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Abstract. The Quasi-Biennial Oscillation (QBO), the domi-
nant mode of interannual variability of monthly-mean zonal
winds and temperatures in the equatorial stratosphere, has a
significant influence on the circulation in other regions of the
stratosphere and troposphere in boreal winter. To better un-
derstand these teleconnections, results from twelve models
are analysed for three complementary experiments in which
the QBO is either internally generated by the models (free-
running), nudged towards the observed QBO, or nudged to-
wards the observed climatology. For the multi-model ensem-
ble mean we assess how well the free-running experiment
captures the observed teleconnections, and whether the sim-
ulated teleconnections improve when the models are nudged
to have a more realistic QBO.

The observed relationship between the QBO phase and
the strength of the boreal winter Polar Night Jet (PNJ) is
weakly captured by the free-running experiment. The PNJ
response is larger when the models are nudged towards the
observed QBO, primarily because nudging reduces the bias
in the QBO amplitude, resulting in a larger proportion of the
models exhibiting a stronger QBO-PNJ relationship. Both
free-running and nudged-QBO experiments capture a small
and marginally significant increase in Sudden Stratospheric
Warming (SSW) frequency during the QBO-easterly phase
relative to the QBO-westerly phase. Neither experiment cap-
tures the observed QBO influence on the timings of SSWs
during winter nor the QBO teleconnection to the North At-
lantic Oscillation. Nudging the QBO does, however, improve
its influence on the latitudinal profile of the North Pacific
sub-tropical jet and strength of tropical precipitation.

We find that a more realistic representation of the QBO
is beneficial for certain teleconnections, but their effective
simulation likely depends on how well the underlying model
processes respond to the QBO.
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1 Introduction

The Quasi-Biennial Oscillation (QBO) is the dominant
mode of interannual variability of zonal-mean monthly-mean
winds and temperatures in the equatorial stratosphere (Bald-
win et al., 2001). Mean zonal winds alternate between west-
erly and easterly phases which descend from around the
stratopause to below 70 hPa, at approximately 1 km per
month, with periods ranging from 20 to 36 months and av-
eraging ∼ 28 months. The zonal-wind QBO has a latitu-

dinal width extending from approximately 15° S to 15° N.
First discovered by Reed et al. (1961) and Veryard and
Ebdon (1961) this quasi-biennial phenomenon results from
vertically propagating waves depositing momentum in the
regions where the zonal mean winds change sign in the
vertical thereby driving the observed descent (e.g. Lindzen
and Holton, 1968; Holton and Lindzen, 1972; Andrews et
al., 1987; Dunkerton, 1997; Kawatani et al., 2010). What is
less well understood, and poorly represented in many global
climate models, is how the QBO influences the stratosphere
and troposphere away from the equatorial regions via extra-
tropical teleconnections (e.g. Ebdon, 1975; Holton and Tan,
1980, 1982; Baldwin et al., 2001; Gray et al., 2018; Rao et
al., 2020; Yamazaki et al., 2020; Anstey et al., 2022b; Kumar
et al., 2024).

Studies of how the equatorial QBO influences other parts
of the atmosphere tend to focus on the strength of the North-
ern Hemisphere (NH) stratospheric Polar Night Jet (PNJ)
during boreal winter, typically represented by the magnitude
of the zonal-mean zonal wind around 60° N, 10 hPa. The tele-
connection between the phase of the QBO zonal-mean zonal
winds when measured at 50 hPa, either westerly (QBOW) or
easterly (QBOE), and the strength of the PNJ was first as-
sessed by Holton and Tan (1980, 1982). They found that the
PNJ is weaker during winters with QBOE and stronger dur-
ing QBOW, suggesting a causal link between the equatorial
QBO and the strength of the NH polar vortex. The lead-
ing proposed mechanism for this teleconnection relates to
the QBO’s influence on the latitudinal position of the zonal-
mean zonal wind zero-wind line in the stratosphere (Holton
and Tan, 1980). Under QBOE conditions the zero-wind line
at the edge the tropical QBO is located further poleward
(Butchart and Anstey, 2026) and the waves are more likely
to be constrained within the polar vortex region. This in-
creases the probability that easterly momentum will be de-
posited into the high-latitude stratosphere decelerating the
PNJ. For QBOW the upward wave fluxes are less latitudi-
nally constrained and less concentrated in the region of the
PNJ allowing a stronger PNJ to develop. This teleconnection
is generally referred to as the stratospheric polar route (Gray
et al., 2018) or the Holton–Tan Effect (HTE).

There is gathering evidence that the position of the zero-
wind line may not be the only mechanism contributing to
the QBO-PNJ teleconnection. The equatorial zonal temper-
ature anomalies and vertical wind shear zones (Baldwin et
al., 2001) induced by the alternating phases of the QBO
stimulate, through thermal wind balance, a residual tropical
meridional circulation (Plumb and Bell, 1982; Garfinkel et
al., 2012). This alters the distribution of zonal-mean zonal
winds in the subtropics and consequently the wave refractive
index (Lu et al., 2014) such that during QBOE the plane-
tary waves are more likely to be confined to polar latitudes
causing the PNJ to decelerate through wave momentum de-
position (Garfinkel et al., 2012; Lu et al., 2014, 2020; Rao et
al., 2021; Karami et al., 2023).
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This observed relationship between the QBO and the
strength of the boreal winter PNJ has an influence on the
likelihood and timing of Sudden Stratospheric Warmings
(SSWs; Labitzke, 1982; Anstey et al., 2022b; Elsbury et
al., 2024). SSWs represent the rapid reversal of the west-
erly winter PNJ towards easterly when the polar vortex is ei-
ther displaced from the pole or split into two vortices (Scher-
hag, 1952; Charlton and Polvani, 2007). Over recent decades
(1958–2019) the frequency of occurrence for SSWs is ∼ 0.9
for QBOE winters compared to ∼ 0.5 for QBOW winters
(Baldwin et al., 2021) when measured at 60° N, 10 hPa.
SSWs also occur, on average, earlier during QBOE winters
than during QBOW winters (Gray et al., 2004). The timing
of stratospheric final warmings (SFW) has also been linked
to the phase of the QBO (Thiéblemont et al., 2019). Winters
without SSWs tend to have earlier SFWs (Hu et al., 2014),
hence QBOW winters are more likely to have earlier SFWs
(Thiéblemont et al., 2019).

A teleconnection between the QBO and the large-scale
lower tropospheric pressure pattern of the North Atlantic Os-
cillation (NAO; Hurrell et al., 2003) in boreal winter is of
interest due to the NAO’s influence on winter-time weather
patterns across Europe (Thompson and Wallace, 2001). If the
teleconnection is robust, improved model representation of
the slowly varying QBO and its teleconnections might im-
prove NAO predictability (e.g. Boer and Hamilton, 2008;
Scaife et al., 2014; O’Reilly et al., 2019; Wan et al., 2025).
The most likely route for the QBO-NAO teleconnection is
via the modulation of the strength of the PNJ which exerts
a downward influence on the underlying tropospheric cir-
culation (Kidston et al., 2015). For example, following an
SSW zonal-mean wind anomalies descend over the course
of a few days towards the tropopause and occasionally into
the troposphere and influence the tropospheric background
flows (Baldwin and Dunkerton, 2001). These changes can
increase the likelihood of blocking weather patterns over the
North Atlantic and Northern Eurasia typically resulting in
anomalously cold surface conditions (Baldwin and Dunker-
ton, 2001).

