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IONOSPHERIC RADIO PROPAGATION

Preface

The purpose of this book is to replace, in part, a previous publication
of the National Bureau of Standards (Circular 462) with the same title.
Since the publication of the earlier work in 1948, the whole subject has
undergone a considerable transformation. This is partly due to the special
geophysical efforts known as the International Geophysical Year (1957-8)
and the International Year of the Quiet Sun (1964-5) and to the advent
of the Space Age. The scope of the present work has therefore been
broadened to include aspects of ionospheric radio propagation which
were not treated in the earlier publication.

Such topics as electron-layer production, the geomagnetic field,
magneto-ionic theory, and oblique propagation have been expanded with
respect to the earlier treatment. On the other hand, such topics as fre-
quency prediction and atmospheric noise have been less thoroughly
dealt with because they have been well treated in other publications
[1, 2, 37].* Thus, those persons interested in the purely practical aspects
of ionospheric radio communications should use this book in conjunction
with these other publications.

The bulk of the material in the book is taken from the published liter-
ature. However, a certain amount has been based on, or taken verbatim
from, certain of the lecture notes prepared by the CRPL staff for the
courses in Radio Propagation held in Boulder, Colorado, during the
summers of 1961 and 1962. Recognition of the sources of the material
has been given in the text (or as footnotes). I wish to express my deepest
appreciation to those lecturers who have given me permission to use their
notes. Of course, it is impossible to list the names of all those who have
contributed in an indirect manner and I apologize for any inadvertent
omissions. My thanks are also expressed to the many authors and pub-
lishers who have given generous permission for the reproduction of their
illustrations. The work of the following authors has been particularly
helpful in the preparation of the respective chapters.

Chapter 1: S. Chapman, T. E. VanZandt.

Chapter 3: J. S. Belrose, R. W. Knecht, J. M. Watts, J. W. Wright.

Chapter 4: T. N. Gautier, R. S. Lawrence, R. K. Salaman.

1 Figures in brackets indicate the literature references on p. XIV.
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Chapter 5: H. J. A. Chivers, T. N. Gautier.

Chapter 6: V. Agy, R. W. Knecht, C. G. Little.

Chapter 7: W. Q. Crichlow, G. W. Haydon, M. Leftin, S. Ostrow.

Chapter 8: K. L. Bowles, R. S. Cohen, R. C. Kirby, G. Sugar.

Chapter 9: J. S. Belrose, C. J. Chilton, J. H. Crary, D. D. Crombie,

A. Glenn Jean, W. L. Taylor, J. R. Wait.

It is intended that the reader who wishes to pursue the subject further
will consult the references cited. To this end, whenever possible, the most
recent references are cited, as the older (and sometimes more important)
works are invariably listed therein. The reference lists are augmented by
acknowledgments to the sources of published figures and the reader is
advised to consult these references also. An excellent bibliography of
ionospheric work has been compiled by Dr. L. A. Manning [4].

While the book is devoted mostly to the propagation of high-fre-
quency radio waves, two chapters have been included in order to give
the reader a better perspective of the relationship of the high-frequency
band to the lower frequency (LF and VLF) bands and upper (VHF)
frequency band.

The book was prepared during a visit to the Radio Research Station
of the Department of Scientific and Industrial Research in Slough,
England. 1 want to extend my appreciation to Mr. J. A. Ratcliffe, Di-
rector of the Radio Research Station, and his staff for their kindness and
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CHAPTER 1

The Earth’'s Atmosphere,

Geomagnetism, and the Sun

1.1. NOMENCLATURE

Throughout this book, the terminology used to describe the various
regions of the upper atmosphere will be that based upon the temperature
distribution of the neutral atmosphere [1].! This distribution is shown in
figure 1.1, and the following terminology is widely used.

The mesosphere, which lies in the height range of 50 to 85 km, is a
region of decreasing temperature with height.

The thermosphere, above 85 km, is a region in which the temper-
ature increases with height. :

These “‘regions” are not well defined and the transition regions are
called ““pauses.”

In addition to the terminology based on temperature, others have
been devised based on alternative physical quantities and processes.
Two of these are illustrated in figure 1.1. For example, one terminology
is based on the fact that turbulence predominates below about 100 km,
whereas diffusive separation sets in above about 110 km. Above about
500 km is a region called the exosphere.

The term ionosphere was first applied by Sir Robert Watson-Watt
to that part of the atmosphere in which free ions exist in sufficient quan-
tities to affect the propagation of radio waves. The ionosphere can,
therefore, be considered as lying between about 40 to 50 km and several
earth radii. This definition is essentially that adopted by the Institute of
Radio Engineers [27].

It is convenient to define a region as a section of the atmosphere
within which there can exist ion distributions called layers. A division

1 Figures in brackets indicate the literature references on p. 44.
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of the ionosphere into regions is given in table 1.1 together with the layers
which may exist within these regions. The electron distribution within
a region may not contain a peak of electron density.

is given by the ““barometric equation,

HEIGHT (km)

1.2. PRESSURE AND DENSITY VARIATIONS

The relationship between pressure p and density p at any height h
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Fi1cure 1.1. Atmospheric nomenclature.

(After T. E. VanZandt and R. W. Knecht. See fig. 1.3.)
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sider an elementary cylinder of height dh and unit cross section. The net
pressure difference dp between the top and bottom surfaces must equal
the downward force due to the weight of the fluid in the cylinder, and
is given by

dp= —pgdh
(1.1)
= — Nwig dh,

where g is the acceleration due to gravity, IV is the number density of
molecules and 7 is the mean molecular mass. It should be remembered
that IV, 7, and g are all functions of height; e.g., g varies inversely as the
square of the radius vector.

The perfect gas law is

p=NKT, (1.2)

where k is Boltzmann’s Constant (=1.372X107'% erg/deg) and T is the
absolute temperature.
From (1.1) and (1.2) we obtain

dp mg dh
—=——dh=——, 1.
p kT H (1.3)

where H=kT/mg is known as the ‘““scale height” of the atmosphere, which
again is height dependent. At the earth’s surface the value of H is about
8 km.

In an isothermal atmosphere, integration of (1.3) gives

h—hy
p=poexp| —— ) (a)

or (1.4)

h—h
pP= po €XP (— H O)a (b)

where p is the pressure at a height h corresponding to a pressure p, at a
height ho. Similarly for the density p. The quantity (h—ho)/H, which
is the height difference in scale height units, is often denoted by z. Below
about 100 km it is possible to measure T'(h) and 7 (h) directly, by means
of rockets, and hence to determine H. Above about 100 km, however,
it is much easier to measure p(h) and determine H from (1.3) expressed
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in the form

1 d p-g
=——Inp=—-—2— 1.5
H p (1.5)

dh -
f pg dh
h

The following formulas are useful in calculating the scale height at any
altitude: '

T °K
M (gm/mole) ’

2
H(km) =0.848 (1+§ (1.6)

where a is the earth’s radius (6370 km approximately). Equation (1.6)
can be approximated by

T
—0.93 —, 1.
H=0.93 - (1.7)

which is correct to within 7.5 percent between 50 km and 500 km. It is
exact at 300 km.

The temperature or scale height structure gives rise to the ter-
minology indicated in the column labeled ‘“‘temperature’ in figure 1.1.
Although the terminology is self-explanatory, the causes of the observed
temperature structure deserve comment. The mesosphere is heated by
the absorption by ozone of solar ultraviolet light with wavelengths be-
tween 2550 A and 1650 A. The thermosphere is heated by the dissociation
and ionization of the atmospheric gases by solar ultraviolet light with
wavelengths less than 1760 A. Up to about 100 km, heat is lost mainly
by infrared radiation. Above 100 km, on the other hand, heat is lost
mainly by conduction downward towards the mesopause.

Below about 100 km, the specific heat of the atmosphere is so large
that even though the rate of heat input almost vanishes at night, the
temperature changes very little. Above 100 km the temperature is in-
creasingly variable, both diurnally and with solar activity. For example,
at 300 km the temperature decreases by about one third from day tonight
and probably by about half from sunspot maximum to sunspot minimum.
The temperature may also increase by a factor of two during large iono-
spheric storms. These variations of the structure of the thermosphere are

complex and poorly understood, but they are now the object of intensive
research.
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1.3. CHEMICAL COMPOSITION

Below about 85 km, turbulent mixing keeps the relative composi-
tion of the atmosphere essentially the same as that at the ground, which
is given in table 1.2. In addition to the primary constituents, there are
traces of other chemicals in the atmosphere, chief of which are water
vapor, carbon dioxide, ozone, nitric oxide, and hydrogen.

Above about 90 km, dissociation of O; becomes important. This re-
sults in a marked decrease in the mean molecular weight and hence an
increase in the scale height of the atmosphere.

The variation with height of some atmospheric properties are shown
in tables 1.3 and 1.4. Table 1.3 is based upon the 1959 ARDC Model
Atmosphere [3]. Table 1.4 is that given by Norton, Van Zandt, and
Denison [47]. The differences between the values given in these tables
are due to the different assumptions made with respect to the degree of
dissociation of O: and the reference level used, etc. The differences may
be taken as an indication of the degree of uncertainty to which the pa-
rameters are known.

It is impossible to construct a model of the atmosphere between 90
and 200 km which lies within the range of observations of total density,
temperature, mean molecular weight, and density of O;. For example, if
a model agrees with the observations of total density and temperature,
then deduced composition cannot agree with the observed composition,
etc. It appears that the observations of at least one of these quantities are
systematically wrong. Thus atmospheric models differ widely according
to which observations have been accepted and which are ignored.

TABLE 1.2. Chemical composition at the ground

Concentration Total per cm?
Molecule Mass Percentage per cm3 column

N, 28.022 78.084 2.098 (19) 1.678 (25)
(02 32.009 20.946 5.629 (18) 4.501 (24)
A 39.960 0.934 2.510 (17) 2.007 (23)
CO. 44..024 0.33 8.870 (15) 7.090 (21)
Air 28.973 100 2.687 (19) 2.148 (25)
He 1.41 (14) 1.13 (20)
Ne 4.89 (14) 3.89 (20)
Kr 3.06 (13) 2.45 (19)
Xe 2.34 (12) 1.89 (18)

liedNOte that the figures in ( ) represent the exponent of 10 by which the number shown must be multi-
p. .
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1.4. FORMATION OF IONIZED LAYERS

1.4.1. lon Production

Ions are believed to be produced in the earth’s atmosphere partly
by cosmic rays but mostly by solar radiation. The latter may include
particle radiation (during storm periods), ultraviolet light, and x rays.
By far the predominant agent appears to be solar ultraviolet light and
soft x rays. With a suitable atmospheric model together with a knowledge
of the solar flux, absorption cross section, and ionization efficiency of
the various constituents, it is possible to compute the rate of ion produc-
tion in the atmosphere. Some relevant photoionization data are included
in table 1.5 for the major constituents of the E and F regions; i.e., O, O,
and N,. The ionization efficiency (ion pairs per photon absorbed) is the
ratio of the ionization cross section to the absorption cross section. For
a more extensive discussion of this subject, the reader is referred else-

where [1. 5, 6.
1.4.2. lon Disappearance

When electrons are produced in the upper atmosphere, they tend
to reunite with positive ions (recombination) and to attach themselves
to neutral molecules to form negative ions such as O;~ (attachment).
The O:~ ion is later neutralized by further reactions. Electrons can also
leave a given volume by moving out of it (diffusion and/or drift).

For our present purposes we shall consider recombination and at-
tachment only. Let the number densities of electrons, of ' positive ions,
and of molecules to which attachment is possible be denoted by N(e),
N(A*), and N(A), respectively. The rate at which electrons are lost by
recombining with positive ions is given by

d——JZ fe) = —alN(e)N(4+), (1.8)

where « is the recombination coefficient. If we assume that there are
few negative ions compared with the electron concentration, we have

N(e)=~N(A*) so that

dN(e)=

@ fa{N(e) }2. (1.9)
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Consider the process of attachment; the rate of disappearance will be
proportional to both electron concentration and the neutral atom con-
centration, that is

d N{(e
Tz()= _bN(e)N(A), (1.10)
where b is a constant of proportionality. If we assume that the number of
neutral molecules is enormously greater than the number of electrons,
so that it does not change appreciably when a few of the atoms are con-
verted into negative ions, we may write

? N(e)=—8N(e), (1.11)

where 8 is known as the attachment coefhicient. For a fuller discussion of
this subject, the reader is referred to other works on the subject [6].
The coefficients « and 8 may vary with height because the reactions
usually involve three bodies rather than two.

The rate of change of electron density IV is, therefore, given by
the following continuity equations for the cases of recombination and
attachment, respectively:

dN
7 =q—alN?, (1.12)
dN
e — BN, (1.13)

where g is the rate of electron production, i.e., number of electrons pro-
duced per second.

It should be noted here that if electrons are produced at a rate g
and are lost by attachment to neutral atoms to form negative ions, and
if these ions are subsequently lost by ionic recombination, it can be shown
that the continuity equation assumes the form

dN
ar = gett— etV ?, (1.14)

where ¢.rs and ae¢s are effective rates of production and disappearance
[6]. Thus the net effect is to make the process appear as simple recom-
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bination. The effective recombination coeflicient a.is becomes relatively
large in the lower (D and E) regions of the atmosphere.

Another set of reactions which is thought to be of importance in the
upper atmosphere is electron disappearance first by atom-ion exchange
between a neutral molecule (X7Y) and the positive ion (A%), followed by
recombination between an electron and the XA+ ion:

Production A +4photon—A++-e, (a)

A+ 4+ XY—->XA++4Y, (b) (1.15)
Loss

XYt +e—-X"+4'. (e)

The primes indicate that the atoms X and A may be left in excited states.

With these reactions it can be shown [67] that, if the number density
of XY is high in the F'region and low in the E and D regions (as is thought
to be the case if 4 represents atomic oxygen and XY molecular oxygen),
the continuity equation takes the form

dN
E=q—5en‘N’ (1.16)

where B.i; 1s an effective attachment coefficient.
We now see that the forms of the continuity equation may not be
those expected from simple recombination and attachment.

1.4.3. Formation of a Chapman Layer

The simplest type of ionized layer that can be deduced from theo-
retical considerations is known as a Chapman Layer [7]. The derivation?
is based on the following assumptions:

(1) An atmosphere with only one type of gas.

(2) Plane stratification.

(3) A parallel beam of monochromatic ionizing radiation from the
sun.

(4) An isothermal atmosphere.

To start with, let us invoke assumptions (1), (2), and (3) only.
Let the ionizing radiation of intensity S_ be incident, at a zenith angle

2 Due to Dr. T. E. Van Zandt.
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S +ds h+dh

UNIT AREA

Ficure 1.2. Absorption of radiation in a slab of gas.

X, on the top of the atmosphere. As the radiation is absorbed, as it pene-
trates into the atmosphere, its intensity diminishes. Let S be the energy
flux at a height h and S+4-dS the flux at a height h+dh as sketched in
figure 1.2. Let o be the absorption cross section of the atoms of the gas
and NN their number density. The energy absorbed dS in a cylinder of
unit cross section and axis parallel to the direction of the incident beam
is given by

dS= SoNN dh sec x. (1.17)

Note that (1.17) merely states that the energy absorbed is proportional
to the total cross section and to the intensity of the incident radiation.
Upon integration we obtain

dS
5= secxfzva dh= —1 sec x, (1.18)

where

T=_/Na dh (1.19)

is the optical depth of the atmosphere down to the height h. The minus
sign arises because 7 increases in the opposite direction to h.
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At great heights, S—S_ as 7—0 and (1.18) gives
S=S_exp (—7sec x). (1.20)

The energy absorbed per unit volume is given by

dS

m=NaS=NaSm exp (—7 sec x). (1.21)

Let 7 be the number of ion pairs produced per unit quantity of energy
absorbed, i.e., the ionization efficiency. The number of ion pairs pro-
duced per unit volume per second is

g(x, h) =NoS_nexp (—r sec x). (1.22)

Now 7 is a function of x and h. Using (1.1), (1.2), and (1.3), we
obtain

%
r=c [ Nd =£—fdp=2=a—jy—f=aNH. (1.23)
mg  mg

Substitution of (1.23) into (1.22) yields
S,
qg(x, h) =——nexp (1—7 sec x), (1.24)
He

where ¢=2.718 - - -. Note that we have neglected the variation of g with
height.

Notice that (1.24) holds for any temperature distribution. To obtain
Chapman’s formula we invoke assumption (4), an isothermal atmosphere,
where H is independent of height.

We can define a quantity z by the relation

=—Inr7, (a)
i.e., (1.25)
7= exp (—=z). (b)

Substitution of (1.25b) into (1.24) gives

q(x, z)=%7 exp {1—z— sec x exp (—2)} (a)
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(1.26)
=qgoexp {1—z— sec x exp (—2)}, (b)
where
S.n
=" (1.27)

is the rate of production of ion pairs at the level 2=0 when the sun is
overhead, i.e., when ro=1, and where 7, is the value of r at the level z=0.

From (1.23), (1.25b), and (1.4a) we get

h—h
exp (——z) _—_L=IL=: exp (— b),
Po

i.e.,

*

(1.28)

The reference height h, is, therefore, the height of maximum ion pro-
duction when the sun is overhead.
If, in (1.26b), we replace z by z— In sec x and put x =0, we obtain

q(z0, z2— In sec x) =sec x g(x. z). (1.29)

Equation (1.29) gives us an important scaling rule. That is, the curve
q(x, z) has the same shape as ¢(0, z), but is moved upwards by In sec x
and is diminished by cos x. The height of the peak of ion production
Zm Or h, 1s given by

zZn= In sec x, (a)
or (1.30)
h,,=ho+H In sec x. (b)

The variation of g(x) for various values of z is shown in figure 1.3.

It can be seen that the use of a logarithmic scale for ¢ makes the shapes
of the g curves identical. The peak rate of production is given by

gm = qo COS X- (1.31)

The intensity of the ion production is determined by the flux of ionizing
radiation and the efficiency 5. Changing the flux does not alter the height
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Ficure 1.3. Normahzed rate of photoionization q(z)/q, and electron density N(z)/N,
according to Chapman theory.

(After T. E. VanZandt and R. W. Knecht, 1964, Ch. 6, Space Physics, John Wiley & Sons.)
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of maximum production. Thus, if there are several wavelengths present
in the incident radiation for which the ionization coefficients are markedly
different, several distinct layers will result. The most strongly absorbed
radiation produces the uppermost layer and vice versa. Likewise, different
ionized layers would result with different gases in the atmosphere.

1.4.4. Electron Density Distribution

To determine the electron density distribution, we must assume some
process of electron disappearance. Under certain circumstances the left-
hand sides of (1.12) and (1.13) are small (quasi-equilibrium conditions).

If, therefore, the loss of ions is due to a recombinationlike process, then
qg=alN? and

N=Nyexp 3{1—z— sec x exp (—2)}, (1.32)

where « is independent of height and

ni=2 (1.33)
[s 4
The peak density
Ny = L2 X (1.34)
(e 4

and the height of the peak is given by (1.30).
When the loss process is ““attachmentlike,’
height, we have

2

which is independent of

qg=8N, (1.35)
which gives
N=N'"exp {1—z— sec x exp (—2)}, (1.36)
where
qgo
N ==, 1.37
3 ( )
This gives

Nmax=-g—0 cos X. (1.38)
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If we assume that 8 depends directly on the molecular density,
q= 03BN exp (—3z), (1.39)

where (3 is the value of 8 at the level h,. This gives, for the electron density
distribution,

N=Nyexp {1— sec x exp (—2z)}. (1.40)

This type of ion distribution has no maximum for the steady state except
at very great heights where saturation occurs because all the molecules
are ionized. Hence we see that with recombination the maximum electron
density varies as cos! x whereas with attachment it varies as cos x. It
is of interest to note that the maximum densities in the E and F) layers
tend to follow the cos! x law, as will be seen later.

It is of interest to examine the dependence on height of the solar
control of a Chapman layer. Low down in the layer, below the peak, z
is negative and so the term sec x exp (—z) is relatively large so that there
will be a marked solar control of the diurnal variation. This is illustrated
in figure 1.4 by the z= —4 curve. On the other hand, high up in the layer

o T 1 T 1 1 1 1 1 71T T T T 7T T T T T T 1
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Z: - R = H =100 |
— 1.0 . Z=4 _
= . -
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— 0 [ -
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% [ Z=_2 _‘
= 04 -
5 B Z=-4
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o 02
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0
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FiGURE 1.4. Ion production as a function of solar zenith angle.
(After T. E. VanZandt and R. W. Knecht. See fig. 1.3.)
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where z is positive and large, the sec x exp (—z) term is small and so the
production increases rapidly near sunrise and remains almost constant
until sunset, when it drops rapidly (fig. 1.4, curve z=4). This is the type
of diurnal variation to be expected when electron production is due to
photodetachment of electrons from negative ions by visible light.

Although the theory given above is useful for purposes of discussion,
it should be borne in mind that, in practice, almost all the basic assump-
tions need qualification. Thus the earth’s atmosphere consists of several
species of gases, and the incoming radiation has a broad spectrum. The
assumption of an isothermal atmosphere is certainly invalid.

Cos x can be found for any location on the earth from the following
equation:

cos x = sin ¢ sin 6+ cos ¢ cos & cos h, (1.41)

where ¢ is the geographic latitude, § is the solar declination, and A is the
local hour angle of the sun measured westwards from apparent noon
(mean noon corrected for the equation of time and the standard time used
at the location). Tables of hourly values of cos x from sunrise to sunset
for the fifteenth dayv of each month for most of the ionospheric vertical
incidence sounding stations are given in the URSI Ionosphere Station
Manual [87].

Near grazing incidence (x greater than about 80°), the assumption
of plane stratification breaks down, and it is necessary to replace sec x
by the Chapman function of Ch(R-+}z, x), where R= (a+h)/H. Tables
of Ch{R+z, x) have been published by Wilkes [9].

Finally, it should be realized that the recombination coefficient
(effective) is not independent of height. In view of all the above qualifi-
cations, it is remarkable that the E and F) layers behave approximately
as predicted.

1.5. THE EARTH’S MAGNETIC FIELD®

1.5.1. The Dipole Field

To a first approximation, the earth’s magnetic field is that of a sphere
uniformly magnetized in the direction of the centered dipole axis. The
centered dipole axis cuts the surface of the earth at two points 4 and B
known as the south and north dipole poles, as shown in figure 1.5. The

3 Based on a lecture by Dr. S. Chapman.
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GEOMAGNETIC AXIS\ AX!S OF ROTATION

\

BOREAL MAGNETIC POLE B

THE EARTH

A AUSTRAL MAGNETIC POLE

\
\

Ficure 1.5. Earth’s dipole magnetic poles.

A—austral pole; B—boreal pole.

best fit between the earth-centered dipole and the actual magnetic field
is obtained by taking A4 at 78.3°S, 111°E and B at 78.3°N, 69°W. It
will be seen that the axis of the dipole does not coincide with the axis
of rotation. The plane through the center of the earth O perpendicular
to BA is called the dipole equatorial plane, and the circle in which it
cuts the sphere is called the dipole equator. Dipole latitude & is reckoned
relative to this equator. The semicircles joining B and A are called the
dipole meridians; the one passing through the dipole and south geo-
graphic pole is chosen as the zero of dipole longitude A. The relationships
between the dipole coordinates (® the latitude and A the longitude)

and the corresponding geographic coordinates (¢, A\) at a point P are
given by

sin ®= sin ¢ sin ¢o+ cos ¢ cos ¢ cos (A—Ng) (1.42)

sin A=

cos ¢ sin (A—\g)

cos P

(1.43)

where ¢ and A\, are the geographical latitude and longitude of the north
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dipole pole (¢o="78.3°N, A¢=291.0°E). The magnetic potential V' of the
dipole, of moment M at any point P whose position vector relative to
O is 1, is given by

__M-r_ M sin &

V 5
- r

(1.44)

where ® denotes the dipole latitude. This is also the potential of the
external field of the uniformly magnetized sphere.

