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Drivers and mechanisms contributing to
excess warming in Europe during recent

decades

M| Check for updates

Buwen Dong ® < & Rowan T. Sutton®

Over the period 1979-2022, European surface air temperatures warmed around three times as fast as
the global mean temperatures in both winter and summer. Here we define “excess” European warming
as the difference between the rate of European regional warming and the rate of global warming and

investigate the causes. Using a simple observation-based method, we estimate that around

40% + 39% (in winter) and 29% + 10% (in summer) of excess European warming is “dynamical” -
attributable to changes in atmospheric circulation. We show that the rate of European warming
simulated in CMIP6 models compares well with the observations, but only because these models
warm too fast in the global mean; excess European warming is underestimated, particularly in winter.
The CMIP6 models simulate well the magnitude of the thermodynamic component of excess
European warming since 1979 in both winter and summer, they suggest only a weak dynamical
contribution in the multi-model mean. The models suggest greenhouse gas-induced warming made
the largest contribution to excess thermodynamic warming in winter, whereas changes in
anthropogenic aerosols made the largest contribution in summer. They also imply a substantially
reduced future rate of excess European warming in summer. However, the failure of current models to
simulate observed circulation trends (either as a forced response or as a combination of forced
response and internal variability) also implies large uncertainty in future rates of European warming.

Trends in surface air temperature (SAT) during recent decades exhibit a
nonuniform pattern with amplified warming over Europe in both winter
and summer (Fig. la, b). Indeed, Europe has been the fastest-warming
continent on the Earth, warming more than twice as fast as the global mean
over recent decades (Fig. 1e, f), consistent with previous studies'~. The rapid
warming in summer is associated with increases in intense and longer-
lasting extreme heatwaves, sometimes coupled with droughts, and hasled to
Europe being identified as a heatwave hotspot'™”. Meanwhile, the warming
in winter is associated extreme rainfall events, increased runoff, and risk of
flooding, related to changes in atmospheric circulation and precipitation
characteristics”**"*°. In view of these changes in climate extremes and their
impacts, further understanding European excess warming, including whe-
ther it may continue in the future, is an important challenge. For the pur-
poses of this study, we define excess European warming as the difference
between the rate of European regional warming and the rate of global
warming.

Regional warming on decadal-multidecadal scales is influenced by
global and regional drivers, such as radiative forcings from anthropogenic
greenhouse gases (GHGs)"'”"*, anthropogenic aerosol emissions (AER)"**,

changes in solar activity and large-scale volcanic eruptions™, and by modes
of internal climate variability, such as the North Atlantic Oscillation
(NAO)*”, and Atlantic Multidecadal Variability (AMV)*™. Previous
studies have demonstrated the important influence of atmospheric circu-
lation on warming over Europe in both winter and summer"****”*! and for
understanding trends in hot extremes in Europe®'*>*. However, it remains
unclear whether the relevant changes in atmospheric circulation are the
result of natural climate variability or are responses to natural or anthro-
pogenic external forcings'"*". Furthermore, past studies concluded that
previous generations of CMIP3 and CMIP5 models™ tended to under-
estimate the observed warming trend in summer over Western Europe,
linked in part to a failure to simulate observed atmospheric circulation
changes over the Atlantic sector”*”. Given the outstanding knowledge
gaps, there is a clear need to investigate further the drivers and underlying
mechanisms that may be responsible for the observed excess warming in
Europe, and the extent to which these mechanisms may be accurately
simulated in the latest models.

In this study, we first analyze observational and reanalysis data sets to
quantify regional warming trends over Europe in boreal winter and summer
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Fig. 1 | Linear trends of surface air temperature (SAT) in winter (December,
January, February) and summer (June, July, August) during 1979-2022.a,b SAT
trends (°C decade™), ¢, d trends at each grid point minus the global mean trend,
e, f trend ratios at each grid point relative to the global mean trend. a, ¢, e DJF and
b, d, fJJA during 1979-2022 based on ERA5 reanalysis. Trends that are significantly
different from 0 at the 10% level using the Mann-Kendall test are dotted in panels
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(a, b). g, h Time series of area-averaged SAT anomalies over Europe (full lines) in
DJF over the region (45°N-65°N, 10°W-60°E, black box in a, ¢, e), in JJA over the
region (35°N-65°N, 10°W-60°E, black box in b, d, f), and corresponding global
averaged anomalies (dotted lines) during 1979-2022 based on four observational
data sets and ERA5 reanalysis.

- including the excess regional warming relative to the global mean -
focusing on the period 1979-2022. Next, we investigate the contribution of
atmospheric circulation to excess European warming using a simple
regression-based method. Lastly, we use multimodel simulations from the
coupled model intercomparison project phase 6 (CMIP6)* and detection
and attribution model intercomparison project (DAMIP) single forcing
experiments” to investigate the drivers and physical processes that con-
tribute to excess European warming (see Methods).

Results

Excess warming over Europe in observations and reanalyses
The spatial patterns of surface air temperature (SAT) trends based on ERA5
reanalysis during last four decades show relatively large warming trends
over Europe and weak trends over the North Atlantic subpolar gyre in both
winter and summer (Fig. 1a-b) with excess European warming relative to

global means (Fig. 1c-d). Other regions of excess warming are found over
Eastern North America and the Middle-East in winter and western North
America and the Middle-East in summer. However, we note that, when
normalised by interannual variability, Europe stands out from other
northern midlatitude continental regions in showing high signal-to-noise
warming (Supplementary Fig. S1). The linear trends of SAT over Europe are
around three times as high as the trends in global mean SAT (Fig. le-f). Four
observational datasets and the ERA5 reanalysis show very consistent
interannual variability of area-averaged SAT over Europe and the globe, and
also show robust linear trends (Fig. 1g-h). The multi-dataset mean trends of
area-averaged SAT over Europe during 1979-2022 are 0.52+0.15 and
0.48+0.03°C decade™' (Table 1) corresponding to total changes of
229£0.66 and 2.10 £ 0.13°C) in winter and summer respectively (80%
confidence interval, see Methods), and these trends are 3.1 +1.0 and
2.8+0.2 times the corresponding global mean trends (0.17+0.02 and
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Table 1 | Linear trends of SAT indices and the confidence interval (Cl) in observations/reanalyses and CMIP6 (DAMIP)

