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• The Greenhouse Effect

• The Earth’s Radiation Budget

We describe a wave by the “sine-function”

cos[ik(x− ct)] = cos[i(kx− ωt)]

This is the real part of the complex exponential:

cos[ik(x− ct)] = <{exp[ik(x− ct)]}
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Description of Waves
We consider ways of expressing wave variation.

λ = Wavelength

ν = Frequency

ω = Angular frequency

k = Wavenumber

c = Phase speed

2



Review of the parameters describing a wave
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We describe a wave by the function

cos[ik(x− ct)] = cos[i(kx− ωt)]

This is the real part of the complex exponential:

exp[ik(x− ct)] = exp[i(kx− ωt)]
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We describe a wave by the function

cos[ik(x− ct)] = cos[i(kx− ωt)]

This is the real part of the complex exponential:

exp[ik(x− ct)] = exp[i(kx− ωt)]

The relationships between the parameters are
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Electromagnetic radiation may be viewed as an ensemble of
waves propagating at the speed of light

c ≈ 3× 108 m s−1

[c is about 600 million knots(!) or 670 million m.p.h.]

As for any wave with a known speed of propagation c, the
frequency ω, wavelength λ , and wavenumber n (the number
of waves per unit length in the direction of propagation) are
linearly interdependent.

Wavenumber is the reciprocal of wavelength

n =
1

λ
k =

2π

λ
and

ν = nc ω = kc

Small variations in the speed of light within air give rise to
a number of distinctive optical phenomena such as mirages.
For present purposes, these variations will be neglected.
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The
electromagnetic

spectrum.

6



7



8



Characterizing Radiation
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Characterizing Radiation
Wavelength, frequency and wavenumber are all used in
characterizing radiation.

Wavelength is perhaps the easiest to visualize.
However, wavenumber and frequency are often preferred,
because they are proportional to the quantity of energy
carried by photons.

Radiative transfer in planetary atmospheres involves an
ensemble of waves with a continuum of wavelengths
and frequencies.

Thus, the energy that it carries can be partitioned into
the contributions from various wavelength bands.
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For example, in atmospheric science the term shortwave
refers to the wavelength band that carries most of the en-
ergy associated with solar radiation.

The term longwave refers to the band that encompasses
terrestrial (earth-emitted) radiation.

In the radiative transfer literature the spectrum is typi-
cally divided up into UV radiation, visible radiation, near-
infrared radiation and infrared radiation.

The relatively narrow visible region, which extends from
wavelengths of 0.39 to 0.76µm, is the range of wavelengths
that the human eye is capable of sensing.

Sub-ranges of the visible region are discernible as colours:
violet on the short wavelength end, and red on the long
wavelength end.

The term monochromatic denotes a single colour; that is, a
specific frequency or wavelength.
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terms of frequency) and infrared (below red) regions.
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The visible region is flanked by ultraviolet (above violet in
terms of frequency) and infrared (below red) regions.

The near infrared region, which extends up to wavelength of
4µm, is dominated by solar radiation, while the remainder
of the infrared region is dominated by terrestrial radiation.

Hence, the near infrared region is included in shortwave
radiation.

Microwave radiation is not important in the earth’s energy
balance but it is particularly useful in remote sensing be-
cause it is capable of penetrating through clouds.
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Quantifying Radiation
The rate at which energy is emitted by a body is called the
power. It is measured in Joules per second, or watts (W).
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Dividing the power by the area of a surface through which
it passes, we obtain the radiant flux density or simply flux.
This is in units of watts per square metre (W m−2) and is
denoted F .

The emitted energy normally covers a broad band of fre-
quencies or wavelengths.

The flux of radiation in an interval of wavelength (λ, λ + dλ)
is denoted Fλ, and is measured in units W m−2 µm−1 (it is
convenient to measure the wavelength in micrometres).

The flux Fλ at wavelength λ is called the monochromatic
flux.
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The curve represents a hypothetical spectrum of monochromatic flux.

The area under the curve represents the flux associated with

wavelengths ranging from λ1 to λ2.
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The flux over the band of wavelengths λ1 < λ < λ2 is the
integral

F (λ1, λ2) =

∫ λ2

λ1

Fλ dλ

representing the area under a finite segment of the the spec-
trum of monochromatic flux (i.e., the plot of Fλ as a function
of λ).
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F (λ1, λ2) =

∫ λ2

λ1

Fλ dλ

representing the area under a finite segment of the the spec-
trum of monochromatic flux (i.e., the plot of Fλ as a function
of λ).

Thus, the total flux is the integral over all wavelengths of
the monochromatic flux:

F =

∫ ∞

0
Fλ dλ

We consider radiation in two configurations:

• Parallel beam radiation

• Diffuse radiation

Solar radiation is parallel beam.
Terrestrial radiation is diffuse.
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Monochromatic Intensity
The energy transferred by electromagnetic radiation in a
specific direction in three-dimensional space at a specific
wavelength (or wavenumber) is called the monochromatic
intensity (or monochromatic radiance)

It is denoted by the symbol Iλ.
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The energy transferred by electromagnetic radiation in a
specific direction in three-dimensional space at a specific
wavelength (or wavenumber) is called the monochromatic
intensity (or monochromatic radiance)

It is denoted by the symbol Iλ.

Monochromatic intensity is expressed in units of watts per
square meter (Wm−2) per unit arc of solid angle (sr), per
unit wavelength in the electromagnetic spectrum:

W m−2 µm−1sr−1

The integral of the monochromatic intensity over the entire
electromagnetic spectrum is called the intensity (or radi-
ance) I, which has units of Wm−2 per unit arc of solid
angle

I =

∫ ∞

0
Iλ dλ
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Integration over solid angles.
The hemisphere covers 2π steradians.
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The monochromatic flux density Fλ just the integral of the
monochromatic intensity over a hemisphere.
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normal to the surface element.
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The monochromatic flux density Fλ just the integral of the
monochromatic intensity over a hemisphere.

The unit of solid angle is the dimensionless steradian,
defined as the area subtended by the solid angle on the
unit sphere.

A full hemisphere corresponds to a solid angle of 2π stera-
dians, the area of a hemisphere on the unit sphere.

Thus,

Fλ =

∫
2π

Iλ cos φ dω

where dω represents an element of solid angle and cos φ is
the angle between the incident radiation and the direction
normal to the surface element.

Again, integrating over all wavelengths, we get the flux

F =

∫
Fλ dλ
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End of §4.1
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