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

Niño–Southern Oscillation (ENSO), using a multi-model ensemble fromof the Atmospheric Processes And their Role in 

Climate (APARC) QBO initiative (QBOi) models. Some difficulties arise in Analyzingexamining observed QBO–ENSO 35 
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teleconnections is challenging because it is difficult tofrom separatedistinguishing the respective influences of QBO and ENSO 

influences outside of the QBO region, due to aliasing between the QBO and ENSO overin the historical record. To 

isolateseparate thesethe QBO and ENSO signals, simulations awere conducted with annually -repeating prescribed sea-surface 

temperatures representingcorresponding to idealized El Niño andor La Niña conditions (the QBOi EN and LN experiments, 

respectively). In LN, four out of nine models are to reproduce the observed Holton-TanHolton–Tan relationship within a half 40 

of the observed amplitude. In the Arctic winter climate, higher frequencies of sudden stratospheric warmings (SSWs) occur 

more frequentlyare found in EN than in LN;, however,and unlike inthe observations, there is no discernible differences ofin 

SSW frequencyies 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, butwhile this the APJ-shift is not 

robust across models, regardless of the ENSO phases. In the tropics, the sign and spatial pattern of the QBO precipitation 45 

response vary widely across models and experiments, indicating that any potential QBO signal is strongly modulated by the 

prevailing ENSO phases of ENSO. Overall, the QBOi models exhibitshow unrealistically weak QBO wind amplitudes in the 

lower stratosphere, which maycould explainexplain the weak polar vortex and APJ responses, as well asand the weak 

precipitation signals in the tropics. In contrast, tThe QBO teleconnection withto the Walker circulation duringin boreal summer 

and /autumn shows a consistent signals in bothacross observations and and most models. Specifically, , with the QBO-W phase 50 

is characterized byfeaturing upper-level westerly and lower-level easterly anomalies over the Indian Ocean–Maritime 

Continent relative to the QBO-E phase, although theits amplitude and timing of these anomalies remainare model-dependent. 

Notably, theThis influenceimpact of the QBO phase on the Walker circulation appears not to be insensitive to the ENSOthe 

phase of ENSO. 

 55 

 

 

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 asand their modulation by the El Niño–Southern Oscillation, are examined through model experiments. 60 

The QBO–polar vortex–QBO connectionlinks isare reproduced by a multi-model ensemble at aboutwithin a half ofthe 

observed amplitude. WeakPoor performance of QBO signals in these tropics, subtropics, and polar regions is likely due to 

unrealistically weak QBO amplitudes in the lower stratosphere. 
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1 Introduction 

The Quasi-Biennial Oscillation (QBO) and the El Niño–Southern Oscillation (ENSO) are the leading modes of climate 70 

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 aboutapproximately 28 months (Baldwin et al., 2001; Anstey et al., 2022b). It representsThe QBO is an important 

source of predictability due to its long timescale and its teleconnections extending beyondoutside the tropical stratosphere. The 

QBO is primarily driven by vertical momentum fluxes fromdue to upward-propagating equatorial wave activity generated by 75 

tropospheric convective systems (Lindzen and Holton, 1968; Holton and Lindzen, 1972; Plumb and McEwan, 1978).  

Over the past twoa couple of decades, atmospheric general circulation models (AGCMs) and Earth system models (ESMs) 

arehave beingincreasingly includeddeveloped to include an internally- generated QBOs to represent more realistic modes of 

internal variability (e.g. Butchart et al., 2018). To simulate a realistic QBO, Mmost of these models require parameterization 

of unresolved gravity waves to simulate an internally generated QBO, including specific treatmentsconditions of parameterized 80 

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 influencesimpacts the climate 

system beyondoutside this region throughvia teleconnections. We can obtain aA deepermore in-depth understanding of QBO 

teleconnections—including (extratropical impacts, tropical and subtropical effectsimpacts, and their interactions with other 

phenomena—)can be achieved by intercomparing many state-of-the-art, stratosphere-resolving models that simulate a QBO-85 

like oscillations in the tropical stratosphere.  

The QBO can influences the Northern Hemisphere (NH) winter stratosphere by modulating planetary-scale waves that 

affectdistort the stratospheric polar vortex. The observed statistical relationship between the QBO phase and polar vortex 

strength is commonly referred to as the Holton-TanHolton–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 tendsis observed to be stronger and colder, 90 

and a reducingthe likelihood of sudden stratospheric warming (SSW) events is reduced. Conversely, duringwhen the QBO is 

in its easterly phase (QBO-E), the stratospheric polar vortex is weaker, warmer, and more disturbed. The underlying 

mechanisms underlyingfor this effect have been extensively investigatedexamined in bothby many observational and modeling 

studies. The mechanism proposed by Holton and Tan (1980) proposed thatto explain this effectrelationship results 

frominvolves a latitudinal shift of the zero-wind line, which acts as an effective waveguide for upward-propagating planetary 95 

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 similar but distinct mechanism suggests 

thatinvolves planetary waves interacting with the zonal wind anomalies associated with the QBO-induced secondary 

circulation, withoutnot requiring zero-wind-line-induced wave breaking induced by the zero-wind-line (Ruzmaikin et al., 2005; 
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Naoe and Shibata, 2010; Garfinkel et al., 2012b; White et al., 2015; Naoe and Yoshida, 2019; Rao et al., 2020; Anstey et al., 100 

2022b). A tropospheric pathway of the Holton-TanHolton–Tan relationship has also been proposed. In Tthis mechanism, 

involves Rossby waves propagateing from regions of tropical convection to higher latitudes, including the Aleutian low-

pressure region, and disturb the stratospheric polar vortex is disturbed bythrough the subsequent upward wave activity flux 

into the stratosphere, which is modulated bythrough tropospheric processes (Yamazaki et al., 2020). Although the relative 

importance of these different mechanisms remains somewhat unclear, due to the QBO’s long timescale these teleconnections 105 

may enhancelead to increased the predictability of the extratropical stratosphere on sub-seasonal time scales due to the QBO’s 

long periodicity (Boer and Hamilton, 2008; Scaife et al., 2014; Garfinkel et al., 2018). 

ItThe QBO has also been suggested tothat the QBO affects the tropical troposphere by modifying deep convective activity 

and vertical wind shear nearalong the tropopause (Gray et al., 1992; Collimore et al., 2003). The QBO-induced zonal-mean 

meridional circulation modulates the temperature vertical temperature profile in the equatorial upper troposphere– and lower 110 

stratosphere (UTLS), producingleading to a QBO signature in tropical tropopause temperature and wind. Although the 

notionidea 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 yet widely accepted until the early 2000s (Hitchman et al., 2021). Recently aA 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–-115 

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 examplee.g., 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). 120 

The similarity between the QBO and ENSO signals in observations may result fromcould potentially be caused by the higher 

number of El Niño events coinciding with QBO-W than with QBO-E (García-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). andThey found that those simulations have a 

limited ability to reproduce the observed modulation of the tropical tropopause- level processes, even after 125 

removingsubtracting the 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 

reproducedsimulated by many, though not all, models (Fig. 11 of Serva et al. (2022)). However, the simulated QBO signal 

inon the tropopause is generally underestimated or not unrealistic in these models.  

In additionAlso, Rao et al. (2020b) explored and evaluated three dynamical pathways— through the (stratosphere polar 130 

vortex, North Pacific viathrough the subtropical downward arching zonal winds, and tropical convection pathways)— for QBO 

impacts of the QBO on the troposphere, using the state-of-the-art CMIP5/6 models with a spontaneously generated QBO. They 

found that more than half of the models couldcan reproduce at least one of the three pathways,, but few models couldcan 
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reproduce all of the three routepathways. Using similar SST-forced, as well as coupled ocean–-atmosphere coupled simulations 

with a single model, García-Franco et al. (2023) suggested that the simulated precipitation response to the QBO stronglyis 135 

heavily dependsent on the state of ENSO and the Walker circulation, the strength of the QBO, and the ocean–-atmosphere 

coupling. 

In the subtropics, the QBO has a direct influence onof the QBO modulates the subtropical jet bythrough itsthe QBO 

secondary circulation. Observational studies have indicated that the QBO can affect the subtropical jet variability, 

particularlyespecially in the Pacific sector (e.g. Garfinkel and Hartmann, 2011a; 2011b). During QBO-W, a horseshoe-shaped 140 

zonal wind anomaly forms in the UTLSupper troposphere and lower stratosphere associated with anthe equatorward shift of 

the Asian-Pacific jet (APJ) (Crooks and Gray, 2005; Simpson et al., 2009), Thisand the resultant response is evidentfound 

even in the East Asian 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), whereaswhile another multi-model study found that seven out of 17 models captured this effect (Rao et al., 2020b).  145 

ENSO teleconnections to the NH winter stratosphere have been widely reported in numerousa large number of observational 

studies (van Loon and Labitzke, 1987; Camp and Tung, 2007; Garfinkel and Hartmann, 2007; Song and Son, 2018) and in 

modeling studies (Taguchi and Hartmann, 2006; García-Serrano et al., 2017; Palmeiro et al., 2017, 2023; Trascasa-Castro et 

al., 2019; Weinberger et al., 2019). During El Niño winters, the polar vortex tends to beis weaker, and the polar region 

becomesis warmer compared tothan ENSO- neutral wintersyears, whereaswhile during strong La Niña winters, are associated 150 

with a weakening of the Aleutian low and destructive linear interference with the climatological wave pattern was identified 

(Iza et al., 2016). Observations indicateshowed that SSW events occur more frequentlypreferentially during both El Niño and 

La Niña winters than during ENSO-neutral winters (Butler and Polvani, 2011; Garfinkel et al., 2012a). However, there might 

be sampling errors may arise due to the relatively short observational record (Domeisen et al., 2019), and the reported increased 

in SSWs during La Niña winters iswere sensitive to the SSW definition of SSWs used (Song and Son, 2018). The Oobserved 155 

relationships between ENSO and SSWs were often not reproducedreplicated inby models. Models typicallyoften simulated 

ENSO events and teleconnections that appearwere considerably more linear thancompared to the available observational 

evidencedata suggests (Domeisen et al., 2019). For example, simulations with a chemistry-climate model showedthere is no 

indication of any nonlinearities between El Niño and La NiñaEN and LN, andwhile SSW frequencies for both phasesEN and 

LN were found to beare both similar, using a chemistry-climate model (Weinberger et al., 2019). Trascasa-Castro et al. (2019) 160 

investigated the effect of variations inENSO amplitude variations on European winter climate usingwith idealized SST 

anomalies and they did not findfound no evidence of a saturation inof the stratospheric pathway underdue to strong El Niñno 

forcing, as suggested in previous literature. Systematic model biases in atmospheric winds and temperatures likelywould affect 

the representation of the ENSO–-SSW teleconnection (Tyrrell et al., 2022). 

