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(i) The observed mean state, and the deduced
meridional circulation



ERA40 zonal mean zonal wind, Jan 1973-2001 ERA40 zonal mean temperature [K], Jan 1979-2001
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ERA40 zonal mean zonal wind, Jan 1973-2001 ERA40 zonal mean temperature [K], Jan 1979-2001
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ERA40 zonal mean zonal wind, Jan 1973-2001 ERA40 zonal mean temperature [K], Jan 1979-2001
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ERA40 zonal mean zonal wind, Jan 1973-2001 ERA40 zonal mean temperature [K], Jan 1979-2001
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cold summer mesopause

warm winter mesopause
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Figure 6-1. Cross sections [pressure (mbar)-latitude] of

zonal

mean temperature (K) for the average over 5 years of the monthly means for January. The data are
from the combined SCR/PMR retrieval made at the University of Oxford for the period January 1973
to December 1974 and July 1975 to June 1978. (Supplied by J.J. Barnett and M. Corney).



Radiative-convective equilibrium (no large-scale heat transport)
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Figure 6-30. Time-dependent “‘radiatively-determined’’ temperature T, for 15 January 1982 from the
calculation of Fels and Schwarzkopf (1985). The surface temperatures are prescribed at their seasonally-
varying observed values. Cloudiness, and ozone below 35 km, are prescribed at annual-mean values,
asin Fels et al. (1980); ozone above 35 km is allowed to ‘‘float’’, in response to temperature variations,
towards a crude photochemical equilibrium. Details of the water vapor prescription are relatively stand-
ard and are described in Fels and Schwarzkopf (1985). [From Mahlman and Umscheid, 1984].
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ZONAL MEAN WIND (m/s)
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Residual circulation diagnosed
from satellite-derived
temperatures and radiation

budget
January 1993, UKRAD
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[Rosenlof, J Geophys Res, 1995]



(ii) Stratospheric Rossby waves



Planetary-scale Rossby waves in winter
(spring in southern hemisphere)
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100 hPa
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Ertel PV g1 (£1¢)

Wave breaking in the stratosphere op

conserved 1n adiabatic flow

VOL. 305 13 OCTOBER 1983 595
NATURE ARTICLES

Fig. 2 Coarse-grain estimates of Ertel’s potential vorticity Q on the 850 K isentropic surface (near the 10-mbar isobaric surface) on 17 (a)

and 27 (b) January 1979, at 00 h GMT. The southeramost latitude circle shown is 20° N; the others are 30° N and 60° N. Map projection is

polar stereographic. For units see equation (5) onwards. Contour interval is 2 units. Values greater than 4 units are lightly shaded, and greater
than 6 units heavily shaded.

[Mcintyre & Palmer, Nature, 1983]
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1992 September 6

10 hPa southern hemisphere 10 hPa
geopotential middle stratosphere

radiative heating

height (m) (K day™"

6 September 1992

tracer advected with analyzed winds
for 10 days on 850K isentropic surface
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1992 January 28

50 hPa northern hemisphere 50 hPa
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Plate 3. Vortex structure on the 450 K isentropic surface at 0000 UT on January 24, 1992, from the CAS
integration of Plate 2. The DC-8 flight track for this day is shown. (The part of the flight track that is shown
here is that for which data are plotted on Plate 4; circles correspond to the hours marked on Plate 4.)
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Plate 4. Cross sections of the vortex above the DC-8 flight track on January 23-24, 1992. (top) Aerosol
scattering ratio measured from the DC-8 lidar as a function of time, with the altitudes of the 400 K (dashed
curve, bottom), 425 K, 450 K, 475 K (solid curve), and 500 K (dashed curve, top) isentropes
superimposed. (bottom) Vortex structure at 425, 450, and 475 K as determined from the CAS integrations
at 0000 UT on January 24. Plotted for each material contour are the values of potential vorticity associated
with each at the start of the calculation. Thus high values correspond to vortex air, and low values
correspond to extravortex air.
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Plate 4. Cross sections of the vortex above the DC-8 flight track on January 23-24, 1992. (top) Aerosol
scattering ratio measured from the DC-8 lidar as a function of time, with the altitudes of the 400 K (dashed
curve, bottom), 425 K, 450 K, 475 K (solid curve), and 500 K (dashed curve, top) isentropes
superimposed. (bottom) Vortex structure at 425, 450, and 475 K as determined from the CAS integrations
at 0000 UT on January 24. Plotted for each material contour are the values of potential vorticity associated
with each at the start of the calculation. Thus high values correspond to vortex air, and low values
correspond to extravortex air.
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(i) Rossby waves and the stratospheric
circulation



