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Abstract
More frequent heatwaves in Europe are posing considerable risks to human health, infrastructure,
and ecosystems. However, the contributions of external forcing factors such as well-mixed green-
house gases (GHGs) and aerosols remain to be better quantified. Here, using model outputs from
the Large Ensemble Single Forcing Model Intercomparison Project (LESFMIP), a recent atmo-
spheric reanalysis and a machine learning method—self-organising maps (SOMs), we attribute
European heatwave trends during 1940–2020 to various external forcings. The Europe-averaged
heatwave trend during 1940–2020 (0.87 days per decade) is well captured by the multi-model
mean (MMM) response with GHGs dominating the trend. The positive heatwave trend in GHGs
and ozone is offset by the effects of aerosols during 1940–1979, leading to weak negative heatwave
trends. In contrast, the increase in GHGs has driven about half (53± 17%; MMM and model-
spread) of the strong heatwave trends in 1980–2020 (2.5 days per decade), amplified by the reduc-
tion in aerosols (23± 15%). This highlights the increasing risk of more frequent heatwaves in
Europe if GHG emissions continue to rise without significant mitigation measures. Analysis of
atmospheric circulation by SOMs reveals that four major atmospheric circulation patterns, domin-
ated by a blocking high anomaly, are linked to the most spatially-intense European summer heat-
waves. A relatively large increase in the occurrence of blocking-like atmospheric circulation has
likely exacerbated heatwave trends in Southern and Eastern Europe in 1980–2020. However, this
atmospheric circulation trend is much weaker in the model response, and also seems to be outside
the internal variability in most of the models. This may partly explain the underestimated heat-
wave trends in Southern and Eastern Europe. Constraining and further understanding of the ther-
modynamic and dynamic response in the LESFMIP models is important for attributing and pre-
dicting the multi-annual and decadal variability of climate and weather extremes.

1. Introduction

Heatwaves have severe consequences for human
health [1, 2], agriculture, increasing risk of crop losses
[3], ecosystems [4] and infrastructure. For instance,
heightened electricity demand coupled with reduced
power production during heatwaves can lead to grid
overload [5]. The impact on human health includes
increased mortality, exemplified by the over 70 000
deaths attributed to the 2003 Western European
heatwave [6] and an estimated 61 672 heat-related
deaths in Europe in 2022 [7], as well as heightened

respiratory disease risk in urban areas [8]. These
health risks can bemitigated through improved early-
warning systems [1, 9], which rely on a comprehens-
ive understanding of heatwave drivers to enhance pre-
diction and projection capabilities [10].

The frequency of heatwaves has been increas-
ing since 1950 [11, 12] and their frequency, intens-
ity and spatial extent are expected to rise further
throughout the 21st century [13, 14], particularly
in mid-latitude regions such as Europe [15, 16].
Changes in heatwaves are driven by both thermody-
namic and dynamic factors. Thermodynamic factors
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include radiative forcing (changes in Earth’s energy
balance) and land-atmosphere interactions, includ-
ing soil moisture [17–19]. Dynamic factors involve
atmospheric circulation patterns that increase the
persistence and probability of hot events in sum-
mer, such as an increased frequency of hemispheric
teleconnections [20, 21]. Trends in atmospheric cir-
culation have driven a large fraction of the increase
in heat extremes in Western Europe [16, 18, 22]
but this has been underestimated by climate models
[16, 23], due to their failure to capture forced
response or internal variability or both. Additionally,
land surface feedback has been considered as a driver
of heatwave increase in Europe [24]. These highlight
the uncertainties and complexities in understanding
the drivers of and in attributing heatwaves in Europe.

Existing attribution studies of European heat-
waves indicate that changes in these processes are, at
least in part, a response to anthropogenic forcings
[25–27], including rising concentrations of well-
mixed greenhouse gases (GHGs) [11] and declin-
ing aerosol emissions due to air pollution legislation
[28]. Aerosols provide negative forcing due to
their influence on radiation and clouds but their
concentrations over Europe have been declining
since the 1980s [29, 30]. The significance of aero-
sols has been emphasised in recent literature as a
driver of weather extremes [31, 32] and summer
European warming in particular [33]. Additional
contributing factors may include volcanic activity,
ozone variability, natural forcings, land use, internal
climate variability and the Atlantic Multidecadal
Oscillation. However, the full range of physical
processes and drivers underlying observed heat-
wave trends remains incompletely understood and
quantified.

