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Abstract

This study investigated the influence of the stratospheric quasi-biennial oscillation (QBO) on the tropical easterly jet (TEJ).

Easterly (EQBO) and westerly (WQBO) phases of the QBO are defined based on the 50 hPa zonal wind. The climatological

rising movement on the west side of the Maritime Continent can reach higher altitude than that on the east side, which makes

the convection on the west side more effectively promoted by the reduced stability near the tropopause during EQBO. Compared

with WQBO, during EQBO, the convection on the west (east) side of the Maritime Continent is enhanced (weakened), and

there is a stronger (weaker) divergence in the upper troposphere. Corresponding to the change of the divergence field, the TEJ

over the Maritime Continent during EQBO is significantly weakened than WQBO, and the magnitude of the change can reach

11% of the climatological TEJ.
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Key Points: 22 

Main point #1:  23 

TEJ is weakened over the Maritime Continent during easterly phase QBO. 24 

 25 

Main point #2:  26 

QBO regulates TEJ by modulating the stability near the tropopause and the 27 

convection over the Maritime Continent. 28 

 29 

Main point #3:  30 

Different convection heights between the east and west sides of the Maritime 31 

Continent lead to different responses to QBO. 32 

  33 
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Abstract 34 

This study investigated the influence of the stratospheric quasi-biennial oscillation 35 

(QBO) on the tropical easterly jet (TEJ). Easterly (EQBO) and westerly (WQBO) 36 

phases of the QBO are defined based on the 50 hPa zonal wind. The climatological 37 

rising movement on the west side of the Maritime Continent can reach higher altitude 38 

than that on the east side, which makes the convection on the west side more 39 

effectively promoted by the reduced stability near the tropopause during EQBO. 40 

Compared with WQBO, during EQBO, the convection on the west (east) side of the 41 

Maritime Continent is enhanced (weakened), and there is a stronger (weaker) 42 

divergence in the upper troposphere. Corresponding to the change of the divergence 43 

field, the TEJ over the Maritime Continent during EQBO is significantly weakened 44 

than WQBO, and the magnitude of the change can reach 11% of the climatological 45 

TEJ. 46 

  47 
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Plain Language Summary 48 

The tropical easterly jet (TEJ) is an essential component of the Asian monsoon system. 49 

Quasi-biennial oscillation (QBO) is a phenomenon characterized by quasi-periodic 50 

oscillation in the tropical stratospheric wind field. The opposite east-west wind 51 

directions in the lower stratosphere during different phases of QBO are accompanied 52 

by opposite temperature and stability anomalies around the tropopause. Due to the 53 

different heights of the rising movements on the east and west sides of the Maritime 54 

Continent, their responses to the change of upper tropospheric stability caused by 55 

QBO are different. Responding to the change of the rising movement, the TEJ over 56 

the Maritime Continent during easterly phase of QBO is significantly weakened 57 

compared with westerly phase of QBO, and the decrease magnitude can reach 11% of 58 

the climatological TEJ. Considering that QBO has a relatively robust periodicity, the 59 

relationship between QBO and TEJ has potential merit for long-range prediction of 60 

TEJ and weather systems related to the Asian monsoon.   61 

 62 

Keywords: quasi-biennial oscillation; tropical easterly jet; tropical convection   63 
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1. Introduction 64 

The tropical easterly jet (TEJ) has a strong easterly wind center in the upper 65 

troposphere over the Indian Ocean in boreal summer. The maximum wind speed of 66 

the Indian Ocean TEJ can reach above 20 m/s
 
(Huang et al., 2020). TEJ results from 67 

the thermal contrast between the Asian continent and the Ocean and is enhanced by 68 

the local thermal effect of the Tibetan Plateau (Koteswaram, 1958). TEJ is an 69 

important component of the Asian monsoon system (Krishnamurti and Bhalme, 1976) 70 

and has an essential effect on the weather and climate in the region influenced by 71 

monsoons, e.g., the high-cloud amount in the Asian monsoon region (Sathiyamoorthy 72 

et al., 2004), the Tropical Cyclonic Systems in the Bay of Bengal (Rao et al., 2004), 73 

