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Abstract. Observations suggest that the stratospheric Quasi-biennial Oscillation (QBO) modulates the Madden-Julian Oscil-
lation (MJO) in the tropical troposphere, where the MJO is stronger with a smoother eastward propagation in the boreal winter

seasons with a QBO easterly (QBOE) than that with a QBO westerly (QBOW) phase. Such connection is not captured by
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current climate models through their internally generated QBO and MJO. The QBO initiative (QBO1) phase 2 project included
climate models from global modeling centers and conducted simulations with the tropical zonal-mean zonal wind in the model
stratosphere nudged towards the observations. This paper investigates the potential connection between the nudged QBO and
the internally generated MJO in 12 participating climate models. Results show that the stratospheric QBO and its associated
impacts on the upper troposphere and lower stratosphere stability around the equator are realistically represented in all models
through the nudging although a smaller amplitude is found for the temperature responses. However, there is no significant con-
nection between the QBO and MJO in any of the participating models. Further diagnostics suggest this likely result from the
biases in the internally generated MJO by the models where the simulated MJO convective variation is constantly underesti-
mated so that the intense MJO OLR and precipitation anomalies are inadequately induced. However, the QBOi phase 2 models
show no systematic bias in the MJO cloud-radiative feedback strength, with individual models spanning the full range from
underestimation to overestimation of the observed values. These findings emphasize the importance of accurate representation
of the MJO convective system in capturing the QBO-MJO connection by climate models. This paper also underscores the

urgency of new theoretical understandings for the observed QBO-MJO connection.

1 Introduction

The Madden-Julian Oscillation (MJO, Madden and Julian, 1971, 1972) refers to a planetary-scale organized covective system
coupled with a baroclinic overturning circulation in the tropics. It is characterized by an intraseasonal timescale of 20-100
days and an eastward propagating phase speed around 5 m/s (Zhang, 2005). A typical MJO case initiates and grows over the
Indian Ocean (I0), propagating eastward across the Maritime Continent (MC) and into the western Pacific (WP). Its convection
wanes around the dateline, but the coupled circulation in the higher troposphere keeps propagating eastward into the western
hemisphere (Jiang et al., 2020). The MJO leaves significant impacts on the weather and climate modes in the intraseasonal
timescale such as its direct modulation of the tropical convective systems including the diurnal cycle precipitation (e.g., Oh
et al., 2012; Peatman et al., 2014), the mesoscale convective systems (Houze Jr., 2004; Crook et al., 2024), the tropical cyclones
(Kim and Seo, 2016), and the monsoon systems (Fu et al., 2013; Adames and Ming, 2018). It also impacts the weather patterns
in the mid-to-high latitudes through the wave-train-like teleconnection patterns (Adames and Wallace, 2014; Toride and Hakim,
2021; Tseng et al., 2020, and many others). Therefore, MJO serves as a primary source of subseasonal predictability in the
tropics and influences predictability beyond the tropics through teleconnections (Zhang, 2005; Jiang et al., 2020; Stan et al.,
2022).

The Quasi-Biennial Oscillation (QBO, Reed et al., 1961; EBDON and VERYARD, 1961) refers to a zonal-mean regime of
the zonal wind shear in the tropical stratosphere, alternating between easterly and westerly phases. The QBO wind shear transi-
tion usually takes about 28 months and the wind shear propagates from the higher to mid-lower stratosphere with time. Despite
occurring in the tropical stratosphere, but QBO is able to modulate global surface conditions (Baldwin et al., 2001; Anstey
and Shepherd, 2014; Park et al., 2022), the storm tracks (Wang et al., 2018a, b), atmospheric rivers (Huang et al., 2025b), and
tropical convection(Collimore et al., 2003; Lane, 2021). Specifically, the interannual activity of MJO is significantly modulated
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by the QBO phase (Yoo and Son, 2016; Son et al., 2017), recognized as the QBO-MJO connection. It is found that the MJO
is stronger and more likely to propagate across the MC in the QBO easterly (QBOE) phase than the QBO westerly (QBOW)
phase defined at 50hPa, and such QBO impacts on the MJO are only significant in the boreal winter season. Also, the MJO
is the only one among the convectively coupled equatorial waves (CCEWs) that is affected by the QBO phase in the observa-
tions (Sakaeda et al., 2020). Many hypotheses have been proposed to understand the QBO-MJO connection since its discovery
including the cloud-radiative feedback theory involving the QBO-induced changes in high clouds around the tropopause (Son
et al., 2017), the tropopause instability theory where the MJO-induced, wave-like temperature disturbances in the upper tro-
posphere and lower stratosphere (UTLS) are emphasized (Hendon and Abhik, 2018), the QBO wind shearing effects on deep
tropical convection (Collimore et al., 2003), as well as the impacts from extratropical wave forcing (Hood and Hoopes, 2023)
and sea surface temperature changes (Randall et al., 2023). However, the physical mechanisms behind the observed QBO-MJO
connection remain poorly understood and debated.

