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 K This new and completely updated edition 

gives a detailed description of radiative 

transfer processes at a level accessible to 

advanced students. The volume gives the 

reader a basic understanding of global 

warming and enhanced levels of harmful 

ultraviolet radiation caused by ozone 

depletion. It teaches the basic physics 

of absorption, scattering, and emission 

processes in turbid media, such as the 

atmosphere and ocean, using simple  

semi-classical models. The radiative 

transfer equation, including multiple 

scattering, is formulated and solved for 

several prototype problems, using both 

simple approximate and accurate numerical 

methods. In addition, the reader has 

access to a power ful, state-of-the-ar t 

computational code for simulating radiative 

transfer processes in coupled atmosphere-

water systems including snow and ice. This 

computational code can be regarded as 

a power ful educational aid, but also as a 

research tool that can be applied  

to solve a variety of research problems  

in environmental sciences.

From reviews of the f irst edition

‘This book should not be missing on the 

desk of any person seriously interested in 

radiative transfer ... I would certainly use 

this book as a basic text and recommend it 

very highly to my students. I am sure that 

both instructor and student can profit a 

great deal from studying this excellent work.’

Meteorology and Atmospheric Physics

‘ ... should grace the shelves of all libraries 

of institutes concerned with research and 

teaching in atmospheric and oceanic science 

and it is an important part of the radiative 

transfer armoury.’       

International Journal of Climatology

‘The book is easy to read, and there are 

many examples to illustrate the concepts 

discussed...[It] should serve well as an 

introduction to radiative transfer.’

EOS

‘ ... a valuable resource for those interested 

in terrestrial radiative transfer.’

Physics Today

C O V E R  D E S I G N E D  B Y  H A RT  M c L E O D  LT D

stamnes

	Access to computational code for simulating 

radiative transfer processes

	Lecture slides based on the book and a 

solutions manual for instructor use

	PowerPoint and JPEG files of the figures in 

the book for instructor use

Based primarily on Chapter 8 in K. Stamnes, G. E. Thomas, and J. J. Stamnes, Radiative

Transfer in the Atmosphere and Ocean, Cambridge University Press, 2017.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017



Recent Heat Wave: Human-induced or not?

Editorial in New York Times (07-11-2012):
The recent heat wave that has fried much of the country, ruined crops and led to heat-related

deaths has again raised the question whether this and other extreme weather events can be

attributed to human-induced climate change. The answer, increasingly, is a qualified yes.

• Mainstream scientists have always been cautious about drawing a causal link between global warming and

any specific weather event....., but,....they agree that without sustained efforts to reduce greenhouse gases,

dangerous heat waves are likely to become more common, as will prolonged droughts and coastal flooding.

• Many politicians and a vocal minority of scientists dispute such predictions as alarmist. But the numbers

cannot be disputed:

– 11 years from 2001-11 rank among the 13 warmest globally
since record-keeping began 132 years ago; (NOAA)

– the average temperature in the contiguous United States for the first
six months of this year were the hottest recorded since 1895.
(NCDC)

According to IPCC: “It is virtually certain that increases in the frequency and magnitude

of warm daily temperature extremes and decreases in cold extremes will occur in the 21st

century on the global scale.”

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Earth’s Energy Budget and Climate: Goal

The goal is to explain in basic physical terms how the temperature profile of the
Earth (shown below) comes about, and how it is determined by the Greenhouse
Effect.

Figure 1: The 1976 Standard Atmospheric Temperature Profile.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Earth Energy Budget and Climate: Introduction (1)

The main purpose of this lecture is to explain the greenhouse effect, and discuss
the global warming issue from a basic physical point of view. To this end we
shall discuss:

• The temperature of an airless planet (no atmosphere).

• The basic greenhouse effect resulting from an atmosphere that is transparent
to solar radiation, but traps infrared (IR) radiation.

• The impact of clouds and aerosols on the energy budget and climate.

• The impact of absorption of solar radiation: the anti-greenhouse effect.

• The impact of increased levels of carbon dioxide and other greenhouse gases.

To facilitate this discussion, we will start by reviewing some basic physical laws and
concepts, and then use simple models to get the basic ideas across. In particular,
we will show that the basic features of Earth’s climate:

• can be captured in simple algebraic expressions that will allow anybody equipped
with basic knowledge of mathematics to explore how:

• changes in cloud cover, aerosol loading, surface albedo, and green-
house gas concentrations impact the climate of the Earth.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Earth Energy Budget and Climate: Introduction (2)

Definitions/Explanations:
Light (or radiation) interacts with matter through absorption and scattering.
For a planetary system like the Earth’s atmosphere-surface system:

albedo = fraction of energy reflected by the planetary atmosphere or surface
σ = scattering cross section per particle in the planet’s atmosphere
α = absorption cross section per particle in the planet’s atmosphere
τ = (σ + α)n · s = (σ + α)N = optical depth or opacity, where
n = the concentration of absorbing/scattering particles per unit volume
s = the distance along the light beam
N = n s = column number per unit area.
irradiance = energy per unit area per unit time.

Acronyms:
NOAA: National Oceanic and Atmospheric Administration
NCDC: National Climate Data Center
IPCC: Intergovernmental Panel on Climate Change

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Earth Energy Budget and Climate: Introduction (3)

Figure 2: How seasonal variations depend on the angle between the equator and the plane of the
orbit. If a planet had exactly 90◦ inclinations, it would be impossible to draw an analogy with
terrestrial north and south poles. The labels in the top panel would then be arbitrary.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Earth Energy Budget and Climate: Introduction (4)

Figure 3: How orbital eccentricity causes seasonal changes in the distance from the Sun.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Earth Energy Budget and Climate: Introduction (5)

Figure 4: Comparison between the spectrum of the Sun and a blackbody (Planck) spectrum corre-
sponding to a temperature of 5,785 K.
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Earth Energy Budget and Climate: Sun/Earth Spectra

!	

!!	

Ir
ra

di
an

ce
 

Ir
ra

di
an

ce
 

Figure 5: Spectral distribution of solar and terrestrial radiation fields. Also shown are the approxi-
mate shapes and positions of the scattering and absorption features of the Earth’s atmosphere.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017

9



Earth Energy Budget and Climate: Solar Spectrum

Figure 6: Extraterrestrial solar irradiance, measured by a spectrometer on board an Earth-orbiting
satellite. The UV spectrum (119 < λ < 420 nm) was measured by the SOLSTICE instrument on
the UARS satellite. The vertical lines divide the various spectral sub-ranges. The smooth curves
are calculated blackbody spectra for a number of temperatures.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Earth’s Energy Budget and Climate: Temperature

Figure 7: Left: Standard empirical model temperature profiles for var-
ious locations and seasons. The 1976 Standard atmosphere is
appropriate for the global mean. The Tropical atmosphere is valid
for latitudes less than 30◦; the Subtropical model for 30–45◦; the
Subarctic atmosphere for 45–60◦; and the Arctic for 60–90◦. Right:
The 1976 Standard Atmospheric Temperature Profile.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Earth Energy Budget and Climate: Basic Physics (1)

The equilibrium radiation field, expressed in the famous Radiation Laws,
first established by Kirchhoff in 1860, depends only upon:

• the temperature of the medium and is totally independent of the
nature of the matter of which the medium consists.

Planck derived the hemispherical blackbody spectral irradiance FBB
ν :

FBB
ν =

m2
r

c2

2πhν3

(
ehν/kBT − 1

) ←− Planck’s radiation law (1)

where h is Planck’s constant, mr is the real part of the refractive index, and kB is
Boltzmann’s constant. The blackbody radiation field is:

• isotropic and unpolarized, and the net irradiance is everywhere zero. Therefore,

the blackbody radiance is related to the hemispherical irradiance through
FBB
ν =

∫
2π dω cos θIBB

ν = πIBB
ν :

IBB
ν = Bν(T ) ≡ m2

r

c2

2hν3

(
ehν/kBT − 1

) ←− Planck function. (2)

• The closely related function Bλ(T ) is illustrated in Fig. 8 for 3 temperatures.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017

12



Earth’s Energy Budget and Climate: Basic Physics (2)

Figure 8: The blackbody radiance Bλ versus wavelength λ. The rela-
tionship between Bν and Bλ is Bλ|dλ| = Bν|dν|. Since λ = c/ν then
|dν| = (c/λ2)|dλ| ⇒ Bλ = 1

c2λ5
2h

(ehc/kBλT−1)
.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Earth Energy Budget and Climate: Basic Physics (3)

The frequency-integrated hemispherical irradiance leaving the medium is:

FBB =
∫ ∞
0 dν

∫
2π dω cos θIBB

ν = π
∫ ∞
0 dνBν(T ). (3)

Substituting Eq. 2 in Eq. 3, we obtain:

FBB = σBT
4 ←− Stefan-Boltzmann law (4)

σB = 2π5k4
B/15h3c2 = 5.6703× 10−8 [W ·m−2 · K−4].

