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Decoupling of the Arctic Oscillation and North
Atlantic Oscillation in a warmer climate

Mostafa E. Hamouda ®'23™, Claudia Pasquero®'* and Eli Tziperman®>

The North Atlantic Oscillation and the Arctic Oscillation are modes of climate variability affecting temperature and precipitation
in the mid-latitudes. Here we use reanalysis data and climate model simulations of historical and warm climates to show that
the relationship between the two oscillations changes with climate warming. The two modes are currently highly correlated, as
both are strongly influenced by the downward propagation of stratospheric polar vortex anomalies into the troposphere. When
considering a very warm climate scenario, the hemispherically defined Arctic Oscillation pattern shifts to reflect variability of
the North Pacific storm track, while the regionally defined North Atlantic Oscillation pattern remains stable. The stratosphere
remains an important precursor for North Atlantic Oscillation, and surface Eurasian and Aleutian pressure anomalies precede
stratospheric anomalies. Idealized general circulation model simulations suggest that these modifications are linked to the

stronger warming of the Pacific compared with the slower warming of the Atlantic Ocean.

over Europe and Eastern North America are known to be

linked to the phase of the North Atlantic Oscillation (NAO)
which is the most prominent pattern of atmospheric variability
over middle and high latitudes in the Northern Hemisphere. The
NAO is described as an alternation between two pressure systems,
the Azores High and the Icelandic Low, which in turn influences
weather conditions over large areas”. The Arctic Oscillation (AO,
also known as the Northern Annular Mode, NAM) has been intro-
duced’~*asahemispheric climate variability pattern characterized by
a primary centre of action over the Arctic and two opposite centres
of action in mid-latitudes, one over the North Pacific and the other
over the North Atlantic. A negative AO is usually associated with
pronounced meridional wind patterns and has been linked with the
occurrence of surface extremes in the mid-latitudes®. Despite the
annular (zonally symmetric) structure that characterizes the AO,
sea-level pressure (SLP) anomalies in the North Atlantic and North
Pacific centres of action are not correlated’, suggesting that each one
of them can exist independently of the other.

The present-day monthly temporal correlation between AO and
NAO is very high, with correlation coefficients up to 0.95 (refs. ).
For this reason, the NAO is often referred to as the local manifes-
tation of the AO and the two terms have been used interchange-
ably (for example, refs. “'?). Their variability has been shown
to be affected by stratospheric anomalies: in winter, the correla-
tion between the 90-d low pass filtered anomalies of 10hPa and
1,000hPa geopotential height (GPH) exceeds 0.65, when surface
anomaly time series are lagged by about 3 weeks, meaning that
stratospheric anomalies are good precursors to surface NAO/AO
conditions'""’. On the other hand, the stratospheric polar vortex is
known to be influenced by various tropospheric phenomena, such
as tropical and extratropical variability, including El Nino/Southern
Oscillation (ENSO)', Quasi-Biennial Oscillation (QBO)", the
Madden-Julian tropical atmospheric oscillation (MJO)'*'® and
sea-ice or snow cover changes in the Arctic region'”*. Enhanced

| he positions of the storm track and the seasonal precipitation

air-sea fluxes and/or deep convection generate a delayed warming
response in the polar stratosphere, which eventually often triggers a
negative NAO/AO phase'®?"*%,

In this study, we analyse the dependence of AO and NAO on
climate mean state, showing that their correlation breaks down
in a warmer climate and suggesting a sufficient condition for the
change. Then, we discuss the implications of these modifications on
the stratosphere—troposphere coupling. For this purpose, we anal-
yse the results obtained from the Coupled Model Intercomparison
Project Phase 5 (CMIP5) for the historical climate and for the
Representative Concentration Pathway8.5 (RCP 8.5) scenario, and
from simulations of an intermediate complexity model, and com-
pare them to reanalysis data. We compare the present-day climate
with the most extreme climatic scenario of RCP8.5 during the
twenty-third century. We choose this time frame to shed light on
the theoretical behaviour of these coupled modes of variability and
demonstrate that they can behave very differently under large cli-
mate forcing.