One great challenge to understand the observed QBO-MJO connection stems from climate models’ failures in representing
this relationship. Lim and Son (2020) analyzed four Coupled Model Intercomparison Project phase 5 (CMIP5) models and
found that the QBO-MJO connection is not represented there. Kim et al. (2020) reached similar conclusions using data from
the 30 Coupled Model Intercomparison Project phase 6 (CMIP6) models. The lack of QBO-MJO connection in these studies
is likely the result of a biased QBO in the models as the simulated QBO is usually too weak in the UTLS levels. In turn, these
studies motivated further attempts to capture the QBO-MJO connection in climate models with the observed QBO variability
nudged into the model stratosphere. An ocean-atmosphere coupled model from NASA was firstly used in Martin et al. (2021)
with a nudged stratosphere towards the observations. However, the model failed to capture the QBO-MIJO connection. In Martin
et al. (2023), four state-of-the-art climate models were employed relaxing their stratosphere towards the reanalysis, but they also
failed to capture the QBO-MJO connection. It is suggested by these two studies that the simulated MJO convection is not deep
enough compared with observations, which causes the QBO’s failure to modulate the MJO through UTLS stability. However,
using a cloud-resolving regional model, Martin et al. (2019) reproduced the observed QBO impacts on MJO convection in
a case study, followed by two more successful MJO case studies of the QBO-MJO connection using the numerical models
(Back et al., 2020; Huang et al., 2023). It is also noteworthy that the QBO-MJO connection is represented in the subseasonal-
to-seasonal weather forecast system by different MJO predictability and prediction skills conditioned by the QBO phase,
although the connection is weaker than in observations (Marshall et al., 2017; Lim et al., 2019; Kim et al., 2019; Wang et al.,
2019; Martin et al., 2020).

The Atmospheric Processes And their Role in Climate (APARC, previously "SPARC") QBO initiative (QBOi, Anstey
et al., 2022) is a community-driven activity by global climate modeling centers. It aims to improve the fidelity of tropical
stratospheric variability in general circulation and Earth system models by conducting coordinated numerical experiments
and analysis (Butchart et al., 2018). The QBO-MIJO connection was examined in nine models participating phase 1 of the
QBOi project with internally generated QBO, and no significant connection between QBO and MJO was found (Elsbury
et al., 2026). In phase 2 of the QBOi project (Anstey et al., 2026), the participating climate models conducted a series of

experiments including the simulations where the zonal wind in the model stratosphere over the tropics is nudged towards the
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observations (Exp1-ObsQBO simulations, here and after). The QBOIi phase 2 simulations are conducted in an Atmospheric
Model Intercomparison project (AMIP) style with prescribed sea surface temperature and sea ice from the observations as the
forcing. Compared with the simulations with a free stratosphere, the QBO variations in the Exp1-ObsQBO simulations are
much closer to the observations with the zonal wind biases largely corrected (Andrews et al., 2026).

This study diagnoses the potential connection between the nudged QBO and the internally simulated MJO in the Expl-
ObsQBO simulations by 12 participating models around the globe. Especially, compared with the previous studies using
model simulations with a nudged stratosphere (Martin et al., 2021, 2023), the Exp1-ObsQBO simulations by the QBOi phase
2 project include more models from global modeling centers, providing an opportunity to broaden our understanding of the
model capability in QBO-MJO connection representation with the model stratospheric biases corrected. According to the
available daily output variables from the QBOi phase 2 experiment, this study mainly focus on the tropopause instability and

cloud-radiative feedback theories for diagnostics.

2 Data and Method
2.1 Model and reanalysis dataset

To investigate the QBO-MJO connection, we employed the Exp1-ObsQBO simulations from the phase 2 of the QBOi project.
In these simulations, the zonal-mean zonal wind in the stratospheric levels of the model are relaxed towards that in the European
Centre for Medium-Range Weather Forecast Reanalysis version 5 (ERAS, Hersbach et al., 2020), which is done through a
zonal-mean or full-field nudging in the model levels from 100 hPa to 5 hPa. The nudging intensity is controlled by the nudging
timescale where a stronger nudging is applied with a shorter nudging timescale. The nudging is conducted with a timescale
of 5 days in the model levels from 70 hPa to 10 hPa, and it is weakened downward and upward with the nudging timescale
gradually increasing to infinity at the levels above 5 hPa or below 100 hPa. Also, the stratospheric nudging is only conducted in
the tropics with the nudging timescale being 5 days from 10°S to 10°N and gradually increasing to infinity at latitudes higher
than 20°. Details of the nudging protocol for the Expl-ObsQBO simulations in phase 2 of the QBOi project can be found
in Anstey et al. (2026). We focus on nudged simulations in this study, given that previous studies have consistently shown
that the QBO-MJO connection is missing in free-running climate model simulations (e.g., Kim et al., 2020). Twelve models
employed in this study are shown in Table 1. The ensemble members along with the nudging type and the daily variables used
for investigations are also given there. Due to the lack of daily wind variables, one ensemble member from E3SMv2 and the
entire LMDz ensemble are excluded from the analysis based on the realtime multivariate MJO index (RMM index, Wheeler
and Hendon, 2004).

