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Increasing central and northern European
summer heatwave intensity due to forced
changes in internal variability

Goratz Beobide-Arsuaga 1 , Laura Suarez-Gutierrez2,3,
Armineh Barkhordarian 1, Dirk Olonscheck 4 & Johanna Baehr 1

In recent years, European summer heatwaves have strongly intensified due to
rising anthropogenic emissions. While European summer heatwaves will
continue to intensify due to the warming of summer temperatures, the effects
of the changes in internal variability under global warming remain unknown.
Employing five single-model initial-condition large ensembles, we find that the
forced changes in internal variability are projected to intensify central and
northern European summer heatwaves. Central and northern Europe will
experience frequent moisture limitations, enhancing land-atmosphere feed-
back and increasing heatwave intensity and variability. In contrast, the forced
changes in internal variability will contribute to weakening southern European
summer heatwaves. Southern Europe is projected to face a more stable
moisture-depleted environment that reduces extreme temperature variability
and heatwave intensity. Our findings imply that while adaptation to increasing
mean temperatures in southern Europe should suffice to reduce the vulner-
ability to increasing EuSHW intensity, in central and northern Europe adap-
tation to increased temperature variability will also be needed.

With human-induced rising global mean temperatures, the intensity,
frequency, and duration of extreme heat events have increased almost
everywhere since the 1950s, and this positive trend is expected to
continue in the coming decades1–5. Europe, in particular, has been
identified as a heatwave hotspot with increasing intensity trends up to
four times higher than the rest of the northern midlatitudes6,7. During
the last two decades, the occurrence of multiple unprecedented Eur-
opean summer heatwaves (EuSHWs) (e.g. 2003, 2015, 2018, and 2022)
has caused large economic, ecological, and humanitarian losses8–11.

The recent increase in EuSHW intensity has been partly explained
by the forced shift in climatology towards warmer values12–15. Under
rising global mean temperatures, European summer temperatures are
also rising, altering the background mean state and shifting summer
temperature distributions. Assuming a limited adaptation towards
increasing European summer mean temperatures, the threshold at

which temperatures are perceived as extreme will be time-invariant,
and consequently, the positive shift in the temperature distribution
leads to an increase in EuSHW intensity16. For instance, considering an
ecosystem that historically livedwith average summer temperatures of
20 °C and extreme temperatures of 30 °C, a positive shift in tem-
perature distributions of 5 °C will increase the mean to 25 °C and
extreme temperatures to 35 °C. Although the difference between the
shifted average summer temperatures and extreme temperatures has
not changed from the historical period, the ecosystem will experience
an increase in extreme heat if it does not adapt to the altered
climatology.

In addition to the shift in the temperature distribution, the
internal variability of the climate system has significantly contributed
to the occurrence of recent heatwaves17–20. The variability in sea sur-
face temperatures, soil moisture content, atmospheric dynamics, and
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the consequent positive feedbacks involved have been related to his-
torical EuSHWs6,21–27. Persistent sea surface temperature anomalies in
the North Atlantic, Pacific and Barents Sea have been critical to sus-
taining circumglobal atmospheric wave trains and consequent long-
lasting high-pressure systems over Europe, which relate to negative
precipitation and soil moisture anomalies17,19,20,24,25. In transitional
regimes, a decrease in soil moisture reduces evaporative cooling by
reducing latent heat flux and increases temperatures by increasing
sensible heat flux, feeding back onto the atmospheric circulation,
further decreasing soil moisture content and amplifying the intensity
of recent EuSHWs23,25.

However, under rising globalmean temperatures, thebackground
mean warming is expected to alter the mean state of the ocean, land,
atmosphere and their interactions, and therefore, the variability of the
climate system15,21,28–35. In the upcoming decades Europe is expected to
face significant drying36,37, which, depending on the historical soil
moisture mean state, could change regions from energy-limited
regimes into transitional regimes, and from transitional regimes into
dry regimes (Fig. 5 in ref. 23). Considering that soil moisture-
temperature feedback is effective only in transitional regimes, a
decrease in soil moisture content could lead to either enhanced land-
atmosphere coupling and temperature variability, or diminished land-
atmosphere coupling and temperature variability. An increasing tem-
perature variability could enhance the increase in the heatwave
intensity caused by the shift in temperature distributions and expand
the intensity range of possible future EuSHWs increasing the risk of
unprecedented EuSHWs38,39. Following the previous example of the
ecosystem, if the forced changes in internal variability induce an
additional 2 °C increase in extreme temperatures, the difference
between the shifted average summer temperatures and extreme
temperatures will increase relative to historical times. Therefore, even
if the ecosystem adapts to increasing mean temperatures and miti-
gates the effects of increasing heatwave intensity due to the distribu-
tion shift, this might not be enough to reduce the vulnerability of
upcoming EuSHWs.

While it is well established in the literature that EuSHW intensity
will continue to increase due to the shift in summer temperature dis-
tributions, how the forced changes in internal climate variability will
affect EuSHW intensity under increasing globalwarming levels remains
unknown. Previous studies have been limited by the short observa-
tional record that didnot allow a robust sampling of EuSHWs, or by the
coarse temporal resolution of climate models that did not allow the
identification of heatwave events but rather an assessment of summer
mean temperature metrics. Here, we employ five single model initial
condition large ensembles (SMILEs): ACCESS-ESM-1.540 (40 members),
CanESM541 (50 members), EC-Earth342 (50 members), MIROC643 (50
members), and MPI-GE CMIP644 (50 members). We use all available
SMILEs that provide ~50 ensemble members with daily temporal
resolution for the late historical period (1970–2014) and two shared
socioeconomic pathway scenarios (SSP2–4.5, and SSP5–8.5) that span
until the end of the 21st century. The high temporal resolution enables
us to identify heatwave events and quantify their intensity, and the ~50
ensemble members for each SMILE enable us to robustly differentiate
the effects of changing internal climate variability (i.e. forced changes
in internal variability) from shifting temperature distributions (i.e.
forced distribution shift)45–47. Here, we investigate the changes in
EuSHW intensity and their range due to forced changes in internal
variability and forced distribution shift under different global warming
levels.

Results
Historical and projected European summer heatwave intensity
The intensity of non-detrended EuSHWs (see methods for details) has
been increasing over the past two decades leading to the three most
extreme observed events in 2022, 2003, and 2015, in the respective

order, and the increase is projected to continue until ~2040 regardless
of the SSP scenarios for all climate models (Fig. 1a, d, g, j, m). There-
after, the forced signal in EuSHW intensity, computed as the ensemble
mean, and the range of possible future EuSHW intensity due to the
internal climate variability will strongly depend on the SSP scenarios.
The five climate models indicate that for the SSP2–4.5 scenario the
increase in EuSHW intensity will be relatively constant, and for the
SSP5–8.5 scenario the increase will be non-linear. By the end of
the century, CanESM5 shows the highest forced signal in EuSHW
intensity (25 times higher than themeanobserved EuSHW intensity for
SSP2–4.5, and 108 times higher for SSP5–8.5; Fig. 1d), followed by
ACCESS-ESM-1.5 (24 times for SSP2–4.5, and 76 times for SSP5–8.5;
Fig. 1a), EC-Earth3 (18 times for SSP2–4.5, and 76 times for SSP5–8.5;
Fig. 1g), MIROC6 (14 times for SSP2–4.5, and 57 times for SSP5–8.5;
Fig. 1j) and MPI-GE CMIP6 (9 times for SSP2–4.5, and 47 times for
SSP5–8.5; Fig. 1m), in the respective order.

