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Chapter 1

Introduction

1.1 Background and Purpose

The ionosphere is considered to be that region of an atmosphere where significant
numbers of free thermak{l eV) electrons and ions are present. All bodies in our
solar system that have a surrounding neutral-gas envelope, due either to gravitational
attraction (e.g., planets) or some other process such as sublimation (e.g., comets),
have an ionosphere. Currently, ionospheres have been observed around all but two of
the planets, some moons, and comets. The free electrons and ions are produced via
ionization of the neutral particles both by extreme ultraviolet radiation from the Sun
and by collisions with energetic particles that penetrate the atmosphere. Once formed,
the charged particles are affected by a myriad of processes, including chemical reac-
tions, diffusion, wave disturbances, plasma instabilities, and transport due to electric
and magnetic fields. Hence, an understanding of ionospheric phenomena requires a
knowledge of several disciplines, including plasma physics, chemical kinetics, atomic
theory, and fluid mechanics. In this book, we have attempted to bridge the gaps among
these disciplines and provide a comprehensive description of the physical and chemical
processes that affect the behavior of ionospheres.

A brief history of ionospheric research is given later in this introductory chapter. An
overview of the space environment, including the Sun, planets, moons, and comets, is
presented in Chapter 2. This not only gives the reader a quick look at the overall pic-
ture, but also provides the motivation for the presentation of the material that follows.
Next, in Chapter 3, the general transport equations for mass, momentum, and energy
conservation are derived from first principles so that the reader can clearly see where
these equations come from. This is followed by a derivation of the collision terms
that appear in the transport equations, including those relevant to resonant charge
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exchange, nonresonant ion-neutral and electron-neutral interactions, and Coulomb
collisions (Chapter 4). These general collision terms and transport equations are com-
plicated and in many situations it is possible to use simpler sets of transport equations.
Therefore, in Chapter 5, several simplified systems of transport equations are derived,
including the Euler, Navier—Stokes, diffusion, and thermal conduction equations. This
is followed by a discussion of the wave modes, plasma instabilities, and shocks that
can occur in the ionospheres (Chapter 6). In Chapter 7, the magnetohydrodynamic
(MHD) equations are derived and then used to describe MHD waves, shocks, and
pressure balance.

In Chapter 8, chemical kinetics and a variety of reactions relevant to the ionospheres
are discussed and presented, including those involving metastable species and negative
ions. Optical emissions are also briefly discussed in this chapter. The relevantionization
and energy exchange processes are detailed in Chapter 9, including those pertaining to
both photons and particles. The chapter concludes with a summary of the heating and
cooling expressions that are needed for practical applications. Chapter 10 is devoted
to a discussion of neutral atmospheres. The Euler and Navier—Stokes equations for
neutral gases are presented at the beginning of the chapter, and this is followed by a
discussion of atmospheric waves and tides. The rest of Chapter 10 deals with atmo-
spheric structure, escape fluxes, the exosphere, and hot atoms. In Chapters 11 and 12,
the general material given in the previous chapters is applied to elucidate the unique
characteristics associated with the terrestrial ionosphere at low, middle, and high lati-
tudes. Although much of this material is still of a fundamental nature, an overview of
what has been accomplished to date is also provided. Chapter 13 summarizes what
is currently known about all of the other ionospheres in the solar system. The most
commonly used experimental techniques for measuring ionospheric densities, tem-
peratures, and drifts are briefly described in Chapter 14. Finally, several Appendices
are included that contain physical constants, mathematical formulas, some important
derivations, and useful tables.

This book is the outgrowth of two decades of numerous joint research endeavors
and publications by the authors. Some of the material was used in courses taught by the
authors at Utah State University and at the University of Michigan. This book should
be useful to graduate students, postdoctoral fellows, and established scientists who
want to fill gaps in their knowledge. It also serves as a reference book for obtaining
important equations and formulas. A subset of the material can be used for a graduate
level course about the upper atmosphere and ionosphere and/or plasma physics. At the
University of Michigan a one semester graduate course on the ionosphere and upper
atmosphere has been based on Chapters 2, 3, parts of 5, 8, 9, 10, most of 11 and 12,
and 13 and 14. At Utah State University, a one semester course on plasma physics has
been based on Chapters 3—7, and a course on aeronomy has been based on Chapters 2,
3,5, 8-12. To facilitate the use of this book as a text, problems are provided at the end
of most of the chapters.