We used the model outputs from 1980 to 2020 for our diagnostics. They are compared against the daily wind field from the
ERAS reanalysis dataset, the daily outgoing longwave radiation (OLR) from National Centers for Environmental Information
of the National Oceanic and Atmospheric Administration (Lee, 2025) in the same years, and the daily precipitation from

the version 1.3 of the Global Precipitation Climatology Project (GPCP; Huffman et al., 2001) from 1997 to 2020. These
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Table 1. Daily data availability in the years of 1980 to 2020 from the 12 QBOi phase 2 climate models for their simulations with a nudged
stratosphere towards the observations (Exp1-ObsQBO). The nudging type is indicated as zonal-mean (ZM), in which case only the zonal-
mean zonal wind is nudged, or full-field (FF). The daily variables used in this study include daily precipitation, OLR, zonal wind at 850 hPa
(u850), and zonal wind at 200 hPa (u200).

Model Ensemble member ~ Nudging type  Unavailable daily variables
BCC-CSM2-MR | rlilplfl-r3ilplfl ZM none

CAS-ESM rlilplfl-rli3p1fl ZM none

CESM2 L83_cam6.001-003 ZM none

E3SMv2 rlilplfl-r3ilplfl FF u200 and u850 in rlilplfl
EC-Earth3 rlilplfl FF none

ESM4 rlilplfl-r3ilplfl FF none

HadGem3GA7-1 | rlilplfl-r3ilplfl M none

LMDz Expl-Exp3 ZM u200

GRIMs rlilplfl M none

MIROC6.1_pl rlilplfl-r3ilp1fl M none

MIROC6.1_p2 rlilp2f1-r3ilp2f1 M none

MRI-ESM2-0 rlilplfl-r3ilp1fl M none

variables are interpolated onto the same 2.5° by 2.5° horizontal grids for the observations and model outputs before running

the diagnostics.
2.2 Methods

The QBO phase in this study is defined at the 50-hPa level using the season-averaged and zonal-mean zonal wind around the
equator (10°S-10°N) as the QBO index. When the QBO index is below its mean minus half of its standard deviation, a QBOE
season is assigned. Similarly, a QBOW season is defined as when the QBO index is above its mean plus half of its standard
deviation.

The MJO-related variations are extracted by applying a 2-dimensional filtering at the zonal-wavenumber-frequency space to
retain only the 20-100-day, eastward-propagating variations with a zonal wavenumber of 1 to 10, unless specified. The MJO
behaviors are also measured by the RMM index (Wheeler and Hendon, 2004), which are calculated using the daily OLR, zonal
wind at 200 hPa (u200) and 850 hPa (u850) from the model outputs and observations. The explained variance percentages for
the first two empirical orthogonal functions of the RMM indices derived from the observations and model simulations as well
as their spatial patterns are given in Appendix.A. The significance for the composite analysis in this study is tested using a
bootstrap test with 1000 times of sampling and replacements. For the linear correlation analysis, their correlation coefficients

are also tested with a 95% confidence level.
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Figure 1. Hovmoller diagrams for the monthly zonal wind averaged around the equator (10°S-10°N) in (a) observations, and (b)-(m) Exp1-

ObsQBO simulations by the QBOi phase 2 models with their stratosphere nudged towards the observations in the tropics.
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3 Results
3.1 QBO in the Exp1-ObsQBO simulations

The QBO in Exp1-ObsQBO simulations is examined at the model stratospheric levels in the tropics to verify the zonal-mean
nudging performance for the zonal wind. The Hovmoller diagrams of the monthly zonal wind averaged from 10°S to 10°N
in the observations and Expl-ObsQBO simulations are given in Fig.1. The stratospheric nudging leads to a realistic QBO
representation in these simulations with a downward propagation of the wind shear from higher to lower stratosphere and
the wind shear phase generally follows that in the observations. The only exception is the Exp1-ObsQBO simulation by BCC-
CSM2-MR where the simulated QBO wind is skewed towards the easterly phase. In the lower stratosphere below 70 hPa, where
the nudging intensity gradually decreases downward, more deviations from the observations with weaker QBO variations are
seen for the zonal-mean zonal wind around the equator in Exp1-ObsQBO simulations.

As both the QBO wind and its modulation of the temperature could be important to build the connection between QBO
and MJO, their vertical structure differences in the December-January-February (DJF) seasons between QBOE and QBOW
phase are shown by Fig.2. In observations, the strong negative wind anomalies are centered around 50 hPa in the tropics in the
QBOE DJF season, overlain by positive wind anomalies at the levels above. The QBOE wind pattern leads to cooler anomalies
in the UTLS below 50 hPa, which reduces the tropopause stability (Hendon and Abhik, 2018), promotes the high cloud
formation (Son et al., 2017), and enhances the seasonal MJO amplitude. As suggested by Fig.2b, the QBO wind anomalies are
well represented in the tropics through nudging across the Exp1-ObsQBO simulations, while more biases are found at higher
latitudes (Fig.2d-o0) such as the underestimated westerly at 20 hPa and above from 20°N. The coherent temperature changes by
QBO wind shear is captured in the simulations although the cooling effects around the tropical UTLS induced by the QBOE
phase are slightly underestimated across the models (Fig.2c). Same as the QBO wind, the QBO temperature anomaly biases
are also larger at higher latitudes (Fig.2d-m).

