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Abstract. The underestimation in multidecadal variability in
the wintertime North Atlantic Oscillation (NAO) by global
climate models remains poorly understood. Understanding
the origins of this weak NAO variability is important for
making model projections more reliable. Past studies have
linked the weak multidecadal NAO variability in models to
an underestimated atmospheric response to the Atlantic Mul-
tidecadal Variability (AMV). We investigate historical simu-
lations from Coupled Model Intercomparison Project Phase
6 (CMIP6) large-ensemble models and find that most of the
models do not reproduce observed multidecadal NAO vari-
ability, as found in previous generations of climate mod-
els. We explore statistical relationships with physical drivers
that may contribute to inter-model spread in NAO variabil-
ity. There is a significant anticorrelation across models be-
tween the AMV–NAO coupling parameter and multidecadal
NAO variability over the full historical period (r =−0.55,
p<0.05). However, this relationship is relatively weak and
becomes obscured when using a common period (1900–
2010) and de-trending the data in a consistent way, with
observations to enable a model–data comparison. This sug-
gests that the representation of NAO–AMV coupling con-
tributes to a modest proportion of inter-model spread in mul-
tidecadal NAO variability, although the importance of this
process for model spread could be underestimated, given ev-
idence of a systematically poor representation of the cou-
pling in the models. We find a significant inter-model correla-
tion between multidecadal NAO variability and multidecadal
stratospheric polar vortex variability and a stratosphere–
troposphere coupling parameter, which quantifies the rela-
tionship between stratospheric winds and the NAO. The

models with the lowest NAO variance are associated with
weaker polar vortex variability and a weaker stratosphere–
troposphere coupling parameter. The two stratospheric in-
dices are uncorrelated across models and together give a
pooled R2 with an NAO variability of 0.7, which is larger
than the fraction of inter-model spread related to the AMV
(R2
= 0.3). The identification of this relationship suggests

that modelled spread in multidecadal NAO variability has
the potential to be reduced by improved knowledge of ob-
served multidecadal stratospheric variability; however, ob-
servational records are currently too short to provide a robust
constraint on these indices.

1 Introduction

The North Atlantic Oscillation (NAO) is the dominant mode
of atmospheric circulation variability in the North Atlantic
sector in winter and exerts a strong influence on regional
weather and climate, especially over Europe and the US
(Hurrell et al., 2003). A positive NAO phase is associ-
ated with a stronger meridional pressure gradient between
the North Atlantic subtropical anticyclone and the Icelandic
Low, leading to a stronger North Atlantic eddy-driven jet
stream and a northward displacement of the storm track. In
winter, this brings mild and wet weather to northern Europe
and cold and dry weather to southern Europe.

Projections of wintertime surface climate over Europe de-
pend on reliable simulation of the NAO (e.g. McKenna and
Maycock, 2022). Several studies have shown that coupled
climate models underestimate decadal-to-multidecadal NAO
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variability (e.g. Bracegirdle, 2022; Kravtsov, 2017; Wang et
al., 2017; Kim et al., 2018; Eade et al., 2022) and North At-
lantic jet strength variability (Bracegirdle et al., 2018; Simp-
son et al., 2018). It has been proposed that the too-low mul-
tidecadal North Atlantic atmospheric variability is related to
simulated North Atlantic sea surface temperature (SST) vari-
ations and an underestimation by models of the atmospheric
response to SST variability through too-weak air–sea cou-
pling (Kim et al., 2018; Bracegirdle, 2022; Simpson et al.,
2018).

Another important mechanism that influences winter NAO
variability is the stratospheric polar vortex strength and the
related coupling between the stratosphere and troposphere.
On average, a weaker polar vortex leads to a negative win-
ter NAO anomaly and vice versa (Baldwin and Dunkerton,
2001). Low-frequency polar vortex variability has been im-
plicated in decadal surface climate trends (Garfinkel et al.,
2018; Kretschmer et al., 2018; Zhang et al., 2016; Butler et
al., 2023). A recent study from Zhao et al. (2022) highlighted
a bias towards a weak polar vortex in the lower stratosphere
in most of the CMIP6 climate models. Those models also
have a large diversity in the representation of intra-seasonal
and interannual variability in the polar vortex (Charlton-
Perez et al., 2013; Hall et al., 2021). However, the charac-
teristics of multidecadal polar vortex variability in climate
models are relatively understudied, in part because there are
poor observational constraints due to the too-short record of
stratospheric data.

The global tropics are also an important driver of the
winter NAO, with myriad teleconnections emerging at sub-
seasonal-to-seasonal (S2S) timescales from modes like the
El Niño – Southern Oscillation (ENSO; Ineson and Scaife,
2009), the Madden–Julian Oscillation (MJO; Cassou, 2008)
and Indian Ocean Dipole (IOD; Hardiman et al., 2020) and at
decadal timescales from the Interdecadal Pacific Oscillation
(IPO; Seabrook et al., 2023). While it has been suggested that
tropical Pacific teleconnections to the NAO are too weak at
seasonal timescales (Williams et al., 2023), the role of tropi-
cal forcing of the NAO at multidecadal timescales and the ex-
tent to which this may contribute to the underestimated NAO
variability in models remain unclear.

Recent work has suggested a relationship between the
NAO response to external drivers and the modelled rela-
tionship between eddy momentum fluxes and the extratropi-
cal zonal wind, a so-called “eddy feedback parameter” (e.g.
Smith et al., 2022; Hardiman et al., 2022; Screen et al., 2022).
However, the extent to which eddy–mean flow interactions
may be linked to poor simulation of the large-scale circula-
tion at multidecadal timescales is unclear.

Understanding the origin of the weak multidecadal NAO
variability in models is important for resolving biases in cli-
mate models and making projections more reliable. In this
paper, we further investigate the underestimation of the win-
ter NAO multidecadal variability within the Coupled Model
Intercomparison Project Phase 6 (CMIP6) models by test-

ing the extent to which the aforementioned mechanisms can
explain the spread across climate models in their simulated
NAO multidecadal variability.

The paper is organised as follows. The datasets, climate
indices and statistical methods used are described in Sect. 2.
The multidecadal NAO variability within the CMIP6 multi-
model ensemble is then evaluated in Sect. 3. Section 4 anal-
yses the origin of the spread in multidecadal NAO variability
across the CMIP6 multi-model ensemble, highlighting the
role of the polar vortex strength variability. Then, the ori-
gin of the spread in polar vortex strength variability within
the CMIP6 multi-model ensemble is investigated. Finally, the
main limitations of this study are discussed, and conclusions
and perspectives are drawn in Sect. 5.

2 Data and methods

2.1 Datasets

Historical simulations from 15 CMIP6 models (Eyring et al.,
2016) are used in this study (Table 1). Analysing drivers of
low-frequency climate variability requires long simulations
to find physical relationships and to reduce the likelihood
of spurious correlations due to poor sampling. Therefore,
we analyse CMIP6 models providing at least 10 ensemble
members for the Diagnostic, Evaluation and Characteriza-
tion of Klima (DECK) historical experiment with the daily
zonal wind (ua) and meridional wind (va) variables that are
needed to calculate the eddy feedback parameter described
in Sect. 1 (see Sect. 2.2.5). Note that some models have ad-
ditional ensemble members in the Earth System Grid Fed-
eration (ESGF) that are not included here because they did
not provide daily wind data at the time of analysis. All atmo-
spheric data are regridded to the horizontal resolution of the
Canadian Earth System Model version 5 (CanESM5), which
is the coarsest model grid, using bilinear interpolation. The
sea surface temperature (SST) data are regridded over a reg-
ular 1°× 1° grid using bilinear interpolation. We tested the
sensitivity of the results to the regridding by recalculating
the analysis using the native resolutions of the datasets and
find that this does not affect the results shown in the paper.

Since our focus is on multidecadal variability, to estimate
observed NAO variability we use two long-term atmospheric
reanalyses: the NOAA-CIRES-DOE 20th Century Reanaly-
sis V3 (20CRv3; Slivinski et al., 2019) and the ECMWF Re-
analysis of the 20th Century (ERA20C; Poli et al., 2016), as
well as the Hadley Centre Sea Level Pressure dataset (Had-
SLP2r; Allan and Ansell, 2006). Two long-term observa-
tional datasets of SST are also used: the Hadley Centre Sea
Ice and Sea Surface Temperature dataset (HadISST; Rayner
et al., 2003) and the NOAA Extended Reconstructed SST V5
(ERSSTv5; Huang et al., 2017). We analyse the observation-
based datasets over the common period of 1900–2010. It
is important to recognise that the characterisation of low-
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Table 1. Summary of the 15 CMIP6 models and the associated number and list of DECK historical simulations used in this study.

