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Abstract 1 
 2 
Decadal variations of the quasi-biennial oscillation (QBO) in the equatorial stratosphere 3 

are investigated, using the Singapore data and reanalysis data from 1950s to 2019/2020. 4 

It is found that the QBO is decadally modulated in the amplitude as well as in the period. 5 

These two decadal variations are positively correlated with each other after 1980s, while 6 

they show approximately negative correlation before 1980s. In the time series of the QBO 7 

amplitude from 1950s to 2014, there are four maxima (QBOmax) around 1967, 1983, 1995, 8 

and 2005, and three minima (QBOmin) around 1973, 1988, and 2000. Composite analyses 9 

of QBOmax and QBOmin based on these extrema reveal that the decadal amplitude 10 

variations have maximum amplitude of about 3 m s−1 at 20 hPa in the vertical. In the 11 

horizontal structure there appear off-equator extrema of about 3.5 m s−1 around 5ºN at 20 12 

hPa, while at 50 hPa extrema of about 1.8 m s−1 are situated around 5ºS. The decadal 13 

amplitude variations of the QBO are closely and positively correlated with the decadal 14 

components of Niño 3.4 sea surface temperature anomalies (SSTa) and Pacific decadal 15 

oscillation (PDO) index, suggesting that the tropical SSTa in the central Pacific 16 

substantially influences the QBO in the decadal time-scales.  17 

 18 

 19 

Keywords quasi-biennial oscillation (QBO); decadal modulation; Niño 3.4, Pacific 20 

decadal oscillation (PDO) 21 
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1. Introduction 23 

In the equatorial stratosphere the zonal wind reverses direction with about 28–month 24 

period, a bit longer than two years. This quasi-biennial oscillation (QBO) of wind is one 25 

of the dominant variabilities in the tropics and its effect extends to the extratropics in the 26 

stratosphere (e.g., Baldwin et al., 2001) through the modulation of the planetary wave 27 

propagation (e.g., Holton and Tan, 1982; Naoe and Shibata, 2010; Inoue et al., 2011; Lu 28 

et al., 2014). The basic mechanism of the QBO is explained by internal interactions 29 

between the mean flow and the waves propagating from the troposphere (Lindzen and 30 

Holton, 1968; Holton and Lindzen, 1972; Plumb and McEwan, 1978).   31 

The QBO period has a broad spectrum width from about 20 to 40 months centered 32 

at about 28 months and also much longer decadal components. Quiroz (1981) showed, 33 

using the Balboa radiosonde data (9.0°N, 79.6°W) from 1951 to 1979, that the QBO 34 

period was systematically modulated approximately and inversely in accord with solar 35 

activity (11-year sunspot or solar cycle). Salby and Callaghan (2000) demonstrated more 36 

distinctly a close connection between the solar cycle and the QBO, using longer data of 37 

combined radiosonde data, compiled by Free University of Berlin (FUB), near the equator 38 

at three stations, Canton Island (2.8°S, 171.7°W); Gan, Maldives (0.7°S, 73.1°E); and 39 

Singapore (1.4°N, 103.9°E) from 1956 to 1996. They found that the duration of the QBO 40 

westerly phase at 45 hPa varies broadly from 10 to 23 months, being longer during solar 41 

minimum and shorter during solar maximum. On the other hand, the duration of the QBO 42 

easterly phase at that level is sharply peaked near 12 months. In addition, Salby and 43 

Callaghan (2000) demonstrated that there is a systematic modulation in the power of the 44 
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QBO wind, which is approximately in-phase with the solar radio flux at 10.7 cm 45 

wavelength (F10.7).  46 

In spite of the reference to the modulation of the QBO power by Salby and Callaghan 47 

(2000), another point of interest is the variation in the QBO period. Hamilton (2002), 48 

while examining a longer time series within the FUB data from 1953 to 2001, 49 

reconstructed a similar analysis of the Balboa data which was originally reported by 50 

Wallace (1973). Hamilton (2002) found that while the correlation coefficient between the 51 

solar radio flux and the westerly duration is −0.46 over the 17 westerly phases during the 52 

1956–1996 period investigated by Salby and Callaghan (2000), the correlation coefficient 53 

decreases to an insignificant −0.10 when computed over the 22 westerly phases in the 54 

longer record. He concluded that the strong apparent correlation between the QBO period 55 

and the solar cycle cannot be decisively ruled out but may hold only for a part of the full 56 

record. Hamilton and Hsieh (2002), applying the nonlinear principal component analysis 57 

to the FUB data from 1956 to 2000, asserted that the time series of the QBO period, 58 

objectively determined from the QBO phase based on multi-level data, does not show any 59 

clear connection with the solar cycle.  60 

Pascoe et al. (2005), using ECMWF (European Centre for Medium-Range Weather 61 

Forecasts) Reanalysis (ERA-40) (Uppala et al., 2005) from 1958 to 2001 and ECMWF 62 

operational data from 2002 to 2004, examined the duration of westerly and easterly 63 

equatorial zonal wind at 44 hPa and observed an approximate 10–year periodicity in the 64 

duration of the QBO westerly phase which is generally out of phase with the solar cycle. 65 

Fischer and Tung (2008), using the FUB data from 1953 to 2007, which spans five and 66 

half solar cycles (six solar minima), pointed out that the solar modulation of the QBO 67 

period is non-stationary. During three of the cycles the period of the QBO is anti-68 
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correlated with the solar cycle, while in the remaining almost three cycles, there is 69 

correlation with the solar cycle flux. Namely, the QBO period is lengthened in three solar 70 

minima, while in the remaining almost three solar cycles, the QBO period is lengthened 71 

instead at solar maxima. Fischer and Tung (2008) also reported that very similar results 72 

were analyzed for ERA-40. Meanwhile, Kuai et al. (2009) presented long (200 and 400–73 

year) simulations of a 2.5 dimensional chemical–radiative–dynamical model and 74 

concluded that the main variability of the QBO period is based on an intrinsic property of 75 

the QBO itself. That is, ‘‘Quantum’’ jumps of about six months between QBO periods 76 

occur in an apparently random fashion even without the solar cycle. 77 

A possible reason of the anti-correlation and correlation between the QBO period 78 

and the solar activity may come from the interference of volcanic aerosols in the 79 

stratosphere due to the huge eruptions in the tropics, Mount Agung (1963), El Chichón 80 

(1982), and Mount Pinatubo (1991), the radiative heating of which could affect the 81 

downward propagation of the QBO (Salby and Callaghan, 2000; Hamilton, 2002; Fischer 82 

and Tung, 2008). To clarify this mechanism a longer data record without volcanic 83 

aerosols would be needed to remove possible volcanic influence (Fischer and Tung, 2008; 84 

