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identifying quasi-stationary wavenumber-1 equatorially 
trapped Rossby and Kelvin wave structures which some-
times appear near 10 hPa in the peak westerly and easterly 
QBO jets.

While these studies have focused on the QBO in the 
middle stratosphere, the simple wavenumber-1 domi-
nated picture does not apply below ~ 20 hPa (Hamilton et 
al. 2004), and zonally asymmetric structures in the lower 
stratosphere have received comparatively less attention. 
Understanding the zonal variation of QBO circulation in the 
lower stratosphere is important as this region connects most 
directly with tropospheric variability. In particular, recent 
studies have indicated that QBO variations of lower-strato-
spheric circulation may be linked to the activity of tropical 
cyclones, the Asian monsoon and the Madden–Julian Oscil-
lation (e.g., Ho et al. 2009; Seo et al. 2013; Yoo and Son 
2016; Ju et al. 2025).

The present study examines the structure of prevailing 
zonal wind variations associated with the QBO, focusing 
on their longitudinal, vertical, and QBO phase dependence, 
with particular emphasis on the 70-hPa level. The primary 
analysis is based on the JRA-55 reanalysis, with near equa-
torial radiosonde observations. Additionally, five reanalyses 
and climate-model simulations are used to assess the robust-
ness of the identified features.

1  Introduction

The Quasi-Biennial Oscillation (QBO) is the dominant 
mode of interannual variability in the tropical stratosphere, 
characterized by alternating easterly and westerly zonal 
winds with a mean period of about 28 months (Baldwin et 
al. 2001; Anstey et al. 2022). While the QBO has tradition-
ally been considered a zonally symmetric phenomenon, 
several studies have indicated the presence of longitudinal 
asymmetries. The observed zonally asymmetric structures 
in the equatorial middle stratosphere (around 10 hPa) can 
be characterized fairly simply. Notably winter hemisphere 
mid-latitude planetary waves (primarily zonal wavenum-
ber-1) penetrate into the equatorial region during the west-
erly phase of the QBO (Hamilton et al. 2004; Kawatani et 
al. 2016) but not during the easterly phase. More recently, 
Sakazaki and Hamilton (2022) refined this picture by 
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2  Data and Study Method

Monthly mean zonal wind (u) data from the JRA-55 reanaly-
sis (Kobayashi et al. 2015) were used, with a horizontal res-
olution of 1.25° and 37 pressure levels from 1000 to 1 hPa. 
Data from January 1958 to December 2015 were analyzed, 
which excludes the QBO disruption events (Osprey et al. 
2016; Newman et al. 2016; Wang et al. 2023, 2025) in early 
2016 and during 2019/20 boreal winter to focus on the fun-
damental QBO structures in their undisturbed state. Some 
calculations were also repeated using the ERA5 (Hersbach 
et al. 2020), ERA-Interim (Dee 2011), MERRA (Rienecker 
et al.  2011), MERRA-2 (Gelaro et al.  2017), and NCEP-
CFSR (Saha et al. 2010) reanalyses, in each case consider-
ing data from January 1980 to December 2015 (note that 
MERRA-2 are available only after 1980 and NCEP-CFSR 
are available until 2010).

Two different versions of each time series were processed 
with different filtering applied to isolate the QBO signal. 
The first filter follows Dunkerton and Delisi (1985; here-
inafter “DD”). It removes the climatological annual cycle 
from the raw time series at each level, and applies a 5-month 
running mean to smooth the data, resulting in a filtered time 
series denoted as “UDD”. The second filter applies a Fast 
Fourier Transform (FFT) to the raw data to extract compo-
nents with periods between 18 and 36 months and resulting 
in a filtered time series denoted as “UFFT”.

While the DD method is designed to include the rapid 
non-sinusoidal variations in the QBO evolution, it may also 
retain longer-period signals. The FFT method removes such 
long-period variability but tends to smooth over the val-
ues during the rapid QBO transitions, leading to generally 
smaller estimates of the QBO amplitude than obtained using 
the DD filtering.

