
Temperature of the Earth Handout

1 Crudest estimate

The Earth is very much like the space capsule from Grey space capsule. Unlike the grey capsule, the albedo of the Earth
(the fraction of incident light reflected) is around 30%. So when we assume the Earth is black at far infrared wavelengths
(where it is radiating), and that the temperature everywhere on Earth is equal to its average, we would find that
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which is well below the freezing point of water. How does that compare with the actual Earth?

Figure 1: A map of the mean temperature at different places on Earth. The global average is 287 K.

Clearly while we got a ballpark estimate correctly, we’ve missed out on a few important factors. You may first notice
that the Earth is not a uniform temperature, which stands out in this image, but more significant is the fact that the
average temperature is considerably higher than our estimate. We’ve left out a lot, but most importantly, we left out the
effect of the atmosphere. The Earth does not radiate as a blackbody.

2 Refining the model

Figure 2: For some infrared wavelengths, the
blackbody/thermal radiation isn’t “free” from
the atmosphere until an altitude of 10 km.

We can fly a satellite up to space and take a look down at the night-time
Earth (away from cities), and measure the electromagnetic waves that are
emitted. Thus we can measure the “Earth glow.” (Such a satellite was
launched in 1970.)
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Figure 3: Measurement of the Earth glow, including a comparison with the blackbody spectrum for several tempteraures.

At some temperatures we see a good match with the 320 K spectrum.
At other temperatures, it looks more like a 220 K spectrum, or even a
different temperature.

What’s going on is that at some frequencies of light (resonant frequen-
cies) H2O and CO2 are driven into vibrational motion.

Why don’t N2 and O2 play a role in this explanation? There are a lot
of gases in the atmosphere...

fraction gas
76.5% N2

20.5% O2

2.0% H2O vapor (can fluctuate from 0% to 4%)
0.95% Ar
0.04% CO2 (used to be 0.028%)
¡ 1% traces of Ne, He, CH4, H2

Only some of these gases interact with the Earth glow, which has a peak at 10 µm, and ranges in photon energy from
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0.03 eV to 0.36 eV. This is not enough energy to transition any molecule into a higher energy state by exciting its electrons.
It is just enough to interact with the vibrational degrees of freedom.

Figure 4: Simple model of atoms held together by springs. The vibrations of molecules with different elements create
electrical dipole moments that interact strongly with infrared light.

The natural resonance of the carbon in CO2 oscillating up and down
between the two oxygens.

f = 7× 1013 s−1 (3)

The natural resonance of a CO2 molecule bending:

f = 2× 1013 s−1 (4)

If we look at the bending mode, we will see that the wavelength is given by

λbend =
c

fbend
(5)

=
3× 108 m/s

2× 1013/s
(6)

≈ 1.5× 10−5 m (7)

= 15 µm (8)

So both energy transitions are solidly within the spectrum of the “Earth glow.”
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Figure 5: Absorption cross sections σa. The graph is from Fundamentals of Atmospheric Radiation by Craig Bohren, a
highly recommended book.

The absorption cross section is in effect the area of the “shadow” cast by
a single molecule. The actual “shadow” is of course not well defined, but the
cross section is how we quantify the amount of radiation absorbed by a single
object.
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2.1 Example: looking through a snow flurry

σ ≈ πr2 ≈ [2× 10−3 m]2 ≈ 10−5 m2

Figure 6: A picture of the “shadow” of the snowflake. Note that if the snowflake were partially transparent, its cross-section
would be lower.

Now let’s consider a snowy day with a number density of snowflakes n =
1000 snowflakes

m3 .
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What fraction of the area is obscured by snowflake shadows?

volume of air = AL (9)

snowflakes in that volume = n︸︷︷︸
1000 1

m3

AL (10)

area obscured = (nAL)σ (11)

fraction of area obscured =
n@ALσ

@A
= nLσ (12)

We define optical depth to be the length L such that nLoptσ = 1.

Lopt =
1

nσ
(13)

=
1[

103 1
m3

]
[10−5 m2]

(14)

= 100 m (15)

Finding the fraction of light blocked in a thick medium is a little complicated by the fact that some of the snowflakes
will be partially blocking other snowflakes, so you can’t simply find the total area, and the light is not 100% blocked after
you’ve reached one optical depth.

The intensity of light in the medium will actually drop exponentially as

I = I0e
− x

Lopt where Lopt =
1

nσ
(16)

You can recognize that the intensity should decay exponentially by thinking about just thin layers. In each thin layer we
can neglect the possibility of two snowflakes coinciding, so we can easily calculate the fraction of the light that is absorbed.
And then each thin layer will absorb the same fraction of the remaining light. This is precisely the pattern that leads to
exponential decay.

We can write this down mathematically by writing that the fraction of the intensity dropping in a layer with thickness
dx is

dI

I
= −nσdx (17)

dI

dx
= −nσI (18)

This is a differential equation, which like any other differential equation we must solve by guessing a form for the answer,
which gives us (16).
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