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Abstract
European climate is associated with variability and changes in the mid-latitude atmospheric circulation. In this study, we aim 
to investigate potential future change in circulation over Europe by using the EURO-CORDEX regional climate projections 
at 0.11° grid mesh. In particular, we analyze future change in 500-hPa geopotential height (Gph), 500-hPa wind speed and 
mean sea level pressure (MSLP) addressing different warming levels of 1 °C, 2 °C and 3 °C, respectively. Simple scaling 
with the global mean temperature change is applied to the regional climate projections for monthly mean 500-hPa Gph and 
500-hPa wind speed. Results from the ensemble mean of individual models show a robust increase in 500-hPa Gph and MSLP 
in winter over Mediterranean and Central Europe, indicating an intensification of anticyclonic circulation. This circulation 
change emerges robustly in most simulations within the coming decade. There are also enhanced westerlies which transport 
warm and moist air to the Mediterranean and Central Europe in winter and spring. It is also clear that, models showing dif-
ferent responses to circulation depend very much on the global climate model ensemble member in which they are nested. 
For all seasons, particularly autumn, the ensemble mean is much more correlated with the end of the century than most of 
the individual models. In general, the emergence of a scaled pattern appears rather quickly.
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1 Introduction

As anthropogenic climate change becomes more evident, 
research now focuses on prediction of climate impacts at 
the regional scale as well as detection and attribution of 
climate change. There is confidence in detection of change 
of global surface temperature, which is mainly governed 
by thermodynamics (IPCC 2013). However, the picture of 
the changes in precipitation provided by climate projec-
tions is still blurry (Shepherd 2014; Kjellström et al. 2013). 
Extra-tropical regional climate is primarily controlled by 

large-scale atmospheric circulation, including the position-
ing of jet streams and storm tracks. Increases in the number 
of extreme weather events and their intensity have inspired 
many studies to investigate the link between changes in 
atmospheric circulation and occurrence of extreme events 
(e.g., Francis and Vavrus 2012; Christensen et al. 2013; Hor-
ton et al. 2015; Lehmann and Coumou 2015).

European climate very much depends on the mid-latitude 
atmospheric circulation. It is controlled mainly by westerly 
flow which brings moist maritime air from the Atlantic 
Ocean, while easterly flow is associated with dry and cold 
weather in winter and warm weather in summer. Atlantic 
storms or lack thereof have a key role on the occurrence of 
extreme weather events over Europe, such as the European 
heat wave in 2003 (Schaer et al. 2004; Stott et al. 2004), 
the flooding in UK in 2007 (Blackburn et al. 2008) and the 
drought in southern Europe in 2012 (Dong et al. 2013). The 
North Atlantic Oscillation (NAO) also influences inter-
annual and decadal variability over the region (e.g., Hur-
rell 1995). Studies show that there is a link between the 
positive phase of the NAO and milder and wetter winter 
climate in Northern and Western Europe and colder and 
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drier conditions in the southwestern Europe and the Medi-
terranean (Kjellström et al. 2013). The wintertime NAO is 
generally projected to be more positive along with global 
warming (Meehl et al. 2007; Christensen et al. 2013). On the 
contrary, during summer CMIP5 models exhibit a decrease 
in mid-latitude zonal flow under climate change for a high-
emission scenario (Coumou et al. 2015).

Several projects in the last two decades have provided 
future climate information over the European domain using 
regional climate projections (Christensen and Christensen 
2007; Deque et al. 2007; Kjellström et al. 2011; Jacob et al. 
2014; Coppola et al. 2021). Results show a robust increase in 
temperature most pronounced for northern Europe in winter 
and over southern Europe in summer. Climate models pro-
ject an enhanced near-surface summer warming and drying 
over the Mediterranean compared to the rest of Europe by 
the end of the century. This north–south warming gradi-
ent which is referred to as the Mediterranean amplification 
leads to a decrease in precipitation over southern Europe 
in summer (Brogli et al. 2019). Model results are in a good 
agreement in projecting future warming over Europe, but 
they tend to diverge more for future change of precipita-
tion (Christensen et al. 2013, 2019; Kjellström et al. 2018; 
Matte et al. 2019). Disagreements among model projections 
are associated with uncertainties in the climate forcing, the 
inherent climate sensitivity, internal variability of the cli-
mate system and parameterization schemes used in climate 
modeling (e.g., Hawkins and Sutton 2009). The increase 
in extreme weather events over Europe in the last decade 
(Beniston et al. 2007; Fischer and Schär 2010; Rajczak and 
Schär 2017; Spinoni et al. 2018) underlines the importance 
of understanding physical mechanisms driving European 
climate at multi decadal timescales. Thus, it is very relevant 
to investigate the projected future change of circulation and 
its link to the change in temperature and precipitation. It is 
worth noting that biases in the mean circulation can be the 
result of decadal-scale natural variability but also indications 
for model deficiencies and affect particularly precipitation 
results (e.g., van Ulden and van Oldenborgh 2006).