Several people were helpful in the preparation of this book, and we wish to ac-
knowledge them here. The help came in a variety of forms (e.g., providing some
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unpublished material, reading and/or proofing part of the manuscript, etc.), and it cer-
tainly improved the book. AFN would especially like to thank (in alphabetical order)

J. R. Barker, T. E. Cravens, J. L. Fox, B. E. Gilchrist, T. I. Gombosi, J. W. Holt,

A. J. Kliore, M. W. Liemohn, and H. Rishbeth. RWS would like to thank Melanie
Oldroyd for typing a preliminary form of some of the chapters. Both of us would
like to thank Shawna Johnson for drawing some of the figures, for digitizing figures,
and for overseeing the production of the book. Both of us would also like to thank
Elizabeth Wood for preparing the manuscriptAfigX. Some of the material in the

book comes from lecture notes collected over many years and thus may contain mate-
rial without appropriate references to their sources, which we have forgotten. This is
inadvertent and we apologize to such authors. Also, in order to keep the bibliographies
from becoming unrealistically long, we limited our referencing to only those papers
from which figures were taken, to either the latest or original reference for the material
discussed, and to review papers. Hence, we omitted many deserving, appropriate, and
relevant references. We hope that the readers and scientists working in the field will
understand and appreciate our dilemma.

The units used in the book are a mixture of MKSA and Gaussian-cgs because
of the corresponding usage by practitioners in the field. All equations and formulas
throughout the book are in MKSA units, but some tables and numbers are given in
Gaussian-cgs units when this is the common practice. The conversion from one system
to the other is briefly discussed in Appendix E.

1.2 History of Ionospheric Research

The earliest exposure of mankind to a phenomenon originating in the upper atmosphere
is the visual aurora. The visual displays of colored light appear in the form of arcs,
bands, patches, blankets, and rays, and often the features move rapidly across the
night sky. It has been suggested that the earliest records of the aurora can be traced
to Stone Age mah References to the aurora appear in the Old Testament, in writings

of Greek philosophers including Aristotleldeteorologica and possibly in ancient
Chinese works before 2000 B.C. In most of these early writings, the auroral displays
were interpreted to be manifestations of God. The nammera borealis(northern

dawn) appears to have been coined by Galileo at some time prior to* TB# first
recorded observation of the southern hemispheric ausarei@ australi was by

Cook in 1773.

A serious scientific study of auroras began at about 1500*AdDwever, the early
theories put forth by noted scientists were completely wrong. Edmund Halley, who
predicted the reappearance of what is now known as Halley’s comet, suggested that
the auroras were “watery vapors, which are rarefied and sublimed by subterraneous
fire, [and] might carry along with them sulphureous vapors sufficient to produce this
luminous appearance in the atmosphere.” In 1746, the Swiss mathematician Leonard
Euler suggested that “the aurora was particles from the Earth’s own atmosphere driven
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beyond its limits by the impulse of the sun’s light and ascending to a height of several
thousand miles. Near the poles, these particles would not be dispersed by the Earth’s
rotation.”” Benjamin Franklin, who was a respected scientist in his time, thought that
the aurora was related to atmospheric circulation patteBasically, Franklin argued
thatthe atmosphere in the polar regions must be heavier and lower than in the equatorial
region because of the smaller centrifugal force, and therefore, the vacuum-atmosphere
interface must be lower in the polar regions. He then further argued that the electricity
brought into the polar region by clouds would not be able to penetrate the ice, and
hence, would break through the low atmosphere and run along the vacuum toward the
equator. The electricity would be most visible at high latitudes, where it is dense, and
much less visible at lower latitudes, where it diverges. Franklin claimed such an effect
would “give all the appearances of an Aurora Borediis.”

Numerous other theories of the aurora have been proposed over the last 150 years,
including reflected sunlight fromice particles, reflected sunlight from clouds, sulfurous
vapors, combustion of inflammable air, luminous magnetic particles, meteoric dust
ignited by friction with the atmosphere, cosmic dust, currents generated by compressed
cosmic ether, thunderstorms, electric discharges between the Earth’'s magnetic poles,
and electric discharges between fine ice needles. A comprehensive and fascinating
account of the aurora in science, history, and the arts is given in Reference 1, and
additional theories are presented there.

