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The 2010 heatwave in eastern Europe and Russia ranks among 
the hottest events ever recorded in the region1,2. The excessive 
summer warmth was related to an anomalously widespread 
and intense quasi-stationary anticyclonic circulation anomaly 
over western Russia, reinforced by depletion of spring soil 
moisture1,3–5. At present, high soil moisture levels and strong 
surface evaporation generally tend to cap maximum summer 
temperatures6–8, but these constraints may weaken under 
future warming9,10. Here, we use a data assimilation tech-
nique in which future climate model simulations are nudged 
to realistically represent the persistence and strength of the 
2010 blocked atmospheric flow. In the future, synoptically 
driven extreme warming under favourable large-scale atmo-
spheric conditions will no longer be suppressed by abundant 
soil moisture, leading to a disproportional intensification of 
future heatwaves. This implies that future mid-latitude heat-
waves analogous to the 2010 event will become even more 
extreme than previously thought, with temperature extremes 
increasing by 8.4 °C over western Russia. Thus, the socioeco-
nomic impacts of future heatwaves will probably be amplified 
beyond current estimates.

Consistent with the scenario that heatwaves are predicted 
to become more intense, longer lasting and more frequent with 
increasing global mean temperatures1,11–13, recent Northern 
Hemisphere mid-latitude summers have seen a remarkable num-
ber of record-breaking heatwaves1,13. The sweltering 2010 Eurasian 
‘mega’1-heatwave (EHW) shattered all-time maximum tempera-
ture records in numerous locations, leaving a record-scale area of 
more than 2 million km2 affected1. The EHW resulted from a hemi-
sphere-wide quasi-stationary Rossby wave train5,14 that culminated 
in a persistent blocking anticyclone centred over western Russia 
(Fig. 1a) where reduced cloudiness and advection of warm air, in 
combination with spring soil moisture deficits, amplified the hot 
extremes1,2. With 55,000 lives lost, and more than US$15 billion in 
economic losses1, the EHW illustrated the vulnerability of society 
to persistent extreme weather. It is therefore vitally important15 to 
investigate the impact of global climate warming on the tempera-
ture extremes caused by the anomalous atmospheric circulation 
that led to the EHW.

At present, generating accurate information on future excep-
tional heatwaves is challenging, since weather and climate models 
generally have difficulty in representing atmospheric blocking16–18. 
As a result, many studies addressing climatic extremes do not take 
the synoptic conditions leading to these extremes into account10,18, 
which prevents one making realistic projections of extreme events 
in a warming world. Here we overcome this problem by consistently 
transposing the large-scale circulation associated with the EHW to 

a future warmer climate, rendering it possible to realistically assess 
the impact of climate change on this extreme event.

Instead of searching for an analogue of the EHW in long climate 
simulations, we apply the forced sensitivity method19 to assimilate 
the upper-troposphere large-scale circulation associated with the 
EHW in the atmospheric component of a coupled global climate 
model, EC-Earth20. Unlike traditional nudging21, the forced sen-
sitivity method suppresses neither synoptic-scale variability nor 
planetary wave variability, but computes model tendency perturba-
tions that optimally force the modelled summer (June–August, JJA)  
atmospheric circulation in the direction of the one observed 
during the EHW in a dynamically consistent manner. The area 
capturing the jet stream over the EuroAtlantic sector is used in 
the calculation of the tendency perturbations. Tendency pertur-
bations are calculated only for vorticity and divergence; other 
prognostic variables, such as temperature, or diagnostic variables 
are not used. This results in a climate simulation with a realistic 
summer atmospheric circulation that resembles the circulation 
associated with the EHW (Fig. 1). The tendency perturbations are 
calculated and applied in simulations under present-day as well as 
future (2100, Representative Concentration Pathway 8.5) climatic 
conditions (see Methods).