Following the approach by Matte et al. (2019), our aim 
is to analyze simulated changes in atmospheric circulation 
by investigating the ensemble mean and individual model 
results of the EURO-CORDEX simulations for circulation 
related variables scaled by global mean temperature changes. 
We have focused on the geopotential height, directional wind 
components at 500-hPa and mean sea level pressure vari-
ables. The geopotential height field can be used to depict 
the general atmospheric circulation. As climate warms, the 
warming signal will dominate the overall changes in geo-
potential height at some point, i.e., an increase in the height 
will be expected everywhere (Giorgi and Lionello, 2008; 
Frederiksen et al. 2018). However, certain gradients of geo-
potential heights may emerge, which would imply a change 

in the thermal winds and the general circulation caused by 
climate change. Once there is unequivocal warming every-
where, pattern scaling could help to see if emerging height 
field anomalies are robust, with implications for the circu-
lation as well. Kjellström et al. (2013) showed that robust 
climate change signals in e.g., temperature and precipitation, 
emerge above the natural variability at different points in 
time. However, the timing may be related to models’ cli-
mate sensitivity. Using a simple scaling approach, such as 
the one used in this study, may reveal patterns before for-
mally emerging in a statistical sense from their inter-model 
variability (e.g., Matte et al. 2019).

There is a close relationship between 500-hPa Gph and 
MSLP. 500-hPa Gph field is a combination of warming 
signal and surface pressure signals. By applying a pattern 
scaling approach to the 500-hPa Gph field, we aim to see 
emergence of a circulation signal. On the other hand, surface 
pressure is not expected to scale with global mean tempera-
ture on longer time scales. We therefore present the cor-
relation of ensemble mean of model projections of scaled 
patterns with the end of the century patterns as introduced 
by Matte et al. (2019). The emergence of scaled patterns 
from the noise when correlated with the end-of-century 
patterns are investigated, also for individual members, to 
address the robustness of the climate change signal. Finally, 
to assess whether projected changes are considered robust 
and in line with observations, we investigate how circula-
tion has changed during the last 40 years using the ERA5 
(Hersbach et al. 2019) reanalysis dataset. Difference between 
the last and the first 20 years of available data is calculated 
and scaled using global mean temperature trends to address 
changes in atmospheric circulation. Comparison of ensem-
ble mean model results with observed trends is also done 
for the last 20 years, a period with a strong global warming 
trend. This is also done to identify if there would be any 
seasons where pattern scaled model projections appear to 
represent current observed trends well.

2  Data and methodology

2.1  Datasets

The monthly mean 500-hPa geopotential height, 500-hPa 
wind fields and mean sea level pressure from the EURO-
CORDEX (Jacob et al. 2014) experiments at 0.11° grid 
mesh are used for the RCP 8.5 (Representative Concentra-
tion Pathway—8.5 W/m2) scenario. Projected changes in 
seasonal mean of circulation variables for the period of 
2080–2099 compared to the reference period of 1985–2004 
are investigated for the EURO-CORDEX domain using 
42 realizations of regional climate simulations (Fig. 1). 
Ensemble mean of all future changes was calculated for 
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each season. Some of the regional climate model simulations 
driven by the CNRM-CM5 global climate model ensemble 
member r1i1p1 (e.g. REMO2015, RCA4 and CCLM4) give 
different results from other model results (e.g. HIRHAM5 
and RACMO22E). It is worth noting that this is likely 
related to the fact that REMO2015, RCA4 and CCLM4 have 
used erroneous lateral boundary conditions from CNRM-
CM5 even though it has no remarkable impact on ensemble 
mean (Christensen and Kjellström 2020). The ERA5 dataset 
for the period of 1980–2019 was also used to see changes of 
circulation in the last 20 years compared to the first 20 years 
of the dataset.

2.2  Methods

2.2.1  The pattern scaling approach

The pattern scaling approach is defined as the change of the 
20-year mean (relative to 1985–2004) divided by the global 
mean temperature change of the associated global climate 
model ensemble member in the GCM-RCM pair (see e.g., 
Matte et al. 2019). This approach was applied to changes 
in the 500-hPa geopotential height and changes in the 500-
hPa wind fields, while changes in the mean sea level pres-
sure fields were not scaled. Unlike temperature that could 
be argued to scale more or less with the forcing, we do not 
a priori expect to see any change in mean sea level pres-
sure that will scale linearly due to the forcing. However, the 
change in the 500-hPa geopotential height is sensitive to the 
warming of the lower atmosphere, so that it is expected to 

scale with increasing forcing/global temperature. Changes 
in winds are also likely to scale as the wind anomalies at 
500-hPa are at least partly the result of the differential warm-
ing pattern. The pattern scaling is also applied to the ERA5 
dataset, where scaled patterns of 500-hPa Gph and 500-hPa 
wind speed are calculated using the global mean temperature 
change between the last 20 years and the first 20 years of 
40-year period of 1980–2019 (in this case meaning upscal-
ing by 1/0.38 °C).

