in
almost every region of the world (Perkins-Kirkpatrick and Lewis, 2020). Europe in
particular has been identified as a heatwave hotspot with increasing trends of up to
four times larger than the rest of the northern mid-latitudes (Rousi et al., 2022). Re-
cent European summer heatwaves (EuSHWs) led to devastating effects on human
health, the energy sector, and agriculture (Afiel et al., 2017; Brés et al., 2021; Lowe
et al.,, 2011; Robine et al., 2008). Yet, the prediction of EuSHWSs does not extend
beyond one week (Lavaysse et al., 2019), which limits the preparedness and the po-
tential to reduce the negative effects. This dissertation aims towards extending the
predictability by identifying patterns in spring North Atlantic SSTAs related to the
occurrence of EUSHWS.

1.1 How do European summer heatwaves form?

Heatwaves are meteorological events that are associated with anomalies in large-
scale atmospheric circulation. Although EuSHWSs can show different spatial pat-
terns associated with different physical mechanisms, all of them have a common
ingredient for their formation: persistent high-pressure anomalies over the affected
area (Stefanon et al., 2012).

Three main physical processes relate the high-pressure systems to extreme mid-
latitude temperatures in summer (Fig. 1) (Domeisen et al., 2023). First, high-pressure
systems are characterized by a downward movement of the air (Treidl et al., 1981).
The downward movement compresses and warms the air while reducing the rel-
ative humidity and restricting the formation of clouds. As a result, high-pressure
systems provide a stable and cloudless atmosphere that allows further warming of
the surface due to increased incoming solar radiation. Second, high-pressure sys-
tems block the westerly winds and restrict the intrusion of storms (Austin, 1980). In
the case of persistent high-pressure systems land-atmospheric interactions start to



Figure 1: Schematic representation of the main physical processes that relate the high-
pressure systems to mid-latitude summer heatwaves. Adapted from Domeisen
et al. (2023).

play a role. The increased temperatures and reduced precipitation can desiccate the
soil, reducing the latent cooling and increasing the sensible heating, and lead to an
amplification of the intensity of heatwaves (Fischer et al., 2007; Seneviratne et al.,
2006). Third, the circulation related to high-pressures advects warm southern air
towards the north. The northward displacement of hot plumes is associated with
the temperature peak of EuSHWs (Patterson, 2023).

Due to the chaotic behavior of the atmosphere, a successful prediction of persis-
tent high-pressure systems and the consequent onset and location of EuSHWSs does
not extend beyond one week (Domeisen et al., 2023; Lavaysse et al., 2019). How-
ever, slowly varying North Atlantic sea surface temperatures are able to influence
the atmospheric flow and precondition the occurrence of EuSHWs providing an
opportunity to extend the predictability in several months (Domeisen et al., 2023;
Gastineau and Frankignoul, 2015; Prodhomme et al., 2021).

1.2 The influence of the North Atlantic Ocean

The large-scale atmospheric and oceanic circulations over the North Atlantic are
connected by the exchange of heat at interannual timescale (Bjerknes, 1964; Watan-
abe and Kimoto, 2000). It has been shown that a change in the large-scale atmo-
spheric circulation affects North Atlantic sea surface temperatures, which persist
over time and affects back the atmosphere creating positive feedback (Watanabe
and Kimoto, 2000). The coupled large-scale patterns are the North Atlantic Oscilla-
tion in the atmosphere, a see-saw of surface pressures between the Azores high and
the Icelandic low, and the North Atlantic tripolar pattern in the ocean, the SSTAs of
opposite sign between the Subtropical Gyre, and the Subpolar Gyre and the tropical
Atlantic (Bjerknes, 1964).



Figure 2: April and May mean sea surface temperature anomalies during the year: (a) 2015,
(c) 2003. July and August 500hPa geopotential height anomalies in contour lines
and the intensity of heatwaves expressed as cumulative heat in shading during
the year: (b) 2015, (d) 2003.

The interaction between the atmosphere and the ocean over the North Atlantic
also occurs at seasonal timescale. While the changes in the atmospheric circulation
related to the winter North Atlantic Oscillation imprints the North Atlantic tripolar
pattern, the tripolar pattern persists throughout spring and modulates the atmo-
spheric flow (Chen et al., 2020; Czaja and Frankignoul, 1999, 2002; Song and Chen,
2023). Recent studies show that the spring North Atlantic tripolar pattern is related
to high-pressure anomalies and precipitation anomalies over Europe (Gastineau
and Frankignoul, 2015; Oss6 et al., 2018; Song and Chen, 2023) which could pre-
condition the occurrence of EuSHWSs by reducing the soil moisture and triggering
land-atmospheric interactions (Fischer et al., 2007; Seneviratne et al., 2006).

Several case studies suggested that the North Atlantic SSTAs influenced the oc-
currence of recent EuSHWs. On the one hand, the North Atlantic tripolar pattern
has been related to the 2015 EuSHW (Fig. 2a,b) (Duchez et al., 2016; Wulff et al,,
2017). According to Duchez et al. (2016), the negative SSTAs over the Subpolar
Gyre were responsible for the displacement of the Jet Stream and the persistence of
the high-pressure system over Europe leading to the occurrence of the 2015 EuSHW.
In contrast, Wulff et al. (2017) proposed that tropical SSTAs and the respective dia-
batic forcing were responsible for the Rossby waves that perturbed the atmospheric
flow and lead to the occurrence of the 2015 EuSHW.

On the other hand, SSTAs in different European regional seas have been related
to the occurrence of the 2003 EuSHW (Fig. 2c,d) (Feudale and Shukla, 2007, 2011).
Positive SSTAs in the North Sea reduced the meridional temperature gradient and
the baroclinic activity enabling high-pressures to persist over Europe (Feudale and
Shukla, 2011). The descending air associated to the high-pressure system restricted
the formation of storms and increased the temperature of the Mediterranean Sea.
Positive SSTAs in the Mediterranean Sea have been related to the reduction of Euro-



Figure 3: Illustration of a neural network model and the application of layerwise relevance
propagation (LRP). The neural network model is designed to use April and May
mean North Atlantic sea surface temperature anomalies (SSTAs) to provide the
probability of European summer heatwave (EuSHW) occurrence. The arrows in
black indicate the connection between neurons with weights and biases across
three layers: the input layer (blue), the hidden layer (green), and the output layer
(red). The arrows in magenta illustrate LRP, which provides the relevance of North
Atlantic SSTAs to predict the probability of EuSHW occurrence. Adapted from
Beobide-Arsuaga et al. (2023).

pean precipitation, and are considered responsible for half of the amplitude of the
2003 EuSHW (Feudale and Shukla, 2007; lonita et al., 2017).

The 2003 and the 2015 EuSHWs illustrate the difficulty of generalizing from case
studies the influence of spring North Atlantic SSTAs on the occurrence of EuSHW .
The low number of observed events that have been related to several physical pro-
cesses imped to robustly identifying the North Atlantic sea surface temperatures
as a precursor of EuSHWs. Single model initial-condition large ensembles (SMILEs)
combined with explainable neural networks offer a unique opportunity to robustly
investigate the link between spring North Atlantic SSTAs and the occurrence of
EuSHW .

1.3 The power of MPI Grand-Ensemble, neural networks, and layerwise relevance propa-
gation

SMILEs consist of a set of simulations based on a single climate model and exact
natural and anthropogenic forcing but are started from different initial conditions
(Maher et al., 2021). Due to the complex non-linear processes of the climate sys-
tem, a small difference at the start of the simulation leads to very different weather
and climate states (Lorenz, 1963). Hence, SMILEs provide different possible realiza-
tions of the climate system enabling a robust sampling of extreme events (Suarez-
Gutierrez et al., 2018).



The MPI Grand-Ensemble is the largest ensemble of a single comprehensive cli-
mate model and contains 100 historical simulations spanning between 1850 and
2005 (Maher et al., 2019). The simulations are based on the low-resolution version
of the MPI model and are forced with historical anthropogenic and natural emis-
sions. In total, the historical MPI Grand-Ensemble offers 15,600 years to identify a
large number of EuSHWs.

The historical MPI Grand-Ensemble simulations combined with neural networks,
one of the most versatile machine learning methods able to capture complex non-
linear relationships, provide a unique opportunity to relate spring North Atlantic
SSTAs to the occurrence of EuSHWSs (Dongare et al., 2012; Lecun et al., 2015). Neu-
ral networks consist of at least three consecutive layers of interconnected neurons
with adjustable weights and biases (Fig. 3): the input layer where the model intakes
information, one or several hidden layers where the information is non-linearly
transformed by the activation function, and the output layer where the model pro-
vides the deduced result.

Neural networks have been successfully applied as a statistical prediction tool
for different extreme climate events (Alemany et al., 2019; de Oliveira et al., 2009;
Marzban and Witt, 2001). However, neural networks are often criticized for be-
ing “black boxes”: They might provide an accurate prediction but they lack in-
terpretability on how they combine the input data across the weights and biases
in order to deduce the result (Samek et al., 2021; Toms et al., 2020). The lack of in-
terpretability has two main consequences. Firstly, the model might overfit the data
and try to learn from noise. Secondly, the utility of neural networks is restricted to
predicting a specific output and not to providing the mechanisms that lead to the
prediction.

Layerwise relevance propagation, an explainable artificial intelligence method,
aims to bring transparency into neural network models (Bach et al., 2015, Mon-
tavon et al., 2017; Toms et al., 2020). Layerwise relevance propagation provides the
relevance of each input feature and sample for the outcome of the network (Fig. 3).
The interpretability of neural networks not only increases the trust of neural net-
works as statistical prediction tools but also enables the discovery of new physical
connections (Mayer and Barnes, 2021; Toms et al., 2021). In this dissertation, I com-
bine the power of MPI Grand-Ensemble, neural networks, and layerwise relevance
propagation to robustly identify the most relevant spring North Atlantic SSTAs to
anticipate the occurrence of EuUSHW .

2 STATISTICAL DEFINITION AND CHARACTERIZATION OF HEATWAVES

The conceptual definition of heatwaves is relatively uniform among the literature,
and it could be summarized as an unusual warming of the air, or intrusion of very
warm air that affects a large area for several days to weeks (IPCC, 2021, WMO,
1992). However, the terms “warm air”, “large area” and “several days to weeks”
are subjective, and it does not exist a universal definition for heatwaves. This brings
us to the first challenge of this dissertation: The statistical identification and charac-
terization of heatwaves.



2.1 Defining heatwave days

The statistical definition of heatwaves strongly depends on the purpose of the study.
On the one hand, impact-based studies employ heatwave definitions with a specific
targeted group in mind (e.g. human health, agriculture, transport, or energy sector),
and can combine more than one variable to define a heatwave day (Barriopedro et
al., 2023; Perkins and Alexander, 2013). Taking human health as an example, hu-
man comfort will not only depend on the daily maximum temperatures but also
on the minimum temperatures reached at night, the humidity of the air, the wind
speed, and the radiation (Blazejczyk et al., 2013). On the other hand, studies that
focus on climate-related processes are usually based on univariate heatwave defini-
tions, which generally use surface air temperatures (Barriopedro et al., 2023). In this
dissertation, I use July and August daily maximum temperatures. The univariate
heatwave indices, albeit being more straightforward than the multivariate ones, are
not trivial. They require a selection of parameters and methodological choices that
will lead to different results.