Model Number of simulations Model Number of simulations

ACCESS-ESM1-5 40 – r(1-40)i1p1f1 IPSL-CM6A-LR 33 – r(1-33)i1p1f1
CanESM5 35 – r(1-25)i1p1f1 and r(1-10)i1p2f1 MIROC-ES2L 30 – r(1-30)i1p1f2
CESM2 11 – r(1-11)i1p1f1 MIROC6 10 – r(1-10)i1p1f1
CMCC-CM2-SR5 11 – r(1-11)i1p1f1 MPI-ESM1-2-HR 10 – r(1-10)i1p1f1
CNRM-CM6-1 30 – r(1-30)i1p1f2 MPI-ESM1-2-LR 30 – r(1-30)i1p1f1
CNRM-ESM2-1 10 – r(1-10)i1p1f2 MRI-ESM2-0 10 – r(1-10)i1p1f1
EC-Earth3 23 – r(1-25)i1p1f1, no r5 and r8 UKESM1-0-LL 17 – r(1-19)i1p1f2, no r13 and r14
INM-CM5-0 10 – r(1-10)i1p1f1

frequency variability in instrumental datasets is rather limited
due to the low degrees of freedom. Therefore, when evaluat-
ing the large-ensemble model simulations, we ask where the
observations lie within the ensemble spread to determine the
likelihood that a model is biased (Maher et al., 2021).

The analysis focuses on the extended December-to-March
winter period, since several recent studies point out that the
underestimation of North Atlantic atmospheric variability,
including the NAO, is also present in March (Simpson et al.,
2018; Bracegirdle, 2022).

2.2 Climate indices

2.2.1 NAO index

Following Stephenson et al. (2006) and Baker et al. (2018),
the NAO index is defined as the difference in area-averaged
mean sea level pressure (MSLP) between a southern box
(20–55° N, 90° W–60° E) and a northern box (55–90° N,
90° W–60° E) in the North Atlantic. We chose this index be-
cause it is less sensitive to modest differences in NAO centres
of action between the observations and the CMIP6 models
than the station-based index is (Hurrell et al., 2003; Stephen-
son et al., 2006). Another benefit of this index is that it is less
affected by issues of interpretability that occur when using
a mathematically constructed empirical orthogonal function
(EOF)-based index (Ambaum et al., 2001; Dommenget and
Latif, 2002; Stephenson et al., 2006).

2.2.2 AMV definition

The Atlantic Multidecadal Variability (AMV) is the lead-
ing mode of multidecadal variability in the North Atlantic
Ocean and is characterised by basin-wide SST variations
(Schlesinger and Ramankutty, 1994; Enfield et al., 2001;
Yeager and Robson, 2017). To estimate the evolution of the
AMV, the AMV index is generally defined as the average
SST over the North Atlantic (0–60° N, 80° W–0° E) after the
removal of the externally forced signal. A low-pass filter is
then used to retain only the low-frequency variations. The
most accurate way to estimate the external forcing from cli-
mate simulations is to use the ensemble mean when enough

simulations are available (Deser et al., 2020). However, this
is not possible for the observations. Therefore, we also use
the Trenberth and Shea (2006) method (TS2006 hereafter),
which estimates the effect of external forcings by remov-
ing the global averaged SST between 60° S and 60° N from
North Atlantic SST, although other methods can be used
(Qasmi et al., 2017).

2.2.3 Interdecadal Pacific Oscillation definition

The Interdecadal Pacific Oscillation (IPO) is characterised
by a horseshoe pattern of SST variability over the North
Pacific. A positive phase of the IPO is associated with an
eastern warming and a cooling in the Kuroshio–Oyashio
Extension similar to the Pacific Decadal Oscillation pat-
tern: a warming over the tropical Pacific region and a
cooling over the southwestern Pacific Ocean (Newman et
al., 2016). We use the tripole index (TPI) to estimate the
IPO (Henley et al., 2015), which is the weighted dif-
ference between de-seasonalised monthly SST anomalies
(SSTA) over the central equatorial Pacific (SSTA2; 10° S–
10° N, 170° E–90° W), the northwest (SSTA1; 25–45° N,
140° E–145° W) and the southwest Pacific (SSTA3; 50–
15° S, 150° E–160° W): TPI=SSTA2−(SSTA1-SSTA3)/2.

2.2.4 Polar vortex strength

To estimate the multidecadal variability in the stratospheric
polar vortex, we calculate the variance of the 20-year run-
ning mean extended winter (DJFM) zonal mean zonal wind
averaged between 60–70° N at 50 hPa (Castanheira and Graf,
2003; Walter and Graf, 2005).

Sudden stratospheric warmings (SSWs) are a key feature
of the Northern Hemisphere polar vortex, during which the
vortex rapidly breaks down and typically recovers over a
period of weeks to months. Past work has identified mul-
tidecadal variability in SSW frequency (Dimdore-Miles et
al., 2022). To identify SSWs, we use the index of Charlton
and Polvani (2007) based on the temporary reversal of zonal
mean zonal wind at 60° N and 10 hPa between the months
of December and March. To be considered discrete SSW
events, periods of wind reversal (to easterly) must be sepa-
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rated by at least 20 consecutive days of westerly winds. We
calculate the 20-year running mean winter SSW frequency
and examine whether multidecadal variability in winter po-
lar vortex strength is related to variability in SSW frequency
(e.g. Jucker et al., 2014).

2.2.5 Eddy feedback parameter

To quantify the so-called eddy feedback parameter (EFP) we
follow Hardiman et al. (2022). From the daily zonal (u) and
meridional (v) winds at 500 hPa, we compute the zonal accel-
eration due to the quasi-geostrophic component of the hori-
zontal EP-flux divergence (Andrews et al., 1987),

∇.Fh

ρa cosφ
=
−1

acos2φ

d(u′v′cos2φ)

dφ
, (1)

where ρ is density, φ is latitude, a is the Earth’s radius, over-
bars represent a zonal mean and primes represent the residual
after removing the zonal mean. The extended winter mean is
then calculated from the daily values of this zonal accelera-
tion. In parallel, the extended winter mean of the zonal mean
zonal wind (ū) is computed for each year. Next, the time cor-
relation is calculated at each latitude between the zonal ac-
celeration and the zonal mean zonal wind (ū). Finally, the
eddy feedback parameter is calculated as the area-weighted
average of this correlation squared over 25–72° N. It is im-
portant to note that the EFP does not formally represent the
feedback of eddies into the mean flow (e.g. Lorenz and Hart-
mann, 2001), rather it reflects the cross-correlation between
EP-flux divergence and zonal wind.

2.3 Statistical methods

Our analysis focuses on explaining the inter-model spread of
multidecadal NAO variability in the CMIP6 multi-model en-
semble. To estimate the error in the ensemble mean variance
(µ) and the possibly related variables for each CMIP6 model,
two-sided confidence intervals are calculated as µ± σ/N ,
where σ is the standard deviation across N ensemble mem-
bers (Storch and Zwiers, 1999). To test the significance of the
relationship between two variables, the p value is provided
from a two-tailed Wald test with a null hypothesis that the
slope is zero.

3 Evaluation of simulated winter NAO variability

We first evaluate the representation of historical multidecadal
winter NAO variability in the CMIP6 large ensembles com-
pared to the observation-based datasets. Figure 1 shows the
winter NAO index for the three observation-based MSLP
datasets. While there are similar inter-decadal variations in
the datasets, there are discrepancies in the apparent long-term
trends. There is almost no long-term trend in HadSLP2r over
this period, whereas there is a positive linear trend of 1.49

Figure 1. (a) Evolution of the extended winter (DJFM) NAO for
the 20CRv3 reanalysis, the ERA20C reanalysis and the HadSLP2r
Sea Level Pressure dataset over their common period (1900–2010).
(b) Same as (a) but with the 1900–2010 linear trend removed. A
running mean with a 20-year window is applied to each dataset.
The variance σ 2 calculated over the whole period for each dataset
is given in the legend.

and 1.38 hPa per century in the ERA20C and the 20CRv3 re-
analyses, respectively. This trend leads to larger multidecadal
variability in those datasets compared to HadSLP2r (Fig. 1a).
Studies have highlighted potential unrealistic trends in long-
term reanalyses (Krueger et al., 2013; Oliver, 2016) because
only a limited set of surface observations are assimilated (sea
level pressure and surface wind for ERA20C), and the den-
sity of the observation network evolves with time. HadSLP2r
is based on station observations whose density also changes
through time. Therefore, given the differences in composi-
tion of the datasets, it is difficult to assess the validity of their
long-term NAO trends. De-trending the datasets results in a
closer evolution of the multidecadal NAO and the associated
multidecadal variance (Fig. 1b). At multidecadal timescales,
an apparent long-term trend may reflect externally forced
changes but may also be affected by the phasing of inter-
nal variability relative to the trend end points. Therefore, de-
trending may remove some of the unforced variability we
are interested in. Nevertheless, given the differences amongst
datasets, unless otherwise stated, the remaining analyses for
observations and models use linearly de-trended time series
for all variables.