2.2.2  The different warming levels

In this approach, the 20-years average where the relevant 
GCM ensemble member, for all GCM-RCM pairs, crosses 
the selected global climate change, compared to the refer-
ence period of 1985–2004, of 1 °C, 2 °C, and 3 °C, respec-
tively, is extracted. We have not identified any multiple 
crossings as we calculated the 20-year running mean of 
global temperature change. A 20-year mean of the regional 
climate simulations was then calculated from each pair 
around the extracted years. They were then scaled by the 
corresponding global warming levels (Matte et al. 2019).

2.2.3  Signal‑to‑noise ratio

The signal-to-noise ratio (S/N) is calculated for each scaled 
field using:

where < SP > is the ensemble mean of scaled patterns of all 
the members and �

SP
 is the inter-member standard deviation 

of the scaled patterns from the model results (Christensen 
et al. 2019). This S/N is then used as a metric to represent 
the robustness of the climate change pattern.

3  Results

3.1  Simulated seasonal change of scaled pattern 
of circulation fields at the end of the century

In this section, we analyze the ensemble mean of scaled 
changes in circulation fields and their robustness by investi-
gating the S/N. Figure 2 shows the ensemble mean of scaled 
change in 500-hPa Gph for the end of the century with gray 
shading indicating the areas at which S/N < 1. Figure 3 
shows the ensemble mean of the 500-hPa wind speed for 
reference and future period together with changes and the 
scaled changes to see the magnitude and direction of the 

S∕N =
< SP >

𝜎
SP

Fig. 1  GCM/RCM Matrix
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field itself. Ensemble mean changes in MSLP for the end of 
the century compared to the reference period is also shown 
in Fig. 4.

The end century scaled patterns for the 500-hPa Gph 
for four seasons are showing a positive change where the 
lack of gray shaded areas is an indication of robustness (see 
Fig. 2). It means that the atmosphere below the 500-hPa 
will be extending vertically due to warmer conditions in the 
future compared to the present regardless of any changes in 
the surface pressure. There are very clear horizontal differ-
ential signals in the height fields indicating that changes in 
wind (by the thermal wind relationship) are expected over 
areas where gradients in the height field are located. Even 
though 500-hPa Gph changes show clear signals, changes in 
wind have relatively small S/N.

In winter and spring, there is a differential warming 
in 500-hPa Gph with a relatively high increase over the 
Mediterranean (Fig. 2a, b). As a result of this differential 
warming, ensemble mean results tend to have an enhanced 
westerly flow, meaning that it brings warm and moist air, 
being transported into the Mediterranean and central Europe 
(Fig. 3c–d, g–h). Increased westerlies seem to be robust 
especially during spring (Fig. 3h). MSLP (Fig. 4a, b) also 
shows an increase over the Mediterranean for both winter 
and spring, indicating enhanced anticyclonic circulations 
which leads to more stable conditions (Giorgi and Lionello 
2008). There is already a high pressure over the Mediter-
ranean in winter (Supplementary Fig. 1a). The original 

high-pressure pattern has its center over Northern Africa. 
According to the results, the high-pressure pattern has not 
strengthened that much over Northern Africa but strength-
ened over the Mediterranean (Fig. 4a). Even though it is not 
a big change, it expands northward, and the biggest part of 
this change is over the Mediterranean. Enlarging a high-
pressure pattern makes it even more stable. As a result of this 
change, the Mediterranean and Central Europe is expected 
to have a decrease in precipitation, which is indeed in line 
with most model projections (e.g., Christensen et al. 2013).

For the northern part of the domain, the area of relatively 
low wind speed is widening in the future and getting even 
lower in winter (Fig. 3a, b). It is a robust weakening of the 
westerlies most likely associated with the Arctic amplifi-
cation of the warming. As increase in Arctic geopotential 
heights is shown (Fig. 2a, b), the poleward pressure gradient 
is expected to be reduced in the troposphere weakening the 
storm tracks and westerly jet at high latitudes (Fig. 3c, d) 
(Coumou et al. 2018). We also identify a significant increase 
in MSLP over the northern part meaning that the Icelandic 
low is weakened and shifted northward in winter and more 
robustly so in spring (Fig. 4a, b).

There is relatively less warming (or a local low) in the 
500-hPa Gph field in winter (Fig. 2a) over the British Isles 
where cyclonic circulation is enhanced. This is associ-
ated with the enhanced flow which reinforces the supply 
of relatively warm and moist air from the southwest over 
the British Isles (Fig. 3c, d). It brings the warm air from 

Fig. 2  Scaled patterns of 500-
hPa Gph for the period of 2080–
2099 compared to 1985–2004 
for four seasons (a-d)
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the southwest into western Europe. This can be associated 
with strong increase in temperature over the north part of 
the domain in winter, that also reflects the northward retreat 
of the snow line (Christensen et al. 2015, 2019; Matte et al. 
2019).

