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Preface 

The role of the ionosphere in long-distance short-wave communica¬ 
tion is one of paramoimt importance ; indeed, without it such com¬ 
munication would be impossible. All, therefore, who carry on radio 
communication over long distances, whether as part of their 
professional duties or merely as r hobby, are continual “ users ” of 
the ionosphere, and, as such, would wish to know something about it, 
and about its effects upon their radio waves. 

The aim of this book is to present such information in an essentially 
simple form, so that it will be of use even to those with only a limited 
technical knowledge. In this way it is hoped to meet the needs of all 
those “ users ” of the ionosphere, whether of amateur or professional 
standing, who have not the time to make a special detailed study of 
ionospheric propagation, and of the part it plays in the maintenance of 
short-wave communication. 

The use of mathematics has been avoided, and the physical pro¬ 
cesses involved explained, so far as this is possible, in simple descriptive 
language. Whilst such explanations must, in some cases, fall somewhat 
short of the complete truth, this is felt to be justified by the above 
considerations. The practical side of the subject has always been kept 
in mind, and it is shown how the scientific ionospheric data may 
applied to everyday problems of short-wave transmission and reception. 

The subject is introduced in such a way as to make it comprehensible 
to the beginner : the formation and structure of the ionosphere are 
diseased, and its effects upon a radio wave briefly explained. The 
technique of ionospheric measurement is dealt with, and the nature of 
the continual variations that occur within the medium are discussed. 
The methods for applying the ionospheric information to short-wave 
transmission and reception are dedt with at some length, and some of, 
the phenomena which particularly affect amateur radio transmission' 
are specially mentioned. Finally the cause and nature of ionospheric 
disturbances and of certain other phenomena are gone into. 

Hiroughout the book some liberty is taken in the use of certain 
teriip, as, for example, “ refraction ” and “ reflection,” “ rays ” and 

waves,” but it is hop^ that this will not result in any confusiom 

In writing the book tiie author has sometimes made use of informa- 
thm udikh has been published before, and he wishes to acknowledlfB 
the <hiht he owes to thos^ soentifle workers whose F^Uished papeti 
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PREFACE 

constitute the standard literature on ionospheric matters. He also 
wishes to thank the British Broadcasting Corporation for permission 
to publish information which has been made use of in the development 
of the Corporation’s overseas services. 

T. W. Bennington 
January, 1950. 

ABBREVIATIONS USED 

o degree 
cm centimetre 
db decibel 
EHF extremely high frequency 
G.M.T Greenwich Mean Time 
HF high frequency 
kc/s kilocycles per second 
km kilometre 
LF low frequency 
LUHF lowest useful high frequency 
Mc/s megacycles per second 
MF medium frequency 
MUF maximiun usable frequency 
OWF optimum working frequency 
SHF super high frequency 
UHF ultra high frequency 
VHF very high frequency 
VLF very low frequency 
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CHAPTER 1 

Fundamentals of Long-distance Radio 
Communication 

Introduction 

Radio communication over very long distances—^whether by broad¬ 
casting, telegraphy, telephony, or by any other means—^is nowadays 
carried out almost exclusively on the short waves, that is to say on waves 
from about 100 metres to 10 metres in wavelength. It is not possible to 
carry out such long-distance communication on the medium waves 
(those between about 100 metres and 1,000‘metres in wavelength) nor 
upon any of the wavelength ranges shorter than 10 metres in wave¬ 
length, at least upon a regular and dependable basis. It is possible to 
do so upon the very long and upon some of the long waves (those over 
about 3,000 metres in wavelength), but the cost of the plant and of its 
operation upon these wavelengths is so high compared with that of 
installations with similar transmission ranges operating upon the short 
waves, that present-day long-distance communication is confined very 
largely to these latter wavelengths. 

The short waves are therefore of nnmense importance in modem 
communication systems, as is also the medium by which they are 
enabled to travel to such great distances. This is the body of ionised air 
existing in the upper atmosphere—^the ionosphere, as it is called. 
Without this medium, long-distance radio communication round the 
spherically-shaped earth would be impossible : it forms an essential 
part of every short-wave transmission path. Thus the short waves, 
together with their conducting medium, the ionosphere, constitute a 
most important adjunct to modem everyday life, and, besides this, 
form a very fascinating subject for amateur interest and experimenta¬ 
tion. 

It is the aim of this book to explain the essential facts about short¬ 
wave transmission and the ionosphere in language as simple as it is 
possible to use. Though the whole book should be intelligible to any¬ 
one, whether with previous knowledge of radio or not, this first chapter 
is intended for the veriest beginner, and may well be skipped by those 
with an elementary radio knowledge. 

Radio Wave Range Varies with Wavhjngth 

It has already been said that the only radio waves suitable for really 
long-distance oommunicaiioa are those hi the short-wave range (apart 
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SHORT-WAVE RADIO AND THE IONOSPHERE 

from certain long waves whose use is more costly), and from this it will 
be gathered that the short waves have some characteristic which is not 
shared by other radio waves. This is true, though the beginner should 
clearly understand that it is not because of any fundamental differehce 
in the natttre of the short and of other radio waves. Radio waves are 
all electromagnetic disturbances in space, and are of the same essoitial 
character whether their wavelength is measured in thousands of metres 
or in fractions of a metre. But their actual behaviour during trans¬ 
mission varies very greatly according to their wavelength, because of 
the fact that phenomena which are of little importance when the wave¬ 
length is long become of great significance when it is reduced ; and, 
conversely, phenomena which have a big effect upon the long waves 
are of little consequence on those of shorter wavelength. This difference 
in behaviour greatly affects the distance range to which the waves can 
travel, and it is this which makes the short waves so suitable for long¬ 
distance transmission. 

It should not be imagined, however, that there is any sharp dividing 
line between waves which behave or travel in one way and those which 
travel in another. As a matter of fact the boundaries between the 
different classes of waves are not only largely arbitrary, but also vary 
very considerably from time to time. Nevertheless it is expedient to 
classify the waves according to the characteristics wlpch they usually 
and primarily exhibit, and to divide them into wavebands, each of 
which possesses, in general, these particular characteristics. 

Classification of Radio Waves 

If there is one thing upon which radio engineers seem to find it 
difficult to make up their minds it is upon this question of the classifica¬ 
tion and nomenclature of the waves of differing wavelength. There is 
at practically any time a dispute going on in one or other of the world’s 
technical journals about the validity of the latest classification, and 
usually the reasons given by the disputants are not easy to contradict. 
We cannot do better here, however, than to pve what is, in its main 
essentials, the classification laid down by the Atlantic City Tele¬ 
communications Conference of 1947, which is shown in Table 1. 

As will later be explained, we can speak of radio waves in terms either 
of their “frequency ’’ or of their “ wavelength.” 

Nature of Radio Waves 

It is not intended, in a book like this, to go into the highly comifikmfed 
details about the production of a radio wave, or about its exact nature 
when produced. Buf a few fundamental points about it will be men* 
tioned as being helpful latmr on to an imdontasding of the 8|ieclal 
bchaviom: cff the short waves, in whkii we are main!^ is^erei^. 

iO 



FUNDAMENTALS OF LONG-DISTANCE COMMUNICATION 

TABLE 1 

Class Wavelength I 
range 

Frequency sub- \ 
division 

Frequency 
range 

Metric sub¬ 
division 

Veiy long 
’ waves 

Above 10,000 
metres 

VLF (Very 
low 

frequency) 

Below 30 kc/s Myriametric 
waves 

Long waves 10,000-1,000 
metres 

LF (Low 
frequency) 

30-300 kc/s Kilometnc 
waves 

Medium waves 1,000-100 
metres 1 

MF (Medium 
1 frequency) 

300-3,000 
kc/s 

Hectometric 
waves 

Short waves i 100-10 
metres | 

HF (High 
1 frequency)* 

3,000-30,000 
kc/s 

Decametric 
waves 

Very short 
waves 

10-1 metres | 
1 
1 

VHP (Very 
high 

frequency) 

30,000 kc/s- 
300 Mc/s 

Metric waves 

Ultra short 
waves 

1-01 metres i 
1 

. 1 

UHF (Ultra 
high 

frequency) j 

1 300-3,000 
' Mc/s 

1 

Decimctric 
waves 

Super short 
waves 

01-001 1 
metres i 

SHF (Super 
high 

frequency) 

3,000-30,000 
! Mc/s 

C^ntimetric 
waves 

Extremely 
short waves 

001-0-001 1 
metres 

EHF 1 
(Extremely high! 

frequency)! 

30,000-300,000 
Mc/s, 

Millimetric 
waves 

Imagine a radio transmitting aerial being fed with high-frequency 
electrical energy from a transmitter, in which case there will be an 
electric charge oscillating back and forth along the’wire. This charge 
sets up “ lines ” of electric strain in the space surrounding the aerial, 
and, since it would do so equally well if the aerial were in a vacuum, it 
is evident that the air surrounding it has nothing to do with the matter. 
The electric strain lines do not, as a matter of fact, require any material 
medium to support them : they can exist in “ free space ”—that is, in 
space which contains no material nlfcdium whatsoever. 

It is a principle in electricity that when an electric strain acts across 
a conductor it sets up an electric current along it. Similarly, a changing 
electric strain—like the one we are considering—seb up what is known 
as a “ displacement ” cuirent, even in an insulator, like the air sur¬ 
rounding our aerial. An electric current, whether of the “ displace¬ 
ment ” Of" conduction ” type, will, in turn, set up a magnetic strain, 
acting at rig^t an^ to the electric strain which was its orightal cause. 
And a clmgii^ magnetic strain will, tlgain, set up anotiher dectm 
strain, and so on. Thus, m the space surrounding our mud a dis- 
turba^ eondstia^ of alternate electric and magnetic strains is set up^ 
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SHORT-WAVE RADIO AND THE IONOSPHERE 

EUECTRIC STRAIN 

z- 
o 
< 
2- 

rTTTTTT 
F^. 1—Lnagiiie this to be the wave front of a wave which is coming towards you. 

Hie directions of the “ strains ” are shown for a certain instant of time: a half-cycle 
later the directions would both be reversed 

and, since each successive strain may be regarded as occurring farther 
and farther from the aerial, the electrical energy actually leaves the 
aerial, and is “ radiated ” into space. 

Such a disturbance in space—consisting of co-existent electric and 
magnetic strains—constitutes an electromagnetic wave, and this travels 
through space at its own natural velocity of 300,000,000 metres 
(186,000 miles) per second. Its velocity through ordinary air is sub¬ 
stantially the same as through “ free space.” 

The outer edge of such an advancing disturbance is called the wave 
front, and if we could examine things there we should find that the 
direction of the electric strain, the direction of the magnetic strain and 
the direction of advance of the wave were all at right angles to each 
other.' Thus if, looking straight in front of you, you imagine a wave 
advancing past you from left to right, the direction of its electric strains 
might be up and down from ceiling to floor and that of its magnetic 
strains horizontally towards and away from you. Fig. 1 may also help 
to explain the situation. 

It is important to remember, however, that a radio wave travels not 
only outwards'from the transmitting aerial in all horizontal directions 
(that is, over the surface of the ground), but also, provided it is not 
suppressed in any direction, in all upward directions from the horizontal 
as well. 

Velocity, Frequency and Waveuength 

In order to make sure that we are clear on all fundamental points it 
may be as well to explain the relation between the velocity at which the 
wave travels, its frequency, and its wavelength. 

As the electric charge continues to oscillate in the aerid, dectro* 
magnetic waves continue to be radiated from it. The rate at wfaidi they 
are emitted will depend on the rate or “ frequmicy ” at which the 
dectik osdUation is set up by the radio transmitter. For eadi omnidde 
osdhation of the charge in ^ aerial'one oornfflete wave is ^nhtedii 
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PUNDAMfiNTALS OF LONG-DISTANCE COMMUNICATION 

The velocity at which the wave travels in the air surrounding the 
aerial always being the same, the wavelength and frequency are con¬ 
nected by the relation— 

Wavelength (m metres) == =-t:—^ 
frequency (m cycles per second) 

A visual picture will help us to understand this. Suppose that the 
radiated waves are visible,'and that we are able to watch them coming 
from the aerial and to follow them as they travel outward from it. We 
know the velocity at which the waves will travel, namely 300 million 
metres per second. Suppose the electric charge to be oscillating upland 
down the aerial 300 million times per second, in which case we say that 
it has a frequency of 300 million cycles per second. For each complete 
oscillation (or cycle) of the charge one complete wave is radiated. At 
the end of a second the wave front will be 300 million metres away, 
whilst the last wave will just be leaving the aerial, and the distance 
betwe^ the wave front and the aerial will be occupied by the 300 million 
waves which have been emitted. The distance occupied by each wave 
will therefore be 1 metre—that is, the wavelength is 1 metre. 

Now let us decrease the frequency of the oscillating charge and cause 
it to oscillate a hundred times more slowly than before, namely at a 
frequency of 3 million cycles per second. At the end of a second there 
will now be only 3 million waves occupying the 300 million metres 
between wave front and aerial. The wavelength will therefore be— 

300,000,000 
3,000.000 ~ 

We thus see that a wave of low frequency has a long wavelength, 
whilst a high-frequency wave has a short wavelength. We can refer to 
a wave either in terms of its frequency or of its wavelength, though 
frequency is perhaps the better designation. 

In order to avoid getting confused by the large figures involved when 
dealing with frequency we can express this quantity in more convenient 
terms than that of cycles, namely— 

1 kilocycle per second (kc/s) ’= 1,000 cycles per second 
1 megacycle per second (Mc/s) = 1,000,000 cycles per second. 

The Ground Wave 

It has already been mentioned that radio waves can be emitted from 
the aerial so as to travel outwards in all directions, both horizontal 
and vertical We should, perhaps, require a rather spedal form of 
aerial in order to radiate equal amounts of energy in all of these direc¬ 
tions, but let izt imagine, for the moment, that that is being done. 

If we cotdd st^ the radiation an instant after it had started and 
hdd the waves stffl in space whhst we examined the situation, we ^uld 
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aiORT-WAVE RADIO AND irffi IONOSPHERE 

SURFACE OF GROUND 

F%. 2—Direction of travel of some of the “rays” of radio energy 

get the picture of a huge hemisphere of radiated energy surrounding the 
aerial and supported on the ground, with the aerial at the centre of the 
circle described on the ground by the bottom of the hemisphere of 
energy. 

^ It is rather difficult to show this in a diagram drawn on a plane 
surface, but it will suffice for our purpose to show a section cut through 
the hemisphere, as in Fig. 2. The arrows indicate the direction of travel 
of some of the radiated waves or “ rays ” of radio energy—^some, we 
see, are travelling outwards over the surface of the ground, whilst others 
are going up towards the sky. 

