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I. THE NEUTRAL ATMOSPHERE

1. Atmospheric Nomenclature

The scientific study of the upper atmosphere has become known as
aeronomy. Asigenerally happens'iniéhe study of a complex natural system,
nomenclature has been developed to describe the different parts of the
atmosphere (Chapman, 1950). The description may be based on chemical
composition or on temperature or on the dominant physical processes. For
each of these alternatives there exists a series of words terminating in
"-sphere," each using some property to characterize the atmosphere within
a certain range of altitude. The upper boundary of any '"-sphere" may be
denoted by a similar word ending in "-pause"; thus, the "tropopause" is
the upper bound of the troposphere, Sometimes these levels can be defined
to within a few kilometers, but in other cases, the "-pause" nomenciature
is inappropriate because the divisions can only be specified within tens
or hundreds of kilometers. Figure 1 contains all the "-sphere"” terms that

occur in this review,

10000 r
6370 }--~-- EARTH RADIUS
3000 - PROTONOSPHERE
MAGNETOSPHERE
1000
EXOSPHERE HELIOSPHER
E 300} .
= diffusive
= THERMOSPHERE SPITTON  qurores T
100 + turbopause meteors
§ mesopause
= MESOSPHERE B
d 30 mixing OZONOSPHERE
STRATOSPHERE
ok tropopause )
TROPOSPHERE
3 -
1 i 1 L 4 1 1
500 1000 1500 o 5 0
TEMPETRQ;A('URE ELECTRON DENSITY
32027 (%) N(o" m?)

FIG. 1. REGIONS OF THE ATMOSPHERE, SHOWING
CONVENTIONAL NAMES DESCRIPTIVE OF LEVELS,
PHYSICAL REGIMES, AND CHARACTERISTIC CON-
STITUENTS. The temperature profile is
taken from the U,S, Standard Atmosphere
and the electron density profile represents
average daytime conditions for middle
latitudes, high solar activity,
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The lowest layer is the troposphere, in which the composition is
uniform and the temperature generally decreases upward, The emission and
absorption of infrared radiation by molecules such as water vapor, carbon
dioxide and ozone provides the most efficient transfer of heat between
different levels in this region. If we solve simplified eguations for
radiative transfer, we find that the equilibrium temperature in the lower
atmosphere decreases approximately linearly with the partial pressure of
these constituents, At low heights, this would lead to a "lapse rate"
(negative temperature gradient) exceeding the "dry adiabatic lapse rate,"
which is about 10 °K/km. Such a situation is unstable and the lapse rate
is maintained by turbulence and water vapor condensationrat a somewhat
smaller value, about 7 °K/km, throughout the troposphere. Under certain
conditions, particularly at night, "inversions" may be set up in which
the temperature gradient near the ground is positive,

Until the turn of the century, it was supposed that the temperature
continues to decrease upward and that the atmosphere terminates at ébout
50 km, there merging into cold interplanetary space., However, experiments
with kiteborne thermometers revealed a nearly isothermal region beginning
at an altitude of about 11 km in mid-latitudes at a temperature of about

220 °K which has since been named the stratosphere. 1Its Base, named the

tropopause, is somewhat higher, and the stratospheric temperature is about
20 °K cooler at the equator than in the polar regions. Uniformity of
temperature is maintained principally by radiation exchange in the infrared
part of the spectrum between the minor constituents of the atmosphere.

The existence of a temperature inversion or positive temperature
gradient above the stratosphere was suggested by observations of sound
propagation over distances of 100 km or more, which seemed to result from
the refraction of sound waves in the upper atmosphere. We now know that
such an inversion results from the presence of a trace of ozone in the
atmosphere. Although it is a very minor constituent, only contributing
a few millionths of the total ground level pressure, the presence of ozone
is very important., It absorbs all solar ultraviolet radiation of wave-
length less than 2900 X, and partially absorbs wavelengths between 2900 it
and 3600 X. The atmosphere is heated by this absorption and the earth's

SEL-64-111 -2 -



surface is shielded from the otherwise lethal radiation. This region of
elevated temperature is known as the mesosphere, It does not seem to have
a well-defined lower boundary (stratopause) but its upper boundary (meso-
pause) lies at 80 to 85 km, and is the coldest level in the entire atmo-
sphere (about 180 °K). Heat flows toward this level by conduction, from
above and below, and can only be removed by radiation which is primarily
in the infrared, such as the 63u line of atomic oxygen. The existence of
the temperature minimum arises from the lack of any strong heating mech-
anism at this height. Ozone cannot exist in appreciable quantities at
this level or higher, being rapidly destroyed by photochemical reactions.
The shorter UV radiations are absorbed at greater heights, in the

thermosphere, and are responsible for the high temperatures existing there,

Most of the heat liberated in the thermosphere is removed by downward con-
duction, so that the temperature increases upward, Finally, the heat con-
ductivity becomes so good that the region of the upper thermosphere is
maintained nearly isothermal at a relatively high temperature (about

1000 °K). In the exosphere, collisions between molecules are so infre-
quent that neutral particles move in ballistic orbits subject only to
gravity, whereas the ionized particles are constrained by the magnetic
field. No more will be said about this region now, since a later section
(1-6) is devoted to it.

The foregoing description is closely linked to the vertical tempera-
ture profile, which is shown in Fig. 2. Parallel to this, a classification
in terms of composition can be made. The term, ozonosphere, may be prin-
cipally associated with the mesosphere, but is not too well defined
because appreciable concentrations of ozone exist in the stratosphere,

The vertical distribution of ozone extends, roughly, between 5 and 60 km.
The peak of concentration lies at about 30 km, though on occasions two
peaks have been detected, the lower at 10 - 15 km. The "median" of the
ozone distribution is at about 25 km. The maximum rate of heat production
occurs higher up, at about 45 km, near the level of unit optical depth for
the incident solar radiation.

The ionosphere may be defined as the part of the earth's upper atmo-

sphere where ions and electrons are present in quantities sufficient to
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affect the propagation of radio waves, It extends down to perhaps 50 km
and thus overlaps the ozonosphere, It has no well-defined upper boundary,
but merges into (or may be extended to include) the heliosphere, where
neutral and ionized helium are important constituents, and the protono-
sphere, which is composed principally of ionized hydrogen. The latter

"-spheres" are still poorly defined in extent,
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FIG, 2. U,S. STANDARD ATMOSPHERE
(Government Printing Office,
Washington, D,C., 1962). Verti-
cal distribution of pressure p,
density p, temperature T and
mean molecular mass M to 250
km, The composition is assumed
constant up to 100 km,

The remaining terms used in Fig., 1 refer to the physical regimes at
different levels in the atmosphere. Up to about 100 km, the atmosphere
is well mixed by turbulence. The relative abundances of major constitu-
ents may be assumed independent of height, except at the highest heights,
The abundances of chemically active constituents, such as ozone, are of
course subject to variation, as are constituents such as water vapor and
contaminants in the troposphere, In the lower thermosphere, the composi-
tion can be modified by photochemical reactions, such as dissociation of
molecular gases.
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The level at which turbulence ceases may be called the turbopause; it
is rather sharply defined, and lies at about 100 km. Probably this depends
on the increase of viscosity with height. At greater heights, the lack of
turbulence enables a condition of diffusive separation to be established,
in which the vertical distribution of each neutral gas depends on its
molecular weight. The distribution of chemically active gases may however
be influenced to some extent by photochemical reactions as well as by dif-
fusion. This is especially true of the ionization, which attains a dif-
fusely controlled distribution only at heights above 400 km,

Finally, there is the term magnetosphere, denoting the region in which
the earth's magnetic field controls the dynamics of the atmosphere. It is
difficult to define a lower limit since the movement of ionization is geo-
magnetically controlled at all heights above about 150 km (or even 1ess),
but the magnetosphere certainly includes the whole atmosphere above the
level at which ionized constituents predominate over neutral, probably at
about 1500 km. Because of this magnetic control, the earth's atmosphere

may be said to terminate at the magnetopause, the boundary of the geomag-

netic field which lies at 10 to 20 earth radii (see sec. VII).

2, Evolution of the Earth's Atmosphere

It would be very surprising, indeed, if the atmosphere as we know it
today had remained relatively unchanged in the several thousand million
years in which our planet has been in éxistéﬁéé. There has naturally been
much study directed toward understanding the sequence of events which have
combined to produce our nitrogen-oxygen environment and a variety of
theories have been developed to explain it. The origin of the atmosphere
must be closely linked to the development of the solid earth, but geologists
are not in agreement concerning the earliest history of the planet. Most
theories may be considered within a '"molten globe hypothesis” or an
"accretion hypothesis" (Chamberlin, 1949). In the former, the globe was
originally molten and developed a crust as it cooled, while in the latter,
the planet was accumulated by the gradual collection of small masses of

solid material.
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In either event, the relative abundance of the various elements in
the solid earth and in the atmosphere may be compared with the '"cosmic
abundance” of the elements as estimated from meteéorites and solar studies,
When this comparison is made (cf. Kuiper, 1949), the lighter elements and
particularly the rare gases of the earth are found to be less abundant by
five to ten orders of magnitude. Oxygen is the first exception which
appears with near normal cosmic abundance. This would suggest that any
gases present early in our planet's history must have escaped and that in
some way the oxygen was retained, perhaps in the rocks.

The present atmosphere may then be one primarily established by vol-
canic emissions, Water vapor and carbon dioxide are the main gases lib-
erated while nitrogen concentrations are also important., Photosynthetic
action by plants would seem to provide an adequate explanation for the
conversion of CO, to oxygen (Chamberlin, 1949) accompanied by the deposi -
tion of carbon in plant material,.

Berkner and Marshall (1963) argue very forcefully that the primordial
atmosphere must have been one in which molecular oxygen was very scarce,
at no more than 0,1 percent of its present atmospheric level., The oxygen
produced by the photodissociation of water vapor would lead to production
of 03 (thereby shielding the water vapor from further dissociation) and
would also react with surface materials to form oxides. Concentrations
of O2 substantially greater than 0.1 percent would appear to require the
generation of oxygen from biological sources.

The work of Hoering and Abelson (1961) places the beginnings of photo-
synthesis at more than 2.7 X 109 years ago and from this point the equili-
brium levels of oxygen abundance may have begun their slow increase. As
a convincing illustration of the importance of photosynthesis and respira-
tion to our present oxygen levels (Rabinowitch, 1951), it is found that
all the carbon dioxide in the atmosphere is exchanged within about 400
years, all the oxygen in about 2000 years and all the waters in the oceans
may have participated in the biological process within about two million
years.

However, it was only in the much more recent Cambrian period (600

million years ago) that higher forms of life, leéving fossil remains,
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came into existence., With oxygen levels at perhaps 1 percent of their
present amount, it was possible for organisms to exist near the surface

of the oceans without being destroyed by the intense ultraviolet radiation
from the sun. Over the course of the next two hundred million years,
Berkner and Marshall suggest that the oxygen content rose to about 10 per-
cent of present levels, at whiéﬁi%iﬁéithe'ozone shielding was adequate to
permit oxygen-breathing organisms to liveron land, They identify these
two "critical levels' at which life could first exist near the water's
surface and then on the land, with the interrelated rise of oxygen abundance
and ultraviolet absorption by ozone. It is interesting to observe that
7éurfent models of the Martian atmosphere, in which nitrogen and carbon
dioxide are considered to be the principal constituents, may be character-

istic of the earth's primitive atmosphere.

3. Structure of the Atmosphere

The distribution with height h of a neutral atmospheric gas may be

assumed to be subject to the perfeét gas law
o = nkT (1-1)

and the hydrostatic or barometric equation
- == = nmg (1-2)

The symbols p, p, and n are used to denote pressure, density, and con-
centration. If it is necessary to specify any particular gas, the chemical
symbol is appended in square brackets, e.g., n[Nz]. T denotes absolute
temperature and g the acceleration due to gravity. Molecular mass is
denoted by M (in atomic units) and m (in conventional units) so that

p = nm, The ratio M/m is denoted by IQ, which is 6 X 1023 per gram-mole
(Avogadro's number), but takes the value 6 X 1026 per kilogram-mole in

mks units. If R stands for the molar gas constant and k for Boltzmann's

constant, then
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By combining these equations, we find that

1 dp Mg

pdh - RT ~

(1-4)

== R

These equations provide two alternative definitions of the scale height
H (more precisely, the pressure scale height). For each individual gas,
these definitions are consistent at a level where diffusive separation
exists and where the distribution is determined solely by the balance of
the partial pressure gradient against gravity., They are also valid for
a gas in a completely mixed atmosphere, in which processes such as tur-
bulence are strong enough to cause each gas to conform to the scale
height of the mixture as a whole. The masses M and m then refer not
to the individual gas, but to the "composite” gas, air.

It is sometimes convenient to measure altitude in units of the scale

height H, from some reference height ho' The reduced height =z, mea-
sured in this way, is defined by the equations
Z_fh@_h'ho (1-5)
h H H
o

The second equality applies if H is independent of height, but in
any case, the vertical pressure distribution is given by p/po - e
This relation is valid for the partial pressure of any constituent which
obeys the hydrostatic equation, as well as for the whole atmosphere, pro-
vided that the proper scale height is used in the equation for =z.

Also, we see that if the whole atmosphere above any arbitrary level
z = 0 were compressed to a uniform pressure po, its vertical extent
would be the scale height HO at z = 0, wherever this level is chosen.
The total number of particles above this level is noHo' as can be deduced

from the gas law and the definitions of H and z. Since n = p/kT = p/mgH,

we have
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]ndh:f anz:ng e-zdz:nOHO (1-6)
h 0 ARG

We emphasize that these equations assume m and g to be independent
of height, and thus apply to a single gas in hydrostatic equilibrium. In
this case, gradients of H arise only from gradients of T, so that
dH/H = dT/T. By taking logarithms and differentiating the gas law, we

obtain the useful relations

dh dp dn N dH (1_7)

Although many authors do not use the concept of reduced height, we
shall find it useful in subsequent discussions. For example, let us
examine the changes which occur when a column of air is heated. Each
small volume of thickness ©Oh will be called a "cell." If there is no
horizontal flow of air, the weight of air above any cell does not change;
therefore, the pressure wilhin the cell remains constant and so does its
reduced height =z. If we assume that the column of air is initially at
a uniform temperéture T, and is then heated to a uniform temperature
TT, the gas concentration with each cell is reduced from n to n/T and
its thickness expands to 7T8h. Since the scale height has increased from
H to TH, the real altitude, h, measured from the ground (z = O) is
increased in the same ratio: that is, from zH to =zTH, If n, is the
initial concentration at =z = 0, then the concentration at a distance h
above z = 0 is noe-z, or n_ exp (—h/H). After the heating, the

vertical distribution is given by

n(h) = (2?) éxp (- %%) (1-8)

H being the original scale height. For small values of h, this equation
shows that the concentration n 1is decreased by the heating. But at

greater heights n 1is increased hbecause the reduction of the exponent in
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the equation more than compensates for the factor 1/T. At some inter-
mediate level, therefore, n 1is unchanged, and for small changes of
temperature (T =~ 1) this may be shown to be just one scale height above
z = 0, This is known in meteorology as the isopycnic level. Obviously,
the total integrated concentration throughout the atmosphere, f n dh, is
unaffected by the heating, in the absence of horizontal flow.

Although the above discussion relates to a case of an isothermal air
column in contact with the ground, it can easily be generalized to apply
to the diurnal temperature variations in the thermosphere, There are
three important differences, which complicate the analysis but do not
affect the principle of the discussion.

First, the part of the atmosphere subject to the heating does not
extend to the ground, but is bounded by the temperatufe minimum (mesopause)
at about 80 km. Secondly, the temperature in the thermosphere is not
uniform but varies with height. Thirdly, the atmosphere at this height
is subject to diffusive separation. Consequently, the hydrostatic equa-
tion must be solved for each constituent separately with the appropriate
scale height being inserted for each. When the composition at the lower
boundary of the heated region is kept constant, it is found that at any

fixed pressure-level the relative concentrations of all the gases are

unaffected by the heating (Garriott and Rishbeth, 1963).

In detailed calculations of atmospheric parameters, it must be remem-
bered that the acceleration due to gravity decreases upward, in accordance

with the inverse square law

2
GM r
g(h) = —f = g(0) ———fh—)_,_ (1-9)

where G 1s the gravitational constant, ME and re are the earth's mass

and radius, r = rp + h is radial geocentric distance and g(0) 1is the
sea-level value of g. This variation may be included in the equation for
the scale height, Eq. (I-4). Sometimes, a "geopotential height" is used,

which may be defined in various ways. The simplest definition is that in
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which the work done in raising unit mass to height h, e.g., f g(h) dh, j{
is-equated to the geopotential height h* multiplied by the sea-level |
Qalue, g(O). In addition, centrifugal force may become appreciable in
problems involving the exosphere,

Various 'standard'" model atmospheres have been proposed. They present

detailed distributions of pressure}1déﬁ§izywaﬁditemperature which are

based upon observations and computed with the aid of ihe'equations given

above. At heights where the mean molecular Weiéht is independent of

height, knowledge of the vertical distribution of one of the basic param-
eters, plus boundary assumptions, enables the others to be computed from

Egs. (I-1) and (I-2). This is not true in the thermosphere above 200 km

where the molecular weight varies with height. Here the best determined

e parameter is density, as determined from satellite drag data. But even

if the complete density distribution g(h) is available, further informa-
tion is required in ofa;r to compute the tempé}atﬁfe profile and gas con-
centrations. The calcuiatiéns i&ichghavérbééi iublished génerally start
from an assumed chemical composition at a lower boundary levelr(variously
taken as 100 to 150 km). If diffusive separation is assumed to exist
above this level, the variation of mean molecular weight with reduced
height, z, can be found at once by applying the equation p/pO = e‘z to
the partial pressure of each individual gas. But éonVérsion of reduced
height =z to real height h involves knowledge of the temperature pro-
file T(h). 1In some published models, this is found by a trial-and-error
'fitting of the model to the observed density profile p(h) (e.g., Yonezawa,
1960) or by detailed solution of the héat-conduction equations (e.g.,
Nicolet, 1959). 1In the very detailed models of Harris and Priester
(1962a,b), the time-varying conduction equations are solved for the tem- o
perature distribution T(h,t), for different heat inputs corresponding
to several different levels of solar activity. Moreover, none of the
models so far published takes account of possible variations of composi-
tion at the lower boundary, nor of horizontal transport of air, which
might have an important influence on thermospheric structure.

Figure 2 gives the vertical distribution of temperature, pressure,

and density from 0 to 250 km, as tabulated in the U.S. Standard Atmosphere

- 11 - SEL-64-111




(Champion and Minzner, 1963). Some typical data for higher heights is
given in Fig. 3. 1In a later section, we consider methods of obtaining

the experimental data on which such models are based.
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FIG. 3. THEORETICAL MODELS OF HARRIS AND PRIESTER
(1962a,b). Vertical distribution of density and
temperature for high solar activity (10 cm solar
flux, S = 250) at noon (1) and midnight (2); and
for low solar activity (S = 70) at noon (3) and
midnight (4). These models assume the pressure,
composition, and temperature at 120 km to be
invariant,

4. Dissociation and Diffusive Separation

Above the mesopause the composition of the neutral atmosphere varies
with height. This is associated with the dissociation of molecular oxy-
gen and the occurrence of diffusive separation above the turbopause.

The dissociation of oxygen has been studied in detail by Nicolet and
Mange (1963). They point out that even though 02 molecules are dissoci-
ated by radiation in the Schumann-Runge continuum (wavelength < 1750 ),
the lifetime of an 02 molecule above 100 km is of order days, the actual
lifetime being very dependent on the intensity of the solar radiation.

However, the O, concentration in the thermosphere is replenished by

2
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diffusion in a time shorter than this, so that the vertical distribution
of O2 should more closely correspond to the hydrostatic equation (I-2)
than to a condition of photochemical equilibrium.

The N2 molecule, unlike 02, has a very small cross-section for photo-
dissociation and most of the nitrogen in the upper atmosphere is thought
to be in molecular form. Such atomic nitrogen as does exist is produced
by other photochemical processes, such as those involved in the production
of ionization. 1Its abundance is linked with that of oxides of nitrogen.
We may note in passing that nitric oxide, NO, is thought to exist in small
quantities in the mesosphere and lower thermosphere. Probably at no level
does NO represent more than one part in 1010 of the total concentration,
yel its pfeéence may be significant for the formation of the D region
(Nicolet and Aikin, 1960).

The question of diffusive separation of atmospheric gases has been of
interest ever since the composite nature of air was recognized in the
eighteenth century. It was once thought that diffuéion separation would

take effect just above the ground, but it is now clear that major con-

“stituents are well mixed up to at least 100 km. Evidence is accumulating

that diffusive separation begins near this altitude.

From observations with rocket-borne mass spectrometers, Meadows and
Townsend (1958) found molecular nitrogen and argon to be diffusively
separated at heights above 115 km. The situation concerning the gases
2, Oz,rand O remained obscure, partly because the chemical activity of
atomic oxygen creates difficulties in mass-spectrometer sampling. The

N

loss of atomic oxyged by chemical reactions within the apparatus and con-
tamination by gases from the vehicle have been major problems. Some
measurements have been published which show only a slow upward decrease

of the [Nz]/[o] ratio at heights up to 210 km (Pokhunkov, 1963). However,
the results of Schaefer and Brown (1964) have found a rapid upward decrease
of the [02]/[0] ratio above 100 km, which indicates the existence of
diffusive equilibrium even at this altitude. Recent measurements by Nier
et al (1964), shown in Fig. 4, also indicate that diffusive separation of

0, 02 and N2 occurs as low as 110 km.
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FIG. 4. RATIOS OF THE CONCENTRATIONS OF THE MAJOR
NEUTRAL CONSTITUENTS OF THE UPPER ATMOSPHERE
(after Nier et al, 1964).

We note that according to these data the level at which the concentra-
tions of O and N2 are equal is near 200 km., Further measurements such as
these should eventually resolve the discrepancies between existing models.
For instance, Harris and Priester (1962) place this level at 190 - 300 km
(depending on temperature) although Norton, Van Zandt and Denison (1963)
place it at 130 km.

The neutral composition can also be determined from observations of
the solar spectrum at a series of heights, such as those of Hinteregger
and Watanabe (1962). It is necessary to know the ultraviolet absorption
cross-sections, as a function of wavelength, for each gas. This is essen-
tially a trial~and-error method and has been applied by Norton, Van Zandt
and Denison (1963) although their ratio of [Nz]/[o] is considerably
smaller than that measured by Nier et al, as we have noted.

The question of diffusive separation is linked to that of turbulence,
which is believed to be absent at heights above about 100 km, Blamont and
de Jager (1961) observed the rate of expansion of sodium vapor trails

released from rockets, Below 102 km the trails were rapidly distorted by

turbulence, but above this level they expanded more slowly, at a rate
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consistent with molecular diffusion. A similar result was found by
Rosenberg (1963) whose results place the turb&pause at 110 to 115 km,

The theory of mixing and diffusive separation is incomplete. A number
of different approaches have been compared by Mange (1957). Most of these
define a "criterion" for estimating the time taken for a minor conéfiihent
to attain a diffusive equilibrium, starting from an initial nonequilibrium
(or mixed) condition. This time is in general of order (scale height)z/
(diffusion coefficient). If it is less than some time-constant character-
istic of the process responsible for mixing, then mixing will not be
maintained. Naturally, the problem is more complicated if photochemical
processes are operative as well as diffusion,

More recently, Hines (1963) discusses the problem of mixing of major
constituents, with special reference to turbulence. If mixing were sud-
denly to cease, the gases would separate with a relative velocity which
is found by balancing the resistance to motion, due to collisions, against
the "buoyancy" forces which tend to separate the gases. The power
dissipation of the collisional forces can than be found: it is of order-
10-9 watts m-3 for a mixture of 02 and N2' Since Hines estimates the
power available from turbulence to be a few times larger than this, between
90 and 100 km, he concludes that turbulence can just maintain mixing of
02 and N2 up to 100 km, but not at greater heights. The precise level of
the turbopause presumably also depends on the strength of mechanism causing
the turbulence, which may be gravity waves. Hence, changes in atmospheric
motions below the turbopause might result in changes in composition at
higher levels. A more complete discussion of turbulence, and of the per-
tinence of parameters such as Reynolds and Richardson numbers, is given
by Hines in the review cited above.

