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2.4.2 Planck’s Law

Planck’s law states that the blackbody radiative energy flux into each direction
in space as a function of frequency ⌫ and temperature T is

B⌫(T) ⇤
2h⌫3

c2
1

e
h⌫
kT � 1

(2.5)

where B⌫ is known as the Planck function. Here h ⇤ 6.626 ⇥ 10�34 m2 kg s�1

is the Planck constant, a universal physical constant at the root of quantum
mechanics, and c is again the speed of light and k the Boltzmann constant.
More precisely, the Planck function B⌫ gives the spectral radiance of blackbody
radiation. The spectral radiance is the spectral radiative energy flux that is
emitted into a cone of unit solid angle aperture in a particular direction, where
the solid angle is a measure of angular extent in three-dimensional space that
is analogous to the planar angle in two-dimensional space (see box on p. 56). It
is clear that the Planck function B⌫ does not depend on any direction measure,
and it should not: blackbody radiation is isotropic. The spectral radiance is
sometimes also called the radiant intensity or simply the intensity; we will drop
the “spectral” modifier where the context makes it clear that the radiance in
question can depend on wavelength or frequency.

Planck obtained the function (2.5) by postulating that a blackbody consists
of oscillators with frequencies ⌫ whose energies are quantized, so that they can
only take values that are integer multiples of the quantum h⌫,

En ⇤ nh⌫, n ⇤ 0, 1, 2, . . . (2.6)

Correspondingly, as pointed out a few years after Planck by Albert Einstein,
electromagnetic radiation itself is quantized: it consists of energy quanta h⌫
carried by individual photons, each associated with a frequency ⌫. The radi-
ation field can be viewed as a gas consisting of photons with a spectrum of
frequencies; its energy increases with the number of photons in it. It is a fun-
damental result of equilibrium statistical mechanics that the probability that a
state of energy En is occupied is proportional to e

�En/(kT). Using the quantiza-
tion postulate for the energy and the occupation probability of energy states
from statistical mechanics, one can compute both the density of the photon gas
in equilibrium with a blackbody and the mean energy per photon, from which
Planck’s law (2.5) follows.10 This was the first result of quantum mechanics. It
laid the foundation for a fundamental revision of our view of matter and energy
and for technological breakthroughs such as the transistor and light-emitting
diodes (LEDs).

The Planck function B⌫ can also be expressed as a function B� of wavelength
�. The radiance B⌫ integrated over the frequency interval [⌫, ⌫ + d⌫] must be
equal to the radiance B� integrated over the corresponding wavelength interval
[�, � � d�], so that energy is conserved in the transformation from B⌫ to B�.
Therefore, the transformation must obey B⌫ d⌫ ⇤ �B� d�, or B� ⇤ �B⌫ d⌫/d� ⇤

Planck’s Law
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Visible Earth

(Image credit: NASA)
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CHAPTER 2

Table 2.2: Typical albedos in percent6

Fresh snow 70–90
Sea ice 50–70
Clouds 20–80
Desert 40
Deciduous forest 20
Evergreen forest 10
Ocean 3–40

on its material properties but is not determined by them alone. The shape
of the body and its surface texture play a role, too, as does the wavelength
and angle of incidence of the incoming radiation. For example, an albedo that
depends on wavelength gives an object its color: Leaves are green because they
absorb red and blue light for photosynthesis, preferentially reflecting the green
portion of the visible band. The sky is blue because air preferentially scatters
the blue portion of the visible band (for reasons to be discussed in chapter 4).
Clouds are white because they reflect visible light relatively independently of
wavelength. Table 2.2 list a few representative albedo values integrated over
the solar spectrum.

The Bond albedo of an astronomical object refers to the fraction of the total
solar radiative energy incident on the object that is reflected back into space.
It is the albedo of the object as a whole for solar radiative energy integrated
over all wavelengths. Earth’s Bond albedo is produced by scattering of solar
radiation in the atmosphere and at Earth’s surface—processes that we will
discuss in greater detail in chapter 4. Clouds are efficient scatterers of solar
radiation and exert the dominant control on Earth’s Bond albedo. The highly
reflective snow- and ice-covered surfaces in the polar regions also contribute
substantially. Because their extent shrinks as the climate warms, which exposes
darker ocean or land surfaces underneath when sea ice or land ice retreat, they
provide an important feedback mechanism: the ice-albedo feedback, which can
amplify climate changes.

Before the advent of satellites, Earth’s Bond albedo was estimated by mea-
suring the albedo of Earth’s surface and of clouds from mountains or balloons,
and by attempting to combine such measurements in a weighted mean to form a
Bond albedo estimate. The resulting albedo estimates were in error by as much
as 20%. Since the early 20th century, Earth’s Bond albedo has also been mea-
sured astronomically by measuring Earthshine—the sunlight reflected from the
Earth that faintly illuminates the dark portion of the Moon’s face. Earth’s Bond
albedo can be inferred by measuring the relative brightness of directly sunlit
and earth-lit portions of the Moon during different lunar phases. However,
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2.4.2 Planck’s Law

Planck’s law states that the blackbody radiative energy flux into each direction
in space as a function of frequency ⌫ and temperature T is

B⌫(T) ⇤
2h⌫3

c2
1

e
h⌫
kT � 1

(2.5)

where B⌫ is known as the Planck function. Here h ⇤ 6.626 ⇥ 10�34 m2 kg s�1

is the Planck constant, a universal physical constant at the root of quantum
mechanics, and c is again the speed of light and k the Boltzmann constant.
More precisely, the Planck function B⌫ gives the spectral radiance of blackbody
radiation. The spectral radiance is the spectral radiative energy flux that is
emitted into a cone of unit solid angle aperture in a particular direction, where
the solid angle is a measure of angular extent in three-dimensional space that
is analogous to the planar angle in two-dimensional space (see box on p. 56). It
is clear that the Planck function B⌫ does not depend on any direction measure,
and it should not: blackbody radiation is isotropic. The spectral radiance is
sometimes also called the radiant intensity or simply the intensity; we will drop
the “spectral” modifier where the context makes it clear that the radiance in
question can depend on wavelength or frequency.