The most common climate-based heatwave definitions require defining a thresh-
old that determines what an extreme is and defining the number of consecutive
days that the threshold must be exceeded. The most simple approach is to define a
fixed absolute value as a threshold (e.g. 30°C) and identify the days that rise above
it over the desired number of consecutive days. However, the main drawback of
fixed absolute thresholds is that they neglect the regional variations of the climate.
The days that exceed the previous example of 30°C will be considerably larger in
the Mediterranean regions when compared to the Scandinavian ones. A common
approach to consider the regional differences is to apply a percentile-based thresh-
old obtained from a distribution of each geographical point we aim to study during
a reference period.

The percentile-based thresholds can also be of diverse complexity. The most sim-
ple form of a percentile-based threshold is computed from a single distribution of
daily maximum temperatures. The largest constraint of the fixed percentile-based
thresholds is that they do not consider the seasonal and long-term variability of
the climate. A seasonally fix threshold implies that heatwaves will be more likely
to be identified during the climatological peak (i.e. at the end of July and the be-
ginning of August in the mid-northern hemisphere; Fig. 4a). Similarly, an interan-
nually fix threshold implies that the identification of the heatwaves will be affected
by the decadal variability of the climate and the long-term trend due to global
warming (Fig. 4b). An alternative method is to apply a percentile-based thresh-
old based on a seasonally and/or interannually varying distributions. While the
seasonally-varying percentile-based heatwave definition accounts for the season-
ality identifying a uniform number of heatwave days along calendar days (Fig.
4a), the interannually-varying percentile-based heatwave definition accounts for
decadal variability and the long-term trend (Fig. 4b).

The selection of the percentile and the number of consecutive days that the thresh-
old must be exceeded is to some extent arbitrary. Most of the studies use a range
from the 80" to 95™ percentile, and a range from three to six consecutive days
(Della-Marta et al., 2007; Fischer and Schér, 2010; Stefanon et al., 2012; Vogel et al.,
2020). The choice of the percentile number and the number of consecutive days



Figure 4: Number of identified heatwave days for historical (1850-2005) MPI Grand-
Ensemble ensemble mean applying heatwave definitions with: (a) seasonally fixed
and moving thresholds for each July and August calendar day; (b) interannu-
ally fixed and moving thresholds for each historical year. The seasonally moving
threshold is based on a centered 15-day running window. The interannualy mov-
ing threshold is based on a centered 31-year running window.

compromises the number of identified heatwave days and their intensity. While a
higher percentile number and consecutive days lead to the identification of fewer
but stronger heatwave days, a lower threshold and consecutive days lead to the
identification of more but weaker heatwave days. In this dissertation, I use a time-
varying percentile-based heatwave definition with goth percentile and three consec-
utive days.

2.2 Characterizing heatwaves

Several metrics have been used in the literature to characterize heatwaves (Bar-
riopedro et al., 2023). However, the most common metrics do not consider the
multi-dimensional effects of heatwaves and only measure a single aspect of their
characteristics: the intensity (e.g. maximum or averaged temperatures), the time
(e.g. duration or frequency), or the space (e.g. spatial extent). A recent metric intro-
duced by Perkins-Kirkpatrick and Lewis (2020), the cumulative heat, considers two
of them: intensity and duration.

The cumulative heat represents the excess of heat contributed by heatwaves, and
it is computed by a seasonal integration of daily maximum temperatures above the
defined threshold during heatwave days (Fig. 5). This rather simple but informative
metric also provides the option to combine the third dimension, the spatial dimen-
sion. By integrating the original cumulative heat metric over the area of interest, I
obtain a single number per year that characterizes the intensity of EuUSHW .

2.3 European summer heatwave catalogue

Using ERA5 dataset for the period 1982-2022 and applying the seasonally-varying
percentile-based heatwave definition combined with the cumulative heat metric I
create a EUSHW catalogue (Beobide-Arsuaga (2023), Appendix A). The catalogue is
part of my contribution to the ClimXtreme project (https://climxtreme.net/index.


https://climxtreme.net/index.php/en/
https://climxtreme.net/index.php/en/

Figure 5: The cumulative heat for a specific grid-point in central France during 2003 July
and August. The cumulative heat in the shaded red color is computed as the
seasonal (July and August) integration of daily maximum temperatures (T2max,
black line) above the threshold (red line) during heatwave days. Heatwave days
are identified when T2max exceeds the goh percentile based on a centered 15-day
running window and 1982-2011 reference period for at least three consecutive
days. ERA5 reanalysis data.

php/en/) and it led to several collaborations. In Rousi et al. (2022) we identify
Europe as a heatwave hotspot and relate the recent increase in western EuSHWs
to more persistent double jets over Eurasia. In Rousi et al. (2023) we elaborate a
multi-faceted analysis of the 2018 EuSHW and show among other results that its
occurrence was related to the spring North Atlantic tripolar pattern.

In the catalogue I show that my heatwave definition combined with the spatially
integrated cumulative heat metric identifies the most severe recent EUSHW years. I
list the ten EuSHW years with the highest cumulative heat and find that nine out
of these ten belong to the second half of the study period starting in 2003, which
highlights the recent increase of EuSHW intensity as shown in Rousi et al. (2022).
The most recent year, 2022, is set as the second most intense EuSHW year after the
year 2015. Other recent major heatwave cases such as the years 2003 and 2010, are
within the ten strongest EuUSHWs listed in the catalogue.

3 NORTH ATLANTIC SEA SURFACE TEMPERATURE ANOMALIES AS A PRECUR-
SOR OF EUROPEAN SUMMER HEATWAVES.: A CLIMATE MODEL-BASED AP-
PROACH

With a suitable statistical method to identify the most intense EuSHW years, I pro-
ceed to relate their occurrence to the variability of spring North Atlantic sea surface
temperatures (Beobide-Arsuaga et al. (2023), Appendix B). I apply the seasonally
and interannually varying heatwave definition and the spatially integrated cumu-
lative heat metric to MPI Grand-Ensemble historical simulations. From 15,600 his-
torical years I select 5,000 years with the highest cumulative heat and 5,000 years
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with the lowest cumulative heat. I refer to these two sets as EuSHW years and
non-EuSHW years, respectively.

I develop a fully connected neural network model with the supervised task of
differentiating the already identified EuSHW years and non-EuSHW years from
April and May North Atlantic SSTAs (Fig. 3). The architecture of the neural network
model is relatively simple with only three layers. The first layer is the input layer,
where the standardized North Atlantic SSTAs are fit into the model in a vectorized
form. The second layer is the only hidden layer with 20 neurons. The third layer
is the output layer and consists of two neurons: one for EuSHW years and one
for non-EuSHW years (more details in Beobide-Arsuaga et al. (2023), Appendix B).
The output neurons provide the probability of a given spring North Atlantic SSTA
field belonging to EUSHW years and non-EuSHW years. Although a more complex
architecture with several hidden layers could potentially improve the performance
of the neural network model, it would also hinder the interpretability of the results,
and hence, the physical connection between spring North Atlantic SSTAs and the
occurrence of EuUSHWs .

Using spring North Atlantic SSTA fields as an input my neural network model
is able to correctly classify 71% and 72% of EuSHW years and non-EuSHW years,
respectively. A performance that is substantially higher than 50% indicates that the
neural network model has found and learned patterns of the North Atlantic SSTAs
that are related to the occurrence of EUSHWSs. This brings us to the first question of
my dissertation.

Which spring North Atlantic SSTA is a precursor of EuSHWSs?

I find that the North Atlantic tripolar pattern with positive SSTAs in the Subtrop-
ical Gyre, and the positive regional SSTAs are a precursor of EuSHWSs (Beobide-
Arsuaga et al.,, 2023). The composite mean for correctly classified EuSHW years
shows the North Atlantic tripolar pattern with positive SSTAs in the Subtropical
Gyre and with negative SSTAs in the Subpolar Gyre and the tropical Atlantic. The
composite mean also shows positive SSTAs in the regional seas around the Eu-
ropean continent. In contrast, the composite mean of the correctly classified non-
EuSHW years shows the opposite pattern. It shows the North Atlantic tripolar pat-
tern with negative SSTAs in the Subtropical Gyre and with positive SSTAs in the
Subpolar Gyre and the tropical Atlantic, and negative SSTAs in the regional seas
around the European continent.

Furthermore, using layerwise relevance propagation I identify the positive re-
gional SSTAs as the most important North Atlantic SSTAs to differentiate between
EuSHW years and non-EuSHW years. The composite of the relevance maps high-
lights the positive SSTAs around the Iberian Peninsula, in the Mediterranean Sea,
in the North Sea, and in the Baltic Sea preceding EuSHWSs. A weaker relevance is
also found for the positive SSTAs in the Subtropical Gyre. However, the compos-
ite contains distinct relevance patterns that highlight positive SSTAs in different
regional seas as a precursor of distinct EuSHWs. Therefore, spring North Atlantic
SSTAs besides indicating the occurrence of EuSHWs can also indicate their location.
I apply the K-means clustering method (Hartigan and Wong, 1979) to classify the
relevance maps into three groups and address my second research question.
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Figure 6: On the left, April and May (AM) mean sea surface temperature anomaly (SSTA)
composites for the three clusters of layerwise relevance propagation clustering.
Green boxes indicate the regions with the highest relevance for each cluster. On
the right, linear regression analysis for AM mean SSTAs averaged over the green
boxes on the left, and AM mean 500hPa geopotential height (Z500) anomalies,
June soil moisture (SM) anomalies, and July and August (JA) heatwave intensity
anomalies expressed as cumulative heat. Adapted from Beobide-Arsuaga et al.

(2023).

Which spring North Atlantic SSTAs indicate the occurrence of EuSHWs, and
which indicate the location?

I find that the phase of the spring North Atlantic tripolar pattern indicates the
occurrence of EuSHWSs and that positive spring SSTAs in different regional seas
indicate the location of EuSHWs (Beobide-Arsuaga et al., 2023). The North Atlantic
tripolar pattern with positive SSTAs in the Subtropical Gyre is a common feature
that appears in all cluster composites, which indicates that it is a common precur-
sor of EuSHWs (Fig. 6). However, the three clusters highlight distinct regional seas
as the most relevant precursors of distinct EuSHWSs. The composite mean of the
first cluster indicates that positive SSTAs around the Iberian Peninsula are a pre-
cursor of western EuSHWSs. The second cluster indicates that positive SSTAs in the
Mediterranean Sea are a precursor of southeastern EuSHWSs. The third cluster indi-
cates that positive SSTAs in the North Sea and the Baltic Sea are also a precursor of
southeastern EuSHWs albeit of less intensity.