The QBO is also believed to influence the latitudinal
position and strength of the North Pacific tropospheric
Sub-Tropical Jet (STJ; Garfinkel and Hartmann, 2011a) in
October–November and February–March via the residual
mean meridional circulation on either side of the equator as-
sociated with the QBO. In the lower stratosphere the zonal
wind component associated with the meridional circulation
arcs down to the subtropical troposphere where it can in-
teract with the STJ. However, recent studies suggest that
this downward-arching pathway may not be the only route
through which the QBO influences the Pacific STJ. QBO-
related tropical precipitation anomalies have been diagnosed
over the tropical Pacific, often with a west–east gradient
(García-Franco et al., 2022), and these anomalies are asso-
ciated with upper-tropospheric divergent circulation anoma-
lies that may project onto the West Pacific STJ (Andrews et

al., 2024; Kumar et al., 2022). In this hypothesis, the pre-
cipitation anomalies matter because they reflect QBO-related
changes in moist convection and latent heating, whose di-
vergent outflow and associated wave response can provide a
tropospheric bridge between tropical QBO impacts and STJ
variability. Overall, the observed response of the STJ over
the Pacific sector (130–240° E) for QBOE minus QBOW
(QBOE-W) conditions from October–March is a weakening
around 30° N and a strengthening around 50° N, suggesting a
slight northward shift of the STJ (Anstey et al., 2022b; Park
et al., 2022).

Of course, the teleconnections between the QBO and the
strength of the PNJ, frequency and timing of SSWs, phase
of the NAO, and strength of the North Pacific circulation
coexist with the influence of El Niño–Southern Oscillation
(ENSO; Trenberth, 1997; Domeisen et al., 2019) teleconnec-
tions on monthly-to-seasonal timescales, and certain phases
of the Madden–Julian Oscillation (MJO; Madden and Julian,
1994; Cassou, 2008; Garfinkel et al., 2012; Lee et al., 2019)
on sub-monthly timescales. This superposition of non-QBO
influences together with a relatively small sample size of ob-
served QBOs adds complexity to the analysis of teleconnec-
tions in observational studies (e.g. Gray et al., 2018; Kumar
et al., 2022, 2024).

The Atmospheric Processes And their Role in Climate
(APARC, formerly SPARC) QBO initiative (QBOi; Anstey
et al., 2022a) has previously investigated the fidelity of
the QBO in a set of coordinated experiments (Butchart et
al., 2018) using a set of Atmospheric General Circulation
Models (AGCMs). This is referred to as QBOi phase 1. Var-
ious aspects of the modelled QBO and its influence were in-
vestigated, including an evaluation of the fidelity of the QBO
(Bushell et al., 2022), the waveforcing of the QBO (Holt et
al., 2022), the predictability of the QBO in forecast experi-
ments (Stockdale et al., 2022), the impact of the QBO on the
tropical tropopause (Serva et al., 2022), the response of the
QBO to a warming climate (Richter et al., 2022), the interac-
tion of the QBO and perpetual ENSO (Kawatani et al., 2025;
Naoe et al., 2025), and the influence of perpetual ENSO and
the QBO on the MJO (Elsbury et al., 2026).

Of relevance to this study Anstey et al. (2022b) investi-
gated the ability of the models to capture various extratrop-
ical teleconnections. Two sets of model experiments which
differ only in the prescribed Sea-Surface Temperature (SST)
and sea ice (SI) conditions were run to assess the response
of the extratropical teleconnections to the free-running inter-
nally generated model QBOs. The first experiment included
historically-varying SSTs and SI surface boundary condi-
tions, whereas the second used climatological SSTs and SI.
Anstey et al. (2022b) found that the correlation between the
phase of the QBO at 50 hPa and the sign of the PNJ in the
ensemble mean is generally consistent with observations,
however, the magnitude of the response is relatively weak.
This could be attributable to systematically weak amplitudes
of the free-running model QBOs in the lower stratosphere
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(Bushell et al., 2022). It was suggested that if the strength of
the model QBOs could be improved, the strength of telecon-
nections might also be improved.

Following on from the QBOi phase 1 experiments, a new
set of QBOi phase 2 experiments were formulated to ad-
dress the question of how models respond to a realistic
QBO in the lower-to-middle equatorial stratosphere (Anstey
et al., 2026b). including an experiment in which the QBO
in lower-to-middle stratospheric winds are nudged (relaxed)
toward reanalysis data, i.e., the zonal-mean zonal wind of
the QBO is bias-corrected. The teleconnections linked to the
QBO can, therefore, be assessed equitably across all models.
In another experiment the QBO is suppressed by relaxing the
zonal-mean zonal winds in the lower-to-middle equatorial
stratosphere towards the climatology of the observed strato-
sphere resulting in the absence of a QBO. By neutralising the
QBO the influence of external forcings such as the SST/SI
boundary conditions can potentially be separated from that
of the QBO.

Section 2 provides an overview of the experimental de-
sign and setup for QBOi phase 2 and the relaxation scheme
used. Subsequent sections address the question of how each
QBO teleconnection is impacted by QBO zonal-mean zonal
wind biases when assessed against reanalysis, with the focus
on the multi-model ensemble response. Model dependencies
are left for follow-up studies. Section 3 assesses the QBO-
PNJ relationship, Sect. 4 analyses the QBO-SSW relation-
ship, Sect. 5 looks at the QBO-NAO relationship, and Sect. 6
considers the QBO-North Pacific STJ and precipitation rela-
tionship. Concluding remarks are given in Sect. 7.

2 Experiments, Models and Methods

Full details of the three experiments and models used in
this study can be found in Anstey et al. (2026b). Briefly
the first experiment, Exp1, is based on experiment 3.3
from the fifth phase of the Coupled Model Intercompar-
ison Project (CMIP5), also known as the “Atmospheric
Model Intercomparison Project (AMIP)” experiment (Tay-
lor et al., 2012). For QBOi phase-2, however, the prescribed
observed monthly varying sea surface temperatures (SSTs)
and sea ice (SI) concentrations, and other external forcings
were updated and extended to cover the longer period 1 Jan-
uary 1979 to 31 December 2020 (Anstey et al., 2026b). The
historically-evolving ozone concentrations defined by CMIP
are known to have an imprint of the observed QBO (Butchart
et al., 2023; Garfinkel et al., 2025) which can influence the
evolution of the QBO in the models hence for the QBOi
phase-2 experiments an annually-repeating monthly clima-
tological ozone is adopted (see Anstey et al., 2026b). Two
further experiments, Exp1-ObsQBO and Exp1-NoQBO, are
based on Exp1 except that the zonal-mean zonal wind in the
tropical lower-to-middle stratosphere is nudged (see Fig. 1
for the nudging profile) toward ERA5 reanalysis data pro-

Table 1. Summary of QBOi phase-2 nudging experiments (see
Anstey et al., 2026b).

Experiment Nudging target state
(tropical stratosphere)

Exp1 None
Exp1-ObsQBO Realistic (ERA5)
Exp1-NoQBO Climatological (ERA5)

duced by the European Centre for Medium-Range Weather
Forecasts (Hersbach et al., 2020) and the ERA5 climatologi-
cal annual cycle, respectively.

The three experiments, therefore, differ in terms of how
the equatorial stratosphere evolves (Table 1). The nudging
methodology is the same as used for the SNAPSI (Strato-
spheric Nudging And Predictable Surface Impacts; Hitch-
cock et al., 2022) apart from the different profile (cf., black
and red curves in Fig. 1). Nudging is generally limited to the
zonal-mean component of the zonal wind to allow waves in
the tropical stratosphere to evolve freely, but full-field nudg-
ing is adopted by some models (see Anstey et al., 2026b,
Table 2).

The region of the equatorial stratosphere nudged towards
ERA5 (Fig. 1a, b) encompasses 80–8 hPa, 12° S–12° N, with
a nudging timescale of 5 d. Outside of this core region the
nudging timescale tails off to infinity so that no nudging oc-
curs below 100 hPa, above 5 hPa, and polewards of 20° S and
20° N.

The twelve models from eleven different modelling cen-
tres that contributed to the multi-model ensemble (MME)
analysis in this paper are: BCC-CSM2-MR, CAS-ESM,
CESM2, EC-Earth3, E3SMv2, ESM4, GRIMs-4.0, LMDz,
MIROC6.1p1, MIROC6.1p2, HadGEM3GA7.1, and MRI-
ESM2.0. The models are described in Anstey et al. (2026b)
which confirms that most models are able to reproduce QBO-
like variability in the equatorial stratosphere, but with a rather
large model spread in the rendition of the simulated QBOs in
Exp1. Anstey et al. (2026b) also shows that, with nudging,
all the models reproduce well the observed QBO in Exp1-
ObsQBO, while in Exp1-NoQBO the nudging removes both
the inter-annual variability and biases in the climatological
mean from the simulated equatorial zonal-mean zonal winds.
For the extra-tropical stratosphere, Anstey et al. (2026b)
show that, however imposed, the equatorial nudging does not
significantly impact the climatology of each model’s monthly
and zonal-mean zonal winds, nor does it significantly change
the interannual standard deviation of these quantities in the
models.

