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An important aspect of inevitable surprises, for the climate system, is the potential of
occurrence of compound extreme events. These can be events that occur at the same
time over the same geographic location or at multiple locations within a given country or
around the world. In this study, we investigate the spatio-temporal variability of summer
compound hot and dry (CHD) events at European level and we quantify the relationship
between the occurrence of CHDs and the large-scale atmospheric circulation. Here
we show that summer 1955 stands out as the year with the largest spatial extent
characterized by hot and dry conditions (~21.2% at European level), followed by 2015
(~20.3%), 1959 (~19.4%), and 1950 (~16.9%). By employing an Empirical Orthogonal
Function (EOF) analysis we show that there are three preferred centers of action of
CHDs over Europe: Fennoscandia, the central part of Europe, and the south-eastern
part of Europe. Overall, hot and dry summers are, in general, associated with persistent
high-pressure systems over the regions affected by CHDs, which in turn reduces
the zonal flow and diverts the storm tracks southward. The high-pressure systems
associated with each mode of variability largely suppresses ascending motions, reduces
water vapor condensation and precipitation formation, leading to drought conditions
below this atmospheric system. This study may help improve our understanding of the
spatio-temporal variability of hot and dry summers, at European level, as well as their
driving mechanisms.

Keywords: drought, heatwave, compound events, atmospheric circulation, climate variability

INTRODUCTION

During the last decades a significant increase in the concurrence of hot summers and severe
droughts has been observed (Seneviratne et al., 2012; Zscheischler et al., 2018; Feng et al., 2020;
Raymond et al., 2020). The concurrence of dry and hot events is commonly known as “compound
events” (Leonard et al., 2014). Compound events are events that occur at the same time or
in sequence and at the same geographic location or at multiple locations within a country or
around the world (Zscheischler et al., 2018; Raymond et al., 2020). Globally, an increase in the
co-occurrence of hot and dry events over the observational period as well as in future projections
has been found (Diffenbaugh et al., 2017; Zscheischler et al., 2018; Manning et al., 2019; Feng et al.,
2020). The understanding of the spatio-temporal evolution and the large-scale drives of compound
events is important because these events have often immediate impacts and can cause widespread
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destruction in terms of societal and economical damages (Feng
et al, 2020; Raymond et al, 2020). Overall, understanding
the interactions between several number of competing events
is much more complex than understanding the drivers of
individual events.

Heatwaves and droughts are two of the most important
natural hazards with significant impacts on the economy and
society, around the world (Ciais et al., 2005; Kong et al., 2020).
For example, severe heatwaves and droughts have struck Europe
over the last decades (e.g., 2003, 2010, 2015, 2018) and caused
significant human and monetary losses as well as environmental
damages (Barriopedro et al., 2011; Ionita et al., 2017, 2020b; Ben-
Ari et al, 2018). The financial losses due to the hot and dry
conditions during summer 2018 alone were estimated to be ~3.3
billion Euros, being the costliest single-event in Europe (Munich
RE, 2020). In terms of compound hot and dry events at European
level Manning et al. (2019), have shown that dry periods are
becoming hotter, leading to an increase in the occurrence of
long-lasting dry periods with extremely high temperatures and
that the probability of such compound events (e.g., hot and
dry) has increased across much of Europe over the last decades.
Moreover, they have shown that the main driver of this change
in the probability of occurrence of hot and dry events is due to
the increasing temperatures throughout Europe. In their study
centered over the Mediterranean region Russo et al. (2019), have
shown that the hottest months are July and August, and are
usually preceded by the occurrence of droughts in spring and
early summer over the Iberian Peninsula, northern Italy, and the
Balkans. In a recent study Bezak and Miko$ (2020), have shown
that parts of Western Europe, Italy, the Balkan Peninsula, and
Northern and Eastern Europe stand out as hotspots of compound
drought and extreme heat events.

The co-occurrence of hot and dry events can be triggered
by different mechanisms, like the land-atmosphere interactions
and/or persistent large-scale atmospheric circulation patterns.
The influence of the land-atmosphere interaction on the
occurrence of compound hot and dry events has been found
particularly significant during the warm season (Trenberth and
Shea, 2005; Hirschietal., 2011; Russo et al., 2019). One important
factor which plays a significant role in the coupling between
the land surface and the atmosphere is the soil moisture deficit
(Hirschi et al., 2011; Seneviratne et al., 2012). Soil moisture
deficit tends to reduce the evaporative cooling and to increase
the sensible heat flux, thus leading to an increase in the surface
temperature which in turn may result in heatwaves or it may
exacerbate the prevailing drought conditions (Manning et al.,
2018; Samaniego et al., 2018).

