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Abstract
The increasing frequency of summer extreme temperatures in Europe has been attributed to atmospheric and thermody-
namic changes, alongside their interaction. However, the role of dynamic changes remains uncertain, and the mechanisms 
driving future extreme temperature trends are not fully understood. This study investigates historical and future trends in 
atmospheric analogues associated with three major European heat waves: the 2010 Russian, 1972 Scandinavian, and 2003 
French events. Then, using a multi-model large ensemble of climate projections, we decompose trends in extreme tem-
perature occurrences into thermodynamic, dynamic and interaction components and assess the effects of global warming, 
internal climate variability, and inter-model differences. Results show that extreme temperature occurrences linked to the 
2003 French heat wave analogues increased during the historical period, primarily due to the thermodynamic component 
and increasing analogue frequency. Models only partially reproduce these trends due to the underestimation of dynamic 
contribution. In the future, all models project a further increase of extreme temperature occurrences, primarily driven by 
the interaction term, which mainly reflects the combined effect of the strong co-evolving long-term trends in thermody-
namic and dynamic conditions. For the 2010 Russian and 1972 Scandinavian heat waves, no definitive conclusions can 
be drawn due to large uncertainties from internal climate variability and inter-model differences. These findings provide 
further insight into the mechanisms driving extreme temperature trends in western Europe and emphasize the importance 
of considering all sources of uncertainty for a robust evaluation of climate model projections.
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could experience up to a 50% increase in heat-related mor-
tality in the future unless strong mitigation and adaptation 
measures are implemented.

The increasing trends in summer extreme tempera-
tures in Europe have been attributed to both atmospheric 
dynamic changes and thermodynamic factors, as well as 
their mutual interaction through land–atmosphere feed-
backs (Domeisen et  al. 2023). Specifically, these trends 
have been partly explained by increased frequency and 
persistence of double jet stream configuration or anticy-
clonic atmospheric circulation over the continent (Hor-
ton et al. 2015; Rousi et al. 2022), which can induce heat 
extremes through the advection of warm air, adiabatic 
heating and increased solar radiation (Horton et al. 2016; 
Röthlisberger and Papritz 2023). The extreme tempera-
ture trends have been also linked to soil moisture drying 
and stronger land–atmosphere coupling across Europe 
(Seneviratne et al. 2010; Vogel et al. 2017). In particular, 
central and eastern Europe are transitioning towards a soil 
moisture-limited climate zone, in which surface temper-
atures are largely controlled by soil moisture variability 

1  Introduction

Summer extreme temperatures are among the most impact-
ful meteoclimatic events, with the potential to cause sig-
nificant damages to human health, the environment and 
socio-economic and biological systems (e.g., García-Her-
rera et al. 2010; Ebi et al. 2021). This aspect is particularly 
relevant in the context of climate change, as numerous 
studies have shown that the intensity, frequency, and dura-
tion of extreme temperatures have been increasing since 
the mid-20th century, and are expected to continue rising 
in the future (Lee et al. 2023). For example, Masselot et al. 
(2025) have recently shown that most European cities 
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and related feedback mechanisms (Seneviratne et al. 2006; 
Fischer et al. 2007). Moreover, changes in cloud cover and 
aerosol emissions have been shown to play a role, affect-
ing the surface solar radiation (Ruckstuhl et al. 2008) and, 
thus, influencing heat extremes through radiative fluxes 
and soil moisture–radiation feedback (Vogel et al. 2017). 
As an example, the reduction of sulfate aerosol emissions 
since 1980 has been found to account for up to 25% of the 
historical surface warming trend (Nabat et al. 2014). Addi-
tionally, changes in thermal advection due to changes in 
temperature gradient have been shown to further enhance 
the surface temperature variability in some European 
regions (Holmes et  al. 2016). All these factors must be 
considered alongside the rise in global mean temperature 
due to global warming, which further increases the likeli-
hood of extreme temperature events by shifting the prob-
ability distribution of surface temperatures towards higher 
extreme values (Suarez-Gutierrez et al. 2020).

Despite these advancements, the relative contribution of 
the dynamic and thermodynamic factors and their interac-
tion to future trends in European summer extreme tem-
peratures is still debated. Indeed, previous studies have 
mostly focused on the historical period, without investi-
gating how the partition of the extreme temperature trends 
will evolve under the influence of global warming (Horton 
et al. 2015; Rogers et al. 2022). In this context, the studies 
that have explored future trends have mostly focused on 
individual drivers (Donat et  al. 2017; Vogel et  al. 2017; 
Jézéquel et al. 2018a), lacking a comprehensive analysis 
of the mechanisms underlying these trends. On the other 
hand, the few studies that have considered multiple con-
tributing factors have typically relied on single model 
frameworks or models with a limited number of ensemble 
members, which limits the ability to assess uncertainties 
associated with inter-model differences and internal cli-
mate variability (Suarez-Gutierrez et  al. 2020). Further-
more, while there is large consensus on the changes of 
thermodynamic drivers and their influence on temperature 
extremes, the same cannot be said for dynamic changes 
(Shepherd 2014). Although several studies have reported 
increasing trends in the persistence and frequency of sum-
mer blocking events and anticyclonic circulation over 
Euro-Russian region (Francis and Vavrus 2012; Ruti et al. 
2014; Jézéquel et  al. 2018a; Vautard et  al. 2023), other 
studies have not confirmed these trends, finding either 
opposite or not statistically significant trends (Barnes et al. 
2014; Peings et al. 2017; Woollings et al. 2018). Similarly, 
previous studies have shown inconsistent results on poten-
tial changes in Rossby wave propagation, which has been 
proposed as another mechanism to explain trends in heat 
extremes. Indeed, the anticyclonic circulation that charac-
terizes summer extreme temperatures across Europe may 

be associated with longitudinally confined as well as cir-
cumglobal wave-like structures that propagate along the 
extratropical and subtropical jet stream waveguides (e.g., 
Wolf et al. 2018; Kornhuber et al. 2019). In this context, 
some studies have suggested that the increased occurrence 
of extreme temperature events in Europe may be linked to 
a reduction in the eastward phase speed of Rossby waves, 
leading to more persistent anticyclonic circulation over 
the continent (Francis and Vavrus 2012; Kornhuber et al. 
2019). However, other studies have found no systematic 
trends in the Rossby wave phase speed (Barnes 2013; 
Riboldi et  al. 2020). Although these results are sensitive 
to the diagnostic adopted, nonetheless they highlight the 
low confidence in both past and future predicted changes 
in atmospheric dynamic.

Based on this evidence, we first assess the historical and 
future trends in the occurrence of atmospheric circulation 
patterns similar to those that triggered some of the most 
intense European heat waves in past decades. In order to 
do that, we adopt the atmospheric flow analogue tech-
nique, largely used in the literature to analyse the dynamic 
component of extreme events (e.g., Jézéquel et al. 2018b). 
Next, we decompose the historical and projected trends of 
European summer extreme temperatures associated with 
these patterns into thermodynamic, dynamic and interac-
tion components, with the latter capturing the interplay 
between the first two. These analyses are conducted using 
a multi-model large ensemble (MMLE) dataset (Deser 
et  al. 2020; Maher et  al. 2021), under the “business-as-
usual" emission scenario for future projections. This 
allows us to examine the role of the global warming, inter-
nal climate variability and model uncertainties on trends of 
European extreme temperature occurrences. Furthermore, 
this approach enables us to evaluate trends in events that 
share characteristics with the most significant heat waves 
of past decades.

The manuscript is structured as follows. In Sect. 2 we 
describe the data, the atmospheric analogue approach, the 
trend partition technique, and the methodology adopted to 
investigate the physical meaning of the partition term cap-
turing the thermodynamic–dynamic interaction. In Sect. 3, 
we present the dynamic trends of the three major heat waves 
from 1940 to 2022, that is the 2010 Russian, 1972 Scandina-
vian and 2003 French heat waves, followed by the partition 
of trends in summer extreme temperature occurrences asso-
ciated with their atmospheric analogues. Then, we present 
a more detailed assessment of the interaction term for the 
2003 French heat wave. Finally, in Sect. 4 we address some 
open issues arising from the findings of present work, and in 
Sect. 5 we summarize its most relevant results.
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2  Data and methodological approach

2.1  Data

Previous studies analyzing extreme temperature trends have 
not accounted for result uncertainties arising from both 
inter-model differences and internal climate variability (e.g., 
Suarez-Gutierrez et  al. 2020). In order to evaluate these 
two important sources of uncertainty, we analyse a MMLE 
dataset consisting of three single-model initial-condition 
large ensembles (SMILEs), part of the MMLE Archive at 
the National Center for Atmospheric Research (Deser et al. 
2020), and three models from Coupled Model Intercom-
parison Project phase 6 (CMIP6) (Table 1). We specify 
that the SMILEs were run using CMIP5-class models, and 
therefore we will refer to as CMIP5 models throughout 
the text. We select only models available on public servers 
with more than 20 ensemble members, to assess the influ-
ence of internal climate variability (Deser et al. 2020). The 
model selection results in the subset of six climate models 
listed in Table 1, which we consider adequate to capture the 
uncertainty linked to inter-model differences. Furthermore, 
we select those simulations that provide all the variables of 
interest for both the historical and projection time periods. 
The variables of interest for the analyses described in the 
following sections are daily geopotential height at 500 hPa 
(Z500), daily maximum temperature at 2 m height (T2m_
max), and monthly sensible latent heat fluxes (SHF). As a 
result, ensemble members with data available for only one 
time period, with incomplete coverage, or missing key vari-
ables are excluded from the analysis. In this context, it is 
specified that the daily temperature at 2  m height is used 
for the CMIP5 model from the Geophysical Fluid Dynamics 
Laboratory (second row in Table 1), as the T2m_max is not 
available on the server utilized to download its data. Finally, 
we use ERA5 atmospheric reanalysis as surrogate of obser-
vations (Hersbach et al. 2020).