The variance in the 20-year running mean NAO in the
observation-based datasets lies within the extreme upper
range of the CMIP6 model distributions, with only a few re-
alisations having variances above or close to what was ob-
served (Fig. 2). As the variance of the HadSLP2r dataset is
17 % lower than the two reanalyses, this dataset is somewhat

Weather Clim. Dynam., 5, 913–926, 2024 https://doi.org/10.5194/wcd-5-913-2024



R. Bonnet et al.: Model spread in multidecadal NAO variability 917

Figure 2. December-to-March de-trended 20-year running mean
NAO variance (hPa2) for each member of the 15 CMIP6 ensembles
(dots), the ensemble mean (diamonds) and the three observation-
based datasets: 20CRv3 (solid line), ERA20C (dashed line) and
HadSLP2r (dotted line) calculated over the 1900–2010 period.

more consistent with the CMIP6 simulations, although it is
still within the very top of the range. Most of the models have
no simulations close to the observed variance. This under-
estimation is still visible but is lower when using a 10-year
running mean NAO for the ERA20C and 20CRv3 reanalyses
(Fig. S1 in the Supplement). For HadSLP2r, the underesti-
mation is even smaller and is not visible for some models,
although some of them still fail to reproduce the variability.
This quasi-systematic underestimation of the multidecadal
NAO variance by CMIP6 models has also been highlighted
in recent studies (e.g. Schurer et al., 2023). The fact that very
few simulations are able to reproduce the observed variabil-
ity suggests that a bias is present in climate models. However,
it is possible, albeit unlikely, that the observations are char-
acterised by a very high low-frequency internal variability by
chance.

While the systematic underestimation of multidecadal
NAO variance compared to observations is clear in Fig. 2,
there are also differences in variance between individual
models. The ensemble mean low-frequency NAO variance
in Fig. 2 varies by up to around a factor of 3, from 0.15 to
0.57 hPa2. In order to identify some of the factors that may
influence the representation of low-frequency NAO variance
in models, for the remainder of the study we focus on explor-
ing the inter-model spread in ensemble mean NAO variance
and its relationship to other climate parameters. For consis-
tency with observations, we focus on the 1900–2010 period
and use de-trended time series of climate parameters.

4 Origins of the inter-model spread in multidecadal
winter NAO variability in CMIP6

4.1 Relationship of NAO variability to Atlantic
Multidecadal Variability

We first evaluate the relationship amongst models between
low-frequency NAO variance and the simulated AMV vari-
ance. It has been shown that a negative NAO phase follows a
positive AMV phase in both observations (Peings and Mag-
nusdottir, 2014; Gastineau and Frankignoul, 2015) and in
simulations from CMIP5 models (Gastineau et al., 2013; Pe-
ings et al., 2016) as well as in some CMIP6 models (Ruggieri
et al., 2021; Börgel et al., 2022). These findings suggest pos-
itive feedback between the AMV and the NAO, with positive
SST anomalies in the North Atlantic leading to a negative
NAO phase that subsequently reinforces the positive AMV
and vice versa. Such coupled feedback would enhance the
total low-frequency NAO variability (e.g. Farneti and Val-
lis, 2011). Therefore, an underestimation of AMV variabil-
ity and/or the coupling between the AMV and the overlying
atmospheric circulation could introduce deficiencies in the
NAO variability (Bracegirdle, 2022).

There is substantial diversity in simulated AMV in the
CMIP6 models, with different magnitudes (Fig. 3) and pe-
riodicities (Fig. S2). Some models are characterised by
larger ensemble mean AMV variability and larger ensem-
ble spread that encompasses the observations (CMCC-
CM2-SR5, CNRM-CM6-1, CNRM-ESM2-1, EC-Earth3 and
IPSL-CM6A-LR), potentially overestimating the variabil-
ity (e.g. EC-Earth3), while others have very weak average
AMV variability and smaller ensemble spread (INM-CM5-
0, MIROC-ES2L, MIROC6 and MPI-ESM1-2-LR). Despite
the spread in AMV representation across models, no signif-
icant relationship is found between the ensemble mean vari-
ance of the NAO and the AMV over the 1900–2010 period
(Fig. 4). This is also the case when using 10- or 30-year run-
ning means, as well as when considering the whole historical
period of 1850–2014 (not shown).

While there is no relationship between the total NAO and
AMV variances across models, there may be differences in
the coupling parameters between the multidecadal NAO and
AMV. We evaluate the coupling between the AMV and the
NAO using the linear regression slope between the 20-year
running mean NAO and AMV time series in each ensemble
member (Fig. 5). A large range of apparent NAO–AMV cou-
pling amplitudes are found in individual members, with sim-
ulations with a strong positive relationship and others with
a strong negative relationship, even within the same climate
model (Fig. 5a). The observed NAO–AMV regression slope
is on the more negative end of the range of all the simu-
lations. This could mean either that the atmosphere–ocean
coupling is biased in the models or that the observations by
chance exhibit a strong negative relationship between the
AMV and NAO. Figure 5a reflects the instantaneous rela-
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Figure 3. December-to-March 20-year running mean AMV vari-
ance (°C2) for individual members (dots), the ensemble means (di-
amonds) and two observational datasets, HadISST and ERSSTv5
(shaded grey bar), calculated over 1900–2010.

Figure 4. Scatter plot of the ensemble mean 20-year running mean
NAO variance (hPa2) versus the 20-year running mean AMV index
variance (°C2) in each model for DJFM over 1900–2010.

tionship between the NAO and AMV: when the AMV leads
the NAO, the underestimation of the relationship compared
to observations is even larger (Fig. 5b). Conversely, when
the NAO leads the AMV, the observed coupling between the
AMV and the NAO is closer to the simulated range. This
suggests that the atmosphere forcing the ocean may be better
simulated than the ocean forcing the atmosphere.

To analyse whether the inter-model spread in the AMV–
NAO coupling parameter is related to the spread in low-
frequency NAO variance, we use the regression slope with
the AMV leading the NAO by 10 years, in which a large
fraction of the models have an ensemble mean negative rela-
tionship qualitatively consistent with observations (Fig. 5b).

This appears to show that there is no significant relationship
between the multidecadal NAO variability and the AMV–
NAO coupling across models (Fig. 6). A similar result was
found using correlations instead of regression coefficients
(not shown). However, if we use the full historical period
(1850–2014) and remove the forced component of the NAO
and AMV indices by subtracting the ensemble mean time
series, we do find a significant anticorrelation (Fig. S3a;
r =−0.55, p value= 0.04) that was obscured by adopting
a consistent methodology with the observations. This rela-
tionship means models with a stronger negative NAO–AMV
regression slope have larger low-frequency NAO variabil-
ity, in agreement with the relationship seen in observations
(Fig. 5a). We note the relationship is also stronger and more
significant when using a 10-year running mean instead of
a 20-year one (Fig. S3b). While this study is focused on
the inter-model spread, it is possible that all the models are
systematically biased in the same way with respect to their
atmosphere–ocean coupling, which could contribute to the
systematic underestimation of low-frequency NAO variance
in almost all models (Fig. 2).

4.2 Relationship of NAO variability to the Interdecadal
Pacific Oscillation

In this section, we explore the possible role of multidecadal
variability in Pacific SSTs to explain the spread in multi-
decadal NAO variability. Indeed, several studies suggest the
existence of a teleconnection between low-frequency Pacific
SST and North Atlantic atmospheric variability (e.g. Smith
et al., 2016; Weisheimer et al., 2017; Seabrook et al., 2023).