From the UDD and UFFT filtered series of JRA-55 zonal 
mean equatorial 20-hPa winds, the months of both westerly-
to-easterly (WE) and easterly-to-westerly (EW) transitions 
were identified separately for each filtering method (dates 
listed in the Supplementary Tables S1-S3). These dates were 
used both in the construction of QBO composites (see below) 
and to define a series of individual QBO cycles at each grid 
point in longitude, latitude and pressure level, each cycle 
being the interval from one transition month to the month 
before the next transition of the same type during 1958–
2015. For each of the filtered time series the standard devia-
tion σ u was calculated for each QBO cycle, and the QBO 
amplitude for that cycle estimated as Au =

√
2σ u. The cli-

matological QBO amplitude was then calculated by averag-
ing the amplitudes over all 24 EW QBO cycles. Hereafter, 

“QBO amplitude” denotes this cycle-based diagnostic. In 
the upper troposphere, it may include variability other than 
the QBO and is interpreted accordingly.

For composite analysis, WE and EW transitions identified 
from each filtering method were used as reference months. 
The filtered wind series were composited separately for EW 
and WE transitions using a ± 18-month window centered on 
the transition month. Because of this window length, the 
first of both EW and WE, and the last of EW transitions 
in the record could not be employed as reference months. 
Consequently, composites are based on 23 cycles for EW 
and 24 cycles for WE.

Radiosonde observations from the Integrated Global 
Radiosonde Archive (IGRA) v2.2 archive (Durre et al. 
2016) were also analyzed to provide another observational 
perspective. Monthly mean zonal wind data at 70  hPa 
from stations within ± 10° latitude were used. QBO ampli-
tudes were calculated using the DD method, and only sta-
tions with sufficient temporal coverage were retained. The 
detailed processing procedures are described in the Supple-
mentary Section S1.

Climate-model simulations were also analyzed. CMIP6 
historical simulations from QBO-resolving models (cf. 
Richter et al. 2020; Rao et al. 2020a, b) and the QBOi exper-
iment 1 and experiment 2 (Butchart et al. 2018) integrations 
were processed using the same diagnostics as for the reanal-
yses (see Supplementary Sections S3 and S4).

3  Results

Figure 1 presents time-height cross-sections of the com-
posite zonal wind UDD over the equator at 0°E and 180°E, 
along with their difference (180ºE minus 0ºE) presented for 
EW and WE transitions. Two largest differences are con-
centrated in two layers near 10 hPa and 70 hPa, with larger 
contrasts near 70 hPa for both cases. The zonal differences 
around 70-hPa peak when the QBO extends most strongly 
into the lowermost stratosphere, reaching up to 2.4 m s− 1 
relative to zonal mean zonal winds of ~ 8 m s− 1, correspond-
ing to a variation of about 30%. Similar features are also 
seen in zonal wind composites based on UFFT (Fig. S1).

Figure 2a-d show the geographical distribution of the cli-
matological QBO amplitude at 10 hPa and 70 hPa calculated 
using UDD, along with deviations from the zonal mean. At 
each location amplitude deviations were calculated for each 
QBO cycle, and a Student’s t-test was applied over all 24 
cycles to assess statistical significance. Stippling indicates 
regions significant at the 95% confidence level. At 10 hPa, 
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QBO amplitude over the equator is larger over a sector 
stretching east from the Atlantic to the western Pacific, 
while amplitude is smaller over central to eastern Pacific. 
There is a clear wavenumber-1 pattern in the deviation from 
the zonal mean (Fig. 2a, c). In contrast, at 70 hPa, the equa-
torial QBO amplitude is significantly enhanced from the 
Maritime Continent to the central Pacific, with additional 
small peaks over Africa and South America (Fig. 2b). The 
largest positive anomalies are somewhat narrowly confined 
in the western and central Pacific (Fig. 2 d).

