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§ Radiation Balance of the Earth
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§ Mass:
The downward force of a unit volume of air:
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of outgoing radiation by the atmosphere, popularly
referred to as the greenhouse effect, keeps the surface
of the Earth warmer than it would be in the absence
of an atmosphere. Much of the absorption and ree-
mission of outgoing radiation are due to air mole-
cules, but cloud droplets also play a significant role.
The radiation emitted to space by air molecules and
cloud droplets provides a basis for remote sensing of
the three-dimensional distribution of temperature
and various atmospheric constituents using satellite-
borne sensors.

The atmosphere also scatters the radiation that
passes through it, giving rise to a wide range of
optical effects. The blueness of the outer atmosphere
in Fig. 1.5 is due to the preferential scattering of
incoming short wavelength (solar) radiation by air
molecules, and the whiteness of lower layers is due to
scattering from cloud droplets and atmospheric
aerosols (i.e., particles). The backscattering of solar
radiation off the top of the deck of low clouds off the
California coast in Fig. 1.7 greatly enhances the

whiteness (or reflectivity) of that region as viewed
from space. Due to the presence of clouds and
aerosols in the Earth’s atmosphere, !22% of the
incoming solar radiation is backscattered to space
without being absorbed. The backscattering of radia-
tion by clouds and aerosols has a cooling effect on
climate at the Earth’s surface, which opposes the
greenhouse effect.

1.3.2 Mass

At any point on the Earth’s surface, the atmosphere
exerts a downward force on the underlying surface
due to the Earth’s gravitational attraction. The down-
ward force, (i.e., the weight) of a unit volume of air
with density ! is given by

(1.4)

where ! is the acceleration due to gravity.
Integrating Eq. (1.4) from the Earth’s surface to
the “top” of the atmosphere, we obtain the atmos-
pheric pressure on the Earth’s surface ps due to the
weight (per unit area) of the air in the overlying
column

(1.5)

Neglecting the small variation of g with latitude,
longitude and height, setting it equal to its mean
value of !0 " 9.807 m s#2, we can take it outside
the integral, in which case, Eq. (1.5) can be writ-
ten as

(1.6)

where is the vertically integrated mass
per unit area of the overlying air.

Exercise 1.1 The globally averaged surface pressure
is 985 hPa. Estimate the mass of the atmosphere.

Solution: From Eq. (1.6), it follows that

where the overbars denote averages over the surface
of the Earth. In applying this relationship the pressure
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Fig. 1.7 A deck of low clouds off the coast of California, as
viewed in reflected visible radiation. [NASA MODIS imagery.
Photograph courtesy of NASA.]
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ρ: air density
g : gravitational acceleration

Integrating from the surface to the TOA à the atm. pressure on the 
Earth surface  
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Assuming g equal to g0=9.807 ms-2   à
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where                         is the vertically integrated mass per unit area of the 
overlying air. 
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Q: The globally averaged surface pressure is 985 hPa. Estimate 
the mass of the atmosphere. 

The Atmosphere: vertical distribution
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§ Pressure p (and density ρ) decreases nearly exponentially with height:

where H is the scale height; p0 is the pressure at some reference level, 
usually taken as sea level. 

§ In the lowest 100 km of the atm., H~ 7-8km.
à

à useful for estimating the height of a pressure level in the atm.
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Although aerosols and cloud droplets account for
only a minute fraction of the mass of the atmos-
phere, they mediate the condensation of water vapor
in the atmospheric branch of the hydrologic cycle,
they participate in and serve as sites for important
chemical reactions, and they give rise to electrical
charge separation and a variety of atmospheric opti-
cal effects.

1.3.4 Vertical structure

To within a few percent, the density of air at sea level
is 1.25 kg m!3. Pressure p and density " decrease
nearly exponentially with height, i.e.,

(1.8)

where H, the e-folding depth, is referred to as the
scale height and p0 is the pressure at some reference
level, which is usually taken as sea level (z # 0). In
the lowest 100 km of the atmosphere, the scale height
ranges roughly from 7 to 8 km. Dividing Eq. (1.8) by
p0 and taking the natural logarithms yields

(1.9)

This relationship is useful for estimating the height of
various pressure levels in the Earth’s atmosphere.

Exercise 1.2 At approximately what height above
sea level does half the mass of the atmosphere lie
above and the other half lie below? [Hint: Assume
an exponential pressure dependence with H # 8 km
and neglect the small vertical variation of g with
height.]

