
2026.03.23

109



Absorption / Opacity / Optical Depth
(Loosely based on C.4.5)

Michael Richmond’s lecture notes http://spiff.rit.edu/classes/phys440/lectures/optd/optd.html 
Central question: The photons we see, where do they come from?

• Opacity 𝜅𝜈: the measure of impenetrability to radiation
– It is a function of frequency 𝜈
– Note that the textbook uses 𝛼𝜈 (Eqn. 4.38)

• Optical depth
• Optically thin, optically thick
• Photosphere
• Additional reading
– https://en.wikipedia.org/wiki/Photosphere
– https://en.wikipedia.org/wiki/Opacity_(optics)
– https://en.wikipedia.org/wiki/Optical_depth_(astrophysics)
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Limb Darkening 

𝜏𝜈 ~ 2/3

Temperature decreases outward 
in  the solar atmosphere

𝜏𝜈 ~ 2/3

https://en.wikipedia.org/wiki/Limb_darkening

sk
ip



C.5 Planetary Atmosphere
• Goals: find the density, temperature, and composition at each 

location in the atmosphere.
• Two governing physical principles
– Hydrostatic equilibrium

• Assuming g is known and independent of z
• Ideal gas law: p = nkT
• Assuming composition is known and independent of z
• Assuming T is known and independent of z
• In reality, this is not always the case: composition and T can both be functions of z

– Thermal equilibrium: 
 [energy input per sec] + [energy output per sec] = 0

• Primarily governed by the efficiency of energy transport. 

114

# of equations? # of unknowns?

# of unknowns?
# of unknowns?

# of unknowns?
# of unknowns?





Thermal Structure: Energy Sources and Possible Processes That 
may Affect Temperature

• Energy sources (C.5.1.1)
– Solar radiation 

• Mainly optical , but EUV (100 – 10 nm) heating of the upper atmosphere is important
– Re-radiation of sunlight by a planet’s surface or atmospheric molecules, dust particles or cloud 

droplets (mainly IR)
– Internal heat sources from below (e.g., volcanoes, geysers, release of gravitational energy, etc)

• Earth (P102): 
– nearly one-quarter of the solar radiation is absorbed by the atmosphere;
– nearly half is absorbed at the surface; 
– nearly one third is reflected back to space

• Other processes
– Chemical reactions in an atmosphere change its composition, which leads to changes in opacity and 

hence thermal structure. 
– Chemical interactions between the atmosphere and the crust or ocean. 
– Clouds and/or photochemically produced haze layers scatter incident light, affecting the energy 

balance. 
– Biochemical and anthropogenic processes.
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O3 depletion à EUV 
penetration & reach the ground



Fig. 5.1



Layers in the Earth’s Atmosphere
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Space Shuttle Endeavour / NASA

• https://en.wikipedia.org/wiki/Troposphere
• https://en.wikipedia.org/wiki/Tropopause
• https://en.wikipedia.org/wiki/Stratosphere
• https://en.wikipedia.org/wiki/Mesosphere
• https://en.wikipedia.org/wiki/Thermosphere

• Troposphere: 0 – 10 km
• Convection
• T decreases with z (heating from below)

• Stratosphere: ~ 10 – 50 km
• Ozone layer
• T increases with z (heating from above)

• Mesosphere: ~ 50 – 100 km
• Least understood (inaccessible – why?)
• T decreases with z (heating from below)

https://en.wikipedia.org/wiki/Troposphere
https://en.wikipedia.org/wiki/Troposphere
https://en.wikipedia.org/wiki/Tropopause
https://en.wikipedia.org/wiki/Tropopause
https://en.wikipedia.org/wiki/Stratosphere
https://en.wikipedia.org/wiki/Stratosphere
https://en.wikipedia.org/wiki/Mesosphere
https://en.wikipedia.org/wiki/Mesosphere
https://en.wikipedia.org/wiki/Thermosphere
https://en.wikipedia.org/wiki/Thermosphere
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Atmosphere Composition (C.5.2)

• How to measure the composition of a planetary atmosphere?
– Remote sensing / spectrum
–Mars & Venus: 95-97% CO2