For the moment we will consider only those waves which are travel¬ 
ling outwards in directions parallel to the surface of the ground. This 
part of the radiated disturbance is called the “ ground wave ” since it 
remains in contact with the ground throughout its journey. As the 
wave travels along it sets up electric currents in the earth itself, and 
these cause a weakening or “ attenuation ” of the wave, for energy is 
taken from it in order to maintain them. This loss of energy is said to 
be due to “ ground absorption,” and its amount will vary according 
to the nature of the'terrain over which the wave is travelling. It is less 
over sea than over any other type of terrain, and thus the “ distance 
range ” of the ground wave over sea is relatively great. 

Part of the energy lost in the ground is replaced by that in the part 
of the wave immediately overhead, so there is a certain flow of energy 
downwards towards the ground. But the energy at the foot of the wave 
is only partly replaced in this way, and, since it goes on inducing 
currents in the earth and losing more and more of its energy the farther 
it goes, it eventually becomes so greatly attenuated that—to all intents 
and purposes—it dies away altogether. 

In considering the propagation of the ground wave we must remem¬ 
ber that a radio wave normally travels in a perfectly straight line, and, 
since 4he earth’s surface is curved, it cannot, if it is to be receivaUe 
at any great distance, continue to do this, but must “ bend ” around 
so as to follow the earth’s curvature. The ground wave, when it meets 
an intervmihig otgect—such as the “ bulge ” in the ei^’s surface- 
in its path, d^ to some extent, " bend ” arouiul it die process, 
loadwa as *‘diffiraction.” Also the wave, as it goM.aiong, acquitts a’ 
fotwird dlt,” so that some the epergy ovsiliii^ t«^ to flow 
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FUNDAMENTALS OF LONG-DISTANCE CCttlMDNICATION 

downwards towards the ground, and this assists the wave to bend 
around the curved earth. But these processes absorb energy from the 
wave and so weaken it that, for this reason alone, it is necessary to 
employ some other principle than that of ground-wave transmission 
in order to effect really long-distance communication. 

Variation in Ground Lcbses with Wavelength 

But there is another point which ,we should now consider—an 
important one in helping us to understand the reasons for the different 
behaviour of waves of different wavelength or frequency. 

The losses to which the ground wave is subject, because of the 
earth currents at its foot, besides varying with the nature of the soil 
or water over which it is travelling, vary also with the wavelength. 
The shorter the wavelength the thinner is the layer of earth which it 
affects, and so the greater is the resistance of this. Thus the greater is 
the amount of energy lost in the earth, and the sooner does the wave 
become completely attenuated and die away. In other words, the 
longer the wavelength (the lower the frequency) the less are the earth 
losses, and the longer does the wave persist, so that with a given amount 
of energy radiated the greater is the range of the transmitting station. 

On the longer wavelengths the ground wave can travel to quite con¬ 
siderable distances, though it should be stated that the great distance 
ranges obtained on the long wavelengths are not obtained by means 
of the ground wave alone. However, the main point is that as we reduce 
the wavelength—by increasing the frequency at the transmitter—the 
ground losses increase, and the range of the station gets less and less. 
Thus in Fig. 3, at a wavelength of about 1,000 metres, the ground 
absorption is relatively slight and so the range is relatively great. But 

Wg. 3—Variirthwi ht imm wtft wwlwgft 
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SHORT-WAVE RADIO AND THE lONOSEHERE 

throughout the medium-wave range (1,000 to 100 metres) the losses are 
increasing rapidly, and the ground-wave range is so severely restricted 
that these waves are only of use for short-distance communication. 
From Fig. 3 it will be seen that this reduction in range continues—so 
far as the ground wave is concerned—^right down to the shortest wave¬ 
lengths. Below about 100 metres, therefore, the ground wave is of 
little consequence, and is not usually relied upon to provide com¬ 
munication. 

The Sky Wave 

But the actual range, as shown by the full-line curve of Fig. 3, is seen 
to increase very rapidly at about 100 metres, so that on waves between 
about 80 metres and about 10 metres the greatest ranges are obtain¬ 
able. 

Furthermore, these ranges are obtainable at a fraction of the cost 
in material and power of similar ranges on the long waves. This is 
because of the large dimensions and high operating costs of long-wave 
installations. For, considering only the aerial arrangements and bearing 
in mind that to be a good radiator its dimensions must approach in 
magnitude the order of a wavelength, it is easily seen how difficult and 
costly this is to achieve where the wavelength is long, and how simple 
and cheap in the case of the short waves. 

It will be noted that this greatly enhanced range can occur over the 
Whole range of waves which we call the “ short ” waves (from roughly 
100 to 10 metres) and, as this is the subject with which the rest of this 
book will mainly deal, we had better examine the reason for its occur¬ 
rence straight away. 

In considering Fig. 2 we agreed to deal for the time being only with 
those waves which were going out at small angles to the earth’s surface. 
We will now consider that other portion of the radiated energy which 
is contained in the top portion of our hemisphere of radiated energy, 
and which represents the upward-going waves, shovm by the sloping 
arrows in Fig. 2. Tlii»t<» Ifayinp the aerjj^f, 

travel up towards the sky, and hence this portion of the radiated energy 

is knovm as the^^lilcy " wave, xn shon-wave work we rely entirely on 
this sky wave to provide the energy which will actuate the receiver at 
the far-distant point. 

But observing the direction of the arrows and remembering that the 
waves will normally advance in straight lines, it is at once seen that 
after they have been travelling for a second or so they will be many 
thoilsands of miles away from the earth and will never in a position 
to operate a radio receiver located upon it. That would indeed be so if 
they were travelling all the time in normal air—such as exists at the 
earffi’s surface. Tl^ acts as an electric insulator. But fortunately for 
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FUNDAMENTALS OF LONG-DISTANCE COMMUNICATION 

US—in more respects than one—the air surrounding the earA is not 
all in this “ normal ” state. For hi^ in the atmosphere, and sur¬ 
rounding the earth like a shell, is a region where the air has been 
turned into an electrical “ conductor,” and air in such a state acts upon 
radio waves very differently from that at the earth’s surface. This 
“ shell ” of conducting air is said to be “ ionised,” and hence the whole 
region it occupies has been given the name “ ionosphere.” It extends 
from about 50 miles to about 300 miles or more above the earth’s 
surface. 

What Happens to the Sky Wave in the Ionosphere 

Referring again to Fig. 2, let us consider that part of the radiated 
energy going out in the upward directions such as are depicted by any 
of the obliquely-sloping arrows. When we consider the energy going 
upwards in one single direction only, such as is shown byione of these 
arrows—^the energy contained witMn an extremely thin sector of the 
radiated hemisphere—^then we may look upon it as a “ ray ” of radio 
energy, and regard it in a similar way to that in which we regard a ray 
of light. Whilst referring to this “ ray ” of radio energy we should do 
well to remember that in actual fact there will always be, not one, but 
a great many such rays travelling upwards side by side. 

The ray we are considering travels onward and upward in a straight 
line and at its normal velocity of 300 million metres per second. When 
it enters the ionosphere, with the latter’s layers of conducting air, its 
behaviour alters. It begins to travel at a different velocity and, as a 
result of this, it is deflected from its straight path and commences to 
curve round so that it is travelling at a smaller angle to the earth’s 
surface than when it left the ground. This curving process continues as 
it penetrates deeper into the ionised region, until eventually the ray is 
bent completely round, and is travelling towards the lower edge of the 
ionosphere again. It emerges into the ordinary air travelling at its 
original velocity and in a similar oblique path to that of its upward 
journey, and so it continues straight on towards the ground. This 
curving process is known as refraction, and is illustrated in Fig. 4, 

Fig. 4~'Sliart-w«Te (nuMailniiMi ra«id Om Ogratare t/t the earfli 
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SHORT-WAVE RADIO AND THE IONOSPHERE 

where, for the sake of clarity, some of the dimensions have been 
greatly exaggerated. 

Having lost very little of its energy during its journey—it will lose 
some in the ionosphere, particularly under certain conditions—^the 
ray is able to actuate a radio receiver at the point on earth where it 
returns, which will be many miles distant from the transmitting station. 
Furthermore, on reaching the earth’s surface it is reflected like a light 
ray from a mirror, and is sent off upwards again at the same angle at 
which it started. Reaching the ionosphere once more, it is again 
refracted and returned to earth at a point twice as far from the trans¬ 
mitter as that at which it first came down. 

These processes are repeated again and again so that the wave 
travels to the greatest distances on earth in a series of hops, as is 
pictured in Fig. 4. This is very convenient and fortunate for us, for 
when the spherical shape of the earth is considered it is impossible to 
see how we should ever get a radio wave to Australia, for example, if 
it persisted in travelling in a straight line. 

We have, in our examination, considered only one ray of radio 
energy, but if we bear in mind that all the adjacent rays arc being 
affected by the ionosphere in a similar way we shall see that a con¬ 
siderable portion of the earth’s surface at the distant points will be 
covered by the downcoming rays, so that many thousands of radio 
receivers will be able to pick up the signals sent out. 

We shall go into this matter of ionospheric refraction in greater detail 
later on. Let us return for a moment to a consideration of Fig. 3. 

Propagation Characteristics for Different Wavelengths 

When we were discussing the ground wave we saw that the attenua¬ 
tion due to earth losses was least on the long waves and gradually 
increased as wavelength was reduced, thus leading to very small 
ranges on the shorter wavelengths. 

How does attenuation vary in the case of the sky wave ? Well, the 
sky wave is subject to absorption whilst it is travelling in the iono¬ 
sphere, and this varies with wavelength in the opposite way to the 
ground absorption, being least on the shortest waves and increasing as 
wavelength is increased. Thus the wave is, generally speaking, more 
greatly attenuated by the ionosphere the longer its wavelength. 

But the whole truth is somewhat more complicated than this, so let 
us examine Fig. 3 again, starting at a wavelength of about 300 metres. 
At this wavelength the ionospheric absorption is so hi^ that all the 
upgoing energy is lost in the ionosphere—the sky wave is completely 
attenuated, and there is only the ^ound wave on which to effect 
communication. At a wavelmigth of about 100 metre$ the ionospheric 
al^orption is reduced sufficiently fior energy to be returned from the 
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TABLE 2 

Classes Frequency 
sub-divisions 

Main 
characteristics 

Principal uses 

Very long waves 
and long waves 

VLF and LF Wave travels to con¬ 
siderable distances 
over earth’s surface 
and tb great distances 
by reflection from 
lower edge of iono¬ 
sphere 

Medium and long dis¬ 
tance point to point 
communication.. 
Long-wave medium- 
distance broadcasting 

Medium waves 

1 

MF Wave travels over 
earth’s surface to 
relatively short dis¬ 
tances during day, at 
night some energy 
comes from iono¬ 
sphere and range in¬ 
creases 

Local broadcasting, 
marine and aircraft 
communication, dir¬ 
ection flnding 

Short waves HF Wave travels up to 
ionosphere whence it 
is leflected back to 
earth. Conditions 
vary greatly with 
time of day and 
season, but great 
ranges obtained if 
conditions favour¬ 
able 

Long distance broad¬ 
casting, point to point 
communication. 
Amateur communica¬ 
tion, etcetera 

Very short, ultra 
short, super short 
and extremely 
short waves 

VHF, UHF, 
SHF and 
EHF 

No ionospheric re¬ 
flection. Wave travels 
directly through 
lower atmosphere 
from transmitter to 
receiver 

Short distance com- 
munication, FM 
broadcasting, tele¬ 
vision, radar, aircraft 
guidance systems. 
Amateur communi¬ 
cation 

upper atmosphere, and so we begin to get increased ranges due to the 
sky wave. Decreasing wavelength still further results in the ionospheric 
absorption being rapidly reducedj so the sky wave travels to greater' 
and greater distances. This continues until a wavelength of about 
10 metres is reached, when (as is seen from Fig^ 3) the range is suddenly 
reduced to that of the ground wave again.*^This is not due to any 
increase in ionospheric absorption, but to the fact that, at this wave'- 
length, the ionosphere is no longer capable of turning the wave around 
suffeiently for it to return to earth—its reflecting properties are reduced, 
and so the sky ^ve penetrates through it and is lost in outer space. 

Returning now to the wavelength of 300 metres and proceeding 
towards tiie long-wave end of Fig, 3, we see that on the longer wavc- 
lengtha great ranges are again achieved. As has been said, the ground 

1 
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wave on the long wavelengths is capable of travelling to considerable 
distances. But we must not fall into the error of supposing that the 
great ranges on the long waves are entirely due to good propagation of 
the ground wave. As we have seen, the ionospheric absorption in¬ 
creases with wavelength but it only does so up to a wavelength of. 
about 200 metres, and, on the long waves, begins to decrease again. 
Also, on these wavelengths the sky wave does not penetrate into the 
ionosphere, but is reflected from its lower edge. Thus it does not en¬ 
counter much ionospheric absorption, and so is not greatly attenuated. 
Consequently propagation of both ground and sky wave is relatively 
good on the long waves, and by the latter the greatest ranges can be ob¬ 
tained, at least on the longer of these waves. 

It should be added that there are many factors affecting this matter 
which will introduce modifications to Fig. 3, and to the explanation of 
it just given. In particular, because the state of the ionosphere varies 
from hour to hour, season to season, and year to year, the limiting 
wavelengths given above for each type of propagation are not to be 
taken rigidly, but rather as indicating in a general sort of way how 
propagation varies with wavelength. 

We may now summarise the propagation characteristics of the 
wavelengths or frequencies classified in Table 1 and indicate the principal 
uses to which they are put. This is done in Table 2 (page 19). 

From now on we shall concentrate almost entirely on the short radio 
waves, and in the next chapter it will be well to examine briefly the way 
in which their transmission medium, the ionosphere, is formed, and to 
learn something of its structure. 
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CHAPTER 2 

Formation and Structure of the Ionosphere 

Discovery of the Ionosphere 

When, in J901, Marconi succeeded in picking up radio signals in 
Newfoundland from his station at Poldhu in Cornwall, he created a 
problem that required considerable explanation. For it had previously 
been mathematically proved that the ground wave could not curve 
around the earth’s surface sufi&ciently to reach such a distant point, and 
furthermore it was known that radio waves travelling through the 
atmosphere itself—a medium then supposed to possess constant 
electrical properties—must travel in perfectly strai^t lines. Hertz 

had shown that they could be made to diverge from such straight 
paths only by interposing within the path a material having different 
properties from that of air, such, for example, as a metal sheet. By 
what means, then, did they manage to reach a point which necessitated 
their curving round an obstacle about 200 miles high—the “ bulge ” 
in the earth’s surface between transmitter and receiver ? 

It was then independently suggested by Heaviside, and by Kennelly, 

that the air in the upper atmosphere was not the same as that at ground 
level—that the earth was, in fact, surrounded by a region of conducting 
air, capable of reflecting radio waves and so of preventing their escape 
from the atmosphere, and of guiding them round the earth’s curved 
surface. 

It was soon seen that the air, which had always been regarded as a 
good insulator, might, in the high atmosphere, be converted into a 
conductor, by the process of ionisation. For in that region there would 
exist the atoms of gas capable of being made into ions and free electrons, 
and also the downcoming energy from the sun, capable of doing the 
work. But the theories of Heaviside and Kennelly were to remain as 
theories for many more years—^years during which the art of radio 
communication underwent tremendous expansion and development, 
and during which the ionised region itself was more and more utilised. 