Decoupling of the AO and NAO

Wintertime SLP climatology is characterized by the Aleutian
low pressure in the North Pacific, and the (deeper) Icelandic
low-pressure centre in the North Atlantic, with a high-pressure cen-
tre over the polar cap, as in the contours of Fig. 1a,b. The variability
of the Atlantic and the Pacific pressure systems are of similar mag-
nitudes in the current climate (shading in Fig. 1a,b).

The Icelandic and the Aleutian low-pressure systems represent
the main centres of action of the AO mode of variability’ as the
leading mode of the Empirical Orthogonal Function (EOF) anal-
ysis of SLP of the hemisphere north of 20°N. Similarly, the NAO
is defined”” as the first EOF of SLP in the domain (20°N-80°N,
90° W-40°E). The EOF analysis is performed using monthly mean
SLP for boreal winter (December, January and February (DJF)). It
is worth stressing that EOFs are statistical patterns defined to most
efficiently characterize the covariability of the system but they do
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Fig. 1| SLP climatology and modes of variability. a-c, Wintertime DJF monthly mean SLP (contours in hPa), and standard deviation (s.d.; shading in hPa) for
NOAA-CFSR reanalysis (a) and MPI-ESM-LR historical (Hist) (b) and RCP 8.5 (¢). d-f, The leading EOF mode (AO) for DJF SLP for NOAA-CFSR reanalysis
(d) and MPI-ESM-LR Hist (e) and RCP 8.5 (f). Panels g-i are similar to d-f except that global SLP is regressed onto the NAO index. The explained variance
by the EOF is indicated on top of each panel. Note that the explained variance of g-i refers only to the variability in the North Atlantic sector. Shading unit:

hPa, corresponding to 1s.d. of the PC.

not necessarily represent a physical mechanism nor relate to real
causal connections among different regions. Notice that with these
definitions of AO and NAO, the variability patterns can be different
in a different climate and no link with the patterns identified in the
current climate is prescribed.

The observed AO and NAO patterns in the state-of-art reanalysis
(NOAA-CFSR)* are shown in Fig. 1d,g, on the basis of the period
from 1979 to 2018. The historical period is simulated by CMIP5
models from 1901 to 2000. Visual inspection of the variability
patterns computed from the simulation outputs indicates a good

agreement between CMIP5 models and reanalysis (Fig. le,h and
Extended Data Fig. 1), apart from the model GISS-E2-R, in which
the AO pattern has a rather weak centre of action over the Atlantic.

A quantification of the performance of CMIP5 models in repre-
senting variability patterns in the historical simulations is obtained
by computing the spatial correlation between the EOFs derived
from the models and from the NOAA-CFSR reanalysis. Results
indicate that in all cases, correlation coefficients are >0.87 (Fig. 2a).

The patterns of variability in CMIP5 models were also computed
in the RCP 8.5 scenario and results are shown for the period from
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Fig. 2 | Spatial and temporal correlations. a, Spatial correlation coefficient
of the AO and NAO reanalysis versus models in the historical simulations.
b, Temporal correlation of monthly mean SLP (DJF) PC index, AO versus
NAO (error bars indicate the standard deviation of the correlation when
subsampling a 40-yr time series within the 100-yr period of historical
simulations or RCP 8.5 scenario). ¢, Spatial correlation of AO versus NAO
in the historical simulations and RCP 8.5 scenario. SLP of the hemisphere
north of 20°N is regressed onto the NAO PC index and then correlated
with AO. Note that SPEEDY red points refer to experiment (Pac_P) where
the model is forced by warm SST in the North Pacific. All correlation
coefficients are significant (P<0.05).