The strongest correlation between the PNJ, defined as the
zonal-mean zonal wind at 60° N, 10 hPa, and the equatorial
zonal-mean zonal winds occurs around 50 hPa for ERA5 dur-
ing December and January (Fig. 2a). This result is mirrored
by the Exp1-ObsQBO MME-mean experiment (Fig. 2b)
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Figure 1. Spatial dependence of nudging timescale in (a) the vertical and (b) meridional directions for the QBOi phase-2 nudging experiments
Exp1-ObsQBO and Exp1-NoQBO (black curves). The mathematical expressions corresponding to the QBOi profiles shown in panels (a)
and (b) are detailed in Anstey et al. (2026b). Vertical and meridional profiles of nudging timescale from the SNAPSI protocol (Hitchcock
et al., 2022) are shown in red for comparison with the QBOi profiles (see Anstey et al., 2026b, Appendix A for further details of the
QBOi-SNAPSI comparison).

though the positive correlation with the 50 hPa zonal-mean
zonal wind now extends through to March. We therefore de-
fine the QBO index as the equatorial zonal-mean zonal wind
at 50 hPa, averaged from 5° S to 5° N. This is consistent with
previous QBO teleconnection studies, including Holton and
Tan (1980, 1982) and the QBOi phase 1 analysis (Anstey
et al., 2022b). Thresholds for easterly and westerly QBO
phases are defined as ±0.5 standard deviation (σ ) of the
QBO index, i.e. QBO-easterly occurs when the zonal-mean
zonal wind is less than −0.5σ of the climatological monthly
zonal-mean zonal wind and for QBO-westerly is greater than
+0.5σ . This produces thresholds for observations, and Exp1-
ObsQBO, that are broadly similar to the±5 m s−1 thresholds
used in previous studies. For Exp1, the ±0.5σ threshold ac-
counts for the varying strengths of the QBOs in each model,
so that the proportion of QBOE and QBOW years is approx-
imately the same for each model and is consistent with ob-
servations. The winter period over which the QBO index is
calculated varies depending on the teleconnection and is de-
fined within each section.

The observation dataset used for the North Pacific pre-
cipitation analysis is the Global Precipitation Climatology
Project (GPCP; Adler et al., 2018). This dataset provides
global estimates of precipitation from 1979 to 2023 at 2.5°
resolution. Neutral ENSO winters are defined as when the
Oceanic Niño Index (ONI) is below 0.5 °C in magnitude,
where ONI is the area-averaged NINO3.4 (5° N–5° S, 120–
170° W).

3 QBO influence on the strength of the boreal winter
stratospheric polar vortex

The observed Holton–Tan relationship, measured as the cor-
relation between the QBO index at 50 hPa and the NH strato-
spheric PNJ, strengthens during early winter, peaks in Jan-
uary, tails off in February and reverses by March (Fig. 2a)
over the period 1979–2020. This can be seen more clearly
by compositing the ERA5 zonal-mean zonal wind (Uzm) for
QBOE and QBOW winters separately and calculating the
difference (QBOE-W; Fig. 3). Statistical significance is eval-
uated using a Monte Carlo method, in which 500 random
QBOE-W composites are generated, preserving the QBOE
and QBOW samples sizes in the dataset. Significance is mea-
sured against the distribution of values for each grid-point.
There is a significant negative PNJ response in November
of −4 m s−1, increasing to −8 m s−1 in December, before
peaking at −20 m s−1 in January. In February the response
is weakly negative and is no longer significant, and reverses
sign in March to +12 m s−1 becoming significant. This re-
versal has been linked to a weaker polar vortex due to the
cumulative effects of Rossby Wave breaking in late winter
during the QBOW phase (Lu et al., 2020).

We examined whether this observed Holton–Tan effect
is captured in the three QBOi experiments (Exp1, Exp1-
ObsQBO, and Exp1-NoQBO) by repeating the QBOE-W
composite analysis for the MMEs (Fig. 4). The MME re-
sponse for each experiment is calculated by compositing the
QBOE and QBOW for each month across all models, ap-
plying model-specific thresholds, and then calculating the
composite QBOE-W response. The Exp1 MME (Fig. 4a–
e) exhibits a weak but significant negative Uzm response
in the PNJ region with a peak magnitude of −2 m s−1 over
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Figure 2. Correlation of the zonal-mean zonal wind at 60° N with the equatorial zonal-mean zonal winds from 100 to 5 hPa for October
through to March in (a) the ERA5 dataset 1979–2020, and (b) the Exp1-ObsQBO multi-model ensemble mean.

Figure 3. Monthly evolution of ERA5 zonal-mean zonal wind, composited by QBOE minus QBOW conditions for November–March over
the period 1979-2020. Regions not significant at the 2-sided 90 % level (5 %–95 %) are shaded in olive-green. QBOE and QBOW sample
sizes are noted in the bottom left corner of each panel.

the 4 months December-to-March. This demonstrates that
the Exp1 MME captures a Holton–Tan-like response to the
free-running QBOs spontaneously generated by each model,
though notable deficiencies are the absence of the reversal of
the response seen in ERA5 for March (Fig. 3) and a much too
weak response in December and January. A comparison with
the equivalent results of QBOi phase-1 (Anstey et al., 2022b;
experiment 2: free-running QBOs and climatological SST/SI
boundary conditions) reveals that the Exp1 MME PNJ re-
sponse is smaller in magnitude (−2 m s−1 vs.−5 m s−1, Jan-
uary). This weaker response might be attributable to differ-
ences in boundary conditions, the experiment periods, the at-
mospheric forcings, and/or the fact that the underlying mod-
els have either evolved or differ between QBOi phase 1 and
phase 2 experiments.

The Exp1-ObsQBO PNJ response (Fig. 4f–j) is also signif-
icant but remains weak compared to reanalysis. The absolute
November–January values are approximately twice those of
Exp1, peaking at−5 and−4 m s−1 in December and January,
respectively, suggesting that nudging models towards the ob-
served QBO has most impact in early-mid-winter. In Febru-
ary and March, the values are similar to Exp1 and, again, the
models, on average, fail to capture the reversal in the sign
of the response in March. Upon examination, this early-mid-
winter improvement in the magnitude of the PNJ response
arises from an increased number of models capturing a re-
sponse of the correct sign. For the winter-mean (December–
January–February; DJF) PNJ, five of the eleven models cap-
ture a negative response for Exp1, which is improved for
Exp1-ObsQBO where ten of the twelve models produce a
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Figure 4. As Fig. 3, but for the three experiments Exp1 (a–e), Exp1-ObsQBO (f–j), and Exp1-NoQBO (k–o). The colour scale is half that
of Fig. 3 in order to reveal the detail in the stratospheric polar vortex.

negative response (Table A1). Seven of these (BCC-CSM2-
MR, CAS-ESM, CESM2, ESM4, LMDz, MIROC6.1p1,
MIROC6.1p2) have a statistically significant PNJ response.

For the Exp1-NoQBO experiment we selected the same
QBOE and QBOW winters as for Exp1-ObsQBO to provide
a direct comparison, allowing the impacts of the atmospheric
forcings and SST/SI boundary conditions to be assessed in-
dependently of the QBO. The PNJ responses (Fig. 4k–o) are
weak and insignificant across the winter months, suggesting
that CMIP6 atmospheric forcings and SST/SI boundary con-
ditions have little impact on the modelled PNJ when the win-
ters are conditioned by the observed QBOE-W.