It was not until 1924 that the first experiments which directly proved 
the existence of the Heaviside layer were actually made, by Sir Edward 
Appleton and his co-workers, using the Boumemoudi transmitter of 
the B.B.C. In that year, and in 1925, they made many such experunents, 
and found that the actual structure of the ionospheric region was not 
so simple as migjht have been supposed. There woe, in fact, not one, 
but Mveral ionised layers of gas, lying one above the other in the 
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atmosphere. Furthermore the ionisation, as might have been expected, 
was found to vary constantly and considerably, from hour to hour, 
from season to season, and over a still longer period. 

Since then the technique of ionospheric measurement has been 
considerably expanded and improved, and, as a result, a great deal has 
been learnt about the ionosphere, enabling us to understand more 
about the reasons for the existence of such a region, to learn the 
details of its structure and of the continual variations which occur 
within it, and to develop methods for the application of this knowledge 
to our practical problems of short-wave transmission and reception. 
Not all is known, however, about the region even yet—there remain 
many points on which only incomplete and partial knowledge is yet 
available. So, in what follows, we will attempt to give an idea of the 
main details of the causation and structure of the ionosphere, with the 
reservation that, on some points, future knowledge may necessitate 
modifications of what is said. 

Formation by the Sun 

The ionosphere is brought into existence by energy which is radiated 
from the sun. This fact very quickly becomes evident when we^study 
some of the variations in the conductivity of the air which occur within 
it. Perhaps the most striking evidence of its dependence on the sun’s 
radiations is its behaviour during a total eclipse of the sun. During 
sudi an event, when the sun’s rays begin to be cut oflF by the moon, the 
conductivity or degree of “ ionisation ” of the air in the ionosphere 
begins to decrease, and this decrease continues as the eclipse proceeds 
towards totality. A minimum in the ionisation occurs at about the 
centre of the eclipse, and when it is over the ionisation increases again 
and soon returns to a normal state. This shows that the agent res¬ 
ponsible for the ionisation of the air has been prevented from reaching 
it during the eclipse, its path having been blocked, as it were, by the 
presence of the moon in between the sun and earth, in the same way 
that the sun’s light and heat have been cut off from the earth’s surface 
during the eclipse. Furthermore, the fall in the ionisation is observed 
to start at the same time that the amount of light and heat reaching 
the earth starts to decrease, thus proving that all three radiations—light, 
heat and ionising radiations—are travelling towards the earth at the 
same speed. 

Again, there are very many variations in the degree of ionisation of 
the air as between ni^t and day, and also as between summer and 
winter, as would be expected if the sun were responsible for it. All the 
evidence goes to show, therefore, that the agent causing the ionisation 
is indeed a part of the energy emitted by the sun. Fig. 5 is a plot of 
some kno^heric observations made before and during an eclipse of 
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the sun, and illustrates the effects just mentioned, so far as they 
affected two of the ionospheric layers. 

The Sun’s Radiations 

The sun pours out into space an enormous amount of energy in the 
form of heat, light and other types of waves. A small part of the total 
energy emitted travels in the direction of this planet, and again, a small 
part of this reaches the ground. This we are very well aware of, because 
our eyes and other organs are sensitive to certain ranges of solar waves 
which we know as light and heat. But a considerable part of the sun’s 
energy never reaches the ground. It is expended in ionising the gases 
of the upper atmosphere. 

These radiations of the sun are electromagnetic waves, and, as such, 
have much in common with radio waves. They are propagated accord¬ 
ing to the same general laws, and at the same velocity. But, compared 
with radio waves, they are of tremendously short wavelength (high 
frequency). The longest waves to which our eyes are sensitive—that 
of red light—is only about 0-0008 cm in wavelength, and the shortest, 
that of violet light, about 0-0004 cm wavelength. Shorter in wave¬ 
length than these, and, of course, invisible to us, is a whole range of 
radiations extending down to very much shorter wavelengths still, and 
known as the “ ultra-violet ” radiation. 

We have already seen that when electromagnetic waves of “ radio ” 
wavelengths travel through bodies of un-ionised gas—such as the air 
at the earth’s surface—4here is no appreciable ^ect either upon the 
gas or upon the wave. But when we come to waves so short in wave¬ 
length (or so high in frequency) as the ultra-violet waves from the sun, 
the po^on is quite different, as we shall shortly see. 
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The Atmospheric Gases 

The gases constituting the earth’s atmosphere—^the principal of 
which are oxygen and nitrogen—are not uniformly distributed throu^- 
out the whole thickness of the atmosphere. In the lower six miles or so 
—called the troposphere—they are kept uniformly mixed by the action 
of the weather, but at great heights, where weather phenomena do not 
exist, the constituent gases become separated. The lighter ones tend 
to rise and float at higher levels than the heavier ones, so that at certain 
levels there will be a preponderance of one particular gas. 

The details of the actual distribution of the gases in the high atmos¬ 
phere are not yet definitely known, though new information is being 
acquired. It seems likely that the distribution of the gases themselves is 
to some extent affected by the rays which pass into the atmosphere 
from the sun, for these can cause the gases to exist in different forms, 
and this fact may account, in part, for the different structure of the 
ionosphere at different times of day and at different seasons of the 
year. We may take it, in any case, that the stratification of the iono¬ 
sphere into “ layers ” of ionisation is due, to some extent, to the pre¬ 
dominance of different types of gas at different heights. 

Ionisation of the Gases 

Gases, like all material bodies, are composed elementally of atoms, 
and atoms, so far as they concern us, are made up of positively- 
charged nuclei around which revolve negatively-charged electrons. 
The whole atomic system is, so far as external points are concerned, in 
a state of electrical equilibrium, the negatively-charged electrons just 
counterbalancing the positive charge of the nucleus. A neutral atom 
of this kind exerts no electrical force outside its own structure, and its 
structure is so small that the atom itself is not affected by a passing 
radio wave. 

But the wavelength of an ultra-violet wave is so short that interaction 
can take place between it and the atomic strucfure itself, and, the 
sun’s ultra-violet emissions embracing a whole band of these very 
short wavelengths, if it happens to be at the right wavelength for an 
atom of a particular type—say of one particular gas—^the wave can 
exert a tremendous force upon the atomic structure. In fact it can set 
the atom into such a state of agitation that electrons are dislodged from 
their orbits and may even be knocked out of the atomic structure 
altogether. An electron which is dissociated from its parent atom in 
this way is known as a “ free ” electron, and exists as a separate nega¬ 
tively-charged unit. The atom which has lost an electron is no longer 
dectiically neutral but acquires a positive diarge, and is known as an 
"ion.” 
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The ultra-violet wave, in performing this operation, expends a con¬ 
siderable amount of its energy, and, if the number of atoms on which 
to operate is sufficient, it eventually expends the whole of it—^it is 
“ absorbed ” by the gas, and dies away. Atoms of different gases 
respond most readily to ultra-violet rays of different wavelengths, 
according to the “ frequency ” of the waves and the nature of the gas 
atoms. Thus waves of one wavelength may alfect the atoms of nitrogen, 
whilst it requires a different wavejength entirely to liberate electrons 
from the atoms of oxygeh in a similar way. The amount of “ energy ” 
contained in the ultra-violet waves may also have something to do 
with this matter, in determining whether or not a particular class of 
radiation is capable of ionising the atoms of a particular gas. But, 
as has been said, the sun’s ultra-violet radiations appear to contain 
all the wavelengths necessary for the ionisation of the different atmos¬ 
pheric gases and, furthermore, the radiations are intense enough to set 
up a large amount of “ ionisation,” which is the term by which this 
electron-liberating process is known. 

Of course, if the free electrons get near enough to an atom which has 
lost an electron they rapidly become attached to it, thus forming an 
electrically neutral structure again. This is the process known as 
“recombination” and if it went on rapidly enough the ionisation 
would soon disappear. But the chance of a free electron finding an 
ion in the high atmosphere is very much less than at ground level, 
because of the comparative rarity of the gas at those heights, and thus 
of the relative sparsity of the atoms. Also, as fast as—often faster than 
—^the free electrons become re-attached to ions others are set free by 
the continually arriving ultra-violet rays, so that, until the rays are 
cut off, there is a more or less steady supply of them. 

It will be remembered that the essential feature of an electrical insu¬ 
lator is that its electrons are all held fast within their parent atoms, 
and cannot be made to move outside them. A gas which is in an 
ionised state possesses the properties of an electrical conductor— 
because its free electrons are capable of independent movement—^and 
acts upon radio waves in a similar way to that in which a metallic < 
conductor would act. It is therefore the splitting up of the neutral gas 
atoms into ions and free electrons which changes the electrical nature 
of the upper atmosphere and so renders it impervious to radio waves 
coming up from the earth. When the sun’s rays are cut off from the 
atmosphere—as at night or during a total eclipse—then the molecules 
and free electrons do recombine so as to cause the density of the free 
electrons to diminish. The rate of recombination will depend upon the 
density of the gas, being low at the outer part of the atmosphere where 
the gas is very rare, and greater at lower levels where more gas atoms 
per unit of volume are to be fotmd. 
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Fig. 6—Details of the formation of an ionised layer 

Distribution of the Ionisation 

Thus we have the ultra-violet rays coming down from the sun and 
encountering the gases of the high atmosphere. As they meet a con¬ 
centration of any particular gas the waves of a certain wavelength are 
absorbed, and their energy is expended in ionising the gas. At first, 
though the rays are tremendously strong, the gas itself is very rarefied 
(that is, the atoms are few and far between) and so little ionisation is 
produced. As they travel on the gas gets denser, and so more and more 
ionisation is produced because there are now plenty of atoms on which 
the rays can expend their energy. But this expenditure of energy means 
that the rays themselves become weaker, and so lower down still they 
are unable to ionise so many atoms. Finally the energy in the rays is 
completely used up and so the ionisation ceases to be produced. 

Fig. 6 is an attempt to show (a) how the gas density increases with 
decreasing height above the ground, (b) how the ionising rays expend 
themselves as they pass into the gas, (c) the general form of the ionised 
layw produced, and (d) how the residtant electronic density varies with 
height above ground. 

The density of the free electrons is therefore not constant throughout 
the ionised gas, but is at a minimum at the top and bottom edges of 
the region where a particular gas is ionised, and increases to a maximum 
at the centre. This is seen to be the case in (d) of Fig. 6, where elec¬ 
tronic density is plotted against height above ground. 

“ Layers ” of Ionised Gas 

This, then, is the sort of thing which happens at different levds in 
the atmosphere, ultra-violet rays of different frequencies penetrating 
down to diffeitnt heights before ex|»nding tbdr energy in setting up 
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ionisation, and different concentrations of gas predominating at these 
different heights. The result is that throughout the ionosphere are 
formed several layers of ionised gas, each having ionisation densities 
similar to that depicted in (d) of Fig. 6. It is important to appreciate 
that the ionisation is not uniformly distributed with altitude, but is 
stratified into these layers, each of which varies considerably in its 
characteristics, however, from time to time. 

The condition of the air in between the well-defined ionised layers is 
not definitely known, but certainly the ionisation density there would 
appear to be less than in the layers themselves. 

Full information about the reasons for the heists taken up by the 
different layers is still lacking, so we had better refrain from discussing 
the matter further. We may, however, give an idea as to the positions 
in the atmosphere of the various layers, and list the names by which 
they are known. 

Somewhere near what is the outer fringe of the earth’s atmosphere 
lies what is (so far as we know) the uppermost layer.of the ionosphere, 
at a height varying between about 150 and 300 miles above the ground. 
This layer, named—after its discoverer. Sir Edward Appleton—the 
“ Appleton Layer,” is also called the F layer of the ionosphere. 
This is the most important layer so far as short-wave propagation is 
concerned, for it acts as the principal refracting layer in long-distance 
communication. 

It may here be remarked that the allocation of letters to designate 
the various layers was initiated by Sir Edward Appleton, who, when 
he discovered the upper layer in 1925, called it the F, and the other 
layer then known the E, whilst a still lower layer which he located was 
called the D. This, as he says, left several letters at the disposal of 
future workers for allocation to other layers which they might discover 
above or below these three. So far, no other letters have h^d to be 
brought into use, and it does not now seem likely that they ever will. 

The F layer has been found to divide into two distinct layers during 
the daytime, the lower one taking .up a position about 120 miles above 
the ground. When this happens the upper part is called the F2 layer and' 
is the piost important short-wave refracting layer, whilst the lower part 
is the FI, and is capable of propagating radio waves of certain fre¬ 
quences. 

During the daytime there is also present, at a height of about 70 
miles above ground, the original I^nnelly-I&avisioe layer, now 
known as the £ layer. This is also capable of refracting certain short 
waves during the day, though at night its ionisation decreases to a very 
low value, whilst not disappearing altogether. Slightly below the E there 
is found, during the daytime only, riie D layer of the ionosphere, a 
region in which occurs the greater part oi the absorption to whidi short 
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waves are subject. There does not appear to be any appreciable ionisa¬ 
tion lower in the atmosphere than this: at least, no ionised layer 
regularly exists lower down. 

Structure of the Ionosphere 

Having listed the ionospheric layers and indicated their main effects 
in short-wave propagation, let us now look at a diagram which will 
help iis to form an idea of the main details of the ionospheric structure as 
it exists on some significant occasions. As has been mentioned, owing 
to the varying intensity of the solar rays with time, the ionisation 
density will not always be the same within the layers ; nor, at least in 
the case of the F layer, will the height always be the same. Both height 
and density will vary, seasonally, diurnally, and also over a long period. 

Then, again, the ionospheric structure will vary considerably at 
different points on the earth’s surface, for the sun’s action upon the 
outer atmosphere will obviously vary with geographical latitude. 
Let us, however, picture the various layers as they might exist over 
this country during the winter and during the summer, bearing in mind 
that such a picture must be subject to considerable modification in the 
light of furtW knowledge. 

Fig. la shows the structure prevailing during the winter day. With 
its bottom edge at a height of about 150 miles lies the F2 layer, whilst 
immediately below it—hardly separated from it in fact—^lies the FI. 
Then, with its bottom edge at a height of about 70 miles, we have the 
E layer, and immediately below that the D. 

At night there is not much difference in the general ionospheric 
structure as between winter and summer—though there is a con¬ 
siderable difference in the ionisation density prevailing—so Fig. lb 
will serve to give an idea of the night-time structure throughout the 
year. We have, in fact, simply the F layer at a height of about 180 miles 
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Fig. 8—Monthly average virtual heights of prindital ionosphere layers, 
observations made at Slough 

pyom 

and no other ionisation present with the exception of a very weakly 
ionised E layer. 

Fig. Ic depicts conditions during the summer day. The three lower 
layers occupy approximately the same positions which they did during 
the winter day, but the F2 layer now appears at a much greater height. 
It will be observed that, whilst the lower layers occupy the same 
positions throughout the year, it is the F layer whosd position varies 
so considerably, its height being less during the winter day than at 
night, but greater during the summer day than at night. Also that the 
division of the daytime F into two layers is much more pronounced 
during the summer than during the winter day. We shall have more 
to say about these variations—and more particularly about those in 
the ionisation density—Plater on. 