Solution: Let be the pressure level that half
the mass of the atmosphere lies above and half lies
below. The pressure at the Earth’s surface is equal
to the weight (per unit area) of the overlying col-
umn of air. The same is true of the pressure at
any level in the atmosphere. Hence,
where is the global-mean sea-level pressure.
From Eq. (1.9)

Substituting H # 8 km, we obtain

zm # 8 Km $ 0.693 !  5.5 km

zm # !H ln 0.5 # H ln 2

p0

pm # p0 /2

pm

zm

ln 
p
p0

" !
z
H

p " p0e!z#H

Because the pressure at a given height in the
atmosphere is a measure of the mass that lies above
that level, it is sometimes used as a vertical coordi-
nate in lieu of height. In terms of mass, the 500-hPa
level, situated at a height of around 5.5 km above
sea level, is roughly halfway up to the top the
atmosphere. ■

Density decreases with height in the same manner
as pressure. These vertical variations in pressure and
density are much larger than the corresponding hori-
zontal and time variations. Hence it is useful to
define a standard atmosphere, which represents the
horizontally and temporally averaged structure of
the atmosphere as a function of height only, as shown
in Fig. 1.8. The nearly exponential height dependence
of pressure and density can be inferred from the fact
that the observed vertical profiles of pressure and
density on these semilog plots closely resemble
straight lines. The reader is invited to verify in
Exercise 1.14 at the end of this chapter that the cor-
responding 10-folding depth for pressure and density
is !17 km.

Exercise 1.3 Assuming an exponential pressure
and density dependence with H # 7.5 km, estimate
the heights in the atmosphere at which (a) the air
density is equal to 1 kg m!3 and (b) the height at
which the pressure is equal to 1 hPa.
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Fig. 1.8 Vertical profiles of pressure in units of hPa, density
in units of kg m!3, and mean free path (in meters) for the
U.S. Standard Atmosphere.
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Fig. 1.8 Vertical profiles of pressure in units of hPa, density
in units of kg m!3, and mean free path (in meters) for the
U.S. Standard Atmosphere.
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E.g. H=8km. 
Q. 50% mass of the atm. is at approximately what height above sea level?
Q. 90% mass of the atm. is at approximately what height above sea level?
Q. 99% mass of the atm. is at approximately what height above sea level?

The Atmosphere: vertical distribution

4
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• Q: How can we demonstrate the relationship?

5

Vertical distribution of pressure
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in units of kg m!3, and mean free path (in meters) for the
U.S. Standard Atmosphere.
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Hint: the hydrostatic equation & the equation of state
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The hydrostatic equation

6

• In an air parcel at rest

p(z+ ∆z)

∆z

g

p(z)

• Force downward: −[𝑝 𝑧 + ∆𝑧 ∆𝑥∆𝑦 + 𝑚𝑔]

• Force upward: +[𝑝 𝑧 ∆𝑥∆𝑦]

• Equilibrium:

𝑝 𝑧 + ∆𝑧 − 𝑝 𝑧
∆𝑧

∆𝑥∆𝑦∆𝑧 + 𝑚𝑔 = 0

𝜕𝑝
𝜕𝑧 + 𝜌𝑔 = 0à

à Hydrostatic balance equation: balance between the 
vertical pressure gradient and gravity 

6
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Vertical distribution of pressure

7

• We consider an isothermal atmosphere of temperature T0 at rest. 

𝜕p
𝜕𝑧 + 𝜌𝑔 = 0The hydrostatic equation

𝑝 = 𝑅𝜌𝑇!The equation of state

𝑑𝑝
𝑝 = −

𝑔𝑑𝑧
𝑅𝑇!

= −
𝑑𝑧
𝐻

where H is the scale-height= "#!$

𝑝 𝑧 = 𝑝!𝑒% ⁄' (à

à Pressure and density decrease 
exponentially with height

• Suppose 𝑇! =0ºC~273.15K

à H= )*+×)+-./0
1.*!+ ≈ 8 (km)

• Suppose 𝑇! =-35ºC~238.15K

à H= )*+×)-*./0
1.*!+ ≈ 7 (km)
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• The homosphere and heterosphere are defined by whether the 
atmospheric gases are well mixed. 

Homosphere
Lower atmosphere

Heterosphere
upper atmosphere

The air is well mixed: 
§ 78.09%: Nitrogen (N2);
§ 20.95%: Oxygen (O2); 
§ 0.93% Argon
§ & other “trace” gases

§ CO2 ~400 ppm (0.037%))
§ Methan CH4 ~1.8ppm
§ Ozone O3 ~0.1 ppm (90% between 

20-50km)
§ Water (H2O): various amount, on 

average around 1% at sea level, and 
0.4% over the entire atmosphere

§ The air is not well mixed
§ Atoms get sorted by atomic 

weight (by gravity)
§ H2 and He can sometimes 

escape gravity

The Atmosphere: composition

8
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Greenhouse Gases

9

• N2 and O2 are transparent to both incoming solar radiation and OLR 
à do not play a role in establishing atmospheric temperature

• Gases that absorb OLR are called greenhouse gases

The Atmosphere (by composition)

1. water vapor (H2O)
2. carbon dioxide (CO2)
3. methane (CH4)
4. nitrous oxide (N2O)
5. ozone (O3)
6. CFCs

Q. What are the main GHGs?

9
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Important atmospheric greenhouse gases (2012)

10

Name Concentration (ppm by volume)

Water vapor, H2O 0.1 (South Pole) – 40000 (tropics)

Carbon dioxide, CO2 370  (427 as of Feb 2025)

Methane, CH4 1.7   (1.94 as of Nov 2023)

Nitrous oxide, N2O 0.3

Ozone, O3 0.01 (at the surface)

Freon-11, CCl3F 0.00026

Freon-12, CCl2F2 0.00054

10
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Percentage of radiation absorbed  during vertical 
passage through the atmosphere 
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Are GHGs increasing?