simulations

Obs (79-22) Obs (79-20) CMIP6 GHG AER NAT SUM
DJF Europe 0.52+£0.15 0.54+0.17 0.45+0.10 0.32+0.08 0.02 £0.08 0.06 +0.09 0.40+0.17
Global 0.17 +0.02 0.18 +0.02 0.25+0.04 0.24+0.03 -0.01+£0.02 0.02 +0.01 0.25+0.05
Eu-GL 0.35+£0.15 0.37£0.16 0.20+0.09 0.08 £0.08 0.03 £0.06 0.04 £0.09 0.15+0.16
JUA Europe 0.48 £0.03 0.45+0.04 0.51+0.07 0.26 +0.05 0.16£0.05 0.04 £0.02 0.46+0.10
Global 0.17£0.01 0.17£0.01 0.25+0.03 0.21+0.02 0.01+0.02 0.02 +0.01 0.24 +0.05
Eu-GL 0.31+0.03 0.28 +0.03 0.26 +0.05 0.05+0.04 0.15+0.04 0.02 +0.02 0.22 +0.07

Multi-dataset mean linear trends of SAT (°C decade ') based on four observations and ERA5 reanalysis during 1979-2022 and 1979-2020, and CMIP6 (DAMIP) multi-model mean values during 1979-2020
over Europe, Global, and their differences (Eu-GL, excess European warming) and uncertainty. SUM is the sum of model responses to GHG, AER, and NAT forcings. See Methods for details. For
observations, the confidence interval is 80%, whereas for the model estimates a 95% range is shown. See Methods for details.

0.17 £ 0.01 °C decade™", corresponding to total changes of 0.76 + 0.08 and
0.75 % 0.04 °C). The SAT trends over Europe are also 2.0 + 0.6 and 1.8 £ 0.2
times the corresponding global land mean trendsand 1.8 £ 0.7 and 1.4 £ 0.1
times the corresponding zonal mean trends in winter and summer,
respectively.

Estimating the contribution of atmospheric circulation to excess
European warming
Associated with the excess European warming in winter, atmospheric cir-
culation trends based on ERA5 show a spatial pattern over the North
Atlantic sector which projects onto a positive NAO pattern in SLP,
accompanied by a strengthening and eastward extension of the North
Atlantic jet (Fig. 2a-c). The circulation trends based on the JRA55 reanalysis
show very similar features (Supplementary Fig. S2). To quantify the con-
tribution of atmospheric circulation trends to regional warming, we employ
a simple regression-based method (see Methods). Specifically, we use the
relationship between atmospheric circulation and SAT on interannual
timescales to estimate the contribution from atmospheric circulation to the
multidecadal warming trend. This approach is reasonable because the
dominant patterns of atmospheric circulation show similar features on the
different timescales, especially over Europe. A possible limitation of our
method is that it considers only a single pattern of atmospheric circulation.
However, we show in the Methods section that our approach nevertheless
accounts for a larger component of the trend in European warming, in both
winter and summer, than the sum of the contributions from the leading
empirical orthogonal function (EOF) modes of atmospheric circulation.
These findings suggest that the circulation indices we use are an efficient way
to identify the dynamical contribution to trends in European temperatures.
Figure 2d-f show regression patterns for detrended winter SAT,
500 hPa zonal wind and SLP onto a detrended index of European SAT, thus
highlighting interannual relationships. The patterns indicate that inter-
annual warming over Europe is associated with a positive NAO phase and
enhanced westerlies over the North Atlantic. The correlation coefficient
between detrended NAO timeseries and SAT index time series over Europe
is 0.74, which is statistically significant at the 5% level based on a two-tailed
Student’s t-test. As the circulation pattern associated with interannual
variability shows considerable similarities over the North Atlantic-
European sector to that associated with the multi-decadal trend (Fig. 2b-
c), we use a NAO index to estimate the contribution of atmospheric cir-
culation change to excess warming over Europe (see Methods). This esti-
mated contribution is shown in Fig. 2g, with the residual warming shown in
Fig. 2h. The positive NAO phase is associated with a northward shift in the
North Atlantic jet stream, increased mid-latitude westerly winds in the
northern part of the North Atlantic Ocean, hence causing warmer condi-
tions than normal in western and Northern Europe™* (Fig. 2d, e, f). For the
European area average, the results suggest that 40% + 39% of the excess
warming (26% +24% of the total warming) in winter is explained by
atmospheric circulation (Fig. 2i, Table 2). To test robustness of this result to
an alternative choice for the circulation index, we repeated the analysis using

an index of zonal wind at 500 hPa, averaged over the North Atlantic jet exit
region (45°N-60°N, 50°W-20°E). The results show that 37% + 41% of the
excess warming (24% + 25% of the total warming) is explained by atmo-
spheric circulation (Supplementary Fig. S3) based on the ERA5 reanalysis,
with similar results using JRA55. These numbers are consistent with those
obtained using the NAO index (Fig. 2g, h, i, Supplementary Fig. S3a, b, ¢).

Associated with excess warming trends over Europe in summer (Fig.
3a), atmospheric circulation trends based on ERA5 show an anomalous low
over the North Atlantic*’, accompanied by a southward displacement of the
North Atlantic jet, and an anomalous high over Europe, accompanied by a
dipole structure of zonal wind trends over the European sector with a
weakening of Mediterranean jet and increased westerlies to the north (Fig.
3b-c). Regression patterns of detrended circulation interannual variability
onto a detrended SAT index over Europe show that warm summers are
associated with an anomalous high over Europe, associated with a dipole
pattern in zonal winds (Fig. 3d-f). This pattern of circulation anomalies over
Europe is similar to that associated with the multi-decadal warming trend,
although the pattern of anomalies over the North Atlantic is quite different.
Focussing on Europe, we define a summer circulation index as the area
averaged geopotential height over Europe (The trend in zonally averaged
geopotential height over the same latitude band is first removed - see
Methods). The correlation between detrended height time series and SAT
index time series over Europe is 0.78, which is statistically significant at the
5% level based on a two-tailed Student’s t-test. Following the same proce-
dure as for winter, we use this index to quantify the contribution of atmo-
spheric circulation change to excess summer warming over Europe. This
estimated contribution is shown in Fig. 3g, with the residual warming shown
in Fig. 3h. For the European area average, the results suggest that 29% + 10%
of the excess warming (19% + 6% of the total warming) in summer is
explained by atmospheric circulation (Fig. 3i, Table 2). The circulation trends
and the contribution of atmospheric circulation change to excess summer
warming over Europe based on the JRA55 reanalysis show very similar
features (Supplementary Fig. S4).