2201 to 2300, which represents the warmest global conditions in
the simulation. AO variability in a warmer climate weakens sub-
stantially over the Atlantic, while it strengthens over the Pacific
(compare Fig. 1d,e to 1f). Comparison of Fig. 1g-i illustrates that
no notable changes occur to the NAO pattern.

The different response of AO and NAO to a warmer climate
is remarkable, considering their strong correlation in the pres-
ent climate. In fact, from NOAA-CFSR reanalysis data the spatial
correlation coefficient between AO and NAO patterns is 0.93 and
the temporal correlation between their principal component (PC)
monthly time series is 0.91. Most of the analysed models show
high AO/NAO correlations in the historical period (values >0.81
are found for all the models except for GISS), while in the warmer
climate the temporal and spatial correlations mostly decrease (Fig.
2b,c). The only model that does not show a decrease in the cor-
relations is GISS, which, as mentioned before, does not simulate a
good AO pattern and has the lowest AO/NAO correlations in the
historical period. Therefore it is not considered as a reliable model
in this respect.

The decoupling between AO and NAO is expressed as a weaken-
ing or a disappearance of the Atlantic centre of action in the AO
pattern (see Extended Data Fig. 1), while the Pacific centre of action

strengthens. The statistical insight offered by the EOF analysis can
be put into perspective by focusing on the following physical mech-
anism. The alternating change in SLP between middle and high lati-
tudes associated with the AO translates to latitudinal displacement
of atmospheric mass, possibly due to planetary wave breaking®. A
negative AO phase is associated with anomalous high pressure in
high latitudes and a low-pressure anomaly in mid-latitudes. The
implied anomalous mass redistribution is typically expressed in the
Atlantic and/or Pacific basins, not necessarily at the same time (as
indicated by the lack of correlation between Pacific and Atlantic
anomalies’).

The high correlation between NAO and AO in the current cli-
mate indicates that the preferred sector for the occurrence of the
anomalous meridional eddy fluxes is the North Atlantic, which is
warmer than the North Pacific during winter months and has a
more variable jet stream. In the warm climate RCP 8.5 scenario,
the preferred sector becomes the North Pacific. We note that this
change is associated with a substantially larger increase of sea sur-
face temperature (SST) over the North Pacific compared with the
North Atlantic due to the slowdown of the Atlantic Meridional
Overturning Circulation®-* that results in the so-called Atlantic
warming hole (refs. **** and Extended Data Fig. 2).

Moreover, in the historical period, the Icelandic low is deeper
and as variable as the Aleutian low (Figs. 1a,b and 4a). In the RCP 8.5
climate, the variability shifts completely to the Aleutian low, whose
winter mean low pressure becomes similar to that of the Icelandic
low (Figs. 1c and 4a).

In the twenty-third century RCP 8.5 scenario simulations, the
climate mean state differs in many aspects from the current state. To
disentangle the responsible climate modification for the observed
decoupling and to propose a possible explanation, we perform a
simple experiment using the International Center for Theoretical
Physics (ICTP) Atmospheric General Circulation Model**
‘SPEEDY AGCM’ (Methods). We compare a control simulation
(CTL), corresponding to the historical case, to a perturbation run
(Pac_P), forcing the model by a 6°C Gaussian-shaped warm SST
anomaly in the North Pacific ocean (experiment set up in Extended
Data Fig. 3).

The two simulations are identical in their set up, except for
SST boundary conditions, which simulate the differential warm-
ing of the Atlantic and the Pacific basins. Figure 4b shows that
the differential warming of SPEEDY modifies the Pacific and the
Atlantic low-pressure centres. The Aleutian low becomes as deep as
the Icelandic low and the SLP variability in the North Pacific sec-
tor increases, as in CMIP5 RCP 8.5 simulations. Results from this
experiment are shown in (Figs. 2 and 4b and Extended Data Fig. 1)
and show the same spatial and temporal decoupling of the AO and
NAO as observed in RCP 8.5 models.