To summarize, the QBO wind variation is well represented in the Exp1-ObsQBO simulations with a stratosperic nudging
in the tropics. For QBO temperature, however, more biases are found in the model. Although the models correctly capture the
negative temperature perturbations by the QBOE phase above the tropical tropopause, which is vital to build the QBO-MJO
connection in the model through tropopause instability (Hendon and Abhik, 2018) and the cloud-radiative feedback (Son et al.,

2017) mechanisms, these temperature differences are about one half to two thirds of that in observations.
3.2 MJO representation

As no nudging is conducted in the troposphere for the Expl-ObsQBO simulations, the QBOi phase 2 model performance
in simulating the tropical convection varies in the boreal winter season (November to April). The simulated season-mean
convection strength over the tropical Indo-Pacific region is shown by the averaged OLR maps (Fig.3). The observations exhibit
intense convection around the MC as evidenced by the lower OLR in that region which extends both westward into the deep
IO and eastward into the Pacific (Fig.3a). Over the Pacific, convective activity splits into two branches over the Northern

and Southern hemisphere, known as the intertropical convergence zone (ITCZ, Waliser and Gautier, 1993) and South Pacific
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Figure 2. Meridional structures of the global mean temperature (shadings) and zonal wind (contour lines) difference in the stratosphere be-

tween the December-January-February seasons with a QBOE and QBOW phase for (a) observations, and (d)-(0) Exp1-ObsQBO simulations

by the QBOi phase 2 models. The interval of contour line is 5 m/s with zero lines omitted. The vertical profiles for the zonal wind and

temperature differences averaged between 10°S and 10°N are given in (b) and (c), respectively, with the observations denoted by the thick

black lines and model results denoted by the colorful lines.
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convergence zone (SPCZ, Vincent, 1994). The same spatial pattern is identified across Exp1-ObsQBO simulations, but there are
some common biases in the QBOi phase 2 models compared with observations (Fig.3b-m), such as an overall underestimation
centered around the MC. This is indicated by the systematically higher season-mean OLR over the MC and over the eastern
10. Exceptions are GRIMs, MIROC6.1_p1, MIROC6.1_p2, and MRI-ESM2-0 since negative OLR biases are seen over the
IO basin, suggesting the simulated convection is overly strong. Over the Pacific Ocean (PO), GRIMs, MIROC®6.1_pl, and
MIROCS6.1_p?2 also overestimate the convection strength across the tropical basin. For ITCZ and SPCZ, CAS-ESM, E3SMv2,
EC-Earth3, HadGem3GA7-1, LMDz, and MRI-ESM2-0 underestimate their seasonal-mean strength.

The spatial patterns for the biases in the MJO convective variation generally follows that for the boreal-winter-mean con-
vection biases. Figure 4 shows the MJO-filtered (20-100-day, and eastward-propagating with zonal wavenumber of 1-10) OLR
standard deviation maps in the boreal winter season from the observations and from the QBOi phase 2 models. Strong MJO
convective variations are found over the eastern 10, the southern sea surface of the MC, as well as over the WP in the Southern
Hemisphere overlapping the SPCZ from the observations, representing the robust eastward propagation of the MJO convection
in the boreal winter season. In QBOi phase 2 models, however, the MJO convective variation in Exp1-ObsQBO simulations
is weaker than that in the observations around the MC, following the underestimation of the season-mean convection over
the same locations. The negative MJO convective variance biases are largest in BCC-CSM2-MR, CAS-ESM, and MIROCS6.1.
Note that although the spatial patterns of MJO convective variance biases generally resemble those of the boreal-winter mean
convection biases, the bias magnitudes are not necessarily correlated across models. For example, EC-Earth3 shows relatively
small biases in MJO convective variance, while it exhibits substantial biases in the season-mean convection over the MC. This
may reflect the commonly discussed trade-off between the mean state simulation and MJO simulation in climate models as
noted by many previous studies (e.g., Kim et al., 2012; Jiang, 2017). GRIMs is unique among the QBOi phase 2 models as the
model simulates extraordinarily stronger MJO convective variances in the subtropics, over the western 10, and central PO.

