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Radiation laws

Blackbody radiation

Any substance (solid, liquid or gas) enmits radiation
according to its absolute tenperature, neasured in
units of Kelvin (K= °C + 273.15). The efficiency at
which radiation is emtted varies with the substance.
However, at any tenperature, there is an upper limt to
how much radi ati on can be emtted.

A bl ackbody is a hypothetical body that:
1) Enmits radiation at the maxi numintensity possible
for every wavel engt h.

2) Conpletely absorbs all incident radiation (hence
the term “bl ack”).

Planck’s L aw

Descri bes the anmount of radiation enmitted by a
bl ackbody at each wavel ength as a function of
t enper at ur e:

Monochr omatic irradiance E, =

AT

where we use the asterisk * to refer to bl ackbody
radi ation.

L is the wavelength in neters
T is the absolute tenperature in Kelvin (K)
C = 3.74 10 wnt

C =1.44 10?2 mk
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Pl anck’ s | aw shows the spectral dependence of energy
emitted by a blackbody at different absolute
t enper at ur es.

{7000 K

Irradiance

E, (MWm?2pum?
100 —

Wavelength A (um)

Not e: The sun has an effective radiative tenperature of about
6000 K but terrestrial objects have tenperatures only
of the order of 300 K

At different radiative tenperatures, the area under the
Pl anck curve changes and the spectral quality of the
radi ation shifts along the wavel ength axis.

These two effects are described by two well-known | aws:
one based on integration of the Planck equation to
yield the total radiant energy enmtted, and the other
based on differentiation of the equation to obtain the
peak wavel ength of the spectrum

(How does one obtain the total radiation emtted and
how does one obtain the peak of the wavel ength of the
spect runf)

Stefan-Boltzmann Law
The total amount of radiant energy enmitted by a

bl ackbody is proportional to the fourth power of the
absol ute tenperature such that,

E'=¢-T* Wm?
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where ¢=5.67 x 10® Wm? K* is the Stefan-Bol tzmann
constant. E is the area under the E, curve, i.e.,

E = [E,dA
0

Wien’s displacement Law

The wavel ength of the peak in the spectral curve is
gi ven by

2897

A max T pm,

where T is the tenperature in Kelvin.

The Wen displacenent | aw shows that there is a w de
separati on between sol ar radi ation (shortwave) and
terrestrial radiation (longwave):

2897
Sol ar (T=6000 K Amax = ——~0.5um
( ) max = =500 &
Terrestrial (T~300 K) kmw::%gigzloum

It is instructive to plot the spectra of solar and
terrestrial radiation on the same diagramto show their
relative contributions at different wavel engths. Before
doi ng so, however, it is necessary to nmake the

foll owi ng changes:

1) Solar radiation is reduced according to the inverse
square law to the nean orbital distance of earth

2) Solar radiation is further reduced (by a factor of
4) to express it in terns of unit surface area of
the gl obe (surface area of a sphere is 4 tines that
of a circular disc).

3) Wavelength is plotted on a | og scal e because of the
| arge range of wavel engths involved in the two
radi ati on streans.

4) Irradiance is nultiplied by the wavel ength (XE;) SO

that equal areas on the graph respect equal amounts
of radiant energy.

e Show the spectra of |ongwave and shortwave radiation
(Fig. 6)
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Thesolar “constant” S

The solar constant is the solar irradiance incident on
a surface perpendicular to the sun’s ray at the nmean
orbital distance of the earth and outside the

at nosphere. This represents the anount of sol ar

radi ation available for warmng the earth and for
driving its atnospheric and oceanic notions.

We can cal cul ate the solar constant knowi ng its radiant
output, its radius and the orbital distance of the
earth, using the inverse square |aw

=
E1
point source !
I

If the same ampunt of radi ant energy passes through
areas A; and A, the irradiance (flux of energy per
unit area) is inversely proportional to the area, and
thus to the squares of the radial distance fromthe

origin.
2
B2 _A_|n
B, Ay \n

Now consider that r; is the radius of the sun and A; is
an area on the surface of the sun which radiates with
an effective tenperature of 5784 K
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Where r; = 6.95 x 10° km r, = 149.6 x 10° km

From the Stefan-Boltznmann | aw,

E;=c-T*=(5.67x10%) (5784)* wWm™

Then, using the inverse square |aw,

2
E, - El(ll:—lj ~ (5.67x10) (5784)4(

5 \2
6.95x10
2

149.6 x 108
S = E - 1370 Wni?

This is the solar constant, the irradi ance of the sun
at the earth’s orbital distance.

Li kewi se, we could find the solar constant for planet x

knowing its orbital distance, or we could calculate it
based on know edge of earth's solar constant.