• According to the First Law of Thermodynamics, the time rate of change of the
globally averaged column energy Ē is given by (ρ̄ is the spherical albedo∗):

∂Ē

∂t
≡ N̄ =

incident energy︷ ︸︸ ︷
(1− ρ̄)F̄ s −

emitted energy︷ ︸︸ ︷
F̄TOA ←− radiative forcing (5)

where N̄ is the mean radiative forcing, i.e., to the net irradiance at the top
of the atmosphere (TOA).

– F̄ s is the mean solar irradiance falling on the planet,

– (1− ρ̄)F̄ s is the fraction of the mean solar irradiance absorbed by the planet,

– F̄TOA is the mean thermal IR emission at the TOA.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017

∗albedo = fraction of incident energy that is reflected.
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Earth’s Energy Budget and Climate: Basic Physics (4)
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Figure 9: Blackbody curves for radiation from the Sun (6000 K) and the
Earth (255 K).

The area under each of the blackbody curves is given by:

FBB = σBT
4 ←− Stefan-Boltzmann law.

Note that there is very little overlap between the solar and the
terrestrial (Earth) radiation spectra. Thus:

• the infrared (IR) or Earth radiation (λ > 3.5 µm) is spectrally
separated from the Solar (or visible) (λ < 3.5 µm) radiation.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Earth Energy Budget and Climate: Basic Physics (5)

Characterizing outgoing IR radiation by an effective temperature Te, we obtain

F̄TOA = σBT
4
e ←− energy emitted by a planet.

• By averaging over one or several years, we find a time- and space-averaged
radiative forcing, which is close to zero, i.e., 〈N̄〉 ≈ 0.

•When 〈N̄〉 = 0, we have planetary radiative equilibrium (RE), implying:

〈N̄〉 = (1− ρ̄)F̄ s − F̄TOA =

incident energy︷ ︸︸ ︷
(1− ρ̄)F̄ s −

emitted energy︷ ︸︸ ︷
σBT

4
e = 0.

Solving for Te, the effective temperature of the planet becomes:

Te =

(1− ρ̄)F̄ s

σB


1/4

←− planetary RE temperature. (6)

• For Earth the spherical albedo is ρ̄ = 0.3, and F̄ s = S0/4 = 342 W·m−2.†

• The above formula yields Te = −18 ◦C, much lower than Earth’s mean
surface temperature Ts = +15 ◦C, due to the greenhouse effect.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017

†Here S0 = 1368 W·m−2 = the solar “constant”, and the factor of 1/4 is the ratio of disk area of the Earth
(πR2) intercepting the radiation to the the total surface area (4πR2).
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The Role of Radiation in Climate (1)

Several radiatively-active molecules – the so-called greenhouse gases:

• strongly absorb and emit infrared (IR) radiation, and thereby trap radiative
energy that would otherwise escape to space.

The global warming issue is concerned with the effects of:

• enhanced abundances of these greenhouse gases and changes in aerosol
loading (due in part to man’s activities) and cloud cover on the overall
radiative energy balance of the Earth and hence on climate.

• The bulk of the Earth’s atmosphere (99% by mass) consists of molecular nitro-
gen (N2) and oxygen (O2) =⇒ radiatively insignificant, homonuclear,
diatomic molecules.

• Trace amounts of polyatomic molecules (CO2, H2O, O3, CH4) are
responsible for atmospheric absorption and emission of radiation.

Below is a schematic diagram of the significant components of the Earth’s energy
balance:

• The incoming solar irradiance is 342 W·m−2 averaged over the entire planet.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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The Role of Radiation in Climate (2)

• Of this irradiance: 107 W·m−2 (about 31%) is reflected to space; whereas

• the absorbed solar energy, 235 W·m−2, is balanced by an equal amount radiated
to space in the IR.

Figure 10: Earth’s energy budget.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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The Role of Radiation in Climate (3)
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Figure 11: (a) Blackbody curves for solar radiation (6000 K) and terrestrial radiation (255 K).
Absorption spectra for (b) the entire vertical extent of the atmosphere, (c) the portion of the
atmosphere above 11 km, and (d) for the various atmospheric gases between the top and the
surface of the Earth.
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The Role of Radiation in Climate (4)

Within the atmosphere, the land surface and the ocean:

• the transformation of radiative energy into chemical, thermal and kinetic energy
drives the “engine” of weather and climate. BUT:

The most important radiative interaction is the greenhouse effect:

• Earth would be in a state of permanent glaciation without it.

But enhanced levels of CO2 abundance (and other GHGs), is a concern, because:

• they absorb and trap Earth radiation that would otherwise escape to space, and

• they cause an imbalance between the energy received and emitted by Earth. If
Earth receives more energy from the Sun than it is able to emit to space, then:

• by increasing its effective temperature it will increase the energy emitted (by the
Stefan-Boltzmann law: FBB = σBT

4) until a new radiative equilibrium
between the Sun and the Earth is established.

Similary, the trapping of terrestrial radiation by enhanced levels of GHGs:

• will lead to a surface warming, which can be explained in terms of an increase
in the emission height, so that the net energy emitted by the Earth is equal to
that received from the Sun.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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The Role of Radiation in Climate (5)

We will consider how both visible and IR radiative interactions affect the Earth’s
climate. We will ignore:

• many other climate variables (precipitation, wind, ice and snow cover, etc.), and:

• deal only with the temperature structure (the global warming problem).

In order to isolate the basic radiative forcing, and the atmosphere’s most elementary
response, we employ an analytic model:

• based on a simple solution to the radiative transfer equation, because:

• this model is remarkably flexible, and will describe the static, globally-
averaged temperature structure of a planet’s atmosphere.

The ocean serves as a heat storage medium, and in this simple picture:

• it acts only to delay the approach of the climate system to an equilibrium state.

In more realistic regional models the main role of the ocean is to:

• mediate seasonal responses, and transport heat poleward from the low-latitude
regions of heating excess.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Role of Radiation in Climate: Radiative Equilibrium (1)

Radiative equilibrium (RE) is based on the assumption that the atmo-
sphere has negligible absorption of visible (solar) radiation. The
surface is assumed to be reflective in the visible, but black in the IR. Thus:

• the surface is heated by incoming solar radiation, and by down-
ward IR radiation from the atmosphere;

• at the upper ‘edge’ where the slant optical depth is of order unity, the atmo-
sphere radiates to space with a globally-averaged effective tem-
perature Te determined by the overall energy balance.

As already shown, the effective temperature of an airless planet is given by:

Te =

S0(1− ρ̄)

4σB


1/4

where (7)

• S0 = “solar constant”; ρ̄ = spherical albedo; σB = Stefan-Boltzmann constant.

With no ‘blanketing’ atmosphere to trap radiation emitted by the surface:

• the effective temperature is equal to the surface temperature. For the Earth,
the effective temperature is Te = 255 K or −18◦C ←− too cold!!

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Role of Radiation in Climate: Radiative Equilibrium (2)

Assumptions:

1. IR radiation interacts with a single gray absorber with absorption coefficient α;

2. no scattering occurs (the scattering coefficient σ = 0);

3. the atmospheric optical properties vary only in the vertical direction;

4. IR (λ > 3.5 µm) spectrally separated from visible (λ < 3.5 µm) radiation.

B(τ ) =
∫ ∞
0 dνBν[T (τ )] =

σBT
4(τ )

π
←− gray approximation (8)

where the IR optical depth is the vertical position variable: τ (z) =
∫∞
z dzα(z).

We need to solve (u = cos θ, where θ is the polar angle):

u
dI(τ, u)

dτ
= I(τ, u)−B(τ ) ←− radiative transfer equation. (9)

Integrating Eq. 9 over all solid angles, we obtain:

dF (τ )

dτ
= 4π[Ī(τ )−B(τ )]. (10)

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Role of Radiation in Climate: Radiative Equilibrium (3)

In Eq. 10, F (τ ) is the net irradiance, and Ī(τ ) is the mean radiance (µ ≡ |u|):

F (τ ) = 2π
∫ 1
−1 duuI(τ, u) = 2π

[ ∫ 1
0 dµµI

+(τ, µ)−
∫ 1
0 dµµI

−(τ, µ)
]

(11)

Ī(τ ) =
1

2

∫ 1
−1 du I(τ, u) =

1

2

[ ∫ 1
0 dµI

+(τ, µ) +
∫ 1
0 dµI

−(τ, µ)
]

(12)

and I±(τ, µ) denote the radiances into the upper (+) and lower (−) hemispheres.