The stratospheric polar vortex
In this section, stratosphere-troposphere coupling is examined
in light of AO-NAO decoupling. Studies have shown that strato-
spheric polar vortex anomalies often force AO and NAO variability
in the historical (present-day) period, through a downward propa-
gation of the signal in the high-latitude troposphere'"". Following
a similar analysis, we calculate the first EOF of November to April
monthly GPH anomalies over the hemisphere north of 20°N at each
pressure level independently and compute the corresponding daily
NAM index (GPH PC index) time series by regressing daily GPH
anomalies onto the EOF patterns (Methods). The onset of a weak
polar vortex (WPV) event (identified as day0) is defined when the
non-dimensional NAM index at 10 hPa is less than or equal to -1.5.
Figure 3 shows a composite of the time-height development of
the NAM index 3 months before and after the onset of WPV events,
for (Fig. 3a) NOAA-CFSR reanalysis, and the MPI-ESM-LR model
for (Fig. 3b) historical simulations and (Fig. 3c) RCP 8.5 simulations.
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Fig. 3 | Stratosphere-troposphere coupling: weak polar vortex. a-c, Composite of time-height development of WPV events using NAM index
(dimensionless) for NOAA-CFSR reanalysis (a), MPI historical simulations (b) and MPI RCP 8.5 simulations (¢). The condition for a WPV event is when
the 10 hPa NAM index is less than or equal to -1.5. Stippling shows the 95% statistically significant anomalies using boot-strapping approach.

Composites of strong polar vortex are shown in Extended Data
Fig. 4. In addition, corresponding analysis of events in the IPSL
model are shown in Extended Data Fig. 5 and for SPEEDY in
Extended Data Fig. 6.

Reanalysis and model historical results both show that, on aver-
age, in the present climate, the WPV signal propagates downward
from the stratosphere triggering a negative AO phase on the sur-
face within 2-4 weeks (consistent with ref. ''). This top-down forc-
ing generates high-pressure anomalies over the Arctic and the
associated low-pressure anomalies over the Pacific and Atlantic
mid-latitudes. Both AO and NAO are triggered by the same strato-
spheric conditions.

Remarkably, in RCP 8.5, surface signals precede the onset of a
WPV event. It has already been shown that surface conditions, such
as sea-ice or snow cover anomalies, can excite Rossby waves that
propagate into the stratosphere affecting the polar vortex®-*>*%,

140

Here, surface anomalies preceding the onset of WPV events in MPI
RCP 8.5 scenario and SPEEDY Pac_P experiment are shown in Fig.
4c¢,d (also Extended Data Fig. 9, where the same plot is reproduced
for IPSL model) as the composite of GPH anomalies for the aver-
age of 15-10d before a WPV event. A strong low pressure over
the Pacific and a high pressure over Eurasia lead the stratospheric
anomaly. This pattern projects onto the negative AO conditions
in the Pacific sector (strong anomalies of opposite signs over the
Arctic and over the mid-latitudes in the Pacific, where SLP has a
pronounced negative anomaly).

From these results, it can be inferred that in the current climate,
the stratospheric polar vortex influences the occurrence of AO
events (Fig. 3a,b), while in a warmer climate that is not the case
(Fig. 3¢); if anything, information flows in the opposite direction
and the surface AO could be used to predict the state of the strato-
spheric vortex.
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Fig. 4 | Climatology response and natural variability. a,b, Zonal mean SLP climatology for the Atlantic and the Pacific sectors for MPI (a) and SPEEDY
(b). Unit: hPa. The Atlantic sector is between 80° W and O°E (blue lines). The Pacific sector is between 130°E and 130° W (red lines). ¢,d, GPH
composites of 15-10 d before the onset of weak polar vortex events for 1,000 hPa MPI RCP 8.5 scenario (c), 925hPa SPEEDY Pac_P experiment (d)
(corresponds to the upward propagating surface anomalies in Fig. 3c and Extended Data Fig. 6b). Regions of 95% statistically significant anomalies are

stippled, on the basis of a standard two-sided Student's t-test.