To test the robustness of this result to an alternative choice for the
circulation index, we repeated the analysis using an index of zonal wind at
500 hPa, averaged over the Mediterranean (35°N-50°N, 0°-50°E) in summer.
The results suggest that that 23% + 4% of the excess warming (15% * 2% of
the total warming) is explained by atmospheric circulation (Supplementary
Fig. S5) based on ERA5 with similar results in JRAS55. These results suggest
that the geopotential height index is a better choice in summer as it can
account for a larger proportion of the excess and total European SAT trend.

Attribution of the observed warming trends

To investigate drivers of the observed excess warming over Europe we
analyse multi-model simulations from the Coupled Model Intercomparison
Project Phase 6 (CMIP6)™, including both historical extended all forcing
simulations (ALL) and single forcing simulations from the Detection and
Attribution Model Intercomparison Project (DAMIP)” for the period
1979-2020 (see Methods, Supplementary Table S1). Similar to features seen
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Fig. 2 | Linear trends of SAT, atmospheric circulation, regression patterns and
circulation induced SAT trends in DJF based on ERA5 reanalysis during 1979-
2022. a—c Linear trends of SAT (°C decade "), zonal wind (m s ' decade "), and SLP
(hPa decade ). d—f Regression patterns of SAT (°C), zonal wind (m s ') at 500 hPa,
and SLP (hPa) in DJF to the normalized time series of European SAT index which is
defined as the area averaged SAT over the region (45°N-65°N, 10°W-60°E, black box
ina, d, g, h) in DJF with detrended data. g, h Linear trends of SAT due to circulation
changes (°C decade™) and SAT residual trend (°C decade™). i Time series of SAT
anomalies (black), relative contributions due to circulation changes (blue) and
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hPa

residuals (red) over Europe and linear trends (°C decade™'; numbers in top right).

The circulation index used for decomposition of SAT trends is the NAO index (see
Methods). The global mean is removed in panels (a-h) and the removal of global
mean has a very little impact on panels (b-g). Note that nonlinear color bar is used in
all spatial patterns. The black box in (b) and (e) is used to define a zonal jet index over
the North Atlantic jet exit region to test the sensitivity of the SAT trend decom-
position to an alternative choice for the circulation index and results are shown in
Supplementary Information Figure S3.

Table 2 | Linear trends of SAT, SAT trend due to circulation, SAT residual trend, and the confidence interval (Cl)

Europe (Total) Europe (Circ) Europe Global Eu-GL Eu/GL Circ/Eu Circ/
(Residual) (Eu-GL)

DJF ERA5 0.54+0.16 0.14+0.12 0.40+0.11 0.19+£0.02 0.35+0.16 2.8+0.9 26% +24% 40% +39%

(79-22)

ERA5 0.56+0.18 0.17+0.13 0.39+0.12 0.19+0.02 0.37+0.17 29+1.0 30% +25% 46% +41%

(79-20)

CMIP6 0.45+0.10 0.01+0.02 0.44 +0.01 0.25+0.04 0.20+0.09 1.8+05 2% +4% 5% +10%
JUA ERA5 0.48+0.03 0.09 +0.03 0.39+0.02 0.17 £0.01 0.31+0.03 2.8+0.2 19% +6% 29% +10%

(79-22)

ERA5 0.45+0.04 0.08 +0.03 0.37£0.02 0.16 £0.01 0.29+0.04 2.8+0.3 18% +7% 28% +£11%

(79-20)

CMIP6 0.51+0.07 -0.01+£0.01 0.52 +0.06 0.25+0.03 0.26 +0.05 2.0+0.4 2% 2% -4% + 4%

Linear SAT trends (°C decade ™) in ERA5 reanalysis during 1979-2022 and 1979-2020, CMIP6 multi-model mean trend during 1979-2020 over Europe (Total), and relative contributions of changes in
circulations to the trend over Europe (Circ), residual trend over Europe (Residual), differences in trend between Europe and global (Eu-GL, excess European warming), percentage contributions of circulation
induced SAT change to SAT trend over Europe (Circ/Eu) and to excess European warming (Circ/(Eu-GL). For observations, the confidence interval is 80%), whereas for the model estimates a 95% range is

shown. See Methods for details.
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Fig. 3 | Linear trends of SAT, atmospheric circulation, regression patterns and
circulation induced SAT trends in JJA based on ERA5 reanalysis during 1979-
2022. a—c Linear trends of SAT (°C decade "), zonal wind (m s ' decade ') and
geopotential height (m decade™) at 500 hPa. d—-f Regression patterns of SAT (°C),
zonal wind (m s ') and geopotential height (m) at 500 hPa in JJA to the normalized
time series of the European SAT index which is defined as area averaged SAT over
the region (35°N-65°N, 10°W-60°E, black box in a, d, g, h) in JJA with detrended
data. g, h SAT trends due to circulation changes (°C decade ') and SAT residual
trend (°C decade ™). i Time series of SAT anomalies over Europe and linear trends

1980 1990 2000 2010 2020

(°C decade™"; numbers in top right). The circulation index used for decomposition of
SAT trends is the height index (see Methods). The global mean is removed in panels
(a,b, d, e, g, h) and the removal of global mean has a very little impact. Zonal mean is
removed in panels (c) and (f). Note that nonlinear color bar is used in all spatial
patterns. The red box in (b) and (e) is used to define a zonal jet index over the
Mediterranean to test the sensitivity of SAT trend decomposition to an alternative
choice for the circulation index and results are shown in Supplementary Information
Figure S5.

in observations (Fig. 1a-b), Multi-model mean (MMM) responses to ALL
forcing changes show large warming trends over the continents in the
northern hemisphere in both winter and summer (Fig. 4a, b, Supplementary
Fig. S6a, b). However, the model simulated warming over the continents is
more uniform than is seen in observations. As a result, the ratio of European
warming to global mean warming in the ALL simulations gives MMM
values of 1.8 (with a range of 0.8-2.9) in winter and 2.1 (with a range of 1.7-
2.8) in summer, which are about 40% and 25% lower than the observed
values (Fig. 4i, j, Supplementary Fig. S8).