Indian summer monsoon rainfall (Huang et al., 2021), summer rainfall of eastern 74 

Africa (Vashisht et al., 2021), et al.. The Maritime Continent is the entrance of the 75 

Indian Ocean TEJ. The TEJ intensity over the Maritime Continent and tropical 76 

cyclone genesis frequency over the Western North Pacific have a positive relationship 77 

(Zhan et al., 2022). The TEJ is located in the upper troposphere and can extend to the 78 

bottom of the stratosphere. Previous studies have focused on the influence from the 79 

troposphere on TEJ (Chen and van Loon, 1987; Huang et al., 2019; Lu and Ding, 80 

1989; Pattanaik and Satyan, 2000; Tanaka, 1982), but it is still unclear whether the 81 

stratosphere plays a role in it. 82 

The mean zonal winds of the equatorial stratosphere switch between easterly and 83 

westerly winds with periods varying from about 24 to 30 months, which is named the 84 

quasi-biennial oscillation (QBO) (Holton and Hakim, 2013). The associated 85 
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stratospheric wind field has zonal uniformity along the equator and is symmetrical 86 

about the equator. QBO is driven by tropical atmospheric disturbances such as Kevin 87 

waves, Rossby-gravity waves, and Inertia-gravity waves with periods much smaller 88 

than QBO (Baldwin et al., 2001; Dunkerton, 1997; Plumb, 1977). The fact that QBO 89 

is confined near the equator in the stratosphere rather than in the extratropic is due to 90 

the smaller Coriolis torque near the equator (Lindzen and Holton, 1968; Scott and 91 

Haynes, 1998). There are many studies on the effects of QBO on the tropical 92 

tropospheric weather systems (more detailed introduction are in the latter text), e.g., 93 

Madden-Julian oscillation (MJO) (Back et al., 2020; Martin et al., 2021; Son et al., 94 

2017), the boreal summer monsoon (Giorgetta et al., 1999; Rai and Dimri, 2017), and 95 

tropical deep convection (Liess and Geller, 2012; Nie and Sobel, 2015).  96 

QBO is one of the most predictable variations of the tropical atmosphere 97 

(Hamilton et al. 2015) and TEJ is an important member of the Asian monsoon system, 98 

therefore exploring the relationship between QBO and TEJ may have the potential to 99 

improve the longer-range forecasting skills of the summer Asian monsoon system. 100 

The influence of the stratosphere on the boreal troposphere in winter is extensively 101 

studied, for example, the QBO-MJO relationship is more significant in winter (Wang 102 

et al., 2019), while the relationship between the summer stratosphere and members of 103 

the Asian monsoon system such as TEJ is worth studying. 104 

 105 

2. Data and method 106 

The summer mean (June to August) of the zonal wind at 50 hPa (U50) observed at 107 



6 

 

the Singapore radiosonde station (1°N/104°E) are used to define the QBO phases. 108 

When the standardized U50 is less than half of its standard deviation, then the 109 

summer is defined as EQBO. When the standardized U50 is greater than half of its 110 

standard deviation, then the summer is defined as WQBO. EQBO and WQBO years 111 

are shown in Table 1. The time evolution of the zonal mean zonal wind at 50 hPa at 112 

different latitudes is shown in Figure 1.  The Meteorological fields analyzed in this 113 

study are based on ERA5 provided by ECMWF (Hersbach et al., 2020). NOAA 114 

Climate Data Record of Monthly Outgoing Longwave Radiation (OLR) (CDR OLR; 115 

Hai-Tien Lee and NOAA Climate Data Record Program, 2018) is used to analyze 116 

convection.  117 

A Monte Carlo test has been applied to test the statistical significance of the 118 

difference between EQBO and WQBO. We randomly subsampled M and N elements 119 

from all years and obtain the difference between the two subsets. M and N are the 120 

number of EQBO and WQBO years, respectively. We repeated this random selection 121 

process 10,000 times to obtain a probability density function. The significance of the 122 

difference was estimated using the density function. Anomalies of EQBO/WQBO 123 

from the climatology were also tested by Monte Carlo method. 124 

  125 

3. Result  126 

The patterns of tropical upper tropospheric zonal wind anomalies of EQBO and 127 

WQBO are similar but with the opposite signs. There are westerly wind anomalies at 128 