For the summer and autumn, a little less warming is 
observed over the North Atlantic and Scandinavia in the 
500-hPa Gph fields compared to rest of Europe (Fig. 2c, d). 
Meanwhile, relatively cold air masses are transported from 
the northern part of Atlantic to inland areas (Fig. 3k, o). It 
might be connected with bringing cold air mass there, that 
we see this differentiation of warming, consistent with the 
relative increase in the MSLP over the northwestern part 
of the domain in summer and autumn (Fig. 4c, d). Figure 3 
(third and fourth row) shows only little change in the wind 
field over the Mediterranean and Europe during summer 
and autumn, indicating that on average not much change 
is projected over Europe. Significant increase in MSLP 
over the North Atlantic is projected for summer and more 

pronounced in autumn together with a strengthening and 
northward expansion of the Azores high (Fig. 4c, d).

3.2  Emergence of the end‑of‑century scaled pattern 
and spatial correlation of scaled patterns 
against the end‑of‑century

To see the emergence of the scaled patterns, we produced 
animations showing temporal evolution of the scaled pattern 
of the 500-hPa Gph (Supplementary Video S1), the 500-
hPa wind speed and the mean sea level pressure for winter 
and summer. All members are also shown in the animation 
to see the individual emergence of the scaled patterns of 
500-hPa Gph (Supplementary Video S2). Overall, even if 
the pattern is sometimes quite different, the emergence of 
scaled patterns occurs rather quickly for all members. The 
pattern emerges before it is formally significantly above the 
noise—as we have defined it—at the grid point level. As 
seen in the animations, the pattern is highly controlled by the 
GCM ensemble member, reflecting that the driving GCM 

Fig. 3  Absolute values of 500-hPa wind speed for the reference 
period of 1985–2004 (a, e, i, m), for the future period of 2080–2099 
(b, f, j, n). Future change in 500-hPa wind speed for the period of 

2080–2099 compared to 1985–2004 (c, g, k, o) and scaled patterns 
of change (d, h, l, p) for four seasons. Gray shading indicates areas at 
which S/N < 1 (d, h, l, p)
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ensemble member provides the large scale forcing of the 
RCM.

To have a better overview of the emergence of the scaled 
pattern, we calculate the spatial correlation between a run-
ning mean of 20-years scaled patterns from 2006 to 2090 
against the corresponding end-period levels (2080–2099). 
Figure 5 shows spatial correlations of ensemble mean of 
500-hPa Gph projections for the four seasons and the yearly 
mean. Those results suggest that the ensemble mean of 
model projections is highly correlated with the end-century 
pattern and showing an early emergence of this pattern, con-
sistent with what is seen in the animations. Winter is the 
season where the emergence of the pattern is latest, whereas 
autumn is earliest. The pattern is not emerging until 2050 in 
winter. On the other hand, it correlates with the end of the 

century pattern already around 2010 in autumn. This might 
be related to low sea ice concentration in autumn.

If we look at individual models for each season, we find 
that the change signal is very much dependent on the GCM 
ensemble member as it can be seen by the several fami-
lies of curves in Fig. 6. Spatial correlations show that some 
members lock to their end-of-century pattern, while oth-
ers lock to some intermediate patterns before reaching the 
end of the century. For winter, there are families of lines 
showing the same trend even if it is an anti-correlation. We 
clearly see that model results depend very much on GCM 
ensemble member, since a family of lines belongs to the 
same GCM ensemble member. Ensemble members of some 
of the GCMs also have different responses to circulation. 
For instance, three members of MPI-ESM-LR show very 

Fig. 4  MSLP patterns for the 
period of 2080–2099 compared 
to 1985–2004 for four seasons 
(a–d). Gray shading shows 
areas at which S/N < 1

Fig. 5  Correlation between 
a running mean of 20-years 
ensemble mean of scaled pat-
terns of 500-hPa geopotential 
height from 2006 to end-period 
levels (2080–2099)



Robustness of future atmospheric circulation changes over the EURO-CORDEX domain  

1 3

different patterns. Ensemble member r1i1p1 of MPI-ESM-
LR model (MPI1) is anticorrelated, but it converges towards 
the end of the century, whereas r2i1p1 (MPI2) is close to the 
2100 pattern throughout the simulation and r3i1p1 (MPI3) 
is converging from around 2040 (Fig. 6). Similarly, ensem-
ble member r12i1p1 of EC-EARTH model (ECEARTH2) 
has different patterns from other ensemble members with 
high correlation from the beginning that drops to become 
non-existing around 2060, from which it grows again. It is 
interesting to note that one model, NorESM1-M, is not con-
verging until the last 10 years. On the contrary, it is nega-
tively correlated. It is clear that it has a more different large-
scale circulation compared to the other models. In winter, 
there is a poleward shift of the storm track and weakening of 
the baroclinicity which basically tends to make much more 

southern flow very likely to be the result of reduction in 
sea ice. NorESM1-M is found to show lower variability in 
the zones of extratropical storminess and generally projects 
a northward displacement of the storminess. It is flipping 
from positive to negative correlation between 2060 and 
2080, indicating some decadal variability. The detailed sea 
ice retreat in the GCM ensemble members may also play 
an important role in different responses of models (Iversen 
et al. 2013), a more detailed analysis is, however, beyond the 
scope of this paper.