In this study, we use climate simulations from
seven state-of-the-art coupled climate models, con-
tributing to the Large Ensemble Single Forcing
Model Intercomparison Project (LESFMIP) [34] and
a recent atmospheric reanalysis to attribute the recent
trends in summer heatwave frequency (HWF) in
Europe. The large-ensemble single forcing climate
simulations allow us to robustly quantify the contri-
butions of various external forcing factors, while the
use of multiple models accounts for model uncer-
tainty. Small ensemble climate simulations in some
previous attribution studies [27, 35, 36] are not
optimal for quantifying the roles of forced versus
internal variability in driving heat extremes. In addi-
tion, we use an unsupervised machine learning
method—self-organising maps (SOMs) to identify
the main atmospheric circulation patterns that are
linked to European summer heatwaves. Our attri-
bution analysis thus provides novel and quantitat-
ive insights into the drivers of recent increases in
European summer heatwaves, including atmospheric
circulation trends.

2. Data andmethods

2.1. Atmospheric reanalysis data
Europe is defined as the domain of 36◦–72◦ N and
25◦ W–45◦ E. The variables used in this study were
daily maximum temperature at 2 m (TX) and daily
mean geopotential height at 500 hPa (Z500). We use
the fifth generation of atmospheric reanalysis of the
global climate produced by the European Centre for
Medium-Range Weather Forecasts (ERA5) [37] with
a temporal coverage of 1940 to 2025 and a spatial
resolution of 0.25 degrees. ERA5 reliably captures
extreme temperatures in Europe [38, 39].

2.2. Attribution of European heatwave trends using
the LESFMIPmodel experiments
Coupled model experiments from the LESFMIP pro-
ject provide a new capability for attributing multi-
annual and decadal changes in the climate system
[34]. Specifically, these multi-model large-ensemble
initial-condition climate simulations imposed with
historical external forcings allow for robustly isol-
ating the contributions of individual external for-
cings in the changes in the climate system. This
addresses both internal climate variability and model
uncertainty for attribution of multi-annual and
decadal changes. We note that potential model
errors, signal-to-noise paradox, imperfect historical
forcings and missing processes may contribute to
uncertainties in these LESFMIP model experiments
[34]. In this study, we focus on the multi-model
mean (MMM), defined as the unweighted aver-
age across individual model’s ensemble average,
and direct trend-comparison approach for attrib-
uting European heatwave trends. This approach is
less robust to model errors and does not consider
the optimal linear combination of individual for-
cings, compared to the multiple linear regression
framework [40].

We obtain available outputs from seven mod-
els: ACCESS-ESM1-5 [41], CanESM5 [42], CMCC-
CM2-SR5 [43], HadGEM3-GC31-LL [44], MIROC6
[45], MPI-ESM1-2-LR [46] and NorESM2-LM [47].
The experiments used in our study include the all-
forcings ‘historical’ experiment and six historical
single-forcing experiments with specified historical
evolutions of the relevant forcings. These are hist-
GHG (historical variations in well-mixed GHGs),
hist-aer (historical variations in anthropogenic aero-
sols), hist-sol (solar irradiance variability), hist-volc
(volcanic stratospheric aerosols), hist-nat (historical
variations in natural influences–solar and volcanic)
and hist-totalO3 (ozone concentration) [34]. The
hist-lu (land use changes) experiment was not con-
sidered in this study due to insufficient available data.
Details of these experiment including the number of
ensemble members are given in supplementary tables
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1 and 2.We extended the all-forcing historical experi-
ment for TX to 2020 using the future scenario (SSP2-
4.5) experiment for the period 2015–2020 [48].

A comparison of the summer (June-August, JJA)
climatology of TX for 1981–2010 from ERA5with the
climatology of each LESFMIP model suggests a close
agreement (supplementary figure 1), supporting the
suitability of the LESFMIPmodels to study European
heatwaves.