The radial (vertical) component Z of the field, reckoned positive
when inward, is given by

_6V_2Msin <
T or r3 )

zZ (1.45)

The horizontal (tangential) component H at P lies in the meridian
through P and is directed towards B. It is given by

_6V _Mcoscb

H 1.46
ro® r3 ( )
The magnetic dip or inclination I is given by
t I—Z—Ztancb (1.47)
an =4 = . .

Because this is independent of r, the dip is the same at all points along
any radius OP. Note that I is positive when the field direction is below
the horizontal. Also,

F2=H?>+ 72, (1.48)

At the pole B, F=Z, and at the equator, F'= H. Let H, denote the equa-
torial value of H at the surface of the sphere (r=a). Then we have the
following relationships:

H=H, (%)3 cos ®, (a)
a 3
Z=2H, (?) sin @, (b) (1.49)

F=H, (‘—:)3{1+3 sinz ®}%. (¢
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F ISOSURFACES

7 LINES OF FORCE

EARTH
RADI!I

FicureE 1.6. Lines of force and of equal intensity of a uniformly
magnetized sphere.

(After S. Chapman, 1964, Geophysics—The Earth’s Environment, Part III,
Solar Plasma, Geomagnetism and Aurora, Gordon and Breach, N.Y.)

It will be seen, from (1.49), that the magnetic intensity at the poles is
twice that at the same radial distance (height) at the equator.

The lines of force of the dipole field are given by dr/Z=rd®/H;
hence their equation is

r=ka cos? ®. (1.50)

Here k is the equatorial radius measured in earth radii. The product ke
is the distance at which the line of force crosses the equatorial plane. The
points where it meets the sphere are given by &= &, and &= — &, where
cos Py= k3.

The lines of force, together with the isosurfaces of F (on which F
is constant), are given by

r=ka(l1-43 sin? ®)%, (1.51)

and are shown in figure 1.6. The parameter k' of the F isosurface is thus
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related to the value of F for the surface:
kE'=(H,/F)k. (1.52)

It is interesting to note that the strength of the magnetic field decreases
as the cube of the distance from the earth’s center. Thus at one earth
radius above the surface, the field is only 0.125 of that at the surface.
Thus it may be important to consider the variation of field strength when
large distances are involved (e.g., earth-space propagation).

1.5.2. The Real Field

The magnetic intensity F at any point P on the earth’s surface can
be specified by its downward vertical component Z and its vector hori-
zontal component H, or by H and the angle I by which F dips below the
horizontal. On the earth, the direction of H is specified by the angle D
between H and the geographic north; D is called the magnetic (or com-
pass) declination and is reckoned positive if eastward. The northward
and eastward components of H are denoted by X, Y, respectively, and

tan D=—;(—,, X=H cos D, Y=Hsin D, H?= X?>4 Y2 (1.53)

The seven quantities F, Z, H, I, D, X, and Y are called the magnetic
elements, and any set of three independent elements serves to specify
F; 1e.,

F.I.D; H,I.D; H,Z, D; X,Y,Z. (1.54)

The elements F, H, Z, and I are called intrinsic because their only refer-
ence to direction is to the natural direction characteristics of P, namely,
the vertical. The other three elements, D, X, Y, are called relative be-
cause they are defined relative to the geographical (or rotational) axis
NS, which has no necessary relation to the geomagnetic field.

In geomagnetism, field intensity is measured in gauss units I', despite
the internationally agreed use of the term oersted for intensity and
gauss for induction. A smaller unit, the gamma (v), is used, especially
in connection with the variations in the geomagnetic field where

1y =10-5T. (1.55)
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Ficure 1.7. World map of total magnetic intensity (F).

(After J. C. Cain and J. R. Neilon, 1963, J. Geophys. Res. 68, 4689.)
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Ficure 1.8. World map of magnetic dip (1).

)

, 4689.

(After J. C. Cain and J. R. Neilon, 1963, J. Geophys. Res. 68
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In practice, the magnetic field of the earth departs somewhat from
that of a uniformly magnetized sphere. Maps have been prepared showing
the distribution of the various magnetic elements over the earth’s sur-
face. The worldwide variation of the total intensity F' is shown in figure
1.7 and of the magnetic dip I in figure 1.8. Both of these elements are of
importance in ionospheric radio propagation. From the latter figure it
will be seen that the magnetic dip poles Px (north) and Pgs (south) are
not at opposite ends of a diameter. Their locations are not accurately
known because they move around. Approximate positions for 1945 were:

Py 76.0°N; 102.0°W
Ps 68.2°S; 145.4°E

The antipode of Py is about 1600 km from Py, and the line Py Ps misses
the earth center by about 1150 km.

The distribution of the earth’s magnetic potential V' (from which
the vector field can be derived) can be expressed by a mathematical
process called spherical harmonic analysis [10]. The potential V' can be
expressed as a sum of orthogonal functions of the type

P (cos 8) (aff cos mA+b" sin m\),

where 6 is the north co-latitude (i.e., angular distance from the north
pole) and X\ is the east longitude. The functions P)* have been tabulated
[11]. Using this technique, it has been shown that most of the field orig-

inates from within the earth. A small part (less than 0.1 percent) has
its origin outside the earth.

1.5.3. Magnetic Variations

Owing to electric currents flowing above the earth’s surface, the
magnetic field at any point on the surface varies diurnally, seasonally,
and with solar activity. The net variation at the earth’s surface is due
partly to the external currents and partly to induced earth currents.
Days on which the transient magnetic variations are “smooth” and
regular are called ¢ days, g signifying magnetically quiet. The others,
d days. are said to be magnetically disturbed.

On ¢ days the magnetic variations proceed mainly according to
local solar time, but they also contain a part, usually small, controlled
by the moon. These two parts are called the solar daily and the lunar daily
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magnetic variations. They, and the fields of which they are the mani-
festation, are denoted by S, and L ( S=solar, L =lunar). Both are caused
by currents flowing in the ionosphere, mainly in the E layer. An example
of a quiet day magnetogram for a middle latitude station is given in
figure 1.9.

The S; currents are stronger by day than by night, stronger in
summer than in winter, and about 50 percent stronger at sunspot maxi-
mum than at sunspot minimum.

Of particular interest, from the point of view of the ionosphere, is
the concentration of enhanced currents in a narrow strip along the mag-
netic equator which is known as the “‘equatorial electrojet.”

During a magnetic disturbance, additional currents circulate in the
ionosphere. They are superposed on the S, and L currents. Unlike the
latter, they are strong in high latitudes and are often stronger over the
night than over the day hemisphere. They are denoted by DP (D = dis-
turbance, P =polar). They are especially concentrated along the auroral
zones (1.e., the region of overhead visible aurora), and hence the currents
there are called the auroral electrojet. A strong auroral electrojet may
carry a current of the order of a million amperes. The return current flows
mainly over the polar cap, but some flows between the north and south
auroral zones. The DP currents are believed to be one of the many effects
caused by the impact of a solar stream or cloud of ionized gas upon the
earth’s magnetic field. Some of the gas finds its way into the polar at-
mosphere and causes the luminescence of the aurora. A magnetogram
taken during a magnetic storm is shown in figure 1.10.

Many magnetic storms, particularly the big storms, begin suddenly
and almost simultaneously, to within a minute, all over the earth. The
sudden commencement is ascribed to the impact of solar ionized gas on
the outer part of the geomagnetic field, at a distance of several earth
radii.

Though much of the solar gas is turned away from the earth, some
is trapped by the field and the trapped particles spiral round the lines
of force, between the northern and southern hemispheres; they also drift
round the earth under the influence of the magnetic field. The total
motion is equivalent to an electric current in the form of a ring around
the earth. The net effect at the earth is to decrease the horizontal field,
and in many storms the decrease soon overpowers the initial increase.
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Ficure 1.9. Sample magnetogram taken on a quiet day.
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a magnetic storm.

Ficure 1.10. Sample magnetogram taken
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1.5.4. Magnetic Indices

The degree of magnetic disturbance during each Greenwich day is
indicated by a variety of indices, according to internationally adopted
plans. Many magnetic observatories throughout the world take part in
these plans. They assign local indices of magnetic activity. These are
sent to an international center at De Bilt, The Netherlands. This is
linked with a Permanent Service of Geomagnetic Indices at Gottingen,
Germany.® There the local indices are used as the basis for world indices.

Each participating observatory assigns to each Greenwich day its
own “‘daily figure’ C. This is one of the numbers 0, 1, or 2, to indicate
ascending degrees of disturbance of its records. This local daily index
is assigned by simple inspection of the records. Naturally there are many
borderline cases where the choice between 0 and 1, or between 1 and 2,
is difficult; but the choice is made.

The values of C from all observatories for each day are averaged to
one decimal place. This gives C;, the “international daily character figure.”
It provides a 21-fold classification of Greenwich days, from 0.0 on days
of extreme calm, to 2.0 on days that are magnetically highly disturbed.

By a more detailed and precise method, a local index K is assigned
to each three-hourly interval of Greenwich time, 0-3, 3-6, - - -; K is one
of the integers 0 to 9, giving a tenfold classification of these intervals.
The records of the three elements are examined, and for each an estimate
is made of the range r during the interval, allowing for the part of the
change caused by S, and L and, when necessary, by SFE (S, current
augmented by solar flare effect) and the recovery phase of the ring cur-
rent field. Such allowance calls for experience and judgment. The largest
of the three ranges is taken as the basis for K; the element concerned
may vary from interval to interval, or from one observatory to another.

For each observatory a table is assigned, giving limits of r corre-
sponding to each of the ten values of K. The lower limit of r for K=9
may have any of the values 300, 350, 500, 600, 750, 1000, 1200, 1500,
and 2000 v. The first applies to very-low-latitude observatories (outside
the belt of the equatorial electrojet; sec. 1.5.3). The last applies to the
most disturbed stations, in the auroral zone. The limit 500 refers to
stations in about geomagnetic latitude 50°. The table for this latitude is

+ The plans are under the auspices and supervision of the Committee on Characterization of Magnetic
disturbances of JAGA (International Association of Geomagnetism and Aeronomy), a part of IUGG
(International Union of Geodesy and Geophysics); the present Chairman is J. Bartels.

5 Addresses: C +K Centre, Kon. Ned. Meteor. Inst., De Bilt, The Netherlands; and Geophysikalisches
Institut, 180 Herzberger Landstr., (34) Gottingen, Germany.
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as follows:

Rangeof r: 0 5 10 20 40 70 120 200 330 500
K: 01 2 3 4 5 6 7 8 9

For other latitudes, the lower values of the range limits of r are scaled
up or down proportionately to the lower limit for K=9.

The C and K figures for some observatories appear currently in their
own or other publications. A volume containing the complete set for all
participating observatories, together with much other data, including
the world indices, is published annually as an issue of JAGA Bulletin 12.
These volumes, formerly issued as IATMES® Bulletins 12, are now dis-
tributed by the North Holland Publishing Co., Amsterdam, from whom
information as to the availability of back issues can be obtained’.

The values of K for any one observatory show statistically a daily
variation, depending on its local time. To obtain a world index this local
influence must be eliminated. Corrected or standardized values K, of K
are prepared at the Permanent Service at Gottingen for each of 12 selected
observatories, northern and southern, lying between geomagnetic lati-
tudes 48° and 63°. The mean of the 12 values of K for these 12 observa-
tories is denoted by K,, and is called the planetary 3-hr index; it is ex-
pressed in a scale of thirds.

0o, 04+,1—,10,14+,2—, 20, -+ - -, 9—, 90.

Thus it is a 28-fold classification.

By cooperation between De Bilt and Gottingen, it is possible to issue
monthly tables of K, before the end of the following month. The values
are also published in the CRPL F Series, Part B, Solar-Geophysical Data
and in the Journal of Geophysical Research. Quarterly Bulletins con-
taining the K, figures and other magnetic data are issued from De Bilt.
A sample table of K, indices is given in table 1.6.

Along with the values of K,, values of two daily world indices A4,
and C, are given. These are derived from the eight values of K, for each
day. The values of C, range like those of C,, from 0.0 to 2.0 at intervals
of 0.1. A table of range limits for the daily sums of K, has been formed,
such that the frequency distributions of C; and C, for the 10 years 1940—49

6§ JATME signifies International Association of Terrestrial Magnetism and Electricity, the former
name of IAGA.

7 This publication and the work of the two centers for geomagnetic indices, at De Bilt and Géttingen,
are sponsored by ICSU (International Council of Scientific Unions) with financial support from UNESCO.
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TABLE 1.6. Geomagnetic activity indices (June 1963)
Values K,

June C Sum Ap Final

1963 Three-hour Gr. interval selected
days

1 2 3 4 5 6 7

1 0.6 24 24+ 20 34+ 34+ 1— 14 3— 200 11 Five

2 0.7 20 30 24+ 24+ 3— 30 24 1lo 19 — 10 quiet

3 0.4 2— 2— 20 20 24+ 1—-— 2— 2— 14 — 6

4 0.2 lo 1o 3—1— 14+ 1—1— 1— 9 — 5 4

5 0.0 0+ lo 0o 04+ O+ 1— 04 04+ 3+ 2 5
16

6 1.1 0o 1— 04 1lo 14 24+ 5— 6— 160 16 22

7 1.5 70 6— 5— 34+ 4— 4— 34 40 354+ 43 23

8 0.8 20 20 20 30 2— 3— 3— 44 20+ 12

9 0.6 3+ 3— 24+ 3— 24 2— 14 20 18+ 10

10 0.4 1+ 1— 1o 2— 2— 14 20 1+ 1llo 5

11 0.4 20 24 14 lo lo 24 14 1+ 13 — 6 Five

12 0.1 2— 20 lo 2— O+ lo 14 1-— 10— 5 disturbed

13 0.3 20 14+ 1o 2— 14+ lo 14 2-— 11+ 5

14 0.2 3— 0o lo 20 2— 20 04 14+ 11lo 5 7

15 0.6 2— 34+ 34+ 14+ 14+ 14 2— 20 160 9 18
25

16 0.1 0+ 0o 0o 04+ Oo 2— 14 1+ 50 2 26

17 0.8 24+ 2— 24+ 20 24+ 30 24 24 184 9 27

18 1.1 lo 34+ 3— 30 44 30 50 4o 264 21

19 0.7 3+ 3~ 2~ 1— 2— 24 3+ 3-— 18+ 10

20 0.9 40 30 30 3o 24 20 20 2-— 210 13

21 0.4 24+ 24+ 3— 30 04+ 14+ 14 1o 14+ 8 Ten

22 0.1 2— 2— 14 1lo lo 1o 1— lo 9+ 4 quiet

23 0.1 lo 1-1— 14+ 04+ lo 1lo 1o 7o 4

24 0.3 O+ 1+ 2— 10 24+ 3— 14 20 13 — 6 4

25 1.1 30 40 4+ 3— 24 24+ 40 54 280 23 5
10

26 1.3 6— 5— 50 34+ 24 20 2+ 3— 280 26 11

27 0.9 4— 40 34+ 30 24+ 1— 4— 30 24— 16 12

28 0.7 3— 2— 34+ 30 3— 34+ 30 14+ 2lo 13 13

29 0.6 14+ 1lo 24 1lo0 20 34 34 24 17— 9 14

30 0.8 24+ 3— 3— 24+ 24+ 20 4— 24+ 20+ 11 16
22
23

Mean: 0.59 Mean: 11

are nearly identical. The indices of C; and C, are approximately logarith-
mically related to the ranges r of the magnetic elements during the dis-
turbance (corrected for S and L). The indices A4, are more nearly linearly

related to these ranges.

The planetary index K, is designed to measure solar particle radi-
ation by its magnetic effects, specifically to meet the needs of research

workers in the ionospheric field.

The K tables for the individual observatories, in the IAGA Bulletins
12, give a very detailed indication of the incidence, in time and place,
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Ficure 1.12. Location of the northern zone of maximum frequency of occurrence of
overhead aurora on magnetically quiet and on magnetically disturbed days.

(After Y. I. Feldstein, Investigations of the Aurora, Moscow, 1960.)

of the magnetic effects of the solar eruptions. The K,, C,, A,, and C;
tables give a concise indication of the overall world effects [11]. These
tables are now available from the time of the Second International Polar
Year (1932/3) to date. The tables of C; go back still further. Details
regarding these publications are given in Bulletin 12(1) (pp. iv and 268);
see also IGY Annals, vol. 4, pp. 227-236, where also, on pp. 220-226,
an account is given of the quarter-hourly indices Q to be issued, covering
the period of the 1GY. These will permit studies of correlations between
magnetic disturbance and other phenomena in much more time detail
than is possibie with the daily and three-hourly indices.
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Ficure 1.13. South auroral zone.

(After O. Schneider, 1961, Instituto Antarctico Argentino 55, Buenos Aires.)

Finally, note in this connection the publication of diagrams (Bartels’
“musical scales’) graphically illustrating the sequence of the K, values,
figure 1.11. These are arranged in rows so as to show the 27-day recur-
rence tendency of magnetic disturbance, arising from the solar rotation.
The diagrams are issued monthly along with the K, tables, in time to be
helpful in making 27-day recurrence forecasts.

The monthly diagrams issued during the IGY have been combined
into a diagram for the whole IGY period, and since then annual diagrams
have been issued (see Bulletins 12 for further information).



36 EARTH’S ATMOSPHERE, GEOMAGNETISM, AND THE SUN

1.6. THE AURORAL ZONES

These regions of the earth where visible aurora occurs overhead are
of particular importance to the radio communicator because of the fre-
quent occurrence there of ionospheric disturbance, as will be discussed
in a later chapter.

As was mentioned in section 1.5.3 above, aurora is thought to be the
result of the entry into the atmosphere of charged corpuscles. Owing to
the interaction between the moving charges and the geomagnetic field,
the corpuscles are deflected north and south of the equatorial plane and
are deposited in a relatively narrow ring situated between dipole latitudes
of about 64° and about 70°. Maps showing lines of constant frequency
of occurrence (called isochasms) have been prepared for the northern
and southern auroral zones and are shown in figures 1.12 and 1.13. The
north auroral isochasms are not quite circular, but are elongated along
the Siberia-North American axis. The geographical areas enc'-sed by the
auroral rings are often called ““polar caps.”

It should be borne in mind that the auroral zone is not fixed but
moves with varying magnetic activity. Thus during strong magnetic
storms the auroral zones, both north and south, move towards the equator.
For example, a great aurora on September 25, 1909, was observed in
Singapore, latitude 1°N. Even during magnetic storms of moderate
strength there is a close connection between the position of the aurora
and the strength of the magnetic disturbance.

In addition to the visible aurora, radio techniques have revealed the
existence of enhanced ionization in the ionosphere in these latitudes [127].
This enhanced ionization is manifested as sporadic E (sec. 6.3.4), D-region
absorption (sec. 6.3.3), and radio aurora (sec. 8.6.1). However, it may
not necessarily follow that the various auroral zones coincide.

1.7. THE SUN
1.7.1. Quiet Conditions

1.7.1.1. Structure

For our present purposes it will be sufficient to consider the sun as
made up of four parts:
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(1) the interior;

‘(2) the photosphere, or visible surface;

(3) the chromosphere, the bright region above the photosphere,
seen during total solar eclipses; and

(4) the corona, the outer atmosphere of the sun.

Although the various sections merge into one another, the radiation
from the photosphere comes entirely from a layer about 400 km thick
compared to a solar radius of about 700,000 km so that the concept of
a solar surface has a fairly well-defined meaning. Approximate values of
the heights and temperatures of the various regions are given in table
1.7. For further information the reader should consult “The Sun’ [13].

The sun is composed chiefly of the elements hydrogen and helium
together with smaller amounts of the heavier elements, notably calcium.

TABLE 1.7. Approximate heights and temperatures of the sun’s outer layers

Solar layer h (km) T °K
Outer corona 1,400,000 1,500,000
Middle corona 700,000 1,500,000
Inner corona 21,000 to 140,000 1,000,000
Upper chromosphere 7,000 to 14,000 25,000 to 300,000
Lower chromosphere 1000 5300
Photosphere -_— 6000 effective

1.7.1.2. lonizing Radiations

To a first approximation, the quiet sun radiates as a blackbody at
a temperature around 6000° Kelvin. Superimposed on the blackbody
continuum are certain lines characteristic of the elements in the sun.
Some of the more important lines are hydrogen « (6563 A), Lyman «
(1216 A), and helium 1 (584 A). These radiations are responsible for the
ionization of the upper atmosphere discussed in section 1.4. A number
of lines in the ultraviolet part of the solar spectrum are given in table 1.5.
For example, it is thought that Lyman o radiation is the major source
of ionization in the quiet D region. The quiet E region is believed to be
produced by x rays (10-100 A), Lyman 8 (1025.7 &), Cur (977 A),
and the Lyman continuum (910 to 980 A) [147]. The primary source of
ionization in the F region appears to be the Lyman continuum and the
band 350 to 200 A (which includes the He 111 304 A resonance line).
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The amount of visible light from the sun changes very little from
one day to the next. On the other hand, the day to day wvariability of
the quiet ionosphere suggests that the solar emissions in the ultraviolet
and x-ray regions vary appreciably.

In addition to the wave radiations, the quiet sun emits a stream of

charged corpuscles (mostly electrons and protons) which is called the
““solar wind.”’

1.7.1.3. Radio Emissions

The sun is a source of radiation on radio frequencies. These emissions
are caused by plasma oscillations (see sec. 2.3.1.1) and gyro-oscillations

Ficurg 1.14a. Photograph of the sun at sunspot minimum (1954).
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(see sec. 2.3.1.2) in the solar atmosphere, as well as ““noise’ originating
in random collisions of the electrons [15]. The noise from the quiet sun
is of the last type.

The flux of solar radio noise at the earth’s surface is monitored at a
number of observatories, and the data are available in the CRPL F
Series Part B [16] and in Quarterly Bulletin on Solar Activity of the
International Astronomical Union [17]. There are several methods of
recording, such as fixed frequency, sweep frequency, total flux, inter-
ferometers for exploring the distribution of radio sources on the solar
disk, etc. A list of observing stations, the frequencies (or frequency bands)
of observation, and the universal times of recording are listed in the
Bulletin [[177]. The unit of measurement of flux is 1072 watts per square

Ficure 1.14b. Photograph of the sun at sunspot maximum (1958).
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meter per cycle per second. In general, the flux increases with frequency
in the range 100 Mc/s to 10,000 Mc/s, but the day to day variability

is much greater on the lower frequencies as can be seen on pages 464—6
of the Bulletin [17].

1.7.2. The Active Sun

1.7.2.1. Sunspots

One of the most notable phenomena on the sun’s surface is the ap-
pearance, and disappearance, of certain dark areas known as sunspots.
The life of a sunspot is highly variable; some spots last only a few days,
whereas a few may survive four or five solar rotations (of about 27 days
each). Their exact nature is not known, but they appear to be vortices
in the matter comprising the photosphere. Sunspots appear dark because
the surface temperature is only about 3000 °K, compared with the
6000 °K of the quiet photosphere. Sunspots tend to group together. A
group may contain a few isolated spots or dozens of spots.

One of the more interesting features of sunspots is their unusually

strong magnetic fields. These may approach 0.4 Wb/m? (weber per square
meter) (4000 G) for the larger spots.

1.7.2.2. The Sunspot Cycle

The appearance of the sun in 1954 and in 1958 can be seen in figures
1.14a and 1.14b. Clearly, there is a variation in the sunspot ‘‘activity.”
To measure this activity an index is required. The most common index
of sunspot activity is the Wolf number R given by

R=k(10g+s), (1.56)

where g is the number of groups and s is the number of observable indi-
vidual spots. The factor k is a correction factor to take into account the
equipmental and observer characteristics. It will be seen that this number
is weighted heavily in favor of groups, so that its value as an index of
sunspot activity is questionable. Nevertheless, it is valuable because
of its availability for a period of about 200 yr. It thus provides a large
homogeneous sample of data. Sunspot numbers are available on a daily
basis and as monthly and yearly averages.
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When the yearly sunspot numbers are plotted, for a long period of
time, such as is shown in figure 1.15, it is clear that the sunspot activity
has a periodicity of about 11 yr. The duration of an individual cycle may
vary over much wider limits; thus the periods between minima range from
about 8.5 yr to about 14 yr and those between maxima range from 7.3
yr to about 17 yr. Furthermore, the annual minima of R lie in the range
0 to 10, whereas the maxima range from about 50 to about 190. The
daily values of R vary between 0 and 355 or more.