150 hPa over the Maritime Continent where the climatological entrance of the 129 
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summer TEJ locates during EQBO (Figures 2a and 2c), while there are slightly 130 

easterly wind anomalies during WQBO (Figures 2b and 2d). Figure 2 implies the TEJ 131 

over the Maritime Continent during EQBO is weaker than that during WQBO. 132 

Sectioned from 120°E, the vertical structures of the zonal wind anomalies during 133 

EQBO and WQBO show that the zonal wind anomalies above 100 hPa in the 134 

stratosphere reflect typical QBO characteristics (Baldwin et al., 2001). In the middle 135 

and lower stratosphere, the maximum values of the zonal wind anomalies are located 136 

at 10 and 50 hPa at the equator. In the upper troposphere, the maximum values of the 137 

zonal wind anomalies are located at 150-200 hPa over the Maritime Continent. The 138 

wind anomalies in the stratosphere have strong zonally uniformity along the equator, 139 

while the wind anomalies in the troposphere do not have such zonally uniformity. The 140 

average value of U50 during EQBO is -18.1 m/s, while that during WQBO is 9.9 m/s, 141 

and its absolute value is about half of that of EQBO. Similarly, the absolute value of 142 

zonal wind anomalies at upper troposphere over the Maritime Continent during 143 

WQBO are about half of that during EQBO. The correlation coefficient between the 144 

year-to-year time series of U50 and the zonal wind averaged in the box region at 120°145 

E (box region shown in Figures 2c and 2d) is -0.34, significant at the 95% confident 146 

level under t-test, indicating a close relationship between QBO and TEJ over 147 

Maritime Continent. 148 

 The rainfall plays an important role in regulating TEJ variability (Kanamitsu et 149 

al., 1972; Rao and Srinivasan, 2016; Sathiyamoorthy et al., 2007), which implies the 150 

convection and rising movement in the tropics have an important impact on the 151 
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variation of TEJ. Figure 3 shows the differences in the convection between EQBO 152 

and WQBO. Summer tropical rising and convection are strongest in the Bay of 153 

Bengal and Maritime Continent. Both the observed OLR (Figure 3b) and reanalysis ω 154 

(Figure 3d) show that convections on the west side of the Maritime Continent during 155 

EQBO are stronger than that during WQBO, while convections on the east side of the 156 

Maritime Continent during EQBO are weaker than that during WQBO.  157 

During EQBO, the convective enhancement area on the west side of the Maritime 158 

Continent is accompanied by the increase of the upper tropospheric divergence, and 159 

the convective weakening area on the east side of the Maritime Continent is 160 

accompanied by the decrease of the upper tropospheric divergence (Figure 3e). Figure 161 

3f shows the differences in atmospheric circulation along with the equatorial profile 162 

between EQBO and WQBO. Compared with WQBO, during EQBO, the rising 163 

movement on the west side of the Maritime Continent is stronger, and the rising 164 

movement on the east side of the Maritime Continent is weakened, resulting in 165 

westerly wind anomalies in the upper troposphere, which is consistent with the 166 

divergence change in the upper troposphere. The westerly wind anomalies lead to the 167 

weakness of the TEJ over the Maritime Continent. 168 

The effects of QBO on tropical convection have been addressed in recent studies 169 

on the relationship between QBO and intraseasonal oscillations, including the 170 

