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Basic laws

Equation of state : ideal gas law

We consider the atmospheric gas as ideal :

mean molecular mass

P=pRT R=R*/u
/ I R* = 8.314 J mol™* K*
pressure density temperature

XXV Canary Islands Winter School of Astrophysics — Solar System Exploration



Planetary Atmospheres - 3. Atmospheric dynamics and circulation regimes

Basic laws

Hydrostatic equilibrium

Fluid elemental particle at rest

p(2) A

p(z+dz)

e

altitude \

gravity
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Basic laws

Scale height

Combining ideal gas law and hydrostatic equilibrium :

ar__ 9 4,

- _ RT
» ~ RT H = =

When T is taken as constant (isothermal atmosphere) :

P = Po .{_—?_EXH
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Basic laws

Adiabatic lapse rate

For a parcel recieving the heat quantity oq, from first
principle of thermodynamics we get :

dp
cpdl = & + 0q

7 £

Specific heat capacity at constant pressure

When this parcel moves adiabatically :

A" Rdp I’ g
T ¢, p © dz C:
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Basic laws

Potential temperature

Moving adiabatically a parcel from (p, T) to a reference pressure p,,
Its temperature will be 6, defined as the potential temperature.

To get the expression for 6, we integrate this expression

dl”  Rdp
1 B Cp P
Po\"
If Cp does not depend on T, we get 9 — T sl
P
K:R/%

XXV Canary Islands Winter School of Astrophysics — Solar System Exploration



Planetary Atmospheres - 3. Atmospheric dynamics and circulation regimes

Momentum equations

Spherical coordinates, local frame
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Momentum equations

Momentum equations derived in the local frame

relative — _ - pressure o ity + friction + Coriolis - centrifugal
acceleration gradient force force
du uwvtan¢  uw . | 1
— — ' —I——=Eﬂ{1.'5111+:_;-—u.‘mw}———p + Fr,
dt r r pdr
dv u’tan¢ vw 6 1 3 1 dp
— + — + — = —2Qu sin ¢ — —— + Fry,
dt r r p Ay
2, .2 1 dp

ETh ¥ 1! , 1
dw W = 2Q0u cos ¢ ——a. — 9 + Fr;
dt T p ﬂ.-"_-

XXVIII Canary Islands Winter School of Astrophysics - Solar System Exploration



Planetary Atmospheres - 3. Atmospheric dynamics and circulation regimes

Momentum equations

Approximations thin atmosphere : z << a
”‘E s N B 20 sin v — 20 cos pw —ii +F'ry
dt a ' p Ox
% + —— —I—% = —2(2sin ¢u _%:j},; +ET,
% . u? ; v’ — 2€2 cos ¢u - %F —§ Ll
® Hydrostatic balance ®®® Gradient wind balance
® @ Geostrophic balance ® @® Quasi-geostrophic equations
® ® Cyclostrophic balance ® ® ® ® Primitive equations
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Momentum equations

Thermal wind equation

Cyclostrophic balance

1 op u?tan o ,
- = ¢ : latitude
P oy a a :planet radius
yields
with  T=-In P
pref
2 u? ou —-_ R oT
oC tan ¢ o
C cst
vertical zonal wind temperature
gradient meridional gradient
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Energy redistribution

Annual average energy balance for Earth's atmosphere
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Energy redistribution

At top of atmosphere, as a function of seasons

W/m2

@ ge=— -0 @D
0 =N 450 ]
= - 400 = 280
= R0 — 260
':_“ 200 o 240
. 250 220
. 200 200
1650 180
100 160
Rl 140
1] 120
= O I:E 'ﬁ_ - £ E. oo T [ T =
T 4 E o E = = B o] § £ 3
Solar insolation Thermal radiation

XXV Canary Islands Winter School of Astrophysics — Solar System Exploration



Planetary Atmospheres - 3. Atmospheric dynamics and circulation regimes

Energy redistribution

The case of Mars : role of surface thermal inertia
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Meridional circulation

Driving mechanism
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Meridional circulation

Effect on the zonal wind

mean position of polar
jet stream
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Meridional circulation

Mars Hadley cells
=% EARTH

= 0 = - — 5 F
Mean meridional circulation = Faa S [ Ta
(from simulations, <C il Tas

mass flux in 10° kg s) 90 605 s E0 30N 60N 90N

Northern winter solstice
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Meridional circulation

Mars Hadley cells

Mean zonal wind (m/s) Jet stream
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Meridional circulation

Venus and Titan : slow rotation
Extension of Hadley cells from equator to the poles
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Meridional circulation

Titan : impact of seasons
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Superrotation

Observations : Venus

VeRa wind field
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=> thermal wind equation cloud tracking
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Superrotation

Observations : Titan

Gradient Wind (ms™) u (10 mb) = 4 * Titan Rotation
I 1 | I T T T T
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01F
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Cassini/CIRS thermal winds retrieval
(Ls ~ 300°, northern winter)
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Superrotation

Mechanism : angular momentum transport

High-speed jet

el

mean meridional circulation

planetary-scale waves

Equatorial super-rotation
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Convection
Buoyancy
Z
A
b T
L e do/dz <0 : unstable
=> convection
p-dp .
p .
p.;. "L ?x H:ﬂx
: : _
T 0, 6 6 T
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Convection
Static stability
dl’
5= 4 9
dz Cp
Brunt-Vaisala
: g g df
Ni=28=°>—
BT 0 dz
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Gravity waves

Mars

XXV Canary Islands Winter School of Astrophysics — Solar System Exploration



Planetary Atmospheres - 3. Atmospheric dynamics and circulation regimes

Gravity waves

Mars Venus Titan
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Planetary-scale waves

Baroclinic waves
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Planetary-scale waves

Barotropic waves Barotropic instability criterion (colors)

Latitude (deg N)
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Small-scale vortices

Dust devils
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Small-scale vortices

Tornadoes
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Synoptic vortices

Earth hurricanes

Earth extra-tropical cyclones
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Giant planet vortices

Jupiter (Voyager 1)
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Giant planet vortices

Saturn (Cassini/ISS)
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Polar vortices

NCEP/GFS OZONE MIXING RATIO
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Polar vortices

VENUS
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Polar vortices

TITAN

N
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Polar vortices

Saturn (Cassini/ISS)
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