To identify the contribution of greenhouse gas (GHG), anthro-
pogenic aerosols (AER) and natural (NAT) forcings to the excess
warming over Europe, we use DAMIP single forcing experiments™. Note
that anthropogenic aerosol emissions over Europe and North America
peak around 1970s and decline after 1970s". MMM results shows
enhanced warming over mid-high northern latitudes in winter and a
more uniform warming over land in summer in response to GHG forcing
(Fig. 4b, f, Supplementary Fig. S6b, f). GHG forcing makes the largest
contribution to absolute winter warming in Europe simply because GHG
forcing contributes most to warming almost everywhere, but it doesn’t
follow that GHG should necessarily make the largest contribution
(relative to other forcings) to the excess warming in Europe, since these
contributions depend on the response patterns as well as their

magnitudes. By contrast AER simulations show spatially inhomoge-
neous trends of SAT in summer, characterized by enhanced warming
over mid-high latitude Eurasia and reduced warming over tropical
Africa, and South and East Asia (Fig. 4g, Supplementary Fig. S6g). These
results strongly suggest that the decline in AER forcing has been an
important driver of the observed excess warming over Europe in summer
over recent decades, consistent with other recent studies>'®'. AER
decline-induced warming trends in winter are weak over the Eurasian
continent (Fig. 4c, Supplementary Fig. S6c). NAT forcing-induced SAT
trends are generally weak and not consistent among different models in
both winter and summer (Fig. 4d, h, Supplementary Fig. S6d, h).

To illustrate how unusual is the excess warming over Europe in
response to ALL forcing in comparison with the warming trend seen in
individual ensemble members, we calculated the multi-ensemble mean
(MEM) spatial patterns of excess warming using all ensemble members of all
models, corresponding inter-ensemble standard deviations in winter and
summer and their ratios (Supplementary Fig. S7). The MEM patterns and
magnitudes of excess warming in both seasons are very close to those in the
multi-model mean (Supplementary Fig. S6a, b). The standard deviation of
excess warming shows large inter-ensemble variability in the Arctic and in
high latitudes over the Eurasian continent, including Europe in winter. As a
result, the signal- to-noise ratio is lower over Europe. In contrast, the
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Fig. 4 | The multimodel mean (MMM) linear trends of SAT in winter (December,
January, February) and summer (June, July, August) during 1979-2020 in
CMIP6 historical extended (DAMIP) simulations. a—d SAT trends (°C decade™)
in response to different forcings (ALL, GHG, AER,NAT) in DJF and e-h in JJA. Dots
indicate regions where 80% of models have the same sign of trend. Note that
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nonlinear color bar is used in spatial patterns (a-h). i, j Local SAT trend ratio relative
to global mean trend in DJF and JJA. The black box outlines the region that is used to
define SAT index over Europe. The details for analyses of model simulations are in
Methods.

standard deviation of excess warming in summer shows a weak and more
uniform inter-ensemble variability over the Eurasian continent, leading to
large signal-to-noise ratio, including over Europe, North Africa, and mid-
latitudes over Asia in summer. These contrasting features of signal-to-noise
ratio between winter and summer are consistent with the large intra-
ensemble spread of the European excess warming in winter and weak spread

in summer. Understanding both the model spread and the ensemble spread
of responses is important, but beyond the scope of this study.
Quantitative comparisons between the SAT trends over Europe for
multi-dataset mean in observations and MMM responses to different for-
cings are shown in Fig. 5 and in Table 1. Those for each observational dataset
and for individual models, and individual ensemble members are shown in
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Fig. 5 | Linear trends of SAT indices and the confidence interval (CI) in winter
(December, January, February) and summer (June, July, August) in observa-

tions/reanalyses and CMIP6 historical extended (DAMIP) simulations. a, c SAT
(°C decade™") over Europe and b, d SAT trend difference between Europe and global
mean in observations (blue bar) during 1979-2022 and model simulations (red bar)

during 1979-2020 based on CMIP6/DAMIP model simulations in response to

(b) DJF SAT trend (1979-2022/20) (Europe-global)
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(d) JJA SAT trend (1979-2022/20) (Europe-global)
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different forcings. a, b for DJF and ¢, d for JJA. ObsRes is the SAT residual trend with
the circulation induced trend based on ERA5 reanalysis removed from the total SAT
trend (see methods). SUM is the sum of model responses to GHG, AER, and NAT
forcings. All-SUM is the difference between the response in ALL forcing and SUM.
For observations the confidence interval shown is 80%, whereas for the model

estimates a 95% range is shown. See Methods for details.

Supplementary Fig. S9 and Fig. S10. The MMM surface warming in winter
over Europe in response to ALL forcings during 1979-2020 exhibits a trend
0f 0.45 +0.10 °C decade ' (see Methods), which is slightly weaker (by about
13%) than the mean value based on the four observations and ERA5 rea-
nalysis (0.52+0.15°C decade™") during 1979-2022. However, the MMM
global warming is about 47% stronger than that based on observations (0.25
vs 0.17°C decade™"). This is consistent with higher climate sensitivity in
CMIP6 models by comparison with CMIP5 models” ™. As a result, the
excess warming relative to global mean observed on Europe is severely
underestimated (by about 43%) in the MMM. Responses to different forcings
show that the absolute and excess winter warming over Europe in the
models is predominantly due to GHG forcings, with AER and NAT forcings
making weak contributions (Fig. 5, Table 1).

In summer, the MMM simulated warming trend of 0.51 +£0.07 °C
decade™" in response to ALL forcing changes is slightly stronger (by about
6%) than the mean value based on observations (0.48 + 0.03 °C decade ™).
However, similar to winter, the MMM global warming in summer is about
47% stronger than was observed (Fig. 5, Table 1). As a result, the excess
European warming relative to the global mean is underestimated by 16% in
CMIP6 MMM simulations. The largest contribution to excess European
warming in the model simulations is from AER forcing, with an additional
smaller contribution from GHG forcing. The responses to NAT forcing are
generally weak and make a negligible contribution to the excess European
warming.

An additional feature to note in the model simulations is that the sum
of MMM European warming trends in response to GHG, AER, and NAT is
about 10% weaker in winter and summer than the trends in response to ALL
forcings, while the sum of global mean trends is very close to those in
response to ALL forcing in both seasons (Fig. 5, Table 1). Three factors may
be important for explaining this discrepancy. First, land use and land cover
change (included in ALL) might have played a role in local warming over
Europe**. Secondly, there could be nonlinear interactions between the
responses to different forcings***. A third possibility is that the discrepancy

may be attributable to internal variability. Understanding these contribu-
tions is an important area for future research.