Yet, the results described above are a product of statistical analysis and require
a physical explanation that relates the spring North Atlantic tripolar pattern and
regional SSTAs to the occurrence and location of EuSHW .

Which physical mechanisms link the spring North Atlantic tripolar pattern and
regional SSTAs to EuSHWSs?
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The spring North Atlantic tripolar pattern with positive SSTAs in the Subtropical
Gyre relates in two ways to a deficit of winter and spring precipitation, leading
to anomalously dry soil and preconditioning the occurrence of EuSHWSs. On the
one hand, we have an indirect relationship. The spring North Atlantic tripolar pat-
tern is an expression of the previous winter North Atlantic Oscillation (Watanabe
and Kimoto, 2000). A positive phase of the winter North Atlantic Oscillation is
characterized by an increased sea level pressure gradient between the Azores high
and the Icelandic low (Wanner et al., 2001). The increase in the gradient is accom-
panied by a northward shift of the storm-track and negative winter precipitation
anomalies in southern Europe. On the other hand, we have a direct relationship.
The North Atlantic tripolar pattern persists from winter to spring and creates a re-
versed ocean-to-atmosphere forcing (Chen et al., 2020; Czaja and Frankignoul, 1999,
2002; Gastineau and Frankignoul, 2015; Oss6 et al., 2018). The change in meridional
temperature gradient associated with the North Atlantic tripolar pattern affects the
transient eddy activity, acting as a source of Rossby waves. Rossby waves affect the
atmospheric flow leading to persistent high-pressure and negative spring precipita-
tion anomalies over Europe (Song and Chen, 2023).

In addition, positive spring SSTAs in different regional seas enhance the per-
sistence of high-pressure anomalies and the deficit of precipitation over different
European regions, leading to distinct patterns of reduced soil moisture and condi-
tioning the location of strongest EuSHWs (Fig. 6). With a linear regression analysis
I show that positive spring SSTAs west of Iberian Peninsula are related to high-
pressure anomalies, and negative spring precipitation and early-summer soil mois-
ture anomalies in western Europe, amplifying the intensity of western EuSHWs.
Positive spring SSTAs in the Mediterranean Sea are related to high-pressure anoma-
lies, and negative spring precipitation and early-summer soil moisture anomalies
in southeastern Europe, amplifying the intensity of southeastern EuSHWs. Positive
spring SSTAs in the North Sea and Baltic Sea are related to high-pressure anoma-
lies, and negative spring precipitation and early-summer soil moisture anomalies
in southeastern Europe, amplifying the intensity of southeastern EuSHWs .

However, we should consider that the results described above are based on MPI
Grand-Ensemble historical simulations, which run the low-resolution version of the
MPI Earth System Model. A relatively coarse spatial resolution of the climate model
might lead to spurious connections between the spring North Atlantic SSTAs and
EuSHWSs. Miiller et al. (2018) showed that the increased model resolution reduces
the biases of upper-level zonal winds and the position of the jet stream. The upper-
level wind biases alter the propagation of Rossby waves induced by the North
Atlantic SSTAs (Li et al., 2021), which modulate the atmospheric flow and precon-
dition the occurrence of EuUSHWSs (Cassou et al., 2005; Kornhuber et al., 2020; Wulff
et al., 2017). Moreover, the influence of the North Atlantic SSTAs in preconditioning
the occurrence of EuUSHWSs might be affected by the ongoing increase of greenhouse
gas emissions and the consequent changes in the climate. Therefore, I next inves-
tigate the applicability of the spring North Atlantic tripolar pattern and spring
regional SSTAs to anticipate EuUSHWs .
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4 ON THE APPLICABILITY OF SPRING NORTH ATLANTIC SEA SURFACE TEM-
PERATURE ANOMALIES AS AN INDICATOR OF EUROPEAN SUMMER HEAT-
WAVE OCCURRENCE

I employ the German Climate Forecast System (GFCS2.1; Frohlich et al. (2021)), the
tifth atmospheric reanalysis generation of ECMWF (ERA5; Hersbach et al. (2020)),
and the European gridded land observational dataset (EOBS; Cornes et al. (2018))
and the Optimum Interpolation Sea Surface Temperature observational dataset
(OISST; Huang et al. (2021)) for the period 1982-2022 to test the applicability of
spring North Atlantic tripolar pattern and regional SSTAs as an indicator of EuSHW
occurrence (Appendix C). GFCS2.1 is a seasonal forecast system based on the MPI
high-resolution model (Miiller et al., 2018), it has been operational since 2020 and
consists of 30 ensemble members initialized in May. The ensemble members are
initialized from the assimilation run, which is obtained by continuous nudging of
atmospheric and oceanic conditions from the reanalysis data to bring the model
close to the observed state of the climate system (Frohlich et al., 2021).

After applying the seasonally-varying percentile-based heatwave definition and
the cumulative heat metric, I use K-means clustering to separate the strongest
EuSHW years with different spatial patterns from the weakest EuUSHW years (see
Appendix C). I obtain four clusters: the first cluster contains non-EuSHWs, the
second cluster contains the strongest EuSHWs that affect the entire European do-
main, the third cluster contains western-EuSHWSs, and the fourth cluster contains
southeastern-EuSHWs .

I test if spring North Atlantic SSTAs favor the occurrence of EuSHWs focusing on
the phase of the North Atlantic tripolar pattern and on the regional SSTAs: around
the Iberian Peninsula, in the Mediterranean Sea, and in the North and Baltic Seas.
I select 30% of the years with the most extreme spring SSTAs for each area of
interest and compute the probability of EuSHW occurrence for each subset. If the
probability ratio between the probability of EuSHW occurrence for each subset and
the probability of EuSHW occurrence during the entire study period is above one,
I determine that spring SSTAs are related to an increased likelihood of EuSHW
occurrence.

Are the spring North Atlantic tripolar pattern and regional SSTAs related to the
occurrence of EuUSHWSs in the GFCSz2.1 seasonal forecast system?

I find that the spring North Atlantic tripolar pattern and regional SSTAs are re-
lated to the occurrence of EUSHWS in GFCS2.1 (Fig. 7a). The probability of EuSHW
occurrence is increased with spring North Atlantic tripolar pattern with positive
SSTAs in the Subtropical Gyre, or with positive spring SSTAs averaged over the
regional seas. In contrast, the probability of EuUSHW occurrence is decreased with
spring North Atlantic tripolar pattern with negative SSTAs in the Subtropical Gyre,
or with negative spring SSTAs averaged over the regional seas. Furthermore, the
occurrence of EuSHWs is more related to regional SSTAs than to the phase of the
North Atlantic tripolar pattern. The increase of EUSHW occurrence probability is
higher with positive SSTAs averaged over the regional seas than with the North
Atlantic tripolar pattern with positive SSTAs in the Subtropical Gyre.

The probability of western and southeastern EuSHW occurrence is also increased
with the spring North Atlantic tripolar pattern with positive SSTAs in the Subtropi-
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Figure 7: For GFCS2.1, MPI Grand-Ensemble historical simulations (MPI-GE), ERA5 reanal-
ysis dataset, and EOBS and OISST observational datasets (OBS); (a) The probabil-
ity of European summer heatwave (EuSHW) occurrence relative to the climatol-
ogy for the upper (+) and lower (-) 30" percentile of April and May mean North
Atlantic tripolar pattern (NATP) index and regional SSTAs (REG); (b) The prob-
ability of western EuSHW occurrence relative to the climatology for the upper
30t percentile of the NATP index and the SSTAs surrounding the Iberian Penin-
sula (IB); (c) The probability of southeastern EuSHW occurrence relative to the
climatology for the upper 30" percentile of the NATP index, the SSTAs in the
Mediterranean Sea (MED), and the SSTAs in the North and Baltic Seas (NS). The
NATP index is computed as the SSTA difference between the Subtropical Gyre
(80°W-60°W, 25°N-35°N) and the Subpolar Gyre (40°W-25°W, 45°N-55°N). REG is
computed as the SSTAs averaged over the three regional domains: IB (12°W-5°E,
33°N-47°N), MED (5°E-28°E, 30°N-45°N) and NS (3°W-28°E, 50°N-65°N). The un-
certainties are computed with a 90% confidence after bootstrapping over each
SSTA subset.

cal Gyre, which indicates that it is a common indicator of the occurrence of different
EuSHWs (Fig. 7b,c). However, the occurrence of western EuSHW is more likely with
positive spring SSTAs around the Iberian Peninsula (Fig. 7b), and the occurrence of
southeastern EuSHWs is more likely with positive SSTAs in the Mediterranean Sea
and in the North and Baltic Seas, in the respective order (Fig. 7c).

The results obtained from GFCS2.1 are in general agreement with the ones ob-
tained from the MPI Grand-Ensemble historical simulations (Fig. 7). The agreement
indicates that regardless of the different study periods, resolution of the models, or
the initialization of the seasonal forecast system, in both datasets the spring North
Atlantic tripolar pattern with positive SSTAs in the Subtropical Gyre and positive
regional SSTAs are related to the occurrence of EuSHWs .

Are the spring North Atlantic tripolar pattern and regional SSTAs related to the
occurrence of EUSHWs in reanalysis and observational datasets?
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I find that the North Atlantic tripolar pattern with positive SSTAs in the Subtrop-
ical Gyre, and the positive SSTAs in the regional seas are related to the increased
probability of EuSHW occurrence in ERA5 and observational datasets (Fig. 7a). In
contrast, the negative SSTAs in the regional seas are related to the decreased prob-
ability of EuSHWSs occurrence. The probability of EuSHW occurrence does not con-
siderably change with the North Atlantic tripolar pattern with negative SSTAs in
the Subtropical Gyre.

Furthermore, not all EuSHWs are related to the North Atlantic tripolar pat-
tern with positive SSTAs in the Subtropical Gyre as shown by GFCS2.1. While
the probability of western-EuSHW occurrence is increased (Fig. 7b), the probabil-
ity of southeastern-EuSHWSs occurrence is practically zero (Fig. 7c). Similarly as
in GFCS2.1, western and southeastern EuSHWs are related to positive SSTAs in
different regional seas. The occurrence of western-EuSHWs is increased with pos-
itive SSTAs around the Iberian Peninsula, albeit in less magnitude than with the
North Atlantic tripolar pattern with positive SSTAs in the Subtropical Gyre. The
occurrence of southeastern-EuSHWs is mostly increased with positive SSTAs in the
Mediterranean Sea, and in less magnitude with positive SSTAs in the North and
Baltic Seas.

The main disagreement between GFCS2.1, and ERA5 and observational datasets
arise from the North Atlantic tripolar pattern. While in GFCSz2.1 the North Atlantic
tripolar pattern with positive SSTAs in the Subtropical Gyre indicates the occur-
rence of western and southeastern-EuSHWs, in ERA5 and observational datasets
the North Atlantic tripolar pattern with positive SSTAs in the Subtropical Gyre in-
dicates the occurrence of only western-EuSHWs. In addition, while in GFCSz2.1 the
North Atlantic tripolar pattern with positive SSTAs in the Subtropical Gyre is less
related to western-EuSHWs than the positive SSTAs around the Iberian Peninsula,
the inverse is true for ERA5 and observational datasets. The disagreements indicate
that GFCS2.1 misses predicting western-EuSHWSs and falsely predicts southeastern-
EuSHWs with the North Atlantic tripolar pattern with positive SSTAs in the Sub-
tropical Gyre.