Kuwai et al., 2009).  However, the effects attributable to the volcanic eruptions should be 85 

largely confined to the first few years after each eruption (Hamilton, 2002).  86 

The variations in the QBO are also influenced by variations in the troposphere and 87 

in the sea surface temperature (SST). The effect of the Southern Oscillation on the QBO 88 

was suggested through an investigation of the anomalies of the northern polar vortex at 89 

50 hPa (van Loon and Labitzke, 1987). Maruyama and Tsuneoka (1988), using the 90 

tropical three-station (Canton, Gan, and Singapore) data, demonstrated that El Niño in 91 

1987 enhances the rate of QBO westerly descent, i.e., shorter duration of the easterly 92 
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phase of the QBO. Yasunari (1989), from the analysis of three-station (Singapore, Koror, 93 

and Ponape) data in the equatorial Pacific, suggested that there is a coupling between the 94 

stratospheric QBO and the tropospheric QBO in the tropical lower altitudes (700 and 850 95 

hPa), the latter of which is also coupled with the SST anomalies (SSTa) beneath. Read 96 

and Castrejon-Pita (2012), analyzing ERA-40 and ERA-interim (Dee et al., 2011) over 97 

~50 years, presented that the stratospheric and tropospheric QBOs are weakly coupled 98 

but frequently lose mutual coherence. [Note that the tropospheric QBO is rather 99 

prevailingly referred to as the tropospheric biennial oscillation (TBO) (e.g., Meehl, 1997; 100 

Chang and Li, 2000).] On the other hand, some studies indicated that the stratospheric 101 

QBO and tropical TBO are not related (e.g., Barnett, 1991; Xu, 1992).  102 

Geller et al. (1997) demonstrated through one-dimensional model experiments that 103 

the variations in the momentum fluxes forcing the QBO are related to SST variations and 104 

are rectified into longer time variations of the QBO period. Taguchi (2010), using the 105 

Singapore data, proved that the phase of the QBO propagates faster during El Niño than 106 

during La Niña, and the amplitude of the QBO is smaller during El Niño. Huang et al. 107 

(2012), using reanalysis data and the Singapore data, presented that there are significant 108 

correlations between the QBO and tropical SSTa in the Pacific, i.e., Niño 3.4 (5°S–5°N, 109 

120°W–170°W), over the time-scale of El Niño-southern oscillation (ENSO). As for 110 

longer time-scale, Hu et al. (2012) suggested an interdecadal variation of the association 111 

of the QBO with Niño 3.4 SSTa. Yuan et al. (2014), analyzing radiosonde data of 10 near-112 

equatorial stations mostly from 1950s, verified the effect of the ENSO that the QBO has 113 

larger amplitude and longer period during La Niña than during El Niño, with less robust 114 

influence on the QBO amplitude than on the QBO period. Kawatani et al. (2019) 115 

reproduced realistic differences in the QBO between El Niño and La Niña by performing 116 
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a 100-year simulation, respectively, of an atmospheric general circulation model under 117 

each SSTa condition. However, Dimdore-Miles et al. (2021), analyzing a 1000-year 118 

simulation of a coupled global climate model, showed that multi-decadal QBO amplitude 119 

variations are seemingly linked sporadically with Niño 3.4 SSTa. 120 

In this paper the presence of the decadal amplitude modulation of the QBO is 121 

provided as well as the decadal period modulation. The vertical and horizontal 122 

(latitudinal) structures are constructed through the composite analysis of the maximum 123 

and minimum phases in the decadal amplitude modulation. It is also shown that the 124 

decadal amplitude modulation of the QBO is positively correlated with the decadal 125 

components of Niño 3.4 SSTa and those of Pacific Decadal Oscillation (PDO) as well. 126 

The rest of this paper is organized as follows. Section 2 describes the details of the 127 

radiosonde and reanalysis data, and the analysis methods as well. Section 3 gives the 128 

results, in which the aspects of the decadal components of the QBO are described in 129 

temporal and spatial cross-sections, respectively. Discussion as to the causes of the 130 

decadal modulations of the QBO is provided in Section 4, and summary is presented in 131 

Section 5. 132 

 133 

2. Data and methods 134 

Updated equatorial FUB station data (Naujokat, 1986) from 1953 to 2020 were used 135 

for the vertical range 70–10 hPa, wherein the following slight modification was made. 136 

Canton Island 10 hPa data, missing for the initial three years 1953–1955, were 137 

extrapolated upward/backward from the time series at 15 hPa assuming a vertical 138 

propagation rate of 2 km month−1 139 

(http://www.pa.op.dlr.de/CCMVal/Forcings/qbo_data_ccmval/u_profile_195301-140 
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200412.html). This FUB data is referred to simply as Singapore data henceforth in this 141 

study because the data is comprised mostly of the Singapore data (1976–2020).  142 

In addition, the merged reanalysis data of ERA-40 and ERA-Interim from 1958 to 143 

2019 is also used and referred to as ERArim, in which ERA-40 (1958–1988) and ERA-144 

Interim (1989–2019) are continuously combined by adding the mean difference between 145 

them for 1988–1989 to ERA-40. The zonal-mean zonal wind of ERArim is utilized 146 

mostly as a latitudinally averaged form between 10ºS and 10ºN in this study, unless 147 

otherwise specified. Furthermore, Japanese 55-year Reanalysis (JRA-55) (Kobayashi et 148 

al., 2015) is also used for a comparison of the low frequency variations such as the decadal 149 

variations in the QBO amplitude. 150 

The datasets of Singapore, ERArim, and JRA-55 employed in this study span about 151 

70 years from 1950s to 2019 or 2020. However, the data after 2015 is not explicitly 152 

utilized for the evaluation of the QBO amplitude. In other words, the QBO amplitude is 153 

evaluated up to about 2015, and so is the QBO period. This is due to the suspension of 154 

the normal downward propagation of the easterly phase in 2015–2016. At that time, there 155 

was an anomalous upward displacement of the westerly phase from about 30 to 15 hPa 156 

and, in addition, easterly winds develop at 40 hPa (Newman et al., 2016; Osprey et al., 157 

2016). This disruption, referred to henceforth as 2016 disruption, is an unprecedented 158 

phenomenon over the 70–year observation from 1953. Though seasonal forecasts did not 159 

predict this disruption, Watanabe et al. (2018) successfully reproduced this disruption in 160 