2.2  Heat wave detection

In this study, we focus our analyses on summer extreme 
temperature events across Europe characterized by atmo-
spheric circulation similar to those of the most significant 
heat waves in past decades. Specifically, we concentrate 
on those events detected from 1940 to 2022 in the ERA5 
dataset. These heat waves are identified using the Heat 
Wave Magnitude Index daily (HWMId) as defined by 
Russo et  al. (2015), a dimensionless number representing 
the highest heat wave magnitude recorded within a year at 
each grid point. This index is preferred over other indices 
commonly used for detecting heat wave events because it 
combines both duration and amplitude of extreme tempera-
ture anomalies into a single value, capturing the key char-
acteristics needed to select the most impactful heat waves 
of past decades. The heat waves are ranked based on the 
maximum HWMId values over land across Europe (11◦

W–57◦E; 36◦N–71◦N). The maximum HWMId values are 
obtained using HWMId values previously smoothed with 
a 2D spatial Gaussian–Kernel filter applied to a 7×7 grid 
point box and with standard deviation equal to 2. Follow-
ing the methodological approach of previous studies (e.g., 
Famooss Paolini et al. 2022), this smoothing is applied in 
order to remove isolated grid points of intense HWMId not 
representative of large-scale heat wave events. In this con-
text, it is important to specify that, because HWMId returns 
the annual peak at each grid point, neighboring cells can, in 
principle, reflect events occurring at different times of the 
year. This may raise concerns that spatial filtering could mix 
temporally incoherent signals and introduce artifacts in the 
heat wave ranking. However, heat waves are generally asso-
ciated with synoptic-scale circulation patterns, exhibiting a 
certain degree of spatial coherence. Thus, nearby grid points 
are expected to experience their annual most extreme tem-
peratures within a similar time window. Within this frame-
work, the spatial smoothing applied here removes isolated 

Table 1  MMLE dataset
CMIP 
phase

Institution Model Resolution (atmosphere/ocean) Ensem-
ble size

Members References

CMIP5 CCCma CanESM2 ∼ 2.8◦ × 2.8◦ / ∼ 1.4◦ × 0.9◦ 48 r1i1p1f1–r50i1p1f1 (r4i1p1f1 and 
r7i1p1f1 excluded)

Kirchmeier-Young 
et al. (2017)

GFDL GFDL-CM3 ∼ 2.0◦ × 2.5◦ / ∼ 1.0◦ × 0.9◦ 20 r1i1p1–r20i1p1 Sun et al. (2018)
NCAR CESM1-CAM5 ∼ 0.9◦ × 1.3◦ / nominal 1.0◦ 35 r1i1p1–r35i1p1 Kay et al. (2015)

CMIP6 CCCma CanESM5 ∼ 2.8◦ × 2.8◦ / nominal 1.0◦ 20 r1i1p1f1–r10i1p1f1; 
r1i1p2f1–r10i1p2f1

Swart et al. (2019)

EC-Earth EC-Earth3 ∼ 0.7◦ × 0.7◦ / nominal 1.0◦ 50 r101i1p1f1–r150i1p1f1 Wyser et al. (2021)
MPI MPI-ESM1-2-LR ∼ 1.9◦ × 1.9◦ / nominal 1.5◦ 49 r1i1p1f1–r50i1p1f1 (r33i1p1f1 

excluded)
Olonscheck et al. 
(2023)

Columns detail the CMIP phase, institution name, model name, atmospheric and oceanic resolution, ensemble size, model members and model 
reference. The following acronyms are used for institution names: CCCma: Canadian centre for climate modelling and analysis; EC-Earth: 
EC-Earth-consortium; GFDL: Geophysical fluid dynamics laboratory; MPI: Max planck institute; NCAR: National centre for atmospheric 
research. Members not listed or excluded from the table are omitted from the analysis due to incomplete data or unavailability on public servers
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grid points of intense HWMId, while relying on data that 
are temporally coherent. This assumption has been explic-
itly verified in the context of this study and found to be most 
appropriate where HWMId values are particularly large and 
geographically extensive, i.e. for intense, large-scale and 
long-lasting heat waves, which are the focus of our analysis 
(not shown). Differently, the smoothing may be less suitable 
for detecting weaker or highly localized heat waves, since 
the spatial filtering may rely on neighboring HWMId values 
reflecting heat wave events occurring at different times of 
the year.

Table 2 lists the 10 most significant heat waves occurred 
during 1940–2022 in ERA5. Among them, we focus on the 
2010 Russian, 1972 Scandinavian and 2003 French heat 
waves, which represent the three strongest heat waves of 
past decades. The 2010 and 2003 heat waves are included 
due to their exceptional climatic conditions, which set new 
European records in terms of spatial extent, duration, and 
temperature anomalies, and caused severe impacts such as 
widespread deaths, wildfires, crop failures, and economic 
losses (e.g., Barriopedro et al. 2011). For these reasons, the 
2010 Russian and 2003 French heat waves are often referred 
to as “mega-heat waves”. The 1972 Scandinavian event, 
while also intense and impactful, is included because it has 
received comparatively less attention from the scientific 
community. Furthermore, its analysis could give important 
hints on the trends of extreme temperature occurrences at 
higher latitudes. Finally, we note that the analysis of these 
events offers hints about heat waves occurring in different 
European geographical regions, which may be character-
ized by distinct dynamic and thermodynamic properties.

2.3  Atmospheric flow analogues

One objective of this work is to evaluate the trends in the 
occurrence of atmospheric circulation patterns that trig-
gered the most intense heat waves in past decades. To do 
that, our analysis relies on atmospheric flow analogues, 
selecting days during the summer season (JJA) that exhibit 
atmospheric circulation patterns similar to those observed 
during the heat waves of interest. The latter are here defined 
by averaging the daily Z500 throughout the entire duration 
of each heat wave. The Z500 anomalies are calculated with 
respect to the daily Z500 climatology during the reference 
period 1981–2010. The similarity between Z500 maps is 
assessed through the Euclidean distance between the daily 
atmospheric circulation patterns and the reference patterns. 
This distance is computed as the square root of the sum of 
squared differences across all grid points within the region 
of interest (black boxes in Figs. 1b–3b). Finally, we iden-
tify the days characterized by an atmospheric analogue as 
those days having the Euclidean distance smaller than the 
5th percentile of all calculated distances during the histori-
cal period (1950–2022).

The event-mean Z500 anomalies are used as reference 
patterns for analogue detection because the heat waves con-
sidered here were characterized by persistent, quasi-station-
ary blocking conditions (Kornhuber et al. 2017, 2019). In 
this setting, the event-mean field approximates the leading 
circulation mode sustaining the heat waves, whereas the 
day-to-day fluctuations primarily represent the noise around 
this mode. Thus, comparing daily circulation to multi-day 
composites allows to target the slowly varying atmospheric 
component characterizing these extremes. This strategy 
aligns with previous studies relating daily circulation to 
composite/regime patterns (e.g., Cassano et al. 2007; Hor-
ton et al. 2015), but differ from other approaches that com-
pare day-to-day fields directly (e.g., Jézéquel et al. 2018a). 
We prefer the former, because it isolates the most distinctive 
and stable signal that maintain heat waves, avoiding influ-
ence from transient features.

In this context, it is specified that the regions for calcu-
lating Euclidean distances are selected to capture the most 
important features of atmospheric flows for the develop-
ment of surface extreme temperatures, that is the region of 
maximum positive Z500 anomalies. The selection of tai-
lored domain for flow analogue analysis has been shown to 
be optimal for studying specific heat events, as it excludes 
large-scale features that do not directly influence regional 
extreme temperatures (Jézéquel et  al. 2018b). Neverthe-
less, to evaluate the sensitivity of the results to the spatial 
extent of the analogue region, we also perform the analysis 
adopting an enlarged region for the calculation of Euclidean 
distances, thereby better capturing large-scale atmospheric 

Table 2  The 10 most significant heat waves in the ERA5 dataset dur-
ing 1940–2022, ranked using the HWMId as defined by Russo et al. 
(2015)
Rank Country Year Start date Duration Maximum HWMId
1 Russia 2010 July 10 41 days 54.15
2 Scandinavia 1972 June 26 21 days 41.78
3 France 2003 August 3 13 days 29.74
4 Balkans 1946 August 10 15 days 27.33
5 Turkey 2017 July 28 18 days 23.99
6 UK 1976 June 25 16 days 20.71
7 Spain 2022 July 10 10 days 20.70
8 Kazakhstan 1940 August 2 8 days 20.43
9 Scandinavia 2018 July 18 10 days 19.49
10 Turkey 2007 July 21 13 days 19.32
For each heat wave, columns detail the rank, the most affected coun-
try, the year of occurrence, the start date, the duration (days), and the 
local maximum HWMId over European land (11◦W–57◦E; 36◦N–
71◦N). The maximum is extracted from HWMId values previously 
smoothed with a 2D spatial Gaussian–kernel filter. Refer to Sect. 2.2 
for more detail
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circulation features characterizing each heat wave anal-
ysed here. Finally, it is specified that, in order to calculate 
the Euclidean distances, the Z500 anomalies are linearly 
detrended to eliminate the effects of thermal expansion 
caused by global warming, which could potentially influ-
ence the search for analogues.

The trends in analogue occurrence are calculated via lin-
ear regression, using the analogue occurrence during each 
summer season (yearly data) as dependent variable and the 
years as independent variable. Analogues days from the 
same year as the event of interest are excluded from the esti-
mation of analogue occurrence trend in the ERA5 dataset, to 
avoid the influence in the count of analogues caused by the 
atmospheric circulation persistence (Jézéquel et al. 2018a). 

The statistical significance of analogue trends is assessed 
using the non-parametric Mann-Kendall test, as modified by 
Hamed and Rao (1998) to consider potential autocorrelation 
of data. In this context, we take advantage of the pyMannK-
endall python package, created by Hussain and Mahmud 
(2019).