In addition, model simulated warming trends over Europe in response
to ALL forcing changes show some spread with a standard deviation of
0.18 °C decade™ in winter and 0.12 °C decade™" in summer among models
and a standard deviation of 0.23 °C decade™" and 0.13 °C decade™ in two
seasons among different ensembles (Supplementary Fig. S9 and Fig. S10).
One important feature to note is that both model spread and ensemble
spread of the excess European warming is smaller than the spread of total
warming in both winter and summer. This is especially true for the
responses to ALL forcings which show 20% - 30% smaller spread in excess
European warming than in total warming, suggesting that the excess
warming might be a more robust local warming indicator. Understanding
both the inter-model spread and the within ensemble spread of responses is
an important area for future work.

The contribution of atmospheric circulation to excess European
warming in CMIP6 models

We now investigate the contribution of atmospheric circulation to excess
European warming in the CMIP6 models. First, we evaluate model simu-
lated interannual variability of SAT and atmospheric circulation over
Europe in CMIP6 historical extended all forcing simulations for the period
1979-2020. The standard deviations of circulation indices and European
SAT indices show some spread among models and ensemble members but
the observed values lie within model range or ensemble range in both
seasons (Supplementary Fig. S11). In winter, the MMM SAT interannual
variability over Europe is very close to that observed while the MMM NAO
interannual variability is slightly lower that the observed value. In summer,
interannual variability of European SAT in most models and ensemble
members has a similar value to that observed, while interannual variability
of the geopotential height index is higher than is observed in some models
and ensemble members. The MMM regression patterns of circulation to
European SAT in model historical extended simulations in both seasons
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Fig. 6 | Linear trends of atmospheric circulation indices, circulation induced SAT
change, and SAT residual in winter (December, January, February) and summer
(June, July, August) in reanalyses and CMIP6 historical extended (DAMIP)
simulations. a, b Probability density function of NAO index trend (hPa decade ') in
DJF and height index trends (m decade™) in JJA based on CMIP6 historical
extended (ALL forcing) ensemble simulations during 1979-2020. Corresponding
trends during 1979-2022 based on two reanalysis data sets are plotted as vertical lines
(red for ERA5 and black for JRA55). ¢, d The multimodel mean (MMM) SAT trend
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(°C decade™") due to changes in circulation in DJF and JJA during 1979-2020.

e, f MMM SAT residual trend during in DJF and JJA. The global mean SAT trend is
removed in panels (c—f) and the removal of global mean has a very little impact on
panels (c-d). Note that nonlinear color bar and different colour scales are used in
spatial patterns (c-f). Dots indicate regions where 80% models have the same sign of
trend. The black box outlines the region that is used to define SAT index over Europe.
The details for analyses of model simulations are in Methods.

show very similar characteristics (Supplementary Fig. S12) in comparison
with those based on ERA5 reanalysis (Fig. 2d, e, f, Fig. 3d, e, f). These similar
circulation patterns associated with European SAT interannual variability in
model simulations and reanalyses indicate a feasibility to investigate the role
of atmospheric circulation trends in European warming trends in the
CMIP6 model historical simulations. However, there are some regional
differences in the MMM regression patterns and those based on ERA5
(Supplementary Fig. S13). The differences show a negative NAO pattern
with anomalous easterlies over high latitude and anomalous westerlies over
mid-latitude in the North Atlantic in winter, suggesting weaker positive
NAO-like circulation associated with warm European SAT variability in
multimodel mean simulations than that based on the ERA5 reanalysis. The
differences in summer show positive height anomalies over Europe with

anomalous easterlies, suggesting stronger height variability associated with
warm European SAT in multimodel mean simulations than is found in the
ERADS5 reanalysis. These regional circulation differences are consistent with
Supplementary Fig. S11 which shows NAO interannual variability in most
models (ensembles) is underestimated in winter while height interannual
variability over Europe in most models (ensembles) is overestimated in
summer.

Comparison between the observed trends in circulation indices and the
trend distributions derived from the CMIP6 ALL simulations show
observed trends in both winter and summer are outside the ranges of those
in model simulations (Fig. 6a, b, see Methods). For winter, this result is
consistent with the findings of ref. 34. For summer, the result is in line with
the findings of ref. 11, who focussed however on heat extremes rather than
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mean warming. The MMM circulation trends in winter in ALL simulations
project onto the positive NAO phase with increased westerlies downstream
of the North Atlantic jet, predominantly due to the response to GHG, but
with very weak magnitude (Supplementary Fig. S14a, b, e, f) in comparison
with the trends seen in reanalyses (Fig. 2b, ¢, Supplementary Fig. S2b, c).
Circulation responses to AER and NAT forcings are also very weak (Sup-
plementary Fig. S14). The MMM summer geopotential height trendsin ALL
do not show the observed increase in height over Europe (Supplementary
Fig. S15a), but responses to AER forcing show a zonal dipole pattern which
has some similarities to the observed trend, albeit with a magnitude about
10% of that based on reanalyses (Supplementary Fig. S15b, Fig. 3¢, Sup-
plementary Fig. S4c).

An important consequence of the very weak forced circulation trends
seen in the CMIP6 simulations is that the estimated atmospheric circulation
contribution to excess European warming is also very small (Fig. 6¢, d, Table
2). In winter, atmospheric circulation changes explain 5% + 10% of the
excess European warming (2% + 4% of the total warming) in
CMIP6 simulations, which is less than 40% + 39% of the excess warming
(26% + 24% of the total warming) estimated from the ERA5 reanalysis.
However, the uncertainty in the observed circulation contribution is large
owing to large interannual variability and a relatively short record. In
summer, atmospheric circulation changes in CMIP6 MMM simulations
play a weak damping role for European warming (-4% + 4% for excess
European warming and -2% + 2% for the total European warming) since the
MMM gives a very weak negative geopotential height anomaly over Europe
(Fig. 6b, Supplementary Fig. S15a), which is in contrast to the positive
contribution to excess European warming (by 29% =+ 10%) and total Eur-
opean warming (by 19% + 6%) estimated from the ERA5 reanalysis.
Therefore, the excess European warming seen in the CMIP6 MMM simu-
lations is almost entirely “thermodynamic” rather than “dynamic”, in both
winter and summer. This observation invites us to look again at Fig. 5.
Alongside the observed trends, this figure also shows an estimate of the
thermodynamic component of observed warming (computed from the
residual difference between the actual observed warming and the estimated
circulation-related contribution). As the CMIP6 MMM simulations suggest
very small circulation-related contribution, it is arguably more appropriate
to compare these model results with the observed estimate for the ther-
modynamic contribution to warming. If we focus on excess European
warming (Fig. 5b, d) we see that the trends found in the ALL simulations
compare in magnitude well with the estimated thermodynamic contribu-
tion in both winter and summer. This suggests that the models may be
simulating well this thermodynamic contribution to excess European
warming, whilst failing to simulate the dynamic contribution.