In addition to the 11-yr period, there are periods, particularly near
the 11-yr minima, when a 27-day (approximate) recurrence is evident.
This period corresponds to a solar rotation.

Many attempts have been made to represent, analytically, the exist-
ing sunspot data with a view to the prediction of future cycles. The pre-
dictions have never been particularly successful.

In addition to the relatively dark sunspots, bright areas often appear
on the solar disk. These areas, called plages, are observed in the light
of calcium K and are intimately associated with sunspots. Plages are
comparatively long-lived active regions; they precede in appearance the
spots, which develop in them, and persist after the spots have disappeared.

1.7.2.3. Flares

A solar flare is a burst of “light”” occurring in the chromosphere near
a sunspot. It is most easily observed in the Ha light (6563 f&) , although,
in some rare cases, flares have been seen in white light. At present, solar
patrol observations are almost continuous and so most of the flares oc-
curring on the solar hemisphere facing the earth are detected. Flares are
frequent occurrences, particularly at the peak of the sunspot cycle.

Flares are divided into classes of importance 1—, 1, 14, 2, 2+, 3,
and 3+, according to area and brightness. The average duration of a
flare increases with its importance; thus 1 flares last about 20 min, 2
flares last about 30 min, and 3 flares last about 60 min. Of course, the
life of an individual flare may vary greatly from the mean value. Flares
smaller than importance 1 are referred to as subflares.

The development of a flare is somewhat as follows: a rapid rise (flash)
to peak intensity, a brief period of peak intensity, followed by a steady
decline. There is a close statistical relation between the number of flares
per solar rotation, N, and the corresponding mean sunspot numbers R,
given by

Nr=a(R—10). (1.57)
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Ficure 1.15. Sunspot activity in the years 1700 to 1960.

(After M. Waldmeier, 1261, Schulthess, Zurich.)
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The mean values of a for the sunspot cycles having peaks in 1937 and
1947 are 1.98 and 1.47 respectively [18].

During some flares there is a marked increase in the flux of solar
ionizing radiation in the far ultraviolet and soft x-ray regions of the
spectrum. This results in enhancements in the electron densities in the
D and FE regions, as will be seen later. Data on the duration and impor-
tance of flares, etc., can be found in the F Series Part B [16] and in the
TIAU Bulletin [17].

1.7.2.4. Radio Emissions

The amplitude of the solar signals may remain relatively constant
for long periods of time and then will be greatly enhanced during a “‘noise
storm.” These storms are often associated with solar flares and certain
geophysical disturbances and may last for a period of hours or days.

Noise bursts are categorized as follows:

Type I, or noise storms, occur most frequently on frequencies less
than about 300 Mc/s. Type I bursts extend over a narrow frequency
range, 5 to 30 Mc/s, for instance, while their lifetimes range from 0.2
sec to 1 min or so. During the lifetime of a single burst, the frequency of
emission may drift with time to higher or to lower frequencies.

Certain outbursts, which last for the order of several minutes, are
associated with the larger solar flares and may involve signal enhance-
ments of the order of a million times the quiet values.

The chief characteristic of Type II (slow drift) and Type 111 (fast
drift) bursts is the drift of the emission to lower frequency with time.
This drift can be explained as due to a source moving outwards through
the corona, emitting at the plasma frequency, which decreases as the
electron density decreases (see sec. 2.3.1.1). Type III events are very
frequent.

Type IV events are long-lived emissions emanating from a source of
large extent that moves to heights of the order of a solar radius. Radi-
ation occurs over a broad band of frequencies at each height. The char-
acteristics of type IV radiation can be explained by synchrotron emission
of electrons. From the point of view of sun-earth relationships, type IV
events are particularly important because of the strong association with
solar corpuscular radiation, evidenced by polar cap absorption events
[19, ch. 6], ground-level cosmic ray increases, and great magnetic storms.

Type V is continuum emission of shorter duration, following a type

II1 burst.
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A considerable amount of data is made available every month in the

F Series Part B [16].
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CHAPTER 2

Theory of Wave Propagation

2.1. PURPOSE

The purpose of this chapter is to acquaint the reader with the basic
ideas needed for an understanding of the propagation of radio waves in
the ionosphere. In the presence of the earth’s magnetic field, the ionosphere
behaves as a birefringent medium and so it is necessary to discuss the
properties of such a medium. These properties include the decomposition
of a plane polarized wave into ordinary and extraordinary waves and the
deviation of the direction of energy flow away from the direction of phase
propagation.

We shall consider first the early history of the subject leading to the
formulation of Maxwell’s equations and their experimental verification
by Hertz. Next we shall derive the Appleton formula for the complex
refractive index of a magneto-ionic medium and consider its properties.

The weakness of the Appleton theory will be considered and more
generalized formulas will be discussed. Finally, we shall discuss the
propagation of wave packets in a magneto-ionic medium.

2.2. ELECTROMAGNETIC WAVES
2.2.1. Electrostatics and Magnetostatics

The principles underlying the propagation of radio waves are based
on the relationships between electricity and magnetism which were dis-
covered in the eighteenth and nineteenth centuries. It is now generally
known that the attractive and repulsive properties of electrified bodies
and of lodestone were first recorded by the ancient Greeks. Little further
progress was made until the eighteenth century, when attempts were
made to establish laws of electrical and magnetic forces similar to the

45
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gravitational law of Newton. This search bore fruit when, in 1785, the
French scientist Coulomb, using a torsion balance, showed that the
mechanical force between two small electrified spheres varies inversely as
the square of the distance r between them. Later work showed that the
force was proportional also to the amounts of charge ¢, g on the two
bodies and so we obtain the relationship

1 q1q:2
F= dmey 12 7 (2.1)
where ¢ is the permittivity of free space (8.85X1072 F/m).

A relationship similar to (2.1) was found to hold for the mutual
forces exerted by long bar magnets.

It is useful to introduce the concept of electric field E at this point.
Let us assume that the charge ¢» produces an electric field E at the site
of ¢; and that this field exerts the force F on gq; where

F=gqE. (2.2)

Thus the electric field E at a point may be defined as the force experienced
by a small unit test charge. It is assumed that the test charge itself does
not alter the field.

The field at a vector distance r from a point charge q is, therefore,
given by '

1
E=—9, (2.3)
41!'60

so that the vector E is in the direction of r. If the charge is distributed
throughout a volume of space, we have

E=-A / dq (2.4)

>
4dreg J 1?

where dq is an element of charge and A, is a unit vector in the direction
from dg.

Many electrical and magnetic problems, particularly static field
problems, are best tackled through the idea of potential difference. The
potential difference between two points 4 and B can be defined as the
work done by an external force on a unit test charge in moving it from
A to B as shown in figure 2.1. The zero of potential is, therefore, arbitrary;
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ELECTRIC FIELD E

—

Ficurk 2.1. Potential difference.

and it is sometimes convenient to define the zero at infinity. The work
done on the test charge in moving it from A4 to B is

B B
VB—VA=—f Ecos¢ds=— [ E-ds, (2.5)
A A
and hence
E=— ﬂf: —grad V. (2.6)
ds

Gauss showed that the integral of the electric field over a surface A4
enclosing a medium of permittivity e is given by

e/ E-dA=f pdV =0, (2.7)

where p is the charge density, V is the volume enclosed, and Q is the total
charge enclosed.

Similarly, for a magnetic field of induction B Whb/m? (webers per
square meter),

/ B-dA = 0. (2.8)

A

This follows since there are no free magnetic poles.
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Before proceeding to a consideration of current electricity let us
consider some elementary properties of dielectrics. Consider a parallel
plate capacitor with a large area of cross section (so that edge effects
are negligible), and distance d between plates, connected to a voltage
source ¥, and let o be the charge density on one of the plates. From (2.7)
we can show that the field E between the plates is given by

«Ek=o, (2.9)

and, by definition,

E= (2.10)

v
7"

Now on the introduction of a slab of dielectric, of thickness d, be-
tween the plates, the positive nuclei in the atoms of the dielectric will
tend to be displaced in the direction of smaller field while the negative
charges (electrons) will tend to be displaced up the field, i.e., the medium
becomes polarized. Thus a back electromotive force is set up which will
tend to decrease the field between the plates.

Now the total field E, as given by (2.10), is independent of the di-
electric. Hence, the charge density on the plates must increase by an
amount o, for instance. We can regard the polarization of the dielectric
as conferring on it an effective permittivity e so that from (2.7) we obtain

eE=o0+4o.. (2.11)

Imagine a cylinder of dielectric of unit cross section with its axis
perpendicular to the plates. At the end surfaces will be charges +-o; and
—o; at a distance d apart. Hence we have the equivalent of a dipole of
moment ¢; d. The electric moment per unit volume is, therefore, o; which
is called the polarization P. The total quantity oo is known as the dis-
placement D. Hence we have the relationship

D=¢E-+ P. (2.12)

Now in certain media (anisotropic) the application of an electric field in
one direction gives rise to a polarization in some other direction. Under
these circumstances (2.12) has to be expressed as a vector equation:

D=e¢E+P. (2.13)
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This relation is of great importance in ionospheric radio propagation as
will be seen later.

2.2.2. Ampere’s Circuital Law

One of the most important observations in the study of electro-
magnetism was that of Oersted, who found, in 1819, that a pivgled mag-
net was deflected when in the vicinity of an electric current. This experi-
ment demonstrated that a current of electricity produced a magnetic
field. As in the case of static electricity and magnetism, it was found that
the magnetic field produced by a current element decreased as the square
of the distance from the element. This led Ampére to formulate his
circuital law, namely, that the line integral of the tangential magnetic
field H, taken around a current i was equal to the component of the
current flowing normal to the surface A enclosed (see fig. 2.2),

f

S

Ht-ds=/ y-dA—i, (2.14)
A

where J is the current density through the surface 4 enclosed by the path
of integration S. Note that H refers to magnetic intensity which, in a
medium of magnetic permeability u, is related to magnetic induction B
by the formula '

B=uH. (2.15)

2.2.3. Faraday's Law

Efforts to observe the electrical effects of magnetic fields bore fruit
in 1831 when Faraday found that a current was produced in a coil of

CURRENT i= [J.dA CURRENT DENSITY J

SURFACE A

FIGURE 2.2. Ampére’s circuital law.

ot it e n i
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wire by the following processes: (1) when a magnet was moving near it
and/or (2) when a current in an adjacent coil was switched on and off.

Faraday carried out a large number of beautiful experiments to
verify the phenomena of electromagnetic induction and the serious reader
is recommended to read Faraday’s account in his book Experimental
Researches in Electricity [1].

Faraday’s results may be summed up in the following two laws:

(a) When the flux of magnetic induction through a coil is changing,
an electromotive force is induced in the circuit. ,

(b) The magnitude of the emf & is proportional to the rate of change
of flux.

The sign of the emf is given by Lenz’s law, which states that it is
such that any current flow is in the direction which would oppose the
flux change causing the emf.

Therefore

dN
=Y 2.1
i (2.16)

where IV is the total flux through the coil, i.e., induction times area,
normal to the surface, that is

N=f B-dA. : (2.17)

Consider now the integral of the electric field round a loop which,
as shown in figure 2.3, has a small gap CD and through which is threaded
a time-varying magnetic field. The integral

D
/ E-ds
C

is the total voltage between C and D, that is, the induced emf, &.
Hence, when C and D are brought together we arrive at the formula

fE-ds=— %/B-dA. (2.18)

It must be stressed that this relationship is quite general in spite of
the fact that we have derived it for a particular case only.

1 Figures in brackets indicate the literature references on p. 99.
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Ficure 2.3. Faraday’s electromagnetic induction law.

It is convenient, at this point, to summarize the essential equations
obtained above. They are:

The electric field < [ E-dA=[ paV, (a)
A v
The magnetic field [ B-dA=0, (b)
A
(2.19)
Magnetic field of
a current f H-ds=f J-dA, (c)
Electromagnetic d
induction fE-ds= - f B-dA. (d)

2.2.4. The Displacement Current

It would appear, at first sight, as if eqs (2.19) are complete in them-
selves and define the electromagnetic field uniquely. However, that this
is not so was discovered by Maxwell in the course of his studies on the
charging of a capacitor (Leyden jar). ’
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Consider the charging of a parallel plate capacitor with an insulator
as dielectric so that no current can flow between the plates. Let us apply
(2.19¢) to a closed loop around the wire to a plate. If the surface enclosed
by the loop cuts the wire, then #H-ds around the loop is non-zero. Now
it is possible to construct a surface which envelopes the plate of the ca-
pacitor and which passes between the plates. Since there is no flow of
electricity between the plates, application of (2.19¢) shows that FH-ds
around the loop is zero. We thus arrive at a contradiction. James Clerk
Maxwell’s great contribution to electromagnetic theory was his assertion
that the circuit through a capacitor should be considered as closed. He
showed, furthermore, that the current density through the insulator
between the plates is due to the time rate of change of the displacement
D, i.e.,

i ldg 1d dD

J=a=Ja-—aznlcted=—", (2.20)

where q is the charge on the plate.

Maxwell maintained that as far as the electromagnetic field was con-
cerned, the displacement current was just as important as a flow of elec-
tricity and that it must be added to the current on the right hand side

of (2.19¢). This enables us to write Maxwell’s equations in integral form
as follows:

[AD-dA=prdV, (a)
/AB-dA=O, (b)
(2.21)

fH-ds=[]-dA+-‘%fD-dA, (c)

fE.ds=— s—;fB-dA. (@)

For Maxwell’s own account of the derivation of these formulas the
reader should consult his *“A Treatise on Electricity and Magnetism™ [27].
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2.2.5. A Solution of Maxwell's Equations

In order to solve the set of eqs (2.21), it is necessary to express them
in their differential forms. This can be achieved by means of the following
two vector theorems:

Green’s Theorem

Let F be any vector function and V a volume bounded by the closed
surface A4; then

fF-dAzf div F dV. (2.22)
A v
Stokes’ Theorem

Let F be a vector function and A a surface (not closed) bounded by
a simple closed curve S; then

fF-ds=f curl F-dA. (2.23)
S A

Applying these transformations to (2.21) we obtain

div D=p, (a)

div B=0, (b)
. (2.24)

curl H=J4D, (c)

curl E= —B=—,H, (d)

where the dot signifies the time derivative.

Let us consider a solution of these equations in a medium having the
following properties:

(i) Magnetically and electrically isotropic, that is, having the same
properties in all directions.

(i1) Electrically neutral, no net space charge so that p=0.

(ii1) Electrically nonconducting, i.e., J=0.

(iv) A field varying in the 1-direction only in a right-handed orthog-
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onal system of axes (1, 2, 3), so that

g 0

o =—=0.

axz axa

With these restrictions, we obtain

curl H= 4D, (a)
(2.25)
curl E= —uH. (b)

Taking the curl of (2.25a) we have
curl curl H= +curl D
= +4ecurl E (2.26)
= —euH.
Now it can be shown that, for any vector F,
curl curl F = grad div F—div grad F. (2.27)

Since div B=0, then div H=0 and hence grad div H=0. Furthermore,

under restriction (iv) we have

0*H, 0*H, 8%H,;

di dH= . 2.
iv gra Py + o ome? (2.28)
Equation (2.26) thus reduces to
9:H, o0*H, 0*H; ’H
ox? | Ax? | dx? o (2.29)
Now
o0H, OoH, oJ6H; JdH
div H=—"4—242=-"""1_, (2.30)
Xy axz 8x3 6x1
and if we select the 2- and 3-axes so that Hy,=0, we obtain
2H. 02H.
L 2 (2.31)

= € .
ax: o
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This is the equation of a plane transverse wave traveling in the 1-
direction with a phase velocity v where

1

(2.32)

<
I
§
L)

Note that this can be shown by substituting a wave of the form
cos 2x[ ft+ (x1/\) ] and remembering that v=fA. The — sign represents a
wave traveling in the positive l-direction and vice versa.

The free space velocity c is given by

1
c= _— .
‘\/#060

(2.33)

Now the refractive index n of the medium is given by the ratio ¢/v,
‘so that

L L (2.34)

In media which have no particular magnetic properties, u=uo, and
then

n=\/£= V'K (2.35)

where K is the dielectric constant of the medium.

The equation of such a wave may be written in several different
forms, each of which has its peculiar advantages, such as

E=F,cos w(t— X . (a)
v
E=FE, cos ko(ct—nx;), (b) (2.36)
E= E() CcOS (wt—kxl) . (C)
E=E;exp i(wt—kx,), (d)




56 THEORY OF WAVE PROPAGATION

2
where =—;~r the propagation factor,

27
= the phase constant,
0

Ao= the free space wavelength,

A= actual wavelength in the medium,
i=+—1.

It is of historical interest to note that Maxwell used a mixed (elec-
trostatic and electromagnetic) system of units and he found that the
velocity c is given by the ratio of the electromagnetic to the electrostatic
unit of charge. This ratio was known to be about 310 m/sec, or close
to the velocity of light. This agreement led Maxwell to claim that light
was indeed an electromagnetic phenomenon.

The existence of electromagnetic waves was demonstrated conclu-
sively, around 1888, when Hertz [ 3] showed that the disturbances gen-
erated by a spark coil could be reflected, refracted, focused, and polarized.

2.2.6. Some Properties of Electromagnetic Waves

Let us consider some of the properties of a plane electromagnetic
wave propagating in an isotropic nonconducting medium. If the wave is
traveling in the 1-direction we have 9/9x:=3/dx3=0, since, for a given
value of x,, the fields are constant over the whole 2-3 plane. Equation
(2.25) can be written

- =e—, (b) (2.37)
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0E; 9E,  8H, ()
Oxs ox;3 o Ko ot ’ a
6E1 BE;:, 6H2

_ - , b .3
xs  Ox: B 5t (b) (2.38)
OE, _OE,__ oHy |
9%y ox2 ot C

Let us rotate our system of axes so that the 2-axis lies parallel to the
E vector. Then E;=FE, and E;=0. Since 9/9x2:=9/9x3;=0,(2.37) and
(2.38) become

oFE,

=(),
52 (a)
dH; JF.

_ 9 _ , 2.3
o o (b) (2.39)
8H2= 66E3=0’ (e)
ox3 at

oH,

at _'09 (a)

6E3 aH2
—_ — =0, b 2.40

9%, Mo It 0 ( ) ( )

oE, oH; (©)
= — c

3%, alry
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From (2.39a) and (2.40a) we see that there is no time-varying
component of E or H in the 1-direction. That is, the electromagnetic wave
is entirely transverse.

Equations (2.39¢) and (2.40b), respectively, tell us that H has no
space- or time-varying components in the 2-direction. Hence E and H
are perpendicular to each other and to the direction of propagation. We
shall see later that this is not necessarily the case for propagation in the
ionosphere.

To determine the phase relationship between E and H, substitute
the expression E;= E,, cos (wt—kx,) in (2.39b) or (2.40c). This gives

kE,,
H;=—"2 cos (wt—kx,), (a)
@ho (2.41)
H;= H3, cos (wt— kxl), (b)
where
k v n
Hzo=—FE)=—EFE;=—F,,. (2.42)
Wit Ho Clo

Equations (2.41) show that, if n is real, E and H are in phase. Equa-
tion (2.42) gives us the relationship between the peak amplitudes of E
and H in terms of the refractive index n of the medium.

The energy density U. in the electric field is given by

U.=3DE=3¢E?, (2.43)
and in the magnetic field
Un.=3BH=juH (2.44)

Hence the ratio of the energy densities is given by

U. e(E\
_c _E) —1, 2.4
U, m,(H ! (2.45)

so that the energy is divided equally between the electric and magnetic
fields.
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The flux of energy per unit area in the direction of propagation is
given by the Poynting vector [4],

S=EXH. (2.46)

For a sinusoidally varying wave, S has to be averaged over a com-
plete cycle. This gives

ng= %E{)H{). (2.47)

In general, the E and H vectors will be complex quantities and, in
this case, it can be shown [4] that the average of the complex Poynting
vector is given by

S.v=3EXH* (2.48)

where H* is the complex conjugate of H.
2.3. Magneto-lonic Theory

2.3.1. Motion of lons in Electric and Magnetic Fields

2.3.1.1. Motion in an Electric Field

It will be recalled that, in chapter 1, we discussed the existence of
free electrons and ions in the earth’s atmosphere (ionosphere) and, also,
the existence of the earth’s magnetic field. It is the purpose of this section
to discuss the propagation of radio waves in a conducting medium in the
presence of a superposed magnetic field.

First of all, let us examine the motions of ions in the presence of
static fields.

The equation of motion of an ion of charge e and mass m in an elec-
tric field E V/m, in the 2-direction, is

m5§2=eE, (2.49)

from which, by integration, we obtain the velocity

Er=—" Et (2.50)
m
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FiGcure 2.4. Force on an electron due to plasma displacement.

assuming that the ion starts from rest.
If the ion concentration is [N (per cubic meter), the current density
created is

J = Neir="Fr. (2.51)
m

Consider now a slab of plasma (a medium containing free charges) in
which the light electrons and the heavy positive ions are displaced, as
shown in figure 2.4, by a distance x.. Such a displacement will produce
charges on the surface of the slab and an electric field E will be set up in
the slab as in the case of a parallel plate capacitor.

The surface charge density is Nex; so that from (2.9) the field is
given by

N
E=— (2.52)
€o
The — sign arises because E is in the opposite direction to the displace-

ment x;. There will be a restoring force due to the electrostatic attraction;
the equation of motion of an ion is

Ne?

X2

m:'z§2=eE= _—
€9
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or

PIEALN Y (2.53)

€om

This is the equation of a simple harmonic motion with angular frequency
wny given by

ont=1E (2.54)
€oImn

where wy is called the angular plasma frequency.

2.3.1.2. Motion in a Magnetic Field

The force F exerted on an ion of charge e moving with velocity v in a
magnetic field B Wb/m? is

F=evXB, (2.55)

F=euB sin 6, (2.56)

where 6 is the angle between v and B. Equation (2.56) shows that the
force on a moving charge is proportional to the component of the magnetic
field transverse to the direction of motion. Thus, if we shoot an ion into a
region where there is a magnetic field, the component of motion parallel
to the field will be unaltered whereas there will be a force, and hence an
acceleration, due to the component of motion perpendicular to the mag-
netic field. This acceleration tends to bend the path around the lines of
force. The ion motion is, therefore, a helix. The projection on t6 a plane
perpendicular to the magnetic field is a circle of radius ru, which is deter-
mined by balancing the centrifugal force mrnw?, against the centripetal
force evrB. Here wy is the angular velocity and vr is the transverse compo-
nent of velocity rpwy. Now mryw} =ergwnB, hence,

wn=—B, (a)
m
(2.57)
1 e
fﬂ—? —B. (b)
Tm
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Here fx is called the gyro (or gyromagnetic) frequency and wy the angular
gyrofrequency.

Notice that fy is independent of the velocity of the ion. For electrons
we have

fa=2.84X10B=3.57X10*H. (2.58)

Now in the ionosphere, B is on the order of 0.5 G or 0.5X10~* Wb/em™—2;
therefore, fz=1.42X10¢ ¢/s7! or 1.42 Mc/s.

The numerical value of fz is of great importance in ionospheric
radio wave propagation because it lies in the band of frequencies, re-
flected from the ionosphere, which are of use in radio communication.

2.3.1.3 Motion in Crossed Electric and Magnetic Fields

When magnetic and electric fields are present, the motion of an ion
is complicated except in the case where they are parallel.

When the fields are perpendicular, for example, when FE is in the
1-direction and B is in the 2-direction, of a right-handed system of axes
(see fig. 2.5), the motion produced by the electric field is altered by the
magnetic field. The motion in the direction of the electric field does not
increase indefinitely, but the ion swings around and eventually moves

>

—

NEGATIVE ION’\’_,‘ POSITIVE 10N
»

Ficure 2.5. Motion of ions in the presence of crossed electric and magnetic fields.
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against the electric field, as illustrated in figure 2.5. The average ion motion
is in the 3-direction and is independent of the mass and charge of the ion
and even of the sign of the charge, negative and positive ions both moving
in the same direction. Hence, in an electrically neutral medium there is
no resultant current in the 3-direction, except insofar as these conditions
may be altered by collisions.