The agreement between GFCS2.1, and ERA5 and observational datasets allows
me to robustly state that spring North Atlantic SSTAs are applicable to anticipate
EuSHWs. In all datasets, I find that the probability of western EUSHW occurrence is
increased with the spring North Atlantic tripolar pattern with positive SSTAs in the
Subtropical Gyre and with positive SSTAs around the Iberian Peninsula. Further-
more, all datasets agree that the probability of southeastern EuSHW occurrence is
increased with positive spring SSTAs in the Mediterranean Sea, and in the North
and Baltic Seas. In contrast, the probability of EuSHW occurrence is reduced with
negative SSTAs averaged over the regional seas.

5 CONCLUSIONS AND OUTLOOK

This dissertation aims towards anticipating the occurrence of EUSHWS a season in
advance by relating their occurrence to spring North Atlantic SSTAs. Several case
studies have suggested that different North Atlantic SSTAs influenced the occur-
rence of past EuSHWs (Duchez et al., 2016; Feudale and Shukla, 2007, 2011; Wulff
et al., 2017), but the limited number of observed events associated with several
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physical mechanisms has prevented a robust identification of spring North Atlantic
SSTAs as precursors. Here, I combine 100 historical simulations of the MPI Grand-
Ensemble (1850-2005), neural networks, and layerwise relevance propagation, to
robustly identify for the first time the most important North Atlantic SSTAs as
precursors of different EuSHWSs (Beobide-Arsuaga et al. (2023), Appendix B).

I find that the North Atlantic tripolar pattern with positive SSTAs in the Sub-
tropical Gyre, and negative SSTAs in the Subpolar Gyre and the tropical Atlantic
is a common precursor of EuSHWSs. The North Atlantic tripolar pattern is related
to negative winter and spring precipitation anomalies over Europe, which reduce
the soil moisture and precondition the occurrence of EuSHWs (Fischer et al., 2007;
Gastineau and Frankignoul, 2015; Song and Chen, 2023; Wanner et al., 2001; Watan-
abe and Kimoto, 2000). In addition, I find that positive SSTAs in different regional
seas around Europe are precursors of distinct EuSHWSs. While positive SSTAs around
the Iberian Peninsula are a precursor of western-EuSHWS, positive SSTAs in the
Mediterranean Sea and in the North and Baltic Seas are a precursor of southeastern-
EuSHWs. Positive regional SSTAs relate to distinct persistent high-pressure and
negative precipitation anomalies, leading to distinct patterns of reduced soil mois-
ture in early summer and amplifying the intensity of EUSHWs in different European
regions.

However, the MPI Grand-Ensemble historical simulations which run the low-
resolution version of the MPI climate model, might lead to unrealistic relationships
between spring North Atlantic SSTAs and the occurrence of EuSHWSs due to model
biases (Miiller et al., 2018). I test the applicability of spring North Atlantic tripo-
lar pattern and regional SSTAs to anticipate recent EUSHWSs in GFCS2.1 seasonal
forecast system, in ERA5 reanalysis product, and in EOBS and OISST observational
datasets for the period 1982-2022 (Appendix C).

I find that GFCSz2.1, albeit running the high-resolution version of the MPI climate
model, being initialized in May, and covering a different time period, is in gen-
eral agreement with MPI Grand-Ensemble historical simulations. The probability
of EuSHW occurrence is increased with the spring North Atlantic tripolar pattern
with positive SSTAs in the Subtropical Gyre. In addition, the probability of west-
ern and southeastern EuSHWs is increased with positive spring SSTAs around the
Iberian Peninsula, and with positive SSTAs in the Mediterranean, North and Baltic
Seas, respectively. In all cases, the probability of EUSHW occurrence is higher with
positive spring regional SSTAs than with the North Atlantic tripolar pattern with
positive SSTAs in the Subtropical Gyre.

In contrast, ERA5 and observational datasets indicate that the spring North At-
lantic tripolar pattern with positive SSTAs in the Subtropical Gyre does not indi-
cate the occurrence of all EuSHWSs. While the occurrence of western-EuSHWs is
increased with the North Atlantic tripolar pattern with positive SSTAs in the Sub-
tropical Gyre, the occurrence of southeastern-EuSHWs is practically zero. Further-
more, I find that the probability of western-EuSHW occurrence is higher with the
North Atlantic tripolar pattern with positive SSTAs in the Subtropical Gyre than
with positive SSTAs around the Iberian Peninsula.

The discrepancies between GFCS2.1, and ERA5 and observational datasets sug-
gest that some ensemble members of GFCS2.1 misrepresent the influence of the
North Atlantic tripolar pattern on European summer climate, in agreement with
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Neddermann et al. (2019). The identified discrepancies offer a new possibility to
improve the seasonal predictability of EUSHWSs by sub-selecting the ensemble mem-
bers that capture the realistic connection between the North Atlantic tripolar pattern
and EuSHWs (Dobrynin et al., 2018; Neddermann et al., 2019).

Independent of improving the seasonal prediction system, the agreement be-
tween GFCS2.1, ERA5, and observational datasets allows me to robustly indicate
which spring North Atlantic SSTAs are applicable to anticipate the occurrence of
EuSHWs. In all datasets, I find that the probability of western-EuSHWs is increased
with the spring North Atlantic tripolar pattern with positive SSTAs in the Subtrop-
ical Gyre, and with positive SSTAs around the Iberian Peninsula. Furthermore, the
probability of southeastern-EuSHWs is increased with positive spring SSTAs in the
Mediterranean, North, and Baltic Seas. In contrast, the occurrence of EuSHWs is
unlikely with negative spring SSTAs averaged over the regional seas.

The methodology applied in this dissertation can be used to investigate other
possible relevant precursors of EuSHWSs in order to better estimate their occur-
rence. As an example, Kneller (2023) combined the historical MPI Grand-Ensemble
simulations, neural networks, and layerwise relevance propagation to show that a
spring Arctic sea-ice dipolar pattern with negative anomalies north of Eurasia and
positive anomalies north of North America is also a precursor of EuSHWs. Yet, the
applicability of the spring Arctic sea-ice dipolar pattern to anticipate the occurrence
of EuSHWs should be tested in reanalysis and observational datasets. In addition,
the relationship between spring Arctic sea-ice anomalies and the North Atlantic
SSTAs to influence the occurrence of EUSHWSs remains to be investigated.

The outcome of the present dissertation can result in a relevant societal benefit.
The spring North Atlantic tripolar pattern and regional SSTAs, and potentially the
spring Arctic sea-ice dipolar pattern, could be used to develop a seasonal early
warning system of EuSHWs. The seasonal early warning system could be set to
inform the vulnerable sectors about the probability of EuSHW occurrence based on
the identified North Atlantic SSTAs. As a consequence, it would increase prepared-
ness and potentially reduce the damages and economic losses related to EuSHWSs
(Merz et al., 2020).
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EUROPEAN SUMMER HEATWAVE CATALOGUE

The report in this appendix contains a European summer heatwave catalogue, which
has been part of my contribution to the ClimXtreme project (https://climxtreme.
net/index.php/en/). The data used to create the catalogue has been published as:

Beobide-Arsuaga, G. (2023). "European summer heatwave catalogue". DOKU at
DKRZ. https:/ /www.wdc-climate.de/ui/entry?acronym=DKRZ_LTA_1075_dso00028.
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European summer heatwave catalogue
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!nstitute of Oceanography, Center for Earth System Research and Sustainability
(CEN), Universitat Hamburg, Hamburg, Germany

2International Max Planck Research School on Earth System Modelling, Max
Planck Institute for Meteorology, Hamburg, Germany

1 INTRODUCTION

The present report contains a European summer heatwave catalogue between 1982
and 2022. The catalogue is elaborated from ERA5 global atmospheric reanalysis
product. A seasonally-varying percentile-based definition is used to identify Eu-
ropean summer heatwaves and the cumulative heat metric is used to asses the
intensity. The catalogue provides the cumulative heat of European summer heat-
waves for each study year and a list of the ten most intense heatwave years. In
addition, the cumulative heat and the list of the ten most intense heatwave years
are provided for different European sub-domains: north-west, central-west, Iberian
Peninsula, south-east, north-east, and Germany.

2 DATA AND METHODS
2.1 Data

The catalogue employs ERA5 global atmospheric reanalysis product for the years
between 1982 and 2022. The original dataset is linearly interpolated to T127 spectral
resolution. Heatwaves are identified during high boreal summer (July and August)
using daily maximum surface temperatures (T2max). Europe is here defined as
10°W-30°E, 35°N-60°N. In addition, following the European heatwave classification
by Stefanon et al. (2012) Europe is divided into six sub-domains: north-west (10°W-
6°E, 50°N-60°N), central-west (5°W-6°E, 44°N-50°N), Iberian Peninsula (10°W-6°E,
36°N-44°N), south-east (6°E-30°E, 36°N-47°N), north-east (6°E-30°E, 47°N-60°N),
and Germany (6°E-15°E, 47°N-55°N).

2.2 Methods

Heatwaves are here identified on a grid-point level when T2max exceeds the go'!
percentile based on a centered 15-day running window and 1982-2011 reference
period for at least three consecutive days (Perkins and Alexander, 2013). The inten-
sity of heatwaves is expressed with the cumulative heat metric (Perkins-Kirkpatrick
and Lewis, 2020). The cumulative heat is the seasonal integration of T2max above
the threshold during heatwave days. Here the cumulative heat is additionally in-
tegrated over the spatial domain after weighting each grid-point by the cosine of
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its latitude. The output is a single number per year that expresses the intensity of
heatwaves for each area of interest. The ten most intense heatwave years are listed
in decreasing order.

Figure A.1: Representation of the study area (10°W-30°E, 35°N-60°N) and the selected
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sub-domains: north-west (10°W-6°E, 50°N-60°N), central-west (5°W-6°E, 44°N-
50°N), Iberian Peninsula (0°W-6°E, 36°N-44°N), south-east (6°E-30°E, 36°N-
47°N), north-east (6°E-30°E, 47°N-60°N), and Germany (6°E-15°E, 47°N-55°N).



3 EUROPEAN SUMMER HEATWAVE CATALOGUE

Figure A.2: European (10°W-30°E, 35°N-60°N) summer heatwave catalogue with the cumu-
lative heat for each study year (1982-2022) and with a list of the ten most intense
heatwave years.

Figure A.3: North-western European (10°W-6°E, 50°N-60°N) summer heatwave catalogue
with the cumulative heat for each study year (1982-2022) and with a list of the
ten most intense heatwave years.
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Figure A.4: Central-western European (5°W-6°E, 44°N-50°N) summer heatwave catalogue
with the cumulative heat for each study year (1982-2022) and with a list of the
ten most intense heatwave years.

