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Winter heavy precipitation events over Northern Europe
modulated by a weaker NAO variability by the end of the 21st
century
Ramón Fuentes-Franco 1,2✉, David Docquier 3, Torben Koenigk1,2, Klaus Zimmermann 1,2 and Filippo Giorgi4

We use an ensemble of models participating in the Coupled Model Intercomparison Project phase 6 (CMIP6) to analyse the number
of days with extreme winter precipitation over Northern Europe and its relationship to the North Atlantic Oscillation (NAO), for the
historical period 1950–2014 and two future 21st-century scenarios. Here we find that over Northern Europe, the models project
twice more extreme precipitation days by the end of the 21st century under the high-emission scenario compared to the historical
period. We also find a weakening of the NAO variability in the second half of the 21st century in the high greenhouse gas emission
scenario compared to the historical period, as well as an increasing correlation between extreme winter precipitation events and
the NAO index in both future scenarios. Models with a projected decrease in the NAO variability across the 21st century show a
positive trend in the number of days with extreme winter precipitation over Northern Europe. These results highlight the role
played by NAO in modulating extreme winter precipitation events.
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INTRODUCTION
An exponential increase in the water-holding capacity of the
atmosphere is expected to happen as a consequence of
temperature increase, current observations have shown the
behaviour from the theoretical expectation1–4. One of the effects
of global warming is that the risk of extreme precipitation events
increases substantially. The frequency and intensity of heavy
precipitation events have increased since the 1950s over most
land areas where data coverage is sufficient, and they will
continue to become more frequent and intensify in a warmer
world5–7. In Europe, despite different regional trends in mean
precipitation (positive in the North and negative in the South8,),
extreme precipitation events show a general tendency to increase
over the recent past and according to future model projec-
tions6,9–12. Climate-related extremes caused economic losses
amounting to EUR 487 billion in the European Economic Area
within the 1980–2020 period, which accounted for 80% of total
economic losses caused by natural hazards according to the
European Environment Agency (https://www.eea.europa.eu/ims/
economic-losses-from-climate-related). Furthermore, besides
changes in the frequency and severity of weather events, the
future cost of climate-related hazards depends also on the size of
the populations and the value of the assets exposed.
Precipitation and temperature variability over large parts of

Europe and Greenland are modulated by the North Atlantic
Oscillation (NAO)13,14, defined as the mean sea-level pressure (SLP)
difference between the Subtropical High over the Azores and the
Subpolar Low over Iceland (Methods). The positive (negative) NAO
phase occurs when this gradient is increased (decreased), which
causes a northward (southward) shift in the atmospheric jet
stream, increased mid-latitude westerly winds, and increased
storminess in the northern (southern) part of the North Atlantic
Ocean, hence causing warmer and wetter conditions than normal

in Northern (Southern) Europe, and drier and colder than normal
conditions in Southern (Northern) Europe15.
Observational studies have also shown that the NAO has a

strong influence on extreme winter precipitation, with a
significant positive correlation in Northern and Western Europe,
and a negative correlation over Southern Europe, thus creating a
dipole-type pattern of extreme winter precipitation anomaly9,12,16.
Due to the strong link between the NAO and extreme winter

precipitation, climate model predictions and projections of the
NAO are key for estimating extreme winter precipitation in Europe
in the upcoming seasons and decades. It has been recently shown
that the winter NAO and its effects on European climate are highly
predictable on decadal timescales when using large ensembles of
newly developed decadal prediction experiments17,18 or decadal
hindcasts from the coupled model intercomparison project (CMIP)
phases 5 and 615.
The predictable atmospheric anomalies represent a forced

response to oceanic low-frequency variability that strongly
resembles the Atlantic multi-decadal variability (AMV)19,20, cor-
rectly reproduced in the decadal hindcasts thanks to realistic
ocean initialisation and ocean dynamics17.
In this study, we analyse historical model simulations and future

projections of the NAO and its relationship with extreme winter
precipitation in Europe from the last generation of coupled global
climate models participating in the CMIP6 intercomparison21. Future
model projections follow the Shared Socioeconomic Pathways
(SSP22) based on a low emission scenario reaching 2.6W/m2