2.3.2. Derivation of the Appleton Formula

The formulas for the complex refractive index of a medium such as
the ionosphere were derived by a number of people during the 1920’s
but the name most commonly associated with the theory is that of Sir
Edward Appleton [5].

In 1931, D. R. Hartree [6] suggested that it was appropriate to
include the Lorentz polarization term in the theory. Although the bulk
of both theoretical and experimental evidence indicates that the inclusion
of the term is unjustified, the formula for the complex refractive index is
often referred to as the Appleton—Hartree formula.

The influence of heavy ions on the refractive index was considered
by Goubau [7] in 1935, and since then more realistic distributions of
collision statistics have been introduced by Phelps [8] and by Sen and
Wyller [9].

In order to derive the formula for the refractive index it is necessary
to define certain properties of both the wave and the medium. For our
present purposes we shall assume the following properties:

Wave Properties

(1) Simple harmonic progressive wave.

(2) Steady-state solution.

(3) Plane waves with given polarization. We shall call such waves
characteristic waves [10].

Properties of the Medium

(4) Electrically neutral.

(5) Charges distributed with statistical uniformity so that there is
no resultant space charge.

(6) Uniform external magnetic field.

(7) Electrons only are effective.

(8) Electronic collisions are independent of electron energy.

(9) The thermal motions of the electrons are unimportant. Such a
medium is called a cold plasma.

(10) The magnetic properties are those of free space.
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Our procedure will now be as follows. First, we will apply Maxwell’s
equations to the wave and, secondly, we shall impose the properties of
the medium, the so-called ‘“‘constitutive relations.”

In our application of Maxwell’s equations in the form given in (2.24)
we are at liberty either to consider the medium as a conductor, so that
there is a conduction current (i.e., J#0), or we may consider it as a
polarizable medium in which the movement of the ions is included in the
P term of (2.13). It is most important to realize that we cannot do both.
For our present purposes let us use the second alternative, and express
the refractive index in terms of the components of P and E.

From (2.24) and condition 4 we have

aB1 aBz aBs

divB=—4—+4—=0, b
v 6x1 +6x2 +6x3 ( ) (2.59)

curl H=D=¢E+P, (¢)

curl E= — B. (d)

CO-ORDINATE AXES

8-—1

FIGURE 2.6. System of axes.
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Consider a characteristic wave, having properties (1), (2), and (3)
above, to be traveling along the l-axis of a right-handed orthogonal
system with axes 1, 2, and 3 as shown in figure 2.6. The components of
the wave vary in time as exp (+iwt) and in space as exp (—ikx,) and
do not vary in the 2- and 3-directions.

Since we are considering the charge oscillation as a polarization of
the medium then we have, from (2.13)

D=e«E+P,

which expresses the electrical anisotropy of the medium. The magnetic
properties, given by B= ucH, are those of free space.

A plane wave traveling in the positive 1l-direction can be expressed
by an equation of the form

E=F;cos (wt—kx,), (a)

(2.60)
or E=E,; exp i (wt—kx;). (b)

Since the electric and magnetic vectors of the wave do not vary in
the 2- and 3-directions we have, using the notation of (2.60b),

d

— =ik,

Fya (a)

a3 g

Erar
(2.61)

3 .

‘a—t—lw’ (c)

92

—_— = — 2.

ot? “ (d)
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Substituting these in (2.59a) and (b) we obtain

D1=60E1+P1=Os (a)
(2.62)
By = pusH,=0. (b)

Before dealing with the curl equations, let us consider the implica-
tions of (2.62). Equation (2.62a) states that there is no component of D
in the direction of phase propagation. However P; and E, are not neces-
sarily non-zero; this means that P and E may have components in the 1-
direction. Furthermore, since the vector P is a measure of the electron
displacement from its mean position, the electron motion has a compo-
nent in the direction of propagation. Equation (2.62b) implies that both
the B and H vectors are entirely transverse to the direction of propagation.

Substituting (2.61) in the curl equations (2.59¢) and (d) we obtain

oH.
— = —ikH;=iw(eEs+ Py),
ax1
oE.
— ——ikE;= — poiwH,,
6x1
oH
? ikH,=iw (eoEs+ Ps3) .,
8x1
oF
2 = ik Ey= — poiwHs.
6x1

This is

k
e+ Po= — ;H3=D2s (a)

k
€0E3+P3=;H2=D3, (b) (2.63)

kE;= powHo, (c)

—kE,;=pwHs. (d)
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Our next step is to express the refractive index in terms of the P’s
and E’s. To do this we shall eliminate H; from (2.63a) and (d). This
gives

I 2
eEs+ Py= — —(~ kE2)= k E>,
w

Mow w?po

or

() Mo€o

2 2
142 £2=(E 1 =(£’f) (2.64)
w

From the definitions of &, w, and n it follows that

ek (2.65)
w
Hence
1 P,
2 — 2
n 1+eo 5’ (a)
similarly (2.66)
1 P,
2 — 3
n 1+eo E (b)

From these equations it follows that

E2 P2

E. P’
and with (2.63) we obtain

— T 2_R, (2.67)

where R is called the wave polarization.
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MAGNETIC VECTOR

DISPLACEMENT VECTOR

\ - TAN™' (=R)

TAN"' R

o

Fi1cure 2.7. Relationship between the instantaneous D and H vectors in the plane of the
wavefront.

Note that when R is real, the E, D, and P vectors are linearly polar-
ized along a direction making an angle tan~! R with the 2-axis. On the
other hand, the H vector is linearly polarized in a direction tan—! (— R)
with the 3-axis (see fig. 2.7). From this it follows that the H vector is
perpendicular to the D vector and to the projections of the E and P
vectors on the 2-3 plane.

When R is complex the H and D vectors describe ellipses in the 2-3
plane as also do the projections on the wavefront of the E and P vectors.

When the propagation factor k is real, equations (2.63) imply that
the H vector and the D vector, and hence the projections of the E and P
vectors on the wavefront, are always at right angles to each other and
rotate in the same sense.

The above considerations apply to the propagation of characteristic
waves in any medium. To find the refractive index we must now introduce
the properties of the magneto-ionic medium. These properties are em-
bodied in the constitutive relations.

We consider now the motion of electrons under the following
influences:

(1) The electric field of the wave.
(2) The imposed magnetic field B,.

(3) Collisions between electrons and neutral molecules. For our
present purposes we shall neglect the motion of the heavy ions.
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The forces acting on an electron are

(a) The electric force €E.

(b) A force evXB, due to the electron motion v relative to the im-
posed magnetic field B,.

(¢) A force mvv which represents the average rate of loss of mo-
mentum of the electron per collision.

(d) A force due to electron motion in the magnetic field of the wave.
This force is on the order of v/c of the force (a) above and will, therefore,
be neglected.

To obtain the constitutive relations, we write down the equations
of motion of the electrons under the combined influence of the electric
field of the wave and of the imposed magnetic field. If the direction of
propagation is along the l-axis, as shown in figure 2.6, and the imposed
magnetic field B lies in the 2—3 plane making an angle 6 with the direction
of propagation, then the equations of motion are

m:'t51=eE1-—ei:33T—mv:t1, (a)
m:'62=eE2+e:baBL—mv:i:2, (b) (2.68)
ma'?s=eE3+e:ileT—e:i:23L—mv:t3. (c)

We now proceed to transform these equations by the following
operations:

(i) Multiply throughout by Ne, where IV is the electron number
density;

(ii) Replace #; by iwx,, # by —w?x;, etc;

(iii) Put NNex,= P, etc., the volume polarization.

With some rearrangement and introducing the accepted symbols, we
obtain the constitutive relations,

EoXE1= —P1+iP1Z+iP3 YT, (a)
60XE2= ——Pz—l—inZ—-in YL, (b) (2.69)

«XE;=—P;4+iP;Z—iP Yr+iP; Yy, (e)
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where X = Ne?/eemw?, Yo =eBr/mw, Yr=eBr/mw, and Z=v/w.

The subscripts T and L refer to the transverse and longitudinal com-
ponents of the imposed magnetic field with reference to the direction of
the wave normal (i.e., phase propagation).

The next step in our derivation is to express the ratio P,/E, or
P;/E; in terms of the parameters X, Y, and Z. This is best done via the

wave polarization term R as follows:
From (2.62a),

60X El = — XP 1.
Substitution in (2.69a) gives

Py tYr

-I—);=—————1_X_iz. (2.70)

From (2.67) it follows that P;E;= P;E, so that by multiplying (2.69b)
by P; and (2.69¢) by P; and subtracting, we end up with

PiY,=P,P,Y;— PlY:. (2.71)

With a little rearrangement, and remembering that R= P;/P,, we have
from (2.70) and (2.71) the following quadratic expression in R:

Y.R*— ——iY-}—R—i— Y, =0. (2.72)
1—X—iZ

There are, in general, two solutions of this quadratic which are given by

i Yz
R=3 YL{(l X—iZ) ¥\/(1 X—zZ)2+4Y"} (2.73)

For the propagation of high-frequency radio waves through the E
and F regions of the ionosphere, Z is usually very small and can be neg-
lected. For instance, with a frequency of 10 Mc/s at the 100-km level
(»=1.75X 103 from table 1.3) we have Z=3 X104 Under these conditions

R is given by
i Y2 / Y? }
R= ——Q——+4Y};. 2.74
ZYL{]. X (l—X)'~'+ Y (2.74)

This formula tells us that, in general, there are two, and only two, char-
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acteristic waves capable of propagation in our magneto-ionic medium.
From (2.69b) we obtain

P, X
Bl 601;2: 1—iZ+iYLR’ (2.75)
which, on substituting, in (2.66a) gives
mel Z = - ., (2.76)
1—iz— 2(1—?—;&2) i\/4(1_§iiz)2+ Y.

which is the Appleton formula.

In the upper regions of the ionosphere the collision frequency is
sufficiently small so that, for frequencies greater than about 1 Mc/s,
we may put Z=0, and hence the real part? u of the refractive index is
given by

2X(1—X)

2—1—

In the absence of an imposed magnetic field ( Y= Y,.=0) and of colli-
sions (Z=0) the refractive index is given by

p2=1—X=1—(—j%v)2=1——kj{z—Y, (2.78)

where k= (€?/4n%¢;m) =80.5 and f is in cycles per second.

2.3.3. Some Properties of the Appleton Formula
2.3.3.1. No Magnetic Field, No Collisions

In a discussion of the properties of the Appleton formula it is best
to start with the simplest case, that is, with (2.78). First it will be seen
that the square of the refractive index must be equal to or less than unity.
Furthermore, for propagation of the wave, u must be real so that u must

2 Henceforth the symbol i will be used in this sense and not for magnetic permeability.
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lie between 0 and 1. Secondly, we see that, for a given wave frequency,
the refractive index decreases with increase of electron demnsity, and that,
for a given electron density, the refractive effects decrease with increase
of frequency but are independent of the amplitude of the wave.

Curves depicting the variation of u? (or u) with X are often called
dispersion curves. The simplest dispersion curve is that representing
(2.78) and is shown in figure 2.8. This curve can be interpreted in terms
of ionospheric propagation as follows:

Imagine a radio wave incident normally on a plane stratified iono-
sphere; at the bottom of the ionosphere (/N=0) u is unity. As we pene-
trate into levels of higher and higher electron concentration, u falls lower
and lower. If the electron density is sufficiently high, then u will go to
zero. To find what happens when u reaches zero we apply Snell’s law to
the wave. Snell’s law states that for a wave incident at an angle ¢, to the
normal, the angle ¢ with the normal at a level where the refractive index
is u is given by

 sin ¢ = po sin ¢y. (2.79)

Now po=1 outside the ionosphere and at reflection ¢ must be 90° so that
the refractive index at reflection u. must be equal to sin ¢o. With normal
incidence (¢,=0) the condition of reflection becomes u,=0. Thus we see
that if the electron density is sufficiently large to reduce u to zero then a
wave (incident normally) will be reflected. Otherwise the wave will
penetrate through the layer.

DISPERSION CURVE

Mm2=1-X

Ficure 2.8. Dispersion curve (no field, no collisions).
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2.3.3.2. Magnetic Field, No Collisions

Dispersion. For a more complete discussion of the properties of the
refractive index formula, the reader should consult the excellent books
by J. A. Ratcliffe [ 10 ], K. G. Budden [11], and J. M. Kelso [17]. However,
we shall derive some formulas which will be needed in future chapters.

First consider the case of the reflection of a wave, of frequency f,
incident normally in an ionospheric layer. Putting =0 in (2.77) and
solving for X we obtain the following:

With + sign X=1 (2.80)
With — sign X=1-Y, (a)
or
X=1+4Y. (b) (2.81)
" where
Y2=YZ2+ Y} (¢)

Equation (2.80) tells us that, for one of the magneto-ionic waves, the
wave is reflected as in the absence of the magnetic field. This wave is
called the “ordinary’ wave. Equations (2.81) show that the level of
reflection of the other magneto-ionic wave (called the extraordinary) is
dependent on the strength, but not on the direction, of the imposed
magnetic field. For waves of frequency greater than the gyrofre-
quency ( fz) the usual level of reflection is given by X=1—Y whereas
on frequencies below fy (so that Y>1) the condition is X=1+4Y.

The dispersion curves corresponding to (2.77) are shown in figures
2.9a and b for values of Y=% and Y=2, respectively, and for ~45°
together with the limiting cases of longitudinal and transverse propaga-
tion. Note that these curves are not drawn to scale but are intended
merely to illustrate the general shapes.

Approximate formulas. Even in the absence of electronic collisions,
the refractive index . formula (2.77) is complicated. There are certain
practical conditions under which considerably simpler approximations
are useful. Although, with the advent of electronic computers, the neces-
sity for using approximations in numerical work has decreased, there is
still some need for them in practical work and, furthermore, they are
widely used to simplify theoretical discussion.

The usual rules for determining whether the quasi-transverse (QT)
or the quasi-longitudinal (QL) approximations hold are,
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Y= 1/2

(b)

ORDINARY WAVE
EXTRAORDINARY WAVE

(o]
X

Ficure 2.9. Dispersion curves for the general direction of Ppropagation.

Cross-hatched areas represent the limits between transverse and longitudinal propagation. Curves shown
are for § =45°. Vertical cross-hatch represents the -+ sign and the horizontal cross-hatch represents the
— sign.
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QT Y}»4(1—X)2Y2  (a)
(2.82)
QL Yix4(1—X):YZ  (b)

It is important to notice that these conditions do not depend on the
value of 8 only. Thus QT may hold either for #~90° or for X=~1 which
is the value of X near the level of reflection (with normal incidence) of
the o-wave in almost all magnetic latitudes. Similarly the QL condition is
good for the extraordinary wave, near its level of reflection (normal
incidence) at almost all magnetic latitudes. Davies and King [127] have
discussed the usefulness of the following approximations in the case of
the magnetic dipole field and vertical propagation.

Ordinary wave:

X
QT: (2.83)
X
7 =1—(1— X) cot?4, (b)
1—p,
X
QL: > =14+ | Yo |. (2.84)
1—pu3
Extraordinary wave:
7 X y?
QT: 1= =]1— 1—x° (2.85)
X
= ;=1—| Y|, (a)
5
QL: (2.86)
X
Al Yl @
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Care must be taken when using these approximations, as the range of

validity may be very small. This is illustrated in figures 2.10a and b. Note
that the extraordinary wave curves are plotted in terms of the parameter

2= (1~ Y) = fr—ffa.
The following are suitable formulas for the refractive indices near
the levels of reflection with normal incidence. For the ordinary wave

ur=(1—2%e cot?6) cosec?d, (2.87)

where e=1— X, and for the extraordinary wave we have

_\/ 2¢ [1_ € tan2 @ (3 +sec? 0+t y 0)]
F==N1=Y) (1+cos? 8) 4(1—Y) (1+sec? 0) Y v

(2.88)

where e=1— Y — X.

For further details the reader is referred to Budden [11, Ch. 12).
Note that if Y is replaced by — Y in (2.88) the refractive index is that
when X approaches 14 Y.

Other approximations of interest are those applicable to audio fre-
quency waves (the whistler mode). When X>Y>>1 and | Y. | >1,
Storey [137] has shown that the + sign in (2.77) reduces to the following
approximations for a wide range of 6, not too near 90°:

X
2—14 |2
7 + Y, (a)
(2.89)
] X
or approximately p?= |—|. (b)
Y,

Wave polarization. One other aspect of the Appleton formula which
is of interest is the wave polarization R given by (2.74). This gives the
amplitude ratio and the phase difference between the oscillations of the
D, E, and P vectors along the 2- and 3-axes. In general, the tips of these
vectors describe ellipses. The D ellipse is similar in shape to the projec-
tions of the E and P ellipses on to the 2-3 plane and the sense of rotation
is the same. The H ellipse is similar to the D ellipse (and lies wholly in
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the 2-3 plane) but is rotated through 90° as shown in figure 2.11a and
the sense of rotation is the same.
The relationship between the ordinary wave ellipses and the extraor-

dinary wave ellipses can be deduced from (2.74), from which it follows
that

R(—)R(+)=1. (2.90)

Hence, in the absence of collisions, the ellipse of the extraordinary wave
can be obtained from the corresponding ellipse of the ordinary wave by
rotating it through 90°. Furthermore, the sense of rotation is reversed as
shown in figure 2.11b.

While the vectors D, B, and H lie in the plane of the wavefront
(2-3 plane), the P and E ellipses are tilted forward making angles ¢ and
¥ respectively with the 2-3 plane where

P, Yr Y2 (1-—-X)?
cot ¢—Pl-—2YL:F 4Yf+ Yz ° (2.91)

where the + and — signs refer to the corresponding signs in (2.77), and
where

—_ 2
tan ¢=-E—'1==i(1 s )RYT.

E, 1-X

(2.92)

From these equations we see that the forward tilt is different for the two
magneto-ionic waves.

It can be shown from (2.91) and (2.92) that, for waves incident
normally on the ionosphere, at reflection

(i) the E and P vectors of the ordinary wave vibrate linearly in the
direction of the imposed magnetic field, since cot ¢ =tan 6§ =cot .

(ii) the E and P ellipses of the extraordinary wave are perpendicular
to the imposed magnetic field, since ¢ =y = —8.

The following properties are of interest:

(1) With longitudinal propagation the two magneto-ionic waves are
circularly polarized, in opposite senses.

(2) With transverse propagation the ordinary wave is polarized
with the E and P vectors parallel to the imposed magnetic field, whereas

for the extraordinary wave the P and E ellipses lie entirely in the 1-3
plane.
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ing ellipses of the ordinary and the extraordinary waves.
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2.3.3.3. No Magnetic Field, With Collisions

Meaning of a complex index. For the sake of simplicity we now set
Yr=Y.=0, but retain Z, in (2.76). This yields a complex refractive
index n given by

X 1 X  iXZ
1—iZ 1+22 1+4+22°

nt= (u—ix)?=1— (2.93)

where p and x are the real and imaginary parts of n respectively.

Let us pause for a moment to consider the meaning of a complex
refractive index. The equation for a wave traveling in the 1-direction is
of the form (see 2.36)

E=FE, exp i(wt— 2n:x:l), (2.94)
c

or
w . w
E=FE, exp (x;-xl) exp l(wt— —uxl). (2.95)
c

Thus, if x is non-zero, this represents a wave whose amplitude is de-
creasing exponentially with distance. The quantity (w/c)x is a measure
of the decay of amplitude per unit distance and is called the absorption
coefficient « (kappa).

k="x. (2.96)

(&

Dispersion. Consider first the real part of the refractive index. The
variation of x? with X, for a series of values of Z, is shown in figure 2.12.
It will be seen that, for a given value of X, the effect of a large collision
frequency is to diminish the refracting properties of the medium. It is
important to notice also that, when collisions are present, the real part
of the refractive index never goes to zero but attains a minimum value
given by

1

- -(1—+Z_2) , (2.97)

uZ =1

at X=2.
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Ficure 2.12. Variation of refractive index p with X for different collision frequencies (no
magnetic field), Z =v /w.

This means that in a lossy medium total reflection mever really oc-
curs. However, strong reflections still occur near levels at which u is small.

Absorption. We shall return now to the absorption of the radio wave.
From (2.93) and (2.96) we get

_S_}_ XZ e 1 Nv
¢ 2u 1+Z2_260mc u w2’

K

(2.98)

This formula gives the absorption in nepers per meter, where 1 neper=
8.69 dB.

Equation (2.98) enables us to distinguish between two extreme types
of absorption, namely:

INon-deviative absorption occurs in the D region of the ionosphere; it
predominates when p is near unity and when the product Nv is large.
Deviation absorption occurs near the level of reflection and whenever
there is marked bending of the ray, that is, when u tends to zero.
For non-deviative absorption we have, when « is much greater than v,

e Np
KN ——

~ 9
2egme w?

(2.99)
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so that the absorption varies inversely as the square of the frequency.
For deviative absorption we have

1
K=i(- —u). (2.100)
2c\u

Note that this type of absorption does not, in general, vary inversely as
the square of the frequency. '

Let us consider now the case when the angular wave frequency is
small compared with the collision frequency (i.e., w?K»?). With this
condition we have from (2.98) for non-deviative absorption

e N

2epmc v

K~

(2.101)

Under these conditions, the absorption may actually decrease with in-
crease of collision frequency. The physical reason for this appears to be
that the electronic motions are so confined that little energy is extracted
from the wave. Absorption of this type is thought to occur during some
polar cap absorption events and certain solar flare effects.

It is of interest to note that differentiation of (2.98) (for u=1)
shows that a maximum of absorption occurs when v=w.

2.3.3.4. Magnetic Field, With Collisions

Dispersion. With one exception, the inclusion of a magnetic field
and collisions introduces great complication into the dispersion and ab-
sorption relationships. The one exception is that of transverse propaga-
tion of the ordinary wave which is the same as the “no field”’ case.

The dispersion curves for the general case of any angle of propaga-
tion are discussed usually in terms of the so-called critical collision fre-
quency v. where

(2.102)

The curves are sketched in figure 2.13 and show how profound are the
effects of collisions (in comparison with figure 2.9), especially near X =1.
Collisions play an important part in modifying the QT and QL conditions.
Thus QL conditions may hold even near X=1 for the ordinary wave
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DISPERSION CURVES WITH COLLISIONS
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Ficure 2.13. Dispersion curves with magnetic field and collisions for a fixed 6 =20°.
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whereas QT conditions may apply near X=1FY for the X-wave. The
interested reader can find more information on this in Mr. Ratcliffe’s
book [10].

Polarization. As far as polarization is concerned, the introduction of
collisions causes the polarization ellipses (in the 2-3 plane) to rotate
about the 1-axis. All the ellipses associated with one magneto-ionic wave
rotate in the same direction and through the same angle as shown in
figure 2.14a. The ellipses associated with the other wave rotate in the
opposite direction through the same angle (figure 2.14b). Hence, for the
projections of the ellipses onto the wavefront, we may deduce the ellipses of
one magneto-ionic wave from that of the other as follows: Rotate the ellipse
through 90° about the direction of phase propagation and then reflect in the
magnetic meridian. It may be noted that one ellipse is the reflection of the
other in the plane making an angle of 45° with the magnetic meridian.

Absorption. In principle it is possible to express the complex refrac-
tive index in terms of its real and imaginary parts and thus to obtain the
absorption. In practice the expressions which would be obtained by this
procedure are so complex as to be of little or no value. For a variety of
conditions, however, the propagation conditions are quasi-longitudinal
and the non-deviative absorption coefficient is then given, approximately,

by

e? N,
o~ . 2.103
¥ 2¢pmce (wtwgy)2+v? ( )
The + and — signs refer to the ordinary and extraordinary waves re-

spectively. From this we see that the ordinary wave suffers less absorp-
tion, and the extraordinary suffers more absorption, than the correspond-
ing wave in the absence of a magnetic field.