Madden Julian Oscillation (MJO) (Jiang et al., 2020; Nishimoto and Yoden, 2017; Son 171 

et al., 2017; Wang and Wang, 2021; Yoo and Son, 2016) and Boreal Summer 172 

Intraseasonal Oscillation (BSISO) (Wang et al., 2019). Previous studies provide some 173 
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mechanisms by which QBO regulates tropical convection (Martin et al., 2021). The 174 

equatorial westerly and easterly wind shears in the lower stratosphere appear with 175 

warm and cold temperature anomalies, respectively (Holton and Hakim, 2013). The 176 

wind shear anomalies during EQBO would uplift the tropical tropopause and lead to 177 

ascension and a cooler tropopause, while the opposite scenario applies for WQBO 178 

(Collimore et al., 2003). The QBO-stratification mechanism (Collimore et al., 2003; 179 

Giorgetta et al., 1999; Gray et al., 1992; Liess and Geller, 2012; Nie and Sobel, 2015) 180 

states that EQBO could destabilize the upper troposphere and lower stratosphere, 181 

promoting more vigorous deep convection. If the vertical extent of the convection 182 

related with the QBO increases, there would be larger convective horizontal extent 183 

and more cloud amount (Gray et al., 1992).  Figure 4 shows that the tropospheric 184 

stability above 150 hPa during EQBO is less than that during WQBO, which are the 185 

cases on both sides of the Maritime Continent.. Although Figure 4 analyzed the effect 186 

of QBO on the stability in summer, the results here are consistent with the mechanism 187 

of QBO affecting stability in winter, and the model simulations also support this result 188 

(Martin et al., 2019; Nie and Sobel, 2015).  189 

During EQBO, the stability above 150 hPa is reduced consistently on both sides of 190 

the Maritime Continent, but the convection and rising movement on the east and west 191 

sides of the Maritime Continent change inconsistently. Only about 1% of tropical 192 

convective systems can reach above 150 hPa (Liu and Zipser, 2005). Nishimoto and 193 

Yoden (2017) stated that only the deep convection developed very high can be 194 

affected by the stability conditions near the tropopause. Inspired by their work, the 195 
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difference in the heights of the rising movement between the east and west sides of 196 

the Maritime Continent is investigated. Figure 3f shows that the climatological rising 197 

movement west of 120°E in the equatorial region can reach above 150 hPa, while the 198 

rising movement east of 120°E cannot reach 150 hPa. This implies that even if EQBO 199 

causes a decrease in stability around the tropopause, only convections on the west side 200 

of the Maritime Continent can effectively take advantage of this condition to furtherly 201 

develop.  202 

In addition to the impact of the climatological rising height difference between the 203 

two sides of the Maritime Continent, there are differences in stability at 300-150 hPa 204 

between the two sides of the Maritime Continent. The stability at 300-150 hPa at 90°E 205 

(west of the Maritime Continent) during EQBO is smaller than that of WQBO (Figure 206 

4a), while the stability at 300-150 hPa at 140°E (east of the Maritime Continental) 207 

during EQBO is slightly larger than that of WQBO (Figure 4b). The smaller stability 208 

contributes to the development of convection, so the rising movement on the west side 209 

of the Maritime Continent is enhanced while the rising movement on the east side of 210 

the Maritime Continent is weakened during the EQBO compared with the WQBO.  211 

 212 

4. Summary  213 

In this study, the effects of different phases of stratospheric QBO on the summer 214 

TEJ were investigated. During EQBO, the rising movement on the west side of the 215 

Maritime Continent is enhanced while that on the east side of the Maritime Continent 216 

is weakened. The changes in the rising movement lead to the enhancement of the 217 
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divergence on the west side of the Maritime Continent and the decrease of the 218 

divergence on the east side of the Maritime Continent in the upper equatorial 219 

troposphere, which results in the decrease of TEJ over the Maritime Continent. While 220 

the opposite scenario applies for WQBO. EQBO has a greater effect on TEJ over the 221 

Maritime Continent than WQBO, because the easterly wind at 50 hPa at the equator 222 

can reach a maximum of 24 m/s during EQBO summer, while the westerly wind at 50 223 

hPa can only reach a maximum of 13 m/s during WQBO summer. The contribution of 224 