(SSP1–2.6) and a high emission scenario reaching 8.5W/m2

(SSP5–8.5) by 2100. We use 42 models (Supplementary Table 1),
each with several ensemble members to distinguish the trends in
extreme winter precipitation from internal variability. Our study aims
to investigate the relationship between the NAO and extreme winter
precipitation events in Europe over the historical period (1950–2014)
and the 21st century (2015–2100).
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RESULTS
Extreme precipitation in future projections
The spatial patterns of the 95th percentile of daily precipitation
(P95) over the winter season (December to February) from ERA5
and CMIP6 ensemble show high similarity to E-OBS (Supplemen-
tary Fig. 1). Over Northern Europe (Norway, Sweden, Denmark and
Finland), the maximum P95 values vary regionally, from 31mm
per day as the overall maximum in the southern Norwegian coast
to 15mm per day in the southwestern tip of Sweden, 9 mm
per day in Denmark and 8mm per day in the south of Finland.
Regional minimum P95 values are found over northern Finland
and Sweden at 3.8 mm per day. Therefore the number of days
exceeding the P95 values has a particular impact on Atlantic
coastal areas.
In general, the average number of days with heavy precipita-

tion, exceeding the 95th percentile (95pNoD) over the winter
season, is 5% of 90 or 91 days, i.e. 4.5 days. Averaged over
Northern Europe, the year-to-year variability of 95pNoD ranges
from 2 to 8 days within the 1950–2019 period and has a positive
trend of 27min/year (or ~4.5 h per decade) in the ERA5 reanalysis
and 69min/year (11.5 h per decade) in E-OBS (Fig. 1). The range of
CMIP6 models captures the interannual variability of ERA5 and
E-OBS over the historical period (1950–2014), and the multi-model
average shows a positive trend of 16 min/year (or ~2.6 h per
decade), which is smaller than ERA5 and E-OBS but statistically
significant (p < 0.01). The multi-model trend increases to 100min/
year (or 16.6 h/decade) (p < 0.01) in the last two decades of the
21st century following the SSP5–8.5. All years from the future
projections have a statistically significant (p < 0.05) higher mean
95pNoD than the historical period. The SSP1–2.6 scenario shows a
maximum in the middle of the 21st century, with a negative trend
in the last decades of the 21st century, reaching a mean of
>5 days per season by 2100, while the SSP5–8.5 scenario shows an
increased trend by the end of the 21st century, reaching a mean
of >8 days per season by 2100. This is particularly relevant for
regions that already show high P95 values in the current climate
since a projected mean 95pNoD larger than 8 days per season
means that, e.g., Norwegian coastal areas are projected to have on
average more than 240mm of precipitation in eight days during
the winter season under the SSP5–8.5 scenario.

The North Atlantic oscillation modulates extreme precipitation. In
turn, for the NAO time series, the SSP1–2.6 scenario does not show
a significant trend in the mean NAO value, although minimum
values of NAO in several years during the 21st century are lower
than in the historical period (Fig. 2a), which does not occur for
SSP5–8.5 (Fig. 2b). Consequently, the ensemble mean NAO in
SSP5–8.5 shows significantly higher values than in the historical
period (p < 0.05). This is particularly noticeable in the last twenty
years of the 21st century, showing 8 years with significantly higher
NAO values than the historical period (Fig. 2b).
There is a significant correlation (p < 0.01) between the NAO

and 95pNoD in Northern Europe according to ERA5 over
1979–2019 (r= 0.61). All CMIP6 models agree on the sign of the
precipitation-NAO correlation (increase in precipitation with larger
NAO values), but most of them underestimate this correlation
when compared to ERA5 (ensemble mean r ~0.42; Fig. 3). For the
future period, all models show a stronger precipitation-NAO
correlation compared with the historical period (Fig. 3). While the
historical period and the SSP1–2.6 scenarios do not show a
significant correlation between the 95pNoD trend and the
intensity of the NAO-95pNoD correlation, the SSP5–8.5 scenario
shows a significant tendency toward a higher NAO-95pNoD
correlation for models with a higher 95pNoD trend over Northern
Europe (r= 0.18; p < 0.01; Fig. 3). Therefore, based on the CMIP6
projections, we find that under the high emission scenario, models
that show a more pronounced trend in 95pNoD also show more
sensitivity of 95pNoD to NAO variability. This suggests that as the
number of days with extreme winter precipitation increases in
Northern Europe, their dependency on NAO increases (as seen
from the larger regression slope in Fig. 3).
Because of the strong link between NAO and precipitation,