These results indicate that the free running MME can cap-
ture a Holton–Tan-like response, albeit much weaker than in
reanalysis, and that this teleconnection is improved in mag-
nitude if the models are nudged towards a more realistic
QBO. Despite this improvement the PNJ response remains
weak, approximately 20 % of that seen in observations. To
quantify the likelihood of capturing a PNJ response of the
observed magnitude, we randomly sub-sampled the QBOE
and QBOW winters from all winters across the models in
each MME with a QBOE-W sample size equivalent to re-
analysis to produce a distribution of PNJ values. We focus
on January when the peak QBOE-W PNJ response occurs in
reanalysis. Figure 5 demonstrates that the distributions that

arise from sub-sampling the MME’s fail to capture the mag-
nitude of the observed PNJ response (black line towards the
left of the plot). The ±2σ range for the Exp1 experiment
(blue histogram) is approximately −12 to +7 m s−1, and for
the Exp1-ObsQBO (red histogram) from −14 to +6 m s−1.
The Exp1 and Exp1-ObsQBO distributions are not signif-
icantly different (Student t test p= 0.17) which indicates
that the doubling of the PNJ response from Exp1 to Exp1-
ObsQBO is unlikely to be significant. As might be expected,
both the Exp1 and Exp1-ObsQBO distributions are signifi-
cantly different to the Exp1-NoQBO distribution (not shown;
p< 0.01), which underlines the role of the QBO in modulat-
ing the strength of the PNJ.

It is no surprise that the sub-sampled Exp1-ObsQBO
MME distribution does not capture the magnitude of the ob-
served January PNJ response given that no individual model
appears capable of consistently producing such a large re-
sponse. In addition, the timing of the peak PNJ response
of individual models varies from December to March. We
did, however, find that some models capture the magnitude
of the observed December PNJ response. Moreover, if we
consider the DJF-mean PNJ response we find that most in-
dividual models have a negative response (Table A1) similar
in magnitude to ERA5 (−6 m s−1). These results might in-
dicate that the magnitude of the observed January response
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Figure 5. Distribution of PNJ values when sub-sampling the multi-model ensembles with a QBOE-W sample size equivalent to observations.
The distributions shown use Monte Carlo random sub-sampling-with-replacement with 10 000 iterations for clarity, whereas the statistics
given in the main text uses the more statistically robust sub-sampling-without-replacement. The distributions for Exp1-ObsQBO (red) and
Exp1 (blue) are accompanied by horizontal lines of similar colours beneath the graph indicating the ±2σ range. The ±2σ range for the
Exp1-NoQBO distribution (distribution not shown for clarity) is included as the green line. The vertical black line towards the left represents
the observed PNJ response.

might reflect aliasing from unrelated variability, or alterna-
tively, that the models only produce a weak mid-winter tele-
connection despite the fact that some individual models can
capture a reasonable winter-mean HTE. Anstey et al. (2026b)
shows that there is very little change in the magnitude of in-
terannual PNJ variability when nudging the equatorial strato-
sphere which supports the suggestion that the models are
failing to fully capture the mechanism by which the QBO
modulates the strength of the PNJ. A comparison of the re-
gression coefficients between the peak PNJ value in each dis-
tribution and the corresponding peak QBOE-W zonal-mean
zonal wind QBO value yields similar results for Exp1 (0.194)
and Exp1-ObsQBO (0.183), both of which are substantially
smaller than the observed value (0.803). This suggests that
the strength of the teleconnection in the ensembles is largely
unaffected by nudging, and that the enhanced PNJ response
in Exp1-ObsQBO arises primarily from the increased ampli-
tude of the nudged equatorial QBO.

The design of the QBOi phase 2 experiments provides an
opportunity to assess the contribution of the QBO to the in-
terannual variability of the PNJ over the simulation period.
Unlike the composite analysis presented above, this approach
captures the temporal co-variability between the QBO and
PNJ, including times when the QBO is in a neutral phase. By
comparing the results of Exp1-ObsQBO and Exp1-NoQBO
we can assess the predictable component of PNJ variability
associated with the observed QBO in the presence of evolv-
ing CMIP6-forcings and SST/SI boundary conditions. Fig-
ure 6 shows the January PNJ timeseries for ERA5 (black
line), and the MME-means for Exp1-ObsQBO (red line) and
Exp1-NoQBO (green dashed line). The Pearson correlation
between the PNJ of ERA5 and Exp1-ObsQBO is significant
(r = 0.61; p < 0.001). This suggests that up to 30 %–40 %
of the observed interannual PNJ variance in January may be
accounted for by the influence of variability in the equato-
rial stratosphere including the QBO. This conclusion is sup-

ported by the weak and insignificant correlation (r = 0.06;
p∼ 0.68) between ERA5 and the Exp1-NoQBO MME-mean
where the QBO in the equatorial stratosphere has been neu-
tralised, and the fact that the experiments have the same time-
varying boundary conditions and forcings. This also demon-
strates that the combination of historically-varying forcings
and SST/SI boundary conditions, at least in the models, do
not have a measurable contribution to the predictability of the
observed January PNJ over the 1979–2020 period. For Exp1
the QBO is neither synchronised with observations nor syn-
chronised between contributing members so perhaps it is not
surprising that there is an insignificant correlation between
the observed PNJ and Exp1 MME PNJ (r = 0.17; p∼ 0.27;
not shown in Fig. 6). The magnitude of PNJ variability in
Exp1-ObsQBO MME-mean is weaker than in ERA5, which
mirrors the results of QBOi phase 1 forecast experiments
(Stockdale et al., 2022). On the decadal timescales covered
by these experiments, the weaker magnitude of the Exp1-
ObsQBO ensemble mean PNJ variability combined with rea-
sonable predictive skill may be indicative of the well-known
signal-to-noise paradox which is known to impact the mag-
nitude of predictable signals in seasonal-to-decadal forecast
systems (Eade et al., 2014), although on short subseasonal
timescales Garfinkel et al. (2024) found no evidence of this
issue in the stratospheric polar vortex. Nevertheless, these re-
sults indicate that models which are constrained to mirror the
observed variability of the January QBO are more likely to
capture a significant fraction of the observed variability in
the PNJ.

Expanding this analysis across the winter months (Table 2)
we find that the Exp1-ObsQBO MME-mean PNJ correlation
with observations is significant in early winter ramping up
to a peak correlation in January. In late winter the correla-
tions are small and insignificant. This result may be influ-
enced by the fact that the observed QBOE-W teleconnection
to the PNJ is only significant in early-winter (Fig. 3b–c) and
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Figure 6. Time evolution of the January PNJ in ERA5 (black line), and the MME-means of Exp1-ObsQBO (red line) and Exp1-NoQBO
(green line). The PNJ value for each member is plotted with pale red (Exp1-ObsQBO) and pale green (Exp1-NoQBO) dots.

not in late-winter (Fig. 3d–e). However, given that the MME
composite QBOE-W PNJ responses in late winter are sig-
nificant (Fig. 4d–e, i–j) but do not capture the observed PNJ
weakening and reversal (Fig. 3d–e) it may indicate that mod-
els are not capturing the HTE correctly and/or that the sea-
sonality, for example, in the timing and frequencies of SSWs
(see next section) is incorrect.

If it was only the Exp1-ObsQBO MME-mean that exhib-
ited this significant PNJ timeseries correlation in November,
December, and January, this would strengthen the attribu-
tion of the PNJ interannual variability to the QBO. However,
both Exp1 and Exp1-NoQBO also have early-winter months
where the correlation is significant (Table 2). For Exp1, the
PNJ timeseries correlation peaks in November and becomes
less significant in December. For Exp1-NoQBO, the corre-
lation is significant in December. It is possible that time-
varying boundary forcings play a role in driving PNJ vari-
ability in November and December across all three experi-
ments. In January, however, it can be stated with some con-
fidence that the Exp1-ObsQBO PNJ correlation (r = 0.61) is
likely accounted for by the equatorial stratosphere containing
the observed QBO given that the Exp1 and Exp1-NoQBO
correlations are small and insignificant. These results do not
conflict with the results of the composite analysis performed
above but do indicate that a significant QBOE-W compos-
ite PNJ response does not necessarily lead to significant pre-
dictability.