There is no significant relationship between the ensem-
ble mean variance of the IPO and the low-frequency NAO
variance (Fig. 7a). As for the AMV index, there is also no
significant relationship across models between the NAO–
IPO regression slope and the low-frequency NAO variance
(Fig. 7b). The large-ensemble simulations demonstrate a sub-
stantial influence of internal variability on estimating the re-
lationships within single realisations and potentially the ob-
servational record, due to the relatively small number of de-
grees of freedom when considering low-frequency variabil-
ity (Fig. S4). A positive regression slope between the NAO
and IPO is found within the observations, with only a few
simulations having a similar magnitude of relationship. As
is the case for the AMV, this suggests that a bias is present
in the models that could be related to atmosphere–ocean cou-
pling or atmospheric teleconnections. We note that the NAO–
IPO relationship at multidecadal timescales has the opposite
sign to that at interannual timescales (Fig. S4), as found by
Müller et al. (2008), and that the models and observations are
in closer agreement at interannual timescales (not shown).
This indicates that the bias in NAO connection to the trop-
ical Pacific particularly appears at multidecadal timescales.
Seabrook et al. (2023) hypothesised that the opposite sign of
the NAO–IPO relationship at multidecadal timescales is re-
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Figure 5. (a) Regression slope between the 20-year running mean NAO and AMV indices for DJFM over 1900–2010 for each model
ensemble member (dots) and the ensemble mean of these regressions (diamonds). The observed range of the regression slope (grey area) is
defined as the minimum and maximum of the slopes calculated from all permutations of the observational datasets (HadISST and ERSSTv5
for the AMV and 20CRv3, ERA20C and HadSLP2r for the NAO). (b) Lead–lag regression slopes of the relationship between the AMV and
the NAO for each model and the observations (dots) and their relative uncertainties (bars).

Figure 6. Scatter plot of the ensemble mean 20-year running mean
NAO variance (hPa2) versus the regression slope between the 20-
year running mean NAO and AMV for DJFM over the 1900–2010
period. The AMV leads the NAO by 10 years.

lated to impacts of the IPO on stratospheric water vapour and
subsequent impacts on the polar vortex. If models underesti-
mate the stratospheric water vapour response it may explain
the weak amplitude of the relationship. This is a topic for
future study.

4.3 Relationship of NAO variability to the
stratospheric polar vortex

In this section, we explore the potential role of the polar vor-
tex to explain the spread in low-frequency NAO variability
within the CMIP6 models. A causal link between the po-
lar vortex strength and the NAO has been widely demon-
strated at sub-seasonal-to-seasonal timescales (e.g. Baldwin
et al., 1994; Baldwin and Dunkerton, 2001; Jung and Bark-
meijer, 2006; Hitchcock and Simpson, 2014) and at multi-
decadal timescales (Scaife et al., 2005; Garfinkel et al., 2017;
Kretschmer et al., 2018; Butler et al., 2023).

There is a significant positive relationship between low-
frequency NAO variability and low-frequency polar vortex
variability within the CMIP6 models, with an R2

= 0.33
(Fig. 8a). We next examine the stratosphere–troposphere
coupling strength in the models, estimated as the regres-
sion of the low-frequency NAO index onto the polar vor-
tex strength (Fig. 8b; cf. Maycock and Hitchcock, 2015).
The stratosphere–troposphere coupling parameter is positive,
consistent with the wide literature showing that a stronger
vortex is coincident with an anomalously positive NAO
index and vice versa (e.g. Charlton and Polvani, 2007).
The stratosphere–troposphere coupling parameter at multi-
decadal timescales is linearly correlated with the parame-
ter estimated using interannual data across models (Fig. S5).
This is useful to note because while the satellite record is
not yet long enough to constrain stratosphere–troposphere
coupling at multidecadal timescales, it is possible to es-
timate this parameter at interannual timescales (Maycock
and Hitchcock, 2015). A significant positive relationship is
found between the low-frequency NAO variability and the
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Figure 7. Scatter plot of the ensemble mean low-frequency NAO variance (hPa2) versus (a) the IPO variance (°C2) and (b) the regression
slope between the NAO and IPO indices (hPa °C−1) calculated for DJFM over 1900–2010. The variance of the observed IPO is 0.021°C for
ERSSTv5.

stratosphere–troposphere coupling (Fig. 8b). A similar result
is found using correlations instead of regression coefficients
(not shown).

The vortex variability and stratosphere–troposphere cou-
pling strength are not correlated with one another (r = 0.38,
p = 0.17, Fig. S6), indicating that these are largely inde-
pendent factors that relate to simulated low-frequency NAO
variability. Therefore, both the inter-model spread in the po-
lar vortex strength variance and the inter-model spread in
the coupling between the NAO and the polar vortex can ex-
plain a large fraction of the spread in the NAO variance at
multidecadal timescales. A multilinear regression model in-
cluding both terms and accounting for their cross-correlation
produces a combined R2 of 0.72. In any single realisation,
there is a large uncertainty in the low-frequency NAO–vortex
strength regression slope (Fig. S7), likely due to the relatively
low degrees of freedom, indicating the importance of using
large ensembles to investigate these multidecadal relation-
ships.

While we cannot isolate causality in these relationships,
it has been shown that when a multidecadal stratospheric
vortex trend is imposed on a model, the NAO trend is af-
fected (e.g. Scaife et al., 2005). At these timescales, vari-
ability in the vortex strength could be affected by exter-
nal forcing (e.g. solar forcing or volcanoes) or by internally
generated unpredictable chaotic variability. While there is a
known stratospheric pathway linking tropical Pacific SSTs
to the NAO at seasonal timescales (Trascasa-Castro et al.,
2019), the lack of relationship between the IPO and low-
frequency NAO suggests that the Pacific is not a key driver
of modelled NAO spread via a stratospheric pathway at mul-
tidecadal timescales.

5 Possible origins of the spread in polar vortex
variability and NAO–polar vortex coupling

The previous section identified a relationship across models
between the winter NAO multidecadal variability and the po-
lar vortex variance, as well as with the regression slope be-
tween the low-frequency vortex strength and the NAO. This
raises questions about the origins of the spread across models
in these polar-vortex-related parameters.

One candidate to explain the spread in the low-frequency
polar vortex variability is the representation of sudden strato-
spheric warmings (SSWs). Some studies suggest that mod-
els with higher vortex variability also have higher SSW fre-
quency (Hall et al., 2021), whereas other authors have re-
garded SSWs as the tail of a more normally distributed spec-
trum of polar vortex variability (Horan and Reichler, 2017).
Here, we ask whether the spread in multidecadal vortex vari-
ability across CMIP6 models is related to low-frequency
variability in the occurrence of SSWs. There is some hint
in the reanalysis record of decadal variability in SSW fre-
quency (Domeisen, 2019). Note that daily zonal wind data
from MRI-ESM2-0 and ACCESS-ESM1-5 are only avail-
able from 1950 onward. No significant relationship is found
between the variability in 20-year running mean SSW fre-
quency and the low-frequency polar vortex variability over
1900–2010 (Fig. 9a). The lack of relationship could poten-
tially be related to differences in the amplitude of SSWs
in models, and therefore the role of SSWs in driving polar
vortex variability would differ. It may also be because low-
frequency polar vortex variability is driven by processes un-
related to SSWs, such as low-frequency variability in the up-
ward propagation of planetary wave activity (e.g. Schimanke
et al., 2011), or that model biases in subtropical lower strato-
spheric wind speeds affect the sensitivity of the vortex to
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Figure 8. Scatter plot of the ensemble mean low-frequency NAO variance versus (a) the low-frequency polar vortex variance (m s−1)2 and
(b) the regression slope between polar vortex strength and the NAO (hPa/ms−1) for DJFM over 1900–2010. The black line represents the
least-squares regression with the Pearson correlation and p value (see Sect. 2.3).

Figure 9. (a) Scatter plot of the ensemble mean 20-year running mean SSW variance (hPa2) versus the polar vortex variance (m s−1)2 for
DJFM over 1900–2010. (b) Scatter plot of the ensemble mean of the regression slope between the 20-year mean NAO and 20-year mean polar
vortex strength (hPa/m s−1) for DJFM over 1900–2010 versus the EFP calculated for each of the ensembles of climate model simulations for
the DJFM months over the 1850–2014 period. For the MRI-ESM2-0 and ACCESS-ESM1-5 models, the SSW and EFP periods start in 1950
as they only have daily data available from 1950 onward. The black line represents the least-squares regression with the Pearson correlation
and p value (see Sect. 2.3).

upward-propagating waves (Sigmond and Scinocca, 2010),
but this is beyond the scope of the current study. However,
we note that causality is difficult to establish in this frame-
work as the vortex strength plays a role in setting the condi-
tions for SSWs to occur (Hall et al., 2021; Wu and Reichler,
2020).

We now investigate a potential explanation for the inter-
model spread in stratosphere–troposphere coupling strength.
Some recent studies have identified a relationship between
the amplitude of Northern Hemisphere extratropical circu-
lation responses to external drivers and an estimate of the
interaction between eddies and the mean flow (the so-called

eddy feedback parameter, EFP; see Sect. 2.2.5). These stud-
ies have suggested that models with a weaker EFP exhibit
weaker Northern Hemisphere extratropical circulation sig-
nals. The tropospheric response to polar vortex variability
involves amplification of flow anomalies by eddy feedback
(e.g. Song and Robinson, 2004; Domeisen et al., 2013; Hitch-
cock and Simpson, 2016), so if eddy–mean flow feedback
were represented differently in models, this could contribute
to spread in the stratosphere–troposphere coupling strength.