Compound events, like heatwaves and droughts, may also
result as a consequence of persistent large-scale atmospheric
circulation anomalies. One essential driver of heatwaves
and droughts over Europe is the prevalence of long-lasting
high-pressure systems, also known as atmospheric blocking
(Barriopedro et al., 2011; Schubert et al., 2014, 2016; Ionita
et al., 2017, 2020a). Atmospheric blocking is defined as a
large-scale mid-latitude phenomenon, associated with persistent
quasi-stationary high-pressure systems (Barriopedro et al., 2010).
Overall, atmospheric blocking exerts significant impacts on

different types of extremes such as heatwaves (Della-Marta et al.,
2007; Barriopedro et al., 2011; Schubert et al., 2014), droughts
(Schubert et al., 2016; Ionita et al., 2021), floods (Najibi et al.,
2019; Tonita et al., 2020b), and cold spells (Hori et al.,, 2011;
Rimbu et al., 2014). In general, dry and hot summers over Europe
are associated with a high frequency of atmospheric blocking
centered over the British Isle and/or over Fennoscandia (Della-
Marta et al., 2007; Ionita et al., 2017; Bakke et al., 2020; Zhang
et al., 2020).

So far, the analysis of compound hot and dry events (CHDs)
over Europe has been focused either on particular regions (e.g.,
the Mediterranean region) or just by analyzing the trends of
CHDs and their return values (Manning et al., 2019; Russo et al.,
2019; Feng et al, 2020). In this study, we aim at making an
in-depth analysis of the spatio-temporal variability of CHDs at
European level as well as to quantify the relationship between the
occurrence of CHDs and the large-scale atmospheric circulation.
Improving our understanding of the physical processes behind
the occurrence of compound hot and dry events could help for
a better predictability and impact assessment of future CHDs,
especially since the topic of predictability becomes essential in
the view of an increase in the likelihood of extreme events in a
warming climate. The outline of the study is as follows. The data
and methods are described in section Data and Methods, while
the main results and the discussion are shown in section Results
and Discussion. The main conclusions of the paper are presented
in section Conclusions.

DATA AND METHODS

In this study, drought conditions are defined by considering the
3-month Standardized Precipitation Index (SPI3) values <-1.
For this analysis we used two SPI3 indices: the August SPI3 index
based on all summer months (i.e., June-July-August), and the
May SPI3 index which takes into account all spring months (i.e.,
March-April-May). The SPI index was extracted from the E-OBS
v23.1e data set (https://surfobs.climate.copernicus.eu/dataaccess/
access_eobs_indices.php), with a resolution of 0.1° x 0.1°. SPI
takes into account the accumulated precipitation data, where the
precipitation (PP) data has been fitted to a gamma distribution
(McKee et al., 1993). Heatwave events are identified by employing
a threshold-based methodology (Perkins and Alexander, 2013).
This method considers periods of consecutive days with the daily
maximum temperature (Tyx) above a certain percentile of Ty for
a particular calendar day. Here we employ the 90th percentile
and a duration > 6 days (the 90th percentile is computed over
the reference period 1971-2000). The heatwave duration index
(HWDI) is defined as the number of days per season when the
aforementioned criteria were fulfilled. The daily Ty data set has
been extracted from the E-OBS v23.1e dataset (Cornes et al.,
2018). The E-OBS data set builds on the European Climate
Assessment and Dataset (ECA&D), which is a database of daily
meteorological station observations across Europe. The station
based data used to develop the gridded E-OBS data set are
subjected to quality control and homogeneity test, thus, all series
are checked for inhomogeneities. The E-OBS v23.1e dataset is
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based on 100 realizations of each daily field (e.g., precipitation,
daily mean temperature, daily maximum temperature, and daily
minimum temperature). The spread of the E-OBS dataset is
calculated as the difference between the 5th and 95th percentiles
over the 100 realizations to provide a measure indicate of the 90%
uncertainty range. For the current study we use the ensemble
mean (the mean over the 100 realizations), which provides a
“best guess” value. In order to isolate Ty values from the global
warming sign, before the computation of HWDI, we removed
the linear trend from the entire daily Ty dataset, by applying a 1st
degree polynomial regression technique. A similar approach has
been used recently by Geirinhas et al. (2021) in order to remove
the global warming signal from the maximum temperature to
compute heatwave events in southeast Brazil. Considering our
definition of drought and daily heatwave episodes, a compound
hot and dry event (CHD) is then defined as a combined index
when a heatwave episode occurs during a period under drought
conditions (i.e., a summer with an associated 3 month SPI value
(SPI3 August) <-1). This metric has been successfully applied
also for other regions (Russo et al., 2019; Geirinhas et al., 2021).
For our analysis we used only the grid points which are satisfying
the compound event criteria. The analysis was made for the
whole summer (June-July-August) season.

To understand the role of large-scale atmospheric circulation
in determining the spatio-temporal variability of CHD events, we
used the monthly geopotential height, the zonal and meridional
wind at 500 mb (Z500). The datasets were extracted from the
ERAS5 reanalysis project (Hersbach et al., 2020), which has a
spatial resolution of 0.25° x 0.25° and covers the period 1950-
2020.