4 QBO influence on the frequency and timing of SSWs

SSWs are defined as reversals of the zonal-mean zonal wind
at 10 hPa occurring anywhere between 55 and 70° N, with
successive events separated by at least 21 d of westerly winds
(Palmeiro et al., 2015). This definition identifies more SSWs

than using 60° N 10 hPa (e.g. Baldwin et al., 2021) and helps
account for possible model biases in the location of the polar
vortex edge. Furthermore, Butler and Gerber (2018) showed
that this latitudinal range is optimal for capturing the key
characteristics of SSWs.

Before considering the relationship between the phase of
the QBO and the frequency and timing of SSWs in observa-
tions and models, we examine the influence of the climato-
logical strength of the PNJ on the frequency of SSWs. This
relationship for the Exp1-ObsQBO experiment is shown in
Fig. 7. We find a clear and strong negative correlation, with
models exhibiting a weaker PNJ producing more SSWs per
year (e.g. > 1.8 yr−1 for GRIMs 4.0) compared to those with
a stronger PNJ (e.g. 0.55 yr−1 for BCC-CSM2-MR). This
agrees with Anstey et al. (2022b) (their Fig. 8), with a similar
slope of the regression line (−0.0435 vs.∼−0.05 s m−1 yr−1

in Anstey et al., 2022b). Similar correlations were found for
the Exp1 and Exp1-NoQBO experiments (Table A2, row 1).
Further, we performed the same analysis on the results fil-
tered according to ENSO-phase (Table A2, rows 2–4), and
whether the SSWs were the first (initial), or occurred af-
ter another (subsequent) SSW of that boreal winter (Ta-
ble A2, rows 5–6). In general, this filtering did not signifi-
cantly alter our results, yielding r values of about −0.8 to
−1.0, and slopes of −0.04 to −0.05 s m−1 yr−1 for ENSO-
filtered results, or −0.02 to −0.03 s m−1 yr−1 for initial and
subsequent-only SSWs, the smaller frequencies of the latter
explained by the fact that such filtering reduces the SSWs
counted without altering the number of winters counted.

We now consider the relationship between the phase of
the QBO and the frequency of SSWs. The QBOE-W differ-
ence in SSW frequencies for each experiment calculated for
all the models (MMM: Multi-Model Mean), for those with a
significant HTE, as found in Sect. 3 (MHT: Mean Holton–
Tan; see Table A3 for a list), and ERA5 data are shown
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Table 2. Pearson correlation coefficient values between the timeseries of the observed PNJ and the MME-mean PNJ for each experiment
over the period 1979–2020. Correlations with a p value< 0.050 are shown in italics, and < 0.025 in bold.

November December January February March

Exp1 0.35 0.31 0.17 0.02 0.28
Exp1-ObsQBO 0.35 0.49 0.61 0.15 0.02
Exp1-NoQBO 0.22 0.35 0.06 0.06 0.07

Figure 7. Scatter plot showing the regression between DJF PNJ strength (x axis) and Sudden Stratospheric Warming (SSW) frequency
(y axis) across the different models in the Exp1-ObsQBO experiment, and also for the ERA5 reanalysis. Slope (m) and correlation coefficient
(r) are calculated from the model values only.

in Fig. 8. In ERA5 there is an increase in SSW frequency
during QBOE vs. QBOW of about +0.4 yr−1, although it is
not quite significant. Filtering for neutral-ENSO-only win-
ters was found to make the increase significant (not shown).
In the MMM we see a small increase (+0.1 yr−1) in SSW fre-
quency during QBOE vs. QBOW in both Exp1-ObsQBO and
Exp1, although it is only significant for the latter. The dif-
ference in frequency reverses sign in the Exp1-NoQBO ex-
periment, where the winters are composited according to the
QBO phase found in ERA5 and Exp1-ObsQBO. This indi-
cates that the difference in frequency for Exp1-ObsQBO and
Exp1, whilst not consistently significant, is likely attributable
to the QBO, and not some other extraneous forcing or nudg-
ing effect. Furthermore, the majority of models in both ex-
periments (8/12 in Exp1-ObsQBO, 9/11 in Exp1) did show
an increase in SSW frequency during QBOE vs. QBOW, in
contrast to Exp1-NoQBO in which the majority of models
(6/11) showed a decrease, providing additional support for
the inferred QBO influence on SSW frequency. It is notable
that the Exp1-ObsQBO does not lead to any discernible im-
provement in QBOE-W SSW frequency when compared to
Exp1.

If we restrict the analysis to those models that exhibit a
Holton–Tan Effect in each experiment (MHT), as these might
be expected to show the strongest QBO modulation of SSWs,
we see a similar increase (+0.1 yr−1) in QBOE-W SSW fre-
quency in both Exp1-ObsQBO and Exp1, however it is now

significant for both experiments. Furthermore, 6/8 and 3/4
of the models exhibit such an increased SSW frequency un-
der QBOE-W conditions in Exp1-ObsQBO and Exp1, re-
spectively, and the multi-model mean SSW frequency differ-
ences increase slightly (+0.05 yr−1), although they remain
insignificant. Hence, restricting the analysis to models with
a significant Holton–Tan effect leads to only a modest im-
provement in the significance of the SSW frequency dif-
ferential in Exp1-ObsQBO. We also repeated this analysis
by filtering according to ENSO phase in DJF (not shown).
Although the QBOE-W SSW frequency difference approxi-
mately doubled when only neutral-ENSO winters were con-
sidered, particularly in ERA5 and MHT (Exp1 and Exp1-
ObsQBO), the resulting differences were not significant due
to the very large uncertainty introduced by sampling such a
small subset of the 1979–2020 boreal winters.

The timing of mid-winter initial SSWs is also thought to
be influenced by the phase of the QBO. Previous observation-
based studies showed that the early winter weakening of the
stratospheric polar vortex during QBOE can favour an ear-
lier occurrence of SSWs (e.g. Gray et al., 2004). This is ev-
ident in ERA5 (Fig. 9a) where the observed distribution of
SSW timings occurs approximately one month earlier dur-
ing QBOE winters (top blue bar) compared to QBOW win-
ters (top red bar) and are significantly different at the 99 %
level. During QBO-neutral winters (grey bar) the distribu-
tion of SSWs is indistinct from the QBOW winters sug-
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Figure 8. The QBOE-W difference in SSW frequencies in each
experiment and ERA5 data. Model results are grouped together to
show the results from across all models (MMM) and those found to
have significant HTE (MHT=Mean Holton–Tan). In MMM, Exp1-
NoQBO is also shown, where the QBOE-W years are the same as
in Exp1-ObsQBO and ERA5. Individual model means, calculated
across ensemble members, are indicated by circles/squares, and the
multi-model means and standard deviations are indicated by black
crosses and error bars respectively. For ERA5, the Poisson uncer-

tainty,
√
N
T

where N is the number of SSW’s and T is the number
of years, is used.

gesting that the only phase of the QBO that impacts SSW
timings is QBOE. For the Exp1-ObsQBO and Exp1 experi-
ments the MME-mean responses do not capture the observed
SSW-timing separation between QBOE and QBOW winters
(Fig. 9 MMM-Exp1-ObsQBO and MMM-Exp1). Further-
more, when model results were filtered according to ENSO
phase, SSW relative timing (initial vs. subsequent), models
with a Holton–Tan effect (see MHT, Fig. 9a), and stronger
than average polar vortices, no significant QBO modulation
was found due to the persistently large spread in SSW tim-
ings (not shown). However, in terms of individual models,
some exceptions such as HadGEM3GA7.1 and especially
LMDz6 show the expected behaviour when the observed
QBO is imposed but not in the free runs (Fig. A1).

A possible influence of the QBO on the timing of strato-
spheric final warmings (SFWs), as suggested by Thiéble-
mont et al. (2019), is also explored. Being more dynami-
cally active than mid–late SFWs, early SFWs are usually fol-
lowed by downward propagating anomalies and tropospheric
impacts similar to SSWs (Palmeiro et al., 2017; Butler et
al., 2019). This suggests that these events could represent
a stratospheric pathway through which the QBO influences
the extratropical troposphere, or at least that the QBO phase

could improve the predictability of both the events them-
selves and their potential impacts.