QBO to the changes of TEJ is important, since the difference in TEJ over the 225 

Maritime Continent between EQBO and WQBO can reach 17% of the climatological 226 

intensity of TEJ (see Table 1, calculated by [TEJEQBO-TEJWQBO]/TEJCLIMATE). The 227 

correlation coefficient between the U50 of QBO and the strength of TEJ over the 228 

Maritime Continent is -0.34, although it is not very high, it passed the significance 229 

test, which implies that QBO is a potential contribution factor for seasonally 230 

forecasting TEJ. 231 

About 0.1% of tropical convective systems can penetrate above 100 hPa (Liu and 232 

Zipser, 2005), due to the weak vertical movement around the tropopause, although the 233 

TEJ is located in the upper troposphere and is very close to the QBO wind field in the 234 

lower stratosphere, it is difficult to directly connect the QBO wind anomaly with the 235 

TEJ through the momentum exchange of the vertical movement. We propose that 236 

QBO affects TEJ by changing the upper tropospheric stability and tropical 237 

convections. The mechanism of the relationship between QBO and convection has 238 

been proposed and confirmed by many previous studies. The question that this study 239 
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needs to explain is why the convections on the east and west sides of the Maritime 240 

Continent have opposite changes during different phases of QBO. We found that the 241 

climatological rising movement on the west side of the Maritime Continent (west of 242 

120°E) can reach above 150 hPa, but that on the east side of the Maritime Continent 243 

cannot. This climatological characteristic makes the convection on the west side more 244 

effective in taking advantage of the reduced stability near the tropopause during 245 

EQBO. In addition, EQBO reduces the stability at 300-150 hPa on the west side of the 246 

Maritime Continent rather than the east side, which is also conducive to the rising 247 

movement development on the west side of the Maritime Continent.  248 

 249 

Acknowledgments 250 

We are grateful to the groups and agencies for providing the datasets used in this 251 

study. ERA5 data can be downloaded from  252 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab253 

=form. The QBO series of Singapore data can be obtained from 254 

https://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/. The monthly OLR data 255 

can be downloaded from 256 

https://www.ncei.noaa.gov/products/climate-data-records/outgoing-longwave-radiatio257 

n-monthly. This work was supported jointly by the National Natural Science 258 

Foundation of China (42030601, 41805029, 41875087), and China Postdoctoral 259 

Science Foundation (2018M641913).  260 

 261 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=form
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=form
https://www.ncei.noaa.gov/products/climate-data-records/outgoing-longwave-radiation-monthly
https://www.ncei.noaa.gov/products/climate-data-records/outgoing-longwave-radiation-monthly


13 

 

Competing interests 262 

The Authors declare no Competing Financial or Non-Financial Interests. 263 

 264 

References 265 

Back, S.-Y., J.-Y. Han, and S.-W. Son (2020), Modeling Evidence of QBO-MJO Connection: A 266 

Case Study, Geophysical Research Letters, 47(20), e2020GL089480. 267 

Baldwin, M. P., et al. (2001), The quasi-biennial oscillation, Reviews of Geophysics, 39(2), 268 

179-229. 269 

Chen, T.-C., and H. van Loon (1987), Interannual Variation of the Tropical Easterly Jet, 270 

Monthly Weather Review, 115(8), 1739-1759. 271 

Collimore, C. C., D. W. Martin, M. H. Hitchman, A. Huesmann, and D. E. Waliser (2003), On 272 

The Relationship between the QBO and Tropical Deep Convection, Journal of Climate, 273 

16(15), 2552-2568. 274 

Dunkerton, T. J. (1997), The role of gravity waves in the quasi-biennial oscillation, Journal of 275 

Geophysical Research: Atmospheres, 102(D22), 26053-26076. 276 

Giorgetta, M. A., L. Bengtsson, and K. Arpe (1999), An investigation of QBO signals in the east 277 

Asian and Indian monsoon in GCM experiments, Climate Dynamics, 15(6), 435-450. 278 

Gray, W. M., J. D. Sheaffer, and J. A. Knaff (1992), Influence of the Stratospheric QBO on 279 

ENSO Variability, Journal of the Meteorological Society of Japan. Ser. II, 70(5), 975-995. 280 

