10

15

20

25

30

35

40

45

50

Extratropical teleconnections in a multi-model ensemble nudged
towards the observed QBO
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Abstract. The Quasi-Biennial Oscillation (QBO), the dominant 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 understand 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 towards the observed climatology. For the multi-model ensemble mean we
assess how well the free-running experiment captures the observed teleconnections, and whether the simulated

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-PNIJ 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
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to the QBO-westerly phase. Neither experiment captures the observed QBO influence on the timings of SSWs during winter
nor the QBO teleconnection to the North Atlantic 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 (Baldwin et al., 2001). Mean zonal winds alternate between westerly and
easterly phases which descend from around the stratopause to below 70 hPa, at approximately 1 km/month, with periods
ranging from 20 to 36 months and averaging ~28 months. The zonal-wind QBO has a latitudinal width extending from
approximately 15°S to 15°N. First discovered by Reed et al. (1961) and Veryard & 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 & Holton, 1968; Holton & 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
extratropical teleconnections (e.g. Ebdon, 1975; Holton & 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 Northern
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 teleconnection 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 assessed by
Holton & Tan (1980, 1982). They found that the PNJ is weaker during winters with QBOE and stronger during QBOW,
suggesting a causal link between the equatorial QBO and the strength of the NH polar vortex. The leading 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 increases the probability that easterly momentum will be deposited into the high-latitude
stratosphere decelerating the PNJ. For QBOW the upward wave fluxes are less latitudinally 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).
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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 temperature 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 & 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 planetary waves are more
likely to be confined to polar latitudes causing the PNJ to decelerate through wave momentum deposition (Garfinkel et al.,

2012; Lu et al., 2014, 2020; Rao et al. 2021; Karami et al., 2023).

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 westerly winter PNJ towards easterly when the polar vortex is either displaced from the pole or split
into two vortices (Scherhag 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 Oscillation
(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 & Wallace, 2001). If the teleconnection is robust, improved model representation of the slowly varying
QBO and its teleconnections might improve NAO predictability (e.g. Boer & 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 circulation (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 & 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 & Dunkerton, 2001).

The QBO is also believed to influence the latitudinal position and strength of the North Pacific tropospheric Sub-Tropical Jet
(STJ; Garfinkel & Hartmann 2011) in October-November and February-March via the residual mean meridional circulation
on either side of the equator associated 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 interact 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 (Garcia-Franco et al., 2022), and these anomalies are associated with upper-tropospheric divergent circulation
anomalies that may project onto the West Pacific STJ (Andrews et al., 2024; Kumar et al., 2025). In this hypothesis, the
precipitation anomalies matter because they reflect QBO-related changes in moist convection and latent heating, whose
divergent 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).
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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-Nifio-Southern-Oscillation (ENSO;
Trenberth 1997; Domeisen et al. 2019) teleconnections on monthly-to-seasonal timescales, and certain phases of the
Madden-Julian Oscillation (MJO; Madden & 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 observed
QBOs adds complexity to the analysis of teleconnections in observational studies (e.g. Gray et al., 2018; Kumar et al., 2022;

Kumar et al., 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 QBOI1 phase 1. Various aspects of the
modelled QBO and its influence were investigated, 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 experiments (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 interaction 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., 2025).

Of relevance to this study Anstey et al. (2022b) investigated the ability of the models to capture various extratropical
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 internally
generated model QBOs. The first experiment included historically-varying SSTs and SI surface boundary conditions,
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 (Bushell et al., 2022). It was suggested that if the strength of the model QBOs

could be improved, the strength of teleconnections might also be improved.

Following on from the QBOi phase 1 experiments, a new set of QBOi phase 2 experiments were formulated to address the
question of how models respond to a realistic QBO in the lower-to-middle equatorial stratosphere (Anstey et al., 2026).
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 stratosphere 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 design 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, Section 4 analyses the QBO-SSW relationship, Section
5 looks at the QBO-NAO relationship, and Section 6 considers the QBO-North Pacific STJ and precipitation relationship.