Figure 9b shows that the mean date of occurrence of
SFWs in ERA5 is a month earlier during QBOW than dur-
ing QBOE. Again, models struggle to capture such an im-
pact, although results are more similar to reanalysis when
the observed QBO is imposed in Exp1-ObsQBO. Hu et
al. (2014) showed that early SFWs tend to occur in years
without SSWs, so considering the strengthening effect of
QBOW on the vortex and the decreased frequency of oc-
currence of mid-winter-SSWs, the earlier occurrence of the
SFW during QBOW in ERA5 is expected. Again, individual
models struggle to capture such an impact, but, as before, re-
sults are more similar to reanalysis when the observed QBO
is imposed. This statement is particularly true for EC-Earth3,
LMDz, and MIROC6.1p1 which show an improved perfor-
mance in late winter for Exp1-ObsQBO compared to Exp1
(Fig. A2a).

The influence of the QBO on SSW and SFW timing is,
in general, consistent with the weak MME Holton–Tan rep-
resentation, and is sometimes improved by nudging the ob-
served QBO. Why models do not capture the QBO influence
on the timing of these extreme polar stratospheric events
could be related to model biases in early winter (i.e. a too
weak polar vortex) or a poor representation of the SSW sea-
sonal cycle.

5 QBO influence on the NAO

The NAO index is defined here as the sea level pressure
difference in the Atlantic sector (290–360° E) between the
mid-(30–60° N) and high-(60–90° N) latitudes. One possi-
ble route for a teleconnection between the QBO and NAO
is via the Holton–Tan modulation of the PNJ. Variability of
the PNJ in boreal winter can propagate downwards to the tro-
posphere and affect surface climate variability (Baldwin and
Dunkerton, 2001) evidence of which can be seen in ERA5
(Fig. 3b, c) when composited by the phase of the QBO.
The DJF correlation between the PNJ and NAO in observa-
tions is found to be significant (r ∼ 0.4; Fig. 10 left column).
For each of the three experiments the PNJ-NAO correlations
in the MME-mean (Fig. 10 right column) are also signifi-
cant and of similar magnitude to observations. This confirms
that the majority of the individual models significantly cap-
ture this downward connection. This downward connection is
also evident in Exp1 (Fig. 4c–e) and Exp1-ObsQBO (Fig. 4h)
MMEs when composited by the phase of the QBO.

Previously, we have demonstrated that the phase of the
QBO significantly influences the strength of the PNJ anoma-
lies in observations, Exp1 MME, and Exp1-ObsQBO MME,
so we considered whether the QBO could influence the
strength of the NAO via the PNJ.

The observed correlation between the QBO and NAO
is found to be insignificant throughout most of the winter
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Figure 9. Timing distribution of (a) mid-winter SSWs and (b) the stratospheric final warming (SFW) dates for easterly (blue), westerly (red),
and neutral (grey) QBO years in ERA5, the multi-model mean (MMM) and the Mean Holton–Tan (MHT) subset in Exp1-ObsQBO and
Exp1. Colour bars extend from the 25th to 75th percentile with the mean indicated by a vertical line.

Figure 10. Correlation between the strength of the polar night jet (55–65° N, 10 hPa) and the NAO index in DJF for the models and ERA5.
The error bars denote the 95 % confidence interval of the correlation.

months but is strongest in January (Fig. 11a; r ∼ 0.2–0.3).
(In an attempt to improve the significance of the observed
teleconnection a longer period (1959–2021) than covered by
the experiments was analysed.) The equivalent MME corre-
lations are small (r < 0.1; Fig. 11a) and are generally not sta-
tistically significant. We performed the same analysis using
a two-station (Azores-Iceland) sea level pressure difference
NAO index and found similar results (see Fig. A4). Acknowl-
edging the weakness of the observed QBO-NAO correlation,
the lack of significance in the model QBO-NAO relationship
may arise due to several factors. These could include the rel-

atively weak magnitude of the MME QBO-PNJ response of
the Exp1 and Exp1-ObsQBO experiments (Sect. 3), the in-
significant influence of the QBO on the timings of SSWs
compared to observations (Sect. 4), and/or the differences in
the timing of the individual models’ QBO impacts on the
PNJ (not shown). These can lead to a large uncertainty with
respect to both magnitude and timing of the QBO-NAO rela-
tionship as indicated by the wide range of correlation coeffi-
cients diagnosed for the individual models from November-
onwards (Fig. A3).
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Figure 11. Pearson correlation between the QBO phase (5° S–5° N, 50 hPa) and strength of the NAO index from November to March for
(a) the multi-model mean MME simulations and (b) the multi-model mean MME2 of only those simulations which exhibit a statistically
significant HT effect on the PNJ in DJF, compared to ERA5. Error bars denote the 95 % confidence interval of the correlation calculated
across all simulations (i.e. models and ensemble members) contributing to the MME and MME2.

When the MMEs are subsampled to include only those
seven models which display statistically significant winter
stratospheric QBO-PNJ teleconnection (MME2, Fig. 11b;
see Sect. 3 for list of models) the mean of the Exp1-ObsQBO
simulations shows a weak (r ∼ 0.1) but statistically signifi-
cant positive correlation between the QBO and NAO in Jan-
uary (Fig. 11b). This might indicate some limited predictabil-
ity of the NAO stemming from the QBO teleconnection, al-
though the significance is not apparent using a two-station
NAO index (Fig. A4). If we compare this result with the
QBO-NAO correlations for the Exp1 and Exp1-NoQBO ex-
periments there is significant overlap, suggesting that the
weak correlation response might not be linked to the QBO.
It should be noted that the correlations are very small, ef-
fectively accounting for less than 1 % of NAO interannual
variability in the MMEs. In observations, the QBO-NAO cor-
relation is very weak, so perhaps it is not surprising that the
NAO response to the QBO is difficult to isolate in model ex-
periments, highlighting the challenges of inferring details of
such a coupling.

6 QBO influence on the North Pacific STJ and
Precipitation

The North Pacific Sub-Tropical Jet (STJ) is known to influ-
ence the Asian winter precipitation, summer monsoon (Lee
et al., 2013; Choi and Kim, 2019; Hunt and Zaz, 2023), and
the occurrence of disturbances in tropical regions which typ-
ically propagate along the STJ. The influence of the QBO on
the strength and position of the STJ may be associated with
the downward arch-shaped extension of the QBO zonal wind
anomaly (e.g. QBOE-W negative anomaly shown in Fig. 3,
equatorial blue region) connecting the equatorial QBO at
∼ 50 hPa and the upper troposphere and lower stratosphere in
the subtropical and mid-latitudes (Garfinkel and Hartmann,
2011b; Seo et al., 2013; Garfinkel and Hartmann, 2011a;
Park et al., 2022). Following Anstey et al. (2022b) we exam-
ined the latitudinal shift of the winter zonal-mean STJ from
its climatological position as a function of the QBO phase.
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Figure 12. October-March QBOE minus QBOW 100–400 hPa pressure-weighted zonal-mean zonal wind anomalies, averaged over the North
Pacific (130–240° E) for the period October 1979 to March 2020. The zonal wind for each ensemble member (within a given model and
experiment) is deseasonalized to produce anomalies. These anomalies are then composited by QBOE and QBOW phases before subtraction.
Each model’s zonal-wind anomalies are shown with a characteristic colour, which is used to denote its Exp1 response (dashed line) and
its Exp1-ObsQBO response (solid line). The thick black curve shows the ERA5 anomalies over the experiment period and the thick blue
and red curves show multi-model averages of the Exp1 and Exp1-ObsQBO ensembles, respectively; we average across a model’s respective
ensemble members before computing the multi-model averages so that each model is given equal weight in the multi-model average. 2.5 and
97.5 percentile confidence intervals, denoted by shading, are computed about Exp1 and Exp1-ObsQBO by resampling the model ensemble
means 10 000 times with replacement. The vertical dashed line denotes the latitude of the climatological STJ from October-to-March across
all years over the Pacific in ERA5.