2.4  Partition of trends in the extreme temperature 
occurrences

Another key objective of this work is to evaluate the con-
tribution of dynamic, thermodynamic and interaction 
components to trends in European extreme temperature 
occurrences, with a particular focus on events that share 

Fig. 1  a HWMId for the 2010 Russian heat wave in ERA5. The start-
ing date and the duration of the heat wave are shown on the top right 
corner. The black box (25◦E–60◦E; 42◦N–65◦N) marks the region 
where the partition trend analysis is conducted for this heat wave. 
Refer to Sect. 2.4 for more detail about this analysis. b Z500 anoma-
lies associated with the 2010 Russian heat wave, in the ERA5 data-
set. These anomalies are calculated as daily Z500 departures from 
the 1981–2010 reference time period and averaged along the whole 
duration of the heat wave. The black box (5◦W–80◦W; 43◦N–70◦N) 
marks the region where the flow analogue technique is conducted for 
this heat wave. Refer to Sect. 2.3 for more detail about this analysis. 
c Occurrence of summer analogues (days; black circles) of the 2010 

Russian heat wave atmospheric circulation, in the ERA5 dataset dur-
ing the historical period (1950–2022). The black line represents the 
linear trend in analogue occurrence (days year−1), with the trend value 
and its statistical significance provided in the upper left corner. d Trend 
of analogue occurrence (days year−1) for ERA5 (black cross), MMLE 
mean (red cross) and single models (colored boxplots) during the his-
torical (1950–2022) and projection (2023–2100) periods. The boxplots 
display the interquartile range, with the model mean indicated by the 
horizontal line inside each box. The whiskers extend to 1.5 times the 
interquartile range, and any outliers beyond this range are shown as 
individual circles
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atmospheric circulation with the three most intense heat 
waves of past decades. To determine these contributions, 
we adopt a trend partition methodology similar to the one 
suggested by previous studies, such as Cassano et al. (2007) 
and Horton et  al. (2015). Following the methodology, the 
timeseries of the number of summer extreme temperature 
days occurring during a specific analogue (H) can be written 
as follows:

H = h · f = (h + h′) · (f + f ′)� (1)

where h is the number of extreme temperature days associ-
ated with a specific analogue divided by the number of days 
that the analogue occurs; f is the number of days that the 
analogue occurs; h is the climatological mean of h; h′ is the 
timeseries of deviations from this climatology; f  is the cli-
matological mean of f and f ′ is the timeseries of deviations 
from it. The extreme temperature days are here defined as 
those when daily T2m_max exceeds the 90th percentile of 
daily T2m_max during the summer season (JJA) computed 
over the 1981–2010 reference period.

Differentiating the equation above with respect to time 
and considering that the mean values are constant, we 
obtain:

dH

dt
= f · dh′

dt
+ h · df ′

dt
+ d(h′ · f ′)

dt
� (2)

where the member on the left-hand side is the total trend 
in the number of extreme temperature days associated with 
a specific analogue, while the terms on the right-hand side 
represent the thermodynamic, dynamic and interaction 
contributions to the total trend, respectively. The thermo-
dynamic term is calculated as the product of the mean fre-
quency of a specific analogue and the trend in the frequency 
of extreme temperature days when the analogue occurs. 
This term represents the portion of the total trend due solely 
to changes in the fraction of analogue days characterized by 
extreme temperatures, independent of any changes in the 
frequency of the circulation pattern. The dynamic term is 
calculated as the product of the mean frequency of extreme 
temperature days when an analogue occurs and the trend in 
the analogue frequency. This term quantifies the portion of 
the total trend explained by changes in the frequency of the 
specific atmospheric circulation pattern, independent of any 
changes in the fraction of warm days associated with the 
analogue. Finally, the interaction term is defined as the trend 
of the product between the anomalies in both the fraction 
of analogue days characterized by extreme temperatures 
and the frequency of analogue occurrence. This term repre-
sents the portion of total trend explained by the interaction 
between the thermodynamic and dynamic components, and 

it has been suggested to capture the land–atmosphere cou-
pling, primarily driven by feedback processes linked to soil 
moisture (Horton et al. 2015; Rogers et al. 2022). However, 
the studies that have used the partition analysis to assess 
extreme temperature trends have not performed any specific 
analysis to evaluate the connection between the interaction 
term and the land–atmosphere coupling. In this context, the 
physical interpretation of the interaction term has been ques-
tioned by Sui et al. (2020), which suggested that this term 
does not necessarily represent any particular physical pro-
cess but may result or be randomly associated with various 
meteorological processes. To better understand the physical 
meaning of the interaction term, a more detailed analysis is 
conducted in this study. Refer to Sect. 2.5 for more detail.

The partition trend analysis described above is applied 
using number of summer extreme temperature days area-
weighted averaged over those regions characterized by the 
greatest HWMId during the heat waves of interest (black 
box in Figs. 1a–3a). This approach allows us to better 
understand the role of the thermodynamic, dynamic and 
interaction components in explaining the trend of extreme 
temperature occurrences in the areas most affected by the 
strongest heat waves during 1940–2022. The anomalies 
of all the components in the two equations above are cal-
culated respect the reference period 1981–2010, as for the 
Z500 data used for the flow analogue analysis. Finally, it is 
specified that all the trends in Eq. 2 are calculated via linear 
regression, using H, f ′, h′ and h′ · f ′ as dependent variables 
and the years as independent variable.

The contribution of the thermodynamic, dynamic and 
interaction terms is also expressed as percentage of the 
total trend for both ERA5 and the MMLE. In the case of the 
model datasets, the percentages are calculated for the model 
mean. This approach is used to prevent disproportionately 
high percentages for individual terms, which can occur not 
due to their actual intensity, but rather because many model 
members exhibit near-zero total trends, particularly during 
the historical period.

2.5  Decomposition of the interaction term and 
land–atmosphere coupling

As discussed in Sect. 2.4, the interaction term is defined as 
the trend of the product between h′ and f ′, and it represents 
the interaction between the thermodynamic and dynamic 
components. Because it can be interpreted as a measure of 
their joint evolution, previous studies have suggested that 
it may capture nonlinear processes linking atmospheric cir-
culation and temperature extremes, including land–atmo-
sphere coupling (e.g., Horton et  al. 2015). However, its 
physical interpretation has been questioned by other studies 
(e.g., Sui et al. 2020).
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In order to better understand the physical meaning of the 
interaction term, we perform here an additional decomposi-
tion of the term. Since the anomalies in Eq. 2 are defined 
with respect to a fixed baseline climatology (1981–2010), 
any persistent change in the mean climate state may cause 
h′ and f ′ to acquire non-zero means and long-term trends. 
In such cases, changes in the interaction term may arise not 
only from changes in the year-to-year covariance between 
h′ and f ′, but also from (possibly uncorrelated) changes 
in their mean values induced by the evolving climate. This 
makes the interaction term sensitive to the methodology 
used to define the anomalies and, if not assessed in detail, 
may lead to misleading interpretations of its physical mean-
ing. To disentangle this aspect, we decompose h′ and f ′ into 
a linear trend component and a detrended component:

h′ = h′
t + h′

d, f ′ = f ′
t + f ′

d� (3)

where h′
t and f ′

t  denote the linear trends of these anoma-
lies in time, and h′

d and f ′
d are the corresponding detrended 

anomalies (i.e., fluctuations around the linear trend). As 
for Eq. 2, the linear trends are estimated via linear regres-
sion, using h′ and f ′ as dependent variables and the years 
as independent variable. Then, the detrended anomalies are 
obtained as residuals from this fit.

Using this decomposition within h′ · f ′ and differentiat-
ing with respect to time, we obtain:

d(h′ · f ′)
dt

= d(h′
t · f ′

t)
dt

+ d(h′
d · f ′

d)
dt

+ d(h′
t · f ′

d)
dt

+ d(h′
d · f ′

t)
dt

� (4)

In this framework, the first term on the right-hand side quan-
tifies the portion of the interaction term that is explained 
by the co-evolving linear trends in h′ and f ′. The second 
term isolates the contribution from the covariance of the 
detrended anomalies, while the last two terms describe 
mixed contributions involving the trend of one variable 
and the detrended variability of the other. This decomposi-
tion allows us to assess how much of the interaction term is 
attributable to the changes in the mean of h′ and f ′, which 
do not necessarily reflect any specific coupling process, and 
how much is instead associated with changes in their cova-
riance, which can be more directly linked to physical pro-
cesses such as the land–atmosphere coupling.

Building on this decomposition, we next investigate 
whether the interaction term is related to land–atmosphere 
coupling by comparing the h′

d · f ′
d product with an inde-

pendent land–atmosphere coupling diagnostic. Specifically, 
land–atmosphere coupling is assessed through the correla-
tion between the summer SHF and the number of days an 
analogue occurs. As shown by Koster et al. (2016), diabatic 
heating anomalies associated with a dry land surface (i.e., 

enhanced SHF anomalies) can generate positive geopoten-
tial height anomalies above and near the heating source. 
These anomalies resemble atmospheric circulation patterns 
that drive surface extreme temperatures at extratropics. As 
a result, a positive feedback may develop between land 
conditions and atmospheric dynamics. Indeed, as nega-
tive soil moisture anomalies occur, the evapotranspiration 
decreases, resulting in enhanced SHF and a higher likeli-
hood of extreme temperatures during an analogue (posi-
tive h′). In turn, the positive SHF anomalies increases the 
persistence of geopotential anomalies and the frequency of 
analogue occurrence (positive f ′), further raising surface 
temperatures and intensifying soil moisture depletion. Con-
sequently, a positive h′

d · f ′
d product may emerge, associated 

with a positive correlation between the summer SHF and 
the number of days an analogue occurs. As such, stronger 
(weaker) land–atmosphere coupling is expected to result in 
a higher (lower) thermodynamic–dynamic product.

To explicitly connect the detrended covariance com-
ponent of the interaction term with the land–atmosphere 
coupling, we compute the SHF–analogue correlation using 
a 30-year running window and compare it with the mean 
value of the h′

d · f ′
d product over the same window. To 

ensure consistency with the detrending applied to h′ and f ′, 
the SHF–analogue correlation is calculated from detrended 
SHF and analogue frequency data. The analysis is applied 
separately for the historical and projections periods. Defini-
tions of the historical and projection periods are provided in 
Sect. 2.6. For each dataset (ERA5 and model ensembles), 
a least squares regression line is calculated by linearly 
regressing the land–atmosphere coupling diagnostic against 
the covariance component of the interaction term. The 95% 
confidence intervals of the linear regression are estimated 
using a bootstrap test performed 1000 times. The scatter 
plots enable us to evaluate potential changes in the strength 
of land–atmosphere coupling in the future, while the regres-
sion lines provide hints about its relationship with the inter-
action term (Figs. 8, S15, and S16).

2.6  Historical and projection periods

The atmospheric flow analogue analysis, trend partition, 
decomposition of the interaction term and land–atmosphere 
coupling assessment are conducted separately for the his-
torical and projection periods. In this context, we define the 
historical period as 1950–2022 and the projection period 
as 2023–2100, focusing on the Representative Concentra-
tion Pathway 8.5 (RCP85) scenario for CMIP5 models and 
Shared Socioeconomic Pathways 5–8.5 (SSP585) scenario 
for CMIP6 models as the respective emission scenarios for 
the future. In the case of the EC-Earth3 model, members 
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r101i1p1f1–r150i1p1f1 were only run from 1970 onward, so 
the historical period for this model is defined as 1970–2022.

The historical period as defined above allows for com-
parison of model results with ERA5 atmospheric reanalysis. 
It is specified that the historical runs for CMIP5 and CMIP6 
models are run until 2005 and 2014 respectively, while the 
projection runs from 2006 and 2015 onwards. This means 
that the historical period is here built merging historical runs 
with the beginning of future projection runs. This aspect 
should not affect the results, because the effect of different 
emission scenarios starts to emerge after 20–30 years from 
the beginning of model simulations (Lee et al. 2021).