The high correlation between AO and NAO in the current cli-
mate implies that the polar vortex influences both the AO and the
NAO equally. We follow a similar analysis to investigate explicitly
how the polar vortex influences the NAO. GPH PC time series are
calculated independently for each pressure level, except that in this
case they are calculated for the NAO domain.

The result shows that, in the reanalysis and in the historical
simulations, the weak polar vortex propagates downward to the
surface, where a negative NAO appears (ref. *’ and Extended Data
Figs. 7a,b and 8a,b). Similarly, in RCP 8.5, a downward propagation
of the signal in the stratosphere is present and the surface NAO
signal coincides with the weak polar vortex onset (Extended Data
Figs. 7c and 8b). Some weak anomalies are observed in IPSL for the
Atlantic sector before the onset of the WPV, due to the extension of
the Eurasian high-pressure anomalies to the Atlantic as in Extended
Data Fig. 9. Thus, there is no indication of the tropospheric signal in
the Atlantic preceding that of the stratosphere in the warm climate,
as found for the Pacific sector.

The main limitation of the analysis is that it has been performed
on two models only, being the only CMIP5 models for which daily
data are available for the RCP8.5 extended runs. These models
(MPI-ESM-LR and IPSL-CM5A-LR), however, have a good rep-
resentation of stratospheric variability®, while many other CMIP5
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models are known to capture weakly the downward propagation of
stratospheric anomalies into the troposphere®, possibly due to their
low vertical resolution near and above the tropopause®. Another
caution that must be considered is that CMIP5 models are known
to have biases in the representation of variability modes in the his-
torical period*, particularly when computing winter seasonal (DJF
means) AO variability. However, MPI-ESM-LR model performs
exceptionally well in comparison to reanalysis in this regard and has
thus been used here as a preferred model.

Conclusion

The breakdown of the connection between the AO and the NAO in
the warm climate projections shows that not only the mean atmo-
spheric circulation changes but also the modes of variability of the
mid- to high-latitude atmosphere are dramatically modified. The
leading hemispheric-EOF (AO) changes substantially in a warmer
climate, while the leading regional (Atlantic) EOF (NAO) is more
stable. The results support the fact that these patterns of variability,
which are defined to maximize variance, are not some fundamental
vibrational mode of the climate system but patterns that can change
in response to changes in the climate. The AO-NAO break up is
associated with a different connection to the stratospheric vari-
ability, which is now recognized as a precursor of the tropospheric
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signals, while it appears to be triggered by the Pacific and Eurasian
surface anomalies in the warm climate.
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Methods

Data. The adopted reanalysis presented in the study is obtained from the NCEP
Climate Forecast System Reanalysis (CFSR)* for SLP and GPH from 1,000 to
10hPa levels in the period from 1979 to 2018. The spatial resolution is 0.5°% 0.5°.
In the Extended Data, we also present the reanalysis from the European Centre for
Medium-Range Weather Forecasts (ECMWF) ERA-Interim for SLP in the period
1979 to 2018. The spatial resolution is 80 km (T255 spectral).

Model data were obtained from the CMIP5. The following CMIP5 models
were used: MPI-ESM-LR">*, IPSL-CM5A-LR*, CCSM4", CNRM-CM5*,
HadGEM2-ES* and GISS-E2-R*. They comprise all models available for the
twenty-third century in the RCP 8.5 scenario. No a-priori model selection has been
performed. All models were regridded to a common 2.5°x 2.5° resolution. The
historical period includes the data from 1901 to 2000 and the considered period for
(RCP 8.5) projections is from 2201 to 2300.

Definition of AO and NAO. The AO is defined’ as the leading mode of the EOF
analysis for SLP anomalies for the hemisphere north of 20°N. Similarly, the NAO
is defined” by calculating the leading mode of the EOF for SLP anomalies, for the
domain (20°N-80°N, 90° W-40°E).