ENSO exertshas significant impacts on the global atmospheric circulations, and QBO teleconnections may also be 165 

modulatedinfluenced by El Niño and La Niña. The QBO itself is affected by ENSO, with weaker QBO amplitude and faster 

QBO phase propagation under El Niño than under La Niña conditions (Taguchi, 2010a). Previous studies that investigatinged 
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the joint effects of QBO and ENSO on winter polar vortex variability in winter have suggested that their interactions are 

nonlinear, withinsofar as the Holton-TanHolton–Tan relationship is found to bebeing significant duringin the La Niña phase 

but much weaker duringin the El Niño phase (Wei et al., 2007; Garfinkel and Hartmann, 2008; Calvo et al., 2009; Richter et 170 

al., 2011; Hansen et al., 2016). A recent observational study (Kumar et al., 2023) examinedinvestigated the combined effects 

of the QBO and ENSO inon modulating the extratropical winter troposphere during the 1979–2018 period. They found that 

during La Niña, QBO signals in the polar vortex were amplified, and the polar vortex and subtropical jet were enhanced under 

QBO-W. During El Niño, a stronger subtropical jet and athe 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 175 

and reanalysis data, and foundshowing that the QBO and ENSO have theira nonlinear combined effect on North Atlantic 

surface pressure anomalies, which arises frombecause different pathways depending onare preferred for different the QBO and 

ENSO combinations of QBO and ENSO. In contrast, Walsh et al. (2022) demonstrated that the polar vortex weakens more 

strongly when El Niño coincides withand QBO-E easterly occur together than would be expected fromby the sum of their 

individual effects (Walsh et al., 2022). However, there remains no cleara lack of consensus on the nature of nonlinearity in 180 

QBO–ENSO teleconnections withinin the extratropical circulation of the NH winter stratosphere. 

In the tropical troposphere, the QBO and ENSO teleconnections remain less understood than those in the extratropics. Only 

Aa limitedrelatively small number of studies have analyzed tropical tropospheric QBO teleconnections using models capable 

ofthat  simulateing the QBO (Rao et al., 2020; García-Franco et al., 2022, 2023; Serva et al., 2022). As noted by García-Franco 

et al. (2022, 2023), the observational record is likely too short to separate QBO teleconnections in the tropical troposphere 185 

from the strong influence of ENSO, sincebecause El Niño winters often coincide with the westerly phase of the QBO.  

The goal of thispresent study isaims to reexamine QBO teleconnections to both the extratropics and tropics andbut now 

address combined QBO–-ENSO influences using a new dataset of idealized ENSO experiments. Model experiments, thatwhich 

can are capable ofseparateing the influences of QBO and ENSO influences on the extratropical and tropical troposphere outside 

of the QBO region, are a valuable tools tofor investigatingstudy the modulation of QBO teleconnections by ENSO. To isolate 190 

the QBO teleconnections from theENSO influences of ENSO, we conduct model integrations with annually -repeating 

prescribed SSTs representativecharacteristic of typical El Niño and La Niña conditions, thereby removing ENSO diversity 

from consideration.  

The Quasi-Biennial Oscillation initiative (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 195 

internally generated QBOs in climate models and improving model simulation ofunderstanding of how to simulate a realistic 

QBO (Butchart et al., 2018; Anstey et al., 2022a,c; Bushell et al., 2022; Richter et al., 2022). In order tTo investigatestudy 

QBO and ENSO teleconnections and their mutual interactions, QBOi has coordinated additional experiments building on the 

QBOi phase-1 experiments, referred to here as the “QBOiENSO” experiments,. These experiments employusing participating 

QBOi atmospheric general circulation models (AGCMs) and Earth System Models (ESMs) forced by prescribed "perpetual 200 

El Niño" and "perpetual La Niña" SSTs (Kawatani et al., 2025).   
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In this paper, we have examined QBO teleconnections modulated by ENSO and evaluate their robustness using athis multi-

model ensemble of QBO-resolving models that have run the QBOiENSO experiments, We compare these resultsand evaluated 

them by comparison with those fromagainst the QBOi phase-1 “Experiment 2”, which represents the control case of ENSO-

neutral conditions. Further details of how the QBOiENSO experimentsal design are constructed can be providedfound in 205 

Kawatani et al. (2025). The structure of thisthe paper is as follows:. Section 2 describes the datasets of the QBOiENSO 

experiments and observations, along withand the analyticalsis methods employed. Section 3 characterizes the combined effects 

of QBO–ENSO teleconnections on the polar winter stratosphere (Holton-TanHolton–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 and discussion. 210 

2 Data and Methods 

We use nine AGCMs and ESMs participating in the QBOi project, and conducting 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 QBOiENSO experiments, QBOiElNino and 

QBOiLaNina (Kawatani et al., 2025). They are also time-slice experiments consistent with the QBOi Experiment 2 design, 215 

but with prescribed "perpetual El Niño" and "perpetual La Niña" SST anomalies are used here. 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), ECHAM5sh, EMAC, GISS-E2-2G (GISS for short), LMDz6 (LMDz for short), MIROC-

AGCM-LL (MIROC-AGCM for short), MIROC-ESM, MRI-ESM2.0, and CESM1(WACCM5-110L) (WACCM for short). 

Their characteristics have been described in Butchart et al. (2018) and Kawatani et al. (2025). MRI-ESM2.0 (Yukimoto et al., 220 

2019) is an updated version of the model documented in Butchart et al. (2018), and it includes changes aimed at improving the 

modelled QBO (Naoe and Yoshida, 2019). The lengths of Mmodel integrations years for each of the three experiments are 

presented in Table 1. Due to data availability issues, EMAC is not included in the results in Sections 4 and 5.1 below. 

 

Table 1. The length of the Mmodel integrations years  225 

Model name Years 

1QBOi Exp2 2QBOi ENSO 

3EC-EARTH 101-yr 101-yr 
4ECHAM5sh 50-yr 40-yr 

EMAC 106-yr 106-yr 

GISS-E2-2G 3 × 30-yr 3 × 30-yr 

LMDz 70-yr 82-yr 
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MIROC-AGCM 3 × 30-yr 100-yr 

MIROC-ESM 3 × 100-yr 100-yr 

MRI-ESM2.0 30-yr 50-yr 
5WACCM 3 x 30-yr 100-yr 

 1QBOi Experiment 2 (or CTL experiment) 

 2QBOi ENSO experiments (QBOiElNino and QBOiLaNina experiments)  

 3EC-EARTH3.1 for QBOi Exp2 and EC-EARTH3.3 for QBOi ENSO 

 4Only the realization labelled r2i1p1 is used in ECHAM5sh.  

 5CESM1 (WACCM5-110L) is abbreviated to WACCM.  230 

 

Observed teleconnections are quantified using a modern reanalysis dataset, the European Centre for Medium-Range 

Weather Forecasts (ECMWF) fifth generation atmospheric reanalysis (ERA5; Hersbach et al., 2020) overin 1959–2021. The 

representation of the QBO in ERA5 as compared to other reanalyses is evaluated by Pahlavan et al. (2021) and Naoe et al. 

(2025). Observed precipitation is evaluated using the dataset of the Global Precipitation Climatology Project (GPCP; Adler et 235 

al., 2003, 2016) dataset overin 1979–2022. Because theThe design of QBOiENSO experiments used the Japan Meteorological 

Agency’s (JMA) 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. 240 

To determine if observed teleconnections are well representedmanifested 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 can 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 245 

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-TanHolton–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 westerly and easterly zonal-

mean zonal wind (QBO-W and QBO-E) averaged over 5° S–5° N (weighted by cosine of latitude) exceeds a given threshold 250 

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 σ (standard deviation) and < −0.5 σ in Section 3.1 (Figs. 2 and 3), using ≥  0 m s−1 and < 0 m 

s−1 in Section 3.2 (Fig. 5), using ≥  2 m s−1 and ≤ −2 m s−1 in Section 5.1 (Figs. 8, 9, and 10), and from the February-March 

zonal wind at 70 hPa using > 0.5 σ and < −0.5 σ 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 255 
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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 wind at 70 hPa).  

The ENSO composites in observations are obtaineddone in the extratropics and subtropics for individual seasons in 260 

(Sections 3, 4, and 5.2), whileand in the tropics 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 t-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. 265 

Accordingly, 𝛼ᇱ ൌ  𝛼/𝑚, where 𝛼 = 0.025 (the 5% significance level for a two-sided test), and 𝛼ᇱ denotes the adjusted 

threshold; implying that the corresponding p-value musthas to be smaller to reject the null hypothesis. 
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3 QBO teleconnections: the extratropical routepathway  

This section investigates the extratropical pathway of the QBO teleconnection modulated by ENSO, with a focus on the 270 

Holton–Tan effect and SSW statistics. A previous study onabout QBO teleconnections of the QBO inusing 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 within comparison to reanalyses. They suggested that thesesuch weak 

responses were likely due to model biaseserrors, such as systematically weak QBO amplitudes near 50 hPa, which affecteding 

the QBO teleconnection. SinceBecause most of the models used here forthat have run the QBOiElNino (EN) and QBOiLaNina 275 

(LN) experiments considered here are the same as thosemodels whose QBOiExp2 (CTL) runs were analyzed by Anstey et al. 

(2022c) in their CTL experiments, the EN and LN runsexperiments may similarly underestimate the polar vortex response to 

the QBO. This section investigates the extratropical route of the QBO teleconnection modulated by ENSO. First, we examine 

the Holton-Tan effect, and then show the SSW statistics. 