Figure A.5: Iberian (10°W-6°E, 36°N-44°N) summer heatwave catalogue with the cumula-
tive heat for each study year (1982-2022) and with a list of the ten most intense
heatwave years.

Figure A.6: South-eastern European (6°E-30°E, 36°N-47°N) summer heatwave catalogue
with the cumulative heat for each study year (1982-2022) and with a list of
the ten most intense heatwave years.
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Figure A.7: North-eastern European (6°E-30°E, 47°N-60°N) summer heatwave catalogue
with the cumulative heat for each study year (1982-2022) and with a list of
the ten most intense heatwave years.

Figure A.8: German (6°E-15°E, 47°N-55°N) summer heatwave catalogue with the cumula-
tive heat for each study year (1982-2022) and with a list of the ten most intense
heatwave years.
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ABSTRACT

Different spring and early summer North Atlantic sea surface temperature anoma-
lies (SSTAs) have been shown to precede recent European summer heatwaves
(EuSHWs). So far, the limited number of observed events associated with several
physical mechanisms has prevented a robust identification of SSTAs as precur-
sors. Here, we extend beyond previous studies by combining 100 historical simula-
tions (1850—2005) of the MPI Grand-Ensemble with an explainable neural-network
method. We find that the spring tripolar North Atlantic pattern with positive SSTAs
in the Subtropical Gyre is a precursor of EUSHWsS. In addition, positive SSTAs west
of the Iberian Peninsula, and in the North Sea, the Baltic Sea and the Mediterranean
Sea relate to distinct early summer soil moisture anomaly patterns and are precur-
sors of western and southeastern EuSHWs, respectively. While the phase of the
tripolar North Atlantic pattern indicates whether a EUSHW might emerge, regional
SSTAs indicate the spatial characteristics of EuSHWs .

PLAIN LANGUAGE SUMMARY

Past studies have investigated the influence of spring and early summer North
Atlantic sea surface temperature anomalies (SSTAs) on recent European summer
heatwaves (EuSHWs). These studies have proposed different SSTAs in the North
Atlantic as the most important for the development of different EuSHWs. Yet, it
has not been possible to generalize which spring North Atlantic SSTAs are the
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most important to anticipate EuSHWSs because we have too few observed events
and they showed different spatial and physical characteristics. Here, we analyze 100
historical simulations (1850-2005) of the MPI Grand-Ensemble in which we identify
a large number of EuSHWSs. We use an explainable neural-network method to find
which spring North Atlantic SSTAs are the most important to anticipate EuUSHWs.
We find that warm SSTAs in the Subtropical Gyre surrounded by cold SSTAs in the
north and in the south is an indicator of EuSHW occurrence. In addition, different
regional SSTAs relate to drier than normal soil moisture in different parts of Europe
that influence different EuSHWs. Warm SSTAs west of the Iberian Peninsula, and
in the North Sea, the Baltic Sea and the Mediterranean Sea indicate the occurrence
of western and southeastern EuSHWs, respectively.

1 INTRODUCTION

The large-scale oceanic and atmospheric dynamics in the North Atlantic are ther-
mally coupled on an interannual timescale (Bjerknes, 1964; Watanabe and Kimoto,
2000). Furthermore, the coupling also occurs on a seasonal timescale. While the
winter North Atlantic Oscillation (NAO) acts as a main driver imprinting spring
tripolar North Atlantic sea surface temperature anomalies (SSTA), persistent SSTAs
in-turn affect the atmospheric flow and can potentially precondition European
summer heatwaves (EuSHWs) (Czaja and Frankignoul, 2002; Oss6 et al., 2018).
The tripolar SSTA pattern has been related to anticyclonic anomalies over Europe
(Gastineau and Frankignoul, 2015), increasing the temperatures and decreasing pre-
cipitation by compressing the downward moving air, and blocking the westerlies
and the intrusion of storm track (Rex, 1950; Treidl et al., 1981). In the case of long-
lasting blocking, the soil moisture (SM) in the region decreases, reducing the latent
cooling in the atmosphere and further increasing air temperatures (Fischer et al.,
2007; Seneviratne et al., 2006).

The SSTAs in the Subpolar Gyre (SPG) and tropical Atlantic, both part of the
tripolar North Atlantic pattern, have been related to the 2015 EuSHW (Duchez et
al., 2016; Wulff et al., 2017). Duchez et al. (2016) suggested that the negative SSTAs
in the SPG were responsible for the southward shift of the Jet Stream, which en-
hanced the blocking anticyclone over Central Europe and lead to the 2015 EuSHW.
In contrast, Wulff et al. (2017) proposed that the negative SSTAs in the tropical
Atlantic, and the respective diabatic heating anomalies, were responsible for the
blocking system and hence, the 2015 EuSHW.

In addition to North Atlantic SSTAs, surface temperatures in different European
regional seas have also been proposed to precede EuSHWSs. According to Feudale
and Shukla (2011), positive SSTAs in the North Sea reduced the meridional temper-
ature gradient and baroclinic activity, allowing the blocking to persist over Europe
during the 2003 EuSHW. The dominant descending motion prevented convection
and increased temperatures warming the Mediterranean Sea. Positive SSTAs in the
Mediterranean Sea have been related to dry and warm European summers, and are
thought to be responsible for half of the amplitude of the 2003 EuSHW (Feudale
and Shukla, 2007; Ionita et al., 2017).

The limited number of observed EuSHW events associated with a variety of phys-
ical mechanisms has prevented the systematic identification of SSTAs as precursors
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of EuSHWSs. The MPI Grand-Ensemble (MPI-GE) data set combined with a neural-
network (NN) based explainable artificial intelligence method, layerwise relevance
propagation (LRP) (Bach et al., 2015; Toms et al., 2020), provides a unique opportu-
nity for a systematic analysis of EuSHW precursors. Here, we robustly identify the
most important spring North Atlantic SSTAs as precursors of different EuSHWs .

2 DATA AND METHODS
2.1 Data

We use the 100-member MPI-GE with historical anthropogenic and natural forcing
(1850—2005), and high temporal resolution (Maher et al., 2019). The 100 ensemble
members use the same model set-up and forcing, but are started from different
initial conditions all taken from the quasi-equilibrated control-run (Maher et al.,
2019). MPI-GE includes the land component JSBACH with a five-layer scheme im-
proving the representation of soil hydrological processes (Hagemann and Stacke,
2015). The MPI-GE uses the low resolution version of the MPI-ESM model, which
represents well the observed connection between spring North Atlantic SSTA and
Eurasian surface temperatures via atmospheric wave trains, as well as the observed
frequency and amplitude of extreme European summer temperatures (Chen et al.,
2021; Suarez-Gutierrez et al., 2018).

We analyze the following climate variables: daily surface maximum temperature
(T2max) and monthly sea surface temperature (SST), total precipitation (TP), geopo-
tential height at 500 hPa (Z500) and SM. SM is here defined as the fraction of water
accumulated in the root zone relative to the water capacity for each grid-point. We
compute monthly anomalies relative to a centered 31-year moving climatology. The
results are insensitive to the residual linear trend.

2.2 Identification and Quantification of Heatwaves

We identify heatwaves during high summer (July and August, hereafter JA). For
each land grid-point and calendar day, we use a percentile based heatwave defini-
tion (Perkins and Alexander, 2013). Heatwaves are defined when T2max exceeds
the 9ot percentile based on a centered 15-day, 31-year running window for at least
three consecutive days. Hence, our heatwave definition considers spatial differences
and temporal (both seasonal and long-term) variability of the threshold. A tempo-
rally fixed threshold would overestimate the identification of heatwaves during the
climatological peak (i.e., August) and at the end of the historical run due to increas-
ing temperatures driven by global warming.

The intensity of heatwaves is expressed as cumulative heat (Perkins-Kirkpatrick
and Lewis, 2020). The cumulative heat is obtained by seasonal (JA) integration of
heat exceeding the defined threshold during heatwave days. We additionally inte-
grate the cumulative heat over the European domain (10°W-30°E, 35-60°N) after
weighting each grid-point by the cosine of its latitude, obtaining a single value per
year representing the intensity of EuSHWs. We evaluate the cumulative heat of
15,600 historical summers and select 10,000 years: 5,000 years with highest cumula-
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Figure B.1: Schematic representation of the methodology employed here to identify North
Atlantic spring (April and May; AM) sea surface temperature anomalies as a pre-
cursor of European summer (July and August; JA) heatwaves (EuSHWs) using
neural-network (NN) based explainable artificial intelligence method, layerwise
relevance propagation (LRP).

tive heat and 5,000 years with lowest cumulative heat. We consider these two sets
as EuSHW years and non-EuSHW years, respectively.

2.3 Neural-Network Set-Up

We develop a fully connected NN model (Lecun et al., 2015) for a supervised clas-
sification of the previously selected 10,000 years (Section 2.2) using spring (April
and May, hereafter AM) mean North Atlantic (100°W-30°E, 0-80°N) SSTAs (Figure
B.1). Our NN contains three layers. The first layer is the input layer, where we in-
sert standardized AM North Atlantic SSTAs in a vectorized form (1,584 features).
The second layer is the hidden layer and contains 20 neurons with rectified lin-
ear unit (Relu) activation function. We use L2 regularization with coefficient 2.0 to
avoid overfitting. The third layer is the output layer and it has two neurons: one
for EuSHW years and one for non-EuSHW years. We apply the softmax operator
to obtain the probability of each sample belonging to the EuSHW and non-EuSHW
years. The output neuron with highest probability determines the NN EuSHW clas-
sification. We train the model with 80% randomly shuffled samples and validate
with the remaining 20%. A slightly different selection of hyperparameters and dif-
ferent methods of splitting the training and validation sets (i.e., splitting the time
dimension in chunks of five consecutive years or splitting the ensemble dimension)
do not influence the findings of this paper.

We evaluate the model performance by comparing the NN EuSHW classification
to the EuSHW classification introduced in Section 2.2, and select the correctly clas-
sified samples. We use LRP to obtain one heat-map per correctly classified sample
highlighting which grid-points from the input layer are most relevant to differ-
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Figure B.2: April and May (AM) mean SSTA composites of correctly classified; (a) Eu-
ropean summer heatwave (EuSHW) years; (¢) non-EuSHW years. Layerwise
relevance propagation (LRP) heat-map composites of correctly classified; (b)
EuSHW years; (d) non-EuSHW years. LRP composites are computed after nor-
malizing each sample between o and 1.

entiate between EuSHW and non-EuSHW years. We use K-means (Hartigan and
Wong, 1979) to cluster the LRP relevance patterns of correctly classified EuSHW
years with model confidence above 60%, and to identify the most important North
Atlantic SSTAs as a precursor of different EuSHWSs (Mayer and Barnes, 2021). The
results are insensitive to the selection of the confidence threshold.

