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Motivating questions
• Overview and phenomenology

– Planetary parameters and ‘geography’ of Mars
– Zonal mean circulations as a function of season
– CO2 condensation cycle

• Form and style of Martian atmospheric 
circulation?

• Key processes affecting Martian climate?
• The Martian climate and circulation in 

context…..comparative planetary circulation 
regimes?



Books?

• D. G. Andrews - Intro…..
• J. T. Houghton - The Physics of Atmospheres (CUP)
ALSO
• I. N. James - Introduction to Circulating Atmospheres 

(CUP)
• P. L. Read & S. R. Lewis - The Martian Climate Revisited 

(Springer-Praxis)



Ground-based observations
Percival Lowell

Lowell Observatory
(Arizona)

[Image source: Wikimedia Commons]



Mars from 
Hubble 
Space 

Telescope



Mars Pathfinder (1997)

Mars Exploration Rovers (2004)



Orbiting 
spacecraft:

Mars Reconnaissance
Orbiter (NASA)

Image credits: 
NASA/JPL/Caltech



Mars Express
orbiter
(ESA)

• Stereo imaging
• Infrared sounding/mapping
• UV/visible/radio occultation
• Subsurface radar
• Magnetic field and particle 

environment



MGS/TES 
Atmospheric 

mapping
From: Smith et al. (2000)
J. Geophys. Res., 106, 23929



DATA ASSIMILATION

 Spacecraft

 Retrieved  atmospheric
 parameters ( p,T,dust...)
 - incomplete coverage
 - noisy data.....

  Assimilation algorithm    Global 3D analysis
   - sequential estimation - global coverage
   - 4Dvar .....? - continuous in time

- all variables......

 General Circulation Model
 - continuous 3D simulation
 - complete self-consistent

Physics
 - all variables........
 - time-dependent circulation



LMD-Oxford/OU-IAA 
European Mars Climate model

• Global numerical model of Martian 
atmospheric circulation (cf Met 
Office, NCEP, ECMWF…)

• High resolution dynamics
– Typically T31 (3.75o x 3.75o)
– Most recently up to T170 (512 x 

256) 
– 32 vertical levels stretched to ~120 

km alt. (s = p/ps) 
– Surface topography & thermal 

properties
• Radiative transfer (solar heating and 

IR cooling)
• Seasonal and diurnal cycles
• CO2, dust and H2O transport
• Boundary layer mixing
• Sub-gridscale orographic drag
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MOLA Topography



MOLA topography: polar regions



Mars surface properties: 
albedo (Viking)



Mars surface properties: 
thermal inertia (MGS + Viking)

I = KrCp



Physical processes needed to 
model large-scale atmosphere

• Radiative transfer
– Solar heating of surface, and atmosphere via dust absorption
– Infrared CO2 band cooling (especially around 667 cm-1)
– nonLTE near-infrared heating of CO2 and nonLTE cooling effects above 

~60-80 km.
• Surface processes, thermal diffusion in soil model
• Convective mixing
• Planetary boundary layer

– Turbulence closure
• Orographic drag and internal gravity wave breaking
• CO2 condensation, snow and sublimation (NB peculiar to Mars)
• Radiatively interactive dust transport, lifting and deposition
• Water vapour transport, sources and sinks…..
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Quantitative energy budget
• Mid-latitude energy 

radiative energy fluxes
– Roughly in balance
– Computed in UK Mars 

GCM
• 100 (arbitrary) units of 

solar input [solid]
• ~90-100 (arbitrary) units 

of infrared emission to 
space

• Absorption of solar 
radiation by dust and at 
surface



Global Energy Budget

[Data from Mars Climate Database]



Mars
Annual 
mean 

circulation
[Read & Lewis 

2004]



Seasonal 
variations of the 

zonal mean 
circulation on 

Mars
(Oxford MGCM)
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Held-Hou model of Hadley circulations
• ‘Nearly inviscid’ symmetric 

Hadley circulation
– Held & Hou, J. Atmos. Sci., 37, 

515-533 (1980)
• Upper (poleward) branch 

conserves angular momentum
• Zonal flow ‘balanced’

– Geostrophic/thermal wind
– Cyclostrophic?

• Surface winds assumed to be 
‘small’ (~0)

• Thermal ‘eddy diffusion’
assumed negligible



Held & Hou analytical model of Hadley circulation
• Take a radiative equilibrium potential temperature profile, qE

• Find a zonal wind, uM,which conserves angular momentum from the 
equator (m = Ωa2 = Ωa2cos2f + ua cosf)

• Approximate vertical wind shear and apply the thermal wind eqn

• Rearrange and integrate to find qM,consistent with AM conservation
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• The Hadley cell lies between y = ±Y with q = qE for |y| > Y
– Offsets qM = qE at y = ±Y
– No net heating/cooling across the Hadley regime so, assuming heating 

is linear in qE - qM

• This gives two equations which can be solved for Y and qE - qM

• For typical Earth values, Y ~ 2000 km and qE - qM ~ 0.8 K
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Held-Hou temperature structure

• Heating rate determined by difference between qM and qE
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Held-Hou temperature structure
(off-equator)

• Heating rate determined by difference between qM and qE

• Lindzen & Hou (1988, J. Atmos. Sci., 45, 2416)
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Held-Hou modified for off-
equatorial heating

• Original Held-Hou model 
designed for solar heating 
centred on the equator

• Can also modify for off-
equatorial heating 
distribution
– Lindzen & Hou (1988, J. 

Atmos. Sci., 45, 2416)
• Small offset leads to almost 

complete dominance of one 
Hadley cell



Pressure 
variations
• VL1 (23oN)

• VL2 (48oN)



Seasonal CO2 cycle on Mars: 
condensation flow

• CO2 sublimes/condenses at T~140 K 
(around p~600 Pa) 

• Latent heat L = 5.9 x 105 J kg-1

• This temperature is regularly reached 
during polar winter on Mars, so that a 
substantial mass of CO2 is transported 
between the poles during the seasonal 
cycle

• ~1/3 of atmospheric mass condenses 
onto winter pole

• How does this modify the atmospheric 
circulation?