I+(0;µ,φ)

I+(τ*;µ,φ)

I
–
(0;µ,φ)

I
–
(τ*;µ,φ)

τ = τ∗

τ

τ = 0

Figure 12: Illustration of upward I+(τ, µ) and downward radiances I−(τ, µ) in slab geometry. The
optical depth τ is measured downward from the “top” of the atmosphere (τ = 0), to the surface
(τ = τ ∗). µ = |u| = | cos θ|, and θ is the polar angle. The vertical height z is measured upward from
z = 0 at the surface.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Role of Radiation in Climate: Radiative Equilibrium (4)

The fifth assumption is that of radiative equilibrium (RE):

• 5. The absorption rate of IR radiation [αĪ(τ )] is equal to the emission rate
[αB(τ ) = ασBT

4(τ )/π]: → Ī(τ ) = B(τ ) = σBT
4/π.

• From Eq. 10, since Ī(τ ) = B(τ ):
dF (τ )/dτ = 0→ F (τ ) = σBT

4
e = constant in RE.

A final assumption is needed to obtain an analytic solution to Eq. 9:

u
dI(τ, u)

dτ
=I(τ, u)−B(τ ) = I(τ, u)−

Ī(τ)︷ ︸︸ ︷
1

2

∫ 1
−1 du I(τ, u) (13)

• 6. The radiance varies slowly with u = cos θ: use two-stream approxima-
tion (TSA) to replace the entire angular distribution with I+(τ ) and I−(τ ):

I(τ, u) = I+(τ ) if u > 0 and I−(τ ) if u < 0 (14)

F (τ ) ≈ 2πµ̄[I+(τ )− I−(τ )] and Ī(τ ) ≈ 1

2
[I+(τ ) + I−(τ )] (15)

where we have used Eqs. 11 and 12, and µ̄ is the absolute value of the mean cosine
of the rays, which lies between 1/2 and 1/

√
3. With these assumptions we can

rewrite Eq. 13 as:

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Role of Radiation in Climate: Radiative Equilibrium (5)

+µ̄
dI+(τ )

dτ
= I+(τ )− 1

2
[I+(τ ) + I−(τ )] = +

1

2
[I+(τ )− I−(τ )] (16)

−µ̄dI
−(τ )

dτ
= I−(τ )− 1

2
[I+(τ ) + I−(τ )] = −1

2
[I+(τ )− I−(τ )]. (17)

Subtracting Eq. 17 from 16 yields:

µ̄
d[I+(τ ) + I−(τ )]

dτ
= I+(τ )− I−(τ ) (18)

but since B(τ ) = (1/2)[I+(τ ) + I−(τ )] and I+(τ )− I−(τ ) = σBT
4
e /π, we find

dB(τ )

dτ
=
σBT

4
e

2πµ̄
=⇒ B(τ ) =

σBT
4
e

2πµ̄
τ + C. (19)

Since the IR radiation escapes the medium from an optical depth of unity, where

τ/µ̄ = 1, and T (τ = τe = µ̄) = Te, we have B(τ = µ̄) = σBT
4
e

2πµ̄ µ̄ + C = σBT
4
e /π.

Solving for C, we find C = σBT
4
e /π −

σBT
4
e

2πµ̄ µ̄ = σBT
4
e /2π, and thus:

B(τ ) =
σBT

4
e

2π
(1 + τ/µ̄) ←− radiative equilibrium. (20)

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017
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Role of Radiation in Climate: Radiative Equilibrium (6)

Since B(τ ) = σBT
4(τ )/π ≡ σBT

4
re(τ )/π (Eq. 8), the RE temperature profile

becomes:

Radiative Equilibrium Expression for Atmospheric Temperature:

Tre(τ ) = Te

1

2
+
τ

2µ̄


1/4

≡ TeG1/4(τ ) (21)

where G(τ ) = (Tre(τ )/Te)
4 = (1/2 + τ/2µ̄) is the greenhouse factor. Thus:

• the temperature increases monotonically downward from an outer ‘skin’ tem-
perature Tre(0) = Te/(2)1/4 to a lower boundary temperature Tre(τ

∗) =
Tre(0)(1 + τ∗

µ̄ )1/4 whose value is less than Ts = Te(1 + τ ∗/2µ̄)1/4.

The relative temperature change (discontinuity) across the air-surface interface is:

∆T/Ts = [Ts − Tre(τ
∗)]/Ts = 1−

1 + τ ∗/µ̄

2 + τ ∗/µ̄


1/4

. (22)

The above expression for the surface temperature Ts = Te(1 + τ ∗/2µ̄)1/4 can be
found as follows.
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Role of Radiation in Climate: Radiative Equilibrium (7)

The upward irradiance at the surface

F+(τ ∗) = 2πµ̄I+(τ ∗) = 2µ̄σBT
4
s ←− I+(τ ∗) = σBT

4
s /π.

Second, since the net irradiance at this level is 2µ̄σBT
4
e (as it is at all levels), then:

F (τ ∗) = F+(τ ∗)− F−(τ ∗) = 2πµ̄[I+(τ ∗)− I−(τ ∗)] = 2µ̄σBT
4
e .

Solving for the downward irradiance at the surface [F−(τ ∗) = F+(τ ∗)− F (τ ∗)]:

F−(τ ∗) = 2πµ̄I−(τ ∗) = 2µ̄σB(T
4
s − T 4

e ) −→ I−(τ ∗) = σB(T 4
s − T 4

e )/π. (23)

Thus, the source function at the surface may be expressed as:

B(τ ∗) = Ī(τ ∗) =
1

2
[I+(τ ∗) + I−(τ ∗)] =

σB

2π
(2T 4

s − T 4
e ).

Evaluating Eq. 20 at τ = τ ∗, we have

B(τ ∗) =
σBT

4
e

2π
(1 + τ ∗/µ̄).

Equating the two expressions above for B(τ ∗), and solving for Ts we find:

Ts = Te(1 + τ ∗/2µ̄)1/4 ≡ TeG1/4
s ←− surface temperature. (24)
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Role of Radiation in Climate: Radiative Equilibrium (8)

The value of the ‘jump’: ∆T/Ts = 1 − [1+τ∗/µ̄
2+τ∗/µ̄]1/4 is ∼ 16% for optically-thin

media, and decreases to zero as τ ∗ →∞. This peculiarity arises from the fact that:

• the surface is heated by both the Sun and the atmosphere, whereas the overlying
atmospheric layer is heated only by the neighboring regions.

Eq. (21) [Tre(τ ) = Te

(
1
2 + τ

2µ̄

)1/4
≡ TeG1/4(τ )] ignores the possibility of dynamical

heat transport across the interface. In the real world, convection tends to:

• erase the discontinuity extremely quickly, but not necessarily eliminate it.

The frequency-integrated IR optical depth at height z is given approximately by:

τ (z) = τ ∗e−z/Ha = τ ∗e−z/2 ⇒ z = Ha ln(τ ∗/τ ) (25)

where z is expressed in km above the surface (z = 0), Ha is the absorber scale
height, and

• the total optical depth τ ∗ is an adjustable parameter, derived from fitting
model predictions to observed temperature profiles.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017

29



Role of Radiation in Climate: Radiative Equilibrium (9)

The variation of temperature with height from Eq. 21: Tre(τ ) = Te

(
1
2 + τ

2µ̄

)1/4
is

shown in Fig. 13 (as the dashed lines) for several values of τ ∗. Equation 24:

Ts = Te(1 +
τ ∗

2µ̄
)1/4 ≡ TeG1/4

s requires that: τ ∗/2µ̄ = 0.63 to obtain the

current globally averaged surface temperature of 288 K (assuming Te = 255 K).
This radiative equilibrium solution explains the declining tropospheric temperature:

• although a temperature inversion occurs in the upper stratosphere, due to ab-
sorption of solar UV radiation by ozone. But (see Fig. 13):

Tre(0) = 255× 2−1/4 K = 214 K ←− the ‘skin’ temperature

is a good estimate for the globally-averaged minimum (tropopause) temperature.

• Note: τ ∗/2µ̄ = 0.63⇒ Ts = 288 K (15◦C): this modest optical thickness causes

• a greenhouse warming of 33◦C, relative to the effective temperature (Te =
255 K or−18◦C which would apply to an airless planet), that prevents Earth
from being a permanently glaciated world.
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Role of Radiation in Climate: Radiative Equilibrium (10)

In other words:

• the existence of a tropopause temperature minimum can be un-
derstood from purely radiative considerations, but the lapse rate
in the troposphere is controlled largely by dynamical transport effects.