Consistent with the observation, as represented by the ERA-
Interim reanalysis22 (OBS), a hemisphere-wide wave train of vor-
ticity anomalies during the summer months is simulated in the 
perturbed (with additional forced sensitivity forcing) runs, with a 
good agreement (pattern correlation of ~0.7) of the locations of the 
positive and negative vorticity anomalies (see Supplementary Fig. 1)  
The blocking index23 based on model results (Fig. 1b) shows a sim-
ilar pattern to the observations (Fig. 1a), with a blocking centred 
over western Russia and increased variability across southern Asia.

As occurred in the EHW, summer temperatures over eastern 
Europe and western Russia increase dramatically as a result of the 
persistent blocking. The midday 2 m temperature (T2m) for the 
hottest days (with T2m larger than the 31.5 °C threshold (Fig. 2b)), 
averaged over the 30 simulated summers in the present-day climate 
(Fig. 1e), has an amplitude within 1 °C of the OBS over the most 
intense period of the EHW (Fig. 1d), although the centre of the 
pattern is moved slightly (2.8°) to the northeast. The area enclosed 
by the + 10 °C isotherm is within 10% of the observed value. This 
demonstrates that a realistic simulation of the large-scale upper-air 
circulation across a large area spanning Europe and Russia during 
the summer of 2010 is sufficient to trigger a heatwave with char-
acteristics very close to those observed. The area (35° E–52.5° E, 
50° N–60° N)-averaged summer daily temperatures in OBS (Fig. 2a)  
and EC-Earth present-day control simulations (Fig. 2b, blue his-
togram) are quite similar, with a slight cold bias20 in the latter.  
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Not only does the perturbed distribution shift to warmer (signifi-
cant at the 5% level) temperatures (Fig. 2b, red histogram) under 
persistently blocked circulation conditions, there is also a widen-
ing (and positive skew) of the distribution, implying that the warm 
extremes warm more than the cold extremes; the 95th percentile 
warms with 6.4 °C compared to the 95th percentile of the control, 
whereas the 5th percentile warms only 2.0 °C. The latter demon-
strates that the models’ internal variability is not suppressed by 
the forced sensitivity forcing, as boundary conditions unfavour-
able for generating high temperatures are capable of inhibiting the  
formation of a heatwave.

In the future control simulations, the climate change signal 
is evident in the significant (P <  0.01) local mean T2m increase of 
3.6 ±  5.5 °C (Fig. 2b,c, blue distributions), and in the positive skew, 
implying that over western Eurasia, extreme summer temperatures 
will exhibit much stronger increases than the mean24. The simula-
tion of the future equivalent of the EHW yields a blocking centred 
over western Russia (Fig. 1c), spatially similar to the EHW, but 
stronger (Fig. 1c) and with far more excessive temperature anom-
alies (Fig. 1f) compared to the present-day simulations (Fig. 1b,e, 
respectively). In terms of daily area-averaged summer tempera-
tures (Fig. 2c, red histogram), an even stronger shift (significant at 
the 5% level) towards higher temperatures is obtained compared 
to the present-day simulations (Fig. 2b). Averaged over the EHW 
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region, the shift of the mean of the distribution under future climate 
conditions (+ 6.1 ±  7.0 °C) is 40% larger (P <  0.01) than that under 
present-day conditions (+ 4.3 ±  6.6 °C). Moreover, with 54% more 
days in the warm tail (Fig. 2b,c, black vertical lines) of the future 
perturbed distribution compared to its present-day equivalent, the 
future 95th percentile warms by as much as 8.4 °C compared to 
the 95th percentile of the future control. This indicates that warm 
extremes become more abundant and increase disproportionally 
under a favourable atmospheric circulation pattern.

