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Abstract. This study investigates Quasi-Biennial Oscillation (QBO) teleconnections and their modulation by the El Nifio—

Southern Oscillation (ENSO) using a multi-model ensemble from the Atmospheric Processes And their Role in Climate
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(APARC) QBO initiative (QBO1i). Analyzing observed QBO-ENSO teleconnections is challenging because it is difficult to
separate the respective influences of QBO and ENSO outside the QBO region due to aliasing in the historical record. To isolate
these signals, simulations were conducted with annually repeating prescribed sea-surface temperatures (SSTs) representing

idealized El Nifio and La Nifia conditions (the QBOi EN and LN experiments, respectively), and results are compared with the

QBOi control experiment (CTL) underef ENSO-neutral conditions. The strength of the Holton-Tan relationship between the

phase of the QBO and the strength of the polar vortex seen in observations is reproduced in fewer than three models in CTL

and by one model in EN. In LN, threefour out of nine models reproduce the observed Holton—Tan relationship, but withwithin

less than half of the observed amplitude. In the Arctic winter climate, sudden stratospheric warmings (SSWs) occur more
frequently in EN than in LN; however, unlike in observations, there is no discernible difference in SSW frequency between
QBO westerly (QBO-W) and QBO easterly (QBO-E) phases. The Asia-Pacific subtropical jet (APJ) shifts significantly
equatorward during QBO-W compared to QBO-E in observations, but this shift is not robust across models, regardless of
ENSO phases. In the tropics, the sign and spatial pattern of the QBO precipitation response vary widely across models and
experiments, indicating that any potential QBO signal is strongly modulated by the prevailing ENSO phases. Overall, the
QBOi models exhibit unrealistically weak QBO wind amplitudes in the lower stratosphere, which may explain the weak polar
vortex and APJ responses, as well as the weak precipitation signals in the tropics. In contrast, the QBO teleconnection with
the Walker circulation during boreal summer and autumn shows consistent signals in both observations and most models.
Specifically, the QBO-W phase is characterized by upper-level westerly and lower-level easterly anomalies over the Indian
Ocean—Maritime Continent relative to QBO-E, although the amplitude and timing of these anomalies remain model-dependent.

Notably, the influence of QBO phase on the Walker circulation appears insensitive to the ENSO phase.

Short summary (500 characters, incl. spaces)

Links between the stratospheric Quasi-Biennial Oscillation (QBO) and atmospheric circulations in the tropics, subtropics, and
polar regions, as well as their modulation by the El Nifio—Southern Oscillation, are examined through model experiments. The
QBO-polar vortex connection is reproduced by a multi-model ensemble at about half the observed amplitude. Weak

performance of QBO signals in these regions is likely due to unrealistically weak QBO amplitudes in the lower stratosphere.

Key words: stratosphere-troposphere coupling, teleconnection, QBO, ENSO
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1 Introduction

The Quasi-Biennial Oscillation (QBO) and the El Niflo—Southern Oscillation (ENSO) are the leading modes of climate
variability in the tropical stratosphere and tropical troposphere, respectively. The QBO is a semi-periodic wind variation
characterized by downward-propagating easterly and westerly wind regimes in the equatorial stratosphere, with an average
period of approximately 28 months (Baldwin et al., 2001; Anstey et al., 2022b). It represents an important source of
predictability due to its long timescale and teleconnections extending beyond the tropical stratosphere. The QBO is primarily
driven by vertical momentum fluxes from upward-propagating equatorial wave activity generated by tropospheric convective
systems (Lindzen and Holton, 1968; Holton and Lindzen, 1972; Plumb and McEwan, 1978).

Over the past two decades, atmospheric general circulation models (AGCMs) and Earth system models (ESMs) have
increasingly included internally-generated QBOs (e.g. Butchart et al., 2018). To simulate a realistic QBO, most of these models
require parameterization of unresolved gravity waves, specific treatments of parameterized and/or resolved convection, high
horizontal and vertical resolution, and weak implicit and explicit grid-scale dissipation (Anstey et al., 2022b). Although the
QBO is primarily an equatorial stratospheric phenomenon, it influences the climate system beyond this region through
teleconnections. A deeper understanding of QBO teleconnections—including extratropical impacts, tropical and subtropical
effects, and their interactions with other phenomena—can be achieved by intercomparing state-of-the-art, stratosphere-
resolving, models that simulate QBO-like oscillations in the tropical stratosphere.

The QBO influences the Northern Hemisphere (NH) winter stratosphere by modulating planetary-scale waves that affect
the stratospheric polar vortex. The observed statistical relationship between QBO phase and polar vortex strength is commonly
referred to as the Holton—Tan effect (Holton and Tan, 1980, 1982). When the QBO in the lower stratosphere (~50 hPa) is in
its westerly phase (QBO-W), the polar vortex tends to be stronger and colder, and a reducing likelihood of sudden stratospheric
warming (SSW) events. Conversely, during the easterly phase (QBO-E), the stratospheric polar vortex is weaker, warmer, and
more disturbed. The mechanisms underlying this effect have been extensively investigated in both observational and modeling
studies. Holton and Tan (1980) proposed that this effect results from a latitudinal shift of the zero-wind line, which acts as an
effective waveguide for upward-propagating planetary waves in the NH winter stratosphere (Holton and Tan, 1980; Baldwin
et al., 2001; Anstey and Shepherd, 2014; Watson and Gray, 2014; Gray et al., 2018; Lu et al., 2020; Anstey et al., 2022b). A
related mechanism suggests that planetary waves interact with zonal wind anomalies associated with the QBO-induced
secondary circulation, without requiring wave breaking induced by the zero-wind-line (Ruzmaikin et al., 2005; Naoe and
Shibata, 2010; Garfinkel et al., 2012b; White et al., 2015; Naoe and Yoshida, 2019; Rao et al., 2020; Anstey et al., 2022b).

A tropospheric pathway of the Holton—Tan relationship has also been proposed. In this mechanism, Rossby waves propagate
from regions of tropical convection to higher latitudes, including the Aleutian low-pressure region, and disturb the stratospheric

polar vortex through the subsequent upward wave activity flux into the stratosphere, which is modulated by tropospheric
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processes (Yamazaki et al., 2020). Although the relative importance of these mechanisms remains somewhat unclear, these
teleconnections may enhance the predictability of the extratropical stratosphere on sub-seasonal time scales due to the QBO’s
long period (Boer and Hamilton, 2008; Scaife et al., 2014; Garfinkel et al., 2018).

It has also been suggested that the QBO affects the tropical troposphere by modifying deep convective activity and vertical
wind shear near the tropopause (Gray et al., 1992; Collimore et al., 2003). The QBO-induced zonal-mean meridional
circulation modulates the vertical temperature profile in the equatorial upper troposphere—lower stratosphere (UTLS),
producing a QBO signature in tropical tropopause temperature and wind. Although the notion of a “direct effect” of the QBO
on the tropical and subtropical UTLS had been discussed in the literature since the 1960s, it was not widely accepted until the
early 2000s (Hitchman et al., 2021). A possible downward influence of the QBO on the tropical troposphere has also been
found in the Madden—Julian Oscillation (MJO) (Yoo and Son, 2016; Marshall et al., 2016; Son et al., 2017; Martin et al., 2021;
Elsbury et al., 2025). For more recent reviews of stratosphere—troposphere coupling in the tropics, see Haynes et al. (2021)
and Hitchman et al. (2021).

Observational and modeling studies suggest that the interannual variability of tropical precipitation is, at least partially,
modulated by the phase of the QBO (Collimore et al., 2003; Liess and Geller, 2012; Gray et al., 2018). In observations, the
QBO signal in tropical precipitation shows zonally asymmetric patterns, for example, wetter conditions in the eastern Pacific
Intertropical Convergence Zone (ITCZ) during QBO-W compared to QBO-E (Gray et al., 2018; Serva et al., 2022). The
similarity between QBO and ENSO signals in observations may result from the higher number of El Nifio events coinciding
with QBO-W than with QBO-E (Garcia-Franco et al., 2022). Serva et al. (2022) analyzed the simulated precipitation in
Atmospheric Model Intercomparison Project (AMIP)-type simulations from the first phase of Quasi-Biennial Oscillation
initiative (QBOI) experiments (Butchart et al., 2018). They found that those simulations have a limited ability to reproduce the
observed modulation of the tropical tropopause-level processes, even after removing variability associated with the ENSO
index. In these sea-surface temperature (SST)-forced, free-running simulations, the east Pacific ITCZ precipitation response
to the QBO, which resembles the observed pattern, is reproduced by many, though not all, models (Fig. 11 of Serva et al.
(2022)). However, the simulated QBO signal in the tropopause is generally underestimated or unrealistic in these models.