We calculate the EFP in the CMIP6 models using the
full historical period for all the models (1850–2014) ex-
cept for MRI-ESM2-0 and ACCESS-ESM1-5, as they only
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have daily data available from 1950 onward. There is a
significant positive relationship between the stratosphere–
troposphere coupling parameter and the EFP, with r = 0.52
(p = 0.05; Fig. 9b). Models with a higher EFP exhibit a
stronger stratosphere–troposphere coupling parameter. Con-
versely, there is no relationship across models between the
low-frequency variability in polar vortex strength and the
EFP (Fig. S8), suggesting that the tropospheric eddy–mean
flow interaction is unrelated to the spread in polar vortex vari-
ability. The latter may be more related to the representation
of planetary-scale wave forcing, and this would be an area
for future study.

6 Discussion and conclusions

In this study, we investigated the representation of multi-
decadal NAO variability within the CMIP6 historical large-
ensemble models and explored statistical relationships with
physical factors that could potentially explain inter-model
differences in simulated multidecadal NAO variability. When
using the full historical simulation (1850–2014) and de-
trending by removing the ensemble mean, we find a signif-
icant inter-model relationship between the NAO–AMV re-
gression parameter and multidecadal NAO variability (r =
−0.55, p<0.05). This suggests that the inter-model spread
in multidecadal NAO variability can be partly explained by
the representation of AMV–NAO coupling. However, the re-
lationship between AMV–NAO coupling and multidecadal
NAO variability across models is quite weak and disap-
pears when using a methodology consistent with that applied
in observations (i.e. using a common period with observa-
tions and linearly de-trending indices). This overall weak role
of the AMV on the NAO may be related to weak atmosphere–
ocean coupling in models, as has been suggested in other
studies (e.g. Simpson et al., 2018). Indeed, the analysis in
Fig. 5b shows that all models analysed fail to capture the
lead–lag relationships between the NAO and AMV compared
to observations. The amplitude of the NAO–AMV regres-
sion slope is too weak in the models, with AMV leading
the NAO, and has the opposite sign to observations when
the NAO leads the AMV. Consistent with earlier studies (e.g.
Kim et al., 2018; Simpson et al., 2018; Bracegirdle, 2022),
this points to systematic errors in the modelled representa-
tion of atmosphere–ocean coupling in the North Atlantic at
multidecadal timescales.

We examine other potential factors that may relate to
multidecadal NAO variability and find that the representa-
tion of interdecadal Pacific variability does not explain the
spread in multidecadal NAO variability, which may arise
through tropical–extratropical teleconnections. In contrast,
there is a statistically significant relationship across mod-
els between multidecadal variability in the stratospheric po-
lar vortex strength and NAO variability (r = 0.57, p<0.05).
Furthermore, there is a significant relationship across mod-

els between the magnitude of a multidecadal stratosphere–
troposphere coupling parameter and multidecadal NAO vari-
ability (r = 0.8, p<0.05), which is largely independent of
vortex strength variability. Together these two measures ex-
plain around 70 % of the variance in multidecadal NAO vari-
ability across models, which is a larger proportion of the
inter-model spread than can be explained by the represen-
tation of the AMV. While similar relationships have been
found in other studies (e.g. Maycock and Hitchcock, 2015),
these statistical relationships do not isolate causality. It is
possible that the NAO variability itself drives the polar vor-
tex variability or that both factors are related to a common
unidentified cause. Nevertheless, there is a wide body of lit-
erature demonstrating a causal influence of the polar vortex
on the NAO at intraseasonal (Hitchcock and Simpson, 2014),
interannual (Ineson and Scaife, 2009; Bell et al., 2009) and
decadal timescales (Scaife et al., 2005). Therefore, based on
knowledge from the wider literature, we hypothesise that the
representation of polar vortex variability and the represented
strength of stratosphere–troposphere coupling are both im-
portant factors for simulating multidecadal NAO variabil-
ity. Unfortunately, these parameters cannot be estimated well
from observations because the record of stratospheric data
is too short to robustly assess multidecadal variability. Nev-
ertheless, the stratosphere–troposphere coupling parameter
at multidecadal timescales is correlated with the parameter
at interannual timescales in models. The reanalysis record
is long enough to estimate the parameters at interannual
timescales, so that may offer a route to constraining the
model spread.

We find that the inter-model spread in the stratosphere–
troposphere coupling parameter is correlated with the re-
lationship between eddy momentum forcing and the zonal
mean flow in the extratropical Northern Hemisphere tropo-
sphere. On average, a weaker correlation between eddies
and zonal mean flow anomalies coincides with a weaker
stratosphere–troposphere coupling parameter. This may be
indicative of the recognised role of tropospheric eddy feed-
back in amplifying and maintaining the tropospheric re-
sponse to stratospheric anomalies (e.g. Song and Robin-
son, 2004; Domeisen et al., 2013). Weak eddy feedback has
been hypothesised as a contributor to the too-weak Arctic
Oscillation predictability within climate models at seasonal
timescales (Hardiman et al., 2022). The apparent relation-
ship between the stratosphere–troposphere coupling param-
eter and the eddy–mean flow coupling should be further in-
vestigated in controlled experiments.

Data availability. All CMIP6 data are available through
the Earth System Grid Federation. ERA20C is available
from the C3S store (https://www.ecmwf.int/en/forecasts/
dataset/ecmwf-reanalysis-20th-century, ECMWF, 2023).
The 20CRv3 (https://www.psl.noaa.gov/data/gridded/data.
20thC_ReanV3.html, NOAA PSL, 2024a) and ERSSTv5
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(https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html,
NOAA PSL, 2024b) are provided by the NOAA Earth Sys-
tem Research Laboratory Physical Sciences Division (PSD),
Boulder, Colorado, USA, from their website. HadSLP2r
(https://www.metoffice.gov.uk/hadobs/hadslp2/, Met Office, 2024a)
and HadISST (https://www.metoffice.gov.uk/hadobs/hadisst/, Met
Office, 2024b) are provided by the Met Office Hadley Centre
observation datasets from their website.
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Author contributions. RB, CM and AM designed the study. RB and
CM performed the calculations of the indices and the analyses. RB
prepared the paper with contributions from all co-authors.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. Rémy Bonnet, Christine M. McKenna and
Amanda C. Maycock were supported by the EU Horizon 2020
CONSTRAIN project. We acknowledge the modelling groups that
produced the CMIP6 simulations and the Earth System Grid Feder-
ation for providing data access. This study also benefited from the
ESPRI (Ensemble de Services Pour la Recherche à l’IPSL) com-
puting and data centre (https://mesocentre.ipsl.fr, last access: May
2024), which is supported by CNRS, Sorbonne Université, École
Polytechnique and CNES and through national and international
grants.

Financial support. This research has been supported by the Hori-
zon 2020 CONSTRAIN project (grant no. 820829).

Review statement. This paper was edited by Daniela Domeisen and
reviewed by Amy Butler and one anonymous referee.

References

Allan, R. and Ansell, T.: A New Globally Complete Monthly
Historical Gridded Mean Sea Level Pressure Dataset
(HadSLP2): 1850–2004, J. Climate, 19, 5816–5842,
https://doi.org/10.1175/JCLI3937.1, 2006.

Ambaum, M. H. P., Hoskins, B. J., and Stephenson, D.
B.: Arctic Oscillation or North Atlantic Oscillation?,
J. Climate, 14, 3495–3507, https://doi.org/10.1175/1520-
0442(2001)014<3495:AOONAO>2.0.CO;2, 2001.

Andrews, D. G., Holton, J. R., and Leovy, C. B.: Middle Atmo-
sphere Dynamics, Academic Press, 508 pp., Academic Press,
ISBN 9780120585762, 1987.

Baker, L. H., Shaffrey, L. C., Sutton, R. T., Weisheimer, A.,
and Scaife, A. A.: An Intercomparison of Skill and Overconfi-
dence/Underconfidence of the Wintertime North Atlantic Oscil-
lation in Multimodel Seasonal Forecasts, Geophys. Res. Lett.,
45, 7808–7817, https://doi.org/10.1029/2018GL078838, 2018.

Baldwin, M. P. and Dunkerton, T. J.: Stratospheric Harbingers
of Anomalous Weather Regimes, Science, 294, 581–584,
https://doi.org/10.1126/science.1063315, 2001.

