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RadiativeRadiative forcing of the global circulationforcing of the global circulation

Energy 
transport by 
atmospheric 
dynamics



Hadley Hadley 
circulationcirculation

Non-rotating planet – one cell per 
hemisphere

Rotating planet – deflection of 
meridional winds and split of Hadley 
circulation into several cells

If planet axis is not normal to ecliptic –
Hadley pattern has seasonal behaviour

Hadley cell

Ferrel cell

Polar cell

Surface Easterlies

Surface westerlies



Thermal tidesThermal tides

Global energy balance

δT /T ~ 0.4% for Venus (tides in the thermosphere)

δT /T ~ 20%  for Mars (tides in the entire atmosphere)

Maintenance of the Venus super-rotation

TMCFtA p δ=− )1(



Condensation flowsCondensation flows

Mars: ~20% of the atmosphere is involved (COMars: ~20% of the atmosphere is involved (CO2 2 ))

Pluto and Triton : condensation of NPluto and Triton : condensation of N2 2 and CHand CH44



Navier-Stokes equation (inertial frame)

Navier-Stokes equation (rotating frame)

Atmospheric dynamics equationsAtmospheric dynamics equations
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Simplifications

incompressible and inviscid fluid

centrifugal force << gravity

Simplified wind Simplified wind 
equationsequations
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Rossby number :

Steady horizontal flow (1)Steady horizontal flow (1)
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GeostrophicGeostrophic windwind

Ro << 1 Ro << 1 importance of importance of CoriolisCoriolis forceforce

GeostrophicGeostrophic wind blows along isobars wind blows along isobars 
perpendicular to perpendicular to p∇

Pressure gradientPressure gradient

CoriolisCoriolis forceforce

WindWind



Global circulation on Global circulation on 
EarthEarth

Westward trade winds

Hadley cell

Ferrel cell

Polar cell

N

In the Northern hemisphereIn the Northern hemisphere
Cyclones Cyclones –– anticlockwise rotationanticlockwise rotation
Anticyclones Anticyclones –– clockwise rotationclockwise rotation
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Steady horizontal flow (2)Steady horizontal flow (2)
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CyclostrophicCyclostrophic supersuper--rotation rotation 
on Venuson VenusVMC UV VMC UV 

70 km70 km

Piccialli et al.Piccialli et al.
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Mean circulation on JupiterMean circulation on Jupiter

¤
¤

¤ High
Low
High
Low
High

“Zebra” of cyclonic (low P) dark belts “Zebra” of cyclonic (low P) dark belts 
and and anticyclonicanticyclonic (high P) bright zones(high P) bright zones

Equatorial superEquatorial super--rotating jetrotating jet



General Circulation Model: the MAOAM exampleGeneral Circulation Model: the MAOAM example

MAOAM atmospheric temperature

Ls=270

Originate from Earth GCMs
Grid point model from the 
surface to 120 km
Variable vertical (~1 km) 
and horizontal (64x36) 
resolution
Log-pressure coordinates 
(6 mb at z=0 km)
Realistic topography and 
surface parameters: albedo 
and thermal inertia
State-of-the-art physics 
package

Hartogh, Medvedev, et al., JGR, 2005



Temperature and thermal winds on Mars Temperature and thermal winds on Mars 
from TES/ MGS observationsfrom TES/ MGS observations



MAOAMMAOAM--TES comparisonTES comparison



Mars surface temperatureMars surface temperature
MAOAM vs. TESMAOAM vs. TES

MAOAM, 2am MAOAM, 2pm

TES, 2am TES, 2pm



MAOAMMAOAM predictions and predictions and 
MCSMCS observationobservation

McCleese et al, 
Nature Geoscience, 2008

Hartogh et al, JGR, 2005
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Venus Venus GCMsGCMs
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