future changes in NAO variability impact the variability of extreme
winter precipitation. NAO interannual variability (standard devia-
tion computed over all years of the historical period) from ERA5
lies in the upper part of the CMIP6 ensemble with 8.97 hPa
(Fig. 4a). For the SSP1–2.6 scenario, there is a non-significant
increase in NAO variability in the last half of the 21st century
compared to the historical period (Fig. 4b). For SSP5–8.5, although
a stronger correlation between 95pNoD and NAO is found in the
21st century (Fig. 3c), CMIP6 models show a decrease in the NAO
variability, from a mean standard deviation of 8.5 hPa in the

Fig. 1 Time series of 95pNoD for Northern Europe (57.8°N–71°N, 2.7°E–35°E). The ERA5 data are shown with a black dotted line. The
coloured shaded area shows the range (minimum and maximum) of CMIP6 models in the historical (green) and 21st-century projections
following SSP1–2.6 (blue) and SSP5–8.5 (red). The CMIP6 ensemble mean is shown with solid green (historical), blue (SSP1–2.6) and red
(SSP5–8.5) lines. Every year in the 21st century had a statistically significant (p < 0.05) higher mean than the historical mean in both SSPs.
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historical period to less than 7 hPa in the future (Fig. 4ct).
Furthermore, for SSP5–8.5, the models with a smaller future NAO
standard deviation show a greater 95pNoD trend. The relationship
between the NAO standard deviation and 95pNoD trend in the
future shows a significant (p < 0.01) correlation of r=−0.18
(Fig. 4c). This means that the higher trend in 95pNoD in Northern
Europe in the future is associated with a lower NAO variability
under the high greenhouse emission scenario. The weakening of
the NAO standard deviation in the SSP5–8.5 scenario is due to less
intense negative NAO phases (Fig. 2b) since there is a significant
tendency of models with reduced standard deviation to show an

increase in the NAO-mean values (Supplementary Fig. 2a). This
explains why models with reduced NAO standard deviation, and
hence higher mean NAO values, show higher 95pNoD trends
(Supplementary Fig. 2b).
In summary, although future model projections show a

weakening of NAO variability (i.e. lower standard deviation) in
SSP5–8.5 due to less intense negative NAO phases, the number of
days with extreme winter precipitation increases in Northern
Europe and is more correlated to NAO than in historical climatic
conditions. While for the low emission scenario, model projections
show no significant change in NAO variability, a positive but not

Fig. 2 Time series of NAO. ERA5 data are shown with a black dotted line. The coloured shaded area shows the range of CMIP6 models in
the historical (green) and 21st-century projections following a SSP1–2.6 (blue) and b SSP5–8.5 (red). The CMIP6 ensemble mean is shown with
solid green (historical) and black (SSPs) lines. For every year in the 21st century, a statistically significant (p < 0.05) higher mean than the
historical mean is shown with a dark-red dot.
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significant tendency to increase the 95pNoD trend with increased
NAO standard deviation appears.
Compared to ERA5 (Fig. 5a), the modelled regression of NAO

index onto SLP in both SSP1–2.6 and SSP5–8.5 shows an
overestimation (~+0.50 hPa, <+0.25 hPa, respectively, Supple-
mentary Fig. 5) of the intensity of the Icelandic low (it is core ~
−6 hPa in ERA5, Fig. 5a). The two scenarios also show an
underestimation (>−0.40 hPa for both) of the Azores’ high-SLP
intensity which is ~3.5 hPa in ERA5. The regression of 95pNoD
onto the NAO index in ERA5 shows positive values extending
across the northernmost areas of the North Atlantic from eastern
Greenland to the Fennoscandia peninsula and maxima over the
Norwegian coast and the Norwegian Sea. Negative regression
values extend from the east coast of the United States, over the
subtropical North Atlantic Ocean towards Eastern Europe, with a
minimum over the Iberian peninsula (Fig. 5b).
Although CMIP6 biases extend consistently across the North

Atlantic and Europe (Supplementary Figs. 5 and 6) in both
scenarios, the SSP5–8.5 scenario shows a smaller bias compared to
SSP1–2.6. This is partly due to the larger number of ensemble
members used in SSP5–8.5 compared to SSP1–2.6 (Supplementary
Fig. 3). Our results are similar to previous works23–25, where it has
been reported that although CMIP6 models reduce the spatial bias
of the NAO pattern, compared to CMIP3 and CMIP5 models, CMIP6
models still show systematic weaknesses in the intensity of both
the Azores high and the Icelandic low. Complementing previous
studies, here we also show that the intensity of the NAO bias
compared to the ERA5 reanalysis varies according to the number
of models included in the study.