2.3. Heatwave frequency
This study focuses on daytime heatwaves occurring
during the meteorological summer (JJA). The heat-
wave threshold is defined as the 90th percentile of TX
based on a 15-day window for each calendar day [49,
50], over the period 1940–2014; limited by the data
availability for some models. A heatwave is defined
as a period of at least three consecutive days during
which the TX at a given grid point exceeds its heat-
wave threshold. While a combination of high daily
maximum and minimum temperatures and humid-
ity have the largest impacts on human health [1],
an analysis using only TX, capturing mainly daytime
heatwaves, was deemed satisfactory to identify key
heatwave trends for this study [14, 49]. We adopt
the common use of HWF, defined as the number
of days that contribute to heatwaves for each grid
point for each summer [10, 49]. In this study, ‘HWF
trends’ is interchangeable with ‘heatwave trends’, as
other heatwave metrics are not considered. To con-
sider spatially-concurring heatwave events extending
across multiple grid points, we consider European
heatwave events as described in the next sub-section.

2.4. European heatwave days
European heatwave days are defined as those JJA
days with the largest land area covered by heatwaves
on a given day. This is calculated by computing the
percentage of land grid points (weighted by area)
experiencing a heatwave on any JJA day in the pre-
defined European domain. Then, the top 10% of days
are selected as European heatwave days. This retains
large-scale, high-impact heatwave events in Europe
while still ensuring a sufficient number of heatwave
events for further analysis.

2.5. Linear trends, statistical significance and
computation of area-mean
To quantify long-term trends in European summer
heatwaves, linear trends are calculated using non-
parametric Theil–Sen regression, which is robust
against outliers and does not assume a normal dis-
tribution. This will ensure that the trend obtained is
not distorted by some extreme values in a time series
and is not distribution-dependent. The statistical sig-
nificance of these trends is assessed using the Mann–
Kendall test at the 5% level. For the SOMs analysis
as described below, there are many zero entries for
the number of days assigned to each node due to the

nature of the classification. Given that the Theil–Sen
method calculates the median slope, it was not suit-
able for the original time series of heatwave days, as it
leads to an overall zero trend. Therefore, the trends on
circulation occurrence are computed after applying a
5-year running average.

For model outputs, trends are calculated for each
ensemblemember before taking an ensemble average.
Uncertainty in the MMM is calculated using boot-
strapping, resampling members inside each model
independently before averaging across models to
show confidence intervals (CIs). Model spread is
quantified using standard deviation (STD) over indi-
vidual model means.

Spatial averages are computed with weights of
cos(latitude) and sea areas aremasked. The ERA5 land
sea mask is also applied to model outputs, which are
regridded to an ERA5 grid for this purpose. Spatially
averaged trends are calculated by first performing
spatial averaging of the time series and then calcu-
lating the trend. The alternative approach, reordering
the steps, gave similar results. Where spatial averages
are cited for Southern or Northern Europe, the divid-
ing latitude is taken to be 50◦ N.

2.6. Self-organising maps
SOMs are a type of artificial neural network used for
unsupervised machine learning, enabling the classi-
fication of data into a specified number of nodes.
SOMs have become a widely used tool for classifying
large-scale atmospheric circulation patterns during
extreme events [20, 51, 52]. We use daily Z500 anom-
alies, relative to the 1980–2010 climatology, to char-
acterise large-scale atmospheric flow patterns linked
to European heatwaves. The data was weighted by√
cos(latitude), to prevent biases toward regions with

higher grid resolution [53]. The SOMs were trained
only on European heatwave days (see section 2.4)
from 1940 to 2014, and over the domain of 20◦–90◦

N and 90◦ W–90◦ E.
Following Lee et al [20], the number of SOM

nodesmust be chosen to (a) be large enough to accur-
ately capture the patterns in the data, and (b) small
enough so that each pattern is distinct. We quantify
(a) by computing the weighted mean pattern correla-
tion: the pattern correlations between the daily Z500
patterns and their assigned SOM pattern, averaged
over all SOM nodes and weighted by the correspond-
ing SOM frequency [54]. We quantify (b) by calcu-
lating the average of the weighted Euclidean distance
d between different pairs of nodes [20]. By compar-
ing 1D grids between (2× 1) and (10× 1), we found
that a (4 × 1) SOM grid best satisfied the require-
ments tomaximise the weightedmean pattern correl-
ation (WMPC), while ensuring the nodes remained
distinct.

