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What Worksheet 5 trains

Four problems, all built on Lectures 9-10. The physics you need, per problem:
1. Equilibrium temperature and the greenhouse: radiative balance, the
one-layer greenhouse factor, the gap to the true surface temperature.

2. The runaway greenhouse: the vapour-pressure photosphere, the
Simpson-Nakajima ceiling on outgoing infrared, which planet crosses it.

3. Thermal escape from Mars: the escape speed, the Jeans parameter,
why light molecules leave first.

4. Mercury and Mars: two ways to end: the spin-orbit resonance, thermal
contraction, size against dynamo lifetime.

Every problem has the shape and level of one exam question. All parts are

analytical; no computer is needed.
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Equilibrium temperature and the greenhouse

Radiative balance from Lecture 9:
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e The factor 1/4 is geometry: a disc of
area mR? intercepts, a sphere of area

4mtR? radiates.

e One opaque layer warms the surface
by exactly 2'/% = 1.19; the true

greenhouse is larger.

Same law, two planets

Venus intercepts 1.91 times Earth’s
flux yet reflects most of it. Run both
planets through the one formula,
then measure each equilibrium
temperature against the observed
surface. That gap is the greenhouse.

One radiative balance sets the baseline temperature; the distance from it to the

surface is the greenhouse you must explain.
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The runaway greenhouse

The infrared ceiling of Lecture 9:
Cross the ceiling, run away

ForR = OTghot Pohot = % If the absorbed sunlight
F... = S(1-A)/4 exceeds this cap, no
steady surface temperature can
e Clausius-Clapeyron fixes T ot At the balance it and the ocean evaporates.
vapour-pressure photosphere, Test F,, . against the cap for both
independent of the surface below. planets.

e A hotter surface cannot raise the
outgoing flux: it caps at the
Simpson-Nakajima limit.

A saturated steam atmosphere has a fixed ceiling on its outgoing infrared;

exceed it with sunlight, and no ocean survives.
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Thermal escape from Mars

The escape parameter of Lecture 10:
Light first, heavy never

A= __GMm__ v = 26M Atomic hydrogen (A = 5.3) escapes
RpTexo oo about 150 times faster than H,

B exo exo

(A = 10.6). Carbon dioxide (A = 233) is
suppressed by e 233: thermal escape
cannot remove it at all.

e Ais the ratio of gravitational to thermal
energy at the exobase; it scales
linearly with molecular mass.

 The Jeans flux carries (1+A)e™ and a
thermal-speed factor « m™'/?; the
exponential decides the outcome.

One exponential in the mass sorts which gases a planet keeps; Mars loses its

hydrogen and holds its CO,,.
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Mercury and Mars: two ways to end

Two clocks:

Why the two ended differently

1 1 1 M _ AR - - -

T P Tp 2 2 R Size sets the cooling rate; cooling

solar rot orb .
sets how long the dynamo runs;
gravity sets what the atmosphere

* Mercury’s 3:2 resonance makes a solar keeps. Argue from these three
day last two Mercury years. controls in part (c).

* Cooling shrank Mercury by AR =7 km, a
0.57% area loss taken up as lobate
scarps.

Size sets the cooling rate, cooling sets the dynamo lifetime, and gravity sets

atmospheric retention; the same three controls produced Mercury and Mars.
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Working the worksheet

« Show your algebra. The exam asks for the steps, not only the number.
« Carry 4 significant figures through intermediate steps; round at the end.

» Use the checkpoints (“show that ...”) to verify your work and to keep
moving if a step resists.

» Qualitative parts want 2 to 3 sentences of physics, not an essay.

* Most parts close by asking what the number means: that interpretation
is graded, not only the arithmetic.

Worksheet and full solutions: ips.formingworlds.space/worksheets.html.

We discuss questions, not presentations of the solutions.
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