The patterns of the dominant modes of CHD variability are
based on Empirical Orthogonal Function (EOF) analysis (von
Storch and Zwiers, 1999). The EOF technique aims at finding
patterns in an existing data set that explains the most variance
through a linear combination of the original variables, and it
represents an efficient method of investigating the spatial and
temporal variability of time series which cover large areas. The
EOFs resulting from the standardized and detrended CHD data
set (anomaly divided by standard deviation) allow us to recognize
the regions with different climatology and filter out some errors
in the data.

RESULTS AND DISCUSSION

Historical Evolution of Compound Events
(Hot and Dry)

The association between the occurrence of hot extreme
temperatures and the surface moisture deficit, as captured by the
SPIindex, has been tested both with lag (SPT1leads HWDI) and in-
phase. When performing the lag analysis, significant correlations
are found over the central part of the Iberian Peninsula, France,
Italy, and the central part of Ukraine (Figure 1A). The lag
correlation indicates that over the aforementioned regions the
spring drought conditions could be used as an indicator for
the upcoming summer heatwaves. This lagged relationship is in
agreement with previous studies, which have shown that drought

conditions in spring and the beginning of summer have the
tendency to amplify hot extremes especially over the southern
part of Europe, via the land-atmosphere feedbacks (Fischer et al.,
2007; Mueller and Seneviratne, 2012).

The in-phase correlation map (Figure 1B) indicates that
summer heatwaves over large areas in Europe co-occur with dry
summers. The highest correlations are found over the British
Isles, Germany, the north-eastern part of France, and the south-
eastern part of Europe. Over these regions the correlation is
significant (99% significance level) and the highest amplitude (up
to 0.8) is observed over the south-eastern Europe and the British
Isles. An interesting feature of the correlation maps between
SPI3 and the HWDI is the fact that over the Iberian Peninsula
and the southern France the correlations are significant when
SPI3 leads HWDI (SPI3 May vs. HWDI JJA), while for the
rest of Europe the highest significant correlations are found in-
phase (SPI3 August vs. HWDI JJA). The lag-relationship over
the Iberian Peninsula has been also found by Russo et al. (2019).
In their study, Russo et al. (2019) have shown that extreme
high temperatures in summer over the Iberian Peninsula and
northern Italy are preceded by the extremely dry condition
in spring.

Figure 1 shows a clear signal that hot summers tend to co-
exist with dry summers. To test the spatial distribution and
the variability of compound hot and dry events, in summer,
we have analyzed the frequency of CHD over the 1951-
2020 period (Figure 2). Since our aim is to test if there are
changes in the frequency of CHD events on decadal time scales,
we have splitted our data into shorter time periods (e.g., 10
years) and computed the number of CHDs/decades. Over the
decade 1951-1960, CHD events were recorded over the south-
eastern Europe, Fennoscandia, and western Russia (Figure 2A).
The highest number of CHDs/decade (up to three events)
was recorded over the southwestern part of Romania and the
western part of Russia. The decades 1961-1970 (Figure 2B)
and 1981-1990 (Figure 2D) indicate an overall lack of CHDs,
with small exceptions (1 CHD/decade) over small regions
in central Europe and Fennoscandia. The decade 1971-1980
(Figure 2C) indicates the occurrence of 1-2 CHD events/decade
over the northern part of Europe and Fennoscandia and no
CHD’s over the southern part of Europe. Over the decade
1991-2000, CHD events were more frequent (1-2 CHD/decade)
mainly over the eastern part of Europe (Figure 2E). Throughout
the decade 2001-2010 (Figure2F) at least 1 CHD/decade
was recorded over large areas in Europe, while over small
regions in Spain, southern France, and southern Russia, 2-3
CHDs/decade have been recorded. The regions where the CHD
are recorded during this decade, are the regions where the 2003
and 2010 heatwaves had the highest amplitude (Schir et al.,
2004; Barriopedro et al., 2011). Compared with the previous
decades, the period 2011-2020 (Figure 2G) is characterized
by an increase in the number of CHD events/decade (~4
CHD/decade), especially over the central and south-eastern
part of Europe. The increase in the number of CHD events
over the south-eastern part of Europe is mainly due to an
increase both in the duration of heatwaves over this region
(Figure 3A) as well as in the frequency of the HW events
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FIGURE 1 | (A) Correlation map between May SPI3 and HWDI over the period 1950-2020 and (B) as in (A) but for August SPI3. Hatching indicates the grid points
where the correlations are significant (99% significance level).
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FIGURE 2 | Decadal frequency of compound hot and dry events (CHD) over the period 1951-2020. (A) 1951-1960; (B) 1961-1970; (C) 1971-1980; (D) 1981-1990;

(E) 1991-2000; (F) 2001-2010; and (G) 2011-2020.
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FIGURE 3 | Changes over the period 1986-2020 relative to 1950-1985 for (A) the heat wave duration index (HWDI) for summer (June-July-August); (B) as in (A) but
for the heatwaves frequency and (C) as in (A) but for August SPI3. The hatched areas indicate significant changes at 99% significance level based on a Student t-test.

