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Motivating questions

Overview and phenomenology

— Planetary parameters and ‘geography’ of Mars

— Zonal mean circulations as a function of season

— CO, 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?

e D.G. Andrews - Intro.....
o J. T. Houghton - The Physics of Atmospheres (CUP)
ALSO

* [. N. James - Introduction to Circulating Atmospheres
(CUP)

e 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 - February 1995 HST - WFPC2

PR95-17 - ST Scl OPO - March 21, 1995
P. James (U.Toledo), S. Lee (U.CO), NASA




Mars Pathfinder (1997)

Mars Exploration Rovers (2004)



Orbiting
spacecraft:

Mars Reconnaissance
Orbiter (NASA)

Mars Global Surveyor Project

MGS Spacecraft In
Mapping Configuration

Structure Mass: 595 kg
Propellant Mass: 380 kg - HA?:;E:;"
Payload Mass: 75 kg Main §-

Engine

Total Mass: 1,050 kg
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Radio Science
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Image credits:
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Mars Express
orbiter

e Stereo imaging

e Infrared sounding/mapping

e 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
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DATA ASSIMILATION
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Retrieved atmospheric
parameters ( p,T,dust...)
- incomplete coverage

- noisy data.....

vy v v v

Assimilation algorithm

- sequential estimation

- 4Dvar ..... ?

LT

ﬂ Spacecraft

Global 3D analysis
- global coverage
- continuous in time
- all variables......

General Circulation Model

- continuous 3D simulation

- complete self-consistent
Physics

- all variables........

- time-dependent circulation
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LMD-Oxford/OU-1AA
European Mars Cllmate model

Temperature (K) 5 Global numerical model of Martian

i atmospheric circulation (cf Met
s1om Office, NCEP, ECMWEF...)
o  High resolution dynamics
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Earth Mars
Mean orbital radius (1011 m) 1.50 2.28
Distance from Sun (AU) 098 -1.02 | 1.38-1.67
Orbital eccentricity 0.017 (.093
L of perihelion (°) 281 251
Planetary obliguity 23.93° 25.19°
Rotation rate, © (102 s—1) 7.204 T7.088
Solar day, sol (5) 86,400 88,775
Year length (sol) 365.24 66E.6
Year length (Earth days) 365.24 6E6.98
Equatorial radius (10° m) 6.378 3.396
Surface gravity, g (m s—2) 0.81 3.72
Surface pressure (Fa) 101.300 600 (variable)
Atmaospheric constituents {molar ratio) || Ng (77%) COs (95 %)
Og (21 %) | No (2.7 %)
H-O (1 %) | Ar(l.6 %)
Ar(0.9%) | O (0.13 %)
Gas constant B (m? s—2 K—1) 287 210
cp/ R 3.5 4.4
Mean Solar Constant (W m—2) 1367 589
Bond Albedo 0.306 (.25
Equilibrium temperature, T, (K) 256 210
Scale height, H = RT./g (km) 7.5 10.8
Surface temperature (K} 230-315 140-290
Dry adiabatic lapse rate (K km—1) 9.8 4.5
Buoyancy frequency, V (10~ s~ 1) 1.1 0.6
Deformation radius, L = NH/Q (km) 1100 920




MOLA Topography
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MOLA topography: polar regions
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Mars surface properties:
albedo (Viking)
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Mars surface properties:
thermal inertia (MGS + VIKIng)
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Physical processes needed to
model large-scale atmosphere

Radiative transfer
— Solar heating of surface, and atmosphere via dust absorption
— Infrared CO, band cooling (especially around 667 cm-t)

— nonLTE near-infrared heating of CO, 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

CO, condensation, snow and sublimation (NB peculiar to Mars)
Radiatively interactive dust transport, lifting and deposition
Water vapour transport, sources and sinks.....



SCHEMATIC ENERGY BUDGET

EMITTED infrared (t o space)
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Quantitative energy budget

Mid-latitude energy
radiative energy fluxes
— Roughly in balance 1=06
— Computed in UK Mars
GCM
100 (arbitrary) units of
solar input [solid]
~90-100 (arbitrary) units
of infrared emission to
Space 1=50
Absorption of solar

radiation by dust and at
surface
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Global Energy Budget

Mars Global Energy Balance (L,=0-30 degs)
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Mars
Annual
mean

circulation

[Read & Lewis
2004]
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Seasonal
variations of the
zonal mean
circulation on
Mars
(Oxford MGCM)

_QuickTime™
are needed to see

and a
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this picture.



Held-Hou model of Hadley circulations

‘Nearly inviscid’ symmetric
Hadley circulation

— Held & Hou, J. Atmos. Sci., 37,
515-533 (1980) "

Upper (pOIEWard) branCh Frictionless
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, g

0e = o - DqPZ(smf)Oqu —" * [noting sin £° y/a]

« Find a zonal wind, u,,,which conserves angular momentum from the
equator (m = Qa2 = Qa?cos?f +ua cosf)

g = Wa?sin® £ _ Wy’
M acosf a

* Approximate vertical wind shear and apply the thermal wind eqn

M Uy Wy g /g

w H aH 2Wq,sinf 1y

4

« Rearrange and integrate to find g,,,consistent with AM conservation
2
Hg _ 2W°q, s _
— == y*, sothat gy =gy, - y

WZ%
Ly a’gH 2a°gH




 The Hadley cell lies betweeny = # Y with g =g for |y| > Y
— Offsets q,,=qg-aty=2%Y
— No net heating/cooling across the Hadley regime so, assuming heating
s linear in g- - q,,
Y Y

N gy dy =1] gedy
0 0

e This gives two equations which can be solved for Y and g, - g,,

a5gHDq02 O~ = 5gHDg’
QBWZ%. eo ~ Ymo 18a2W2q0

» For typical Earth values, Y ~ 2000 km and ¢r -g,,~ 0.8 K



Held-Hou temperature structure

Cool  Heat  Cool
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« Heating rate determined by difference between q,, and g



Held-Hou temperature structure
(off-equator)
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Heating rate determined by difference between q,, and g¢
e Lindzen & Hou (1988, J. Atmos. Sci., 45, 2416)



Held-Hou modified for off-
equatorial heating

e 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)

o Small offset leads to almost
complete dominance of one
Hadley cell

#=0°
-] B
ST Trr =
O W B |
=H°
1511 =377
1 SEhAA
i ‘3\‘:‘\:\\‘:\‘1
s LITIRNN T
i IR EHHT
L l‘"'l““
”‘l"li
L || \/;If‘l}:“
r
10' .I i
L 1 ~ P
hag
N iy
1" Ity
3 ity g
NN
[ IHRTRiE
5+ ot
i h
- o .I It
- Bl !
Wiy .
00d~{ it i
L . 0T
wWiTZzl/ ]
PR TR RPN Y DU PR PR B % 25 =< 1 I HPR PR PR NIRRT AP

LATITUDE (degrees)



Pressure
variations

e VL1 (23°N)

e VL2 (48°N)
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Seasonal CO, cycle on Mars:
condensation flow

CO, sublimes/condenses at T~140 K
(around p~600 Pa) “

Latent heat L =5.9 x 10° J kg1 Northern

hemisphere
This temperature is regularly reached
during polar winter on Mars, so that a
substantial mass of CO, Is transported L
between the poles during the seasonal

cycle

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

How does this modify the atmospheric
circulation?

Southern