3 RESULTS

Our NN model correctly classifies 71% and 72% of EuSHW and non-EuSHW years:
3,567 and 3,598 samples, respectively. The performance is similar both in training
and validation sets indicating that the model does not overfit. AM SSTA composites
of correctly classified samples show that the tripolar North Atlantic pattern with
opposite phases leads to EuSHW and non-EuSHW years (Figures B.2a and B.2c).
Negative SSTAs in the SPG and the tropical Atlantic, and positive SSTAs in the
Subtropical Gyre precede summers classified as EuSHW years (Figure B.2a). In
contrast, positive SSTAs in the SPG and tropical Atlantic, and negative SSTAs in the
Subtropical Gyre precede summers classified as non-EuSHW years (Figure B.2c).

Twenty-nine percent of EuSHW years that our model incorrectly classifies as non-
EuSHW years, mainly the least intense EUSHW years (Figure B.5 in Supplementary
Information 5), indicate that other processes besides North Atlantic SSTAs play a
role in the development of EuSHWSs. Weiland et al. (2021) demonstrated that the Eu-
ropean summer atmospheric circulation depends on its early summer atmospheric
state, which can persist for up to 45 days and could lead to a heatwave. In addition,
Mecking et al. (2019) showed that matching atmospheric and sea-ice conditions
were fundamental for the 2015 EuSHW.
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Figure B.3: K-means clustering of layerwise relevance propagation (LRP) heat-maps for cor-
rectly classified European summer heatwave years with model confidence above
60%. Cluster composites of; (a, d, g) LRP heat-maps; (b, e, h) April and May
mean SSTAs; (¢, f, i) July and August heatwave intensity expressed as cumu-
lative heat. Cluster one contains 1,103 samples, cluster two 814 samples and
cluster three go3 samples.

In addition to the North Atlantic pattern, we find that positive and negative
SSTAs surrounding the European continent also precede EuSHW years and non-
EuSHW years (Figures B.2a and B.2c). The LRP heat-map composites of correctly
classified samples highlight the European regional seas as the most important re-
gions to differentiate EUSHW and non-EuSHW years (Figures B.2b and B.2d). We
hypothesize that the heat-maps of correctly classified EuSHW years contain distinct
patterns that highlight different regional SSTAs, and that different regional SSTAs
are the precursor of different EuSHWs.

We obtain three LRP clusters all showing the tripolar North Atlantic pattern with
consistent positive SSTAs in the Subtropical Gyre (Figures B.3b, B.3e and B.3h), but
highlighting different regional seas (Figures B.3a, B.3d and B.3g). The first cluster
highlights positive SSTAs west of the Iberian Peninsula and contains the strongest
western EuSHWs (Figures B.3a-B.3c). The second cluster highlights positive SSTAs
in the Mediterranean Sea and contains the strongest southeastern EuSHWs (Fig-
ures B.3d-B.3f). The third cluster highlights positive SSTAs in the North Sea and
the Baltic Sea, and contains southeastern EuSHWs, although of less intensity than
cluster 2 (Figures B.3g-B.3i).

Our results suggest that, on the one hand, the tripolar North Atlantic pattern
with negative SSTAs in SPG and western tropical Atlantic and positive SSTAs in the
Subtropical Gyre is a precursor of EuSHWs, in agreement with Cassou et al. (2005),
Duchez et al. (2016), and Wulff et al. (2017). However, the most consistent feature
within the tripolar North Atlantic pattern preceding EuSHWs is the anomalously
warm Subtropical Gyre. Disturbances in Subtropical North Atlantic SSTs and the
respective diabatic heating anomalies are thought to be a source of Rossby waves
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Figure B.4: Linear regression coefficients for the entire historical MPI Grand-Ensemble data
set between April and May (AM) mean sea surface temperature anomalies av-
eraged over the boxes in Figures B.3b, B.3e and B.3h and; (a, e, i) AM mean
Zs500 anomalies; (b, £, j) AM mean total precipitation anomalies; (c, g, k) June
soil moisture anomalies; (d, h, 1) July and August heatwave intensity anomalies
expressed as cumulative heat.

which affect the European climate (Chen et al., 2020; Li and Ruan, 2018; Lim, 2015).
On the other hand, the regional seas highlighted by the LRP heat-maps as the most
relevant precursors for EuSHWSs, appear to be the precursors of different types of
EuSHW .

The tripolar North Atlantic pattern, forced by winter atmospheric circulation
anomalies, persists through spring and creates a reversed ocean-to-atmosphere
forcing, preconditioning the occurrence of EuSHWs (Czaja and Frankignoul, 2002;
Gastineau and Frankignoul, 2015; Oss6 et al., 2018; Rodwell, 2002). In addition,
we argue that positive regional SSTAs enhance the persistence of distinct blocking
patterns and modulate spring precipitations and early summer SM anomalies in
different European regions, preconditioning different types of EuSHWSs. Although
the SM can have a memory of several months (Hagemann and Stacke, 2015) and
negative anomalies could be the product of the preceding dry winter, the soil dries
considerably from early spring to early summer, consistent with our explanation
(Figure B.6 in Supplementary Information 5).

Using the complete historical MPI-GE data set we linearly regress AM SSTAs
averaged over the regional seas (boxes in Figures B.3b, B.3e and B.3h) with AM
Z500 anomalies, AM TP anomalies, June SM anomalies and JA cumulative heat
anomalies on a grid-point level. Positive AM SSTAs west of the Iberian Peninsula
relate to positive AM Z500 anomalies, dry AM TP and June SM anomalies, and an
increase of EuSHW intensity in western Europe (Figures B.4a-B.4d). Positive AM
SSTAs in the Mediterranean Sea relate to positive AM Zso00 anomalies, dry AM
TP and June SM anomalies, and an increase of EuUSHW intensity in southeastern
Europe (Figures B.4e-B.4h). Positive AM SSTAs in the North Sea and the Baltic Sea
relate to positive AM Z500 anomalies, dry AM TP and June SM anomalies, and an
increase of EUSHW intensity in southeastern Europe (Figures B.4i-B.41).
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The relationship between SSTAs in the North Sea and Baltic Sea and the intensity
of southeastern EuSHWs (Figures B.4i-B.41) could be a combined effect of regional
SSTAs and the winter NAO. Unlike positive SSTAs west of the Iberian Peninsula
and in the Mediterranean Sea, positive SSTAs in the North Sea and Baltic Sea are
related to the tripolar North Atlantic pattern (Figure B.7 in Supplementary Infor-
mation 5), which is an imprint of the winter NAO (Czaja and Frankignoul, 2002).
During the positive phase of NAO, the storm-track is shifted northward warming
the North Sea and the Baltic Sea, drying the SM in southern Europe due to nega-
tive precipitation anomalies, and preconditioning southern EuSHWs (Wanner et al.,
2001). However, positive SSTAs in the North Sea can directly enhance the occur-
rence of EuSHWs by reducing the meridional temperature gradient and baroclinic
activity, allowing the persistence of high pressure systems over Europe (Feudale
and Shukla, 2011).

Feudale and Shukla (2007, 2011) related the North Sea and the Mediterranean Sea
to the 2003 EuSHW, which impacted western Europe. The 2003 EuSHW had several
other contributing factors, including the northward displacement of the Azores
high which relates to a deficit of precipitation in western Europe (Garcia-Herrera
et al., 2010; Rashid et al., 2012). The northward displacement of Azores high could
have been responsible for the strong deficit of SM in western Europe, and hence,
for the westward location of the 2003 EuSHW. We find that the positive SSTAs west
of the Iberian Peninsula are a precursor of western EUSHWSs, and positive SSTAs in
the North Sea and Mediterranean Sea are a precursor of southeastern EuSHWs, in
agreement with Ionita et al. (2017) who showed that the warm Mediterranean Sea
relates to dry and hot summer conditions in eastern Europe.

From our analysis, we are unable to conclude whether regional SSTAs play an
active or passive role in the development of EuSHWs. We propose that positive
regional SSTAs act as a heatwave amplification factor enhancing the persistence
of blocking in different European regions. However, it is plausible that several
episodes of blocking increase the regional SSTAs while reducing the SM. Future
model experiments are required to disentangle the role of regional seas.

Our findings are only based on the MPI-GE data set, which contains model biases
(Giorgetta et al., 2013; Hagemann et al., 2013; Miiller et al., 2018). It has been shown
that model wind biases can alter the propagation of Rossby waves induced by North
Atlantic SSTAs (Li et al., 2021), which are relevant for modulating the atmospheric
state and triggering heatwaves (Cassou et al., 2005; Kornhuber et al., 2020; Wulff
et al., 2017). Although it has been demonstrated that the low resolution version of
the MPI model represents well the connection between spring North Atlantic SSTA
and Eurasian surface temperatures via atmospheric wave trains (Chen et al., 2021),
the availability of other large ensembles with high temporal frequency and spatial
resolution would aid to verify our results.

4 CONCLUSIONS

We investigate spring North Atlantic SSTAs as a precursor of EuSHWs combin-
ing the historical MPI-GE data set with NN based explainable artificial intelligence
method, LRP. We identify the tripolar North Atlantic pattern with negative SSTAs in
the SPG and the western tropical Atlantic as a precursor of EuSHWSs. The most con-
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sistent feature of the tripolar pattern preceding EuSHWs is the positive SSTAs in the
Subtropical Gyre. In addition, positive SSTAs in different regional seas emerge as
the most robust precursors of different EuSHWSs. While positive spring SSTAs west
of the Iberian Peninsula precede western EuSHWS, positive spring SSTAs in the
Mediterranean Sea, the North Sea and the Baltic Sea precede southeastern EuSHWs .
The regional SSTAs can be related to distinct anticyclonic anomalies in spring, re-
ducing the precipitation and leading to distinct patterns of negative SM anomalies
in early summer. The patterns of SM anomalies resemble the location of the most
intense EUSHWs. Here, we show that the combination of the spring tripolar North
Atlantic pattern and regional SSTAs could aid in predicting the occurrence and
location of EuSHWs .
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5 SUPPLEMENTARY INFORMATION

The supporting material contains three additional figures. Figure B.5 shows that the
performance of our NN model classifying non-EuSHW years and EuSHW years de-
pends on the heatwave intensity expressed as cumulative heat. Our NN performs
the best classifying non-EuSHW years with lowest cumulative heat (Fig. B.5a) and
EuSHW years with highest cumulative heat (Fig. B.5b). Hence, the composites of
correctly classified samples mainly contain years with lowest and highest heatwave
intensity. Above 88% of non-EuSHW years with lowest cumulative heat and above
94% of EuSHW years with highest cumulative heat are correctly classified. In con-
trast, the performance is lowest for non-EuSHW years with highest cumulative heat
(Fig. B.5a) and for EuSHW years with lowest cumulative heat (Fig. B.5b). Above 62%
of non-EuSHW years with highest cumulative heat and above 57% of EuSHW years
with lowest cumulative heat are correctly classified. We train 100 NN models with
randomly shuffled training and validation sets, and compute the uncertainties with
90% confidence of validation set performance.