(Figure 3B). Overall, August SPI3 indicates an overall wetting
over the northern part of Europe and a drying tendency
over the southern part of Europe (Figure 3C), which is in
agreement with previous studies regarding the change in the
occurrence of drought events over Europe, based on the SPI
drought index (Ionita and Nagavciuc, 2021; Vicente-Serrano
et al., 2021).

The increase in the number of CHD events over the
last two decades (Figures 2E,G) is also visible in terms of
the spatial extent of these CHDs. Over the analyzed period,
there is a strong variability in the percent of the area
covered by CHDs (Figure4). Summer 1955 stands out as
the year with the largest spatial extent under both hot and
dry conditions at European level (~21.2%), followed by 2015
(~20.3%), 1959 (~19.5%), and 1950 (~16.9%). A detailed
description of some of these extreme events will be given in
section Spatio-Temporal Variability of Hot and Dry Summers
and Supplementary Table 1.

Spatio-Temporal Variability of Hot and Dry

Summers

The patterns of the dominant modes of CHD variability are
based on the Empirical Orthogonal Function (EOF) analysis
(von Storch and Zwiers, 1999). In this study, we consider only
the first three EOFs patterns which explain ~28% of the total
variance. The leading EOF (EOF1, Figure 5A) accounts for
10.9% of the total variance, the second EOF (EOF2, Figure 8A)
accounts for 9.7% of the total variance and the third EOF (EOF3,
Figure 11A) explains 7.4% of the total variance. These EOF’s are
well-separated according to the North rule (North et al., 1982).

First Mode of Variability and Large-Scale Drivers

The first EOF (Figure 5A) has a dipole-like structure, with the
highest positive loadings over Fennoscandia and western Russia
and negative loadings over Romania, Hungary, and western
Bulgaria. This dipole-like structure emphasizes that the CHD
variability over Fennoscandia and the western part of Russia is
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influenced by the same factors (e.g., the large-scale circulation).
The driest and warmest summers over Fennoscandian and
western Russia, in terms of summer PCl (Figure 5B), were
recorded for the years 1955, 1959, 1975, 1997, and 2006. The
amplitude of the loadings over the southern part of Europe are
much smaller compared to the positive ones over Fennoscandia,
thus we argue that EOFI is a good indicator for the spatio-
temporal variability of CHD over the northern part of Europe.

The composite map of Z500 anomalies and the corresponding
wind vectors for hot and dry years over Fennoscandia and
the western part of Russia, as identified by PC1 (Figure 5B),
is characterized by a tripole-like structure, with negative Z500
anomalies over Greenland, positive Z500 anomalies extending
from the eastern coast of U.S. to the northern part of Europe
and negative Z500 anomalies centered over the Mediterranean
region (Figure 5C). This pattern resembles the Scandinavian
blocking pattern (van der Wiel et al., 2019). The high-pressure
system centered over Fennoscandia reduces the zonal flow and
diverts the storm tracks southward, and the regions situated
under the influence of this system experience warmer and drier
than normal conditions due to the advection of warm and dry
air from the eastern part of Europe and enhanced incoming solar
radiation (Bueh and Nakamura, 2007).

Two of the most extreme hot and dry events, over
Fennoscandia and the western part of Russia, as captured by

the amplitude of the PC1 time series (Figure 5B) were recorded
in summer 1955 and summer 1959, respectively. The summer
1955 and 1959 heatwave and drought as measured by the rank
maps of the summer HWDI, summer Ty and August SPI3
are shown in Figure 6. The most-affected regions during the
summer 1955 event were the southern part of Fennoscandia, in
terms of heatwave duration (Figure 6A), small parts of Norway
in terms of extreme temperatures (Figure 6C), and the whole
Fennoscandia and western part of Russia, in terms of drought
amplitude (Figure 6E). Summer 1955 ranks as the longest one
in terms of heatwave duration, over the study period (i.e., 1950—
2020), over the southern part of Norway and Sweden, and as
the driest one over large regions covering Norway, Finland,
Sweden, and western Russia (Figure 6E). In summer 1955 there
were more than 20 days/season characterized by heatwaves
(Figure 7A) and the August SPI3 index reached values up to
—3 over large parts in the northern part of Europe (Figure 7C).
This particular summer was characterized by extreme large-scale
circulation anomalies (Figure 7E) which resemble the pattern
associated with high values of PC1 (Figure 5C). Summer 1955
was characterized by negative Z500 anomalies over Greenland,
positive Z500 anomalies over Fennoscandia, and negative z500
anomalies centered over the Mediterranean region. The 1959
event was more restricted, in terms of spatial extent, compared
to the 1955 event (Figures 6B,D,F). Summer 1959 ranks as the
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longest one in terms of heatwave duration (Figure 6B) over
small areas in the north-western part of Russia, and as the
driest one in the southern part of Sweden and small regions
in western Russia (Figure 6D). In summer 1959, there were
up to 20 days/season characterized by heatwaves (Figure 7B).
The magnitude of the 1959 drought event was smaller (in
terms of amplitude) compared to the 1955 event (Figure 7D).
The prevailing large-scale atmospheric circulation associated
with the 1959 events resembles the one in summer 1955, with
positive Z500 anomalies over Fennoscandia flanked by negative
7500 anomalies over Greenland and the Mediterranean Sea
(Figure 7F).