Figure 2e and f show longitude-height cross-sections of 
QBO amplitude anomalies from the zonal mean, calculated 
from UDD and UFFT. A clear wavenumber-1 structure is pres-
ent in the middle stratosphere, with maximum near 10 hPa, 

consistent with previous studies (Hamilton et al. 2004; 
Sakazaki and Hamilton  2022). Zonally asymmetric struc-
tures are also evident around 70 hPa, particularly between 
140°E and 140ºW, indicating a more localized zonal struc-
ture compared to that around 10 hPa. In both methods, stron-
ger anomalies are found in the upper troposphere, peaking 
particularly near 150 hPa around 150°W. These features will 
be discussed further in connection with Fig. 4 below.

Figure 3a-d present longitude-time cross-sections of the 
EW and WE transition composite zonal wind UDD and its 
deviation from the zonal mean at 10  hPa and 70  hPa. At 
10 hPa, a zonal wavenumber-1 pattern is evident, with rela-
tively strong westerlies (easterlies) over the Eastern Hemi-
sphere during the westerly (easterly) phase and weaker 

Fig. 1  Time–height cross-sections of the composite QBO zonal wind 
over the equator, derived by applying DD filtering to JRA-55 monthly 
mean time series (UDD). Upper panels show composites for the QBO 
phase transition: (a) easterly-to-westerly and (b) westerly-to-easterly 
at 20 hPa, with month 0 denoting the transition month. The composites 
cover ± 18 months from month 0. Blue and red contours indicate zonal 

wind at 0°E and 180°E, respectively, with a contour interval of 5 m 
s⁻¹. Lower panels show the difference (180°E minus 0°E) for the cor-
responding phases, with black contours indicating zonal mean zonal 
wind (contour interval: 5 m s⁻¹) and shading showing the difference 
(color interval: 0.5 m s⁻¹)
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depends significantly on longitude. These characteristics are 
also confirmed by the composites based on UFFT (Fig. S3).

The QBO amplitude deviations from the zonal mean, 
calculated using both UFFT and UDD (Fig. 2e and f), show 
pronounced positive anomalies over the western and central 
Pacific around 70 hPa. Additional large positive anomalies 
are also evident in the troposphere above 500  hPa, with 
a maximum near 150  hPa around 150°W. Two amplitude 
peaks at 70 hPa and 150 hPa appear as distinct maxima.

To further investigate these peaks, frequency–height 
cross-sections of the power spectra were examined (Fig. 
S4), based on UDD at 0°E and 150°W, and UFFT at 150°W. 
In the stratosphere, QBO components are well captured in 
UDD, but spectral power also appears at longer periods (e.g., 
42–84 months), which are likely unrelated to the QBO. In 
the troposphere, these long-period components are weak at 
0°E but more prominent at 150°W. Spectral power in the 

westerlies (easterlies) over the eastern Pacific, resulting in 
a clear wavenumber-1 contrast in amplitude. In contrast, 
at 70  hPa, stronger westerlies (easterlies) are found over 
the western and central Pacific during the westerly (east-
erly) phases, with the strongest anomalies confined between 
approximately 120°E and 130°W, exhibiting a more local-
ized structure than at 10 hPa. Similar features are also found 
based on UFFT (Fig. S2).

Figure 3e and f shows time–height cross-sections of the 
longitudinal standard deviation of the composite UDD, along 
with the corresponding zonal-mean zonal wind composite, 
for both transition types. Peaks in longitudinal standard 
deviation appear around 10  hPa and 70  hPa during both 
transition phases. Between 50 and 100 hPa, substantial stan-
dard deviations are seen near the lowest altitudes to which 
the QBO westerly or easterly phases descend, indicating 
that the QBO penetration into the lowermost stratosphere 

