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Abstract
The probability of incidence of compound extreme climate events is increasing due to human-induced climate change: in 
particular, there is high confidence that concurrent hot and dry extremes will become more frequent with increased global 
warming. In this context, Europe is no exception. Understanding the aggregated impact of synchronized compound hot and 
dry events at different locations is a pressing issue, especially when it comes to predicting these extremes. We use concepts 
and methods derived from network theory to highlight hotspot regions in Europe where these spatially compound extremes 
are increasing and analyse the atmospheric precursors driving these anomalous conditions. Using ERA5 reanalysis data 
and focusing on the summer and winter seasons of the period 1941-2020, we construct evolving networks constituted by 
51 consecutive blocks, encoding the spatial synchronization structure of compound hot and dry events. Next, we highlight 
the regional and seasonal differences of compounds occurrences and synchronizations, unraveling the main changes in the 
graphs structure, identifying hotspot regions and, finally, describing the atmospheric conditions behind compound events. 
The increase of compounds frequency and spatial synchronizations do not always match: synchronizations increase in South-
eastern Europe during winter and in some locations in Finland, north of Poland and the Baltic states in summer, although, 
in both cases, we do not detect a corresponding trend in compounds occurrences. Moreover, we show that most of the syn-
chronizations evolution can be explained by atmospheric pressure dynamical changes, including NAO and SNAO intensity. 
This work brings out key aspects concerning the underlying spatio-temporal dynamics of concurrent hot and dry events.

Keywords  Compound extreme climate events · Spatially compound hot and dry extremes · Evolving complex networks · 
Climate networks · Climate change

1  Introduction

Global warming sets new unprecedented temperature 
records every year, with 2023 identified as the hottest year 
on record (Copernicus Climate Change Service  2024c) 
and June 2024 being the thirteenth warmest month in a row 
compared to the respective months in the past (Copernicus 

Climate Change Service 2024f). As a direct consequence, 
the increase in intensity and duration of climate and weather 
extremes poses serious societal and environmental threats, 
such as biodiversity loss (Habibullah et al. 2022), water scar-
city for most of the population (Zhang et al. 2019), impacts 
on human health and mortality (Yadav et al. 2023). These 
events have been reported by several studies over the last 
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decades (AghaKouchak et al. 2020; Fischer et al. 2021; 
Seneviratne et al. 2021), with the aim of understanding and 
predicting future occurrences to reduce risk and implement 
adaptation strategies. Still, many scientific challenges lay 
ahead.

Single extremes located in distant regions could be 
statistically related, due to numerous and often nonlinear 
mechanisms. In such circumstances, the superposition prin-
ciple does not hold, and when multiple events hit, the asso-
ciated impacts are larger than the sum of the single ones 
(Zscheischler et al. 2018). These phenomena are referred 
to as climate and weather compound events (Zscheischler 
et al. 2020), which have been the topic of several recent 
research papers. Climate compound events have been clas-
sified into different types (Zscheischler et al. 2020), e.g., 
(i) spatially compounding climate events, where multiple 
locations are affected by climate hazards within a short time 
window, or also (ii) temporally compounding events, in case 
of a temporal sequence of extremes at one location. Whereas 
about the specific involved hazards, several examples have 
been brought to the attention in the literature: hot-humid 
(Li et al. 2020) or hot-dry (Ha et al. 2022; Tian et al. 2024) 
extremes, extreme precipitation and storm surge (Bevacqua 
et al. 2019), wet-windy (Leeding et al. 2023) and hot-windy 
(Tavakol et al. 2020) extremes. Thereby, compound events 
research calls for an interdisciplinary approach, owing to the 
different processes involved at various spatial and temporal 
scales, as well as to the implications for society at different 
levels (Tabari and Willems 2023).

Europe has been reported as one of the major heat-
waves hot-spots in the northern hemisphere, also due to the 
persistence of double jet states over Eurasia (Rousi et al. 
2022). Here, heatwaves have been the most impactful cli-
mate hazard in terms of human fatalities (Douris and Kim 
2021), e.g., in summer 2003 (Di Napoli et al. 2018; Fink 
et al. 2004), when more than 70,000 deaths were caused by 
strong temperatures (Robine et al. 2008), or the more recent 
2022 heatwave (Ballester et al. 2023), which induced water 
shortages and wildfires across large parts of western and 
southern Europe (Tripathy and Mishra 2023). Concerning 
dry extremes (Spinoni et al. 2015b), several studies agree 
that while the north of the continent is experiencing wetter 
than average conditions, the Mediterranean has seen more 
severe and frequent drought states (Spinoni et al. 2017; 
Copernicus Climate Change Service 2024g). This is mainly 
due to the increased precipitation over northern latitudes, 
and the simultaneous temperature increase and precipita-
tion decrease over the Mediterranean (Spinoni et al. 2015a). 
The occurrence of both extreme flooding and droughts with 
high spatial variability has been confirmed by the European 
State of the Climate 2023 (Copernicus Climate Change 
Service  2024b). The persistence of precipitation deficiency 
is a warning signal for the development of other types of 

droughts too, such as agricultural droughts (Wilhite and 
Glantz 1985; Seneviratne et al. 2012). For instance, just 
consider the high correlation between 2023 precipitation 
(Copernicus Climate Change Service 2024a) and soil mois-
ture (Copernicus Climate Change Service  2024e) anomaly 
in Europe. River discharge is also affected by low precipi-
tation, like in the case of the Po River, which experienced 
below-average flow throughout the entire year (Copernicus 
Climate Change Service  2024d).

As for compound hot and dry extremes, it has become 
evident that these events will become more frequent and 
severe due to global warming across large areas of Earth 
(Seneviratne et al. 2021; Tian et al. 2024). Potential feedback 
mechanisms linking these two conditions further exacerbate 
the risk (Seneviratne et al. 2021, 2010). For instance, tem-
peratures in high-latitude regions may be critically influ-
enced by the snow-albedo feedback (Hall and Qu 2006), 
while soil moisture-temperature feedback (Seo and Ha 2022) 
are thought to contribute to the additional warming observed 
over mid-latitude land areas compared to the global mean 
temperature increase (Vogel et al. 2017; Seneviratne et al. 
2018). Using a climate model ensemble, Lorenz et al. (2016) 
show the influence of soil moisture variability on the inten-
sity, frequency, and duration of temperature extremes, as 
well as its connection to precipitation extremes. Both atmos-
pheric processes and land surface mechanisms contribute to 
the observed negative temperature-precipitation correlation 
(Berg et al. 2015).

Simultaneous hot and dry extremes impact the European 
continent in multiple ways, affecting primary production 
(Ciais et al. 2005; Zscheischler et al. 2017), increasing wild-
fire risk (Gudmundsson et al. 2014; Ruffault et al. 2016; 
Sutanto et al. 2020), and raising mortality rates (Stott et al. 
2004; Ionita et al. 2017). Several studies agree that the rise 
in compound hot and dry extremes in Europe is primarily 
driven by atmospheric conditions (Tian et al. 2024; Manning 
et al. 2019; De Luca and Donat 2023). Rising temperatures 
promote the transition from meteorological drought to soil 
moisture depletion by enhancing evapotranspiration (Man-
ning et al. 2019), especially in wetter regions (Manning 
et al. 2018). In these areas, reduced precipitation, commonly 
linked to decreased cloud cover and anticyclonic circula-
tion patterns, leads to higher net radiation, which increases 
evapotranspiration and water scarcity in the soil (Teuling 
et al. 2013). Higher temperatures further intensify this pro-
cess, particularly in northern and central Europe, where 
rainfall levels have not significantly declined (De Luca and 
Donat 2023). However, this mechanism is limited in drier 
regions where soil moisture is already low. This is particu-
larly true for western Europe and the Mediterranean, where 
both decreasing precipitation and rising temperatures con-
tribute to extreme compound hot and dry conditions (Zhao 
et al. 2024).
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Nonetheless, regardless of the specific mechanisms 
involved, it is clear that the frequency of hot and dry 
extremes across Europe is generally increasing. However, lit-
tle has been done to assess whether co-occurring hot and dry 
extremes in different locations-i.e., spatially compound hot 
and dry extremes (SCHADEs)-are also on the rise. Assess-
ing the trends and atmospheric conditions driving simultane-
ous compound hot and dry events across multiple locations 
is essential to improve the predictability of these extremes 
and to implement tailored adaptation strategies in hotspot 
regions. Previous studies associated spatially compound 
extremes to amplified planetary waves (Kornhuber et al. 
2020), modes of climate variability (De Luca et al. 2020) 
or large-scale variability patterns (Ye and Messori 2020).