Second Mode of Variability and Large-Scale Drivers

The second EOF pattern (Figure 8A) describes 9.7% of the total
variance of the summer CHD variability and is characterized by
positive loadings over central Europe, with the highest amplitude
over Germany. Summer PC2 (Figure 8B) is characterized by
interannual variability with driest and warmest summers, in
terms of summer PC2 amplitude, recorded for the years 1976,

2003, 2015, 2018, and 2019. The spatio-temporal structure of
EOF?2 captures best the extremely warm and dry summer over the
last two decades (e.g., 2003, 2015, and 2018) (Schir et al., 2004;
Tonita et al., 2017, 2020a; Bakke et al., 2020; Ionita and Nagavciuc,
2020).

The composite map of Z500 anomalies and the corresponding
wind vectors for hot and dry years over central Europe, as
identified by PC2 (Figure 8B), is characterized by a wave train
with positive Z500 anomalies over the eastern coast of the U.S,,
negative Z500 anomalies over central North Atlantic Ocean,
positive Z500 anomalies over central Europe and negative Z500
anomalies over western Russia (Figure 8C). The wave-train like
pattern of alternating Z500 anomalies, resembling an Q-like
blocking pattern, suggests a stationary Rossby wave signal which
is usually associated with droughts and heatwaves over the
Eurasian continent (Ionita et al., 2012, 2015; Schubert et al.,
2014).

Two of the most extreme hot and dry events, over the
central part of Europe, as captured by the amplitude of the
PC2 time series (Figure 8B) were recorded in summer 2003
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FIGURE 6 | (A) Top-eight ranking of summer 1955 HWDI; (B) Top-eight ranking of summer 1959 HWDI; (C) Top-eight ranking of summer 1955 Ty; (D) Top-eight
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and summer 2015, respectively. Summer 2003 experienced the
longest heatwave (Figure 9A) and the warmest summer on
record over most of central Europe, including the northwestern
parts of Spain, France, Italy, Germany, Switzerland, and Austria,
and the western part of the Czech Republic (Figure 9C). In
terms of drought, summer 2003 was among the driest one over
small areas in the southern part of Germany and northern
part of Italy (Figure 9E). The 2003 event was much clearly
visible in terms of heat wave duration, and to a lesser extent
in terms of drought. In summer 2003 there were more than
40 days/season characterized by extremely high temperatures
(Figure 10A) and the August SPI3 index reached values up to

—3 over large parts of the central part of Europe (Figure 10C).
This particular summer was characterized by extreme large-scale
circulation anomalies (Figure 10E) which resemble a Rossby
wave train, similar to the one associated with high values of PC2
(Figure 8B). Summer 2003 was characterized by negative Z500
anomalies over the central North Atlantic Ocean, positive Z500
anomalies over central Europe, and negative Z500 anomalies over
western Russia.

The 2015 event, was shifted toward the eastern part of Europe
compared to the 2003 event. In 2015, the longest heatwave
(Figure 9B) and the hottest regions were the southern part
of Germany, the Czech Republic, eastern part of Austria, and
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FIGURE 8 | Spatio-temporal variability of compound hot and dry events over the period 1950-2020. (A) Second spatial pattern (EOF2); (B) the temporal evolution
(PC2) corresponding to EOF2; (C) The high (PC2 > 1 standard deviation) composite map between PC2 and the summer (JJA) Z500 and the wind vectors at 500 mb.

small regions from the eastern part of Europe (Figure 9D).
Summer 2015 was also the driest one on record over the
eastern part of Austria, the eastern part of Poland, the western
part of Ukraine, and eastern part of Belarus (Figure 9F). In
summer 2015 there were up to 25 days/season characterized
by extremely high temperatures (Figure 10B) and the August
SPI3 index reached the highest amplitude over the central and
eastern part of Europe (Figure 10D). In summer 2015, the
7500 anomalies are projecting onto an Q-like block pattern
with negative Z500 anomalies over the middle of the North
Atlantic Ocean, an anomalous positive center of Z500 anomalies
over central Europe, and negative z500 anomalies over western
Russia (Figure 10F). Under the influence of Q blocks and
northward shifted storm tracks, warm dry air from southern
Europe and Africa was pulled northward, pushing temperatures
higher than normal over the Iberian Peninsula, central Europe,
and the Balkans.