Unless some other mechanism for preventing separation is effective at
greater heights, it seems that diffusive separation of atmospheric gases
must be established near the turbopause, or at least within one or two
scale heights above it. As previously mentioned, the most recent avail-
able experimental data do indeed indicate that diffusive separation begins

at heights near 110 km.
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5. Thermal Balance

The heat balance in the thermosphere depends on the following pro-
cesses:
Production (Q): (a) photochemical processes, such as photoionization,
dissociation, recombination, attachment, (b) corpuscular ionization.

(c) atmospheric absorption of gravity waves, hydromagnetic waves.
(d) joule heating by electric currents. :

Loss (L): Radiation at wavelengths for which the thermosphere is
optically thin. These include the visible airglow lines which are
transmitted to the ground, and the infrared line of atomic oxygen
at 63u.

Conductive Transport: This is written as the divergence of a heat flux
® and thus resembles diffusion.

These processes may be included in an equation of continuity. Fol-
lowing Nicolet (1961), we find it most convenient to write the equation
in terms of temperature T, and make each item represent a change of
energy per unit volume per unit time. Let cp be the specific heat per
unit mass at constant pressure. Then, if only vertical transport is con-

sidered,
N R~ (1-10)

Before considering the form of the terms in this continuity equation, we
note that, at the lower boundary of the thermosphere, the temperature
minimum at the mesopause at 80 to 85 km, acts as a barrier to conduction,.
Thus, the thermosphere and the mesosphere can exchange heat only by radia-
tion (or by forced convection driven by large-scale wind systems). The
thermal regime in the mesosphere depends on the presence of ozone, which
absorbs a wide band of solar ultraviolet radiation not significantly
absorbed above the mesopause.

Solar ultraviolet heating is thought to make a major contribution to
the production term Q. The equations are akin to those describing the

rate of photoionization which we will investigate later., We write
Q(h) = N/i(x,h)[z EiUi(K)ni(hJ dA (1-11)
i

SEL-64-111 - 16 -



in which the summation refers to different atmospheric gases and the

g formula is integrated with respect to ultraviolet wavelength A. Ui
: represents an absorption cross-section for the ith gas, and Ei the
amount of heat liberated per unit of radiation absorbed. At any height
the intensity of radiation I{A,h) 1is related to optical depth T(A,h)

and the intensity I(K,w) incident at the top of the atmosphere by

in[1(A,h)/I(A,»)] = T = sec ¥ £, ny 0y By (1-12)

i where X 1s the solar zenith angle, assumed not near 90 deg. At heights
g above about 250 km, T << 1 for all wavelengths. In this case, the total
é flux, IOO = f I(A,»)d\, together with a total gas concentration n(h) and
_ mean values € and O, can be used to replace the integration in (I-11)
! which then reduces to

i

1 SRR a(h) = I_€5 n(n) e " (1-13)

The rate of heat input Q(h) 1is greatest at altitudes between 100 km
and 200 km, where T(A) ~ 1 for the wavelengths involved. Under these
circumstances the full equation (I—ll) must be used, as the approximation
(I-13) is inaccurate. Even the more detailed'éqdéfion neglects two further

complications connected with photoionization heating. One is that éjected

phbtbéIéctrdﬂé“mayyirévél considerable distances before giving up their

0O

kinetic energy, so that some of the energy may appear in remote locations.
The other is that part of the energy is stored in the ionization, and
does not appear as heat until the ionization recombines. This implies a
time lag which may be of the order of hours at 300 km. Other sources of
heat, previously mentioned, may be important, especially at times of
magnetic disturbance.

The "radiative loss" term, which is given by’Bafes (1952), is gener-
ally regarded as having little effect above 150 km altitude and is omitted

in many published solutions of the continuity equation.
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If only vertical variations are considered in the conduction term,

the heat flux ¢ in the continuity equation (I-10) may be written
= -A -14
P T >h (1 )

The product AT]'/2 represents the thermal conductivity, A being a con-
stant given by kinetic theory. According to Nicolet (1961), its value
in (joules m > sec! (°K)-3 2) is 0.21 for atomic hydrogen, 0.036 for
atomic oxygen and 0.018 for N2 or 02.

The conditions at great heights in the thermosphere are largely
governed by the conduction term, since the three other terms in the con-
tinuity equation all decrease upward as the atmospheric density decreases.
If, as is generally supposed, the flux ¢ tends to zero at great heights,
then aT/Bh > 0 by (I-14) so that the upper thermosphere is isothermal.
However, there exist complications (to be discussed later in Sec. II-5)
concerning the thermal disequilibrium between ions, electrons and neutral
particles.

To justify the assumption that ¢ - 0 at great heights, we note that
the outermost atmosphere is fully ionized and its thermal conductivity is
large parallel to the magnetic field but extremely small across it, The
flow of heat across the magnetopause (which effectively marks the termi-
nation of the atmosphere), is then very small except when hot plasma from
the sun actually pentrates into the geomagnetic field. Hence, the sug-
gestion that the earth's outermost atmosphere is at the temperature of
the surrounding solar corona, perhaps 105 °K, is not generally accepted
(Chapmaﬁ; 19595.7 We shall use the term "limiting (thermospheric) tempera-
ture" for the temperature in the isothermal region, although other terms
such as "thermopause temperature" and "exospheric temperature' have been
used. By solving the equation for equilibrium conditions, (such as
approximately hold in the afternoon), Hunt and Van Zandt (1961) obtain
an estimate of ~1 erg cm~2 sec-1 for the heat produced by ionizing radia-

tion in the ionospheric F region, which corresponds to the upper part

of the thermosphere.
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If time variations are considered, it must be noted that the properties
of the atmosphere at any given height h will vary on account of thermal
expansion or contraction. Hence, it is convenient to "follow the motion"
of each '"cell' of air, thereby applying the principles described in Sec.
I-3 and formulate the equations in terms of reduced height 2z or pressure
p, instead of real height h. Both Cummack (1962) and Harris and Priester
(1962) use an approach of this type. The actual height and time varia-
tions of thermospheric temperature are not known in sufficient detail to
determine all the parameters of the models, but observations of satellite
drag, in particular, enable good estimates of the limiting thermosphere
temperature to be made (Jacchia, 1960). The data indicate that the limit-
ing temperature is greatest about 14 hours local time, whereas the com-
puted models give a later maximum, at about 17 hours. This discrepancy
led Harris and Priester to postulate that a substantial fraction of the
heating is due to a 'corpuscular" source, which peaks at about 09 hours
local time. This question must still be regarded as open. After sunset,
photoionization heating is absent and conduction appears to equalize the
neutral ion and electron temperatures above 200 km within two hours or so.

Some graphs of scale height (or temperature) against height, obtained
by combining data from several satellites, often show changes of slope
around 200 km. These have been interpreted as "temperature inversion,"
or layers in which T decreases upward (Priester and Martin, 1960), and
attributed to the fact that the rate of absorption of solar ultraviolet
enérgy has a maximum in the lower F region, below 200 km. However, the
rate of temperature increase due to heating depends on the heat production

- = =T
per particle which, by Eq. (I-13), is Q/n =1, ,€ece and is therefore

greatest at the top of the atmosphere where T = 0, Even if some other

heating process should operate so as to produce a greater rate of tempera-
ture rise below 200 km, the high thermal conductivity at 200 km and above
would oppose the formation of an inversion, and doubts have been expressed

as to its reality.
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6. The Exosphere

The exosphere is, by definition, the region in which the mean free
path exceeds the scale heighit. Using data contained in the U.S. Standard
Atmosphere, we may estimate this level to be at about 590 km. A molecule
moving upward at the base of the exosphere is unlikely to make any colli-
sion above this level, and thus moves in a ballistic orbit under the
influence of gravity. This orbit will be elliptical if the upward velocity
of the molecule is less than the velocity of escape Ve from the earth's
gravitational field, which is about 11.4 km/s. Should a molecule acquire
a velocity exceeding 11.4 km/s as the result of collisions, its orbit will
be hyperbolic and it will escape from the atmosphere unless it suffers
further collisions. Some molecules will possess elliptical "satellite"
orbits which do not intersect the base of the exosphere, in which the
probability of colliding with other molecules is small. The computation
of the radial distribution of gas concentration n(r) is extremely com-
plicated, and has been the subject of some controversy (see Chamberlain,
1963, and references contained therein).

If we define an "escape temperature” TE by the simple equation
1/2 mvz = 3/2 kTE, we find TE to be 5200 °K, 21,000 °K, and 84,000 °K
for H, He, and O atoms respectively. At sunspot maximum, the temperature
of the exosphere may exceed 2000 °K and there will be a steady loss of
hydrogen atoms at the upper end of the energy distribution. Helium will
also be lost, but much more slowly. This gas is liberated at a steady
rate by radioactive decay processes in the earth's crust, at a rate which
can be estimated from geological data, Since the rate of escape depends
on the temperature of the upper atmosphere, it was thought that this
temperature could be estimated from the observed abundance. However, it
seems that the problem is too complex to yield useful information on this
subject (Chamberlain, 1963).

Hydrogen is generated by dissociation of water vapor and methane in
the upper atmosphere, and then escapes from the top of the exosphere.

In a2 detailed discussion of the hydrogen and helium content of the atmo-
sphere, Kockarts and Nicolet (1962) estimate the upward flux of hydrogen

7 - -
atoms at 100 km to be 2.5 X 10 cm 2 sec 1. It may then be deduced that
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the average lifetime for hydrogen atoms in the atmosphere is a few days,
as compared to a few years for helium atoms.

Great interest has been aroused by spectrometric observations which
are connected with the hydrogen content of the atmosphere. Purcell and
Tousey (1960) observed the solar Lyman & line from a rocket above 130 km.
They found it to be broad (~1 R) with a narrow absorption core, which

16 (m'z). The

could be attributed to a column of hydrogen atoms, 3 x 10
width of the absorption core corresponded to a temperature of order

1000 °K, more likely to be associated with the terrestrial atmosphere
than the interplanetary medium. Moreover, the absence of a Doppler shift
suggested that the hydrogen is stationary with respect to the earth,.
Diffuse Lyman (¢ radiation has also been detected in the night sky by
rockets and it is believed to be solar in origin, and scattered by hydro-
gen in the outer atmosphere. However, the amount of hydrogen required

to account for the observed intensity is several times greater than the
content quoted above, deduced from daytime observations, This difficulty
has been well discussed by Donahue and Thomas (1963a,b) who suggest that
it could be explained by the presence of a distant "cloud" of hydrogen
("geocoma') associated with the earth, or by a large day-night variation
of the hydrogen concentration. However, Hanson and Patterson (1963) con-
sider that a lateral flow of hydrogen would be efficient in preventing

such a diurnal asymmetry.

7. Experimental Techniques

There are a number of experimental techniques available for the study
of the neutral atmosphere. Below about 30 km it is possible to measure
pressure, temperature and density with relatively inexpensive balloons.

A "searchlight" probing technique has permitted ground-based measurements
as high as 67 km (Elterman, 1951, 1954). In this method, a powerful
searchlight beam which may be modulated to discriminate against the steady
background radiation from the night Sky, is directed upward. Another
remote photo-sensitive detector then scans the searchlight beam to deter-
mine the intensity of the scattered light as a function of altitude. When

only Rayleigh scattering is observed, as appears to be the case above
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about 10 km, the received intensity is proportional to the concentration
of air molecules., Furthermore, when the equation of hydrostatic equili-
brium is introduced, the temperature and pressure profiles may be deduced
from the measured concentration profile.

On one occasion, Elterman has obtained temperature profiles from rocket,
sound propagation and balloon measurements nearly simultaneously with the
searchlight experiment and all were in satisfactory agreement. His mea-
surements have found that below 45 km there is little diurnal or seasonal
temperature variation, but near the mesopeak at about 50 km and above,
day-to-day fluctuations as well as diurnal and seasonal variations exist
of 20 to 40 °K. The invention of the laser, since these experiments were
performed with its attendant narrow bandwidth, offers the possibility of
extending the measurements to even greater altitudes.

Another very fruitful method for study of the atmosphere below about
90 km has been the measurement of sound delay times from grenade explosions
at high altitudes. As a rocket climbs to 100 km or more, the grenades are
ejected and exploded every few kilometers. The delay times are recorded
at a network of ground stations and from the records it is possible to
deduce not only the temperature profile, accurate to within #3 °K (Stroud
et al, 1960), but also the horizontal winds in the mesosphere., A sim-
plified presentation of the theory and number of other references are
given in the paper of Stroud et al. Winds in the mesosphere show little
or no diurnal variation but there is a strong seasonal variation in the
arctic. Strong westerly winds (100 to 150 m/sec) in the winter--the
so-called "polar jet streams''--change to more moderate easterly winds in
the summer,

Most of the other methods require rockets to place the instruments
within the environment it is intended to measure. For example, an experi-
ment has been designed in which a collapsed sphere is launched to a high
altitude and then ejected and inflated after the rocket power has been
exhausted and the atmospheric drag has reached a tolerable magnitude
(Bartman et al, 1956). The large area/mass ratio allows the drag force
to exert measurable accelerations even in the very tenuous upper atmo-

sphere. The drag force may be written as
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1 2

D=5 oV ACy (1-15)

where p' is the air density; V is the spherervelocity, A 1is the cross-
sectional area and C, 1is a dimensionless drag coefficient, Although
the value of C is a rather complicated function of how the air molecules

7ﬁare reflected from the surface of the _sphere, Faucher et al (1963) believe

that 1t can be calculated to w1th1n a few percent

After the sphere has been erected and v1brat10ns have damped out, a
sensitive accelerometer is used to measure the drag force and then the

den51ty is calculated from Eq (I 15) In a recent rocket flight reach-

1ng an altltude of about 250 km Faucher et al detected measurable atmo-

spherlc drag below 135 km and have computed dens1ty values below th1s

level. The results are not onl} useful in themselves but may be com-

pared with rocket data based on pressure gauge measurements which extend

to even higher altitudes.

Lagow et al (1959) haver \ps

fllghts A var1ety of pressure gauges were used 1n the measurements and

from these both the ambient Ppressure and the gas dens1ty were calculated

up to an altltude of 210 km. ~ Their results show rather large dlfferences

in scale height (and thereforertemperature) between White Sands, New
Mexico and Fort Churchill, Canada on summer days At high latitudes the
density and scale height values appear too large to match satellite drag
data. Sterne (1958) indicates ‘reservations ahout the validity of the
pressure measurements and also Johnson (1960) has pointed out the diffi-
culty in maintaining large latitudinal pressure and temperature differences
above 200 km,

Following a suggestion by Bates (1950) a number of experiments have

been performed in whlch sodlum and other contam1nants have been released

at h1gh altitudes, When the gas is released all along the rocket traJec-

e 'Vhrghly dlstorted as time proceeds

tory, a trail develops wh1ch bec

70W1ng to wind shears and molecular dlffu51on in the upper atmosphere The

sodium trail observed at twilight is believed to be due to resonant scat-

tering of the 5580 2 sunlight and it is rapidly extinguished following
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sunset at the appropriate altitude (Bedinger et al, 1958). However,
even at night a brief trail is observed with the energy for the photo-
emission apparently derived from chemical reactions with atmospheric
constituents,

At altitudes above 200 km, different methods must be employed for
the measurement of atmospheric density. A "ribbon microphone' in which
the incident flux of neutral molecules is modulated by a rotating shutter
has been described by Sharp, Hanson and McKibbin (1962). The resulting
ribbon displacements of only a few Angstroms produce an alternating
voltage which is amplified with sufficient accuracy to obtain density
measurements (proportional to the pressure oscillations) at an altitude
of 550 km, Their results are consistent with values deduced from satel-
lite drag observations and have the outstanding advantage of being
nearly instantaneous measurements.

Since 1957, it has been possible to measure atmospheric density from
a careful measurement of the rate of decrease of the orbital period of
a satellite. Very important advances have been made in our knowledge of
the dppér atmosphéfé from these observations, Although the gas density
at 500 km is about 10“10 of that at the ground, appreciable drag is
experienced by most satellites at this altitude and useful results have
been obtained between 200 and 1100 km (Jacchia, 1960). The method of
analysis is particularly simple for circular orbits, és will be shown
below, but such an orbit is very difficult to achieve in practice, and
the gas density is not spherically symmetric in any case. The accurate
equations applicable to elliptical orbits have been derived by Sterne
(1958) and others, and King-Hele (1963) has given a relatively simple
and useful derivation of the most important terms,

By equating the centrifugal and centripetal forces acting on a satel-
lite in a circular orbit about the earth, we may obtain the relation
GM, = rv2, where G = gravitational constant, 6.67 X 10711 (newton m2/kg2),
ME = mass of earth, 5.97 X 10+24 (kg), r = geocentric radius of the orbit
and v = velocity of the satellite. Then, we find that the kinetic energy

is given by
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KE=gm v o= GMEms/gr (1-186)

where mS is the satellite mass. From first principles we know that

the potential energy is

PE = - GMEmS/r (1-17)

We should note that the magnitude of the PE 1is just twice that of the
KE at any radius and that their derivatives with respect to r are also
1n the ratio of 2:1.

When atmospheric drag is included, the rate at which satellite energy

715 Dv where D is the drag force given in (1-15). This may

 be equatedito the rate change of total energy

dr

-Dv = él (KE + PE) = — (KE + PE) (1-18)
Solving for the rate of changeﬁEfﬁaifitude,
1 3
s Qij_ ; 3 PV ACD ) pv ACDr - (1-19)
dt i m_GM /r2 ) ms ’
2 s E

For smaii valuee of o, the satelllte will gradually sﬁ&ral deeper into
the atmosphere, galning klnetlc energy while losing befeﬁzieiMenergy
twice as fast, in what may be termed a '"quasi- c1rcu1ar" orb1t.r

We observe the paradoxical situation in which the-drag force acts in
the direction opposite to the velocity vector, yet the velocity of the
satellite continually increases., This may be understood as follows: the
impact of a molecule at one point in the orbit does reduce the KE and
thus the satellite velocity by a very'small increment. This puts the

satellite in a slightly elliptical orbit with the point of impact at

apogee. When the satellite reachesrperigee half an orbit later, the
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velocity will have increased to a value greater than prior to impact at
the expense of a reduction in PE. For the quasi-circular orbit, the
variations of KE, PE and r are all continuous, of course.

The measurements of atmospheric density rely upon the observation of
the average rate change of satellite period, usually obtained from radio

tracking stations. From Kepler's third law,
2
2 4 3

T = (—3—> r (1-20)

we obtain
dT 4ﬂ2 2 dr )
2T =+ = <——) 3r° = (1-21)
; 2 '

Again using GM = rv- and Eq. (I-19),

a _ (—2} ¢ (1-22)

The value of CD is usualiy considered to be about 2.2 for satellite
applications. Equation (I-22) can then be used to calculate the density
at the satellite altitude. The analogous equations for elliptical orbits
will not be derived, but it develops that the quantity le 2 is the
parameter now determined by drag analysis. The values of p deduced

when H is assumed are most accurate about one-half scale height above

the satellite perigee.
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IT. MEASUREMENT OF IONOSPHERIC PARAMETERS

1. Introduction

In the preceding section, the vertical dis%ribdﬁfbﬁfbf the nonionized

‘molecules and atoms in the earth's atmospherc has been discussed. This

iigiéivé%y7fh535?5ht preliminary to the discussion of the ionized portion
of the atmosphere because the neutral molecules are obviously the parents
of the Cﬁarged particles to be discussed here. Our knowledge of the
charge distribution has tended to precede that of the neutral composition
principally because more simple measurement techniques are available,.
These measurements, in turn, have contributed to the study of the neutral
composition, A »

Without discussing the theory of the formation of the ionosphere for
the moment, in this section we will want to consider the various means
available for the measurement of the pertinent ionospheric parameters.

Principally, these are the electron "density" (or more precisely, con-

'Centration), the ion concentration and composition, the ion and electron

temperatures and the movement of these charges.
' The'presedéé/bfﬁfﬁe'ionosphere was detected long before modern radio

methods were developed. Over eighty years ago Balfour Stewart suggested

the existence of a conducting layer in the upper étmosphere within which

““large currents were generated by the tidal oscillations of the atmosphere.

These currents explained the observed magnetic deflections at ground level

which were found to vary with solar activity and geographic latitude.

Then, after Marconi had demonstrated the feasibility of trans-Atlantic
radio communication in 1901, Kennelly and Heaviside suggested independently
that a reflecting or refracting layer must exist such that the radio waves
were "bent" around the curve of the earth. Direct radio investigations

of the ionosphere may be dated from the pioneering work of Tuve and Breit

(1925) and that of Appleton and his colleagues (1925).

2. Determination of Electron Density by Sounding

After forty years, the pulse sounding technique of Breit and Tuve is

still a basic tool of ionospheric reséarch. A sounder is a type of radar
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which is capable of obtaining echoes from the ionosphere over a wide
range of operating frequencies. The model C-4 ionosonde developed by
the National Bureau of Standards has been in use at several stations for
a number of years and is representative of the many designs now in use.
In a typical mode of operation, the sounder is swept from 1 - 25 Mc/s in
13.5 sec, using a pulse repetition frequency of about 100 per second and
a peak power of up to 30 kilowatts. Newer types of ionosonde have been
developed, which provide better resolution and greater versatility in
operation,.

In a conventional recording system, the echo received from the iono-
sphere is used to modulate the intensity of a spot of light on an elec-
tronic time base. Distance along the time base represents the "time of
flight" of the radio pulse which, if divided by the free space velocity,
gives the equivalent path length, and this is twice the '"virtual height"
h' of the reflection point in the ionosphere. In the recorder, a photo-
graphic film is moved at right angles to the time base as the frequency
is varied, so that the spot of light traces a graph of virtual height h'
against radio frequency. Range and frequency calibration markers are
usually inserted automatically. These recordings are commonly known as
jonograms or h'(f) curves.

The pioneer ionospheric observatory is situated at751ough in England,
where an ionosonde has been operated regularly since 1932. Other stations
were opened before the war at Washington, D.C., Watheroo in Western
Australia, and at Huancayo on the magnetic equator in Peru. Since World
War II many other stations have been operating and during the International
Geophysical Year, in 1957-58, the total number was about 150. Normally,
each station makes a sounding once an hour (sometimes once every 15 min
or less) and the total number of ionograms now in existence amounts to
some tens of millions.

To understand the form of the h'(f) curves, it is necessary to con-
sider briefly the equations for the propagation of waves in the ionosphere.
et N be the electron concentration (electron density), m and -e the
mass and electronic charge, and eo the permittivity of free space. In

the absence of a magnetic field, the phase refractive index  and group
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refractive index ', for waves of frequency f are related by the

equation uu' = 1, and’

p=1 - ———— (11-1)

Note that u £ 1 £ u' (which is usually true even in the presence of a
magnetic field). The wave is reflected from a level where u = 0, or in
other words, where the frequency f is equal to the local value of the

plasma frequency £ given (in ¢/s for N in electrons/mB) by

£y = /80.6N ~ 9./N (11-2)

In the presence of the magnetic field, the ionosphere is a doubly
refracting medium, and two modes of propagation exist, for which the
names "ordinary" and "extraordinary" are taken from crystal optics. The
complete Appleton-Hariree equation replaces the simplified equation
(1I1-1) and it is no longer true that pup' =1 (Ratcliffe, 1959). The
equation contains the frequency of gyration of electrons in the geomagnetic
field B, given by fH = eB/2nm, and the magnetic dip angle. It thus
depends on the location of the observing station. For a more accurate
treatment, the effect of collisions between electrons and heavy particles
should also be included. An idealized h'(f) curve is sketched in Fig.
5; its most obvious features are the '"cusps" which mark the "critical
frequencies" of the E and F layers.