The regression of 95pNoD onto the NAO index in ERA5 shows
values >1.5 days across all Nordic and Baltic countries, as well as
the subpolar regions of the North Atlantic, while negative values <
−2 days appear over the Iberian Peninsula and eastern Greenland
(Fig. 5b). CMIP6 models underestimate the values found in ERA5
over Northern Europe (Supplementary Fig. 6).
The SLP spatial pattern in the future projections exhibit changes

compared to the historical period when regressed onto the NAO-
index (Fig. 5a, c, e). Consistent changes are found in both future
scenarios, with increased SLP (up to 1 hPa) over the Barents Sea
and the Nordic countries, and decreased SLP over the Labrador
Sea (Fig. 5c, e). Models show a slightly weaker NAO in both future
scenarios and a westward shift of the NAO pattern observed in
historical simulations (Fig. 5c, e). In contrast to the NAO SLP
pattern, and in line with previous results, the 95pNoD spatial
pattern shows an intensification of the precipitation linked to NAO
across the northernmost part of the North Atlantic and Northern
Europe in both scenarios, with SSP5–8.5 showing a larger increase
(Fig. 5d, f). The analysis of 95pNoD was carried out with models
with different spatial resolutions with no interpolation carried out,
except on the spatial patterns (Fig. 5d, f), in which interpolation to
a common (relatively low) resolution grid (see Methods) was
required. This interpolation to a common spatial resolution
changes the intensity of the change due to coarsening of models
with higher spatial resolution. The signal-to-noise ratio of the
changes in SLP and 95pNoD (Fig. 6) shows that the areas with the
strongest change, also show a signal-to-noise ratio greater than
one, which means that the mean change across the model’s
ensemble is greater than the standard deviation of the change
across the model’s ensemble.

Fig. 3 Relation between NAO-95pNoD correlation and 95pNoD
trend. Two-dimensional histograms of the NAO-95pNoD correlation
(r(NAO, 95pNoD)) against 95pNoD trend, for a the 1970–2014 period,
the 2050–2099 period for b SSP1–2.6 and c SSP5–8.5. The colour bar
shows the percentage of models within a bin. The linear regression
of r(NAO, 95pNoD) onto the 95pNoD trend is shown with a line in
every subplot, and the slope of the linear regression is provided in
every subplot (an asterisk is present when the linear regression is
significantly different from zero, p < 0.05). ERA5 data are shown with
a green circle in the historical subplot (a).

Fig. 4 Relation between NAO’s standard deviation and 95pNoD
trend. Two-dimensional histograms of the NAO’s standard deviation
against 95pNoD trend for a the 1970–2014 period, the 2050–2099
period for b SSP1–2.6 and c SSP5–8.5. The colour bar shows the
percentage of models within a bin. The linear regression of the
NAO’s standard deviation onto the 95pNoD trend is shown for the
three subplots, and the slope of the linear regression is provided in
every subplot (an asterisk is present when the linear regression is
significantly different from zero, p < 0.05). ERA5 data are shown with
a green circle in the historical subplot (a).
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Fig. 5 Regression of SLP and 95pNoD onto the NAO index in the historical period, and their change by the end of the 21st century under
the ssp1-2.6 and ssp5-8.5 scenarios. Regression of a SLP and b 95pNoD onto the standardised NAO index for ERA5. For CMIP6 models, the
difference of the regression of SLP onto the standardised NAO index between the 2050–2099 period and the 1970–2014 period for c SSP1–2.6
and e SSP5–8.5. d and f similar to c and e for 95pNoD. Units are hPa for SLP and the number of days for 95pNoD. For 95pNoD, the regression
was performed after detrending the NAO and 95pNoD data. The ensemble mean was calculated following the weighting described in the
“Methods” section. The weights used for every model are shown in Supplementary Fig. 3. The schematic distribution of weights per ensemble
member is shown in Supplementary Fig. 4.

