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Climatological 
annual mean 
zonal winds 

S.D. of 
interannual 
variability (IAV) 
annual mean 
zonal winds 
èNote very 
high IAV 
equatorial lower 
strastosphere 



That is because, 



Equatorial temperature associated with the QBO in the 30- to 50-hPa 
layer (bottom curve) and vertical wind shear (top curve) at any 
station. 

Baldwin et al. (2001): Rev. Geophysics 

èNote regular oscillation of the vertical shear of U-wind 
with large amplitude +-10 m/s/km and temperature +- 4OK 



Ø The  zonal  wind  fluctuation  are  coherent  
throughout  the  equatorial  belt.  In  the  next  Fig.  
zonal  wind  averaged  around  the  equator  
(2oS-‐‑2oN)  are  ploAed  as  a  function  of  longitude  
and  time.	

Ø Zonal  winds  fluctuate  between  a  strong  
easterly  regime  and  a  strong  westerly  regime.  
When  it  is  easterly  (or  westerly),  it  is  so  
throughout  the  equatorial  belt. 



Time – longitude section 
of zonal winds at 20 hPa 
averaged between 2oS and 
2oN. This is from NCEP/
NCAR reanalysed winds 
(m s-1). 





Singapore sonde 1980-present QBO from monthly mean zonal wind 
The plot is made by: 1) reading all daily sondes for the full month (generally twice per day 
at 0Z and 12Z), 2) vertically interpolating the zonal wind to missing levels (no 
extrapolation to levels above balloon burst altitudes), and 3) time interpolating for missing 
levels above the top of the balloon profile. The thick dotted line shows the tropopause 
calculated from the thermal lapse rate. Units are meters per second (m/s). 
 



MERRA-2 1980-present QBO monthly mean zonal wind at the Equator 

Anomalous behavior during 2016 and 2020  



Time-height section of 
monthly mean zonal winds (m/
s) at equatorial stations: 
Canton Island, 3°S/172°W 
(Jan 1953 - Aug 1967), Gan/
Maledive Islands, 1°S/73°E 
(Sep 1967 - Dec 1975) and 
Singapore, 1°N/104°E (since 
Jan 1976). Isopleths are at 10 
m/s intervals; westerlies are 
shaded (updated from 
Naujokat, 1986)  

Longer history is created 
by combining 
observations on several 
equatorial stations 



Latitude-height 
dependence of the 
Amplitude and Phase of 
QBO   







Zonal winds are in Thermal wind balance 

At Equator  è 

Implied meridional 
overturning circulation 



Nearly Periodic (~28 months) Character of the QBO 

The EOFs of the 1979-
present QBO from the 
Singapore sonde monthly 
mean winds between 10 
and 100 hPa. 
 
EOF1 and EOF2 explain 
large variance and 
explain the periodic 
component.  
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Ø While PC1-PC2 make 
near circular orbits, 
anomalous behavior 
during 2020 is notable 



Theory of QBO 
 

Must explain ; 

Ø Quasi-biennial periodicity  

Ø Occurrence of Zonally symmetric westerlies at the equator  

Ø Downward phase propagation  

Ø Asymmetric in phase propagation of westerly and easterly 
phase  
 

Early attempts to explain QBO as due to adiabatic heating or due to 
lateral exchange of momentum were unsuccessful in explaining the 
above feature. A model of QBO based on vertically propagating 
waves was originally proposed by Lindzen and Holton(1968) and 
refined by Holton and Lindzen (1972). Holton and Lindzen proposed 
that QBO results from wave mean flow interaction that occurs when  
vertically propagting Kelvin and Mixed Rossby gravity wave are 
radiatively or mechanically damped in the lower stratosphere. 