Fig. 2  Horizontal distributions of (a, b) QBO amplitude and (c, d) 
deviation from the zonal mean at 10  hPa (a, c) and 70  hPa (b, d), 
calculated using the DD method. Panels (e) and (f) show longitude–
height cross-sections of the QBO amplitude deviation from the zonal 

mean over the equator, calculated using the DD method (e) and the 
FFT method (f). The color interval is 2 m s⁻¹ in (a), 1 m s⁻¹ in (b), 
and 0.3 m s⁻¹ in (c, d). Stippling indicates regions that are statistically 
significant at the 95% confidence level
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Fig. 3  (a-d) Longitude–time cross-sections of the composite devia-
tions of UDD from the zonal mean at (a,b) 10 hPa and (c, d) 70 hPa. 
Month 0 denotes the QBO phase transition at 20 hPa: (a, c) easterly-
to-westerly and (b, d) westerly-to-easterly. Black contours show the 
composite UDD, with a contour interval of 2 m s⁻¹. The color interval 
is 0.3 m s⁻¹. (e, f) Time–height cross-sections of the longitudinal stan-

dard deviation of composite UDD, where larger values indicate stronger 
zonal asymmetry. Contours indicate the composite zonal-mean UDD 
with a contour interval of 5 m s⁻¹. The color interval is 0.1 m s⁻¹, start-
ing from 0.3 m s⁻¹. Panel (e) corresponds to the easterly-to-westerly 
phase at 20 hPa, and panel (f) to the westerly-to-easterly transition
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correlations were calculated separately between the monthly 
NINO3 index defined by the Japan Meteorological Agency 
and both UDD and UFFT. Fig. 4a–f are scatter plots of the 
NINO3 index versus UDD or UFFT at 150°W at 70, 100 and 
150 hPa. At 150 and 100 hPa, clear negative correlations of 
about − 0.8 are evident in UDD. Although the magnitudes are 
smaller, clear negative correlations are also found in UFFT. 
At 100 hPa, the relationship between UFFT and NINO3 is 
unclear when the index is within ± 1. However, stronger 

18–36 month range is also considerably stronger at 150°W 
than at 0°E below about 150  hPa, raising the question of 
whether this signal originates from the QBO or is associ-
ated with ENSO. In contrast to UDD, UFFT effectively elimi-
nates signals with periods longer than 36 months and shorter 
than 18 months, thereby isolating the typical QBO periodic 
components.

To clarify the possible role of ENSO in producing the 
“QBO” amplitude peaks at 70 hPa and 150 hPa in the Pacific, 

Fig. 4  Scatter plots of the Niño3 
index versus QBO-related zonal 
wind component UDD (left 
column) and its FFT-filtered 
counterpart UFFT (right column) 
at 70 hPa (a, b), 100 hPa (c, d), 
and 150 hPa (e, f). The correla-
tion coefficient is shown in each 
panel. Panels (g) and (h) present 
longitude–height cross-sections 
of the correlation between the 
Niño index and UDD or UFFT over 
the equator. Stippling indicates 
regions that are statistically 
significant at the 95% confidence 
level
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comparison across stations. These stations shown in Fig. 5b 
therefore offer a reasonable basis for examining the longi-
tudinal structure.

Figure 5c shows the longitudinal distribution of the 
adjusted climatological amplitudes and the corresponding 
amplitude for individual QBO cycles, revealing substantial 
cycle-to-cycle variability at most stations. The sharp ampli-
tude contrast (approximately 3 m s⁻¹) across a narrow lon-
gitudinal band between about 100°E and 120°E is primarily 
due to the particularly low value at KOTA BHARU (station 
6) and high value at JUANDA (station 10). Nevertheless, 
longitudinal variations in 70-hPa QBO amplitude are also 
evident in the radiosonde data, showing increased ampli-
tude from 100°E toward the central Pacific, followed by a 
decrease toward the eastern Pacific and a secondary increase 
near South America. Despite the limited spatial coverage, 
the selected radiosonde observations provide support for 
the presence of longitudinal asymmetry in the 70-hPa QBO 
amplitude.