Fig. 6 Mean change divided by standard deviation of the change in SLP and precipitation. Ratio between mean sea level pressure change
between 2050–2099 and 1970–2014 and standard deviation of the variability of sea level pressure change across ensemble members in
SSP1–2.6 (a) and SSP5–8.5 (c). b, d similarly to (a) and (c), respectively for 95pNoD.
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DISCUSSION
Projected changes in NAO depend on the models used. CMIP6
models show an underestimation of both the NAO variability
(Supplementary Fig. 5, Fig. 4a) and its link to days with extreme
precipitation (Fig. 3a, Supplementary Fig. 6). Models that are closer to
ERA5 in simulating the NAO spatial pattern (lower mean squared
error (MSE), Methods, Supplementary Fig. 7) and the NAO
climatological intensity in the historical period (NAOclimhist, Methods,
Supplementary Fig. 8) generally project a future weaker NAO.
In our analysis, we give a larger weight to models closer to ERA5

in terms of NAO (Methods). Noticeably, when we compute the
ensemble means with the same weight given to every member,
there is a larger departure from ERA5 than when using weights,
especially in the SLP regression onto the NAO index (Supplemen-
tary Fig. 9a, b), and a slightly larger difference compared to ERA5
in the 95pNoD regression (Supplementary Fig. 9c, d).
Since CMIP6 models with a historically strong NAO (similar to

ERA5) project a weaker future NAO, and conversely CMIP6 models
with a historically weak NAO project a stronger future NAO, the
same-weight-means show a smoother future change in SLP
(Supplementary Fig. 10a, c). Interestingly, the changes in 95pNoD
in both SSP scenarios with the same weight means (Supplemen-
tary Fig. 10b, d) show consistency and high similarity to the
weighted means (Fig. 5d, f). Therefore, regardless of the SSP
scenario, ensemble size, changes in NAO intensity, or the use of
different weights for different ensemble members, CMIP6 models
show consistency in the higher dependency of extreme precipita-
tion on NAO (Fig. 5d, f, Supplementary Fig. 10b, d). This result
provides further evidence that the SLP response to NAO only
provides one perspective of the circulation, a result similar to
McKenna and Maycock26, who showed that the future response of
wind speed (at 850 hPa) to NAO shows more congruent results
across CMIP5/6 models over Europe than SLP.
CMIP6 models show good skill in representing the variability of

the days exceeding the 95th percentile of daily precipitation
during winter (see Fig. 1), and the spatial pattern of P95 compared
to station-based observations (Supplementary Fig. 1). Although
CMIP6 models tend to underestimate extreme precipitation
events27, they simulate extreme precipitation more strongly than
CMIP5 and CMIP328, modelling factors have contributed to the
stronger extreme precipitation, including the influences of higher
spatial resolution and the improved model physics29. Although
some models have increased their complexity in CMIP6 compared
to CMIP5, models tend to reproduce precipitation extremes in a
similar way as CMIP528,30. Due to the heterogeneity of CMIP6
models, it is difficult to draw any firm conclusions on the impact of
a specific process31 which ultimately impacts the representation of
days with extreme precipitation.
The increase in the trends of days with precipitation exceeding

the 95th percentile of daily precipitation over Northern Europe is a
robust feature found in CMIP5 and CMIP6 models. As the radiative
forcing level increases the overall changing rate of the 95pNoD
indicator increases30. Although model uncertainty and internal
variability contribute to CMIP6 uncertainty on extreme precipita-
tion, the intensification of extreme daily precipitation is robust
over most regions of the planet, with more than 90% of models
simulating an increase of 20-year return values32.
A projected increase in the number of days with extreme winter

precipitation impacting Northern Europe (Fig. 1), and its stronger
linkage to the NAO (Figs. 3 and 5), make the NAO prediction
increasingly relevant. Besides the evidence that the NAO phase and
intensity can be predicted15,17,18 mechanistically, the increased
linkage between the NAO and ENSO, in future projections, has been
reported to occur via both tropospheric and stratospheric path-
ways33–37. The stratospheric pathway starts with increased East
Pacific rainfall due to warmer Pacific SST conditions caused by El
Niño, which deepens the Aleutian Low. This drives the stratospheric