It may help, at this stage, if we give some typical measured values 
(of the lower edge) of the F, FI, F2 and E layers as obtained throughout 
the 24 hours of a winter and a summer day. These are shown in 
!Fig. 8, where however the D layer is not shown and the E layer only 
during those hours when its ionisation is sufficient to be of any signific¬ 
ance as far as the propagation of short waves is concerned. 

The reader need not attempt to memorise all these different heights 
for every hour of day. It will be sufficient for our purpose at the 
mom^t to picture the daytime ionosphere as a region comprising 
three reflecting layers (the F2, FI and E) and one absorbing layer 
(the D), and the night-time ionosphere as consisting almost solely of 
the F layer. 

This will simplify matters somewhat, and we can now go on to 
examine in more detail the behaviour of a radio wave in the ionised 
region. 
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CHAPTER 3 

Radio Waves in the Ionosphere 

Refraction in the Ionosphere 

We have already seen that a radio wave travels through “ free 
space”—^and through ordinary un-ionised air—with a velocity of 
300 million metres per second, but that when it enters the ionised gas 
of the ionosphere its velocity is altered, and its direction of travel 
changed. We have seen also that whilst ordinary air acts as an electrical 
insulator, ionised air acts as a conductor. Its conductivity is not so 
hi^, of course, as is that of a metal sheet, but it has this property in 
common with a conducting metal—it possesses electrons which are 
capable of being set into independent motion, and its degree of con¬ 
ductivity is determined by the number of such free electrons existing 
per unit of volume. 

Electrons, when set in motion, constitute an electric current, and it 
is the setting up of such currents by the radio wave which gives the 
ionosphere its refractive properties, and so enables it to bend the wave 
from its straight path, and cause its return to earth again. This refrac¬ 
tion or reflection of the wave can happen, under the right conditions, 
whether it is sent upwards obliquely or whether it is sent vertically 
upwards, even though the latter means that the wave must be brought 
to a complete stop somewhere in the ionosphere, and then sent travel¬ 
ling downwards again. 

The full explanation of the behaviour of a radio wave in the iono¬ 
sphere is very involved, and is beyond the scope of this book. Since 
it is necessary, however, to know something about the matter in order 
to understand the principles of short-wave transmission, we must be 
content with the simplified explanation given below. 

Wave Velocity 

It will be remembered that a radio wave has been said to consist of 
oscillating electric and magnetic fields (or strains, as we called them), 
the energy in the wave manifesting itself in both of these ways and 
being measurable by either electric or magnetic means. Now the 
velocity at which the wave travels depends upon the nature of the 
current set up by these oscillating fields. A current is, in reality, a 
movement of electrons, and such movement may be caused in a 
conductor by the action of an electric field, but in an insulator, move¬ 
ment of the dectrons through the material is not possible. Ordinary 
air is an insulator, and thus the electric field of a radio wave travel!^ 
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through it does not set up any actual current (though it does set up a 
“ displacement ” current), and the wave travels at the velocity of 300 
million metres per second. 

It may be asked why it travels at this particular velocity, and the 
answer is that this is determined by the rate of change of the electric 
and magnetic fields in the wave—if these effects are to move at all they 
can only do so at this speed. It will be remembered, from Chapter I, 
that it is the “ displacement ” current which sets up the magnetic field 
of the wave, and that it is the rate of change of the electric and magnetic 
fields which governs the velocity of propagation. This velocity of 
300 million metres per second—designated “ c ”—^is the natural velocity 
of light, and of all other electromagnetic waves, in “ free ” space. 

When the wave travels in “ ionised ” air, however, the situation is 
different, because the electric field is now able to set the free electrons 
into motion, thus setting up an actual or “ conduction ” electric current, 
which of course affects the behaviour of the wave. The “ conduction ” 
current which is now set up is not in the same phase as the displacement 
current, and therefore cancels the latter out—^at least in part—so that 
the rate of change of the ensuing magnetic and electric fields of the wave 
is altered. This alteration results in the phase of the wave at a given 
point in the new medium being shifted, so that the wave behaves as 
though it had been speeded up. As soon, therefore, as the wave sets 
up a conduction current its velocity increases. As we have already seen 
the farther we go up into the ionised region the greater does the density 
of the free electrons become ; and so, as the wave penetrates farther 
into the region, the conduction current will become more and more 
effective, and the wave velocity get increasingly greater. 

Fig. 9 illustrates what will happen under these conditions. Suppose 
a b to represent the wave front of a wave advancing towards the iono¬ 
sphere by the oblique path indicated by the arrow. Whilst the wave is 
travelling in un-ionised air a and b will travel at the same speed, and the 
wave front at successive instants of time will be as indicated by the 
next few lines perpendicular to the direction of travel, which is constant. 
When the wave enters the ionised fayer, however, the top part of the 

of tl» witUa 
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wave front wUl be in a region of greater electronic density than the 
bottom part, and will therefore travel at a greater velocity. Thus a^ a*, 
et cetera, in the figure will be travelling at a greater velocity than b^ b*, 
et cetera. If this is the case it will be seen that the wave path cannot 
continue in a straight line, but will bend away from regions of high 
electronic density to those where it is low, and so describe the tra¬ 
jectory depicted in Fig. 9. Thus the wave is diverted from its oblique 
upward path by the effect of the ionised air, and sent downward 
towards the earth again. 

Refraction of a Light Ray 

We may find this matter easier to understand, however, if we look 
upon the upgoing radio energy not as a wave disturbance but as a 
single “ ray ” of energy, possessing, as it does, similar characteristics 
to those of a ray of light. This being so, we can apply to it the laws of 
optics. 

Fig. 10a illustrates what happens to a ray of light when passing from a 
rare into a dense medium, such as from air into glass. The shaded 
area represents the dense medium, A B being the surface of separation 
between the two media, and C D, a line drawn at right angles to the 
surface, is called the “ normal ” to this surface or boundary. I O is 
the light ray approaching the surface so as to reach point O—^the 
point of “ incidence ”—at an angle ij to the normal. This angle ii is 
called the “ angle of incidence.” Instead of continuing its course in a 
straight line in the new medium, the ray is refracted or bent in towards 
the normal, so as to travel along the line OQ, the angle k made with the 
normal in the new medium being called the “ angle of refraction.” 
It is because the new medium is denser than the old, and possesses a 
greater “ refractive index,” that the direction of bending of the ray is 
in towards the normal, the amount of bending depending on the 
relation between the refractive indices of the two media. According 
to the laws of refraction the sine of the angle of refraction times the 
refractive index ((x) of the second medium is equal to the sine of the 
angle of incidence times the refractive index of the first medium, that 

sin ii, |Xi = sin 4 [Xj. 

When the light ray passes from a medium of greater to one of 
smaller refractive index (as in b. Fig. 10) it will be seen that the ray 
must bend away from the normal in order to keep the product of sin i 
and refractive index (x constant. 

If we increase the angle of incidence—by making the ray path more 
obUque—then the angle of refraction will increase also, rmtil we get 
an angle of refraction of 90°, when the path of the refracted ray is 
exactly along ffie surface of separation. A fiather increase m the 
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(••) 

Fig. 10—^Behaviour of a light ray in passing into media of differing refractive 
indices 

angle of incidence leads to the result shown by the dashed lines in 
Fig. 106. The line P O is the direction of the incident ray and O R 
that of the refracted ray—the angle of refraction is greater than 90° 
and the light ray cannot penetrate into the new medium at all, but 
undergoes “ total reflection ” at its surface. This total reflection will 
occur after the product of the sine of the angle of incidence and the 
refractive index of the first medium is equal to the refractive index of 
the second medium, the sine of an an^e of refraction of 90° being, of 
course, 1-0. 

Refraction of the Radio Ray 

Now we can return to our ray of radio energy, which is approaching 
an ionosphere layer where it will undergo refraction in a similar 
manner to that in which the light ray was deflected from its course. 
In order to compare the two cases we must first of all make a number 
of assumptions, the principal of which are that the earth and ionosphere 
are flat, and that the earth’s magnetic field has no efiect upon the wave. 
Whilst neither of these is true they will enable us so to simplify things 
that we can obtain a picture of what goes on in the ionosphere—a 

^picture wluch may later be somewhat modified. 
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NORMAL NORMAL 

Fig. 11—Showing successive refiacthms at imaginary thin iayers of constant 
electronic density, each layer having greater elechanic density than that next below it 

Since the radio ray obeys the laws of optical refraction, and since 
the refractive index of ordinary air is 1 -0, whilst that of the ionosphere 
gets increasingly smaller than 1 -0, it follows, from what was said at the 
end of the last section, that the ray must penetrate into the region until 
the refractive index (ij is reduced to the value sin i, for, when this has 
occurred, the angle of refraction will be 90° and the ray will be travelling 
parallel to the earth’s surface. 

Let us see in a little more detail what happens. 
The decrease in refractive index in the ionosphere is due to the 

increase in electron density within it, and, as we saw in Chapter 2, 
this increases continuously as we proceed from the bottom edge 
upwards to the point of maximum electronic density. Suppose, how¬ 
ever, that instead of increasing constantly with height, the electron 
density were itself in a series of thin “ layers,” as shown in Fig. 11, each 
thin “ layer ” having a constant electron density which was greater 
than that of the “layer” next beneath it, and therefore a smaller 
refractive index. Then we should get the effect shown in the figure. 
The radio ray would be refracted away from the normal eacli time it 
came to the boundary of one of the thin layers, and it is seen that its 
path would become more and more oblique until eventually the angle 
of refraction would exceed 90°, and the ray would then start travelling 
downwards agam, as at X in Fig. 11. It will be seen that the smaller 
the angle of incidence in the first place (that is, the more nearly vertical 
the approach of the ray towards the layer), the greater would be the 
number of thin layers it would enter before the angle of refraction 
exceeded 90°. 

With the contiauously increasing electron density that does in 
fact exist it means that the ray is continumsly refracted and instead of 
its path being in a series of obUque straight lines it becomes the curving 
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sweep with which we are already familiar. Thus, due to the increasing 
electron density in the ionospheric layer, the radio ray is bent around 
in a curve and sent downwards to the earth again. As we increase the 
distance over which we wish our ray to travel, by making its approach 
to the ionosphere more and more oblique, so does the ray penetrate 
less and less deeply into the ionospheric layer and require a smaller 
electron density to effect its return to earth. 

Refractive Index Varies with Frequency 

Now we must leave our “ ray ” picture for a moment and go back 
to our consideration of the radio energy as a “ wave ” disturbance, in 
order to explain some very important points. We saw, earlier on in 
this chapter, that it was the magnitude of the electronic current set up 
by the wave which determined its change of velocity in the ionosphere, 
and hence the amount of “ bending ” of its path. 

When the wave sets the free electrons into motion the impetus given 
to them will vary according to the rats at which the electric field of the 
wave is changing. The velocity attained by the electrons will be deter¬ 
mined by the time during which the field continues to act in one 
direction, which is tantamount to saying that the magnitude of the 
conduction current will be greater the slower the changes in direction 
of the field. Thus the lower the frequency of the wave the greater will 
be the effect of the moving electrons—in altering the velocity and 
direction of travel—upon it. It varies, in fact, inversely as the square of 
the frequency or directly as the square of the wavelength. And so we 
see that a wave of high frequency (short wavelength) will penetrate 
farther into an ionised layer before the electron density is suflicient 
to ensure its reflection than will a wave of low frequency (long wave¬ 
length). 

We have thus learnt two fundamental points about short-wave 
transmission, which we may now summarise. They are— 

(1) The greater the angle of incidence on the ionosphere—^that is, 
the greater the distance we wish to cover in one hop—the less will 
the wave penetrate into the layer and the smaller will be the elec¬ 
tronic density required to return it to earth. 
(2) The lower the frequency of the wave the less far will it pene¬ 
trate into the layer and the smaller will be the electronic density 
required to return it to earth. Also, there is an upper limit to the 
frequencies which can be returned, depending on the maximum 
electron density existing within the ionised layer. 

Let us be sure that we fully appreciate the implications of this 
second point. It means that the decrease in refractive index within the 
ionosphere depends not only upon the electronic density existing, but 
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also Upon the frequency of the wave. The higher the frequency (the 
shorter the wavelength) the less rapidly will the refractive index de¬ 
crease, the less will the wave path be bent, and the farther will it pene¬ 
trate into the ionised layer. And if we continue to increasethe frequency 
the wave-will continue to penetrate farther into the layer until it 
reaches the point of critical electronic density somewhere at the centre 
of the layer. A further frequency increase means that the wave does not 
encounter a sufficient electronic density (or a sufficiently small refrac¬ 
tive index) for its path to be bent through an angle of 90° to the normal, 
and at this frequency the wave escapes through the layer and is not 
returned to earth at all. 

Effect of Ionosphere Curvature 

So far we have considered the ionosphere to be flat, and have pic¬ 
tured it so in several of our explanatory diagrams. But in reality the 
ionospheric layers have curved surfaces like that of the earth itself. 

and, as has been mentioned, this curvature introduces some modifying 
effects upon the behaviour of the radio wave within the layers. Though 
we cannot consider these in detail we may see what their main implica¬ 
tions are. 

Reverting back to Fig. 11 we can see that if each of the thin “ layers ” 
were curved instead of being flat, the angles of incidence made upon 
them by the advancing ray would be smaller than those shown in the 
figure, and thus the angles of refraction would be smaller. We may 

■perhaps explain the effect by means of Fig. 12, in which A B is the 
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lower boundaiy of the flat ionosphere and C D that of the curved one. 
We may imagine the electron density to be uniform throughout the 
region, in which case the radio ray will proceed in the constant direction 
I O. It is seen that, whilst in the flat case the angles to the normals 
&i bi, ag ba remain the same, in the curved case those to the normals 
fci di, Ca da, get progressively smaller. 

Due to the curvature of the ionosphere, therefore, the ray path would 
become more nearly vertical as it proceeded upwards, and it would 
need a definitely increasing electron density in order for the angles to 
the normals to be kept the same as in the flat case. It follows that, in 
an ionosphere where the electron density increases constantly with 
height, it will need an increased electron density compared with the 
flat case in order to overcome the curvature effect and bend the ray so 
that it is travelling in a horizontal direction, and then in a downward 
direction again. So the result of the ionosphere curvature is that the 
apex of the wave path occurs where the refractive index is lower—and 
the electron density higher—^than would be the case if the ionosphere 
were flat. 

Summing up the results of the curvature we may say that— 

(1) It results in somewhat lower frequencies being returned for 
any angle of incidence at the lower boundary than if the ionosphere 
were flat. 

(2) The modification to the flat case which it introduces is least 
when there is a thin, sharp reflecting layer and greater when the 
electron density increases only slowly with height. 