Hersbach, H., et al. (2020), The ERA5 global reanalysis, Quarterly Journal of the Royal 281 

Meteorological Society, 146(730), 1999-2049. 282 

Hai-Tien Lee and NOAA CDR Program (2018): NOAA Climate Data Record (CDR) of Monthly 283 



14 

 

Outgoing Longwave Radiation (OLR), Version 2.7. NOAA National Centers for 284 

Environmental Information. https://doi.org/10.7289/V5W37TKD 285 

Holton, J. R., and G. J. Hakim (2013), Chapter 12 - Middle Atmosphere Dynamics, in An 286 

Introduction to Dynamic Meteorology (Fifth Edition), edited by J. R. Holton and G. J. 287 

Hakim, pp. 413-452, Academic Press, Boston. 288 

Huang, S., B. Wang, and Z. Wen (2020), Dramatic Weakening of the Tropical Easterly Jet 289 

Projected by CMIP6 Models, Journal of Climate, 33(19), 8439-8455. 290 

Huang, S., B. Wang, Z. Wen, and Z. Chen (2021), Enhanced Tropical Eastern Indian Ocean 291 

Rainfall Breaks down the Tropical Easterly Jet-Indian Rainfall Relationship, Journal of 292 

Climate, 1-44. 293 

Huang, S., Z. Wen, Z. Chen, X. Li, R. Chen, and Y. Guo (2019), Interdecadal change in the 294 

relationship between the tropical easterly jet and tropical sea surface temperature 295 

anomalies in boreal summer, Climate Dynamics, 53(3), 2119-2131. 296 

Jiang, X., Á. F. Adames, D. Kim, E. D. Maloney, H. Lin, H. Kim, C. Zhang, C. A. DeMott, and N. 297 

P. Klingaman (2020), Fifty Years of Research on the Madden-Julian Oscillation: Recent 298 

Progress, Challenges, and Perspectives, Journal of Geophysical Research: Atmospheres, 299 

125(17), e2019JD030911. 300 

Kanamitsu, M., T. N. Krishnamurti, and C. Depradine (1972), On Scale Interactions in the 301 

Tropics During Northern Summer, Journal of Atmospheric Sciences, 29(4), 698-706. 302 

Koteswaram, P. (1958), The Easterly Jet Stream in the Tropics, Tellus, 10(1), 43-57. 303 

Krishnamurti, T. N., and H. N. Bhalme (1976), Oscillations of a Monsoon System. Part I. 304 

Observational Aspects, Journal of Atmospheric Sciences, 33(10), 1937-1954. 305 



15 

 

Liess, S., and M. A. Geller (2012), On the relationship between QBO and distribution of 306 

tropical deep convection, Journal of Geophysical Research: Atmospheres, 117(D3). 307 

Lindzen, R. S., and J. R. Holton (1968), A Theory of the Quasi-Biennial Oscillation, Journal of 308 

Atmospheric Sciences, 25(6), 1095-1107. 309 

Liu, C., and E. J. Zipser (2005), Global distribution of convection penetrating the tropical 310 

tropopause, Journal of Geophysical Research: Atmospheres, 110(D23). 311 

Lu, J., and Y. Ding (1989), Climatic study on the summer tropical easterly jet at 200 hPa, 312 

Advances in Atmospheric Sciences, 6(2), 215-226. 313 

Martin, Z., S. Wang, J. Nie, and A. Sobel (2019), The Impact of the QBO on MJO Convection 314 

in Cloud-Resolving Simulations, Journal of the Atmospheric Sciences, 76(3), 669-688. 315 

Martin, Z., S.-W. Son, A. Butler, H. Hendon, H. Kim, A. Sobel, S. Yoden, and C. Zhang (2021), 316 

The influence of the quasi-biennial oscillation on the Madden–Julian oscillation, Nature 317 

Reviews Earth & Environment, 2(7), 477-489. 318 

Nie, J., and A. H. Sobel (2015), Responses of Tropical Deep Convection to the QBO: 319 