Third Mode of Variability and Large-Scale Drivers
The third EOF pattern (Figure 11A) describes 7.4% of the total
variance of the summer CHD variability and is characterized

by positive loadings over south-eastern Europe (i.e., Romania,
Bulgaria, Hungary, Serbia, Croatia), negative but very weak
(in terms of amplitude) loadings over Poland and Ukraine
and positive, but weak, amplitudes over the northern part
of Finland. The driest and warmest summers, based on
the temporal evolution of summer PC3 (Figure 11B), were
recorded for the years 1950, 1955, 1980, 1998, 2000, 2003,
2006, and 2012.

The composite map of Z500 anomalies and the corresponding
wind vectors for hot and dry years over the south-eastern part
of Europe, as identified by PC3 (Figure 11C), is characterized
by a wave train with negative Z500 anomalies over the central
North Atlantic Ocean, positive Z500 anomalies over the south-
eastern part of Europe coupled to another center of positive
7500 anomalies over Fennoscandia and negative Z500 anomalies
over western Russia (Figure 11C). This kind of pattern favors
the advection of dry and warm air from the southeastern part of
Europe, reduced precipitation, and high temperatures over the
region situated under the influence of the high-pressure system.
For the case studies, based on the PC3 amplitude, we have chosen
the years with the highest amplitude: 1950 and 2012, respectively.
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FIGURE 9 | (A) Top-eight ranking of summer 2003 HWDI; (B) Top-eight ranking of summer 2015 HWDI; (C) Top-eight ranking of summer 2003 Ty; (D) Top-eight
ranking of summer 2015 Ty; (E) Top-eight ranking of 2003 August SPI3; (F) Top-eight ranking of 2015 August SPI3. 1st means the longest heatwave (HWDI), hottest
(Tx), and driest (SPI3) since 1950, 2nd signifies the second longest, hottest and/or driest, etc., and all ranks >8 are shown in white. Analyzed period: 1950-2020.

In summer 1950 record breaking heatwaves were observed over ~ of Hungary and Croatia (Figure 12C), but this summer was the
small regions in the southern part of Europe (Figure 12A) and  driest one on record over the northern part of Finland and small
record-breaking temperatures were observed in the southern part  regions over the southern part of Europe (i.e., Croatia, Bosnia
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FIGURE 10 | Study cases 2003 and 2015. (A) HWDI—-2003, (B) HWDI—-2015; (C) August SPI3-2003; (D) August SPI3-2015; (E) Summer Z500 anomalies—2003
and (F) Summer Z500 anomalies—2015. The anomalies are computed relative to the period 1971-2000.
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and Herzegovina, Romania) (Figure 12E). In summer 1950 there
were up to 18 days/season of extremely high temperatures
(Figure 13A) over the southern part of Europe, with a focus
on Croatia, Bosnia, and Herzegovina, Serbia, and the western
part of Romania, complemented by extremely dry conditions
over these regions (Figure 13C). Dry conditions were recorded
also over Finland and the north-western part of Russia, but over
this region no heatwaves were recorded (Figure 13A). The large-
scale atmospheric circulation, throughout summer 1950 was
characterized by a wave train-like in the Z500, with negative Z500
anomalies over the central North Atlantic Ocean, positive Z500
anomalies over southern Europe and the Mediterranean Sea,

and negative Z500 anomalies over western Russia (Figure 13E).
The wave trains observed throughout summer 1950, resembles
an omega-like blocking. Under the influence of this omega-like
blocking situation, the storm tracks were shifted northwards and
the regions under the influence of the high-pressure system were
characterized by warm and dry conditions (Figures 13A,C).
Opposite to the 1950 event, the summer 2012 event was more
prominent in terms of temperature extremes (Figures 12B,D)
and to a lesser extent in terms of drought (Figure 12F). Summer
2012 was the longest one on record in terms of heat wave duration
over large areas in the south-eastern part of Europe, including
Croatia, Bosnia and Herzegovina, Serbia, Slovakia, Romania,
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Ukraine, Moldova, Hungary, and Bulgaria (Figure 12B) and the
hottest one on record mainly over Romania (Figure 12D). Over
these regions there were up to 32 days/season with extremely high
temperatures (Figure 13B). The most affected areas, in terms
of drought (Figures 12D, 13D), were Serbia, Bulgaria, and the
central part of Romania. The prevailing large-scale circulation,
throughout summer 2012 (Figure 13F), was characterized by
a wave train-like pattern, with positive Z500 anomalies over
Greenland, negative Z500 anomalies over the central North
Atlantic Ocean, and positive Z500 anomalies extending from the
northern part of Africa toward the eastern part of Europe up to
Russia. Overall, the spatial distribution of the Z500 anomalies for
summer 2012 are different compared to the ones in Figure 11C.
The highest Z500 anomalies are observed over the region where
the hottest and driest conditions were recorded in summer 2012,
namely the south-eastern part of Europe (Figures 13A,D,F).