To quantify the role of GHGs and aerosols on
European HWF trends, we computed SOMs for
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ERA5, and three model experiments, namely all-
forcings, hist-GHG and hist-aer. Fewer models had
available data for Z500 than for TX. For model out-
puts, the training data is from the pooled European
heatwave days from all ensemble members and four
spatial patterns of Z500 are obtained for each model
experiment. A cost matrix was then used to match
model nodes to each ERA5 node, where a spatial
pattern correlation of less than 0.4 is considered
to have no clear counterpart in that model experi-
ment. The WMPC for the ERA5 SOM was 0.46 and
so 0.4 was deemed a reasonable pattern correlation
threshold for comparison with the other nodes for
eachmodel experiment, but other thresholds (includ-
ing no threshold) were also tested with limited effects
on the results.

2.7. Trends in the SOM atmospheric circulation
patterns based on all JJA days
To assess whether the SOM nodes themselves are
increasing in frequency, we project the circulation
patterns for all JJA days onto the four ERA5 nodes.
This was done using Pearson pattern correlations
between the four ERA5 SOM nodes and the daily
Z500 patterns for all JJA days for each model exper-
iment. An alternative method using Euclidean dis-
tance to compare the patterns was also tested, giv-
ing similar results. The threshold of 0.4 was chosen
for the same reason as above, and days with a pat-
tern correlation of less than 0.4 with all nodes were
left unassigned. Thresholds between 0.2 and 0.7 were
also tested (supplementary figure 2), showing that
results were not sensitive to threshold. Applying this
threshold value led to the presence of zero values over
some years in the obtained time series. This is expec-
ted as a similar circulation pattern linked to the most
spatially-expansive heatwaves does not necessarily
appear in all the years. The Theil–Sen method, which
calculates trends using the median slope, would sug-
gest no trends. As discussed in section 2.5, we applied
a 5-year running average to the time series before
computing trends. The projection procedure also
allowed us to calculate the percentage of heatwaves at
each gridpoint assigned to each node (supplementary
figure 3), giving spatial maps of which node is relev-
ant for heatwaves in different regions.

3. Results

3.1. Historical European summer HWF trends
The European-average HWF is observed to increase
significantly from around 1980 (red, figure 1(a)),
consistent with the upward trend in the daily max-
imum temperature (blue, figure 1(a)). The HWF
value for 2025 was roughly 4 times as large as it was
in 1980. In contrast, it shows virtually no trend before
1980. This drastic increase in European HWF has
been reported in many previous studies [14, 27, 55,

56]. To further understand the recent upward trend
in HWF, spatial trends of HWF for ERA5 data for
pre-1980 and post-1980 are given in figures 1(b) and
(c). They clearly confirm the rapid increase in HWF
in most of Europe after 1980, and particularly over
Southern and Eastern Europe (figure 1(c)). The area-
averaged post-1980 HWF trend for Southern Europe
(south of 50◦ N) is 2.8 days per decade. The MMM
simulations with all historical forcings reproduce
these drastic trends after 1980, similarly highlighting
the largest trends in Southern Europe (figure 1(e)).
The MMM still underestimates the HWF trends in
ERA5 as is noted in some previous studies [16, 33]
particularly in Eastern Europe. This is also true for
individual models (supplementary figure 4).

The overall consistency in terms of temporal
trends and spatial pattern between ERA5 and the
MMM suggests that external forcings play an import-
ant role in driving the rapid increase in HWF over
Europe after 1980. However, existing studies have not
systematically attributed these trends to individual
external forcings, though the effects of increasing
GHGs have beenwidely proposed [57, 58].Heatwaves
are increasingly linked to mortality in Europe and
a better attribution of heatwave change is clearly
beneficial; [59] provides a comprehensive dataset of
854 European cities for 2000–2020 and heat-related
standardised excess death rates (per 100 000 person-
years). Heat-related deaths show a similar spatial pat-
tern to HWF (figure 1), showing the strong link
between the increase in heatwaves, and their societal
and health impacts. Similar spatial patterns ofmortal-
ity are found for specific recent summers in [7, 60].