polar vortex southward, enhancing the negative phase of the NAO38.
This process is reinforced by the tropospheric pathway in which the
stronger Pacific subtropical jet extends into the Atlantic sector and
more strongly influences the low-level winds in the Atlantic,
contributing to amplifying the negative NAO phase37. Since El
Niño-Southern Oscillation (ENSO) is the dominant
interseasonal–interannual variability in the tropical Pacific and its
impact extends globally, its predictability has been studied39–42 and
reaching lead times for up to 10 months43. The current climate NAO
is modulated by ENSO (with El Niño inducing a negative NAO phase
and La Niña a positive NAO phase44), increased dependence of NAO
to ENSO, would increase NAO’s predictability37,45.
Most models analysed in this paper project a stronger negative

correlation between NAO and ENSO in the second half of the 21st
century compared to the historical period (Supplementary Fig. 11).
This intensification of the NAO–ENSO relation (Supplementary Fig.
11), suggests that the NAO becomes more predictable in the future
since ENSO has a higher predictability than NAO. However, there is a
tendency in models with a stronger negative NAO–ENSO correlation
to have a stronger NAO variability (Supplementary Fig. 11), this
tendency existing in the historical period, becomes statistically
significant (p < 0.05) in both future scenarios. As shown in Fig. 4,
models with a stronger future NAO variability also show a lower
95pNoD trend under the high emission scenario, thus the higher
NAO–ENSO correlation in the future would lead to a lower trend in
95pNoD in SSP5–8.5. Therefore, for models with a higher 95pNoD
trend, due to their weak ENSO–NAO correlation in SSP5–8.5, ENSO
would not provide more predictability to days with increasing
extreme winter precipitation in the future. Instead, models that show
a lower increase in 95pNoD show an enhanced linkage between
ENSO, NAO and 95pNoD, making the relatively few extreme
precipitation days more predictable.
Since the sea surface temperature anomaly (SSTA) response in

the tropical North Atlantic (TNA) to ENSO and AMO are generally
analogous, the TNA SSTA is an important means by which the AMO
modulates the ENSO–NAO relationship46. The TNA SSTA causes
strong NAO-like atmospheric circulation anomalies. When the AMO
and ENSO are in phase, their influences on the TNA SSTA occur in
superposition. Thus a strong TNA SSTA favours a significant NAO-
associated atmospheric response, with El Niño (La Niña) and
positive (negative) AMO causing a negative (positive) NAO phase.
On the other hand, Zhang et al.46 found that when AMO and ENSO
are out of phase, the TNA SSTA responses counteract each other
and thus the response of the NAO is very weak.
NAO has been associated with a tripole pattern in the North

Atlantic SST, with negative SST anomalies in the Greenland and
Irminger Seas to the Labrador Sea (Labrador here on) and positive
SST anomalies in the central-western North Atlantic (subTNA) and
again negative SST anomalies further south at the west African
coast (Supplementary Fig. 12a)47–49. Most CMIP5 models have
been found to reproduce the significant positive response in the
subTNA near the American coast. However, in the subpolar region,
the simulated locations and magnitude of the negative-response
centres by most models differ from observations50. Here we find
that for the end of the 21st century, CMIP6 models, project an
intensified tripole pattern for the low-emission scenario (Supple-
mentary Fig. 12b) and a weakened tripole pattern in the high-
emission scenario, especially since the Labrador area changes
towards a positive relationship with NAO when compared to the
historical period (Supplementary Fig. 12c).
Here we find that CMIP6 models, in both historical and future

projections, show that the more negative the trend in the difference
between subTNA and Labrador SST (the less the difference between
subTNA and Labrador SST), the lower the NAO variability (Fig. 7).
The ERA5 reanalysis shows that the relationship between surface