2.3.4. Generalized Magneto-lonic Formulas

2.3.4.1. Collision Statistics

In our derivation of the Appleton formula it was assumed that the
electrons all possessed the same average velocity and that the collision
frequency » was independent of the electron velocity. Now the question
of finding an “average’ velocity while not important in the upper regions
of the ionosphere, where v is small, is of considerable importance in the
D region where v may be equal to or greater than the angular wave
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extraordinary waves.
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frequency. The method of averaging collisions is indeed the weakest
point in the theory developed above, and to improve upon the above
theory it is necessary to consider the energy distribution of the electrons
and the dependence of collision frequency on electron energy. Thus a few

1 e de
TABLE 2.1. Table Of ep (x) =-PT! —'62—_*_—;2—
P
3/2 5/2 3/2 5/2
E4 x
0.00 1.333 0.2667 3.00 0.07034 0.05454
0.05 0.9744 0.2615 3.20 0.06404 0.05044
0.10 0.8425 0.2542 3.40 0.05854 0.04677
0.15 0.7502 0.2463 3.60 0.05369 0.04347
0.20 0.6786 0.2384 3.80 0.04941 0.040438
0.25 0.6202 0.2306 4.00 0.04562 0.03778
0.30 0.5710 0.2230 4.20 0.04223 0.03533
0.35 0.5289 0.2156 4.40 0.03920 0.03311
0.40 0.4922 0.2085 4.60 0.03647 0.03107
0.45 0.4598 0.2017 4.80 0.03402 0.02921
0.50 0.4310 0.1951 5.00 0.03179 0.02751
0.55 0.4052 0.1889 5.20 0.02978 0.02594
0.60 0.3818 0.1828 5.40 0.02794 0.02450
0.65 0.3607 0.1771 5.60 0.02627 0.02317
0.70 0.3414 0.1715 5.80 0.02474 0.02195
0.75 0.3237 0.1662 6.00 0.02333 0.02081
0.80 0.3075 0.1611 6.20 0.02204 0.01976
0.85 0.2926 0.1563 6.40 0.02085 0.01878
0.90 0.2787 0.1516 6.60 0.01976 0.01787
0.95 0.2659 0.1471 6.80 0.01874 0.01702
1.00 0.2540 0.1428 7.00 0.01780 0.01623
1.10 0.2325 0.1347 7.20 0.01693 0.01549
1.20 0.2137 0.1273 7.490 0.01612 0.01480
1.30 0.1971 0.1204 7.60 0.01536 0.01415
1.40 0.1824 0.1140 7.80 0.01466 0.01355
1.50 0.1693 0.1081 8.00 0.01400 0.01298
1.60 0.1576 0.1026 8.20 0.01339 0.01244
1.70 0.1471 0.09750 8.40 0.01281 0.01194
1.80 0.1376 0.09275 8.60 0.01227 0.01146
1.90 0.1289 0.08831 8.80 0.01176 0.01101
2.00 0.1211 0.08417 9.00 0.01128 0.01059
2.10 0.1139 0.08030 9.20 0.01084 0.01019
2.20 0.1073 0.07668 9.40 0.01041 0.009811
2.30 0.1013 0.07328 9.60 0.01001 0.009453
2.40 0.09580 0.07009 9.80 0.009635 0.009114
2.50 0.09070 0.06710 10.00 0.009278 0.008792
2.60 0.08599 0.06428 10.50 0.008468 0.008059
2.70 0.08164 0.06163 11.00 0.007758 0.007408
2.80 0.07759 0.05913 11.50 0.007132 0.006833
2.90 0.07384 0.05677 12.00 0.006578 0.006321
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TaBLE 2.1—Continued

p r
3/2 5/2 3/2 5.2

x x

12.50 0.006086 0.005864 28.00 0.001262 0.001251

13.00 0.005647 0.005453 29.00 0.001177 0.001168

13.50 0.005252 0.005084 30.00 0.001101 0.001092

14..00 0.004898 0.004750 32.00 0.0009684 0.0009620
14.50 0.004578 0.004448 34.00 0.0008586 0.0008536
15.00 0.004287 0.004173 36.00 0.0007665 0.0007625
15.50 0.004024 0.003922 38.00 0.0006884 0.0006851
16.00 0.003784 0.003693 40.00 0.0006216 0.0006190
16.50 0.003564 0.003484 42.00 0.0005641 0.0005619
17.00 0.003363 0.003291 44..00 0.0005142 0.0005124
17.50 0.003179 0.003114 46.00 0.0004707 0.0004691
18.00 0.003009 0.002950 48.00 0.0004324 0.0004311
18.50 0.002852 0.002799 50.00 0.0003986 0.0003975
19.00 0.002707 0.002660 55.00 0.0003296 0.0003289
19.50 0.002573 0.002530 60.00 0.0002771 0.0002766
20.00 0.002448 0.002409 65.00 0.0002362 0.0002358
21.00 0.002225 0.002192 70.00 0.0002037 0.0002034
22.00 0.002031 0.002003 75.00 0.0001775 0.000177:

23.00 0.001860 0.001837 80.00 0.0001560 0.0001559
24.00 0.001711 0.001691 85.00 0.0001382 0.0001381
25.00 0.001578 0.001562 90.00 0.0001233 0.0001232
26.00 0.001461 0.001446 95.00 0.0001107 0.0001106
27.00 0.001356 0.001343 100.00 0.0000999 0.0000998

electrons with high energy may lose as much energy as a large number of
electrons with low energy.

Little was known about the energy dependence of » until Phelps
and Pack [14] and Phelps [8] established, experimentally, that for slow
electrons in nitrogen, the frequency of collisions for momentum transfer
was directly proportional to electron energy.

Margenau [15] has shown that, to include the distribution of elec-
tron energies, it is necessary to use the Boltzmann transfer equation.
This theory has been extended to the case of a magneto-ionic medium by
Sen and Wyller [9] but their development is beyond the scope of this
book. We shall, however, consider their results in the importanf case where
there is no imposed magnetic field. This case applies also to transverse
propagation of the ordinary wave. With a Maxwellian velocity distribu-
tion and with a collision frequency which varies linearly with electron
energy. the complex refractive index is given by the expression

- No X 1 S5 X 1
n?= (u—ix)=1— Z?mem(z —-L“é Zes/z(z), (2.104)
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in which Z,,=v,,/w. Here vn is the electron collision frequency associated
with the most probable energy rather than with the mean energy.

1 e exp (—e) de
€)= fo P (2.105)

The values of C;,2(x) and C;5,2(x) given in table 2.1 are taken from Burke
and Hara [16] and are published by permission of the Superintendent,
Defence Research Telecommunications Establishment, Ottawa, Canada.

2.3.4.2. Dispersion

For the sake of simplicity let us consider the case where the absorp-
tion is relatively small so that x><u?. Under this condition we have

X 1
pri=1— ‘2—;(‘33/2(?), (a)

(2.106)

w2 w
or u’= —--;%(‘33/2 V— . (b)

From (2.105) it can be seen that when x is small, i.e., when v,>>w,
Cz2(0) =4. Substitution of this value into (2.106) gives p>=1— (wj /¥?)
which is similar to (2.97) with Z>>1. Thus it is possible to use the classical
formula provided that v= (V3/2)v,.. When x is large, i.e., when w>>u,,
(2.106) reduces to (2.78).

2.3.4.3. Absorption

The non-deviative absorption per unit length (x?<Xu?) is obtained
from the imaginary part of (2.104), namely
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_Sel X i) (a)
x 2¢c2u”Z., 5/ Z.,)’ a
(2.107)
51w
or K=-— ~£’E(‘35/2(2 . (b)

To see how the absorption from the generalized theory compares with

that from the Appleton equation, we need to compare the following
function:

51
kG =" —Css 3), (2.108)
2vm Vo
with
=7 10
A= (2.109)

This comparison is made in figure 2.15. As in the case of the dispersion
curves, it is not possible to use a single effective collision frequency vess
across the entire frequency band. Nevertheless, on high frequencies the
Appleton theory can be used with vesr= 2.5 v,,, whereas on low frequencies
it is necessary to use vess= 1.5 v,. It must be realized, however, that on
intermediate frequencies appreciable error is involved in using one or
the other of these values of ves:.

2.4. GROUP PROPAGATION

2.4.1. Phase Velocity

From (2.78) it follows that the phase velocity (v) of a wave in a

plasma containing no imposed magnetic field and in which electronic
collisions are negligible is given by

-1
v=—c=c[1— Nez] . (2.110)

7 meqw?
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Ficure 2.15. Comparison of absorption curves of Appleton theory and of generalized
theory.

This indicates that the phase velocity, in the medium, is greater than that
of light. It might be thought, at first sight, that this is a violation of the
special theory of relativity. However, this is not so; all it means is that
the wavelength (i.e., the distance between one wave crest and the next)
is greater in the medium than in free space. It does not mean that energy
is propagated faster than light.

The relationships between phase velocity (v), wavelength A, and
refractive index u are given by
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vu=c, (a)
(2.111)

where 2, is the free space wavelength.
2.4.2. Group Velocity

When the phase velocity of a wave in a medium is a function of the
wave frequency, the medium is said to be ‘““dispersive.”” This term arose
in the dispersion of colors by a prism. Inspection of (2.110) reveals that,
for radio waves, the ionosphere is dispersive. This means that two waves
differing slightly in frequency will travel with slightly different velocities.
It is the interference pattern produced by two such waves that determines
where, and with what velocity, the energy in the composite wave will
travel. This is what happens when we modulate a wave and it introduces
the concept of “‘group velocityv’” which, for our present purposes, may be
regarded as the velocity with which the modulation envelope travels
or the velocity of the energy. It should be realized that this concept is
applicable only when the modulation envelope retains its shape. It is
not applicable under conditions of severe distortion as can occur in highly
dispersive media. For a more detailed discussion of this subject the reader
should consult Stratton [4, sec. 5.177].

For our present purpose it will suffice to consider the superposition

of two harmonic waves ¢, and ¥: of equal amplitude which differ slightly
in frequency and wave number.

Y1= cos (kx;—wt), (a)

Yo= cos { (k+06k)x;1— (w+dw)t}, (b)
ok dw

v=y1+¢2=2 cos 3 (x:6k—téw) cos [(k—l—? xl—(w—l-—z— t]. (e)

(2.112)
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Ficure 2.16. Interference pattern produced by two waves of equal amplitudes and slightly
different frequencies.

This is shown diagrammatically in figure 2.16. The superposition pro-
duces a “beat” signal, the envelope of which is given by

A=2cos 3(x; 6k—t éw). (2.113)

It follows from (2.113) that the velocity of propagation of the envelope
(i.e., the group velocity u) is given by

ow
=—, 2.114
ok ( )

This contrasts with the phase velocity v given by

=2 (2.115)

For a non-dispersive medium, in which w/k is constant, u=v. In the limit
as dw—0 and 6k—0 we obtain the differential form '

( i), (2.116)

where k; is the value of k at which the gradient (dw/dk) is evaluated.
It is convenient to define a group refractive index up’ in a manner
similar to a phase index namely,

—d_ ()—_(w>=#+w— u+fdf (2.117)
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It is important to remember that the group velocity as defined above is
the component in the direction of phase propagation. Furthermore,
under normal dispersion conditions, its magnitude is always less than the
velocity of light. Substituting u=~/1— (f~/f)? in (2.117) we find that

4
df
In the presence of an imposed magnetic field the group refractive

index u’(=) is given by substituting the expression for u from (2.77) in
(2.117). This gives

w = (uf) == (2.118)
o

p(E£) =p(x)+{A—pw2(x£)}?

X[ . Y7 N 21— X)*Y;— XY, ]

Xup(£)  2u(x)(1—X)?2 2Xu(x) A—X)2VYi+4YZ(1—X)2 |
(2.119)

where the + and — signs refer to the ordinary and extraordinary waves

respectively. The more complete expression, involving collisions, is given
by Budden [11, ch. 127].

2.5. PROPAGATION IN ANISOTROPIC MEDIA
2.5.1. Meaning of Anisotropy

A homogeneous medium is said to be isotropic if the phase velocity
at any given point in the medium is independent of the direction of
propagation. A two-dimensional illustration of this is seen in figure 2.17.
Consider a disturbance, originating at the origin O; after a time t the
wavefront will be a circle of radius r=vr. At a point P on the wave the
wavefront is tangent to the circle and hence the wave normal n,, which
is perpendicular to the front, is radial. Now, since the disturbance is
traveling out from O in all directions, it is not hard to see that the direc-
tion of energy flow (ray direction) is always radial. Hence, in an isotropic
medium, the direction of phase propagation and of energy propagation
coincide.

Now consider a magneto-ionic medium. Equation (2.77) shows that
the refractive index u depends upon Y7 and Y, that is, upon the direction
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Ficure 2.17. Wavefront in an isotropic medium.
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Ficure 2.18. Wavefront in an anisotropic medium.

of phase propagation with respect to the magnetic field. A medium such
as this, in which the phase velocity at a point is a function of direction, is
said to be “anisotropic.” Again consider a disturbance originating at a
point O in such a medium as illustrated in figure 2.18. Since the phase
velocity is a function of the angle ¢ made with the reference axis, the
wavefront at a time ¢ is not circular but shaped somewhat similar to that
shown in figure 2.18. As before, the wavefront at a point P is tangential
to the surface of constant phase and so the wave normal n, is no longer
radial. Since the energy is radiating from the point O, the ray direction
n, is still radial. Hence, in an anisotropic medium, the direction of phase
propagation differs, in general, from that of energy propagation.
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2.5.2. Angle Between Phase and Ray Directions

Let a be the angle measured from the wave normal n, to the ray n,,
i.e., in same sense as 6, as shown in figure 2.18. Our next step is to find a
relationship for « in terms of the refractive properties of the medium.
Referring to the geometry in figure 2.19 we see that

1dr
tan a= — T de’ (2.120)
and
p=0—c. (2.121)

It is now necessary to introduce the concept of ray velocity v,.. The
distance OP=r, in figure 2.18, is proportional to the velocity of P in the
ray direction n,, whereas the phase velocity v is measured in the direction
of phase propagation n,. By letting the wavefront advance a short
distance it can be seen that the relation between v and v; is

v=1v, COS a. (2.122)

Solution of (2.120), (2.121), and (2.122) gives

tan a= — - —= - — (2.123)

RAY DIRECTION n,

WAVE FRONT AT P

X

REFERENCE AXIS

Bo

Fi1curg 2.19. Derivation of formula tan o= (1/u)(du/db).
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The sign convention used here is important because some authors use
(2.123) with a reversal of sign. The convention used here is that angles
measured in the same direction as 8 (i.e., from wave normal to magnetic
field) are positive. It is important to remember also that in the above
derivation of tan «, it was tacitly assumed that the medium was homo-
geneous, that is the wave velocity in a given direction is independent of
position in the medium. Hence no distortion of the wavefront is brought
about by variations in the medium due to position.

2.5.3. Phase and Group Paths

For some purposes, it is convenient to use the concepts of phase and
group paths which may be defined with reference to the transit times of a
surface of constant phase and of a wave packet, respectively, between a
sender and a receiver. It must be remembered that these are not paths in
space but are distances which would have been covered if the wave (and
wave packet) had traveled with the free space velocity.

Referring to the ray path between sender S and receiver R in figure
2.20, the time d T, required for a surface of constant phase (see fig. 2.20b)
to travel from P to Q is given by

PM PQ dscosa 1

dT,= =—u cos « ds. (2.124)
v v, v c
The total transit time
1 rE P
T,=- / ucosads=—, (2.125)
clg c
where
R
P=[ K cos a ds, (2.126)
s

is defined as the phase path.

The quantity K= (2wx/X,) P is called the angular phase path length.
It is simply the number of radians of phase between sender and receiver.
If K changes with time, either because of a change of real distance and/or
a change in refractive index, the angular frequency of the received wave
will differ from that transmitted by an amount Aw. If K increases then
the received frequency decreases because more radians are needed in the
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RAY PATH

4 n, RAY DIRECTION

(b)

Ficureg 2.20. Phase and group paths in an anisotropic medium.

medium between S and R. Therefore the angular Doppler frequency
Aw is

Aw=— —=— 22, (2.127)
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In terms of linear frequency the Doppler shift Af is given by

Af=— == —1—. (2.128)

The group path P’ may be defined in terms of the time of flight of a
pulse. It will be recalled that in section 2.4.2 we defined the group velocity
u in the direction of phase propagation. In an anisotropic medium the
wave packet will, in general, have a velocity component parallel to the
wavefront. The time dT, for the packet to travel from P to Q (fig. 2.20)
is given by

ds cos «

dT,=—""2 (2.129)

u

The quantity u sec « is called the ray group velocity and represents the
velocity of the wave packet along the ray path.
The total time of flight between sender and receiver is:

1 (E 1
T,=- f u cosads=—P’, (2.130)
cJg c
where
R
P’=[ u’ cos a ds (2.131)
S

is called the group path. Another useful relationship between these
quantities 1s

d
To=o (wTy),  (a)
(2.132)

or P'=d4‘:(wp). (b)
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CHAPTER 3

Synoptic Studies of the lonosphere

3.1. WORLDWIDE SOUNDINGS

For purposes of radio communications, it is necessary to have in-
formation about the ionosphere on a global scale. Since the spatial and
temporal fluctuations in the ionosphere are so great, geographic coverage
may be much more important than accuracy of measurement. This point
should be borne in mind whenever one is judging the value of ionospheric
data. For instance, the lack of accuracy to which a critical frequency can
be measured may make it of little value to the scientist, yet it may be of
value to the radio operator.

Before World War II, there were only a few sounding stations in
existence, e.g., Slough, England; Washington, D.C., U.S.A.; Huancayo,
Peru; Watheroo, Australia; and Slutsk, U.S.S.R. The need for more
reliable high-frequency communications led to the installation of many
more stations during the war (40 or 50). During the International Geo-
physical Year (IGY) still more stations were added, making a total of
about 150. The distribution of stations during the IGY is shown in figure
3.1. During this latter period considerable uniformity was introduced
into the scaling and reporting of ionospheric data [1],! which has turned
out to be valuable from the point of view of both the radio communicator
and the scientific worker.

Much of the impetus for ionospheric research has come from certain
international organizations such as the International Scientific Radio
Union (URSI) and the Consultative Committee on Ionospheric Radio
(CCIR). These organizations have encouraged investigations into the
spatial and temporal variations in the electron distribution in the iono-
sphere, the measurement of ionospheric absorption of radio waves,
ionospheric movements, noise, and the scattering of radio waves from
ionospheric irregularities.

1 Figures in brackets indicate the literature references on p. 156.
101
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In the present chapter, we shall consider some of the techniques
used in ionospheric investigations and a few of the results obtained.

When making measurements on a medium such as the ionosphere it
is necessary to distinguish clearly between controlled experiments, such
as can be carried out in a laboratory, and those over which we have no
control. Except for certain modeling techniques involving laboratory
plasmas and microwaves, ionospheric research must be carried out in its
own environment and, hence, any control must be “remote control.”

3.2. EXPERIMENTAL TECHNIQUES

There are many possible ways of classifying radio techniques for
investigating the ionosphere. For instance, we can divide them into pulse
versus continuous wave (CW) techniques, or into fixed frequency versus
sweep frequency, or again into intermittent versus continuous methods
and so on. In the present treatment, we shall start by studying the most
widely used technique (the ionosonde) and follow in order of decreasing
usage, such as the techniques for measuring absorption, phase, etc. It is
not to be construed that this order is in any sense one of relative
importance.

3.2.1. Height Recorders
3.2.1.1. The lonosonde

The ionosonde is essentially a pulsed radar device in which the ex-
ploring frequency can be varied over a wide range from 1 Me¢/s, say, up
to 25 Mec/s. Of course the entire sweep may have to be covered in a series
of frequency bands. A detailed description of ionosondes is given by
Wright, Knecht, and Davies [2]. The equipment is designed to measure
directly the time t taken for a pulse of radio waves to travel up to the
ionosphere and back as a function of frequency. That is, it measures the
group height h’ of the ionosphere, where

h'=21ct=0.15t, (3.1)
t being in microseconds. This group height is also known as equivalent

height and virtual height. The transmitter and receiver are kept in tune
by suitable electronic or mechanical linkage and the receiver output is
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displayed on a cathode ray oscilloscope together with suitable frequency
and time (height) markers. These signals are usually applied in the form
of narrow blanking pulses which interrupt the sweep-trace every 3}, § or
6% msec corresponding to group heights of 50, 100, and 1000 km, respec-
tively. In addition, as the frequency of the transmitter is varied, the
entire sweep-trace may be blanked for a short interval as the frequency
passes through each megacycle (or 0.1 Mc/s). Thus a grid of reference
lines is produced with which the group height at any frequency can be
determined.

An ionosonde embodying these principles is the NBS C—4 Ionosonde.
Essentially it consists of a pulse transmitter (of peak power about 10
kW) and a wide-band receiver as shown in the block diagram in figure
3.2. The pulse transmitter is composed of a heterodyning CW oscillator,
sweeping from 31 to 55 Mc/s; a pulsed oscillator on a frequency of 30
Mc/s; a balanced mixer producing the difference frequency of the two
(variable-frequency oscillator VFO and fixed-frequency oscillator FFO);
and a power amplifier of the broadband video-coupled type. Note that
the difference frequency varies by a factor of 25 to 1, although the sweep-
ing oscillator variation is less than 2 to 1. The receiver uses the same
heterodyning oscillator as the transmitter in another balanced mixer
which converts the frequency of incoming echoes to 30 Mc/s. This fre-
quency is constant throughout the band and is amplified and detected in
a straightforward way. Antennas are usually vertical deltas or vertical
rhombics which, although they possess fairly constant and resistive im-
pedance, are not very efficient at the low frequency end of the sweep.
Log periodic antennas, which are better in this respect, are coming into
use.

A pulse generator provides pulses for triggering the transmitter and
display, and employs a stable crystal at 1.0 Mc/s together with frequency-
dividing circuits to obtain frequencies of 3 kc/8 from which, by suitable
shaping, the 50 km height markers are obtained. Further division to
1500 c/s and 300 c/s yields 100 km and 500 km markers respectively.

The frequency calibration marks are obtained as the receiver is
tuned through the harmonics of the 1.0 Mc/s oscillator.

Various types of display are used:

A scan: This is illustrated in figure 3.3a. The time base of the cathode
ray oscilloscope is synchronized with the pulse repetition frequency of the
transmitter, and a stationary pulse pattern is obtained. The time base is
applied to the x plates and the receiver output is applied to the y plates,
together with the height marker pips. For photographic recording a
screen is placed in front of the tube. The motion of the film past the slit
provides the frequency base. As the frequency increases, the time delay
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OSCILLOSCOPE

G=DIRECT PULSE, A, A, Az =ONCE, TWICE, THRICE
REFLECTED SIGNALS

(a) A—SCAN
Ficure 3.3a. Types of ionosonde display—A scan.

OSCILLOSCOPE\‘
G A Ap As

(b) B—SCAN
FiGURE 3.3b. Types of ionosonde display—B scan.

generally increases and the echo breaks in the time base move to the
right. The cams controlling the frequency of the transmitter and receiver
are suitably shaped so as to give the desired frequency scale on the film
(e.g-, linear or logarithmic).

B scan: This is similar to the A4 scan except that the receiver output
and height pips are applied as blanking pulses to the oscilloscope and the
y plates are grounded. The output is as shown in figure 3.3b.
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Ficureg 3.3c. Types of ionosonde display—panoramic.

Panoramic displays: The B scan is used with the time base applied
to the y plates and a voltage applied to the x plates which is a function
of transmitter frequency. The whole h’—f picture is photographed on a
single frame of 16 mm movie film as illustrated in figure 3.3c.