3.2. Attribution of European summer HWF trends
to external forcings
As seen in the upper panel of figure 2, European-
average HWF is mostly consistent between ERA5
(black) and the MMM with all historical forcings
(blue), both showing rapid upward trends in recent
decades. The time series for the GHG MMM (blue)
has a consistent positive trend throughout the whole
period, while aerosols (red) show a negative trend
prior to 1980 and a positive trend afterwards. All other
single forcing experiments show limited trends. To
attribute the HWF trends to external forcings and
quantify their effects, we compare individual trends
for single-forcings and historical all-forcings to ERA5
for three time periods (lower panel, figure 2).

We first focus on the post-1980 period as it has a
rapid HWF trend in Europe, with a trend of around
2.5 days per decade in ERA5 (black cross). TheMMM
with all historical forcings (black dashed) well cap-
tures this trend. While there are a wide range of trend
values for individual models (1.7–3.3 days per dec-
ade), the bootstrapping method (section 2.5) shows
that thisMMM is robust (grey shading). Around 53%
(95%CI= 49%–58%, STD= 17%) of theHWF trend
in the MMM with historical forcings is attributed to
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Figure 1. Heatwave frequency in Europe and its spatial trends. (a) Time series of HWF and summer TX averaged over Europe’s
land from 1940 to 2025 for ERA5. (b)–(e) Spatial patterns of trends in HWF for two periods, 1940–1979 and 1980–2020, in day
decade−1 for ERA5 (b), (c) and for the MMM (d), (e). Hatching indicates trends which are significant at the 5% level or, for the
model, where at least 50% of the models show significance.

GHGs, and 23% (95% CI= 20%–26%, STD= 15%)
attributed to aerosols. The contributions from other
external forcings are small, with volcanic forcing con-
tributing 12% (95% CI = 9%–15%, STD = 2.7%).
We suggest that the recent European HWF trend is
mainly attributed to rising GHGs and is amplified by
a reduction in aerosols [28]. For this period, the total
contribution by linearly adding individual contribu-
tions explains about 88% (95% CI = 72%–104%) of
the ERA5 HWF trend smaller than that by the his-
torical forcing. This suggests there may be some non-
linear interactions between different forcings. Again,
we note that the inter-model spread is considerable
for bothGHGs and aerosol effects. This highlights the
need to sample model uncertainties and the advant-
age of themulti-model large-ensemble approach used
in our study.

The ERA5 HWF trend is negligible for 1940–
1979 (black). The MMM trend with all historical for-
cings (blue) is also weakly negative, and the MMM
trends with GHGs (green) and O3 (light grey) are
weakly positive. However, the MMM trend with
aerosols (red) is largely negative, with considerable
inter-model spread. This suggests a highly variable
response to aerosols forcing between models. The
MMM trends for other external forcings are rather

small. A linear addition of all individual forcings
would give a large negative HWF trend, dominated
by aerosols, of much greater magnitude than that
found in the historical forcing experiment. GHGs
and O3 may have offset aerosols effects via nonlin-
ear interactions to induce the small HWF trend in the
1940–1979 historical forcing experiment. Nonlinear
interactions include aerosol-temperature feedback,
where increases in GHGs reduce aerosol burden [61].
However, this nonlinear interaction is not represen-
ted in the model experiments analysed in this study
since historical external forcings are prescribed.

When considering the entire period, 1940–2020,
external forcings explain most of the ERA5 HWF
trend (of 0.87 days per decade). GHGs are the main
driver of the trend, weakly compensated by aero-
sols, and with other external forcings playing a neg-
ligible role. This is expected given the dominant role
of GHGs in driving the significant HWF trend in the
recent period (1980–2020). Natural forcings have a
limited effect on long-term European summer heat-
wave trends in our study and instead act as short-term
perturbations [62]. In the remainder of the study,
we will focus on understanding the atmospheric
circulation linked to the European HWF trend in
the latter period 1980–2020. Given the continuous
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Figure 2. Comparison of ERA5 with LESFMIP models for HWF spatially averaged over the land area of Europe. (a) HWF for
ERA5 and MMMs of HWF for all and single forcing experiments. (b) Theil–Sen trends for three time periods (1940–2020,
1940–1979 and 1980–2020) with each model shown as a unique symbol. The MMMs are shown as dashed horizontal lines, with
grey shading for the 95% confidence interval on the MMM calculated using bootstrapping. Percentage contributions for the
MMM of all model experiments against ERA5 data are shown.

trend of GHG emissions and reduction in aerosols
in Europe, identifying heatwave-related atmospheric
circulation patterns is important to improve predic-
tion and projections of European summer heatwaves.