3.1 280 

Holton-TanHolton–Tan relationship  
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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 duringin December-January-February (DJF) in CTL (black), EN (red), and LN  (blue) 
experimentsfor QBOi models, as well as forand ENSO-neutral (black), El Niño (red), and La Niña  (blue) winters in ERA5. Circles 300 
denoterepresent statistical significance at the 90 % level for the CTL/ENSO-neutral,. and Red and bluehorizontal bars 
indicaterepresent the 5–95 % confidence intervalranges, using a bootstrap method repeating 1000 times forin EN / El Niño and LN 
/experiments for the models as well as El Niño and La Niña winters for ERA5, calculated using a bootstrap method with 1000 times 
repetition. The Nnumber of winters available for each model run andfor each experiment (ENSO phase) is shown inare displayed 
at the upper panel. For example, "NEU32EN15LN15"' in the ERA5 panel indicatesmeans there are 32 ENSO-neutral, 15 El Niño, 305 
and 15 La Niña winters, respectively.  

Figure 1 shows the DJF correlation coefficient in DJF 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 Niño, and La Niña 

winters fromfor the ERA5 reanalysis. In ERA5the reanalysis, correlations are maximized over a fairly deep layer ofin the polar 

vortex, reachpeaking 0.63 at 15 hPa during La Niña and 0.40 during El Niño. The correlation during the ENSO-neutral winters 310 

is slightly stronger than that duringof El Niño winters. The uncertainty range (horizontal bars) representsshows the 5–95% 

confidence intervalsrange of correlation coefficients derived from bootstrap resampling. Although For La Niña, the confidence 

intervals for La Niña clearly excludes zero in the stratosphere, whereas for El Niño theythe confidence for El Niño areis close 

to zero at many altitudes, indicating substantialdemonstrating large uncertainty in the strength of the correlation especially 

duringfor El Niño and ENSO-neutral winters. 315 

Most of the model correlations exhibitshow smaller uncertaintiesy than ERA5 due to having larger sample sizes. Models 

such as (ECHAM5sh, EMAC, EC-EARTH, MIROC-ESM, MRI-ESM2.0, and WACCM) displayhave positive correlation 

profiles in CTLENSO-neutral, although these correlations arealbeit weaker than incompared to ERA5reanalysis. Most models 

do not show a significant correlations in EN;, and only four models (MRI-ESM2.0, ECHAM5sh, EMAC, and MIROC-AGCM) 

out of nine9 reproduce observed positive correlations with confidence intervals excluding zero at certainsome altitudes. It is 320 

noted in Fig. 2 of Kawatani et al. (2025, their Fig. 2) presentedfrom their simple, time–-height cross-sections of the monthly 
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and zonal-mean equatorial zonal winds over the equator in the EN and LN simulations, showing that the QBO in the 

ECHAM5sh infor the EN experimentwasis irregular, with stalling in the downward propagationphases of both easterlies and 

westerlies. They also showed that the QBOs in GISS and LMDz infor the LN experiment wereare more irregular, withand 

westerly phases sometimes failing to propagate into the lower stratosphere. These results indicate that most models 325 

exhibitshow weak positive correlations consistent inwith the same sign withas ERA5the reanalysis, but in most cases these 

correlations are not statistically significant. This suggestsmeans that inter-model differences in the QBO–-polar vortex 

relationship, or differences between experiments withinfor the same model, may not be clearly distinguishable. 

Figure 2 presentsshows composite differences inof the zonal-mean zonal wind between QBO-W and QBO-E phases acrossin 

the CTL, EN, and LN experiments. ERA5 clearly capturesrepresents the Holton-TanHolton–Tan relationship under all three 330 

ENSO conditions (neutral, El Niño, and La Niña). The QBO teleconnection to the NH winter stratospheric polar vortex is most 

strongly correlatedthe strongest in correlation with the QBO amplitude of the QBO at 50 hPa (Anstey et al., 2022c). The 

difference in vortex strength difference in DJF between QBO-W and QBO-E peaks at approximatelyroughly 10 m s−1 in the 

middle mid-stratosphere (near 10 hPa) during DJF duringfor the ENSO-nNeutral and El Niño wintersgroups, with the 

strongestand the response occurringis strongest duringin La Niña winters, reachingwith a peak value of 15 m s−1. No model 335 

reproduces the observed -strength of the Holton-TanHolton–Tan relationship acrossin all three experiments (CTL, EN, and 

LN). Only two of the models (MRI-ESM2.0 and WACCM) exhibitreproduce observed responses within a half of the observed 

amplitude in CTLfor the ENSO-neutral case (MRI-ESM2.0 and WACCM)., Furthermore,and only the MRI-ESM2.0 

exhibitsalso shows a stronger QBO impact on the QBO on the vortex inunder the LN condition than undercompared with EN 

condition, although(however, thisthat model produces an incorrecthas the wrong sign response infor EN). In LN, four models 340 

(ECHAM5sh, GISS, MIROC-AGCM, and MRI-ESM2.0) are better at reproduceing the observed response, peaking at a 

modestslight amplitude of ~3 m s−1 in the polar vortex region. GISS shows a significant difference in EN, and a significant LN 

response in LN just equatorward of 60° N.  
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Figure 2: Composite differences inof the DJF -mean zonal-mean zonal wind between the QBO-W and QBO-E phases, shown in the 
pressure (in hPa)– and latitude domain, forin the CTL, EN, and LN experiments, as well as forincluding the ENSO- neutral, El Niño, 370 
and La Niña winters based onfor ERA5. QBO phases are classified using deseasonalized DJF zonal-mean zonal wind at 50 hPa, 
averaged over 5° S–5° N, with values greater thanusing > 0.5 σ indicatingfor QBO-W and less than< −0.5 σ indicatingfor QBO-E. 
Contour intervals are 3 (10) m s−1 north (south) of 20° N and 10 m s−1 south of 20° N. Dots indicaterepresent statistical significance 
at the 90 % confidence level. The Nnumber of winters available for each model run, along with the countsand numbers of QBO-E 
and QBO-W winters classification, is shownare displayed inat the upper- right corner of each panel. For example, "'N100E30W41"' 375 
for CTL in EC-EARTH and QBOiExp2 indicatesmeans there are a total of 100 winters in which, with 30 winters classified as QBO-
E winters and 41 as QBO-W winters are classified.  

 

 

 380 
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One may ask whetherif a model-specific equatorial wind level, such as 30 hPa (e.g., Rao et al., 2020a), iscan be more 

effectiveefficient for models to reproduceing the QBO’s impact on the polar vortex (the Holton-TanHolton–Tan effect). We 

have examined thea relationship of composite differences of zonal-mean zonal wind inbetween polar vortex responses at 60° 

N and 10 hPa againstand QBO definition at 50 hPa (QBO50) and at 30 hPa (QBO30) (Fig. S1). Most models underestimate 385 

the equatorial QBO composite differences at 50 hPa compared withto those at 30 hPa;, and for some models, the QBO is 

difficult to detect at 50 hPa.; tThese results are similar to those reported bydescribed in Rao et al. (2020a), which was on for 

CMIP models. However, both panels (QBO50 and QBO30) show that most models underestimate equatorial QBOs amplitude 

and they are struggleing to reproduce the observed polar vortex responses to the QBO. We also have examined whether model 

performance inof QBO amplitude and/or climatological polar night jet strength relatesis related to athe model’s ability of 390 

model to capture the QBO-induced polar vortex responses (not shown), here hypothesizing that the Holton–TanHTR 

relationship — (the polar vortex) routepathway of the QBO teleconnection — maycould be influencedmanifested by these two 

factors. QBO amplitudes at 50 hPa are poorly represented infor most models are poor performance, consistentin agreement 

with previous studies (Bushell et al., 2022; Anstey et al., 2022), while climatological polar vortices duringin NH winter arecan 

be reproduced with the observed strength. These results are consistent with previous QBOi multi-model ensemble studies, 395 

whichthat argued that unrealistically weak low-level QBO amplitudes can weaken the QBO teleconnections to the polar vortex 

(Richter et al., 2022; Anstey et al., 2022c). In summaryshort, across allfor any of the three experiments, the models 

generallymore often than not 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) inof the zonal-mean zonal wind at 10 hPa, averaged over 55°–65° N, as a 400 
measure of the stratospheric polar vortex strength for the CTL experiment, along with ENSO-neutral winters in ERA5. QBO phases 
are classified same as in Fig. 2. Solid dots indicateshow statistically significant differences between the QBO-W and QBO-E phases 
at the 90 % confidence level, based onusing a Monte Carlo test. The Nnumbers in the legend represent the number ofare the cases 
included in each QBO phase. The dashed line in panel (a) shows the QBO composite difference in ERA5 when all years (1959–2022) 
are included in the analysis. MMM denotesmeans thea multi-model mean. (b) Same as (a), but for the EN experiment, along 405 
withincluding El Niño winters infor ERA5. (c) Same as (a) but for the LN experiment, along withincluding La Niña winters infor 
ERA5. The Nnumbers of QBO phase categories (QBO-W, QBO-E) categories forin ERA5 are (12, 11) induring ENSO-Neutral, (7, 
4) induring El Niño, and (9, 4) duringin La Niña winters. 

 

 410 

The Iintraseasonal Holton–-Tan effects are showninvestigated in Fig. 3, represented bywhich shows 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 ERA5. In ERA5, presents thea maximum Holton-TanHolton–Tan effect occurs in January, with a 

peak of 13 m s−1 acrossfor all datathe mean (dashed black line in the top panel)., but tThis difference is reducedlower in 

February during ENSO-neutral wintersyears (solid black line in Fig. 3a). The Sseasonal evolution of the Holton-TanHolton–415 

Tan effect differsis different between El Niño and La Niña winters; it appearsseems stronger in early and late winters duringfor 

the El Niño winters (Fig. 3bmiddle panel), and in mid-winter duringfor the La Niña winters (Fig. 3cbottom panel)., 

However,although it should be notedcautioned that the sample sizes (number of W/E winters) are small for both El Niño and 

La Niña wintersgroups. Some models (MIROC-ESM and ECHAM5sh) in CTL show a similar seasonal cycle similar to that 

inas ERA5 for their CTL runs (significant for MIROC-ESM and ECHAM5sh). By contrastAlso, GISS throughoutin all months, 420 

as well as LMDz and MIROC-AGCM in certaina few months, in CTL, exhibit a Holton–Tan relationshipan opposite sense to 

thatthe observed Holton-Tan relationship for CTL. In EN, four models (GISS, WACCM, EMAC, and ECHAM5sh) capture 

the early -winter response in December, although it is not statistically significant. The Holton-TanHolton–Tan relationship 

duringin El Niño wintersyears maycould depend on SSW occurrence because of the nonlinear joint effects of QBO and ENSO 

on the polar vortex, as discussedalready explained in the Introduction. In LN, MRI-ESM2.0 and GISS reproducecapture the 425 

observed late-winter response relatively well, whereasand other models do not show noany response or even an opposite 

response. 