Figure 13: Pure-radiative (dashed lines) and radiative-convective equilibrium (solid lines) tempera-
ture profiles for four different optical depths, and for ρ̄ = 0.30. Open circles: Standard Atmosphere.
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Radiation and Climate: Radiative-Convective Equilibrium (1)

In 1913, R. Emden first pointed out that: Radiative equilibrium (RE) solutions

• (such as those discussed above) are convectively unstable.

When solar energy is absorbed deep within the atmosphere, the RE temperature
gradient or lapse rate, Γre = ∂Tre/∂z is large and negative. Instead we use:

The global mean tropospheric temperature gradient (or lapse rate, Fig. 13):

• Γenv ≈ −6.5 K · km−1 ←− the environmental lapse rate.

A proper treatment of convective transport is very difficult, but it is sufficient to:

• replace RE lapse rate, Γre, by environmental lapse rate, Γenv.

To further simplify the problem, we introduce the emission height as:

• the level where the atmosphere experiences its maximum radiative cooling.

• The maximum cooling occurs at an optical depth τe, where T ≈ Te.

• Its value in the RE problem discussed above is found from Eq. 21:

Tre(τ ) = Te

1

2
+
τ

2µ̄


1/4

by setting Tre(τe) = Te, which yields:

• τe = µ̄: physically reasonable; a medium effectively cools when τ/µ̄ ≈ 1.
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Radiation and Climate: Radiative-Convective Equilibrium (2)

• The geometric height is found from Eq. 25 to be ze(τ
∗) = Ha ln(τ ∗/τe).

We set the greenhouse increase in surface temperature Ts (over the effective tem-
perature Te) equal to the product of the lapse rate Γenv and ze, or:

Ts(τ
∗) = Te + |Γenv|ze(τ

∗) = Te + |Γenv|Ha ln(τ ∗/τe). (26)

We may now combine the radiative-convective solution valid in the region below
the tropopause height, zt and the RE solution valid above zt:

Trc(z) = Te + |Γenv|[ze − z] (z ≤ zt) (27)

Trc(z) = Te(2)−1/4 (z > zt) (28)

where the tropopause height is given by zt = ze + [1− (1
2)1/4]× Te/|Γenv|.

•We have obtained a realistic solution for the mean atmospheric
temperature (see Fig. 13), in terms of the optical depth τ ∗ = 4,
lapse rate |Γenv| = 6.5 K · km−1, absorber scale height, Ha = 2 km,
and τe = 0.32, which yields emission height ze = 5 km.
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Radiation and Climate: Radiative-Convective Equilibrium (3)

Using Eq. 26: Ts(τ
∗) = Te + |Γenv|ze(τ

∗) = Te + |Γenv|Ha ln(τ ∗/τe), “tune”

• τ ∗ to simulate the greenhouse effect in a realistic atmosphere. We may write:

τ ∗ as a sum of the opacities of the non-water greenhouse gases (τ ∗n = 0.788) and:

• τ ∗(H2O) = bw, due to water vapor, where b is an empirical constant and w =
ρ0Ha is the precipitable water [g· cm−2]. Thus:

τ ∗tot = τ ∗n + bw = τ ∗n + τ ∗(H2O) (29)

and Eq. 26: Ts(τ
∗) = Te + |Γenv|ze(τ

∗) now becomes:

Ts(τ
∗
tot) = Te + |Γenv|ze(τ

∗
tot) ze(τ

∗
tot) = Ha ln({τ ∗n + τ ∗(H2O)}/τe). (30)

To determine τ ∗n and b in our model, we impose two clear-sky constraints:

• (1) the greenhouse effect for w = 0: G ≡ σB(T 4
s − T 4

e ) ≈ 50 W· m−2; and

• (2) the greenhouse factor Gs = (Ts/Te)
4 = [1 + |Γenv|ze(τ

∗
tot)/Te]

4 (Eq. 30) is
consistent with observations.

• Constraint (1) comes from detailed modeling studies and constraint (2) from
data from the Earth Radiation Budget Experiment (ERBE).
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Radiation and Climate: Radiative-Convective Equilibrium (4)

A global average value of w̄ = 1.32 g · cm−2, and b = 1.1 cm2 · g−1 implies:

τ ∗(H2O) = bw̄ = 1.452 −→ τ ∗tot = τ ∗n + τ ∗(H2O) = 0.788 + 1.452 = 2.21.

• Thus, the combination of non-water vapor greenhouse gases (CO2, CH4, N2O,
O3 and others) contribute τ ∗n/τ

∗
tot = [0.788/2.21] = 0.35 or ∼ 35% of the total

clear-sky optical depth.

We find the greenhouse effect to be:

•
G = σB[T 4

s (τ ∗n)− T 4
e ] = 53 W ·m−2

by using τ ∗n = 0.788, Γenv = −6.5 K · km−1 and Ha = 2 km in Eq. 26,

and the greenhouse factor (Eq. 30):

•
Gs = (Ts/Te)

4 = [1 + |Γenv|ze(τ
∗
tot)/Te]

4

agrees reasonably well with ERBE results as shown in Fig. 14, provided the lapse
rate is about −6.5 K · km−1.
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Radiation and Climate: Radiative-Convective Equilibrium (5)

Figure 14: Solid curves: Greenhouse factor Gs = (Ts/Te)
4 = [1 + |Γenv|ze(τ ∗tot)/Te]

4 (Eq. 30) as a function
of precipitable water for three different values of the environmental lapse rate Γ ≡ Γenv. Open
circles: G-values inferred from satellite data. The error bars indicate the spread of the data points.
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Role of Radiation in Climate: Impact of Clouds

For the combined shortwave and longwave radiative effects of clouds, the climatic
effects of increasing greenhouse gas concentrations can be:

• amplified, if changes in clouds lead to a warming due to an enhanced
greenhouse effect, or

• dampened, if changes in clouds lead to a cooling due to an increased
shortwave albedo.

The absorption and scattering coefficients, and the asymmetry factor may be
related to the LWC (IWC) and 〈r〉 by simple algebraic relationships:

• determined by fitting them to accurate scattering computations.

From these specifications, and by knowing the temperature of the cloud (determined
by its height) we can compute:

• the cloud albedo, its emittance and absorptance, its optical depth, etc. In the
following, we will:

• illustrate how these cloud properties enter into the mean radiative energy balance
with the help of simple models.
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Role of Radiation in Climate: IR Cloud Effects (1)

The IR opacity of clouds adds to that of the gaseous opacity:

• further ‘blanketing’ the surface and inducing additional warming.

We approximate the cloud opacity τ ∗c as the product of:

• the mass absorption coefficient αc
IR and the liquid water path LWP:

τ ∗c = αc
IR LWP ←− cloud IR optical depth.

If the cloud is introduced above the clear-air emission height, it will:

• raise the effective emitting level to a cooler region, with a lower cooling
rate, which implies a higher surface temperature. Therefore:

• we modify the effective cooling height ze in Eq. 30: Ts(τ
∗
tot) = Te + |Γenv|ze(τ

∗
tot)

to include the additional cloud optical depth:

Ts(τ
∗
tot) = Te + |Γenv|ze(τ

∗
tot)

ze(τ
∗
tot) = H ln[{τ ∗n + τ ∗(H2O) + τ ∗c }/τe] (31)

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017

38



Role of Radiation in Climate: IR Cloud Effects (2)

Figure 15 shows Gs = (Ts/Te)
4 derived from satellite data and predicted by Eq. 31

with τ ∗c = αc
IR LWP for two different values of αc

IR. Note:

• the principal IR effect of clouds (introduced above the effective clear-air
emission height) is simply to raise the effective radiating height.