40–day ensemble hindcasts with a global climate model, and demonstrated that a key to 161 

predict this disruption is simulating the slowly evolving mean winds in the winter 162 

subtropics. It should be noted that the effect of the 2016 disruption is inevitably, more or 163 
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less, included in the QBO amplitude after about 2013 because the calculation of the QBO 164 

amplitude is made at the centers of the consecutive three cycles as will be stated below.   165 

Figure 1 displays the power spectrum of the zonal-mean zonal wind from 100 to 1 166 

hPa in the ERArim data from 1958 to 2019. There appear three dominant components, 167 

i.e., narrow spectrum of semiannual and annual oscillations, and broad spectrum of the 168 

QBO. The QBO components are defined in this study as oscillations with periods from 169 

20 to 40 months, which cover the broad spectrum of the QBO but do not overlap other 170 

components as shown in Fig.1 and in other studies (Pascoe et al., 2005; Shibata and 171 

Lehmann, 2020).  A band-pass Lanczos filter (e.g., Duchon, 1979) with cutoff periods at 172 

20 and 40 months was applied to the monthly-mean time series of the zonal-mean zonal 173 

wind to derive the QBO components. Since the QBO power maximizes in the vertical 174 

range at about 20 hPa (Fig.1), the QBO characteristics were mainly investigated at 20 hPa 175 

in this study.  176 

The QBO amplitude was calculated by two independent methods, that is, direct and 177 

wavelet methods as in Shibata and Deushi (2012). The direct method assumes that the 178 

QBO amplitude is √2∙σ, analogous to a monochromatic wave, where σ is the root mean 179 

square of the QBO time series over three cycles, even though the QBO time series is not 180 

a single sinusoidal wave (Pascoe et al., 2005; Baldwin and Gray, 2005). One cycle is 181 

defined as a period from one zero point to the second consecutive zero point, i.e., the next 182 

but one zero point, and the QBO amplitude is assigned to the center time of the three 183 

cycles. In this way, the QBO amplitudes are first calculated discretely in time, about a 184 

half cycle (~14 months) apart, and then monthly amplitudes are obtained through a cubic 185 

interpolation with Lagrange polynomials. This procedure results in a QBO amplitude that 186 
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is a low-pass filtered (> 3 cycles~7 years) data with a temporal resolution of about 14 187 

months. This direct method is referred to as a sigma method henceforth.      188 

The wavelet method provides temporally local spectrum and was applied for the 189 

QBO analyses (Fadnavis and Beig, 2008; Fischer and Tung, 2008; Shibata and Deushi, 190 

2012; Sun et al., 2018).  In this study a Morlet mother wavelet (plane wave modified by 191 

a Gaussian envelope) with non-dimensional frequency ω0=6 (e.g., Torrence and Compo, 192 

1998) was used, so that the result of the wavelet analysis incorporates average information 193 

within approximately three cycles centered at time and frequency concerned. The QBO 194 

amplitude is evaluated as a square root of 2∙PQBO, where PQBO is the sum of wavelet power 195 

spectrum between 20 and 40 months. A similar formula is used to calculate the wind 196 

amplitude at each discrete period.  197 

Correlation coefficients between the decadal QBO and other physical quantities 198 

such as F10.7 and SSTa are calculated to investigate possible causal relation between 199 

them. Statistical test of correlation coefficients is evaluated by a Monte-Carlo simulation 200 

with phase randomization (e.g., Ebisuzaki, 1997; Minobe and Nakanowatari, 2002). In 201 

the simulation, a large number (10,000 in this study) of surrogate time series are generated 202 

by an inverse Fourier transform with the same power spectra as the original (QBO 203 

amplitude) time series but with random phases, and then surrogate correlation coefficients 204 

with target signals such as Niño 3.4 SSTa are calculated. The relative position of the 205 

observed correlation coefficients in the sorted distribution of the surrogate correlation 206 

coefficients gives the level of confidence. Similarly, lagged correlation of the decadal 207 

QBO between 20 hPa and other altitudes are also evaluated with the Monte-Carlo 208 

simulation.  209 

 210 
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3. Results  211 

3.1. Decadal modulation 212 

Figure 2 displays the QBO amplitude calculated by the wavelet from 70 to 5 hPa, 213 

and the local wavelet power spectrum of the wind amplitude from 20 to 40 months at 20 214 

hPa for the ERArim zonal-mean zonal wind. The vertical range of larger amplitudes is 215 

confined approximately between 40 and 7 hPa, wherein major power at 20 hPa resides in 216 

a period range from about 22 to 36 months, similarly at other altitudes (e.g., Pascoe et al., 217 

2005). It is evident that there are decadal variations both in the QBO amplitude and 218 

period. In the Singapore data (Fig. 3), the QBO amplitude is larger than that latitudinally 219 

averaged between 10ºS and 10ºN, because the QBO amplitude of the zonal wind 220 

maximizes over the equator.  The QBO period shows major peaks around 1965–1968, 221 

1985–1990, 2001, and 2015, the range of which is from 28 to 33 months. As stated above, 222 

the maximum peak (~33 months) around 2015 includes the effects of the 2016 disruption 223 

of the easterly phase, while there continues a prominent and gradual lengthening from 224 

about 2010. On the other hand, minimal periods ranging 24 to 26 months occurred around 225 

1960, 1972, 1997, and 2006. These decadal variations in the QBO period from 1965 to 226 

2007 agrees well with those analyzed by Fischer and Tung (2008), aside from the 227 

maximal period (28 months) around 2000 being shorter by 2 months in this analysis.  228 

To demonstrate more clearly the decadal variations in the period and amplitude, time 229 

series of the QBO period (the average period of the largest three components in the local 230 

wavelet power) and those of the QBO amplitude at 20 hPa are drawn in Fig. 4 for the 231 

Singapore and ERArim data, respectively. The QBO period is almost the same if the 232 

period of the largest component alone is used. The QBO period is nearly independent of 233 

heights (not shown) as in Fischer and Tung (2008), so that the period at 20 hPa can be 234 
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used as a representative period of the QBO. The range of the period is from 24 to 33 235 

months, and that of the amplitude is from 17 to 23 m s-1 for the ERArim data and from 236 

19 to 27 m s-1 for Singapore data. It is difficult to estimate the phase relation between the 237 

period variations and the amplitude variations in Fig. 4. This is because the time series of 238 

the amplitude apparently include, to a certain degree, shorter (several years) periods 239 

components, which hinder an evaluation of decadal components. The amplitude decadal 240 

variations can be more clearly evaluated by using the sigma method as stated below.  241 