The sea ice effect is not very important in the melt season. 
Most models have little sea ice during summer and lose most 
if not all as climate warms. At the same time near-surface 
temperatures remain close to or only stay slightly above 
freezing, whether summer ice is present or not. EC-EARTH3 

Fig. 6  Correlation between 
a running mean of 20-years 
scaled patterns of individual 
models and ensemble mean 
(black line) of 500-hPa geo-
potential height from 2006 to 
end-period levels (2080–2099) 
for winter season

Fig. 7  Correlation between 
a running mean of 20-years 
scaled patterns of individual 
models and ensemble mean 
(black line) of 500-hPa geo-
potential height from 2006 to 
end-period levels (2080–2099) 
for summer season

Fig. 8  Correlation between 
a running mean of 20-years 
scaled patterns of individual 
models and ensemble mean 
(black line) of 500-hPa geo-
potential height from 2006 to 
end-period levels (2080–2099) 
for autumn season
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(EC-EARTH-r3i1p1) and HadGEM2 have some differences, 
but many more models are converging (Fig. 7). Accord-
ing to these results, the pattern already manifests itself as 
early as by 2020, to a certain extent more so in autumn 
(Fig. 8). Individual models except IPSL, are even converg-
ing earlier in autumn than during any other season. This 
could be related to the retreat of sea ice, which is mostly 
pronounced in models in autumn. September, October, and 
November will be the months where all models basically 
lose all sea ice towards the end of the century for RCP8.5 
(Lebrun et al. 2019). It is very important to realize that the 
pattern is emerging very early suggesting that if this was the 
case in the real world, then we should expect to see some 
similarities between models and observation in the autumn. 

NorESM1-M seems to be an outlier for the spring season 
(Fig. 9).

Figures 10 and 11 show spatial correlation for 500-hPa 
wind speed and MSLP for seasonal and yearly mean, respec-
tively. The results show that the ensemble averages of scaled 
patterns of 500-hPa wind speed (Fig. 10) are emerging 
starting from about 2045 in all seasons. Ensemble means of 
MSLP (Fig. 11) are highly correlated from the 2020s com-
pared to the end of the century except for winter. If we look 
at the individual model results, we see that they also have 
different responses depending very much on GCM ensemble 
member in winter (Supplementary Fig. S2). For most of the 
ensemble members, the pattern is emerging around 2040. 
However, ensemble members such as MPI1, ECEARTH2 
and NorESM1-M have different behaviors which are like 

Fig. 9  Correlation between 
a running mean of 20-years 
scaled patterns of individual 
models and ensemble mean 
(black line) of 500-hPa geo-
potential height from 2006 to 
end-period levels (2080–2099) 
for spring season

Fig. 10  Correlation between 
a running mean of 20-years 
ensemble mean scaled patterns 
of 500-hPa wind speed from 
2006 to end-period levels 
(2080–2099)

Fig. 11  Correlation between 
a running mean of 20-years 
ensemble mean of mean sea 
level pressure from 2006 to end-
period levels (2080–2099)
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those in 500-hPa Gph for winter. They have more fluctua-
tions compared to other ensemble members indicating that 
the patterns of change may not be persistent for those model 
ensemble members.

3.3  Comparison between the scaled pattern 
and the different warming levels

Here, we aim to investigate the persistence of the scaled 
patterns when compared with the results of different global 
warming levels (Matte et al. 2019). Figures 12 and 13 show 
the emergence of scaled patterns through the end of the 
century spatially for winter and summer seasons, respec-
tively. The areas where S/N < 1 are indicated by the gray 
shading. We used the S/N metric to detect any robustness 
of the change signal. When the signal is greater than the 
inter-model spread (S/N > 1), it is considered as robust. It is 
seen that a change signal in 500-hPa Gph (Fig. 12a–d and 
Fig. 13a–d) is robust for all seasons and for all time scales. 
A signal in MSLP, showing an increase over the Mediter-
ranean during winter emerges above the noise as we increase 
the global warming level (Fig. 12k, l). The S/N metric used 
at the grid-point level might not be a trustworthy method 
to determine robustness of change signal especially when 
it is small compared to the noise. Ensemble mean change 

in 500-hPa wind speed is not considered as robust from a 
statistical (S/N) point of view since the change signal itself is 
very small (Fig. 12e–h). However, the pattern for wind speed 
change appears to be highly robust since the change pattern 
is also consistent with changes in 500-hPa Gph and MSLP. 
For the summer season, the pattern is there and emerges very 
early, starting about the time when the 1 °C pattern emerges 
(Fig. 13e–h).