At 2 ppm rise per year
à increasing rate of ~80 times that of the fastest natural rate and almost 
2000 times the average rate over the past hundreds of thousands of years

Feb 2024: 424 ppm
Feb 2025: 427 ppm

12
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Radiative Forcings

– is the change in the net irradiance (Wm–2) at the tropopause
– usually defined as the change relative to the year 1750

Surface temperature can be linked to radiative forcing:

where λ is the climate sensitivity (K/(W/m2)) 
a typical value of λ is 0.8K/(W/m2)

13
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Energy balance

• When the climate system reaches a steady state, i.e. temperature stops changing 
à amount of energy going out = amount of energy coming in

• Radiative forcing

14
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Changes in CO2, CH4 & N2O concentrations

• Ice core data & direct observation (red line)
• Gray bar: natural variability within 650000 yrs

+1,66±0,17Wm-2

15

+0,48±0,05Wm-2

+0,16±0,02Wm-2

CFCs, HCFCs +0,32±0,03Wm-2

Question: ? ΔT

15
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CFCs, HCFCs
• CFCs & HCFCs à man-made GHG
• Montreal Protocol (1989, 196 countries)

Ozone hole in Antarctic

Kofi Annan "perhaps the single most 
successful international agreement to 
date has been the Montreal Protocol"

16
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The Atmosphere: water vapor
Close to the surface: 

§ from 1 g per kg of dry air in the very cold continental regions to 30 
g per kg of dry air in hot maritime regions

§ rare above 8000/9000 m

Q: Observed with which channel?

17
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§ Hydrometeors: water droplets and ice particles
§ Lithometeors: vegetable and mineral wastes, bacteria, carbon particles,... 

18

The Atmosphere: aerosols

• exponential 
decay with 
increasing 
altitude 

• light diffusion 
• condensation 

nuclei

Q. Warming or 
cooling effect?

18
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The Atmosphere (Vertical structure)

1.3 A Brief Survey of the Atmosphere 9

Although aerosols and cloud droplets account for
only a minute fraction of the mass of the atmos-
phere, they mediate the condensation of water vapor
in the atmospheric branch of the hydrologic cycle,
they participate in and serve as sites for important
chemical reactions, and they give rise to electrical
charge separation and a variety of atmospheric opti-
cal effects.

1.3.4 Vertical structure

To within a few percent, the density of air at sea level
is 1.25 kg m!3. Pressure p and density " decrease
nearly exponentially with height, i.e.,

(1.8)

where H, the e-folding depth, is referred to as the
scale height and p0 is the pressure at some reference
level, which is usually taken as sea level (z # 0). In
the lowest 100 km of the atmosphere, the scale height
ranges roughly from 7 to 8 km. Dividing Eq. (1.8) by
p0 and taking the natural logarithms yields

(1.9)

This relationship is useful for estimating the height of
various pressure levels in the Earth’s atmosphere.

Exercise 1.2 At approximately what height above
sea level does half the mass of the atmosphere lie
above and the other half lie below? [Hint: Assume
an exponential pressure dependence with H # 8 km
and neglect the small vertical variation of g with
height.]

Solution: Let be the pressure level that half
the mass of the atmosphere lies above and half lies
below. The pressure at the Earth’s surface is equal
to the weight (per unit area) of the overlying col-
umn of air. The same is true of the pressure at
any level in the atmosphere. Hence,
where is the global-mean sea-level pressure.
From Eq. (1.9)

Substituting H # 8 km, we obtain

zm # 8 Km $ 0.693 !  5.5 km

zm # !H ln 0.5 # H ln 2

p0

pm # p0 /2

pm

zm

ln 
p
p0

" !
z
H

p " p0e!z#H

Because the pressure at a given height in the
atmosphere is a measure of the mass that lies above
that level, it is sometimes used as a vertical coordi-
nate in lieu of height. In terms of mass, the 500-hPa
level, situated at a height of around 5.5 km above
sea level, is roughly halfway up to the top the
atmosphere. ■

Density decreases with height in the same manner
as pressure. These vertical variations in pressure and
density are much larger than the corresponding hori-
zontal and time variations. Hence it is useful to
define a standard atmosphere, which represents the
horizontally and temporally averaged structure of
the atmosphere as a function of height only, as shown
in Fig. 1.8. The nearly exponential height dependence
of pressure and density can be inferred from the fact
that the observed vertical profiles of pressure and
density on these semilog plots closely resemble
straight lines. The reader is invited to verify in
Exercise 1.14 at the end of this chapter that the cor-
responding 10-folding depth for pressure and density
is !17 km.