Group Velocity 

Now we come to what is rather a difficult phenomenon to explain, 
though, with the help of Fig. 13, we may attempt it. Earlier on we said 
that when the wave entered the ionosphere its velocity increased owing 
to the phase shift given to it by the effect of the “ conduction ” current 
which was created by the setting into motion of the free electrons. But 

f d 
I I 

Fig. 13—41vw ilie point lAoe Uie crastitaeBt warns rdnforce each other varies 
with time, causing flie “ group ” to travel dower ttan Oe coasthnent waves 
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the velocity we were speaking of—-which exceeded that of light in free 
space—is the “ wave velocity ” and not the velocity of the signal as a 
whole. It is, in fact, impossible to transmit any energy at a greater 
velocity than that of 300 million metres per second, and so no signal 
can exceed this velocity. 

The energy contained in the signal has its velocity reduced, not 
increased, whilst within the ionosphere. The signal is thus retarded, 
and, if it is travelling vertically, brought to a complete stop before being 
returned to earth. What affects it is not the speed of individual waves 
but a quantity known as the “ group velocity,” which refers to the 
speed of the signal as a whole—^the speed at which the energy travels. 

We have seen that, because the refractive index depends upon the 
frequency of the wave, the ionosphere is what is called a “ dispersive ” 
medium, that is, different frequencies travel within it at different 
speeds. If our signal consists of a wave group like that depicted at 
a in Fig. 13—and all signals must consist of some such group of waves 
of varying amplitude—^then it is really made up of a number of sine 
waves of different frequencies, as at b and c in Fig. 13. As shown in 
the sketch, these two constituent waves reinforce each other at point 
d e, thus causing the peak of the signal group to occur at that point. 
But the fact that they are travelling at different speeds means that the 
point of reinforcement will occur later and later as the two frequencies 
travel along—as, for example, at f g after a short interval of time. Thus 
the peak amplitude of the group is moving slower than either of the 
constituent waves, and this means that the group as a whole is travelling 
at a slower speed than either. And so the group velocity in the iono¬ 
sphere is always lower than it is in ordinary air. 

The group velocity U depends, in fact, upon the refractive index, and 
is equal to ci^, where, as before, c is the velocity of light in free space and 
(X is the refractive index. As the refractive index of ordinary air is 1 "O, 
whilst in the ionosphere it gets increasingly less than I’O, it can be seen 
that the group velocity gradually decreases, and, furthermore, the 
greater the wave velocity the smaller will the group velocity be. So 
the greater the electron density the slower is the signal as a whole 
propagated. 

Whilst this retardation of the signal occurs at all angles of incidence 
we are now in a position to see more clearly how it is that a signal 
sent vertically upwards towards the ionosphere can be returned to 
earth. On entering the ionosphere the signal ascends at an ever- 
decreasing speed as it passes into regions of increasing electron doisity 
and decreasing refractive index. Finally, when the refractive index is 
reduced to zero it is seen (from U = cix) that the group velocity will also 
become zero—the ngnal will stop in its tracks—and then commence 
to travel downwards again. Gathering speed as it goes, it will einerge 
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from the layer and travel with the velocity of light towards the ground 
—^th^e to be received like an echo coming back from the sky. 

As we shall see in the next chapter, it is by the use of the echoes from 
such vertically ascending signals that the heights and other char¬ 
acteristics of the ionospheric layers are measured and recorded. 

39 



CHAPTER 4 

Measurement of the Ionospheric Characteristics 

Pulses 

It is true to say that the methods developed for measuring the heights 
and other characteristics of the ionospheric layers are the foundation 
upon which the art of “ radar ” is built, and that the first object whose 
position was ever located by radar methods was the E layer of the 
ionosphere. In 1924 and 1925 Sir Edward Appleton used a method 
for locating the layer in which, at a distance from the transmitter, he 
observed the interference effects between the ground wave and the 
downcoming wave when he altered the frequency, and then, by tri¬ 
angulation, determined the point in the atmosphere from whence the 
down-coming wave came. Soon afterwards a method was developed— 
by Breit and Tuve—whereby the operation could be done from one 
point on the earth’s surface, and this is now generally used. 

In this the type of signal employed is a very short, sharp burst of 
energy, like the “ dot ” in the Morse code, though much shorter even 
than this. In point of fact it usually lasts for only 100 millionths of a 
second, and is called a “ pulse.” These pulses are repeated at intervals 
of about one-fiftieth of a second, this relatively large interval allowing 
plenty of time for one pulse to travel to the ionosphere and back before 
the next is sent off. By a suitable arrangement of the aerials at the 
measuring transmitter the pulse is made to travel vertically upwards, 
and a receiver located near the transmitter picks up the echo when it 
returns from the ionosphere. 

Short as it is, the pulse consists of a small group of waves such as is 
depicted in Fig. 13fl, and it therefore ascends with the velocity of light, 
slows down and eventually stops in the ionosphere, reverses its direc¬ 
tion and returns to earth as an echo, in the manner described at the 
end of the last chapter. 

Observation of the Echo 

The pulse and its echo are observed on a cathode-ray tube which is 
connected to the output of the receiver. The trace on the screen of the 
tube is actuated by a time base which is synchronised to the same 
repetition rate as that of the pulses, so that when a pulse is sent off the 
trace commences its sweep from left to right of the screen at a known 
speed. It is arranged that the received pulses will cause an upward 
deflection of the trace of the tube, and the sort of thing which appears 
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AN AUTOMATIC IONOSPHERIC RECORDER 
The range of the apimratus is from 550 kc/s to 22 Mc/s, and a timed and dated record 

covering this range^ with frequency marks at 100 kc/s intervals and height marks 
for every 50 km Is completed hi 5 minutes. The records are similar to that shown 
in 20. The equipment illustrated has been developed at the Nattonel Phykral 
Laboratory ci the Department of Scientific and Industrial Research. (Crown copy¬ 
right reserved) 
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(b) 

F^. 14—Echoes returning (a) from the F layer, (b) from the E and F byers. G is 
the original pulse signal, receiv^ at the moment it is sent 

on the screen is illustrated in Fig. 14. In (a) G is the pulse picked up 
by the receiver immediately it was sent off, and F is the echo received 
a moment later. As we know the speed at which the trace is moving 
from left to right we can measure the time to which the distance between 
G and F corresponds. This is the time taken for the pulse to go up to 
the ionosphere and back again. If we multiply this by the velocity of 
light we have—^we will assume for the moment—the distance it has 
travelled, or equivalent path (p'). Half of this gives the height above 
ground at which the pulse was reflected, known as the equivalent or 
virtual height (h^. Fig. 14 {b) shows a case where a certain amount of 
energy was returned from the E layer, though'the majority was reflected 
by the F, as shown by the longer time delay. 

In practice the cathode-ray tube can be calibrated directly in terms 
of height rather than in terms of time delays, so we can read off the 
hei^t of reflection of the pulse without having to make any calculation. 
What we are measuring, however, is the virtual height h', and not the 
true height h, to which the pulse has reached. 

We had better explain the difference between these two quantities 
straight away. 

Virtual Height 

In converting the time delay between the transmitted pulse and the 
recqition of its echo as observed upon the screen into terms of height* 
or in calibrating the cathode-ray tube directly in terms of height, we 
make the assumption that the pulse is travelling throu^out the whole 
of its journey at the velocity of light c. Whilst this is true during its 
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journey through the un-ionised air we have already seen that whilst 
in the ionised region it is retarded, that is, its group velocity is less than 
c. But, since we have no means of knowing exactly how the electron 
density varies with height in the ionosphere we do not know exactly 
how or in what degree it has been retarded, and so are unable to measure 
the actual height h to which it has ascended. We measure instead its 
virtual height h'. 

In Fig. 15 we have illustrated the case for a pulse signal sent up 
somewhat more obliquely than is usual for measurement work, in 
order to make clear the difference between h and h'. A is the trans¬ 
mitter and F the receiver, and the trajectory described by the pulse is 
the full line ABCDF. It is whilst the pulse is travelling over BCD that 
its velocity is reduced, but if it had continued with its original velocity 
and had followed the path BED it would have arrived at F at exactly 
the same moment as it does in fact arrive there after following the curved 
path BCD. When therefore we take the delay between the reception of 
the signal and its echo, and multiply this by the velocity of li^t, then 
dividing the answer by 2 will give the height h', and not the height of 
point C, the top of the actual trajectory, h' will therefore always be 
greater than the true height h—or at least never less—and the difference 
between the two will depend upon the electronic gradient within the 
layer. 

It is possible, by comparing the results obtained on a number of 
different frequencies, to calculate, from the virtual height, the actual 
heights to wWch the wave penetrates, but this is an extremely involved 
affair, and quite beyond the scope of this book. 

We do know this, however, and should remember it when studying 
curves of h' against frequency—that, whilst over a number of fre¬ 
quencies the difference between virtual and true height will not be 
great, near th? frequency at which the wave escapes through any layer 
the large increase in measured height is partly due to retardation within 
the layer,'and the difference between virtual and true height is at a 
maximum. 

wmiLmmm '//////m ^ mm 
Fig. 15>-Shawing the dUTtraace between rirtml and true beigM 
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Plotting the Ionospheric Characteristics 

Suppose now that we are about to start sending a whole series of 
pulses up to the ionosphere with the object of finding out what the 
prevailing conditions are. We arrange to start sending the pulses upon 
a relatively low frequency (long wavelength) and gradually to increase 
the frequency—^in steps of, say, 2 kc/s—as we proceed. We will read off 
from the screen of the cathode-ray tube the height at which the pulses 
are reflected, and plot this in a graph of virtual height against frequency, 
known as an h' - / curve. This is shown in Fig. 16, whilst the sort 
of display we should get upon the tube is shown, for several significant 
frequencies, in Fig. 17. 

At first, upon the lower frequencies, we obtain no echo at all, because, 
on these frequencies, the upgoing energy is all absorbed in the D layer, 
as explained earlier on. At about 1-6 Mc/s we commence to get an 
echo from a height of 115 km, and this continues for a time, so that at a 
frequency of 2 Mc/s the display looks somewhat as is shown in Fig. 17 
(1) , where G is the “ ground ” pulse received at the moment it is sent 
off and E is the echo. We know, from the height indicated, that this 
echo is coming from the lower part of the E layer. Soon this echo 
begins to move to the right on the trace—indicating penetration into the 
layer—^and then to decrease in size, whilst another echo appears further 
to the right, so that at about 3*1 Mc/s the display appears as in Fig. 17 
(2) . The E echo (hen disappears and that from what is evidently the FI 
layer moves to the lejt of the tube instead of, as we might have expected, 
to the right, so that at about 3*7 Mc/s we have the display shown in 
Fig. 17 (3). As we plot this in Fig 16 we get an apparent decrease in 
height of the FI from an increase in frequency. This is due to the 
effect we have already explained—^the retardation of the pulse near the 

12 3 4 5 6 7 a 

Fig. 16-*-Aii V •^/carve, showing Uie yirtunl heights for the echoes ohtnined on 
a tyi^l whita* day 
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Fig. 17—Cathode-ray tube displays for several frequency points, as marked in 

Fig. 16 

escape frequency of the E layer. We must remember that this retarda¬ 
tion in the E will occur not only at frequencies just below, but also at 
those just above the E layer escape frequency, so the big upward curl 
of the E curve and the downward curl of the FI curve are both due to 
this effect. We are, in fact, reading a falsely great height for the FI 
layer at first, and it is not till we get away from the E layer escape 
frequency, and the retardation ceases, that the FI lajrer measured height 
becomes nearer the true one. At 3-7 Mc/s, however, the measured 
height is nearer the true one for the FI layer. 

Continuing to increase the frequency and to plot the results in 
Fig. 16, we first of all get a slight increase in height—^penetration into 
the layer—and then at about 4*2 Mc/s we get a decided kink in the curve. 
As we are supposed to be making our measurements during the winter 
day—see Figs. 7 and 8—^there is very little difference in height between 
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the FI and F2, so that the wave goes from one layer to the other almost 
imperceptibly. Nevertheless, the kin)c in the curve has this definite 
meaning, and does enable the change from FI to F2 to be detected. 
It is due to a repetition of the retardation phenomena which we have 
just described for the first reflections from the FI. 

The pulses are now going up to the under side of the F2, the highest 
layer in the ionosphere. As we continue to increase the frequency the 
wave begins to penetrate slightly into the layer, so that at 6-0 Mc/s 
we have a display like that shown in Fig. 17 (4). .The F2 echo continues 
moving slowly to the right of the screen until at about 9-2 Mc/s— 
Fig. 17 (5)—^we notice a peculiar effect—the echo pulse is beginning 
to split in the centre so as to form two separate echoes for the one pulse 
being sent off. The separation between the two then increases, the 
right-hand echo moving rapidly to the right—vindicating deeper pene¬ 
tration and more retardation—and the left-hand echo much more slowly. 

We shall endeavour to explain this splitting of the ray into two later, 
but let us at once learn the names by which the two rays are known. 
That to the right of the trace is called the “ ordinary ray ” whilst that 
to the left is known as the “ extraordinary ray,” and at 10-1 Mc/s we 
have a display like that shown in Fig. 17 (6). At 10-2 Mc/s the ordinary 
ray echo disappears, indicating that it has penetrated right through the 
layer, and our plot of its behaviour is shown by the left-hand ” prong ” 
of the forked curve in Fig. 16. We are left with only the ground-ray 
pulse and the extraordinary ray echo, and a further increase in frequency 
causes that too to move rapidly to the right, so that at about 10'9 Mc/s 
the display is like that shown in Fig. 17 (7). The extraordinary ray 
echo now also disappears, indicating that the whole wave has passed the 
point of maximum electron density, and has penetrated through the layer. 

Any further increase in frequency—such as that to 12-0 Mc/s shown 
in Fig. 17 (8)—does not produce a further echo, and we are left with the 
ground-ray pulse only. Our pulses have penetrated through the 
highest layer of the ionosphere and there is nothing further to return 
the energy to us. 

Effect of the Earth’s Magnetic Field 

Now we come to a rather difficult matter—one whose complexities 
are such that we cannot hope to deal with them fully here. We will 
merely attempt to give an idea as to the reason for its occurrence. 
This matter is the splitting of the ray into ordinary and extra¬ 
ordinary components, which is seen to commence at about 9*2 Mc/s— 
Fig. 17 (5)—and which leads to the forking of the h' -/curve of Fig. 16. 
It is due to the action of the earth’s magnetic field. 

When the wave is travelling in ordinary air, and is not setting up 
any electronic motion, the earth’s magnetic field has no effect upon it. 
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But as soon as the wave sets up such movements in the ionosphere it 
begins to be affected by the field. For the field exercises a force upon 
the moving electrons, producing a sort of twisting effect upon the paths 
in which they vibrate ; and, because of its dependence upon the nature 
of the electronic motion, the wave itself is affected. The ray is split into 
two rays, each travelling with different speeds, requiring different 
electronic densities for their reflection and therefore reaching to different 
heights before reflection occurs. One of the rays is therefore delayed 
on the other, as will be apparent from Fig. 17 (6). Actually this effect 
occurs at all frequencies, but on the lower ones where the ray does not 
penetrate far into the layer the delay is so small that it cannot be seen 
upon the cathode-ray tube, and only becomes apparent at those 
frequencies where the ray penetrates deeply into the layer. 