3  Results

3.1  Heat waves and atmospheric analogues

The most intense and long-lasting heat wave recorded in 
the European continent during 1940–2022 was the one that 
affected Russia in 2010 (Table 2). This heat wave began on 
July 10 and lasted approximately 41 days, with the HWMId 
reaching its maximum values in eastern Europe (Fig. 1a). 
The 2010 Russian heat wave was characterized by an 
“omega blocking” configuration, with intense positive Z500 
anomalies extending from Scandinavian region to western 
Siberia and weak negative Z500 anomalies on the western 
and eastern flank of the Z500 height (Fig. 1b). Previous 
studies have linked this atmospheric configuration to recur-
rent (synoptic scale) wave packets repeatedly amplifying at 
the western flank of the block, which may have contributed 
to the onset of the heat wave (e.g., Fragkoulidis et al. 2018). 
Additionally, the Z500 anomalies have been associated to 
large-scale wave-like structures propagating along the sum-
mer upper-tropospheric polar and subtropical jet stream, 
such as the British–Baikal corridor and the circumglobal 
teleconnection patterns (Trenberth and Fasullo 2012; Xu 
et al. 2021). The local amplification of Z500 anomalies may 
have been driven by a double jet configuration that devel-
oped in the North Atlantic sector in early July, providing 
favorable conditions for quasi-resonant wave amplifica-
tion and thereby intensifying the amplitude and intensity of 
wave ridge (Kornhuber et al. 2017).

Figure 1c shows that the occurrence of summer days with 
atmospheric circulation patterns similar to the 2010 Rus-
sian heat wave has increased over the historical period in 
ERA5, with a dynamic trend of 0.05 days year−1 (statisti-
cally significant at the 99% confidence level). In contrast, 
most of the models show a reduction in the occurrence of 
this analogue (Fig. S1), exhibiting a negative mean trend 
during the historical period (Fig. 1d). However, the indi-
vidual model spread is particularly high, with trend values 

of single members fluctuating around zero and suggesting 
large internal climate variability. The inter-model spread is 
also large. Notably, MPI-ESM1-2-LR model mostly shows 
positive trend, consistent with observations but differing 
from the other models. Because of internal climate variabil-
ity and inter-model spread, the MMLE mean trend exhibits 
a weak negative value. In contrast to the historical period, 
models exhibit more consistent results for future projec-
tions. Specifically, all CMIP5 models and two out of three 
CMIP6 models indicate an increase in analogue occurrence 
across all their ensemble members. This is not the case for 
MPI-ESM1-2-LR model, which shows a negative mean 
trend, with individual members displaying both positive 
and negative values. Despite that, the MMLE mean shows 
a positive mean trend, with value comparable to the ERA5 
one during the historical period. In this context, it is worth 
noting that, because historical and projected trends oppose 
each other, the model ensemble mean of analogue days by 
2100 is comparable to, or slightly higher than, its value at 
the start of the historical period (Fig. S1).

In agreement with previous studies (e.g., Jézéquel et al. 
2018a), the results in Fig. 1d underscore a certain degree of 
uncertainty associated with the dynamic trend of the 2010 
Russian heat wave, due to large inter-model spread and inter-
nal climate variability. Indeed, even if most models show a 
future positive trend in the occurrence of this atmospheric 
analogue, the MPI-ESM1-2-LR model exhibits opposite 
results. In this context, the latter successfully captures the 
observed historical trend in analogue occurrence, suggest-
ing that it may perform better in representing future trends 
as well. However, this assumption should be approached 
with caution. Refer to Sect. 4 for a more detailed discussion 
of this aspect.

The second most intense heat wave in Europe during 
1940–2022 was the one occurred in Scandinavia in 1972, 
characterized by high HWMId values especially across 
the northern portion of the region (Fig. 2a). While receiv-
ing less attention from the scientific community, this event 
was comparable in terms of duration and intensity to more 
widely known heat waves, such as the 2010 Russian and 
2003 French heat waves (Table 2). Indeed, the event started 
on June 26 and lasted about 3 weeks, with HWMId val-
ues peaking at approximately 40. The 1972 Scandinavian 
heat wave was marked by a very persistent high-pressure 
anomaly over Scandinavia and north-western Russia (Fig. 
2b), a region characterized by the highest frequency of sum-
mer blocking events in the European continent (Davini and 
D’Andrea 2020). The atmospheric circulation anomalies 
featured a large-scale wave-like structure propagating from 
eastern America to central Siberia, suggesting a role played 
by the British-Baikal corridor teleconnection along the polar 
front (Xu et al. 2021). It is also interesting to note that the 
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atmospheric circulation during the summer 1972 was char-
acterized by a positive and long-lasting phase of the North 
Atlantic Oscillation (NAO). Please, refer to the daily NAO 
index as provided by National Oceanic and Atmospheric 
Administration (link to data available in the Data Availabil-
ity statement). The summer NAO is an important driver for 
the development of extreme temperature events in northern 
Europe (Sinclair et  al. 2019; Rousi et  al. 2023; Famooss 
Paolini et al. 2024). Thus, these pieces of evidence suggest 
that the summer NAO could have also played a role in the 
1972 Scandinavian event.

Figure 2 (bottom row) presents analogue trends for 1972 
Scandinavian heat wave that are similar to those observed 
for 2010 Russian heat wave, apart from the historical trend 
in ERA5. Specifically, no significant trend in the analogue 
occurrence is evident in the reanalysis for the historical 
period (Fig. 2c). On the other hand, most models show a gen-
eral decrease in the analogue occurrence during this period, 
which is reflected in predominantly negative mean trends, 
with only a few members showing positive values (Figs. 2d, 
S2). Furthermore, most models project an increase in the 
number of days characterized by this analogue in the future 

across nearly all ensemble members. Despite the future pos-
itive trend, the ensemble mean number of analogue days at 
the end of the twenty-first century remains broadly compa-
rable to that simulated during the historical period, similarly 
to what shown for the 2010 Russian heat wave (Fig. S2). 
Once again, the MPI-ESM1-2-LR model generally shows 
opposing results both for the historical and projection time 
periods, with only few members aligning with the trends in 
other models. These aspects highlight a significant uncer-
tainty in the occurrence of the atmospheric analogue asso-
ciated with 1972 Scandinavian heat wave, similar to what 
discussed for the 2010 Russian heat wave. In this context, it 
is worth noting that Yiou et al. (2020) have reported similar 
results when analysing both observational and model trends 
of atmospheric analogues for the 2018 Scandinavian heat 
wave (the ninth event listed in Table 2), which featured an 
atmospheric circulation pattern remarkably similar to that 
of the 1972 event.

The third strongest heat wave of past decades was the 
one that affected central Europe in 2003. The event began 
on August 3 and lasted approximately 13 days, with the 
HWMId reaching its maximum values in France, Germany 

Fig. 2  Same as Fig. 1, but for the 1972 Scandinavian heat wave. In this case, the black box in (a) has coordinates 15◦E–45◦E and 60◦N–73◦N, 
while the black box in (b) has coordinates 10◦W–75◦E and 50◦N–85◦N
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and Northern Italy (Fig. 3a). This event was the culmination 
of an unusually warm summer, which had already experi-
enced another heat wave in June and exceptionally warm 
conditions in both May and July (Black et  al. 2004). The 
extreme heat event that struck France in August was partly 
driven by a persistent atmospheric blocking regime over 
western Europe (Fig. 3b). The Z500 anomalies were part of 
a circumglobal wave-like structure, which induced concur-
rent high temperature anomalies in some regions of North 
America and Eurasian continent during August (Kornhuber 
et al. 2019). In this context, it is noted that these anomalies 
also partially project onto the Eastern Atlantic pattern, which 
has been shown to be particularly relevant for extreme tem-
perature events in western and central Europe (Cassou et al. 
2005; Famooss Paolini et al. 2024). Similarly to the 2010 
Russian event, the large amplitudes of the wave-like struc-
tures could have been induced by the resonant amplification 
of quasi-stationary waves due to double jet configuration 
(Kornhuber et al. 2017). Furthermore, the heat extreme was 
associated with a Rossby wave packet showing amplitude 
peak over western Europe (Fragkoulidis et al. 2018).

The occurrence of atmospheric patterns similar to that 
characterizing the 2003 French heat wave has increased 

during the historical period. Specifically, ERA5 data indi-
cate an analogue trend of 0.05 days year−1, statistically 
significant at the 98% confidence level (Fig. 3c). As for 
the other two heat waves, most models underestimate the 
observed analogue trend, showing negative model mean and 
individual members spreading around zero (Fig. 3d). Again, 
only the MPI-ESM1-2-LR model displays a positive mean 
trend comparable to observations. In the future, all models 
project an increase in the occurrence of this atmospheric 
analogue. In this context, it is noted that, in contrast to the 
2010 Russian and 1972 Scandinavian heat waves, mod-
els project an increase in the average number of analogue 
days, despite the negative historical trends (Fig. S3). Thus, 
the results shown in Fig. 3 suggest that the trend of 2003 
French heat wave-like atmospheric circulation patterns is 
characterized by lower uncertainty compared to other major 
heat waves occurred in past decades. Jézéquel et al. (2018a) 
have reached similar conclusions, analysing the dynamic 
trends of 2003 French and 2010 Russian heat waves in 18 
single-member CMIP5 models and one large ensemble. The 
reduced uncertainty associated with the analogue trend of 
the 2003 French heat wave is particularly significant, as it 
enhances the reliability of trend partition analysis, which 

Fig. 3  Same as Fig. 1, but for the 2003 French heat wave. In this case, the black box in (a) has coordinates 8◦W–18◦E and 38◦N–55◦N, while the 
black box in (b) has coordinates 30◦W–30◦E and 35◦N–65◦N
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identifies the drivers of historical and future trends in 
extreme temperature occurrences in western Europe.