Next, the decadal variations in the amplitude are treated in more detail. Figure 5 242 

depicts the time series of the band-pass filtered zonal-mean zonal wind at 20 hPa, along 243 

with its QBO amplitude calculated by the sigma method for the Singapore data from 1965 244 

to 2020, and for the ERArim data from 1958 to 2019, respectively. The QBO amplitude 245 

for the JRA-55 data is also drawn in Fig. 5c. The low frequency variations including 246 

decadal variations in the ERArim and JRA-55 data are very similar over the entire period 247 

with the difference less than 0.5 m s−1 except for a QBO minimum around 1973 in the 248 

ERArim data. This relatively large difference around 1973 is in line with the fact that the 249 

correspondence between the two reanalyses and the radiosonde observations before 1978 250 

are not comparable to those after 1979 (Harada et al., 2016).  251 

Apparently the QBO amplitude traces quite well the envelope of the band-pass 252 

filtered zonal-mean zonal wind for the Singapore and ERArim data. The sigma method 253 

results in nearly the same decadal variations and less short-period variations than the 254 

wavelet method, indicating that the sigma method works more effectively to filter out 255 

short period components of less than a few years. The efficiency at reducing short period 256 

components weakly depends on the numbers of the QBO cycles, during which σ (root 257 

mean square) is evaluated. This is very analogous to the characteristics of the moving 258 
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average. Compared to the three-cycle evaluation, the one-cycle evaluation results in much 259 

larger decadal components with higher spurious short period peaks, being very similar to 260 

the QBO amplitude by the wavelet method (Fig. 4c). The two-cycle evaluation yields an 261 

intermediate time series of the QBO amplitude. Accordingly, the three-cycle evaluation 262 

is the best of the three in effectively diminishing short period components but yet 263 

retaining decadal components. 264 

Comparison of the decadal variations between the QBO period and amplitude (Figs. 265 

4 and 5) reveals that their phase relation was not consistent over the whole period, but 266 

inverted in the middle of 1980s. That is, the two variations are approximately in-phase 267 

(correlated) before around 1985, and after that they are out of phase (anti-correlated). The 268 

reason why the correlation reverses its sign from positive to negative around 1985 is 269 

currently unknown.  270 

 271 

3.2. Structure of the decadal amplitude modulation  272 

There are apparently four maximal amplitudes and three minimal amplitudes in the 273 

ERArim and Singapore data at 20 hPa (Fig. 5c) and their years are almost the same 274 

between the two data, although the ranges of the decadal variations are different in the 275 

two data. Henceforth these maximal and minimal amplitudes of the QBO are referred to 276 

as QBOmax and QBOmin, respectively. The center years of QBOmax are around 1967, 1983, 277 

1995, and 2005, while those of QBOmin are around 1973, 1988, and 2000. By compositing 278 

the QBOs in the ERArim data over relevant cycles for QBOmax and QBOmin, the vertical 279 

and horizontal structures of QBOmax and QBOmin were investigated, along with those of 280 

the climatological QBO. The reference phase for the composite is the QBO (band-pass 281 

filtered zonal wind) averaged between 5ºS and 5ºN at 20 hPa. One cycle, defined as a 282 
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period from one interpolated zero (wind) to the second consecutive interpolated zero, is 283 

divided into equally-spaced 28 intervals, i.e., phases. In addition, the starting phase 284 

(phase-0) of the cycle is also defined as the interpolated transition time from easterly wind 285 

to westerly wind as in Pawson et al. (1993). Hence, the second consecutive interpolated 286 

zero corresponds to phase-2π. The zonal wind in each phase is averaged over all the 287 

relevant cycles.  288 

For the QBOmax composite, the four QBOmax around 1967, 1983, 1995, and 2005 289 

were used. Each QBOmax includes two consecutive cycles, the approximate periods of 290 

which are 1965/12–1970/12, 1979/11–1984/10, 1992/04–1996/11, and 2003/10–291 

2008/01, respectively. On the other hand, the three QBOmin around 1973, 1988, and 2000 292 

were used for the composite QBOmin. Their approximate periods, comprised of respective 293 

two cycles, were 1970/11–1975/02, 1987/04–1992/05, and 1996/10–2001/07. Thus, the 294 

composite QBOmax and QBOmin are, in total, composed of eight and six cycles, 295 

respectively. Climatological QBO are composited from 21 cycles from 1963/04 to 296 

2012/10, which does not include the effect of the 2016 disruption of the QBO.  297 

Figure 6 exhibits the composite vertical structure (phase–height cross section) of the 298 

climatological QBO, QBOclim, over one cycle and that of the difference between QBOmax 299 

and QBOmin, i.e., QBOmax − QBOmin, for the ERArim data averaged between 10ºS and 300 

10ºN. The climatological QBO is very symmetric with respect to duration and strength 301 

between westerly and easterly phases due to the use of the band-pass filtered wind, in 302 

contrast to the asymmetric structure composited from raw wind (Pawson et al., 1993; 303 

Huang et al., 2012). The downward steady propagation of each phase forms a plateau of 304 

larger amplitude (> 16 m s−1) from 10 to 30 hPa with a maximum of about 19 m s−1 at 20 305 

hPa in the climatological QBO. The difference QBOmax − QBOmin has a maximum 306 
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amplitude of about 3 m s−1 at 20 hPa and shows nearly the same downward propagation 307 

speed as the climatological QBO below 20 hPa, above which there is no downward 308 

propagation, i.e., in-phase oscillation. The difference QBOmax − QBOmin lags behind 309 

QBOclim by about 3 months in the westerly phase, while it is nearly in-phase with QBOclim 310 

in the easterly phase below 20 hPa. On the other hand, the difference between QBOclim 311 

and QBOmin is qualitatively very similar vertical structure to QBOmax − QBOmin, while 312 

QBOclim − QBOmin is quantitatively less than half as large as QBOmax − QBOmin.  313 

Figure 7 displays the composite horizontal structure (phase–latitude cross section) 314 

of the climatological QBO over one cycle, and that of the difference QBOmax − QBOmin 315 

for the ERArim data at 20 hPa. The climatological QBO has a maximum amplitude of 316 

about 24 m s−1 over the equator, and the patterns of both phases are similarly rounded 317 

with being almost symmetric with respect to the equator. The phase change initiates in 318 

the northern vicinity of the equator for both phases, which lacks observed asymmetric 319 

features that easterly accelerations begin at the equator and westerly accelerations start 320 

simultaneously across the equator (Dunkerton and Delisi, 1985; Huesmann and 321 

Hitchman, 2001). This also stems from the use of the band-pass filtered wind as stated 322 

above. The difference QBOmax − QBOmin at 20 hPa has off-equator extrema of about 3.5 323 

m s−1 around 5ºN and 3ºN, respectively, for the westerly and easterly phases, while the 324 

phase change in QBOmax − QBOmin first starts in the southern vicinity of the equator, and 325 

the resultant phase propagates equatorward and then outward. These features are 326 

qualitatively similar at 30 hPa except for the value of the extrema (not shown).  327 