Cloud-Resolving Simulations, Journal of the Atmospheric Sciences, 72(9), 3625-3638. 320 

Nishimoto, E., and S. Yoden (2017), Influence of the Stratospheric Quasi-Biennial Oscillation 321 

on the Madden–Julian Oscillation during Austral Summer, Journal of the Atmospheric 322 

Sciences, 74(4), 1105-1125. 323 

Pattanaik, D. R., and V. Satyan (2000), Fluctuations of Tropical Easterly Jet during contrasting 324 

monsoons over India: A GCM study, Meteorology and Atmospheric Physics, 75(1), 51-60. 325 

Plumb, R. A. (1977), The Interaction of Two Internal Waves with the Mean Flow: Implications 326 

for the Theory of the Quasi-Biennial Oscillation, Journal of Atmospheric Sciences, 34(12), 327 



16 

 

1847-1858. 328 

Rai, P., and A. P. Dimri (2017), Effect of changing tropical easterly jet, low level jet and 329 

quasi-biennial oscillation phases on Indian summer monsoon, Atmospheric Science 330 

Letters, 18(2), 52-59. 331 

Rao, B. R. S., D. V. B. Rao, and V. B. Rao (2004), Decreasing trend in the strength of Tropical 332 

Easterly Jet during the Asian summer monsoon season and the number of tropical 333 

cyclonic systems over Bay of Bengal, Geophysical Research Letters, 31(14). 334 

Rao, S., and J. Srinivasan (2016), The impact of latent heating on the location and strength of 335 

the tropical easterly jet, Meteorology and Atmospheric Physics, 128(2), 247-261. 336 

Sathiyamoorthy, V., P. K. Pal, and P. C. Joshi (2004), Influence of the Upper-Tropospheric 337 

Wind Shear upon Cloud Radiative Forcing in the Asian Monsoon Region, Journal of 338 

Climate, 17(14), 2725-2735. 339 

Sathiyamoorthy, V., P. K. Pal, and P. C. Joshi (2007), Intraseasonal variability of the Tropical 340 

Easterly Jet, Meteorology and Atmospheric Physics, 96(3), 305-316. 341 

Scott, R. K., and P. H. Haynes (1998), Internal interannual variability of the extratropical 342 

stratospheric circulation: The low-latitude flywheel, Quarterly Journal of the Royal 343 

Meteorological Society, 124(550), 2149-2173. 344 

Son, S.-W., Y. Lim, C. Yoo, H. H. Hendon, and J. Kim (2017), Stratospheric Control of the 345 

Madden–Julian Oscillation, Journal of Climate, 30(6), 1909-1922. 346 

Tanaka, M. (1982), Interannual Fluctuations of the Tropical Easterly Jet and the Summer 347 

Monsoon in the Asian Region, Journal of the Meteorological Society of Japan. Ser. II, 348 

60(3), 865-875. 349 



17 

 

Vashisht, A., B. Zaitchik, and A. Gnanadesikan (2021), ENSO Teleconnection to Eastern 350 

African Summer Rainfall in Global Climate Models: Role of the Tropical Easterly Jet, 351 

Journal of Climate, 34(1), 293-312. 352 

Wang, F., and L. Wang (2021), An exploration of the connection between quasi-biennial 353 

oscillation and Madden-Julian oscillation, Environmental Research Letters, 16(11), 354 

114021. 355 

Wang, S., M. K. Tippett, A. H. Sobel, Z. K. Martin, and F. Vitart (2019), Impact of the QBO on 356 

Prediction and Predictability of the MJO Convection, Journal of Geophysical Research: 357 

Atmospheres, 124(22), 11766-11782. 358 

Yoo, C., and S.-W. Son (2016), Modulation of the boreal wintertime Madden-Julian oscillation 359 

by the stratospheric quasi-biennial oscillation, Geophysical Research Letters, 43(3), 360 

1392-1398. 361 

Zhan, R., Y. Wang, and Y. Ding (2022), Impact of the Western Pacific Tropical Easterly Jet on 362 