It can be shown that the earth’s field causes the direction of the 
electric field of the wave to change in a very complicated way, this 
“ polarisation ” being different for the two components into which the 
wave is split. But perhaps we can best explain their different behaviour 
in another way. 

Ordinary and Extraordinary Rays 

Suppose, in the case of our pulse wave, seift vertically upwards, 
that when it enters the ionosphere the electric field is acting 
so that the electrons are set vibrating in a direction exactly parallel 
to that of the earth’s magnetic field. The field in such a case will have 
no effect upon them, and consequently its effect will not be apparent 
in the behaviour of the wave itself. The pulse will ascend until the 
magnitude of the electronic current is sufficient to reduce the group 
velocity to zero, and then it will commence to descend. 

Suppose, now, that the electric field is acting so as to set the electrons 
vibrating in a direction transverse to that of the magnetic field, fhe 
earth’s field will now have the maximum effect upon them—^its twisting 
effect upon their paths will be at its greatest. And this twisting effect 
is equivalent to an increase in the strength of the electronic current 
itself, so that the wave is more affqcted than before. Its group velocity 
is reduced by a greater amount, it deviates more from its original path 
and it is completely reflected with a lesser density of electrons than 
before. It is therefore reflected lower down in the ionosphere than is 
the wave we first considered. 

In practical cases—^when the wave approaches the ionosphere with 
the direction of its electric field at an an^e to that of the earth’s field— 
the wave is resolved by the ionosphere into two separate components, 
each behaving differently and according to the general cases stated 
above. They become differently polarised, travel with different 
velocities, follow different paths and requite different electrcmic 
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densities to ensure their reflection. That behaving according to the first 
case is called the “ ordinary ” ray and its performance is represented 
by the left-hand “ prong ” of the fork in Fig. 16. That behaving accord¬ 
ing to the second case is the “ extraordinary ” ray and its behaviour 
is recorded in the right-hand “ prong ” of the fork. As will be seen, 
because the extraordinary ray requires a smaller electronic density for 
its reflection, after a frequency is reached at which the ordinary ray has 
penetrated the layer, echoes of the extraordinary are still received. As 
the frequency is further increased its behaviour follows closely that of 
the ordinary ray at lower frequencies, until it, too, penetrates the 
ionosphere layer. The difference in the frequencies at which the two 
rays penetrate through the layer depends upon the strength of the 
earth’s magnetic field, and therefore varies somewhat at different 
locations on the earth’s surface, being about 0*65 Mc/s in this country. 

It should perhaps be remarked that in these practical cases the 
ordinary ray is not truly ordinary in the sense that it is entirely un¬ 
affected by the earth’s magnetic field. Nevertheless, so far as its depth 
of penetration before reflection is concerned, it does behave as if there 
were no magnetic field and is therefore called the “ ordinary ” ray. 
And when we come to relate the frequencies for long-distance trans¬ 
mission to those observed by vertical incidence measurements we shall 
see that it is the ordinary ray escape frequency which is of most im¬ 
portance. 

The Critical Frequencies 

Because the refractive index within the ionospheric layers depends 
upon both the frequency of the exploring wave and upon the electron 
density, waves of different frequencies ascend to different heights 
before being reflected. And as the frequency is gradually increased the 
wave ascends higher and higher until it reaches the repon of maximum 
electron density, after which it penetrates through the layer because 
there is an insufficient electron density to ensure reflection of a wave 
of its particular frequency. The highest frequency returned from any 
layer is called the “ critical ” frequency for that layer, and is thus a 
measure of the maximum electron density existing within it, the 
maximum electron density being, in fact, proportional to the square of 
the critical frequency. When, after penetrating through a lower layer,' 
we obtain reflections from a layer higher up. in the atmosphere, it is 
only because the electron density in the higher layer (and thus its critical 
frequen<^) is higher than in the lower layer. If this were not so we 
should be unable to detect the presence of the higher layer by these 
means, because any frequency which penetrated the lower layer would 
automatically be too hi^ to be reflected from the higher layer. As we 
shall see later, these critical frequencies are of the utmost importance, 
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for they enable us to tell, from the results of our ionospheric measure¬ 
ments, what are the useful frequencies for long-distance short-wave 
transmission, and what are the frequencies which will be useless owing 
to penetration of the layers at oblique incidence. Thus we are enabled 
to put the data obtained from the measurements to practical use in 
short-wave communication. 

The critical frequency of a layer is denoted by the symbol /, with a 
subscript such as e denoting the layer referred to, and a superscript 
denoting whether the ordinary or extraordinary ray is indicated. Thus 
we commonly have /e, /°fi. /°f2 and /^f2 for indicating the 
critical frequencies for the different layers and rays. 

Data Obtained from the h' - / Curves 

When the h' - / curve is analysed, therefore, quite a lot of useful 
information is obtained from it, both from the practical point of view 
in its application to short-wave transmission problems, and also from 
the scientific point of view in giving information about the ionosphere 
itself and about its causative agency. It is from the former point of 
view that we shall look at things. 

As has been indicated, the state of the ionosphere and therefore the 
form of the h' -/curves will vary greatly, not only with time of day, 
season of the year, etc., but also with geographical latitude and longi¬ 
tude. So, in order to obtain a knowledge of the world-wide structure 
of the ionosphere—and it is obvious that that is what we require when 
transmitting over great distances—^what we really need is a series of 
h' - / curves obtained at different times of day and at different loca¬ 
tions on the earth’s surface. As a matter of fact there are a number 
of stations located in different parts of the world regularly engaged in 
making these curves, and it is from an analysis of their combined 
results that we-obtain the world-wide information that we require in 
short-wave work. 

Referring to the curve of Fig. 16—a curve such as might be obtained 
at a mid latitude in the northern hemisphere on a winter day—^we may 
indicate some of the principal data which may be deduced from an 
inspection of it. These are— 

Minimum frequency returned (/min) 1 -6 Mc/s 
Minimum virtual height E layer (h'E min) 115 km 
Critical frequency E layer (/°e) 3 T Mc/s 
Minimum virtual height FI layer (h'Fl min) 220 km 
Critical frequency FI layer (/°f0 4-2 Mc/s 
Minimum virtual height F2 layer (h'F2 min) 250 km 
Critical frequency F2 layer (ordinary ray) (/°f2) 10*25 Mc/s 
Critical frequency F2 layer (extraordinary ray (/*f2) 10*9 Mc/s 
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Fig. 18—An h' -/curre obtained during the winter night 

Night-time and Summer-time Curves 

Fig, 18 depicts the sort of h' -/ curve we might have obtained had 
we made our measurements during the winter night. These h' - / 
curves should be compared with the pictorial diagram of Fig. 7, and 
also with Fig. 8, in order to help explain some of the heights recorded. 

In Fig. 18, although we can detect the presence of the E layer, most 
of the energy penetrates it and goes up to the F layer. There is, at 
night, no kink in the F layer curve, which shows that the F exists as a 
single layer instead of two separate ones as during the day. Further¬ 
more, the F critical frequency—^for the ordinary ray—^is now only 
3'7 Mc/s as against 10'25 Mc/s during the day. There is thus a large 
decrease in the highest frequency returned from the ionosphere as 
between day and night, which is what we might expect, observing that 
when the sun’s rays are removed from the layer the free electron pro¬ 
duction ceases, and, the recombination process continuing, the number 
of electrons per unit volume in the layer is gradually reduced. 

Had we made our measurements during the summer night the 
curve would have assumed much the same form as that shown in 
Fig. 18, except that the F critical frequencies would have been some¬ 
what higher, because of the later occurrence of sunset in the summer 
than in the winter. 

Fig. 19 shows the form the h' - / curve would take on a summer 
day. Although this looks very complicated it really is not so, and a 
^ance at Figs. 7 and 8 should soon help to make it clear. The E and 
FI layers are seen to lie at about the same heists as shown by the 
winter day-time curve, but their critical frequencies are considerably 
higher than during winter, as we would expect from the fact that the 
sun is more nearly overhead in summer and its rays are therefore 
stronger. Furthermore, because the ray can penetrate deeply into the 
FI before going up to the F2, both ordinary and extraoEdinary rays 
for the former layer are clearly seen. The F2 layer is at a considerably 
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greater height than during the winter day, and, contrary to what we 
should have expected, its critical frequency is only 6-5 Mc/s as against 
10-25 Mc/s during the winter day. So far as its electron density is 
concerned it therefore behaves in an anomalous manner when the 
summer day increase in the sun’s radiations is considered, and in a 
manner opposite to that of the two lower layers. But we shall hear 
more of this matter later on. 

Modern Measuring Methods 

Although the ionospheric measurements are often made manually, 
as we have hitherto assumed (and it will be seen that with suitable 
synchronisation and timing of the pulse rate and the sweep of the 
cathode-ray tube trace, a standing pattern will appear upon the screen), 
at most of the regular ionosphere observatories the transmission and 
reception is arranged to take place automatically, and the curves them¬ 
selves to be automatically plotted by photographic means. An apparatus 
is arranged at the transmitter to send out the pulses at the correct rate, 
whilst the frequency is automatically increased over the necessary 
frequency range. Hie photographic film for reading the height is at the 
same time moved in suitable steps corresponding to the steps in the 
frequency increase. Thus the h''-/curve is traced out photographic¬ 
ally, the whole frequency range being covered in a few minutes or even, 
sometimes, in a few seconds. The apparatus is arranged so that it 
is automatically switched on and off, and thus repeats the whole 
process at suitable intervals, so that practically continuous recording 
is going on. An example of a curve obtained in this way is given in 
Fig. 20. 

In the next chapter we shall examine the nature of the,continual 
variations which occur in the virtual heights and critical frequencies 
of the ionospheric layers, and endeavour to explain the reasons for 
some of these. 
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CHAPTER 5 

Ionospheric Variations 
Causes of Variation in the Ionisation 

As WE SAW FROM the Yi' - f curves given in the last chapter, there are 
large changes in the critical frequencies of all the ionospheric layers as 
between day and night, and between summer and winter. We should, 
of course, expect large diurnal and seasonal changes in the ionisation 
of the upper atmosphere, because of the variations in the amount of 
solar radiation acting upon it. Thus, because of the constant move¬ 
ment of the earth in relation to the sun, the sun’s zenithal angle at any 
point on earth varies with the time of day and with the seasons, and so 
the power of the ultra-violet radiation, in ionising the atmospheric 
gases, varies likewise. Thus we have more or less regular diurnal and 
seasonal components of variation in the critical frequencies, and in 
some cases in the virtual heights, of the layers. 

If this were the only cause of variations in the ionisation these 
would be much more simple than they actually are, for at a given time 
on a given day in any one year we might expect the ionisation to be 
roughly similar at any terrestrial point to what it was at the same time 
and day of the previous year. But this is not the case—^there is, in fact, a 
long period variation in the ionisation superimposed on the diurnal 
and seasonal variations. This variation, which is spread over about 
eleven years, is caused by a change in the activity of the sun itself, 
which lasts about that time. It had been known for many years that 
there was this periodic change in the sun’s activity, for certain solar 
phenomena—^notably the sunspots which appear on the sun’s surface— 
had been found to vary in cycles lasting approximately eleven years, 
and certain terrestrial phenomena had been found to exliibit a marked 
tendency to vary in sympathy. There is, however, no marked varia¬ 
tion in the intensity of the sun’s visible light which arrives at the earth’s 
surface, for this has been found to remain more or less constant 
throughout the sunspot cycles. It is evident, though, that the ultra¬ 
violet rays emitted from the sun must undergo very large variations in 
accordance with the cycles of solar activity, for the electronic density 
in all the ionospheric layers, which they produce, has been found to 
exhibit a remarkable correlation with the degree of sunspot activity. 

When the ionospheric structure is viewed on a world-wide basis the 
effect of the dium^ seasonal and sunspot cycle changes taken together 
becomes extremely complex, since when it is high summer in one 
hemisphere it is deep winter in the other, and when it is noon in one 
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part of the world it is midnight in another. However, if we consider 
all these variations separately we shall, perhaps, obtain an idea as to their 
main effects in short-wave propagation—for, in short-wave com¬ 
munication, we are vitally interested in these changes. 

The greater the strength of the ultra-violet radiation the greater is 
the free electron density in the layers, and the higher is their critical 
frequency. The higher the critical frequency the higher are the fre¬ 
quencies which the layers will refract when the radio wave strikes them 
at oblique incidence, as it will do when we send it out so as to com¬ 
municate over a distance. If we ignore these variations and attempt to 
operate our short-wave stations on frequencies chosen haphazardly, 
and without regard to the ionosphere variations, the chances of our 
being able to maintain good communication will be very remote, for 
part of the time our waves will fail to arrive at the receiving point 
because they have penetrated through the ionosphere altogether, while 
at other times they will fail to do so because of complete absorption 
in the lower ionosphere. If, on the other hand, we carefully choose our 
working frequency to suit the conditions of ionisation prevailing at any 
time, then the wave will be properly refracted, and will travel to great 
distances with extraordinarily little loss of energy. 

We can best study these variations in terms of the critical frequency, 
because it is easiest to relate this to the actual working frequencies for 
various distances. We might remember that the actual ionisation in the 
layer is proportional to the square of the critical frequency. 

Diurnal Variations 

Turn again to Figs. 16, 18 and 19, and note how the critical fre¬ 
quencies and virtual heights varied as between day and night and 
between summer and winter. Suppose we have available one of these 
h' - / curves for every hour of day, during a winter and a summer day. 
We could then plot the critical frequencies and virtual heights against 
time of day, and so obtain a diurnal characteristic curve of the iono¬ 
sphere for each of these seasons. Actually we should obtain a more 
representative curve for these seasons if we took, not the measurements 
for a single day, but the mean of those obtained at each hour of day 
over a whole month. Such a set of curves is given in Fig. 21, the values 
shown being for the months of June and December during a year of 
minimum and one of maximum sunspot activity. We will concentrate 
upon the diurnal variations in critical frequency first. 

Examining first the variations in E layer critical frequency over the 
day—all critical frequencies are those for the ordinary ray—-we see that 
it varies in direct accordance with the altitude of the sun, increasing 
from a very low value at sunrise, reachShg a diurnal maximum at noon, 
and then decreasing towards sunset. Since veiy low values of critical 
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hMIUCS Icm SUNSPOT MINIMUM 

LOCAL TIME LOCAL TIME 

Fig. 21—Monthly graphs of critical frequencies and Tirtual heights observed at 
Sloii^ during summer and winter of years of minimum and maximum sunspot 
a^vity 

frequency are difficult to measure, that of the E is not shown in Fig, 21 
when it is below about 1*5 Mc/s, though it is known to persist at night 
with lower critical frequency than this. 