In addition, Rao et al. (2020b) explored three dynamical pathways—through the stratosphere polar vortex, North Pacific via
subtropical downward arching zonal winds, and tropical convection—for QBO impacts on the troposphere, using state-of-the-
art CMIP5/6 models with a spontaneously generated QBO. They found that more than half of the models could reproduce at
least one of the three pathways, but few models could reproduce all three pathways. Using similar SST-forced, as well as
coupled ocean—atmosphere simulations with a single model, Garcia-Franco et al. (2023) suggested that the simulated
precipitation response to the QBO strongly depends on the state of ENSO and the Walker circulation, the strength of the QBO,
and ocean—atmosphere coupling.

In the subtropics, the QBO has a direct influence on the subtropical jet through its secondary circulation. Observational
studies have indicated that the QBO can affect the subtropical jet variability, particularly in the Pacific sector (e.g. Garfinkel
and Hartmann, 2011a; 2011b). During QBO-W, a horseshoe-shaped zonal wind anomaly forms in the UTLS associated with
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an equatorward shift of the Asian-Pacific jet (APJ) (Crooks and Gray, 2005; Simpson et al., 2009) This response is evident
even near the surface over East Asian (Park et al., 2022; Park and Son, 2022). A study using a QBO-resolving multi-model
ensemble found no clear evidence of a QBO teleconnection to the subtropical Pacific-sector jet (Anstey et al., 2022c), whereas
another multi-model study found that seven out of 17 models captured this effect (Rao et al., 2020b).

ENSO teleconnections to the NH winter stratosphere have been widely reported in numerous observational studies (van
Loon and Labitzke, 1987; Camp and Tung, 2007; Garfinkel and Hartmann, 2007; Song and Son, 2018) and modeling studies
(Taguchi and Hartmann, 2006; Garcia-Serrano et al., 2017; Palmeiro et al.,, 2017, 2023; Trascasa-Castro et al., 2019;
Weinberger et al., 2019). During El Nifio winters, the polar vortex tends to be weaker, and the polar region becomes warmer
compared to ENSO-neutral winters, whereas strong La Nifia winters are associated with a weakening of the Aleutian low and
destructive linear interference with the climatological wave pattern (Iza et al., 2016). Observations indicate that SSW events
occur more frequently during both El Nifio and La Nifia winters than during ENSO-neutral winters (Butler and Polvani, 2011;
Garfinkel et al., 2012a). However, sampling errors may arise due to the relatively short observational record (Domeisen et al.,
2019), and the reported increase in SSWs during La Nifia winters is sensitive to the definition of SSWs used (Song and Son,
2018). The observed relationships between ENSO and SSWs were often not reproduced in models. Models typically simulate
ENSO events and teleconnections that appear considerably more linear than the observational evidence suggests (Domeisen
etal., 2019). For example, simulations with a chemistry-climate model showed no indication of nonlinearities between El Nifio
and La Nifia, and SSW frequencies for both phases were found to be similar (Weinberger et al., 2019). Trascasa-Castro et al.
(2019) investigated the effect of ENSO amplitude variations on European winter climate using idealized SST anomalies and
found no evidence of saturation in the stratospheric pathway under strong El Nifio forcing. Systematic model biases in
atmospheric winds and temperatures likely affect the representation of the ENSO-SSW teleconnection (Tyrrell et al., 2022).

ENSO exerts significant impacts on global atmospheric circulation, and QBO teleconnections may also be modulated by El
Nifio and La Nifia. The QBO itself is affected by ENSO, with weaker QBO amplitude and faster QBO phase propagation under
El Niflo than under La Nifia conditions (Taguchi, 2010a). Previous studies investigating the joint effects of QBO and ENSO
on winter polar vortex variability have suggested that their interactions are nonlinear, with the Holton—Tan relationship being
significant during La Nifia but much weaker during El Nifio (Wei et al., 2007; Garfinkel and Hartmann, 2008; Calvo et al.,
2009; Richter et al., 2011; Hansen et al., 2016). A recent observational study (Kumar et al., 2023) examined the combined
effects of the QBO and ENSO on the extratropical winter troposphere during 1979-2018. They found that during La Niiia,
QBO signals in the polar vortex were amplified, and the polar vortex and subtropical jet were enhanced under QBO-W. During
El Nifio, a stronger subtropical jet and a warmer polar vortex were present under QBO-W. Ma et al. (2023) assessed the
synergistic effects of the QBO and ENSO on the North Atlantic winter atmospheric circulation using model output and
reanalysis data, showing that their nonlinear combined effect on North Atlantic surface pressure anomalies arises from different
pathways depending on the QBO and ENSO combinations. In contrast, Walsh et al. (2022) demonstrated that the polar vortex

weakens more strongly when El Nifio coincides with QBO-E than would be expected from the sum of their individual effects.
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However, there remains no clear consensus on the nature of nonlinearity in QBO-ENSO teleconnections within the
extratropical circulation of the NH winter stratosphere.

In the tropical troposphere, QBO and ENSO teleconnections remain less understood than those in the extratropics. Only a
limited number of studies have analyzed tropical tropospheric QBO teleconnections using models capable of simulating the
QBO (Rao et al., 2020; Garcia-Franco et al., 2022, 2023; Serva et al., 2022). As noted by Garcia-Franco et al. (2022, 2023),
the observational record is likely too short to separate QBO teleconnections in the tropical troposphere from the strong
influence of ENSO, since El Nifio winters often coincide with the westerly phase of the QBO.

The present study aims to reexamine QBO teleconnections to both the extratropics and tropics and address combined QBO—
ENSO influences using a new dataset of idealized ENSO experiments. Model experiments that can separate the influences of
QBO and ENSO on the extratropical and tropical troposphere outside the QBO region are valuable tools for investigating the
modulation of QBO teleconnections by ENSO. To isolate the QBO teleconnections from ENSO influences, we conduct model
integrations with annually repeating prescribed SSTs representative of typical El Nifio and La Nifia conditions, thereby
removing ENSO diversity from consideration.

The QBOi, an international project supported by the World Climate Research Programme (WCRP) core project Atmospheric
Processes And their Role in Climate (APARC), has focused on assessing internally generated QBOs in climate models and
improving model simulation of a realistic QBO (Butchart et al., 2018; Anstey et al., 2022a,c; Bushell et al., 2022; Richter et
al., 2022). To investigate QBO and ENSO teleconnections and their mutual interactions, QBOi has coordinated additional
experiments building on phase-1 experiments, referred to here as the “QBOIENSO” experiments. These experiments employ
participating QBOi AGCMs and ESMs forced by prescribed "perpetual El Nifio" and "perpetual La Nifia" SSTs (Kawatani et
al., 2025).

In this paper, we have examined QBO teleconnections modulated by ENSO and evaluate their robustness using a multi-
model ensemble of QBO-resolving models that have run the QBOiENSO experiments We compare these results with those
from the QBOi phase-1 “Experiment 2, which represents the control case of ENSO-neutral conditions. Further details of the
QBOIENSO experimental design are provided in Kawatani et al. (2025). The structure of this paper is as follows: Section 2
describes the datasets of the QBOIENSO experiments and observations, along with the analytical methods employed. Section
3 characterizes the combined effects of QBO-ENSO teleconnections on the polar winter stratosphere (Holton—Tan
relationship). Sections 4 and 5 present the subtropical and tropical impacts of the QBO modified by ENSO, respectively.

Finally, Section 6 provides more discussion and a summary of our findings.

2 Data and Methods

We use nine AGCMs and ESMs participating in the QBOi project and conduct three experiments. The first one is the QBOi
Experiment 2 using a climatological annual cycle of SST and sea ice conditions (Butchart et al., 2018). We hereafter refer to

it as the control (CTL) experiment. The other two experiments are the QBOIiENSO experiments, QBOIiEINino and
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QBOiLaNina (Kawatani et al., 2025). They are time-slice experiments consistent with the QBOi1 Experiment 2 design but with
prescribed "perpetual El Nifio" and "perpetual La Nifia" SST anomalies. They are referred to hereafter as the EN and LN
experiments, respectively. The models that performed the CTL, EN, and LN experiments are EC-EARTH3.3 (hereafter EC-
EARTH for short), ECHAMS5sh, EMAC, GISS-E2-2G (GISS), LMDz6 (LMDz), MIROC-AGCM-LL (MIROC-AGCM),
MIROC-ESM, MRI-ESM2.0, and CESMI(WACCMS5-110L) (WACCM for short). Their characteristics have been described
in Butchart et al. (2018) and Kawatani et al. (2025). MRI-ESM2.0 (Yukimoto et al., 2019) is an updated version of the model
documented in Butchart et al. (2018), and it includes changes aimed at improving the modeled QBO (Naoe and Yoshida, 2019).

The lengths of model integrations for each of the three experiments are presented in Table 1. Due to data availability issues,

EMAC is not included in the results presented in Sections 4 and 5.1 below.