Monthly data for DJF are considered after removal of the climatological
seasonal cycle. The data are detrended and are weighted by the square root of
cosine of latitude® before computing the covariance matrix.

For the temporal correlation in Fig. 2b, to take into account the
non-stationarity of the correlation within the 100 years of historical and RCP 8.5
simulations, the spread is obtained by randomly subsampling model runs to 40 yr
(which is equivalent to the length of reanalysis), then calculating mean correlation
coefficient (point) and the standard deviation (error bar), as presented in Fig. 2b.

The spatial correlation in Fig. 2a,c is calculated by regridding reanalysis
and models to a common 2.5° X 2.5° grid. In case of AO/NAO correlations, SLP
anomalies north of 20°N are regressed onto the NAO index and the obtained
pattern is correlated to AO pattern.

Polar vortex. For this part of the analysis, we consider the daily data of GPH

from 1,000 hPa to 10hPa for the months from November to April. For reanalysis,
the period from 1979 to 2018 is used. Due to the limited availability of CMIP5
daily data in the extended RCP 8.5 simulations, the analysis is performed using
two models: MPI-ESM-LR from 1950 to 2000 for the historical period and

from 2281 to 2300 (and 2181-2200, not shown) for the RCP 8.5 simulation; and
IPSL-CMS5A-LR historical simulations from 1901 to 2000 and RCP 8.5 simulations
from 2201 to 2300. Twenty-third century daily data from other models are no
longer publicly available.

The calculation of the daily NAM index in each pressure level is obtained
similarly"" as follows: GPH data are detrended and the climatological seasonal cycle
is removed. Then data are weighted by the square root of cosine latitude. For the
hemisphere north of 20°N, we calculate the first EOF of monthly NDJFMA GPH
anomalies, for each pressure level from 1,000 hPa to 10 hPa independently. Then
daily GPH anomalies of NDJFMA are regressed onto the EOF of each level. This
results in NAM index (GPH PC index) for each pressure level.

The onset of a weak polar vortex event is defined by the 10hPa level NAM
index. When the 10hPa index is less than or equal to -1.5, the composite is
captured for all pressure levels from -90 to +90 lag-lead days from the onset which
is at 0d. The same is done for strong polar vortex, except that the NAM index is
>1.

The NAM is also examined explicitly in the North Atlantic sector, by repeating
the same analysis mentioned before, except that for the domain (20°N-80°N,
90°W-40°E) as in Extended Data Figs. 7 and 8. However, the onset of a weak polar
vortex is still using the NAM index of the hemisphere north of 20°N.

Statistical significance of the results shown in Fig. 3 and similar, is done
by calculating uncertainty bounds on the basis of random sampling using a
boot-strapping approach. This is done by randomly sampling the same number
of winters from the distribution and comparing the observed signal to the 95th
percentile of the random sampling distribution.

SPEEDY AGCM simulation. The ICTP AGCM is nicknamed SPEEDY for
‘Simplified Parameterization, primitvE Equation DYnamics, which is based on a
spectral dynamical core™. It is an intermediate complexity atmospheric model,
with eight vertical layers and a triangular truncation of horizontal spectral fields at
total wave number 30. It is a hydrostatic, o-coordinate, spectral transform model
in the vorticity-divergence form®'. The parameterized processes include short-
and long-wave radiation, large-scale condensation, convection, surface fluxes

of momentum, heat, moisture and vertical diffusion. Convection is represented

by a mass-flux scheme that is activated where conditional instability is present
and boundary-layer fluxes are obtained by stability-dependent bulk formulae.
Further description of the model is in refs. **°. The representation of the NAO and
some applications using the model can be found in refs. *>**. Despite the low-lid
stratosphere (30 hPa), the model is able to capture troposphere-stratosphere
interactions, such as the triggering of a negative NAO through the stratosphere
due to reduced sea ice in Barent and Kara seas”. Note that, for the stratosphere—
troposphere coupling, the onset of WPV events is based on NAM index of 30 hPa,
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considering the EOF that spatially corresponds to the polar vortex and AO in all
pressure levels.