At 10 hPa the difference QBOmax − QBOmin straddles the equator, so that there 328 

appear two extrema both in the westerly and easterly phases (Fig. 8). The extrema in the 329 

westerly are situated around 13ºN and 7ºS, while those in the easterly are around 9ºN and 330 
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4ºS. On the other hand, in the lower stratosphere below 50 hPa the extrema occur in the 331 

Southern Hemisphere, around 5ºS at 50 hPa (Fig. 9), and around 2ºS and 5ºS for the 332 

negative and positive extrema, respectively, at 70 hPa (not shown). The difference 333 

QBOclim − QBOmin is qualitatively very similar structure to QBOmax − QBOmin, while 334 

QBOclim − QBOmin is quantitatively about half as large as QBOmax − QBOmin.  335 

Figures 7–9 indicates that QBOmax − QBOmin is not symmetric with respect to the 336 

equator with different off-equatorial components at different altitudes, in distinct contrast 337 

to the symmetric structure over the whole depth of the climatological QBO. This suggests 338 

that synoptic-scale waves (e.g., Plumb, 2002) propagating from sub- and extratropics may 339 

play a certain role for producing the asymmetric components in the lower stratosphere. 340 

On the other hand, planetary waves (e.g., Lu et al., 2014) propagating from extratropics 341 

may also be involved because at higher altitudes (e.g., at 10 hPa) the asymmetric 342 

components extend beyond subtropics to the mid-latitudes in the Northern Hemisphere. 343 

However, to explore this topic is beyond the scope of this paper.  344 

 345 

4. Discussion 346 

The cause of the decadal modulation in the QBO is still unresolved. Generally, there 347 

are two candidates for the cause of the QBO modulation, “top-down” and “bottom-up” 348 

mechanisms, i.e., the solar activity (e.g., Salby and Callaghan, 2000) and SSTa in the 349 

tropics (e.g., Taguchi, 2010), respectively.  Solar maximum associated with the 11-year 350 

solar cycle induces anomalous radiative heating and ozone increase in the tropical upper 351 

stratosphere and above through the intensified irradiance at shorter wavelengths in the 352 

ultraviolet radiation (e.g., Gray et al., 2010). This influence is supposed to propagate 353 

downward through changes in the thermal structure and in the mean meridional 354 
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circulation, which results in the modulation of the QBO (e.g., McCormack, 2003; Pascoe 355 

et al., 2005). On the other hand, SSTa in the tropics induces substantial changes in the 356 

convective activity, which modify the generation of the waves propagating to the 357 

stratosphere (e.g., Kawatani et al., 2019) as well as the tropospheric circulation (e.g., Hu 358 

et al., 2012).   359 

Before the calculation of correlation coefficients between the QBO amplitude and 360 

the candidates, the direct and linear components are subtracted from the QBO amplitude. 361 

That is, the deviation from a linear fit is treated for the QBO amplitude. This is because 362 

the main concern is the decadal components and there are apparent linear trends in the 363 

QBO amplitude in the ERArim and Singapore data (Figs. 4c and 5c). The magnitude of 364 

the trend up to 2012 at 20 hPa is about 0.6 and 0.9 m s−1 decade−1, respectively, for the 365 

ERArim and Singapore data, the latter of which is nearly the same as Kawatani and 366 

Hamilton (2013).  367 

Figure 10 depicts the time series of the QBO amplitude deviation (m s−1) from a 368 

linear fit at 20 hPa for the ERArim data, along with the time series of decadal components 369 

of Niño 3.4 SSTa (°C) (1981–2010 base period, Huang et al., 2017) and F10.7 (10−22 W 370 

m−2 Hz−1), both of which are low-pass filtered to periods longer than 96 months (8 years). 371 

The low-pass filtering led to a substantial reduction in the decadal amplitude of Niño 3.4 372 

SSTa (~0.5°C) from the monthly amplitude (2 to 2.5°C), while there is scarcely reduction 373 

for F10.7. The QBO amplitude evidently in-phase with the decadal Niño 3.4 SSTa over 374 

the whole period except after ~2013, during which the effect of the 2016 disruption is 375 

inevitably included in the QBO amplitude evaluation by the sigma method (Fig. 5). The 376 

correlation coefficient of the QBO amplitude with the decadal Niño 3.4 SSTa is 0.72, 377 
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wherein the interpolated monthly variables are used during the period of the QBO 378 

amplitude assignment from 1962 to 2012 excluding the effect of the 2016 disruption. The 379 

correlation coefficient is nearly the same even when the intrinsic interval (~14 months) 380 

of the QBO amplitude assignment is employed. The correlation coefficient of 0.72 is 381 

statistically significant at the 5 % level.  382 

The QBO amplitude is also closely correlated with the decadal equatorial southern 383 

oscillation index (SOI) (not shown) because the SOI represents one aspect of the 384 

responses of the tropical atmosphere to SSTa in the tropical Pacific (e.g., Philander, 385 

1989). The correlation coefficient with the decadal equatorial SOI is −0.74, which is also 386 

significant at the 5 % level. This indicates that the “bottom-up” mechanism due to SSTa 387 

is certainly responsible for the decadal amplitude modulation of the QBO.  388 

On the other hand, the decadal F10.7 is correlated neither with the amplitude 389 

modulation (Fig.10) nor with the period modulation (Fig.4) of the QBO as pointed out by 390 

other studies (e.g., Hamilton, 2002; Fischer and Tung, 2008). The correlation coefficient 391 

with the decadal F10.7 is an insignificant value of 0.13, which situates about 30 % in the 392 

sorted distribution of the surrogate correlation coefficients. This holds true even when the 393 

monthly F10.7 is used (not shown), because its dominant power spectrum is concentrated 394 

around 11 years. Indeed, the solar cycle does induce decadal variations in the thermal 395 

structure and ozone field through the solar irradiance variations, particularly at the shorter 396 

ultraviolet wavelengths, in the tropical stratosphere and above (Gray et al., 2010 and 397 

references therein). However, the insignificant correlation between F10.7 and the QBO 398 

amplitude indicates that the “top-down” mechanism does not explain the decadal 399 

modulation of the QBO over the whole period from the 1950s to the 2010s. 400 
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Figure 11 depicts the evolution of the QBO amplitude at each altitude (pressure) 401 

from 70 to 10 hPa for the ERArim and Singapore data. The downward propagation of the 402 