Figure 15: Greenhouse factor Gs for a cloudy atmosphere versus LWP. Open circles: Gs-values inferred
from satellite data with error bars. The solid curves are for the analytic expression, Eq. 31, for
two different values of the cloud droplet absorption coefficient, αm ≡ αc

IR.
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Role of Radiation in Climate: Combined IR Effects of
Clouds and Clear Air

Combining the contributions from clouds (Eq. 31) and from clear air (Eq. 30), we
get:

Ts = Te + AcHcld|Γcld| ln[(τ ∗n + τ ∗(H2O) + τ ∗c )/τe]

+ (1− Ac)Hclr|Γclr| ln[(τ ∗n + τ ∗(H2O))/τe]. (32)

Note that:

• we have taken into account the fact that the Earth is partially covered with
clouds with a fractional coverage Ac (0 ≤ Ac ≤ 1);

• both the scale height (either Hclr or Hcld) and the lapse rate (either Γclr or Γcld)
are allowed to vary between clear and cloudy regions;

• the above equation may be used to study how the surface temperature of a planet
depends on variable cloud cover, Ac, moisture content of the air, τ ∗(H2O), optical
depth due to non-water vapor GHGs, τ ∗n , and cloud water optical depth, τ ∗c .
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Role of Radiation in Climate: SW Cloud Effects (1)

The major impact on the energy budget is the change in albedo due to clouds:

• increased reflection (larger ρ̄) causes the amount of absorbed energy (1 − ρ̄)F s

to be lowered, and thus reduces the mean surface temperature.

The plane albedo ρc of a stratified cloud can be computed from the TSA as:

ρc =
2bcτ

∗
c + (µ̄− µ0)(1− e−2bcτ

∗
c /µ0)

2bcτ ∗c + 2µ̄
←− plane cloud albedo. (33)

Here

• τ ∗c = αc
VIS LWP is the (gray) visible optical depth of the cloud,

• µ̄ is the mean cosine of the multiply-scattered light,

• µ0 is the cosine of the solar zenith angle,

• bc = (1− gc)/2 = cloud backscattering ratio, and gc = asymmetry factor.

• Figure 16 shows: cloud albedo-values extracted from Nimbus 7 and ERBE satel-
lite data, and for comparison predictions from Eq. 33.
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Role of Radiation in Climate: SW Cloud Effects (2)

Figure 16: Plane albedo of a cloud versus liquid water path, calculated from Eq. 33. Different curves
apply to different values of the mean particle radius 〈r〉 in µm. The dashed curves, based on
satellite data, enclose 97% of all observations for the tropics and mid-latitudes.
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Role of Radiation in Climate: SW Cloud Effects (3)

How does the albedo of the surface-atmosphere-cloud “system” affect the
overall energy balance of the planet? First we should recognize that:

• the Earth’s surface reflects visible light, with an average (spherical) albedo ρ̄s =
0.11. This value is low, due to:

• the very low (5-10%) reflectance of ocean water which covers nearly three-fourth
of the planet’s surface. We must also include:

• the small, but still significant effects of the clear-sky (molecular) scattering and
absorption of solar radiation;

• the spherical albedo of the atmosphere (assuming a dark surface) ρ̄a = 0.07.

Spherical albedo of the combined clear-sky atmosphere-surface system:

ρ̄as = ρ̄a +
ρ̄s(1− ρ̄a)2

1− ρ̄sρ̄a
←− clear-sky albedo. (34)

Substituting in Eq. 34 numerical values for ρ̄a = 0.07 and ρ̄s = 0.11:

• we find ρ̄as = 0.166, in good agreement with the observed range 0.14 − 0.18
found by satellite measurements.
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Role of Radiation in Climate: SW Cloud Effects (4)

Assuming that clouds of spherical albedo ρ̄c are present, we can apply the same for-
mula to estimate the spherical albedo of the cloudy atmosphere-surface system:

ρ̄cas = ρ̄c +
ρ̄as(1− ρ̄c)

2

1− ρ̄asρ̄c
←− cloudy-sky albedo. (35)

To include partial cloudiness with a fractional coverage Ac (0 ≤ Ac ≤ 1):

• we weight the clear-sky albedo ρ̄as with the fraction of clear sky (1−Ac) so that
the total spherical albedo of the Earth system is approximated by:

ρ̄tot = Acρ̄cas + (1− Ac)ρ̄as. (36)

We would like to relate the cloud spherical albedo ρ̄c to more basic:

• cloud properties, such as liquid water path (LWP) or ice water path (IWP).

In the TSA, ρ̄c is given by averaging Eq. 33: ρc = 2bcτ
∗
c +(µ̄−µ0)(1−e−2bcτ

∗
c /µ0)

2bcτ∗c +2µ̄ over all

solar zenith angles, BUT, simply setting µ0 = µ̄ in Eq. 33 yields the correct result:

ρ̄c =
2bcτ

∗
c

2bcτ ∗c + 2µ̄
←− spherical cloud albedo. (37)
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Role of Radiation in Climate: Combined SW and IR
Effects of Clouds (1)

If we define a critical albedo (referenced to a clear atmosphere with albedo ρ̄as):

ρ̄crit =
ρ̄as + aLWP

1 + aLWP
; a = 2.622× 10−3 (38)

then clouds will result in:

• a net cooling if ρ̄tot > ρ̄crit BUT

• a net warming will occur, if ρ̄tot < ρ̄crit.

This result is illustrated in Fig. 17 which shows that: the critical albedo separates
domains of cooling and warming:

• clouds in mid-latitude regions tend to have a net cooling effect, whereas those
in tropical regions are mainly in the warming domain.

To obtain an alternate model for the surface temperature we use the concept of:

• effective radiating height in a formulation involving partial cloud coverage.

Both the albedo and the effective radiating height depend upon:

• the LWP of the clouds, and upon the cloud fractional coverage, Ac.
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Role of Radiation in Climate: Combined SW and IR
Effects of Clouds (2)
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Figure 17: Albedo versus liquid water path of clouds. Heavy solid line: Critical planetary albedo ρ̄crit
dividing regions of net warming and net cooling, given by Eq. 38. The albedo of the clear-air
plus surface ρ̄as is set equal to 0.166, as inferred from Eq. 34. The ellipses define the regions
containing 97% of all observations for the tropics and midlatitudes. They were computed from
Eq. 35 where ρ̄c is given by the ellipses in Fig. 16. If ρ̄tot is in the upper domain (ρ̄tot > ρ̄crit), net
cooling occurs. If it is in the lower domain, (ρ̄tot < ρ̄crit), net warming occurs.
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Role of Radiation in Climate: Radiative Forcing (1)

We have so far defined the greenhouse effect G to be:

• the difference between the planetary mean irradiance emitted by the surface and
the planetary mean outgoing irradiance at the top of the atmosphere.

But we may also define it on a local basis, and at a specific wavenumber as:

Gν̃ ≡ F+
ν̃ (τ ∗)− F+

ν̃ (0).

The spectrally-integrated greenhouse effect is thus:

G =
∫
dν̃Gν̃ = σBT

4
s − FTOA. (39)

On a global average, F̄TOA = σBT
4
e . Figure 18 shows:

• the spectral variation of these two irradiances, illustrating how their difference
maximizes in the optically thick bands of the major greenhouse gases.

• A change in a climate variable will cause a perturbation ∆G in G, which gives
rise to a change ∆Ts in the equilibrium surface temperature Ts.
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Role of Radiation in Climate: Radiative Forcing (2)

Figure 18: Upper panel: The upper smooth curve is the emission from the surface (assumed black)
The lower curve is the irradiance at the top of the atmosphere, computed from a radiative
transfer model. Lower panel: The corresponding Greenhouse effect Gλ = σBT

4
s − FTOA.
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Role of Radiation in Climate: Radiative Forcing (3)

Drawbacks to the definition of ∆G, which limit its usefulness:

• (1) Since it involves surface temperature, G and ∆G include the feedback re-
sponse of the climate system;

• (2) ∆G is a measure of change in atmospheric “back-warming” of the surface –
a more satisfactory definition would include the entire atmospheric column;

• (3) Ts is not easily measured from space, especially over land surfaces.

Would prefer a strictly radiative definition such as the difference between the
incoming and outgoing irradiances at the top of the atmosphere:

N ≡ Nsw −Nlw ≡ (1− ρ)F s − FTOA. (40)

N is equal to the instantaneous column-integrated radiative heating resulting
from an imbalance between the shortwave heating and the longwave cooling. Note:

• this definition involves local (or regional quantities): N can vary with latitude
and even time of day;

• the plane albedo ρ, the solar irradiance F s, and the outgoing IR irradiance FTOA

are readily measured from space.
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Role of Radiation in Climate: Radiative Forcing (4)

To illustrate the role of N as a radiative forcing, we consider the more general
energy balance equation applying to a particular region:

∂Eatm

∂t
= N −

∫ ∞
0 dz divFh ≡ N − Φ. (41)

Eatm is the zonally- and column-averaged atmospheric energy. Φ is the zonally- and
column-averaged irradiance divergence of energy leaving the atmospheric column
horizontally.
If we average the above equation over the Earth’s surface, the transport terms will
drop out, so that ∂Ēatm/∂t = N̄ . Further averaging over one year (or a period of
several years) yields a global balance:

∂〈Ēatm〉
∂t

= 〈N̄〉 = 0. (42)

• The requirement that 〈N̄〉 = 0 is a useful check on the accuracy of radiation
budget measurements.