Figure B.6 shows January to June soil moisture anomaly composites of correctly
classified EuSHW years. Negative soil moisture anomalies are detected in winter in
southern Europe (Fig. B.6a,b). From March to June the soil moisture considerably
dries and the negative anomalies extend northward (Fig. B.6c-f).

Figure B.7 shows the correlation between April and May SSTAs in the Subtropical
Gyre and April and May SSTAs in the North Atlantic. SSTAs in the Subtropical
Gyre are related to the tripolar North Atlantic pattern and weakly related to the
North Sea and Baltic Sea SSTAs. In contrast, SSTAs in the Subtropical Gyre are not
related to SSTAs west of Iberian Peninsula and in the eastern Mediterranean Sea.
This supports our result that the phase of the spring tripolar North Atlantic pattern
and positive spring SSTAs in regional seas provide different information regarding
the upcoming EuSHWs .

Figure B.5: The percentage of years that the NN classifies as EuSHW (green) and non-
EuSHW (blue). The years are binned in groups of 200 samples depending on
their heatwave intensity expressed as cumulative heat; (a) non-EuSHW years;
(b) EuSHW years. Crosses indicate the correctly classified cases. The dashed line
in 50% indicate the probability of classifying each category by chance. Shading
represents the uncertainty of training/validating split. The uncertainty is com-
puted with 9o% confidence of validation set performance after training 100 NN
models.
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Figure B.6: Soil moisture anomaly composite of correctly classified EuSHW years during;
(a) January; (b) February; (c¢) March; (d) April; (e) May; (f) June.
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Figure B.7: Grid-point correlation between April and May SSTAs averaged over the Subtrop-
ical Gyre (black box; 80°W-50°W, 25°N-45°N) and April and May North Atlantic
SSTAs.
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ABSTRACT

Past case studies have shown that different spring and early summer North At-
lantic sea surface temperature anomaly (SSTA) patterns influenced the occurrence
of recent European summer heatwaves (EuSWHs). Yet, the low number of observed
events has restricted the identification of the most relevant North Atlantic SSTAs to
anticipate EuSHWs. A recent model-based study proposed that the phase of spring
North Atlantic tripolar pattern (NATP) indicates the occurrence of EuSHWSs, and
that spring SSTAs in different regional seas indicate the location of EuSHWSs. Here,
we combine ERA5 reanalysis product, EOBS and OISST observational datasets,
and the GFCS2.1 seasonal forecast system to investigate the applicability of spring
NATP and regional seas as an indicator of EuSHW occurrence. We find that all
datasets agree on an increased western EuSHW probability with the positive phase
of spring NATP, and on an increased southeastern EuSHW probability with posi-
tive SSTAs in the Mediterranean or in the North and Baltic Seas. Additionally, the
probability of EuSHW occurrence is reduced for negative SSTAs averaged over the
regional seas. Our results indicate that spring North Atlantic SSTAs are applicable
to anticipate EuSHWSs and could be used to develop early warning systems.

1 INTRODUCTION

The intensity, frequency, and duration of heatwaves have increased globally since
the 1950s (Perkins-Kirkpatrick and Lewis, 2020). In Europe in particular, the inten-
sity of heatwaves has incremented four times when compared to the rest of the
northern midlatitudes and caused severe ecosystem, human and economic losses
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(Bastos et al., 2020; D’Ippoliti et al., 2010; Garcfa-Leén et al., 2021; Rousi et al., 2022).
Yet, our ability to anticipate European summer heatwaves (EuSHWSs) remains very
limited. The accurate prediction of EuSHW, such as the onset, duration, and inten-
sity, can hardly be achieved beyond a few weeks before their occurrence (Lavaysse
et al., 2019; Pyrina and Domeisen, 2022). However, slow-varying boundary condi-
tions precondition the development of EuSHWSs and could be useful indicators of
EuSHW occurrence (Domeisen et al., 2023; Quesada et al., 2012).

Persistent spring North Atlantic sea surface temperature anomalies (SSTAs) have
been associated with the stationary position of the jet stream, which allows long-
lasting blocking anticyclones to maintain over Europe, reduce the precipitations
and the moisture of the soil, and modulate the occurrence and intensity of recent
EuSHWs (Fischer et al., 2007; Gastineau and Frankignoul, 2015; Oss6 et al., 2020;
Saeed et al., 2014). On the one hand, the negative SSTAs in the Subpolar Gyre and
in the tropical Atlantic, both part of the positive phase of the North Atlantic tripo-
lar pattern (NATP), have been associated with the occurrence of the 2015 EuSHW
(Duchez et al., 2016; Wulff et al., 2017). Additionally, the positive phase of the
NATP also preceeded the 2018 EuSHW which affected a large part of Northern
Europe (Rousi et al., 2023). On the other hand, positive SSTAs in the North Sea
and Mediterranean Sea have been associated with the 2003 EuSHW (Feudale and
Shukla, 2007, 2011). Due to the large variety of physical processes associated with
a limited number of observed events, the relevance of the North Atlantic SSTAs to
anticipate EuSHWSs remains inconclusive.

Beobide-Arsuaga et al. (2023), based on a single-model large-ensemble histori-
cal run, proposed that the phase of the spring NATP indicates the occurrence of
EuSHWs. In addition, the study argues that positive spring SSTAs in different re-
gional seas enhance the persistence of the blocking anticyclones and reduce precip-
itation and soil moisture in different European regions, indicating the occurrence
of different EuSHWSs. While positive SSTAs around the Iberian Peninsula indicate
the occurrence of western EuSHWSs, positive SSTAs in the Mediterranean, North,
and Baltic Seas indicate the occurrence of southeastern EuSHWs. Here, we com-
bine ERA5 reanalysis product and EOBS and OISST observational datasets with
GFCS2.1 seasonal forecast system to test the applicability of spring NATP and re-
gional SSTAs as an indicator of EuSHW occurrence.

2 DATA AND METHODS

This study employs ERA5 reanalysis product, EOBS and OISST observational datasets,
and the GFCS2.1 seasonal forecast system for the period 1982-2022 (Cornes et al.,
2018; Frohlich et al., 2021; Hersbach et al., 2020; Huang et al., 2021). GFCS2.1 con-
sists of 30 ensemble members initialized in May, it has been operational since 2020,
and it is based on the MPI high-resolution model (Miiller et al., 2018). The ensem-
ble members use the assimilation run at the end of April as initial conditions. The
assimilation run is a separate simulation that continuously nudges the atmospheric
and oceanic reanalysis data to bring the model’s state close to the observed state
of the climate system (Frohlich et al., 2021). All datasets have been linearly interpo-
lated to the regular Gaussian grid of the GFCS2.1 with a horizontal resolution of
approximately 100km.
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We use July and August daily maximum surface temperatures (T2max) over Eu-
rope (10°W-30°E, 35°N-60°N), and April and May (AM hereafter) mean sea surface
temperature anomalies (SSTAs) relative to the 1982-2011 reference period over the
North Atlantic (100°W-30°E, 0°-80°N). For the GFCS2.1 SSTAs, we combine April
from the assimilation run and May from individual ensemble members.

We identify heatwaves with a percentile-based definition (Perkins and Alexander,
2013). A heatwave day is considered for each land grid-point when T2max exceeds
the 9o percentile based on a centered 15-day running window and 1982-2011 ref-
erence period for at least three consecutive days. We use the cumulative heat metric
to calculate the intensity of heatwaves (Perkins-Kirkpatrick and Lewis, 2020). The
metric integrates the difference between T2max and the percentile-based thresh-
old during heatwave days. We weight the cumulative heat of each grid-point by
the cosine of the latitude and obtain one map per year expressing the intensity of
heatwaves consistent with Beobide-Arsuaga et al. (2023).

Figure C.1: K-means composite means of July and August cumulative heat for; (a) cluster
one with 936 non-EuSHW years; (b) cluster two with 42 most intense EuSHWsS;
(c) cluster three with 189 western EuSHWs; (d) cluster four with 145 southeast-
ern EuSHWs.

We differentiate the strongest heatwave years from the weakest heatwave years
using a K-means model (Hartigan and Wong, 1979). Four clusters are obtained after
titting the model with the heatwave intensity maps from ERA5, EOBS, and GFCS2.1
(Fig. C.1). The first cluster contains 936 years with the weakest heatwave intensity.
We refer to them as non-EuSHW years. The other three clusters show heatwaves of
distinct spatial patterns and we refer to them as EuSHW years. Cluster two contains
42 EuSHW years that affect a large part of the European domain, from which only
two belong to ERA5 and EOBS. Because of the reduced number of years, we do
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not do any analysis restricted only to cluster two. Cluster three contains 189 years
that affect western Europe and we refer to them as western EuSHW  years. Cluster
four contains 145 years that affect southeastern Europe and we refer to them as
southeastern EuSHW years. The proportion of cluster members is very similar in
all datasets: 63.5%, 2.4%, 19.5% and 14.6% for ERAS5, 65.9%, 2.4%, 19.5% and 12.2%
for EOBS, and 71.7%, 3.3%, 14.1% and 10.9% for GFCS2.1.

We test if the occurrence of EuSHWs is favored by specific AM North Atlantic
SSTAs. Following Beobide-Arsuaga et al. (2023), we focus on the phase of the NATP
(80°W-60°W, 25°N-35°N minus 40°W-25°W, 45°N-55°N) and on the regional seas
(REG): around the Iberian Peninsula (IB; 12°W-5°E, 33°N-47°N), the Mediterranean
Sea (MED; 5°E-28°E, 30°N-45°N), and the North and Baltic Seas (NS; 3°W-28°E,
50°N-65°N). We select 30% most extreme AM SSTA cases averaged over the areas
of interest. We refer to the highest and lowest 30% cases as positive and negative
cases, respectively (e.g. +NATP refers to the years of 30% highest NATP values, and
-NATP refers to the years of 30% lowest NATP values). We compute the probability
of EuSHW occurrence for each selected subset and divide it with the probability
of EuSHW occurrence during the entire study period. The positive or negative AM
SSTAs are related to an increase in EuSHW occurrence if the probability ratio is
above one. The uncertainties are computed with a 90% confidence after bootstrap-
ping over each SSTA subset. The results are insensitive to the selection of different
SSTA percentage cases.

3 RESULTS

ERA5 AM SSTA composites suggest that a positive NATP and positive regional
SSTAs, and a negative NATP and negative regional SSTAs precede EuSHW years
and non-EuSHW years, respectively (Fig. C.2). The composites with observational
datasets show indistinct results (not shown). The composite for EUSHW years shows
the NATP with positive SSTAs in the Subtropical Gyre and negative anomalies in
the Subpolar Gyre and the tropical Atlantic, and positive SSTAs in the regional seas
(Fig. C.2a). The composite for non-EuSHW years shows the NATP with negative
SSTAs in the Subtropical Gyre and positive anomalies in the Subpolar Gyre and the
tropical Atlantic, and negative SSTAs in the regional seas (Fig. C.2b).