The range of possible future EuSHW intensity due to the
internal climate variability computed as the difference between the
95th and the 5th ensemble percentile follows a similar evolution
(Fig. 1a, d, g, j, m). For each model, the range increases similarly in
both forcing scenarios until ~2040. However, the range of EuSHWs
due to internal climate variability will diverge towards the end of the
21st century with the largest increase shown by the SSP5–8.5 sce-
nario. ACCESS-ESM-1.5 shows the largest range that is 59 times lar-
ger than the mean observed EuSHW intensity for SSP5–8.5 (Fig. 1a),
followed by MPI-GE CMIP6 (50 times larger; Fig. 1m), EC-Earth3 (47
times larger; Fig. 1g), CanESM5 (41 times larger; Fig. 1d), and
MIROC6 (31 times larger; Fig. 1j). The qualitative time evolution of
the forced signal and the range of possible EuSHW intensity due to
internal climate variability reflects the evolution of the underlying
radiative forcing, and hence, the evolution of global mean tem-
perature anomalies.

Sensitivity of EuSHW intensity to global warming levels
We find a robust relationship between global warming levels and the
forced signal in five climate models (Fig. 1b, e, h, k, n), as expected, as
well as a robust relationship between global warming levels and the
range of possible EuSHW intensity (Fig. 1c, f, i, l, o). We find that on the
one hand, the forced signal in EuSHW intensity increases non-linearly
under increasing global mean temperature anomalies. On the other
hand, the range of possible EuSHWs computed as ensemble standard
deviation increases linearly under increasing globalmean temperature
anomalies. MPI-GE CMIP6 shows the largest increase in the range of
EuSHW intensity under global warming (an increase of 3.9 times the
mean observed EuSHW intensity per one degree Celsius increase of
global mean temperature anomalies; Fig. 1o), followed by ACCESS-
ESM-1.5 (3.5 times; Fig. 1c), MIROC6 (2.8 times; Fig. 1l), EC-Earth3 (2.7
times; Fig. 1i), and CanESM5 (2 times; Fig. 1f).

The scaling of the forced signal and the range of EuSHW intensity
due to internal variability with global warming anomalies are not
spatially uniform (Fig. 2). Although the increase in the forced signal
(Fig. 2a) and in the range of EuSHW intensity (Fig. 2b) are projected for
entire Europe, the strongest increase is projected for southern Europe
and the increase will gradually reduce northward. All models agree on
the positive relationship between the forced signal and the range of
EuSHW intensity, and global warming anomalies for the entire Eur-
opean domain (Supplementary Fig. 1). Yet, models differ on the mag-
nitude of the increase. MIROC6 shows the largest increase across
models in the forced signal and in the range of EuSHW intensity in
southern Europe, but it also shows the most abrupt reduction of the
increase northward (Supplementary Fig. 1g, h). In contrast, CanESM5-
shows the least abrupt reduction of the increase northward (Supple-
mentary Fig. 1c, d), with ACCESS-ESM-1.5 (Supplementary Fig. 1a, b),
MPI-GE CMIP6 (Supplementary Fig. 1i, j) and EC-Earth3 (Supplemen-
tary Fig. 1e, f) in between.
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The increase in the forced signal in non-detrended EuSHW
intensity and its range is driven by the combined effects of the forced
distribution shift and the forced changes in internal variability. The
forced distribution shift implies that temperature distributions will
shift towards positive values and thus more frequent exceeding the
fixed threshold. With a fixed percentile-based heatwave threshold
(i.e. assuming a constant perception of what extreme temperatures
are for a given day of the summer and grid point) a positive shift in
temperature distribution will lead to an increased EuSHW intensity
together with an increase in their possible range, even if the internal
variability remains unforced. The forced changes in internal varia-
bility imply a change in the variability of the climate system and
hence, of temperatures, which could enhance or suppress the forced
signal and the range of EuSHW intensity caused by the shift in tem-
perature distributions. We next disentangle the contribution of the
forced changes in internal variability from the forced distribu-
tion shift.

The effects of the forced changes in internal variability
We detrend daily maximum 2m air temperature by subtracting the
ensemble mean to remove the effects of the forced distribution shift,
and focus on the effects of forced changes in internal variability (Fig. 3,
see methods for details). The recent and projected increase in non-
detrended EuSHW intensity seen in Fig. 1 is considerably reducedwhen
removing the effect of mean temperature rise, which implies that the
forced distribution shift is the main contributor to the increase in
EuSHW intensity (Fig. 3a, d, g, j, m). Yet, we find a positive linear
relationship between global warming levels and the forced signal in all
models (Fig. 3b, e, k, n), excluding EC-Earth3 which shows a slightly
negative linear relationship (Fig. 3h). The linear relationship between
global warming levels and the range of detrended EuSHW intensity is
consistently positive in all models (Fig. 3c, f, i, l, o). The positive linear
relationship implies that the forced changes in internal variability will
enhance the intensity and variability of EuSHWs caused by the tem-
perature distribution shift, increasing the risk of unprecedented

Fig. 1 | Changes in European summer heatwave (EuSHW) intensity. aObserved,
historical and projected non-detrended EuSHW intensity expressed as cumulative
heat in the left y-axis and scaled it to the observed historical mean (1970–2022) in
the right y-axis. Solid lines indicate the ensemble mean, the shading indicates the
5th and 95th percentile, and the right vertical bars indicate the 5th and 95th per-
centile for the last 20 years of the historical simulation and each shared socio-
economic pathway (SSP) scenario for ACCESS-ESM-1.5; b the forced signal (i.e.,
ensemble mean) of non-detrended EuSHW cumulative heat scaled to global mean

temperature anomalies (GMTA) relative to 1985–2014 for SSP2–4.5 and
SSP5–8.5 scenarios (2014–2100) for ACCESS-ESM-1.5; c the range (i.e., ensemble
spread computed as ensemble standard deviation) of non-detrended EuSHW
cumulative heat due to internal variability scaled toGMTA relative to 1985–2014 for
SSP2–4.5 and SSP5–8.5 scenarios (2014–2100) for ACCESS-ESM-1.5; d–f same as
(a–c) but for CanESM5;g–i sameas (a–c) but for EC-Earth3; j–l same as (a–c) but for
MIROC6; m–o same as (a–c) but for MPI-GE CMIP6.
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EuSHWs.MPI-GE CMIP6 shows the largest increase in the forced signal
and the range of EuSHW intensity across models (an increase of 0.19
and 0.22 times the mean observed EuSHW intensity per one degree
Celsius increase of global mean temperature anomalies, respectively;
Fig. 3n, o), followedbyACCESS-ESM-1.5 (0.18 and0.12 times; Fig. 3b, c),
MIROC6 (0.9 and 0.11 times; Fig. 3k, l), CanESM5 (0.02 and 0.04 times;
Fig. 3e, f), and EC-Earth3 (a decrease of 0.01 and an increase of 0.01
times; Fig. 3e, f).