temperature and the 95pNoDa has a similar NAO-surface tempera-
ture tripole pattern (Supplementary Fig. 13a) Models with a weaker
NAO variability have both a weaker subpolar to subtropical SST
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gradient and a higher trend on 95pNoD under SSP5–8.5 (see Fig. 4).
Colder SST in the Labrador area is associated with positive NAO51,
and hence with an increased number of extreme winter precipita-
tion days in Northern Europe. Models reproduce this relationship in
the historical and future SSP1–2.6 scenarios. In contrast, for the
SSP5–8.5 scenario, a warmer than normal SST on the Labrador Sea
still shows an increased 95pNoD (Fig. 8). Without removing the
trends in both surface temperature and 95pNoD over Nordic
countries, spatial changes in their relationship show that a more
intense negative link between the surface temperature on the
Labrador area and 95pNoD in the future under the
SSP1–2.6 scenarios (Supplementary Fig. 13b), while a change
towards 95pNoD being more positively related with the surface
temperature in the whole North Atlantic, especially over the Arctic
Ocean (Δr > 0.4, Supplementary Fig. 13d). When the trends in both
the 95pNoD over the Nordic countries and the surface temperature
are removed, the relationship change in the SSP1–2.6 scenario

(Supplementary Fig. 13c) shows an alike spatial pattern as when
trends are not removed. In contrast, the SSP5–8.5 scenario shows a
similar pattern to SSP1–2.6. (Supplementary Fig. 13e). Therefore
although we show that a warmer Arctic and North Atlantic,
specifically a warmer Labrador Sea is linked to an increased 95pNoD
(Fig. 8c), at interannual scales, a negative link between the surface
temperature on the Labrador Sea is still projected to be related to
95pNoD variability.
In summary, a doubling in the number of days with extreme

winter precipitation over Northern Europe is projected by CMIP6
models in the second half of the 21st century compared to the
historical period (1950–2014). We show that model weighting based
on how well models represent NAO does not change the results on
the strengthening of the linkage between NAO and extreme
precipitation over Northern Europe, making this a very consistent
result among CMIP6 models, regardless of the biases representing
NAO. Here we show that the number of days with extreme winter
precipitation is strongly associated with the NAO in a warmer world,
even though future projections show a weakening of this mode of
variability, with a reduced Iceland–Azores sea level pressure
gradient. This weakening of the NAO is due to less intense values
during the negative phase of NAO, causing a shift of the
climatological NAO mean towards higher values. We hypothesise

Fig. 8 Relation between the skin temperature in the Labrador Sea
area versus 95pNoD. Two-dimensional histogram of the skin
temperature in the Labrador Sea area versus 95pNoD for a the
1970–2014 period, the 2050–2099 period for b the SSP1–2.6
ensemble and c the SSP5–8.5 ensemble. Colorbar shows the
percentage of models within a bin. The linear regression of both
variables is shown for the three subplots. The slope of the linear
regression is shown in every subplot, and it is marked with an
asterisk when the linear regression is significantly different from
zero (p < 0.05).

Fig. 7 Relation between the skin temperature difference between
the subtropical North Atlantic (subTNA) and the Labrador Sea
verus the NAO’s standard deviation. Two-dimensional histogram of
the skin temperature difference between the subtropical North
Atlantic (subTNA) and the Labrador area versus the NAO’s standard
deviation for the a 1970–2014 period, the 2050–2099 period for
b the ssp1–2.6 ensemble and c the SSP5–8.5 ensemble. Colour bar
shows the percentage of models within a bin. The linear regression
of both variables is shown for the three subplots. The slope of the
linear regression is shown in every subplot, and it is marked with an
asterisk when the linear regression is significantly different from
zero (p < 0.05). ERA5 is shown with a green scatter point in the
historical (a) subplot. The subTNA is calculated as the area average
between the latitudes 30°N and 44°N and longitudes 80°W and
38°W. The Labrador Sea area was calculated as the area average of
the skin temperature within latitudes 50°W and 77°W and longitudes
83°W and 30°W. Land points were masked out.
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that this shift towards a more positive NAO is the reason for the
increased relation with 95pNoD in Northern Europe.
The NAO in turn shows a stronger linkage to ENSO in future

projections. However, models with a stronger future connection to
ENSO also show a lower trend in the number of extreme winter
precipitation days. Therefore, the higher dependency of NAO on
ENSO would not necessarily imply that ENSO provides more
predictability to days with extreme precipitation in the future. A
warmer subpolar North Atlantic Ocean appears to play a role in the
weakening of the Iceland-Azores surface pressure gradient; however,
regardless of the weaker, more positive NAO, Northern European
extreme winter precipitation appears to be more dependent on NAO,
which might carry important consequences on its predictability.