Driving the residual circulation

height

stirring

planetary scale Rossby
waves penetrate the
winter stratosphere;
drive circulation

% +V « F = dissipation

%'—msin(pv* - %V-F<O

— wave drag pumps flow poleward

latitude

acéS(p 88(/) (Vicos@) + %%(pv‘v*) =0

PWs = _aCéS(p 8?/) COS(pJ'Z PV dz

— “downward control” [Haynes
et al, J Atmos Sci, 1981]



explicit solutions

~2Qsingpv, = V- F

- Oy«
PV« = "5

1 (.
X* = T2Qsing LV Fdz

- wave drag must
penetrate into tropics to
explain tropical upwelling
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1992 September 6
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strongest downwelling / radiative
cooling at edge of vortex
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(iv) Gravity waves and the mesospheric
circulation



Internal gravity waves
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_FIG. 6. Height profiles of the upward flux of zonal momentum
(w'w") for the period 11-14 May 1981 (open circles) and the as-
sociated body force F {solid circles).

[Vincent & Reid, J Atmos Sci, 1983]



a) SUMMER

ERA40 zonal mean zonal wind, Jan 1973-2001

b) WINTER
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(v) Variability of the stratospheric circulation: wintertime
vacillations and polar warmings
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LABITZKE: STRATOSPHERIC-MESOSPHERIC MIDWINTER DISTURBANCES
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Fig. 10. Daily values of zonally averaged 30-mbar temperature differences [°C] between 80° and S0°N (AT, broken
lines) and daily values of the amplitudes [geopotential m] of zonal harmonic height waves | (heavy lives) and 2 (thin lines)
at 60°N, 30 mbar [from Labitzke, 19774,

[Labitzke, J Geophys Res, 1981]



Major warming Jan 2009
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WARM COOL

Polar warming as a response to stiring
wave amplification

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

height

planetary scale Rossby ~|
waves penetrate the
winter stratosphere;

stage 1 (conservative): driv circulation

V.F=- O0A

ot latitude
— forms critical layer

stage 2 (no further growth, dissipative)
V . F = dissipation

Why do waves amplify?

FZ < —_—
y Deceleration



Vacillations in simple models
(Holton & Mass, J. Atmos. Sci. , 1976)

Truncated quasi-linear model
on midlatitude B — plane
i = U(z)sinly
— linear calculation for wave
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F16. 2. Time evolutions of the mean zonal wind at 25 km and
midchannel for the steady regime (45=140 m )and the vacillating
regime (#z=145 m) for zonal wavenumber 2 forcing.
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Vacillations in GCMs [Scott
& Polvani, Geophys Res
Lett, 2004]
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Fizure 1.

T42, with 40 vertical levels. The topospheric wave forcing amplitude 4 =2 x 107" Ks™
vortex strength v = 2. The contour interval is 10 ms™

dotted, respectively.
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!, and the radiative equilibrium
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Figure 1. Zonal mean zonal velocity at 60°N as a function of height (in km) and time (in days). Numerical resolution is
T42, with 40 vertical levels. The topospheric wave forcing amplitude 4 = 2 x 10~ Ks™', and the radiative equilibrium
vortex strength v = 2. The contour interval is 10 ms ™', with positive, negative, and zero values shown solid, dashed, and
dotted, respectively.



(vi) Variability of the stratospheric circulation: the
tropical quasi-biennial oscillation
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Can be produced by 2 upward propagating waves of
opposite zonal phase speed:
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“QBO” in the lab

subcritical forcing




“QBO”

In the lab

supercritical forcing
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