3.3. Major atmospheric circulation patterns linked
to European summer heatwaves
Atmospheric circulation plays an essential role in
driving heatwaves and relevant feedback processes
[10], including usually featuring a blocking high,
more shortwave radiation, warm air advection and
positive soil moisture feedback. Here, we use the
SOM method to group the daily geopotential height
anomaly field for European heatwave days (see
section 2.4) into four atmospheric circulation pat-
terns (figure 3; see section 2.6 for details). This
provides a convenient and robust way to link spe-
cific atmospheric circulation patterns to European
summer heatwaves. Focusing on the most signific-
ant heatwave days that have a Europe-wide impact
also improves the chance of capturing common large-
scale atmospheric circulation patterns. As the SOMs

were trained separately in each model experiment,
we match model-derived SOM patterns with ERA5-
derived SOM patterns by computing and compar-
ing spatial correlations between those SOM patterns,
setting a threshold of 0.4 to ensure high similarity
(see 2.6 and supplementary figure 5). Only five mod-
els are available for the SOM analysis.

Overall, the four atmospheric circulation pat-
terns each have a dominant feature of a blocking-
like anomaly located on the European continent.
Their blocking-high-like anomaly differs in posi-
tion and is linked to larger-scale atmospheric cir-
culation. They are named as Scandinavian block-
ing (Node 1), Summer North Atlantic Oscillation
(SNAO)-blocking (Node 2), Russian blocking (Node
3) and Eastern European blocking (Node 4). The
blocking-like high anomaly can modulate the down-
ward shortwave radiation, cause adiabatic warming,
induce warm air advection and trigger positive land
surface feedback [10]. The positive phase of SNAO
shifts the storm track northward and can co-occur
with a blocking-high over Western and Northern
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Figure 3. Atmospheric circulation patterns linked to European summer heatwaves derived from the SOM analysis. Only
European heatwave days are included in the SOM analysis. (left) Geopotential height anomaly at 500 hPa (m) SOM patterns
for ERA5 with headers giving the percentage of days assigned to that node; (centre) the number of days that are assigned to each
SOM for each year (black) and the five-year running average (red) ; and (right) the Theil–Sen trends (days decade−1) for ERA5,
and all-forcings, hist-GHG and hist-aer MMMs for 1980–2012. The individual models are shown using unique markers.

Europe to induce heatwaves in these regions [63].
The Eastern European blocking pattern features a
ridge over Southern Europe and North Africa, which
facilitates hot air advection from North Africa. The
Eastern European blocking (Node 4) is associated
with the largest fraction of European heatwave days
(28.08%), followed by SNAO-blocking (Node 2),
Russian blocking (Node 3) and Scandinavian block-
ing (Node 1). The last two nodes also resemble a
stationary Rossby wave pattern. The location of the
blocking high anomaly largely determines the spa-
tial impacts on heatwaves (supplementary figure 3).
This is in agreement with the notion that atmospheric
blocking and ridge lead to regionalised change in
extremely hot days [64]. The number of days linked
to these nodes has strong interannual variations, sug-
gesting the complexity of European summer heat-
wave occurrence.

As the SOM analysis uses European heatwave
days, and European heatwaves have becomemore fre-
quent in recent decades (figure 1), many peaks asso-
ciated with each nodes are also in recent decades. For
example, theRussian blocking pattern is clearly linked

to the intense 2010 Russian heatwave, which saw a
strong and long-lived blocking event [65]. However,
early heatwave events in clusters also relate to his-
torical events, such as the 1972 Northern European
heatwave [12] assigned to node 2, and the Central
European heatwave of 1947 [66] split between nodes
1 and 4.

ERA5 trend analysis (black bars, right panels)
shows that there is a larger trend in European heat-
waves days associated with the Eastern European
blocking pattern and the Russian blocking pattern
than the other two circulation patterns. This is con-
sistent with the larger HWF trends in Southern
and Eastern Europe during the period 1980–2020.
The MMM with historical forcing (blue bars) gives
smaller trends for the last three nodes but a lar-
ger trend for the first node compared to ERA5.
The Eastern European blocking pattern has the
largest trend among all the nodes, confirming
the larger HWF trend in Southern and Eastern
Europe. These MMM trends are dominated by
the GHGs forcing (green bars), in particular for
the last two atmospheric circulation patterns. This
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aligns with the dominant role of GHGs in driving
the upward HWF trends in Europe in recent
decades.