Although early auroral theories did not fare very well, observations made during
the latter half of the 1700s and throughout the 1800s elucidated many important au-
roral characteristics. In 1790, the English scientist Cavendish used triangulation and
estimated the height of auroras at between 52 and 71 fife$852, the relationship
among geomagnetic disturbances, auroral displays, and sunspots was clearly estab-
lished; the frequency and amplitude of these features varied with the same 11-year
periodicity>® In 1860, Elias Loomis drew the first diagram of the region where auro-
ras are most frequently observed and noted that the narrow ring is not centered on the
geographic pole, but that its oval form resembles lines of equal magnetic dip, thereby
establishing the relationship between the aurora and the geomagnetic field. In 1867,
the Swedish physicist Angstni made the first measurements of the auroral spectrum.
However, a significant breakthrough in auroral physics was not achieved until the end
of the nineteenth century, when cathode rays were discovered and identified as elec-
trons by the British physicist J. J. Thomson. Subsequently, the Norwegian physicist
Kristian Birkeland proposed that the aurora was caused by a beam of electrons emit-
ted by the Sun. Those electrons reaching the Earth would be affected by the Earth’s
magnetic field and guided to the high-latitude regions to create the aurora.

Until the discovery of sunspots by Galileo in 1610, the Sun was generally thought
to be a quiet, featureless object. Galileo not only discovered the dark spots but also
noted their westward movement, which was the first indication that the Sun rotates. In
subsequent observations, it was quickly established that the number of sunspots varies
with time. It was not until more than two centuries later, however, that an amateur
astronomer in Germany, Heinrich Schwabe, noted an apparent 10-year periodicity in
his 17 years of sunspot observatiérBhortly after Schwabe’s discovery, professional



1.2 History of Ionospheric Research 5

astronomers set out to determine whether or not the cycle was real. The leader of this
effort was Rudolf Wolf of the ztich observatory. Wolf conducted an extensive search

of past data and was able to establish that the number of sunspots varied with an
11-year cycle that had been present since at least 1T00.890, Maunder called
attention to the 70-year period from 1645 to 1715, when almost no sunspots were
observed? This period, which is known as the Maunder Minimum, raises the question
whether the sunspot cycle is a universal feature or just a recent phenomenon.

As defined at the beginning of this section, the terrestrial ionosphere begins at an
altitude of about 60 km and extends beyond 3000 km, with the peak electron concen-
tration occurring at approximately 300 km. The first suggestion of the existence of
what is now called the ionosphere can be traced to the 1800s. Carl Gauss and Balfour
Stewart hypothesized the existence of electric currents in the atmosphere to explain the
observed variations of the magnetic field at the surface of the Earth. Gauss &rgued:

It may indeed be doubted whether the seat of the proximate causes of the regular
and irregular changes which are hourly taking place in this [terrestrial magnetic]
force, may not be regarded as external in reference to the EafBut the

atmosphere is no conductor of such [galvanic] currents, neither is vacant space.
But our ignorance gives us no right absolutely to deny the possibility of such
currents; we are forbidden to do so by the enigmatic phenomena of the Aurora
Borealis, in which there is every appearance that electricity in motion performs a
principal part.

It had been well established that there was a direct correlation between the solar cycle
and magnetic disturbances on the Earth. To account for this strong correlation, Stewart
speculated that electrical currents must flow in the Earth’s upper atmosphere, and that
the Sun’s action is responsible for turning air into a conducting medfubwas also
concluded that the conductivity of the upper atmosphere is higher at sunspot maximum
than at sunspot minimum. This view, however, was not widely accepted and strong
counterarguments were presented in 1892 by Lord Kelvin.

The existence of the ionosphere was clearly established in 1901 when G. Marconi
successfully transmitted radio signals across the Atlantic. This experiment indicated
that radio waves were deflected around the Earth’s surface to a much greater extent than
could be attributed to diffraction. The following year, A. E. Kennelly and O. Heaviside
suggested that free electrical charges in the upper atmosphere could reflect radio
waves®® That same year, the firgthysicaltheory of the ionosphere was proposéd.

The observed effect, which if confirmed is very interesting, seems to me to be due
to the conductivity. . . of air, under the influence of ultra-violet solar radiation. No
doubt electrons must be given off from matterin the solar beams; and the
presence of these will convert the atmosphere into a feeble conductor.