Here, we aim to assess if and how the synchronizations 
of SCHADE events are changing in Europe. Complex net-
works represent a promising tool in this perspective. Vari-
ous real-world systems such as power grids (Arianos et al. 
2009), the internet (Maslov et al. 2004), human contacts 
(Goh et al. 2007), and more (Ausloos et al. 2017; Bardos-
cia et al. 2021), can be conceptualized as the result of the 
interactions of many dynamical units, whose relationships 
structure often encodes and influences the system dynam-
ics (Boccaletti et al. 2006). Over the past two decades, the 
climate system has been approached through network theory 
as well, complementing the well–established methodologies 
of physical modeling (Tsonis and Roebber 2004; Ying et al. 
2020). Under this framework, climate is approximated via a 
grid of low dimensional nonlinear dynamical units (Donges 
et al. 2009b). In this study, we employ spatially embedded 
climate networks, whose nodes are constituted by geographi-
cal sites on a regular latitude-longitude grid, while the links 
are established based on the degree of statistical similarity 
between processes occurring at different locations. Once the 
network structure is established, its topology is studied to get 
new insights into the statistical relationships and/or spatial 
patterns of the analyzed phenomena. Spatially embedded 
climate networks have been used to describe numerous cli-
mate processes at different spatio-temporal scales (Boers 
et al. 2019; Gupta et al. 2021; Giaquinto et al. 2023), and to 
study climate extremes (Vallejo-Bernal et al. 2023; Lude-
scher et al. 2021). Using ERA5 reanalysis data (Hersbach 
et al. 2023), we model the European SCHADEs synchroni-
zation structure as an evolving climate complex network, 
constructing one evolving network for boreal summer (June, 
July and August) and one for boreal winter (December, Janu-
ary and February) of the period 1941–2020. This approach 
allows us to describe synchronization trends at the local 
and regional scales, highlighting hot-spot regions for syn-
chronized compounds and connecting the graph structure to 
atmospheric circulation patterns.

The remainder of the paper is organized as follows: in 
Sect. 2 we describe the data and the methodology we adopt 

in this study; in Sect. 3 we present the results; Sect. 4 is dedi-
cated to the discussion, and conclusions are drawn in Sect. 5.

2 � Data and methods

2.1 � Spatial domain and data

In this study we focus on hot and dry extremes on Euro-
pean land grid points, defined as the territory between 30◦ 
and 72.6◦ N latitude and −10◦ and 40◦ E longitude. This 
area results from the merging of the IPCC Sixth Assess-
ment Report regions North Europe (NEU), West and Central 
Europe (WCE) and Mediterranean (MED) (Iturbide et al. 
2020); the latter is further subdivided in East (EMed) and 
West Mediterranean (WMed), as reported in Fig. 1. Since 
we define dry states based on precipitation regimes, desert 
locations (according to the Köppen-Geiger climate classifi-
cation, see Peel et al. (2007)) are excluded, given their low 
rainfall levels (Fig. 1).

We use ERA5 reanalysis data (Hersbach et al. 2023) for 
1941–2020 summer (June, July and August, JJA) and the 
winter (December, January and February, DJF) seasons (leap 
days are removed). We employ the daily maximum tempera-
ture at 2 m ( Tmax ) [ ◦C], the daily cumulated precipitation (P) 
[m] and the geopotential height at 500 hPa (Z500) [m]. For 
each of these fields, we estimate the trend from the best-
fit line using least-squares at each time step and remove it, 
assuming it linear in a first-order approximation. Tmax and 
P are collected with 0.25◦ × 0.25◦ spatial resolution for the 
land area shown in Fig. 1, while Z500 is collected at 1 ◦ × 

Fig. 1   Spatial domain and subregions used in this study. Desert and 
sea locations are not considered in our work
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1 ◦ resolution for the entire globe. We also employ mean sea 
level pressure data (SLP) [Pa] at 1 ◦ × 1 ◦ resolution to com-
pute daily North Atlantic Oscillation (NAO) and Summer 
NAO (SNAO) indices for the winter and summer seasons, 
respectively (for more details, please see the Supplementary 
Material, Text S1).

2.2 � Definition of hot, dry and compound extremes

The 1941–1970 period is used as reference to determine the 
historical distributions of maximum temperatures and cumu-
lated precipitation for each location i of our spatial domain, 
i.e., grid points on the regular 0.25◦ × 0.25◦ European lattice 
(19,425 nodes in total). This period is used as a reference 
following the climate normals convention (World Meteoro-
logical Organization 2017), i.e., the use of a 30–years base-
line condition to assess climate states at a given location.

A hot extreme occurs at grid point i on day d if the fol-
lowing is satisfied:

i.e., the maximum temperature of d and of the 15 days which 
precede and follow d are collected for the 1941–1970 ref-
erence period; this results in 31 ∗ 30 = 930 values, which 
constitute the historical distribution of maximum daily tem-
perature of day d and location i; the 90th percentile of this 
set is used as threshold (right hand-side of Eq. 1) to identify 
hot extremes. Similarly, a dry extreme is detected at location 
i on day d if:

i.e., the observed cumulated precipitation during the last 31 
days including d is lower or equal than the 10th percentile of 
the historical distribution. In this case, since we use cumu-
lated precipitation, this historical distribution is constituted 
by 30 values. Each calendar day is thus assigned to a spe-
cific threshold to define the hot and dry extreme occurrences 
respectively. Since our data are detrended, we also account 
for the higher temperature baseline of recent times com-
pared to the past. Our results are thus based on detrended 
anomalies and both the climatological and seasonal cycles 
are removed (Di Capua et al. 2020). Since our definition of 
extremes is percentile-based, stationary time series should 
have the same number of single hot (dry) extremes. How-
ever, although we remove the linear trend from the data prior 
to identify the extremes, we do not observe a uniform spatial 
distribution of single extremes (see Figure S2). This is due 
to the non-stationary variance of the temporal series: even if 
the trend is removed from the mean, a trend in the extreme 
values of the distribution still remains for some nodes.

(1)Tmax(i, d) ≥ {(Tmax(i, [d − 15, d + 15]))[1941,1970]}90th,

(2)
d∑

t=d−30

P(i, t) ≤

{( d∑

t=d−30

P(i, t)

)

[1941,1970]

}

10th

,

Finally, for each location i, a compound event is detected 
on day d if both a hot and a dry extremes occur. This way, we 
get binary event series of compound events for each location i 
for the entire analysed period 1941–2020.

2.3 � Network construction via event synchronization

The SCHADEs network is established following the climate 
network reconstruction from data approach described by Fan 
et al. (2021) and applied in several studies in the recent past 
(Boers et al. 2019; Vallejo-Bernal et al. 2023; Gupta et al. 
2021; Ludescher et al. 2021). Given the event-like time series 
of compound events, we use Event Synchronization (ES) 
(Quian Quiroga et al. 2002; Malik et al. 2012) as statistical 
similarity measure to estimate the compounds concurrences 
between each pair of nodes. ES is particularly suited for our 
purposes because it is designed to treat event-like time series. 
It has been extensively used to construct climate extreme 
events networks, proving to be enough efficient and informa-
tive (Giaquinto et al. 2023; Malik et al. 2010; Agarwal et al. 
2017; Strnad et al. 2023). The degree of synchronicity among 
nodes i, j is measured based on the number of quasi–simulta-
neous events occurrences between the associated event series. 
Event l occurring at i at time ti

l
 is considered to be synchro-

nized with event m occurring at j at time tjm if |ti
l
− t

j
m| < 𝜏

ij

lm
 , 

where

Since the time lag � ij
lm

 is specific to each event pairs and it 
is dynamically computed, there is no need to set it a pri-
ori (Quian Quiroga et al. 2002). By setting tmax = 14 we 
ensure that only concurrences developing in a time window 
of maximum 7 days are counted as synchronizations. This 
maximum lag is chosen considering that hot extremes are 
usually detected on timescales of at least three days (Russo 
et al. 2015; Perkins and Alexander 2013), while precipita-
tion deficiency could last for several months (Spinoni et al. 
2014). Therefore, the duration of compound hot and dry 
events, the way we define it, is limited by the temperature 
anomaly and it is restricted to few days.