As detailed in Sect. 2.3, the atmospheric flow analogue 
analysis was also performed using larger regions for detect-
ing atmospheric analogues than those illustrated in Figs. 
1b–3b. Overall, the results presented in Figs. S4–S6 for all 
three heat waves are consistent with the findings described 
above, for both ERA5 and MMLE, and for both the histori-
cal and projection periods. More specifically, ERA5 exhibits 
positive, neutral and positive trends in analogue occurrence 
during the historical period for the 2010 Russian, 1972 
Scandinavian and 2003 French heat wave, respectively. In 
contrast, the models generally display mean negative trends 
in the historical period, underestimating the observed ana-
logue trend of the three heat waves. At the same time, the 
models generally exhibit mean positive trends in the projec-
tion period. Once again, the MPI-ESM1-2-LR model con-
sistently diverge from these general patterns, both during 
the historical and projection periods. It is not completely so 
for the 2003 French heat wave, as all models exhibit a posi-
tive mean trend in the future, with only few members from 
the MPI-ESM1-2-LR model exhibiting negative values.

Since analogue trends are not significantly affected by 
the size of the regions used for analogue detection, smaller 
domains are retained for the analyses presented in subse-
quent sections. As suggested by Jézéquel et  al. (2018b), 
selecting a tailored domain for flow analogue analysis 
is optimal as it excludes large-scale features that do not 
directly impact regional extreme temperatures. Neverthe-
less, the limited sensitivity of analogue trends to analogue 
detection region size is consistent with the fact that Euro-
pean extreme temperature events are often associated with 
large-scale atmospheric structures, characterized by local 
high-pressure and remote low-pressure systems (Cai et al. 
2024; Famooss Paolini et al. 2024).

3.2  Partition of extreme temperature trends

After assessing the dynamic trends of the three most intense 
heat waves during 1940–2022, we analyse their contribu-
tions to historical and projected trends in European extreme 
temperature occurrences, along with the associated ther-
modynamic and interaction terms. This analysis is crucial 
for understanding the mechanisms driving the trends in 
extreme temperature occurrences and how they may evolve 
in response to anthropogenic global warming.

Figures 4 and S7 show that the number of extreme tem-
perature occurrences associated with the atmospheric cir-
culation pattern of the 2010 Russian heat wave increased 
during 1950–2022 in the ERA5 dataset, with a trend of 
0.016 days year−1 (Table 3). This increase was primarily 
driven by the thermodynamic and dynamic terms, which 

account for 75.47 and 58.72% of the total trend, respec-
tively. In contrast, the interaction term offsets these contri-
butions, accounting for − 34.19% of the total trend.

Consistent with observations, all models show a posi-
tive historical trend in extreme temperature occurrences, 
primarily driven by the thermodynamic term. The model 
mean total trends range from 0.011–0.021 days year−1, 
with the MMLE mean total trend being 0.014 days year−1

. In this context, the thermodynamic term contributes 
61.23–109.21% of the total trend across individual models. 
However, for five out of six models, the dynamic and inter-
action terms exhibit opposite behavior compared to ERA5, 
contributing within − 79.87 to − 10.75% and 36.87–71.93% 
of the total trend, respectively. The opposite contributions 
of dynamic and interaction terms in the model environ-
ment compared to observations reflect the underestimation 
of observed dynamic component by these models, which 
is then compensated by a positive contribution from the 
interaction term. The MPI-ESM1-2-LR model stands out as 
an exception compared to other models, with its dynamic 
(interaction) term contributing for about 39.19% (− 0.42%) 
of the total trend, aligning more closely to observations 
(Table 3). The thermodynamic, dynamic and interaction 
terms in the MMLE mean contribute 84.23, −  21.11 and 
36.88% of the total trend, respectively.

In the future, all models project a continued increase in the 
occurrence of extreme temperatures, with future total trends 
stronger than those observed during the historical period. 
This indicates that future extreme temperature occurrences 
will not only become more frequent than in the past but will 
also increase at a faster rate (Figs. 4, S7). Despite the con-
sistent trend direction, it is interesting to note that the spread 
of projected total trend values is larger compared to the his-
torical period, reflecting greater internal variability in the 
future. In this context, the projected mean total trends range 
within 0.034–0.175 days year−1 across individual models, 
with a MMLE mean of 0.075 days year−1. All trend compo-
nents exhibit positive values in the future, exceeding those 
observed in the historical period and contributing to the 
positive total trend. Specifically, the thermodynamic con-
tribution is projected to account for 20.66–46.36% of the 
future total trend in single models, thus playing a less rel-
evant role compared to the historical period. Consistently, 
the difference between the future and historical percent-
ages associated to thermodynamic term are negative (see 
numbers in parentheses in Table 3). Nonetheless, it is noted 
that, in the future, nearly all days exhibiting a 2010 Rus-
sian heat wave-like atmospheric circulation are projected to 
coincide with extreme temperatures over western Russia. 
This is reflected in mean values of h approaching 1 in most 
models (i.e., close to 100% of analogue days), compared to 
historical values typically ranging between 0.1 and 0.3 (Fig. 
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S10). Meanwhile, the dynamic component will contribute 
for 13.53–14.91%, becoming more significant in explaining 
extreme temperature trends than in the past. On the other 
hand, the interaction component will account for 38.73–
65.66% of the total trend. However, no clear conclusions 
can be drawn about the changes in its relative importance, as 
half the models indicate a greater importance, while the other 
half suggests the opposite. In this context, we note that the 
interaction term is associated with the largest spread due to 
significant internal variability and inter-model differences, 
which mostly explains the wide spread of the projected total 
trends. Yet again, the MPI-ESM-LR model shows different 
results, with the thermodynamic, dynamic and interaction 
term contributing 104.08, − 59.26 and − 29.01% to the mean 
total trend. Thus, these findings suggest that, for this model, 

the thermodynamic term will play a more significant role 
compared to the past, whereas the dynamic and interaction 
terms will become less important. Taking into account all the 
models, results shows that the thermodynamic, dynamic and 
interaction terms will contribute 43.05, 11.82 and 45.13% of 
the total trend, respectively.

Consistent with the results shown in Sect. 3.1, the trend 
partition analysis for the 2010 Russian heat wave is marked 
by significant uncertainty due to inter-model spread and 
internal climate variability. This is particularly true for the 
dynamic and interaction terms, as models exhibit differ-
ent future changes compared to the past. This uncertainty 
prevents to draw definitive conclusions about the mecha-
nisms that will drive extreme temperature trends in western 
Russian.

Fig. 4  Partition of the trend (days year−1) in area-weighted extreme 
temperature days during the occurrence of 2010 Russian heat wave 
atmospheric analogue. Top left: total trend; top right: thermodynamic 
term; bottom left: dynamic term; bottom right: interaction term. The 
number of extreme temperature days is area-weighted averaged in the 
region with the highest HWMId values during the event (black box, 
Fig. 1a). Trends are calculated for the historical period (1950–2022) 

for ERA5 (black cross), the MMLE mean (red cross) and individual 
models (colored boxplots), and for the projection period (2023–2100) 
for MMLE mean and individual models. The boxplots display the 
interquartile range, with the model mean indicated by the horizontal 
line inside each box. The whiskers extend to 1.5 times the interquar-
tile range, and any outliers beyond this range are shown as individual 
circles
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Figure 5 presents the trend partition analysis for extreme 
temperature occurrences associated with atmospheric circu-
lation similar to 1972 Scandinavian heat wave. Similarly to 
the 2010 Russian heat wave, the reanalysis dataset shows an 
increase in the number of extreme temperature occurrences 
over the historical period, with a trend of 0.011 days year−1 
(Table 4). However, in this case the total trend was primarily 
driven by the interaction term (80.54%), while thermody-
namic (21.01%) and dynamic (− 1.55%) components play 
secondary role (Table 4).

Model historical trends are marked by large internal 
variability and model spread. Indeed, most models exhibit 
positive mean total trend within the range 0.003–0.02 days 
year−1, with individual member values fluctuating around 
zero, while CESM1-CAM5 CMPI5 model shows an average 
reduction in extreme temperature occurrences. Nonetheless, 
in agreement with observations, the MMLE mean shows a 
trend that is largely driven by thermodynamic (164.86%) 
and interaction (97.02%) terms, with the dynamic compo-
nent acting in opposition (− 161.88%). A similar trend parti-
tion is observed in four out of six models, with these terms 
accounting for 57.34–333.33%, − 422.05 to − 49.84% and 
67.60–238.21% of the total trend, respectively. Differently, 
the CESM1-CAM5 and MPI-ESM1-2-LR models are an 
exception. Indeed, the CESM1-CAM5 model exhibits ther-
modynamic, dynamic and interaction terms that are similar 
in amplitude and sign to those of other models; however, 
due to its negative total trend, the relative contributions of 
these terms are reversed. On the other hand, MPI-ESM1-
2-LR model exhibits a positive contribution from dynamic 
component, consistent with the analogue trend in Fig. 2d. 

It is specified that the model percentages shown in Table 
4 can reach particularly high values due to the small total 
trend, which serves as the denominator in the percentage 
calculation.

In future projections, all models display an overall increase 
in the occurrence of extreme temperature days associated 
with the 1972 Scandinavian analogue relative to the histori-
cal period (Fig. S8), with positive mean total trends ranging 
within 0.011–0.125 days year−1, and a MMLE mean trend 
of 0.066 days year−1. This is not true for a few model mem-
bers from the MPI-ESM-LR models, which show a reduc-
tion in extreme temperature occurrences. For most models, 
all trend components are expected to contribute to the total 
trend. Table 4 indicates that the future thermodynamic and 
interaction components will play a less significant role com-
pared to the historical period, contributing 22.75–43.57% 
and 33.69–56.86%, respectively, across individual models, 
and 40.48 and 41.77% in the MMLE mean. Conversely, the 
dynamic component will become more important account-
ing for 14.37–22.74% of the total trend across individual 
models and for 17.75% in the MMLE. Nonetheless, inter-
model differences still emerge, with MPI-ESM-LR models 
showing opposite results. Indeed, its mean dynamic and 
interaction terms will be negative in the future, with the 
former becoming less relevant in explaining the total trend 
compared to the past. In this case, the thermodynamic term 
will primarily account for the future total trend, becoming 
more relevant compared to the past. Apart from these inter-
model differences, all models simulate a large portion of 
future analogue days coinciding with extreme temperatures 
over the Scandinavia (Fig. S11). In several cases, individual 

Table 3  Partition of the trend (days year−1) in area-weighted extreme temperature days during the occurrence of 2010 Russian heat wave atmo-
spheric analogue

1950–2022 2023–2100
Total trend
(days year−1)

Thermodynamic
term (%)

Dynamic
term (%)

Interaction
term (%)

Total trend
(days year−1)

Thermodynamic
term (%)

Dynamic
term (%)

Interaction
term (%)

ERA5 0.016 75.47 58.72 − 34.19 – – – –
CanESM2 0.014 83.73 − 30.15 46.42 0.073 40.27