QBO amplitude can be apparently seen in the Singapore data, while the ERArim data 403 

scarcely show such feature except for 70 hPa. Quantitatively, a lagged correlation analysis 404 

of the detrended QBO amplitude between 20 hPa and other altitudes in the Singapore data 405 

indicates that the maximum correlation (0.72 significant at the 1 % level) occurs at about 406 

one year at 50 hPa with the maximum (0.63 significant at the 95 % level) at zero lag at 407 

10 hPa, meaning that the QBO amplitude at 50 hPa is retarded about one year from that 408 

at 20 hPa and that there is no time lag between 20 and 10 hPa. Although the lag and 409 

maximum correlation coefficient differ depending on altitudes and periods, the statistical 410 

significance is high throughout the whole period. On the other hand, in the ERArim data 411 

the time lag is almost zero from 50 to 10 hPa with a slight lag of about a half year at 70 412 

hPa. In addition, the maximum correlation coefficient and the statistical significance are 413 

lower before 1980. For example, the maximum correlation coefficient at 50 hPa is 0.83 414 

(significant at the 1 % level) for 1980–2012, while it is 0.38 (significant at the 10 % level) 415 

for 1958–2012.  416 

It should be noted that the QBO amplitude at 10 hPa is advanced slightly by 3–7 417 

months for 1980–2012 in both the data in spite of zero lag for the whole period. The 418 

downward propagation or zero lag of the QBO amplitude indicates that the decadal 419 

modulation of the QBO due to the decadal SSTa in the tropical Pacific also initiates in 420 

the upper stratosphere as the intrinsic phase evolution within each cycle of about 28-421 

month period. Hence, the phase relation between the QBO amplitude and the decadal 422 

SSTa has, more or less, time lag at different pressure from that at 20 hPa (Fig. 11). The 423 

downward propagation or zero lag of the QBO amplitude also indicates the correlation 424 



20 
 

between the QBO amplitude and F10.7 to be insignificant not only at 20 hPa but also at 425 

other altitudes. 426 

Close comparison of the QBO amplitude evolution between the ERArim and 427 

Singapore data reveals that the synchronization of the decadal modulation between the 428 

two data are evidently seen at each pressure except for at 10 hPa before about 1980, during 429 

which the QBO amplitude is steadily decreasing in the ERArim data, while it remains 430 

nearly constant in the Singapore data. This discrepancy at 10 hPa between the two data 431 

before about 1980 seems to be larger than the longitudinal variations of the QBO 432 

amplitude, which exceed 10 % at that altitude (Hamilton et al., 2004). 433 

Another candidate causing the decadal amplitude modulation of the QBO is the PDO 434 

defined as the leading empirical orthogonal function (EOF) of monthly SSTa poleward 435 

of 20°N in the Pacific basin (Mantua et al., 1997). Wang et al. (2016) presented, using a 436 

reanalysis for 1979–2014, and climate model simulations for 145 years, an evidence of a 437 

link between decadal variability in tropical tropopause temperature and the PDO. In the 438 

negative phase of the PDO, there occurs a warmer tropopause over the central equatorial 439 

Pacific through a weaker Hadley Circulation. In addition, the weakened Brewer-Dobson 440 

circulation resulting from less wave propagation into the stratosphere also contributes to 441 

the warmer tropical tropopause. The resultant decadal variations in the thermal structure 442 

near the tropical tropopause can modify the generation and filtering of the waves 443 

propagating upward, leading to modulation in the momentum deposition due to the 444 

waves. As a result, there initiates the decadal amplitude modulation of the QBO in the 445 

upper stratosphere.  446 

Figure 12 displays the time series of the decadal component of the PDO index 447 

together with that of North Pacific gyre oscillation (NPGO) index (Di Lorenzo et al., 448 
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2008), wherein monthly values of both indices were taken from Japan Meteorological 449 

Agency (JMA) and a Lanczos low-pass filter with a cutoff period at 96 months was 450 

applied for to derive the decadal components. The NPGO index is calculated as the second 451 

EOF of SSTa poleward of 20°N in the Pacific basin (JMA, 452 

https://www.data.jma.go.jp/gmd/kaiyou/data/shindan/b_1/pdo/pdo.html). Although the 453 

monthly data of the two indices are independent (orthogonal) with each other, their 454 

decadal components behave nearly in parallel. Similar parallel behavior can be also seen 455 

when cutoff periods of 60 and 132 months are applied. Figure 12 indicates that PDO and 456 

NPGO are well positively correlated with the amplitude of the QBO (Fig. 10a), similarly 457 

to the decadal Niño 3.4 SSTa. The correlation coefficients of the decadal QBO with the 458 

decadal PDO and NPGO indices are 0.82 and 0.64, respectively, and the two coefficients 459 

are statistically significant at the 0.1 % and about the 1 % levels, respectively.    460 

These positive correlations suggest that the major cause of the impact of the PDO 461 

and NPGO on the QBO amplitude is associated with the Central Pacific warming (CPW) 462 

El Niño pattern (Di Lorenzo et al., 2010). This is because the SSTa regressed on the 463 

NPGO index resembles the CPW or equivalently El Niño Modoki (Ashok et al., 2007), 464 

and also the SSTa regressed on the PDO index shows similar CPW (Mantua et al., 1997). 465 

This is in line with the high positive correlation of the decadal Niño 3.4 SSTa with the 466 

QBO amplitude (Fig. 10), stemming from that the CPW El Niño pattern overlaps to a 467 

large extent with the NIÑO 3.4 region.  468 

However, the phase relation between the QBO amplitude and the decadal Niño 3.4 469 

SSTa is opposite to that between the QBO amplitude and Niño 3.4 SSTa in the intrinsic 470 

ENSO time-scale. Namely, the former correlation is positive, while the latter correlation 471 

is negative. In other words, intrinsic positive decadal Niño 3.4 SSTa is related to larger 472 
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QBO amplitude (Fig. 10), whereas positive Niño 3.4 SSTa is linked to smaller QBO 473 

amplitude (Taguchi, 2010; Yuan et al., 2014). Also as for the QBO period, the impact of 474 

Niño 3.4 SSTa is different depending on time-scale. In the intrinsic ENSO time-scale, the 475 

QBO period is shorter during El Niño through faster phase propagation than during La 476 