A score Jij
lm

 is assigned to every events pair l and m accord-
ing to the following rule:

Next, the number of times an event at i is synchronized with 
an event at j is counted:

(3)
�
ij

lm
= min{|ti

l+1
− ti

l
|, |ti

l
− ti

l−1
|, |tj

m+1
− tj

m
|, |tj

m
− t

j

m−1
|, tmax}∕2.

(4)J
ij

lm
=

{
1, if |ti

l
− t

j
m| < 𝜏

ij

lm

0, otherwise
.

(5)C(i, j) =

Si∑

l=1

Sj∑

m=1

J
ij

lm
,
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where Si and Sj are the total number of events in i and j, 
respectively. C is then normalized to get the synchroniza-
tion score Q:

We use the undirected version of ES ( Q(i, j) = Q(j, i) ), since 
we are not concerned with the direction of synchronicity; 
therefore, the resulting network is undirected.

The significance of the synchronization scores Q(i, j) is 
tested via surrogate data. Similar approaches to null model 
construction have been used in previous climate networks 
studies (Boers et al. 2019; Vallejo-Bernal et al. 2023; Rhein-
walt et al. 2016). For each node pair i and j, we construct 500 
surrogate series of j by uniformly and randomly shuffling 
block of events year–wise; afterwards, we calculate the null 
model distribution of Q(i, j) by performing ES for the 500 i 
and j pairs. By uniformly and randomly redistributing year-
blocks rather than events, any seasonal serial correlation is 
preserved, which is assumed to be meaningless across sea-
sons. We test the sensitivity of our results to a higher number 
of surrogates (up to 2000), finding no major variations.

For each observed Q(i,  j), we compute its associated 
p-value using the respective null model. The p-values are 
corrected using the Benjamini-Hochberg false discovery rate 
approach (Benjamini and Hochberg 1995; Benjamini and 
Yekutieli 2001) to account for multiple significance testing 
(we perform ≃ 108 comparisons). Finally, a link between 
nodes i and j is defined if Q(i, j) is significant at � = 0.01 . 
Different choices of significance levels for link attribution 
are possible (Boers et al. 2019; Gupta et al. 2021; Vallejo-
Bernal et al. 2023; Ludescher et al. 2021), leading to dif-
ferent network densities. We choose � = 0.01 to limit the 
density of the network, but keeping enough links to get 
informative results. The resulting network is undirected and 
unweighted. Since the links model the significant synchro-
nizations shared between nodes, we use the terms link and 
significant synchronization, or more simply synchronization, 
interchangeably.

(6)Q(i, j) =
C(i, j)
√
SiSj

.

2.4 � The evolving network approach

We employ an evolving networks framework (Fig. 2) to ana-
lyse the temporal evolution of SCHADEs synchronizations 
patterns in JJA and DJF separately.

The 1941–2020 period is divided in 51 blocks using a 
30–year time window, moving with a one year step. For each 
of the 51 30–year time windows, one network block is estab-
lished using the procedure described in Sect. 2.3. While the 
nodes are fixed (the 19,425 grid points on the regular 0.25◦ 
× 0.25◦ European lattice), the links depend on the differ-
ent SCHADEs synchronizations taking place during each 
30–year block.

2.5 � Network indices

Numerous network measures can be used to assess the prop-
erties of a graph (Boccaletti et al. 2006), several of which 
have been applied in climate networks studies (Donges et al. 
2009b), e.g., local measures like the degree centrality (Gupta 
et al. 2021), mesoscale measures like the clustering coef-
ficient (Gupta et al. 2021), global measures like the close-
ness (Donges et al. 2009a) and the betweenness centrality 
(Boers et al. 2013), or even community detection algorithms 
(Giaquinto et al. 2023). In this study, we employ the regional 
and cross-regional link densities ( � ), the degree centrality 
(DC) and the clustering coefficient (CC) to get insights into 
the main features of the evolving networks.

The regional link density �S of region S is defined as the 
ratio between the total number of links connected to nodes 
belonging to region S, e(S), and the maximum possible num-
ber of links that could be connected to nodes of region S, 
e(S)max , also including intra–connections of region S:

The cross-regional link density �S,T between regions S and 
T is defined as the ratio between the total number of links 

(7)�S =
e(S)

e(S)max

.

Fig. 2   General framework to 
construct the evolving network. 
The entire time period is 
divided in intervals of 30 years 
using a time window moving 
with a one year step, obtaining 
a total of 51 intervals. For each 
of the 51 30–year intervals, 
one different network block is 
built for the analysed European 
land area. This procedure is 
separately carried for the JJA 
and DJF seasons
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connecting region S and T, e(S, T), and the maximum pos-
sible number of links that could connect S and T, e(S, T)max:

Both densities are normalized and range between 0 and 1. 
This is necessary for comparing regions of different sizes, 
as larger regions are likely to have more links than smaller 
ones.

The DCv of node v is expressed as

where N is the total number of nodes in the network and 
a(v, i) is the entry of the adjacency matrix A, which equals 
1 if nodes v and i are connected, and 0 otherwise. The DC is 
the number of links attached to a given node, i.e., the num-
ber of neighbors of the node, and thus represent the signifi-
cant synchronizations the specific grid point has with the rest 
of the graph. Nodes with higher degree are characterized by 
more connections, and, since a link is attributed when a sig-
nificant synchronization between two locations is detected, 
nodes with higher degree have more synchronizations.

The CC measures the degree to which nodes tend to 
cluster, i.e., to form closed triangles with their neighbors:

where e(Γv) is the number of existing edges in Γv , which is 
the set of neighbors of node v, and (DCv(DCv−1))

2
 is the maxi-

mum number of possible edges in Γv . The CC lies between 
0 and 1, with CCv = 1 meaning that v and its neighbors form 
a clique, and CCv = 0 meaning that v neighbors are not con-
nected, i.e., v is the center of a star graph with its neighbors.

The spatial patterns displayed by network measures 
depend on the artificial boundaries introduced when set-
ting the domain of the study. These boundaries cut the 
links that would connect the considered grid points with 
locations not included in the present work. This cause the 
emergence of boundary effects on the spatial patterns of 
network measures which need to be corrected (Rheinwalt 
et al. 2012). For every block of the two evolving networks, 
we construct 1000 spatially embedded random networks 
(SERNs) surrogates by assigning links based on the proba-
bility of observing a link of the same length in the original 
graph. Afterwards, the boundary effects for the DC and the 
CC are estimated by averaging that specific measure over 
the SERNs, node–wise. The corrected measure is obtained 
by dividing the original index by the corresponding aver-
age one of the SERN surrogates. The final corrected meas-
ure represents the value of the network index relative to 

(8)�S,T =
e(S, T)

e(S, T)max

.

(9)DCv =

N∑

i=1

a(v, i),

(10)CCv =
e(Γv)

DCv(DCv−1)

2

,

the expected value from the spatial embedding, and thus 
it is dimensionless.

