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(i) The observed mean state, and the deduced 

meridional circulation
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Radiative-convective equilibrium (no large-scale heat transport)
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Residual circulation diagnosed 

from satellite-derived 

temperatures and radiation 

budget

[Rosenlof, J Geophys Res, 1995]



(ii)  Stratospheric Rossby waves



Planetary-scale Rossby waves in winter 

(spring in southern hemisphere)
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[McIntyre & Palmer, Nature, 1983]

Wave breaking in the stratosphere
Ertel PV g−1 ∂θ
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(iii) Rossby waves and the stratospheric 
circulation



Driving the residual circulation
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et al, J Atmos Sci, 1981]
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(iv)  Gravity waves and the mesospheric 
circulation  
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solstice circulation
Westward gravity waves produce drag –

pump flow poleward

Eastward gravity waves produce 
eastward force  – pump flow 
equatorward



(v) Variability of the stratospheric circulation: wintertime 

vacillations and polar warmings



Variability of North Pole 

temperatures

Monthly mean T, 30 hPa

�High degree of variability in 

winter

� (in spring in S Hem)

�i.e., during seasons of 

strong wave activity

warm                                   cold



[Labitzke, J Geophys Res, 1981]
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Major warming Jan 2009 
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stage 1 (conservative):

∇ ⋅ F = − ∂A

∂t

→ forms critical layer

stage 2 (no further growth, dissipative)

∇ ⋅ F = dissipation

WARM
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COOLWARM

Polar warming as a response to 

wave amplification

[Matsuno, J. Atmos. Sci., 1971]

Why do waves amplify?



Vacillations in simple models

(Holton & Mass, J. Atmos. Sci. , 1976)

Truncated quasi-linear model

on midlatitude β − plane
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Vacillations in GCMs [Scott 

& Polvani, Geophys Res

Lett, 2004]

steady thermal forcing of 

Rossby wave

variability supressed in 

troposphere

vacillations stratospheric in 

origin
ū60oN, z, t



Vacillations in GCMs [Scott 

& Polvani, Geophys Res

Lett, 2004]

steady thermal forcing of 

Rossby wave
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troposphere
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(vi) Variability of the stratospheric circulation: the 

tropical quasi-biennial oscillation



Equatorial winds

(monthly mean anomalies)

Irregular period around 27 months

Downward migration of westerlies and easterlies

Confined (mostly) within about 10 degrees of equator



Can be produced by 2 upward propagating waves of 

opposite zonal phase speed:



“QBO” in the lab

subcritical forcing



“QBO” in the lab

supercritical forcing
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