Exercise 1.3 Assuming an exponential pressure
and density dependence with H # 7.5 km, estimate
the heights in the atmosphere at which (a) the air
density is equal to 1 kg m!3 and (b) the height at
which the pressure is equal to 1 hPa.
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Fig. 1.8 Vertical profiles of pressure in units of hPa, density
in units of kg m!3, and mean free path (in meters) for the
U.S. Standard Atmosphere.
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à Density decreases with 
height in the same manner at 
pressure. Q. Why?

à the outermost reaches of the 
atm.: dominated by the 
lightest molecular species (H, 
H2, and He) 

à Above ~ 105km, the mean 
free path exceeds 1m

19

B2-SA-NDT-Earth System

Introduction to Earth System

§ Atmosphere (cont.)
§ Radiation Balance of the Earth

20

20
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Solar system

21

Source: wiki, distances not to scale

Plut
o

9149W/m2
174ºC

2620W/m2
462ºC

1371W/m2
15ºC

591W/m2
-55ºC

51W/m2
-151ºC

15W/m2
-183ºC

3.7W/m2
-209ºC

1.5W/m2
-222ºC

0.9W/m2
-229ºC

Answer: It’s not only the sunlight

Q: Does the radiation amount a planet receives determine its surface temperature? 

21
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Some basic definitions
• Electromagnetic Spectrum: full range of forms of electromagnetic 

radiation, which differ by their wavelengths

22

• Q: In which wave bands do the most common remote sensing systems operate?

22
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Some basic definitions

• In electromagnetic radiation, flux (F): amount of energy in an 
electromagnetic wave that passes perpendicularly through a unit surface 
area per unit time
– Polar regions are cooler than the tropics
– Summer temperature are warmer than winter temperature

• Inverse-square law:
(S: solar flux)

S = S0
r0
r

⎛

⎝
⎜

⎞

⎠
⎟
2

à Small variations in the shape of Earth’s orbit à large 
changes in the climate of the polar regions

23
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• A blackbody is something that completely absorbs all incident radiation
• The radiation emitted by a blackbody is called blackbody radiation
• Planck function:

4.3 Blackbody Radiation 117

discussed in this section can be summarized in
terms of an expression for the flux of radiation
emitted by, incident upon, or passing through a
surface !A

(4.9)

which is expressed in units of watts (W).

4.3 Blackbody Radiation
A blackbody4 is a surface that completely absorbs
all incident radiation. Examples include certain
substances such as coal and a small aperture of a
much larger cavity. The entrances of most caves
appear nearly black, even though the interior walls
may be quite reflective, because only a very small
fraction of the sunlight that enters is reflected back
through the entrance: most of the light that enters
the cave is absorbed in multiple reflections off the
walls. The narrower the entrance and the more
complex the interior geometry of the cave, the
smaller the fraction of the incident light that is
returned back through it, and the blacker the
appearance of the cave when viewed from outside
(Fig. 4.5).

4.3.1 The Planck5 Function

It has been determined experimentally that the inten-
sity of radiation emitted by a blackbody is given by

(4.10)

where c1 " 3.74 # 10$16 W m2 and c2 " 1.45 #
10$2 m K. The quest for a theoretical justification
of this empirical relationship led to the develop-
ment of the theory of quantum physics. It is
observed and has been verified theoretically that
blackbody radiation is isotropic. When B%(T) is

B%(T) "
c1%$5

& (ec2!%T $ 1)

E " "
!A

 "
2&

 "%2

%1

 I% ( ', () d% cos ( d) dA

4 The term body in this context refers to a coherent mass of material with a uniform temperature and composition. A body may be a
gaseous medium, as long as it has well-defined interfaces with the surrounding objects, media, or vacuum, across which the intensity of the
incident and emitted radiation can be defined. For example, it could be a layer of gas of a specified thickness or the surface of a mass of
solid material.

5 Max Planck (1858–1947) German physicist. Professor of physics at the University of Kiel and University of Berlin. Studied under
Helmholtz and Kirchhoff. Played an important role in the development of quantum theory. Awarded the Nobel Prize in 1918.

Fig. 4.5 Radiation entering a cavity with a very small aper-
ture and reflecting off the interior walls. [Adapted from
K. N. Liou, An Introduction to Atmospheric Radiation, Academic
Press, p. 10, Copyright (2002), with permission from Elsevier.]
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Fig. 4.6 Emission spectra for blackbodies with absolute tem-
peratures as indicated, plotted as a function of wavelength on
a linear scale. The three-dimensional surface formed by the
ensemble of such spectra is the Planck function. [Adapted from
R. G. Fleagle and J. A. Businger, An Introduction to Atmospheric
Physics, Academic Press, p. 137, Copyright (1963) with permis-
sion from Elsevier.]

plotted as a function of wavelength on a linear
scale, the resulting spectrum of monochromatic
intensity exhibits the shape shown in Fig. 4.6, with
a sharp short wavelength cutoff, a steep rise to a
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where Bλ(T) is the intensity of 
radiation emitted by a blackbody; 
c1=3.74 × 10-16 W m2

c2=1.45 x 10-2 m K. 

4.3 Blackbody Radiation 117

discussed in this section can be summarized in
terms of an expression for the flux of radiation
emitted by, incident upon, or passing through a
surface !A

(4.9)

which is expressed in units of watts (W).