Baldwin et al., 2001 



Two Important Components of QBO theory: 
1.  Vertically propagating equatorial waves , 

2. Wave-Mean flow interaction  













Wave – Mean flow interactions 



q  Wallace J. M. 
1973: General 
Circulation of 
the Tropical 
Lower 
Stratoshere, 
Reviews of 
Geophysics and 
Space 
Physics,V OL. 
11, No. 2, PP. 
191-222, MAY 
1973 

 



With global satellite data we now know that a spectrum of Kelvin and MRG 
waves exist in the atmosphere (Wheeler and Kiladis, JAS,1999, vol.56,374pp)  





Two-dimensional analog model of QBO (after Plumb, 1982) 

From Andrews, Leovy and Holton, 1987 



How does the vertical 
shear of the mean flow 
changes sign? 



Plumb and McEwan, 1978, J. Atmos. Sci., 35, 1827-1939   

Laboratory demonstration of the concept  







 Holton and Lindzen, 1972 : An updated Theory for the Quasi-Biennial 
Cycle of Tropical Stratosphere, J. Atmos. Sci, 29, 1076- 1080 









Increasing disruptions in the QBO 

Ø So far, only took into 
account vertical 
momentum flux from 
planetary EWs ,  

Ø δ/δz(ρ0v’w’) 

Ø To understand the 
‘disruptions’ we need 
to 

Ø Include, horizontal 
flux fluxes,  

Ø δ/δy(ρ0v’u’) 
Ø Gravity wave activity 

as well 

Studies show,  
Ø during 2016 the EP fluxes in 

NH was very active in lower 
stratosphere 

Ø While during 2020 SH fluxes 
were very active 

 



Disruptions in the QBO is an active area of research currently 

1.  Match A., and S. Fueglistaler, 2021: J. Atmos. Sci., 78, 373-383 
2.  Anstey J. et al., 2021: Geophys. Res. Letts. https://doi. 
org/10.1029/2021GL093058 
3. S. M. Osprey et al., Science 10.1126/science.aah4156 (2016).  

èThe disruptions of 
the QBO indicates that 
if they continue, the 
average period of the 
QBO is likely to 
shorten in future! 
èHighly predictable 
QBO èunpredictable  

4.Newman, P. A., L. Coy, S. Pawson, andL. R. Lait (2016), The anomalous change 
in the QBO in 2015–2016,Geophys. Res.Lett.,43, 8791–8797, doi:
10.1002/2016GL070373. 



Changes in QBO a Warming World  

1.Ritcher et al., 2020: QJRMS,   https://doi.org/10.1002/qj.3749 

Ø  Increased convective activity in tropics 
2xCO2 and 4xCO2 experiments èincrease 
small scale GW activityè influence QBO 
period and amplitude 

Ø  Period decreases by 8 months to 11 months 

Ø Amplitude decreases by 36% to 51% at 60 
hPa 

Ø Model response is sensitive to GW drag 
parameterizations 

2.Anstey, J. A., et al. (2021).. Geophysical Research 
Letters, 48, e2021GL093058. https://doi.org/10.1029/2021GL093058 



QBO Changes in CMIP6 Climate Projections 

 
Butchart, N., Anstey, J. A., et al (2020). 
QBO changes in CMIP6 climate projections. 
GR, 47, e2019GL086903. https://doi.org/10. 
1029/2019GL086903 

Ø Only CMIP6 models have started 
simulating QBO reasonably 

Ø  10 CMIP6 models are used 

Ø Weakening @ 5.8 +- 0.5% to 4.3 
+- 0.5% to 2.0 +- 0.5% per decade 
at 50 hPa for SSP585, SSP370, 
and historical simulations, 
respectively 

Ø  Period decreases in 7 out of 10 
models 



In Conclusion: 

Ø QBO is a fascinating example of how equatorial waves 
and mean flow interaction can produce a near periodic 
oscillation of mean flow in lower stratosphere. 

Ø Simplest theory can explain the 27 odd uninterrupted QBO 
cycles until it was disrupted in 2016 and then again in 
2020. 

Ø Global warming seems to be increasing the upward GW 
flux in tropics and increasing variability of equator ward  
flux of planetary waves from NH and SH. 

Ø More disruptions of QBO may be expected in coming 
years! 



Thank You 