 

3.2 SSW statistics  

In this subsection, we examine the QBO impacts on SSW statistics modulated by ENSO and the QBO in the NHnorthern polar 430 

region. Previous observational studies have shownindicated that the ratio of SSW frequency between La Niña and ENSO-

neutral winters is dependsent on the specific definitiondetails of the SSW definition (Butler and Polvani, 2011; Garfinkel et 

al., 2012a; Song and Son, 2018), and that SSW statistics are also influenced byhave been shown to depend on model biases 

(Tyrrell et al., 2022). Figure 4 presentsshows the frequencies of major SSWs,and minor SSWs, and final warming dates in the 
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NH for ERA5 and the QBOi models. The criteria forapproach to identifying major SSWs, minor SSWs, and final warming 435 

dates followsis similar to what was proposed by previous studies (Charlton and Polvani, 2007; Butler et al., 2015). Major 

SSWs are definedidentified when the zonal-mean zonal wind at 10 hPa and 60° N (U60)westerlies in winter reverseare changed 

from westerlies to easterlies at 60° N and 10 hPa during winter. For mMinor SSWs are defined when, the zonal wind does not 

reverse but there is a change in sign of the meridional gradient of the zonal-mean temperature changes the sign without a 

reversal of U60. A Ffinal warming date refers to the seasonal transition from westerlyies to easterlyies, with winds remaining 440 

easterlyies thereafterfor the next months.  

First, Wwe assessconsider first the influence of ENSO on SSW frequencyies. In ERA5 (the leftmost triplet inof Fig. 4a 

panel), the frequencyies of major SSWs areis high in ERA5 during both El Niño and La Niña wintersyears, compared to 

ENSO-neutral winters. Thus, we expect that major SSW frequencies in the QBOi models would resemblebe similar to  the 

observations, withand have fewer events in CTL and more events in EN and LN experiments. LMDz and GISS reproduce the 445 

observed nonlinear observed ENSO response to some extent (Fig. 4a). However, most models simulateshow more SSWs 

induring EN butand they fail todo not capture the LN response in LN (e.g., EC-EARTH, MIROC-AGCM, and MRI-ESM2.0). 

Only one model (ECHAM5sh) reproducesshows the observed relationship between the frequency of minor SSWswarmings 

and the ENSO phase of ENSO, showingand it has similar frequencies in CTL and LN, and more events in EN.  

 450 
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Figure 4: SSW statistics — namely, the frequencies of (a) major SSWs, (b) minor SSWs, and (c) final SSW dates — in the Northern 
HemisphereNH forin the CTL, EN, and LN experiments infor the QBOi models, along withincluding ENSO- neutral, El Niño, and 
La Niña wintersyears infor ERA5, based on their daily data. The order of triplets from left to right isare LN / La Niñna (LN, purple), 455 
CTL / ENSO- neutral winter experiment (CTL, grey), and EN / El Niñno (EN, brown). The Ffrequency (number of events per 
decade) of (a) major SSWs is defined as the number of (reversals of the zonal-mean zonal wind at 10 hPa and 60° N; (U60), whileand 
the frequency of (b) 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. It is noted that multiple marker signs in the same experiment for a model indicate ensemble 
members (depending on data availability). Uncertainties are estimated at the 5–95% level based on bootstrapping of 10 years of 460 
winter months. (c) Boxplots of The final SSW date (day of year), is determined forconsidering full seasons, which is defined as ai.e.,  
period from the westerlies onset of westerlies to the transitiontheir turn  to easterlyies for ERA5 and QBOi models based on their 
daily data. 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.  

 465 

The final warming date is defined as whenthe transition from winter westerlies to summer easterlies occurs in the polar 

stratosphere (Butler et al., 2015). If the polar stratosphere is warmer in the polar regions, the transition of zonal wind transition 

to easterlies occurs earlier, whereasand if it is colder, the transition is delayed. Hence, we assume that induring El Niño/ (La 

Niña) wintersyears, when the polar stratosphere tends towould be warmer/ (colder) as described in the Introduction, the final 

warming date maymight occurhappen earlier/ (later). Consistent with this expectation, in ERA5 during La Niña winters (the 470 

leftmost triplet of Fig. 4c), the final warming date is more delayed compared withthan that in ENSO-neutral and El Niño 

wintersyears. GISS and MRI-ESM2.0 also showexhibit later final warming dates in LN compared withthan in EN, consistent 

withwhich is similar to the observed response (Fig. 4c). In contrastOn the other hand, five models (EC-EARTH, ECHAM5sh, 

LMDZ, MIROC-AGCM, and MIROC-ESM) fail todo not show earlier final warming dates in EN, which is the opposite to 

the observed response. These results showimply that the QBOi models have significant biases in reproducing observed SSWs 475 

statistics. Large inter-model variability is also evidentdiagnosed inby means of the Northern Annular Mode (NAM) index 

(Eyring et al., 2020) compositeding at 500 hPa, as shown in Fig. S2, where the geopotential heights during LN tend to be lower 

and there are changes in 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 SSWthe occurrence of SSWs  (e.g.i.e ., in the GISS and MIROC-

ESM models in Fig. 4) due to differences in the simulated tropospheric forcing. 480 
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Figure 5: Scatter plots ofbetween the winter-mean vortex strength at (60° N, and 10 hPa) versusand the major SSW frequency 
during DJF underfor different QBO and ENSO conditions. Major SSWs are definedidentified as a 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 485 
over 5° S–5° N, with anomaliesusing ≥ 0 m s−1 indicatingfor QBO-W marked by up-pointing triangles (WLY in panel) and < 0 m s−1 
indicatingfor 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). The Aanomalies are calculated for each ensemble member of each experiment infor the simulation data; for 
ERA5, theythose ones are are calculated using all wintersyears from (1959 to -2021 seasons) for the ERA5 data. For ERA5, El Niño 
and La Niña winters in observations are identified when all three DJF months have the El Niño and La Niña classificationflag, 490 
respectively. The Nnumbers of QBO phase categories (QBO-W, QBO-E) categories forin ERA5 are (24, 15) duringin ENSO-
Nneutral, (5, 6) duringin El Niño, and (9, 4) duringin La Niña winters. For each condition, andeach model, the data are randomly 
resampled 100 times with replacement, and then 95% confidence intervalsranges are calculatedobtained and plotted. 

 

Next, we examineinvestigate the influence of the QBO on major SSW frequencies modulated by ENSO duringin the NH 495 

winter. Figure 5 shows scatter plots ofbetween the climatological zonal-mean zonal wind at 60° N and 10 hPa againstand the 

mean frequency of major SSWs duringin DJF underduring two QBO-W and QBO-E years phases andfor three ENSO 

conditions. In ERA5, major SSW frequencies under QBO and ENSO conditions are clearly likely to be distinguishable. 

La Niña 

Neutral 

El Niño 

ENSO ALL 

▽ ELY 

△ WLY 

〇 QBO ALL 
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Averaged over all QBO conditions, the NH polar vortex is stronger duringin La Niña than during El Niño winters, while SSW 

frequencies are slightly higher duringin La Niña than during El Niño winters, and both are higher than during ENSO-neutral 500 

winters. Major SSW frequencies duringin La Niña winters are significantly higher under QBO-E and lower under QBO-W, 

whereas those duringin El Niño winters, they are indistinguishable between QBO-W and QBO-E. Most QBOi models 

exhibitare characterized by linear relationshipsdistributions between SSW frequencies and the polar vortex strength. They 

generally simulateThe EN experiment displays higher SSW frequencies of SSWs in EN than inthe LN experiment, with and 

SSW frequencies between QBO-W and QBO-E arelittle distinctionindistinguishable between QBO-W and QBO-E. This 505 

indicatesshows that polar vortex responses to ENSO conditions in the QBOi models are stronger than their responses to the 

QBOs phasesin these models. Some models (EMAC, MIROC-AGCM, and MIROC-ESM) have very weak responses to both 

QBO and ENSO and QBOconditions. 

4 The subtropical jet routepathway of QBO teleconnections 

This section examines the subtropical jet routepathway of the QBO teleconnection modulated by ENSO, focusing on the APJin 510 

the QBOi ENSO experiments. Only the late winter period of (February– to March) is considered, when the subtropical 

routepathway is strongest in the observations (Garfinkel and Hartmann, 2011a; Park et al., 2022), is considered. Since theThe 

subtropical jet change in response to the QBO is most pronounced infor 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.  515 

The QBO-W minus QBO-E (W−E) composite differences are shown in Fig. 6 for the ENSO-neutral, El Niño, and La Niña 

winters,, usingfor both ERA5 and QBOi ENSO experiments. In ERA5During the ENSO-neutral winter, thea 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 anomalyIt is accompanied by a quasi-barotropic, 

easterly anomaly in the extratropics. More importantly, the zonal wind anomalies switch sign across the climatological APJ 520 

(contour),. This indicatinges that the APJ shifts equatorward during the QBO-W winters compared withto the 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, ECHAM5sh, GISS, LMDz, and MIROC-ESM) than those in observations in five models 

(i.e., EC-EARTH, ECHAM5sh, GISS, LMDz, and MIROC-ESM). Although one lobe of the dipolar wind anomalies is 

significant in ECHAM5sh and GISS, other models (i.e., EC-EARTH, LMDz, and MIROC-ESM) exhibithave statistically 525 

insignificant dipolar wind anomalies. MIROC-AGCM and MRI-ESM2.0 even produceexhibit anomalies of the opposite sign. 

Such a large inter-model spread is consistent with a previous workstudy (Anstey et al., 2022c). In ERA5, Tthe QBO–-APJ 

connection differs between El Niño and La Niña 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 Niño (compare climatological jet 

contours; Rasmusson and Wallace, 1983; Mo et al., 1998; Lu et al., 2008), the QBO- induced subtropical wind anomalies 530 



20 
 

intensifybecome stronger near the APJ corecenter during El Niño winters (top-middle panel; Ma et al., 2023). In contrast, the 

QBO-W minus QBO-EW−E anomalies switch sign across the climatological APJ during La Niña winters (top-right panel), 

whenas the APJ becomes slightly weaker (compare line 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 exhibitsshows a large inter-model spread. While all models capture a stronger APJ during in EN than in LN 535 

(compare line 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).  