Both "ordinary" and "extraordinary" traces are sketched in the figure.
By day, the F layer is often divided and shows an "F1 cusp" at a fre-
quency lower than the ordinary mode penetration frequency which is nor-
mally known as the "F2 critical frequency"” and denoted by foF2. Waves
of frequencies exceeding fXFZ cannot be reflected at vertical incidence,
but penetrate the ionosphere completely. The symbols fOFl and fol
are used for the F1 cusp frequencies, iflpresent, and fOE and fxE

for the E layer cusp frequencies. At times additional stratifications
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FIG. 5. AN IDEALIZED IONOGRAM, SHOWING VIRTUAL HEIGHT VS
FREQUENCY. The solid and broken curves apply to the
ordinary and extraordinary modes, respectively. The
dotted curve represents the plasma frequency-real
height profile necessary to produce the virtual height
curves,

are observed:; in fact, ionograms reveal a wide variety of phenomena, some
of which are touched upon in subsequent sections. Also shown as the '
dotted curve in Fig. 5 is the plasma frequency profile which could have
produced the virtual height curves.

The critical frequency fOFZ (some authors omit the subscript "o
is the most widely studied property of the ionosphere, It is related to
the greatest electron density Nm within each layer by the standard
equation (II-2). But we note that (except for Nsz) these values may
not represent actual peaks (maxima) of the N(h) distribution, but may
just be points of inflection. The virtual heights at these points are
large, and are actually infinite if dN/dh = 0. This, of course, is
always the case at the F2 peak, but the E and Fl cusps may correspond
to quite small "ledges" in the N(h) profile, such as is sketched in

Fig. 5.
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We note that the separation of the ordinary and extraordinary cusps
can be computed from the Appleton-Hartree equation. Tt is given by the

equations

2 1/2. I
£ = [%X - ffo] ~f -5y (11-3)

The approximation is good if the critical frequencies are much greater
than L as is generally the case for the F layer. (A typical mid-
latitude value of fH is 1.4 Mc/s). Under certain circumstances, a

third trace is seen on ionograms, notably at high latitudes. The critical

V;fjéﬁhéﬁcy fz of this so-called z-trace is approximately (fo - % fH).

A discussion of this phenomenon is given by Ratcliffe (1959).

The virtual heights observed af and near the critical frequencies
have little physical meaning, but the real heights hmE, hmFl and hmF2
are important quantities, The virtual height (or "eroup height") h'
""gnd the real height h at which a given frequency f is reflected aré
connected by an equation that depends on the distribution of electron B

density below the reflection point; it is

h

h' = /~ u'(f,N)dh

0

Since u' 2 1, the group height h' 2 h. Much effort has been devoted
to solving this equation to obtain N(h). This is accomplished by writing
it as an integral with respect to plasma frequency instead of height

(which assumes that N and f vary monotonically with height)

N
h'(f) = .L

f

+ h(0) (11-4)

dh
p'(£,N) - 9y
, N

where h{(0) is the height of the base of the ionosphere, below which

iN = 0.

A good review of the ways of inverting this equation has been given

by Thomas (1959). The availabiiify of electronic computers has made
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obsolete the earlier methods in which a special form, such as a parabola
was assumed for the N(h) profile, though these are of academic interest.

The present-day methods of solving the integral equation (II—4) fall
into two main classes, "lamination" and "polynomial." The former class,
represented by the "matrix method" of Budden (1955) replaces the inte-
gration in (II-4) by a summation over a number of thin slabs, each cor-
responding to a discrete interval of plasma frequency. For this purpose,
some simplifying assumption is made, the commonest being that the gradient
dh/dfN is constant within each slab so that the function h(fN) is
represented by a series of linear segments.

Suppose there are n slabs, and that h‘(fi) is the virtual height
for the frequency fi reflected at the top of the ithr slab,rat a real

height hi' We can then form a set of n + 1 -equations

b'(0} = n{0)
h fl) - n{0) f
h'(fl) = h(O) + —TG—— {; P'(fl,fN) di
h(fl) - n(0) 5 h(fz) - h(fl) I
hv(fz) = h(0) + ——TEI—j—B——— “L p'(fz,fN) af + —__E;_:—Ez__—-’é p'(fz,fN) df, (11-5)

1

f

J h(fi) - h(fi_l) i

h{0) + T; /
f - fa r
i=1 * i-1

h‘(fj)

Additional equations are written up to j = n (note that we take

£,,=0 for i-= 1). By using the abbreviation
f.
-1 1
- - ! -
Mji = (fi fi_l) .4_ u (fj,fN) af, (11-6)
i-1
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we can write the equations compactly in the form
B} sy
1 - h! _ - -
h'(z;) - n(0) = > [n(£;) - n(e;_Jlw, (11-72)
i=1 )
or '
J
- | B -
Ahj = 25 (Ahi) Mji (11-7b)
i=1

Note that Ah& is the virtual height at frequency fj measured from the
bottom of the 1ayerL7Ahi is the real width of the itM slab, while M

ji
t
is the average value of ' within the i h slab for waves of frequency
fj' This equation can obviously be written in matrix form, éh‘ =M« Ah,
-1 -

whose solution is Ah = M « Ah'., From the width of these slabs, the

real height profile is obtained as

- J .
hj = h'(0) + 25 Ahy
i=1

It is common practice to perform both of the last two steps at the same
time with an additional matrix multiplication (Budden, 1955).

- It may be advantageous to use an unequally spaced set of frequencies
fi' These can be so chosen that the summation reduces to a simple
averaging of a number of values of h', which can be carried out manually
(Kelso, 1952). Schmerling (1958) has shown,ihat this method can be
adapted to include the magnetic field. Some authors do not explicitly
include the term h(0) in their equations. For example, Thomas (1959)
imposes an additional condition on the matrix elements which takes
account of this term, but neglects the effect of ionization in the first
lamination (i.e., below the height h(fl) at which the first frequency
fo is reflected).
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The assumption that dh/di = constant within each slab may be varied.
In a comparison of different methods, King (1957) advocates the assumption,
dh/d(1n fN) ~ constant, whereas others have used a parabolic variation
within each slab.

In the "polynomial" method of Titheridge (1961), it is assumed that
the function h(fN) can be represented by a polynomial in f of the

N’
form
n
h - h(0) = h* = jg o, £t (11-8)
J N
=1
First a set of sampling frequencies fl, fz, ey fn is chosen. Then

the heights h: at which the plasma frequency takes the values fi can
be included in a matrix equation, gf = A - Q, in which each element of
the column matrix Q is the coefficient appearing in Eq. (11-8), and

the element aij is equal to fg+1. Now the set of virtual heights at

frequencies fi can be written as h*' = B . Q, in which the elements

of B contain integrals with respect to frequency of the group refrac-
tive index u'. Hence h* = (ég-l) « h*', The elements of the matrix
ég-l depend on .the frequencies fi and the parameters of the geomagnetic
field, and can be computed for a given location and a given set of sam-
pling frequencies. Thus sets of values of h' and h are connected

by a matrix equation, as in the lamination method.

Whereas the lamination method represents the function h(fN) by a
series of linear segments, the polynomial method instead assumes that a
smooth polynomial of degree (n + 1) in fN can be drawn to pass through
the n sampling points (hi,fi), although the coefficients of this poly-
nomial are not required to be known. For a given number of sampling
points, the polynomial method gives greater accuracy than the lamination
method. Titheridge (1961) also describes a "modified polynomial method"

of greater complexity, which is suitable for reducing ionograms containing

a number of cusps.
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V,JVIhere are several gifficgj;iég to be faced inﬁ;bql;éduction of h‘(f)
curves to N(h) profiles, One of these is the so-called '"valley
ambiguity."” All the methods of analysis that we have described give
unambiguous results only if electron density N increases monotonically
with height, If the N(h) profile is re-entrant so that the same value
"of N occurs at more than one height, then the reduction procedures do
;Tﬁbf give a unique result. For instance, it is possible that N decreases
'with height immediately above the E 1layer to give a "valley'" between
the E and F layers. Indeed, this was generally thought to be the
case until rocket observations proved otherwise. It is also possible,
though less likely, that there could be a valley between the Fl1 and
F2 layers.

Another difficulty arises from the fact that conventional ionosondes
have a lower frequency 1limit, usually about 0.5 - 1 Mc/s, and record no
echoes below this limit. Consequently, they obtain no information about
the electron distribution below the E ‘layer in the daytime or below
the F 1layer at night., Special sounders have been built which operate
down to 50 kilocycles (Watts, 1957), but this equipment is not in general

use. The lack of data about these low frequencies can lead to errors of

10 - 20 kilometers in the height corresponding to higher plasma frequencies.

_===:- Titheridge (1959)'has showvn that if data from the extraordinary ray
virtual height are included in the analysis, it is possible to correct
for the low level jonization not included in the ionograms, and also to
make some estimate of the ionization contained in the valleys. Although
the method does not give a detailed distribution of electrons in the
valley, Titheridge was able to show that on some occasions, only a very
small valley existed between the E layer and F 1layer at night. Paul
and Wright (1963) have given some results obtained with a very réfined,
method of ionogram reduction, Ié seems, however, that we shall have to
wait for the improved records which shouid be obtained from thé most
advanced ionosondes before the full potentialities of this hethod cén be
realized, It should then be possible to calculate the real height at 7
which a given electron density occﬁéé tb within abouf 1 kilometer, whereas

with the older methods of reduction, in which the difficulties described
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above have not been fully overcome, the errors might be of the order of
ten or even twenty kilometers (Thomas, Haselgrove and Robbins, 1958).

The successful launching of the Canadian satellite, '"Alouette,™" in
September 1962, inaugurated the era of the "topside sounder." This
satellite is in a nearly circular orbit at a height of just over one
thousand kilometers, and carries a compact sweep-frequency ionosonde,

- operating on radio frequencies of 0.5 - 11.5 Mc/s. Whenever the satellite
is activated, soundings are made at intervals of 20 sec, during which

time the satellite travels about 100 km. The interpretation of the iono-
grams obtained from the satellite and the reduction to N(h) profiles
presents some interesting problems, The analysis 1s complicated by the
fact that neither the electron density N nor the gradient dN/dh is
zero at the sounder, as is the case with a conventional ionosonde on the
ground. On the other hand, there is generally less structure in the top-
side than in the bottomside of the ionosphere, so that there is less dif-
ficulty with valleys. Nelms (1963) has developed a reduction program which
is based on the original Budden matrix method, whereas Fitzenreiter and
Blumle (1964) use a lamination method which takes dh/d(1n fN) = constant
within each slab. Thomas, Long and Westover (1963) have used a polynomial
method in which each real height is expressed as a polynomial in f - f_,

N \%

fv being the plasma frequency at the vehicle., The topside records show
a number of interesting magneto-ionic and plasma phenomena, but we shall

not describe these in detail here (Calvert and Goe, 1963).

3. Propagation Methods

In contrast to the relative ease with which electron density measure-
ments are made above 90 km where the concentrations are greater than 103
per cc, the region between 50 and 90 km presents formidable experimental
difficulties. One useful method first described by Gardner and Pawsey
(1953) relies on partial reflections from small discontinuities or
gradients in the index of refraction in the lower ionosphere. The tech-
nique involves the transmission of short rf pulses (2 to 3 Mc/s) and the
reception of the reflected energy as a function height (time). The

received energy must be separated into its two characteristic modes, which
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“will be right hand and left hand circular except near the equator, as it
is the ratio of the amplitudes of the modes that is important. For either

mode, the received amplitude is given by

h
A @R exp |-2 jkéfdh (11-9)
0

where R 1is the power reflection coefficient and ¥ is the attenuafion

fhéight. The power ratio of the exXtraordinary mode to the ordinary mode

IR |

A”ﬁﬁffiféﬁé?ifrEThé'upper limit of the integral is the reflection

is therefore

exp |-2 jf (xx - ¥ ) dh (11-10)
0

o}

From the appropriate expressions for thé index of refraction, it may
 f;,f bé found that the ratio (R#/Ro) is a function of the electron collision
frequency Vv, but not the electron concentration, while the differential
Vrabsorption (%x - %o) depends on a different function of N and Vv
(Holt, 1963). If the collision frequency is determined independently,
the appropriate functions can be calculated and Eq. (II-lO) can be

revised to give

1n(Ax/AO) - ln(Rx/Ro) = -2 Jf (gx - %o) dh
, > 0

h
Jf f(v,h) + N(h) dn (11-11)
0

In this equation '(AX/AO) is measured while (Rx/Ro) and f{(v,h) are

.

calculated from the assumed ¢o sion frequency profile. Then, the equa-




An example of these calculations and observations is shown in Fig. 6
taken from Holt (1963). The ratio of the reflection coefficients rises
with altitude owing to the increasing collision frequency. However, at
the higher altitudes, the relative absorption of the extraordinary wave
increases even faster, producing an amplitude variation which first
increases, then drops off rapidly. Figure 6b shows the electron density
profile calculated from these observations. At the lowest altitudes,
the absorption is relatively small and the right hand side of (II-11)
is approximately zero. Here, (Ax/Ao) ~ (RX/RO) and the collision fre-

quency may be calculated.

Ll L0

LI -
60 65 70 0 200 400 600 800 1000
h—=km N-=cm™3
30964 a. b.

FIG. 6. (a.) OBSERVED AMPLITUDE RATIOS OF PARTIALLY
REFLECTED EXTRAORDINARY AND ORDINARY WAVES (OPEN
CIRCLES); THE BARS SHOW UPPER AND LOWER QUARTILES.
The reflection coefficient ratio is calculated from
an assumed collision frequency profile. (b.) THE
DEDUCED ELECTRON DENSITY PROFILE. The measurements
were made in August 1962, in Norway (after Holt,
1963).

An alternative technique first described by Fejer (1955) is based on
radio wave interaction and permits the calculation of both the collision
frequency and the electron density as a function of altitude. This
method requires one transmitter (usually at a frequency of two to three

Mc/s) to emit short pulses which are reflected from the ionosphere and
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1;éée19éd af”fhe gfdundf' The received amplituaé of this "wanted" signal
iéféarefuilyrméésured. When a short interval (fo) exists prior to the
reception of every alternate wanted pulse, a second "disturbing" trans-
mitter emifsranother short pulse at a different ffeqdency and with as
much power as possible. This situation is sketched in Fig. 7. In reality
Tl’ T and R ﬁay all be at one location, but they are shown separated

2
here for clarity.

LOG ¥ (sec™))
6 7 8 9
T T T -T
”
80+ N
— 60 _
£
x
~ i v
L a0k
O
uw
I
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| 1
0 102 103
N (elec/cc)

30955

FIG. 7. ILLUSTRATING THE MEASUREMENT OF N AND v BY THE RADIO-
WAVE INTERACTION TECHNIQUE. A pulse from the "disturbing"
transmitter T, interacts with alternate pulses from the
"wanted" transmitter Ty at the altitude h,. A region of
slightly enhanced collision frequency follows in the "wake"
of the disturbing pulse. The N(h) and v(h) profile
obtained by Barrington and Thrane (1962) is shown at the
right,

Al the instant shown, the downcoming "wanted" wave is just meeting

the upgoing "disturbing" wave at the height h0 o~ cto. 'The electro-

me |

magnetic wave comprisihg the pulse from Tz forces the electrons in the

ionosphere to oscillate at its wave frequency, and this enérgy'is con~-

[l T

verted to heat (e.g., random velocity) by collisions with the neutral

] |

particles. If a fraction G of the excess electron energy is lost at

each collision, the electron will come back to its original temperature
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in a time T = (Gv)_l. Thus, the small excess electron temperature (AT)
will diminish behind the pulse in a distance Ah =~ ¢T as shown, where

¢ is the velocity of light. We may expect Vv to depend on temperature,
and in this way, the disturbing pulse generates a region of slightly higher
collision frequency as it passes through the ionosphere.

Now we wish to see what effect the increased Vv produces in the
amplitude of the wanted wave. When the wave frequenéy exceeds VvV, an
increase in v will increase the absorption and reduce the received
amplitude, However, at the lowest altitudes, below about 70 km, a col-
lision is likely to occur before the electromagnetic wave has fully
accelerated the electron (v > w), and in this case the increased Vv
reduces the energy loss and the absorption. The received amplitude of
the wanted pulse which interacts with the disturbing pulse at altitudes
below ho is then compared with the next wanted pulse, for which no
disturbing pulse was sent. The difference in these amplitudes may then
be related to Vv at ho' As the time difference t0 is altered, the
collision frequency at other altitudes is measured.

After the v(h) profile has been determined, it is possible in
principle to determine N(h) from the height attenuation of the wanted
wave. The calculation tends to be rather inaccurate and "best-fitting"
profiles are sometimes employed (Barrington and Thrane, 1962).

In the last few years, the absorption of cosmic radio noise has led
to another method of studying the lower ionosphere. An instrument called
a riometer (for relative ionospheric opacity meter) scans across a small
portion of the radio frequency spectrum, perhaps a hundred kilocycles,
and determines the minimum noise level observed (Little and Leinbach,
1958, 1959). The scanning procedure is necessary to avoid strong inter-
ference at various (usually numerous) points across the band. Variations
in the minimum noise level with local time are first corrected for the
variation of incident radio flux with sidereal time and then the remaining
changes are usually attribé%ed to ionospheric absorption {Lusignan, 1960).
Under normal circumstances at mid-latitudes, the D and F reglons may
each contribute about 1 db to the total absorption at wave frequencies

between 20 and 30 Mc/s.
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When the D region absorption can be separated or when it predominates
during "disturbed ionospheric conditions," the absorption on several fre-
quencies can be used to estimate the D region electron density profile
(Parthasarathy et al, 1963). Since the absorption is proportional to
the integral of (Nv) with respect to height, it is first necessary to
assume the collision freduency'profile. (Most recent work assumes that
va T, from which an "effective collision frequehcy"vmay Be defined. )

Then various electron density profiles may be tried and adjusted to best
fit the absorption data. )

One of the most widely used methods for obtaining electron density
profiles is the cw propagation technique pioneered by Seddon (1953). The
experiment is performed by firing a rocket equipped with two coherent
tranémitters in a trajectory as nearly vertiéal as possible. By Eq. (II-l)
the index of refraction for radio waves is u = 1 - (KlN/fz), in which
the magnetic field has been neglected and a sufficiently high wave fre-
quency 1is assumed. The constant K1 = 40,3 in mks units. The two radio
transmissions are received on the ground and their precise frequencies
(or phases) compared in the following manner, The phase velocity of

either frequency is = C/p and the wavelength is Km = Vp/f = %O/p.

\
p
These quantities will both change with height 25 the electron concentration

varies. The "electrical length" of the paths is given by
ds p ds
= - = I1-12
L= (2= )5 ( )
m o)

The quantity L 1is simply the number of electrical wavelengths between
the rocket and the receivers, and the time rate of change, dL/dt = L,

is the Doppler shift. For simplicity let us imagine that two frequencies
in the ratio f2 = 2f1, were used. AIf the electrical length at the highgr
frequency is divided by two and then compared with the lower frequency,

we obtain 7 ' ' - 7

K. N K.N

1 1 1 - 1 1
AL=§L2-L1=2?\A/1—T dh-rfl-—z dh (11-13)
02 £ , ol £
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in which the integral extends along the ray path, assumed vertical,
between the ground receiver and transmitter located at height hv. Since

A

1
= - t i
092 5 7\01, his becomes

hV K hv
AL:;\L f KN —1-2--—15 dh:%a—l—f N dh (11-14)
ol "0 £ 1, 170

The time derivative of (II-14) may be called the "differential Doppler

frequency":

KlN dh_
——-—Cfl T (11-15)

o>
i
=
t—‘n
]
=
It
TR

From this equation, the electron density profile N(h) may be deduced
from the measured differential Doppler frequency. In practice, there are
additional complexities introduced by the magnetic field and the horizontal
component of the rocket velocity. However, the effect of these correction
factors may be reduced by making the vertical velocity as large as possible.
An analogous calculation can be made for the case of coherent trans-
mitters in a satellite in a circular orbit above a spherically symmetric
ionosphere; however, in this case only height-integrated electron density,
or the electron content is obtained (Garriott and Bracewell, 1961). As

before

h

K1 s
AL = = —— f N sec X dh (11-186)
cf1 0

KNTX]

The obliquity of the ray path has been included by letting ds = sec X dh,
where X 1is the vertical angle of the ray. Now, the geometric range of

the satellite in wavelengths is R/kol = 1/%01 [ sec x dh, thus
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K
g —fe sec X [ N dh
AL 1
R/?\01 K sec X hs

(11-17)

In the numerator, sec ¥ should be evaluated at the helght of the centr01d

of the electron density proflle in the F region, wh11e in the denomlnator
it should be evaluated at about (hs/2). But since sec ¥ 1is nearly con- 7 :
stant with altitude,’ékcept at veryrlarge zenithlangles, the values of

sec ¥ may be cancelled, revealing;fhat both sides of (II—17) should be

I

constant with time during a satellite passage. Furthermore, their time

derivatives

B
5
£
I

® - 1 [ N dh (11-18) ’

R/xo atih_ "0

are in a constant ratlo Since ® 1is the most frequently measured

U gy

parameter and R and h are known from the satelllte orbit, the elec-

tron COntent f N dh, may be calculated Agaln more compllcated pro-

E
cedures are avallable to account for the iaék of a symmetrlcal electron .
dlstrlbutlon (Garrlott and de Mendonga 1963), but thls 51mp1e derlvatlon é
contains the essential elements. T W%,ﬂ47 . ';

Electron content measurements have also been made based on an ent1re1y —

dlfferent pr1n01p1e whlch requires the presence of the earth's magnetic

field in the ionosphere. When an electromagnetlc wave passes through an

Tk

ionized medium in the presence of a magnetic field (as it does in the

Jf

ionosphere) the polarization of the wave is observed to rotate as long

as propagation is not too close to perpendicular to the'megﬁEtic field.

] |

This phenomenon is called Faraday rotation. The angle through which the

polarization is rotated is

( /f ) jﬁNH cos 6 sec y dh (21-1?)
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where K2 is a constant equal to 0.0298 in mks units, H = magnetic field
intensity, 8 = angle between magnetic field and ray direction and the
rotation angle ! 1is expressed in radians. Usually, the terms

(H cos B sec X) are taken outside the integral sign as an approximation,
since they vary little over the portion of the path in the ionosphere
where N 1is significantly large. A measurement of ? in addition to
knowledge of the pertinent geometric and magnetic field terms will
therefore permit the electron content to be calculated.

This method was applied to the polarization of moon echoes by Evans
(1957) at Jodrell Bank and the diurnal variation of electron content
calculated, The most satisfactory approach involved the transmission
of two closely spaced frequencies from which the "differential rotation
angle" could be observed.

Even more extensive studies based upon the Faraday effect have been
accomplished with satellite transmissions (Lawrence et al, 1963). There
is a variety of analysis methods available usually based on either the
change in rotation angle in a certain time interval or the rate of
rotation during the passage. It is possible to improve the accuracy
of the calculations by combining both Faraday and Doppler observations
in a "hybrid" method (de Mendonga and Garriott, 1963). From these
investigations; the variation of electron content with latitude, local
time, season and solar activity has been investigated.