CONCLUSIONS

Concurrent hot and dry events (CHDs) can result in significant
socio-economic damages, compared to individual events

(Leonard et al., 2014). The observed increase in CHDs, which
severally impacted the society, economy, and the environment
over the past decades, has brought the scientific community to
make an extensive analysis of the variability, trends, and future
projection of these events, either at global scale (Feng et al,
2020; Ridder et al., 2020; Mukherjee and Mishra, 2021) or at
regional scale (Kattsov et al., 2005; Von Buttlar et al., 2018; Hao
et al., 2019; Russo et al., 2019; Vogel et al.,, 2019; Bezak and
Mikos, 2020; Kong et al., 2020). In this respect, we explored the
spatio-temporal variability of CHDs at European level and we
quantified the relationship between the occurrence of CHDs
and the large-scale atmospheric circulation. The study was
motivated by the fact, that to our knowledge no study is available
at European scale which investigates both the spatio-temporal
variability of CHD as well as with their driving factors. This
has been accomplished by performing an EOF analysis over
the period 1950-2020 on CHDs computed at European scale,
in order to analyze the spatio-temporal variability, followed
by analyzing the prevailing large-scale atmospheric circulation
corresponding to each spatial CHD mode of variability. The
main conclusions of this study can be summarized as follows:
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FIGURE 13 | Study cases 1950 and 2012. (A) HWDI—-1950, (B) HWDI—2012; (C) August SPI3-1950; (D) August SPI3-2012; (E) Summer Z500 anomalies—1950
and (F) Summer Z500 anomalies—2012. The anomalies are computed relative to the period 1971-2000.

e There is a large variability in the co-occurrence of CHDs at e Most of the spatio-temporal variability of CHDs can be

European level over the last ~70 years. The period 2011-
2020 is characterized by an increase in the number of
CHD events/decade (~4 CHD/decade) compared to previous
decades, with a special focus on the central and south-eastern
part of Europe. The increase in the number of CHD events
over the south-eastern part of Europe is mainly due to an
increase in the frequency of heatwaves over this region (~0.20
events/decade), as well as due to an increase in the duration
of the heatwaves (~2 days/decade). In the case of the SPI3, no
significant changes at European level have been observed over
the last ~70 years (Figures 2, 3).

explained by the first three EOF patterns which have a
preferred center of action. EOF1 has a dipole-like structure,
with the highest amplitude over Fennoscandia and the
north-western part of Russia, and loadings of opposite
sign (but smaller in amplitude) over the Balkans. The
years with the most severe CHDs over Fennoscandia,
as capture by the temporal evolution of PCl, were:
1955, 1959, 1975, 1997, and 2006, respectively. Summer
1955 stands out as the driest one on record over large
regions covering Fennoscandia and the western part
of Russia.
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e The second mode of variability, represents the spatio-temporal
CHDs variability over central Europe, with the highest
amplitude over Germany. The years with the most severe
CHDs over central Europe, as captured by the temporal
evolution of PC2, were: 1976, 2003, 2015, 2018, and 2019,
respectively. All these years were characterized by long lasting
drought and record breaking temperatures in central Europe
(Schar et al., 2004; Rodda and Marh, 2011; Ionita et al.,
2017, 2020a; Bakke et al., 2020; Ionita and Nagavciuc, 2020).
Summer 2003 ranks as the hottest one on record over
northern Spain, France, southern Germany, and large parts
of Italy, while summer 2015 ranks as the driest one on
record over the eastern part of Austria, the eastern part
of Poland, the western part of Ukraine and eastern part
of Belarus.

The third mode of variability is concentrated mainly over

the south-eastern part of Europe, with the highest loadings

over Romania, Bulgaria, Hungary, Serbia, and Croatia. The
driest and warmest summers over the south-eastern part of

Europe, based on the temporal evolution of summer PC3,

were recorded for the years 1950, 1955, 1980, 1998, 2000,

2003, 2006, and 2012. Summer 2012 ranks as the hottest on

record over large areas in the south-eastern part of Europe,

where up to 32 days/season with extremely high temperatures
were recorded.

Hot and dry summers are, in general, associated with a

persistent high-pressure system over the regions affected by

CHDs. CHDs over Fennoscandia are associated with a Z500

pattern resembling the Scandinavian blocking pattern (van

der Wiel et al., 2019), characterized by a high-pressure system
centered over Fennoscandia, which in turns reduces the
zonal flow and diverts the storm tracks southward. CHDs
over the central part of Europe, are usually associated with

a Rossby wave-train which propagates from the USA to

Russia. High frequency of CHDs over the southern part of

Europe are associated with a wave train, in the summer

7500 field, characterized by negative Z500 anomalies over

central North Atlantic Ocean, positive Z500 anomalies over

the south-eastern part of Europe coupled to another center of
positive Z500 anomalies over Fennoscandia and negative Z500
anomalies over western Russia.

e Overall, the positive Z500 anomalies associated with each
mode of variability largely suppresses ascending motions,
reduces water vapor condensation and precipitation
formation, leading to drought conditions below this
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Table S1. Description of the affected regions and associated impact for six extreme CHDs: 1950, 1959,
2003, 2012 and 2015.