– In situ probe
• Venus, Mars, Jupiter, Moon, Titan, 
Mercury, Enceladus
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Cloud Formation (C.5.3)
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Figure 5.4
Discussion on P119

Triple point





C.5.4 Meteorology (skip)

C.5.5 Photochemistry

C.5.6 Molecular and Eddy Diffusion (skip)
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Ozone (C.5.5.1)



Atmospheric Escape  (5.7)

• Thermal (Jeans) Escape 
–Mean free path: the average distance travelled by a moving particle between successive 

collisions
– https://en.wikipedia.org/wiki/Mean_free_path
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Atmospheric Escape  (5.7)

• Thermal (Jeans) Escape 
–Mean free path: the average distance travelled by a moving particle between successive 

collisions
– https://en.wikipedia.org/wiki/Mean_free_path

• Helium is a non-renewable resource
– He is easy to escape, for two reasons

• He atoms can reach high velocities
• He makes up a good fraction of the atmosphere in the exosphere
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Wiki
https://en.wikipedia.org/wiki/Maxwell–Boltzmann_distribution

The probability density 
functions of the speeds of a 
few noble gases at a 
temperature of 298.15 K 
(25 °C). 

He atoms can reach very high velocities!

Reason I





U.S. Standard 
Atmosphere

Atomic weight: 4

Atomic weight: 40

Exosphere mainly composed 
of light weight atoms and molecule

Reason II



Atmospheric Escape  (5.7)

• Thermal (Jeans) Escape 
–Mean free path: the mean free path is the average distance travelled by a moving particle 

between successive collisions
– https://en.wikipedia.org/wiki/Mean_free_path

• Helium is a non-renewable resource
• Hydrodynamic Escape

– https://en.wikipedia.org/wiki/Hydrodynamic_escape

• Hot Jupiter 
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Origin of atmosphere (C.5.8)

• Source of the atmosphere
– Primordial

• Accretion from a gaseous disk during formation
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Credit: CfA / Harvard



Origin of atmosphere (C.5.8)

• Source of the atmosphere
– Primordial

• Accretion from a gaseous disk during formation

– Secondary
• Volcanic activity 
• Sublimation of ices (e.g., brought to Earth by comets, etc)

– What would happen if a comet strikes the Earth? 
– What if we move the Earth to Pluto’s orbit?

• Sputtering  (microscopic particles of a solid material are 
ejected from its surface, after the material is bombarded by 
energetic particles of a plasma or gas)

• Earth’s atmosphere: secondary
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Therefore Earth atmosphere must be secondary



Climate Evolution (C.5.8.2) 

• Two positive feedback loops on the Earth

138Image credit: NASA
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Chapter 6: Surface & Interior

140

Fig. 6.5



Equipotential Surface  (S.6.2.2)
The shape of a planetary object
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Rotating Frame

An object sits still in a frame co-rotating with 
the planet. What is its total energy?

Etotal = Eg + Ek
Eg = gravitational energy = – GM/r
Ek = kinetic energy = –0.5r2 𝜔rot2 sin2(𝜃)

Equipotential surface: surface on which Etotal 
is a constant

Objects can freely move along the surface of 
equipotential surface.

Equipotential surface defines the shape of a 
planet (why?)

𝜔rot

Additional reading
https://en.wikipedia.org/wiki/Equipotential



The relatively small 
I/(MR2) values for the 
giant planets, bodies that 
are rapid rotators in 
hydrostatic equilibrium, 
suggest a pronounced 
increase in density 
towards their centers.

• r is a vector perpendicular to the axis of rotation and extending 
from a point on the rotation axis to a point in the body

•  

• For a uniform sphere, I = 0.4 MR2
• As mass becomes more concentrated towards the center, how 

would IP change?

Moment of inertia



• Additional heating sources of planets and moons
– Heat left from accreting material during formation
– Gravitational contraction
– Differentiation of He from H.
– Radiative decay
– Temporal variation in tidal forces

S.6.2.3





Volcanism (C.6.3.2)

• Problem 7, Assignment 2
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Impact Cratering (C.6.4)
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1.2 km

Meteor Crater in Arizona (Fig. 6.23) 