Concluding remarks are given in Section 7.
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2 Experiments, Models and Methods

Full details of the three experiments and models used in this study can be found in Anstey et al. (2026). Briefly the first
experiment, Expl, is based on experiment 3.3 from the fifth phase of the Coupled Model Intercomparison Project (CMIPS),
also known as the ”Atmospheric Model Intercomparison Project (AMIP)” experiment (Taylor 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 January 1979 to 31 December 2020 (Anstey
et al. 2026). 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 climatological ozone is adopted (see Anstey et al., 2026). Two
further experiments, Exp1-ObsQBO and Exp1-NoQBO, are based on Expl except that the zonal-mean zonal wind in the
tropical lower-to-middle stratosphere is nudged (see Fig. 1 for the nudging profile) toward ERAS reanalysis data produced
by the European Centre for Medium-Range Weather Forecasts (Hersbach et al.2020) and the ERAS climatological 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 (Stratospheric Nudging And Predictable Surface Impacts; Hitchcock 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 nudging is adopted by

some models (see Anstey et al., 2026, Table 2).

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

Experiment Nudging target state (tropical stratosphere)
Expl None

Exp1-ObsQBO Realistic (ERAS)

Exp1-NoQBO Climatological (ERAS5)

The region of the equatorial stratosphere nudged towards ERAS (Fig. 1a,b) encompasses 80 hPa — 8 hPa, 12°S — 12°N, with
a nudging timescale of 5 days. Outside of this core region the nudging timescale tails off to infinity so that no nudging

occurs below 100 hPa, above 5 hPa, and polewards of 20°S and 20°N.
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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
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shown in (a) and (b) are detailed in Anstey et al., (2026). 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., 2026., Appendix A for
further details of the QBOi-SNAPSI comparison).

The twelve models from eleven different modelling centres 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, MIROC6.1pl,
MIROCS6.1p2, HadGEM3GA?7.1, and MRI-ESM2.0. The models are described in Anstey et al. (2026) 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 Expl. Anstey et al. 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. (2026) 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 ERAS during December and January (Fig. 2a). This result is mirrored by the
Expl-ObsQBO MME-mean experiment (Fig. 2b) though the positive correlation with the 50 hPa zonal-mean zonal wind
now extends through to March. We therefore define 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 & 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 (o) of the QBO index, i.e. QBO-casterly occurs when the zonal-mean zonal wind is less than -0.5¢ of
the climatological monthly zonal-mean zonal wind and for QBO-westerly is greater than +0.5¢. This produces thresholds for
observations, and Exp1-ObsQBO, that are broadly similar to the +5 ms™' thresholds used in previous studies. For Expl, the
+0.50 threshold accounts for the varying strengths of the QBOs in each model, so that the proportion of QBOE and QBOW
years is approximately the same for each model and is consistent with observations. The winter period over which the QBO

index is calculated varies depending on the teleconnection and is defined within each section.

The observation dataset used for the North Pacific precipitation 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 Nifio Index (ONI) is below 0.5°C in magnitude, where ONI is the
area-averaged NINO3.4 (5°N-5°S, 120°-170°W).
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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 hPa to 5 hPa
for October through to March in (a) the ERAS dataset 1979 — 2020, and (b) the Exp1-ObsQBO multi-model ensemble mean.

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

The observed Holton-Tan relationship, measured as the correlation between the QBO index at 50 hPa and the NH
stratospheric PNJ, strengthens during early winter, peaks in January, 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 evaluated
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 measured against the distribution of values for each grid-point. There is a
significant negative PNJ response in November of -4 ms™!, increasing to -8 ms™ in December, before peaking at -20 ms™ in
January. In February the response is weakly negative and is no longer significant, and reverses sign in March to +12 ms!
becoming significant. This reversal 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).
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Figure 3: Monthly evolution of ERAS 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.

We examined whether this observed Holton-Tan effect is captured in the three QBOi experiments (Expl, Exp1-ObsQBO,
and Exp1-NoQBO) by repeating the QBOE-W composite analysis for the MMEs (Fig. 4). The MME response for each

experiment is calculated by compositing the QBOE and QBOW for each month across all models, applying model-specific

7
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thresholds, and then calculating the composite QBOE-W response. The Expl MME (Fig. 4a-e) exhibits a weak but
significant negative Uzm response in the PNJ region with a peak magnitude of -2 ms™! over the four months December-to-
March. This demonstrates that the Expl 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 ERAS 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 Expl MME PNIJ response is smaller in magnitude (-2 ms! vs -5 ms™!, January). This weaker response might be
attributable to differences in boundary conditions, the experiment periods, the atmospheric forcings, and/or the fact that the

underlying models have either evolved or differ between QBOIi phase 1 and phase 2 experiments.
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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 — 0). The colour scale is
half that of Fig. 3 in order to reveal the detail in the stratospheric polar vortex.