4  Discussion

All climate models have their own decadal variability, which 
can differ by intensity and synchronicity with the observed 
evolution. In this section, we investigate if any of the most 
recent observed changes are in line with the emerging 
patterns of the end of the century deduced from the EU-
CORDEX simulations. To assess whether these emerging 
patterns may already exist under present conditions, we 
present seasonal change of scaled patterns of 500-hPa Gph 
(Fig. 14), scaled patterns of 500-hPa wind speed with the 
direction (Fig. 15) and MSLP (Fig. 16) using ERA5 data-
set for the period of 2000–2019 compared to the period 
of 1980–1999. 500-hPa Gph and 500-hPa wind speed are 
scaled by the global mean temperature change. We observe 

Fig. 12  DJF scaled 500-hPa geopotential height (a–d), scaled 500-hPa wind speed (e–h) and mean sea level pressure patterns (i–l) for the differ-
ent warming levels of 1 °C (a,e,i), 2 °C (b, f, j), 3 °C (c, g, k) and for the end of the century (d, h, l). Gray shading shows areas at which S/N < 1
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an increase in 500-hPa Gph over land particularly in sum-
mer, a slight decrease over the Mediterranean and Central 
Europe in winter and over the Iberian Peninsula in autumn 
and finally a strong decrease over northern part of Russia in 

spring (Fig. 14). Arctic amplification is also seen over the 
northern part of the domain especially in winter (Fig. 14a). 
There is a decrease in MSLP over the Mediterranean for all 
seasons, more pronounced during winter (Fig. 16a) together 

Fig. 13  JJA scaled 500-hPa geopotential height (a–d), scaled 500-hPa wind speed (e–h) and mean sea level pressure patterns (i–l) for the differ-
ent warming levels of 1 °C (a, e, i), 2 °C (b, f, j), 3 °C (c, g, k) and for the end of the century (d,h,l). Gray shading shows areas at which S/N < 1

Fig. 14  Change in scaled pat-
terns of 500-hPa geopotential 
height for the period of 2000–
2019 compared to 1980–1999 
for four seasons (a–d) using 
ERA5 dataset
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with an enhanced westerly flow over the northern of Medi-
terranean Sea and central Europe (Fig. 15a). When there are 
positive and negative changes, scaling becomes very sensi-
tive to the scaling with global mean temperature, which for 
shorter periods will result in an extrapolation, as also done 
here in the ERA5 analyses.

We also compared trends of 500-hPa Gph in ERA5 with 
ensemble mean of model projections for 2000–2019. The 
reason behind picking up the last 20 year is the strong global 
warming trend. Except for a cooling trend over the Medi-
terranean in spring, there is a warming trend over all land 

areas particularly in summer and autumn according to ERA5 
(Fig. 17). A tendency of stronger warming of central Europe 
is visible in all seasons in the ensemble mean of model pro-
jections (Supplementary Fig. S3). For summer, multi model 
mean results also exhibit warming. Although not over the 
exact same area (Supplementary Fig. S3c), it is comparable 
to the warming in ERA5 (Fig. 17c). Since the signal of the 
summer emerges around the 2030s, it should not be expected 
to have too many similarities for that period. We know from 
the model results that they are not all agreeing to the end of 
the century change pattern, but the pattern has the biggest 

Fig. 15  Change in scaled pat-
terns of 500-hPa wind speed 
for the period of 2000–2019 
compared to 1980–1999 for 
four seasons (a–d) using ERA5 
dataset. (Length of arrows are 
scaled to fit in the image)

Fig. 16  Change in patterns of 
mean sea level pressure for the 
period of 2000–2019 compared 
to 1980–1999 for four seasons 
(a–d) using ERA5 dataset
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potential for being already emerging in autumn. There are 
indeed more similarities between model results and obser-
vations for autumn. There is the element of a quadrupole, 
with weak reduction over the Mediterranean and strong 
reduction over Iceland and then a ridge connecting areas 
with enhanced height (Supplementary Fig. S3d). We also 
see these two areas with enhanced high over Europe in the 
observed trends (Fig. 17d). It indicates that autumn could be 
the season, where we already have begun to see the emerging 
pattern of change being realized.