We find a robust increase in the forced signal and the range of
EuSHW intensitywith globalwarming levels emerging fromcentral and
northern Europe (Fig. 4a, b). Considering that individual models lar-
gely disagree on the regional patterns (Supplementary Fig. 2), we
define a robust change in the forced signal and the range of EuSHW
intensity (non-dashed regions in Fig. 4a, b) when at least three out of
thefivemodels agreeon the signof the change and threeout of thefive
models show significant changes at the 95% confidence level. All
models exceptMIROC6 show a significant increase in the forced signal
and the range of EuSHW intensity in central Europe, although in
ACCESS-ESM-1.5 this increase is more pronounced in northern than in
central Europe. Similarly, all models except CanESM5 and EC-Earth3
show a significant increase in northern Europe (Supplementary Fig. 2).
The maximum positive contribution of the forced changes in internal
variability to the increase in the forced signal and the range of central-
northern EuSHW intensity (45°N latitude northward) is shown by
ACCESS-ESM-1.5 (14% and 32%, respectively; Supplementary Fig. 3a, b),
followed by MPI-GE CMIP6 (14 % and 24%; Supplementary Fig. 3i, j),
MIROC6 (7% and 11%; Supplementary Fig. 3g, h), EC-Earth3 (2% and 8%;
Supplementary Fig. 3e, f), and CanESM5 (1% and 6%, respectively). In
central and northern Europe the forced changes in internal variability
will cause a faster increase of the right tail of daily maximum tem-
peratures than the mean under increasing global warming levels
(Supplementary Fig. 4), that is, an increase in temperature variability in
agreementwith ref. 21 and ref. 34. A faster increase of extreme summer
temperatures compared to the mean leads to the positive trend of the
forced signal in EuSHW intensity after detrending daily maximum
temperatures. In addition, the increased temperature variability due to
the forced changes in internal variability will lead to a higher fluctua-
tion of extreme temperatures (Supplementary Fig. 5) leading to a lar-
ger range of EuSHW intensity.

In contrast, we find a robust decrease in the forced signal and the
range of EuSHWs with global warming levels along the Mediterranean
coastline (Fig. 4a, b). While CanESM5 and MIROC6 show a decrease
confined to the southern Iberian Peninsula, Italy and Greece, ACCESS-
ESM-1.5, EC-Earth3 and MPI-GE CMIP6 show also a decrease in the

Mediterranean coast and the Balkans (Supplementary Fig. 2). The
maximum negative contribution of the forced changes in internal
variability to the increase in the forced signal and the rangeof southern
EuSHW intensity (45°N latitude southward) is shown by ACCESS-ESM-
1.5 (1% and 7%, respectively; Supplementary Fig. 3a, b), followed by EC-
Earth3, MIROC6 and MPI-GE CMIP6 (equal contribution of 1% and 6%;
Supplementary Fig. 3e–j), and CanESM5 (0.5% and 4%; Supplementary
Fig. 3c, d). In southern Europe the forced changes in internal variability
will cause a slower increase of the right tail of daily maximum tem-
peratures than mean temperatures under global warming levels
(Supplementary Fig. 4), that is, a decrease in temperature variability in
agreement with ref. 48. A slower increase of extreme temperatures
compared to themean leads to a negative trend of the forced signal in
EuSHW intensity after detrending daily maximum temperatures. Fur-
thermore, the decreased temperature variability due to the forced
changes in internal variability will lead to a smaller fluctuation of
extreme temperatures (Supplementary Fig. 5) leading to a reduced
range of EuSHW intensity.

Our results imply that while large model uncertainties exist, the
forced changes in internal variability will enhance the increase in
central and northern EuSHW caused by the forced distribution shift
increasing the risk of unprecedented central and northern EuSHWs. In
contrast, the forced changes in internal variability will partly mitigate
the increase in southern EuSHW intensity caused by the forced dis-
tribution shift decreasing the risk of unprecedented southernEuSHWs.
Therefore, while an adaptation to increasing mean daily maximum
temperatures in southern Europe should be enough to reduce the
vulnerability to upcoming EuSHWs, in central and northern Europe an
adaptation to increased variability will also be needed.

Relating the changes in EuSHW intensity to the changes in soil
moisture
The regional differences in the effects of the forced distribution shift
and the forced changes in internal variability on EuSHW intensity are
related to the regional differences in soil moisture changes. We find a
robust decrease in summer soil moisture content with increasing
global warming levels in all Europe excluding some areas southeast of
the Baltic Sea (Fig. 5a) which can be related to the robust projected
increase in non-detrended EuSHW intensity (Fig. 2). A decrease in soil
moisture would generally reduce the cooling effect of latent heat-flux
and increase the heating effect of sensible heat-flux49,50, leading to the
overall increase in EuSHW intensity.

Under global warming, mean summer soil moisture declines
continent-wide (Fig. 5a), but its impact on interannual variability differs

Fig. 2 | Spatial distribution of changes in European summer heatwave (EuSHW)
intensity under global warming levels.Multi-model mean of regression coeffi-
cients for the period2014–2100and for shared socioeconomic pathway (SSP) 2–4.5
and SSP5–8.5 scenarios between global mean temperature anomalies relative to
1985–2014 and; a the forced signal (i.e., ensemblemean) of non-detrended EuSHW

cumulative heat; b the range (i.e., ensemble standard deviation) of non-detrended
EuSHW cumulative heat due to internal variability. In the non-dashed regions at
least three out of the five models agree on the regression coefficient sign, and at
least three out of the five models show significant changes at the 95%
confidence level.
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by region (Fig. 5b).We find a robust increase in soilmoisture variability
in central and northern Europe, where we also find a robust increase in
EuSHW intensity and its range due to the forced changes in internal
variability (Fig. 4). We also find a robust decrease in soil moisture
variability in the southernmost Europeangrid-points coherentwith the
areas of decreased EuSHW intensity and range due to forced changes
in internal variability. Soil moisture in southern Europe is historically
lower than in central and northern Europe51. A further decrease in soil
moisture over southern Europe will lead to a more constant state of
moisture depletion state, which means less often switching between
moisture limited and energy limited states, a weaker coupling between
soil moisture and extreme summer daily maximum 2m air tempera-
ture (Fig. 6a), and less effective land-atmosphere feedback (Fig. 6b),
mitigating EuSHW intensity and its range due to the forced changes in
internal variability. In contrast, a decrease in soil moisture over central
and northern Europe will push the region to switch more often
between moisture limited and energy limited states, resulting in a

stronger coupling between soil moisture and extreme summer daily
maximum 2m air temperature (Fig. 6a), an enhancement of land-
atmosphere feedback (Fig. 6b), an increase in soil moisture variability
(Fig. 5b), and an increase in the amplitude and variability of EuSHW
intensity due to the forced changes in internal variability.