Table 1. Length of the model integrations

Model name Years

'QBOI Exp2 2QBOi ENSO
SEC-EARTH 101-yr 101-yr
‘ECHAMS5sh 50-yr 40-yr
EMAC 106-yr 106-yr
GISS-E2-2G 3 x 30-yr 3 x 30-yr
LMDz 70-yr 82-yr
MIROC-AGCM 3 x 30-yr 100-yr
MIROC-ESM 3 x 100-yr 100-yr
MRI-ESM2.0 30-yr 50-yr
WACCM 3 x 30-yr 100-yr

'QBOi Experiment 2 (or CTL experiment)

2QBOi ENSO experiments (QBOiEINino and QBOiLaNina experiments)
SEC-EARTH3.1 for QBOi Exp2 and EC-EARTH3.3 for QBOi ENSO
4Only the realization labelled r2i1p1 is used in ECHAMS5sh.

Observed teleconnections are quantified using a modern reanalysis dataset, the European Centre for Medium-Range
Weather Forecasts (ECMWF) fifth generation atmospheric reanalysis (ERAS; Hersbach et al., 2020) over 1959-2021. The
representation of the QBO in ERAS as compared to other reanalyses is evaluated by Pahlavan et al. (2021) and Naoe et al.
(2025). Observed precipitation is evaluated using the Global Precipitation Climatology Project (GPCP; Adler et al., 2003,
2016) dataset over 1979-2022. The design of QBOIENSO experiments used the Japan Meteorological Agency’s (JMA)
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defined NINO.3 index (https://ds.data.jma.go.jp/tcc/tcc/products/elnino/index/index.html), and so the classification of ENSO
phases is based on this index. We note that the QBOIENSO experiments are idealized; therefore, we mostly rely on
observation-based datasets to determine whether the model responses are at least qualitatively in agreement with the (short)
observational record.

To determine if observed teleconnections are well represented in the model runs, the models and observations are compared
by applying the same QBO phase definitions to the models that are optimal for the observed teleconnections. Here, we use
'standard' indices (e.g., 50-hPa equatorial wind for the QBO), without adjusting them on a model-by-model basis, for all
analyses presented in Sections 3, 4 and 5.1. This facilitates comparison with other works. As noted by Anstey et al. (2022c¢),
different QBO indices can maximize the response of different teleconnections (e.g. Gray et al., 2018). Thus, making these
choices can account for the diversity of QBO signals (tropical convection, Walker circulation, subtropical jet response,
extratropical basic-state zonal-mean flow for the Holton—Tan effect, etc.), which may lead to variations in the diagnosed QBO
teleconnections. Zonal wind biases need to be carefully considered when defining the QBO phases in model outputs, as noted
by Serva et al. (2022). Here, QBO phases are identified when the deseasonalized QBO-W and QBO-E averaged over 5° S—5°
N (weighted by cosine of latitude) exceeds a given threshold value at selected pressure levels. Specifically, QBO-W and QBO-

E are classified from the December-January-February (DJF) zonal wind at 50 hPa using > 0.5 ¢ (standard deviation) and <

1 1

—0.5 ¢ in Section 3.1 (Figs. 2 and 3), using > 0 m s ' and <0 ms! in Section 3.2 (Fig. 5), using> 2ms 'and<—2ms'in
Section 5.1 (Figs. 8, 9, and 10), and from the February-March zonal wind at 70 hPa using > 0.5 o and <—0.5 ¢ in Section 4
(Figs. 6 and 7). In Section 5.2, the strongest signal in each model is identified, considering model diversity and biases in the
simulated QBOs and tropical convection, from May to November with QBO definitions provided in the legend of Figs. 11 and
12; the analysis is summarized in Fig. 13. This approach is used to highlight the model dependency and seasonality of the
QBO signal on the Walker circulation. Using a common definition for QBO phases in terms of the pressure level and season
provides similar but weaker results (see Figs. S9, S10 and S11 using the summer zonal-mean zonal wind at 70 hPa).

The ENSO composites in observations are obtained for individual seasons in Sections 3, 4, and 5.2, while for individual
months in Section 5.1. In Section 5.2, the Bonferroni correction, as described by Holm (1979), is used for the two-sided #-test
when the QBO phase is not defined using the preferred 70 hPa level during June-July-August (JJA). In this method, the
significance level of the statistical test «_is adjusted by dividing it by m, the number of tests performed, becoming more
restrictive by increasing the confidence level. For instance, if the QBO definition is modified by season only, m = 2; if it is
modified by both season and vertical level, m = 3. Accordingly, ' = a/m, where a = 0.025 (the 5% significance level for a
two-sided test), and a' denotes the adjusted threshold; implying that the corresponding p-value must be smaller to reject the

null hypothesis.
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3 QBO teleconnections: the extratropical pathway

This section investigates the extratropical pathway of the QBO teleconnection modulated by ENSO, with a focus on the
Holton—Tan effect and SSW statistics. A previous study on QBO teleconnections using a multi-model ensemble of QBO-
resolving models (Anstey et al., 2022c) found that QBOi models underestimated the polar vortex response to the equatorial
zonal wind at 50 hPa compared with reanalyses. They suggested that these weak responses were likely due to model biases,
such as systematically weak QBO amplitudes near 50 hPa, which affected the QBO teleconnection. Since most of the models
used here for the EN and LN experiments are the same as those analyzed by Anstey et al. (2022c) in their CTL experiments,

the EN and LN experiments may similarly underestimate the polar vortex response to the QBO.

3.1 Holton-Tan relationship

QBOIENSO DJF Corr(Ueq50, UBON)
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Figure 1: Vertical profiles of the correlation coefficient between the QBO zonal wind at 50 hPa, averaged over 5° S-5° N, and the
polar vortex zonal wind at 55°-65° N during DJF in CTL (black), EN (red), and LN (blue) experiments, as well as for ENSO-neutral
(black), El Nifio (red), and La Nifia (blue) winters in ERAS. Circles denote statistical significance at the 90 % level for the
CTL/ENSO-neutral, and horizontal bars indicate the 5-95 % confidence interval, for EN / El Niiio and LN / La Niia, calculated
using a bootstrap method with 1000 times repetition. The number of winters available for each model run and experiment (ENSO
phase) is shown in the upper panel. For example, "NEU32EN15SLN15" in the ERAS panel indicates 32 ENSO-neutral, 15 El Nifio,
and 15 La Nifia winters, respectively.



285

290

295

300

305

310

Figure 1 shows the DJF correlation coefficient between the 50 hPa equatorial zonal wind at 5° S—5° N and the polar vortex
strength at different altitudes in the CTL, EN, and LN experiments, together with ENSO-neutral, El Nifio, and La Nifia winters
from ERAS reanalysis. In ERAS, correlations maximize over a deep layer of the polar vortex, reaching 0.63 at 15 hPa during
La Nifia and 0.40 during El Nifio. The correlation during ENSO-neutral winters is slightly stronger than that during El Nifio
winters. The uncertainty range (horizontal bars) represents the 5-95% confidence intervals of correlation coefficients derived
from bootstrap resampling. For La Nifia, the confidence intervals exclude zero in the stratosphere, whereas for El Nifio they
are close to zero at many altitudes, indicating substantial uncertainty in the strength of the correlation during El Nifio and
ENSO-neutral winters.

Most model correlations exhibit smaller uncertainties than ERAS due to larger sample sizes. Models such as ECHAMS5sh,
EMAC, EC-EARTH, MIROC-ESM, MRI-ESM2.0, and WACCM display positive correlation profiles in CTL, although these
correlations are weaker than in ERAS. Most models do not show significant correlations in EN; only four models (MRI-
ESM2.0, ECHAMS5sh, EMAC, and MIROC-AGCM) out of nine reproduce observed positive correlations with confidence
intervals excluding zero at certain altitudes. Kawatani et al. (2025, their Fig. 2) presented simple time—height cross-sections of
monthly zonal-mean equatorial zonal winds in EN and LN, showing that the QBO in ECHAMS5sh in EN was irregular, with
stalling in the downward propagation of both easterlies and westerlies. They also showed that the QBOs in GISS and LMDz
in LN were more irregular, with westerly phases sometimes failing to propagate into the lower stratosphere. These results
indicate that most models exhibit weak positive correlations consistent in sign with ERAS, but in most cases these correlations
are not statistically significant. This suggests that inter-model differences in the QBO—polar vortex relationship, or differences
between experiments within the same model, may not be clearly distinguishable.