The tropical convective variability in the QBOi phase 2 models are more comprehensively evaluated by the zonal-wavenumber-
frequency power spectrum analysis for the daily precipitation anomalies around the equator (15°S-15°N) following Wheeler
and Kiladis (1999). The power spectra for the symmetric and anti-symmetric part of the precipitation are given by Fig.5 and
Fig.6, respectively. They reflect the model performance in simulating the convectively coupled equatorial waves (CCEWSs)
including the MJO. In the power spectrum for the symmetric part of the observational precipitation (Fig.5a), anomalous peaks
are identified for the convectively coupled Kelvin wave which propagates eastward with positive zonal wavenumbers and with
frequencies higher than 0.05. The eastward-propagating MJO is also seen in the domain with the zonal wavenumber of 1 to 5
and frequencies lower than 0.05 per day. At the same timescale but with negative zonal wavenumbers are the power peaks con-
tributed by the westward-propagating equatorial Rossby waves. Anomalous power peaks are also found at timescales shorter
than 3 days for the westward-propagating inertial gravity (IG) waves. QBOi phase 2 models have a reasonable simulation
of the equatorial Rossby wave except HadGEM3GA-1 where the Rossby wave power peak is relatively weaker. All models
exhibit an overly weakly Kelvin wave. EC-Earth3 and HadGEM3GA7-1 are the models with the smallest biases for Kelvin
wave. As demonstrated by previous studies (e.g, Liu and Wang, 2013, 2016), the accurate representation of the Kelvin wave

is important for the simulation of boreal-winter MJO in the models. Indeed, the MJO peaks in the QBOi phase 2 models are
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Figure 3. Seasonal mean maps of the OLR in the boreal winters (November to April) for (a) observations, and (b)-(m) model biases from

the observations (shadings) for the Exp1-ObsQBO simulations. The contour lines in (b)-(m) denote the observational baseline which starts

at 200 W/m? with an interval of 5 W/m?.
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Figure 4. Maps for the MJO-filtered (20-100-day, and eastward-propagating with zonal wavenumber of 1-10) OLR standard deviation in the

boreal winter seasons for (a) observations, and (b)

-(m) model biases from the observations (shadings). The contour lines in (b)-(m) denotes

the observational values starting from 10 W /m? with an interval of 2 W/m?.
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Figure 5. Zonal-wavenumber-frequency power spectrum analysis for the symmetric part of the precipitation around the equator (15°S-15°N)

in the boreal winter season from (a) observations, and (b)-(m) models. The ratio of the raw spectrum to its background is shown.

also too weak and with smaller zonal wavenumbers compared with observations, in agreement with the underestimated MJO

convective variations over the Indo-Pacific region (Fig.4b-m). For the power spectrum associated with the anti-symmetric part

190 of the equatorial precipitation, strong signals of the mixed-gravity Rossby (MRG) waves are seen in the observations with both

eastward and westward propagation (Fig.6a). However, most QBOi phase 2 models miss the associated power peaks for the
MRG wave especially at smaller zonal wavenumbers, except CESM2, EC-Earth3, and GRIMs.

In summary, unlike the adequate representations of the stratospheric QBO in the Exp1-ObsQBO simulations due to nudging,

the freely evolving tropical convective variability in the models are more biased from the observations. The simulated MJO con-

12
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vective variation in these models are generally too weak around the MC, following the overly weak season-mean convection
at the same locations in the boreal winters. The overly weak MJO convection is also reflected by the zonal-wavenumber-
frequency power spectrum analysis of the daily precipitation anomalies associated with the underestimation of convectively
coupled Kelvin waves by all models. CESM2, E3SMv2, EC-Earth3, and ESM4 are the models with a relatively smaller under-

estimation of the MJO convective variations. Among them, EC-Earth3 is the top model in the overall simulation of CCEWs.
3.3 Lack of the QBO-MJO connection

Comprehensive diagnostics of the relationship between the stratospheric QBO and MJO are conducted in search for a potential
connection between these two modes of variability. The standard deviation of the MJO-filtered OLR anomalies is calculated in
DIJF, and the differences are made between QBOE and QBOW phase (Fig.7). From observations, significant enhancements in
the MJO convective variance are found over the Indo-Pacific region centered around the MC in the Southern Hemisphere, a re-
sult of the observed QBO-MJO connection in the boreal winter season (Yoo and Son, 2016; Son et al., 2017). In Exp1-ObsQBO
simulation by the QBOi phase 2 participating models, although the observational QBO wind and temperature perturbations
are reasonably represented in the stratosphere through nudging (Fig.1 and Fig.2), the simulated MJO is not responding cor-
rectly to the stratospheric QBO phase. In most of the models, there are almost no MJO convective variance differences over
the Indo-pacific region at different QBO phases. In GRIMs, enhancements are seen over the southern IO and southwestern
Pacific (Fig.7h) where the simulated MJO convective variation is unrealistically strong (Fig.4h). However, the robustness of
such responses is questionable as the GRIMs simulation only consists of one member (Table 1). Significant MJO convective
variance increases are found over the southern MC in MIROC6.1_p2 (Fig.71), but the increases are very slight. In addition, the
DJF-mean MJO convective variances are mostly off the equator in MIROCG6.1_p2 (contour lines in Fig.71). Therefore, it re-
mains questionable whether the slight but significant MJO convective variance increases around the equator in the QBOE phase
corresponds to a representation of the QBO-MJO connection in the model, which will be further examined by the RMM-based
analysis in the rest of the paper. In EC-Earth3 with the best representations of the MJO and other CCEWs among all models,
the QBO impacts on MJO are misrepresented by decreased MJO variances south of the MC in the QBOE phase (Fig.7f).