The inter-model differences in EuSHW intensity change due to the
forced changes in internal variability (Supplementary Fig. 2) are partly
related to the inter-model differences in soil moisture variability
changes (Supplementary Fig. 6b, d, f, h).We findmodel disagreements
on the sign of soil moisture variability change with global warming
levels in eastern Europe, where we also find matching model dis-
agreements on the sign of EuSHW intensity changes due to the forced
changes in internal variability. ACCESS-ESM-1.5 and MIRO6 project a
decrease in soil moisture variability and a decrease in EuSHW intensity
and its range due to the forced changes in internal variability, while
CanESM5, EC-Earth3 and MPI-GE CMIP6 project an increase in soil
moisture variability and in EuSHW intensity and its range due to the

Fig. 3 | Changes in European summer heatwave (EuSHW) intensity due to
forced changes in internal variability. a Detrended observed, historical and
projected EuSHW intensity expressed as cumulative heat in the left y-axis and
scaled it to the observed historical mean (1970–2022) in the right y-axis. Solid lines
indicate the ensemblemean, the shading indicates the 5th and 95th percentile, and
the right vertical bars indicate the 5th and95thpercentile for the last 20years of the
historical simulation and each shared socioeconomic pathway (SSP) scenario for
ACCESS-ESM-1.5; b the forced signal (i.e., ensemble mean) of detrended EuSHW

cumulative heat scaled to global mean temperature anomalies (GMTA) relative to
1985–2014 for SSP2–4.5 and SSP5–8.5 scenarios (2014–2100) for ACCESS-ESM-1.5;
c the range (i.e., ensemble spread computed as ensemble standard deviation) of
detrended EuSHW cumulative heat due to internal variability scaled to GMTA
relative to 1985–2014 for SSP2–4.5 and SSP5–8.5 scenarios (2014–2100) for
ACCESS-ESM-1.5; d–f same as (a–c) but for CanESM5; g–i same as (a–c) but for EC-
Earth3; j–l same as (a–c) but forMIROC6;m–o same as (a–c) but forMPI-GECMIP6.
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Fig. 4 | Spatial distribution of changes in European summer heatwave (EuSHW)
intensity due to forced changes in internal variability under global warming
levels. Multi-model mean of regression coefficients for the period 2014–2100 and
for shared socioeconomic pathway (SSP) 2–4.5 and SSP5–8.5 scenarios between
global mean temperature anomalies relative to 1985–2014 and; a the forced signal

(i.e., ensemble mean) of detrended EuSHW cumulative heat; b the range (i.e.,
ensemble spread computed as ensemble standard deviation) of detrended EuSHW
cumulative heat due to internal variability. In the non-dashed regions at least three
out of thefivemodels agree on the regression coefficient sign, and at least three out
of the five models show significant changes at the 95% confidence level.

Fig. 5 | Spatial distribution of changes in soil moisture under global warming
levels. Multi-model mean of regression coefficients for the period 2014–2100 and
for shared socioeconomic pathway (SSP) 2–4.5 and SSP5–8.5 scenarios between
global mean temperature anomalies relative to 1985–2014 and; a the forced signal
(i.e., ensemble mean) of summer (June, July, August) mean soil moisture; b the

range (i.e., ensemble spread computed as ensemble standarddeviation) of summer
mean soil moisture. In the non-dashed regions at least three out of the five models
agree on the regression coefficient sign, and at least three out of the five models
show significant changes at the 95% confidence level.

Fig. 6 | Spatial distribution of changes in land-atmospheric coupling and
feedback under global warming levels. Multi-model mean of regression coeffi-
cients for the period2014–2100and for shared socioeconomic pathway (SSP) 2–4.5
and SSP5–8.5 scenarios between global mean temperature anomalies relative to
1985–2014 and; a land-atmospheric coupling computed as the correlation between
90th percentile summer (June, July, August) daily maximum 2m air temperatures

and summer mean soil moisture; b land-atmospheric feedback computed as the
linear regression between 90th percentile summer daily maximum 2m air tem-
peratures and summermean soilmoisture. In the non-dashed regions at least three
out of thefivemodels agree on the regression coefficient sign, and at least three out
of the five models show significant changes at the 95% confidence level.
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forced changes in internal variability (Supplementary Fig. 2 and6b, d, f,
h, j). Yet, we also find EuSHW intensity changes that can not be
explained with soil moisture changes, mainly in northern Europe. The
decreased intensity simulated by CanESM5 north of the Baltic Sea
(Supplementary Fig. 2c, d) can not be explained by the decrease in soil
moisture (Supplementary Fig. 6c) and the increase in variability
(Supplementary Fig. 6d) under global warming. Similarly, the
increased intensity simulated by MPI-GE CMIP6 in northern Europe
(Supplementary Fig. 2i, j) can not be explained by the increase in soil
moisture (Supplementary Fig. 6i) and decrease in variability (Supple-
mentary Fig. 6j) under global warming. It is likely that other factors
(e.g., changes in the North Atlantic sea surface temperature or atmo-
spheric variability) also contribute to the forced changes in internal
variability, and hence affect northern EuSHW intensity.

Discussion
Anthropogenic forcing will cause a non-linear increase in EuSHW
intensity and a linear increase in their intensity range with increasing
global warming anomalies, leading to larger EuSHW intensity fluctua-
tions and risk of unprecedented EuSHWs. Themain contributor to the
increase in EuSHW intensity and the range is the positive shift in
summer temperature distributions, which will increase the intensity
and range in the entirety of Europe with the strongest impact in the
south, in agreement with ref. 12 and ref. 13. Assuming limited adapta-
tion to rising European summer temperatures, the threshold at which
temperatures are perceived as extreme will be time-invariant. As a
result, a positive shift in the summer temperature distribution will
cause more frequent exceedances of the heatwave threshold, leading
to an increase in both the intensity and range of EuSHWs, and ampli-
fying the apparent role of internal variability in heatwaves, even if the
internal variability itself remains unforced.

In addition, the forced changes in internal variability will enhance
the increase in central and northern EuSHW intensity and its range. In
central and northern Europe extreme maximum temperatures are
projected to increase faster than the mean, which means that tem-
perature variability will increase, enhancing the increase in EuSHW
intensity due to the forced shift in temperature distribution. Further-
more, the variability of extreme maximum temperatures is projected
to increase, which will increase the range of central and northern
EuSHW intensity. In contrast, the forced changes in internal variability
will partly mitigate the increase in southern EuSHWs. In southern
Europe extreme maximum temperatures are projected to increase
slower than the mean, which means that temperature variability will
decrease, diminishing the increase in EuSHW intensity due to the
forced shift in temperaturedistribution. Furthermore, the variability of
extreme maximum temperatures is projected to decrease, which will
decrease the range of southern EuSHW intensity.

The opposing effects of the forced changes in internal variability
in central-north and southern EuSHWs can be explained by the non-
linear effects of decreasing soil moisture. In central and northern
Europe a decrease in soil moisture will cause the region to switchmore
often between moisture limited and energy limited states, amplifying
land-atmosphere coupling and feedback, increasing temperature
variability, and enhancing the intensity and variability of EuSHWs. In
contrast, in southern Europe a decrease in soil moisture will cause the
region to be in a moisture-depletion state more often, which will
decrease land-atmosphere coupling and feedback, reducing tem-
perature variability, and the intensity and range of EuSHWs.

Although we find a robust decrease in EuSHW intensity and their
range with global warming in southernmost Europe due to the forced
changes in internal variability, and a robust increase in central and
northern Europe, models show large differences on the regional pat-
terns and amplitude of the changeswhich canbe generally explainedby
different projected soil moisture variability changes, in agreement with
refs. 52–54. The model differences highlight large uncertainties for

regional assessment of the forced changes in internal variability and the
need of more SMILEs with high temporal frequency to contrast our
results. For example, the latitude atwhich the contributionof the forced
changes in internal variability converts from negative to positive is
sensitive to the selection of the climate model. While for CanESM5 and
MIROC6 the negative effect is constrained to the southernmost Eur-
opean areas, for ACCESS-ESM-1.5, EC-Earth3 and MPI-GE CMIP6 the
negative contribution extends further north covering the Mediterra-
nean coast and the Balkans. It is likely that the model differences in
representing the effect of the forced changes in internal variability
partly arise from different historical and projected locations of the
transitional zone55, land-surface model parameterization56, convection
schemes57 or from different soil moisture-vegetation dynamics58.