The Expl-ObsQBO PNIJ response (Fig. 4f-j) is also significant but remains weak compared to reanalysis. The absolute
November-January values are approximately twice those of Expl, peaking at -5 ms™ and -4 ms™! in December and January,
respectively, suggesting that nudging models towards the observed QBO has most impact in early-mid-winter. In February
and March, the values are similar to Expl 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 response of the correct sign. For the winter-mean (December-January-February;
DJF) PNJ, five of the eleven models capture a negative response for Expl, which is improved for Exp1-ObsQBO where ten
of the twelve models produce a negative response (Table Al). Seven of these (BCC-CSM2-MR, CAS-ESM, CESM2,
ESM4, LMDz, MIROC6.1p1, MIROCS6.1p2) have a statistically significant PNJ response.
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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 independently
of the QBO. The PNJ responses (Fig. 4k-o0) are weak and insignificant across the winter months, suggesting that CMIP6
atmospheric forcings and SST/SI boundary conditions have little impact on the modelled PNJ when the winters are

conditioned by the observed QBOE-W.

These results indicate that the free running MME can capture a Holton-Tan-like response, albeit much weaker than in
reanalysis, and that this teleconnection is improved in magnitude 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 reanalysis 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 magnitude of the observed
PNIJ response (black line towards the left of the plot). The +2¢ range for the Expl experiment (blue histogram) is
approximately -12 ms™! to +7 ms™!, and for the Exp1-ObsQBO (red histogram) from -14 ms™! to +6 ms™. The Expl and Exp1-
ObsQBO distributions are not significantly different (Student t-test p = 0.17) which indicates that the doubling of the PNJ
response from Expl to Exp1-ObsQBO is unlikely to be significant. As might be expected, both the Expl and Exp1-ObsQBO
distributions are significantly different to the Exp1-NoQBO distribution (not shown; p < 0.01), which underlines the role of
the QBO in modulating the strength of the PNJ.
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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 Expl1 (blue) are accompanied by horizontal lines of similar colours beneath the graph indicating the
+ 20 range. The + 26 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.

It is no surprise that the sub-sampled Expl1-ObsQBO MME distribution does not capture the magnitude of the observed
January PNJ response given that no individual model appears capable of consistently producing such a large response. 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 individual models have a negative response (Table Al) similar in magnitude to ERAS
(-6 ms™). These results might indicate that the magnitude of the observed January response might reflect aliasing from

unrelated variability, or alternatively, that the models only produce a weak mid-winter teleconnection despite the fact that
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some individual models can capture a reasonable winter-mean HTE. Anstey et al. (2026) shows that there is very little
change in the magnitude of interannual PNJ variability when nudging the equatorial stratosphere 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 regression coefficients between the peak PNJ value in each distribution and the corresponding peak
QBOE-W zonal-mean zonal wind QBO value yields similar results for Expl (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 amplitude 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
interannual 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 Expl1-ObsQBO and Expl-NoQBO we can assess the predictable component of PNJ variability
associated with the observed QBO in the presence of evolving CMIP6-forcings and SST/SI boundary conditions. Figure 6
shows the January PNJ timeseries for ERAS (black line), and the MME-means for Exp1-ObsQBO (red line) and Expl-
NoQBO (green dashed line). The Pearson correlation between the PNJ of ERAS and Exp1-ObsQBO is significant (» = 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 equatorial stratosphere including the QBO. This conclusion is supported by the weak
and insignificant correlation (» = 0.06; p ~ 0.68) between ERAS and the Expl-NoQBO MME-mean where the QBO in the
equatorial stratosphere has been neutralised, and the fact that the experiments have the same time-varying boundary
conditions and forcings. This also demonstrates 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 Expl the QBO is neither synchronised with observations nor synchronised between
contributing members so perhaps it is not surprising that there is an insignificant correlation between the observed PNJ and
Expl MME PNIJ (» = 0.17; p ~0.27; not shown in Fig. 6). The magnitude of PNJ variability in Expl-ObsQBO MME-mean is
weaker than in ERAS, 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 Expl-ObsQBO ensemble mean PNJ
variability combined with reasonable predictive skill may be indicative of the well-known signal-to-noise paradox which is
known to impact the magnitude 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 results 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 Expl-ObsQBO MME-mean PNJ correlation
with observations is significant in early winter ramping up to a peak correlation in January. In late winter the correlations are
small and insignificant. This result may be influenced by the fact that the observed QBOE-W teleconnection to the PNIJ is
only significant in early-winter (Fig. 3b-c) and not in late-winter (Fig. 3d-e). However, given that the MME composite
QBOE-W PNI responses in late winter are significant (Fig. 4d-e,i-j) but do not capture the observed PNJ weakening and
reversal (Fig. 3d-e) it may indicate that models are not capturing the HTE correctly and/or that the seasonality, for example,