Figure 2 presents composite differences in the zonal-mean zonal wind between QBO-W and QBO-E phases across the CTL,
EN, and LN experiments. ERAS clearly captures the Holton—Tan relationship under all three ENSO conditions (neutral, El
Niflo, and La Nifa). The QBO teleconnection to the NH winter stratospheric polar vortex is most strongly correlated with the
QBO amplitude at 50 hPa (Anstey et al., 2022¢). The difference in vortex strength in DJF between QBO-W and QBO-E peaks
at approximately 10 m s™! in the mid-stratosphere (near 10 hPa) during ENSO-neutral and El Nifio winters, with the strongest
response occurring during La Nifia winters, reaching a peak value of 15 m s '. No model reproduces the observed strength of

the Holton—Tan relationship across all three experiments (CTL, EN, and LN). From Figure: 2, only three models reproduce

the observed relationship in CTL and EN, and only one model (MRI-ESM2.0) reproduces the observed relationship in LN.
OnbyThe two models in CTL (MRI-ESM2.0 and WACCM) exhibit responses within half the observed amplitude-i-EFE. The
one modelEurthermore—only in LN (MRI-ESM2.0) exhibits a stronger QBO impact on the vortex inrEMN-compared with EN,
although this model produces an incorrect sign response in EN. In LN, threefeur models (ECHAMSsh, GIFSS-MIROC-AGCM,

and MRI-ESM2.0) better reproduce the observed response, peaking at a modest amplitude of ~3 m s™! in the polar vortex

region. GISS shows a significant difference in EN and a significant response in LN just equatorward of 60° N.
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Figure 2: Composite differences in the DJF mean zonal-mean zonal wind between the QBO-W and QBO-E phases, shown in the
pressure (in hPa)-latitude domain, for the CTL, EN, and LN experiments, as well as for ENSO-neutral, El Nifio, and La Nifia winters
based on ERAS. QBO phases are classified using deseasonalized DJF zonal-mean zonal wind at 50 hPa, averaged over 5° S-5° N,
with values greater than 0.5 ¢ indicating QBO-W and less than —0.5 ¢ indicating QBO-E. Contour intervals are 3 m s™! north of 20°
N and 10 m s7! south of 20° N. Dots indicate statistical significance at the 90 % confidence level. The number of winters for each
model run, along with the counts of QBO-E and QBO-W winters, is shown in the upper-right corner of each panel. For example,
"N100E30W41" for CTL in EC-EARTH indicates a total of 100 winters, with 30 winters classified as QBO-E and 41 as QBO-W.

One may ask whether a model-specific equatorial wind level, such as 30 hPa (e.g., Rao et al., 2020a), is more effective for
reproducing the QBO impact on the polar vortex (the Holton—Tan effect). We examine the relationship of composite
differences of zonal-mean zonal wind in polar vortex at 60° N and 10 hPa against QBO definition at 50 hPa (QBOS50) and at
30 hPa (QBO30) (Fig. S1). Most models underestimate equatorial QBO composite differences at 50 hPa compared with 30
hPa; for some models, the QBO is difficult to detect at 50 hPa. These results are similar to those reported by Rao et al. (2020a)
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for CMIP models. However, both panels (QBO50 and QBO30) show that most models underestimate equatorial QBO
amplitude and struggle to reproduce the observed polar vortex responses. We also examine whether model performance in
QBO amplitude and/or climatological polar night jet strength relates to a model’s ability to capture the QBO-induced polar
vortex responses (not shown), hypothesizing that the Holton—Tan relationship — the polar vortex pathway of the QBO
teleconnection — may be influenced by these two factors. QBO amplitudes at 50 hPa are poorly represented in most models,
consistent with previous studies (Bushell et al., 2022; Anstey et al., 2022), while climatological polar vortices during NH
winter are reproduced with the observed strength. These results are consistent with previous QBOi multi-model ensemble
studies, which argued that unrealistically weak low-level QBO amplitudes can weaken QBO teleconnections to the polar vortex
(Richter et al., 2022; Anstey et al., 2022c). In summary, across the CTL and LNall-three experiments, models generally show
a stronger polar vortex during NH winter when the 50-hPa QBO wind is westerly, and a weaker vortex when it is easterly,

consistent with, but weaker than, the observed response.
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Figure 3: (a) Monthly differences (QBO-W minus QBO-E) in the zonal-mean zonal wind at 10 hPa, averaged over 55°-65° N, as a
measure of the stratospheric polar vortex strength for the CTL experiment, along with ENSO-neutral winters in ERAS. QBO phases
are classified as in Fig. 2. Solid dots indicate statistically significant differences between the QBO-W and QBO-E phases at the 90 %
confidence level, based on a Monte Carlo test. The numbers in the legend represent the number of cases in each QBO phase. The
dashed line in panel (a) shows the QBO composite difference in ERAS when all years (1959-2022) are included in the analysis. MMM
denotes the multi-model mean. (b) Same as (a), but for the EN experiment, along with El Nifio winters in ERAS. (c) Same as (a) but
for the LN experiment, along with La Nifia winters in ERAS. The numbers of QBO phase categories (QBO-W, QBO-E) in ERAS
are (12, 11) during ENSO-Neutral, (7, 4) during El Niiio, and (9, 4) during La Nifia winters.

The intraseasonal Holton—Tan effects are shown in Fig. 3, represented by the composite difference (QBO-W minus QBO-
E) of the monthly zonal-mean zonal wind at 10 hPa, 55°—65° N in the CTL, EN, and LN experiments, together with ERAS. In

ERAS5, the maximum Holton-Tan effect occurs in January, with a peak of 13 m s™! across all data (dashed black line in the top
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panel). This difference is reduced in February during ENSO-neutral winters (solid black line in Fig. 3a). The seasonal evolution
of the Holton—Tan effect differs between El Nifio and La Nifia winters; it appears stronger in early and late winter during El
Niflo winters (Fig. 3b), and in mid-winter during La Nifia winters (Fig. 3c). However, it should be noted that the sample sizes
(number of W/E winters) are small for both El Nifio and La Nifia winters. Some models (MIROC-ESM and ECHAMS5sh) in
CTL show a seasonal cycle similar to that in ERAS. By contrast, GISS throughout all months, as well as LMDz and MIROC-
AGCM in certain months, in CTL, exhibit a Holton—Tan relationship opposite to that observed. In EN, four models (GISS,
WACCM, EMAC, and ECHAMS5sh) capture the early winter response in December, although it is not statistically significant.
The Holton—Tan relationship during El Nifio winters may depend on SSW occurrence because of the nonlinear joint effects of
QBO and ENSO on the polar vortex, as discussed in the Introduction. In LN, MRI-ESM2.0 and GISS reproduce the observed

late-winter response relatively well, whereas other models show no response or even an opposite response.

3.2 SSW statistics

In this subsection, we examine the QBO impacts on SSW statistics modulated by ENSO in the NH polar region. Previous
observational studies have shown that the ratio of SSW frequency between La Nifia and ENSO-neutral winters depends on the
specific definition of SSW (Butler and Polvani, 2011; Garfinkel et al., 2012a; Song and Son, 2018), and that SSW statistics
are also influenced by model biases (Tyrrell et al., 2022). Figure 4 presents the frequencies of major SSWs, minor SSWs, and
final warming dates in the NH for ERAS and the QBOi models. The criteria for identifying major SSWs, minor SSWs, and
final warming dates follows previous studies (Charlton and Polvani, 2007; Butler et al., 2015). Major SSWs are defined when
the zonal-mean zonal wind at 10 hPa and 60° N (U60) reverse from westerlies to easterlies during winter. Minor SSWs are
defined when the meridional gradient of the zonal-mean temperature changes the sign without a reversal of U60. A final
warming date refers to the seasonal transition from westerlies to easterlies, with winds remaining easterlies thereafter.

First, we assess the influence of ENSO on SSW frequencies. In ERAS (the leftmost triplet in Fig. 4a), the frequencies of
major SSWs are high during both El Nifo and La Nifia winters compared to ENSO-neutral winters. Thus, we expect that major
SSW frequencies in the QBOi models would resemble the observations, with fewer events in CTL and more in EN and LN.
LMDz and GISS reproduce the observed nonlinear ENSO response to some extent (Fig. 4a). However, most models simulate
more SSWs in EN but fail to capture the response in LN (e.g., EC-EARTH, MIROC-AGCM, and MRI-ESM2.0). Only one
model (ECHAMS5sh) reproduces the observed relationship between the frequency of minor SSWs and the ENSO phase,

showing similar frequencies in CTL and LN, and more events in EN.
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Figure 4: SSW statistics — namely, the frequencies of (a) major SSWs, (b) minor SSWs, and (¢) final SSW dates — in the Northern
Hemisphere for the CTL, EN, and LN experiments in the QBOi models, along with ENSO-neutral, El Nifio, and La Nifia winters in
ERAS, based on their daily data. The order of triplets from left to right is LN / La Nifia (purple), CTL / ENSO-neutral (grey), and
EN / El Niiio (brown). The frequency (number of events per decade) of major SSWs is defined as the number of reversals of the
zonal-mean zonal wind at 10 hPa and 60° N (U60), while the frequency of minor SSWs is defined as the number of reversals of 90°—
60° N temperature gradient at 10 hPa without a U60 reversal, occurring across full seasons. The final SSW date (day of year) is
determined for full seasons, which is defined as a period from the onset of westerlies to the transition to easterlies. Uncertainties are
estimated at the 5-95% confidence level using bootstrapping of 10 years of winter months. Multiple markers within the same
experiment of a model indicate ensemble members, depending on data availability.

