
Thermodynamic cycles in the stratosphere

Paolo Ruggieri

Fondazione Centro Euro-Mediterraneo sui Cambiamenti

Climatici, Bologna

Maarten H.P. Ambaum

Department of Meteorology, University of Reading

Jonas Nycander

MISU

1



Stratospheric overturning: Brewer-Dobson
circulation

Plumb (2002)
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Conventional view

• Angular momentum balance between torque from breaking

waves and Coriolis force from meridional flow. Hence, the

meridional flow is wave driven.

• No consideration of energetics, no definition of ‘wave driven’.
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Our work

• We propose a precise definition of ‘mechanically driven’ (by

waves) vs ‘thermally driven’, based on thermodynamis.

• The definition is used to analyse the stratospheric circulation

in ERA-Interim.
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Thermally driven parcel motion
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∮
pdV

The parcel performs work on the surrounding fluid, and converts
heat to mechanical energy: Qin = Qout + Wout. It experiences
average adiabatic cooling.
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Mechanically driven parcel motion
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Win = −
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pdV

The surrounding fluid performs work on the parcel, which con-
verts mechanical energy to heat: Qin + Win = Qout. The parcel
experiences average adiabatic heating.
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Primitive equations
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Energy relations

Internal energy:

I =
∫
cvT dm

Potential energy:

U =
∫
φ dm =

R

cv
I

Kinetic energy:

K =
∫ |v|2

2
dm
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dI

dt
= S −W

dU

dt
= W − C

dK

dt
= C −D

W =
∫
p
dα

dt
dm.

I U KS ✲ ✲W ✲C ✲ D

Figure 1: Illustration of the budget equations (7), (12) and (13) for the
internal energy I, the potential energy U and the kinetic energy K. The
energy fluxes are defined as positive in the direction of the arrows.
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Thermodynamic streamfunction

Assume the circulation is stationary. Then Ψ(α2, p2)−Ψ(α1, p1)
is the mass flux across the surface bounded by the curves Ψ =
Ψ(α1, p1) and Ψ = Ψ(α2, p2).
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Ψ = const

W = C =
∫

Ψ dαdp
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We use Ψ(T, z), where

z = H ln

(
p0

p

)
Equivalent to Ψ(α, p), since the curves T = const. and α = const.

on pressure surfaces coincied.

Thermodynamic work:

W =
R

H

∫
Ψ dTdz

Vertical advective heat flux through z = z0:

F =
∫
z=z0

cpΨ dT
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Data

• ERA-Interim 1994-2015

• 6-hourly data

• 0.75◦ resolution

• yearly average, May-June (MJ), and November-December

(ND)
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Results
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A Mid/upper stratosphere: thermally driven cold cell and me-
chanically driven warm cell
B Tropopause/lower stratosphere: mechanically driven circula-
tion
C Upper troposphere: thermally driven circulation (Hadley cell)
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Vertical advective heat flux
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Poleward eddy heat flux at 100 hPa (indicator of Rossby waves).

NH: 40-80◦N
SH: 40-80◦S
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mass weighted |latitude|

Ψ in MJ

Ψ in ND
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log(mass density)

mass density and
vertical mass flux

MJ

ND
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ND, sections at 10 hPa

90◦S− 30◦S (summer)

30◦N− 90◦N (winter)

Wave-driven downwelling

of warm air in both

northern and southern

extratropics
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Mechanically driven circulation
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Horizontally uniform stratification: waves push cold air up, warm

air down, increasing the potential energy.
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Thermally driven circulation
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Sloping isentropes: the perturbation releases potential energy.
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Conclusion

• Thermodynamic definition of thermally vs mechancally driven
circulation

• Persistent thermal cell above 50 hPa performs 7 TW ther-
modynamic work

• Mechanically driven cell requires forcing 137 TW (7 TW
above 50 hPa, strongly varying with season)

• Downward advective heat flux ∼ 1 W/m2 in tropopause re-
gion, < 0.1 W/m2 above 50 hPa
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Questions:

A How is the the thermal cell driven? Baroclinic instability?

B What causes the strong and persistent mechanically driven
circulation in the tropopause/lower stratosphere? (I.e. what
causes the cold tropopause?) Overshooting convection or
waves?
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