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Typical atmospheric structure

    Lower atmosphere consists of a thick part (troposphere) 
where convection dominates, and a thinner part above 

(stratosphere) where radiation dominates
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Earth atmosphere

• Gases


• Constant gases: Nitrogen (78%), Oxygen (21%), Argon, Neon, Helium, 
Krypton, Xenon etc.


• Variable gases: Water vapor, Carbon dioxide, Methane, Hydrogen, 
Nitrous oxide, Carbon monoxide, Ozone


• Aerosols


• solid or liquid particles or both suspended in air with diameters 
between about 0.002 μm to about 100 μm.


• Cloud droplets


• sizes vary from a few micrometers to hundreds of micrometers.
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Earth’s energy budget

surfaces that cover three-quarters of the globe. Some is
absorbed (e.g., by vegetation) and serves as the source of
power for various natural cycles. A small fraction is used
to heat up the Earth’s surface, but it only penetrates a
short distance, some tens of centimeters in the case of the
daily cycle and a few tens of meters for the annual
changes. As a result, solar energy has negligible influence
on internal terrestrial processes. Systems as diverse as the
generation of the geomagnetic field and the motion of
global lithospheric plates are ultimately powered by the
Earth’s internal heat.

The Earth is constantly losing heat from its interior.
Although diminutive compared to solar energy, the loss
of internal heat is many times larger than the energy lost
by other means, such as the change in Earth’s rotation
and the energy released in earthquakes (Table 4.3). Tidal
friction slows down the Earth’s rotation, and the change
can be monitored accurately with modern technology
such as very long baseline interferometry (VLBI) and the
satellite-based geodetic positioning system (GPS). The
associated loss of rotational energy can be computed
accurately. The elastic energy released in an earthquake
can be estimated reliably, and it is known that most of
the energy is released in a few large shocks. However, the
annual number of large earthquakes is very variable. The
number with magnitude Ms!7 varies between about 10
and 40 (see Fig. 3.49), giving estimates of the annual
energy release from about 5"1017 J to 4"1019 J. The
energies of tidal deceleration and earthquakes are small
fractions of the geothermal flux, which is the most impor-
tant form of energy originating in the body of the Earth.

The Earth’s internal heat derives from several sources
(Section 4.2.5). For the past 4 Ga or so the Earth’s heat has
been obtained from two main sources. One is the cooling
of the Earth since its early history, when internal tempera-
tures were much higher than they now are. The other is the
heat produced by the decay of long-lived radioactive iso-
topes. This is the main source of the Earth’s internal heat,
which, in turn, powers all geodynamic processes.

4.2.2 Thermodynamic principles

In order to describe thermal energy it is necessary to
define clearly some important thermodynamic parame-
ters. The concepts of temperature and heat are easily –
and frequently – confused. Temperature – one of the
seven fundamental standard parameters of physics – is a
quantitative measure of the degree of hotness or coldness
of an object relative to some standard. Heat is a form of
energy which an object possesses by virtue of its tempera-
ture. The difference between temperature and heat is illus-
trated by a simple example. Imagine a container in which
the molecules of a gas move around at a certain speed.
Each molecule has a kinetic energy proportional to the
square of its velocity. There may be differences from one
molecule to the next but it is possible to determine the
mean kinetic energy of a molecule. This quantity is pro-

portional to the temperature of the gas. If we add up the
kinetic energies of all molecules in the container we
obtain the amount of heat it contains. If heat is added to
the container from an external source, the gas molecules
speed up, their mean kinetic energy increases and the tem-
perature of the gas rises.

The change of temperature of a gas is accompanied by
changes of pressure and volume. If a solid or liquid is
heated, the pressure remains constant but the volume
increases. Thermal expansion of a suitable solid or liquid
forms the principle of the thermometer for measuring
temperature. Although Galileo reputedly invented an
early and inaccurate “thermoscope,” the first accurate
thermometers – and corresponding temperature scales –
were developed in the early eighteenth century by Gabriel
Fahrenheit (1686–1736), Ferchaut de Réaumur (1683–
1757) and Anders Celsius (1701–1744). Their instruments
utilized the thermal expansion of liquids and were cali-
brated at fixed points such as the melting point of ice and
the boiling point of water. The Celsius scale is the most
commonly used for general purposes, and it is closely
related to the scientific temperature scale.

Temperature apparently has no upper limit. For
example, the temperature of the surface of the Sun is less
than 10,000 K but the temperature at its center is around
10,000,000 K and temperatures greater than 100,000,000 K
have been achieved in physics experiments. But as heat is
removed from an object it becomes more and more difficult
to lower its temperature further. The limiting low tempera-
ture is often called “absolute zero” and is taken as the zero
of the Kelvin temperature scale, named in honor of Lord
Kelvin. Its divisions are the same as the Celsius scale and
the temperature unit is called a kelvin. The scale is defined
so that the triple point of water – where the solid, liquid
and gaseous phases of water can coexist in equilibrium – is
equal to 273.16 kelvins, written 273.16 K.