The final warming date is defined as the transition from winter westerlies to summer easterlies in the polar stratosphere
(Butler et al., 2015). If the polar stratosphere is warmer, the zonal wind transition to easterlies occurs earlier, whereas if it is
colder, the transition is delayed. Hence, we assume that during El Nifio/La Nifia winters, when the polar stratosphere tends to
be warmer/colder as described in the Introduction, the final warming date may occur earlier/later. Consistent with this
expectation, in ERAS during La Nifia winters (the leftmost triplet of Fig. 4c), the final warming date is delayed compared with
ENSO-neutral and El Nifio winters. GISS and MRI-ESM2.0 also show medianlater final warming dates that are later in LN
compared with EN, consistent with the observed response (Fig. 4c). In contrast, five models (EC-EARTH, ECHAMS5sh, LMDZ,
MIROC-AGCM, and MIROC-ESM) fail-te-show laterearlier final warming dates in EN, opposite to the observed response.
These results show that the QBOi models have significant biases in reproducing observed SSW statistics. Large inter-model

variability is also evident in the Northern Annular Mode (NAM) index (Eyring et al., 2020) composited at 500 hPa, as shown
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in Fig. S2, where the geopotential heights during LN tend to be lower and the intensity of the extratropical signature differs
between LN and EN. Inter-model variability in the large-scale response to ENSO may also explain the spread in SSW
occurrence (e.g., in the GISS and MIROC-ESM models in Fig. 4) due to differences in simulated tropospheric forcing.
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Figure 5: Scatter plots of the winter-mean vortex strength at 60° N and 10 hPa versus the major SSW frequency during DJF under
different QBO and ENSO conditions. Major SSWs are defined as reversals of the daily zonal-mean zonal wind at 60°N and 10 hPa.
QBO phases are classified using DJF-mean zonal-mean zonal wind anomalies at 50 hPa, averaged over 5° S-5° N, with anomalies >
0 m s7! indicating QBO-W marked by up-pointing triangles (WLY in panel) and < 0 m s! indicating QBO-E marked by down-
pointing triangles (ELY in panel). The sum of QBO-W and QBO-E is marked by circles (QBO ALL in panel). Anomalies are
calculated for each ensemble member of each experiment in the simulation data; for ERAS, they are calculated using all winters
from 1959 to 2021. El Nifio and La Nifia winters in observations are identified when all three DJF months have the El Nifio and La
Nifa classification. The numbers of QBO phase categories (QBO-W, QBO-E) in ERAS are (24, 15) during ENSO-neutral, (5, 6)
during El Nifio, and (9, 4) during La Nifia winters. For each condition and model, the data are randomly resampled 100 times with
replacement, and 95% confidence intervals are calculated.

Next, we examine the influence of the QBO on major SSW frequencies modulated by ENSO during NH winter. Figure 5
shows scatter plots of the climatological zonal-mean zonal wind at 60° N and 10 hPa against the frequency of major SSWs
during DJF under two QBO phases and three ENSO conditions. In ERAS, major SSW frequencies under QBO and ENSO
conditions are clearly distinguishable. Averaged over all QBO conditions, the NH polar vortex is stronger during La Nifia than

during El Nifio winters, while SSW frequencies are slightly higher during La Nifia than during El Nifio winters, and both are
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higher than during ENSO-neutral winters. Major SSW frequencies during La Nifia winters are significantly higher under QBO-
E and lower under QBO-W, whereas during El Nifio winters, they are indistinguishable between QBO-W and QBO-E. Most
QBOi models exhibit linear relationships between SSW frequencies and polar vortex strength. They generally simulate higher
SSW frequencies in EN than in LN, with little distinction between QBO-W and QBO-E. This indicates that polar vortex
responses to ENSO conditions in the QBOi models are stronger than their responses to QBO phases. Some models (EMAC,
MIROC-AGCM, and MIROC-ESM) have very weak responses to both QBO and ENSO conditions.

4 The subtropical jet pathway of QBO teleconnections

This section examines the subtropical jet pathway of the QBO teleconnection modulated by ENSO, focusing on the Asia-

Pacific subtropical jet (APJ). Only the late winter period (February—March) is considered, when the subtropical pathway is

strongest in observations (Garfinkel and Hartmann, 2011a; Park et al., 2022). The subtropical jet response to the QBO is most
pronounced in the APJ, and so analyses are performed for the zonal wind averaged over the Pacific sector (150° E-150° W).
The sensitivity of the QBO—APJ connection to the ENSO phase is also examined.

The QBO-W minus QBO-E composite differences are shown in Fig. 6 for ENSO-neutral, El Nifio, and La Nifa winters,
using both ERAS and QBOIiENSO experiments. In ERAS, a QBO-W minus QBO-E anomaly exhibits a distinct horseshoe-
shaped pattern extending from the tropical lower stratosphere to the subtropical lower troposphere during ENSO-neutral
winters (top-left panel in Fig. 6). This anomaly is accompanied by a quasi-barotropic, easterly anomaly in the extratropics.
More importantly, the zonal wind anomalies switch sign across the climatological APJ (contour), indicating that the APJ shifts
equatorward during QBO-W winters compared with QBO-E winters. Most models underestimate or fail to reproduce the
observed QBO—APJ connection. The dipolar wind anomalies are much weaker in five models (EC-EARTH, ECHAMS5sh,
GISS, LMDz, and MIROC-ESM) than observations. Although one lobe of the dipolar wind anomalies is significant in
ECHAMS5sh and GISS, other models (i.e., EC-EARTH, LMDz, and MIROC-ESM) exhibit statistically insignificant wind
anomalies. MIROC-AGCM and MRI-ESM2.0 even produce anomalies of opposite sign. Such a large inter-model spread is
consistent with previous work (Anstey et al., 2022¢). In ERAS, the QBO—-APJ connection differs between El Nifio and La Nifa
winters (top-middle and top-right panels in Fig. 6; Garfinkel and Hartmann, 2010). As the APJ strengthens over the Pacific
sector (150° E-150° W) in response to El Niflo (compare climatological jet contours; Rasmusson and Wallace, 1983; Mo et
al., 1998; Lu et al., 2008), the QBO-induced subtropical wind anomalies intensify near the APJ core during El Nifio winters
(top-middle panel; Ma et al., 2023). In contrast, the QBO-W minus QBO-E anomalies switch sign across the climatological
APJ during La Nifia winters (top-right panel), when the APJ becomes slightly weaker (compare climatological jet contours in
the top-left and top-right panels). The APJ’s response to ENSO is consistently reproduced across models, whereas the ENSO
modulation of the QBO—APJ connection exhibits a large inter-model spread. While all models capture a stronger APJ in EN
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than in LN (compare climatological jet contours in the middle and right columns), they exhibit significant biases in reproducing
the ENSO modulation of the QBO—APJ connection (filled contours).
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Figure 6: QBO-W minus QBO-E composite differences in zonal wind averaged over the Pacific sector (150° E-150° W) during
ENSO-neutral (top-left), El Nifio (top-middle), and La Nifia (top-right) winters, as well as in the CTL, EN, and LN experiments (left
to right columns). Statistically significant values at the 95% confidence level are indicated by cross-hatching. The contour denotes
the climatological jet, defined as a zonal wind speed 2 30 m s™'. QBO phases are determined using deseasonalized February—March
zonal-mean zonal wind at 70 hPa, averaged over 5°S—5°N, with > 0.5 ¢ indicating QBO-W and < —0.5 ¢ indicating QBO-E. The
numbers of QBO phase samples (QBO-W, QBO-E) in ERAS are (10, 9) during ENSO-neutral, (6, 3) during El Niifio, and (12, 7)
during La Nifia winters.