1950

Anomalously dry summer characterized also by high temperatures in central Europe (Briffaetal., 2009); The
longest and one of the most severe droughts over European Russia; Rainfall deficit at Pan-European level
(Spinoni et al., 2015)

1955

The longest drought event in Fennoscandia; the most affected area was the Northern Europe (Spinoni et al.,
2015); Reduced productivity of annual crop cultivation: crop losses, damage to crop quality or crop failure
due to dieback, premature ripening, drought-induced pest infestations or diseases, reduced productivity of
livestock farming (e.g. reduced yields or quality of milk, reduced stock weights) and increased costs/economic
losses in Scandinavia (EDC, 2012)

1959

The most severe drought in Fennoscandia, the most affected area was the northern and eastern part of Europe
(Spinoni et al., 2015); Reduced productivity of annual crop cultivation: crop losses, damage to crop quality
or crop failure due to dieback, premature ripening, drought-induced pest infestations or diseases, in
Northern/Central Europe, reduced productivity of livestock farming in Northern/Central Europe, increased
costs/economic losses (458 million euros in Nederland), reduced tree growth and vitality, local water supply
shortage / problems (drying up of springs/wells, reservoirs, streams), limitations in water supply to households
in rural areas, (temporary) water quality deterioration/problems of surface waters, increased mortality of
aquatic species, increased burned area, increased number of wildfires (EDC, 2012)

2003

Severe drought from May to September (EDC, 2013); The most affected areas were central France and eastern
Austria (Laaha et al., 2017); Air temperatures were extremely abnormal with monthly anomalies of up to 6
°C in a large part of Europe (Rebetez et al., 2006), over 100 million affected people (EU, 2010) and direct
economic impacts of 17.134 billion Euro (EEA, 2019); Local limitations and serious shortage problems in
public water, decreased the quantity and quality of the harvests, particularly in Central and Southern European
agricultural areas; important loss of crops more than 25 000 fires were recorded in Portugal, Spain, Italy,
France, Austria, Finland, Denmark and Ireland; the estimation of forest areas destroyed reached 647 069
hectares; decrease in nuclear power production and water use restrictions in 75 % of the French departments;
local limitations and serious shortage problems in public water supply (UNEP, 2003);

2012

Severe drought in Romania, grain production fell by almost 40% in Romania, but also in Bulgaria and
Hungary (Pana, 2013); Economic costs due to climatological events : 3.909 million Euro (EEA, 2019); In
July 2012 there were 16 consecutive days of heat, rainfall deficit, almost the whole month of July with an
average temperature of over 32°C; in some regions in Romania, the crop production loss was ~97%
(Pavnutescu, 2012); Several localities were left without drinking water due to the prolonged drought, the
authorities restricting consumption and transported water by tankers for the population and animals
(economica.net, 2012a); Temperatures repeatedly exceeded 35°C in July, from eastern Italy to the Black Sea
region and even Ukraine, mean temperature was with about 5 degrees above normal for this period
(economica.net, 2012b); In the Republic of Moldova the drought has strained the situation of the cereals
market, there has been an increase in market prices of wheat, corn and other cereals, the drought caused a
economic crisis (point.md, 2012);

2015

In France, Benelux, western Germany, northern Italy, northern Spain, the Czech Republic, Poland, Ukraine
and Belarus the rainfall deficit was greater than 100-130 mm, representing a reduction of about 50-60%, and
in some cases even 80%, compared to the long-term average (EDO, 2015); Almost 75% of the area of
Germany was under at least moderate drought in July 2015 (lonita et al., 2017); Maximum daily temperatures
consistently above 30°C for durations of 30 to 35 days (DG Environment — European Commission, 2007);
The most affected areas were the central and eastern part of Europe and the northern Balkans (Laaha et al.,
2017); Restrictions to civil and industrial water uses, losses in agricultural production reductions or even the
complete cessation of inland water transportation, increases in forest wildfires, impacts on forestry (e.g.
reduced biomass accumulation, insect attacks and diseases), limitations to energy production (hydropower
and cooling) (EDO, 2015), Direct economic impacts 2.172 billion Euro (EEA, 2019) and ~1250 related deaths
(Munich RE, 2020); Crop losses of up to 50% were reported in the Czech Republic, Germany, Poland and
Slovakia, across central Europe and parts of eastern Europe (e.g. Romania) hundreds of towns and villages
faced drinking water supply deficiencies (\Van Lanen et al., 2016).
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