Figure 6: QBO-W minus QBO-E composite differences inof zonal wind averaged over the Pacific sector (150° E–150° W) duringfor 
the ENSO-neutral (top-left), El Niño (top-middle), and La Niña (top-right) winters, as well asand those infor the CTL, EN, and LN 
experiments (left to right columns). Values that are sStatistically significant values at the 95% confidence level are indicated by 540 
cross-hatchinged. The Ccontour denotes the climatological jet, defined aswith a zonal wind speed equal to or greater than≥ 30 m s−1. 
QBO phasesQBO-W and QBO-E phases are determineddefined usingas deseasonalized February–-March zonal-mean zonal wind 
at 70 hPa, averaged over 5°S–5°N at 70 hPa, withbeing > 0.5 σ indicating QBO-W and < −0.5 σ indicating QBO-E, respectively. The 
Nnumbers of QBO phase samples (QBO-W, QBO-E) categories forin ERA5 are (10, 9) duringin ENSO-Nneutral, (6, 3) duringin El 
Niño, and (12, 7) duringin La Niña winters. 545 
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The inter-model spread of the QBO subtropical routepathway is summarized by the APJ-shift index in Fig. 7. Theis APJ-

shift index is derived from the QBO-W minus QBO-E zonal wind differences shown in Fig. 6. Specifically, it is defined asby 

the 250-hPa QBO zonal wind difference betweenfrom the northern flank (40°–50° N) andto the southern flank (20°–30° N) of 

the climatological APJ.  Negative values indicate that thean APJ shifts equatorward shift of the APJ during QBO-W 550 

relativecompared to QBO-E. The observed APJ-shift index is significantly negative during the ENSO-neutral winter (black) 

and La Niña winter (blue) winters, but is insignificant during El Niño (red) winters. This is consistent with dipolar wind 

anomalies switching sign across the climatological APJ during ENSO-neutral and La Niña winters, whereaswhile the change 

in APJ strengthening is more pronounced during El Niño winters (see 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 result 555 

suggests that QBOi models substantiallysignificantly underestimate or fail to reproduce the subtropical routepathway of the 

QBO teleconnection and its modulationmodification by the ENSO.  

 

 

 560 

 

 

 

 

 565 

 

 

 

 

 570 

 

 

Figure 7: QBO-W minus QBO-E composite differences inof the Asia–-Pacific Jet (APJ) shift index. The APJ -shift index is defined 
as the difference inof the 250-hPa zonal wind anomalies averaged over the Pacific sector (150° E–150° W)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–575 
150° W). AThe negative value indicates that the APJ shiftsmoves toward the equatorward during the QBO-W phase. The 
cComposite differences are shown for theLN/  La Niña or LN experiment (blue), CTL/ENSO-neutral or CTL (black), and EN/El 
Niño or EN experiment (red). The APJ shift indexvalues isare considered significant if the 5–-95 % range of the bootstrap 
distribution (vertical dashed lines) does not includeencompass zero. 

 580 
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Given that the subtropical jet routepathway 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 

√2, following Dunkerton and Delisi (1985) and Bushell et al. (2022). The climatological position of the APJ is defined as the 585 

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., 2022c), most QBOi models underestimate the QBO amplitude. Only two models show a 

comparable QBO amplitude comparable to the reanalysis. However, model biases in the QBO amplitude do not affect those 

in the QBO–-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 also found forin the APJ 590 

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 shouldneeds to be explored in a future studyies. 

5 QBO teleconnections: the tropical routepathway  

This section investigates the tropical routepathway of the QBO teleconnection modulated by ENSO, focusing on tropical 595 

precipitation and the Walker circulation. 

5.1 Tropical precipitation  

Several studies have suggestedproposed that the observed QBO signal from the QBO inon tropical precipitation depends on 

the underlying ENSO phase (e.g., Taguchi et al., 2010;, García- Franco et al., 2022, 2023). This section examinesinvestigates 

this hypothesis using these QBOi models and experiments through the analyseis of tropical precipitation and OLR. Figure 8 600 

shows the DJF seasonal-mean precipitation differences between QBO-W and QBO-E in EN and LN, together with anomalies 

duringfor El Niño and La Niña winters fromfor GPCP. In the observations, the QBO signals are strongestlargest and 

statistically significant in the tropical Pacific and Indian oOceans, consistentand are in good agreement with previous analyses 

(Liess and Geller, 2012; García-Franco et al., 2022). The positive equatorial Pacific signal in the GPCP dataset, which 

resembles an El Niño anomaly (Dommenget et al., 2013; Capotondi et al., 2015), is particularly strong and statistically 605 

significant duringin DJF. This signal is associated with the three strongest El Niño events (1982–1983, 1997–1998, 2015–

2016), coinciding with the westerly QBO phase (Fig. S4; and García-Franco et al., 2023).  

Although most models do not reproduceshow such El -Niño–-like precipitation anomaly patterns in either experiment, 

several models exhibit significant precipitation QBO-related precipitation signals. For example, GISS, ECHAM5sh, and MRI-

ESM2.0 show significant QBO responses in the EN experiment, which are comparable in magnitude to the signal diagnosed 610 

in GPCP when considering all months (Fig. S5a), thoughbut  weaker than the corresponding observed signals underin El Niño 



23 
 

and La Niña conditions. However, the response iIn other models, the response is generally weaker, and the spatial distribution 

of the anomalies is not inconsistent acrossbetween models. In the LN experiments, the models similarlyalso fail to do not show 

a clear precipitation signal in the Pacific, althoughbut EC-EARTH, ECHAM5sh, WACCM, and MIROC-ESM exhibitshow a 

responseseveral precipitation signals over the Indian Ocean and Australia. A multi-model mean response is shown in (Fig. S5), 615 

which illustrates the lack of model agreement, characterized bywith a virtually zero the mean QBO signal effectively 

vanishingin a multi-model mean sense across the tropics. Thus, tThis result suggests that there is littlea lack of consensus 

among models agreement regarding bothin the spatial distribution and the sign of the tropical precipitation response to the 

QBO phase. Figure S6These results are furtheralso supportsed by Fig. S6 this, which showsing DJF seasonal outgoing 

longwave radiation (OLR) differences between QBO-W and QBO-E in EN and LN, alongsidetogether with ERA5. None of 620 

the models reproduceshow anthe observed OLR signal comparable to observations, and some models (EC-EARTH, 

ECHAM5sh, LMDz, and GISS) show OLR (and precipitation; Fig. 8) responses that differ appear distinctly between EN and 

LN experiments, in regions such asespecially over the equatorial Pacific. In summaryother words, there is no robust or 

consistent or robust precipitation response across models or experiments.  

 625 
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Figure 8: DJF seasonal- mean precipitation differences (mm day−1) between (QBO-W andminus QBO-E) for (left) EN and (right) 
LN experiments infor the QBOi models, including El Niño and La Niña wintersyears fromin GPCP data. Hatching indicatesdenotes 
statistical significance at the 95% confidence level, determined byaccording to a bootstrap test for the observations and a two-sided 
t-test for models. The oObserved composite sample sizes (in months) are shown in parentheseis in the GPCP panels. QBO phases 
are classified based onusing deseasonalized DJF- mean zonal-mean zonal wind averaged over 5° S–5° N at 50 hPa, averaged over 5° 670 
S–5° N, with valuesusing ≥ 2 m s−1 indicatingfor QBO-W and ≤ −2 m s−1 indicatingfor QBO-E. 
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Figure 9: (a-b) Box plots of QBO-W minus QBO-E differences in DJF precipitation (mm day−1) forin (a) the western equatorial 675 
Pacific (WEP) and (b) the EN3.4 region (5° S–5° N, 170°–120° W). Error bars represent the 95 % confidence interval. Note that 
tThe y-axis is fixed for clarityto make the plot clearer;, however,but an alternative version withwhere the y- axis limits set according 
toare set based on the GPCP scalebar is provided in supplementary Fig. S8. 

Previous studies have shown that the QBO signal duringin DJF is particularly strongprominent in specificparticular regions 

of the tropical Pacific: the western equatorial Pacific (WEP,) region (5° S–5° N, 120°–170° E) and the Niñno3.4 region (EN3.4, 680 

5° S–5° N, 170°–120° W) (EN3.4; Gray et al., 2018;, Serva et al., 2022;, García-Franco et al., 2022). To testexamine the extent 

to which precipitation sensitivity of precipitation in these regions is sensitive to the QBO phase, we analyzeevaluated the area-

averaged precipitation in both regions as a function of QBO and ENSO phases (Fig. S7). The QBOi models show 

considerablesignificant spread in the their climatology of precipitation climatologyamounts. However,but all the simulations 

seem to reproduce the observed ENSO signal:, i.e., wetter conditions in the EN3.4 region and drier conditions in the WEP in 685 

EN, withand 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 per regions for 

the in the CTL, EN, and LN experiments, along with ENSO- (Nneutral), El Niño, and La Niña experiments/winters from 
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GPCP.) In observations, the precipitation signal associated with the QBO during El Niño is opposite in sign to that duringof 690 

La Niña. However, these results should be interpreted with caution due toOne must consider the very small sample size 

(approximatelyroughly 3– to 5 winters in each composite) in these observations when interpreting these results. Regardless of 

the observed sign and magnitude of the observed response, the models generallyseem to show disagreement on the sign of the 

precipitation response, i.e., comparing models in eachthe same experiment provides no consistent precipitation signal. For 

example, while the QBO signal during La Niña response is positive over the WEP in observations and most models agree, 695 

only five5 out of seven7 models captureshow thisa positive response. When looking at individual models, GISS and MIROC-

ESM showagree that the positive precipitation signals (QBO-W minus QBO-E) is positivein the WEP acrossin all their three 

experiments. However,but in the EN3.4 region, none ofno the models reproduce consistentagrees on the sign of the 

precipitation QBO-related responses acrossin all three experiments for the EN3.4 region.  
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Figure 10: Scatter plot of DJF air-temperature differences at 100 hPa (QBO-W minus QBO-E, in K) versus precipitation differences 
(QBO-W minus QBO-E, in mm day−1),. Bboth variables were averaged overin the western equatorial Pacific region. The correlation 715 
coefficient of the best-fit line for all the data, including observations, is −0.48, which is significant atto the 95% confidence level 
according to a t-test. (The correlation Wwithout observations, the correlation is −0.25.) Under El Niño conditions, Thethe correlation 
coefficient changes when only El Niño conditions isare considered (r = −0.82,) whileas well as underfor  La Niña 
conditionsexperiments, it is(r = −0.20). 