The observed winter (ONDJFM) North Pacific upper
tropospheric zonal-mean zonal winds, when composited
by QBOE-QBOW at 50 hPa, exhibits a latitudinal profile
(Fig. 12, black line) with a minimum around 25–30° N, and
a maximum around 42–47° N, on either side of the climato-
logical STJ at 35° N which reflects the reanalysis result of
Anstey et al. (2022b; see their Fig. 12). The MME-mean for
Exp1 (blue line) shows some variation in the mid-latitudes
with a trough around 30–35° N and peak around 45–50° N al-
though neither are significantly different from zero (see blue
envelope). Nudging the QBO (Exp1-ObsQBO; red line) and
thereby improving the equatorial stratospheric wind profiles
improves the representation of the latitudinal wind profile
equatorward of 35° N, with a larger and significant trough.
However, nudging the QBO degrades the response pole-
ward of 35° N where the jet is expected to be weaker during
QBOW. For both Exp1 and Exp1-ObsQBO the trough in the
latitudinal wind profile appears to be shifted approximately
5° northwards of the observed trough suggesting a system-

atic bias in the MME responses. This is despite the latitude
of the climatological North-Pacific STJ for Exp1 and Exp1-
ObsQBO multi-model means coinciding with that of ERA5.
The reason for this bias remains unclear. Repeating this anal-
ysis using the QBO phase at 70 hPa does not substantively
change the results.

Previous studies (e.g. Gray et al., 2018; Hitchman et
al., 2021) have suggested a link between the tropical tele-
connection route of the QBO and the STJ. The argument
is that the strength and location of tropical convection may
modify the horizontal propagation of waves thereby impact-
ing the position and strength of the STJ. In boreal winter, the
QBOW phase is associated with an easterly anomaly in the
upper troposphere (weaker westerlies) across the Pacific and
an equatorward shift in the STJ (Kumar et al., 2022; Park et
al., 2022). For this reason, we investigated potential relation-
ships between the simulated QBO-related responses in trop-
ical precipitation and the STJ zonal wind anomalies in Exp1
and Exp1-ObsQBO.
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Figure 13. DJF mean differences (QBO E-W) in precipitation (shading in mm d−1) and zonal wind at 200 hPa (contours in m s−1). Results
are shown for observations considering (a) all cases and (b) only neutral ENSO conditions. QBOi MME of the experiments (c–d) Exp1
and (e–f) Exp1-ObsQBO. Hatching in panels (a)–(b) denotes statistical significance of the precipitation differences to the 95 % confidence
level according to a bootstrap test whereas in panels (c)–(f) the hatching shows where at least 70 % of the models agree on the sign of the
difference.

Comparing these two experiments shows that nudging the
QBO modifies the tropical and subtropical precipitation and
zonal wind responses to the QBO phases (Fig. 13). In obser-
vations (GPCP; Fig. 13a), the zonal wind response is char-
acterised by a negative QBOE-W response in the North Pa-
cific central region (180–210° E, 30° N), and a positive zonal
wind response, aligned with a strong negative precipitation
anomaly in the equatorial eastern Pacific. This spatial pattern
in either mid-latitude zonal winds or equatorial precipitation
is not diagnosed in the MME of Exp1 (Fig. 13c). However,
the MME of the nudged experiment, Exp1-ObsQBO, shows
a zonal wind response of a similar spatial pattern and sign,
both in the equatorial and North Pacific sectors (Fig. 13e).

These spatial patterns of easterly wind anomalies in the
eastern tropical Pacific (red box in Fig. 13a, b) in both the
observations and nudged experiment may help explain the
peak negative zonal mean wind results at 30° N shown in

Fig. 12. The positive zonal wind anomalies near the equa-
tor are stronger in the nudged experiment coinciding with a
stronger negative subtropical response in the zonal wind. In
contrast, for the free-running Exp1, there are weaker tropical
and subtropical wind responses for individual models lead-
ing to no wind response in the ensemble mean. This suggests
that the strength of the tropical precipitation and wind are
related to the subtropical wind response.

The magnitude and spatial distribution of the zonal wind
response, in both the tropics and subtropics, however, appear
to be related to the phases of ENSO. When considering only
neutral ENSO winters (defined when the absolute value of
the ONI is below 0.5 °C in magnitude), both the tropical and
subtropical precipitation and zonal wind signals weaken in
observations and Exp1-ObsQBO (Fig. 13b, f). Specifically,
the North Pacific zonal wind signal in the nudged exper-
iment becomes an east-west dipole at 30° N, with positive
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anomalies in the western jet (region indicated by red box in
Fig. 13a, b) and negative anomalies in the eastern jet.

The tropical Pacific precipitation and North Pacific zonal
wind responses appear robust in the nudged experiment
(Fig. 13f) even after removing the potential ENSO influence.
This QBOE-W response, under neutral ENSO conditions,
is characterised by weaker precipitation associated with a
westerly wind anomaly in the western North Pacific, and
an easterly anomaly in the eastern North Pacific (Yoden et
al., 2023), a response not seen in observations. The upper-
level westerly wind anomaly in the tropical Pacific suggests
a strengthening of the Walker circulation (Bjerknes, 1969),
consistent with previous observational and modelling studies
(Hitchman et al., 2021; García-Franco et al., 2022, 2023).

Overall, nudging the models towards the observed QBO
improves the representation of the subtropical route in the
Pacific. However, some aspects of the observed response and
the nudged simulations are challenging to interpret given the
potential aliasing of the QBO signal with the ENSO signal.
Nonetheless, our results show that nudging has a relevant
impact on the subtropical jet over the Pacific resulting in a
stronger response compared to the free-running experiment
Exp1. Finally, while the nudging generates a stronger sub-
tropical response, nudging may not always lead to the correct
spatial pattern of the QBO signals as highlighted in Fig. 13
for the extra-tropical response.

7 Conclusions

This study has examined how QBO extratropical teleconnec-
tions are influence by model biases in the zonal-mean zonal
winds in the equatorial stratosphere. A comparison of the
free-running (Exp1) experiment and the experiment where
the equatorial stratosphere is nudged towards the observed
QBO (Exp1-ObsQBO) over the period 1979–2020 indicates
that the PNJ response to the QBO phase, i.e. the Holton–Tan
Effect, is somewhat improved when the QBO matches obser-
vations. The response was found to be significant for both ex-
periments. Of the contributing models, five out of the eleven
models with internally-generated QBOs exhibited a negative
PNJ anomaly for QBOE-QBOW conditions, which increased
to ten out of twelve models when the observed QBO was
imposed. This provides evidence that the observed winter-
mean QBO-PNJ teleconnection is more likely to be captured
in models with a realistic QBO compared to an internally-
generated QBO. It is plausible that, in free-running mod-
els, issues such as model QBO bias in the zonal-mean zonal
wind including weaker-than-observed strength of the QBO at
50 hPa (Richter et al., 2022, Anstey et al., 2026b) may act as
a barrier to capturing the Holton–Tan effect.

The magnitudes of the QBO-PNJ responses for individ-
ual models were similar for Exp1 and Exp1-ObsQBO, but
weak compared to observations. The models, on average,
also failed to capture the reversal in the sign of the PNJ in

March. Sub-sampling the Exp1-ObsQBO models using the
same number of QBOE and QBOW winters as for observa-
tions demonstrated that the magnitude of the observed PNJ
response in January cannot be captured by the models. This
suggests that there is still a gap to be bridged between the
strength of the teleconnection mechanism in the models and
observations. The finding that the composite QBOE–W to
PNJ regression coefficients are essentially the same in Exp1
and Exp1-ObsQBO and much smaller than in observations
supports this conclusion. It is plausible that the strength of
the observed PNJ response, particularly in January, is partly
attributable to the observed difference in SSW timing be-
tween QBOE and QBOW winters. This relationship between
the timing of SSWs and the QBO phase, i.e. earlier SSWs
for QBOE compared to QBOW winters, was not captured
by either Exp1 or Exp1-ObsQBO experiments. Furthermore,
only a small and marginally significant increase in SSW fre-
quency was found during QBOE vs. QBOW in both experi-
ments when the analysis was restricted to models with a sig-
nificant Holton–Tan Effect. If models were able to fully cap-
ture the observed timing and frequency differential it would
clarify whether SSWs significantly modulate the strength of
the Holton–Tan Effect.