4.3 Blackbody Radiation
A blackbody4 is a surface that completely absorbs
all incident radiation. Examples include certain
substances such as coal and a small aperture of a
much larger cavity. The entrances of most caves
appear nearly black, even though the interior walls
may be quite reflective, because only a very small
fraction of the sunlight that enters is reflected back
through the entrance: most of the light that enters
the cave is absorbed in multiple reflections off the
walls. The narrower the entrance and the more
complex the interior geometry of the cave, the
smaller the fraction of the incident light that is
returned back through it, and the blacker the
appearance of the cave when viewed from outside
(Fig. 4.5).

4.3.1 The Planck5 Function

It has been determined experimentally that the inten-
sity of radiation emitted by a blackbody is given by

(4.10)

where c1 " 3.74 # 10$16 W m2 and c2 " 1.45 #
10$2 m K. The quest for a theoretical justification
of this empirical relationship led to the develop-
ment of the theory of quantum physics. It is
observed and has been verified theoretically that
blackbody radiation is isotropic. When B%(T) is

B%(T) "
c1%$5

& (ec2!%T $ 1)

E " "
!A

 "
2&

 "%2

%1

 I% ( ', () d% cos ( d) dA

4 The term body in this context refers to a coherent mass of material with a uniform temperature and composition. A body may be a
gaseous medium, as long as it has well-defined interfaces with the surrounding objects, media, or vacuum, across which the intensity of the
incident and emitted radiation can be defined. For example, it could be a layer of gas of a specified thickness or the surface of a mass of
solid material.

5 Max Planck (1858–1947) German physicist. Professor of physics at the University of Kiel and University of Berlin. Studied under
Helmholtz and Kirchhoff. Played an important role in the development of quantum theory. Awarded the Nobel Prize in 1918.

Fig. 4.5 Radiation entering a cavity with a very small aper-
ture and reflecting off the interior walls. [Adapted from
K. N. Liou, An Introduction to Atmospheric Radiation, Academic
Press, p. 10, Copyright (2002), with permission from Elsevier.]
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Fig. 4.6 Emission spectra for blackbodies with absolute tem-
peratures as indicated, plotted as a function of wavelength on
a linear scale. The three-dimensional surface formed by the
ensemble of such spectra is the Planck function. [Adapted from
R. G. Fleagle and J. A. Businger, An Introduction to Atmospheric
Physics, Academic Press, p. 137, Copyright (1963) with permis-
sion from Elsevier.]

plotted as a function of wavelength on a linear
scale, the resulting spectrum of monochromatic
intensity exhibits the shape shown in Fig. 4.6, with
a sharp short wavelength cutoff, a steep rise to a
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Blackbody radiation

• The Sun emits ~50% of its energy 
in the visible interval; ~40% in IR; 
~10% as ultraviolet radiation  

24
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Wien’s displacement law: the wavelength of peak emission for a 
blackbody at T

118 Radiative Transfer

maximum, and a more gentle drop off toward
longer wavelengths.

4.3.2 Wien’s Displacement Law

Differentiating (4.10) and setting the derivative
equal to zero (Exercise 4.24) yield the wavelength of
peak emission for a blackbody at temperature T

(4.11)

where !m is expressed in micrometers and T in degrees
kelvin. On the basis of (4.11), which is known as
Wien’s6 displacement law, it is possible to estimate the
temperature of a radiation source if we know its emis-
sion spectrum, as illustrated in the following example.

!m "
2897

T

Exercise 4.4 Use Wien’s displacement law to com-
pute the “color temperature” of the sun, for which
the wavelength of maximum solar emission is observed
to be !0.475 #m.

Solution:

■

Wien’s displacement law explains why solar radia-
tion is concentrated in the visible (0.4–0.7 #m) and
near infrared (0.7–4 #m) regions of the spectrum,
whereas radiation emitted by planets and their atmos-
pheres is largely confined to the infrared ($4 #m), as
shown in the top panel of Fig. 4.7.

T "
2897
!m

"
2897
0.475

" 6100 K.

6 Wilhelm Wien (1864–1925) German physicist. Received the Nobel Prize in 1911 for the discovery (in 1893) of the displacement law
named after him. Also made the first rough determination of the wavelength of x-rays.
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Fig. 4.7 (a) Blackbody spectra representative of the sun (left) and the Earth (right). The wavelength scale is logarithmic rather
than linear as in Fig. 4.6, and the ordinate has been multiplied by wavelength in order to retain the proportionality between
areas under the curve and intensity. In addition, the intensity scales for the two curves have been scaled to make the areas under
the two curves the same; (b) Spectrum of monochromatic absorptivity of the part of the atmosphere that lies above the 11-km
level; (c) spectrum of monochromatic absorptivity of the entire atmosphere. [From R. M. Goody and Y. L. Yung, Atmospheric
Radiation: Theoretical Basis, 2nd ed., Oxford University Press (1995), p. 4. By permission of Oxford University Press, Inc.]
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Prove the 
Wien’s law?