The inter-model spread of the QBO subtropical pathway is summarized by the APJ-shift index in Fig. 7. This index is
derived from the QBO-W minus QBO-E zonal wind differences shown in Fig. 6. Specifically, it is defined as the 250-hPa
QBO zonal wind difference between the northern flank (40°-50° N) and the southern flank (20°-30° N) of the climatological
APJ. Negative values indicate an equatorward shift of the APJ during QBO-W relative to QBO-E. The observed APJ-shift
index is significantly negative during ENSO-neutral (black) and La Nifia (blue) winters but insignificant during El Nifio (red)
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winters. This is consistent with dipolar wind anomalies switching sign across the climatological APJ during ENSO-neutral and
La Nifia winters, whereas APJ strengthening is more pronounced during El Nifio winters (Fig. 6). The APJ-shift index is not
robust across models. None of the models show a statistically significant APJ shift in response to the QBO, regardless of the
ENSO phase. This suggests that QBOi models substantially underestimate or fail to reproduce the subtropical pathway of the
QBO teleconnection and its modulation by ENSO.
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Figure 7: QBO-W minus QBO-E composite differences in the Asia—Pacific Jet (APJ) shift index. The APJ shift index is defined as
the difference in the 250-hPa zonal wind anomalies between the northern flank (40°-50° N) and the southern flank (20° N-30° N) of
the climatological APJ core, averaged over the Pacific sector (150° E-150° W). A negative value indicates that the APJ shifts
equatorward during the QBO-W phase. Composite differences are shown for LN/ La Niiia (blue), CTL/ENSO-neutral (black), and
EN/EI Niiio (red). The APJ shift index is considered significant if the 5-95 % range of the bootstrap distribution (vertical dashed
lines) does not include zero.

Given that the subtropical jet pathway of the QBO teleconnection can be influenced by the QBO amplitude and/or the
climatological position of the subtropical jet (Garfinkel and Hartmann, 2011a), we examined whether model performance in
simulating these two factors is related to the ability of a model to capture the QBO-induced shift of the APJ (Fig. S3). Here,
the QBO amplitude is defined as the root-mean square of the deseasonalized zonal-wind time series at 70 hPa, multiplied by
V2, following Dunkerton and Delisi (1985) and Bushell et al. (2022). The climatological position of the APJ is defined as the
latitude of the maximum zonal-mean wind averaged over the APJ sector (150° E-150° W). Consistent with previous studies
(Bushell et al., 2022; Anstey et al., 2022¢), most QBOi models underestimate the QBO amplitude. Only two models show a
QBO amplitude comparable to the reanalysis. However, model biases in the QBO amplitude do not affect those in the QBO—
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APJ connection (Fig. S3a). Models with larger QBO amplitudes do not necessarily exhibit stronger jet responses, nor do
models with smaller amplitudes consistently show weaker responses. A similar result is found for the APJ position (Fig. S3b).
These results suggest that neither the QBO amplitude nor the APJ position explains the inter-model spread in the QBO-APJ
connection. Other factors, such as transient and stationary eddies, may determine the QBO—APJ connection in the models.

This possibility should be explored in future studies.

5 QBO teleconnections: the tropical pathway

This section investigates the tropical pathway of the QBO teleconnection modulated by ENSO, focusing on tropical

precipitation and the Walker circulation.

5.1 Tropical precipitation

Several studies have suggested that the observed QBO signal in tropical precipitation depends on the underlying ENSO phase
(e.g., Taguchi et al., 2010; Garcia-Franco et al., 2022, 2023). This section examines this hypothesis using QBOi models and
experiments through analyses of tropical precipitation and OLR. Figure 8 shows DJF seasonal-mean precipitation differences
between QBO-W and QBO-E in EN and LN, together with anomalies during El Nifio and La Nifia winters from GPCP. In the
observations, the QBO signals are strongest and statistically significant in the tropical Pacific and Indian Oceans, consistent
with previous analyses (Liess and Geller, 2012; Garcia-Franco et al., 2022). The positive equatorial Pacific signal in the GPCP
dataset, which resembles an El Nifio anomaly (Dommenget et al., 2013; Capotondi et al., 2015), is particularly strong and
statistically significant during DJF. This signal is associated with the three strongest El Nifio events (1982-1983, 1997-1998,
2015-2016), coinciding with the westerly QBO phase (Fig. S4; Garcia-Franco et al., 2023).

Although most models do not reproduce El Nifio—like precipitation anomaly patterns in either experiment, several models
exhibit significant QBO-related precipitation signals. For example, GISS, ECHAMS5sh, and MRI-ESM2.0 show significant
QBO responses in EN, comparable in magnitude to the signal diagnosed in GPCP when considering all months (Fig. S5a),
though weaker than the observed signals under El Niflo and La Nifia conditions. In other models, the response is generally
weaker, and the spatial distribution of anomalies is inconsistent across models. In LN, the models also fail to show a clear
precipitation signal in the Pacific, although EC-EARTH, ECHAMSsh, WACCM, and MIROC-ESM exhibit a response over
the Indian Ocean and Australia. A multi-model mean response (Fig. S5) illustrates the lack of model agreement, with the mean
QBO signal effectively vanishing across the tropics. This suggests little consensus among models regarding both the spatial
distribution and the sign of the tropical precipitation response to the QBO phase. Figure S6 further supports this, showing DJF
seasonal OLR differences between QBO-W and QBO-E in EN and LN, alongside ERAS5. None of the models reproduce the
observed OLR signal, and some (EC-EARTH, ECHAMS5sh, LMDz, and GISS) show OLR (and precipitation; Fig. 8) responses
that differ distinctly between EN and LN, especially over the equatorial Pacific. In summary, there is no robust or consistent

precipitation response to the phase of the QBO across models or experiments.
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Figure 8: DJF seasonal-mean precipitation differences (mm day™') between QBO-W and QBO-E for (left) EN and (right) LN
experiments in the QBOIi models, including El Nifio and La Nifia winters from GPCP data. Hatching indicates statistical significance
at the 95% confidence level, determined by a bootstrap test for observations and a two-sided t-test for models. Observed composite
sample sizes (in months) are shown in parentheses in the GPCP panels. QBO phases are classified based on deseasonalized DJF-
mean zonal-mean zonal wind at 50 hPa, averaged over 5° S—5° N, with values >2 m s™! indicating QBO-W and < -2 m s! indicating
QBO-E.
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Figure 9: (a-b) Box plots of QBO-W minus QBO-E differences in DJF precipitation (mm day™") for (a) the western equatorial Pacific
(WEP) and (b) the EN3.4 region (5° S—5° N, 170°-120° W). Error bars represent the 95 % confidence interval. The y-axis is fixed
for clarity; however, an alternative version with y-axis limits set according to the GPCP scale is provided in supplementary Fig. S8.

Previous studies have shown that the QBO signal during DJF is particularly strong in specific regions of the tropical Pacific:
the western equatorial Pacific (WEP, 5° S—5° N, 120°-170° E) and the Nifio3.4 region (EN3.4, 5° S—5° N, 170°-120° W)
(Gray et al., 2018; Serva et al., 2022; Garcia-Franco et al., 2022). To test the sensitivity of precipitation in these regions to the
QBO phase, we analyze the area-averaged precipitation in both regions as a function of QBO and ENSO phases (Fig. S7). The
QBOi models show considerable spread in the precipitation climatology. However, all simulations reproduce the observed
ENSO signal: wetter conditions in the EN3.4 region and drier conditions in the WEP in EN, with the opposite pattern in LN,
regardless of the QBO phase.

Figure 9 shows the area-averaged precipitation differences (QBO-W minus QBO-E) for the WEP and EN3.4 regions in the
CTL, EN, and LN experiments, along with ENSO-neutral, El Nifio, and La Nifia winters from GPCP. In observations, the
precipitation signal associated with the QBO during El Nifio is opposite in sign to that during La Nifia. However, these results
should be interpreted with caution due to the small sample size (approximately 3—5 winters in each composite). Regardless of

the observed sign and magnitude, the models generally disagree on the sign of the precipitation response in each experiment.
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For example, while the QBO signal during La Nifia is positive over the WEP in observations and most models agree, only five
out of seven models capture this positive response. GISS and MIROC-ESM show positive precipitation signals in the WEP
across all three experiments. However, in the EN3.4 region, none of the models reproduce consistent QBO-related responses

across all three experiments.
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Figure 10: Scatter plot of DJF temperature differences at 100 hPa (QBO-W minus QBO-E, in K) versus precipitation differences
(QBO-W minus QBO-E, in mm day™), both averaged over the western equatorial Pacific region. The correlation coefficient of the
best-fit line for all data, including observations, is —0.48, which is significant at the 95% confidence level according to a t-test. Without
observations, the correlation is —0.25. Under El Niiio conditions, the correlation is —0.82, while under La Niia conditions, it is —0.20.