The four atmospheric circulation regimes iden-
tified in the SOM analysis are clearly linked to
European summer heatwaves. However, as the trends
discussed above only include those days with themost
expansive heatwave activity, it is unclear whether
the occurrence of the circulation pattern itself has
changed, or whether trends mirror those found in
European heatwave days. Therefore, to address trends
in the circulation patterns themselves, and what role
theymay play in EuropeanHWF trends in recent dec-
ades, in figure 4 we compare all JJA days to these
four nodes. To do this, we project daily geopotential
height fields for all JJA days from both ERA5 and the
model simulations onto the four atmospheric circula-
tion patterns from figure 3 and assign each JJA day to
a particular node if they have a spatial correlation of
greater than 0.4 (see section 2.7 formore details). This
allows us to determine whether any of the four circu-
lation patterns have increased in occurrence in recent
years, and assess whether the models capture circula-
tion trends shown in ERA5. While both figure 4 and
the third column of figure 3 show trends in the circu-
lation patterns, figure 3 only includes European heat-
wave days, whereas figure 4 includes all summer days.

For ERA5, the Eastern European blocking pat-
tern exhibits a large positive trend of around 2.6 days
per decade (a positive trend in a similar circulation
pattern was also found in [67, 68]) and the SNAO-
blocking has a positive trend of around 1 day per
decade. The trends for the other two circulation pat-
terns are relatively small (as with a similar circulation
pattern found in [69] over Scandinavia). This may
imply that changes in circulation pattern occurrences
have driven part of the positive HWF trends associ-
ated with the Eastern European blocking and SNAO-
blocking patterns.

The MMM trends with historical and with indi-
vidual forcings from the model simulations show
that the large trend in the SNAO-blocking and
Eastern European blocking patterns are not extern-
ally forced. For both patterns, the ERA5 value is
within the ensemble spread of the models, suggest-
ing a role of internal variability. However, for the
Eastern European blocking pattern, there is only one
ensemble member from the NorESM2-LM with his-
torical forcing matching the ERA5 trend magnitude.
No other ensemble members have such a large trend
value. For the NorESM2-LMmodel, the experiments
withGHGs and aerosols have half of the ensemble size
as in that with historical forcing; this may explain why
the ensemble spread is narrower for these two exper-
iments. It is likely that the trend in Eastern European
blocking is mainly internally driven but is underrep-
resented inmost of themodels examined in this study.

Climate models have been found to underestim-
ate trends in atmospheric circulation, contributing

to weaker trend in heat extremes in Western Europe
[16, 23]. Here with large ensembles, we argue that the
ERA5 trend in the Eastern European blocking pat-
tern is more likely due to internal variability under-
estimated by most of the models. As the Eastern
European blocking pattern is the most relevant for
heatwaves in Southern and Eastern Europe (supple-
mentary figure 3), it also helps to explain the less
strong HWF trend in these regions in the all-forcings
historicalMMMcompared to ERA5 (figure 1). This is
further confirmed by examining the spatial distribu-
tions of the percentage contribution of historical for-
cing, GHGs and aerosols against the ERA5 data, The
spatial pattern of percentage contribution suggests
a relatively smaller contribution to ERA5 heatwave
trends in Southern andparticularly Eastern Europe by
external forcings compared to other regions (supple-
mentary figure 6). However, as the historical MMM
captures the ERA5 Europe-averagedHWF trends well
(figure 2), while not showing comparable circulation
trends, this suggests that the models may have overes-
timated thermodynamic effects for Europe-averaged
heatwave trends. GHGs and aerosols are not shown
to have driven the frequency of the atmospheric cir-
culation regimes to drive the recent European HWF
trends. Instead, they have mainly impacted thermo-
dynamic processes to increase the European HWF in
the models. Therefore, the thermodynamic effects on
recent European heatwave trends are likely overestim-
ated in the models.