2
Es (I
E, \r3
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Emissivity
Real objects emt radiation at a rate |ower than that
of a blackbody (a perfect emitter). The efficiency of
em ssion by an object at a given tenperature is
wavel engt h dependent. For exanpl e,

blackbody

redl object

Wavelength A

. .. . . E
Emi ssivity is defined as ax:E—f (<2
A

But it is often convenient to express enissivity in
integrated form such as

[ Eudh [ E,dn
0 0

[s] . - 4
0

See the attached table of em ssivities for various

natural and artificial surfaces. (No table)

e Show an emissivity table?
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Kirchhoff’'slaw

Materials that are strong enmitters at a particul ar
wavel ength are al so strong absorbers at that wavel ength
such t hat

€y :a;“

where a, is the absorptivity which is the fraction of

i ncident radiation, at a given wavel ength, that is
absorbed by the surface. Note the wavel ength
dependence. W can only wite the above expression in
integration form

€=a

when the radiation enmitted and the radi ati on absorbed
have the same spectral distribution. One cannot equate
the efficiency with which a surface absorbs sol ar
radiation to the efficiency with which it enits
terrestrial radiation.

For exanple, fresh snow has a high albedo (reflectivity
to solar radiation) neaning a | ow absorptivity to sol ar
radi ation. Yet, snowis a very good emtter of |ongwave
radiation (high em ssivity). Under the right

ci rcunstances, snow can nelt nore quickly on a cloudy

ni ght than on a sunny day.
*
*
D .

Warm, low cloud

_/

High reflection

v

snow low absorption snow high absorption
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Ener gy balance of the earth/atmospher e system

Since radiant energy is the only mechani sm by which the
eart h/ at nosphere system can exchange energy with space,
there must be a state of radiation balance (the earth

| oses as nuch radiant energy as it gains fromthe sun),
assuning that the earth’s tenperature is approximately
steady-state, and is not increasing or decreasing
forever. This enables us to calculate an effective

radi ating tenperature for the earth, as it would be
observed from outer space

.
=

/

N

solar IR terrestrial IR
radiation radiation

The earth intercepts as a disc of radius r. The anount
of sol ar radiation absorbed

= (1-a)Snr?,
where a = 0.3 (al bedo of earth/atnosphere)
S = 1370 Wm? (sol ar constant)

The earth emts as a sphere at a rate given by the
St ef an-Bol t zmann | aw.

= o-T*(4nr?),

where T = equival ent bl ackbody tenperature of the
eart h/ at mosphere

c = Stefan-Boltzmann const ant
8
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Not e:

= 5.67 x 108wWm? K™

Equating the anount of solar radiation absorbed and the
amount emitted, we obtain

(1-a)-Snr? = cT*(4nr?)

G ving

e {a_ﬂy

4o

B {(1— 0.3) ><1370}%‘
4x5.67x108
= 255K (-18°C)

This is a globally averaged effective radiating
tenperature and i s probably equival ent to sone upper

at mospheric tenperature. The earth’s surface has an
observed gl obally averaged tenperature nmuch warner than
this, close to 15 °C. The explanation for this is the
wel | - know “greenhouse” effect.

I f we have chosen an emissivity for the earth such as
€=09 to adjust the Stefan-Boltznann radi ation, we

woul d have cal cul ated an effective tenperature of 262 K
(-11 °C) still much col der than observed tenperatures
at the earth’s surface.
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Solar radiation

The attached di agram shows the spectral conposition of
sol ar radiation. Based on the position of the peak of
the spectrum the sun appears as a bl ackbody with
tenperature near 6000 K but absorption by gasses in the
sol ar “atnosphere” reduces the overall enission, and
the sun appears as an object with an effective or

radi ati ve tenperature of 5784 K

Sol ar irradiance changes with tine, season, and
I ocation for the follow ng reasons:

1) The solar “constant” changes due to changes in the
out put of the sun (+0.1%)

2) At different tinmes of the year the distance between
the sun and the earth is different because the
earth’s orbit is slightly elliptical. The sun and
earth are closest in January (S-hem sphere sumrer)
and furthest apart in July (N-hem sphere sunmer).
The 1. 7% difference in the distance translates to a
3.4%difference in irradi ance because of the
i nverse square relationship.

3) Different parts of the earth are exposed to
di fferent anounts of solar radiation, depending on
the time of the day and tinme of year, change of the
zenith angle of the sun (angul ar distance fromthe
over head position).

4) The path length of solar radiation through the
at nosphere varies as a function of zenith angle,
causi ng depletion by scattering and absorpti on.

10
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Radiation and the atmosphere

O great inmportance is the difference between how the
atmosphere transnits, absorbs, and scatters solar and
terrestrial radiation streans. The npbst inportant
statement that one could nake is that the atnosphere is
relatively transparent to solar radiation but is
relatively opaque to terrestrial radiation

In the absence of dense clouds, a large fraction of the
i nci dent solar radiation penetrates the atnosphere and
reaches the surface. Most of the radiation (longwave)
emtted by the earth surface is absorbed by the

at nosphere but, because the atnobsphere is a good
absorber, it is also a good enmitter (Kirchhoff’'s |aw)
and reenmits a large portion of the absorbed energy back
to the surface. This is the “greenhouse effect”.