The ionosonde is a versatile equipment and, in one form or another,
is used at every ionospheric observatory. It has the advantage that the
quantity measured (virtual height) does not depend upon the output of
the transmitter or the gain of the receiver, which means that it can be
operated by relatively inexperienced operators. It is programmed, auto-
matically, to make sweeps at certain intervals (e.g., every 15 min). The
duration of a sweep depends on the mechanical design of the ionosonde
but there are practical limits. If the sweep is too fast, the receiver is out
of tune with the echo which has been reflected from the ionosphere.
Sweeps of duration less than about 15 sec suffer from this. On the other
hand, if the sweep takes too long, the ionosphere itself may have changed
appreciably between the beginning and end of the sweep. Furthermore,

the ionosonde may produce excessive interference with other radio
systems.
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3.2.1.2. The Virtual Height-Time Recorder

This is a fixed-frequency device using a B scan display which operates
continuously. Provided that the signal does not penetrate the ionosphere,
this system has the advantage of continuous monitoring of the ionosphere
and is useful in detecting ““one-shot’ events such as the effect of a solar
flare. It has the added advantage of extreme simplicity.

3.2.2. Absorption Measurements

The ionosonde gives very little information about the D region
because reflections from this region tend to be of the partial type rather
than the refractive type. Also, the lower frequencies are heavily absorbed
in the lower ionosphere because of the high collision frequency there.
This absorption is, of course, very important to the radio operator be-
cause it sets a lower limit to the power and/or the frequency with which
he can operate. Thus absorption measurements are of practical importance
and, in addition, they give information on the total electron content of
the D region. Some of the methods used will be discussed below. These

methods have been described, in more detail, by Piggott, Beynon, Brown,
and Little [3].

3.2.2.1. The Pulse Reflection Method

This method has been used extensively in England [47] and elsewhere
and involves the measurement of the amplitudes of successive echoes
with an A4 scan display. The amplitudes are usually read off visually,
either by noting the gain required to bring the tops of the oscilloscope
traces to a fiduciary mark or else by calibrating the face of the oscilloscope.

It is convenient to express the amplitude ratios in terms of an ap-
parent reflection coefficient p. This parameter is the ratio of the amplitude
I of a wave which is reflected once in the ionosphere to the amplitude I’
which would have been received in the absence of dissipative attenuation

I=I, exp (——/ de) (3.2)

f xds=—In p. (3.3)
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In practice, the absorption is usually measured in terms of a loss in
decibels, L, where

L=—20logp=—8.7In p. (3.4)

In the absence of absorption, the amplitude I of a wave reflected
from a group height k' is given by

Ih' = Isho (3.5)

where I, is the amplitude which would have been received if reflection
had occurred at a standard height h.. When absorption is present the

amplitudes of the first I, second I, and rth order I, reflections are given
by

Lk’ = pIsho=pG, (a)
2I:h" = pp,I1h’ = p?p,G, (b) (3.6)
rl.h' = pp,"71G, (e)

where p, is the apparent reflection coefficient of the ground and G( = Ih,)
may be regarded as a calibration constant.

The calibration factor, G, can be found by measuring the amplitudes
of multiple reflected signals when the absorption is low (at night) and
can then be used to measure p when the absorption is high, i.e., when
there is one reflection only.

When G is known, p can be found from the group height and ampli-
tude of the reflected echo.

The chief practical problem in the measurement of absorption by
this technique is that introduced by the continuous fading of the reflected
signal. This question is too complex to be considered here but it requires
that a suitable statistical sample be used to derive a mean amplitude.
For vertical incidence measurements in the HF band, periods between
15 and 20 min are common, and it is desirable to average over such
periods. Of course, if the averaging period is excessive, the absorption
itself may have changed during the interval.

The chief disadvantage of this system is that the measurements are
tedious to make and/or reduce to L values. Furthermore, inaccuracies
arise because of noise and interference, polarization, pulse dispersion,
partial reflection, and scattering (see ref. [3]).
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3.2.2.2. Continvous-Wave Field-Intensity Recordings

In this method a continuous wave sender is used. A communications-
type receiver is fed by a calibrated antenna and the output is registered
on a pen recorder.

The CW recording method of measuring ionospheric absorption
has the advantage of continuous recording, but it suffers from the dis-
advantage of not being able to separate the various echoes. The total
field received at any instant is the resultant of different order echoes and
of ordinary and extraordinary waves, all fading independently of each
other. Approximately, the resultant median field intensity is the square
root of the sum of the squares of the median values of all of its compo-
nents. From a knowledge of the differential absorption of the ordinary
and extraordinary waves, and using the root-sum-square rule, the field
intensity of the ordinary wave, first echo, can (in principle) be obtained.

If transmitter and receiver are close together, so that the incidence
is essentially normal, it is possible to calibrate the equipment (roughly)
by assuming that the nighttime signals are not absorbed in the ionosphere.

3.2.2.3. The Riometer Method

The riometer (rio=relative ionospheric opacity) is simply a receiver
that measures the intensity of the random noise which impinges on the
earth from deep space. The use of cosmic radio noise for the measurement

of ionospheric absorption has been developed by Little [3] and his co-
workers. The principle is as follows:

The radio noise power incident at a point outside the earth’s atmos-
phere from a given direction in space is assumed to be constant with
respect to time. The noise power received on a fixed receiving system at
the earth’s surface should, therefore, be a function of sidereal time only,
since each day the aerial beam will explore the same strip of sky as the
earth rotates. The transparency of the atmosphere at a particular in-
stant of time is, therefore, given by the ratio of the signal strength actually
received to that received at the same sidereal time under conditions of
little ionospheric absorption.

The simplest equipment capable of measuring cosmic noise consists
of a gain stable receiver connected to an antenna (input) and a pen
recorder (output), as illustrated in the block diagram in figure 3.4, to-
gether with a noise diode, for calibration purposes, and stabilized power
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rf \\ Recei Pen
switch| & etver recorder
Noise Stabilized
diode supplies

Ficure 3.4. Block diagram of riometer.

(After C. G. Little, 1957, in The Measurement of Ionospheric Absorption,
Annals of the IGY, Vol. II1, Part II, Pergamon Press.)

supplies. The calibration is carried out, automatically, by periodically
disconnecting the antenna and feeding into the receiver, a known quantity
of noise power from the diode.

To understand how the method works, consider an antenna looking
at the sky, the temperature of which is 7. If the bandwidth of the re-
ceiving system is B, the available power is

P,=kT,B. (3.7)

If now some absorbing medium (such as the ionosphere) with a power
transmission coefficient « and temperature 7T’; is inserted over the whole
of the antenna beam, the power received from the sky would be reduced
to akT,B. The absorbing medium would, however, itself radiate noise in
proportion to its temperature and its effectiveness as an absorber. The
antenna would receive an additional signal P;=k(1—a) T:B from the
absorbing mediam.

In the case where the signal is transferred to the receiver via a trans-
mission cable, the power transmission coefficient of which is E, the
transmission line itself will act as an attenuator and a generator of radio
noise P.. The noise reaching the receiver will be given by:

E[akT.B+k(1—a) T:B]+ (1— E)ET.B,

where T. is the temperature of the transmission line. It is assumed that
the antenna and receiver are both matched to the transmission line, and
that the power transfer from the antenna to the receiver is complete,
apart from the effect of absorption within the transmission line.

This received power will add to the noise generated within the
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receiver, which is given by
P,=(F—1)KTB, (3.8)

where T is the room temperature and F'is the noise factor of the receiver.
If the above system receives cosmic radio noise, the output power
P, of the receiver may be written as

Py=G(P,+ P;+ P.+ P,+1) (3.9)

where P,= noise power from the sky = EaT,kB,
P;= noise power from the ionosphere= E(1—a) TkB,
T,, T;= effective temperatures of sky and ionosphere,
P,= noise power from cable= (1—F) T.kB,
P, = noise power from receiver= (F'—1) TkB,
= interference,
= power gain of the receiver.

The problem introduced by interference can be partially removed by
recording the minimum signal received while the receiver frequency is
swept over a small frequency range (but many bandwidths). Various
other refinements are discussed in reference [3].

It should be realized that the riometer is of use on frequencies above
the penetration frequency only. A typical frequency is about 30 Mc/s.
The disadvantage of such high frequencies is that the ionospheric ab-
sorption is low and it is necessary, therefore, to measure small changes in
absorption. A riometer can usually measure absorption changes down to

about 0.1 dB.
3.2.2.4. Minimum Frequency Observations

In (2.99) it was shown that non-deviative absorption varies in-
versely as the square of the wave frequency. Thus, when sounding the
ionosphere with a conventional ionosonde, the minimum frequency ob-
served, fmin, is roughly, a function of the ionospheric absorption. The
characteristic funin has been used quite widely as an index of ionospheric
absorption and its use is justified provided that the absorption changes

are large compared with the other variable characteristics of the
ionosphere.
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3.2.3. Phase Measurements
3.2.3.1. Relative Phase Changes

Although it is not possible to determine the absolute phase of a
reflected signal it is possible to measure, accurately, changes in phase.
This can be done by mixing the incoming signal of frequency f. with a
local oscillator signal of frequency f, of about the same amplitude and
differing from it in frequency by a small amount ( f,—f,). The phase of
the signal from the reference oscillator must be highly stable or else
must be locked to that of the radiated signal. With the advent of portable
stable crystal oscillators and atomic frequency standards the former
alternative is possible. The echo and the reference signal beat together
in the detector stage of the receiver and give a beat signal of frequency
(fe—71.). This gives a sinusoidal trace on the screen of an oscilloscope
when the output of the receiver is applied to the y plates and a linear
time base is applied to the x plates. The movements of the sinusoidal
trace depict the varying phase of the echo. Such a method has been
described by Findlay [5]. Suitable modification of this arrangement
enables the phase changes to be tracked electronically and displayed on a
pen recorder instead of on photographic paper.

3.2.3.2. Frequency Changes

When the changes of phase with time are slow, the above method is
very suitable; on the other hand, if the phase changes rapidly with time,
there is a Doppler change in the received frequency and it is often con-
venient to measure frequency changes rather than phase changes. The
technique is essentially the same as that described above; the beat fre-
quency signal may be recorded directly on a pen recorder and the fre-
quency changes determined by inspection. In a slight modification used
by Ogawa [6] and by Fenwick and Villard [7], the beat frequency is fed
to a frequency meter the output of which is recorded on an inked chart.

One disadvantage of both the above presentations is that they give
the frequency variation of the composite sky wave. An improvement on
this is the technique developed by Watts and Davies [8] which is of
interest also in that it provides one solution to a data storage problem.
This method involves the spectral analysis of the beat signal. The beat
signal is fed directly to the recording head of a magnetic tape recorder
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the speed of which is 0.02 ips (inches per second). At this speed an 1800-ft
roll of tape can store data continuously for more than one week, at the
end of which the tape is played into an audio spectrum analyzer at a
speed of 30 ips, say. This results in a frequency multiplication of 1500
and so converts the beat frequency of a few cycles per second into an
audio tone. A commercial 420 channel analyzer having a total bandwidth
of 10.5 ke¢/s and a channel bandwidth of 32 ¢/s is used for analysis; the
output is displayed on a continuously fed facsimile attachment. With
such a system the frequency resolution is about 0.2 ¢/s and the time reso-
lution is less than 1 min. This method of recording is suitable for study-
ing transient phenomena such as the ionospheric effects associated with
solar flare and sudden magnetic commencements. A sample record taken
during a solar flare is shown in figure 3.5.

3.2.4. Angle of Arrival

3.2.4.1. Direction Finding

Ionospheric tilts and irregularities give rise to radio rays which lie
outside the great circle path through the transmitter, the receiver, and
the center of the earth. Various techniques have been developed for
measuring the azimuthal angles of arrival of signals and an account of
the modern techniques used can be found in reference [9].

3.2.4.2. Vertical Angle

There are three principal methods of measuring vertical angle of
arrival: (1) the phase measurement method, (2) the use of “musa” or
multi-unit steerable antenna, and (3) the use of two antennas having
different radiation patterns in the vertical plane.

The most common system is (1) and depends on the fact that when
a radio wave (of wavelength \) from a given direction arrives at two
receiving antennas, separated by a known distance d, the phase angle ¢
between the induced voltages is

2n d
o= 1; cos A cos ¢ (3.10)

where A is the vertical angle measured from the horizontal and ¢ is the
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azimuthal angle, measured from a line joining the centers of the two
antennas.

In practice the antennas are oriented with their centers in the great
circle plane passing through the transmitter and receiver so that ¢y=0.
For accurate measurements it is necessary to correct for the variation of ¥.

The musa system for measuring a vertical angle consists of an antenna
array having a very sharp lobe which can be steered up and down in the
vertical plane. The vertical angle is determined by the position of the
lobe at which the received signal is a maximum.

In the third system the antennas may be a pair of identical ones at
different heights above ground or one can be a horizontal and the other a
vertical. In either case the antenna patterns must be known. One useful
application of this method is in normal incidence sounding where dipoles
are located at such heights as to give (1) a maximum, (2) a null in the
zenith direction. This arrangement enables a determination to be made
of whether echoes are returned from overhead or scattered obliquely.

3.2.5. Rockets and Satellites

In recent years it has become possible to explore the ionosphere by
sending up radio equipment in rockets and satellites. In particular, elec-
tron density profiles have been deduced from measurements in rockets of
the differential absorption [10] between ordinary and extraordinary
waves. In 1961 an h’t recorder was flown in a rocket to study the topside
of the F region [11] and more recently an ionosonde has been flown in a
satellite [127] to study the same region.

By moving the observing stations to artificial satellites three im-
portant advantages are gained:

1. Probes can be used to measure some ionospheric parameters in
situ, thereby checking previous radio measurements and adding new ones.

2. Radio soundings can be obtained from above the level of maximum
density, thereby extending our knowledge greatly.

3. Geographic scanning of these parameters can be achieved to an
extent and degree of detail never possible with scattered ground stations.
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3.3. THE QUIET IONOSPHERE

3.3.1. Purpose

The purpose of this section is to describe the principal observational
features of the ionosphere. These features will include the interpretation
and the geographical and temporal varia-

of ionograms—Ah’( f) curves
tions in the electron density distributions.

3.3.2. lonograms and Their Interpretation

An ionogram is the photographic output of an ionosonde. The simplest
ionogram (nighttime) is of the type shown in figure 3.6. It will be seen
that the group height h’ increases with frequency until penetration occurs
and that there are two distinct traces. The trace having the lower pene-
tration frequency foF is the ordinary wave trace and the other having the
higher penetration frequency f.F is due to the extraordinary wave. The
penetration frequencies are frequently referred to as the critical frequen-
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FIicure 3.6. Ionogram on a quiet night in middle latitudes.
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Ficure 3.7. ITonogram on a quiet summer day in middle latitudes.

cies. An ionogram taken in middle latitudes during a summer day (fig.
3.7) indicates reflections from the F, F, and F) layers for both ordinary
and extraordinary waves. Note that just above the critical frequencies of
the E and F layers the group height decreases with increase of frequency.
This arises because the retardation below the level of reflection is decreas-
ing with frequency more rapidly than the retardation near reflection is
increasing with frequency. The minimum heights of the ordinary wave
traces are called the minimum virtual heights of the respective layers
[1]. Figure 3.8 shows an example of a high-latitude ionogram which has
an additional z trace which can occur at high values of magnetic dip.
Notice also the trace near the 120 km level marked FE,. This is believed
to be a reflection from a thin layer, at about the same height as the normal
E layer, which varies in an unpredictable manner and, hence, is called
sporadic E. Sometimes this layer is sufficiently thick to give rise to well-
defined critical frequencies ( foF; and f.F;).

The relationship between the z, o, and x critical frequencies can
be obtained from the fact that they are reflected at the levels X=1+4Y,
X=1, and X=1—Y, respectively. If fy ,..x is the value of the plasma
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Frcure 3.8. High-latitude ionogram, Baker Lake, April 22, 1949, 1530 90° WMT.

(By permission of the Chief Superintendent, DRTE, Ottawa, Canada.)
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frequency at the peak of the layer, we have:

j?N max =fi+fsz9 (a)
_sz max =f(2)9 (b) (3.11)
_fZN max =f:_fsz7 (C)

from which we get

fo=fi—Ff=fn, (a)
and f.—f.=fnu. (b)

(3.12)

Equation (3.12a) can be solved for f. in terms of f; and Sfu. If fo and f.
are much larger than fy, however, so that f.+4fy=2f, we obtain

Se—fo=3fn. (3.13)

We see that, for a given fn (given altitude and geographic location), the
difference between f, and f. is independent of critical frequency and the
difference between f, and f; is approximately so. Hence, from measure-
ments of the separations of the critical frequencies of a given layer we
can, in principle, determine the magnetic field strength (from fr) at the
height of the layer peak. The f.—f, separation as a function of frequency
is shown in figure 3.9.

Most ionosondes have a lower frequency limit of about 1.0 Mc/s or
1.5 Mc/s for practical reasons such as high daytime absorption, broad-
cast interference, antenna limitations, and lack of height resolution (at
the lowest frequencies the radio frequency period is comparable to that
of the pulse duration; for instance, a 50-usec pulse would contain only
five cycles at 100 kc/s). Low and medium frequency ionograms have
been made by several workers, notably by Watts [13, 14], at the CRPL.

An example of a nighttime low-frequency ionogram is shown in
figure 3.10, which shows reflections from heights of about 90 to 100,
120 to 150, and 220 to 230 km. The layers, or ledges, which produce
these reflections will be referred to as E,, E, and F respectively. The
reason for calling the 150 km”” echo FE rests on the observed continuity
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Ficurge 3.9. Critical frequency separation between ordinary and extraordinary traces.

(After J. W. Wright, R. W. Knecht, and K. Davies, 1957, Annals of the IGY, Vol. III, Part I,
Pergamon Press.)
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Ficure 3.10. Low-frequency ionogram.

with the daytime FE echo over the sunrise period. The E, layer appears
to be patchy (transparent) and must be fairly thin because no group
retardation is evident at its upper frequency limit. Note that the critical
frequency of the extraordinary Z trace is less than that of the ordinary,
which is to be expected on the theory given in sec. 2.3.3.2.

Ionograms vary in appearance depending upon the geographic
location of the station. A great many more ionograms are available for

study in the IGY Atlas of lonograms [15] and in the Annals of the
IGY [2].
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Ionospheric data are available, in several different forms, in one of
the four World Data Centers. These forms may be the original ionograms
or scaled hourly values of the various parameters (e.g., critical frequencies
and minimum virtual heights) or simply monthly median values of these
parameters as published in the CRPL F Series, Part A [16]. The latter
publication contains monthly medians of ionospheric parameters from
about 80 stations in tabular and graphical form. Another form of presenta-
tion (due to J. H. Meek) is the f plot. The f plot is a daily graph of the
frequency characteristics of the ionograms as a function of time, using
internationally agreed conventions for interstation comparison. It was
originally developed to enable the complicated and rapidly changing
ionograms from high latitudes to be reduced with the minimum of inter-
pretation by the scaling individual. It was also introduced to obviate the
necessity of repeated plotting from tabulated data. Its use has now be-
come worldwide. Some sample f plots are shown in figure 3.11.

3.3.3. Electron Density Profiles

3.3.3.1. Real Height Analysis

Conventional ionograms contain a direct measure of the electron
densities of the ionosphere within a range determined by the lowest and
highest radio frequencies employed in the sounding. The total retardation
depends upon the unknown electron density profile. However, it is not
immediately obvious how the actual height of reflection of each frequency
is to be determined, for the reason that the apparent (virtual) height
depends in an involved way on the group retardation imposed on the
probing pulses at each point below the level of reflection.

The group height h’ is given by the integral of the group refractive
index u’ along the ray path. In the case of vertical propagation this is
given by

hy hy dh
h'=f 'dh=f i (3.14)
0 # 0 # do

where h, is the real height of reflection and ¢ is an arbitrary monotonic
function of the electron density distribution; for instance, in Budden’s
method [17] ¢ is fx, whereas in King’s method [18] ¢ is log f~. It is not
possible to solve this integral analytically, except under certain limiting
conditions (transverse and longitudinal). However, a solution can be
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found by dividing the range of integration into n small intervals within
each of which dh/d¢ is assumed constant. Equation (3.14) can then be
replaced by

n dh dm
=3 (= ' de. 3.15
E do ,,.f u e (3-15)

Pm—1

Since the integrals are now dependent on ' and ¢ and the interval width,
they may be evaluated once and for all as a set of coefficients. Equation
(3.15) then represents a set of linear equations in dh/d¢. By dividing the
observed h’f curve into intervals of equal ranges of ¢, this system of
equations can, in principle, be solved and the real height intervals
obtained.

In the above theory, it was assumed that ¢ increased monotonically
with height. It does not give us any information about a ““valley” which
may exist in the profile between the FE and F'layers, say. Some information
on the existence of a valley can be inferred from the extraordinary wave
trace [19, 207]. Another limitation on the experimental data is that con-
ventional ionograms give no information on frequencies below about 1.0
Mc/s. Once again the extraordinary trace can sometimes be used to give
information concerning unobserved ionization [19, 217]. A good review
of this subject has been made by Thomas [227].

3.3.3.2. Diurnal Variations

Sample day and night N (k) profiles for middle latitudes are shown
in figures 3.12a and b respectively. Large diurnal changes occur particu-
larly in the lower ionosphere. The daytime structure may be thought of
as a single bank of electrons beginning around 100 km and having a peak
density around 300 km. The various lower “layers E and F; may be
only inflections, or ledges, in the electron distribution.

At night, all vestige of the F, layer disappears and the E-layer
densities drop by a factor of 100 or so, thus producing a simpler structure.
The electron density in the D region is not directly observable by the
conventional ionosonde and probably falls from about 10° per cm?® at 80
km at noon to less than 102 per cm?® at night. Some tentative /V(h) profiles
(obtained from cross modulation experiments) for the D region are shown
in figure 3.13.

Additional features of the diurnal variation in ionospheric structure
are illustrated in figure 3.14. Note that the E layer appears promptly at
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Ficure 3.12. Sample electron density profiles at White Sands, New Mexico, April 1961.

(a) Noon; (b) midnight. (After R. W. Knecht, unpublished.)
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Ficure 3.14. Diurnal changes in ionospheric profiles.
(After J. W. Wright, unpublished.)

sunrise and disappears promptly at sunset (except for the residual night-
time ionization). The electron densities are greater at all heights by day
than by night except at Huancayo, where the density continues to in-
crease for a few hours after sunset.

There is a general tendency for the height of the F, peak, h, f2, to
fall at dawn, and then to rise during the afternoon or evening. In low
latitudes, h,. f: reaches a very high level by about 1900 and then falls
such that at midnight it is about 100 km lower than at noon. In middle
latitudes, h,. F rises after sunset and is 50 to 100 km higher at midnight
than at noon. This height variation is especially noticeable at Huancayo
where at 1900 to 2000 the F region may rise to very great heights indeed.
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At the highest latitudes, the ionosphere may be in continuous sun-

light or darkness for long periods, depending upon the season. In these
circumstances the ionosphere will be typical of daylight or nighttime
conditions, respectively. A moderate diurnal variation may be due to
small variations of the solar zenith angle, but a diurnal variation is still
detectable at the south pole, where the solar zenith angle is diurnally
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constant [247], confirming that, at high latitudes at least, other factors
besides solar illumination play a role in determining the diurnal variations
of the ionosphere. The topside profiles, represented by the broken lines,
figures 3.14 through 3.17, are extrapolated on the basis of a Chapman
type distribution (1.32).
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3.3.3.3. Seasonal Variations

The seasonal variation in /N(h) profiles is illustrated in figures 3.15
and 3.16 for midnight and noon conditions respectively. The nighttime F
layer tends to be at higher heights in summer than in winter, the tendency
being accentuated in lower latitudes. The nighttime F layer tends to be
thicker when higher. In general, the maximum electron density and the
total electron content of the nighttime F' region are greater in summer
than in winter. Turning to the noon profiles, the most distinctive feature
is that the peak density is considerably larger in winter than in summer;
this is called the seasonal anomaly. It is more evident at high latitudes
than at low latitudes. In the summer months, in middle latitudes, the F
layer bifurcates into the F; and F5 layers. Under these conditions the F,
peak density is fairly small and is located at a relatively great altitude.
The F; layer is not so much a distinct layer but rather a minor inflection
in the profile at about 200 to 220 km.