We must here digress for a moment to remind the reader that the 
free electron density in a layer at any time will depend, not only upon 
the rate of ion production, but also upon the rate of recombination of 
the electrons and ions. The density will only increase when the pro* 
dncdon rate is greater than the recombination rate. The recombination 
rate will depend, in the main, upon the density of the air itself, that is 
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upon the number of atoms of gas per unit of space. For it will be clear 
that the more numerous the atoms are (that is, the less the distance 
between them), the greater will be the chance that a free electron will 
come into contact with an ionised particle and so recombine with it so 
as to re-establish the electrical neutrality of the structure. In the lower 
part of the ionosphere a high atom density does exist, and thus when 
the sun’s rays diminish or cease to affect the layers, the ionisation 
rapidly decreases. 

The layer therefore behaves, in general, according to the simple 
theory of ionisation by ultra-violet radiation by the sun, the ionisation 
being at a maximum when the ultra-violet radiation affecting it is 
greatest, as at noon, and falling away on either side of this time to a 
very low value. The critical frequency is, as a matter of fact, pro¬ 
portional to the cosine of the sun’s zenithal angle, being given by— 

/e = Kcos 1 X 

where x is the zenithal angle of the sun and K is a factor depending on 
the intensity of the solar radiation. 

It should be noted that according to this theory of ultra-violet ionisa¬ 
tion the E layer should disappear entirely soon after sunset. In fact 
the critical frequency, after falling to about 0-6 Mc/s, seems to remain 
at that value throughout the night—^there appears to be an agency 
other than ultra-violet light which maintains a low value of ionisation 
when the sun’s rays are cut off. Sir Edward Appleton has suggested 
that this agency is the small meteors which are continually arriving in 
the earth’s atmosphere, and that the ionisation which these swiftly 
moving particles set up may maintain the “ residual ” night-time ionisa¬ 
tion of the layer. It should be noted that this ionisation is so low as not 
to affect appreciably the propagation of short radio waves, though on 
long and medimn wavelengths it would be of significance. 

Examining the diurnal variations in the critical frequency of the FI 
layer in Fig. 21, we find that it exhibits very similar characteristics to 
those of the E. It does, in fact, like the E layer, behave according to the 

' theory of ionisation by ultra-violet light from the sun, and it closely 
obeys the cos*x law. At night, of course, the FI layer is non-existent, 
having merged with the F2 to form the single night-time F layer. As 
to the D layer, though it does not reflect waves at vertical incidence, it 
may be taken that its diurnal variations are similar to those of the E. 

l^en we examine the diurnal variations of the F2 layer we see that 
k does not conform to the above law at all, for its critical frequency, 
particularly in summer, goes on increasing long after nooq. Since this 
is the most important layer in short-wave propagation, and since its 
behaviour is more complex than that of the other two, we had better 
leave it for separate consideration in a few moments. 
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Seasonal Variations 

The seasonal variations in the critical frequency of the E and FI 
layers are again simple and straightforward, the critical frequencies 
being higher in the siunmer than in the winter of any one year, and the 
diurnal maxima being greater in summer than in winter. This again is 
consistent with the ultra-violet ionisation theory, the critical frequency 
being proportional to the cosine of the sun’s zenithal angle and thus 
reaching a peak in summer. 

It may here be remarked that this rise in the critical frequencies of the 
E and FI layers during the summer day is such that they become of 
much more importance in short-wave transmission at this time than 
they are at any other time during the year, often being of prime im¬ 
portance for transmission over certain distances. It will be noted also 
that the layers remain in existence for much longer periods in summer 
than in winter, as would be expected from the longer duration of the 
summer day. 

The seasonal variations in the F2 layer are again seen to be anomalous 
in character, so we had now better consider that layer in more detail. 

Anomalous Behaviour of the F2 Layer 

Examining first the diurnal variations we see that the critical frequency 
increases from sunrise, but that it is usually higher during the hours 
after noon than at noon. In fact, during the summer there is an actual 
fall in the critical frequency around noon, and then it goes on increasing 
during the afternoon to reach a diurnal maximum around sunset 
There is a decrease after sunset which is rapid in winter but more 
gradual in summer, so that in the latter season the midnight value is 
but little lower than that for noon. Generally speaking there is a 
continued gradual decrease after midnight, though sometimes, during 
winter, there is a slight increase a considerable time before sunrise. 

Turning to the seasonal variations, we notice at once a remarkable 
thing. Although the sun’s radiations are much stronger in summer than 
in winter day-time, the critical frequency of the F2 is much lower during 
the summer day than during the winter day. During the winter night, 
however, it is lower than during the summer night, as would be ex¬ 
pected. Though all these variations may seem complicated we may 
sum up their main features by saying— 

(1) there is a diurnal variation lagging considerably behind the 
variation in the sun’s altitude ; and 

(2) there is a day-time seasonal variation of the opposite character 
to that of the other layers, and in opposite sense to that of the 
sun’s altitude. 
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Though we cannot say for sure what are the reasons for this anoma¬ 
lous behaviour of the F2 the following is considered to be the most 
satisfactory explanation : In the first place, owing to the rarity of the 
gas atoms at this height and thus to the low recombination rate, the 
diurnal variation lags behind the altitude of the sun, and so the tendency 
is for maximum critical frequency not to occur till some time after 
noon. Then there is a temperature effect, according to which the upper¬ 
most part of the atmosphere expands greatly when heated by the sun, 
so that the effects are most apparent during the siunmer day. In an 
expanded atmosphere there are less atoms per unit of space than in a 
contracted atmosphere, and so the ionising radiation is unable to 
produce so many free electrons per unit of space, and thus the critical 
frequency is lower. During the summer day the F2 layer is more ex¬ 
panded than during the winter day and so its critical frequency i|S lower, 
in spite of the increase in ionising radiation. Again, during the summer 
day itself the critical frequency rises after sunrise as the ionising rays 
become stronger, but towards noon the gas expands, due to the heating 
effect, so that the critical frequency begins to fall. In the afternoon the 
gas begins to cool and to contract, so that the critical frequency rises 
to reach a peak just before sunset, after which the night-time decrease 
due to recombination sets in. 

The pre-sunrise increase of critical frequency which often occurs in 
winter, but which is not apparent in Fig. 21, is accounted for on a 
similar basis. During the long winter night the gas cools very con¬ 
siderably and contracts during the process, so that the number of ions 
per unit of space is increased. Then, before dawn, there is a definite 
rise in the critical frequency, due, not to the beginning of free-electron 
production, but to the crowding of the free electrons already there into 
a smaller space. Apart from this pre-sunrise increase in the critical 
frequency the night-time critical frequencies are lower in winter than 
in summer. This is due to the shorter period of time during which the 
ionising radiation is operative in winter, the earlier onset of darkness— 
during which only recombination takes place—resulting in the critical 
frequency falling to very low values during the winter night. 
' Combining the diurnal and seasonal variations in F layer critical 

frequency, we see that it reaches its highest values during the winter day 
and its lowest during the winter night. The variation between day and 
night critical frequencies is therefore great in winter and relatively 
small in summer. The greatest rate of variation between day and 
night frequendes thus occurs in winter just after dawn and just after 
sunset. I 

It should be noted that in the ionosphere there is no lag in the seasonal 
efibets such as occurs in the seasons of weather, which follow the sun’s 
seasonal position a month or two later. 
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The Sunspot Cycle 

As has been said, the activity of the sun itself varies over a long period, 
and one indication of this is in the size and number of the sunspots which 
appear upon it. These sunspots are only one of the indications of the 
variation in solar activity, though they are the most convenient of solar 
phenomena to observe. Such observations are regularly made at many 
astronomical observatories, and the information published in the form 
of “ relative sunspot numbers.” These are arrived at by taking the 
sum of the total number of sunspots observed plus ten times the 
number of spot groups, this sum being multiplied by a factor depending 
upon the telescope used and the viewing conditions. The observations 
from the different observatories are correlated by that at Zurich, and the 
final “ number ” published from there. It might be thought that this is a 
somewhat arbitrary method of assessing the sun’s activity, but, in fact, 
it has proved a very faithful one, and the sunspot “ number ” has been 
found to possess a remarkable degree of correlation with certain 
terrestrial phenomena. 

Records of this index of the solar activity go back for very many 
years ; in fact, they are continuous as far back as 1749. It has been 
found that there is a mean period of 11-1 years in the degree of solar 
activity as evidenced in this way—^that is to say, a mean period of 11 - I 
years is occupied by a complete cycle of activity from minimum, 
through maximum, to minimum activity again. By this it is not meant 
that the sun’s activity increases in a smooth and regular manner from 
minimum to maximum—there are in fact large and erratic variations 
from day to day. Nor are the cycles themselves at all regular, either in 

Fig. 22—Aimual mens of rriatife swi^ot numbers 
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amplitude or in frequency—though the cyclic change in the average 
activity is markedly apparent. This is seen from Fig. 22, in which the 
annual means of the relative sunspot numbers are given for each year 
from 1933 to 1947, during which period roughly 2J cycles of solar 
activity were completed, the minimum years being 1933 and 1944 and 
those of maximum activity 1937 and 1947. It is seen that the year-to- 
year changes in the sunspot activity have been markedly different 
in the two cycles and that the 1947 maximum was much higher than 
that of 1937. It is, in fact, impossible to predict from past cycles what 
changes will occur in the activity a very long way ahead, though 
predictions of the general activity several months ahead may be made 
with good accuracy. 

Long Period Variations in the Ionisation 

In Fig. 23 are given some (idealised) h'-/ curves obtained at noon in 
December during consecutive years during which the sunspot activity 
was increasing. From these it is seen that the critical frequency of all 
the ionospheric layers increased in accordance with the degree of sun¬ 
spot activity, though the amount of increase was different in the different 
layers, being greatest for the F2 and least for the E layer. Curves taken 
at night or at other seasons of the year will also show this increase, 
though again it has been found to be different at different times of day 
and seasons. 

It is evident, therefore, that the variations in the sun’s radiations of 
ultra-violet light which occur in accordance with the variation in sun¬ 
spot activity give rise to large variations in the ionisation of the upper 
atmosphere. Ionospheric observations over two sunspot cycles show, 
in fact, that the electron density in the F2 layer is about four times 
as great at sunspot maximum as at sunspot minimum, and it is evident 
that such large changes will have to be taken account of in choosing the 
frequencies for use in short-wave communication. 

Turning to Fig. 21 again, if we compare the two left-hand sets of 
curves (sunspot minimum) with the two right-hand sets (sunspot 
maximum) we can see the nature and order of the critical frequency 
changes which took place as between sunspot minimum and maximum. 
We see that the increase in critical frequency was greater for the F 
than for the other two layers, that it was greater during the day than 
during the night, and greater during winter day than during summer 
day. 

ITie month-by-month variations in the relative sunspot niunbers for 
the “ increasing ” phase of the current sunspot cycle are shown in 
Fig. 24, together with the monthly means of the noon F2 critical fre- 
quen<7 as measured at Slough. It is seen that the sunspot numbers 
vary erratically from month to month but that there is a steq> general 
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Fig. 23—h' - / curves for noon in December during consecutive years between 
sunspot minimum and maximum 

rise in their values. In the critical frequency curves we have, of course, 
the large seasonal changes superimposed on these due to the changes 
in solar activity. These are such as to give high values of critical 
frequency in winter and low values in summer, with the exception that 
there is usually, at the extreme mid-winter period, a secondary decrease, 
so that the hipest values actually occur about November and February. 
Nevertheless the general rise in critical frequency in sympathy with the 
increase in sunspot number is clearly seen, showing how the ionosphere 
responded to the changes in the activity of its producing agent, the sun. 

This is still more clearly seen, however, in Fig. 25, which gives twelve- 
month nmning averages of the monthly sunspot numbers, together 
with twelve-month running averages of the noon and midni^t F, and 
of the E, critical frequency, as measured in England. The object of 
taking twelve-month nmning averages is to smooth out the temporary 
fluctuations in the sunspot numbers and the seasonal effects in the 
critical frequency values, so that the long-period effects in both 
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quantities may be more clearly seen. It is done by taking for the mean 
for the epoch at the centre of any month the average of the twelve 
monthly means having that month as the centre. 

It is seen that there is exceptionally good correlation between the 
curves for sunspot activity and those for critical frequency when 
considered in this way. From the curves it will be seen that the twelve- 
month running averages of the E critical frequency followed those of 
the sunspot numbers very closely indeed, though there was a slight 
delay in reversal tendency at the maximum. Those for the F and F2 
layers also followed the sunspot numbers closely, except that towards 
the maximum the critical frequency failed to increase so rapidly as the 
sunspot numbers, as if there were some saturation effect in the ionisa¬ 
tion of the F layer. Also the times of reversal of the trends in the 
critical frequency values for the F layer do not correlate so well with 
those for the sunspot numbers, that at the maximum lagging about 
three months behind the sunspot number. Nevertheless over most of 
the cycle the correlation between the curves for sunspot numbers and 
those for critical frequency of all the layers was remarkably good. 

It is interesting to note that over the period shown the noon E layer 
critical frequency increased by 1-26 times and that for the noon F2 
layer by 2*04 times, implying increases in the actual ionisation of the 
E layer of 1 *59 times and in that of the F2 layer of 4-16 times, as between 
sunspot minimum and maximum. It is also very interesting to note 
that although the increase in sunspot numbers was considerably greater 
in the present cycle than in the past one, the increase in the critical 
frequency of the F layer was not much different in the two cycles. 

It will be seen that if the latest trends in the twelve-moilth running 
average values are taken into account it is possible to forecast what the 
value will be several months ahead with good accuracy. Knowing this 
it is then possible to exterpolate the ruiming average critical frequency 
curves out to a similar time. If then the known diurnal and seasonal 
factors in the critical frequency variations are taken into account it is 
possible to predict the average critical frequency values for each layer 
for each hour of day for the month in question, and so to forecast the 
conditions for short-wave communication. 

Geographical Variations 

, It is obvious that the ionisation of the ionospheric layers will vary 
considerably with geographic latitude and longitude, and that in con¬ 
ducting world-wide short-wave transmissions we shall have to take 
this into account. At any one time of day the sun’s zenithal'angle will, 
of course, vary with geographic latitude, and the amount of ionising 
radiation entering the atmosphere will vary accordin^y. As we 
approach the equator, where the sun is more directly overhead, we 
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Fig. 24—Monthly means of relative sunspot numbers and of noon critical fre* 
quency at Slough during theincreasing ” phase of a sunspot cycle. (Sunspot numbers 
for 1947 are provisional only) 



SHORT-WAVE RADIO AND THE IONOSPHERE 

should expect the critical frequency of the layers to increase, and then to 
decrease again in the southern hemisphere. So far as the E and FI 
layers are concerned this expectation is well borne out, and then- 
critical frequencies do follow the sun’s angle. At noon at the equinoxes, 
for example, they are highest at the equator and have a similar value 
for similar latitudes in the northern and southern hemispheres. At 
noon during other seasons they are highest at that point north or south 
of the equator where the sun is overhead at noon, and decrease pro¬ 
portionately as one proceeds north or south from this point. The 
seasonal variations are, therefore, similar for similar latitudes in the 
northern and southern hemispheres, but six months “ out of phase ” 
in the two hemispheres. 