Wien’s law

• Peak emission of 
the Sun (5780K) ?

• Peak emission of 
the Earth (288K) ?

25
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118 Radiative Transfer

maximum, and a more gentle drop off toward
longer wavelengths.

4.3.2 Wien’s Displacement Law

Differentiating (4.10) and setting the derivative
equal to zero (Exercise 4.24) yield the wavelength of
peak emission for a blackbody at temperature T

(4.11)

where !m is expressed in micrometers and T in degrees
kelvin. On the basis of (4.11), which is known as
Wien’s6 displacement law, it is possible to estimate the
temperature of a radiation source if we know its emis-
sion spectrum, as illustrated in the following example.

!m "
2897

T

Exercise 4.4 Use Wien’s displacement law to com-
pute the “color temperature” of the sun, for which
the wavelength of maximum solar emission is observed
to be !0.475 #m.

Solution:

■

Wien’s displacement law explains why solar radia-
tion is concentrated in the visible (0.4–0.7 #m) and
near infrared (0.7–4 #m) regions of the spectrum,
whereas radiation emitted by planets and their atmos-
pheres is largely confined to the infrared ($4 #m), as
shown in the top panel of Fig. 4.7.
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2897
0.475

" 6100 K.

6 Wilhelm Wien (1864–1925) German physicist. Received the Nobel Prize in 1911 for the discovery (in 1893) of the displacement law
named after him. Also made the first rough determination of the wavelength of x-rays.
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Fig. 4.7 (a) Blackbody spectra representative of the sun (left) and the Earth (right). The wavelength scale is logarithmic rather
than linear as in Fig. 4.6, and the ordinate has been multiplied by wavelength in order to retain the proportionality between
areas under the curve and intensity. In addition, the intensity scales for the two curves have been scaled to make the areas under
the two curves the same; (b) Spectrum of monochromatic absorptivity of the part of the atmosphere that lies above the 11-km
level; (c) spectrum of monochromatic absorptivity of the entire atmosphere. [From R. M. Goody and Y. L. Yung, Atmospheric
Radiation: Theoretical Basis, 2nd ed., Oxford University Press (1995), p. 4. By permission of Oxford University Press, Inc.]
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4.3 Blackbody Radiation 117

discussed in this section can be summarized in
terms of an expression for the flux of radiation
emitted by, incident upon, or passing through a
surface !A

(4.9)

which is expressed in units of watts (W).

4.3 Blackbody Radiation
A blackbody4 is a surface that completely absorbs
all incident radiation. Examples include certain
substances such as coal and a small aperture of a
much larger cavity. The entrances of most caves
appear nearly black, even though the interior walls
may be quite reflective, because only a very small
fraction of the sunlight that enters is reflected back
through the entrance: most of the light that enters
the cave is absorbed in multiple reflections off the
walls. The narrower the entrance and the more
complex the interior geometry of the cave, the
smaller the fraction of the incident light that is
returned back through it, and the blacker the
appearance of the cave when viewed from outside
(Fig. 4.5).

4.3.1 The Planck5 Function

It has been determined experimentally that the inten-
sity of radiation emitted by a blackbody is given by

(4.10)

where c1 " 3.74 # 10$16 W m2 and c2 " 1.45 #
10$2 m K. The quest for a theoretical justification
of this empirical relationship led to the develop-
ment of the theory of quantum physics. It is
observed and has been verified theoretically that
blackbody radiation is isotropic. When B%(T) is

B%(T) "
c1%$5

& (ec2!%T $ 1)

E " "
!A

 "
2&

 "%2

%1

 I% ( ', () d% cos ( d) dA

4 The term body in this context refers to a coherent mass of material with a uniform temperature and composition. A body may be a
gaseous medium, as long as it has well-defined interfaces with the surrounding objects, media, or vacuum, across which the intensity of the
incident and emitted radiation can be defined. For example, it could be a layer of gas of a specified thickness or the surface of a mass of
solid material.

5 Max Planck (1858–1947) German physicist. Professor of physics at the University of Kiel and University of Berlin. Studied under
Helmholtz and Kirchhoff. Played an important role in the development of quantum theory. Awarded the Nobel Prize in 1918.

Fig. 4.5 Radiation entering a cavity with a very small aper-
ture and reflecting off the interior walls. [Adapted from
K. N. Liou, An Introduction to Atmospheric Radiation, Academic
Press, p. 10, Copyright (2002), with permission from Elsevier.]
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Fig. 4.6 Emission spectra for blackbodies with absolute tem-
peratures as indicated, plotted as a function of wavelength on
a linear scale. The three-dimensional surface formed by the
ensemble of such spectra is the Planck function. [Adapted from
R. G. Fleagle and J. A. Businger, An Introduction to Atmospheric
Physics, Academic Press, p. 137, Copyright (1963) with permis-
sion from Elsevier.]