3.3.3.4. Solar Cycle Variations

In sec. 1.7.3 we discussed the long-term variation in sunspot activity.
This variation has a profound effect on the noon electron distribution, as
can be seen from figure 3.17. The graphs are arranged to show increments
in ionization corresponding to increments of 100 in sunspot number. The
electron densities above the peak are extrapolated. A striking feature of
this variation is that the most significant increases in electron density
occur at successively higher heights.

' 3.3.3.5. Geographical Variation

The expense of reducing all ionograms to N(h) profiles has meant
that the worldwide distribution is not yet available. Some idea of the
latitudinal variations can be obtained from the iso-ionic contours obtained
at CRPL [24], examples of which are shown in figure 3.18. Profile data
taken near the 75° west geographic meridian were used and the iso-ionic
contours are for fixed values of plasma frequency. The height of the F.
maximum is shown by a dotted line. The following features are important:

(1) The F layer is much thicker near the magnetic equator than
elsewhere.
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Ficure 3.17. Solar cycle changes in noon IN(h) profiles.

(After J. W. Wright, 1962, Dependence of the ionospheric F region on the solar cycle, Nature 194, 461.)

(2) There are regions of high electron concentration at geomagnetic
latitudes of about +20° during the afternoon and early evening. This
distortion of the ionosphere is of importance in transequatorial radio
propagation, and will be considered later.
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meridian.
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3.3.4. Model Layers

For many purposes, particularly computational purposes, it is con-
venient to approximate the IV(h) profile by analytical expressions which
are amenable to integration, differentiation, etc. Various models can be
used as approximations to the Chapman layer; for instance, near the peak
the distribution is approximately parabolic, whereas high up in the layer
the distribution is roughly exponential. Over short ranges of height it is
often sufficiently accurate to assume a linear variation of /N with h. Some
relevant formulas derived from certain models are given below.

3.3.4.1. Chapman Layer

From (1.32) we have
N=Nyexp 3{1—z—sec x exp (—2z)}.

The total non-deviative absorption suffered by a wave of angular
frequency w in one complete vertical transit through the layer (in which
wZ>r?) is given by

+co H 1.5
L=f cds=D e (-2 X (3.16)

o €gmc (wwr)?’

Here IV, is the electron concentration at the level of maximum electron
production when x=0 (i.e., at 2=0), v is the collision frequency at the
same height, and H is the constant scale height. It is assumed that the
propagation conditions are quasi-longitudinal, w; being the gyrofrequency
corresponding to the component of the earth’s magnetic field in the direc-
tion of phase propagation.

3.3.4.2. Parabolic Layer
When x and z are very small (1.32) reduces to

2 h—ho 2
N=N, exp %{%:2}=N0{1—(§) }=N0{1—( ST )} (3.17)

which is the equation of a parabola with semithickness (i.e., distance
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from base to level of maximum density) of y,=2H:

N=N.,{1—(h _h°)2}. (3.18)
Ym

This can be written in terms of plasma frequency:

ffv=f§{1—(§z)2}, (3.19)

where f, is the penetration frequency of the layer.
In the absence of an imposed magnetic field, the refractive index
within the layer is given by

) IR (N ) S

The group height for reflection within the layer is given by

h'=f W dh=ho—yn+iynd 2 (3.21)

P f p~f )
and the phase height for the same conditions is

hp=jpdh=ho—%ym—<}ym %’ —fip m%}jfr. (3.22)

Note that h’=h, for a frequency 0.834 f,. This shows that the height of
the maximum electron density is equal to the group height on a frequency
of 0.834 f,.

For transmission through a layer, the contributions to the group and
phase heights are

’ S St+fo
B =hoy—ym+Zym 1 , 3.23
ImtpyminT e (3.23)
S A IS v
hp_.h0+2(fp I lnf_fp. (3.24)
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3.3.4.3. Linear Layer

If N increases linearly with height h from a base at hy above ground,
since IV is proportional to f5, we have

fa=a(h—hy), (3.25)

where a is the constant height gradient of f7. The virtual and phase
heights are given by

2
B =ho+= f* (3.26)

2
hy=hot5— f*. (3.27)

3.3.4.4. Exponential Layer

The equation for this layer can be written:
Jo=F?exp (az) (3.28)
where z= (h—hgr) /H and F' is the plasma frequency at the level hr. Note

that, for propagation in the medium, the wave frequency must be greater
than F. The group and phase heights are given by

=2 [ {2y )] 529

e 2F[(FV_ 1
h,—h—af{ F) 1}. (3.30)

and

3.3.5. Critical Frequency Variations
3.3.5.1. General Features

For many purposes, including radio communication, the most im-
portant characteristics of the ionospheric layers are their critical fre-
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quencies and virtual heights. In this section we shall consider the temporal
and geographical variations in critical frequencies.

In figure 3.19 are shown the monthly mean noon critical frequencies
of the E, F,, and F; layers as observed at Slough, England, over a 30-

TITTpTR T T
1954 T 1955

I953I ”T

Mcls

Mcls

FiGure 3.19. Monthly mean noon critical frequencies at Slough, 1932-1962.

(Reproduction is by permission of the Controller of Her Brittannic Majesty's Stationery
Office and is by arrangement with the Director of Radio Research.)
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yr period. These graphs bring out some important features, namely:

(a) The seasonal variation of foFE and foF; are in phase with solar
zenith angle x whereas foF’ is in antiphase (winter anomaly).

(b) The F) layer disappears in some winters.

(c) There is a marked increase in the critical frequencies in sym-
pathy with the 11-yr sunspot cycle.

3.3.5.2. The E Layer

To a first approximation the critical frequencies of the E layer are
given by

foE=0.9[(18041.44R) cos x ]°-, (3.31)

where R is the Ziirich sunspot number. The exponent may vary between
0.1 and 0.4 for the diurnal variation but (3.31) is a reasonably good fit
for seasonal and diurnal variations. Values of fy E£ determined from (3.31)
are usually within 0.2 Mc/s of the observed values. During the night fo
reaches a minimum of about 0.5 Mc¢/s at sunspot maximum or about
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Ficure 3.20. Diurnal and seasonal variations of foE at Fort Belvoir, 1958.
Contours in Me/s. (After R. W. Knecht, unpublished.)
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Ficure 3.21. Maps of foE, March, June 1958.

(After R. W. Knecht, unpublished.)
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0.25 Mc/s at sunspot minimum. The temporal variation of foE during
1958 at Fort Belvoir is shown in figure 3.20. The local time variations of
JfoE with latitude for March and June 1958 are shown in figure 3.21.

3.3.5.3. The F, Layer

The F) layer is observed only during the day; it is more pronounced
during the summer than during the winter, and at high sunspot number,
and during ionosphere storms, i.e., when foF is low.

To a first approximation:

JoF1=(4.3+0.01R) cos®? x. (3.32)

Here again the exponent varies from place to place and with season. For
example, at Fort Belvoir it is about 0.18 in summer and about 0.25 in
winter. Furthermore, it appears to be lower at sunspot minimum than at
sunspot maximum. The diurnal and seasonal variations in foF; at Fort
Belvoir are shown in figure 3.22 and the latitude variation is illustrated
in figure 3.23.
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Ficure 3.22. Diurnal and seasonal variations of foF, at Fort Belvoir, 1956.
(After R. W. Knecht, unpublished.)
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3.3.5.4. The F; Layer

The F, layer is by far the most important layer from the point of
view of HF radio communications and it is also the most variable. Un-
like the E and Fj layers, the F; does not follow a cos x law either diurnally
or seasonally. This is illustrated in the f plots of figure 3.11 for Adak.
Although during January the sun is at a low elevation (cos x=0.291)
compared with June (cos x=0.877), the January noon f,F is more than
twice the summer value. This implies a peak electron density ratio of
more than four to one. Notice that this “winter anomaly’” occurs in the
daytime only. In summer the foF'> shows remarkably little diurnal vari-
ation. Note also the presence of a consistent F, layer during the summer
day and its complete absence in the winter day.

foF2 AT RASSN 50
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Ficure 3.24a. World map of foF., June.

(After D. H. Zacharisen, 1959, World maps of F2 critical frequencies and maximum usable frequency
factors, NBS Tech. Note 2 (Apr. 1959), and NBS Tech. Note 2/2 (Oct. 1960).
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The geographical distribution of fyF. is characterized by marked
geomagnetic control which is revealed by the worldwide maps shown in
figures 3.24a and b [25]. These maps are constructed from data for
many years which are reduced to a mean sunspot number of 50. The
most distinctive features on these maps are the two regions of high foF,
lying around =-20° dip latitude. These ‘“highs” lag behind the subsolar
point but move around with the sun. Because of the geomagnetic control,
the critical frequencies of the F;layer exhibit a marked longitudinal effect.
The “highs” move not only from east to west but also vary in latitude,
tending to remain at constant dip angles.

Turning to the solar cycle variation of foF,, in figure 3.25 are plotted
the 12-month running average values of noon f,F, at Fort Belvoir, Va.,
as a function of the 12-month running average B of R (Ziirich relative
sunspot number). (Note that the 12-month running average for a given
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T 90°
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FiGURE 3.24b. World map of foF>, January.

(After D. H. Zacharisen, 1959, World maps of F2 critical frequencies and maximum usable frequency
factors, NBS Tech. Note 2 (Apr. 1959), and NBS Tech. Note 2/2 (Oct. 1960).)
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month is the mean for the preceding 6 months and the succeeding 6
months.) The corresponding data for f,E and for foF; are shown for com-
pleteness. If a straightedge is alined along the plotted data, it can be seen
that, for sunspot numbers between 0 and about 150, the relationship
between f,F: and R is approximately linear. For values of R greater than
about 150 there appears to be a certain amount of ““flattening” of the
curve which has to be taken into account when using sunspot numbers
to predict critical frequencies.

3.3.6. Variations in lonospheric Absorption

3.3.6.1. Introductory Remarks

To a first approximation the variations in the ionospheric absorption
of radio waves represent the variations of electron density in the D region.
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Ficure 3.25. Variation of noon critical frequencies (foE, foF1, and
foF:) with sunspot number at Fort Belvoir.

(After R. W. Knecht, unpublished.)
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This is particularly the case for waves reflected obliquely from the F,
layer for which the absorption near the top of the trajectory is small.
For waves reflected from the E layer with essentially vertical propagation,
the absorption near the level of reflection may be comparable with that
suffered lower down.

The most extensive series of absorption measurements in existence
are those made at the Radio Research Station, Slough, England, and
which have been discussed by Appleton and Piggott [4]. These particular
measurements were made using the pulse technique with normal in-
cidence. Absorption measurements using the CW technique have been
made at CRPL [26]. In the analyses of these data attempts have been
made to separate out the non-deviative and the deviative types of ab-
sorption, or the D- and E-region absorptions, with only limited success.
The results discussed below are based on the assumption that the ab-
sorption is of the non-deviative type.

3.3.6.2. Frequency Dependence of Absorption

It was shown earlier (sec. 2.3.3.4) that the non-deviative absorption
L taking place in a region where »1><<w? is given

A
L=fxds=————, (3.33)
(fE£fu)?
where the + and — signs refer to the ordinary and extraordinary waves

respectively, fz is the gyrofrequency, and A4 is a constant depending,
however, on the electron density and collision frequency in the D region.

Hence a plot of L~ versus frequency should result in a straight line
with slope A—% and intercept —fx on the frequency axis. This law has
been verified, under certain specific conditions, by Appleton and Piggott
[4], but the law does not appear to hold under all conditions [27] because
of the influence of deviative absorption and absorption at levels where »
and w are comparable.

The variation of ordinary wave absorption with frequency is shown
in figure 3.26. From this we see the overall decrease of L with frequency.
Superimposed on the general trend are two departures due to increased
deviative absorption in the neighborhood of the critical frequencies of the
E and F, layers. When the frequency of the exploring wave is near a
critical frequency, the wave spends a relatively long time near the level
where u is small and, consequently, is heavily absorbed. In order to study
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Ficure 3.26. Variation of absorption with wave frequency (vertical propagation.)

(From E. V. Appleton and W. R. Piggott, 1954, Ionospheric absorption measurements during a sunspot
cycle, J. Atmospheric and Terrest. Phys. 5, 141.)
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Ficure 3.27. Noon absorption on 4 Mc/s (Slough).

\From E. V. Appleton and W. R. Piggott, 1954, Ionospheric absorption measurements during a sunspot
cycle, J. Atmospheric and Terrest. Phys. 5, 141.)
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the D-region absorption, it is necessary first to remove from the total
absorption that due to the upper layers. To a first approximation this
can be done by taking a parabolic model of electron density as the FE
layer and an exponential height variation of collision frequency [28].
The total ordinary wave absorption is expressed in the form

A .
L=m+3¢(.f0E/f)a (3.34)

where ¢ represents some function of the ratio ( foE/f), and fr is the
longitudinal gyrofrequency.

The quantity A is the D-region absorption on an “‘effective” fre-
quency f-fr. With oblique propagation the refractive index never falls
to near zero (Snell’s law) and the last term in 3.34 is then generally small.

3.3.6.3. Solar Cycle Control

The ionospheric absorption, on 4 Mc/s, measured at Slough over the
period 1935 to 1952 (fig. 3.27) exhibits a marked 11-yr solar cycle varia-
tion. The values plotted in figure 3.27 indicate a factor of about 2 between
sunspot minimum and maximum. The dependence of absorption on sun-
spot number is roughly linear, that is, of the form

L=a(1+bR). (3.35)

Although the value of b appears to vary from one location to another,
the best experimental value seems to be about 0.004.

3.3.6.4. Diurnal Variations

For transmission through a Chapman-type layer which is situated
at a level of low pressure, so that »? is very much less than (w-4w.)?, the
dependence of absorption L on solar zenith angle x is given by

L= C cos?? x, (3.36)

where C depends on the wave frequency, the peak electron density, and
the collision frequency (see (3.16)).
Although (3.36) has been verified by Best and Ratcliffe [29] in
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middle latitudes, a much better fit to the experimental data is given by
L=C cos" x, (3.37)

where C depends on season, Iﬁagnetic disturbance, etc., and where in
middle latitudes the exponent n lies between 0.7 and 1.0. For large values
of x(>80° say) the cosine function should be replaced by the inverse of
the Chapman function Ch(x, x)—see (1.42)—but for most practical
purposes this is unimportant. From (3.37) we have

log L=1log C+n log cos x. (3.38)

The slope and intercept of this line give the values of n and log C
respectively.

In table 3.1 are listed some mean values of n for various locations.
It will be seen that n falls sharply in high latitudes. While there is some
evidence for a decrease in n in low latitudes, this cannot be considered
conclusive.

Although (3.37) holds reasonably well around midday, it often
breaks down near sunrise and sunset and so an alternative expression was
developed at the CRPL, namely,

L=A+4B cos x, (3.39)

which represents the diurnal variation somewhat more closely than (3.37).
Some theoretical justification for including the term A is provided by
photodetachment processes (see fig. 1.4, z=4). At first sight it might

TaBLE 3.1. Solar control of ionospheric absorption L=C cos"x

Location Geographic n
latitude®

Ibadan (Nigeria) 7 0.63
Ahmedabad (India) 23 0.73
Delhi (India) 28 0.62
Sydney (Australia) —34 0.83

okyo (Japan) 35 0.87
Washington, D.C. (U.S.A.) 39 0.83
Genoa (Italy) 45 0.97
Freiburg (Germany) 48 0.63
Slough (England) 52 0.75
Prince Rupert (Canada) 54 0.50
Churchill (Canada) 59 0.27
Baker Lake (Canada) 64 0.18
Resolute Bay (Canada) 75 0.07
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Ficure 3.28. Comparison between observed absorption and the formulas L = C cos™x and
L=A+4B cosx.

appear that (3.37) and (3.39) would give very different variations but,
as illustrated in figure 3.28, the differences are, generally, smaller than
the scatter in the data. The sensitivity to solar control is determined by
the value of B which falls off in high latitudes [307]. The empirical factor
K used at the CRPL is

K=0.142+40.858 cos x. (3.40)

To get the total absorption, K has to be multiplied by other factors
representing the seasonal, sunspot, and geometrical (path) variations.

3.3.6.5. Seasonal Variations

If monthly mean noon values of L are plotted against cos x it is
found that whereas the summer (and equinox) values tend to obey a
linear law, the winter months exhibit unexpectedly high absorption,
which is known as the “winter anomaly.”” The increased absorption does
not occur uniformly over all days, but appears in the form of high ab-
sorption on certain groups of days. It appears primarily to be a middle
latitude effect since it vanishes in polar regions where, in winter, the D
region is in prolonged periods of darkness [30]. From a comparison
between Europe and America, or America and Western Russia, Thomas
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[31] has shown that days of enhanced anomalous absorption in one sector
correspond to days of reduced anomalous absorption in the other. Days
of anomalous absorption are also associated with reflections from the D
region [32]. Fortunately, the winter anomaly is not a serious factor from
the point of view of radio communications because the critical frequencies
of the F, layer are also higher in winter than in summer, so that higher
frequencies can be used. The decrease of absorption due to the use of the
higher frequency more than compensates for the higher absorption on a
fixed frequency so that, in general, radio communications are better on
winter days than on summer days.

3.3.7. Sporadic E

In addition to the regular layers of the ionosphere there are several
of transient or irregular nature. The most important of these is the
sporadic-E layer, often designated as E,. Some examples of sporadic-E
reflections on standard ionograms are shown in figure 3.29. It will be seen
that the maximum frequency returned from the layer can be much
greater than that from the normal E layer and, indeed, from any of the
normal layers. Sometimes the E, traces show retardation near the maxi-
mum frequency, indicating a relatively thick layer with a well-defined
maximum of electron density. Under other conditions the echoes exhibit
no retardation, suggesting that the layer is extremely thin or else due to a
sharp change in electron density gradient. On some occasions the E,
layer is opaque and blankets the upper layers; on other occasions the
upper layers can be seen through the E,, which suggests that the E; is
patchy and that the radio waves are penetrating through the gaps.
Sometimes magneto-ionic splitting is evident; at other times there is none.

Sporadic-E echoes can occur over a range of heights from about 90
to 120 km or more, and evidence has been advanced by Helliwell for pre-
ferred heights [33]. There is some evidence also for believing that one
type of E, is due to ionization by meteors. It is almost certain that several
different physical phenomena are lumped together under the general
heading of sporadic E. For the scaling of E, characteristics see reference
[1].

Because of its variable nature, sporadic E has been studied largely
by statistical means [34], usually by computing the fraction of time that
the maximum frequency fE, exceeds some reference value. Some results
obtained in this way are shown in figure 3.30. Close to the equator, E, is
essentially a daytime phenomenon with little seasonal variation. On the

;
3
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Ficure 3.29. Examples of sporadic E echoes.

(a) Equatorial-——Huancayo, 1457 LST, May 20, 1961. (b) Middle latitude—White Sands, 1604 LST,
May 8, 1961. (¢) High latitude, night—South Pole, 2055 UT, Aug. 1, 1960.
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other hand, in the auroral zone, E. is most prevalent during the night
hours but again there is little seasonal variation.

In middle latitudes fE, is less than elsewhere and the occurrence is
subject to diurnal and seasonal variations. In general, E, is more frequent
in local summer than in winter and by day more than by night. Data on
the occurrence of E, are published monthly in the CRPL F Series, Part A.

3.3.8. Spread F
3.3.8.1. Description of Spread F

It is often observed that the echo pulse reflected from the F; layer
has a much longer (10 times) duration than the transmitted pulse and
this phenomenon is called spread F. Undoubtedly, spread F is caused by
the scattering of the signal from irregularities embedded in the ionosphere
both in depth and away from the zenith. Some examples of ionograms
with spread-F’ echoes are presented in figure 3.31 from which it is seen
that the phenomenon occurs in high and low latitudes. A survey of the
existing knowledge of spread F has been compiled by Glover [35]. The
rules for scaling spread F are discussed in references [17], [2], and [36].
It should be noted that spread F' is generally defined in terms of the ap-
pearance of an ionogram rather than in terms of the physical mechanism
operative.

Several classifications for types of spread F have been suggested,
such as high-, medium-, and low-latitude spread F [15], but this method
is not entirely satisfactory. An alternative division into “‘range type’’
and ““frequency type’ has been suggested [37]. Frequency type spread
refers to diffuseness near the critical frequency of the F: layer, whereas
the range type refers to diffuseness near the horizontal part of the trace.

Some ionograms, such as that shown in figure 3.32a, exhibit spread

only on the multiple echoes. This type is believed to be due to ground
scatter, as illustrated in figure 3.32b.

3.3.8.2. Diurnal Variations

Spread F occurrence is essentially a statistical phenomenon, and
maps have been prepared showing the probability of occurrence [38]. It
is essentially an evening and nighttime phenomenon. In low geomagnetic
latitudes the most likely time of occurrence is between about 2100 local



154 SYNOPTIC STUDIES OF THE IONOSPHERE

time and about 0100, being earlier at sunspot maximum. In middle lati-
tudes, there is a tendency for spread F to occur most frequently after
midnight.

3.3.8.3. Seasonal Variations

In low latitudes the occurrence of spread F' is greater during local
summer than during local winter. In higher magnetic latitudes the occur-
rence is more frequent in winter than in summer. However, a number of
high-latitude stations exhibit the equational seasonal variations [39].
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Ficure 3.31. Spread F ionograms.

(a) Low latitude—Huancayo 0257 LST May 20, 1960; (b) high latitude

South Pole 2245 UT Aug. 1, 1960.
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Ficureg 3.32b. Spread F due to ground scatter—path.

3.3.8.4. Solar Cycle Variations

In geomagnetic latitudes above about 60° the occurrence probability

of spread F increases with sunspot number, whereas in low latitudes the
dependence is inverse [407].

3.3.8.5. Correlation with Magnetic Activity

One of the more interesting features of spread F is its dependence
on magnetic activity. In equatorial regions it occurs on magnetically
quiet days and disappears with the onset of a magnetic storm [41, 427].
In middle latitudes the occurrence is essentially a storm phenomenon.
In magnetic latitudes above 60° the correlation again becomes negative
(magnetic storm—no spread). This may be more apparent than real,
however, as in such latitudes magnetic storms are associated with high
absorption which prevent F echoes being observed.

Spread F occurrence seems to depend on other parameters. It is
greater when the virtual height is larger and is smaller when the critical

frequency is greater; it is associated also with the scintillations of radio
signals from radio stars.
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CHAPTER 4

Oblique Propagation

4.1. CHARACTERISTICS OF HF PROPAGATION

High-frequency (3 to 30 Mc/s) radio waves have been and still are
one of the basic vehicles for long-distance transmission of information.
The reasons for this may be summarized as follows:

(a) Low cost of terminal equipment,
(b) Low power requirements,

(¢) Adequate bandwidths,

(d) Adequate signal strengths.

In contrast with the above, it may be noted that medium wave fre-
quencies (300 kc¢/s to 3 Mc/s) suffer very heavy absorption during the
day, while on lower frequencies there is insufficient bandwidth for more
than a few voice channels. Frequencies much above 30 Mc/s are not,
normally, reflected from the ionosphere. For propagation over long dis-
tances the F; layer is of fundamental importance.

The disadvantages in using high frequencies are:

(1) The variability of propagation conditions which, for optimum
results, requires frequent changes in the operating frequency. Even on
the optimum frequency, communications are often subject to interrup-
tion by ionospheric storms.

(2) The large number of possible propagation paths and the re-
sulting time dispersion of a single signal.

(3) The large and rapid phase fluctuations.

(4) The high interference.

(5) Wide-band signals suffer from frequency distortion.

In the lower part of the high-frequency spectrum, refraction in and
reflection from the E region (particularly FE,) contribute to the com-
plexity of the echo structure.

159
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The range of high frequencies useful for medium and long distance
radio communications is limited, on the upper end, by the height and
maximum electron density in the controlling layer and, on the low-fre-
quency end, by absorption in the D region.

In this chapter we shall be concerned with methods of calculating
the maximum frequency and with the identification of the structure of
signals both by experiment and by means of ray tracing.