We also find regions, mainly over northern Europe, where pro-
jected changes in EuSHW intensity due to forced changes in internal
variability cannot be explainedby soilmoisture variability changes. For
example, MPI-GE CMIP6 simulates an increase in soil moisture and a
decrease in soil moisture variability in northern Europe, conditions
that would not explain an increase in EuSHW intensity in that region.
This discrepancy between soil moisture changes and EuSHW intensity
under rising global mean temperatures suggests that additional fac-
tors will play a role in forcing changes in internal variability and con-
sequently affecting future EuSHWs.

One such factor is the disproportionate warming of the Arctic
relative to the mid-latitudes59. This reduces low-tropospheric mer-
idional temperature gradient, weakens mid-latitude storm tracks, and
increaseswavinessof the jet-stream60–64. Aweaker stormtrack andmore
meandering jet-stream reduce transport of cool marine air into con-
tinental regions, increase the frequency of atmospheric blocking, and
intensify central EuSHWs65–67. In contrast, the tropical upper tropo-
sphere is warming at a greater rate compared to the Arctic, strength-
ening the upper-tropospheric temperature gradient, accelerating and
shifting the jet northward, and contributing to a positive trend in the
summer North Atlantic Oscillation (SNAO)68–71. Since the positive phase
of the SNAO is associated with extreme heat events over Northwestern
Europe70,72,73, this trend could explain the increase in northern EuSHW
intensity due to forced changes in internal variability shown by MPI-GE
CMIP6. However, climate models show substantial disagreement
regarding the jet stream response to changing lower-tropospheric and
upper-tropospheric meridional temperature gradients68, which might
contribute to uncertainty in projections of forced changes in internal
variability and their influence on future heatwave intensity.

Our findings emphasize the role of soil moisture and moisture-
temperature feedbacks in modulating the intensity and variability of
EuSHWs under increasing global warming levels, with important
implications for adaptation strategies. Here we show that while adap-
tation to increasing mean daily maximum temperatures in southern
Europe should be enough to reduce the vulnerability to increasing
EuSHW intensity, in central and northern Europe adaptation to
increasing mean daily maximum temperatures will not be enough due
to the forced changes in internal climate variability. In these regions,
forced changes in internal variability will intensify EuSHWs, increasing
risks to infrastructure74,75, agriculture76,77, and health systems78,79.
Additionally, increased summer soil moisture variability in central and
northern Europe might have implications for fire regimes. Wet years
that fuel vegetation growth will be followed more frequently by
moisture-limited years leading to a drying and burning of the
vegetation39,80,81. Nevertheless, the critical role of soil moisture also
brings an opportunity as a mitigation strategy for future EuSHWs. In
central and northern Europe, the intensification of summer heatwaves
driven by forced changes in internal variability could be mitigated by
managing soil moisture. Strategies such as improved crop irrigation
practices or groundwater conservation policies could help maintain
soil moisture levels, suppress land-atmosphere feedback, and reduce
both the intensity and variability of future EuSHWs.
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Methods
Data
We use five single-model initial-condition large ensembles (SMILEs):
ACCESS-ESM-1.5 (40 members40), CanESM5 (50 members41), EC-Earth3
(50 members42), MIROC6 (50 members43), and MPI-GE CMIP6 (50
members44). All SMILEs considered here provide daily temporal reso-
lution for the late historical period (1970–2014) and two shared socio-
economic pathway scenarios (SSP2–4.5, and SSP5–8.5) that span until
the end of the 21st century. Ourmain findings are robust with respect to
the inclusion of SSP1–1.9, SSP1–2.6, and SSP3–7.0 scenarios. The
ensemble members have identical natural and anthropogenic forcing
but start fromdifferent initial conditions allowingus to robustly identify
the effects of forced changes in the shift of temperature distribution
and internal climate variability45–47. We test the capability of climate
models to simulate the intensity of recent EuSHWs by comparing it to
the daily gridded land observations E-OBS dataset for the period
1970–202282. All datasets are linearly interpolated to theMPI-GE CMIP6
grid using Climate Data Operator (CDO) command line tool. While the
interpolation spatially smooths temperatures in E-OBS, particularly over
areas of complex topography, a common grid between datasets is
needed to compare the spatially integrated cumulative heat.

We compute two sets (i.e. non-detrended and detrended) of daily
maximum 2m air temperature (T2max) anomalies from 1970 until
2099 to remove the seasonal cycle83. The non-detrended T2max
anomalies are computed in reference to a centered 15-day running
window and 1985–2014 reference period. The 1985–2014 period is
chosen to represent the most recent climatology within the historical
simulations. The detrended T2max anomalies are computed in refer-
ence to a centered 15-day running mean averaged across all ensemble
members for each corresponding day of each year and model. For E-
OBS, we compute the detrended T2max anomalies in reference to a
centered 15-day running mean, averaged across all climate models for
each correspondingday of eachyear.While the non-detrendeddataset
retains an increasing mean temperature trend (i.e., forced distribution
shift) due to global warming, in the detrended dataset the forced
distribution shift is removed, isolating changes in the statistics of
natural climate oscillations driven by the altered mean state (i.e.,
forced changes in internal variability).

We use monthly 2m air temperature to compute area-weighted
global mean surface temperature anomalies (GMTA) in reference to
the 1985–2014 period. For soilmoisture, we use the variablemean total
soilmoisture content summedover all soil layers (mrso) averagedover
boreal summer (June, July, August).

EuSHW definition and intensity quantification
We apply a percentile-based heatwave definition to identify boreal
summer (June, July, August) heatwave days84. Percentile-based heat-
wave definitions consist of a temperature threshold defined by a per-
centile that represents the perception of extreme temperatures, and in
a temporal constraint to capture the persistent nature of heatwaves.
For each calendar day and European land grid point (10°W–30°E,
35–70°N), a heatwave day is identified when T2max exceeds the 90th

percentile based on a centered 15-day running window and 1985–2014
reference period for at least six consecutive days.

We quantify the intensity of EuSHWs using the cumulative heat
metric1. The cumulative heat is computed as a seasonal integration of
heat exceeding the threshold during heatwave days. In addition, we
integrate the cumulative heat over the European domain after
weighting each grid point by the cosine of the latitude22. Hence, with a
single number the cumulative heat accounts for the duration, spatial
extent, and amplitude of all EuSHWs that occur in each summer. We
refer to non-detrended and detrended EuSHW intensity to the cumu-
lative heat computed with non-detrended T2max and detrended
T2max, respectively. We scale the simulated EuSHW intensity with the
mean observed EuSHW intensity (i.e., E-OBS 1970–2022).