plotted as a function of wavelength on a linear
scale, the resulting spectrum of monochromatic
intensity exhibits the shape shown in Fig. 4.6, with
a sharp short wavelength cutoff, a steep rise to a
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To find the peak of the blackbody radiation curve à
take the derivative of the Plank function
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The Stefan-Boltzmann Law: the black body 
irradiance à integrating the Plank function 
over all wave lengths

where σ is the Stefan-Boltzmann constant, 
equal to 5.67 × 10-8 W m-2 K-4 

4.3 Blackbody Radiation 119

4.3.3 The Stefan–Boltzmann Law

The blackbody flux density (or irradiance) obtained
by integrating the Planck function !B" over all wave-
lengths is given by the Stefan7–Boltzmann law

(4.12)

where #, the Stefan–Boltzmann constant, is equal
to 5.67 $ 10%8 W m%2 K%4. Given measurements of
the flux density F from any black or nonblack body,
(4.12) can be solved for the equivalent blackbody
temperature (also referred to as the effective emis-
sion temperature) TE; that is, the temperature
TE that a blackbody would need to be at in order
to emit radiation at the measured rate F. If the
body in question emits as a blackbody, its actual
temperature and its equivalent blackbody tem-
perature will be the same. Applications of the
Stefan–Boltzmann law and the concept of equiva-
lent blackbody temperature are illustrated in the
following exercises.

Exercise 4.5 Calculate the equivalent blackbody
temperature TE of the solar photosphere (i.e., the
outermost visible layer of the sun) based on the
following information. The flux density of solar
radiation reaching the Earth, Fs, is 1368 W m%2. The
Earth–sun distance d is 1.50 $ 1011 m and the radius
of the solar photosphere Rs is 7.00 $ 108 m.

Solution: We first calculate the flux density at
the top of the layer, making use of the inverse square
law (4.7).

From the Stefan–Boltzmann law

#T4
E & 6.28 $ 107 W m%2

 & 6.28 $ 107 W m%2

 Fphotosphere & 1,368 $ !1.50 $ 1011

7.00 $ 108 "2

 Fphotosphere & Fs !Rs

d "
%2

F & #T4

Therefore, the equivalent blackbody temperature is

■

That this value is slightly lower than the sun’s color
temperature estimated in the previous exercise is evi-
dence that the spectrum of the sun’s emission differs
slightly from the blackbody spectrum prescribed by
Planck’s law (4.10).

Exercise 4.6 Calculate the equivalent blackbody
temperature of the Earth as depicted in Fig. 4.8,
assuming a planetary albedo (i.e., the fraction of the
incident solar radiation that is reflected back into
space without absorption) of 0.30. Assume that the
Earth is in radiative equilibrium; i.e., that it experi-
ences no net energy gain or loss due to radiative
transfer.

Solution: Let Fs be the flux density of solar radia-
tion incident upon the Earth (1368 W m%2); FE the
flux density of longwave radiation emitted by
the Earth, RE the radius of the Earth, as shown in
Fig. 4.8; A the planetary albedo of the Earth (0.30);

 & 5770 K
 & 5.77 $ 103
 & (1108 $ 1012)1#4

 TE & ! 6.28 $ 107

5.67 $ 10%8"1#4

7 Joseph Stefan (1835–1893) Austrian physicist. Professor of physics at the University of Vienna. Originated the theory of the diffusion
of gases as well as carrying out fundamental work on the theory of radiation.

FS FE

Fig. 4.8 Radiation balance of the Earth. Parallel beam solar
radiation incident on the Earth’s orbit, indicated by the
thin red arrows, is intercepted over an area and outgoing
(blackbody) terrestrial radiation, indicated by the wide red
arrows, is emitted over the area 4 .!R2

E

!R2
E
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Energy emitted from an object is primarily a function of its temperature

The Stefan-Boltzmann Law

4.3 Blackbody Radiation 117

discussed in this section can be summarized in
terms of an expression for the flux of radiation
emitted by, incident upon, or passing through a
surface !A

(4.9)

which is expressed in units of watts (W).

4.3 Blackbody Radiation
A blackbody4 is a surface that completely absorbs
all incident radiation. Examples include certain
substances such as coal and a small aperture of a
much larger cavity. The entrances of most caves
appear nearly black, even though the interior walls
may be quite reflective, because only a very small
fraction of the sunlight that enters is reflected back
through the entrance: most of the light that enters
the cave is absorbed in multiple reflections off the
walls. The narrower the entrance and the more
complex the interior geometry of the cave, the
smaller the fraction of the incident light that is
returned back through it, and the blacker the
appearance of the cave when viewed from outside
(Fig. 4.5).

4.3.1 The Planck5 Function

It has been determined experimentally that the inten-
sity of radiation emitted by a blackbody is given by

(4.10)

where c1 " 3.74 # 10$16 W m2 and c2 " 1.45 #
10$2 m K. The quest for a theoretical justification
of this empirical relationship led to the develop-
ment of the theory of quantum physics. It is
observed and has been verified theoretically that
blackbody radiation is isotropic. When B%(T) is

B%(T) "
c1%$5

& (ec2!%T $ 1)

E " "
!A

 "
2&

 "%2

%1

 I% ( ', () d% cos ( d) dA

4 The term body in this context refers to a coherent mass of material with a uniform temperature and composition. A body may be a
gaseous medium, as long as it has well-defined interfaces with the surrounding objects, media, or vacuum, across which the intensity of the
incident and emitted radiation can be defined. For example, it could be a layer of gas of a specified thickness or the surface of a mass of
solid material.