Baldwin, M. P., Cheng, X., and Dunkerton, T. J.: Observed cor-
relations between winter-mean tropospheric and stratospheric
circulation anomalies, Geophys. Res. Lett., 21, 1141–1144,
https://doi.org/10.1029/94GL01010, 1994.

Bell, C. J., Gray, L. J., Charlton-Perez, A. J., Joshi, M. M., and
Scaife, A. A.: Stratospheric Communication of El Niño Tele-
connections to European Winter, J. Climate, 22, 4083–4096,
https://doi.org/10.1175/2009JCLI2717.1, 2009.

Börgel, F., Meier, H. E. M., Gröger, M., Rhein, M., Dutheil, C., and
Kaiser, J. M.: Atlantic multidecadal variability and the implica-
tions for North European precipitation, Environ. Res. Lett., 17,
044040, https://doi.org/10.1088/1748-9326/ac5ca1, 2022.

Bracegirdle, T. J.: Early-to-Late Winter 20th Century North At-
lantic Multidecadal Atmospheric Variability in Observations,
CMIP5 and CMIP6, Geophys. Res. Lett., 49, e2022GL098212,
https://doi.org/10.1029/2022GL098212, 2022.

Bracegirdle, T. J., Lu, H., Eade, R., and Woollings, T.: Do
CMIP5 Models Reproduce Observed Low-Frequency North At-
lantic Jet Variability?, Geophys. Res. Lett., 45, 7204–7212,
https://doi.org/10.1029/2018GL078965, 2018.

Butler, A. H., Karpechko, A. Yu., and Garfinkel, C. I.: Ampli-
fied Decadal Variability of Extratropical Surface Temperatures
by Stratosphere-Troposphere Coupling, Geophys. Res. Lett., 50,
e2023GL104607, https://doi.org/10.1029/2023GL104607, 2023.

Cassou, C.: Intraseasonal interaction between the Madden–Julian
Oscillation and the North Atlantic Oscillation, Nature, 455, 523–
527, https://doi.org/10.1038/nature07286, 2008.

Castanheira, J. M. and Graf, H.-F.: North Pacific–North
Atlantic relationships under stratospheric control?, J.
Geophys. Res.-Atmos., 108, ACL 11-1–ACL 11-10,
https://doi.org/10.1029/2002JD002754, 2003.

Charlton, A. J. and Polvani, L. M.: A New Look at
Stratospheric Sudden Warmings. Part I: Climatology
and Modeling Benchmarks, J. Climate, 20, 449–469,
https://doi.org/10.1175/JCLI3996.1, 2007.

Charlton-Perez, A. J., Baldwin, M. P., Birner, T., Black, R. X., But-
ler, A. H., Calvo, N., Davis, N. A., Gerber, E. P., Gillett, N.,
Hardiman, S., Kim, J., Krüger, K., Lee, Y.-Y., Manzini, E., Mc-
Daniel, B. A., Polvani, L., Reichler, T., Shaw, T. A., Sigmond,
M., Son, S.-W., Toohey, M., Wilcox, L., Yoden, S., Christiansen,
B., Lott, F., Shindell, D., Yukimoto, S., and Watanabe, S.: On the
lack of stratospheric dynamical variability in low-top versions of
the CMIP5 models, J. Geophys. Res.-Atmos., 118, 2494–2505,
https://doi.org/10.1002/jgrd.50125, 2013.

https://doi.org/10.5194/wcd-5-913-2024 Weather Clim. Dynam., 5, 913–926, 2024

https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html
https://www.metoffice.gov.uk/hadobs/hadslp2/
https://www.metoffice.gov.uk/hadobs/hadisst/
https://doi.org/10.5194/wcd-5-913-2024-supplement
https://mesocentre.ipsl.fr
https://doi.org/10.1175/JCLI3937.1
https://doi.org/10.1175/1520-0442(2001)014<3495:AOONAO>2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014<3495:AOONAO>2.0.CO;2
https://doi.org/10.1029/2018GL078838
https://doi.org/10.1126/science.1063315
https://doi.org/10.1029/94GL01010
https://doi.org/10.1175/2009JCLI2717.1
https://doi.org/10.1088/1748-9326/ac5ca1
https://doi.org/10.1029/2022GL098212
https://doi.org/10.1029/2018GL078965
https://doi.org/10.1029/2023GL104607
https://doi.org/10.1038/nature07286
https://doi.org/10.1029/2002JD002754
https://doi.org/10.1175/JCLI3996.1
https://doi.org/10.1002/jgrd.50125


924 R. Bonnet et al.: Model spread in multidecadal NAO variability

Deser, C., Lehner, F., Rodgers, K. B., Ault, T., Delworth, T. L.,
DiNezio, P. N., Fiore, A., Frankignoul, C., Fyfe, J. C., Hor-
ton, D. E., Kay, J. E., Knutti, R., Lovenduski, N. S., Marotzke,
J., McKinnon, K. A., Minobe, S., Randerson, J., Screen, J. A.,
Simpson, I. R., and Ting, M.: Insights from Earth system model
initial-condition large ensembles and future prospects, Nat. Clim.
Chang., 10, 277–286, https://doi.org/10.1038/s41558-020-0731-
2, 2020.

Dimdore-Miles, O., Gray, L., Osprey, S., Robson, J., Sutton, R., and
Sinha, B.: Interactions between the stratospheric polar vortex and
Atlantic circulation on seasonal to multi-decadal timescales, At-
mos. Chem. Phys., 22, 4867–4893, https://doi.org/10.5194/acp-
22-4867-2022, 2022.

Domeisen, D. I. V.: Estimating the Frequency of Sudden Strato-
spheric Warming Events From Surface Observations of the North
Atlantic Oscillation, J. Geophys. Res.-Atmos., 124, 3180–3194,
https://doi.org/10.1029/2018JD030077, 2019.

Domeisen, D. I. V., Sun, L., and Chen, G.: The role of
synoptic eddies in the tropospheric response to strato-
spheric variability, Geophys. Res. Lett., 40, 4933–4937,
https://doi.org/10.1002/grl.50943, 2013.

Dommenget, D. and Latif, M.: A Cautionary
Note on the Interpretation of EOFs, J. Cli-
mate, 15, 216–225, https://doi.org/10.1175/1520-
0442(2002)015<0216:ACNOTI>2.0.CO;2, 2002.

Eade, R., Stephenson, D. B., Scaife, A. A., and Smith, D.
M.: Quantifying the rarity of extreme multi-decadal trends:
how unusual was the late twentieth century trend in the
North Atlantic Oscillation?, Clim. Dynam., 58, 1555–1568,
https://doi.org/10.1007/s00382-021-05978-4, 2022.

ECMWF: Reanalysis of the 20th Century (ERA20C),
[data set], https://www.ecmwf.int/en/forecasts/dataset/
ecmwf-reanalysis-20th-century, last access: February 2023.

Enfield, D. B., Mestas-Nuñez, A. M., and Trimble, P. J.: The At-
lantic Multidecadal Oscillation and its relation to rainfall and
river flows in the continental U.S., Geophys. Res. Lett., 28,
2077–2080, https://doi.org/10.1029/2000GL012745, 2001.

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B.,
Stouffer, R. J., and Taylor, K. E.: Overview of the Coupled
Model Intercomparison Project Phase 6 (CMIP6) experimen-
tal design and organization, Geosci. Model Dev., 9, 1937–1958,
https://doi.org/10.5194/gmd-9-1937-2016, 2016.

Farneti, R. and Vallis, G. K.: Mechanisms of interdecadal climate
variability and the role of ocean–atmosphere coupling, Clim. Dy-
nam., 36, 289–308, https://doi.org/10.1007/s00382-009-0674-9,
2011.

Garfinkel, C. I., Son, S.-W., Song, K., Aquila, V., and Oman, L. D.:
Stratospheric variability contributed to and sustained the recent
hiatus in Eurasian winter warming, Geophys. Res. Lett., 44, 374–
382, https://doi.org/10.1002/2016GL072035, 2017.

Garfinkel, C. I., Schwartz, C., Domeisen, D. I. V., Son, S.-W.,
Butler, A. H., and White, I. P.: Extratropical Atmospheric Pre-
dictability From the Quasi-Biennial Oscillation in Subseasonal
Forecast Models, J. Geophys. Res.-Atmos., 123, 7855–7866,
https://doi.org/10.1029/2018JD028724, 2018.

Gastineau, G. and Frankignoul, C.: Influence of the North
Atlantic SST Variability on the Atmospheric Circulation
during the Twentieth Century, J. Climate, 28, 1396–1416,
https://doi.org/10.1175/JCLI-D-14-00424.1, 2015.