Although the magnitudes of model QBO-PNJ telecon-
nections were weak, the Exp1-ObsQBO experiment was
found to significantly capture part of the interannual vari-
ability of the January PNJ over the historical period 1979–
2020. A similar analysis using Exp1-NoQBO demonstrated
no skill. This suggests that seasonal/multi-annual forecasts
which contain a QBO that reflects both the time-evolving
phase and strength of the observed QBO is an important con-
sideration when predicting the stratospheric polar vortex, and
that any departure from the observed QBO may potentially
reduce the prediction skill of the PNJ.

The QBO-NAO teleconnection, which is small and in-
significant in observations, was also found to be extremely
weak and insignificant in the Exp1 and Exp1-ObsQBO ex-
periments. If the teleconnection acts through the pathway
from QBO-to-PNJ and then PNJ-to-NAO, it is plausible that
the relatively weak PNJ response to the QBO phase may have
contributed to the lack of QBO-NAO response. Nevertheless,
the correlation between the PNJ and NAO was found to be
significant when not stratified by the phase of the QBO.

The influence of the QBO on the North Pacific STJ has
been arguably linked to the QBOE-W zonal-mean zonal
wind anomaly arching polewards and downwards from the
lower equatorial stratosphere to the upper sub-tropical tro-
posphere, or possibly upper-tropospheric divergent circula-
tion anomalies associated tropical precipitation. The small
but significant zonal wind anomaly on the southern flank
of the STJ, only captured by the bias-corrected experiment
(Exp1-ObsQBO), suggests that the models can produce a
weak approximation of the observed response to the QBO.
It is probably not a coincidence that the influence of the
QBO on the North Pacific upper-level winds was found to
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be larger in the nudged experiment than in the free running
experiment. Hence, it is plausible that the weak response
might be attributed to a difference in strength and zonal
topology of the arching zonal wind anomalies, or to some
aspect of the upper-troposphere-lower-stratosphere coupling
outside of the nudged region. Further experiments that bias
correct the arching zonal wind anomalies in addition to the
QBO may identify where the QBO-STJ connection is break-
ing down in models.

ENSO is likely to be an influential and potentially con-
founding factor when interpreting the response of the STJ
and precipitation in the North Pacific. Removing ENSO
events altered the sign and spatial structure of the tropo-
spheric zonal wind QBO signal and its relationship with trop-
ical precipitation, highlighting the role of the mean tropical
state in modulating QBO teleconnections. Only the nudged
experiment exhibited a zonal wind STJ response that ap-
peared to be robust with- and without-ENSO but the spatial
pattern of the anomalies varies significantly depending on the
ENSO state. Further nudged simulations using climatologi-
cal SSTs would enable the QBO signal to be better isolated
from the effects of ENSO.

In summary, this comparison of the three QBOi phase-2
experiments has demonstrated that the QBO teleconnection
to the winter stratospheric polar vortex can be improved in
models when a more realistic QBO is imposed, i.e. when the
QBO is bias-corrected. Perhaps surprisingly, this has failed to
translate into a robust SSW frequency and timing response.
Similarly, the teleconnection to the tropospheric NAO has
failed to produce conclusive and consistent results for both
observations and experiments. In the North Pacific, the zonal
wind anomaly on the southern flank of the STJ was improved
in terms of strength, although not latitudinal position, when
imposing a more realistic QBO. While bias-correcting the
simulated QBOs increases the strength of those concomi-
tant extra-tropical responses that are diagnosed in this pa-
per, these responses are still, on average, underestimated by
the models. Moreover, the morphology of the response in
the models is often somewhat different to that observed (e.g.
the observed QBO influence on the frequency and timing of
SSWs is not captured by the models). Establishing whether
these errors can be attributed to model biases in the extra-
tropics or are due to the poor representation of the telecon-
nection mechanisms by the models is beyond the scope of
this study and is an important topic for future research.

Appendix A

Table A1. Strength of the DJF PNJ response in models when com-
positing by QBOE-W. Bold indicates significance at the 2-sided
90 % level (5 %–95%).

Exp1 PNJ Exp1-ObsQBO PNJ
(m s−1) (m s−1)

BCC-CSM2-MR −5 −5
CAS-ESM +2 −7
CESM2 −3 −3
EC-Earth3 0 −4
E3SMv2 +1 +1
ESM4 −3 −3
GRIMS 4.0 no data −4
LMDz +2 −5
MIROC6.1p1 +2 −6
MIROC6.1p2 0 −4
HadGEM3GA7.1 −5 −3
MRI-ESM2.0 −5 +3
ERA5 – −6

Table A2. Slopes (m, unit= s m−1 yr−1) and correlation coeffi-
cients (r) when regressing the frequency of SSWs (unit= yr−1)
against DJF zonally-averaged zonal winds at 60° N and 10 hPa
(m s−1) using the average values from each model, as in Fig. 7.
The regression is performed for each experiment, using all boreal
winters and SSWs (denoted by “All”), filtering for only El Niño, La
Niña, ENSO-neutral winters, and initial and subsequent SSWs.

Exp1 Exp1-NoQBO Exp1-ObsQBO

All m=−0.0506 m=−0.046 m=−0.0410
r =−0.934 r =−0.937 r =−0.881

El Niño m=−0.0494 m=−0.0490 m=−0.0451
r =−0.865 r =−0.874 r =−0.864

La Niña m=−0.0468 m=−0.0415 m=−0.0434
r =−0.950 r =−0.914 r =−0.893

Neutral ENSO m=−0.0512 m=−0.0419 m=−0.0366
r =−0.924 r =−0.793 r =−0.841

Initial SSWs m=−0.0260 m=−0.0202 m=−0.0191
r =−0.920 r =−0.895 r =−0.904

Subsequent SSWs m=−0.0240 m=−0.0259 m=−0.0217
r =−0.847 r =−0.897 r =−0.822
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Figure A1. Models are unable to capture the observed significant shift to earlier winter SSWs under QBOE conditions. Timing distribution
of mid-winter SSWs for (a) Exp1-ObsQBO and (b) Exp1, during QBOE (blue), QBOW (red) and QBO-neutral (grey) winters. Colour bars
indicate the spread of SSWs and extend from the 25th to the 75th percentile with the mean indicated by a vertical line.

Figure A2. Models are unable to capture the observed shift to earlier SFWs under QBOW conditions. Timing distribution of SFWs for
(a) Exp1-ObsQBO and (b) Exp1, during QBOE (blue), QBOW (red) and QBO-neutral (grey) winters.

Table A3. The models used in the Holton–Tan ensemble (MHT;
X= included) for model experiment: Exp1 and Exp1-ObsQBO.

MHT ensemble, MHT ensemble,
Exp1 Exp1-ObsQBO

BCC-CSM2-MR X X
CAS-ESM X
CESM2 X X
EC-Earth3
E3SMv2
ESM4 X X
GRIMS 4.0
LMDz X
MIROC6.1p1 X
MIROC6.1p2 X
HadGEM3GA7.1 X
MRI-ESM2.0 X
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Figure A3. Correlation between the QBO (5° S–5° N and 50 hPa) and the NAO index in (top to bottom) November, December, January,
February and March for ERA5, all models, and the MME for each experiment.
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Figure A4. Same as Fig. 11 but using a two-station sea level pres-
sure difference NAO index (Ponta Delgado 37.7° N, 25.7° W and
Reykjavik 64.1° N, 21.9° W.

Data availability. The QBOi data archive was kindly hosted by
the NERC Centre for Environmental Data Analysis (CEDA), UK.
Access can be requested by contacting the QBOi coordinators
(https://aparc-climate.org/activities/qboi/, last access: 14 Septem-
ber 2026) and applying via the JASMIN online portal, as described
at https://doi.org/10.5281/zenodo.19059510 (Anstey et al., 2026a).
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