4. Summary and discussion

Using seven coupled climate models participating in
the LESFMIP project, ERA5 reanalysis, and the SOM
method, our analysis shows that GHGs are the major
driver of the recent surge in HWF in Europe after
1980 with the reduction in aerosol emissions fur-
ther amplifying it. GHGs and aerosols have respect-
ively contributed to around 53% and 23% of the
recent European heatwave trends. The historical for-
cing experiment reproduces a comparable trend com-
pared to ERA5 for the periods 1940–2020 and 1980–
2020. Aerosols have driven a notable negative trend
in HWF in the earlier period, 1940–1979, with both
GHGs and O3 driving a small positive trend. We
note that there may be some nonlinear interactions
between the different forcings, for example between
GHGs and aerosols, in driving trends in HWF in
Europe. This is because the linear addition of all indi-
vidual forcings experiments results in a lower trend
than the historical full-forcings experiment (figure 2).
If GHGs continue to increase without considerable
mitigation measures, this, coupled with the reduc-
tions in aerosols due to clean air policies, will likely
drastically increase the HWF even further in Europe
in the future. This will subsequently increase the risk
to our societies, human health and infrastructure.
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Figure 4. Theil–Sen trends (days decade−1) in the occurrence (days per summer, JJA) of atmospheric circulation patterns pro-
jected onto the SOM nodes in figure 3 for ERA5 (black bars), and the LESFMIP MMMs for experiments all-forcings (blue bars),
hist-GHG (green bars) and hist-aer (red bars) during the period 1980–2012. The individual model ensemble means are shown
using unique markers and ensemble members shown with smaller, paler markers.

Weuse the SOMmethod to characterise the atmo-
spheric circulation patterns that are linked to the
most significant heatwave days in Europe in terms of
spatial extent. The four identified atmospheric cir-
culation regimes are dominated by a high-pressure
anomaly located on the European continent. They
are uniquely tied to heatwaves in different regions
in Europe. These are in large part consistent with
the existing understanding of atmospheric circu-
lation patterns linked to European summer heat-
waves. The Eastern European blocking circulation
pattern has shown a large increasing trend after 1980
in ERA5 data. However, only one ensemble mem-
ber from one model has captured this trend while
the MMM trend is small. It is thus likely that the
increase in the frequency of this atmospheric cir-
culation regime is due to internal climate variab-
ility but is underrepresented in most of the mod-
els in this study. This internally-driven circulation
trend does explain the underestimated HWF trend
in Southern and Eastern Europe in the period after
1980 (figure 1). On the other hand, the trend in the
Europe-averaged HWF in ERA5 is well captured by
MMM in the historical all-forcings experiment. We
do note, however, that the models show a range of
trend values, suggesting varied sensitivity to radi-
ative forcings. The direct thermodynamic impacts
on HWF trends over Europe in the models may be

overestimated. In this regard, improving model rep-
resentation of these atmospheric circulation trends,
and constraining model sensitivity to radiative for-
cings, are important for accurately attributing his-
torical HWF trends and for predicting future HWF
changes. This also highlights the complexity of the
drivers of regional summer heatwaves within the
European continent, and regional analysis/attribu-
tion is necessary to provide a more detailed under-
standing of European summer heatwaves. Future
work on land surface feedback impacts and nonlinear
interactions between different external forcing agents
is also necessary to advance our understanding of
European summer heatwave change.

Heat-related mortality in Europe due to heat-
waves had been increasing between 1990 and 2004
[70] and is a major societal and health crisis [71].
Heatwaves are the most significant high-impact
extreme events considering their attributable counts
of death according to World Health Organisation
and the European Environment Agency. Our attri-
bution analysis has pointed to the substantial role
of GHGs in driving the surge in European heat-
waves after 1980, boosted by the reduction in aer-
osols. Internal climate variability likely has further
amplified the increase in HWF and thus worsened
the impacts in heatwave hotspots of Southern and
Eastern Europe in terms of heat-relatedmortality rate

9
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[70].With significantmitigationmeasures to limit the
increase in GHG emissions, negative impacts onmor-
tality in Europe would have been reduced and some
of the heat-related mortality may have been avoided.
However, it is clear that future heat-related mortal-
ity can be reduced and partly prevented through bold
mitigation policies in GHG emissions and health-
risk assessment [72]. Better warning systems, includ-
ing improved heatwave predictions and preventive
actions, are also important.
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