Gastineau, G., D’Andrea, F., and Frankignoul, C.: Atmospheric
response to the North Atlantic Ocean variability on sea-
sonal to decadal time scales, Clim. Dynam., 40, 2311–2330,
https://doi.org/10.1007/s00382-012-1333-0, 2013.

Hall, R. J., Mitchell, D. M., Seviour, W. J. M., and Wright, C. J.:
Persistent Model Biases in the CMIP6 Representation of Strato-
spheric Polar Vortex Variability, J. Geophys. Res.-Atmos., 126,
e2021JD034759, https://doi.org/10.1029/2021JD034759, 2021.

Hardiman, S. C., Dunstone, N. J., Scaife, A. A., Smith, D.
M., Knight, J. R., Davies, P., Claus, M., and Greatbatch, R.
J.: Predictability of European winter 2019/20: Indian Ocean
dipole impacts on the NAO, Atmos. Sci. Lett., 21, e1005,
https://doi.org/10.1002/asl.1005, 2020.

Hardiman, S. C., Dunstone, N. J., Scaife, A. A., Smith, D. M.,
Comer, R., Nie, Y., and Ren, H.-L.: Missing eddy feedback may
explain weak signal-to-noise ratios in climate predictions, npj
Clim. Atmos. Sci., 5, 1–8, https://doi.org/10.1038/s41612-022-
00280-4, 2022.

Henley, B. J., Gergis, J., Karoly, D. J., Power, S., Kennedy,
J., and Folland, C. K.: A Tripole Index for the Inter-
decadal Pacific Oscillation, Clim. Dynam., 45, 3077–3090,
https://doi.org/10.1007/s00382-015-2525-1, 2015.

Hitchcock, P. and Simpson, I. R.: The Downward Influence of
Stratospheric Sudden Warmings, J. Atmos. Sci., 71, 3856–3876,
https://doi.org/10.1175/JAS-D-14-0012.1, 2014.

Hitchcock, P. and Simpson, I. R.: Quantifying Eddy Feed-
backs and Forcings in the Tropospheric Response to Strato-
spheric Sudden Warmings, J. Atmos. Sci., 73, 3641–3657,
https://doi.org/10.1175/JAS-D-16-0056.1, 2016.

Horan, M. F. and Reichler, T.: Modeling seasonal sudden strato-
spheric warming climatology based on polar vortex statistics, J.
Climate, 30, 10101–10116, https://doi.org/10.1175/JCLI-D-17-
0257.1, 2017.

Huang, B., Thorne, P. W., Banzon, V. F., Boyer, T., Chep-
urin, G., Lawrimore, J. H., Menne, M. J., Smith, T. M.,
Vose, R. S., and Zhang, H.-M.: Extended Reconstructed Sea
Surface Temperature, Version 5 (ERSSTv5): Upgrades, Val-
idations, and Intercomparisons, J. Climate, 30, 8179–8205,
https://doi.org/10.1175/JCLI-D-16-0836.1, 2017.

Hurrell, J. W., Kushnir, Y., Ottersen, G., and Visbeck, M.:
An Overview of the North Atlantic Oscillation, in: The
North Atlantic Oscillation: Climatic Significance and Environ-
mental Impact, American Geophysical Union (AGU), 1–35,
https://doi.org/10.1029/134GM01, 2003.

Ineson, S. and Scaife, A. A.: The role of the stratosphere in the
European climate response to El Niño, Nat. Geosci., 2, 32–36,
https://doi.org/10.1038/ngeo381, 2009.

Jung, T. and Barkmeijer, J.: Sensitivity of the Tropospheric
Circulation to Changes in the Strength of the Strato-
spheric Polar Vortex, Mon. Weather Rev., 134, 2191–2207,
https://doi.org/10.1175/MWR3178.1, 2006.

Kim, W. M., Yeager, S., Chang, P., and Danabasoglu, G.: Low-
Frequency North Atlantic Climate Variability in the Community
Earth System Model Large Ensemble, J. Climate, 31, 787–813,
https://doi.org/10.1175/JCLI-D-17-0193.1, 2018.

Kravtsov, S.: Pronounced differences between observed and
CMIP5-simulated multidecadal climate variability in the
twentieth century, Geophys. Res. Lett., 44, 5749–5757,
https://doi.org/10.1002/2017GL074016, 2017.

Weather Clim. Dynam., 5, 913–926, 2024 https://doi.org/10.5194/wcd-5-913-2024

https://doi.org/10.1038/s41558-020-0731-2
https://doi.org/10.1038/s41558-020-0731-2
https://doi.org/10.5194/acp-22-4867-2022
https://doi.org/10.5194/acp-22-4867-2022
https://doi.org/10.1029/2018JD030077
https://doi.org/10.1002/grl.50943
https://doi.org/10.1175/1520-0442(2002)015<0216:ACNOTI>2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015<0216:ACNOTI>2.0.CO;2
https://doi.org/10.1007/s00382-021-05978-4
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-20th-century
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-20th-century
https://doi.org/10.1029/2000GL012745
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1007/s00382-009-0674-9
https://doi.org/10.1002/2016GL072035
https://doi.org/10.1029/2018JD028724
https://doi.org/10.1175/JCLI-D-14-00424.1
https://doi.org/10.1007/s00382-012-1333-0
https://doi.org/10.1029/2021JD034759
https://doi.org/10.1002/asl.1005
https://doi.org/10.1038/s41612-022-00280-4
https://doi.org/10.1038/s41612-022-00280-4
https://doi.org/10.1007/s00382-015-2525-1
https://doi.org/10.1175/JAS-D-14-0012.1
https://doi.org/10.1175/JAS-D-16-0056.1
https://doi.org/10.1175/JCLI-D-17-0257.1
https://doi.org/10.1175/JCLI-D-17-0257.1
https://doi.org/10.1175/JCLI-D-16-0836.1
https://doi.org/10.1029/134GM01
https://doi.org/10.1038/ngeo381
https://doi.org/10.1175/MWR3178.1
https://doi.org/10.1175/JCLI-D-17-0193.1
https://doi.org/10.1002/2017GL074016


R. Bonnet et al.: Model spread in multidecadal NAO variability 925

Kretschmer, M., Coumou, D., Agel, L., Barlow, M., Tziperman, E.,
and Cohen, J.: More-Persistent Weak Stratospheric Polar Vortex
States Linked to Cold Extremes, B. Am. Meteorol. Soc., 99, 49–
60, https://doi.org/10.1175/BAMS-D-16-0259.1, 2018.

Krueger, O., Schenk, F., Feser, F., and Weisse, R.: Inconsisten-
cies between Long-Term Trends in Storminess Derived from the
20CR Reanalysis and Observations, J. Climate, 26, 868–874,
https://doi.org/10.1175/JCLI-D-12-00309.1, 2013.

Lorenz, D. J. and Hartmann, D. L.: Eddy–zonal flow
feedback in the Southern Hemisphere, J. Atmos.
Sci., 58, 3312–3327, https://doi.org/10.1175/1520-
0469(2001)058<3312:EZFFIT>2.0.CO;2, 2001.

Maher, N., Milinski, S., and Ludwig, R.: Large ensemble climate
model simulations: introduction, overview, and future prospects
for utilising multiple types of large ensemble, Earth Syst.
Dynam., 12, 401–418, https://doi.org/10.5194/esd-12-401-2021,
2021.

Maycock, A. C. and Hitchcock, P.: Do split and displace-
ment sudden stratospheric warmings have different annular
mode signatures?, Geophys. Res. Lett., 42, 10943–10951,
https://doi.org/10.1002/2015GL066754, 2015.

McKenna, C. M. and Maycock, A. C.: The Role of the North
Atlantic Oscillation for Projections of Winter Mean Precipi-
tation in Europe, Geophys. Res. Lett., 49, e2022GL099083,
https://doi.org/10.1029/2022GL099083, 2022.

Met Office Hadley Centre observations: HadSLP2r, Met Office
[data set], https://www.metoffice.gov.uk/hadobs/hadslp2/, last
access: May 2024a.

Met Office Hadley Centre observations, HadISST, Met Office [data
set], https://www.metoffice.gov.uk/hadobs/hadisst/, last access:
May 2024b.

Müller, W. A., Frankgnoul, C., and Chouaib, N.: Observed decadal
tropical Pacific–North Atlantic teleconnections, Geophys. Res.
Lett., 35, 24, https://doi.org/10.1029/2008GL035901, 2008

Newman, M., Alexander, M. A., Ault, T. R., Cobb, K. M., Deser, C.,
Lorenzo, E. D., Mantua, N. J., Miller, A. J., Minobe, S., Naka-
mura, H., Schneider, N., Vimont, D. J., Phillips, A. S., Scott, J.
D., and Smith, C. A.: The Pacific Decadal Oscillation, Revisited,
J. Climate, 29, 4399–4427, https://doi.org/10.1175/JCLI-D-15-
0508.1, 2016.