In 1903, J. E. Taylor independently suggested that solar ultraviolet radiation was the
source of electrical charges, which implied solar control of radio propag&tidhe

first rough measurements of the height of the reflecting layer were made by Lee de
Forest and L. F. Fuller at the Federal Telegraph Company in San Francisco from
1912 to 1914. The reflecting layer’s height was deduced using a transmitter-receiver
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spacing of approximately 500 km, which was determined by the circuits of the Federal
Telegraph Companyf.However, the de Forest—Fuller results were not well known, and
generally accepted measurements of the height of the reflecting layer were made in
1924 by Breit and TuvE and by Appleton and Barnef® The Breit—Tuve experiments
involved a “pulse sounding” technique, which is still in use today, while Appleton and
Barnett used “frequency change” experiments, which demonstrated the existence of
downcoming waves by an interference technique. These experiments led to a consid-
erable amount of theoretical work, and in 1926 the name “ionosphere” was proposed
by R. A. Watson-Watt in a letter to the United Kingdom Radio Research Board, but it
did not appear in the literature until three years lateRadio soundings of the iono-
sphere initially seemed to indicate that the ionosphere consisted of distinct layers; we
now know that this is generally not the case and we refer to different regions. These
regions are called the, E, andF regions. The names of these regions originated with
Appleton, who stated that in his early work he wré&éor the reflected electric field

from the first layer that he recognized. Later, when he recognized a second layer at
higher altitudes, he wrotE for the reflected field. Subsequently, he conjectured that
there may be another layer at lower altitudes so he decided to name the first two layers
E andF and the possible lower orig, thus allowing the alphabetical designation of
other undiscovered layefS.

The rocket technology available at the end of World War 1l was used by scientists
to study the upper atmosphere and ionosphere, paving the way for space exploration
via satellites. The first rocket-borne scientific payload, which carried instrumentation
to make measurements directly in the upper atmosphere and ionosphere, was launched
in 1946 on a/-2from White Sands. The University of Michigan payload consisted of
a Langmuir probe and a thermionic pressure gauge; although2tailed during this
flight it marked the beginning of direct exploration of the ionosphere. The first book
devoted to the ionosphere was published in 1952 by R&wer.

The rocket technology, coupled with a major advance in ground-based instrumenta-
tion, led scientists to realize that a dramatic increase in our knowledge of the terrestrial
environment was possible. To take advantage of these new capabilities, the Inter-
national Geophysical Year (IGY), 1957-1958, was organf2éd This cooperative
effort was to begin with the next maximum of the solar cycle. As part of the IGY, sci-
entists proposed to launch artificial satellites, and event&glytnik lwas launched
on October 4, 1957.

Many consider the launch &putnik lthe beginning of the Space Age, but to some
degree it started much earlier. Rockets have been with us ever since the ancient Chinese
used them for fireworks. Later variations of “rockets” were used, basically for military
purposes, to send payloads from one location to impact at another. Newton developed
the scientific basis to describe how an object could be placed in orbit around the Earth,
and visionaries like Jules Verne and H. G. Wells dreamt such thoughts.

The modern era of rocket propulsion began in Russia in the 1880s, where Konstantin
Tsiolkovsky worked out the fundamental laws of rocket propulsion and published his
work proving the feasibility of achieving orbital velocities by rockets at the turn of the
century. He had earlier described the phenomenon of weightlessnessin space, predicted
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Earth satellites, and suggested the use of liquid hydrogen and oxygen as propellants.
Robert H. Goddard, a high school physics teacher in Massachusetts, was not aware of
Tsiolkovsky'’s work and independently began studying rocket propulsion after World
War I. On March 16, 1926, he launched the first liquid fuel rocket, which burned for
only 2.5 seconds and landed a couple hundred feet away from the “launch site.” He
continued to work, supported by the Guggenheim Foundation, in seclusion from the
press, which ridiculed him. The third rocket pioneer was Hermann Oberth of Germany,
also a school teacher. His work gained a great deal of attention and support and even-
tually led to the development of th&2rocket (the first operational liquid fuel rocket).