Planck obtained the function (2.5) by postulating that a blackbody consists
of oscillators with frequencies ⌫ whose energies are quantized, so that they can
only take values that are integer multiples of the quantum h⌫,

En ⇤ nh⌫, n ⇤ 0, 1, 2, . . . (2.6)

Correspondingly, as pointed out a few years after Planck by Albert Einstein,
electromagnetic radiation itself is quantized: it consists of energy quanta h⌫
carried by individual photons, each associated with a frequency ⌫. The radi-
ation field can be viewed as a gas consisting of photons with a spectrum of
frequencies; its energy increases with the number of photons in it. It is a fun-
damental result of equilibrium statistical mechanics that the probability that a
state of energy En is occupied is proportional to e

�En/(kT). Using the quantiza-
tion postulate for the energy and the occupation probability of energy states
from statistical mechanics, one can compute both the density of the photon gas
in equilibrium with a blackbody and the mean energy per photon, from which
Planck’s law (2.5) follows.10 This was the first result of quantum mechanics. It
laid the foundation for a fundamental revision of our view of matter and energy
and for technological breakthroughs such as the transistor and light-emitting
diodes (LEDs).

The Planck function B⌫ can also be expressed as a function B� of wavelength
�. The radiance B⌫ integrated over the frequency interval [⌫, ⌫ + d⌫] must be
equal to the radiance B� integrated over the corresponding wavelength interval
[�, � � d�], so that energy is conserved in the transformation from B⌫ to B�.
Therefore, the transformation must obey B⌫ d⌫ ⇤ �B� d�, or B� ⇤ �B⌫ d⌫/d� ⇤

Planck’s Law
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T2 = T1

T
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Figure 2.6: Blackbody radiation in two cavities that have the same temperature
T1 ⇤ T2 and that can exchange radiation through small holes. The spectral
radiative energy flux for each wavelength going from the left to the right cavity
must be equal to that going in the opposite direction. Otherwise, energy could
flow spontaneously from one cavity to another, possibly after insertion of a
spectral filter (symbolized by the dashed line) that only lets certain wavelengths
pass. This would violate the second law of thermodynamics.

to another, although they have the same temperature. This would violate the
second law of thermodynamics. Moreover, the spectral radiative energy flux
for each wavelength � going from the left to the right cavity in equilibrium must
be the same as that going in the opposite direction. Otherwise, we could insert
a filter between the cavities that only lets certain wavelengths � pass, such
that there is a spontaneous net energy transfer from one cavity to another.
This would again violate the second law of thermodynamics. Therefore, the
spectral radiative energy flux emanating from the small holes in the cavities at
each wavelength can only depend on temperature. It cannot depend on other
properties of the enclosing cavities, such as their material composition. Because
this thought experiment also does not depend on the orientation or shape of the
cavities, the emanating radiative energy flux must be the same in all directions;
that is, it must be isotropic.

The radiation emanating from the small holes in the cavities is called black-
body radiation, because the cavities act like an essentially perfect (black) ab-
sorber: Any radiative energy entering the cavity through the small hole is
virtually certain to be absorbed inside if the cavity walls absorb any portion of
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Outgoing Longwave Radiation July 1994

(Source: CLAUS, http://badc.nerc.ac.uk/data/claus/)

Easterlies
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http://badc.nerc.ac.uk/data/claus/
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1 

Atmospheric Composition 

The composition of Earth’s atmosphere both controls the 
radiative environment and is significantly regulated by 
biological activity.  On geological timescales, the recycling 
of carbon via plate tectonics is critical for Earth’s climate 
(c.f. Mars & Venus).  Table 1.1 lists, in order of 
abundance, the constituents of Earth’s atmosphere.  

3.8 x 10-4 

3.9 x 10-4 

Composition of the Atmosphere

Controls radiative properties



2 

Atmospheric Mass: 
The Hydrostatic Balance  

H 

"vacuum" 

Patm 

Atmospheric pressure is the weight exerted by the overhead atmosphere on a 
unit area of surface.  Consider the mercury barometer: 

The weight of the mercury column, H, must equal the weight of the atmospheric 
column, or: 
Patm = ρHg g H = (at sea level) 13.6 g cm-3 × 9.8 m s-2 × 76 cm = 1.013 × 105 kg m-1 s-2 
in SI units.  The SI unit is Pascal (Pa); 1 Pa = 1 kg m-1 s-2.  Other units for 
atmospheric pressure in widespread use: the atmosphere, 1 atm = 1.013 x 105 Pa, 
the bar (b) (1b = 1 x 105 Pa), the millibar (mb) (1mb = 100 Pa) and for Chemists, the 
torr = 1 mm Hg = 134 Pa.  To be good internationalists, Pa are it!  Often you will now 
see pressure in hectopascals, hPa, which are equivalent to mb.   

Venus, Earth, Mars Properties