We assess the evolution of the network indices by looking 
at their trend across the 51 network blocks, node–wise. Since 
the blocks are constructed from overlapping time windows 
(Fig. 2), independence can not be assumed. Therefore, we 
apply the sieve bootstrap method (Kreiss 1997; Bühlmann 
1997) to test the significance of the detected trends. The 
data are filtered using an auto–regressive (AR) process 
whose order is estimated via the Akaike information crite-
rion from the original data; next, the residuals are repeatedly 
resampled to be used as generating noise of the previously 
estimated AR process. This way, bootstrapped time series 
are obtained, which have a temporal structure similar to the 
original data and can be used to perform a statistical test of 
choice. In our case, for each node we simulate 1000 boot-
strapped series of DC and CC, which we use to perform 
a standard t-test to assess the significance of the observed 
trends (Noguchi et al. 2011).

2.6 � Geopotential height composites

To analyze the atmospheric conditions corresponding to the 
occurrence of compound hot and dry extremes, we use Z500 
composites during high compound days (HCD), i.e., the 
top 10% of days ranked based on the total number of com-
pound events occurrences for each of the regions depicted 
in Fig. 1. For instance, the Z500 JJA composite of NEU 
for the period 1941–1970 is computed as follows: among 
the 2,760 JJA days (92 days × 30 years), we extract the 276 
days for which the number of NEU compound events is 
highest; the composite is then obtained by averaging Z500 
over these selected HCD. Besides, when the composite is 
derived for two regions, the set of days is the one resulting 
from the intersection of the HCD of the two regions. For 
instance, the Z500 JJA composite of NEU&WCE for the 
period 1941–1970 is computed as follows: the 276 NEU 
HCD and the 276 WCE HCD are intersected to identify the 
time steps used to compute the Z500 field average. If the two 
HCD sets are independent, the time steps should be ∼27, i.e., 
1% of the initial 2,760 JJA days.

3 � Results

3.1 � Spatial distribution of compound hot and dry 
extremes

Figure 3a–b shows the distribution of compound extremes 
for JJA and DJF. Summer shows a higher number of com-
pound extremes compared to winter, especially in the 
center and in the north of the continent: most locations 
record 200 events (i.e., an average of 2.5 extremes per 

warner
Highlight

warner
Highlight
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season) or more, with peaks exceeding 260 occurrences. 
During winter, only a few nodes reach 200 events, primar-
ily in the Mediterranean, while the rest shows fewer than 
100 events. Great Britain and southern Scandinavia are 
major hotspots in JJA, followed by the Po valley, the Hun-
garian plain and western Russia. During DJF, northern and 
central Europe are less affected by compound extremes, 
while the Mediterranean region experiences higher occur-
rences. In terms of annual trends (Fig. 3c–d), most of the 
significant increasing trends are detected in the Mediterra-
nean in JJA (with the notable exception of eastern Spain), 
while a few locations display a compound increase in DJF, 
with significant negative trends in western Russia and in 
some locations in northwestern France, England, Finland 
and Italy. Since temperature and precipitation time series 
are detrended (see Sect. 2.1), these trends are related to 
compound events themselves and not to temperature or 
precipitation increase/decrease. Compound trends p-values 
are shown in Figure S1, while the spatial distribution of 
hot and dry extremes separately are shown in Figure S2.

3.2 � Evolution of significant synchronizations

Figure 4 exhibits the evolution of the regional link density 
(the ratio between the number of links connected to the 
region and the maximum possible number of links that 
could be connected to the region) and the cross-regional 
one (the ratio between the number of links connecting two 
regions and the maximum possible number of links that 
could connect them) in the 51 JJA and DJF evolving net-
works blocks.

The regional density rises during summer in the 
second part of the analysed period, in particular for 
NEU and WCE (Fig.  4a). For these two regions, 
the density is higher and more rapidly increasing 
(   �NEU , �WCE ≈< spanclass =′ convertEndash′ > 0.1−
0.15 < ∕span >  )  compared to the Mediter ranean 
(  �EMed, �WMed ≈ 0.05 ) .  Dur ing  winter  (Fig .   4b) , 
the Mediterranean density is higher, as expected 
from Fig.  3b, and it is comparable to the WCE 
one,  while  NEU shows a  decreasing densi ty 

Fig. 3   Spatial distribution and 
trend of compound events. 
Number of compound events 
during 1941 - 2020 for a the JJA 
season and b the DJF season. 
Seasonal trend of compound 
events for c the JJA season 
and d the DJF season. The 
fully opaque colour represent a 
significant trend with � = 0.05 , 
while the lighter, semi-transpar-
ent colour denotes a non-signif-
icant trend
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(  �NEU ≈< spanclass =′ convertEndash′ > 0.08 − 0.05 < ∕span >  ) , 
being the only region with a clear negative evolution of 
significant synchronizations.

During summer (Fig.  4c), NEU is strongly con-
nected to WCE with increasing cross-regional density 
(   �NEU,WCE ≈< spanclass =′ convertEndash′ > 0.05−
0.1 < ∕span > ), but it shares few synchronizations with 
the Mediterranean ( �NEU,WMed, �NEU,EMed ⪅ 0.01 ). WCE 
maintains a rather stable connection with both WMed 
and EMed ( �WCE,WMed, �WCE,EMed ≈ 0.05 ), which are 
also well tied together ( �WMed,EMed ≈ 0.05 ); in this lat-
ter case, after an initial drop, the cross-regional den-
sity increases after 1975. During winter (Fig. 4d), the 
cross-regional densities change substantially. WCE 
and the Mediterranean remain coupled but with more 
links compared to summer ( �WCE,WMed ≈ 0.1 ) and a 
stronger increasing trend in the case of WCE-EMed 
( �WCE,EMed ≈< spanclass =′ convertEndash′ > 0.1 − 0.2 < ∕span > ). 
WMed and EMed also show a stronger connection 
and increasing trend during DJF compared to JJA 
( �WMed,EMed ≈< spanclass =′ convertEndash′ > 0.05 − 0.15 < ∕span > ). 
Conversely, NEU is isolating from the rest of the conti-
nent: the NEU-WCE connections decrease and the NEU-
EMed and NEU-WMed bonds remain low.

These observations are in line with the spatial distri-
butions in Fig. 3a–b: the higher link density of central 
and northern Europe matches their elevated number of 
compounds in JJA, while the few occurrences of NEU hot 

and dry compounds in DJF is reflected in its small and 
decreasing density.

3.3 � Evolution of degree centrality

The average DC and its evolution across the 51 network 
blocks in JJA and DJF is shown in Figs. 5 and 6, respectively. 
During summer, northern Europe is characterized by the 
highest number of synchronizations: here, the average degree 
reaches peak values of 2, while it is ≈ 1 elsewhere (Fig. 5a). 
This partly confirms what observed in compound events spa-
tial distribution (Fig. 3a): a higher number of events results 
in higher average DC, i.e., more link density and thus sig-
nificant synchronizations occurrences. Indeed, NEU regional 
link density is the highest in JJA, reaching values above 0.15 
(Fig. 4a). As for the average DC in DJF, most of the Mediter-
ranean, central–western Europe and Great Britain stand out 
(Fig. 5b). Some parallelisms with the events distribution are 
possible (Fig. 3b): for instance, the high number of events 
in eastern Turkey and the corresponding large degree (DC 
≈< spanclass =� convertEndash� > 1.4 − 2 < ∕span >   ) , 
or similarly the higher number of events and DC in alpine 
and Apennines regions (DC ≈ 2 ) compared to the Po valley 
(DC ≈ 1.2 ). In the case of Great Britain, northern France 
and Germany, the comparison between number of events 
and average DC is less trivial: here, the DC appears to be 
relatively high (Fig. 5b) even if few compounds occurrences 
are formed (Fig. 3b). Indeed, spatial synchronizations and 

Fig. 4   Evolution of link density. 
Regional density of the 51 
evolving networks blocks for 
the a JJA and b DJF season. 
Cross-regional density of the 
51 evolving networks blocks for 
the c JJA and d DJF season. The 
central year of each network 
block is used as reference on 
the x-axis
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number of events do not always match. Few events with high 
synchronicity or numerous events with low synchronicity 
can be expected, as shown in more details in the Supplemen-
tary Material (Text S2). The higher DJF DC in WCE and the 
Mediterranean (Fig. 5b) aligns with their relatively high link 
densities (Fig. 4b).