Heat was imagined by early investigators to be
exchanged between bodies by the flow of a mystic fluid,
called caloric. However, in the mid nineteenth century
James Joule, an English brewer, demonstrated in a series
of careful experiments that mechanical energy could be
converted into heat. In his famous experiment, falling
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Table 4.3 Estimates of notable contributions to the
Earth’s annual energy budget

Normalized
Annual [geothermal 

Energy source energy [J] flux # 1]

Reflection and re-radiation 5.4"1024 ! 4000
of solar energy

Geothermal flux from 1.4"1021 1
Earth’s interior

Rotational deceleration by ! 1020 ! 0.1
tidal friction

Elastic energy in earthquakes ! 1019 ! 0.01



Scattering and Absorption
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Basic concepts of EM wavefield
Extinction and emission are two main types of the interactions between 

an electromagnetic radiation field and a medium (e.g., the 
atmosphere).  

Extinction is due to absorption and scattering.

Absorption is a process that removes the radiant energy from an 
electromagnetic field and transfers it to other forms of energy. 

Scattering is a process that does not remove energy from the 
radiation field, but redirect it. Scattering can be thought of as 
absorption of radiant energy followed by re-emission back to the 
electromagnetic field with negligible conversion of energy, i.e.can 
be a “source” of radiant energy for the light beams traveling in 
other directions.  

 Scattering occurs at all wavelengths (spectrally not selective) in 
the electromagnetic spectrum, for any material whose refractive 
index is different from that of the surrounding medium (optically 
inhomogeneous). 
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Scattering of EM wavefield (1)
The amount of scattered energy depends strongly on the ratio of:


particle size (a) to wavelength (λ) of the incident wave


When (a < λ/10), the 
scattered intensity on both 

forward and backward 
directions are equal. This 

type of scattering is called 
Rayleigh scattering. 


For (a > λ), the angular 
distribution of scattered 
intensity becomes more 

complex with more energy 
scattered in the  forward 

direction. This type of 
scattering is called Mie 

scattering
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Scattering of EM wavefield (2)
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 χ=2πa/λ

For (a >> λ), the 
Scattering 
characteristics are 
determined from 
explicit Reflection, 
Refraction and 
Diffraction: Geometric 
"Ray" Optics

Single Scattering
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Scattering of EM wavefield (3)
Composition of the scatterer (n) is important!

The interaction (and its redirection) of electromagnetic radiation with matter
May or may not occur with transfer of energy, i.e., the scattered radiation has a slightly

different or the same wavelength.

Rayleigh scattering -
Light out has same

frequency as light in,
with scattering at many

different angles.

Raman scattering - Light is
scattered due to vibrations in
molecules or optical phonons
in solids. Light is shifted by as
much as 4000 wavenumbers
and exchanges energy with a
molecular vibration.
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Scattering of EM wavefield (4)
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Scattering and Diffusion

In single scattering, the properties of the scatterer are 
important, but multiple scattering erases these effects - 
eventually all wavelengths are scattered in all directions. 


Works for turbid media: clouds, beer 
foam, milk, etc...

Example: when a solid has a very low temperature, phonons 
behave like waves (long mean free paths) and heat 

propagate following ballistic term. 

At higher temperatures, the phonons are in a diffusive 

regime and heat propagate following Maxwell law.
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Scattering on the Moon

The observed wavefield of an impact on the moon looks very different from 
similar experiments on Earth, since attenuation is much smaller and 
scattered waves can propagate more efficiently. Coda waves, due to energy 
arriving from all directions, are stronger: 
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What is a wave? - 3 

WAVE: organized propagating imbalance, 
satisfying differential equations of motion 

Small perturbations of a 
stable equilibrium point

Linear restoring 
force

Harmonic 

Oscillation

Coupling of 

harmonic oscillators 

the disturbances can propagate, 
superpose, stand and be dispersed

Organization can be destroyed,  
when interference is destructive

Turbulence

non linearity

Diffusion

strong 
scattering

Exceptions
Solitons Phonons
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Dispersion & Non linearity

The dynamics of water waves in shallow water is described 
mathematically by the Korteveg - de Vries (KdV) equation

u=u(x,t) measures the elevation at time t and position x, i.e. the height of the 
water above the equilibrium level

Dispersive term

ut + u ux = 0

Nonlinearity

ut + uxxx + u ux = 0

KdV

ut + uxxx = 0