in the timing and frequencies of SSWs (see next section) is incorrect.
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Figure 6: Time evolution of the January PNJ in ERAS (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.

If it was only the Expl-ObsQBO MME-mean that exhibited this significant PNJ timeseries correlation in November,
December, and January, this would strengthen the attribution of the PNJ interannual variability to the QBO. However, both
Expl and Expl-NoQBO also have early-winter months where the correlation is significant (Table 2). For Expl, the PNJ
timeseries correlation peaks in November and becomes less significant in December. For Exp1-NoQBO, the correlation is
significant in December. It is possible that time-varying boundary forcings play a role in driving PNJ variability in
November and December across all three experiments. In January, however, it can be stated with some confidence that the
Exp1-ObsQBO PNIJ correlation (» = 0.61) is likely accounted for by the equatorial stratosphere containing the observed QBO
given that the Expl and Expl-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 composite PNJ response does not

necessarily lead to significant predictability.

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

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°N to 70°N, with
successive events separated by at least 21 days 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.
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Before considering the relationship between the phase of the QBO and the frequency and timing of SSWs in observations
and models, we examine the influence of the climatological strength of the PNJ on the frequency of SSWs. This relationship
for the Expl-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! for GRIMs 4.0) compared to those with a stronger
PNJ (e.g. 0.55 yr'! for BCC-CSM2-MR). This agrees with Anstey et al., (2022) (their Fig. 8), with a similar slope of the
regression line (-0.0435 vs ~-0.05 s/m/yr in Anstey et al., 2022). Similar correlations were found for the Expl and Expl-
NoQBO experiments (Table A2, row 1). Further, we performed the same analysis on the results filtered according to ENSO-
phase (Table A2, rows 2-4), and whether the SSWs were the first (initial), or occurred after another (subsequent) SSW of
that boreal winter (Table A2, rows 5-6). In general, this filtering did not significantly alter our results, yielding » values of
about -0.8 to -1.0, and slopes of -0.04 to -0.05 s/m/yr for ENSO-filtered results, or -0.02 to -0.03 s/m/yr 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 difference in
SSW frequencies for each experiment calculated for all the models (MMM: Multi-Model Mean), for those with a significant
HTE, as found in Section 3 (MHT: Mean Holton-Tan; see Table A3 for a list), and ERAS data are shown in Figure 8. In
ERAS there is an increase in SSW frequency during QBOE vs QBOW of about +0.4 yr!, although it is not quite significant.
Filtering for neutral-ENSO-only winters was found to make the increase significant (not shown). In the MMM we see a
small increase (+0.1 yr'') in SSW frequency during QBOE vs QBOW in both Exp1-ObsQBO and Expl, although it is only
significant for the latter. The difference in frequency reverses sign in the Expl-NoQBO experiment, where the winters are
composited according to the QBO phase found in ERAS and Exp1-ObsQBO. This indicates that the difference in frequency
for Exp1-ObsQBO and Expl, whilst not consistently significant, is likely attributable to the QBO, and not some other
extraneous forcing or nudging effect. Furthermore, the majority of models in both experiments (8/12 in Exp1-ObsQBO, 9/11
in Expl) did show an increase in SSW frequency during QBOE vs QBOW, in contrast to Expl-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 improvement in QBOE-W SSW frequency