Ensemble mean of model results for all variables, espe-
cially in autumn, seems to be well correlated with the pattern 
of the end of the century, emphasizing that decadal variabil-
ity is suppressed by taking the mean. The ensemble mean is 
a combination of individual models, and it is rising above 
the model variability. However, if we look at the individual 
models, they do not all agree on the positive correlation 
towards the end of the century. As a consequence of that, 
to look at the ensemble mean of circulation related results 
deserves a careful assessment (e.g., Christiansen 2018). It 
is important to note that the projected climate change will 
depend very much on the shifts in major modes of variability 
such as North Atlantic Oscillation or large-scale blocking 
patterns. Models are not projecting atmospheric circulation 
variability in the same way. In line with general findings, 

our results also implies that circulation is heavily driven by 
the GCM ensemble members so that there is really very 
little deviation between RCMs driven by the same GCM 
ensemble member especially on long-term average climate 
(e.g., Sanchez-Gomez et al. 2008). There are families of 
lines belonging to the same GCM ensemble member and 
they evolve in the same direction.

According to the results in autumn, there is a relatively 
early correlation with the end of the century patterns of 
change. This is clearly the period in which ensemble mem-
bers suggest that the pattern emerges at the earliest. For 
other seasons, there are big fluctuations within individual 
models. It is important to note that the signal is not really 
emerging before ~ 2050 in winter. This is indicating that 
we cannot expect to see any agreement among the ensem-
ble members already for that season. Discrepancy among 
the models for winter is pretty much related to the storm 
track and to the different treatment of sea ice in the GCM 
ensemble members. CMIP5 GCMs have relatively low skill 
of reproducing winter circulation patterns over Europe and 
the North Atlantic which has been shown to be related to an 
overestimation of the meridional pressure gradient (Brands 
et al. 2013; Wójcik 2015). This is explained by enhanced 
meridional pressure gradient that leads to an overestima-
tion of westerlies carrying relatively warm and moist air 

Fig. 17  500-hPa Geopotential height trends in ERA5 for the period of 2000–2019 for four seasons (a–d)
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to Europe and milder conditions than observed. Projections 
also indicate increase in the westerly circulation, which has 
an impact on temperature over Europe (Plavcová and Kyselý 
2013; Otero et al. 2017; Stryhal and Huth, 2019a). This is 
also in line with results of the present study even though we 
on use a small set of GCMs (eight CMIP5 GCM models—
twelve CIMP5 GCM ensemble members).

Any small deviation from the pattern by the end century 
in the early phase has a strong imprint due to the scaling 
process since the global temperature change value (used to 
scale) is still small and may even have variation from year 
to year in the beginning. It is not a priori expected to see 
that there are elements that tend to show correlation at an 
early stage, for autumn even before being robust according 
to the S/N metric. The ensemble mean suggests that the best 
estimate is in the autumn, since all the other seasons are 
less convincing. However, several model ensemble mem-
bers show a good agreement with their end-of-the-century 
scaled pattern. For most of the seasons, the pattern does 
not emerge until later this century while emerging already 
around 2010 in autumn. Even if there is a large fraction of 
models which correlates well already in the beginning, some 
deviate later. However, if we look at the ensemble mean, 
the pattern emerges already before it is robust. Most of the 
individual models converge very quickly to the same pat-
tern. This could be related to autumn being the season when 
sea ice and snow have a negligible impact. Several CMIP5 
models show ice-free conditions by 2050 for September and 
low sea ice concentration for the rest of the autumn (Stroeve 
et al. 2012). In general, GCMs have a better performance in 
simulating 500-hPa Gph than in the case of MSLP, while 
the best model agreement occurs in the transition seasons 
(MAM and SON) for MSLP (Wójcik 2015).

Recently, Stryhal and Huth (2019b) validated atmos-
pheric circulation over the Euro-Atlantic domain by using 
the historical runs from 32 CMIP5-GCMs during winter. 
They showed that CNRM-CM5 was optimal for simulat-
ing the frequency of circulation types calculated from daily 
SLP patterns and that EC-EARTH is a good model over 
the Eastern Mediterranean region. Brands et  al (2013) 
also assessed the ability of seven Earth System Models 
from CMIP5 including six of global climate models used 
in this study to simulate present conditions over Europe. 
According to their results, HadGEM2-ES and MPI-ESM-
LR generally have better performance than the remaining 
models along the lateral boundaries of the EURO-CORDEX 
domain. They also found that the meridional pressure gradi-
ent is overestimated during winter and spring by most of the 
models including CanESM2, IPSL-CM5A-MR, MPI-ESM-
LR and NorESM1-M. They also show that CanESM2 and 
CNRM-CM5 underestimate SLP in summer over most of 
the land areas. Performance of IPSL-CM5-MR is generally 
poor, while MPI-ESM-LR and HadGEM2-ES outperform 

the remaining models. According to the study by Perez 
et al. (2014), EC-EARTH and HadGEM2-ES are among 
the seven models that outperformed the rest of 42 CMIP5 
models during the twenty-first century over the north-east 
Atlantic region. They also emphasize that performance of 
GCMs depends on the study area, the considered variable 
and most importantly on the analyzed season. Those three 
studies were looking at the performance of CMIP5 GCMs 
in simulating atmospheric circulation related variables over 
Europe and the North Atlantic. Most of the GCMs used in 
this study were included in these studies as well.