After World War I, part of the German team responsible for the development
of the V-2, including Wernher von Braun, came to the United States, while others
went to the Soviet Union. Some of the captuké@ rockets that were brought to the
United States were used to carry scientific payloads; these flights started in May 1946
from White Sands, New Mexico. A year later, the first SoWMe2 was launched from
Kapustin-Yar. The limited supplies &f-2sand the estimated large expense of repro-
ducing them led to the development of new sounding rockets for scientific research.
The first one of these was the liquid fulsérobeeother rockets, many of them having
a military heritage, followed later. The ascent of the Cold War spurred the devel-
opment of Intercontinental Ballistic Missiles (ICBMs), but much of this effort was
highly secret. Reading the history of repetitive studies, interservice jealousies, poli-
ticking, backbiting, and bickering provides a fascinating view of this secret world of
the 19508425

The first U.S. study regarding the feasibility of artificial satellites can be traced to
1945 when a Navy committee concluded that they were possible, but nothing developed
atthattime. After a failed Navy—Air Force collaborative effort, the Air Force conducted
an independent study and concluded that the United States could launch a 500 pound
satellite by 1951. Again, this suggestion was not pursued. However, with pressure
from the American Rocket Society and the scientists involved in planning for the IGY,
serious consideration was at last given to the launch of a small satellite for scientific
purposes. Specifically, on July 29, 1955, a White House announcement indicated that
the United States would launch “small unmanned Earth-circling satellites as part of the
U.S. participation in the IGY.” Two days later, the Soviet Union announced it would
also launch artificial satellites as part of the IGY in the late summer or early autumn
of 1957. However, this announcement was basically ignored by the U.S. press and
public, possibly because it was believed that the Russians did not have the required
technology. In the United States, all three military services proposed to launch the
first satellite, which was to be placed in orbit during the 1957-1958 time period. The
Air Force proposed to use thlas ICBM, the Army proposed to use thiipiter C
Intermediate Range Ballistic Missile (IRBM), and the Navy proposed to develop a
new rocket that did not have a military heritage (Mfaguard. The Vanguard Project
was chosen primarily because it would not interfere with the existing military missile
programs and because it seemed more appropriate to use a nonmilitary missile for
a scientific mission. Despite not being selected, the Army’s design ofupiter C
IRBM contained a fourth stage, which appeared to have no specific military function.
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In September 1956, when tldapiter Cwas ready to be launched, the Pentagon was
so concerned that the Army might take “the glory” away from the Navy’s Vanguard
Program that von Braun was personally ordered to make sure that the fourth stage was
not live. The launch was successful, and with a live fourth stage]upiger Ccould

have placed a satellite in orbit.

On October 4, 1957, the Soviet Union launclsgalitnik (“Traveler/Companion”) 1
which was an 83 kg satellit&putnik 2 a 507-kg satellite followed on November 3.

This created a tremendous public and political reaction in the United States.

Vanguardwas still given afirst chance, but the launch attempt on December 6, 1957,
was a televised public failure (the second launch attempt on February 5, 1958, was
also a failure). In the meantime the Army was given the green light to proceed with
a Jupiter Claunch, and an 8-kg satellite namEsplorer | was successfully placed
in orbit on January 31, 195&xplorer | carried a small Geiger counter supplied by
James Van Allen of the University of lowa. The instrument was supposed to record the
presence of cosmic rays, which are very fast particles from deep space; but surprisingly
the instrument showed no response when the satellite was at high altitudes. There
seemed to be no logical explanation, but a second instrument flown two months later
confirmed the result. A graduate student working with Van Allen solved the problem.
He suggested that the satellite encountered a region of very intense energetic particles,
which saturated the Geiger tube and caused the counting circuits to read zero. Thus,
the Van Allen radiation belts were discover&d.

The large international cooperative efforts, the vast amount of geophysical data
collected, and the launch of artificial satellites, which began during the IGY, led to
the birth of solar-terrestrial physics. The subsequent major infusion of money into
this area by several countries led to a rapid advance in our knowledge of the Earth’s
environment. In the early phase of these explorations, every measurement yielded new
and exciting results. A phase has now been reached where detailed measurements
are available and theoretical models are generally able to explain and reproduce the
observed large-scale features of the terrestrial ionosphere. This does not imply that a
complete understanding has been achieved and there is nothing more to learn. On the
contrary, the time has been reached when the problems that need further study can be
clearly defined and then attacked in a systematic manner.
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