One of the principal purposes for continuing the study of electron
content is as an indicator of ionospheric temperature. When the shape
of the layer is assumed, the product of Nm and scale height (or tem-
perature) is proportional to the electron content. Since Nm can be
determined readily, measured values of electron content may be related

to the plasma temperature,

4; Direct Measurements

One of the more useful direct measurement instruments is the dumbbell~
shaped electrostatic probe devised by Spencer and his associates (Spencer
et al, 1962). The instrument is launched to a high altitude and then

ejected from the rocket to avoid any local perturbations. One end of
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the device is forced to a negative potential by a sawtooth wave form and
the resulting plasma currents are measured as in a Langmuir probe. The
measurements are telemetered back to the ground where they may be inter-
preted in terms of the local ion concentration and the electron tempera-
ture. The results of five flights are compared by Brace et al (1963)
and permit the comparison of high and middle latitudes, quiet and dis-
turbed conditions and diurnal effects,

v

The ion concentration profiles follow quite closely the results of

ionogram analysis and the prof11es deduced from simultaneous two-frequency

p—

radio propagation experiments which were discussed in the previous section.

T

However, the daytime electron temperatures are considerably larger than

Tyt

the temperatures deduced for the neutral atmosphere from satellite drag.
This is not unexpected, since the electrons released by photoionization
will have an excess energy of some 10 ev and a portion of this energy is

eventually shared with the rest of the ambient electrons. The results

of their electron temperature measurements are summarized in Fig. 8.
The theoretical results of Hanson (1962) are very close to the quiet
day profile shown here. At night the electrons have time to drop back
to the ion and neutral temperature but under disturbed conditions or at

high latitudes the electron temperatures remaln above 2000 °K.

This temperature nonequilibrium has been further explored by Nagy
et al (1963) by measurements made with a spherical ion trap and a thin

cylindrical probe., A rocket was launched near noon from a site in

Florida, U.S.A., and both ion and electron temperatures were calculated.

Betwecen 200 km and 300 km the ion temperature was about 1400 °K while

the electron temperature was about 2600 °K. An extensive survey of

electron temperature, as a function of position and local time, has been

obtained from a probe experiment on the UK-1 satellite "Ariel" (Willmore,
Henderson, Boyd and Bowen, in'gres§,71964). Tnerdeﬁg refer to altitudes

between 400 and 1200 km.

e O 11 R

Other direct measurement devices include the Gerdien condenser (use-

ful in the lower ionosphere) rf impedance measurements at frequenc1es

e |

above the local plasma frequency, resonance probes operatlng near the
plasma frequency, 1ntermed1aterfrequency measurements at VLF, and quasi-
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D.C. instruments similar to Langmuir probes and ion traps. Most of these
instruments have been operated on a number of occasions in the ionosphere
and their results intercompared. The paper by Crawford and Mlodnosky
(1964) reviews their operation and indicates the required assumptions in

regard to electron and ion mobility in each frequency range.
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FIG. 8. ELECTRON TEMPERATURE PROFILES
OBTAINED ON FIVE ROCKET FLIGHTS FROM
WALLOPS ISLAND, VA. (Lat. 38 °N) AND
FORT CHURCHILL, CANADA (55 °N).
vVariations with latitude, local time
and magnetic activity all appear to
be evident (after Brace et al, 1963).

5, Incoherent Scatter

Conventional ionospheric sounding depends on the reflection of radio

waves by an ionized gas, as described before. This reflection process
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depends on the collective behavior of electrons, which can be described
(at least approximately) in terms of the refractive indices of the
Appleton-Hartree equation. A second kind of echo, much weaker than the
first, arises from scattering from irregularities or sharp gradients of
ionization when the frequency of the radio waves exceeds the local plasma
frequency. A third kind of echo, even weaker than the others, is due to
the classical Thomson scattering of waves from individual electrons.

This has become known as "incoherent scatter”"; the power returned is
directly proportional to the electron density,

In his initial paper on this subject, Gordon (1958) discussed the
conditions under which ionospheric electrons scatter incoherently, so
that the return is of the third kind. He found that incoherent scatter-
ing occurs if the electronic mean free path exceeds the radio wavelength
and exceeds the scale size of irregularities and concluded that these
conditions hold at meter wavelengths at heights above 100 km. Given a
sufficiently powerful radar, the method could be Used to measure electron
densities throughout the F region and beyond, to a distance of one
earth radius or more.

Experiments first carried out by Bowles (1961), with a 41 Mc/s radar,
at 4 - 6 Mw peak power and a 100 usec pulse length, yielded "scatter
profiles"” of electron densily, from about 100 to 700 km altitude, A
high powered scatter radar has now been built at Jicamarca, on the
magnetic equalor in Peru. It operates at 50 Mc/s and has a maximum peak
power of 5 Mw feeding a large array of dipoles over 20 acres in size.
Such powerful equipment can be used for purposes other than incoherent
scatter, such as investigation of ionospheric irregularities by coherent
scatter, and even planetary radar,. Examples of electron density profiles
to 7000 km altitude have been given by Bowles (1963).: Another very large
installation is operated by Cornell University in Arecibo, Puerto Rico.

Following the first observation, a number of theoretical papers on
incoherent scatter were published (Fejer, 1960; Salpeter, 1960; Dougherty
and Farley, 1960). These were largely concerned with the broadening of
the spectrum of the returned signal due to thermal motjons of the scat-

tering particles. It is found that the breadth of the spectrum depends
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on the ionic (rather than the electronic) thermal velocity, and that the
spectrum does not have a simple Gaussian form. Applications of this
theory give values of temperature broadly consistent with other estimates.
In fact, the scattering is not fully incoherent, but depends on weak
statistical fluctuations of electron density; in this case, the scattering
cross-section corresponds to half of the classicai value, the latter
being e4/4ﬂ€§m2c4 =1X 10-28 mz.

More recently, efforts have been made to extend the theory to include
complications existing in the actual ionosphere. These are the inequality
of electron and ion temperatures in the F region, the existence of light
ions (He+ and H+) in the upper F region, and the geomagnetic field.
The situation appears to be complicated because it may be difficult to
distinguish between the effects of the first two factors, though magnetic
field effects do not seem likely to be of importance in practice. Some
of these matters are dealt with by Fejer (1961), Hagfors (1961), Farley,
Dougherty and Barron (1961), Salpeter (1963) and Moorcroft (1964).

There are three ways of obtaining data about ionospheric temperatures
from incoherent scatter data. First, the slope of a topside N(h) profile
gives the sum of electron and ion temperatures, provided the mean molecu-

lar mass M+ of the ions is known, because as we shall see in Sec. III-5

d(1n N)/dh = M_ g/R(Te +T,) (11-20)

This equation is not, however, applicable near the ﬁagnetic equator. Sec-
ondly, the ratio (Te/Ti) can be deduced from the echo spectrum, again
provided the ion species is known. Thirdly, the scattering cross-section,
which depends on Te/Ti’ can be deduced from the intensity of the echo if
the electron density is known independently from ionosonde data. Obviously,
this method requires accurate absolute calibration of the radar system.

It is scarcely surprising that the results so far published involve
certain assumptions, mostly about the jonic composition or height depen-
dence of T, and T,. Evans (1962) and Pineo and Hynek (1962) find
that Te/Ti = 1 at night but is greater by day; Evans reports a maximum

ratio of about 1.6 just before noon. Both of these investigations were
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carried out with about 2 Mw peak power at 440 Mc/s and cover a range of
altitudes between 200 and 700 km. Greenhow, Sutcliffe and Watkins (1963),
using 0.1 Mw peak power at 301 Mc/s, measured the diurnal variation of
scattering cross-section (and hence of Te/Ti) near the F2 peak. They
found that Te/Ti = 3 during the day, but gradually decreases at night
to a value of unity after midnight. They also find that By'dé'y',’Te/Ti = 4
near 200 km, but decreases upward. Bowles, Ochs and Green (1962), observ-
ing at low latitudes, also find increases of Te/Ti near sunrise,

Another proposed application of high-power radar equipment may be
mentioned here. This is the artificial heating of electrons in the F

region. Farley (1963) shows that small but probably detectable changes

in the electron profile might be produced by the 50 Mc/s radar at Jicamarca.

If a lower frequency, near foF2, were employed, it should be possible to
produce increases of Te of several hundred degrees and appreciable

reductions of NmF2 with averagegbGWers as low as 100 kw.
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IIT. DPROCESSES IN THE IONOSPHERE

1. The Balance of Ionization

We now turn to consider the physical processes which control the
jonosphere. In this section, we present only the simplified theory
against which the behavior of the actual ionospheric layers can be com-
pared in Sec., IV. We deal here only with the large-scale structure of
the ionospheric layers, and completely neglect small-scale irregularities
which are considered in Sec. IV-6.

The processes can be divided into two broad categories: those that

result in production or destruction of ionization, and those that result

in movement of ionization., The terms "photochemical" and "transport"

serve as convenient, though not ideal, labels for these two categories.
Later, we shall see that the relative importance of these categories varies
with height; photochemical processes dominate the lower ionosphere

(D and E regions), and we shall in fact suggest that the F2 layer
represents a transition from a "photochemical' to a "transport" regime.

" whose

It is usual to form an equation of "eontinuity" or "balance,
terms represent the effects of the various processes which alter the

electron density N. Within a cell of unit volume, we have
[Rate of change of electron density N)] = [Gain by production]
- [Loss by destruction] - [Loss by transport]
Continuity equations can also be written for the positive and negative
jons, or indeed for any constituent whose concentration is subject to
change.
If the transport processes result in a net drift velocity v, then

the loss due to transport is the divergence of the flux Nv. Using sym-

bols q and L to represent production and loss, we have

N/t = q - L(N) - div(Ny) (111-1)
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Thiéris not unlike the heat conduction equation (1—10) of Sec. I-5.
Before we attempt to solve this equation, or even evaluate the terms, it
is worth discussing its nature. As it stands, the equation contains
derivatives with respect to space and time, But, except in a few special
circumstances (as perhaps near sunrise) horizontal gradients of N and
v are likely to be much smaller than vertical gradients. Horizontal
variations genérally involve scale distances of hundreds or thousands of
kilometers, but vertical scales are a few tens of kilometers. So we can
often retain just the vertical contribution to the transport term,
a(Nw)/Bh, where w 1s the vertical velocity.

The pfincipal production process for the creation of ion-electron
pairsfis%ééﬁéréily accepted’tokbe the absorption of solar UV and X ray
radiation, at least in low and middle latitudes. Photons with energies
greater than about 12 ev can ionize one or more of the major atmospheric
constituents. This proéess not"only produces the ionization but it also
provides the heat input which is necessary to.maintain the high tempera-
tures which are found above the E region. The excess energy of the
photon is transformed into the kinetic energy of the ion-electron pair

and then the remainder of the ionization energy is transformed eventually

to heat upon recombination.

' At'high"létitﬁdés and during magnetic storms (and perhaps at other
‘times), there also appears to be a significant production of ions and
electrons from collisions between high-energy charged particles precipi-
tated in the afmosphere and the neutral molecules. This "corpuscular
ionization" might be prodﬁced by the leakage of charge particles stored
in the Van Allen belts or perhaps by charged particles in the solar wind.
The importance of corpuscular ionization is not yet well established and
is a topic of considerable current interest. Finally, if negative ions
should be formed in the lower ionosphere by an attachment process, the
electrons can be released by photodetachment, which provides another
mechanism for electron production.

The important loss processes may be summarized as atomic ion and
electron (radiative) recombination; molecular ion and electron (dissocia-

tive) recombination; and, in the lower ionosphere, the attachment of an

- 31 - SEL-64-111



electron to a neutral molecule. The production and loss processes which
are believed to be appropriate to the ionosphere are discussed in some
detail in Secs. III-3 and III-4,

The transport term includes the effects of several processes. For
many purposes, we may think of the plasma as a gas which represents a
minor constituent of the atmosphere. Like the other constituents, it is
acted on by gravity and by a force arising from any gfadient in its own
partial pressure, Unlike the other constituents, the charged particles
are also acted upon by electric and magnetic’forces. The plasma will
diffuse through the neutral air if the forces acting on it are not in
equilibrium. Electrons and ions diffuse together because, if they did
not, their separation would lead to a large electric field which would
quickly bring them together, This so-called "ambipolar" or "plasma"
diffusion is opposed by collisions between the charged particles (prin-
cipally the ions) and the neutral gas. It proceeds rapidly in the F
region, but slowly in the lower ionosphere, where éollisions are frequent.
We develop the equations relating to plasma diffusidn in Seecs. III-5 and
111-6.

The plasma tends also to be set in motion by movements of the neutral
air, which may be due to large-scale wind systems or to temperature
changes., But, particularly in the F region, the plasma tends to move
parallel to the geomagnetic field lines. It can also be moved across the
field lines by large-scale electric fields. Under certain circumstances,
especially in the E region, the ions and electrons may move with dif-
ferent velocities so that an electric current flows. We find it convenient
to postpone discussion of this topic until Sec. VI, which deals with the
relationship between geomagnetism and the ionosphere.

A particular form of plasma diffusion is the interchange of ionization
between the ionosphere and the magnetosphere, where the positive ions are
mainly protons. This requires a charge exchange process which has been
discussed by Hanson and Ortenburger (1961). Possibly a downwards diffu-
sion of plasma from the exosphere could help to maintain the F2 layer

at night, though it is not clear that this process would be sufficient,
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In the lower ionosphere, two simplifications can often”be made.
Transport processes are not very important, and if they a;é:neglected
entirely, a "photochemical” equation results, containing only the one

derivative BN/at. Furthermore, the "time constant™ associated with the

"~ loss term L(N) may be so short that BN/St is much smaller than the

“~opther terms, so the "photochemical equilibrium” equation ¢ = L(N) is

adequate. This is generally the case in the D, E and Fl1 layers by
day, except for rapidly-varying phegqmggg”%uch as eclipse effects., Trans-

port can be then included as a small perturbation if required.

2. Chapman's Theory

A surprisingly good description of many of the features of the earth's
ionosphere can be obtained from a theoretical study of the simplest model
of the atmosphere and the incident flux. The theory was developed by
Chapman (1931a, b) and has proven such a useful description that it is
identified with his name. We wilijtﬁeféf;re consider an atmosphere com-
posed of a single constituent with a monoenergetic UV flux incident
upon it. A "flat earth" will be assumed at first but this can be general-
ized to a spherically stratified atmosphere with little difficulty. The

temperature profile will remain arbitrary, but we will later specialize

our discussion to the case of a 1iheér fémpéiatﬁfe variation with altitude.
Chapman's original work considered the iéothermal case, which is readily
obtained from the equations below. Co

The intensity of the incident solar radiation beyond the atmosphere
will be denoted by Ioo (photons/cmz/sec). There is a certain probability
that each molecule will be ionized in unit time when subjected to unit
flux density, and this probability is usually expressed as a "cross-section”
which will vary with wavelength and the molecular species. For our simple
model, a single cross-section g 1s assigned. As the radiation passes
through the atmosphere, the incremental reduction in intensity is

dl = -1 o n ds (111-2)
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in which ds is an element of path length in the direction of power
flow. (Many derivations replace (o n) with (Ap), in which A 1is the
"mass absorption coefficient" and p 1is the gas density.) Since

~-ds = sec ¥ dh, where X 1is the zenith angle above a flat earth
(dI/I) =0 n sec ¥ dh (111-3)
When this equation is integrated, we obtain

co

1(h)/1_ = exp {-o sec ¥ f n dh (111-4)
h
Using the result of Eq. (I-6), namely.
o0
[ ndn=nm) ;) (1-6)
h

we obtain

_/‘L'

I(h)/Ioo = exp {~on Hse X} =e (111-5)

which serves to define the '"optical depth," 7. The height at which

T = 1, corresponding to a reduction of (l/e) in the incident radiation,

provides a convenient measure of the depth of penetration of the radiation.
We will assume that the absorption of one photon produces one ion-

electron pair, which is true for most of the UV spectrum. Then, the

3
“production rate g (pairs/em”/sec) is obtained from

dI/ds = cos X (dI/dh)  (111-6)

a(hn)

a(h) = -I_ cos X e " (a1 /dh) = -1 o e’ é% (n H) (111-7)
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From Eq. (I-6) we see that d(n H)/dh = -n, so that

-T

a(h) = 1,0 n(h) e (111-8)
To locate the production peak, we set d(ln q)/dh = 0, giving
1 dn dr
ST @ = O sec X EH (n H) (111-9)

We see that g 1is greatest at the level where the downward increase
of gas concentration just compensates for the rate of attenuation of the

‘radiation. From the perfect gas law p = nkT we deduce, as in Eq. (I-7),
ldn 1 (1 N 95) (111-10)

When Eqs. (III-9) and (III-lO) are combined, we observe that

nosecxH=14 gg =T (111-11)

at the peak. For positive scale height gradients, the peak of production
11es Just below the level of unlt optical depth.

This equation suggests two convenient levels at whlch our reference
altitude, h = h_, might be established. We could set (a) n o H =
1 + (dH/dh)o, that is at the altidue of maximum production for an over-
head sun, or (b) n o Ho = 1, the altitude of unit optical depth for
overhead sun. Although the choice is quite arbitrary, we will select
the former definition. 1In the simple case in which H 1is independent -
of height, these levels naturally coincide; otherwise level (a) lies T,
scale heights below level (b), where T, = (dH/dh)O

We can now obtain the maximum production rate for overhead sun from

(111-8):

—(1+ro) 1 (1 + PO)
q(ho) = Iy 0 1 e = H_ exp (1 + FO) = 9%

(111-12)

|
Q2
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We would like to put these equations in terms of the reduced height
parameter, z, It is therefore convenient to specialize our equations to
the case of a linear temperature and scale height variation. We may

write H = H_ + '(h - ho) and then proceed as follows:

z - Jih - F?: 7 =%.1n(§i) (111-13)
o]
obtaining
H=H_ et (111-14)
and there is a similar equation for T = Toe+PZ. The expression for the

neutral concentration is

n=c-=———=n e (111-15)

When Egs. (III-14) and (III-15) are inserted in (III-8), we find

a(z) = q, exp (1 +T)(1 -z - e 2 sec x) ] (111-186)

(A rather different expression is obtained when ho is identified with
the height of unit optical depth.)
To find the reduced height of the production maximum, we solve Eq.

(111-11) for z

-z_(14T') +T'z

g sec x n_ e H e 14T (111-17)

Therefore,
z_ = 1n (sec X) ' (111-18)
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which, of course, is zero for overhead sun. When Eq. (111-18) is inserted
in Eq. (III-16) we find the maximum production rate to be =

1+
a. = qo(cos X) (III—19)

For the case of an isothermal layer (T' = 0), Eq. (III-16) reduces

to the simple Chapman formula

a = q exp [1 -2z -¢e“ sec x] (111-20)

This function has the interesting property that as Y varies, its shape
is unchanged, its peak is shifted to the level Z, = 1n (sec x) and its
amplitude is scaled by the factor cos X. This can be shown be writing

the above equation in the form
zm—z
q = (q_ cos X) exp [1 -(z - zm) - e } (111-21)

In Fig. 9, the ratio (q/qo) is plotted for several values of Y. We
see that above the peak, q depends very little on Y. This is also
illustrated in Fig. 10, which shows q(X) curves for several fixed values
of z. At large positive values of .z, q(X) is almost independent of ¥
until ¥ approaches 90 deg and sec X > e-z. As 2z decreases, the
function q(X) becomes increasingly sensitive to ¥. In the ionosphere,
this means that the maximum of ¢, which occurs at noon when Y 1is.least,
becomes increasingly sharp with decreasing =z. Some of the properties of
this function have been discussed by Cummack (1961).

In the actual ionosphere, the production formula is considerably more
complicated. First, there may be several atmospheric gases, differently
distributed, in which case the product (G n) in Eq. (III-Z) must be

replaced by a summation, 2 Gini. Some equations for a two-gas mixture
i

were given by Rishbeth and Setty (1961). Also, the ionizing radiation

is not monochromatic, but consists of a range of wavelengths, and the
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An approximation to the Chapman function can be obtained in the
following manner. In Fig. 11, we are shown a point a distance hO above
the earth at which the sun's zenith angle is X and for which we will
evaluate the Chapman function. The minimum altitude of the ray is

hg = (R0 + ho) sin X, - RO, which we may call the '"grazing height.”

31137

FIG. 11. GEOMETRY USED IN THE
CALCULATION OF Ch (xo).

From the two preceding equations, we obtain

[ n sec x dh
Ch (Xo) = “Haln) ‘ (111-24)

although this is not in the same form as originally expressed (Chapman,

1953). Expanding these terms,

h
o h~-h o h -h
jﬁ n(h_) sec X exp ——E}an ¢ /- n(h_) sec X exp ———E} an
h g H h g . H
_ g g
Ch (Xo) - h - h
H n(hg) exp —&—H—
(111-25)

SEL-64-111 - 60 -



In this equation, the upper sign is used for Xo > 90 deg, while the
lower sign is applied when Xo < 90 deg.

If we now measure the reduced height from the grazing level, so that

T = (h - h /H the last equatidn becomes
. . T
o | 7 °
Ch (x) = e / e sec x dr % [ e sec Y dt (111-26)
o o

Some additional work will éhow that these integrals may be approxi-

mated by
- B R -T
./e-T sec Y dT ~ [ == jEL——EI- (111-27)

which is sufficiently accurate as long as H << Ro, ;o that exp (-1) - 0
well before the height variable approaches the value Ro. Also, it should
not be applied for small Y, whq;gAthe optlcal depth is proport10na1 to
sec ¥ anyway. However, it is quite a good approx1matlon near X = 90 deg
where the Chapman function is requ1red and is qu1te useful in almost all
cases of ionospheric interest. The integrals may then be evaluated in

terms of the error function, giving

T(R

Ch (Xo) A -ﬁ exp (To) (1 * erf ,/To} (111-28)

Since:fhe error function is tabulated in many places, Eq. (III-28)
may be more conveniently applied than Ch <X ), and it may also be more
readily evaluated in a computer. Ch (X ) has been tabulated by Wilkes
(1954) as a function of Xo and the ratio of the 1onosphere radius to
scale heighf. Ch (Xo) departs markedly from sec ¥ for X 2 80 deg
and for large H, as shown in fié. 12. The approximation ihiEq. (III-28)
does not depart significanfly f;éh'the true values of Ch (XO) shown

below,
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FIG. 12. SEC X, AND Ch (X,) VS X,
PARAMETRIC IN (R/H). R and H are
the geocentric radius and scale height
of the atmospheric layer.

When considering problems at large zenith angles, it is necessary to
replace sec ¥ with Ch (XO) wherever it occurs in the preceding equa-
tions, From Fig. 12, it is clear that the optical depth does not become
infinite at Xo = 90 deg and that significant production may occur for
zenith angles as large as 95 deg or 100 deg. This is particularly true
at the greater altitudes, because the ray paths from the sun do not
penetrate deeply into the atmosphere even for X = 100 deg.

Having found the production function gq(z), it is a simple matter to
find the photochemical equilibrium electron density profile when the
transport term in Eq. (III—l) is neglected, When electron loss is pro-
portional to Nz, the continuity equation becomes aN/at =0=q -~ aNz,

from which
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N = QG?Ef:V:“ | 7 :7; o (111-29)

and therefore the peak electron density Nm and the critical frequency

fo of a Chapman layer are connected by

~ 9v5§;? (cos X>1/4~ (111-30)

If there is a vertical temperature’gfadiedt, we may expect the exponent
of cos ¥ to be different., We can see from Eq. (III—19) that if
I = di/dh is independent of height,

i 0. 25(147)

f o (cosrx (IlI-Sl)

3. Production and Loss

spectrum of the radiation genérate_rrh the chromosphere and the corona of
the sun, Wavelengths from a few Angstroms to almost 2000 3 are all

important in the 1onosphere ;Spectral lines characteristic of hydrogen,

helium, carbon, 5111con and many other elements are all found in the

radiation spectrum.