4.2. EQUIVALENCE RELATIONSHIPS
4.2.1. Plane Earth and Plane lonosphere

4.2.1.1. The ““Secant Law”’

In this section we shall consider the relationships that exist between
the frequencies, virtual paths, and absorptions of two waves, one reflected
with oblique incidence and the other reflected with normal incidence from
the same true height. For this purpose consider a ray incident on a plane
ionosphere at an angle ¢y, as shown in figure 4.1, in which the electron
density is increasing with height so that total internal reflection takes
place.

In the absence of both collisions and an imposed magnetic field, the
refractive index u for a wave of frequency f, at a level where the plasma

T = TRANSMITTER —_— REAL PATH
R = RECEIVER = =—=—- VIRTUAL PATH
A' A
l’; z ‘\
1] 4 \
1] /’ AN
:: v 4 \\
1B ,/ B \
IONOSPHERE
VERTICAL OBLIQUE
EARTH
TR T R

Ficurk 4.1. Equivalence theorem for plane earth and plane
tonosphere.
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frequency is fx, is given by (2.78):

ﬂ2=1_(1%)2 (4.1)

Application of Snell’s law (u= sin ¢) gives, at the level of reflection,

S =f cos ¢o.

Now if f, is the frequency which is reflected with normal incidence from
the same true height (i.e., same plasma frequency) as the frequency f
with oblique incidence, then f,=fn.

Therefore

Jo=f cos ¢, (a)
or (4.2)
f=Ff» sec ¢o. (b)

The frequency f, is called the “equivalent vertical-incidence frequency,”
corresponding to f. Equation (4.2b) is the so-called secant law. It shows
that, with oblique incidence, the ionosphere can reflect much higher fre-
quencies than with normal incidence.

4,2.1.2, Breit and Tuve’s Theorem [1]!

Another relationship of importance is known as Breit and Tuve’s
theorem. It states that the group (or equivalent) path P’ (see (2.130)),
for transmission between a transmitter T and a receiver R (fig. 4.1),
is given by the length of the equivalent triangle T'A R. That is,

P'=TA+ AR, (4.3)
which can be proved by the following argument:

d dx 1 T
P’=/ s _ x fdx= R o Ta+4Rr
T M SINn ¢ SsIn ¢

BR M sin ¢

Note that the true height of reflection (at B) is always less than the equiv-
alent height at 4.

1 Figures in brackets indicate the literature references on p. 214.
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It should be remembered that (4.3) applies only when sender and
receiver are situated outside the ionosphere. If the transmitter and re-
ceiver are located within the ionosphere at a level where the refractive
index is u;, the right-hand side of (4.3) must be divided by u; in order that

P’ is still to mean the group propagation time multiplied by the free
space velocity.

4.2.1.3. Martyn’s (Equivalent Path) Theorem [2]

If f and f, are equivalent frequencies of waves reflected obliquely
and vertically from the same real height, then the virtual height of re-
flection of f, is equal to the height of the equivalent triangular path for
the oblique signal.

Consider the refractive indices uo, and u, for the oblique and vertical

waves, respectively, at the same real height at which the plasma fre-
quency is fx; we have

uir=1— fTN)z, (a)

(4.4)

wo=1— _fc{)l\sr ¢o) ’ (b)

and by Snell’s law uo1, sin ¢ =sin ¢o. Combining these equations we get
Hob COS ¢ = i, COS ¢o. (4.5)

Now the group path for the oblique signal is

d hy hy
P'=f ds _ 5 j’ dh _ 2 / fiil= 2 b,
TBR Mob 0 HMobCOS¢@ COS@Pgdg py COS ¢y

h,=31P cos pp=3(TA+ AR) cos ¢po= AD.

Hence
P'(f) =k (f.) sec do. (4.6)

This theorem expresses the important relationship that the virtual height

of reflection of an obliquely incident wave is the same as that of the
equivalent vertical wave.
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4.2.1.4. Martyn’s (Absorption) Theorem [2]

If [LoJ}, is the absorption suffered by a wave of frequency f in-
cident on the ionosphere at an angle ¢, and [L,]} < #° is the absorption
suffered by the equivalent vertical wave, then

[L0:|¢>o = COS ¢'0[ij{; cos o (4.7)

This may be proved as follows:
From (2.100) we have that

1 hr /1 dh
L =/ v (M )d —_-f (“-——_ o) .
’ TBR 2€C ob * 0 ob Hob Ccos ¢

Where h, is the height of reflection together with (4.5) we have
hr
f 5("1 “°")dh— ! g )dh
¢ C \Us COS ¢ cos ¢>o Cly
h,. h,.
= cos ¢>0 ? (fN) dh = cos qbg Z (H_—#”) dh
0 ClLy

= L, cos ¢q.

It is interesting to note that Martyn’s equivalent path theorem ap-
plies even when collisions are present, provided that w? is very much
greater than v%. In this case the angular frequency equivalence is given by

Wit = (wl45?) sec? do (4.8)

and (4.5) is still valid.

The above theorems do not apply in the presence of the earth’s
magnetic field or in a curved ionosphere.

4.2.2. Effect of the Curvature of the lonosphere

In a curved ionosphere Snell’s law takes the form

mr sin i=yore sin io, (4.9)
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Ficure 4.2. Ray geometry with oblique incidence.

where r is the length of the radius vector from the center of the earth
to the level where the refractive index is u and the angle between the
radius vector and the ray is i, as shown in figure 4.2.; uo, ro, and i, are ar-
bitrary reference values. Let us take ground level as reference so that
mo=1, ro=a, and ip= (w/2) — A where A is the angle of elevation. Then

ur sin i=a cos A. (4.10)

The relationship between a frequency f and the equivalent vertical fre-
quency f, which is reflected from the same real height h, is given by sub-
stituting (4.1) into (4.10) and replacing f~ by f.. This gives

(e

Now let ¢, be the angle between the continuation of the unrefracted ray
and the radius vector at the level h, as shown in figure 4.2. From the ge-
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ometry we have that

(a-+h,) sin ¢,=a cos A. (4.12)

Hence
Jo=Ff cos ¢,. (4.13)

From (4.11) and (4.13) it will be seen that the equivalent frequency
depends not only on A but also on the height of reflection k,.

Instead of defining f, in terms of the height of reflection, it can be
defined in terms of (4.6) or (4.7) but, unlike the plane ionosphere case,
the values of f, will depend on the definition.

4.3. CALCULATION OF MAXIMUM FREQUENCIES
4.3.1. Plane lonosphere

The theorems of Breit and Tuve and of Martyn stated above show
that, for a plane ionosphere, the reflection process is equivalent to mirror-
type reflection at a height equal to the virtual height h’ of reflection of
the equivalent vertical frequency. The variation of the latter with fre-
quency can be determined experimentally by means of a conventional
sounder.

The relationship between oblique and equivalent-vertical frequencies,
in the case of a plane reflector at an equivalent height h’, for transmission
over a distance D, is given by

D \?2
Sfoo=Ff» sec po=f, \/1 +(2h’) . (4.14)

In the case of a curved earth and a plane ionosphere ¢ is given by

sin 36

14 (h'/a) —cos 26’

tan ¢o=

(4.15)

where a is the earth’s radius (6370 k) and 6 is the angle at the center
of the earth subtended by the transmission path.

To obtain fo, for a given value of f, we need to know h’ as a function
of f,—from an ionogram—and the relationship between sec ¢o and h’
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Ficure 4.3. Family of transmission curves parametric in frequency for a fixed distance of
2000 km superimposed on an h'f curve.

A flat earth and flat ionosphere are assumed.

which, when presented graphically, is called a transmission curve, which
was introduced by Newbern Smith [3]. The application of a transmission
curve to an h'f curve is, essentially, a graphical solution of these two equa-
tions. A family of such transmission curves for a distance of 2000 km is
shown in figure 4.3 and is plotted on the same h’—f grid as a conventional
h’f curve. The intersections of a transmission curve, for a given (oblique)
frequency f, with the vertical h'(f,) curve give the virtual heights of re-
flection of the transmitted waves. In figure 4.3 the three sections of the
h’(f.) curve would correspond to reflections from the E, F;, and F,
layers. A frequency of 14 Mc/s, for example, propagating over a distance
of 2000 km could travel by several different paths, two of which would be
reflected from the F; layer at heights corresponding to the intersections
marked a and a’ on the h’'( f,) curve with the transmission curve marked
14 Mec/s. The same transmission curve also intersects the F'; section in
two places and the E section in one place.

The corresponding ray paths are shown in figure 4.4; the path cor-
responding to the lower virtual height of each pair is called the low-angle
ray, whereas the path corresponding to the higher virtual height is known
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Ficureg 4.4. Ray paths correspondirig to intersections of trans-
mission curves and ionograms.

as the high-angle or Pedersen ray. There would be five different ray paths
for a 14 Mc/s wave. The 18 Mc/s transmission curve intersects the F
and E layers, but misses the F) section; thus no reflection from the F}
layer is possible on this frequency.

As the frequency f of the parametric curves increases, the points of
intersection (bb’') come closer together, merging in a tangent contact at
one point c. At this point only one ray path would be possible, and 20
Mc/s is the highest frequency which could propagate over 2000 km under
these ionospheric conditions. The frequency of the tangent curve is called
the maximum usable frequency (MUF). At this point, where the high
and low waves merge, focusing takes place and the received signal will
be enhanced.

For values of f above 20 Mc¢/s there is no value of f, sec ¢, that will
satisfy (4.14) and hence no level of reflection. Therefore, the signal is
said to skip at the distance concerned (2000 km). The distance for which
a given frequency is the maximum frequency is called the “‘skip”’ distance
for that frequency. Within this distance no signals are received from the
ionosphere by the regular process of ionospheric refraction.

In figure 4.5 are shown the paths for various frequencies in the case
of a single (F,) layer. Note that, as the operating frequency is increased,
the real height of reflection of the low-angle ray increases, whereas the
height of the high-angle ray decreases until they coalesce at the maximum
frequency.

In figure 4.6 we see what happens to the ray path (on a given fre-
quency) as the angle of elevation (takeoff) slowly increases. For low
angles the propagation path 1 is long. As the elevation increases, the
ground range (path 2) decreases until the skip is reached (path 3), after
which the range increases rapidly as shown by paths 4 and 5. Eventually
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———-—— LOW AND HIGH WAVES AT A FREQUENCY (14 Mc/c) BELOW THE MUF.

—.—.— LOW AND HIGH WAVES AT A FREQUENCY(I8Mc/s),BELOW BUT CLOSE
TO THE MUF,

SINGLE WAVE AT THE MUF (20Mc/s).
------------- OCCURRENCE OF SKIP AT A FREQUENCY(22Mc/s)ABOVE THE MUF.

Ficure 4.5. Ray paths for fixed distance, for different frequencies.
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FiGURE 4.6. Ray paths for fixed frequency, with varying elevation.

penetration occurs as shown by path 6. Paths 1 and 2 are the low-ray
paths and 4 and 5 are the high-ray paths. The variation of ground range
D with angle of incidence ¢, for a parabolic layer is sketched in figure 4.7
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Ficure 4.7. Variation of range D with angle of incidence ¢ for a
plane parabolic layer.

for various ratios of the operating frequency to the penetration frequency.
Note that for a given distance there are two values of ¢¢, one correspond-
ing to the low-angle path and the other to the high-angle path. The
minimum distance is the skip distance. Note that the high-angle ray is
very sensitive to changes in ¢o.

4.3.2. Curved lonosphere

The breakdown of the equivalence theorems in the case of a curved
layer requires a modification of (4.15) for obtaining sec ¢o. The complete
modification is very complicated due to the fact that it depends on the
electron density profile and, therefore, differs from one set of ionospheric
conditions to another. For many practical purposes it is sufficiently ac-
curate to amend the Secant law to

For=Kf» sec o. (4.16)

The correction factor k depends upon the distance and has values ranging
from 1.0 to about 1.2 for most practical purposes. The quantity k sec ¢o
is often referred to as “‘sec ¢ corrected.”

The value of k is a function of the distance and real height of re-
flection and is very difficult to calculate. For a given virtual height, it
is possible to calculate this factor for the limiting case of two -different



170 OBLIQUE PROPAGATION

t 200 | — T T T T T T
1160
E
@ 1.120
o
—
o
<
[*.
- -
o
=
o
w
& 1080}
o
o
1.04 0+
|-000 1 - i 1 1 1 1
o 1000 2000 3000 4000

DISTANCE (km)
Ficure 4.8. Variation of correction factor k with distance.

(After B. Wieder, 1955, Some results of a sweep-frequency propagation experiment over
a 1100 km east-west path, J. Geophys. Res. 60, 395.)

types of electron density profile, one for which the ray path penetrates
deep into the layer, the other for which the wave is reflected from the
lower boundary [3]. From a curve drawn between these two limiting
values it is possible to obtain a reasonably good empirical correction factor.
The variation of this correction factor with distance is shown in figure 4.8.

The primary purpose of transmission curves is the determination of
maximum frequencies for a given radio circuit. For this purpose it is
possible to construct a type of transmission curve whereby a single curve
suffices for each distance and a family of curves parametric in distance
can be drawn on a single transparent overlay for use with standard
ionograms. This is done by making the frequency scale logarithmic, and
requires that the frequency scale of the vertical ionogram be logarithmic
also.



CURVED IONOSPHERE 171

800 g 1
700 E
£ 600 E
= 3
£ s500E /
© =
) —
= P!
T 400 E A
= 3 /&
S 300E /7/
— —
% 200E %A ]
— L—
= —
100 E==3 —
OEIIHILL[X’If’illJIi!FI lJlllJLllillJJI’lilllili‘[tlkllllll.
6055 50 45 40 35 30 2.5 2.0 15 1.0

SECANT ¢, (CORRECTED)

FicUurg 4.9. Logarithmic transmission curves for curved ionosphere.

A family of such standard curves is shown in figure 4.9, in which
the factor k sec ¢ is plotted on the same logarithmic scale as the ionogram
but with the numbers increasing in the opposite direction to the fre-
quency of the ionogram. The virtual height k' is the same as that on the
ionogram. These curves are plotted on a transparent overlay and placed
over the ionogram so that the height scales coincide and the curves will,
in general, intersect in two places. Opposite the abscissa 1.0 will appear
the values of product kf, sec ¢¢ or fop. As the overlay slides along the
horizontal axis, different values of f,, will be obtained. Note that because
of the logarithmic frequency scale, the same number, except for the deci-
mal point, will appear on the transparency opposite the 1.0 index on the
logarithmic ionogram scale. The transmission curve for a given distance
can be slid along the abscissa until it is just tangent to the h’f curve.
The product, as then read at the 1.0 index, is the value of the maximum
frequency.

For many purposes, the maximum-usable-frequency factor (M factor)
is desired, that is, the ratio of the maximum frequency to the critical
frequency of the layer. This may be found directly from the logarithmic
scale on the transparency opposite the critical frequency cusp when the
transparency is set to read the maximum frequency (i.e., tangent con-
dition).

The transmission curves given in figure 4.9 are most accurate for
F, layer heights because the factor k is based on typical F, layer profiles.
Over short distances they will be accurate for any layer because, as the
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distance approaches zero, k approaches the value 1.0. The effects of the
earth’s magnetic field have been neglected in constructing the transmission
curves. The errors introduced because of this procedure will be discussed
below.

4.3.3. The Parabolic-Layer Method

Instead of calculating maximum frequencies by the use of a vertical
h'f curve and a transmission slider, it is possible to fit a parabolic model
to the nose of the F; layer and, from this, to calculate the maximnum fre-
quencies on the basis of analytical formulas [4]. The height h, of the
bottom of the parabola and its semi-thickness (see sec. 3.3.4.2) are de-
termined from the ionogram. The ground range D cannot be determined
for the parabolic layer, but by neglecting small terms [4] it is given by

1—x*[ym/ (a+ho) ] sin? ¢o+x cos ¢y
1—x2[ym/(a+ho) ] sin? ¢p—x cos ¢y

sin ¢o xym In

a
D— a+h0

+2a cot ¢o—2a\/cot? ¢o— (2he/a), (4.17)

where x=f/f. and ¢, is the angle of incidence.

The maximum frequency and the skip distance can be evaluated
from the condition that dD/d¢,=0. Hence families of curves can be con-
structed showing the variation of x(M factor) with distance for a range
of values of the height of maximum electron density h,(=h,+y.) and
for different values of the ratio y./ho as depicted in figure 4.10. If these

T T T T T T T T T 7 T

40 -

30 -

20}

0 7 1000 2000 3000 4000 5000 6000 7000

km

Ficure 4.10 M factors for a parabolic layer.

(After E. V. Appleton and W. J. G. Beynon, 1940, The application of iono-
spheric data to radioc communication problems, Proc. Phys. Soc. 52, Pt. I,
518; 1947, Proc. Phys. Soc. 59, Pt. II, 58.)
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parameters are known, together with f,, it is possible to determine the
maximum frequency by interpolation between curves. To get the most
reliable estimate of the factor at any time, it is desirable that h, and yn.
should be determined directly from ionograms at the midpoint of the
path. Such a course is, however, rarely practicable, and it is necessary
to predict the most probable values of y, and k, from past history. From
the network of ionospheric sounding stations the diurnal, seasonal, and
sunspot cycle variations of these parameters are known over most of the
world. Comparisons have shown that the results obtained by the para-
bolic method and by Smith’s transmission curves are essentially the same.
For two-hop propagation it is necessary to calculate the factor for half
the distance.

The transmission theory presented above applies to the case of a
spherically stratified ionosphere only. Now, over long transmission paths,
the ionospheric parameters may vary appreciably and so the various hops
will be of unequal length. The parabolic layer theory has been extended
by Kift [5] to include such variations and will be considered later.

4.4. OBLIQUE IONOGRAMS
4.4.1. Experimental Technique

The most convenient way of determining the echo structure of signals
transmitted obliquely is by the ionosonde technique but with transmitter
and receiver at different ends of the path. From the technical point of
view this introduces two problems:

(a) Therepetition frequencies at the sender and at the receiver must
be very nearly the same; otherwise the received pulse will ““drift”’ along
the time base of the display oscilloscope.

(b) The frequency of the receiver, as a function of time, must be
kept in tune with the sender.

Pulse synchronization (a) is achieved by employing signals from in-
dependent stable crystal oscillators. The frequencies of such oscillators
are normally in the range 100 kc¢/s to 5 Mc/s, and electronic frequency
dividers are used to obtain the desired repetition frequency. The oscilla-
tors can be adjusted (in frequency) either independently with reference
to an external standard (e.g., WWYV), or else the oscillator at the receiver
can be adjusted periodically until the drift of the pulses from the sender
is reduced to a minimum. Other synchronization methods used have in-
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volved fixed-frequency pulses transmitted from the sender to receiver
via a cable [6] and also by the transponder technique in which the re-
ceived pulses are used to trigger the display time base. Neither of the
latter methods has been particularly successful.

The tuning of the transmitter and receiver can be accomplished in
several ways. The two most commonly used are

(1) the accurate shaping of the cams which determine the frequency
sweep [7];
(2) the synthesis of the frequency from a set of crystal oscillators [8].

With this technique studies of oblique transmission via the ionosphere
have been carried out in Canada [9, 107], Germany [117], Great Britain
[5, 127, Japan [6], and the United States [13].

4.4.2. Conversion from Vertical to Oblique Incidence

This process is illustrated in figures 4.11a and b. Consider points
A, B, C, D, E, and F on the vertical ionogram. For a plane ionosphere
and a given distance of transmission we can calculate sec ¢, corresponding
to the various virtual heights. From this we can obtain f,, =f, sec ¢, and
so plot the oblique ionogram shown in figure 4.11b. Note that the vertical
scale in figure 4.11b can be related to the equivalent oblique path by the

fo = CRITICAL FREQUENCY
fm = MUF

f

C
(Q)VERTICAL (b)OBLIQUE

Ficure 4.11. Corresponding vertical and oblique ionograms.
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transformation P’—=2h’ sec ¢o. As we increase the frequency from A to
B to C. etc.. the virtual height is increasing whereas sec ¢ is decreasing.
Between A4 and C the increase in f, predominates so that fo, increases,
but from C to F the sec ¢, factor predominates and so fo, decreases. The
oblique trace A'B’C’ represents the low ray, whereas that marked D' E’F’
represents the high ray. Notice that the maximum frequency is not re-
flected from the height of maximum electron density but at a lower height
which decreases with increasing obliquity.

4.4.3. Experimental Records

4.4.3.1. Medium Distances

Figure 4.12 shows a sample oblique ionogram taken during mag-
netically quiet conditions in middle latitudes [147]. The traces are clear,
and the maximum frequency of the one-hop F trace is well defined (about
13.5 Mc/s). The high-angle trace (marked H) can be seen for the one-hop
trace.

In the description of oblique ionograms it is desirable to eliminate
the term maximum usable frequency because of the ambiguity in the
meaning of “usable.” The following terms will be used:?
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Ficure 4.12. Tonogram Boulder—Sterling, Sept. 1, 1954, 2012 (QO°WMT).

2 Recommendations of the Lindau Meeting held in May 1963.
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(1) Maximum observed frequency, MOF, means the highest fre-
quency on which the sounder transmitter signals are observed on the
ionogram, regardless of the propagation path involved.

(2) Lowest observed frequency, LOF, means the lowest frequency
on which the sounder transmitter signals are observed on the ionogram,
regardless of the propagation path involved.

(3) These terms (MOF and LOF) may be used also to describe
identifiable modes. For example, 2F, LOF means the lowest frequency,
observed on the ionograms, which is propagated by two reflections at the
F; layer with an intermediate ground reflection. Similarly, 2F; MOF
means the highest observed frequency of the two-hop F’ trace.

(4) The lowest observed frequency of the high-angle ray may be
distinguished from that of the low-angle ray by the letters H and L,
respectively. Thus F,; HLOF is the lowest frequency of the high-angle
signal which is propagated via the one-hop F2 path. Likewise, F» LLOF
is the lowest observed frequency of the corresponding low-angle signal.

(5) When it is required to distinguish between the ordinary and
extraordinary raypaths, an “0” or “x”” may follow in parentheses. Thus
the F; MOF (x) is the maximum observed frequency of the extraordinary
wave which is reflected once at the F) layer.

(6) The frequency at which the high- and low-angle rays join will
be called the ““junction frequency” and will be denoted by JF. Note that
this frequency has been called the ““classical MUF.”’

Note that capital letters are used in oblique work in contrast to the
small letters agreed upon in vertical soundings.

20
LOF Mc/s JF F2MOF

Ficure 4.13. Ionogram Boulder—Sterling, Nov. 29, 1954, 1321 (90° WMT) showing
difference between JF and MOF.
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The above terminology is illustrated in figure 4.12 in which the F; JF
and F; MOF are identical. Notice also that LOFs of the multi-hop signals
are lower than that of the one-hop. Figure 4.13 shows a case where the
MOF is appreciably larger than the junction frequency. This difference
is thought to be due to some scattering process in the ionosphere. It ap-
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Ficure 4.14. Diurnal variation of percent difference between JF
and MOF' (Boulder—Sterling).
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Ficurg 4.15. Ionograms, Tripoli-Accra.
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Ficure 4.16. Ionogram, Tripoli-Accra, showing spread F echoes.

pears to be essentially a winter daytime phenomenon in these latitudes.
The diurnal variation of the difference (MOF-—JF) for the Boulder-
Sterling path is shown in figure 4.14. The two ionograms of figure 4.15
also illustrate that in low latitudes the MOF may be the same as or differ
from the junction frequency. The greatest difference between the MOF
and the junction frequency occurs during certain equinox evenings on
circuits near the magnetic equator. This is illustrated in figure 4.16. The
junction, which is obscured by the spread echo, is around 25 Me/s,
whereas the MOF is nearly twice th's value.

It should be realized that the maximum observed frequency and the

minimum observed frequency will depend. to some extent. on equipment
characteristics.

4.4.3.2. Long Distances

As the transmission distance increases. the complexity of the echo
structure tends to increase. Furthermore, signals which may be relatively
unimportant over short distances may become determining factors over
long distances. An example of this, which has been demonstrated by
Canadian workers [15], is the importance of the Pederson ray in deter-
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