Sensitivity of the forced signal and ensemble spread to global
warming levels
For each summer the forced signal is given by the ensemble mean, and
the range due to internal climate variability is given by the ensemble
spread computed as ensemble standard deviation. We linearly regress
the forced signal in EuSHW intensity and soil moisture to global mean
surface temperature anomalies. Similarly, we regress the ensemble
spread in EuSHW intensity and soil moisture to global mean surface
temperature anomalies. While linear analysis assumes a consistent
relationship across all warming levels, non-linear relationship might
exist specially at vey highwarming levels.We apply a significance test at
the 95% confidence level.We define a robust changewhen at least three
out of the five models agree on the regression coefficient sign, and at
least three out of the five models show statistically significant changes.

Data availability
The data generated in this study have been deposited in the public long-
term archive repository of the German Climate Computing Center85

(DKRZ-LTA; https://www.wdc-climate.de/ui/entry?acronym=DKRZ_LTA_
1075_ds00040). The gridded land observations E-OBS dataset is
publicly available at Copernicus Climate Data Store (https://cds.
climate.copernicus.eu/datasets/insitu-gridded-observations-europe?
tab=download). The climate model data are publicly available at Earth
System Grid Federation (ESGF) nodes (https://esgf.llnl.gov/nodes.html).

Code availability
The code used in this study86 is publicly available in the GitHub reposi-
tory (https://github.com/gbeobidearsuaga/EuSWH_projection_IV_2025).

References
1. Perkins-Kirkpatrick, S. E. & Lewis, S. C. Increasing trends in regional

heatwaves. Nat. Commun. 11, 1–8 (2020).
2. Perkins-Kirkpatrick, S. et al. Extreme terrestrial heat in 2023. Nat.

Rev. Earth Environ. 5, 244–246 (2024).
3. Russo, S., Sillmann, J. & Fischer, E. M. Top ten European heatwaves

since 1950 and their occurrence in the coming decades. Environ.
Res. Lett. 10, 124003 (2015).

4. Felsche, E., Böhnisch, A., Poschlod, B. & Ludwig, R. European hot
and dry summers are projected to become more frequent and
expand northwards. Commun. Earth Environ. 5, 1–11 (2024).

5. IPCC. Climate Change 2023: Synthesis Report. Contribution of
Working Groups I, II and III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. 35–115, https://doi.
org/10.59327/IPCC/AR6-9789291691647 (IPCC, 2023).

6. Rousi, E., Kornhuber, K., Beobide-Arsuaga, G., Luo, F. & Coumou, D.
Accelerated western European heatwave trends linked to more-
persistent double jets over Eurasia. Nat. Commun. 13, 1–11 (2022).

7. Vautard, R. et al. Heat extremes inWestern Europe increasing faster
than simulated due to atmospheric circulation trends. Nat. Com-
mun. 14, 1–9 (2023).

8. Robine, J. M. et al. Death toll exceeded 70,000 in Europeduring the
summer of 2003. Comptes Rendus Biol. 331, 171–178 (2008).

9. Ballester, J. et al. Heat-related mortality in Europe during the sum-
mer of 2022. Nat. Med. 29, 1857–1866 (2023).

10. Rodrigues, M. et al. Drivers and implications of the extreme 2022
wildfire season in Southwest Europe. Sci. Total Environ. 859,
160320 (2023).

11. García-León, D. et al. Current and projected regional economic
impacts of heatwaves in Europe. Nat. Commun. 12, 1–10 (2021).

12. Lau, N. C. &Nath,M. J.Model simulation andprojection of European
heat waves in present-day and future climates. J. Clim. 27,
3713–3730 (2014).

13. Lhotka, O., Kyselý, J. & Farda, A. Climate change scenarios of heat
waves in Central Europe and their uncertainties. Theor. Appl. Cli-
matol. 131, 1043–1054 (2018).

Article https://doi.org/10.1038/s41467-025-65392-w

Nature Communications |         (2025) 16:9485 8

https://www.wdc-climate.de/ui/entry?acronym=DKRZ_LTA_1075_ds00040
https://www.wdc-climate.de/ui/entry?acronym=DKRZ_LTA_1075_ds00040
https://cds.climate.copernicus.eu/datasets/insitu-gridded-observations-europe?tab=download
https://cds.climate.copernicus.eu/datasets/insitu-gridded-observations-europe?tab=download
https://cds.climate.copernicus.eu/datasets/insitu-gridded-observations-europe?tab=download
https://esgf.llnl.gov/nodes.html
https://github.com/gbeobidearsuaga/EuSWH_projection_IV_2025
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
www.nature.com/naturecommunications


14. Patel, R. N., Bonan, D. B. &Schneider, T. Changes in the frequencyof
observed temperature extremes largely driven by a distribution
shift. Geophys. Res. Lett. 51, e2024GL110707 (2024).

15. van der Wiel, K. & Bintanja, R. Contribution of climatic changes in
mean and variability to monthly temperature and precipitation
extremes. Commun. Earth Environ. 2, 1–11 (2021).

16. Vogel, M. M., Zscheischler, J., Fischer, E. M. & Seneviratne, S. I.
Development of future heatwaves for different hazard thresholds. J.
Geophys. Res. Atmos. https://doi.org/10.1029/2019jd032070 (2020).

17. Zhang, X. et al. Increased impact of heat domes on 2021-like heat
extremes in North America under global warming. Nat. Commun.
14, 1–11 (2023).

18. Gong, H. et al. Attribution of the August 2022 extreme heatwave in
SouthernChina role of dynamical and thermodynamical processes.
Bull. Am. Meteorol. Soc. 105, E193–E199 (2024).

19. Ma, K., Gong, H. & Wang, L. Attribution of the concurrent extreme
heatwaves in Northern Europe and Northeast Asia in July 2018.
Atmos. Res. 307, 107506 (2024).

20. Ma, K. et al. Anthropogenic forcing intensified internally driven
concurrent heatwaves in August 2022 across the Northern Hemi-
sphere. npj Clim. Atmos. Sci. 7, 1–9 (2024).

21. Suarez-Gutierrez, L., Müller, W. A., Li, C. & Marotzke, J. Dynamical
and thermodynamical drivers of variability in European summer
heat extremes. Clim. Dyn. 54, 4351–4366 (2020).

22. Beobide-Arsuaga, G., Düsterhus, A., Müller, W. A., Barnes, E. A. &
Baehr, J. Spring regional sea surface temperatures as a precursor of
European Summer Heatwaves. Geophys. Res. Lett. 50, 1–8 (2023).

23. Seneviratne, S. I. et al. Investigating soil moisture-climate interac-
tions in a changing climate: a review. Earth Sci. Rev. 99,
125–161 (2010).

24. Rousi, E. et al. The extremely hot and dry 2018 summer in central
and northern Europe from a multi-faceted weather and climate
perspective. Nat. Hazards Earth Syst. Sci. 23, 1699–1718 (2023).

25. Domeisen, D. I. V. et al. Prediction and projection of heatwaves.Nat.
Rev. Earth Environ. 4, 36–50 (2023).

26. Della-Marta, P. M. et al. Summer heat waves over western Europe
1880-2003, their relationship to large-scale forcings and predict-
ability. Clim. Dyn. 29, 251–275 (2007).

27. Li, X., Zheng, J., Wang, C., Lin, X. & Yao, Z. Unraveling the roles of jet
streams on the unprecedented hot July in Western Europe in 2022.
npj Clim. Atmos. Sci. 7, 1–11 (2024).