Scattering of solar radiation

The scattering of sunlight in atnosphere is responsible
for the blue color of the sky in clear conditions and
also for the lack of color when the air is laden with
pol lutants (unless pollutants are al so sel ective
absorbers in which case the sky, especially the | owest

| ayers when viewed fromthe side, can appear a murky

br own) .

The bl ue or colorl ess appearances of the sky result
fromtwo distinct types of scattering

1) Rayl eigh scattering is by particles (nolecules and
groups of nolecules, in this case) nuch smaller
than the wavel ength of the radiation. Rayleigh
scattering is very wavel ength dependent such that
the scattering coefficient (a neasure of the
efficiency of the scattering)

kOC}\‘—4
For exanple, taking the wavel ength of blue light to
be 0.47um and that of red light to be 0.64 um,

k(blug) _ (%j“ 35
k(red) (047

Thus, blue light is nuch nore strongly scattered

than red light, accounting for the blueness of the

sky and for the red color of sunsets. The bl ue sky
11
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col or humans perceive is also related to the
spectrum of radiation fromthe sun, which has |ess
energy in the shorter violet wavel engths than in
the bl ue wavel engths, and the sensitivity of the
retina to colors.

2) Me scattering is by particles of the sane order of
size as the wavel ength (such as solid particles or
small liquid droplets in polluted or hazy air), and
is relatively independent of wavel ength. As a
result, the sky appears white or col orl ess when
heavy with pollutants.

See al so the follow ng di agram presenting a general
picture of scattering in the atnobsphere.

e Show a scattering diagram

Transfer and absor ption of solar radiation

General ly, a cloud-free atnosphere absorbs nost sol ar
radi ation (short-wave) weakly. However, the shorter
wavel engths (A <~0.3um) are elimnated at high

altitudes by N, & and O;. Strong absorption by ozone
at about 50 km produces the tenperature nmaxi numat this
hei ght (the stratopause). In the near infrared, water
vapor has several rather weak absorption bands. See the
following two diagrans for details.

e Show a diagram for absorptivity

Cl ouds absorb sone solar radiation but are nostly
responsi ble for scattering and for reflection of solar
energy back to space. The earth’s albedo of 0.3 is

| argely a consequence of the anmount of cloudiness.

12
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Atmospheric absor ption of terrestrial radiation

The spectral absorptivities shown in the follow ng
diagramclearly show the | arge di fferences between
absorption and transm ssion of solar and terrestrial
radi ation. Again, the atnosphere is relatively
transparent to solar radiation but nearly opaque to
terrestrial radiation. Recalling that the spectrum of
terrestrial radiation spans a range from about 4 umto
100 um with a peak at about 10 pm, we see that nost
radi ation emanating fromthe earth surface woul d be
absorbed by the atnobsphere, with water vapor and CO
bei ng the principle absorbers.

An at nosphere “wi ndow' appears in the absorption
spectrum near the peak in the spectrumof terrestrial
radiation (~10 pum) allow ng some | ongwave radi ation to
escape to space under cloud-free conditions. This
“Window' in this part of the spectrumis utilized by
satellite IR inmagery to observe cloud cover and ot her
features both day and night.

Cl ouds are very strong absorbers of | ongwave radiation.

The earth/atmospher e ener gy budget

Bei ng a good absorber of |ongwave radiation, and
according to Kirchhoff’s law, the atnosphere is also an
excellent emtter of radiation of the sane spectral
composition. Couds are al so good emtters of
terrestrial radiation according to their tenperature,
so warm (usually low) clouds emit nore strongly than
cold (usually high) clouds, as dictated by the Stefan-
Bol t zmann | aw.

Thi s absorption and emnission of terrestrial radiation
plays a large role in governing the energy bal ance of
the earth/at mosphere systemand is the reason that
changes in the concentration of “greenhouse” gasses are
likely to have an inpact on global clinmate.

The follow ng diagram summarizes, in a globally
averaged manner, the exchanges of energy that take

pl ace between the earth’s surface, the atnosphere, and
space. Al the nunbers are nornalized to 100 units of

i ncom ng solar radiation. Note the |arge magnitudes
associated with | ongwave radiati on, sonme of the nunbers
even larger than that of the ultinate energy source,

t he sun.

13
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Radiative Energy Budget
Eart h/ at nospheric system

Net sol ar absor bed
Net | ongwave emtted

Earth surface

Net sol ar absorbed
Net | ongwave emtted

At nospher e

Net sol ar absorbed
Net | ongwave emtted

14

70
-70

45
-16

29

25
-54

-29

net

net

gai n

| oss
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