One possible reason for thethis inter-model and/or inter-experiment spread in the precipitation response could beis 720 

variabilitythe model spread in QBO-related temperature-associated anomalies at the equator, arisingresulting from the QBO-

induced mean meridional circulation and thermal wind balance. The QBO’s impact on the tropical tropopause layer (TTL) 

region is important for itsthe QBO teleconnection viain the tropical pathwayroute (Haynes et al., 2021, Hitchman et al., 2021). 

Here, oneA common hypothesis is that whenif a cold QBO anomaly occurslies in the TTL, convectionve systems canmay 

grow more efficiently, penetrateing to highergreater altitudes, locally amplifying the zonal- mean QBO cold anomaly 725 
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(Tegtmeier et al., 2021). Figure 10 shows a scatter plot of the QBO-W minus QBO-E temperature differences of air temperature 

at 100 hPa versus the precipitation differences (QBO-W minus QBO-E) over the WEP. One might expectcould reasonably 

question whether models or experiments with a larger TTL temperature signals or static stability tomay also show a 

strongerlarger precipitation signals in precipitation. In this panel, ERA5 shows larger QBO differences in the W−E TTL 

temperature signals diagnosed from ERA5 are larger than those of the models, withand are the strongest signals occurring 730 

duringfor El Niño winters. Also, Tthe GPCP precipitation signal diagnosed in GPCP is also largest duringin El Niño, possibly 

due to the coincidence of the strongestlargest El Niño events with the westerly QBO phase. We confirmed an impact of 

Rremoving thoese strongest El Niño events (1982–1983, 1997–1998, 2015–2016) significantly alterson the GPCP precipitation 

signal (Fig. S4). It is found that the impact is more dramatic over the all-year composites at the top, in which For the all-winter 

composites, the Pacific signal dramatically weakensdisappears  when excludingnot considering these cases (Fig. S4a, b). 735 

DuringIn the El Niño winters, it is only the eastern portion of the Pacific that significantly changes significantly. There are 

Ssome models, such as GISS and ECHAM5sh, that exhibithave a strong temperature signals, such as GISS and ECHAM5sh, 

andwhich have a strong negative precipitation signals in LN. However, most models showhave modest positive temperature 

differences without a clear precipitation signal. Overall, the QBOi models underestimateshow unrealistically weak QBO wind 

amplitudes in the lower stratosphere (Bushell et al., 2022) and thuscorrespondingly showhave weak TTL temperature 740 

anomalies that are too weak in the TTL (Serva et al., 2022), which maycould help explain their weak precipitation signals. 

 

 

5.2 Walker circulation  

In this subsection, we examine whether the a QBO’s impact on the Walker circulation can be detected across different ENSO 745 

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 region duringin boreal summer (JJA), followed by autumn (SON), and weakest in DJFwinter. 

However, under El Niño and La Niña conditions, this timing may shift slightly shift, potentially due to the 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 contributecould lead to inter-model variations in the simulated QBO teleconnection. We begin 750 

ourthe analysis by applying a common QBO definition and target season acrossto 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 acrossin the CTL, LN, and EN experiments (Figures S9, S10, and 

S11). To strengthenenhance this signal and capture the strongest response in each model, we allow minorslight adjustments to 755 

the QBO definition and target season when necessary. The Bonferroni correction (Holm, 1979; see Section 2) is applied to the 

two-sided t-test when a level or season other than 70 hPa during JJA is used to define the QBO phase.  
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Figure 11 illustratesshows the QBO zonal wind signal averaged over 10° S–10° N in the LN experiment, represented by the 

QBO-W minus QBO-E composite (shading), with the climatological winds superimposed (black contours). InFocusing on 

ERA5 during La Niña (Fig. 11a), the August–-September–-October (ASO) climatologymean state showsfeatures upper-level 760 

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 765 

mean zonal circulation over the Indian Ocean–Maritime Continent region. Similar QBO-related anomalies to those observed 

in ERA5 for La Niña, — featuring upper-level westerlies and lower-level easterlies, — are also found in most models infor 

LN experiments (Figs. 11b–-i), although their precise locations varyies and the lower-level anomalies are generally weaker. 

Specifically, the strongest signals are foundidentified in EC-EARTH, MRI-ESM2.0, LMDz, and MIROC-AGCM during JJA; 

GISS during SON; and in WACCM during MJJ. In contrast, ECHAM5sh and MIROC-ESM showexhibit no significant signal. 770 

The QBO-W minus QBO-E composite in CTL shows a similar signal to that in LN in most models during JJAsummer or 

SONautumn (Fig. S12). This modulation of the tropical circulation by the QBO appears robust, despite variationsdifferences 

in the timing and longitudinal location.  
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Figure 11: Climatology (black contours) and QBO-W Westerly (W) minus QBO-EEasterly (E) differences (shading and colored 790 
contours) in equatorial zonal wind profiles, averaged over 10° S–10° N, from the LN experiment for the QBOi models, along with 
La Niña winters in ERA5. Black contours are drawn at 4 m s−1 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. In ERA5, 15 La Niña events are identified using the NINO3 
index during DJF, andQBO phases they are classified based on deseasonalized zonal-mean zonal wind at 70 or 85 hPa in summer 795 
and autumn (see the legend), with values ≥ σ (standard deviation) indicating QBO-W and ≤ −σ indicating QBO-E. In ERA5, 16 La 
Niña events are identified using the NINO3 index during DJF. The numbers of QBO phase categories (QBO-W, QBO-E) in ERA5 
are (8, 8) for these eventsinto 10 QBO-W and 5 QBO-E categories by analyzing the zonal-mean zonal wind at 50 hPa in summer and 
autumn, with values ≥ 0 m s−1 indicating QBO-W and ≤ 0 m s−1 indicating QBO-E. Only statistically significant zonal wind differences 
at the 95 % confidence level are shaded. For models usingwith a QBO definition other than 70 hPa during JJA, the Bonferroni 800 
correction is applied (see Section 2). Note that the color bar for ERA5 differs due tobecause of the larger QBO amplitude.   

During El Niño in ERA5 (Fig. 12a), the QBO signal in the equatorial troposphere resembles that observed during La Niña, 

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 infor LN, this anomalous zonal circulation 

indicatesimplies a weakening of the climatological pattern. Comparable anomalies, withfeaturing upper-level westerlies and 805 

lower-level easterlies over the same region, are also present in most models. The strongest signals are foundoccur in EC-

EARTH during MJ; in MRI-ESM2.0, GISS, LMDz, MIROC-AGCM, and MIROC-ESM during JJA; and in WACCM during 

JAS. ByIn contrast, ECHAM5sh shows onlydisplays a weak response that differs from the other models. 
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Figure 12: Same as Figure 11, but for EN experiments, along withand El Niño eventsyears in ERA5. In ERA5, 14 El Niño events are 
identified, withand  QBO phase categories (QBO-W, QBO-E) of (7, 7)they are classified into 7 QBO-W and 7 QBO-E categories. 820 

Figure 13 presentsshows a summary diagram showing the timing and location of when and where the statistically significant 

QBO-W minus QBO-E composite differences in equatorial zonal wind (10° S–10° N) occur across all three experiments, 

illustrating QBO-W minus QBO-E differences at three representative vertical levels (700, 100, and 70 hPa) and over the four 

standard seasons. These statistically significant signals are identified by analyzingexamining the influence of the QBO on 

zonal winds within the longitudinal band from 60° E toand 120° E. An example from the EC-EARTH CTL experiment is 825 

shownprovided in Fig. S13. The QBO phase is consistently defined forin 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,so the corresponding symbols are placed accordingly. Across all three experiments, nearly all models, along with 

ERA5, exhibit a tropospheric signal characterized by upper-level (100 hPa) westerly and lower-level (700 hPa) easterly 

anomalies during variousvarying seasons from May to November., This pattern suggestsing a weakening of the climatological 830 

Walker circulation over the Indian Ocean–Maritime Continent. Exceptions include GISS in CTL, MIROC-ESM in CTL and 

LN, and ECHAM5sh in LN and EN (see Figs. 11, 12, and S12). Overall, this figure illustrates that the QBO, when defined 

around JJAsummer and SONautumn, modulates the zonal circulation in the equatorial troposphere over the Indo–Pacific region. 

ERA5 shows a consistent signal during both La Niña and El Niño years, which is reproduced byin some models with slight 

variations in season, longitude, or the level used to define the QBO, but is absentmissing in others. It is important toAgain, we 835 

note that the QBOiENSO experiments are idealized, and ERA5 should not be considered a definitivetrue benchmark. 
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Figure 13: (a) Occurrence of a statistically significant zonal wind signals by models, season, and altitude over the equatorial band 
(10° S–10° N,) 60° E–120° E) band for the (a) CTL, (b) LN, and (c) EN experiments. The 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 duringin 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, 865 
and S12.  

 

6 Summary and Discussion 

In this paper, we have examinedexamine QBO teleconnections modulated byand ENSO teleconnections in the Arctic 

stratosphere, the subtropical Pacific jet, and the tropical troposphere. We use Aa multi-model ensemble of QBO-resolving 870 
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models that performed the QBOiENSO experiments has been used to evaluateexamine the robustness of these teleconnections. 

Difficulties can arise in Ddistinguishing the respective influences of the QBO and ENSO influences on the extratropics and 

tropical troposphere can be challenging because ofdue to the observed aliasing between the QBO and ENSOthese phenomena. 

To address this,Here we have attempted to separate these competing influences by conducting model integrations with annually 

-repeating, prescribed SSTs that are representativecharacteristic of either strong El Niño or La Niña conditions, thereby 875 

simplifying the ENSO forcing compared in comparison withto the diversity of observed ENSO phases. We have reexamined 

QBO teleconnections to the extratropics and tropics that werepreviously explored in previous QBOi studies (Anstey et al., 

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

QBOi idealized ENSO experiments.  