when compared to Expl.
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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 ERAS reanalysis. Slope () and
correlation coefficient () are calculated from the model values only.
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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!) in QBOE-W SSW frequency
in both Exp1-ObsQBO and Expl, however it is now significant for both experiments. Furthermore, 6/8 and 3/4 of the models
exhibit such an increased SSW frequency under QBOE-W conditions in Exp1-ObsQBO and Expl, respectively, and the
multi-model mean SSW frequency differences increase slightly (+0.05 yr!), although they remain insignificant. Hence,
restricting the analysis to models with a significant Holton-Tan effect leads to only a modest improvement in the significance
of the SSW frequency differential 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 approximately doubled when only neutral-ENSO
winters were considered, particularly in ERAS and MHT (Expl and Expl-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.
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Figure 8: The QBOE-W difference in SSW frequencies in each experiment and ERAS 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 ERAS. 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 ERAS, the Poisson uncertainty, gwhere N is the number of SSW’s
and T is the number of years, is used.

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 earlier
occurrence of SSWs (e.g. Gray et al., 2004). This is evident in ERAS5 (Fig. 9a) where the observed distribution of SSW
timings occurs approximately one month earlier during QBOE winters (top blue bar) compared to QBOW winters (top red
bar) and are significantly different at the 99% level. During QBO-neutral winters (grey bar) the distribution of SSWs is
indistinct from the QBOW winters suggesting that the only phase of the QBO that impacts SSW timings is QBOE. For the
Exp1-ObsQBO and Expl experiments the MME-mean responses do not capture the observed SSW-timing separation
between QBOE and QBOW winters (Fig. 9 MMM-Expl1-ObsQBO and MMM-Expl). Furthermore, when model results
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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 timings (not shown). However, in terms of individual models, some exceptions such as
HadGEM3GAY7.1 and especially LMDz6 show the expected behaviour when the observed QBO is imposed but not in the
free runs (Fig. Al).
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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 ERAS5, the multi-model mean (MMM) and the Mean Holton-Tan (MHT) subset in
Exp1-ObsQBO and Expl. Colour bars extend from the 25t to 75 percentile with the mean indicated by a vertical line.

A possible influence of the QBO on the timing of stratospheric final warmings (SFWs), as suggested by Thiéblemont et al.
(2019), is also explored. Being more dynamically active than mid - late SFWs, early SFWs are usually followed 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 themselves and their potential

impacts.

Figure 9b shows that the mean date of occurrence of SFWs in ERAS is a month earlier during QBOW than during QBOE.
Again, models struggle to capture such an impact, 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 occurrence of mid-winter-SSWs, the earlier
occurrence of the SFW during QBOW in ERAS is expected. Again, individual models struggle to capture such an impact,
but, as before, results 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 performance in late winter for Exp1-ObsQBO compared
to Expl (Fig. A2a).
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The influence of the QBO on SSW and SFW timing is, in general, consistent with the weak MME Holton-Tan
representation, and is sometimes improved by nudging the observed 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 seasonal cycle.

5 QBO influence on the NAO

The NAO index is defined here as the sea level pressure difference in the Atlantic sector (290°E - 360°E) between the mid-
(30°N - 60°N) and high-(60°N - 90°N) latitudes. One possible 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 troposphere
and affect surface climate variability (Baldwin & Dunkerton, 2001) evidence of which can be seen in ERAS (Fig. 3b,c) when
composited by the phase of the QBO. The DJF correlation between the PNJ and NAO in observations is found to be
significant (» ~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 significant and of similar magnitude to observations. This confirms that the majority of the
individual models significantly capture this downward connection. This downward connection is also evident in Expl (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 anomalies in
observations, Expl 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 months but
is strongest in January (Fig. 11a; » ~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 correlations are small
(r<0.1; Fig. 11a) and are generally not statistically 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). Acknowledging 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 relatively weak magnitude of the MME QBO-PNIJ response of the Expl and
Expl-ObsQBO experiments (Sect. 3), the insignificant 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 relationship as indicated

by the wide range of correlation coefficients diagnosed for the individual models from November-onwards (Fig. A3).
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Figure 10: Correlation between the strength of the polar night jet (S5°N-65°N, 10 hPa) and the NAO index in DJF for the models
and ERAS. The error bars denote the 95% confidence interval of the correlation.