• Figure 19 shows the measured variation of 〈N〉 with latitude and the inferred
meridional transport of energy 〈∫ dzFh〉, assuming 〈N̄〉 = 0. More detailed
geographical distributions of N are found in the research literature.
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Role of Radiation in Climate: Radiative Forcing (5)

Figure 19: Curves labelled “Net Radiation”: Zonally and annually-averaged net irradiance 〈N〉 from
satellite observations. Curves labelled “Meridional Transport” is the north-south transport

∫
dzFh

implied by the above variation of 〈N〉 with latitude, and assuming a balance between meridional
transport and radiative heating, ∂〈Ēatm〉/∂t = 0 (see Eq. 42).
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Role of Radiation in Climate: Cloud/Aerosol Forcing (1)

To focus on the radiative effects of clouds (same formulation applies to aerosols):

• it is common to use the concept of cloud radiative forcing:

CF ≡ Ncld −Nclr ≡ SWCF + LWCF. (43)

Ncld and Nclr are the cloudy and clear irradiances measured at the top of the
atmosphere.

• If CF is determined empirically: use is made of different “scenes” (cloudy or
clear) at the same latitude and above the same type of surface.‡

Cloud forcing CF is conveniently separated into shortwave (SWCF) and longwave
(LWCF) contributions. Clearly:

SWCF ≡ (1− ρcas)F
s − (1− ρas)F

s = (ρas − ρcas)F
s

LWCF ≡ FTOA(clr)− FTOA(cld). (44)

• ρcas = plane albedo of the cloudy atmosphere (clouds + atmosphere + surface)
• ρas = plane albedo of the clear atmosphere (atmosphere + surface). Note that:
• since clouds usually increase the overall albedo, SWCF is generally negative;
• since clouds tend to reduce the outgoing irradiance, LWCF is generally positive.
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‡By referencing the clear atmosphere: we isolate the effects of clouds from other radiative effects, for example,
changes of water vapor or surface albedo.
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Role of Radiation in Climate: Cloud/Aerosol Forcing (2)

In contrast with the greenhouse effect (Fig. 18), where the optically-thick bands
dominate, Fig. 20 shows that the transparent window at 8–12 µm region dominates
the IR cloud forcing.

Figure 20: Spectral variation of IR cloud forcing (W·m−2 · µm−1), the difference between the clear-air
irradiance at the top of the atmosphere and the cloudy outgoing IR irradiance.

K. Stamnes, G. E. Thomas, and J. J. Stamnes · STS-RT ATM OCN-CUP · April 2017

53



The Role of Radiation in Climate: Aerosol Forcing (1)

• Important for climate are: particles which originate in the stratosphere as a
result of an injection of sulfates (mainly SO2) from volcanic eruptions.

• Sulfuric acid particles result from: heterogeneous nucleation on existing aerosols
(Junge layer particles) and homogeneous nucleation in super-cooled regions.

• These liquid particles persist in the stratosphere for several years following major
eruptions, such as El Chichon in 1982, and Mt. Pinatubo in 1991.

The optical properties are similar to those of small cloud particles in that they tend:

• to cool the atmosphere in the SW, and warm it in the IR spectral range, BUT

• if reff > 2 µm, the tendency is to produce warming (see Fig. 21).

Since stratospheric aerosols of volcanic origin are in the size range 0.5–1.5 µm:

• the overall effect is to cool the Earth.

In fact, the largest eruption of this century, Mt. Pinatubo:

• caused a peak radiative forcing of 4–5 W· m−2, which caused:

• a cooling in the northern hemisphere lower troposphere of 0.5–0.7◦C, compared
with pre-Pinatubo levels.
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The Role of Radiation in Climate: Aerosol Forcing (2)

Figure 21: Change of shortwave and longwave irradiances at the tropopause (longwave and shortwave
forcing) caused by adding a stratospheric (20 − 25 km) aerosol layer with τ(0.55 µm) = 0.1 in a
1-D radiative-convective model with fixed surface temperature.
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The Role of Radiation in Climate: Water-vapor feedback (1)

We have already discussed [see Eq. (40)] the concept of:

• radiative forcing: N = Nsw −Nlw as a quantitative measure of greenhouse
warming; sw = shortwave, lw = longwave. In our simple model:

• Nsw = (1− ρ)F s and Nlw = FTOA.

It can be shown that in a “zero-D” model, the Ts response to a forcing is written
as the product of

• (i) a direct response ∆T d
s = ∆N

(4FTOA/Ts)
, where ∆N is the net TOA radiative

forcing, which is zero in radiative equilibrium, and

• (ii) the gain f = (1− ∑
i λi)

−1 of the system. Thus:

∆Ts = f∆T d
s =

1

(1− ∑
i λi)

∆N

(4FTOA/Ts)
. (45)

The various feedback parameters, λi, are measures of individual feedback processes,
written in terms of a general temperature-dependent climate variable Qi as:

λi = [Ts/4FTOA]
∂N

∂Qi

∂Qi

∂Ts
. (46)
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The Role of Radiation in Climate: Water-vapor feedback (2)

The most important terrestrial feedback due to the change in IR opacity results
from the temperature dependence of the water vapor content:

• the atmosphere becomes more (less) moist in a warmer (colder) climate resulting
in more (less) greenhouse warming.

The temperature-moisture content relationship is described by:

• the Clausius-Clapeyron equation, expressing the dependence of the satu-
ration vapor pressure on temperature.

An empirical relationship between the precipitable water w and the sea-surface
temperature Ts has been determined from an analysis of satellite measurements:

w = awe
bw(Ts−288) Ts [K], aw = 1.753 g · cm−2, bw = 0.0686 K−1. (47)

This result is consistent with:

• an average surface relative humidity (RH) of 85% over the World’s oceans, pro-
vided the mean scale height for water vapor is 2 km. Note that:

RH tends to remain fixed as the sea-surface temperature changes, whereas:

• the absolute water content w depends exponentially on temperature.
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The Role of Radiation in Climate: Water-vapor feedback (3)

We now have the equations required to estimate water-vapor feedback in the
clear-sky atmosphere. Recall the relationship (see Eq. 29) between τ ∗ and w:

τ ∗ = τ ∗n + bw τ ∗n = 0.788

where τ ∗n denotes the clear-sky optical depth due to non-water vapor GHGs, and b
is a constant determined from fitting the model greenhouse factor to satellite data.

• Note: the temperature-dependent variable in Eq. 46 is Q = τ ∗(H2O) = bw.

Since Nlw = σBT
4
e , which can be expressed in terms of optical depth τ ∗ from

Eq. 26, Nlw = σB[Ts − |Γenv|Ha ln(τ ∗/τe)]
4, we find:

λ = (
Ts

4FTOA
)(
∂N

∂τ ∗
)(
∂τ ∗

∂w
)(
∂w

∂Ts
) =
|Γenv|Ha(b)(bww)

τ ∗n + bw
. (48)

• Note that λ > 0, indicating a positive feedback.

For w = w̄ = 1.32 g · cm−2, and the values for b = 1.1 cm2 · g−1, bw = 0.0686 K−1

etc., we find:

• λ = 0.66, in good agreement with numerical climate models, which yield values
of λ in the range 0.59 to 0.77.
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Role of Radiation in Climate: Carbon Dioxide Changes (1)

An approximate result for the CO2 radiative forcing is (from IPCC):

Nlw(χ) = 32 + 6.3 ln(χ/χ0) [W ·m−2] (49)

χ0 = present-day CO2 concentration. For a CO2-doubling, Eq. 49 predicts:

• ∆Nlw = Nlw(2χ0)−Nlw(χ0) = 6.3 ln 2 = 4.37 W ·m−2.

The climate response predicted from Eq. 45 is, ∆Ts = f∆T d
s = 1.2f ◦C, and

empirical data suggest that the gain falls in the range 2 < f < 4. Thus:

• the rise in mean surface temperature for a CO2-doubling is expected to be in
the range 2.4–4.8 K, in agreement with accurate model predictions (1.5–4.5 K).

According to Eq. 45, ∆T d
s = 0.36 K over the 1900− 1990 period due to the known

greenhouse forcing (Fig. 27) that has occurred over this period (1.92 W ·m−2).

•With a gain f = 1/(1−λ) = 1/(1−0.66) ≈ 2.9 from water vapor feedback, the
predicted change of ∆Ts = f∆T d

s = 2.9× 0.36 K ≈ 1 K, exceeds the observed
value (0.5 K).