METHODS
Data
Model data used in this study were obtained from the CMIP6
database21. The CMIP6 models used in this study and the number of
ensemble members for SSP1–2.6 and SSP5–8.5 are provided in
Supplementary Table 1. For all figures, and for every SSP, the same
number of ensemble members were used during the historical
period (1950–2014) and future projections (2015–2100). The future
projections follow the SSP22, 1 and 5 with a radiative forcing of 2.6W/
m2 and 8.5W/m2 (SSP1–2.6 and SSP5–8.5, respectively). Different
ensemble sizes for both SSPs were used due to the availability of
simulations for every SSP by the time they were downloaded from
the Earth System Gridded Federation (ESGF) nodes. We also use the
European Centre for Medium-range Weather Forecasts (ECMWF)
ERA5 reanalysis52 over the period 1979–2020 at a spatial resolution of
~ 31 km. For precipitation, we also used the E-OBS dataset, a daily
gridded land-only observational dataset covering the whole
European continent. E-OBS station data come from the European
National Meteorological and Hydrological Services.

Model weighting
For Fig. 5, different weights (w) were given to every ensemble
member of all models depending on how similar the NAO pattern
was compared to ERA5, through the calculation of the MSE of the
regression of the NAO index onto the SLP (slpNAO). The MSE was
calculated

MSE ¼ 1
m

Xm

j¼0

slpNAOERA5 � slpNAOið Þ2 (1)

with m the total number of grid points within the latitudes 20°N
and 90°N and longitudes 90°W and 60°E.
The calculation of the weights for every ensemble member i

was based on a softmax function,

w rð Þi ¼
e�ri

Pn
i¼0e

�ri
(2)

where

ri ¼ k � MSEi �min MSEð Þð Þ= max MSEð Þ �min MSEð Þð Þ
with min(MSE) and max(MSE) being the minimum and maximum
of the full ensemble, giving more weight to those ensemble
members with lower MSE, and exponentially decreasing the
weight as the MSE increases. The sum of all weights equals 1 by
construction. k is a spread factor among weights, with a higher
number providing a larger spread. In this case k= 100. The results
using the model average (same weight for each member) can be
found in Supplementary Fig. 8.

NAO, 95pNoD and ENSO definitions. The NAO index is defined as
the difference in area-averaged SLP between the Azores
(31.5°W–24.5°W, 36.5°N–40°N) and Iceland (25°W–13°W,

63°N–67°N)37. 95pNoD is defined as the number of days per
season with precipitation larger than the 95th percentile of daily
precipitation amount during the winter months (December to
February). 95pNoD was calculated for both ERA5 and E-OBS data.
The ENSO index is defined as the area-averaged Sea Surface
Temperature (SST) in the Niño3.4 region, which is enclosed within
the longitudes 170°W and 120°W, and the latitudes 5°S and 5°N.
NAO and ENSO indices were calculated from monthly data.
Mean seasonal (December to February) data are used to

calculate seasonal means for the NAO and ENSO indices. To
produce the spatial patterns of NAO and 95pNoD (Fig. 5), all
models were first interpolated to a 27,648-point (192 × 144) global
longitude/latitude grid.
Pearson correlation between 95pNoD and NAO index, and

between NAO and ENSO indices was calculated at a seasonal scale.
Before performing the (Pearson) correlation analysis of Fig. 5b, d, f,
the seasonal data of NAO, ENSO and 95pNoD were detrended.
The climatological NAO intensity used to produce Supplementary

Fig. 6 and Supplementary Fig. 7, was calculated as the difference in
the area-averaged SLP regressed onto the NAO index between the
subtropical (31.5W–24.5°W,36.5°N–40°N) and subpolar (25°W–13°W,
63°N–67°N) regions.

DATA AVAILABILITY
The CMIP6 data used in this study are freely available on the Earth System Grid
Federation (ESGF) at the following link: https://esg-dn1.nsc.liu.se/search/cmip6-liu/. ERA5
reanalysis data are available at https://www.ecmwf.int/en/forecasts/datasets/reanalysis-
datasets/era5. E-OBS dataset can be downloaded from the Copernicus Data Store https://
cds.climate.copernicus.eu/cdsapp#!/dataset/10.24381/cds.151d3ec6?tab=overview.

CODE AVAILABILITY
The code used for the analysis performed in this study is available on request from
the authors.
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