Discussion

In this study, we have investigated the causes of “excess” European
warming in recent decades, this being a measure of the extent to which
Europe has warmed more rapidly than the global mean in both winter
and summer. Expressed as a ratio, European temperatures warmed
around three times as fast as the global mean temperatures in both
seasons. We have shown that this excess warming has both dynamic and
thermodynamic contributions. The dynamic contributions are related to
trends in atmospheric circulation and, by using a simple regression-
based method, we have estimated that these trends can account for about
40% + 39% (26% + 24%) and 29% + 10% (19%% % 6%) of the excess
(total) European warming in winter and summer respectively. These
numbers are based on the contribution of a single dominant pattern of
atmospheric circulation variability. The uncertainties are larger in winter
because the interannual variability is greater. Refs. 11 and™ reported
estimates of the dynamic contribution to trends in summer heat extremes
over Western Europe using different approaches. Their estimates of 24%
for the trend over 1950-2022"" and 33% for the trend over 1979-2021% are
larger than our value of 19% + 6% for the mean summer warming, but
this difference is consistent with evidence that extremes have been
warming faster than the mean'""**.

Analyses of CMIP6 MMM simulations show that models reproduce
the magnitude of observed European warming quite well. These results
suggest that CMIP6 models, unlike previous generations of CMIP3 and
CMIP5 models"” do not underestimate European warming in winter and
summer; however, they get the right answer for the wrong reasons. As a
result, the ratio of European warming to global mean warming in the
CMIP6 MMM simulations gives values of 1.8 in winter and 2.1 in summer,
which are about 40% and 25% lower than the observed values. The CMIP6
MMM simulations underestimate the magnitude of excess European
warming in both winter (by about 43%) and summer (by about 16%), but
reproduce the magnitude of thermodynamic excess warming very well in
both seasons. However, CMIP6 models do not capture the magnitude of the
dynamic warming as a forced response in either season, and the observed
circulation trends lie outside the ranges of those in CMIP6 ALL forcing
ensemble simulations.

The weakness compared to observations of the regional circulation
trends simulated in CMIP6 models has been highlighted in a number of
recent studies'”">**. For example, ref. 34 showed that the observed winter-
time North Atlantic jet strengthening during 1951-2020 is greater than in
any of the 303 simulations from 44 CMIP6 climate models. ref. 32 showed
that observed heat extreme trends in summer over Western Europe during
1979-2021 stand out above the 95th percentile of trend distribution simu-
lated by CMIP6 multimodel ensembles. And ref. 11 showed that none of 170
CMIP6 ensemble simulations exhibited a trend in a circulation-induced
heat extremes over Western Europe as large as was observed during 1950-
2022. These findings are also in line with previous studies which focused on
related aspects of European (or wider) climate change''®***"*>***% and
suggest — as also highlighted in these previous studies — either that the
circulation response to external forcings is underestimated in the CMIP6
MMM or that low frequency internal variability is underestimated, or both.
In either case, these findings imply substantial uncertainty concerning the
future rate of European warming, and particularly the dynamical compo-
nent. However, the situation regarding the thermodynamic contribution to
excess European warming looks better. For this component, the CMIP6
MMM agrees well with the observational estimate for both winter and
summer. Furthermore, the CMIP6 DAMIP simulations provide quantita-
tive estimates of the contributions from different forcings on European
warming in recent decades, identifying GHG forcing as the dominant
contribution to the excess warming in winter, but AER emission decline as
the dominant contribution to the excess warming in summer. Our findings
are consistent with previous studies'*”' that have highlighted the importance
of AER forcing for understanding summer warming in Europe, but also
extend these results by quantifying the contributions of different forcings
using DAMIP results and by considering excess warming in both winter and
summer. These findings have implications for projections. In particular, the
large AER contribution to the excess warming in summer is unlikely to be
continued in future as it arises from declines in aerosol precursor emissions
since the 1970s, which are not expected to continue in future. Thus - if other
influences are equal — we should expect excess warming in summer to be
lower (perhaps by as much as 60% of the thermodynamic contribution) in
future decades than in the recent past. A reduction of the AER contribution
would also reduce excess warming in winter, but by a much smaller per-
centage (up to 15% of the thermodynamic contribution). This study focused
on the excess European warming in winter and summer. Previous studies
also showed fast surface warming over Europe in spring and autumn'".
Further research to understand the fast warming over Europe in the tran-
sition seasons is therefore another important area for future work.

Methods

Reanalysis and observational data sets

The reanalysis datasets used in this study are monthly mean zonal winds on
pressure levels, surface air temperature (SAT) and mean sea level pressure
(SLP) from the new state-of-the-art climate reanalysis of the European
Centre for Medium Range Weather Forecast (ERA5)*, and the Japanese 55-
year Reanalysis Project (JRA55) reanalysis™ during 1979-2022. The other
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observed monthly mean SAT data sets used are the HadCRUTS5 dataset™,
the NOAA Merged Land Ocean Global Surface Temperature Analysis
(NOAAGlIobalTemp)™, the GISS Surface Temperature Analysis version 4
(GISTEMP v4)*, and Berkeley Earth Surface Temperatures (BEST)™. These
reanalysis and observational data sets were interpolated to a common grid
with a horizontal resolution of 1.875° longitude by 1.25° latitude. We used
monthly mean data to construct boreal winter (December, January, Feb-
ruary, DJF) and summer (June, July, August, JJA) means and investigated
the trends of surface warming over Europe averaged over the region (45°N-
65°N, 10°W-60°E) in winter and over the region (35°N-65°N, 10°W-60°E) in
summer. DJF in a year is the mean of December in the previous year,
January and February in the current year. We compared these regional
warming trends with trends of global means to quantify excess warming
over Europe in two seasons. The significance of warming trends at each grid
point and the area averaged temperature was tested by the Mann-Kendall
nonparametric method. The statistical significance of correlation coeffi-
cients between two time series is evaluated based on a two-tailed Student’s
t-test. The linear trend and the 80% uncertainty range for the regional SAT
index for each data set in observations/reanalyses (Tables 1 and 2) were
estimated using the ordinary least squares method, taking into account the
number of years™. The multi-dataset mean warming trend and uncertainty
range were estimated from the arithmetic mean of trends and uncertainty
ranges based on four observational data sets and ERA5 reanalysis. The
uncertainty of warming ratio or circulation contribution to European
warming is estimated using the method for the evaluation of standard
uncertainty through functional relationships with uncorrelated variables”.
The uncertainty for variable z = y/x is estimated by the following:

(uz/2)* = (uy/y)’ + (ux/x)* 1)

Where uz is the uncertainty of variable z, uy is the uncertainty of variable y
and ux is the uncertainty of variable x.

Estimating the contribution of atmospheric circulation to excess
European warming

To quantify the influence of atmospheric circulation change on regional
warming trends in observations/reanalyses, we first regressed the detrended
atmospheric circulation variables in winter and summer seasons to the
detrended surface air temperature index averaged over the region (45°N-
65°N, 10°W-60°E) for winter and over the region (35°N-65°N, 10°W-60°E)
for summer, where the trends show excess warming compared to the cor-
responding trends of global means. As discussed in the main text, since the
dominant patterns of circulation associated with interannual variability
show some similar features to those associated with the multi-decadal
(1979-2022) trends in both seasons (Figs. 2 and 3), we next defined a
circulation index to quantify the variability in the relevant patterns. For
winter, we used an NAO index defined as the difference of area averaged SLP
over a southern box (36°N-38°N, 28°W-22°W) around Azores and a
northern box (64°N-66°N, 26°W-21°W) around Iceland over the North
Atlantic. For summer, we used an index of area averaged geopotential height
over the region (40°N-65°N, 5°-50°E) at 500 hPa; in this case we subtracted
the trend in the zonally averaged value over the same latitude band to
remove the global warming influence on geopotential height. Geopotential
height at 500hPa was used to investigate the relationship between large-scale
atmospheric circulation, heatwaves, hot extremes and meteorological
drought in some previous studies'*****. Studies on hot extremes high-
lighted the importance of positive feedbacks between soil moisture, atmo-
spheric circulation, and hot temperature, but emphasized that anomalous
circulations were initiating these heatwave events and had played a domi-
nant role”™”.

In a third step, we regressed detrended SAT interannual variations
during 1979-2022 onto the detrended circulation indices in winter and
summer to obtain spatial patterns of SAT associated with circulation index
variability. We then estimated the circulation-related SAT trend by scaling
these interannual patterns in proportion to the magnitude of the trend in the

appropriate circulation index (Figs. 2g and 3g). The difference between the
raw SAT trends and the circulation-related part provides a residual warming
pattern (Figs. 2h and 3h), which we interpret over Europe as being primarily
related to thermodynamic processes.

In mathematical terms, the regression of detrended SAT onto the
detrended circulation index may be expressed as:

SATdetrended =a+bx CIdetrended (2)

where SAT getrended a1d Clyetrended are detrended surface air temperature and
circulation indices respectively, b is the estimated slope and a is the esti-
mated intercept. Then, we rescaled SAT variability using the raw circulation
index (Cl )

SAT, =a+bxCI,, (3)

where SATcy is total SAT variation (including trend) resulting from cir-
culation variability. The trend in SAT¢; is the estimated dynamical con-
tribution to warming at each grid point (Figs. 2g and 3g), and area averaged
trends of SAT; provide estimates of the regional warming trend attribu-
table to changes in circulation.

We repeated our calculations using the ERA5 reanalysis and JRA55
reanalysis and obtained very similar results. We also explored the sensitivity
to alternative choices for the circulation indices, namely a zonal wind cir-
culation index at 500 hPa averaged over the North Atlantic jet exit region
(45°N-60°N, 50°W-20°E) in winter, and averaged over the Mediterranean
(35°N-50°N, 0°-50°E) in summer. As described in the main text, the results
were similar to those obtained with our original indices (Supplementary Fig.
S3 and S5).

To give context to our results, we also explored an alternative method
for estimating circulation related SAT trends over Europe in both winter
and summer. We performed empirical orthogonal function (EOF) analysis
of circulation variability over the North Atlantic and European sector
(25°N-80°N, 60°W-50°E) for SLP in winter, and geopotential height at 500
hPa over the Eastern North Atlantic and European sector (25°N-80°N,
10°W-50°E) in summer using detrended ERA5 reanalysis data. We calcu-
lated regression patterns for SAT using each of the principle components.
We then calculated the timeseries of circulation indices by projecting ori-
ginal (not detrended) circulation data onto these EOFs, and rescaled
regression patterns with each of these timeseries (Eq. 3) to obtain time
variations of SAT associated with each EOF. Lastly, we computed the
magnitude of the SAT warming trend for Europe associated with each EOF,
and also the sum of the contributions to the trend from the leading EOFs.
We found that the sums of contributions to European temperature trends
from the leading EOFs are consistent with, but slightly smaller than, the
trends associated with our index based method. These findings suggest that
the circulation indices we use are an efficient way to identify the dynamical
contribution to trends in European temperatures.

We note that our method is significantly simpler to some alternative
methods'"” that have been used in the literature to estimate circulation-
related trends. Its simplicity and transparency is an attraction of our
method. An additional attraction is that it uses only observational data, with
no reliance on climate model data®’. However, it considers only a single
dominant pattern of circulation variability.