We should also distinguiéh;Eetvéehﬂahrabsorption cross-section which
expresses the probability that a given molecule will absorb a photon and
an ionization cross-section which is the probability that an ion-electron
pair will be produced. In the previous section on Chapman layers, they
were assumed identical, Moferp}eCiéely, o should berihterpreted as the
absorption cross-section and then each equation for production multiplied
by the ratio of the ionization to the absorption cross-section. Since
these cross- sectlons are dependent upon wavelength and molecular species,
we may expect the inc1dent radlatlon to be absorbed over a wide range of
altitudes as implied by Egq. (III 11).

The best current values for flux 1nten51ty vs wavelength come from

the rocket measurements of H1nteregger and Watanabe (1962) and the mea-

surements made in the 0rb1t1ng Solar Cbeervatory (L1ndsay, 1963) Fig. 13
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shows the EUV flux vs wavelength and is derived principally from the
references just mentioned, but it includes some results of other experi-
menters. From Eq. (III-12) we can calculate the maximum production rate

at any wavelength, but the absorption cross-section is needed to compute
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FIG, 13. EXTREME-ULTRAVIOLET (EUV) FLUX VS
WAVELENGTH, BASED ON THE DATA OF WATANABE
AND HINTEREGGER (1962). Several of the
more prominent line emissions are shown,
along with the distributed radiation. The
5000 °K black body emission is shown as a
broken line, and it may be seen that the
solar radiation exceeds this value below
about 1100
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the altitude at which it occurs. Based on Hinteregger's cross-sections
and the model atmosphere used in Sec. I, Fig. 14 shows, as a function of
wavelength, the height of unit optical depth, at which vertically inci-
dent radiation is attenuated to a fraction 1/e of its intensity above
the atmosphere. We can now compute the production profiles as well, and
these are shown in Fig. 15 for the case of overhead sun. They refer to

a fairly low level of solar activity, current at the time of their rocket
experiment in 1961. We see in Fig. 15a that q[0+] is greatest at about
170 km.
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FIG. 14. THE ALTITUDE OF UNIT OPTICAL DEPTH VS
WAVELENGTH (after Friedman, 1960).

Figure 15b shows that q[N;] also peaks at this level, though as

mentioned later it is uncertain how much the ionization of N2 contributes
to the observed electron density. According to Fig. 15¢, a major part of
the E region ionization arises from the wavelength band 911 - 1027 R,
which cannot ionize O or N2, and which includes the very Strong solar

Lyman f line at 1026 %. This greatly exceeds the contribution made by

X rays in the range 10 - 170 R, although Norton, Van Zandt and Denison

(1963) consider the latter to be more important in the E region.
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FIG. 15d. ILLUSTRATI y
OF THE PRODUCTION P "FOR 0%, N} and 03.
The same models were used as in Figs. 15a,b,c.
Three curves are drawn for each zenith angle
X = 0, 90, and 98 deg. The curve with the small-
est production rate in each set is q[0*]. The
difference between this curve and the middle
curve in each set is gENE]. The difference
between the middle curve and the total production
rate is q[0§], as is shown for x = O deg.

Tonization can be produéedfiot only:by solar photon radiation, but
also by energetic particles which can enter the atmosphere most easily
at high magnetic latitudes. The enhancements of ionization observed at
high latitudes during magnetic distufbahce are certainly due to fast
electrons or protons. The mechanisms by which these particles acquire
their energy are part of the general problem of high-latitude and mag-
Hetic storm phenomena. We note, however, that the depth to which parti-
cles penetrate débends on their energy. Some calculations of penetration
depths have been given by Bailey (1959) and Rees (1963). It has been
suggested that cofpuscular ionization is responsible for much of the ioni-
zation and heating in the F2 layer (Antonova and Ivanov-Kholodnyy, 1961:
Harris and Priester, 1962a). The only radiation likely to be absorbed at

these heights would be soft electrons of not more than a few hundred ev,
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The ionization process would lead to emission of the 6300 ] airglow line
of atomic oxygen, and this can be used to set an upper limit to its rate.

The luminosity vs height profile for a monoenergetic source has the
same shape as the ionization profile; it is only necessary to alter its
magnitude. For the 3914 % radiation from excited N;, it is estimated
that about 1 photon is emitted for every 50 ion-electron pairs produced,
and each pair requires about 35 ev for ionization. If the luminosity
profile is measured with a photometer, the production profile may be
calculated from which the energy and intensity of the incident flux may
be estimated (Rees, 1963).

The kinds of photochemical reaction which are thought to control the
ijonospheric electron density are considered next. The idealized chemical
equations are given although the participating ions and neutral particles
will not be identified in most cases until the experimental data are dis-
cussed in the next section. The mechanisms for loss of ionization have
been discussed in two important articles by Bates and Massey (1947); the

pertinent reactions are listed below,
(a) Ton-ion recombination (coefficient ai)
X ev x4y
(b) Electron-ion recombination (coefficient ae)

Three-body: X+ +e+M->X+ M

+
Radiative: X +e—->X¥- X+ hv

Dissociative: XY+ + e > X* + Y*

The asterisks indicate that the atoms may be left in excited states, and
subsequently lose this energy by radiation or during collisions with

other particles. The symbol M denotes a neutral particle which exchanges
energy and momentum but does not take part in the chemical reaction.
Thfee-body processes can occur in the lower D region, but are so rare

at greater heights as to be quite unimportant. Apart from this meéns,
recombination of electrons and atomic ions can take place only by the

12

- 3
very slow radiative process (coefficient ~ 10 cm”/s) or possible by

other equally slow reactions. Only in the uppermost F region is
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radiative recombination likely to be the fastest loss process,  and we

~hall see that at such heights transport processes (espe01ally d1ffusion)

are so completely dominant that loss coefficients are irrelevant. Else-

- where in ,the F and E reglons,

P with

the dissociative recombination process, '

coe%flclents ofFSFHér 10 or 10 (cm3/s are more important. |

1nce a large pfﬁﬁﬁftlon of the "Tons are originally atomic,

‘dissocia-

recombinatlon mqu*be‘preceded_by yeactions i

molecular ions,

nvolving formation of

— rmeT

namely

(c) Ion-atom interchange (rate coefficient 7)

M’h | u}NM\IMMM

While it is generally accepted that ion-atom interchange followed by

dissociative recombination 1is the principal loss process in the E and

F regions, there is considerable controversy as to precisely which

reactions are important. Although charge-exchange reactions can also

1ead to formation of molecular jons, the ion-atom interchange process is

thought to be more rapid (Bates, 1955).

(d) Attachment (coefficient

a) and collisional detachment
(coefficient d_ )

X +e+Ms X- + M

(e) Associative detachment

X +Y-> XY +e
(£) Photodetachment (coefficient d )

X +hv->X+e

A summary of the conclusions of this section is provided in Table I with

additional comments regarding the importance of the various processes.

4, The D, E and FIl Photochemical Regime

In the lower ionosphere, transport may be neglected and only photo-

chemical terms appear in the continuity equations for the ion concentra-

tions N+, N_ and the electron concentration N _. For the present, we

add the subscript "e" for the sake of clarity. These equations are

therefore written as
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processes. Hence, by day, A decreases upward, and is probably small
above 90 km. At night, however, dp ~ 0 and A depend on the ratio
a/dc. Above 100 km, ionic recombination would limit the equilibrium
nighttime value of N , and at greater heights where l/a exceeds a
few hours, equilibrium conditions are scarcely applicable,

When, as in the daytime D region, attachment and detachment are
so rapid that A is constant, we can substitute Eq. (III-35) into Eq.
(III-32) and obtain

2
(1 + ) dNe/dt q - (1 + Ao, + in)Ne

q-a NZ (111-37)

E

The so-called "effective' coefficient aE, as defined in these equa-
tions, rapidly approaches ae with increasing altitude because of the
decrease of A.

So far, we have described the chemical processes in rather general
terms. In reality, discussion of the D region is hampered by the fact
that the ions present have not been identified. Since nitrogen does not
form stable negative ions, it has generally been assumed that O or
O; is the most important. There is, however, some controversy about
the electron affinity of atomic oxygen, which is important because it
determines whether visible light or UV is required fbr photodetachment,
and thué influences our interpretation of D region phenomena, especi-
ally at sunrise. Other suggestions, such as 0; and N0;, as to the
dominant negative ion have been advanced (e.g., Reid, 1961). Neither
have the positive ions been identified, but NO+ (which, as we shall see,
is the dominant ion in the E 1ayer) may be the principal ion. It can
be formed either by photoionization of NO or by various chemical reactions.
Presumably O; and N; are also present. Further consideration of D and
E region photochemical processes may be found in Nicolet and Aikin

(1960), Crain (1961), Poppoff and Whitten (1962, 1964), Pierce (1963),
and Webber (1962).
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Let us now examine the situation at greater heights, in the E and
F1 regions, where the reactions involving negative jons are unimportant.
Under these circumstances, the only important recombination process is
dissoc;ative recombination of electrons and molecular positive ions.
Since a large proportion of the neutral atmosphere is atomic, especially
in the F region, atomic ions are produced by photoionization, but these
do not recombine with electrons directly, except by the very slow radia-
tive process. 1Instead, they undergo an ion-atom interchange reaction and
the molecular ions thus formed combine with electrons. We shall consider
Lherelectron distributions resulfing from this situation in a general
way, before discussing the actual reactions which 6ccur.

In writing the continuity equations for the concentrations of elec-
trons N, atomic ions NA and molecular ions NM’ we assume that the
ion-atom interchange reaction involves molecules "m," but that we can
neglect the direct production of molecular ions by photoionization. This
could be a realistic situation, since it is possible that the dissociative
recombination rate of N+ is quite large (perhaps 10-7 or more) in which

2
case the ion would recombine so rapidly that it would not contribute to

the "observable ionization." Proceeding on this assumption for the moment,
we write
dN/dt = q - ONN,,
dNA/dt = q - ya(m)N, (111-38)

dNM/dt = yn(m)N, - oNN,

Charge neutrality again requires N-= N, + Ny. If we write P = yn(m),

and assume equilibrium, we can eliminate the ionic concentrations N

and Ny, and obtain a quadratic equation in N (Hirsh, 1959):

aBNz -ogN - Bg =0 (111-39)
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of which the positive root is

(a/28) [1 + (1 + 462/dq)1/2] (111-40)

2
1l

This reduces to

N=N =Vl it 482 > aq

o
. 2
N =Ng = a/B if 4p° << aq (111-41)
or N2 = N2 + NN in general
o p

Alternatively, the quadratic can be written as

1 lﬁ + —15 (111-42)
4 oN
which reduces to
2
q = ON if B >> N
(111-43)
q = BN if p <<aN

The conditions '">>" and "<<" occurring in Eq. (III-43) are, of course,
roughly equivalent to those in Eq. (III-41).

These equations demonstrate how the two-stage loss process proposed
by Bates and Massey (1947) gives rise to a transition between a "quadratic'
loss law (QNZ) and a "linear" loss law (BN). Returning to the balance
equations (111-38), we see that NA/NM = aN/ﬁ at equilibrium, so that
when the rate of electron loss is determined by the dissociative recom-
bination reaction, the ions are mainly molecular and the ‘sz law"
applies. The coefficient ( may depend on temperature, but is otherwise

not height dependent, unlike f which varies as the molecular concentration
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n(m) and therefore decreases rapidly upward. So at greater heights, we
expect the condition B << QN to apply, in which case the ion-atom inter-
change reaction controls the rate of loss and the ions are mostly atomic.
- As we shall see in a moment, rocket data on the ionic composition con-
firm that this transition between W}Nz” and "BN" 1loss laws occurs in

' the lower F region, at about 160 - 200 km. This happens to coincide with
therlevel at which the F region production rate fy 1is greatest, and
Ratcliffe (1956) showed that this might account for the splitting of the
F2 1layer into Fl1 and F2 components. To demonstrate this, we investi-
gate the shape of the equilibrium electron distribution by evaluating the
formula (III-40) using the Chapman production function q(z,x) for an
isothermal layer, Eq. (III—21), and a height-independent recombination
coefficient . If we introduce a new quantity k = Hi/H , the ratio of
the scale heights of the ionizable gas and the linear loss coefficient,

we can write P« e-kz. 7

Since B = 7n(m), k depends on the molecular &ése of the gas partici-
pating in the ion-atom interchange reaction; which may bé'oz or Nz. Since
the principal ionizable gas is O, we have k = 32[;5 = 2 for O, and
k = 28/16 =1.75 for Nz provided these gases are diffusively separated,
which is found to be the case above the E region. 1f the coefficients
Yy were very temperature dependent, the value of k might be modified,
but probébly is not very different from the above-heﬁtioned values in the
F  region.

We found 1n the prev10us sectlon that the shape of the Chapman produc-
tion functlon does ‘not change as the solar zenith angle X varies, but
that the 1eve1 of the peak varies accordlng to the relatlon z = 1n sec Y.
The form of Eq (III 40) suggests that a single parameter B ﬂlq, deter-
mines the shape of the electron density distribution ‘N(z ). Let r denote
the value of B/Vraa- at the level of peak productibn. Provi&ed r (and
k) are kept cénstant, changes of q and £ can alter the magnitude of
the function N(z) and displace it with respect to the z-axis, but do
not affect its shape. We note that from Eq. (III-41),

- B/Vaq = Na/NB | (111-44)
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and in Fig. 16 plot N(z) for r =1, r = 2, r = 3. The graph is drawn
in such a way that the dotted curve, which represents Nd = Vf375_ for

z = 0, is the same in each case, but different values of Bo are chosen
so as to give three dashed curves Nﬁ’ and three solid curves for N. We
see that if r = 1, the N(z) profile is almost smooth, but that a
"ledge" appears for r = 2 and is more prominent for r = 3. On an
h'(f) curve, such a ledge would produce a prominent cusp, as shown by
Hirsh (1959), and we may identify this with the splitting of the F layer .

into Fl1 and F2 components,

N/N
31097 «o

FIG. 16. ELECTRON DENSITY PROFILES FOR THE "TRANSITION
REGION," ASSUMING A CHAPMAN PRODUCTION FUNCTION q(z)
WITH PEAK AT z = 0 AND A RECOMBINATION COEFFICIENT
¢, INDEPENDENT OF HEIGHT. The linear loss coefficient
is B, exp (-1.75z), and three values of B, are
used, such that r = Bo/;/aqo takes the values 1, 2,
3. The N(z) profiles correspond to:

....... N, = Vala

- -=- - N, = q/B, for three values of Bo

N computed from full equation (IITI-43)
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The relevance of this analysis of the F region lies in the fact
that, since r 1is evaluated at the level of peak gq, it varies with
solar zenith angle Y. Remembering that the level of peak production
is given by z = i1n (sec X), that the peak value of ¢q 1is (qo cos X)
and that p(z) = 50e_kz, we have

r(x) = B(=)/J/aa = _(cos X)“//aa, cos x

k-1/2

= r(0) (cos x) (111-45)

Thus, if r(O) is constant, as would be expected on a first-order theory
of the atmosphere, we see that as ) increases, r(X) decreases and the
: "spliffing" of the layer becomes less pronounced, or even disappears,
" This is consistent with the observations that, at mid-latitude stations,
the Fl1 layer is most prominent around noon, and is more commonly observed
“on summer days than in winter. Since r(O) o« 17va;} and qa, varies with
the solar cycle, we can also account for the observation that the Fl
layer is more prominent at sunspot minimum than at sunspot maximum. More-
over, the Fl layer sometimes appears during a solar eclipse at times
when it would not normally be seen, and this may arise from the reduction
of q0 and consequent increase of r,

The above discussion does not depend critically on the identity of
the reactions, but we should now be more specific about the ionic con-
stituents. Examples of the experimental results obtained from rocket-
borne ion mass spectrometers are shown in Fig. 17 (Johnson, Meadows, and
Holmes, 1958). Below 150 km molecular ions (NO+ and O;) are predominant,
but atomic ions (O+) dominate above 200 km. This is broadly consistent
with the "transition" theory outlined above. Other ions, such as N;
and N+ are present as very minor constituents. We have previously shown
evidence that the major neutral constituents in the thermbsphere are O
and Nz, with some 02. Thus the ions produced by photoionization are O+,
N; and O;; since Oz is a minor constituent in most of the thermosphere,

we expect most of the O;

(i.e., ion-atom interchange or charge exchange), and this is certainly

ions to be produced by "transfer" reactions

true of the N0+ ions.
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FIG. 17. RELATIVE ION CONCENTRATION VS ALTITUDE FOR THREE ROCKET
FLIGHTS (after Johnson et al, 1958).

In Table II we give a list of reactions which is not exhaustive, but
includes those reactions which seem likely to be of greatest importance.
Reactions which have been omitted include those which are endothermic and
some which are probably unimportant because they involve only "trace"
constituents (such as atomic nitrogen) or for other reasons. Orders of
magnitude of the coefficients ¥ and ¢ have been given in Table 1.

The formation and decay scheme sketched above is the simplest which
could, in principle, account for the observed ion compositions, The
equations relevant to this scheme have been given by Yonezawa and Taka-
hashi (1960). It should be noted that the production of atomic nitrogen
by these reactions does not necessarily lead to an appreciable concen-
tration of this gas in the atmosphere; this will depend on the removal
mechanisms which we do not discuss here.

Since N+ ions are so scarce in the E and F regions, this scheme

2
would imply that they are destroyed so rapidly by the recombination (R3)
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TABLE I1. PHOTOCHEMICAL REACTIONS

Photoionization (rate
+
0 +hv->0 + e (Q1)
+
Ny + hv > Nj + e (Q2)
+
0, + hv > 0, + e (Q3)
Transfer or Interchange (rate coefficient
+ +
0" +0,-0, +0 (T1)
o+ N, > Not &+ N (T2)
N; +0 >NOT 4+ N . (13)
+ +
Ny +0 =0 +N, (T4)
+ +
N, + 0, > NO' + NO (15)
Dissociative Recombination (rate coefficient a)
o; + e - 0% 4 O¥¥ (R1)
NOT + e —» N* & O% (r2)
N; + e - N¥ 4 N¥* (R3)

Simple Scheme for Positive-Ion Formation and Decay

N 0+ ——Elv-o , O
<
e
i
vot—R2. % . o
. Q2 + R3
N, - N, "N, N
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that they do not contribute to the observed ionization, though this does
contribute to the input of heat, However, it now seems that this scheme
is too simple, and that the coefficient of (RS) is not large enough to
account for the scarcity of N; ions, so that additional reactions [such

as (T3), (T4), (15) or others| must be 6perative. There is considerable
controversy even as to which of these is possible, let alone which is

most important. Further discussion of possible reactions and data on the
results of laboratory determinations of reaction rates are contained in
the comprehensive reviews by Nawrocki and Papa (1961) and Whitten and
Poppoff (1964) and in the paper by Nicolet and Swider (1963).

Although measurements have been made of the dissociative recombination
coefficients for O;, NO+ and N;, and of the rate coefficients for the
transfer reactions (T1) and (T2), none of these parameters can be
regarded as well known. In some cases, different results are at variance
by an order of magnitude. Thus, although it is easy to write down the
continuity equations for the various positive ion concentrations and the
electron concentration, and to devise computer methods for their solution,
it is not so easy to reach definite conclusions about which particular
reactions are most important, even though the ionic composition is known
as a function of height. However, it is possible to make some rather
general statements, such as the necessity for some removal process for
N; ijons besides dissociative recombination; and to find ranges of values
within which the various coefficients might lie.

There is also a long-standing difficulty concerning the rates of
reactions (T1) and (T2), which almost certainly make the major con-
tribution to the loss coefficient B in the F2 layer (e.g., Bates and

Nicolet, 1960). We have

B(h) = 75y nl0,) + 7oy n{n,] (111-46)

Most available data on all the quantities on the right-hand side of this
equation give values of B which seem to be too large for the F2 layer,
although some recent values quoted by Langstroth and Hasted (1962) for

v and 7T2 may be small enough to remove the discrepancy.

Tl
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The products of some reactions, notably the dissociative recombina-
tions (Rl) - (RB) in Table II, are formed in an excited state and may
subsequently emit radiation. The energy-ledel,diagrams for the atoms are
described by Chamberlain (1959). Sufficient energy is liberated in
reaction (Rl) to raise at least one atom to a state from which it
cascades to the ground level, with successive emission photons of 5577 X
green line and the 6300/6364 ® red lines. The intermediate state has
such a long lifetime (~1 min), however, that at E region heights the
atom is more likely to suffer collisional deactivation than to emit the
red line. However, reaction (R2) liberates only enough energy to
excite the red lines, 6300/6364 X. Nighttime rocket experiments have
shown that nearly all of the red emission originates above 150 km, and
nearly all of the green line originates below this height (Heppner and
Meredith, 1958; Tousey, 1958). The absence of green emission from the
F2, layer can be used as evidence that reactions (T2) + (RZ) are more
important in the F2 layer than (T1) + (R1). Since the red line is
emitted from the F region, one would expect its intensity to be related
to the integrated rate of loss of ionization, [ BN dh. Correlations
between its intensity at night and the critical frequency fon have
been found at low latitudes (Barbier, 1961) but not at middle 1atiﬁpdes
(Duncan, 1960). Since it is now possible to observe the 6300 % 1ine
even by day (Noxon and Goody, 1962), this technidue should provide a

valuable check on loss coefficients in the F region.

5, Plasma Diffusion

The foregoing description of F region photochemical processes fits
the hypothesis of Bradbury (1938), concerning the formation of the F2
layer at about 300 km. No mechanism seemed to be capable of causing a
peak of production at such a height, and so Bradbury supposed the produc-
tion peak to lie at a lower height (now known to be near the F1 layer)
and attributed the upward increase of electron density to a rapid upward
decrease of loss coefficient.

This hypothesis does not of jtself account for the location of the

-kz .
F2 peak. If the linear loss coefficient p varies as e (the ratio
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k = Hi/Hﬁ’ as defined previously), then the electron density well above
the production peak is approximately q/6 « exp [(k-l)z]. If k> 1,
as seems nearly certain, then q/B increases indefinitely upward, and
we must find some explanation for the existence of a peak of N. The
possibilities include:
(i) Failure of the Chapman formula for g at heights where the
ionized/neutral concentration ratio (N/n) 1is not small.

(ii) Existence of an additional loss process, such as radiative
recombination, which might dominate at great heights.

(iii) Lack of equilibrium, such that N never approaches the
limiting value q/B.

(iv) Action of some transport process (such as diffusion) to
limit N at great heights,
0f these possibilities, (iv) and perhaps also (iii) are most likely
to control the F2 1layer; in particular, the process of plasma or

ambipolar diffusion is thought to limit the upward increase of electron

density and lead to the formation of the F2 peak. Diffusion arises

from the tendency of the electron-ion gas or plasma to assume a hydro-
static distribution under gravity. We recall that the neutral atmospheric
gases are in hydrostatic equilibrium above 100 km, but the great chemical
activity of the ionization causes its distribution to be determined by
photochemical processes right up to the F2 peak.

The importance of diffusion was suggested by Hulburt (1928) and the
mathematical expressions were derived by Ferraro (1945). Early solutions
of the continuity equation, with diffusion included (Mariani, 1956),
treated it as a small perturbation only. But Yonezawa (1956) discussed
in detail the problem of the formation of the F2 peak and showed that
diffusion could provide an explanation.