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 Expl1-ObsQBO
simulations shows a weak (» ~ 0.1) but statistically significant positive correlation between the QBO and NAO in January
(Fig. 11b). This might indicate some limited predictability of the NAO stemming from the QBO teleconnection, although 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 Expl and Expl-NoQBO experiments 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, effectively accounting for
less than 1% of NAO interannual variability in the MMEs. In observations, the QBO-NAO correlation is very weak, so
perhaps it is not surprising that the NAO response to the QBO is difficult to isolate in model experiments, highlighting the

challenges of inferring details of such a coupling.
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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 ERAS. 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.

6 QBO influence on the North Pacific STJ and Precipitation

The North Pacific Sub-Tropical Jet (STJ) is known to influence 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 typically
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 examined the latitudinal shift of the winter zonal-mean STJ from its

climatological position as a function of the QBO phase.

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°N — 30°N, and a maximum
around 42°N — 47°N, on either side of the climatological STJ at 35°N which reflects the reanalysis result of Anstey et al.
(2022b; see their Fig. 12). The MME-mean for Exp!l (blue line) shows some variation in the mid-latitudes with a trough
around 30°N - 35°N and peak around 45°N - 50°N although 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 poleward of 35°N where the jet is expected to be weaker during QBOW. For both Expl and
Exp1-ObsQBO the trough in the latitudinal wind profile appears to be shifted approximately 5° northwards of the observed
trough suggesting a systematic bias in the MME responses. This is despite the latitude of the climatological North-Pacific
STJ for Expl and Expl-ObsQBO multi-model means coinciding with that of ERAS. The reason for this bias remains

unclear. Repeating this analysis using the QBO phase at 70 hPa does not substantively change the results.
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Previous studies (e.g. Gray et al., 2018; Hitchman et al., 2021) have suggested a link between the tropical teleconnection
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 impacting 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 relationships between the

simulated QBO-related responses in tropical precipitation and the STJ zonal wind anomalies in Exp1 and Exp1-ObsQBO.

Comparing these two experiments shows that nudging the QBO muodifies the tropical and subtropical precipitation and zonal
wind responses to the QBO phases (Fig. 13). In observations (GPCP; Fig. 13a), the zonal wind response is characterised by a
negative QBOE-W response in the North Pacific central region (180°E - 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 Expl (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).
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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°E — 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 Expl response (dashed line) and its Expl1-ObsQBO response (solid line). The thick black curve shows the ERAS
anomalies over the experiment period and the thick blue and red curves show multi-model averages of the Expl and Expl-
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 Expl and Expl-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 ERAS.
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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 equator are stronger in the nudged experiment coinciding with a stronger
negative subtropical response in the zonal wind. In contrast, for the free-running Expl, there are weaker tropical and
subtropical wind responses for individual models leading 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 Expl1-ObsQBO (Fig. 13 b,f). Specifically, the North Pacific zonal wind signal in the nudged experiment becomes an
east-west dipole at 30°N, with positive anomalies in the western jet (region indicated by red box in Fig. 13 a,b) and negative

anomalies in the eastern jet.

a) GPCP QBO E-W

"C) MME E-W Expl

""" Riso . i > ez
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Figure 13: DJF mean differences (QBO E-W) in precipitation (shading in mm day™') and zonal wind at 200 hPa (contours in m s™').
Results are shown for observations considering a) all cases and b) only neutral ENSO conditions. QBOi MME of the experiments
(c-d) Expl and (e-f) Exp1-ObsQBO. Hatching in (a-b) denotes statistical significance of the precipitation differences to the 95%
confidence level according to a bootstrap test whereas in (c-f) the hatching shows where at least 70% of the models agree on the
sign of the difference.
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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; Garcia-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 Exp1l. Finally, while
the nudging generates a stronger subtropical 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 teleconnections are influence by model biases in the zonal-mean zonal
winds in the equatorial stratosphere. A comparison of the free-running (Expl) 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 observations.
The response was found to be significant for both experiments. 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 models, 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., 2026) may act as a barrier to capturing the
Holton-Tan effect.