28. Schar, C. et al. The role of increasing temperature variability in
European summer heatwaves. Nature 427, 328–332 (2004).

29. Bathiany, S., Dakos, V., Scheffer, M. & Lenton, T. M. Climate models
predict increasing temperature variability in poor countries. Sci.
Adv. 4, 1–10 (2018).

30. Cattiaux, J., Douville, H., Schoetter, R., Parey, S. & Yiou, P. Projected
increase in diurnal and interdiurnal variations of European summer
temperatures. Geophys. Res. Lett. 42, 899–907 (2015).

31. Lustenberger, A., Knutti, R. & Fischer, E. M. Sensitivity of European
extreme daily temperature return levels to projected changes in
mean and variance. J. Geophys. Res. 119, 3032–3044 (2014).

32. Olonscheck, D., Schurer, A. P., Lücke, L. & Hegerl, G. C. Large-scale
emergence of regional changes in year-to-year temperature varia-
bility by the end of the 21st century. Nat. Commun. 12, 2–11
(2021).

33. Suarez-Gutierrez, L., Li, C., Müller, W. A. & Marotzke, J. Internal
variability in European summer temperatures at 1.5 °C and 2 °C of
global warming. Environ. Res. Lett. 13, 064026 (2018).

34. Seneviratne, S. I., Donat, M. G., Pitman, A. J., Knutti, R. &Wilby, R. L.
Allowable CO2 emissions based on regional and impact-related
climate targets. Nature 529, 477–483 (2016).

35. Simolo, C. & Corti, S. Enhanced risk of hot extremes revealed by
observation-constrained model projections. Commun. Earth
Environ. 1–11 https://doi.org/10.1038/s43247-025-02133-3 (2025).

36. Ruosteenoja, K., Markkanen, T., Venäläinen, A., Räisänen, P. & Peltola,
H.Seasonal soilmoisture anddroughtoccurrence inEurope inCMIP5
projections for the 21st century. Clim. Dyn. 50, 1177–1192 (2018).

37. Cook, B. I. et al. Twenty-first century drought projections in the
CMIP6 forcing scenarios. Earths Futur 8, 1–20 (2020).

38. Fischer, E.M., Sippel, S. &Knutti, R. Increasingprobability of record-
shattering climate extremes. Nat. Clim. Chang. 11, 689–695 (2021).

39. Suarez-Gutierrez, L., Müller, W. A. & Marotzke, J. Extreme heat and
drought typical of an end-of-century climate could occur over
Europe soon and repeatedly.Commun. Earth Environ.4, 1–11 (2023).

40. Ziehn, T. et al. The Australian Earth SystemModel: ACCESS-ESM1.5.
J. South. Hemisph. Earth Syst. Sci. 70, 193–214 (2020).

41. Swart, N. C. et al. The Canadian Earth System Model version 5
(CanESM5.0.3). Geosci. Model Dev. 12, 4823–4873 (2019).

42. Döscher, R. et al. The EC-Earth3 Earth system model for the Cou-
pled Model Intercomparison Project 6. Geosci. Model Dev. 15,
2973–3020 (2022).

43. Tatebe, H. et al. Description andbasic evaluation of simulatedmean
state, internal variability, and climate sensitivity in MIROC6.Geosci.
Model Dev. 12, 2727–2765 (2019).

44. Olonscheck, D. et al. The NewMax Planck Institute grand ensemble
with CMIP6 forcing and high-frequency model output. J. Adv.
Model. Earth Syst. 15, 1–21 (2023).

45. Maher, N., Milinski, S. & Ludwig, R. Large ensemble climate model
simulations: introduction, overview, and future prospects for utilising
multiple types of large ensemble. Earth Syst. Dyn. 12, 401–418 (2021).

46. Maher, N. et al. The Max Planck Institute grand ensemble: enabling
the exploration of climate system variability. J. Adv. Model. Earth
Syst. 11, 2050–2069 (2019).

47. Milinski, S., Maher, N. & Olonscheck, D. How large does a large
ensemble need to be?. Earth Syst. Dyn. 11, 885–901 (2020).

48. Gross, M. H., Donat, M. G. & Alexander, L. V. Changes in daily
temperature extremes relative to the mean in Coupled Model
Intercomparison Project Phase 5 models and observations. Int. J.
Climatol. 39, 5273–5291 (2019).

49. Fischer, E. M., Seneviratne, S. I., Vidale, P. L., Lüthi, D. & Schär, C.
Soil moisture-atmosphere interactions during the 2003 European
summer heat wave. J. Clim. 20, 5081–5099 (2007).

50. Seneviratne, S. I., Lüthi, D., Litschi, M. & Schär, C. Land-atmosphere
couplingandclimatechange inEurope.Nature443, 205–209 (2006).

51. O, S., Orth, R., Weber, U. & Park, S. K. High-resolution European
daily soilmoisture derivedwithmachine learning (2003–2020).Sci.
Data 9, 1–13 (2022).

52. Vogel, M. M. et al. Regional amplification of projected changes in
extreme temperatures strongly controlled by soil moisture-
temperature feedbacks. Geophys. Res. Lett. 44, 1511–1519 (2017).

53. Maraun, D., Schiemann, R., Ossó, A. & Jury,M. Changes in event soil
moisture-temperature coupling can intensify very extreme heat
beyond expectations. Nat. Commun. 16, 734 (2025).

54. Cai, F. et al. Pronounced spatial disparity of projected heatwave
changes linked to heat domes and land-atmosphere coupling. npj
Clim. Atmos. Sci. 7, 225 (2024).

55. Wang, Z., Zhan, C., Ning, L. &Guo, H. Evaluation of global terrestrial
evapotranspiration in CMIP6 models. Theor. Appl. Climatol. 143,
521–531 (2021).

56. Wu, Y. et al. Hydrological projections under CMIP5 and CMIP6:
sources and magnitudes of uncertainty. Bull. Am. Meteorol. Soc.
105, E59–E74 (2024).

57. Lee, J. & Hohenegger, C. Weaker land – atmosphere coupling in
global storm-resolving simulation. Proc. Natl. Acad. Sci. 121,
1–7 (2024).

58. Pan, S. et al. Evaluation of global terrestrial evapotranspiration
using state-of-the-art approaches in remote sensing, machine
learning and land surface modeling. Hydrol. Earth Syst. Sci. 24,
1485–1509 (2020).

Article https://doi.org/10.1038/s41467-025-65392-w

Nature Communications |         (2025) 16:9485 9

https://doi.org/10.1029/2019jd032070
https://doi.org/10.1038/s43247-025-02133-3
www.nature.com/naturecommunications


59. Rantanen, M. et al. The Arctic has warmed nearly four times faster
than the globe since 1979. Commun. Earth Environ. 3, 1–10 (2022).

60. Francis, J. A. & Vavrus, S. J. Evidence linking Arctic amplification to
extreme weather in mid-latitudes. Geophys. Res. Lett. 39, 1–6
(2012).

61. Francis, J. A. & Vavrus, S. J. Evidence for a wavier jet stream in
response to rapid Arctic warming. Environ. Res. Lett. 10,
014005 (2015).

62. Coumou, D., Di Capua, G., Vavrus, S., Wang, L. & Wang, S. The
influence of Arctic amplification on mid-latitude summer circula-
tion. Nat. Commun. 9, 1–12 (2018).