To better understand the ensemble-spread of the MJO convective variation differences conditioned by the QBO phase in
Exp1-ObsQBO simulations, we calculated the member-by-member MJO-filtered OLR standard deviation differences averaged
over the Indo-Pacific domain (20°S-5°N, 50°E-170°E) between the QBOE and QBOW DIJF seasons (Fig.8) following Kim
et al. (2020). None of the members from these models simulates a positive MJO convective standard deviation difference that
could exceed its confidence interval, largely lower than the significantly positive differences from the observations. Notably, in
EC-Earth3 with the most realistic representations of the stratospheric QBO and tropospheric CCEWs, its averaged difference
over the Indo-Pacific domain is around 0.

As demonstrated by Son et al. (2017), the observed QBO-MJO connection exhibits a strong seasonality that only in the
boreal winter seasons the MJO becomes stronger and more likely to propagate across the MC in the QBOE phase. We extend
the examination of the potential connection between the QBO and MJO in the Exp1-ObsQBO simulations to all the seasons

around the year in case the models misrepresent the QBO-MJO connection seasonality that it is found in other seasons. Figure
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Figure 8. Ensemble spread of the OLR standard deviation differences over the Indo-Pacific domain (20°S-5°N, 50°E-170°E) between
the QBOE DIJF and QBOW DIJF seasons from the Exp1-ObsQBO simulations by various QBOi phase 2 models. Each circle represent an
individual member from the simulations. The gray shadings denote the 95% confidence interval which is calculated from the bootstrap tests
with 1000 times of sampling using all members for each model and with replacements. The difference value from the observations is marked

by the blue line.
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9 gives the correlation coefficients between the three-month-mean zonal wind at the 50 hPa level (u50) and the three-month-
mean RMM amplitude. From the observations, in agreement with the QBO-MJO connection seasonality, there are significantly
negative correlation coefficients only in the November-December-January (NDJ), DJF, and January-February-March (JEM)
seasons. In other seasons, the correlation coefficients fail to exceed the 95% confidence interval. In most QBOi phase 2 models,
the correlation coefficients from all members in the Exp1-ObsQBO simulations stay within the confidence interval across all
seasons. Two members from CAS-ESM and show significantly negative correlation coefficients in the July-August-September
(JAS) and August-September-October (ASO) seasons and one of them is with significantly negative correlation coefficients
in May-June-July (MJJ) and June-July-August (JJA) seasons. However, such significant connection is not seen in the other
CAS-ESM member. Similarly, one MIROC6.1_p2 member shows significantly negative correlation coefficients from the M1J,
JJA, and JAS seasons, but the other two members do not agree with it. Significantly negative correlation coefficients are
also found in DJF and JFM seasons in the simulation by one member of E3SMv2 and in the NDJ and DJF seasons by one
MIROC6.1_p2 member, respectively. But they are disagreed by the model members where the correlation coefficients between
the season-mean QBO index and RMM amplitude are not significant.

The UTLS is considered critical in many proposed physical mechanisms to explain the observed QBO-MJO connection
such as the wind shear theory (Collimore et al., 2003), the tropopause instability theory (Son et al., 2017; Hendon and Abhik,
2018), and the cloud-radiative feedback theory (Son et al., 2017). The QBO wind and temperature anomalies in the UTLS are
adequately represented in the Exp1-ObsQBO simulations through the stratospheric nudging (Fig.2). Although no connections
are found between the simulated MJO and the nudged QBO wind at 50 hPa, it’s worth investigating how the QBO wind
anomalies at other vertical levels in the model may interact with the MJO since the weaker MJO convection in the Expl-
ObsQBO simulations across the QBOi phase 2 models (Fig.4) may require the QBO variations at lower stratospheric levels
to be impacted. Therefore, we extend the QBO-MJO connection analysis in Fig.9 to all vertical levels above 100 hPa in the
models and across all three-month seasons (Fig.10). In the observations, significantly negative correlation coefficients originate
as early as in April-May-June (AM]J) at the levels from 10 hPa to 40 hPa. These significant correlation coefficients propagates
downward with seasons till JJA of the next year, superimposed by significantly positive correlation coefficients at the vertical
levels above. Such a pattern is associated with the coherent QBO wind structure across the vertical levels in the stratosphere
along with a downward propagation (Baldwin et al., 2001). However, no significant correlations are found between the QBO
wind shear and MJO amplitude at all stratospheric levels across all seasons for QBOi phase 2 models.

To summarize, comprehensive assessments are conducted in search of the potential relationship between the stratospherically
nudged QBO and internally-generated MJO in Exp1-ObsQBO simulations from the QBOi phase 2 models. The assessments
are done across the stratospheric vertical levels and all the seasons around the year. Results show that no significant QBO-MJO

connection is found in any of the participating models.
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Figure 9. Seasonality of the QBO-MJO connection from the observations and the model results measured by the correlation coefficients
between the 3-month-averaged u50 and the 3-month-mean RMM amplitude. Each colorful line represents an individual ensemble member.