Figure 6a–b shows the DC trend for each node across 
the 51 network blocks. An increasing DC (positive trend 
value in Fig. 6a–b) means a growing number of signifi-
cant synchronizations for the specific node; conversely, 
a decreasing DC (negative trend value in Fig. 6a–b) is 

indicative of a reduction of synchronizations for the ana-
lysed node. While the regional and cross-regional link 
densities (Fig. 4) give regional information about syn-
chronizations variations, DC trends are useful to make 
local assessments. Among the locations characterized by 
an increasing DC trend during JJA (Fig. 6a), those located 
in Finland, northern Poland and the Baltic states stand 
out (with increases of DC between 2 and 4%), since in 
these cases we do not detect a trend in compounds occur-
rences (Fig. 3c). Similarly, some areas display an increas-
ing number of compound (Fig. 3c), which is not followed 

Fig. 5   Average degree central-
ity. Average value of DC across 
the 51 network blocks for a 
JJA and b DJF. The DC is 
dimensionless because of the 
correction of bias due to spatial 
embedding

Fig. 6   Evolution of degree centrality. DC trend for a JJA and b DJF. 
Dots are drawn if the trend is significant at � = 0.05 (two-sided sieve 
bootstrap t-test). p-values of the detected DC trends for c the JJA sea-
son and d the DJF season. e–l Pdfs (empirically estimated via Gauss-
ian-Kernel distributions) of the degree centrality for JJA and DJF 

and for every European region. The 51 distributions are divided in 3 
groups for which we show the average value (solid lines) and 1 s.t.d. 
confidence bound (shades). The DC is dimensionless because of the 
correction of bias due to spatial embedding
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by increasing synchronizations (Fig. 6a), such as in the 
case of southern Portugal, southern Spain and Northwest 
Africa. During winter, the differences between com-
pound events and synchronizations evolution is more pro-
nounced: if on the one hand the negative trend of events 
in western Russia (Fig. 3d) is reflected by the decreas-
ing DC in the same region (with decreases between 1 and 
2%, Fig. 6b), on the other hand the DC strongly increases 
in central southern Europe (with increases up to 5%, 
Fig. 6b). Finally, the isolation of NEU in DJF suggested 
from Fig. 4d is confirmed by the significant negative DC 
trend (up to −5%, Fig. 6b). In panels 6c-d we show the 
p-values of the detected trends. We also analyze the evo-
lution of the DC via empirical distributions (Fig. 6e–l) 
for JJA and DJF and for the European regions separately. 
The EMed distributions are shifting towards higher values 
of DC both in summer and winter (Fig. 6k–l). A nega-
tive shift is visible in the case of the WMed region dur-
ing JJA and DJF (Fig. 6i–j), although not substantial in 
the latter case. The WCE distribution remains stable in 
JJA (Fig. 6g), while it tends to become bimodal in the 
last period of DJF (Fig. 6h): indeed, as we can also see 
in Fig. 6b, there are WCE nodes with both a significant 
negative trend (mainly in the northern part of the region) 

and significant positive trend (in the southeastern part). 
Finally, in the case of NEU, the DC distribution shifts 
towards higher values in summer (Fig. 6e), while the shift 
is opposite in winter (Fig. 6f).

Similar results on the evolution of the clustering coeffi-
cient index are shown in the Supplementary Material (Fig-
ure S5 and S6), where we see a higher CC during DJF for 
the entire continent compared to JJA, suggesting a denser 
and more interconnected synchronizations structure during 
winter.

3.4 � Synchronizations and atmospheric conditions

Here we assess the atmospheric conditions during hot and 
dry compound events by linking Z500 fields composites to 
the network structure for each European region.

First, we focus on the summer period for NEU and WCE, 
since these experience most of the events during JJA (see 
Fig. 3a). In Fig. 7a–d, we present the Z500 composites dur-
ing HCD—the top 10% of days for number of compound 
events occurrences—in the first 30 years of our study period, 
namely 1941–1970, for NEU (Fig. 7a) and for NEU together 
with the other regions (Fig. 7b–d); Fig. 7e shows the number 
of links directed to NEU found in the 1941–1970 network 

Fig. 7   Geopotential height composites and links variations during 
JJA. a–d Z500 composites during HCD for the indicated regions and 
for the period 1941–1970. e Number of links directed to NEU found 
in the 1941–1970 network block for each node. f–j) Same as panels 

(a–e), but considering the last 30 years of the analysed period, i.e., 
1991–2020. k–t) Same as panels (a–j) but with respect to WCE. For 
all the composites, black dots are drawn if the Z500 anomaly is sig-
nificant at � = 0.05
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block for each node in Europe. For the 1941–1970 NEU 
composite (Fig. 7a), the Z500 field shows a significant posi-
tive anomaly over NEU, with ridges over eastern Canada 
and northeastern Russia, while negative anomalies lies over 
northern Canada, Greenland, North Atlantic and western 
Russia. In the NEU&WCE composite (Fig. 7b), the posi-
tive anomaly over Europe shifts southwards and the previ-
ously described high pressure systems intensify, while the 
negative anomalies over northern America, Greenland and 
western Russia reduce (Fig. 7b), with a trough appearing 
over Eastern Mediterranean as well. The NEU&WMed 
composite (Fig. 7c) displays a bigger European ridge, which 
extends southwards to western Mediterranean, while nega-
tive pressure is still present on eastern Mediterranean; high 
pressure over western North America and negative pressure 
over Greenland and western Russia still exist. In the case of 
NEU&EMed (Fig. 7d), ridges are located over Scandinavia 
and northeastern Asia; low pressure is detected over North 
Pacific, central US, eastern Canada and western Russia. A 
significant high-low dipole is located over the North Atlan-
tic. Most of NEU synchronizations are shared with WCE 
(Fig. 7e); indeed, the corresponding high pressure located 
over these two areas is significantly high (Fig. 7a–b). Not 
many links connect NEU with WMed and EMed: while in 
the case of eastern Europe this is reflected in the composite 
structure, where the high pressure over NEU is not coupled 
with a significant pressure over EMed (Fig. 7d), in the case 
of NEU&WMed the high pressure, albeit present (Fig. 7c), 
does not cause a large number of synchronizations between 
NEU and WMed (Fig. 7e).

The 1991–2020 composites (Fig. 7f–i) show interest-
ing differences in comparison to the 1941–1970 ones 
(Fig. 7a–d). While the composites related to events occurred 
in NEU are quite similar (Fig. 7a, f), in the NEU&WCE ones 
the positive anomaly over Europe is stronger in 1991–2020 
by approximately +20 m, and it is coupled to a +40 m higher 
pressure in the North Atlantic, as well as a more distinct 
lower pressure over Greenland (around −70 m compared 
to the initial period, Fig. 7b,g). Moreover, while during 
1941–1970 compound events in NEU and WCE come with 
low pressure over Northwest America and high pressure 
over Northeast Asia, in 1991–2020 the opposite happens 
(Fig. 7b,g). As for the NEU&WMed composites, the ridge 
over WMed weakens (Fig. 7c,h). The NEU&EMed compos-
ite shows a stronger positive anomaly over high latitudes (up 
to +100 m compared to 1941–1970) coupled with a more 
pronounced low pressure over western Europe (about −70 m 
compared to 1941–1970), and a stronger positive anomaly 
over Turkey (+20 m, Fig. 7d,i). The synchronizations pat-
terns in Fig. 7j reflect the changes of Z500 fields: NEU and 
WCE share more connections, synchronizations between 
NEU and WMed decrease, the connections between Turkey 
and NEU increase and those between the Balkans and NEU 

decrease. Overall, these atmospheric patterns confirm what 
outlined in Fig. 4c: NEU becomes more strongly coupled 
to WCE in recent times and less connected to the Mediter-
ranean area.