5 Max Planck (1858–1947) German physicist. Professor of physics at the University of Kiel and University of Berlin. Studied under
Helmholtz and Kirchhoff. Played an important role in the development of quantum theory. Awarded the Nobel Prize in 1918.

Fig. 4.5 Radiation entering a cavity with a very small aper-
ture and reflecting off the interior walls. [Adapted from
K. N. Liou, An Introduction to Atmospheric Radiation, Academic
Press, p. 10, Copyright (2002), with permission from Elsevier.]
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Fig. 4.6 Emission spectra for blackbodies with absolute tem-
peratures as indicated, plotted as a function of wavelength on
a linear scale. The three-dimensional surface formed by the
ensemble of such spectra is the Planck function. [Adapted from
R. G. Fleagle and J. A. Businger, An Introduction to Atmospheric
Physics, Academic Press, p. 137, Copyright (1963) with permis-
sion from Elsevier.]

plotted as a function of wavelength on a linear
scale, the resulting spectrum of monochromatic
intensity exhibits the shape shown in Fig. 4.6, with
a sharp short wavelength cutoff, a steep rise to a
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§ TE is called equivalent blackbody temperature; or effective radiating 
temperature

§ For a nonblack body (grey body) à estimate TE
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Kirchhoff’s law

q An arbitrary body emit ≤  a black body of the same size and shape 
at the same fixed temperature

q An arbitrary body can emit only at the wavelengths it absorbs
q a good/poor absorber is a good/poor emitter

à Corollary?

Kirchhoff’s law
• For an arbitrary body emitting and absorbing thermal radiation 

in thermodynamic equilibrium, the emissivity is equal to 
the absorptivity.
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1. Plot the Planck curves for different black body temperatures 
T=6000K, 5000K, 4000K, 3000K

2. Print out the wavelength of peak emission for each body 
3. Print out the total energy emitted by each body by using 1) 

the Stefan-Boltzmann Law, and 2) the Plank function
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discussed in this section can be summarized in
terms of an expression for the flux of radiation
emitted by, incident upon, or passing through a
surface !A

(4.9)

which is expressed in units of watts (W).

4.3 Blackbody Radiation
A blackbody4 is a surface that completely absorbs
all incident radiation. Examples include certain
substances such as coal and a small aperture of a
much larger cavity. The entrances of most caves
appear nearly black, even though the interior walls
may be quite reflective, because only a very small
fraction of the sunlight that enters is reflected back
through the entrance: most of the light that enters
the cave is absorbed in multiple reflections off the
walls. The narrower the entrance and the more
complex the interior geometry of the cave, the
smaller the fraction of the incident light that is
returned back through it, and the blacker the
appearance of the cave when viewed from outside
(Fig. 4.5).

4.3.1 The Planck5 Function

It has been determined experimentally that the inten-
sity of radiation emitted by a blackbody is given by

(4.10)

where c1 " 3.74 # 10$16 W m2 and c2 " 1.45 #
10$2 m K. The quest for a theoretical justification
of this empirical relationship led to the develop-
ment of the theory of quantum physics. It is
observed and has been verified theoretically that
blackbody radiation is isotropic. When B%(T) is

B%(T) "
c1%$5
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4 The term body in this context refers to a coherent mass of material with a uniform temperature and composition. A body may be a
gaseous medium, as long as it has well-defined interfaces with the surrounding objects, media, or vacuum, across which the intensity of the
incident and emitted radiation can be defined. For example, it could be a layer of gas of a specified thickness or the surface of a mass of
solid material.

5 Max Planck (1858–1947) German physicist. Professor of physics at the University of Kiel and University of Berlin. Studied under
Helmholtz and Kirchhoff. Played an important role in the development of quantum theory. Awarded the Nobel Prize in 1918.

Fig. 4.5 Radiation entering a cavity with a very small aper-
ture and reflecting off the interior walls. [Adapted from
K. N. Liou, An Introduction to Atmospheric Radiation, Academic
Press, p. 10, Copyright (2002), with permission from Elsevier.]
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Fig. 4.6 Emission spectra for blackbodies with absolute tem-
peratures as indicated, plotted as a function of wavelength on
a linear scale. The three-dimensional surface formed by the
ensemble of such spectra is the Planck function. [Adapted from
R. G. Fleagle and J. A. Businger, An Introduction to Atmospheric
Physics, Academic Press, p. 137, Copyright (1963) with permis-
sion from Elsevier.]

plotted as a function of wavelength on a linear
scale, the resulting spectrum of monochromatic
intensity exhibits the shape shown in Fig. 4.6, with
a sharp short wavelength cutoff, a steep rise to a
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c1=3.74 × 10-16 W m2

c2=1.45 x 10-2 m K. 

Practice #2
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