The gray shading denotes the 95% confidence interval of for correlation coefficients and the ones exceeding it are marked by solid dots.

4 Conclusions and Discussions
4.1 Conclusions

The phase 2 experiments of the QBOi project provide a valuable opportunity to investigate how the observed connection
between the QBO and MJO is represented in the Exp1-ObsQBO simulations with a nudged stratosphere by the 12 participating
models. Compared with the previous studies employing single or several North American climate models with stratospheric
nudging (Martin et al., 2021, 2023), this study includes more models from other modeling centers around the globe. Also, a
tropical-only stratospheric nudging is conducted in the Exp1-ObsQBO simulations. Consequently, the QBO wind anomalies

and the coherent temperature responses are induced into the model with the UTLS temperature anomalies underestimated in
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Figure 10. Extension of the seasonality diagnostics in Fig.9 to all vertical levels in the stratosphere. The shadings are the averaged lead/lag

correlation coefficients between the 3-month-mean u50 wind and RMM amplitude across the model members. The gray lines represent the

boundary for the significant ones at 95% confidence level.
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the model (Fig.2). The representations of the QBO through nudging largely correct the widely seen QBO biases in the free
simulations by these climate models (e.g., Kim et al., 2020), especially for the overly weak QBO variations around the UTLS.
The stratospheric nudging setting along with the AMIP-style forcing setting for the Exp1-ObsQBO simulations in the phase
2 of QBOi project include the QBO impacts on the UTLS wind shear (Collimore et al., 2003), temperature or stability (Son
et al., 2017; Hendon and Abhik, 2018), as well as its impacts on the sea surface temperature (Randall et al., 2023).

However, comprehensive diagnostics across the stratospheric levels and the seasons show no significant connections between
the simulated MJO and the nudged QBO in these models. Although the weaker UTLS temperature responses by QBO might be
a reason, this is more likely a result of the biased MJO in the model. Unlike the nudged QBO in the stratosphere in the Expl-
ObsQBO simulations, the MJO representation varies highly from model to model. All models participating the intercomparison
underestimate the MJO convective variation over the MC with the largest underestimations found in BCC-CSM2-MR, CAS-
ESM, HadGEM3GA7-1, LMDz, MIROC6.1_pl, MIROC6.1_p2, and MRI-ESM2-0. Among the models participating in the
Exp1-ObsQBO simulations, EC-Earth3 exhibits the best performance in the overall simulation of CCEWs. But it also fails to

represent a significant QBO-MJO connection.
4.2 Key MJO biases and suggestions for the future work

The lack of a QBO-MJO connection in the QBOi phase 2 climate models with a nudged stratosphere suggests that correction
of the model biases in the large-scale QBO variation is not sufficient to capture the QBO-MJO connection. The realistic
representation of the MJO physics in the model, such as the sufficient MJO convection depth according to the tropopause
instability theory (Hendon and Abhik, 2018) and a reasonable feedback between the MJO cloud and its radiation effects
according to the cloud-radiative theory (Son et al., 2017; Martin et al., 2023), is also required to capture the QBO-MJO
connection in the model.

Some common MJO biases found across the QBOi phase 2 models participating the Exp1-ObsQBO simulation are likely
part of the reasons for the lack of QBO-MJO connection. The first bias is the underestimated MJO convective variance around
the MC where the QBO shows the greatest impacts on MJO from the observations. All QBOi phase 2 climate models show
negative biases around the MC for the MJO-filtered OLR variance (Fig.4) associated with the strong biases in the season-
mean OLR field at the same locations (Fig.3). This is also supported by the derived EOF patterns for the model RMM indices
where the combined explained variance from the first two leading EOFs is lower than in observations along with smaller
OLR anomalies in the associated spatial patterns. The underestimated MJO convective variation over the MC likely leads
to insufficient MJO convection depths in the models (Martin et al., 2021, 2023), which prevents the representation of QBO-
MIJO connection. The cloud-radiative feedback from MJO convection is also examined. Due to the various parameterization
schemes employed in the models, the MJO cloud-radiative feedback is estimated by the linear regression coefficients between
the MJO-related precipitation and OLR anomalies. These anomalies are derived by applying a lead/lag linear regression to their
daily anomalies against the RMM1 index in each model. Figure 11 and Figure 12 shows the standard deviation maps of the
regressed daily OLR anomalies and precipitation anomalies, respectively, from day -20 to day 20. Most models exhibit MJO

convective variation over the Indo-Pacific, but it is much weaker than in observations. For all the grid points over the selected
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Figure 11. Standard deviation maps of the OLR anomalies lead/lag regressed onto RMM1 from day -20 to day 20 in boreal winter season
(a) from the observations in 1997 to 2020, and (b)-(1) from QBOi phase 2 models in 1980 to 2020. The ensemble mean is presented if there