The WCE composite of the period 1941–1970 (Fig. 7k) 
show positive pressure anomalies over central–eastern 
Europe, North Atlantic and North Pacific, and low-pres-
sure systems over the Arctic Sea and northern Canada. The 
WCE&WMed and WCE&EMed composites (Fig. 7m–n) 
share key structure similarities, i.e., the positive anom-
aly over central and southern Europe, a positive anom-
aly over western North Atlantic and a negative one over 
eastern North Atlantic, the positive anomaly over North 
Pacific and the negative one over western Russia. Some 
differences are the negative pressure over northern east-
ern Asia in the WCE&WMed composite and the posi-
tive–negative dipole over North America in the case of the 
WCE&EMed composite. Panels 7l and b, corresponding 
to the NEU&WCE composites, are the same.

Regarding the 1991–2020 WCE composites (Fig. 7p–s), 
their structure is similar to 1941–1970 (Fig. 7k–n), with 
slightly stronger positive anomalies over central Europe 
during the last 30 years (about +30 m higher). Never-
theless, a northeastern Atlantic low-Europe high pattern 
seems to more prominently emerge (Fig.  7p–r) com-
pared to 1941–1970 (Fig. 7k–m). The network structure 
(Fig. 7o,t) is characterized by a general increase of WCE 
connections during the last 30 years compared to the past, 
which is in line with the 1991–2020 stronger positive 
anomalies. The Z500 composites and links variations for 
EMed and WMed during JJA are shown in the Supplemen-
tary Material (Figure S7).

Concerning the winter period, we show the results for 
EMed and WMed, as these appear to be the most severely 
affected by compound occurrences in DJF (Fig. 3b) and the 
regions with a stronger increasing synchronizations trends 
in this period (Figs. 4d and 6b). Figure 8a–d shows the Z500 
composites for the period 1941–1970 for EMed (Figs. 8a) 
and for EMed together with the other regions (Fig. 8b–d). 
The patterns are quite similar, with few differences con-
cerning the precise location of ridges and troughs, which 
do not change the overall structure: high pressure is located 
over central–southern Europe, North Atlantic, northeastern 
North America and North Pacific; low pressure is detected 
over high latitudes in Europe, Greenland and northeastern 
Asia. Regarding the EMed&NEU composite, the low-high 
north–south pressure dipole remains, with high anomalies 
confined in central-southern Europe, reaching Great Britain 
and Denmark at most. This separation between the South 
and the North of the continent is reflected in the EMed links 
structure shown in Fig. 8e, where we see few connections 
between NEU and EMed.
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During 1991–2020, the EMed composites (Fig. 8f–i) 
are similar to those related to 1941–1970 (Fig. 8a–d), but 
the low-high north–south dipole located over Europe and 
the Atlantic is more pronounced, except for NEU&EMed 
(Fig.  8b,g). The 1991–2020 connections (Fig.  8j) are 
higher compared to the initial period (Fig. 8e), except for 
those between NEU and EMed.

The 1941–1970 WMed composites (Fig. 8k–n) and 
1991–2020 (Fig. 8p–s) show similar features to the EMed 
ones (Fig. 8a–d,f–i), with high pressure over southern 
Europe shifted towards the West. We also observe high 
pressure systems over northeastern America, eastern 
Russia and North Pacific, while troughs are located over 
northern Canada, Greenland and western Russia. The 
major difference between the initial and the last period 
is the enhanced low-high north–south dipole located over 
Europe and the North Atlantic during 1991–2020. In 
recent times (Fig. 8t), WMed appears to share more links 
with EMed and southern WCE, and less with NEU and 
northern WCE with respect to 1941–1970 (Fig. 8o). Thus, 
the spatial synchronizations of both EMed and WMed 
increase in the south and decrease with northern regions; 

this is accompanied by a strengthened negative pressure in 
northern Europe and North Atlantic and positive pressure 
over central and southern Europe. The Z500 composites 
and links variations for NEU and WCE during DJF are 
shown in the Supplementary Material (Figure S8).

3.5 � Temperature and precipitation conditions 
during high compound days

Changes in compound synchronizations structure due to 
large scale atmospheric patterns are most likely related to 
the impact of pressure anomaly on temperature and pre-
cipitation due to land-atmosphere feedbacks. The increase 
and/or decrease of temperature and precipitation inten-
sity drive the occurrence of compound hot and dry events. 
Thus, we analyze temperature and precipitation anomalies 
during HCD for each studied region. Specifically, we con-
duct this analysis for compound events in NEU and WCE 
during JJA, and for compound events in WMed and EMed 
during DJF. We connect atmospheric regimes to com-
pound events intensity in two ways: (i) examining changes 
in temperature and precipitation distributions during HCD 

Fig. 8   Geopotential height composites and links variations during 
DJF. a–d Z500 composites during HCD for the indicated regions and 
for the period 1941–1970. e Number of links directed to EMed found 
in the 1941–1970 network block for each node. f–j) Same as panels 

(a–e), but considering the last 30 years of the analysed period, i.e., 
1991–2020. k–t Same as panels (a–j) but with respect to WMed. For 
all the composites, black dots are drawn if the Z500 anomaly is sig-
nificant at � = 0.05
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compared to the entire JJA or DJF season, and (ii) ana-
lyzing temperature and precipitation composites during 
HCD, so to get a spatial information of temperature and 
precipitation changes. The analysis is conducted for both 
1941–1970 and 1991–2020, following the approach used 
to derive Figs. 7 and 8.

In Fig. 9, we focus on temperature and precipitation 
anomalies in JJA for the NEU region.

In 1941–1971 (top panels), NEU temperature anomalies 
during HCD (Fig. 9a, red histograms) are shifted towards 
higher values compared to all JJA seasons (black histo-
grams). The 95th percentile of the temperature anomaly 
across all JJA seasons, T∗ , is exceeded by definition 5% of 
the time. However, during HCD, the exceedance frequency 
of T∗ increases to 18%, more than a 3-fold increase. This 
is reflected in the temperature composite shown in Fig. 9b, 
where temperatures are substantially higher (up to +6◦ C) 
over NEU and northern WCE, while significant low values 
are observed over EMed (down to −1◦C). Precipitation is 
lower during HCD, with the probability of falling below 
the 5th percentile of the full period, P∗ , reaching up to 19%, 
i.e., almost a 4-fold increase. (Fig. 9c). The precipitation 
composite indicates dry conditions over NEU (Fig. 9d), par-
ticularly in southern Norway, Sweden, and southern Finland, 
as well as in parts of the Alpine region, with values down to 
−0.05 m of cumulated precipitation per month. Conversely, 

significantly high precipitation is observed over EMed (up to 
+0.05 m of cumulated precipitation per month in Ukraine).

In 1991–2020 (Fig. 9, bottom panels), both tempera-
ture and precipitation anomalies over NEU exhibit more 
extreme conditions compared to 1941–1970. Probabili-
ties of exceeding T∗ and falling below P∗ remain elevated 
(Fig. 9e,g), with more than a 3-fold increase for both. 
The temperature anomaly is higher (Fig. 9f) compared 
to 1941–1970 (Fig. 9b), with most of Scandinavia hav-
ing temperature anomalies over +5◦ C. Differently from 
1941–1970, western Mediterranean is characterized by 
cooler conditions, up to −1.5◦ C. Precipitation decreases 
over NEU during 1991–2020 (Fig.  9h) compared to 
1941–1970 (Fig. 9d), with more locations in Scandinavia 
down to −0.05 m of cumulated precipitation per month. 
Hence, it exists a direct connection between the intensi-
fying high-pressure systems shown in Fig. 7a,f and the 
intensity of extremes during HCD (Fig. 9). Large-scale 
atmospheric circulation patterns can drive the occurrence 
of both hot and dry extremes (Ionita et al. 2021), with 
high-pressure systems often leading to elevated tempera-
tures and reduced precipitation (Kautz et al. 2022), as we 
also discuss in more details in Sect. 4. This connection 
is further reflected in the structure of NEU compound 
synchronizations: during more recent times, NEU shows 
stronger coupling with WCE and weaker connections 
to the Mediterranean area, consistent with the changes 
in temperature and precipitation composites depicted in 

Fig. 9   Temperature and precipitation anomalies for NEU in JJA. a,c 
Histogram plots of temperature (a) and precipitation (b) for the JJA 
season in 1941–1970 (black histograms) and for HCD (temperature 
in red and precipitation in brown). The black line indicates the 95th 
(5th) percentile T∗ ( P∗ ) of the complete JJA temperature (precipita-
tion) distribution. The probability of exceeding this temperature (pre-

cipitation) level during HCD is shown in red (brown). The number 
of elements in each bin is normalized with the to the total number 
of elements. b,d Temperature (b) and precipitation (d) composites 
during HCD. Black dots are drawn if the anomaly is significant at 
� = 0.05 . e,h Same as (a–d) but for 1991–2020
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Fig. 9b,f and d,h. Similar results are found for the other 
regions, WCE in JJA and WMed and EMed in DJF (see 
Supplementary Material, Figures S9-11), which shows 
strong connections between Z500 composites, tempera-
ture and precipitation intensities, and network structure.