(− 43.46)
13.82
(43.97)

45.91
(− 0.51)

GFDL-CM3 0.021 73.88 − 10.75 36.87 0.079 37.39
(− 36.49)

13.53
(24.28)

49.08
(12.21)

CESM1-CAM5 0.011 107.94 − 79.87 71.93 0.080 37.71
(− 70.23)

14.79
(94.66)

47.50
(− 24.43)

CanESM5 0.018 74.82 − 15.05 40.22 0.175 20.66
(− 54.16)

13.68
(28.73)

65.66
(25.44)

EC-Earth3 0.011 109.21 − 51.95 42.74 0.071 46.36
(− 62.85)

14.91
(66.86)

38.73
(− 4.01)

MPI-ESM1-2-LR 0.013 61.23 39.19 − 0.42 0.034 104.08
(42.85)

− 9.88
(− 49.07)

5.81
(6.23)

MMLE 0.014 84.23 − 21.11 36.88 0.075 43.05
(− 41.18)

11.82
(32.92)

45.13
(8.26)

The number of extreme temperature days is area-weighted averaged in the region with the highest HWMId values during the event (black box, 
Fig. 1a). The thermodynamic, dynamic and interaction terms are expressed as percentages of the total trend for the model and MMLE mean. 
Differences between the future and historical percentages for each component are shown in parentheses below the future trend values
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Table 4  As Table 3, but for the 1972 Scandinavian heat wave. In this case, the number of extreme temperature days is area-weighted averaged in 
the black box shown in Fig. 2a

1950–2022 2023–2100
Total trend
(days year−1)

Thermodynamic
term (%)

Dynamic
term (%)

Interaction
term (%)

Total trend
(days year−1)

Thermodynamic
term (%)

Dynamic
term (%)

Interaction
term (%)

ERA5 0.011 21.01 − 1.55 80.54 – – – –
CanESM2 0.003 283.83 − 422.05 238.21 0.068 34.79

(− 249.04)
20.56
(442.60)

44.65
(− 193.56)

GFDL-CM3 0.020 82.24 − 49.84 67.60 0.072 28.77
(− 53.47)

14.37
(64.21)

56.86
(− 10.73)

CESM1-CAM5 − 0.006 − 92.16 281.48 − 89.32 0.062 33.60
(125.76)

20.50
(− 260.98)

45.89
(135.22)

CanESM5 0.005 192.14 − 291.96 199.82 0.125 22.75
(− 169.38)

20.87
(312.82)

56.38
(− 143.44)

EC-Earth3 0.004 333.33 − 347.64 114.31 0.095 43.57
(− 289.76)

22.74
(370.38)

33.69
(− 80.62)

MPI-ESM1-2-LR 0.014 57.34 37.85 4.81 0.011 188.27
(130.93)

− 59.26
(− 97.12)

− 29.01
(− 33.82)

MMLE 0.006 164.86 − 161.88 97.02 0.066 40.48
(− 124.38)

17.75
(179.63)

41.77
(− 55.25)

Fig. 5  Same as Fig. 4, but for the 1972 Scandinavian heat wave. In this case, the number of extreme temperature days is area-weighted averaged 
in the black box shown in Fig. 2a
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model members reach h equal to 1 already at the beginning 
of the projection period. This behaviour emerges earlier and 
more systematically than in the 2010 Russian case, and is 
consistent with the Arctic amplification, whereby the Arctic 
and high latitudes warm more and faster than lower latitudes 
(Serreze and Barry 2011).

Similarly to the 2010 Russian heat wave and consistent 
with the analogue trends shown in Fig. 2, the trend parti-
tion results for the 1972 Scandinavian heat wave are also 
subjected to a certain degree of uncertainty. This uncertainty 
diminishes confidence in projections of future changes in 
the drivers of extreme temperature occurrences linked to 
these analogues.

Finally, we analyse the trend components for extreme 
temperature occurrences associated with the atmospheric 
pattern of the 2003 French heat wave. Figures 6 and S9 
show an increase in the number of extreme temperature 
days over the historical period in ERA5 dataset, with a trend 
of 0.022 days year−1 (Table 5). Similar to results associated 

with 2010 Russian heat wave, the trend was mainly driven 
by the thermodynamic (83.63%) and dynamic (30.19%) 
components, while the interaction term partially offsets 
these contributions (− 13.82%).

In agreement with ERA5, models show positive total 
trends, with mean values in the range 0.003–0.016 days 
year−1 and a MMLE mean of 0.012 days year−1. These 
trends are driven by a strong thermodynamic component, 
accounting for 100.76% of the total trend in the MMLE 
mean and for 67.04–374.45% across individual models. 
However, in contrast to ERA5, the models show a negative 
contribution from the dynamic term (− 29.41) and a posi-
tive contribution from the interaction term (28.66%) in the 
MMLE mean. This is so also for five out of six models, 
with the dynamic contribution ranging within − 300.05 to 
−  7.50% and the interaction contribution within 22.38–
58.77%. Notably, the MPI-ESM1-2-LR model stands out as 
an exception, with the dynamic term contributing positively 
to the total trend (20.55%), similar to the observations.

Fig. 6  Same as Fig. 4, but for the 2003 French heat wave. In this case, the number of extreme temperature days is area-weighted averaged in the 
black box shown in Fig. 3a
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In the future, results are characterized by a smaller 
uncertainty compared to the other heat waves here anal-
ysed. Indeed, all models project an increase in the extreme 
temperature occurrences (Fig. S9), with future total trends 
stronger than those during the historical period (Fig. 6). 
These projected trends range within 0.08–0.214 days 
year−1, with a MMLE mean of 0.116 days year−1. Addi-
tionally, all trend components are expected to be positive 
in the future, contributing to the overall trend, both in the 
model mean and single model members. This consistency 
reduces the uncertainty in future changes compared to 
historical period caused by internal variability and inter-
model differences. As for the other heat waves, the rela-
tive contributions of trend components to the total trend 
are expected to change. Specifically, similar to the 2010 
Russian heat wave, the thermodynamic contribution is 
projected to play a less relevant role compared to the his-
torical period. Yet, consistent with other heat waves, the 
results show that the fraction of days with 2003 French 
heat wave-like circulation that also exhibit extreme tem-
peratures (h) will increase markedly compared to the past 
(Fig. S12). On the other hand, the dynamic and interaction 
terms are expected to become more significant compared 
to the past. The thermodynamic, dynamic and interaction 
terms will account for 33.81% (19.48–50.22%), 11.16% 
(5.96–13.66%) and 55.03% (40.83–69.08%) of the total 
trend in the MMLE (individual model) mean. Notably, the 
MPI-ESM1-2-LR model also exhibits a positive contribu-
tion of the future dynamic trend, though smaller than the 
historical period, resulting in a negative percentage differ-
ence in Table 5.

3.3  Decomposition of the interaction term and 
land–atmosphere coupling

Results in previous section indicate that the interaction term 
is projected to increase in the future, largely explaining 
the overall future rise in extreme temperature occurrences 
associated with the atmospheric analogues of the three 
major heat waves during 1940–2022. Since previous stud-
ies have linked this term to processes potentially involving 
the land–atmosphere coupling (Horton et  al. 2015; Rog-
ers et al. 2022), these results may suggest a crucial role of 
coupling mechanisms in explaining future projection of 
extreme temperature occurrences. However, as suggested 
by other studies (Sui et al. 2020), the physical interpretation 
of the interaction term should be considered with caution. 
As clarified in Sect. 2.5, changes in this term may arise not 
only from changes in the year-to-year covariance between 
thermodynamic and dynamic conditions, but also from their 
co-evolving long-term trends. Given the pronounced trends 
in f and h shown in Figs. S1–S3 and S10–S12, this possibil-
ity can not be excluded here. We therefore decompose this 
term as explained in Sect. 2.5 to assess how much of its 
contribution is related to changes in the mean state of f ′ and 
h′ and how much instead arises from changes in their effec-
tive covariability. We focus on the 2003 French heat wave, 
for which results in previous section are characterized by 
comparatively small uncertainties due to internal variability 
and inter-model differences than the 2010 Russian and 1972 
Scandinavian heat waves.

Figure 7 and Table 6 indicate that the interaction term 
reflects multiple sources of change, and should therefore 
not be interpreted uncritically as a measure of pure covari-
ability between thermodynamic and dynamic conditions. As 

Table 5  As Table 3, but for the 2003 French heat wave. In this case, the number of extreme temperature days is area-weighted averaged in the 
black box shown in Fig. 3a

1950–2022 2023–2100
Total trend
(days year−1)

Thermodynamic
term (%)

Dynamic
term (%)

Interaction
term (%)

Total trend
(days year−1)

Thermodynamic
term (%)

Dynamic
term (%)

Interaction
term (%)

ERA5 0.022 83.63 30.19 − 13.82 – – – –
CanESM2 0.016 85.12 − 7.50 22.38 0.117 34.12

(− 51.00)
11.52
(19.02)

54.36
(31.99)

GFDL-CM3 0.020 69.31 − 14.03 44.72 0.161 19.48
(− 49.83)

11.44
(25.47)

69.08
(24.36)

CESM1-CAM5 0.009 121.56 − 80.32 58.77 0.114 29.43
(− 92.12)

12.69
(93.02)

57.97
(− 0.89)

CanESM5 0.020 83.11 − 8.13 25.02 0.214 20.56
(− 62.55)

11.08
(19.21)

68.36
(43.34)

EC-Earth3 0.003 374.45 − 300.05 25.60 0.092 45.51
(− 328.94)

13.66
(313.71)

40.83
(15.23)

MPI-ESM1-2-LR 0.012 67.04 20.55 12.40 0.080 50.22
(− 16.82)

5.96
(− 14.59)

43.81
(31.41)

MMLE 0.012 100.76 − 29.41 28.66 0.116 33.81
(− 66.95)

11.16
(40.57)

55.03
(26.38)
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discussed in the previous section, the full interaction term 
over 1950–2022 is small in ERA5 and in most models. In 
ERA5, this signal mainly arises from comparable contribu-
tions of the trend–trend component and from the detrended 
covariance term, partly compensated by the two mixed 
components. In the MMLE and in most individual models, 
the largest contribution typically arises from the detrended 
covariance term. By contrast, the interaction term becomes 
substantially larger in the projection period and is almost 
entirely dominated by the trend–trend component, consis-
tent with the strong long-term increases in both f (Fig. S3) 
and h (Fig. S12). For the MMLE and most individual mod-
els, this term alone explains nearly 100 % of the full inter-
action term, while the remaining three contributions each 
account for only a few percent and often compensate one 
another (Table 6).