In addition, the basic computation of 70-hPa QBO ampli-
tude was repeated using five additional reanalysis datasets: 
ERA5, ERA-Interim, MERRA, MERRA-2, and NCEP-
CFSR in addition to JRA-55, for the period 1980–2015 
(with MERRA-2 data available only after 1980 and with 
NCEP-CFSR available until 2010). Fig. 6a-f show the same 
diagnostics as Fig. 2d. Note that the results using JRA-55 
data during 1980–2015 (Fig. 6c) are very similar to those 
for the entire 1958–2015 period. All datasets exhibit quite 
similar patterns of zonal asymmetry at 70 hPa, although the 
MERRA-2 results notably have a somewhat weaker western 
Pacific maximum.

To assess consistency with the radiosonde observations, 
the 70-hPa QBO amplitudes in each reanalysis were inter-
polated to the same 27 station locations and processed using 
identical methods. Fig. 6g shows the longitudinal variations 
of the 70-hPa QBO amplitude for each reanalysis together 
with the radiosonde estimates (same as the upper panel of 
Fig.  5c). Each reanalysis closely matches the radiosonde 
results at the 27 stations. When the amplitudes were evalu-
ated at all equatorial longitudes (Fig.  6h), the reanalyses 
consistently exhibited three distinct longitudinal peaks, with 
maxima over the western–central Pacific, a weaker enhance-
ment near Africa, and another peak near South America, 
despite some spread among the datasets. Supplementary 
Figs. S5 and S6 further demonstrate that the zonal-mean 
(symmetric) components and the longitudinal-deviation 

ENSO events appear to contribute more clearly to the nega-
tive correlation. In contrast, the correlations at 70 hPa are 
− 0.1 for UDD and close to zero for UFFT, suggesting that the 
zonal asymmetry at this level is primarily attributable to the 
QBO itself rather than to ENSO variability.

Figure 4g and h present the longitude–height cross-sec-
tion of the correlation between NINO3 index and both UDD 
and UFFT. Statistically significant correlations exceeding 0.2 
in magnitude are found throughout the troposphere, even 
for UFFT, whereas correlations above 70 hPa are generally 
negligible. These results indicate that the zonal asymmetry 
of the QBO amplitude at 70 hPa is not influenced by ENSO.

To further examine the spatial distribution of 70-hPa 
QBO amplitude, radiosonde observations from IGRA v2.2 
were analyzed. Stations with complete data for more than 
8 out of 24 QBO cycles during 1958–2015 were selected, 
and QBO amplitude at each station were estimated using the 
DD method (see Methods in Supplementary Section S1 for 
details). Figure 5a shows the latitudinal distribution of indi-
vidual climatological QBO amplitudes at 70 hPa, along with 
the JRA-55 zonal-mean climatology and the ± 1σ and ± 2σ 
envelopes, where σ represents the longitudinal standard 
deviation of climatological QBO amplitude at each latitude. 
Most stations fall within the ± 2σ envelope of the JRA-55 
zonal-mean climatology.

Figure 5b shows the radiosonde stations within ± 10° 
latitude that met the minimum data coverage threshold. Sta-
tions with over 90% coverage are concentrated over Singa-
pore and near 7–9°N in the western–central Pacific, while 
coverage is much sparser elsewhere (Kawatani and Hamil-
ton 2013). The QBO amplitude exhibits a strong meridional 
dependence, peaking at the equator with a typical half-width 
of about 12° latitude (Baldwin et al. 2001). For each station, 
an “adjusted” amplitude was also computed to represent 
to an equivalent equatorial value. This latitudinal correc-
tion was based on the zonal-mean meridional profile of the 
QBO amplitude derived from JRA-55 data, and was used 
to normalize amplitude estimates across stations at different 
latitudes. The resulting equator-adjusted amplitudes enable 
fairer comparisons of longitudinal structure.