Niña (Taguchi, 2010; Yuan et al., 2014). In contrast, the correlation between the QBO 477 

amplitude and period in decadal time-scale did not remain consistent but reversed the sign 478 

from positive to negative about 1985 as stated before. Nevertheless, it is certain that 479 

variations in the convective activity in the tropical Central Pacific modulates the 480 

generation of the waves propagating to the stratosphere, resulting in the modulation in the 481 

QBO amplitude in the decadal time-scale as well as in the ENSO time-scale. To explore 482 

in more detail the positive correlation between the QBO amplitude and the decadal Niño 483 

3.4 SSTa is a future work.  484 

 485 

5. Summary 486 

Decadal modulation of the QBO in the equatorial stratosphere were investigated for 487 

altitude range from 70 to 10 hPa, using the Singapore data from 1953 to 2020 compiled 488 

by FUB and the merged data of ERA-40 and ERA-Interim from 1958 to 2019. The QBO 489 

amplitude was calculated by two independent methods, the sigma method and the wavelet 490 

method. The sigma method evaluates the QBO amplitude through an approximation that 491 

the QBO is close enough to a monochromatic wave over three cycles, resulting in the 492 

low-pass filtered QBO amplitude, the period of which is longer than 3 cycles~7 years. 493 

The wavelet method is also used to evaluate the decadal modulation of the QBO period, 494 

which is defined as the average period of the largest three local wavelet power 495 

components. 496 
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 It is found that the QBO is decadally modulated in the amplitude as well as in the 497 

period. The phase relation between the decadal variations in the amplitude and the period 498 

is found to reverse its polarity around 1980. Namely, the two variations are positively 499 

correlated with each other after 1980s, while they are approximately negatively correlated 500 

before 1980s. This suggests that the cause of the amplitude modulation is different from 501 

that of the period modulation.  502 

In the time series of the QBO amplitude from 1950s to 2014, there are four maxima, 503 

QBOmax, around 1967, 1983, 1995, and 2005, and three minima, QBOmin, around 1973, 504 

1988, and 2000. Composite analyses of these QBOmax and QBOmin with reference to the 505 

phase at 20 hPa revealed that the decadal amplitude variations had maximum amplitude 506 

of about 3 m s−1 at 20 hPa in the vertical. In the horizontal structure there appeared off–507 

equator extrema of about 3.5 m s−1 around 5ºN at 20 hPa, while at 50 hPa extrema of 508 

about 1.8 m s−1 were situated around 5ºS. The decadal amplitude variations of the QBO 509 

were highly correlated with the decadal components of Niño 3.4 SSTa and PDO, 510 

suggesting that the tropical SSTa in the central Pacific substantially influences the QBO 511 

amplitude in the decadal time-scales.  512 
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Figure captions  711 

Fig.1. Power spectrum of zonal-mean zonal wind from 100 to 1 hPa averaged between 712 

10ºS and 10ºN in the merged data of ERA-40 and ERA-Interim (ERArim) from 713 

1958 to 2019. Values are displayed in logarithmic scale of base 10, and units are 714 

m2 s−2. Contour interval is 0.4.  715 

Fig.2. (a) QBO amplitude (m s−1) calculated by the wavelet method from 70 to 5 hPa, 716 

and (b) local wavelet power spectrum as wind amplitude (m s−1) from 20 to 40 717 

months at 20 hPa for the ERArim zonal-mean zonal wind, which is averaged 718 

between 10ºS and 10ºN. The data within the cone of influence is drawn in (a), and 719 

shaded in (b).   720 

Fig.3. (a) QBO amplitude (m s−1) calculated by the wavelet method from 70 to 10 hPa, 721 

and (b) local wavelet power spectrum as wind amplitude (m s−1) from 20 to 40 722 

months at 20 hPa for the Singapore zonal wind. The data within the cone of 723 

influence is drawn in (a), and shaded in (b).   724 

Fig.4. Time series of the average period (months) of the largest three components in the 725 

local wavelet power at 20 hPa for (a) the Singapore and (b) ERArim data, and (c) 726 

the QBO amplitude (m s−1) at 20 hPa by the wavelet method for the Singapore data 727 

(blue) and ERArim data (black).  728 

Fig.5. (a) Band-passed zonal-mean zonal wind (m s−1) at 20 hPa in (a) the Singapore 729 

data, and (b) the ERArim data averaged between 10ºS and 10ºN. (c) Corresponding 730 

QBO amplitudes of the Singapore (blue), ERArim (black), and JRA-55 (red) data. 731 

Cross symbols on the curves represent the centers of the three cycles used in the 732 

sigma method.    733 
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Fig.6. Phase–height cross sections of (a) the climatological QBO composite, and (b) the 734 

difference between QBOmax and QBOmin composites, and (b) the difference 735 

between QBOmax and QBOmin composites for the ERArim data. The reference 736 

phase is based on the QBO averaged between 5ºS and 5ºN at 20 hPa. The data in 737 

(a) and (b) are averaged between 10ºS and 10ºN.  One-cycle period at 20 hPa is 738 

assumed to be 28 months. Abscissa represents one-cycle phase in months and 739 

ordinate represents pressure in hPa. Contour interval is 4 m s−1 in (a), and 1 m s−1 740 

in (b). Shading in (b) represents t test confidence at the 10 % level. 741 

Fig.7. Phase–latitude cross sections at 20 hPa of (a) the climatological QBO composite 742 

and (b) the difference between QBOmax and QBOmin composites for the ERArim 743 

data. The reference phase is based on the QBO averaged between 5ºS and 5ºN at 20 744 

hPa. One-cycle period at 20 hPa is assumed to be 28 months. Abscissa represents 745 

one-cycle phase in months, and ordinate represents latitude. Contour interval is 4 m 746 

s−1 in (a), and 0.5 m s−1 in (b). Shading in (b) represents t test confidence at the 747 

10 % level.  748 

Fig.8. Phase–latitude cross sections at 10 hPa of (a) the climatological QBO composite 749 

and (b) the difference between QBOmax and QBOmin composites for the ERArim 750 

data. The reference phase is based on the QBO averaged between 5ºS and 5ºN at 20 751 

hPa, where one-cycle period is assumed to be 28 months. Abscissa represents one-752 

cycle phase in months, and ordinate represents latitude. Contour interval is 4 m s−1 753 

in (a), and 0.5 m s−1 in (b). Shading in (b) represents t test confidence at the 10 % 754 

level.  755 
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Fig.9. Phase–latitude cross sections at 50 hPa of (a) the climatological QBO composite 756 

and (b) the difference between QBOmax and QBOmin composites for the ERArim 757 

data. The reference phase is based on the QBO averaged between 5ºS and 5ºN at 20 758 

hPa. One-cycle period at 20 hPa is assumed to be 28 months. Abscissa represents 759 

one-cycle phase in months, and ordinate represents latitude. Contour interval is 4 m 760 

s−1 in (a), and 0.5 m s−1 in (b). Shading in (b) represents t test confidence at the 761 