Although the detrended covariance term explains only 
a portion of the interaction term, the results above do not 
exclude that it may still reflect land–atmosphere coupling 
processes. To further investigate the physical meaning of 
the interaction term, we relate the h′

d · f ′
d product to a land–

atmosphere coupling diagnostic as described in Sect. 2.5. 
Figure 8 shows that the h′

d · f ′
d product is generally positive 

in both ERA5 and the models, indicating that the detrended 
thermodynamic and dynamic anomalies tend to covary in 
the same direction. If h′

d and f ′
d were largely independent, 

their product would be expected to fluctuate more symmet-
rically around zero. In addition, consistent with the positive 
land–atmosphere feedback proposed by Koster et al. (2016), 
Figure 8 also shows an overall positive SHF–analogue cor-
relation, and a systematic relationship between its intensity 
and the h′

d · f ′
d product in both the historical and projec-

tion periods. Specifically, larger values of h′
d · f ′

d product 
tend to be associated with stronger SHF–analogue correla-
tions. However, only a limited fraction of h′

d · f ′
d variance 

is explained by the linear relationship with the coupling 
intensity, as shown by the small coefficient of determination 
(R2) both during the historical and projection periods. Fur-
thermore, it is noted that the mean correlation values appear 
weak both in ERA5 and model ensemble (around 0.2), 
largely reflecting large internal variability. Indeed, some 
30-year windows are characterized by relatively strong 
positive correlations while others exhibit near-zero or even 
opposite values. As a result, similar values of h′

d · f ′
d can be 

associated with markedly different coupling estimates.

Fig. 7  Decomposition of the 
interaction term (days year−1) for 
the 2003 French heat wave. Top 
left: interaction term; central left: 
d(h′

tf ′
t)

dt ; central right: d(h′
df ′

d)
dt ; 

bottom left: d(h′
tf ′

d)
dt ; bottom right: 

d(h′
df ′

t)
dt . Trends are calculated for 

the historical period (1950–2022) 
for ERA5 (black cross), the MMLE 
mean (red cross) and individual 
models (colored boxplots), and for 
the projection period (2023–2100) 
for MMLE mean and individual 
models. The boxplots display the 
interquartile range, with the model 
mean indicated by the horizontal 
line inside each box. The whiskers 
extend to 1.5 times the interquartile 
range, and any outliers beyond 
this range are shown as individual 
circles
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Overall, results presented in this section suggest that the 
interaction term may capture aspects of land–atmosphere 
coupling, but this interpretation should be taken with cau-
tion, partly in agreement with Sui et al. (2020). Indeed, a 
fraction of the interaction term reflects the long-term trends 
in its thermodynamic and dynamic components, which are 
not necessarily causally linked through coupling processes. 
In addition, the coupling diagnostic used here remains 
highly sensitive to internal variability and explains only 
a limited fraction of h′

d · f ′
d variance. Thus, the method-

ological framework adopted here does not allow us to draw 
definitive conclusions on the contribution of land–atmo-
sphere coupling to trends in extreme temperature occur-
rences. A consistent picture emerges for the 2010 Russian 
and 1972 Scandinavian heatwaves, both for the interaction 
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Fig. 8  a Scatterplot relating the h′
d · f ′

d product (days−1) to land–atmo-
sphere coupling during the historical period (1950–2022) for the 2003 
French heat wave. The land–atmosphere coupling is assessed through 
the correlation between the summer SHF and analogue occurrence 
using a 30-year running window, and is paired with the mean value 
of the h′

d · f ′
d product over the same window. Results are shown for 

individual model members during each 30-year window (small circles) 
and for model means (large circles). Solid lines denote the least squares 
regression between the correlation and the h′

d · f ′
d product. Shaded 

areas indicate the 95% confidence interval of the regression, based on a 
bootstrap test performed 1000 times. The coefficient of determination 
(R2) is reported in the legend for each dataset as a measure of the frac-
tion of h′

d · f ′
d variance explained by the land–atmosphere coupling. b 

Same as (a), but for the projection period (2023–2100)
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term decomposition (Figs. S13–S14, Tables S1–S2) and for 
its relationship with land–atmosphere coupling (Figs. S15–
S16). Refer to Sect. 4 for further discussion about the results 
presented above.

4  Discussion

The results presented in previous section should be inter-
preted with caution due to uncertainties primarily arising 
from inter-model differences. This is particularly true for 
the 2010 Russian (Figs. 1, 4, S1, S4 and Table 3) and 1972 
Scandinavian heat waves (Figs. 2, 5, S2, S5 and Table 4), 
as models do not provide consistent future projections of 
their dynamic trends. A common approach to reduce model 
uncertainty in future climate projections is to constrain the 
latter using observed historical data (e.g., Vogel et al. 2018; 
Hegerl et al. 2021). This approach relies on the assumption 
that models better representing historical climate will also 
perform better in the future. Since atmospheric dynamics 
is a central aspect of the present work, one potential way 
to enhance the reliability of atmospheric flow analogue and 
partition trend analyses could be to select only those models 
that closely reproduce observed historical analogue trends. 
This choice is also justified by the fact that most models 
analysed here tend to underestimate the historical dynamic 
trends associated with the 2010 Russian, 1972 Scandina-
vian and 2003 French heat waves. The model underesti-
mation of dynamic trends is in agreement with and partly 
extends the study by Vautard et al. (2023), who reported that 
state-of-the-art CMIP6 models underestimate the trend in 
daily maximum temperatures driven by dynamic changes 
over western Europe during 1950–2022. In the context of 
the present work, the MPI-ESM1-2-LR model would be 
predominantly selected for the constrained climate projec-
tions, being the model that better represents the historical 
dynamic trends. As a result, we could expect a reduction 
in atmospheric analogue occurrences for the 2010 Rus-
sian and 1972 Scandinavian heat waves, alongside future 
increases in extreme temperature occurrences primarily 
driven by thermodynamic component and counteracted by 
dynamic term (Tables 3–4, line 7). However, the assump-
tion that models accurately representing observed historical 
climate will necessarily perform better in future projections 
has been shown to not be always valid (Knutti et al. 2010). 
Moreover, we point out that the ERA5 historical dynamic 
trend falls within the inter-model spread and is also cap-
tured by members of models other than MPI-ESM1-2-LR 
model, which exhibit different behaviors during the projec-
tion period compared to the latter. Finally, some members of 
MPI-ESM1-2-LR model exhibit positive future trends simi-
lar to those of other models. All these aspects complicate 

efforts to draw definitive conclusions about dynamic trends 
and trend partitions for the 2010 Russian and 1972 Scandi-
navian two heat waves. As stated by previous studies (e.g., 
Vautard et  al. 2023), the results presented here provide 
additional evidence underscoring the importance of direct-
ing future research efforts toward identifying the sources 
of model biases in representing the atmospheric circulation 
dynamics and variability during historical period. Address-
ing these biases is essential for improving our comprehen-
sion of climate extremes and their future changes.

Results for the 2003 French extreme event are subject to 
lower uncertainty compared to the other two heat waves. 
While the inter-model spread in future analogue trend 
remains considerable, all models consistently project an 
increase in future atmospheric analogue frequency (Figs. 3, 
S3 and S6), thus providing a greater reliability on trend par-
tition analysis (Fig. 6, Table 5). In this context, the applica-
tion of constraining methodology may narrow the range of 
future values and potentially change the relative contribu-
tions of single terms on the total trend within trend partition 
analysis. However, this would not alter the sign of the pro-
jected changes, nor would affect the key conclusions of the 
analyses conducted for the 2003 French heat wave.

Given the lower uncertainties in the results, we discuss 
here the potential drivers behind the projected increase in 
atmospheric circulation patterns resembling that of the 2003 
French heat wave. Arctic amplification has been shown to 
weaken the geopotential gradient between high and low 
latitudes, reducing the extra-tropical zonal flow and result-
ing in a more meandering jet stream (Francis and Vavrus 
2012). This, in turn, may result in Rossby waves with larger 
amplitudes and smaller phase velocity, potentially increas-
ing the persistence and frequency of positive geopotential 
height anomalies over western Europe (Kornhuber et  al. 
2019). Moreover, Arctic amplification has been linked to 
an enhanced Arctic front jet due to the increased land–sea 
thermal contrast at high latitudes (Coumou et al. 2018). This 
process promotes a higher frequency of double jet configura-
tions over the Eurasian continent, which could lead to more 
favorable conditions for resonance of free and forced syn-
optic waves (Petoukhov et al. 2013; Mann et al. 2017; Rousi 
et  al. 2022). Consequently, the amplitude and frequency 
of wave ridges at mid-latitudes may be increased, further 
amplifying summer extreme temperatures (Kornhuber et al. 
2017). The increasing frequency of atmospheric analogues 
associated with 2003 French heat wave could be also linked 
to changes in Rossby wave sources and teleconnections. Sev-
eral studies have highlighted the relevance of tropical con-
vection, oceanic conditions, and land surface processes in 
generating phase-locked Rossby wave trains that propagate 
across the Northern Hemisphere (Cassou et al. 2005; Teng 
et al. 2019; Wang et al. 2019; Beverley et al. 2021). In this 
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context, global warming has been associated with changes 
in the position of the intertropical convergence zone (Weller 
et al. 2014; Mamalakis et al. 2021), soil moisture drying in 
North America and central Europe (Seneviratne et al. 2006; 
Overpeck and Udall 2020), and the intensification of Indian 
monsoon rainfall and variability (Katzenberger et al. 2020). 
Being all these processes key for the Rossby waves genera-
tion and propagation, climate change may also be related 
with higher frequency in specific atmospheric circulation 
patterns through its effect on Rossby wave activity and their 
preferred phase position over western Europe. Finally, over 
longer timescales, the increased frequency of blocking-type 
atmospheric circulation over western Europe may be linked 
to the Atlantic warming hole–a region in the extratropical 
North Atlantic exhibiting a cooling trend in sea surface tem-
perature, partly attributed to the weakening of the Atlantic 
Meridional Overturning Circulation (Drijfhout et al. 2012). 
Given that several past extreme temperature events in west-
ern Europe have been associated with negative sea surface 
temperature anomalies in the same region (Duchez et  al. 
2016), the Atlantic warming hole could further amplify the 
occurrence of the atmospheric analogues associated with 
the 2003 French heat wave.