Abundant soil moisture generally caps the daily temperature 
maximum during a heatwave by balancing the incoming radia-
tion with the latent heat flux rather than the sensible heat flux25. 
Under favourable upper-air circulation, a lack of spring soil mois-
ture may lead to large surface air temperature anomalies, as was 
the case during the summer of 2010 (Fig. 3a,b, red lines). In the 
present-day simulations (Fig. 3c, red line), the mean surface air 
temperature gradually rises at the start of summer as the upper-air 
circulation is modified towards the persistently blocked configu-
ration. Coinciding with the increasing summer temperatures is a 
negative mean soil moisture trend throughout the summer (Fig. 3d, 
red line). Soil moisture is computed over the top 1.0 m of the soil, as 

most evaporation takes place here, and this includes the root zone. 
Soil moisture levels at the end of spring are negatively correlated 
with the maximum five-day temperature reached during the fol-
lowing summer for both the perturbed (rp =  − 0.44) and the control 
(rp =  − 0.45) simulations (Fig. 4a) of the present-day climate. High 
soil moisture levels at the end of spring suppress maximum summer 
temperatures, even when the blocked circulation as observed dur-
ing the EHW persists.

Under future persistent summer blocking (Fig. 3e,f, red 
lines), however, temperature anomalies increase throughout the 
summer, whereas soil moisture levels (mean and 95th percen-
tile) quickly decline after the start of summer and level-off in 
August. This dramatic and rapid drop in soil moisture shows 
that the soil will be largely depleted of moisture long before 
the end of summer. This feature effectively decouples spring 
soil moisture levels from the maximum summer temperature 
anomalies in the future climate, which, as a result, can reach 
30% higher values under persistently blocked summer circula-
tion (Fig. 3e, red lines). In the simulation of the EHW under 
future climate conditions, the correlation between spring soil 
moisture and maximum five-day summer temperatures is effec-
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tively zero (Fig. 4b), implying that even an above-average wet 
spring will no longer be able to constrain summer temperatures 
under a favourable circulation similar to the one observed dur-
ing the EHW. As a result, the highest maximum temperatures 
are reached for atmospheric circulation patterns that are close 
to the observed blocking pattern of summer 2010, regardless of 
the level of spring soil moisture (Fig. 4d). Whereas spring soil 
moisture still plays an important role in capping temperatures 
(Fig. 4b, blue data) under normal flow conditions, our results 
demonstrate that this constraint will disappear in the future 
under favourable blocked circulation (Fig. 4b, red data), leav-
ing only the persistence and pattern of atmospheric circulation 
as driving factors for extremely high temperature extremes (as 
reflected by the strong correlation of 0.65 between T2m extremes 
and circulation, Fig. 4d, red data).

The robustness of this phenomenon for the climate model is 
tested by comparing the standard set-up of EC-Earth with other 
Coupled Model Intercomparison Project Phase 5 (CMIP5) simu-
lations of present-day climate (see Supplementary Information). 
Heatwaves in summer over western Russia, quantified by the 
heatwave duration index26, are selected and the depletion of soil 
moisture during each heatwave is monitored. This shows that the 
EC-Earth is well within the spread of CMIP5 models and that the 
soils in the EC-Earth model in this area are not depleted faster than 
other CMIP5 models (Supplementary Fig. 1).

The driver of the increase in the ‘thirst of the atmosphere’ is 
the higher temperatures in the future climate (see Supplementary 
Information).

The model results demonstrate that the inverse relationship3,6,8,27 
between spring soil moisture and maximum summer tempera-
ture will no longer hold for the future equivalent of the EHW. The 
weakening spring soil moisture–temperature coupling under future 
mid-latitude atmospheric blocking circulations implies that spring/

summer climate conditions that under present-day conditions 
would not result in extremely high surface air temperatures, will 
do so in the future, as heat advection and net surface radiation will 
govern summer temperature extremes. In other words, while under 
present-day conditions not all EHW-type-blocking circulations 
will lead to devastating ‘mega’-heatwaves such as the EHW, under 
future climate conditions it is likely that they all will. As a result, 
future mid-latitude atmospheric blocking circulations such as the 
EHW will lead to amplified warming—much larger than the mean 
climate change effect—because of the disappearance of the evapora-
tive cooling constraint. This is vital information for many sectors in 
society including health, since the rising frequency, intensity and 
duration of temperature extremes have been projected to adversely 
affect human mortality and morbidity12.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41558-018-0114-0.
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Methods
Forced sensitivity method. The forced sensitivity method19,28 aims to optimally 
lead the model atmospheric circulation towards a pre-defined situation: the target 
pattern. In this study, we used the anomalous vorticity and divergence from the 
upper troposphere, averaged over the period between 20 July 2010 and 31 July 
2010 (which is at the height of the EHW) as the target pattern. Modification of the 
model circulation is achieved by adding small perturbations to the tendencies of 
vorticity and divergence in the model. The tendency perturbations are constructed 
iteratively by minimizing a cost function that measures the offset between a 
forecast and the target pattern, such that they produce, after the forecast time T 
(about five days), a deflection of the model atmospheric state in the direction of the 
target pattern, leaving the synoptic-scale variability to evolve freely.