The magnitudes of the QBO-PNJ responses for individual models were similar for Expl and Expl-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 observations 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 Expl and Expl1-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 between 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 Expl or Expl-ObsQBO experiments. Furthermore, only a small and marginally significant
increase in SSW frequency was found during QBOE vs QBOW in both experiments when the analysis was restricted to
models with a significant Holton-Tan Effect. If models were able to fully capture the observed timing and frequency

differential it would clarify whether SSWs significantly modulate the strength of the Holton-Tan Effect.
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Although the magnitudes of model QBO-PNJ teleconnections were weak, the Expl-ObsQBO experiment was found to
significantly capture part of the interannual variability 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 consideration 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 insignificant in observations, was also found to be extremely weak and
insignificant in the Expl and Exp1-ObsQBO experiments. 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 troposphere, or
possibly upper-tropospheric divergent circulation 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 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 breaking down in models.

ENSO is likely to be an influential and potentially confounding 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 tropospheric zonal
wind QBO signal and its relationship with tropical precipitation, highlighting the role of the mean tropical state in
modulating QBO teleconnections. Only the nudged experiment exhibited a zonal wind STJ response that appeared 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 climatological 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 concomitant extra-tropical responses that are diagnosed in this paper, 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
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representation of the teleconnection mechanisms by the models is beyond the scope of this study and is an important topic

690 for future research.
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Appendix A

Table Al: Strength of the DJF PNJ response in models when compositing by QBOE-W. Bold indicates significance at the 2-sided

695  90% level (5% - 95%).
Exp1 PNJ (m/s) Exp1-ObsQBO PNJ (m/s)
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/yr) and correlation coefficients () when regressing the frequency of SSWs (unit = yr'') against
DJF zonally-averaged zonal winds at 60N and 10hPa (ms™) using the average values from each model, as in Fig. 7. The regression
700 is performed for each experiment, using all boreal winters and SSWs (denoted by ‘All’), filtering for only El Nifio, La Nifia,

ENSO-neutral winters, and initial and subsequent SSWs.

Expl Exp1-NoQBO Exp1-ObsQBO
All m = -0.0506 m = -0.046 m =-0.0410
r=-0.934 r=-0.937 r=-0.881
El Niio m = -0.0494 m = -0.0490 m = -0.0451
=-0.865 =-0.874 =-0.864
La Nifia 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
=-0.924 =-0.793 =-0.841
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705

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
=-0.847 =-0.897 =-0.822

Table A3: The models used in the Holton-Tan ensemble (MHT; grey cell = included, white cell = not included) for model

experiment: Expl and Exp1-ObsQBO.

MHT MHT

ensemble, ensemble

Expl Expl-
ObsQBO

BCC-CSM2-MR

CAS-ESM

CESM2

EC-Earth3

E3SMv2

ESM4

GRIMS 4.0

LMDz

MIROCG.1pl

MIROC6.1p2

HadGEM3GA7.1

MRI-ESM2.0
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a) QBO impact on the SSW timing (Exp1-ObsQBO)

b) QBO impact on the SSW timing (Exp1)

1]
ERAS | mmm WQBO — BCC-CSM2-HR S
BCC-CSM2-HR { E88 EQBO g — S— ] *
[ NeQBO ) CAS-ESM
CAS-ESM A *
CESM2{ i —
E35M-2-0 - & E3SM-2-0 r_
3
3 ESM4 - S ESM4 e
€
GRivs | _ " T— itz ﬂ
LMDz - | MIROCp1 e
MIROCp1 - el
S == MIROCP?2 e e
o HodoEMaGAT1| e — W WQBO
HadGEM3GA7-1 oo S a i = EQBO
MRI A * MRI A _ 50 NeQBO
15Nov 15Dec 15)an 15Feb 15Mar 15Nov 15Dec 15Jan 15Feb 15Mar
Date Date

Figure Al: 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.

a) QBO impact on the SFW timing (Exp1-ObsQBO)

b) QBO impact on the SFW timing (Exp1)
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720 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.
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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,
725  January, February and March for ERAS, all models, and the MME for each experiment.
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Figure A4: Same as Figure 11 but using a two-station sea level pressure difference NAO index (Ponta Delgado 37.7 N, 25.7 W and
Reykjavik 64.1 N, 21.9 W.
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