Despite the uncertainties in the dynamic trend mentioned 
at the beginning of this section, the partition trend analysis 
generally indicates a future enhancement of the interaction 
term (Figs. 4–6, Tables 3–5). Because this term has been 
suggested to capture land–atmosphere coupling processes 
(e.g., Horton et al. 2015), its projected increase may imply 
a growing influence of coupling mechanisms on future rise 
of extreme temperature occurrences. However, partly in line 
with the concerns raised by Sui et al. (2020), our results indi-
cate that the physical interpretation of the interaction term 
should be taken with caution. First, we do find a relationship 
between the interaction term and coupling intensity, with 
larger values of the h′

d · f ′
d product generally associated 

with stronger coupling (Figs. 8, S15, S16). Yet, the interac-
tion term decomposition shows that the contribution most 
directly related to thermodynamic–dynamic covariability 
( d(h′

df ′
d)

dt ) accounts for only a fraction of the full interaction 
term, particularly in the projection period (Figs. 7, S13, S14; 
Tables 6, S1, S2). Moreover, the SHF–analogue correlation 
is strongly modulated by internal variability and explains 
only a limited portion of the thermodynamic–dynamic 
covariability (Figs. 8, S15, S16). Thus, these results imply 
that the future increase in the extreme temperature events 
analysed here is largely driven by the concurrent long-
term changes in thermodynamic and dynamic components 
composing the interaction term, rather than unambiguous 
changes in the land–atmosphere coupling measured by our 
diagnostic.

At the same time, it should be considered that the inter-
action term may still reflect aspects of land–atmosphere 
coupling not explicitly represented by the diagnostic 
adopted here (Teuling et al. 2010; Li et al. 2021), and that 
other large-scale drivers may modulate summer tempera-
ture trends across Europe. For instance, European summer 
temperatures have been linked to the Atlantic multidecadal 
variability (Sun et al. 2015; Ehsan et al. 2020; Nicolì et al. 
2020) as well as to the Arctic sea-ice extent and variabil-
ity through local feedbacks (Ruggieri et al. 2017; Delhaye 
et al. 2021). Such influences may contribute to explain the 
interaction term, potentially masking the role of land–atmo-
sphere coupling in driving extreme temperature trends. In 
addition, the relationship between the interaction term and 
land–atmosphere coupling may be sensitive to the method-
ological choices made in this study. For example, the strat-
egy to define detrended thermodynamic (h′

d), dynamic (f ′
d), 

and SHF anomalies, as well as the assumed linearity of the 
fitted relationship, could all affect the results. In this con-
text, it is also worth noting that recent evidence indicates 
land–atmosphere coupling can vary substantially across 
extreme temperature events affecting the same region, and 
can be spatially heterogeneous within a given event (Yoon 
et al. 2026; e.g., during the 2010 Russian and 2003 French 
heat waves). This suggests that using seasonal and spa-
tially-average data to assess land–atmosphere coupling may 
mix areas and periods characterized by distinct coupling 
regimes, potentially explaining the large spread in coupling 
diagnostic found here and its weak relationship with the 
thermodynamic–dynamic covariability term. More detailed 
analyses are required to fully disentangle the land–atmo-
sphere coupling and its implications for trends in extreme 
temperature occurrences, as well as to better understand the 
physical processes most strongly reflected by the interaction 
term.

5  Conclusions

Numerous studies have linked the rise in summer extreme 
temperature frequency across Europe to a combination of 
atmospheric and thermodynamic changes, as well as their 
mutual interaction (e.g., Horton et  al. 2015; Seneviratne 
et  al. 2010). However, the role of atmospheric dynamic 
changes remains debated, and a comprehensive analysis of 
the mechanisms underlying the extreme temperature trends 
is still lacking.

The present study addresses these gaps by analyzing his-
torical and future trends in the occurrence of atmospheric 
analogues associated with three of the most intense heat 
waves in past decades: the 2010 Russian, 1972 Scandina-
vian and 2003 French heat waves. These heat waves are 
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here identified as the strongest during 1940–2022 through 
the HWMId as defined by Russo et  al. (2015). Then, we 
decompose the associated trends of summer extreme tem-
perature occurrences into their thermodynamic, dynamic 
and interaction terms. The analyses are performed using 
ERA5 reanalysis and a MMLE dataset composed of 6 mod-
els, each providing between 20 and 50 members and under 
the “business-as-usual” emission scenario for future projec-
tions. This allows us to assess the role of the global warm-
ing, internal climate variability and model spread on trends 
of European extreme temperature occurrences.

In agreement with previous studies (e.g., Horton et  al. 
2015), results show that the frequency of atmospheric 
analogues associated with the 2003 French heat wave has 
increased during 1950–2022 in ERA5 (Figs. 3c, S3), explain-
ing about one-third of the historical rise in extreme tempera-
ture occurrences linked to these analogues (Fig. 6, Table 5). 
The remaining portion of the trend in extreme temperature 
occurrences is explained by the thermodynamic component, 
which emerges as the most significant contributor, while the 
interaction term acts in opposition. The MMLE reproduces 
the overall increase in extreme temperature occurrences 
associated with these analogues but not the observed par-
tition, with the dynamic and interaction terms exhibiting 
opposite behavior compared to observations (Fig. 6, Table 
5). This discrepancy reflects the model underestimation of 
historical analogue trend, with most models showing nega-
tive ensemble mean trend values and individual members 
fluctuating around zero (Fig. 3d). Among the models, MPI-
ESM1-2-LR model performs the best in reproducing the 
historical analogue trend, exhibiting a partition of the trend 
in extreme temperature occurrences that aligns more closely 
with observations.

In future projections, models consistently project an 
increase in the frequency of atmospheric analogues for 
the 2003 French heat wave. This increase will account for 
about one-tenth of the future trend in extreme temperature 
occurrences, with the interaction term emerging as the pri-
mary contributor, followed by the thermodynamic compo-
nent. Accordingly, the partition trend analysis indicates that 
dynamic and interaction contributions will become more 
significant in the future, while the thermodynamic compo-
nent influence will decrease (percentage differences in Table 
5). However, caution is warranted due to the underestima-
tion of historical analogue trends, which affects the contri-
bution of dynamic and interaction terms in the historical 
period and, thus, the eventual changes of their percentage 
contribution in the future.

The results for the 2010 Russian and 1972 Scandina-
vian heat waves exhibit greater uncertainty compared to 
the 2003 French event due to inter-model differences and 
internal climate variability, impacting the reliability of 

future projections for analogue frequency and the mecha-
nisms driving extreme temperature trends in these European 
regions. ERA5 data indicate an increasing historical trend 
in atmospheric analogues for the 2010 Russian heat wave 
(Figs. 1, S1), making it the second most important driver 
of extreme temperature trends alongside the thermodynamic 
component (Fig. 4, Table 3). In contrast, no historical trend 
is observed for the 1972 Scandinavian heat wave (Figs. 2, 
S2), where extreme temperature trends are primarily driven 
by the interaction component and secondarily by the ther-
modynamic term (Fig. 5, Table 4). Once again, except for 
MPI-ESM1-2-LR, most models underestimate the observed 
analogue trends by exhibiting near-zero or negative ensem-
ble-mean values, and only partially reproduce the partition 
of extreme temperature trends observed during the histori-
cal period.

Unlike the 2003 French event, inter-model differences 
persist in future projections. While most models project 
positive trends for atmospheric analogues associated with 
the 2010 Russian and 1972 Scandinavian heat waves, the 
MPI-ESM1-2-LR model generally shows negative values. 
Despite these differences, all models agree on an increase 
in extreme temperature occurrences associated with these 
analogues. For most models, this increase will be driven by 
all components, with the interaction term being the primary 
contributor, followed by the thermodynamic and dynamic 
terms. In contrast, the MPI-ESM1-2-LR model attributes 
the increase solely to the thermodynamic component. 
Finally, similar to the 2003 French event, trend partition 
analysis indicates that the thermodynamic (dynamic) term 
will become less (more) relevant compared to the past for 
both the events, while the role of the interaction term will 
be more and less important for the 2010 Russian and 1972 
Scandinavian events, respectively.

Within the trend partition analysis, we further show that 
the large interaction term simulated for all three events in 
the projection period will be mainly driven by co-evolving 
long-term trends in the thermodynamic and dynamic com-
ponents (Fig. 7, Table 6, Figs. S13–S14, Tables S1–S2). In 
contrast, its contribution most directly related to thermody-
namic–dynamic covariability will be comparatively smaller, 
and does not show a robust relationship with land–atmo-
sphere coupling as assessed here (Fig. 8), partly in contrast 
to suggestions in previous studies (e.g., Rogers et al. 2022). 
This prevents to draw definitive conclusions on the role of 
land–atmosphere coupling in driving changes in extreme 
temperature occurrences and, consistent with the concerns 
raised by Sui et al. (2020), calls for caution when providing 
physical interpretation to the interaction term.

In conclusion, the present study shows that the summer 
extreme temperature occurrences associated with specific 
atmospheric circulations increased during the historical 
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period, and are projected to rise at an accelerated rate in 
the future. However, the drivers of these trends vary across 
Europe and over time. Indeed, the thermodynamic and 
dynamic changes were the primary drivers for historical 
trends associated with the 2010 Russian and 2003 French 
heat waves, consistent with an increase in their atmospheric 
analogue frequency. In contrast, the historical trends asso-
ciated with the 1972 Scandinavian heat wave were mainly 
driven by thermodynamic and interaction terms, with no 
significant changes in its analogue frequency. In this con-
text, models have been shown to underestimate atmospheric 
changes during the historical period, improperly captur-
ing the drivers of historical extreme temperature trends. 
Looking ahead, models generally project further increases 
in extreme temperature occurrences associated with these 
analogues, with the projected trends primarily driven by 
the interaction term, which mainly reflects the strong co-
evolving trends in the thermodynamic and dynamic com-
ponents. However, these findings should be interpreted with 
caution due to inter-model differences and internal climate 
variability that reduce the reliability of future projections, 
particularly for extreme temperature occurrences in eastern 
and northern Europe. Conversely, future trends in extreme 
temperature occurrences in western and central Europe are 
associated with much lower uncertainty, as models consis-
tently project similar results.

Future research should prioritize identifying the sources 
of model underestimation of historical atmospheric changes 
as in observational datasets. Additionally, efforts should aim 
to deepen the understanding of land–atmosphere coupling 
processes, which may vary across Europe and be not limited 
to soil moisture-related feedbacks. Addressing these issues 
is particularly crucial given the projected future increase 
in extreme temperature occurrences, where atmospheric 
dynamics and land–atmosphere coupling may play a more 
significant role compared to the past.
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