Although a strict comparison of climatological ampli-
tudes would require averaging over identical observa-
tion periods at all stations, as cycle-to-cycle variability 
and a long-term negative trend in QBO amplitude have 
been reported (Kawatani and Hamilton 2013), averaging 
over at least 8 cycles provides a more consistent basis for 
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et al. 2004; Kawatani et al. 2016; Sakazaki and Hamilton 
2022), the longitudinal structure of the QBO in the lower 
stratosphere, especially near 70  hPa, has not been well 
documented. The present results revealed that at 70  hPa, 
the QBO amplitude displays significant zonal asymmetry, 
characterized by a maximum over the western and central 
Pacific. This longitudinal pattern was consistently identified 
across all reanalysis products, despite differences in model 
formulation and data assimilation systems.

Radiosonde observations from IGRA were also analyzed 
to provide an additional observational perspective. Stations 
with sufficient temporal coverage to estimate reliable QBO 
amplitude climatology were selected. After scaling the sta-
tion amplitudes to the equator to account for the meridional 
structure of the QBO, the IGRA results showed a clear lon-
gitudinal variation.

The 70-hPa QBO amplitudes derived from each reanaly-
sis, interpolated to the 27 station locations, show longitudi-
nal variations similar to the radiosonde observations, with 
zonal-mean (symmetric) and longitudinal-deviation (asym-
metric) components of comparable magnitude across datas-
ets. Evaluated over all equatorial longitudes, the reanalyses 
exhibit a consistent three-peak pattern, with a dominant 
maximum over the western–central Pacific, a smaller 
enhancement near Africa, and another peak near South 
America, although some spread in magnitude is present.

In addition to the amplitude maximum at 70  hPa over 
the western and central Pacific, large signals extracted by 
the QBO filtering methods were also found near 150 hPa 
around 150°W. Correlation analyses between the NINO3 
index and the QBO components of zonal wind (UDD and 
UFFT) revealed strong link at this level, suggesting an influ-
ence of ENSO variability. In contrast, correlations at 70 hPa 
were negligible, indicating that the QBO zonal asymmetry 
is not much influenced by ENSO effects.

The longitudinal asymmetry of QBO-related temperature 
anomalies near the cold-point tropopause and at 100 hPa, 
as reported by Tegtmeier et al. (2020), featured maxima 
over the Eastern Hemisphere. These anomalies likely reflect 
both QBO dynamical effects and convective influences. In 
contrast, the zonal wind amplitude analyzed in this study, 
primarily representing the dynamical QBO descent, shows 
a western and central Pacific maximum. This contrast 
highlights the need to analyze zonal wind fields alongside 
temperature data for a more complete understanding of the 
QBO’s longitudinal structure.

(asymmetric) components derived from these fields have 
comparable magnitudes across datasets.

The longitudinal structure is also examined in climate-
model simulations. The multi-model means of CMIP6 and 
the QBOi experiments (Fig.  7a–d) show enhanced QBO 
amplitudes over the western–central Pacific at 70 hPa, con-
sistent with the reanalysis results. Longitude–height sec-
tions (Fig.  7e–h) reveal a pronounced peak near 150  hPa 
and 150°W in CMIP6 and in QBOi experiment 1, but not 
in experiment 2. Because CMIP6 and QBOi experiment 1 
include interannually varying SSTs (and therefore ENSO 
variability), whereas experiment 2 uses climatological SSTs 
without ENSO variations, this contrast strongly supports 
the interpretation from Fig.  4 that this signal is primarily 
ENSO-related rather than part of the QBO. Details of indi-
vidual models and additional explanations are provided in 
the Supplementary Sections S3 and S4.

4  Summary and Discussion

This study investigated the longitudinal variations of the 
QBO amplitude in the lower stratosphere, with a particular 
focus on the 70-hPa level, using JRA-55 and five additional 
reanalysis datasets, as well as radiosonde observations 
from the IGRA v2.2 archive. Two methods were applied to 
extract the QBO signal: one following Dunkerton and Del-
isi (1985), and the other using FFT spectral decomposition. 
Both methods generally produced similar overall structures.