A number of factors may be responsible for this discrepancy, BUT:

• At least part of the problem stems from the neglect of a time lag in the system
response, due to the slow overturning of the mixed (upper) layer of the ocean.
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Role of Radiation in Climate: Carbon Dioxide Changes (2)
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Figure 22: (a) The degree of radiative forcing produced by selected greenhouse gases in five different
epochs. Until about 1960, nearly all the forcing was due to CO2; today the other greenhouse
gases combined nearly equal the CO2 forcing. (b) Estimates of the globally averaged radiative
forcing due to changes in greenhouse gases and aerosols from pre-industrial times to the present
day and changes in solar variability from 1850 to the present day.
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Role of Radiation in Climate: Radiative Equilibrium with Finite
Visible Optical Depth (1)

Any realistic atmosphere absorbs radiation at both IR and visible wavelengths.
How will shortwave absorption (ignored above) affect the mean radiative balance?
We assume that the solar energy absorbed by a rotating planet is governed by:

• a diurnal average over all incident solar angles, so that the average cosine is µ̄0;

• the average solar irradiance absorbed over a diurnal period is defined to be µ̄0F
s
a ;§

• other than allowing for a finite spherical albedo, we ignore scattering as before.

The total (visible plus IR) net irradiance is written:

Ftot(z) = −FV(z) + FIR(z) = −µ̄0F
s
ae
−τV/µ̄0 + FIR(z) (50)

where τV is the frequency-averaged visible optical depth. Radiative equilibrium
requires: Ftot = constant, or dFtot/dz = 0. Using the chain rule of differentiation:

dFtot

dz
= −dFV

dz
+
dFIR

dz
= −d(µ̄0F

s
ae
−τV/µ̄0)

dτV

dτV

dz
+
dFIR

dz

= −kVF
s
ae
−τV/µ̄0 +

dFIR

dz
= 0

where kV is the (gray) visible absorption coefficient, so that dτV = −kVdz.
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§µ̄0F
s
a = (1− ρ̄)S0 is the absorbed solar irradiance.
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Role of Radiation in Climate: Radiative Equilibrium with Finite
Visible Optical Depth (2)

This equation provides us with the desired relationship between the infrared ir-
radiance derivative and the solar heating rate:

HV = −dFV/dz = kVF
s
ae
−τV/µ̄0.

An expression relating the derivative of the IR irradiance to the source function is
obtained from the divergence of the IR irradiance (see Eq. 5.75 in STS): applied to
a gray, perfectly absorbing medium: HIR = −∂FIR/∂z = 4πkIR[Ī(z)−B(z)]:

B(τ ) = Ī − 1

4π

∂FIR

∂τ
= Ī(τ ) +

F s
a

4πn
e−τ/nµ0

where dτ ≡ −kIRdz, and n = kIR/kV denotes the ratio of IR and visible absorp-
tion coefficients. The radiative transfer equation becomes:

u
dI(τ, u)

dτ
= I(τ, u)−B(τ ) = I(τ, u)− 1

2

∫ +1
−1 duI(τ, u)− F s

a

4πn
e−τ/nµ0 (51)

which is identical to Eq. 13: udI(τ,u)
dτ = I(τ, u)− 1

2
∫+1
−1 duI(τ, u) except that it con-

tains an “imbedded source”: F s
a

4πne
−τ/nµ0.
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Role of Radiation in Climate: Radiative Equilibrium with Finite
Visible Optical Depth (3)

This equation is mathematically identical to that of collimated (solar) beam in-
cidence, for conservative ($ = 1), isotropic (p = 1) scattering. Thus, if we make
the correspondences (see Eq. 7.89 in STS):

F s → F s
a/n and µ0 → nµ̄0

then the two-stream solution for the source function for a semi-infinite atmo-
sphere is found to be (m ≡ µ0/µ̄→ nµ̄0/µ̄ ≡ γ):

S(τ ) = B(τ ) =
F s

4π
[(1−m2)e−τ/µ0 + m(1 + m)]

=
F s

a

4πn
[(1− γ2)e−τ/γµ̄ + γ(1 + γ)] (52)

where γ = ratio of the slant opacity in the IR (τIR/µ̄) to that in the visible (τV/µ̄0):

γ ≡ nµ̄0/µ̄ =
kIR/µ̄

kV/µ̄0
=
τIR/µ̄

τV/µ̄0
.

Requiring that the absorbed solar energy be linked directly to Te, we set:

µ̄0F
s
a = 2µ̄σBT

4
e −→ S(τ ) = B(τ ) = σBT

4
e /π for γ = 1 (isothermal case, T = Te)

consistent with Eq. 52 for γ = 1.
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Role of Radiation in Climate: Radiative Equilibrium with Finite
Visible Optical Depth (4)

Using the above correspondences, and S(τ ) = σBT
4(τ )/π, we find that the green-

house factor may be expressed in terms of the parameter γ as:

G(τ ) ≡ (T (τ )/Te)
4 =

1

2γ
[(1− γ2)e−τ/γµ̄ + γ(1 + γ)]. (53)

The temperature profiles versus optical depth for several different values of γ are
shown in Fig. 23. There are three interesting cases:

• (1) γ >> 1, or equivalently kIR >> kV => the strong greenhouse limit
=> solar radiation penetrates deeply in the atmosphere => resulting IR radi-
ation is ‘trapped’: Atmosphere acts like a one-way “valve” allowing incoming
energy (µ̄0F

s
a) to enter easily but the resulting IR energy to escape with difficulty.

In the deep atmosphere, the greenhouse enhancement ‘saturates’:

G(τ ∗ →∞) = (1 + γ)/2 = (1/2 + nµ̄0/2µ̄).

Thus, the asymptotic temperature is:

T (τ ∗ →∞) = Te(1/2 + nµ̄0/2µ̄)1/4 ≈ Te

(kIR/µ̄

kV/µ̄0

)1/4
.
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Role of Radiation in Climate: Radiative Equilibrium with Finite
Visible Optical Depth (5)
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Figure 23: Greenhouse factor G for a homogeneous, semi-infinite atmosphere versus optical depth for
five different values of γ, the ratio of infrared slant optical depth to the visible slant optical depth.
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Role of Radiation in Climate: Radiative Equilibrium with Finite
Visible Optical Depth (6)

• As expected: the two-stream approximation (TSA) to the gray radiative transfer
problem is quite accurate, for this optically-thick, gray situation.

• The resemblance of the γ >> 1 solutions to the temperature structure of Venus
was noted in the 1960’s, when observations indicated Ts near 800 K.

• A pure radiative-equilibrium solution is found to be a good approximation for
Venus’ lower atmosphere. On the other hand:

• the modest greenhouse trapping experienced on Earth and Mars is not well
described by Eq. 53 because of the importance of the surface in the radiative
transfer, and also because of our neglect of convective heat transport.

• Next: (2) γ = kIR/µ̄
kV/µ̄0

= τIR/µ̄
τV/µ̄0

= 1: isothermal (T (τ ) = Te) situation: solar

heating exactly balances IR escape.

• The n = kIR/kV = 1 case also describes conservative scattering from a homo-
geneous, semi-infinite atmosphere for which S. Chandrasekhar found an exact
solution in 1949: S(τ →∞)/S(τ = 0) = µ̄0

√
3: In the TSA: µ̄ = 1/

√
3 is the

“best” value to use in optically thick situations.
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Role of Radiation in Climate: Radiative Equilibrium with Finite
Visible Optical Depth (7)

Finally:

• (3) γ << 1, or kIR << kV represents the so-called anti-greenhouse case.

The anti-greenhouse case is relevant to numerous phenomena in the solar system:

• An inverted temperature structure characterizes Earth’s upper stratosphere,
where absorption of UV radiation by ozone gives rise to a temperature inversion.

• It also describes the radiative equilibrium temperature distribution for the so-
called nuclear-winter scenario, corresponding to a reduced surface temperature
caused by a stratosphere loaded with absorbing aerosols.

• It may have occurred 65 million years ago when worldwide cooling resulted from
injection of dust, as a result of an impact with a large meteoroid.

• Stratospheric aerosols (with optical depth estimated to range up to 10) resulting
from the gigantic Mt. Toba volcanic eruption some 70, 000 years ago may have been
responsible for a subsequent cooling of Earth’s climate for a period of 200 years.

• It is also applicable to the dusty atmospheres of Mars and of Titan, a satellite
of the planet Saturn.
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Interesting Case Study: The Little Ice Age (1)

Physics Today, April 2012.
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Interesting Case Study: The Little Ice Age (2)

Note: LIA cooling consistent with anti-greenhouse effect (γ << 1 in Eq. 53).