NOAA/CIRES/DOE: 20th Century Reanalysis (V3) data, NOAA
PSL [data set], Boulder, Colorado, USA, https://www.psl.noaa.
gov/data/gridded/data.20thC_ReanV3.html, last access: May
2024a.

NOAA: Extended Reconstructed SST V5 data, NOAA PSL [data
set], Boulder, Colorado, USA, https://psl.noaa.gov/data/gridded/
data.noaa.ersst.v5.html, last access: May 2024b.

Oliver, E. C. J.: Blind use of reanalysis data: apparent
trends in Madden–Julian Oscillation activity driven by
observational changes, Int. J. Climatol., 36, 3458–3468,
https://doi.org/10.1002/joc.4568, 2016.

Peings, Y. and Magnusdottir, G.: Forcing of the wintertime
atmospheric circulation by the multidecadal fluctuations of
the North Atlantic ocean, Environ. Res. Lett., 9, 034018,
https://doi.org/10.1088/1748-9326/9/3/034018, 2014.

Peings, Y., Simpkins, G., and Magnusdottir, G.: Multidecadal fluc-
tuations of the North Atlantic Ocean and feedback on the winter
climate in CMIP5 control simulations, J. Geophys. Res.-Atmos.,
121, 2571–2592, https://doi.org/10.1002/2015JD024107, 2016.

Poli, P., Hersbach, H., Dee, D. P., Berrisford, P., Simmons, A.
J., Vitart, F., Laloyaux, P., Tan, D. G. H., Peubey, C., Thé-
paut, J.-N., Trémolet, Y., Hólm, E. V., Bonavita, M., Isak-
sen, L., and Fisher, M.: ERA-20C: An Atmospheric Reanal-
ysis of the Twentieth Century, J. Climate, 29, 4083–4097,
https://doi.org/10.1175/JCLI-D-15-0556.1, 2016.

Qasmi, S., Cassou, C., and Boé, J.: Teleconnection Between At-
lantic Multidecadal Variability and European Temperature: Di-
versity and Evaluation of the Coupled Model Intercomparison
Project Phase 5 Models, Geophys. Res. Lett., 44, 11140–11149,
https://doi.org/10.1002/2017GL074886, 2017.

Rayner, N. A., Parker, D. E., Horton, E. B., Folland, C. K., Alexan-
der, L. V., Rowell, D. P., Kent, E. C., and Kaplan, A.: Global
analyses of sea surface temperature, sea ice, and night marine
air temperature since the late nineteenth century, J. Geophys.
Res.-Atmos., 108, 4407, https://doi.org/10.1029/2002JD002670,
2003.

Ruggieri, P., Bellucci, A., Nicolí, D., Athanasiadis, P. J., Gualdi,
S., Cassou, C., Castruccio, F., Danabasoglu, G., Davini, P., Dun-
stone, N., Eade, R., Gastineau, G., Harvey, B., Hermanson,
L., Qasmi, S., Ruprich-Robert, Y., Sanchez-Gomez, E., Smith,
D., Wild, S., and Zampieri, M.: Atlantic Multidecadal Vari-
ability and North Atlantic Jet: A Multimodel View from the
Decadal Climate Prediction Project, J. Climate, 34, 347–360,
https://doi.org/10.1175/JCLI-D-19-0981.1, 2021.

Scaife, A. A., Knight, J. R., Vallis, G. K., and Folland, C.
K.: A stratospheric influence on the winter NAO and North
Atlantic surface climate, Geophys. Res. Lett., 32, L18715,
https://doi.org/10.1029/2005GL023226, 2005.

Schimanke, S., Körper, J., Spangehl, T., and Cubasch, U.:
Multi-decadal variability of sudden stratospheric warm-
ings in an AOGCM, Geophys. Res. Lett., 38, L01801,
https://doi.org/10.1029/2010GL045756, 2011.

Schlesinger, M. E. and Ramankutty, N.: An oscillation in the global
climate system of period 65–70 years, Nature, 367, 723–726,
https://doi.org/10.1038/367723a0, 1994.

Schurer, A. P., Hegerl, G. C., Goosse, H., Bollasina, M. A., Eng-
land, M. H., Smith, D. M., and Tett, S. F. B.: Role of multi-
decadal variability of the winter North Atlantic Oscillation on
Northern Hemisphere climate, Environ. Res. Lett., 18, 044046,
https://doi.org/10.1088/1748-9326/acc477, 2023.

Screen, J. A., Eade, R., Smith, D. M., Thomson, S., and Yu,
H.: Net Equatorward Shift of the Jet Streams When the
Contribution From Sea-Ice Loss Is Constrained by Observed
Eddy Feedback, Geophys. Res. Lett., 49, e2022GL100523,
https://doi.org/10.1029/2022GL100523, 2022.

Seabrook, M., Smith, D. M., Dunstone, N. J., Eade, R., Her-
manson, L., Scaife, A. A., and Hardiman, S. C.: Oppo-
site Impacts of Interannual and Decadal Pacific Variability in
the Extratropics, Geophys. Res. Lett., 50, e2022GL101226,
https://doi.org/10.1029/2022GL101226, 2023.

Sigmond, M. and Scinocca, J. F. The influence of the
basic state on the Northern Hemisphere circulation re-
sponse to climate change, J. Climate, 23, 1434–1446,
https://doi.org/10.1175/2009JCLI3167.1, 2010

Simpson, I. R., Deser, C., McKinnon, K. A., and Barnes, E. A.:
Modeled and Observed Multidecadal Variability in the North At-
lantic Jet Stream and Its Connection to Sea Surface Tempera-

https://doi.org/10.5194/wcd-5-913-2024 Weather Clim. Dynam., 5, 913–926, 2024

https://doi.org/10.1175/BAMS-D-16-0259.1
https://doi.org/10.1175/JCLI-D-12-00309.1
https://doi.org/10.1175/1520-0469(2001)058<3312:EZFFIT>2.0.CO;2
https://doi.org/10.1175/1520-0469(2001)058<3312:EZFFIT>2.0.CO;2
https://doi.org/10.5194/esd-12-401-2021
https://doi.org/10.1002/2015GL066754
https://doi.org/10.1029/2022GL099083
https://www.metoffice.gov.uk/hadobs/hadslp2/
https://www.metoffice.gov.uk/hadobs/hadisst/
https://doi.org/10.1029/2008GL035901
https://doi.org/10.1175/JCLI-D-15-0508.1
https://doi.org/10.1175/JCLI-D-15-0508.1
https://www.psl.noaa.gov/data/gridded/data.20thC_ReanV3.html
https://www.psl.noaa.gov/data/gridded/data.20thC_ReanV3.html
https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html
https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html
https://doi.org/10.1002/joc.4568
https://doi.org/10.1088/1748-9326/9/3/034018
https://doi.org/10.1002/2015JD024107
https://doi.org/10.1175/JCLI-D-15-0556.1
https://doi.org/10.1002/2017GL074886
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1175/JCLI-D-19-0981.1
https://doi.org/10.1029/2005GL023226
https://doi.org/10.1029/2010GL045756
https://doi.org/10.1038/367723a0
https://doi.org/10.1088/1748-9326/acc477
https://doi.org/10.1029/2022GL100523
https://doi.org/10.1029/2022GL101226
https://doi.org/10.1175/2009JCLI3167.1


926 R. Bonnet et al.: Model spread in multidecadal NAO variability

tures, J. Climate, 31, 8313–8338, https://doi.org/10.1175/JCLI-
D-18-0168.1, 2018.

Slivinski, L. C., Compo, G. P., Whitaker, J. S., Sardeshmukh, P. D.,
Giese, B. S., McColl, C., Allan, R., Yin, X., Vose, R., Titchner,
H., Kennedy, J., Spencer, L. J., Ashcroft, L., Brönnimann, S.,
Brunet, M., Camuffo, D., Cornes, R., Cram, T. A., Crouthamel,
R., Domínguez-Castro, F., Freeman, J. E., Gergis, J., Hawkins,
E., Jones, P. D., Jourdain, S., Kaplan, A., Kubota, H., Blancq, F.
L., Lee, T., Lorrey, A., Luterbacher, J., Maugeri, M., Mock, C.
J., Moore, G. W. K., Przybylak, R., Pudmenzky, C., Reason, C.,
Slonosky, V. C., Smith, C. A., Tinz, B., Trewin, B., Valente, M.
A., Wang, X. L., Wilkinson, C., Wood, K., and Wyszyński, P.:
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