3.6 � NAO and SNAO patterns during high compound 
days

We check the relationship between NAO intensity and 
compound occurrences during DJF in WMed and EMed, 
as well as between SNAO intensity and compound occur-
rences during JJA in NEU and WCE. The intensity of the 
daily NAO index in DJF increases during 1991–2020 com-
pared to 1941–1970 (Fig. 10a), with probability of exceed-
ing the 95th percentile of the initial period, I∗ , more than 
double, reaching up to 12%. Conversely, the daily SNAO 
index during JJA does not sensibly change (Fig. 10b).

When comparing the NAO intensity in 1941–1970 
with the one during WMed HCD in the same period, we 
notice minor differences (Fig. 10c), with the median of 
both distribution ≈ 0.12 . Conversely, in 1991–2020, this 
difference raises, with increase of NAO+ conditions: while 
the median of NAO intensity in 1991–2020 is ≈ 0.62 , it 
reaches ≈ 1.05 during WMed HCD (Fig. 10c). A simi-
lar scenario holds true in the case of EMed (see Supple-
mentary Material, Figure S12c). Figure 10d shows the 
SNAO intensity during NEU HCD, both in the case of 

1941–1970 and 1991–2020. During HCD, the daily SNAO 
is more likely to be in a positive phase for both periods. 
The median of the entire period shifts from ≈ 0.05 to 
≈ 0.60 during NEU HCD in 1941–1970, and from ≈ −0.10 
to ≈ 0.23 during NEU HCD in 1991–2020. In the case 
of WCE HCD, we do not find considerable differences 
between SNAO average intensity and SNAO intensity dur-
ing HCD (see Supplementary Material, Figure S12d).

We also explore the prevalence of HCD during months 
with high NAO/SNAO intensity. The results partly confirm 
what shown by Fig. 10 and S12: WMed and EMed HCD are 
more prevalent in months with stronger NAO in 1991–2020 
(Figure S13); this is less evident for NEU HCD and months 
with high SNAO intensity, while no differences are found 
for WCE HCD (Figure S14).

4 � Discussion

Europe is one of the major heatwave hotspot in the North-
ern Hemisphere (Kornhuber et  al. 2019; Mitchell et  al. 
2019; Robine et al. 2008; Ballester et al. 2023). However, 
understanding the evolution of wet and dry conditions due 
to global warming is a challenge, due to the high spatio-
temporal variability of extreme precipitation and droughts 
in Europe (Copernicus Climate Change Service  2024b). 
Thermodynamic mechanisms are not enough to explain 
dynamical changes, such as anomalous circulation patterns, 

Fig. 10   The evolution of 
daily NAO and SNAO indices 
and their relation with high 
compound days. a Daily NAO 
intensity evolution in DJF 
between 1941–1970 (yellow 
distribution) and 1991–2020 
(violet). b Same as (a) but for 
the SNAO daily index in JJA. c 
Comparison between daily DJF 
NAO intensity during 1941–
1970 (yellow) and daily DJF 
NAO intensity during WMed 
HCD in 1941–1970 (blue) and 
analogously for 1991–2020 
(violet) and WMed HCD in 
1991–2020 (red). d Same as (c) 
but for JJA SNAO and NEU
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which play a key role in this context (Coumou et al. 2014; 
Di Capua et al. 2021; White et al. 2022).

Large-scale atmospheric patterns can act as dynamic driv-
ers of hot and dry conditions. High-pressure systems are typ-
ically associated with subsidence and clear-sky conditions. 
This has a two–fold effect: (i) the incoming solar radiation 
increases, resulting in higher surface temperatures (Tian 
et al. 2023), and (ii) precipitation reduces due to decreased 
cloud cover. Under these conditions, the land–atmosphere 
coupling (Lesk et  al. 2021) – the negative correlation 
between temperature and precipitation – is intensified, also 
due to the role of soil moisture (Berg et al. 2015). The lack 
of precipitation caused by clear skies reduces soil moisture 
(Seneviratne et al. 2010), which in turn enhances surface 
sensible heat fluxes (Bartusek et al. 2022), further elevating 
surface temperatures (Trenberth and Shea 2005). All these 
mechanisms contribute to the direct physical relationship 
between high pressure and temperature and precipitation 
extremes, enhancing compound hot and dry events.

Our findings are in line with previous studies where 
atmospheric patterns are identified as drivers behind spa-
tially compound events (De Luca et al. 2020; Kornhuber 
et al. 2020; Ye and Messori 2020; Tian et al. 2024), as we 
show in the case of European regions (Figs. 7, 8, 9 and Fig-
ures S7-11). In addition, we quantify and locate the evolu-
tion of hot and dry compound synchronizations at the conti-
nental, regional and local scale, distinguishing between the 
boreal summer and winter seasons. This distinction is cru-
cial, since the climatological features and the atmospheric 
patterns related to these two seasons are different, as also 
highlighted by our findings.

We find that, during summer, Great Britain, south Scandi-
navia, the Po valley, the Hungarian Plain and western Russia 
are the major hotspots for compound events (Fig. 3a), while 
the Mediterranean exhibits most of the significant increas-
ing occurrences trends (Fig. 3c). This is partly reflected in 
the synchronizations detected in the JJA evolving network: 
Scandinavia and Great Britain are indeed affected by a large 
link density (Fig. 4a, NEU) and a high average degree cen-
trality (Fig. 5a); in terms of synchronizations trends, a posi-
tive degree centrality trend is detected for England, Scan-
dinavia and the Baltic states (Fig. 6a), albeit neither strong 
nor significant in most cases. In the Mediterranean, the 
East shows a DC increase and the West a slightly decrease 
(Fig. 6a).

NEU and WCE are the regions more strongly connected, 
with a high and increasing cross–regional link density, espe-
cially in the second half of the analysed period (Fig. 4c). 
To corroborate the strengthened NEU and WCE linkage 
in summer in 1991–2020, we find that the geopotential 
height anomaly corresponding to HCD in these two regions 
gets stronger in recent times over Europe by approxi-
mately 25–30 m (Fig. 7b,g and l,q). This is associated to 