To formulate the diffusion equation for the ionization, we balance
the partial ion pressure gradient against the total force per unit volume
acfing on the ions. These are gravity, the electrostatic force due to
the macroscopic electric field E which we assume to be present, and
frictional forces due to collisions with ions and electrons. Considering
only vertical forces and velocities, the equations for ions and electrons

are:
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a(gikri)/ah -N;m.g + Ny eE - gim - yn) (111-47)

ivin(wifﬁ

|

B(NekTe)/ah -Nmg - NeE - Nemeven(we - wn) (111-48)

in which we symbolize concentration N, Boltzmann's constant k, tem-

perature T, gravitational acceleration g, mass m, electronic charge

-e, collision frequency v (with neutral particles) and vertical drift

velocity w. Suffixes i, e, n refer to ions, electron
The frictional terms can be derived from kinetic theory. We simplify

B ti il L . - Jir o, - =' =
the equation by therfoliowing assumptions mi,>>,me’ N; ”,Nef,?i we,,
w,w =0 (neutral air at rest), mv,  >>mV (collisions with

D n i iin een
neutral particles important for ions but not for eléctrOns). On adding
the equations, the terms in E vanish (and, because of Newton's Third
Law, so do the ion-electron collision térms which we omitted from the

equatiohs). This means that the electrons interact with the ions only

viaifhe“éiééfric:fieid. Rearranging to solve for the drift velocity of

the plasma }

g% [Nk(Ti + Te)] +mg (111-49)

=]
2
<
2|

in the F region, the electron, ion and neutral temperatures may all be
different. Except at great heights, it is probable that Ti =T (the
suffix n has been dropped). Then we introduce the neutral scale

i t = = = = . T
height H kT/mng and set gy mi/2mn and T = Te/Ti 7 Te/T he
jon-neutral diffusion coefficient is defined as_ Din = kT/miVin’ so that

the, equation becomes

~ L 1ar . 2 Rl e
¥p = Din (1 +7) [ﬁ hTTH T +H%)H * 14{ T] (111-50)

and if T_=T, =T ‘at all heights (i.e., T = 1)

+ ﬁ} (III-Slj
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Since D = 2Din = 2kT/miVin, and Vv is proportional to both the

in
gas concentration and /T, we may write, to a first approximation,

D = Eﬁﬁi (111-52)

Ferraro (1945) uses a more complicated temperature dependence, so that

b 1is a slowly-varying function of T; this is further discussed in a
later note (Ferraro, 1957). Values of b can be calculated from theory
(Chapman and Cowling, 1952) but the factor of 2, discussed above, was
omitted by Ferraro. This was pointed out by Johnson and Hulburt (1950),
who treated the whole diffusion problem from a different standpoint.
Ferraro assumed a mean molecular mass of 25 a.m.u. for the plasma, whereas
itris now believed thgt in the F2 layer the neutral gas is mainly atomic
ox&éen and the ions mééfiy70+; Thus, numerical values’of b must be
treated with caution, especially since Dalgarno (1958) finds that, for
ions diffusing through their parent gas, b 1is reduced by charge-exchange
between ions and neutrals, possibly by a factor of four. There are also

many variations of notation in the literature; for instance, some authors

write D = b/n and so include the dependence on T within the quantity b.

The contribution of diffusion to the continuity equation can be written

as

-a(NwD)/ah =DIN ' (111-53)

where 0 1is a differential operator. The evaluation of § involves
fairly complicated algebra, but expressions have been given by Shimazaki
(1957) for the case in which the scale height gradient dH/dh is inde-
pendent of height, We shall restrict our derivation to the isothermal
case, dH/dh = 0. We also take p = 1/2 (corresponding to mo o= mi) in
Eq. (III-51) and express [ in terms of reduced height z by taking
H - 5/5h = a/az. For this simple model, the neutral particle concentra-
tion n« e - so that D« e+z. Using these relations, Eq. (III-51)

reduces to
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(111-54)

1

3]

i,
== L w’
Z |
My

+
I

“"and by Eq (III 53) the dlffu51on term 1n the continu1ty equatlon takesr
thef 7

(111-55)

The effect of gravity and the helght dependence of D are responsible
for the appearance of terms in BN/az and N, in addition to theveecondr
derivative BZN/BZZ which is characteristic of diffusion formulas.

Since D 1increases exponentially upward, whereas the other coeffi-
cients q and B in the continuét&Vequafion decrease upward, at some
level diffusion dominates so combietely that the continuity equation

reduces to 0N = 0. The solution of this equation is

-1/2 2, A &%

,N = Ale 2

The first term corresponds to dlffusive equilibrium, with —WD = 0, such

that the ionization assumes a scale height twice that of the ionizable

el

gas. For the second term, ¥ ¥ 0; and this represents a boundary con-

w0

dition of a finite flux of ionlzatlon at z - + o, which is upward if the

coefficient A2 > 0. 1If ionization is gained or lost by diffusion at the

top of the ionosphere (i.e., to or from the magnetosphere), the N(z)

distribution should contain a component of this type.

Finally, we note that in the F region the ionization can diffuse

only along the lines of geomagnetic force. The usual way of treating
this problem is to use the components of wD and (B/Bh) parallel to
the field. This introduces a factor of sin2 I into the coefficient

D, where 1 1is the magnetic dip angle (Ferraro, 1945). However, this

approach is incorrect if the neutral air is in motion, as may be the

S 2
case (Dougherty, 1961). Near the magnetic equator the "sin“ I" factor
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fails and a more complicated form of the operatof 0 is required which

includes horizontal as well as vertical diffusion. This has been derived

by Kendall (1962) and Lyon (1963).

The equation for the diffusion of ions (III-50) serves as a convenient
starting-point for discussing the equilibrium distribution of charged
particles in the topside F region. At these heights, photochemical
processes can be neglected, and the collision frequency Vin is so small
that the continuity equation reduces to the partial pressure, gravita-
tional and electric field terms of Eq. (I11-50). The situation is interest-
ing because several species of positive ion may be present. We suppose all
ions to be singly charged and to possess the same temperature T,, though
thi§rneed not be the same as the electron temperature Te. For the jth

species of ion, and for the electrons, the equations are

d(N_kT, )/dh -N.m.g + N.eE III-57
(¥ kT,)/an = ¥ mg + Ny (111-57)

d(NekTe)/dh -N_m g - N_eE (111-58)

Since ZNj = Ne, the equations can be added to eliminate E. We then
denote the mean positive ion mass by m+, so that m+Ne = Zijj, and set
Te/Ti = T obtaining

dN gm

1 e +
- E; dh kT (1 +7) (111-59)

when the small gravitational term (Nemeg) is neglected. The electric

field E may now be found from Eq. (II1-58) and inserted in the ion

equation to give

1 aN | ’L'm+
- ﬁ; :ﬁg = &{j-l " T] E%; (111-60)

We have neglected temperature gradients for simplicity, although they
could be readily included. A further simplification is to assume thermal

equilibrium, T = 1, which reduces the last two "scale height" equations to
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Y - (111-61)

A 1
H, = kT/(mjg -5 om )

We see that if only one ionic spééieé is present, its "effective scale
height" is twice that of the néut;ai:épecies of étomié méss m (as '
before). However, a light ion fg{iybich -mj < % m+ actually has a
negative scale height, so that N increases upward, as discussed by

Mange (1960). The Egs. (111-59) and (111-60) can be solved by a method

" due to Hanson (1962). 1t is cqpygniént to use the "geopotential height"

: défiﬁed>bélow Eq. (1—9) in Sec. I;B;'in'order to take account of the

vertical variation of g.' A SbedimqﬁWéquilibrium distribution éomputed

for a mixture of O+, He' and H+719ns,ris shown in Fig. 18.

IRRE!

IR

Z0

£y

-8 -
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31283 log{N/Neg) 7
FIG. 18. IDEALIZED DISTRIBUTIONS OF ELECTRONS (e)

AND OF 0%, Het and Ht IONS, COMPUTED BY SOLVING
EQS. (II1-59), (III1-60). Electron and ion con-
centrations are given in terms of the electron
density N,, at the level =z = 0, at which height
the ionic composition is taken to be [0+] = [Het] =
49%, [H*] = 2. The level at which the He+ and H*
concentrations are equal is near =z = 17. The unit
of reduced height z i
neutral atomic oxygen.
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6. Solving the Continuity Equation

Much of the progress in ionospheric theory has been achieved by
obtaining solutions of the continuity equation and comparing them with
observation. Of course, the full equation is so complicated, and its
coefficients so poorly known, that drastic simplifications have to be

made. In this section, we will start with the simplified equation
N/Ot = q - L{N) - O(Nw)/oh (111-62)

Only the vertical velocity component w 1is included in the movement term
and all losses are included in L(N). When discussing the variation of
these quantities with reduced height, we should remember that the unit
of =z is the scale height ﬁ; of the ionizableEgaS.

In earlier sections, we have already discussed the "Chapman,”
"Bradbury," and "transition" layers which apply to the situation of -
photochemical equilibrium, when the equation reduces to q = L(N). 1f
time variations are included, but movements neglected, a first-order
total differential equation is obtained, which can be solved analytically
in some cases, otherwise numerically (Millington, 1932). -

If the movement term is reinstated, the equation becomes a partial
differential equation in hr and t. It may be simplified by following
the motion of a "cell"” of ionization, using the total derivative appro-

priate to vertical motion,
d/dat = (3/3dt) + w(d/dh) (111-63)

in which we have specified (dh/dt) = w, Insertion of this operator into

the continuity equation yields
dN/dt = q - L(N) - Now/on (111-64)

The usefulness of these equations lies in the fact that if aw/ah can be
neglected, as may be the case for electromagnetic drifts, Eq. (III-64)

reduces to a purely '"photochemical™ equation. However, as the altitude
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of the "cell" changes, q and L will vary, so that the equation must
in general be solved numerically. Use of this technique has been limited
by the unsatisfactory state of the theory of electromagnetic drifts,

The principle of "following-the-cell" may also be applied to thermal
motions. This is especially pertinent to the F region where large
diurnal temperature changes occur. Suppose that the neutral atmosphere
expands and contracts, so that the air moves vertically. The gas ¢én-
centration, which largely determines q, B and the diffusion coefficient
D, changes in a complicated way at any fixed height h, but within any
particular cell, the concentration just varies inversely with temperature.
This is obvious from the perfect gas equation, if we remember that the
pressure within a given cell is constant, being the weight of the over-
lying air. Then q, f and D are best written as functions of pressure,
or of reduced height z.

An approach of this type was used in a discussion of temperature
effects on the equilibrium electron distribution by Garriott and Rishbeth
(1963). 1t is found that, within certain assumptions, the éhggg of the
electron density profile in terms of reduced height!wété: N(z), is
unchanged with temperature variations, but that the magnitude is altered
in proportion to T_1/2. These results have been extended in an approxi-
mate manner to the time varying case by Rishbeth (iQG@jTMWf¥7{§ﬁfound
that the temperature variations can so distort the N(t) curves that
the maximum of N occurs before noon, at heights below the peak.  Shima-
zaki (1957) has also used this technique when both electromagnetic and
thermal motions are considered. The implicit assumption, that the moving
air carries the ionization with it, is probably valid except near the
magnetic equator. There will be complications if the temperature changes
affect the composition at the turbopause of if large horizontal flows of
air occur, but even in these circumstances a "following-the-cell" approach
may be useful, v

When diffusion is introduced into the continuity équation,:as must be
done if the F2 peak is to be adequately treated, the continuity equation
contains the diffusion operator £ which involves J/0h and Bz/ahz.

Equilibrium solutions of this equation are of some interest, even for the
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F2 1layer because it is true during much of the day that aN/at is
smaller than other terms in the continuity equation., At least they
provide an insight into the relative importance of different processes.
Equilibrium solutions of the diffusion equation, with electromagnetic
drift, were obtained by Yonezawa (1956, 1958). Rishbeth and Barron (1960)
solved the equation numerically in a number of cases, using Chapman-type
production functions and exponential formulas, D« ez' and B « e-kz, for
the diffusion and loss coefficients. Several values were used for the
constant k. (We recall from Sec. II1I-4 that k = 2 and k = 7/4 if
the loss reactions depend respectively on molecular oxygen and molecular
nitrogen in a diffusively-separated atmosphere, and that k =1 if all
the atmospheric constituents are fully mixed.) From such calculations,
the following generalizations about the behavior of a daytime equilibrium
layer can be made:
(a) The F2 maximum electron density occurs at a level where dif-

fusion and loss are of comparable importance, i.e., where
Bm ™ Dm/H%, in which the subscript "m" refers to the maximum,.

(b) At the maximum, and below it, the electron density is approxi-
mately given by N ~ q/ﬁ, just as it would be in the absence of
diffusion.

(c) Well above the maximum, the electron density distribution is
exponential, and takes the form N ~ e~2 2 [as we obtained in
Eq. (II1-60)]).

(d) These conclusions are substantially unaltered if gradients of
scale height are present.

(e) Vertical electromagnetic drift, magnitude w, alters the level
of the maximum by an amount of order WHi/Dm scale heights; Nm
is still given, very roughly, by (b).
Points (a), (b), (c) are illustrated by the sketch in Fig. 19. More
detailed discussions of "equilibrium layers' have been given by Bowhill
(1962) and Nisbet (1963). The theory of the decay of the nocturnal F2
layer has been investigated by Martyn (1956) and Duncan (1956), who used
the assumption B « e_z, and by Dungey (1956) who used the form P « e-2z.
All these authors assume D « ez. They investigate solutions which decay
without change of shape, with an "effective™ decay coefficient p'; i.e.,

of the form
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FIG. 19. EQUILIBRIUM ELECTRON DENSITY DIS-
TRIBUTION N(z) FOR THE F2 LAYER. Below
the peak N =~ q/B (photochemical equili-
brium) and above the peak N « exp (-1/2 z)
(diffusive equilibrium), At the peak, the
relations B = D/H% and g = BN are
approximately valid. 31098 N

- N(z,t) = Ns(z) . e (111-65)

The results of these investigations may be summarized as follows.
There exist a number of "shape-preserving'" or "stationary" distributions
Ns(z) which are such that their peaks lie at heights h . At these
heights, the loss and diffusion coefficients are connected by equations
of the type BS = ule/Hf, and the effective decay coefficient is given
by equations B' = uZBS, where uy and u, are numbers of order unity.
Usually we are only interested in the most slowly-decaying stationary
layer which has the smallest value of fS'. The special case investigated
by Duncan and by Martyn, namely B « e-z, is of interest because it happens
that u = u, = 1, and also that the '"shape preserving" function is the
"Chapman alpha layer" which arose previously in an entirely different
context, namely, the equilibrium between photoionization and a square-
law loss process (Eqs.III-29 and III-21). If an upward (or downward)
electromagnetic drift is applied, then the peak of the layer is raised
(or lowered), but the effective decay éoefficient is still equal to the

value of £ at the maximum. In other cases, such as that studied by
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Dungey (with B « e-zz, which is probably closer to the situation in the
actual F2 layer), the analysis is more complicated and the numbers ul,

u,, take different values. For instance, in the absence of vertical

drift, B = 1.86 Bs so that the decay of the layer corresponds to the
value of pB at some height Eglgﬂ the peak of the layer,.

Time-varying solutions of the full diffusion equation, giving the
theoretical diurnal variation of electron density, are naturally more
difficult to obtain. Gliddon and Kendall (1960) were able to obtain an
analytic solution, in terms of Green's functions, but had to make the
assumption P « e—z. They used the upper boundary condition N « e-z,
which does not correspond to diffusive equilibrium. In a comprehensive

paper (Gliddon and Kendall, 1962) they compared results obtained with
-z/2

b

this boundary condition and with the more usual assumption, N ~ e
and also discussed eclipse phenomena and the effects of vertical electro- :
magnetic drift, which they had to assume independent of height and time.
Briggs and Rishbeth (1961) constructed an electromechanical analogue
computer to solve the diffusion equation, This method, though approxi-
mate, has the advantage that the functions q(h,t), B(h) and D(h) are
not restricted to special mathematical forms but may be derived from any
empirical atmospheric model. The assumption of complete mixing (cor-
responding to B « e in a mathematical model) was used initially but

in later work (Rishbeth, 1963) £ was assumed proportioned to the N

2
-1.75z
).

concentration (corresponding to Px e ’
These calculations provide a rather simple description of the diurnal

behavior of a layer controlled by photoionization, linear loss and dif-

fusion. At sunrise, the electron density near the peak increases at a

rate which depends primarily on the production rate ¢q, and diffusion

and loss play a secondary role. The height of the peak, which corresponds

to the F2 peak in the actual ionosphere, falls because of the rapid

production of ionization in the lower F region, and reaches a minimum

before noon. By this time, diffusion and loss become important and for

a few hours the layer is not far from equilibrium, in the sense that

BN/at is small compared to other terms in the continuity equation.

2
Under these conditions, the peak remains near a level where g ~ D/Hi’
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as in the case of the "equilibrium layer" discussed earlier., Also, at

~ heights up to the peak, the "equilibrium approximation" N = q/B is

valid, and the maximum value of N lags after noon by a time ~1/B(h).
"Aégﬁéfthe maximum, however, diffusion is so rapid that the variation of

N closely follows the variation of N . Later in the day, N decreases

and hm rises as solar control weakens.

After sunset, hm approaches the "night stationary" level hS and
the layer develops into the "shape preserving" form which decays exponen-
tially with time throughout the nighg;”in the manner of Eq. (III—60).

The pressure level (or =z coordinate) of the maximum electron density
is higher than in the daytime, Duncan (1956) showed that when B « e-z,
the maximum occurs for B = OfESfQZHi, while Dungey (1956) showed that

-2
for P« e Z, the level was at B =~ 0.11 D/Hf. However, this increase

is more than offset by the thefmal;é§ﬁf¥a¢tion of the atmosphere at
night and the real height of the maximum would be expected to decrease

(Rishbeth, 1964).
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IV. MORPHOLOGY OF THE JONOSPHERE

1. D Region

Until the last few years, most of the information about the height
variation of electron density and collision frequency in the lowest iono-
sphere was derived from the indirect evidence obtained from radio propa-
gation experiments. These consisted of phase and amplitude measurements
of low frequency waves (in the range 10 - 200 kc/s) which are reflected
in the D region; and of measurements of absorption, polarization and
cross-modulation of waves at higher frequencies (up to a few Mc/s) which
are reflected in the E or F regions but traverse the D region.

Some of these techniques were discussed earlier in Sec, II.

The long-wave experiments give information about reflection heights,
which vary with the solar zenith angle. Frequencies around 16 kc/s are
reflected at 70 - 75 km by day but from the E 1layer by night (Bracewell

et al, 1951), the transition occurring rather suddenly at sunset and sun-

i

rise. The data have been interpreted in terms of one or more discrete
layers of ionization below the E 1layer (Bracewell and Bain, 1952).
Absorption measurements, at a series of radio frequencies, have shown

a frequency dependence consistent with simple magnetoionic theory except

mroy

near the critical frequencies foE and fOFl, when complications are to
be expected. The absorption is found also to depend on the solar zenith
angle X and on the mean sunspot number R. Appleton and Piggott (1954)
found that at 4 Mc/s

l10g p| « (ch x) "
(1v-1)
l10g o] « (1 + 0.01 R)

whére ¢ 1is the "reflection coefficient" of the ionosphere and is a
measure of the total absorption along the path, These measurements sug-
gest a strong solar control of the D region, at least at the mid-latitude
station (Slough, 52°) where the most extensive studies have been made.

In winter, however, the absorption is much greater on certain days and
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the long-wave and reflection coefficient measurements suggest that addi-
tional ionization is present in the D region, The occurrence of this
"winter anomaly" has been discussed by Thomas (1963&) and Dieminger
(1952). Thomas finds that the excessive absorptiggroccurs over geographi-
cal areas of about 1000 km in extent, but there seems to be no correla-
tion with magnetic disturbance, except perhaps on a long-term basis. It
may be that the ultimate cause of the anomaly lieé at lower levels in

the atmosphere,

The only method so far devised that makes extenéive use of the long-
wave phase and amplitude data depends on "full wave" solutions of the
wave propagation equations (Barron and Budden, 1960) for a variety of
models, combined with trial-and-error fitting of the parameters to the
data, o

According to Nicolet and Aikin (1960) the chief production process
ih the upper D region'ié the photoionization of NO by Lyman (¢ radiation
(N = 1216 X). This radiation penetrates into the D region because it
cannot ionize any of the gases foﬁnd at higher levels, and neither is it
strongly absorbed by them. Below 100 km it iszabéaybed by molecular
oxygen (which it dissoéiateé)rbuf’a fraction ié e%p;ﬁded in fhe photo-
ionization of NO, which has a rather low ionization potential. A1£ﬁ6§§ﬁ
neutral NO has not been detected spectroscopically in the D region,
Nicolet (1961) considers that various chemical reactions can supply the

10 of the total concentration) that is required.

trace (only 10~
The model of Nicolet and Aikin, Fig. 20, shows the component of ioni-~

zation due to Lyman ¢ is greatest between 70 and 80 km (for X = O). It

is possible that a peak of electron density exists in this region, but

in any case a positive gradient of electron density exists between 70

and 75 km and this could account for the long-wave reflections observed

at this level. However, it may be that the main contribution to D

region ionization is made, not by Lyman ¢, but by hard X rays in the

range 1 - 8 R. Above 85 km, the bottom of the E region production

curve (due to softer X rays of 10 - 100 &) gives rise to another large

electron density gradient, but this should really be considered as part

of the E 1layer,
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FIG. 20, CONCENTRATIONS OF POSITIVE
IONS, NEGATIVE IONS AND ELECTRONS
VS ALTITUDE FOR A VERY QUIET SUN
(after Nicolet and Aikin, 1960).

During solar flares, the D region ionization is greatly enhanced,
severe absorption is produced, and the reflection height of long waves
drops by several kilometers. These events are called "sudden ionospheric
disturbances,” or SID's and will be mentioned again in Sec. VII. Since
such an event starts at the same time as the visual flare and is observed
at all latitudes, it is presumably due to electromagnetic radiation which
must be more penetrating (i.e., possess a smaller cross—section) than
that responsible for the normal D layer, since the height of peak
photoionization is independent of its intensity but depends on the absorp-
tion cross-section g.

Another type of disturbance is the "polar cap absorption" (PCA) which
we mention here because of its interest in connection with D region
photochemistry. It begins a few hours after solar flares and is thought

to be initiated by the arrival of solar protons with energies on the
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order of 10 Mev. It persists for several days with & pronounced diurnal
variation, which is attributed to attachment and photodetachment processes.
However, an alternative suggestion is that the disturbance creates extra
neutral NO which can then be photoionized (Herzberg, 1960),

Other D region disturbances are probably associated with ionization
by charged particles. This is especially true of the "blackouts" and
"auroral absorption" observed at high latitudes. Ionization by electrons
has been discussed by Rees (1963), and by solar protons by Webber (1962),

Even in the normal D region, most of the production below 70 km is
due to cosmic rays. This source differs from the solar radiation in that
it acts by night as well as by day, but it is very latitude-dependent
because of the effects of the geomagnetic field on the hotions of the
incoming charged particles. According to the curves given by Webber
(1962), the rate of electron production by galactic cosmic rays increases
downward throughout the D region, and indeed throughout the whole
mesosphere. But the N(h) profile is quite different from the produc-
tion rate q(h), because of the altitude dependence of the various loss
coefficients, and in most published models N incréeases monotonically
with height up to (at least) 70 km. 'However, Piefééﬁ(igégjhﬁggﬁéﬁégésfed
that rates of collisional detachment are such as to produce a nighttime
"C region" peak of electron density, perhaps 102 cm_3; at about 50 km.
The existence of this peak had also been suggested on the basis of long-
wave radio propagation (Moler, 1960).

In the lower D region, ionization has 1little effect on radio propa-
gation, partly because the free electron density is small (Ne < N_ = N+)
and partly because the collision frequency greatly exceeds the plasma
frequency. Therefore, the ionization below about 50 km is generally
considered to belong to the field of atmospheric electricity rather than
ionospheric physics.