   The observed strength of correlation coefficients between the 50-hPa equatorial zonal wind and the strength of the polar 880 

vortex strength at stratospheric altitudes induring DJF exhibit considerableshows large uncertainty (Fig. 1a). but The models 

show less uncertainty because of their larger sample sizes (Fig. 1). Some models reproduce weaker correlations for a specific 

ENSO experiment, consistent with the observations. the confidence intervals clearly exclude zero at most altitudes during La 

Niña and ENSO-neutral winters, while El Niño response is statistically significant over a smaller altitude range. The models 

show a smaller uncertainty due to their larger sample sizes (Fig. 1). Some models have weaker correlations for a particular 885 

ENSO experiment, similar to the observations. The Holton-TanHolton–Tan relationship in ERA5 indicates thatrepresents the 

polar vortex isbeing significantly stronger (weaker) under QBO-W (QBO-E) acrossfor all the ENSO phases, with the strongest 

response occurring induring the La Niña phase. Nearly half of the models simulateexhibit a stronger polar vortex during NH 

winter under QBO-W for each experiment, consistent with, but much weaker than the observed response, reachingwithin at 

most a half of the observed amplitude (Fig. 2). The Sseasonal evolution of the QBO in ERA5 revealsindicates a stronger signal 890 

in early (late) winter duringfor the El Niño and in late winter during (La Niña)winters. In the LN experiment, two out of nine 

models capture the observed late-winter response relatively well, while theand others models do not show little or noany 

response, or even thean opposite responsedirection (Fig. 3). 

Major SSWs occur more frequently during both El Niño and La Niña winters than during ENSO-neutral winters in ERA5. 

Most models show an increased number of events during EN but fail to capture the LN response, suggesting that the QBOi 895 

models struggle to reproduce observed SSW statistics (Fig. 4). Major SSW frequencies vary strongly with both QBO and 

ENSO phases in ERA5, 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).  

 900 

One may ask if a model-specific equatorial wind level such as 30 hPa can be more efficient for models to reproduce QBO’s 

impact on the polar vortex (the Holton-Tan effect) than the standard 50-hPa equatorial wind that are optimal for observed 

teleconnections. However, for both 30-hPa and 50-hPa QBO indices most models underestimate equatorial QBOs and they 

are struggling to reproduce observed polar vortex responses to the QBO. We have examined whether model performance of 
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QBO amplitude and/or climatological polar night jet strength is related to the ability of model to capture the QBO-induced 905 

polar vortex responses. QBO amplitudes at 50 hPa for most models are poor performance, while climatological polar vortices 

in NH winter can be reproduced with observed strength. This means that unrealistically weak low-level QBO amplitudes can 

weaken the QBO teleconnections to the polar vortex, as indicated by the previous QBOi multi-model ensemble studies (Richter 

et al., 2022; Anstey et al., 2022c). 

Major SSWs occur frequently during both El Niño and La Niña winters, compared to ENSO-neutral, in ERA5. Most models 910 

show more events during EN but they do not catch the LN response, implying that the QBOi models have some trouble in 

reproducing observed SSWs statistics (Fig. 4). Major SSW frequencies in ERA5 show strong variation with QBO and ENSO 

phase. QBOi models are characterized by linear distributions between SSW frequencies and the polar vortex strength in NH 

winters (similar to ERA5) and overall the EN (LN) experiment displays high (relatively low) SSW frequencies (Fig. 5). SSW 

frequencies between QBO-W and QBO-E are indistinguishable in the models, indicating that polar vortex responses to the 915 

idealized ENSO forcing in the QBOi models are strong, while vortex responses to equatorial QBOs are fairly weak.  

The APJ cChanges in the APJ in response to the QBO are examinedinvestigated (Figs. 6 and 7), with a focusing on the 

late winter, when the subtropical jet routepathway is strongest in the observations. Observational dataIn observations, show 

that the APJ shifts equatorward during QBO-W winters compared with QBO-E winters associated with the QBO westerly 

anomaly exhibits a distinct horseshoe-shaped pattern extending from the tropical lower stratosphere to the subtropical lower 920 

troposphere; , indicating that the APJ shifts equatorward during the QBO-W winter compared to the QBO-E winter. Hhowever, 

most models underestimate or fail to reproduce thisthe observed QBO–-APJ relationshipconnection. The observed QBO-APJ 

connection differs between El Niño and La Niña. In observations, as the APJ strengthens over the Pacific sector in response 

to El Niño, the QBO subtropical wind anomalies become stronger near the APJ center during El Nino while they do not change 

much during La Niña as the APJ becomes slightly weaker. All models capture a stronger APJ in EN than in LN. The observed 925 

APJ shifts equatorward under QBO-W during the ENSO-neutral winter and La Niña winter winters,, but it is is insignificant 

during El Niño 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 have also examined whether the subtropical- jet 

pathwayroute of the QBO teleconnection iscan be influenced by the QBO amplitude and/or the climatological position of the 

subtropical jet. AlthoughM most QBOi models underestimate the QBO amplitude, whereas models with larger QBO 930 

amplitudes do not necessarily exhibit stronger jet responses, nor do models with smaller amplitudes consistently show weaker 

responses. This meansmeans 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 inmay determineing the QBO–-APJ 

connection in the model. 

The tropical routepathway of the QBO teleconnection modulated by ENSO is examined, focusing on tropical precipitation 935 

(Figs. 8–10) and the Walker circulation (Figs. 11–13). In the GPCP dataset,  

Tthe positive equatorial Pacific signal with in the GPCP dataset, which resembles an El Niño–like anomaly in thefor QBO-

W minus QBO-E differences, is particularly strong and statistically significant duringin DJF., as shown by previous studies 
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that highlight the issue of strong ENSO events coinciding with the westerly phase (García-Franco et al., 2023). Although most 

of the models do not reproduceshow such El -Niño–-like precipitation anomaly patterns in either the EN or LN experiments, 940 

some models (EC-EARTH, ECHAM5sh, WACCM and MIROC-ESM) show significant precipitation signals over the Indian 

Ocean and Australia (Fig. 8). The precipitation response to the QBO in these experiments varies bydepends on both the model, 

region, and ENSO phase, withas there is no consistent response acrossbetween the experiments for each model (Fig. 9). For 

example, the simulated and observed QBO signals in the Niño 3.4 region disagree on the magnitude and sign. To 

investigateexplore the causes of discrepancies between models andversus observations differences, we analyze the strength of 945 

the QBO impact on the TTL region was analyzed, whichas it is considered to be important for the QBO teleconnection alongin 

the tropical routepathway (Fig. 10). In particular, we verified whether the strength of the temperature anomaly could explain 

inter-model or inter-experiment differences in the precipitation signals. Overall, the QBOi models producehave too-weak wind 

amplitudes and too-weak temperature anomalies in the lower stratosphere. , which could help explain the weak precipitation 

signals. 950 

 

Several potential biases likely influence the tropical route of QBO teleconnections. Most proposed mechanisms linking the 

QBO to the tropical surface rely on interactions between the lowermost stratosphere and the uppermost troposphere. A key 

bias common to many models, including those used in this study, is a weak QBO amplitude in the lower stratosphere, which 

limits the effectiveness of stratosphere–troposphere coupling processes (Oueslati et al., 2013; Richter et al., 2020; García-955 

Franco et al., 2022, 2023). Additionally, models exhibit persistent tropospheric biases related to tropical convection and 

precipitation, including biases in the strength and position of the ITCZ, tropical wave activity and unrealistic distributions of 

rainfall intensity (Oueslati et al., 2013,  Norris et al., 2021). These biases typically stem from model parameterizations, notably 

in convection and cloud microphysics schemes (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 reaching the tropical troposphere and contributes 960 

to inter-model differences in the magnitude, timing and spatial manifestation of the teleconnection. 

The QBO teleconnection to the Walker circulation  in reanalyses is strongest in reanalyses over the Indian Ocean–Maritime 

Continent region duringin boreal summer, followed by autumn, and weakest in winter (Rodrigo et al., 2025). TUnder ENSO 

conditions, this timing may shift slightly shift, potentially due to ENSO’sthe influence of ENSO on the QBO itself, and . 

Furthermore, model diversity and biases, as described above, may cause variability inthe simulatinged QBO teleconnections 965 

to vary. ThusHere, 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 ERA5, the equatorial troposphere has Aa distinct QBO signal, that is characterized 

by upper-level westerly and lower-level easterly anomalies, is observed in the equatorial troposphere in ERA5 over the Indian 

Ocean–Maritime Continent region, which isdoes not have highvery sensitivitye 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 970 

tropical circulation by the QBO appears spatially consistentrobust, althoughbut its timing varies.  
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One possible explanation for the more coherent Walker circulation response is that the zonal circulation in the SST-forced 

simulations is sufficiently similar across models — owing to the SST forcing — that the responses remain relatively consistent. 

In contrast, other aspects of the response, such as the tropical precipitation, the polar vortex, and the subtropical jet, may be 

less constrained by the experimental setup. It is also plausible that the mechanisms driving the Walker cell response are better 975 

represented in these models. Given the relatively large static stability anomaly shown in the results (Fig. 10), one could 

reasonably suspect that this mechanism is strong enough in the models to produce a consistent response in the Walker 

circulation. 

We now consider three issues related toabout modelling the complexity of QBO–-ENSO interactioncomplexity raised by 

these results: forced SSTs, the seasonality and variabilityvariation of the Walker circulation, and biases in the QBO and other 980 

processesdiagnostics.  

First, tAMIP-type experiments, where idealized SST patterns and fixed external forcings are used, have been used here to 

examine QBO-ENSO teleconnections although it is noted that we do not have an observational verification for these 

experiments. However, the responses of the climate system’s response to ENSO forcing tends to be nonlinear with respect to 

ENSO intensity and asymmetric with respect to ENSOthe phasespolarity of ENSO (Domeisen et al., 2019; Rao and Ren, 985 

2016b, c). This nonlinearity complicates the identification ofmeans that it is difficult to isolate physically meaningful 

mechanisms and limitsfrom such a nonlinear system and gain understanding ofscientific insights into QBO–-ENSO 

teleconnections. Therefore, cConducting idealized experiments, such as our QBOiENSO experiments, c that take into account 

the ENSO-QBO diversity could help us to further clarify physically robustelucidate scientifically meaningful mechanisms 

within thisin such a complex system. The experimental design of QBOiENSO (Kawatani et al., 2025) is annually repeating, 990 

using inflated monthly mean ENSO anomalies from the climatology. However, most QBOi models in the three experiments 

(CTL, EN, and LN) fail to reproduce QBO-related, El Niño–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 (García-Franco et al., 2022). 