One possible reason for the inter-model and inter-experiment spread in precipitation response is variability in QBO-related
temperature anomalies at the equator, arising from the QBO-induced mean meridional circulation and thermal wind balance.
The QBO’s impact on the tropical tropopause layer (TTL) is important for its teleconnection via the tropical pathway (Haynes
et al., 2021, Hitchman et al., 2021). A common hypothesis is that when a cold QBO anomaly occurs in the TTL, convection
can penetrate to higher altitudes, locally amplifying the zonal-mean QBO cold anomaly (Tegtmeier et al., 2021). Figure 10
shows a scatter plot of the QBO-W minus QBO-E temperature differences at 100 hPa versus precipitation differences over the
WEP. One might expect models that havewith larger TTL temperature signals or static stability to also show stronger
precipitation signals. ERAS5 shows larger QBO differences in TTL temperature than the models, with the strongest signals
occurring during El Nifio winters. Also, the GPCP precipitation signal is largest during El Nifio, possibly due to the coincidence
of the strongest El Nifio events with the westerly QBO phase. Removing these strongest El Nifio events (1982-1983, 1997—
1998, 2015-2016) significantly alters GPCP precipitation signal (Fig. S4). For the all-winter composites, the Pacific signal
dramatically weakens when excluding these cases (Fig. S4a, b). During the El Nifio winters, only the eastern Pacific

significantly changes. Some models, such as GISS and ECHAMS35sh, exhibit strong temperature signals and strong negative
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precipitation signals in LN. However, most models show modest positive temperature differences without a clear precipitation

signal. Overall, the QBOi models underestimate QBO wind-amplitudes-in-the towerstratosphere(Bushel-et-al;2022)-and
thus-shew-weak-TTL temperature anomalies (Serva et al., 2022), which may explain their weak precipitation signals.

5.2 Walker circulation

In this subsection, we examine whether the QBO’s impact on the Walker circulation can be detected across different ENSO
phases. A recent study (Rodrigo et al., 2025) showed that, in reanalyses, the QBO signal in the divergent circulation is strongest
over the Maritime Continent during JJA, followed by autumn (SON), and weakest in DJF. However, under El Nifio and La
Nifla conditions, this timing may shift slightly, potentially due to ENSO’s influence on the QBO itself (Taguchi, 2010b;
Kawatani et al., 2025). Additionally, model diversity and biases in the simulated QBO (Bushell et al., 2022) may contribute to
inter-model variations in the simulated QBO teleconnection. We begin our analysis by applying a common QBO definition
and target season across all models, using the zonal-mean zonal wind at 70 hPa during JJA to define the QBO phase. With this
approach, we identify a coherent signal characterized by anomalous westerlies in the upper troposphere and anomalous
easterlies in the lower troposphere over the Indian Ocean—Maritime Continent region, in both observations and some models
across the CTL, LN, and EN experiments (Figures S9, S10, and S11). To strengthen this signal and capture the strongest
response in each model, we allow minor adjustments to the QBO definition and target season when necessary.

Figure 11 illustrates the QBO zonal wind signal averaged over 10° S—10° N in LN, represented by the QBO-W minus QBO-
E composite (shading), with climatological winds superimposed (black contours). In ERAS during La Nida (Fig. 11a), the
August—September—October (ASO) climatology shows upper-level easterlies over the Eastern Hemisphere and westerlies over
the Western Hemisphere, with a weaker, opposite pattern in the lower troposphere. A distinct QBO signal is observed in the
equatorial troposphere over the Indian Ocean—Maritime Continent. This signal is characterized by anomalous westerlies in the
upper troposphere (red contours and shading) and anomalous easterlies in the lower troposphere (blue contours and shading).
Relative to the climatology, this signal represents a weakening of the zonal circulation over the Indian Ocean—Maritime
Continent. Similar QBO-related anomalies to those observed in ERAS for La Nifia — featuring upper-level westerlies and
lower-level easterlies — are also found in most models in LN experiments (Figs. 11b-i), although their precise locations vary
and the lower-level anomalies are generally weaker. Specifically, the strongest signals are found in EC-EARTH, MRI-ESM2.0,
LMDz, and MIROC-AGCM during JJA; GISS during SON; and WACCM during MJJ. In contrast, ECHAMS5sh and MIROC-
ESM show no significant signal. The QBO-W minus QBO-E composite in CTL shows a similar signal to that in LN in most
models during JJA or SON (Fig. S12). This modulation of the tropical circulation by the QBO appears robust, despite variations

in timing and longitudinal location.
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Figure 11: Climatology (black contours) and QBO-W minus QBO-E differences (shading and colored contours) in equatorial zonal
wind profiles, averaged over 10° S-10° N, from the LN experiment for the QBOi models, along with La Nifia winters in ERAS. Black
contours are drawn at 4 m s~ intervals. Colored contours use the same intervals as the shading, with red contours indicating positive
differences and blue contours indicating negative differences. The target season for each panel is indicated in the title, with the QBO
definition provided in the legend. QBO phases are classified based on deseasonalized zonal-mean zonal wind at 70 or 85 hPa in
summer and autumn (see the legend), with values > ¢ (standard deviation) indicating QBO-W and < —o indicating QBO-E. In ERAS,
16 La Nifia events are identified using the NINO3 index during DJF. The numbers of QBO phase categories (QBO-W, QBO-E) in
ERAS are (8, 8) for these events, with values > 0 m s! indicating QBO-W and < 0 m s™! indicating QBO-E. Only statistically
significant zonal wind differences at the 95 % confidence level are shaded. For models using a QBO definition other than 70 hPa
during JJA, the Bonferroni correction is applied (see Section 2). Note that the color bar for ERAS differs due to the larger QBO
amplitude.

During El Nifio in ERAS (Fig. 12a), the QBO signal in the equatorial troposphere resembles that observed during La Nifia,
although it occurs during JJA and is weaker. It also shows anomalous westerlies in the upper troposphere over the Indian
Ocean—Maritime Continent and anomalous easterlies in the lower troposphere. As in LN, this anomalous zonal circulation
indicates a weakening of the climatological pattern. Comparable anomalies, with upper-level westerlies and lower-level
easterlies over the same region, are also present in most models. The strongest signals are found in EC-EARTH during MJ; in
MRI-ESM2.0, GISS, LMDz, MIROC-AGCM, and MIROC-ESM during JJA; and in WACCM during JAS. By contrast,
ECHAMS5sh shows only a weak response that differs from the other models.
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Figure 12: Same as Figure 11, but for EN experiments, along with El Nifio events in ERAS. In ERAS, 14 El Niiio events are identified,
with QBO phase categories (QBO-W, QBO-E) of (7, 7).

Figure 13 presents a summary diagram showing the timing and location of statistically significant QBO-W minus QBO-E
composite differences in equatorial zonal wind (10° S—10° N) across all three experiments, at three representative vertical
levels (700, 100, and 70 hPa) and over the four standard seasons. These statistically significant signals are identified by
analyzing the influence of the QBO on zonal winds within the longitudinal band from 60° E to 120° E. An example from the
EC-EARTH CTL experiment is shown in Fig. S13. The QBO phase is consistently defined for the specific season indicated in
the legend (i.e., it does not vary seasonally). In some models, the strongest signals occur during transitional periods between
standard seasons; in such cases, the corresponding symbols are placed accordingly. Across all three experiments, nearly all
models, along with ERAS, exhibit a tropospheric signal characterized by upper-level (100 hPa) westerly and-lowerleve {700

hPa)-easterly-anomalies during various seasons from May to November, while about half of the models and the observations

show lower level (700 hPa) easterly anomalies. This pattern suggests a weakening of the climatological Walker circulation
over the Indian Ocean—Maritime Continent. Exceptions include GISS in CTL, MIROC-ESM in CTL and LN, and ECHAMS5sh
in LN and EN (see Figs. 11, 12, and S12). Overall, this figure illustrates that the QBO, when defined around JJA and SON,

modulates the zonal circulation in the equatorial troposphere over the Indo—Pacific region. ERAS shows a consistent signal

during both La Nifia and El Nifio years, which is reproduced by some models with variations in season, longitude, or the level
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used to define the QBO, but is absent in others. It is important to note that the QBOiENSO experiments are idealized, and

ERAS results are not directly comparable.
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Figure 13: (a) Occurrence of statistically significant zonal wind signals by model, season, and altitude over the equatorial band (10°
S-10° N, 60° E-120° E) for the (a) CTL, (b) LN, and (c¢) EN experiments. QBO-W minus QBO-E zonal wind signals are evaluated
at three vertical levels and across the four standard seasons. Symbols are placed between standard seasons when the strongest signal
occurs during an intermediate period. Filled symbols represent westerly anomalies, while open symbols indicate easterly anomalies.
The QBO definition for each model and experiment is provided in the legend and are the same as Figures 11, 12, and S12.
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6 Summary and Discussion

In this paper, we examine QBO teleconnections modulated by ENSO in the Arctic stratosphere, the subtropical Pacific jet, and
the tropical troposphere. We use a multi-model ensemble of QBO-resolving models that performed the QBOIiENSO
experiments to evaluate the robustness of these teleconnections. Distinguishing the respective influences of the QBO and
ENSO on the extratropics and tropical troposphere can be challenging because of the observed aliasing between these
phenomena. To address this, we conduct model integrations with annually repeating prescribed SSTs representative of either
strong El Niflo or La Nifia conditions, thereby simplifying ENSO forcing compared with the diversity of observed ENSO
phases. We reexamine QBO teleconnections to the extratropics and tropics previously explored in QBOi studies (Anstey et al.,

2022c; Serva et al., 2022), now focusing on combined QBO-ENSO influences using this new dataset of QBOi idealized ENSO

experiments.

the-ebservations—The Holton—Tan relationship in ERAS indicates that the polar vortex is significantly stronger (weaker) under
QBO-W (QBO-E) across all ENSO phases, with the strongest response occurring during La Nifla. Nearly half of the models
simulate a stronger polar vortex during NH winter under QBO-W for each experiment, consistent with but much weaker than
the observed response, reaching at most half of the observed amplitude (Fig. 2). The seasonal evolution of the QBO in ERAS
reveals a stronger signal in early winter during El Nifio and in late winter during La Nifia. In the LN experiment, two of nine
models capture the observed late-winter response relatively well, while the others show little or no response, or even an
opposite response (Fig. 3).