Many of the papers already cited show values of the negative-ion
ratio A = N_/Ne derived from theoretical calculations, Most authors
tind that the level where A =1 occurs at about 70 to 81 km by day,
and about 90 to 100 km by night. Some comparisons have been made by

Hultqvist (1963) but there is still considerable disagreement on this
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topic. The behavior of the D region at sunrise and sunset is very
relevant to the question of ion composition. Long-wave reflection and
absorption experiments show that the electron density starts to increase
about an hour before ground sunrise (Bracewell et al, 1951). Although

the height at which this ionization appears may not be well known (espe-
cially in the case of absorption experiments), the fact that it is pro-
duced when Y > 90 deg implies that the effective radiation has traversed
lower levels in the atmosphere. Aikin (1961) showed that Ly @ and X
rays do not penetrate the D region until near ground sunrise, so that
the initial increases are attributed to photodetachment from negative
ions. If the "screening height'--the lowest height traversed by the
radiation--was well known, it would be possible to deduce whether visible
or ultraviolet light is involved. One expects visible light to be cut

off oﬁly by the solid earth (or by clouds in the lower atmosphere), whereas
uv liéht is screened by the ozonosphere.

This problem is acute in connection with the "polar-cap absorption”
previously ﬁentioned, because the values of ¥ and the related screening
heights are inconsistent with the simple theory that electrons are pro-
duced by photodetachment from 0; or 0 iong, which can be accomplished
by visible light. Because of this difficulty, it has been suggested that
the ionization responsible for polar-cap absorption lies below 55 km, in
which case the observations would be consistent with screening by the
solid earth {Hultqvist and Ortner, 1959). An alternative suggestion is
that the negative ions are not 0 or O;, as originally supposed, but some

other ion (perhaps 0, or NO%) which has a high electron affinity, such

3
that ultraviolet light is required for photodetachment., The screening
height for this radiation would then be consistent with the data (Reid,
1961) but this subject is still controversial. A recent review of D

region processes is that of Reid (1964).

2, E and Fl Regions

The E and Fl1 layers of the ionosphere are generally regarded as
being fair approximations to the idealized Chapman layer. Although the

Chapman theory does provide a first-order description of the behavior of
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the critical frequencies, more detailed study indicates that the layers
are more complex. There is little doubt that the layers are within the
"photochemical regime" described in Sec. III-4, although transport pro-
cesses can produce appreciable perturbations.

In applying the theory of photochemical processes to the E and Fl
layers, it is generally satisfactory to assume BN/at = 0, For a simple
Chapman layer in an isothermal atmosphere, we found in Sec. III-2 that
the critical frequency is related to solar zenith angle X by the

equation

£ = 9000 [(qo/a) cos x]0-%° (c/s) (1v-2)

where qo' is the peak production rate for overhead sun (X = O) and
& the recombination coefficient, expressed in cgs units. Many investi-
gators assume a relation of the type fo « (cos X)nv and find the value
of n as X varies with time of day or with season, at any one station;
or as X varies with latitude, for a number of stations. A study of
diurnal variations (Tremellen and Cox, 1947) gave n = 0.3 (or somewhat
more) for diurnal variations, but seasonal variations give a result
closer to the theoretical value 0.25. A possible reason why n > 0.25
in the E layer was mentioned earlier; that is, the existence of a
positive scale height gradient, T = dH/dh. In Eq. (III-31), we deduced
that n = 0.25(1 + T'), so that the diurnal variation of foE implies
that TI' =~ 0.2, reasonably consistent with models of the thermosphere,
However, there seem to be seasonal and geographical variations which
cannot yet be explained in detail.

The dependence of foE on the mean sunspot number R is studied by
assuming Eq. (IV-2) to hold; it is then found that the square of the
"noon" maximum electron density is given by

-6

qo(E)ﬁl(E) ~ 180 (1 + 0.010 R) X 10% em (1v-3)

(Allen, 1948). The height of maximum production for X =0 for the E
layer has been found by Robinson (1959) to be about 108 km.
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The recombination coefficient & has been determined to be greater
than 100 cm3/sec from eclipse observations (Ratcliffe, 1956b); and by
measuring the "sluggishness," i.e., the interval by which the time of
greatest NmE lags behind local noon, which should correspond to
1/2 aN and is of order 10 min (Appleton, 1937, 1953). From the decay
of the E 1layer at night, Titheridge (1959) finds o = 2 X 10-8 cm3/sec.
However, in all these analyses, the E region was assumed to contain
only a single ionic constituent. It may be necessary to consider the
presence of two ions with different recombination coefficients to satis-
factorily explain the observations (Bowhill, 1961).

As regards the latitudinal variations of foE, there are departures
from the normal Chapman layer behavior which may be caused by electro-
magnetic movements associated with the quiet-day (Sq) currents flowing
in the E region. This explanation is favored by Beynon and Brown
(1959); moreover, Appleton, Lyon and Pritchard (1955) find a systematic
latitude variation of the post-noon lag of NmE which seems to be due to
movements rather than to changes in the "sluggishness' time 1/2 CON.

We must point out that the vertical structure of the E layer is
less simple than the previous discussion might imply. On ionograms, two
or more cusps often appear, and so it may be difficult to assign a
definite E 1layer critical frequency. If a sequence of ionograms is
studied, however, it is usually found that one particular cusp displays
a more consistent diurnal variation than the others, and this is usually
tabulated as the "actual" critical frequency. Occasionally a second
cusp, at a higher frequency, is found to vary in a consistent way, and
it is then denoted as foEz. Additional stratifications of a more or
less temporary nature are often observed (Becker and Dieminger, 1950;
Dieminger, 1959; Robinson, 1959).

The term "sporadic E," or Es, is applied to E region ionization
which does not behave in any regular manner., It is generally considered
that this phenomenon is nét closely related to the ordinary E layer
produced by ultraviolet radiation, and we shall deal with it in a later
section (IV-7).

Since the E 1layer is produced, not by monochromatic radiation but

by a variety of wavelengths (including X rays and ultraviolet lines
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fiﬁlthough conventional ionograms do not give very detailed informatlon

such as Lyman B), it is not surprising that a complex structure exists.
So far, however, the data are insufficient for any correspondence

between 1nd1v1dua1 spectral lines and ionogram features to be established.

about ionization between the E and F1 layers, rocket N(h) profiles
have shown that there is little (if any) decrease of N above the E
layer, that is, there is no pronounced "valley."

For the Fl1 layer, the solarﬁcycle variation is quite well described

by the formula

O -

t
02}
i

qo/a = 500 (1 + 0.016 R) x 10° cm (1v-4)

(Ratcliffe and Weekes, 1960). Eclipse and other observations, summarized

by Ratcliffe (1956b),give valﬁé”6f  ¢ 1in the range (1/2 to 1) 10_8 cmssec

FrET N ke

The height of maximum production ho for the Fl1 layer is very difficult

to determine from ionogram data. For summer noon at Slough, Thomas,

oo

Haselgrove and Robbins (1958) found hmFl toAlie at about 185 km at

~sunspot minimum (1953) and 190 km at moderate solar activity (1950).

These heights would be expected to lie near ho, or a fraction of a scale

height above it,

W

Although the TFl ledge is pq}Lg;Wa§s observed on ionograms, its

1 T

behavior approximates that of a Chéﬁﬁén layer when it does appear,

According to Allen (1948), the éfifigai frequency fOFl varies diurnally

1

as (cos X)O'z. This is different from the behavior of fOE, mentioned
earlier, but is consistent with the theory that the F1 ledge lies at
the transition between regions of "quadratic" and "linear" loss laws.
The index n would be expected to be less than the value 0.25, because

the "transitional" recombination coefficient aB/(aN + B) decreases

OW B wE A um

upward. There is evidence of some geomagnetic control of the F1 layer

&
=
£

(Cummack, 1961), which might possibly result from electromagnetic move-
ments such as we discussed in connection with the E 1layer.

3. F2 Region Problems

Early investigations of the F2 layer critical frequency revealed

that it does not behave at all in the manner of a simple Chapman layer,
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Although we now have available perhaps 108 values of f0F2, together with
many computed electron density distributions for selected stations, the
physics and chemistry of the F region are only partially understood, and
the rates of the photochemical processes are known to within only a factor
of two, at best. Some of the outstanding problems of F2 layer morphology
are:

(a) behavior of the F2 peak (NyF2, hyF2) and the diurnal behavior

of electron densities at fixed heights-

(b) the topside of the F layer

(c) the seasonal and annual anomalies

(d) the equatorial anomaly

(e) high latitude behavior

Each of these problems will be discussed in turn and some of the
proposed explanations advanced, even though they may be only tentative
suggestions. Little mention of electromagnetic drifts will be made,
although these may be responsible for some of the anomalies. Mainly,
this omission is made because of the great difficulty in obtaining quanti-
tative measurements of electromagnetic drifts. The theory of drifts is
described in more detail in Sec. VI,

We should state also that all our remarks apply to the average
behavior of the undisturbed F2 layer. More than the other layers, the
F2 1layer is subject to day-to-day variations of perhaps 20 percent, and
may even change appreciably from one hour to the next. Some discussion
of this variability is given in a review of F2 1layer morphology by
Wwright (1962).

(a) The F2 peak and N(h,t) curves. In Figs. 2la and 21b, we

reproduce the variations of NmF2 and hmFZ for quiet days at Slough
for a number of months of low solar activity (1953) and moderately high
activity (1950), given by Thomas, Haselgrove and Robbins (1958). These
display some of tﬁe anomalies we shall discuss. Figure 2la shows the
seasonal anomaly (for Jan 1950) and also reveals that NmF2 is fairly
sharply peaked about noon in winter but is rather irregular in other

seasons.
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a. NpF2. The six curves show the seasonal and
solar cycle variations,
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b. h F2 (after Thomas et al)

_FIG. 21. AVERAGE DIURNAL VARIATION FOR THE
10 INTERNATIONAL QUIET DAYS IN EACH MONTH .
AT SLOUGH,

‘The N(h,t) curves of Fig. 22 show many features typical of the

Y

mid-latitude F2 layer. Up to ZOO?RM;LEBéﬂcufvegwé;;?fg{ffyﬂgégﬁiaf,

(4]

consistent with control by photochemical processes at these heights.

[t

Higher up, where transport processes are important, the curves are less

T

regular and not symmetriézi:agga% ﬂodﬁ. Although ﬁé'ShbuiaAékpect the

maximum of N to occur at a time about i/B later than noon, it seems

il

that movements so:éfféctWﬁhé;léigzrﬁi2£giigimaﬁihﬁﬁiiN,;mayiﬁeVattained

before noon. This may We117¥é§ﬁi£;fi§ﬁtfﬁéfmal ebeK;ibn of the F
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N

LOCAL TIME (HOURS)

FIG. 22. N(t) CURVES, SHOWING THE
AVERAGE DIURNAL VARIATION OF ELEC-
TRON DENSITY AT FIXED ALTITUDES
(in kilometers) FOR MAGNETICALLY
QUIET DAYS DURING ONE MONTH AT
SLOUGH. (After Croom, Robbins
and Thomas, 1959a.)

region. As the F region cools and contracts in the evening, there is
a tendency for N to increase and on occasions both morning and after-
noon maxima of N at fixed heights, or of Nm, are observed.

The heating and cooling of the atmosphere alters the height at which
D/H? = B, near which hmFZ should occur. Although the drop of hmFZ
at sunrise, and its subsequent rise (Fig. 21b), are broadly consistent
with the theoretical behavior outlined in Sec. III-6, the difference
between noon and midnight hmF2 (generally 100 km) is much greater than
would be expected from theory, especially when the day-night temperature
changes are allowed for (Rishbeth, 1964). At lower latitudes, the dif-
ference is smaller, and changes sign near the equator where hmF2 is
higher by day than by night. These facts are unexplained, though some
kinds of movements might be responsible.

At night, Nsz decreases rather irregularly. This decrease may not
be sustained throughout the night, especially on long winter nights when
NmF2 appears to reach a "base level." The N(t) curves of Fig. 22
illustrate this. Nm may then fluctuate irregularly but does not show
a steady decrease. In fact, there is sometimes a slight increase well

before F 1layer sunrise.
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The base level is also evident in the behavior of the total electron
content of the whole ionosphere, as determined by lunar-echo Faraday
rotation observations (Evans and Taylor, 1961). Again, the explanation
may be an upward drift of the ionosphere due to electromagnetic forces,
or it might be due to corpuscular ionization, such as the flux of soft
electrons postulated by Antonova and Ivanov-Kholodnyy (1961). An alter-
native source might be provided by slow downward diffusion of ionization
from the exosphere, as investigated by Hanson and Ortenburger (1961), but
theoretically this appears to be inadequate to maintain the F layer
(Hanson and Patterson, 1963), Also, it seems unlikely that photoioniza-
tion by EUV could provide enought ionization at night, since an attempt
to detect He II 304 A radiation at night yielded negative results (Byram
et al, 1961).

(b) The topside of the F layer has been investigated in many

rocket experiments. Most of these yield an exponential N(h) profile
roughly consistent with diffusive theory, and give useful information
about the variations of temperature in the F region, though the results
are sometimes anomalous (Bowhill, 1963).

One of the interesting discoveries from the UK-1 satellite "Ariel"
is that field-aligned "ledges" exist in the topside F region'(Sayéré:
Rothwell and Wager, 1963). One of these seems to be associated with the
"troughs" of the F region equatorial anomaly, while the others are
found at higher latitudes. Further discussion of these ledges, based on
"Alouette" data, has been given by Lockwood and Nelms (1964).

The "Alouette" topside sounder has provided a powerful tool for '
investigating the upper F region. So far, only preliminary results
have been published, including a number of topside N(h) profiles and
some latitudinal distributions (Warren, 1963; King, 1963; Knecht and
Van Zandt, 1963). Plots of log N(h) sometimes show a change of slope
between 600 and 800 km, which is thought to represent the transition
between O ions and He' ions (Calvert, Rishbeth and Van Zandt, 1964).
Not all the profiles, however, can be fitted by a simple model of this

type (Bauer, 1964).
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c. GSeasonal and annual anomalies. These anomalies have been known

for a long time. The most detailed analysis of seasonal and annual

variations of NmFZ has been made by Yonezawa and Arima (1959) and

Yonezawa (1959). Over the world as a whole, there exists an annual

variation of NmF2, which is about 20 percent greater in December than

in June. This may be compared with the annual 3 percent variation of
Z the earth-sun distance, which is a minimum in January. In addition,

there is a "seasonal" anomaly in that daytime NmFZ tends to be greater

s

in winter than in summer. In the northern hemisphere these two effects

A

acl in phase to give a resultant anomaly, which is very large at high
solar activity (see data for 1950 in Fig. 2la) but scarcely evident at
sunspot minimum (as for 1953). Croom, Robbins and Thomas (1960) have

shown that this effect is most pronounced within a certain range of

latitudes {probably magnetic latitude) and the solar-cycle dependence

has been further studied by Thomas (1963).

P |

Rishbeth and Setty (1961) found that, just after layer sunrise,

dN/dt in the F2 1layer is much greater in winter than in summer; and

E

that the increase of N begins at a larger value of ¥ (about 97 deg)
in winter than in summer (about 93 deg). This seasonal sunrise anomaly

can be seen in the slopes of the Nm(t) curves of Fig. 21a and is

- particularly interesting because at sunrise the continuity equation is

w

dominated by the photochemical terms, especially q. These authors sug-
gested that seasonal changes of atomspheric composition--in particular,
the ratio n{O}/n{Nz]-~cou1d affect g and B.

Such changes could occur in the F region if there occurred a change
in.the O/N2 ratio at the turbopause near 100 km, where diffusive sepa-
ration of neutral gases begins (Sec. I-4); or if the altitude of the
turbopause itself varied. These ideas have been developed by G. A. M.
King (1961), who suggested that travelling disturbances might affect the
height of the turbopause; and by Wright (1963, 1964). Recently, it has
been suggested that large-scale meridional circulations of air in the
mesosphere and lower thermosphere give rise to changes of the O/N2 ratio
at the turbopause, and hence also in the F region (King, 1964). This =

can be related to seasonal changes in mesospheric temperature (Young and
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Epstein, 1962); here we may have an important connection between the
'f6ﬁgébheré and lower atmosphere. We note that ndjéatisfactory explanation
of the F region'seasonal anomalies in terms of ionospheric movements,
or in terms of temperature changes, has ever been devised.

(d) The equatorial F2 layer. The F2 1layer at low latitudes is

very peculiar. Sometimes, electron densities are greater at midnight
than at noon. Norton and Van Zandt (1964) succeeded in explaining day-
time N(h,t) curves in terms of photochemical processes only, taking
into account the diurnal temperature changes in the atmosphere. Vertical
diffusion is neglected because ionization cannot diffuse across the
geomagnetic field lines. It can, however, diffuse along the field (i.e.,
horizontally) and this may affect the latitude distribution of ionization.
A plot of noon values of NmFZ as a function of latitude, shows a

pronounced "trough" centered on the magnetic dip equator, with "crests"
about 15 deg or 20 deg to the north and south (Appleton, 1946). -This
trough is also found in plots of N at fixed heights below (Croom, Robbins
and Thomas, 1959b) and above (King, 1963) the F2 peak. Studies by
many authors, most recently Lyon and Thomas (1963) show that the anomaly
exists during most of the day, being most pronounced around sunset, but
disappears after midnight. The anomaly shows rather different features
in different longitudes. o

=21t was suggested by Mitra (1946) that the anomaly might be due to
the diffusion of jonization away from the equator, causing an accumulation
of éiectréﬁs:ﬁo'thernorth and south. To test this suggestion theoreti-
cally, it is necessary to use a form of the diffusion equation which
takes account of the geometry of the geomagnetic field. Séiqtiégé of
this equation, for equilibrium conditions, lead to the conclusion that
diffusion is not sufficient to produce a trough as large as is actually
observed and that other processes are responsible,(Rishbeth, Lyon and
Peart, 1963), though this subject is very controversial (Goldberg, Kendall
and Schmerling, 1964). It is also quite possible that electromagnetic
drifts contribute to the equatorial anomaly {Duncan, 1960).

(e) High latitudes. The morphology of the F2 1layer at high lati-

tudes is very complicated. Probably transport processes play a larger
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part than at lower latitudes, especially during the polar night when the
F layer persists despite the absence of solar photoionization. Observa-
tions of fOFZ at the South Pole (Knecht, 1959) and Halley Bay (Bell-

chambers and Piggott, 1960) show unusual variations of F2 layer param-

eters, for which no complete explanations have been given.

4. F Region Rates

In principle, it should be possible to determine the rates of pro-
duction and loss in the F region from the large amount of available
N(h,t) data. But in practice it has proved difficult to assign reliable
numerical values to these rates. The reason for this seems to be that
the F2 1layer is so complex that it is difficult to isolate the effects
of any one process. In the lower F region, photochemical processes
dominate and the situation should be simpler, but it turns out that the
best data give only the ratios of quantities such as q, Q, 8 and D,
not their absolute values. This situation is now being resolved by
rocket observations of the solar spectrum, which give absolute values of
g. Even these, however, are influenced (to some extent) by uncertainties
about atmospheric composition. Another approach, of course, is the
laboratory determination of rate coefficients. It cannot be yet said
that these are sufficiently accurate to provide definitive values. In
some cases, there is conflict with the jonospheric evidence and it may
be that laboratory and ionospheric conditions are not really comparable.
Ionospheric data relating to various process rates are considered below,

Noon electron density. We saw previously that observations of the

F1 layer lead to the relation (NmF1)2 sec X = (qoﬂx) = 500 (1 + 0.16 R)
X 108 cm_6 (Eq. IV—4). For the F2 1layer, at heights up to the peak,

N

we have suggested that N q/B, but owing to the variability of the F2
layer, no general formula for NmFZ can be given. Allen (1948) finds
that at several stations N F2 « (1 + 0.02 R), and this linear dependence
incidentally supports the theory that the rate of loss in the F2 layer
is given by BN and not by aNz.

Night decay. Values of 8 for the F2 1layer have been deduced

from nighttime N(t) variations. After sunset, the decay of N at
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any height h should at first depend on the local loss coefficient g{n).

= Once the nighttime "stationary" léyer is established, the decay would
depend on the value of P at the peak (Sec. III—G), but electromagnetic
and thermal motions apparently complicate the analysis. Ratcliffe et al

(1956) suggested the empirical formula (with h in km)

1
§
|

B(n) = 1074 exp [(300 - h)/50] sec™ (1v-5)

from a study of N(h,t) data from several stations. Owing to the dif-
ficulty of obtaining acceptable nighttime N(t) curves for the lower
F region, values of ( have not been deduced for the F1 1layer by

this method. As we have discussed, it now appears that the loss coef-

ficient is quite sensitive to temperature variations, since the neutral

T LER

concentrations at any fixed height vary with temperature. This effect

has been studied by Nisbet and Quinn (1963) and others even more recently.

Eclipses. Since this topic is discussed in Sec. IV-5, we only mention

here that the observations do not lead to unambiguous values of « for

W

the F1 1layer. Similar remarks apply to methods based on the classical

IR

Chapman layer theory (Appleton, 1937). 1In the F2 Jayer, the situation

is usuéiiy hopeless because of movements, although in some cases this

difficulty appeared not to be serious (Van Zandt et al, 1960).

Sunrise. Just after F layer sunrise, thé peak of q 1lies in the
F2 iéyéf and we expect to have ON/Ot =~ q(y) ~ qo/ch X. Rishbeth and
Setty (1961) found values of q(x) but, owing to uncertainties in Ch X
and in other terms, this method does not lead to accurate values of q,-

From these methods, we can obtain values for production and loss
rates, but these are probably only accurate to within a factor of two.
Values of the ambipolar diffusion coefficient D have toAbe deduced
indirectly, since direct measurements have not been made and the thebry
is not éhtirély satisfactory. Shimazaki (1964) has obtained values of
D and B from detailed analysis of night N(h,t) data, His values of |
D are considerably smallér than those needed to explaiﬁ the behavior -

of the daytime F2 layer.
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We must emphasize that the coefficients gq, p and D depend very
much on neutral air densities, which in turn depend on scale heights.
Hence, they must vary considerably with solar activity, and there is no
such thing as the value of B at any given height. Some illustrative
calculations have been made by Rishbeth (1964), whose suggested values
of B at 300 km, as a function of solar activity and F region tempera-
ture, are compared with other determinations in Figs. 23a, b. The noon
value of g at 300 km increases very rapidly with increasing solar
activity, because the incident flux of radiation and the concentration
of ionizable gas, atomic oxygen, are both increased. Values of g, P
and D are tabulated in Table III. Theoretical N(h,t) curves calcu-
lated with these coefficients agree with many daytime F2 data, but in
order to make them consistent with the survival of the F2 layer through-
out the night, it has to be assumed that some nocturnal source of ioni-'

zation exists.

5. Eclipse Effects

On those infrequent occasions when the sun is partially or totally
occulted by the moon, first order perturbations are observed in the
electron density distribution in the ionosphere. This is particularly
true in the D, E and Fl regions, but sometimes they also extend up
to the F region peak, These events provide useful methods for the
calculation of the production and loss terms in the continuity equation
and provided early evidence that the E and F1 1layers are produced by
electromagnetic--not corpuscular--radiation. Although absorption and
therefore electron density varations in the D region have been observed
during eclipses, most studies relate to the higher layers.