It is noted that the experimental design of QBOiENSO (Kawatani et al., 2025) is annually locked with monthly-mean anomalies 995 

from the climatology. For example, the precipitation responses to the QBO for the AMIP-type experiments with interannually 

varying SSTs(Serva et al., 2022; García-Franco et al., 2022)  

 (Serva et al., 2022; García-Franco et al., 2022) is different from those for the QBOi ENSO experiments with perpetual SSTs. 

The precipitation response to the QBO in the equatorial Pacific signal in the GPCP dataset shows a statistically significant, El-

Niño-like anomaly pattern. Most of the models do not show such El-Niño-like precipitation anomaly patterns in the CTL, EN 1000 

or LN experiments, while such patterns were seen in some of the QBOi models in the QBOi Experiment 1 (Serva 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 (García-Franco et al., 2023; Randall et al., 2024), or affected by biases in climatological 

winds and precipitation characteristics. making it difficult to detect with confidence.  
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The lack of a robust and coherent QBO-related precipitation signal across experiments and models highlights significant 1005 

spread in how convection and circulation respond to a QBO forcing. This raises the possibility that the QBO's downward 

impact on tropical precipitation is too sensitive to model physics, or is perhaps muted by the lack of SST feedbacks (García-

Franco et al., 2023, Randall et al., 2024) to be clearly detected. 

Next, One of the most important points from this study is that Walker circulation would potentially play an important role 

in tropical teleconnections as well as extratropical teleconnections. We are interested in two distinct and documented El Niño 1010 

patterns, Eastern Pacific (EP) versus Central Pacific (CP, or Modoki) El Niños, which make a large difference in the Hadley 

and Walker circulations and also have markedly different impacts on remote regions. One may doubt that weaker ENSO events 

or different ENSO flavors than those used in this study would yield further insights due to such ENSO events being associated 

with less dramatic changes in the location of tropical convection. However, the tropical SSTs in the Central Pacific 

substantially influences the QBO on decadal timescales (Shibata and Naoe, 2022). Thus, such idealized experiments forced 1015 

with ENSO SST patterns would be beneficial for us to better achieve the changing impact of ENSO events on the QBO 

teleconnections. We are also interested in tropical convection being inherently coupled with the ocean. Long-term simulations 

from coupled global circulation models (CGCMs) would be a convenient tool for testing responses of QBO-ENSO 

teleconnections associated with internal variability of the ocean-atmosphere coupled system (García-Franco et al., 2023; 

Randall et al., 2023).  1020 

Wwe emphasizehave to underline the importance of seasonality infor shaping the combined effects of the QBO- and ENSO 

on the tropical troposphere. Our results indicatesuggest that QBO teleconnections with the Walker circulation varyexhibit 

seasonally variability and display a distinct zonally asymmetric pattern. These findings underscoreemphasize the need for 

further investigation to clarifyelucidate the drivers of thisthe seasonal dependence, the causesnature of the asymmetry, and the 

underlying mechanisms governing these interactions. We also note that tropical convection is inherently coupled with the 1025 

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 (García-Franco et al., 

2023; Randall et al., 2023). 

 

Finally, common systematic model biases hinder QBO teleconnections to both the extratropics and the tropical troposphere. 1030 

In the extratropical stratosphere, the previous studies usingof QBOi models have suggested that the systematic weakness of 

the QBO-–polar vortex coupling arisein the models might arise from consistentlysystematically weak QBO amplitudes at 

lower levels in the equatorial stratosphere, biases in the wintertime polar vortex biases in winter, and inadequate representation 

of stratosphereic–-troposphere coupling, etc. (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 1035 

and the APJ. 

. In our QBOiENSO experiments, such systematic model biases were also found because most of the modes were the same 

as the previous studies. In the tropics, models commonly exhibit weak QBO amplitudes in the lower stratosphere, which limit 
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the effectiveness of stratosphere–troposphere coupling processes (Oueslati et al., 2013; Richter et al., 2020; García-Franco et 

al., 2022, 2023). Unrealistic variability also emerges in QBOiENSO experiments, with occasional stalling of simulated QBOs 1040 

(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 1045 

magnitude, timing, and spatial manifestation of the teleconnection. 

In the tropics, our results suggested that the systematic bias of the QBO impact on the tropical troposphere might arise from 

the systematically weak QBO amplitudes at lower levels, precipitation bias, and inadequate representation of the Walker 

circulation. Thus, the combination of several biases could be the reason why we have not seen a consistent signal of QBO 

teleconnections across the models and experiments. Therefore, it is plausible that consistency with observations will not 1050 

improve without correcting such model biases. Currently, a Phase 2project of the QBOi project Phase 2 is currently underwayin 

progress to assess the impact of QBO biases by using zonal-mean nudginged toward observations in the QBO region. Bias-

corrected QBO amplitudes, achieved through nudging methods, may provide valuable insights for improving the representation 

of QBO teleconnections into both the extratropics and the tropical troposphere. 
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Figure S1: Relationship betweenof QBO-W minus QBO-E composite differences inof the zonal-mean zonal wind (in m s–1) 
ofbetween 10-hPa polar vortex at 60° N and 10 hPa and QBO-W minus QBO-E differences in the zonal-mean zonal wind at the 
QBO definition region ofat (a) 50 hPa (QBO50, upper panel) and (b)at 30 hPa (QBO30, lower panel). Crosses, filled squares, and 
filled circles indicateThe ENSO-neutral / legend label indicates QBOiExp2 (CTL), the El Niño / EN, and La Niña / LN winters in 45 
ERA5 or experiments in QBOi models, respectivelyones indicate the EN and LN experiments. 
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Figure S2: Northern annular mode (NAM) stereographic maps at 500 hPa forin EN and LN experiments infor the QBOi models, 55 
based on their daily geopotential heightdaily data (m). Contour lines indicate the geopotential height during neutral NAMannular 
mode conditions. Colors representare the positive (strong vortex, above the 90th percentile) minus negative (weak vortex, below the 
10th percentile) year-around anomalies based on the NAM index. Negative anomalies indicate lower geopotential heights. 
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Fig. S3. Relationship between QBO-W minus QBO-E differences in the QBO-induced APJ shift index and (a) QBO 

amplitude, and (b) subtropical jet latitude for the CTL experiment / during ENSO-neutral (CTL) wintersyears. 
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Figure S4. DJF cComposite differences in GPCP (1979–-2021) precipitation (mm day–1) during DJF between QBO-W and QBO-E 80 
phases for W-E QBO phases, forconsidering (top) all winters and (bottom) only El Niñno winters. and The (left) panels includeing 
the three strongest El Niño events, whileor (the right panels) excluderemoving them. 
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Figure S5. As in Figure 8, but showing the observed QBO signals (QBO-W minus QBO-W precipitation differences) during DJF 105 
for a) all DJF periods, and under b) ENSO-nNeutral, c) El NiñoEN, and d) La Niña wintersor LA conditions based on GPCP data. 
The QBOi models are composited into a multi-model -mean, regridded to a common grid (the GPCP grid), and a multi-model 
mean ensemble (MME) differences are shown for the e) EN and f) LN experiments. The degree of Mmodel agreement—, defined 
as grid -points where at least 75% of the models agree on the sign of the signal—, is indicated byare hatchinged. The number of 
months used for each observed composite sizes in months isare shown in parenthesies in the GPCP panels. 110 
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Figure S6: As Fig. 8, but for outgoing longwave radiation (OLR;) in W m−2). ERA5 data are used as the observational benchmark. 
Only a subset ofsome models of the QBOi models providecohort OLR output OLR for these experiments. 
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Figure S7: (Left) Box plots of deseasonalized precipitation (mm day−1) averaged over for the western equatorial Pacific (WEP) 
region (5° S–5° N, 120°–170° E) and the EN3.4 region (5° S–5° N, 170°–120° W) for (a, c) LN and (b, d) EN experiments infor the 
QBOi models, together with El Niño and La Niña wintersyears in GPCP data, separated by datasets and QBO phases. QBO 140 
phases are classified using deseasonalized DJF mean zonal-mean zonal wind at 50 hPa, averaged over 5° S–5° N, at 50 hPa with 
valuesusing ≥ 2 m s−1 indicatingfor QBO-W and ≤ −2 m s−1 indicatingfor QBO-E.  
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Figure S8: Same as Fig. 9, but withfor the y- axis limits are set according tobased on the GPCP scalebar.  165 
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Figure S9: Climatology (black contours) and QBO-W minus QBO-E differences (shading and colored contours) in equatorial 
zonal wind (longitude–pressure section)profiles, averaged over 10° S–10° N, from the CTL experiment infor the QBOi models. 
Black contours are drawn at 4 m s−1 intervals. Colored contours followuse the same intervals as the shading, with red contours 180 
indicating positive differences and blue contours indicating negative differences. The target season is JJA for all models, with the 
QBO phase defined at 70 hPa during JJA. Only differences statistically significant zonal wind differences at the 95% confidence 
level are shaded. 
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Figure S10: As inSame as Fig.ure S9, but for the LN experimentinstead of CTL. Note that the ERA5 color scalebar for ERA5 
differs due tobecause of the larger QBO amplitude. 
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Figure S11: As inSame as Fig.ure S9, but for the EN experimentinstead of CTL. Note that the ERA5 color scalebar for ERA5 225 
differs due tobecause of the larger QBO amplitude. 
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Figure S12: As inSame as Fig.ure 11, but for the CTL experiments. Note that tThe EMAC model is usedincluded instead of ERA5, 
asbecause we have not considered ENSO- neutral years in the reanalysis are not considered. 235 
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Figure S13: (a) Occurrence of a statistically significant zonal wind signals by season and altitude over the equatorial band (10° S–
10° N,) 60° E–120° E) band for the EC-EARTH CTL experiment (a). QBO-W minus QBO-E equatorial zonal wind (longitude–265 
pressure section)profile for the EC-EARTH CTL experiment during (b) MAM (b), (c) JJA (c), (d) SON (d), and (e) DJF (e). 
Horizontal green dashed lines denote therepresentative vertical levels (700, 100, and 70 hPa), while vertical green dashed lines 
indicatemark the longitudinal band (60° E–120° E) used in the season–-altitude diagram (panel a).  
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