While previous studies have demonstrated pronounced 
zonal asymmetry of QBO amplitude near 10 hPa (Hamilton 

Fig. 5  (a) Latitudinal structure of the climatological QBO amplitude 
at 70  hPa from JRA-55 data for 1958–2015. The black solid curve 
denotes the zonal-mean amplitude, while the blue dashed and red solid 
curves indicate ± 1σ and ± 2σ envelopes of the longitudinal standard 
deviation, respectively. Filled circles show climatological amplitudes 
derived from radiosonde observations at each station, with station 
numbers labeled on the right. (b) Location of radiosonde stations 
within ± 10° latitude with at least 30% data coverage for estimating 
the 70-hPa QBO amplitude during 1958–2015. Marker color denotes 
the fraction of QBO cycles with complete 70-hPa data (30–50%, 
50–70%, 70–90%, 90–100%). (c) Longitudinal distribution of 70-hPa 
QBO amplitudes, showing the climatological average for each sta-
tion (top; with station numbers) and amplitudes from individual QBO 
cycles (bottom; colored dots). The y-axis in the top panel shows the 
station climatological amplitude. In the bottom panel, the vertical axis 
indicates the individual QBO cycle number (out of 24 cycles during 
1958–2015) at each station, defined by successive easterly-to-westerly 
transitions listed in Table S3, while the color scale represents the QBO 
amplitude for each cycle
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In summary, the QBO amplitude at 70 hPa exhibits sig-
nificant and robust zonal asymmetry. This asymmetry is 
apparent in both reanalysis and radiosonde datasets. The 
consistency between models and reanalyses suggests that 
both datasets may be useful in future work to investigate the 
underlying dynamical mechanisms and to examine how this 
longitudinal structure may affect teleconnections. Further 
research will be necessary to quantify its impact on con-
vection, large-scale circulation, and teleconnections, and 
to examine the processes that maintain these longitudinal 
differences.

Detailed investigation of the mechanisms maintaining 
the longitudinal asymmetry of the 70-hPa QBO amplitude, 
including the influence of background flow, longitudinal 
variations in wave forcing, and wave–mean flow interac-
tions (e.g., Kawatani et al. 2010) requires analyses with 
higher frequency data. The radiosonde and reanalysis evi-
dence shows that this asymmetry is robust. Moreover, both 
CMIP6 and the QBOi multi-model means reproduce the 
western–central Pacific maximum, and the contrast between 
QBOi experiments 1 and 2 confirms the ENSO origin of 
the 150-hPa peak, further supporting the robustness of this 
asymmetry across independent datasets.

Fig. 6  (a-f) Same as Fig. 2 d, but for (a) ERA5, (b) ERA-Interim, (c) 
JRA-55, (d) MERRA, (e) MERRA-2, and (f) NCEP-CFSR. Only 
regions statistically significant at the 95% confidence level are shaded. 
Both contour and color intervals are 0.3 m s⁻¹. (g) Same as the upper 
panel of Fig. 5c, but additionally showing QBO amplitudes from six 
reanalysis datasets. For each reanalysis, the 70-hPa amplitude was 

interpolated to the 27 IGRA station locations and converted to equiva-
lent equatorial values. (h) Longitudinal variations of the 70-hPa QBO 
amplitude along the equator for the six reanalysis datasets. Corre-
sponding zonal-mean (symmetric) and deviation (asymmetric) com-
ponents for panels (g) and (h) are summarized in Supplementary Figs. 
S5 and S6, respectively
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Fig. 7  (a–d) Same as Fig. 2 d, but for the multi-model means of (b) 
CMIP6, (c) QBOi experiment 1, and (d) QBOi experiment 2, together 
with (a) JRA-55. The color interval is 0.2 m s⁻¹. (e–h) Same as Fig. 2e, 
but for the multi-model means of (f) CMIP6, (g) QBOi experiment 1, 
and (h) QBOi experiment 2, together with (e) JRA-55. The color inter-

val is 0.3 m s⁻¹. Stippling denotes regions of statistically significant 
anomalies at 95% confidence level, evaluated relative to inter-cycle 
variability for JRA-55 and relative to inter-model spread for CMIP6 
and QBOi
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