Even though the relatively small set (12 underlying GCM 
ensemble member simulations) of GCM ensemble members 
used in this study compared to studies looking at the full 
CMIP5 dataset, results of the models seem to be robust by 
means of S/N metric. When the global warming exceeds 
certain level, there is an expansion of the atmosphere every-
where. The thickness of the atmosphere will increase since 
temperature is rising. Because of this physical principle, we 
should expect to see this expansion in most models. There 
might be a couple of model ensemble members which have 
very low climate sensitivity and cannot capture this physical 
argument. Otherwise, one would expect that it is very vis-
ible. On the other hand, the GCM ensemble member has a 
significant influence on the climate change signal compared 
to RCM especially for large scale fields. The specific GCM-
RCM pair has negligible effects on climate change whereas 
it is important for the mean climate (Christensen and Kjell-
ström 2020). Even though some of the GCM ensemble 
members used in this study may have more influence on the 
ensemble mean due to the non-uniformly filled GCM-RCM 
matrix, results were also assessed individually. In addition, 
Collins et al. (2013; e.g., Fig. 12.18) showed that the full 
CMIP5 ensemble exhibit a general change in MSLP patterns 
that is similar to what we find. We are therefore confident 
that the EURO-CORDEX regional climate projections are 
representative of the CMIP5 models behavior.

Circulation change may itself be driven by a change in 
the radiative forcing. Most of the GCM ensemble members 
project on this new pattern very quickly. The difference 
between north and south is gradually enhanced as the pattern 
is emerging since the circulation effect as inherited from the 
driving GCM ensemble member is shown to further amplify 
the north–south temperature change gradient (Kröner et al. 
2017). Warming is increasing differentially which changes 
the circulation. Because of this differential warming in 
winter and spring, westerly circulation is projected to be 
enhanced in ensemble mean results over the Mediterranean 
and Central Europe. Radiative forcing is apparently turning 
circulation changes on gradually. At some point, one should 
expect that it will not continue forever. If the heat continues 
to increase, we will see another regime. However, for most 
of the models, it appears to be linear but some of the models 
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seem to have different regimes, e.g., switching between anti-
correlation to correlation with the end of the century pattern. 
The models we have analyzed at the 20-year climate time 
scale do not in general show large excursions from a rela-
tively simple converging over time of the climate change pat-
terns towards the end of century pattern of the models. This 
may imply that models are not vigorous enough or that this 
may be representing a basic behavior of the climate system, 
which is difficult to judge from the 40-year of re-analysis at 
our hand. It is important to note that models are different in 
many respects and may respond in a very different way to 
external forcing, which offers a large spectrum of possibili-
ties for spatial and temporal variability over time. Addition-
ally, there are many different mechanisms and variables such 
as the lapse rate, albedo, relative humidity, and clouds which 
are all influencing climate change at a local scale and act-
ing in different ways over different locations. They could be 
circulation dependent and, in the meantime, be also defining 
for circulation changes.

5  Conclusion

In this study, future circulation changes in scaled patterns 
of 500-hPa Gph and 500-hPa wind speed over Europe at 
the end of the century was investigated together with fields 
of MSLP using the data set consisting of RCM projections 
from EURO-CORDEX. In winter, an increase in 500-hPa 
Gph and MSLP associated with enhanced westerly flow 
which causes increase of anticyclonic circulation over the 
Mediterranean and Central Europe will lead to more stable 
conditions for the region. We identify a warming and slight 
change in wind fields over the region in summer. Ensemble 
mean of model projections generally show robust increase 
in 500-hPa Gph and MSLP and give reasonable results for 
wind speed consistent with changes in heights and pressure. 
The emergence of the scaled patterns was also investigated, 
and we showed that the ensemble mean pattern is emerging 
earlier than by the individual models. Models have different 
responses to circulation which is mostly dependent on GCM 
ensemble members. They tend to grow into stable patterns 
of circulation. Some of the models adjust very quickly to 
this new pattern and converge individually while others do 
not. It is interesting to note that the earliest emergence of 
the scaled pattern seems to appear in autumn. Even though 
scaling could make signal noisy at the beginning, pattern is 
already there around 2010. We would like to suggest that 
this is because of less influence of sea ice and snow in the 
autumn.

With the aim to see if models have some similarities 
with observed changes, we investigated the change of 
scaled patterns in observed variables for the last 20-year 
period of 2000–2019 compared to the first 20-year period 

of 1980–1999 using ERA5 dataset. Because results of end 
century scaled patterns show early emergence in autumn, 
we propose that it is the season in which we may have the 
best chance to find similar trends between model results and 
observation. According to our results, we may already see 
this increasing trend in the observations during autumn.
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