A climate simulation consists of a long series of these perturbed forecasts, each 
of which has its own set of time-independent tendency perturbations computed. 
The end of each perturbed forecast of length T projects closely onto the target 
pattern, drawing the mean climate state towards the pre-specified circulation. 
A detailed description of the forced sensitivity method and a description of its 
application in a climatic context is found elsewhere19,29,30.

Experimental set-up. The cost function, which produces optimal tendency 
perturbations, is evaluated between 30° N–80° N and 50° W–150° E between 
model levels 20 (~ 200 hPa) and 35 (~ 500 hPa), capturing the jet stream over 
the EuroAtlantic sector. The model atmospheric state outside this mask does 
not enter the cost function and only vorticity and divergence are used; other 
prognostic variables, such as temperature, or diagnostic variables are not used in 
the assimilation. The tendency perturbations are applied only in the summer (JJA) 
season; the model is allowed to develop freely in the other seasons.

The experiments, both the perturbed (with tendency perturbations) and 
control (without additional forcing), are run for present-day climatic conditions, 
representative of 1970, and future climatic conditions under the Representative 
Concentration Pathway 8.5 scenario of around 2075 and for 30 years.

Internal variability is not suppressed, which gives a large spread in the 
simulated area-averaged temperature distribution. This motivates us to define 
heatwave days as all summer days in the 30-year daily distribution with T2m equal 
to or larger than a threshold temperature. This threshold relates to the average 
T2m at the height of the heatwave. It is the black vertical line in Fig. 2a. The model 
equivalent of this threshold, accounting for model biases, relates to the T2m for 
which the same number of days is enclosed in the warm tail of the simulated T2m 
distribution (taking any difference in sample size into account). Area averaging 

in Figs. 2–4 is performed over the area spanned by 35° E–52.5° E, 50° N–60° N, as 
indicated by the black box in Fig. 1d.

A possible change in rooting depth of plants and trees under climate change, as 
well as a shift of vegetation zones, may lead to a situation in which plants are able 
to reach a larger soil moisture reservoir than what is currently the case. This may 
limit soaring temperatures.

Validation. Supplementary Fig. 1a shows the target pattern of relative vorticity  
and the resulting summer (JJA) relative vorticity anomaly (Supplementary Fig. 1b),  
averaged over 30 summers of the present-day simulation and relative to the 
control present-day control run averaged over the same period, vertically averaged 
between model level 20 (~200 hPa) and 35 (~512 hPa). In both panels, a wave-
train-like pattern of relative vorticity perturbations is observed.

The more noisy character and high amplitude of the target pattern is due to the 
averaging over less than one month, while the response in the right panel is much 
smoother, being an average over JJA of a 30-year simulation.

The similarities are further quantified in Supplementary Fig. 1c showing the 
pattern correlation, computed over the entire Northern Hemisphere north of 30° N, 
plotted as a function of model level. The pattern correlation is ~0.7 across the 
target area between 200 and 512 hPa, where the cost function is minimized, and 
reaches its maximum value at ~0.75 around model level 10 (~ 100 hPa), just above 
the levels where the cost function is minimized.

Due to the noisier and highly nonlinear processes that are more dominant in 
the lower troposphere compared to the upper troposphere, a forcing in the latter is 
more easily recognizable than in the former.

Data availability. The data sets generated for this experiment and analysed during 
the current study are available from the corresponding author on reasonable request.
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