We find that the occurrence of EuSHWs is related to the positive phase of the
NATP and to the positive regional SSTAs (Fig. C.2c). In ERA5 the probability ratio
is 1.47 and 1.26 when selecting the positive NATP or REG cases, respectively. In ob-
servational datasets the probability ratio is 1.58 for positive NATP and REG cases.
In contrast, the probability ratio of EUSHW occurrence in ERA5 and observational
datasets is 0.42 and 0.45 for negative REG cases, indicating that the probability of
EuSHW occurrence is reduced when AM SSTAs averaged over the regional seas
are negative. The occurrence of EuSHW s for negative NATP cases is close to clima-
tology, with probability ratios of 0.84 and 0.90 in ERA5 and observational datasets,
and hence, the occurrence of EuSHW s is not related to the negative phase of NATP.

However, not all EuSHWSs are more likely to occur when the NATP is in the
positive phase (Fig. C.3). While the probability ratio of western EuSHW s is 2.37
for positive NATP cases (Fig. C.3a), the probability ratio of southeastern EuSHWSs
is practically zero (Fig. C.3b). In addition, western and southeastern EuSHWs are
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Figure C.2: ERA5 April and May mean SSTA composites relative to the mean for; (a) Euro-
pean summer heatwave years (EuSHW); (b) non European summer heatwave
years (non-EuSHW). (c) The probability of EuSHW occurrence relative to the
whole study period for the upper (+) and lower (-) 30th percentile of the North
Atlantic tripolar pattern (NATP) index and regional SSTAs (REG) in ERA5 and
observational datasets (OBS). The NATP index is computed as the SSTA dif-
ference between the southern and northern averaged lilac boxes in (a) and (b).
REG is computed as the SSTA mean over the three green boxes in (a) and (b).
The uncertainties are computed with a 90% confidence after bootstrapping over
each SSTA subset.
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Figure C.3: For ERA5 and observational datasets (OBS); (a) The probability of western Eu-
ropean summer heatwave (EuSHW) occurrence relative to the climatology for
the upper 30" percentile of the North Atlantic tripolar pattern (NATP) index
and the SSTAs surrounding the Iberian Peninsula (IB); (b) The probability of
southeastern EuSHW occurrence relative to the climatology for the upper 30t
percentile of the NATP index, and the SSTAs in the Mediterranean Sea (MED)
and in the North and Baltic Seas (NS). The NATP index is computed as the
SSTA difference between the southern and northern averaged lilac boxes in Fig.
C.2a,b. IB, MED and NS are computed as the averaged SSTAs over the green
boxes in Fig. C.2a,b. The uncertainties are computed with a 90% confidence af-
ter bootstrapping over each SSTA subset.

related to SSTAs in different regional seas. Western EuSHWs are related to positive
IB cases, although the relationship is not as strong as for positive NATP cases (Fig.
C.3a). The probability ratio of western EuSHWs for positive IB cases is 1.58 and
1.97 in ERA5 and observational datasets. In contrast, southeastern EuSHWs are
mainly related to positive SSTAs in the Mediterranean Sea. The probability ratio for
positive MED cases is 2.1 and 1.89 in ERA5 and observational datasets. Southeastern
EuSHWs are also, albeit less, related to positive SSTAs in the North and Baltic Seas
with a probability ratio of 1.58 and 1.26 in ERA5 and observational datasets.

GFCS2.1 AM SSTA composites for EuSHWs and non-EuSHWs are very similar
to the ones obtained with ERA5. The composite for EUSHW years shows a positive
phase of NATP and positive SSTAs in the regional seas (Fig. C.4a). The composite
for non-EuSHWs years shows a negative phase of NATP and negative SSTAs in the
regional (Fig. C.4b).

However, unlike in ERA5 and observational datasets, we find that in the GFCS2.1
the occurrence of EuSHWS is significantly more related to positive SSTAs averaged
over the regional seas than to the positive phase of NATP (Fig. C.4c). The proba-
bility ratio of EuSHWsS is 1.75 for positive REG cases and 1.35 for positive NATP
cases. Furthermore, the occurrence of EuSHWsS is significantly less likely for the
years with negative SSTAs averaged over the regional seas than for the years with
the negative phase of NATP. The probability ratios are 0.11 and 0.41 for negative
REG and negative NATP cases, respectively. These differences indicate that the de-
velopment of EuSHWSs in GFCS2.1 is more sensitive to the SSTAs in the regional
seas than to the NATP.
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Figure C.4: GFCS2.1 April and May mean SSTA composites relative to the mean for; (a) Eu-
ropean summer heatwave years (EuSHW); (b) non European summer heatwave
years (non-EuSHW). (c) The probability of EuSHW occurrence relative to the
climatology for the upper (+) and lower (-) 30" percentile of the North Atlantic
tripolar pattern (NATP) index and regional SSTAs (REG) in ERA5 and EOBS.
The NATP index is computed as the SSTA difference between the southern and
northern averaged lilac boxes in (a) and (b). REG is computed as the SSTA mean
over the three green boxes in (a) and (b). The uncertainties are computed with
a 90% confidence after bootstrapping over each SSTA subset.
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Figure C.5: For GFCS2.1; (a) The probability of western European summer heatwave
(EuSHW) occurrence relative to the climatology for the upper 30" percentile
of the North Atlantic tripolar pattern (NATP) index and the SSTAs surround-
ing the Iberian Peninsula (IB); (b) The probability of southeastern EuSHW oc-
currence relative to the climatology for the upper 30" percentile of the NATP
index, and the SSTAs in the Mediterranean Sea (MED) and in the North and
Baltic Seas (NS). The NATP index is computed as the SSTA difference between
the southern and northern averaged lilac boxes in Fig. C.4a,b. IB, MED and NS
are computed as the averaged SSTAs over the green boxes in Fig. C.4a,b. The un-
certainties are computed with a 90% confidence after bootstrapping over each
SSTA subset.

A stronger relationship to positive regional SSTAs than to positive NATP is con-
sistent for both western and southeastern EuSHW s (Fig. C.5). In disagreement with
ERA5 and observational datasets, western EuSHWSs are more related to positive
SSTAs surrounding the Iberian Peninsula than to the positive phase of NATP (Fig.
C.5a). The probability ratio of western EuSHWs for positive IB cases is 1.73 and for
positive NATP cases is 1.41. Similarly, western EuSHWSs are more related to posi-
tive SSTAs in the Mediterranean Sea and in the North and Baltic Seas than to the
positive phase of NATP (Fig. C.5b). The probability ratio of southeastern EuSHWSs
is 1.84, 1.44, and 1.19 for positive MED, NS, and NATP cases, respectively.

4 DISCUSSION

ERA5 and the observational datasets have large uncertainties due to the reduced
number of samples. Although we find that the positive phase of NATP robustly
relates to the occurrence of western EuSHWSs and not to the southeastern EuSHWsS,
the relationship between both types of EuSHWSs and the SSTAs in different regional
seas is not as clear. The uncertainty of the probability ratio with 9o% confidence
does not cross the value one when relating western and southeastern EuSHWs to
the positive NATP. But the uncertainty of the probability ratio with 9go% confindence
goes below one when relating western and southeastern EuSHWs s to positive SSTAs
in different regional seas.

In our analysis we find some differences between ERA5 and observational datasets
which also highlight the limitation of the sample size. We see the main differences
when relating EuSHWs in general, and western and southeastern EuSHW  in par-
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ticular to the SSTAs in the regional seas. On the one hand, the differences partly
emerge from the intensity of EuSHWSs. Our K-mean model identifies the year 2021
as a southeastern EuSHW in ERA5, but it identifies as non-EuSHW in EOBS. On
the other hand, the differences also emerge from AM regional SSTAs, where small
differences between the datasets can affect the probability ratio. Nevertheless, the
results are qualitatively the same for ERA5 and observational datasets.

In contrast, GFCS2.1 with 30 members per year provides a larger sample size
and therefore has smaller uncertainties. In GFCS2.1 we find a robust relationship
between the regional SSTAs and EuSHWs in agreement with previous studies
(Beobide-Arsuaga et al., 2023; Feudale and Shukla, 2007, 2011). The range of the
probability ratio uncertainty does not cross the value one when relating western
and southeastern EuSHW s to the positive IB cases, and to the positive MED and
NS cases, respectively.

However, GFCS2.1 might represent spurious relationships between AM North
Atlantic SSTAs and EuSHWs. Unlike in ERA5 and observational datasets, we find
that in GFCS2.1 the western EuSHWs are more related to the SSTAs around the
Iberian Peninsula than to the positive phase of NATP. The model also disagrees by
showing that southeastern EuSHWs are related to the positive phase of NATP. This
implies that the GFCS2.1 simulates false western and southeastern EuSHWs when
the SSTAs around the Iberian Peninsula are positive and when the phase of the
NATP is positive, respectively.

The results from GFCS2.1 are in closer agreement with Beobide-Arsuaga et al.
(2023), who use the low-resolution uninitialized MPI historical simulations than
with ERA5 and observational datasets, than to the results from ERA5 and obser-
vational datasets, and it hints towards unrealistic physical connections of the MPI
climate model (Miiller et al., 2018). The disagreement suggests that the influence of
the NATP on the European summer climate is misrepresented by some ensemble
members, in agreement with Neddermann et al. (2019). The seasonal predictabil-
ity of EuSHWSs could be improved by sub-selecting the ensemble members that
capture the physical connection between the NATP and EuSHWSs (Dobrynin et al.,
2018; Neddermann et al., 2019).

Nevertheless, we do find overlapping results between GFCSz2.1, and ERA5 and ob-
servational datasets reinforcing that spring North Atlantic SSTAs are applicable to
anticipate EUSHWs. All datasets indicate that the probability of EUSHW occurrence
is low when the SSTAs averaged over the regional seas are negative. All datasets
agree that the probability of western EUSWH occurrence is higher when the NATP
is positive. They also agree that the probability of southeastern EUSHW occurrence
is higher when the SSTAs in the Mediterranean Sea or in the North and Baltic Seas
are positive.

5 CONCLUSIONS

In the present study, we investigate the applicability of spring North Atlantic SSTAs
as in indicator of EuSHW occurrence. Based on Beobide-Arsuaga et al. (2023), we
test if the NATP and regional SSTAs are related to the occurrence of EuSHW s us-
ing ERA5 reanalysis data, EOBS and OISST observational datasets, and the GFCSz2.1
seasonal forecast system. All datasets agree that the probability of western EUSHWSs
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is increased during the positive phase of NATP and that the probability of south-
eastern EuSHWs is increased when the SSTAs in the Mediterranean Sea or in the
North and Baltic Seas are positive. We also find that the probability of EuSHW oc-
currence is reduced when the SSTAs averaged over the regional seas are negative.
However, unlike in ERA5 and observational datasets, in GFCS2.1 the occurrence of
western EuSHWs is more related to the positive SSTAs around the Iberian Penin-
sula than to the positive NATP. In addition, in GFCS2.1 the positive NATP also
relates to the occurrence of southeastern EuSHWSs, which is not the case in the
observational datasets. Overall, we demonstrate that certain spring North Atlantic
SSTAs are robust precursors of EUSHWSs, and thus, might be used to develop early
warning systems.
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