We conduct two simulations; each simulation is 50 yr long from 1961 to 2010.
A CTL has monthly prescribed climatological SSTs using Hadley Center (HadSST)
data. A Pac_P is the same as CTL, except that in the North Pacific we add a
persistent Gaussian-shaped SST warming with a peak of 6 °C to qualitatively mimic
the relative SST conditions in the Pacific and the Atlantic in RCP 8.5 (that is, North
Pacific ocean warmer than North Atlantic ocean). Extended Data Fig. 3 shows the
SST forcing used in the experiment.

Data availability

All CMIP5 data used in this study are available on Earth System Grid Federation
(ESGF) on the following link: https://esgf-node.llnl.gov/search/esgf-1lnl/.
NOAA-CFSR reanalysis data are available at https://www.ncdc.noaa.gov.
ERA-Interim reanalysis data are available at https://www.ecmwt.int/.

Code availability

The ICTP AGCM ‘SPEEDY model’ can be downloaded by contacting F. Kucharski
(kucharsk@ictp.it) or as indicated in the following link: https://www.ictp.it/
research/esp/models/speedy.aspx. Codes used to set up model simulations, analyse
data and create figures can be provided upon request from the corresponding
author.
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Extended Data Fig. 1| The Arctic Oscillation in ERA-Interim reanalysis, historical and RCP8.5. The leading EOF mode (AO) for wintertime (DJF)
sea-level pressure (SLP) for Historical (Hist) and RCP8.5 in CMIP5 models. Note that SPEEDY panels refer to the control run using climatology (CTL) and
for Pacific SST perturbation run (Pac_P). (Unit: hPa corresponding to 1 standard deviation of the PC). Explained variance by the EOF is indicated on top.
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Extended Data Fig. 2 | Pacific ocean SST response is stronger than the Atlantic. Climatology response of DJF sea surface temperature
(RCP8.5-Historical) from MPI-ESM-LR.
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SPEEDY SST Forcing: Pac P-CTL

Extended Data Fig. 3 | SPEEDY General Circulation Model set up. SPEEDY SST forcing design for Pac_P run: Positive Gaussian SST in the North Pacific
Ocean with a peak of 6°C.
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Extended Data Fig. 4 | Strong Polar Vortex. a, Same as fig. 3 except that it is for the strong polar vortex (SPV). The condition for a SPV event is when the
10 hPa NAM index is > + 1. Stippling shows the 95% statistically significant anomalies using boot-strapping approach.
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Extended Data Fig. 5 | Weak polar vortex in IPSL-CM5A-LR. a, Same as Fig. 3 & extended data Fig. 4, except that it is for IPSL-CM5A-LR.
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Extended Data Fig. 6 | Weak polar vortex in SPEEDY AGCM experiment. a, Same as fig. 3, except that it is for SPEEDY AGCM. Note that the condition for
the onset is based on NAM index at 30 hPa.
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Extended Data Fig. 7 | Polar vortex influence in the Atlantic sector. Same as in fig. 3, except that here NAM index is for NAO domain instead of AO
domain. The condition for the onset is still when the 10 hPa NAM index is < — 1.5 for weak polar vortex. a, CFSR reanalysis. b, MP! historical. ¢, MPI
RCP8.5. Stippling indicates the 95% statistically significant anomalies using boot-strapping approach.
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Extended Data Fig. 8 | Polar vortex influence in the Atlantic sector. Same as in extended data Fig. 7, except for IPSL-CM5A-LR model.
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Extended Data Fig. 9 | Eurasian high and Aleutian low-pressure centres leading weak polar vortex. Same as in fig. 4a, except for IPSL-CM5A-LR.
(corresponds to the upward propagating surface anomalies in extended data fig. 5b).
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