Major SSWs occur more frequently during both El Nifio and La Nifia winters than during ENSO-neutral winters in ERAS.
Most models show an increased number of events during EN but fail to capture the LN response, suggesting that the QBOi
models struggle to reproduce observed SSW statistics (Fig. 4). Major SSW frequencies vary strongly with both QBO and
ENSO phases in ERAS5, whereas SSW frequencies between QBO-W and QBO-E phases are indistinguishable in the models.
These results indicate that polar vortex responses to idealized ENSO forcing in the QBOi models are strong, whereas responses
to equatorial QBO phases are relatively weak (Fig. 5), independently from the level used to define the QBO (50 or 30 hPa).

Changes in the APJ in response to the QBO are examined (Figs. 6 and 7), with a focus on late winter, when the subtropical
jet pathway is strongest in observations. Observational data show that the APJ shifts equatorward during QBO-W winters
compared with QBO-E winters associated with a horseshoe-shaped pattern extending from the tropical lower stratosphere to
the subtropical lower troposphere; however, most models underestimate or fail to reproduce this observed QBO-APJ
relationship. The observed APJ shifts equatorward under QBO-W during ENSO-neutral and La Nifia winters, but it is
insignificant during El Nifio winters. This APJ-shift index is not robust across models. None of the models show a statistically

significant shift of the APJ in response to the QBO, regardless of the ENSO phase. We also examine whether the subtropical-
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jet pathway of the QBO teleconnection is influenced by the QBO amplitude and/or the climatological position of the
subtropical jet. Most QBOi models underestimate the QBO amplitude, whereas models with larger QBO amplitudes do not
necessarily exhibit stronger jet responses nor do models with smaller amplitudes consistently show weaker responses.

Hence, Fhis-means-that neither the QBO amplitude nor the APJ position explains the inter-model spread in the QBO-APJ

connection. Other factors, such as transient and stationary eddies, likely play a role in determining the QBO—APJ connection.

The impacttrepical-pathway of the QBO teleconnectionmeodulated-byvENSOon the troposphere is examined, focusing on
tropical precipitation (Figs. 8—10) and the Walker circulation (Figs. 11-13). In the GPCP dataset, the positive equatorial Pacific

signal with an El Nifio—like anomaly in the QBO-W minus QBO-E differences is particularly strong and statistically significant
during DJF. Although most models do not reproduce El Nifio—like precipitation anomaly patterns in either the EN or LN
experiments, some models show significant precipitation signals over the Indian Ocean and Australia. The precipitation
response to the QBO phase in these experiments varies by model, region, and ENSO phase, with no consistent response across
experiments for each model. To investigate the causes of discrepancies between models and observations, we analyze the
strength of the QBO impact on the TTL region, which is considered important for the QBO teleconnection along the tropical
pathway. Overall, the QBOi models produce too-weak wind amplitudes and too-weak temperature anomalies in the lower
stratosphere.

The QBO teleconnection to the Walker circulation is strongest in reanalysesobservations over the Indian Ocean—Maritime
Continent region during boreal summer, followed by autumn, and weakest in winter (Rodrigo et al., 2025). This timing may
shift slightly potentially due to ENSO’s influence on the QBO itself, and model diversity and biases may cause variability in
simulating QBO teleconnections. Thus, we identified the strongest signal for each model by defining the QBO across different
seasons (JJA or SON) and vertical levels (85 or 70 hPa). In ERAS, the equatorial troposphere has a QBO signal that is
characterized by upper-level westerly and lower-level easterly anomalies over the Indian Ocean—Maritime Continent region,
which does not have high sensitivity to the ENSO phase. Most models reproduce a similar pattern across all three experiments,

although the lower-level anomalies are generally weaker. This modulation of the tropical circulation by the QBO appears

spatially consistent, although its timing varies.

We now consider three issues related to modeling the complexity of QBO-ENSO interaction raised by these results: forced

SSTs, the seasonality and variability of the Walker circulation, and biases in the QBO and other processes.
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First, the climate system’s response to ENSO forcing tends to be nonlinear with respect to ENSO intensity and asymmetric
with respect to ENSO phases (Domeisen et al., 2019; Rao and Ren, 2016b, c). This nonlinearity complicates the identification
of physically meaningful mechanisms and limits understanding of QBO-ENSO teleconnections. Therefore, conducting
idealized experiments, such as our QBOiENSO experiments, could help clarify physically robust mechanisms within this
complex system. The experimental design of QBOiENSO (Kawatani et al., 2025) is annually repeating, using inflated monthly
mean ENSO anomalies. However, most QBOi models in the three experiments (CTL, EN, and LN) fail to reproduce QBO-
related, El Nifio—like precipitation anomalies as observed in the GPCP dataset, whereas such precipitation patterns are captured
by some QBOi models in QBOi Experiment 1 of the AMIP-type with interannually varying SSTs (Serva et al., 2022) and by
other models in AMIP-type experiments (Garcia-Franco et al., 2022). This suggests that the QBO’s downward influence on
tropical precipitation may be overly sensitive to model physics or muted by the absence of SST feedbacks (Garcia-Franco et
al., 2023; Randall et al., 2024), or affected by biases in climatological winds and precipitation characteristics.

Next, we emphasize the importance of seasonality in shaping the combined effects of the QBO and ENSO on the tropical
troposphere. Our results indicate that QBO teleconnections with the Walker circulation vary seasonally and display a distinct
zonally asymmetric pattern. These findings underscore the need for further investigation to clarify the drivers of this seasonal
dependence, the causes of the asymmetry, and the mechanisms governing these interactions. We also note that tropical
convection is inherently coupled with the ocean. Long-term simulations with coupled general circulation models (CGCMs)
would provide a useful framework for testing QBO-ENSO teleconnections arising from internal variability of the coupled
ocean—atmosphere system (Garcia-Franco et al., 2023; Randall et al., 2023).

Finally, common systematic model biases hinder QBO teleconnections to both the extratropics and the tropical troposphere.
In the extratropical stratosphere, previous studies using QBOi models have suggested that the systematic weakness of the
QBO-polar vortex coupling arises from consistently weak QBO amplitudes at lower levels in the equatorial stratosphere,
biases in the wintertime polar vortex, and inadequate representation of stratosphere—troposphere coupling (Bushell et al., 2022;
Richter et al., 2022; Anstey et al., 2022c¢). Our results confirm that these unrealistically weak low-level QBO amplitudes reduce
the QBO teleconnections with both the polar vortex and the APJ.

In the tropics, models commonly exhibit weak QBO amplitudes in the lower stratosphere, which limit the effectiveness of
stratosphere—troposphere coupling processes (Oueslati et al., 2013; Richter et al., 2020; Garcia-Franco et al., 2022, 2023).
Unrealistic variability also emerges in QBOiENSO experiments, with occasional stalling of simulated QBOs (Kawatani et al.,
2025). Additionally, persistent tropospheric biases related to tropical convection and precipitation are evident, including biases
in the strength and position of the ITCZ, tropical wave activity, and unrealistic rainfall distributions. These shortcomings
typically stem from model parameterizations, particularly those governing convection and cloud microphysics (Oueslati et al.,
2013; Hagos et al., 2021; Norris et al., 2021; Zhou et al., 2022). The combination of these stratospheric and tropospheric biases
likely weakens the QBO signal in the tropical troposphere and contributes to inter-model differences in the magnitude, timing,

and spatial manifestation of the teleconnection.
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Phase 2 of the QBOI project is currently underway to assess the impact of QBO biases using zonal-mean nudging toward
observations in the QBO region. Bias-corrected QBO amplitudes achieved through nudging may provide valuable insights for

improving the representation of QBO teleconnections in both the extratropics and the tropical troposphere.
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