Tropical Cyclone Genesis Frequency over the Western North Pacific, Advances in 363 

Atmospheric Sciences, 39(2), 235-248. 364 

 365 

366 



18 

 

Figures 367 

 368 

Fig. 1 50 hPa zonal mean zonal wind during June to August derived from ERA5. The 369 

resolution of the abscissa is the day, only the corresponding year is marked. The QBO 370 

phases are labeled next to the years.  371 
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 372 

 373 

Fig. 2 Summer mean zonal wind anomalies from climatology at 150 hPa during (a) 374 

EQBO and (b) WQBO. Zonal wind anomalies at 120°E during (c) EQBO and (d) 375 

WQBO. The climatological zonal wind is shown by purple contour lines. The regions 376 

with empty dots exceed the 95% confidence level under the Monte Carlo test. The 377 

range of the black box in (c) and (d) is 10°N-10°S, 150-200 hPa. 378 

 379 

  380 
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 381 

 382 

 383 

Fig. 3 (a) Climatology of OLR and (b) difference in OLR between EQBO and WQBO. 384 

(c) Climatology 200 hPa ω and (d) difference in 200 hPa ω between EQBO and 385 

WQBO. (e) Climatology of divergence at 150 hPa (contours with values of 3 and 18 386 

10
-6

 s
-1

) and difference in divergence between EQBO and WQBO (filled color). The 387 

black lines mark 90°E and 140°E. (f) Differences in u and ω along the equator 388 

between EQBO and WQBO (vectors). Differences in ω are statistically tested. 389 

Climatology of ω along the equator (filled color). The regions with empty dots exceed 390 

the 95% confidence level under the Monte Carlo test. 391 
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 392 

 393 

 394 

Fig. 4 Difference in 
𝜕𝜃

𝜕𝑧
 (filled color, unit: K m

-1
) and ω (vectors, unit: 10

-3
 Pa s

-1
) 395 

between EQBO and WQBO at (a) 90°E and (b) 140°E. Differences in 
𝜕𝜃

𝜕𝑧
 above the 396 

95% confidence level under the Monte Carlo test are shown by empty dots. 397 

  398 
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 399 

Tables 400 

EQBO 

year 

zonal 

wind 

Standardized 

Index 

box 

region 

TEJ 

WQBO 

year 

zonal 

wind 

Standardized 

Index 

box 

region 

TEJ 

1987 -24.1 -1.6 -10.6 1988 10.2 0.9 -13.1 

1992 -23.9 -1.6 -11.9 1990 9.4 0.9 -16.5 

1994 -24.3 -1.7 -14.6 1993 9.0 0.8 -10.6 

1996 -17.6 -1.2 -9.3 1995 10.8 1.0 -9.7 

1998 -20.5 -1.4 -8.3 1997 13.1 1.1 -13.8 

2001 -14.1 -0.9 -14.3 1999 9.5 0.9 -15.5 

2007 -9.7 -0.6 -10.0 2000 13.1 1.1 -12.7 

2010 -23.0 -1.6 -9.6 2002 8.8 0.8 -15.0 

2015 -10.0 -0.6 -11.0 2004 9.8 0.9 -16.6 

2016 -14.3 -0.9 -13.7 2006 9.1 0.8 -13.3 

2018 -21.3 -1.4 -16.4 2008 8.3 0.8 -10.0 

2020 -13.9 -0.9 -7.4 2009 9.3 0.8 -15.6 

 
   

2011 11.7 1.0 -14.8 

 
   

2013 7.6 0.7 -13.8 

 
   

2014 7.5 0.7 -13.3 

 
   

2017 11.8 1.0 -13.8 

    

2019 8.6 0.8 -13.4 
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average -18.1 

 

-11.4 average 9.9 

 

-13.6 

 401 

Table 1. The summer mean zonal wind at 50 hPa (U50, unit: m/s), standardized U50 402 

observed at the Singapore radiosonde station (1°N/104°E), and averaged TEJ zonal 403 

wind (unit: m/s) in the black box region in Figure 2 of EQBO and WQBO years.  404 

 405 
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