10 % level.  762 

Fig.10. (a) QBO amplitude deviation (m s−1) from a linear fit at 20 hPa calculated by the 763 

sigma method for the ERArim data. Low-pass filtered (> 96 months) (b) Niño 3.4 764 

SSTa (°C), and (c) solar radio flux F10.7 (10−22 W m−2 Hz−1). 765 

Fig.11. Time series of the QBO amplitude (m s−1) by the sigma method at each height 766 

from 70 to 10 hPa for (a) the ERArim data and (b) the Singapore data.  Red curves 767 

represent 10 hPa data, green 20 hPa, blue 30 hPa, cyan 50 hPa, and magenta 70 768 

hPa. 769 

Fig.12. Time series of the low-pass filtered (> 96 months) PDO and NPGO indices from 770 

1953 to 2019. The original data are based on the monthly indices made by Japan 771 

Meteorological Agency.  772 



Fig.1. Power spectrum of zonal-mean zonal wind from 100 to 1 hPa averaged between 10ºS and 10ºN 
in the merged data of ERA-40 and ERA-Interim (ERArim) from 1958 to 2019. Values are displayed in 
logarithmic scale of base 10, and units are m2 s−2. Contour interval is 0.4. 
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Fig.2. (a) QBO amplitude (m s−1) calculated by the wavelet method from 70 to 5 hPa, and (b) local wavelet power 
spectrum as wind amplitude (m s−1) from 20 to 40 months at 20 hPa for ERArim zonal-mean zonal wind, which is 
averaged between 10ºS and 10ºN. The data within the cone of influence is drawn in (a), and shaded in (b).
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Fig.3. (a) QBO amplitude (m s−1) calculated by the wavelet method from 70 to 10 hPa, and (b) local wavelet 
power spectrum as wind amplitude (m s−1) from 20 to 40 months at 20 hPa for Singapore zonal wind. The data 
within the cone of influence is drawn in (a), and shaded in (b).
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Fig.4. Time series of the average 
period (months) of the largest three 
components in the local wavelet 
power at 20 hPa for (a) the 
Singapore and (b) ERArim data, 
and (c) the QBO amplitude (m s−1) 
at 20 hPa by the wavelet method 
for the Singapore data (blue) and 
ERArim data (black). 
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Fig.5. (a) Band-passed zonal-mean 
zonal wind (m s−1) at 20 hPa in (a) 
the Singapore data, and (b) the 
ERArim data averaged between 
10ºS and 10ºN. (c) Corresponding 
QBO amplitudes of the Singapore 
(blue), ERArim (black), and JRA-55 
(red) data. Cross symbols on the 
curves represent the centers of the 
three cycles used in the sigma 
method. 
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Fig. 6. Phase-height cross sections of (a) the climatological QBO composite, and (b) the difference between QBOmax and QBOmin
composites for the ERArim data. The reference phase is based on the QBO averaged between 5ºS and 5ºN at 20 hPa. The data in (a) and 
(b) are averaged between 10ºS and 10ºN.  One cycle period at 20 hPa is assumed to be 28 months. Abscissa represents one-cycle phase in 
months and ordinate represents pressure in hPa. Contour interval is 4 m s−1 in (a), and 1 m s−1 in (b). Shading in (b) represents t test 
confidence at the 10 % level.
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Fig. 7. Phase-latitude cross sections at 20 hPa of (a) the climatological QBO composite and (b) the difference between QBOmax and QBOmin
composites for the ERArim data. The reference phase is based on the QBO averaged between 5ºS and 5ºN at 20 hPa. One-cycle period at 20 
hPa is assumed to be 28 months. Abscissa represents one-cycle phase in months, and ordinate represents latitude. Contour interval is 4 m s−1

in (a), and 0.5 m s−1 in (b). Shading in (b) represents t test confidence at the 10% level. 

(a) (b)

240 8 164 12 20 28 240 8 164 12 20 28

−20 −10 0 10 20 −2 −1 0 1 2 3−3

20S

10S

EQ

10N

30N

20N

30S

20S

10S

EQ

10N

30N

20N

30S

ΔU (m s−1) 20hPa  QBOmax− QBOmin ERArim 58–14 U (m s−1) 20hPa QBOclim ERArim 58–14 



Fig. 8. Phase-latitude cross sections at 10 hPa of  (a) the climatological QBO composite and (b) the difference between QBOmax and QBOmin
composites for the ERArim data. The reference phase is based on the QBO averaged between 5ºS and 5ºN at 20 hPa, where one-cycle period 
is assumed to be 28 months. Abscissa represents one-cycle phase in months, and ordinate represents latitude. Contour interval is 4 m s−1 in 
(a), and 0.5 m s−1 in (b). Shading in (b) represents t test confidence at the 10 % level. 
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Fig. 9. Phase-latitude cross sections at 50 hPa of  (a) the climatological QBO composite and (b) the difference between QBOmax and QBOmin
composites for the ERArim data. The reference phase is based on the QBO averaged between 5ºS and 5ºN at 20 hPa. One-cycle period at 20 hPa is 
assumed to be 28 months. Abscissa represents one-cycle phase in months, and ordinate represents latitude. Contour interval is 4 m s−1 in (a), and 0.5 
m s−1 in (b). Shading in (b) represents t test confidence at the 10% level. 
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Fig.10. (a) QBO amplitude deviation (m s−1） from a linear fit at 20 hPa calculated by the sigma method for the ERArim
data. Low-pass filtered (> 96 months) (b) Niño 3.4 SSTA (°C), and (c) solar radio flux F10.7 (10−22 W m−2 Hz−1).  
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Fig.11. Time series of the QBO amplitude (ms−1) by the sigma method at each height from 70 to 10 hPa for (a) the ERArim data 
and (b) the Singapore data. Red curves represent 10 hPa data, green 20 hPa, blue 30 hPa, cyan 50 hPa, and magenta 70 hPa.  
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Fig.12. Time series of the low-pass filtered (> 96 months) PDO (dashed line) and NPGO (solid line) indices from 
1953 to 2019. The original data are based on the monthly indices made by Japan Meteorological Agency.  
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