CMIP6 and DAMIP simulations

We investigated the impacts of anthropogenic forcings on regional warming
trends using multimodel simulations from the Coupled Model Inter-
comparison Project Phase 6 (CMIP6)*, including both historical all forcing
simulations (referred to as ALL: driven with changes in all anthropogenic
and natural forcings) during 1979-2014, extended to 2020 using the SSP2-
4.5 future scenario simulations (hereafter as historical extended) and single
forcing simulations from the Detection and Attribution Model Inter-
comparison Project (DAMIP)™ with the SSP2-4.5 future scenario for 2015-
2020. Single forcing experiments include greenhouse gases (GHG) only
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(driven with changes in well-mixed greenhouse gas concentrations only),
anthropogenic aerosol (AER) only (driven with changes in anthropogenic
aerosol emissions), and natural forcing (NAT) only (driven with changes in
natural forcings only) simulations during 1979-2020 which were designed
to estimate the contributions of different anthropogenic and natural for-
cings to observed global and regional climate changes. We selected thirteen
models that have all the variables needed for all historical and single forcing
simulations (Supplementary Table S1). They are the Australian Community
Climate and Earth System Simulator Climate Model Version 2 climate
model (ACCESS-CM2)%, the Australian Community Climate and Earth
System Simulator Earth System Model version 1.5 (ACCESS-ESM1-5)%, the
Beijing Climate Center Climate System Model (BCC-CSM2-MR)®, the
Canadian Earth System Model version 5 (CanESM5)*, the National Center
for Atmospheric Research Community Earth System Model Version 2
(CESM2)®, the sixth generation Centre National de Recherches Météor-
ologique Coupled Model (CNRM-CM6-1)*, the GFDL’s Earth System
Model Version 4 (GFDL-ESM4)", the Goddard Insitute for Space Studies
climate model (GISS-E2-1-G)®, the Hadley Centre Global Environment
Model version 3 (HadGEM3-GC31-LL)®, the Institute Pierre-Simon
Laplace Climate Model (IPSL-CM6A-LR)”, the Model for Inter-
disciplinary Research on Climate version 6 (MIROC6)"", the Meteorological
Research Institute Earth System Model (MRI-ESM2-0)"* and the second
version of the coupled Norwegian Earth System Model (NorESM2)"".

We downloaded monthly mean variables from these simulations.
Model simulations were interpolated to a common grid with a horizontal
resolution of a resolution of 1.875° longitude by 1.25° latitude before the
analysis. We used monthly mean data to construct winter (December,
January, February) and summer (June, July, August) means and analysed
model simulated warming trends over the period 1979-2020 (42 years) in
model simulations.

We calculated trends for each member of model experiments with
different forcings, performed similar analysis for each ensemble member to
separate the role of atmospheric circulation for model simulated warming
trend and the residual in CMIP6 historical extended simulations, con-
structed ensemble mean trends for different forcing experiments for each
model, and then constructed the multimodel mean (MMM) by averaging 13
model results (i.e. giving equal weight to each model) for different forcing
simulations. The MMM trends in NAT simulations are based on 12 models
since some variables in GISS-E2-1-G NAT simulations are not available in
the database. The robustness of multimodel simulations was assessed if 80%
of models gave the same sign of trends in ALL, GHG, AER, and NAT
simulations. To illustrate how unusual of the excess warming over Europe in
response to ALL forcing in comparison with warming trend seen in indi-
vidual ensemble members, we calculated spatial pattern of excess warming
in each ensemble member for all models, corresponding inter-ensemble
standard deviations in winter and summer and their ratios (signal to noise).

Before we investigated and quantified the role of atmospheric circu-
lations on European warming trends in CMIP6 historical extended simu-
lations, we evaluated model simulated SAT, circulation index variability,
and spatial patterns of atmospheric circulation associated with European
SAT interannual variability with detrended data to demonstrate that many
features of variabilities in SAT and circulation and their associations shown
in observations are realistically reproduced by CMIP6 historical ensemble
simulations. We calculated circulation index trends for each model and
ensemble member for both winter and summer from the CMIP6 historical
extended simulations during 1979-2020, and constructed probability den-
sity functions for these index trends. Then, we constructed multimodel
mean (MMM) warming trends due to changes in atmospheric circulation in
CMIP6 historical simulations and MMM residual warming in the same way
as we did for the reanalysis data sets and compared model results with the
results based on the reanalyses. The 95% confidence interval (CI) for mul-
timodel mean regional warming trends (Tables 1 and 2) were estimated by
assuming trends are standard normal distributions and the 95% CI is 1.96
o/ /N where o is standard deviation of regional warming trends among
different models and N is the number of models. Therefore, the uncertainty

of model simulated regional warming trends is an estimated model struc-
tural uncertainty’*, The uncertainty of warming ratio and in the circulation
contribution to European warming is estimated using Eq. (1).

We also estimated contributions of atmospheric circulation to excess
European warming based on ERA5 during 1979-2020 and results are very
similar to those during 1979-2022 (Table 2). Therefore, trends based on
observations/reanalyses were calculated during 1979-2022 and were used in
all figures and supplementary figures. Note that trends in observations/
reanalyses and model simulations were given by trends per decade to make it
easy to compare them except in Supplementary Fig. S1 and S7 where trends
during the whole period are given.

Calculating Probability Density Function (PDF) of circulation
trends in Fig. 6a, b

We calculated circulation trends for two reanalyses and for each ensemble
member of CMIP6 historical extended ALL forcing simulations for all
models. We divided the ranges (-1.5 to 1.5 hPa decade™) for NAO index and
ranges (-10.0 to 10.0 m decade™) for geopotential height index into 20 equal
bins and plotted probability of circulation trends in these bins. Figure 6a, b
demonstrates that the circulation trends based on two reanalyses are outside
the ranges of those based on CMIP6 multimodel ensemble simulations.

Data availability

ERA5 reanalysis is available at https://climate.copernicus.cu/climate-
reanalysis. JRA55 reanalysis is available at https://jra.kishou.go.jp/JRA-55/
index_en.html and is downloaded from https://rda.ucar.edu/datasets/
ds628.1/. HadCRUTS5 data set is available at https://www.metoffice.gov.
uk/hadobs/hadcrut5/. GISSTEMP v4 is available at at https://data.giss.nasa.
gov/gistemp/. NOAAGIobalTemp is available at https://www.ncei.noaa.
gov/products/land-based-station/noaa-global-temp. BEST is available at
https://berkeleyearth.org/data/. The CMIP6 and DAMIP simulations ana-
lysed in this study are versions archived at the Centre for Environmental
Data Analysis (CEDA) and they are available at https://help.ceda.ac.uk/
article/4801-cmip6-data.

Code availability
All relevant codes used in this work are available, upon request, from the
corresponding author B.D.
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