63. Chemke, R. & Coumou, D. Human influence on the recent weak-
ening of storm tracks in boreal summer. npj Clim. Atmos. Sci. 7,
86 (2024).

64. Screen, J. A. & Simmonds, I. Amplifiedmid-latitude planetarywaves
favour particular regional weather extremes. Nat. Clim. Chang. 4,
704–709 (2014).

65. Lehmann, J. & Coumou, D. The influence of mid-latitude storm
tracks on hot, cold, dry and wet extremes. Sci. Rep. 5, 1–9 (2015).

66. Coumou, D., Lehmann, J. & Beckmann, J. The weakening summer
circulation in the Northern Hemispheremid-latitudes. Science 348,
324–327 (2015).

67. Stendel, M., Francis, J., White, R., Williams, P. D. &Woollings, T. The
jet stream and climate change. In Climate Change 327–357 (Else-
vier, 2021).

68. Ossó, A. et al. Advancing our understanding of eddy-driven jet
stream responses to climate change – a roadmap. Curr. Clim.
Chang. Rep. 11, 2 (2025).

69. Shaw, T. A. & Miyawaki, O. Fast upper-level jet stream winds get
faster under climate change. Nat. Clim. Chang. 14, 61–67 (2024).

70. Liu, Q., Bader, J., Jungclaus, J. H. & Matei, D. More extreme sum-
mertimeNorthAtlanticOscillationunder climate change.Commun.
Earth Environ. 6, 474 (2025).

71. Mitevski, I., Lee, S. H., Vecchi, G., Orbe, C. & Polvani, L. M. More
positive and less variable North Atlantic Oscillation at high CO2

forcing. npj Clim. Atmos. Sci. 8, 1–9 (2025).
72. Blade, I., Liebmann, B., Fortuny, D. & van Oldenborgh, G. J.

Observed and simulated impacts of the summer NAO in Europe:
implications for projected drying in theMediterranean region.Clim.
Dyn. 39, 709–727 (2012).

73. Folland, C. K. et al. The summer North Atlantic oscillation: Past,
present, and future. J. Clim. 22, 1082–1103 (2009).

74. Stone, B. et al. Compound climate and infrastructure events: how
electrical grid failure alters heatwave risk. Environ. Sci. Technol.55,
6957–6964 (2021).

75. Hatvani-Kovacs, G., Belusko, M., Pockett, J. & Boland, J. Assessment
of heatwave impacts. Proc Eng. 169, 316–323 (2016).

76. Garcia-Herrera, R., Díaz, J., Trigo, R. M., Luterbacher, J. & Fischer, E.
M. A review of the european summer heat wave of 2003. Crit. Rev.
Environ. Sci. Technol. 40, 267–306 (2010).

77. Brás, T. A., Seixas, J., Carvalhais, N. & Jagermeyr, J. Severity of
drought and heatwave crop losses tripled over the lastfive decades
in Europe. Environ. Res. Lett. 16, 065012 (2021).

78. Xu, Z., FitzGerald, G., Guo, Y., Jalaludin, B. & Tong, S. Impact of
heatwave on mortality under different heatwave definitions: a sys-
tematic review and meta-analysis. Environ. Int. 89–90, 193–203
(2016).

79. Campbell, S., Remenyi, T. A.,White, C. J. & Johnston, F. H. Heatwave
and health impact research: a global review. Heal. Place 53,
210–218 (2018).

80. Sungmin, O., Hou, X. & Orth, R. Observational evidence of wildfire-
promoting soil moisture anomalies. Sci. Rep. 10, 1–8 (2020).

81. Aghakouchak, A. et al. Climate extremes and compound hazards in
a warming world. Annu. Rev. Earth Planet. Sci. 48, 519–548 (2020).

82. Cornes, R.C., vander Schrier,G., vandenBesselaar, E. J.M.& Jones,
P. D. An ensemble version of the E-OBS temperature and pre-
cipitation data sets. J. Geophys. Res. Atmos. 123, 9391–9409 (2018).

83. Brunner, L. & Voigt, A. Pitfalls in diagnosing temperature extremes.
Nat. Commun. 15, 1–9 (2024).

84. Perkins, S. E. & Alexander, L. V. On themeasurement of heat waves.
J. Clim. 26, 4500–4517 (2013).

85. Beobide-Arsuaga, G., Suárez-Gutiérrez, L., Barkhordarian, A.,
Olonscheck, D. & Baehr, J. Data for ‘Increasing central and northern
European summer heatwave intensity due to forced changes in
internal variability’, Beobide-Arsuaga et al., 2025. DOKU at DKRZ.
https://www.wdc-climate.de/ui/entry?acronym=DKRZ_LTA_1075_
ds00040 (2025).

86. Beobide-Arsuaga, G. Increasing central and northern European
summer heatwave intensity due to forced changes in internal
variability. Github https://doi.org/10.5281/zenodo.17278868
(2025).

Acknowledgements
G.B.A. is supported by the Horizon Europe project EXPECT (Towards an
Integrated Capability to Explain and Predict Regional Climate Changes)
under Grant Agreement 101137656. L.S.G. received funding from the
European Union’s Horizon Europe Framework Programme under the
Marie Skłodowska-Curie grant agreement No 101064940. A.B and J.B
are funded by the Deutsche Forschungsgemeinschaft under Germany’s
ExcellenceStrategy - EXC2037 ‘CLICCS -Climate,ClimaticChange, and
Society’ - Project Number: 390683824, contribution to the Center for
Earth System Research and Sustainability (CEN) of University of Ham-
burg. D.O. is supported by the Max Planck Society for the Advancement
of Science. We acknowledge the Large Ensemble community for pro-
viding the climate model simulations used in this study and the German
Climate Computing Centre (DKRZ) for the computational resources. We
acknowledge financial support from the Open Access Publication Fund
of Universität Hamburg.

Author contributions
G.B.A. conceived the idea. G.B.A. and L.S.G. designed the study. G.B.A.
performedall analysis, prepared thefigures andwrote thefirst versionof
the manuscript. G.B.A., L.S.G., A.B., D.O. and J.B. contributed to the
interpretation of the results and the final version of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-65392-w.

Correspondence and requests for materials should be addressed to
Goratz Beobide-Arsuaga.

Peer review information Nature Communications thanks DEBASHIS
Nath and the other anonymous reviewer(s) for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-025-65392-w

Nature Communications |         (2025) 16:9485 10

https://www.wdc-climate.de/ui/entry?acronym=DKRZ_LTA_1075_ds00040
https://www.wdc-climate.de/ui/entry?acronym=DKRZ_LTA_1075_ds00040
https://doi.org/10.5281/zenodo.17278868
https://doi.org/10.1038/s41467-025-65392-w
http://www.nature.com/reprints
www.nature.com/naturecommunications


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Article https://doi.org/10.1038/s41467-025-65392-w

Nature Communications |         (2025) 16:9485 11

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Increasing central and northern European summer heatwave intensity due to forced changes in internal variability
	Results
	Historical and projected European summer heatwave intensity
	Sensitivity of EuSHW intensity to global warming levels
	The effects of the forced changes in internal variability
	Relating the changes in EuSHW intensity to the changes in soil moisture

	Discussion
	Methods
	Data
	EuSHW definition and intensity quantification
	Sensitivity of the forced signal and ensemble spread to global warming levels

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