are multiple members for the Exp1-ObsQBO simulation according to Table.1. The dashed box in panel (a) corresponds to the Indo-Pacific
region (15°S-5°N, 60°E-180°) where the cloud-radiative feedback analysis is done in Fig.13.
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Figure 12. Same as in Fig.11 but for the lead/lag regressed precipitation anomalies.
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Indo-Pacific region (15°S-5°N, 60°E-180°), the linear regression is conducted between the MJO-related OLR and the latent
heat released by precipitation anomalies in each model (Fig.13). The MJO cloud-radiative feedback estimated by the linear
regression coefficients between these two variables varies among the QBOi phase 2 models. CESM2, E3SMv2, ESM4, GRIMs,
and HadGEM3GA7-1 simulate a cloud-radiative feedback comparable to observations. The MJO cloud-radiative feedback is
underestimated by BCC-CSM-HR, MIROC6.1_p1, MIROC6.1_p2, and MRI-ESM2-0, while it is largely overestimated by
CAS-ESM and EC-Earth3. However, all QBOi phase 2 models fail to simulate enough strong negative OLR anomalies along
with strong positive precipitation anomalies as from observations which are suggested by the dots below -10 W/m? for OLR
anomalies while above 40 W /m? for precipitation latent heating anomalies in Fig.13a. The percentage of these dots is around
4% from observations while nearly missing in all QBOi phase 2 models except EC-Earth3 where the percentage is 2%, in
agreement with the insufficient MJO OLR and precipitation variances from these models. This suggests that both a sufficient
cloud-radiative feedback and adequately strong OLR and precipitation anomalies are likely necessary to build the QBO-MJO
connection in climate models.

Recent advances in MJO dynamics and the theoretical studies on QBO-MJO connection also suggest an important role
of the convective and cloud systems at mesoscale or even smaller scales for MJO growth (e.g., Sakaeda and Torri, 2022),
propagation (e.g., Liu and Tan, 2025), and its interactions with the QBO (Huang et al., 2025a) through their upscale impacts.
These small-scale convective and cloud systems are not well represented by the QBOi phase 2 or other climate models due to
their coarse resolution. However, they can be resolved in storm-resolving simulations either by global models (Angulo-Umana
et al., 2026) or regional models (Liu and Tan, 2025). This may provide insights for the captured QBO-MJO connection in the
cloud-resolving regional model by Martin et al. (2019) and Back et al. (2020).

Therefore, this study suggests that future modeling studies on the QBO-MJO connection should focus more on correcting
the MJO biases in the model. In climate models with a relatively coarse resolution, sensitivity experiments are encouraged
to test the MJO response to the stratospheric QBO with deepened MJO convection. Future studies may also benefit from the
use of storm-resolving models. In storm-resolving simulations, the interactions between resolved multiscale convection and
cloud systems within the MJO convective episodes, as well as potential QBO impacts on them should be examined. Along
with satellite or in-situ observations at finer spatial and temporal resolutions, better understandings of the coupling processes

between the stratosphere and the tropospheric convection in the tropics are likely to be achieved.
Data availability. The QBOi data archive was kindly hosted by the NERC Centre for Environmental Data Analysis (CEDA), UK.
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Figure 13. Scatter plots of the lead/lag regressed precipitation and OLR anomalies against RMM1 at each grid points over the Indo-Pacific
region (15°S-5°N, 60°E-180°) from day -20 to day 20 in the boreal winter season (a) from observations using GPCP precipitation and NOAA
OLR from 1997 to 2020, and (b)-(1) from QBOi phase 2 models from 1980 to 2020. The precipitation anomalies are timed by its latent heat
releasing rate in the plots. Dots in red, blue, and green represents the results from member 1, 2, and 3 from the model, respectively. The linear
regressed lines between two variables are denoted by the black lines with all ensemble members used. The linear regression coefficients are
given by black numbers at the top right of each plot. The percentage of the sample dots with OLR anomalies below -10 W /m? and latent

heating anomalies by precipitation above 40 W /m? is given by the number at the bottom right of each subplot.
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Figure A1l. The two leading EOF patterns for the RMM indices derived from the observations and QBOi phase 2 models. Note that EOF1
and EOF2 are swapped for some models to guarantee the enhanced MJO convection is around the MC and WP longitudes in their patterns,

respectively.

Appendix A: RMM index derivation for the QBOi phase 2 models

The RMM indices used in this study for the QBOi phase 2 models are derived from the outgoing longwave radiation (OLR),
zonal wind at 200 hPa (u200), and zonal wind at 850 hPa (u850) in the model outputs. For each model, a combined Empirical
Orthogonal Function (CEOF) analysis for these variables averaged around the equator is conducted to extract the two leading
370 modes and the associated time series following Wheeler and Hendon (2004). The spatial patterns and their time series from

the model CEOF analysis are swapped or adjusted for its sign to make sure the enhanced MJO convection in the two leading
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18

Explained Variance (%)

Figure A2. The explained variance of the two leading EOF patterns for the RMM indices derived from the observations and QBOi phase 2

models.

modes is at the same locations as in the observational results. The spatial patterns for the two leading EOF patterns are given

by Fig.Al, and the fractions of their explained variance are shown in Fig.A2.
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