temperature and precipitation extreme conditions: dur-
ing HCD in 1991–2020, the frequency of temperature and 
precipitation extremes increases from 5% to 17% in NEU 
(more than a 3-fold increase) and from 5% to 13% in WCE 
(more than a 2-fold increase, see Fig. 9 and S9). Geopoten-
tial height composites reveal dynamical changes, with 
higher pressure in the North Atlantic and lower pressure 
over Greenland (Fig. 7b,g and l,q). This tendency resembles 
the positive phase of the summer North Atlantic Oscillation 
(Folland et al. 2009) (SNAO+), which is associated with 
summer climate variability over Europe and, in particular, 
with warm and dry conditions over the UK and Scandina-
via (Folland et al. 2009; Linderholm et al. 2009). SNAO+ 
was one of the major drivers behind the 2018 European 
summer heatwave (Rousi et al. 2023). Several studies (Fol-
land et al. 2009; Bladé et al. 2012; Rousi et al. 2021) agree 
on the increase of SNAO+ during the recent past, which 
would explain the stronger pressure anomaly we observe 
in Fig. 7g compared to Fig. 7b, leading to more compound 
synchronization between NEU and WCE (Fig. 7e,j and o,t). 
The increase in SNAO+ could be also the reason behind the 
relatively low number of connections between NEU and the 
Mediterranean (Fig. 7e), which decreases even more in the 
last 30 years (Fig. 7j), especially in the case of WMed and 
the Balkans. SNAO+ is in fact associated with wet condi-
tions in southern Europe, especially in the Eastern Medi-
terranean region (Mariotti and Arkin 2007; Folland et al. 
2009; Linderholm et al. 2009), and this relation is expected 
to increase (Bladé et al. 2012). By comparing the composites 
in Fig. 7a–b with the respective ones in Fig. 7f–g, we notice 
that the negative pressure anomaly over the Mediterranean 
becomes stronger (decreasing by approximately 20–25 m) 
and more significant in recent times. As for the atmospheric 
conditions related to WCE events in JJA (Fig. 7k,p), we still 
observe lower pressure over Greenland and higher pressure 
over northern Europe in the last 30 years, which could still 
indicate a stronger SNAO+ condition. However, we do not 
observe a clear temporal trend in SNAO daily index between 
1941–1970 and 1991–2020 (Fig. 10b), and yet we do find it 
to be more intense during NEU high compound days both 
in 1941–1970 and 1991–2020 (Fig. 10d). Regarding the 
Mediterranean, thermodynamical effects and local land-
atmosphere feedback could be more important to explain hot 
and dry extremes and their trends compared to northwestern 
Europe (Suarez-Gutierrez et al. 2020; Rousi et al. 2022).

During winter, the Mediterranean appears to be the 
most affected region by hot and dry events (Fig. 3b). The 
regional link density is higher in southern and central 
Europe (Fig. 4b) as well as the DC (Fig. 5b), especially in 
the West. Moreover, EMed and many nodes in WCE are 
dominated by an increasing DC (Fig. 6b), although few 
of these locations display a compound increase (Fig. 3d). 
NEU appears to be the only region with a clear decrease 
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of significant synchronizations: its regional link density 
declines (Fig. 4b) together with the NEU–WCE cross-
regional link density (Fig. 4d). A low and decreasing DC is 
detected in NEU, except for Great Britain, where, although 
decreasing, the DC appears high on average (Figs. 5b and 
6b).

By looking at the atmospheric conditions related to com-
pound events during DJF in the Mediterranean, we notice 
that the increase of EMed and WMed spatial synchroniza-
tions (Fig. 8e,j and o,t) comes along with a lower pressure 
in northern Europe and North Atlantic and a higher pres-
sure over central southern Europe and tropical North Atlan-
tic, with a more pronounced low-high north–south dipole 
located over Europe (Fig. 8a–d, f–i and k–n, p–s). This pat-
tern could be related to winter NAO, and in particular to 
its positive phase. NAO+ is associated with lower winter 
precipitation and higher temperatures over the Mediterra-
nean (Rousi et al. 2020) and it is also expected to have a 
positive trend (Rousi et al. 2020, 2017, 2021; Linderholm 
et al. 2009). Moreover, since NAO+ has an opposite effect 
over northern latitudes, causing higher than usual precipita-
tion (Rousi et al. 2020), it could explain the few detected 
compound synchronizations between NEU and the south, 
and the associated negative trends (Figs. 4d, 6b and f). We 
do find a positive trend of NAO intensity during 1991–2020 
compared to 1941–1970, as shown in Fig. 10a. We also show 
that, during 1991–2020 HCD in WMed and EMed, NAO+ 
conditions are more frequent (Figs. 10c and S12c). This is 
also confirmed by the higher number of Mediterranean HCD 
in 1991–2020 during months with stronger NAO (Figure 
S13).

Several atmospheric variability patterns could poten-
tially influence wintertime climate in Europe together with 
NAO. For instance, Madonna et al. (2021) explore in details 
the association and the impacts of NAO, blocking and jet 
streams over Europe, showing that these could be coupled to 
amplify hot and dry conditions at the surface or, conversely, 
cause opposite effects. In their study, Mellado-Cano et al. 
(2019) explore the interactions between east Atlantic (EA) 
pattern and NAO and their impacts on Europe climate vari-
ability. They show that the simultaneous occurrence of EA 
and NAO positive phases in winter significantly correlates 
with higher than average temperatures over most of cen-
tral and southern Europe, low precipitation over most of 
the Mediterranean and high precipitation over the British 
Isles and Scandinavia. This is in line with our findings and it 
demonstrates that the interplay among different atmospheric 
patterns is relevant for extremes occurrences.

Climate change and its impacts on atmosphere dynam-
ics could potentially foster the simultaneous occurrences of 
hot and dry extremes at different locations. As previously 
discussed, the NAO plays a key role in shaping weather and 
climate conditions in Europe. Its changes in amplitude and 

location may result from human induced climate change 
(Rousi et al. 2020). The weakening of the Atlantic meridi-
onal overturning circulation could also cause the increase 
of compound events, by triggering extreme heatwaves over 
central Europe in summer and enhanced storm track activity 
toward northwestern Europe in winter (Rousi et al. 2021). 
Another important mechanisms to take into account is the 
persistence of double jet streams over Europe, which Rousi 
et al. (2022) found to have an upward trend responsible for 
the accelerated heatwave increase in western Europe. Finally, 
Artic amplification (the accelerated warming of the Artic) 
is connected to persistent weather patterns in mid-latitudes, 
which lead to an increased probability of extreme weather 
events (Francis and Vavrus 2012), both during boreal winter 
(Cohen et al. 2020) and summer, when it could cause persis-
tent hot-dry extremes (Coumou et al. 2018).

All these examples show how intricate the relations 
between different atmospheric patterns may be, but they 
also demonstrate the clear connection between global warm-
ing, atmosphere dynamics and weather extremes in Europe. 
We further expand these observations, linking them to the 
consequent rise of SCHADE events synchronizations. Our 
approach allow us to identify and quantify the synchroniza-
tions of these extremes for different regions in Europe and 
seasons. The evolving network framework is key to analyze 
the temporal and spatial variations of hot and dry extremes 
concurrences and locate them to the continental, regional 
and local scale.

5 � Conclusions

In this study, we explore the evolution of spatially compound 
hot and dry extremes in Europe for boreal summer (JJA) and 
winter (DJF) during the period 1941–2020 in ERA5, using 
concepts and methods derived from network theory. Our 
results show that the distributions of compound extremes 
and their synchronizations strongly vary between the two 
seasons and European regions as well. We reveal that the 
increase of compounds frequency and synchronizations do 
not always coincide. For some locations the spatial concur-
rences are growing although compounds frequency is not 
significantly rising, as in the case of south-eastern Europe 
during winter and in some locations in Finland, north of 
Poland and the Baltic states in summer.

This work highlights spatio-temporal features of com-
pound hot and dry extremes, focusing of the co-occurrences 
of these events at different locations. This is crucial to dis-
tinguish the effects of climate change on the spatial rela-
tionships among these events more than on the extremes 
themselves, and to understand more about compounds 
dynamics, given their intrinsically higher risk due to the 
combinations of the impacts. We apply our framework to hot 
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and dry events in Europe and analyze their characteristics, 
but the same approach could be employed for other types of 
compound weather and climate events.

This analysis could be further expanded by explicitly con-
sidering the intensity and duration of extremes, to check how 
these impact the spatio-temporal structure of synchroniza-
tions. Moreover, our approach could be applied to future 
climate projections, to assess if and how compounds features 
are going to change under different Shared Socioeconomic 
Pathways for specific regions. This would not only improve 
our understanding of these phenomena, but potentially sup-
port in extreme events predictions, improving forecasting 
schemes and adaptation strategies at key locations.
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