Physics Today, April 2012.
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Role of Radiation in Climate: Summary – Lessons learned (1)

We have learned that in the absence of an atmosphere, the effective temperature of
a planet becomes:

Te =

S0(1− ρ̄)

4σB


1/4

←− planetary RE temperature. (54)

• For Earth: ρ̄ = 0.3 – spherical albedo; S0 = 1, 368 W·m−2 – solar “constant.”

• The above formula yields Te = −18 ◦C , much lower than Earth’s mean
surface temperature Ts = +15 ◦C ←− the greenhouse effect.

If atmosphere is transparent to visible (solar) radiation, but absorbs in the infrared:

Radiative Equilibrium Expression for Atmospheric Temperature:

Tre(τ ) = Te

1

2
+
τ

2µ̄


1/4

≡ TeG1/4(τ ). (55)

• The temperature increases monotonically downward from an outer ‘skin’ temper-
ature Tre(0) = Te/(2)1/4 to Tre(τ

∗) = Tre(0)(1 + τ∗

µ̄ )1/4 < Ts = Te(1 + τ ∗/2µ̄)1/4

at the lower boundary.
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Role of Radiation in Climate: Summary – Lessons learned (2)

If we set the greenhouse increase in temperature (over the effective temperature)
equal to the product of the lapse rate Γenv and ze, or:

Ts(τ
∗) ∼= Te + |Γenv|ze ze = Ha ln(τ ∗/τe), (56)

we may combine the radiative-convective solution valid in the lower region (below
the tropopause height, zt) and the RE solution valid above zt (see Fig. 24):

Trc(z) = Te + |Γenv|[ze − z] (z ≤ zt) (57)

Trc(z) = Te(2)−1/4 (z > zt) (58)

where the tropopause height is given by zt = ze + [1− (1
2)1/4]× Te/|Γenv|. Note:

•We have obtained a realistic mean atmosphere temperature profile, in terms of
opacity τ ∗, adiabatic lapse rate |Γenv|, and absorber scale height, Ha.

Writing the total clear-sky IR optical depth as: τ ∗tot = τ ∗n + τ ∗(H2O) where τ ∗n =
0.788, Eq. 56 now becomes:

Ts(τ
∗
tot) = Te + |Γclr|z†e(τ ∗tot) z†e(τ ∗tot) = Hclr ln({τ ∗n + τ ∗(H2O)}/τe). (59)
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Role of Radiation in Climate: Summary – Lessons learned (3)

In summary:

• the existence of a tropopause temperature minimum, T = Te/(2)1/4,
can be understood from purely radiative considerations, but the
tropospheric lapse rate, |Γclr|, is controlled by dynamical transport effects.

Figure 24: Pure-radiative (dashed lines) and radiative-convective equilibrium (solid lines) tempera-
ture profiles for four different optical depths, and for ρ̄ = 0.30. Open circles: Standard Atmosphere.
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Role of Radiation in Climate: Summary – Lessons learned (4)

The surface temperature in a cloudy atmosphere with IR opacity τ ∗c is:

Ts(τ
∗
tot) = Te + |Γcld|z†e(τ ∗tot)

z†e(τ ∗tot) = Hcld ln[{τ ∗n + τ ∗(H2O) + τ ∗c }/τe]. (60)

Weighting the contribution from clear air (Eq. 59) and from clouds (Eq. 60):

Ts = Te + AcHcld|Γcld| ln[(τ ∗n + τ ∗(H2O) + τ ∗c )/τe]

+ (1− Ac)Hclr|Γclr| ln[(τ ∗n + τ ∗(H2O))/τe]. (61)

• Earth is partially covered with clouds with a fractional coverage 0 ≤ Ac ≤ 1;

• both the scale height (either Hclr or Hcld) and the lapse rate (either Γclr or Γcld)
are allowed to vary between clear and cloudy regions;

• Eq. 61 may be used to study how the surface temperature depends on variable
cloud cover Ac, moisture content of the air τ ∗(H2O), and IR cloud opacity τ ∗c .
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Role of Radiation in Climate: Summary – Lessons learned (5)

How does the albedo of the surface-atmosphere-cloud ‘system’ affect the
overall energy balance of the planet? First, recall that:

• the Earth’s surface reflects visible light: average (spherical) albedo ρ̄s = 0.11.

• the spherical albedo of the atmosphere (assuming a dark surface) ρ̄a = 0.07.

The spherical albedo of the clear-sky atmosphere-surface system is:

ρ̄as = ρ̄a +
ρ̄s(1− ρ̄a)2

1− ρ̄sρ̄a
= 0.166 ←− clear-sky albedo. (62)

The spherical albedo of the cloudy atmosphere-surface system is:

ρ̄cas = ρ̄c +
ρ̄as(1− ρ̄c)

2

1− ρ̄asρ̄c
←− cloudy-sky albedo. (63)

•Weighting the clear-sky albedo ρ̄as with the fraction of clear sky (1 − Ac), we
approximate the total spherical albedo of the Earth system by:

ρ̄tot = Acρ̄cas + (1− Ac)ρ̄as ←− total albedo. (64)
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Role of Radiation in Climate: Summary – Lessons learned (6)

The cloud spherical albedo is:

ρ̄c =
2bcτ

∗
c

2bcτ ∗c + 2µ̄
←− spherical cloud albedo (65)

where cloud optical depth τ ∗c and backscattering ratio bc depend on amount of
water (LWP) in the cloud and cloud particle size.

If we define a critical albedo (referenced to a clear atmosphere with albedo ρ̄as):

ρ̄crit =
ρ̄as + aLWP

1 + aLWP
; a = 2.622× 10−3 (66)

then clouds will result in:

• a net cooling if ρ̄tot > ρ̄crit BUT

• a net warming, if ρ̄tot < ρ̄crit

as illustrated in Fig. 17 (reproduced below).
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Role of Radiation in Climate: Summary – Lessons learned (7)
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Figure 25: Albedo versus liquid water path of clouds. Heavy solid line: Critical planetary albedo ρ̄crit
dividing regions of net warming and net cooling, given by Eq. 38. The albedo of the clear-air
plus surface ρ̄as is set equal to 0.166, as inferred from Eq. 34. The ellipses define the regions
containing 97% of all observations for the tropics and midlatitudes. They were computed from
Eq. 35 where ρ̄c is given by the ellipses in Fig. 16. If ρ̄tot is in the upper domain (ρ̄tot > ρ̄crit), net
cooling occurs. If it is in the lower domain, (ρ̄tot < ρ̄crit), net warming occurs.
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Role of Radiation in Climate: Summary – Lessons learned (8)

How will shortwave absorption (ignored above) affect the mean radiative balance?
Defining γ as the ratio of the IR slant opacity (τIR/µ̄) to that in the visible (τV/µ̄0):

γ ≡ nµ̄0/µ̄ =
kIR/µ̄

kV/µ̄0
=
τIR/µ̄

τV/µ̄0

we find that the greenhouse factor may be expressed in terms of γ as:

G(τ ) ≡ (T (τ )/Te)
4 =

1

2γ
[(1− γ2)e−τ/γµ̄ + γ(1 + γ)]. (67)

There are three interesting cases:

• (1) γ >> 1, or equivalently kIR >> kV =⇒ the strong greenhouse limit
=⇒ Atmosphere acts like a one-way “valve” allowing incoming solar energy to
enter easily but the resulting IR energy to escape with difficulty.

• (2) γ = kIR/µ̄
kV/µ̄0

= τIR/µ̄
τV/µ̄0

= 1: isothermal (T (τ ) = Te) situation: solar heating

exactly balances IR escape.

• (3) γ << 1, or kIR << kV represents the so-called anti-greenhouse case:
Earth’s upper stratosphere, volcanic eruptions (the Little Ice Age), nuclear
winter, Mars, Titan.
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Role of Radiation in Climate: Summary – Lessons learned (9)
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Figure 26: Greenhouse factor G for a homogeneous, semi-infinite atmosphere versus optical depth for
five different values of γ, the ratio of infrared slant optical depth to the visible slant optical depth.
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Role of Radiation in Climate: Summary – Lessons learned (10)
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Figure 27: (a) The degree of radiative forcing produced by selected greenhouse gases in five different
epochs. Until about 1960, nearly all the forcing was due to CO2; today the other greenhouse
gases combined nearly equal the CO2 forcing. (b) Estimates of the globally averaged radiative
forcing due to changes in greenhouse gases and aerosols from pre-industrial times to the present
day and changes in solar variability from 1850 to the present day.
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