When considering the E and Fl1 regions, we may start with the
appropriate continuity relation BN/at =q - aNz, which we found in an
earlier section. The variation of qm with time on a non-eclipse or
"control" day is sketched in Fig. 24 as a solid line. From Chapman's
theory, qm = qo(cos X) for an isothermal atmosphere, but on the eclipse
day we must multiply this by a factor ¢(t) equal to the uneclipsed

fraction of the sun's disk, assuming the ionizing radiation is emitted
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TABLE III. ROUNDED VALUES OF F2 LAYER PARAMETERS
(from Rishbeth, 1964)
t
Parameters Sgnspot Sunspo Unit
Minimum Maximum
Zurich sunspot no. R¥ 0] 200
. -22 - -
Solar 10.7 cm flux S* 70 200 10 22 ym 2(c/s) 1
Values at 300 km:
Temperature T
(noon) 840 1610 °K
(Harris and Priester,
midnight) 580 1180 °K
Photoionization q
(noon) 50 750 em™? sect
Loss coefficient B
(noon) 0.4 7 107% sec™?
-4 -
(midnight) 0.06 4 107% sec™t
Diffusion coefficient D
(noon) 7 2 10%0 em? sec™t
R 10 -1
(midnight) 14 2 107" cm” sec
*Both these parameters are used to describe solar acfivity. Forr
present purposes, a linear relation between them is assumed, and is

defined by the values quoted.

uniformly across the disk.

well as the maximum electron density Nm’ are shown in Fig. 24 for a

hypothetical total eclipse.

At second contact

Thus

calculate the recombination rate as

SEL-64-111
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q = ¢qo(cos X), and this function, as

the production function is zero and we may

(1v-6)




in which the implicit assumption has been made that the height of Nﬁ

does not change during the eclipse. At the E region peak, Minnis

(1955) has found o ~ 1.5 x 10™° em® sec™t using this method.
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FIG, 24. [ILLUSTRATING THE VARIATION OF PRODUCTION RATE
ON A CONTROL DAY AND THE PRODUCTION RATE AND MAXTIMUM
E REGION ELECTRON DENSITY ON THE DAY OF A HYPOTHETI -
CAL TOTAL ECLIPSE. From curves similar to these, it
is possible to calculate the recombination coefficient.
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It is also possible to assume a value for ¢ and predict the shape
of Nm vs time for the eclipse, looking especially for the time sepa-
ration between third contact t3 and tb, the electron density minimum.
The time difference is expected to be a few minutes, but the observations
do not show any very consistent pattern (Ratcliffe, 1956).

It now appears likely that ( has been somewhat underestimated in
the eclipse analyses because some of the X ray radiation may originate
in the solar corona and thus fail to be occulted by the moon. Elwert -

(1958) has calculated that 10 to 20 percent of the X ray radiation

may come from above the photosphere. Since q 1is usually a much larger
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term than aN/at in the E region continuity equation, the electron
production remaining at the time of total optical eclipse would generate
a much larger proportional error in (. Furthermore, the radiation is
probably more intense from various active regions on the sun and the
production function would not be the smoothly varying geometrical func-
tion originally assumed. Values for & between 10-8 and 10-7 cm3/sec

are usually adopted for the E region, and are somewhat smaller in the

F1 region. Thus eclipse results fall in the lower portion of this range.

The various eclipse measurements of (¢ become more consistent with
each other and also with the results from entirely different methods
(e.g., nocturnal decay and "sluggishness") when a two-ion mixture is
considered (Bowhill, 1961), If the ions have distinctly different values
of «, one ion will decay more rapidly, resulting in a diminishing recom-
bination coefficient with time. Bowhill suggests that NO+ and O; are
these ions and that the latter may decay most rapidly. After sunset, the
NO+/O; ratio should increase and this seems to be borne out by the focket
ion spectrometer results of Fig. 17.

Eclipse results in the F2 region are more difficult to interpret
than those at lower altitudes. Near the peak, little or no effect may
be observed and movements resulting from diffusion or electromagnetic
drift may also be important. The most successful analysis has been made
by Van Zandt, Norton and Stonehocker (1960) for the October 1958 eclipse
at Danger Island. They made several simplifying assumptions which appear
to be rather well satisfied by the results. They have first assumed that
temperature changes and all movement terms are negligible. Since Danger
Island is at a magnetic latitude of only 11 deg, vertical diffusion is
certainly slow, Also, their calculations have been made only at alti-
tudes greater than 280 km, where the loss of electrons is believed to be
linearly related to the electron concentration (BN). Furthermore, these
altitudes are all well above the production peak and have small optical
depths. Thus, the production rate at any fixed height is approximately
constant without dependence on cos ¥ for control days; on the eclipse
day, g need only be multiplied by the uneclipsed portion of the sun's

disk. The radiation principally responsible for F2 ionization is in
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the UV, and it is believed to originate more uniformly across the disk,
rather than partly in active regions and in the”corona,izThis eliminates
one of the principal difficulties encountered at lower altitudes. Within
these assumptions, the continuity equation for the F2 region can be

written

N(h,t) - Q(hj [%%%‘;%} ; B(h) (1v-7)

Since d(h) is relatively constant well above the productxon peak
as discussed earlier and B(h) should be nearly constant if temperature
Achanges are neg11g1b1e Eq. (IV—7) is of the form vy = gx - B. The
values of y and x can be'deternined experimentally as a function of
tlme at any fixed altltude and we may expect a graph of y 795 X to be
approx1mate1y 11near, with a slope of q(h) and y 1ntercept equal to
B(h) Van Zandt et al (1960) have made these calculations at each 10 km
helght 1nterva1 between 290 km and 450 km and obtalned rather good con-
51stency throughout the range. Thelr results may be expressed mathemati-

cally as

a(n) -

880 exp [(300 - h)/186] e1é¢/¢m3/sec (1v-8)

I

”;fff;%ﬁiié(h)' 6.8 x 107 exp [(300 - h)/103] sec”! (1v-9)

where B;;EE Eéésureﬁxinvkilometers.

Although this value of B is much greater than that obtained'b&
Ratcliffe et al (1956) from nighttime N(t) curves at timesiofrhoderate
sunspot numbers, Fig. 23 shows that these two ré;u1£§ are reaEOnably
consistent. At the time of the Danger Island eclipse, the sunspot number
was almost ae-ﬂlgh as has ever been reéorded' hence, as discuesed;in' 7
Sec, 1V-4, large values of B are to be expected " If the ecale height
in Eq. (IV-B) is assoc1ated w1th atomic oxygen and that in (IV-9) with
molecular nitrogen or molecular oxygen a temperature of over 3000 °K
is deduced, but this would seem to be rather excess1ve since other

evidence favors values of 2000 K to 2500 ,K at sunspot maximum,
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6. Ionospheric Irregularities

The preceding sections dealt with only the large-scale or "background"
distribution of ionization. But, superimposed on this background, small-
scale irregularities of ionization seem to exist at every level in the
jonosphere. The basic properties to be measured are their size and shape,
intensity (i.e., fractional deviation of electron density) and their
direction and speed of motion. The measurements are, however, liable to
be influenced by instrumental selection. For instance, a spectrum of
irregularities may exist at a particular level, of which only certain
components will be recorded by any particular equipment, Some informa-
tion about irregularities is given by standard ionograms or h'(f) curves,
and by continuous recordings of phase heights at fixed frequencies, or
h'(t) curves. These are particularly useful for the detection of large
"travelling ionospheric disturbances,"” to be discussed later in this
section.

Irregularities are also detected because of their ability to scatter
radio waves. Signals at ffequencies of 50 to 100 Mc/s, too high to be '
reflected from a smooth ionosphere even at oblique incidence, may be
received at distances of a thousand kilometers from the transmitter,
having been scattered from irregularities in the D region at 80 to 90
km (Bailey, Bateman and Kirby, 1955). This forward scatter is of prac-
tical importance, but most of the scientific study of the irregularities
themselves has been conducted with more specialized techniques, One of
these is the reflection method of Mitra (1949), which uses a pulse
transmitter at a frequency of a few Mc/s, and three receivers in a tri-
angle, spaced roughly one radio wavelength apart. Another method makes
use of a radio star as the source and amplitude fluctuations produced
by the ionosphere are again observed with spaced receivers. This latter
method detects mainly irregularities in the F region, wherea; the
reflection method can be used to study the normal E layer by day, and
has been applied to ES ionization at night. If a suitable radio fre-
quency is chosen, it can also be used to study the F layer. If the
fading is caused by the steady drift of irregularities in the ionosphere,

then the records from each receiver are similar, but there are systematic
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time delays between the appearance of particular featuresr(such as maxima
and minima of signal strength) on the different records,rfrom which the’
drift velocity of the irregularities can be detefm{ﬁéa: 7

This simple '"time-delay" approach is only valid if the ionospheric

irregularities possess certain statistical properties. It has largely

been superseded by a more sophisticated analysis which treats fading sta-
tistically (Briggs, Phillips and Shinn, 1950; Phillips and Spencer, 1955;
Bowhill, 1961), First, it should be noted that the wavefield at the
ground is formed by diffraction from an irregular "screen" in the iono-

sphere. This '"screen" consists of irregularities which impose phase

variations on the wavefront of the downcoming radio wave. If the varia-
tions are "deep," in the sense that the phase deviations exceed one
radian in the width of one Fresnel zone, the pattern at the ground is
- smaller in scale than the screen, but it may retain the general shape
and orientation of the irregularities (Hewish, 1951; Fooks and Jones,
1961). For a "shallow" screen, in which the phase changes are less

than a radian in a horizontal distance of one Fresnel zone, the ampli-

tude pattern on the ground should be very similar in size and shape to

1

the structure of the irregularities in the ionosphere. The distinction

T

between these two cases therefore depends on both the wavelength andrb

Iyl

the altitude of the irregularities. The velocity of the wave patternr

fre

at the ground is equal to the drift velocity in the ionosphere in the

B

radio-star scintillation method and twice as great for the reflection
method.

To describe the shape and size of the irregularities in the screen,

use is made of the autocorrelation function of the electron density dis-
tribution. 1In the two-dimensional case, this function may depend on
direction and it is generally assumed that the irregularities can be
described in terms of a '"characteristic ellipse," whose radius in any

direction is the distance in which the correlation falls to the value

1/2. The shape, size and orientation of this ellipse ﬁrovides the infor- -
mation about the ionospheric irregularities.
Since the pattern of the irregularities may change as it moves, another

parameter Vb has been defined which is zero if the pattern drifts without
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change, If VC is comparable to the drift velocity V of the pattern,
it implies that random changes in the pattern contribute to the observed
fading as much as does the bodily drift, and this appears to be the situ-
ation usually encountered.

All these quantities can be determined from sets of fading records by
a complicated procedure known as "full correlation analysis." This has
been applied by Fooks and Jones (1961) who compare the results with those
of a simpler analysis developed by Yerg (1956) and the straightforward
"time-delay" approximation described earlier. They further discuss the
circumstances under which the simpler methods can give meaningful results,
The time-delay method seems to lead to overestimates of drift velocity.
Moreover, if the irregularities are elongated, the simple time-delay
method tends to emphasize motions normal to the axis of elongation, and
thus give incorrect results concerning the direction of drift,.

The reflection method of Mitra has been used to study drifts in many
parts of the world. Most of the data have been analyzed only by simple
procedures, such as the time-delay method. Deduced drift velocities are
typically a few decameters per second, but the details of their magnitudes
and directions are extremely complicated and consistent patterns do not
always emerge. Survey articles, with references, have been given by
Briggs and Spencer (1954), Shimazaki (1959), and Rawer (1963).

The irregularities in the E and lower F region are often quoted
as being a hundred meters or so in dimension. Probably there exists a
distribution of excess electron density which contains a broad spectrum
of spatial periods. When "correlation ellipses" are computed, the ratios
of their major axes are generally found to lie in the range from 1.5 to
2, The irregularities are thus not greatly elongated, and the directions
of elongation do not seem to follow a very clear-cut pattern. The ratio
VC/V which, as previously stated, measures the relative importance of
random change and bodily drift in producing fading is sometimes small
and sometimes large, but its median value is near unify; Typical irregu-
larities are thought to contain a fractional deviation of electron
density, AN/N, of a few percent. Fooks (1962) has quoted a figure of

2 percent for irregularities in the E layer ahd lower F layer by day.
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The irregularities principally responsible for radio-star scintil-
lations are located in the F region, at heights of 250 km and above,
On occasion they are above the level of the F? peak and are therefore
inaccessible to conventional ground-based sounding, although they can be
studied by satellite techniques such as beacon transmissions and the
topside sounder,

Early observations of radio-star scintillations at 3.7 m wavelength
(81 Mc/s) showed that records obtained from spaced recéivers showed good
correlation for spacings up to a few kilometers, but for spacings of
200 km, the occurrences of scintillation at the two sites are related but
the scintillations themselves are quite uncorrelated (smith, Little and
Lovell, 1950). This indicated a terrestrial (presumably ionospheric)
origin of the scintillations. By using diffracting screen theory, Hewish
(1952) was able to estimate an altitude of 400 km and dimensions of
several kilometers for irregularities producing scintillations at 6,7 m
wavelength (45 Mc/s). Steady drift velocities of 100 m/sec or more,
were found. Later work on nighttime scintillation has tended to confirm
Hewish's conclusions in general, but some scintillation at low elevation
angles has been associated with ES ionization (Wild and Roberts, 1956)
and E region irregularities (Chivers and Greenhow, 1959),

There seems to be general agreement that irregularities in the F
region are considerably elongated in the direction of the geomagnetic
field lines. Axial ratios as great as 10:1 have been reported, and under
these circumstances it is difficult to deduce reliable north-south com-
ponents of velocity.

It is sometimes possible to make continuous observations of a cir-
cumpolar radio star, The amount of scintillation may then depend on the
elevation of the source above the horizon. At low elevations, scintil-
lations become more severe because of the greater length of the slant
ray path in the ionosphere and because irregularities are further from
the observer. Since the ray path from a source at low elevation inter-
sects the F region a thousand kilometers or so from the observing
point, latitudinal variations of the severity and frequency of scintil-

lation may be studied.
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In order to make a statistical study of the occurrence of scintilla-
tion, it is necessary to assign numerical indices to describe the amount
of scintillation or the degree of spreading. This tends to be somewhat
subjective, though it is possible for individual observers to achieve
consistency in the analysis of a long series of records. Prolonged series
of observations, extending over several years, have been made in Britain
(Briggs, 1964; Chivers, 1960) and in West Africa (Koster and Wright,
1960). Scintillations occur mainly at night, but are sometimes observed
by day. It is not clear whether the apparent seasonal variations observed
in Britain are real, or result from the dependence of scintillation on
the zenith angle of the radio source. But it is clear that scintillations
are more common at sunspot maximum than at sunspot minimum, although this
is the opposite of the solar-cycle dependence of spread F. It has also
been found from satellite observations that the regions producing scin-
tillations are quite dependent on magnetic latitude (Yeh and Swenson,
1959; Kent, 1961). A comprehensive survey of the effects of the iono-
sphere on radio-wave propagation, including absorption, refraction and
scintillation is given by Lawrence et al (1964).

lLarge irregularities may be detected as distortions of ionogram
traces or of high-frequency backscatter patterns. A particular type, -
known as "travelling ionospheric disturbances,"” produces "kinks" in the
"ot and "x" traces near the F2 cusps on an ionogram, and these
gradually move down toward lower frequencies (Munro and Heisler, 1956;
Munro, 1957). These are believed to be wavefronts of distrubances, many
hundreds of kilometers in extent, which may travel for horizontal dis-
tances of 3000 km or more, with speeds of up to 10 km/min. The apparent
vertical motion seen on ionograms can be accounted for if the wavefronts
are supposed to be inclined to the vertical. Hines (1960) interprets
these disturbances as gravity waves in the atmosphere. Because they
travel so far and last for so long, it seems that their energy must be
trapped in some kind of horizontal duct or "waveguide." If this '"ducting"
results from large scale wind circulations, as discussed by Hines (1963),
then it may be possible to account for the preferred directions of motion

noted by Munro. The energy is probably trapped at heights around 100 km,
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but some upward leakage occurs and causes the observed effects in the
F region.

Spreading of F region traces on ionograms has been divided into
two main types. One is "range spreading," in which multiple traces are
seen at frequencies well below fOF2, and which seems to be prevalent at
lower latitudes. The other is "frequency spreading,"” in which the high-
frequency ends of the traces are branched or blurred. This is the type
most commonly seen at higher latitudes, and the range of frequencies
covered by the "spreading" gives an indication of the deviation of elec-
tron density, AN, present in the irregularities. Spread F indices
have been defined empirically and used for statistical studies, including
comparisons with the empirical indices used for radio-star scintillations.
Published bulletins of ionospheric data contain information about the
occurrence of spread F, but scaling practices are known to vary and care
must be exercised in the use of such data for detailed statistical studies.
On account of their availability, they have been widely used for studies
of worldwide occurrence of spread F. Among these may be mentioned the
work of Shimazaki (1959) and Singleton (1960, 1962).

From such studies it has been found that spread F occurs most fre-
quently in equatorial and auroral latitudes, less frequently in temperate
and polar regions, Spread F occurrence 1is positively correlated with
magnetic disturbance at high latitudes but negatively at low latitudes.
At low latitudes the phenomenon appears to be closely connected with
the increase of height of the F 1layer after sunset. It has been sug-
gested by Martyn (1959) that there is a causal connection between these
phenomena. Singleton further finds that probability of occurrence is
negatively correlated with F2. . layer critical frequency. This appears
to hold also for the solar-cycle variation at temperature latitudes.

Thus spread F 1is less common at sunspot maximum than at sunspot minimum,
opposite to the behavior of radio-star scintillation. This has been used
as evidence against the view that the phenomena are closely related
(Chivers, 1960), but Briggs (1964) thinks that at sunspot maximum the
greatest degree of irregularity occurs above the F2 peak, where it

cannot produce effects on bottomside ionograms.
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Ionograms obtained from the Alouette topside sounder have also given
considerable information about the distribution of spread F. Calvert
and Schmid (1964) found that it occurred most frequently at low latitudes,
during the night and mid-morning, and at high latitudes, at any hour.

It was found to be less common at middle latitudes.

Much study has been devoted to the detailed form of spread F echoes
on ionograms, both bottomside and topside, and the way in which they are
related to the geometry of the irregularities. This naturally involves
wave propagation calculations in an irregular medium., Considerable
success has been achieved in relating field-aligned irregularities asso-
ciated with equatorial spread F to the "ducts" which guide the radio
waves transmitted by Alouette. In circumstances when multiple reflections
occur, waveguide calculations have proved fruitful in explaining features
observed on ionograms (Calvert and Cohen, 1961; Pitteway and Cohen, 1961;
Muldrew, 1963),

7. Sporadic E

Ionosondes often detect dense layers or patches of ionization in the
E region, at heights of 100 km to 120 km, which do not seem to he related
to the normal daytime E 1layer. This phenomenon is known as "sporadic E"
or "Es" Dbecause it does not show any regular behavior. Sometimes Es
appears in sheets which completely hide the overlying F layer. At other
times it may be patchy and partially transparent to waves reflected from
higher layers. '

In their comprehensive survey article, Thomas and Smith (1959) adopt
the IGY definition of a sporadic E reflection as an E region echo

characterized by one or more of the following:

random time of occurrence,
partial transparency (echoes also obtained from higher layers),
variation of penetration frequency with transmitter power,

virtual height independent of frequency.

Much of the work carried out on Es has necessarily consisted of

classification and tabulation of data. For this purpose, several types
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of Es have been defined, which are mostly distinguished by the appear-
ance of the Es traces on ionograms; sketches of these are shown in the
Thomas and Smith review cited above. A more recent review, containing
many original papers, has been puﬁlished by Smith and Matsushita (1962).
Sporadic E is studied with the aid of vertical incidence ionograms,

_oblique incidence ionograms and fiked frequency recordings. Backscatter

- “methods are also useful, partlcularlyrlf a steerable antenna is used so

that the motions of individual Ei_ patches can be followed (Peterson,
Egan and Pratt, 1959) Rockets have been flown through Es layers, and
data obtained from propagation and probe ‘techniques have indicated the
presence of very thin layers of dense ionization at helghts of 100 to
130 km, There is some evidencemthat these occur at a series of "preferred"
heights, at intervals of about 6'kmr(Pfister and Ulwick, 1958; Gringauz,
1958; Smith, 1962). o
The parameters used to describeirEs include the critical frequencies
foEs and f Es. Es traces ofte;iﬁe'net show the usual "cusps" and
sometimes a "top frequency" at whiéﬁfreflections are obtained, f Es, is
~used (Bib1l, Busch, Rawer and SuchyL71955). In many cases it may be
assumed that f Es =f Es. The "bienketing frequency" f Es is the
lowest frequency at whlch echoes from h1gher layers are recelved through
the Es layer. Generally f Es < f Es so that the Es layer is
partially transmitting over a (small) range of frequency, Sometimes the
Es layer completely blankets all layere above it, and thus prevents
observation of the F 1layer, Anotner parameter is the virtual height
h'Es which is usually independent of frequency over most of the trace,
in which case it should be nearly equal to the actual height of the base
of the Es 1layer,
Many surveys of Es occurrence do not distinguish between different
types, but merely assess the frequency with which some arbitrary criterion,
such as ftEs > 5 Mc/s, is met. 1In temperate latitudes, occurrence of
this condition has a probability of about 50 percent around noon in sum-
mer, and there are lesser peaks of oceurrence near noon in winter and
midnight in summer. Diurnal minimejbf occurrence are found near sunrise
and sunset, and seasonal minima at the equinoxes In addition, variations

with longitude may exist.
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"Patches" of Es may be tens or hundreds of kilometers in extent,
and drift with velocities of order 50 m/s. There seems to be little
correlation between mid-latitude Es and magnetic activity. Some con-
nection between Es and thunderstorms has been suggested (Rastogi, 1957),
and certain E region echoes (not necessarily within the major Es
categories) have been attributed to meteoric ionization (Naismith, 1954).

It is difficult to see how sources of ionization could be sufficiently
localized to produce Es, except perhaps for energetic charged particles,
which seem more likely to be associated with high latitude Es, rather
than the mid-latitude types. Any such source would have to operate for
the observed lifetime of Es patches, which may persist for some hours,
gince the mean lifetime of ions in the E region is only a few minutes.
Consequently, most attention has been given to explanations involving a
redistribution of existing ionization rather than the production of extra
ionization.

It does not seem that ordinary turbulence could produce the strong
nonuniformities of ionization present in Es. Dungey (1956) showed that
a vertical gradient of the horizontal wind velocity (that is, a wind
shear) could cause irregularities, and Whitehead (1961) has shown that
shears of east-west wind velocity can be very effective in producing '
thin layers of ionization. This theory seems promising, especially since
rocket experiments reveal the existence of strong shears (see also Hines,
1964). Moreover, the theory can explain the connection between Es
occurrence and the strength of the horizontal geomagnetic field component
(Heisler and Whitehead, 1960). It has been shown that gravity waves in
the neutral atmosphere may be the source of the wind shears necessary to
this theory of Es (Axford, 1963).

In high latitudes, one type of Es is associated with aurora (Knecht,
1956). Other types are strongly associated with magnetic disturbance,
and their geographical and temporal distribution shows interesting pat-
terns (Thomas, 1962b) which suggest that direct particle bombardment is
responsible for production of Es ionization.

Near the magnetic equator, a distinctive type of "équatorial" Es
is observed, which is patchy and transparent to waves reflected from

higher layers. It is strongly associated with the "electrojet" current
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(Sec. VI) which flows along the magnetic equator by day (Skinner and
Wright, 1957) and, like the electrojet, it is subject to some lunar con-
trol (Matsuchita, 1957). The equatorial Es irregularities appear to

be aligned with the geomagnetic field (Bowles, Cohen, Ochs and Balsley,
1960), and it has been suggested that they are caused by plasma instabili-

ties arising from the flow of the large electrojet current (Farley, 1963).

8. Artificial Disturbances

The availability of rockets has led to several methods in which
modifications to the naturally-occurring ionosphere are possible. A
number of rocket flights have released various chemicals including sodium,
aluminum oxide, and cesium at altitudes within the D and E regions.

The objectives of a serie