As to the variations in the E and FI critical frequencies with geo¬ 
graphic longitude, they are simply those diurnal variations which we 
have already discussed. In other words, as the earth turns upon its 
axis, the diurnal variations which occur at any terrestrial point are 
repeated all along the same parallel of latitude, so that along this 
parallel similar values of critical frequency occur at similar values of 
local time. 

The variations in F2 critical frequency with latitude and longitude 
are much more complex, and it seems that the reason for this may be 
that, whilst the larger part of the ionisation is undoubtedly due to the 
sun’s ultra-violet radiation, some of it may be due to bombardment 
of the gas atoms by corpuscles, some of which may arrive from the 
sun, and some, possibly, from points outside the solar system altogether, 
such, for example, as the Galaxy. However that may be, there seems to 
be a component in the ionisation which varies independently of the 
sun’s zenithal angle, and which, moreover, is affected to some extent 
by the earth’s magnetic field, particularly so in the auro^ regions. 

In order to examine the way in which the critical freqtiency varies 
with latitude one should examine the observations made by stations 
located on one meridian of longitude but at different latitudes, their 
observations being made at similar values of local time. It is difiicult 
however, to do this, because the observing stations are very rarely 
located along a given meridian, but Fig. 26 gives the observations made 
for June and December at ffiree stations as near as possible to one 
meridian of longitude, two being at similar latitudes in the northern and 
southern hemispheres, and one being near the geographic equator. 
During June the diurnal characteristic for the northern hemisphere 
station is the typical summer one which we have already discussed. 
Near the equator the critical frequency, as would be expected, is much 
highe^, boA by day and night. Moreover the diurnal characteristic 
assumes a somewhat different shape, as is usual for stations in equa¬ 
torial latitudes, there being a tendency for the critical frequency to remain 

64 



IONOSPHERIC VARIATIONS 

5'2 
OlO| 

is 
2. ct 6 
ll 

^4 

t 2 
£ 

JUI HE 1 946 

* / f \ 
* 

* f i •'I 
=1 --- 

A 
\ 

,— v.. 

2 4 12 16 20 O 
LOCAL TIME LOCAL TIME 

ST JOHNS 47“42'N 52® 42'W 
•TRINIDAD IO®36'N 6I®I2'.W 

-FALKLAND 5^42'S 58®00'W 

Fig. 26—Variation in F, F2 critical frequency with latitude at similar times of day 

at a relatively high level, or even to increase, for some time after sunset, 
and then to decrease sharply from midnight to just before sunrise. 

At the southern hemisphere station the diurnal characteristic is a 
typical winter one, giving lower night values and higher midday values 
than for the northern hemisphere station. The midday values are, 
however, not so high as is usual during winter in the northern hemi¬ 
sphere. During December the diurnal characteristic for the northern 
hemisphere station is a typical winter one, having low night-time 
and high day-time values of critical frequency. Near the equator the 
characteristic is such that, generally speaking, higher values occur at 
all times except during the midday period, when the critical frequency 
is lower than for the higher latitude station. This, it is thought, is due 
to the temperature effect which we have already discussed, the upper 
atmosphere near the equator being in a more expanded state than in 
higher northern latitudes. 

As to the December diurnal characteristic for the southern hemi¬ 
sphere station, it is of such a peculiar shape and so unlike that for the 
northern hemisphere station in local summer that its variations arc 
difficult to account for. It will be noted, however, that the night-time 
values are much higher and those for day-time considerably lower than 
is the case for the northern hemisphere station. 

From the above it will be gathered that the variations in F, F2 
critical frequency with latitude are, in general, rather complex. In order 
to obtain a world-wide picture of the ionospheric variations with 
latitude, curves like Fig. 26A are drawn, which show (idealised) critical 
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Fig. 26A—Variation in F, critical frequency with latitude at noon in June 

frequency variations with latitude at noon in June along different 
meridians of longitude. 

The Longitude Effect 

Since the sun’s zenithal angle will have similar values along any 
parallel of latitude at similar values of local time, as the earth turns 
upon its axis, it would be logical to assume that the ionospheric critical 
frequencies in any one latitude would be similar for similar values of 
local time. As has been said, this is the case for the E and FI layers, but 
ionospheric observations have shown that it is not so in the case of the 
F and F2. In Fig. 27 are given the monthly mean values of F, F2 
critical frequencies for June, 1947, for two pairs of stations, the stations 
of each pair being located in very similar latitudes but in widely different 
longitudes. It is seen that thou^ the general form of the curves in each 
pair is similar, there are large differences in the values of critical 
frequency recorded at similar values of local time. It will be noticed 
that the lower values in each pair were obtained at stations in the 
western zone of the northern hemisphere (Portage la Prairie and Baton 
Rouge) and the higher values at stations in the eastern zone (Slou^ 
and Dtelhi). Now although the geographic latitudes of Slou^ and 
Portage la Prairie and of Delhi and Baton Rouge are very similar, 
their geomagnetic latitudes are widely different, and it has been 
found that this is the reason for the difference in their critical frequency 
values. The general effect is seen in Fig. 26A. 
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Fig. 27—-Variation in F, Fj critkai frequency willi longitude at similar times of day 

In fact, the F and F2 critical frequencies vary, not only according to 
geographic latitude and longitude but according to magnetic latitude 
and longitude as well. Thus exactly similar values of critical frequency 
along a parallel of geographic latitude would only occur at similar 
values of local time where the geomagnetic latitudes were also similar. 
Also, whilst the critical frequency does increase towards the low 
latitudes, the highest values do not occur in equatorial regions, for 
there appears to be a trough which runs along the geomagnetic equator. 
Whether or not these conditions are due to the effect of the earth’s 
magnetic field upon the corpuscular ionising agency, or whether they 
are due to the effect of the field upon the free electrons already^xistinfe 
is not known, but this “ longitude effect ” in the F layer ionisation is 
itself quite marked and well established. It is such as to produce rela¬ 
tively high values of critical frequency in relatively low magnetic 
latitudes and vice versa, so that places in Europe would, for example, 
have higher values than those in Eastern America with a simUar geo¬ 
graphic latitude, and places in South Africa lower values than those 
in eastern South America with a similar geographic latitude. 

As we shall sec later, this lon^tude effect in Ae ionisation has to be 
taken into account in world-wide short-wave transmission operations. 

Changes in Virtual Height 

Fig. 21 shows that the minimum virtual height of the E and FI 
layers is practically constant at all hours of day during which they exist, 
and this is so also at aU seasons of the year and epochs of the sunspot 
cycle. 
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MILES km. 

Fig. 28—Monthly mean of noon and midnight virtual height for F and F^ layers 

The day-time F2, on the other hand, lies at a much greater height 
during the summer day than during the winter day. This variation 
in height is probably connected with the expansion of the gas during 
the summer day because of heating. As will be seen from Fig. 21 the 
night virtual height is usually in the vicinity of 300 km both in winter 
and in summer. In winter there is a considerable decrease before sun¬ 
rise, the layer remaining during the day at a lower level than during 
the night. In summer, however, there is a large increase in virtual 
height after sunrise, and the layer during the day is at a far greater 
height than at night. The layer returns to its night-time level in summer 
before, and in winter after, sunset. Fig. 28 gives the minimum 
virtual heights for each month of a year, and thus shows the seasonal 
variation in this quantity The geographical variation in virtual height 
is such that lower values occur in low than in high latitudes. 

As we shall see later, changes in the virtual height affect the fre¬ 
quencies to be used for long-distance short-wave working, as well as 
do the variations of critical frequency. It may here be mentioned that, 
in general, small virtual heights and high critical frequencies lead to 
higher working frequencies, whilst great virtual heights and low 
critical frequencies necessitate the use of low working frequencies. 

Summary of the Ionospheric Variations ’ 

Now let us summarise these rather complicated ionospheric varia¬ 
tions, in order to clarify the information we have obtained— 

(1) The critical frequency of the E and FI layers varies diurnally, 
seasonally and geographically according to the variations in 
the zenithal angle of the sun. 

(2) The critical frequency of the F2 layer has a diurnal variation 
lagging somewhat behind that of the sun’s zenithal angle. It 
is also subject, both diurnally and seasonally, to a temperature 
effect which tends to produce lower values of critical frequency 
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around noon during the summer day than during the hours 
before and after noon, and much lower values during the 
summer day than during the winter day. Its night-time critical 
frequency is lower in winter than in summer. 

(3) Probably owing to a corpuscular component in its ionisation 
the F2 critical frequency varies with geographic latitude in a 
complex manner, and with longitude according to the geo¬ 
magnetic, as well as the geographic, values. 

(4) The critical frequencies of all the layers, both by day and night, 
summer and winter, vary directly with the 11*1 year cycle in 
sunspot activity. 

(5) The virtual heights of the E and FI layers are more or less 
constant during the daily period when they exist, at all seasons 
and epochs in the sunspot cycle. This applies also to the 
night-time F layer. The virtual height of thifcF2 layer is subject 
to variations, being lower than the night-time F during the 
winter day and much higher during the summer day. 

In the next chapter we shall go on to see how the critical frequency 
values, and their variations, affect the working frequencies of use for 
short-wave communication. 
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CHAPTER 6 

Short-wave Transmission 

Obliquely Incident Rays 

In Chapter 3 we discussed the behaviour of a radio wave in the 
ionosphere, and saw that with a given electronic density the refracting 
power of a layer varies inversely as the square of the frequency (or 
directly as the square of the wavelength). Also that the greater the 
angle of incidence the less is the amount of refraction required, the 
less far does a wave of given frequency penetrate into the layer, and 
the lower is the electronic density required to return it to earth. 

In Chapter 4 we saw how the ionosphere characteristics were mea¬ 
sured for vertical incidence, and in Chapter 5 we described some of the 
changes in the ionisation which have been disclosed by such systematic 
measurements. 

We now wish to know how we can put all this information to use 
in practical short-wave communication—^how we can utilise it in en¬ 
suring the efficiency of our communications, and in the planning of our 
future operations. For it is obvious that to use to the best advantage 
such a complex structure as the world-enveloping ionosphere we must 
arrange to be kept constantly conversant with the nature and order 
of the changes taking place, and have ready a relatively easy technique 
for applying this information to our short-wave operations. Further¬ 
more, if we are to plan our operations some way ahead—^as is practically 
always necessary—we must be able to anticipate the ionospheric varia¬ 
tions, and so to obtain a world-wide picture of the structure as it will 
be at some future date. Such techniques and prediction methods have 
now been developed and tested, with very good results, and in fact 
large-scale short-wave operations are nowadays based upon them, 
though this is not to say that they are yet perfect. Apart from such 
large-scale operations it is obvious that all users of the ionosphere— 
whether of professional or amateur standing—will do much better if 
they conduct their operations in the light of the latest ionospheric 
information than if they perform them in a completely haphazard 
manner. 

In practical short-wave transmission we do not radiate equal amounts 
of energy at all horizontal and vertical angles, as was mentioned in 
Chapter 1 and pictured in Fig. 2 (page 14), but, by a suitable arrange¬ 
ment of the aerial system, we concentrate the radiated energy in the 
form of a “ beam,” which can be arranged to cover only the most useful 
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angles, both horizontal and vertical. The advantages of this, so far as 
the horizontal angle is concerned, are immediately apparent, for the 
available energy may all be sent out in those azimuthal directions in 
which the distant receivers lie, and none of it wasted in undesired direc¬ 
tions. It should also be apparent that, since the wave will only reach 
the receiving location after reflection from the ionosphere, it will be 
advantageous to concentrate the energy in the vertical plane as well, 
so as to direct it upon that point in the ionosphere where a ray must 
undergo reflection if it is to reach the earth again at the receiving loca¬ 
tion. This, in the case of single-hop transmission, is a point in the iono¬ 
sphere half-way between transmitter and receiver. 

It is not intended here to go into the theory of aerial directivity, but 
we will merely say that so far as vertical directivity is concerned it 
may be achieved by taking advantage of the energy which is reflected 
upwards from the ground beneath the transmitting aerial. By suitably 
positioning the aerial as to its height above ground, this reflected energy 
can be arranged to reinforce that being radiated by the aerial itself, so 
that all sorts of vertical radiation patterns can be produced. 

In order to illustrate the principle (and for comparison with Fig. 2), 
the radiation patterns of Fig. 29 are given, which are for a horizontal 
aerial half a wavelength long, placed at different heights above the 
ground. By arranging additional half-wave aerials one above the other 
so that their radiated energies combine in a certain vertical direction 
greater directivity still can be achieved, and the energy may be con¬ 
centrated in a relatively narrow “ beam ” at any angle to the horizontal. 
Also, by placing a reflecting curtain behind the aerial the “ back¬ 
ward ” radiation may be almost eliminated and the energy concentrated 
in one “ forward ” direction. There also exist special forms of aerial 
comprising only a few half-wave elements and suitable for amateur 
use, which give a good “ gain ” in both horizontal and vertical planes. 
The angle at which the radiated energy is sent out, measured from the 
horizontal, is called the “ elevation ” angle. 
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Fig. 30—Illustrating the geometry of one-hop ionospheric reflections 

Fig. 30 will help to make clear the geometry of one-hop transmission 
via the ionosphere. In it we will suppose that E is the E layer and F 
the F layer of the ionosphere, whilst T is the transmitting station. As 
the elevation angle is reduced from the vertical (90°) the distance d 
(over which the ray travels) increases, but it will be clear that because 
of the curvature of the earth there is a definite limit to the distance that 
can be covered in one hop, depending on the height at which the 
reflecting layer lies. This limiting distance corresponds to an elevation 
angle of 0° (horizontal transmission), though in practice it is almost 
useless to transmit at a smaller elevation angle than about 2|°, because 
if this is done most of the energy is absorbed in the ground near the 
transmitter. The maximum distance for one-hop transmission via the 
E layer (corresponding to 0° elevation angle) is about 1,400 miles, via 
the FI layer about 1,900 miles and for the F, F2 layer about 2,500 
miles, depending on its height. 

From Fig. 30 two other important facts should be noted— 

(1) for a given layer height the greater the distance ; and 

(2) for a given distance the lower the layer, the greater will be 
the angle of incidence on the layer. 

Thus, for two rays travelling via the same layer, that of which the 
apex of the trajectory is at b has a greater angle of incidence than that 
of which the apex of the trajectory is at c in Fig. 30. Also, for two rays 
traversing the same distance, that which travels via the lower layer as 
at a has a greater angle of incidence than that which travels via the 
higher layer as at c. 

Relation between Vertically and Obliquely Incident Rays 

We saw in Chapter 3 that a ray of radio energy incident on an iono¬ 
spheric layer will penetrate into the layer until the refractive index is 
reduced to a value equal to the sine of the angle of incidence, and that 
it will then start travelling downwards again. Thus it will penetrate 
furthest into the layer when the angle of incidence is 0° (vertical inci¬ 
dence), and less and less as the angle of incidence is progressively 
increased, that is, as the distance d is made larger. If, however, the 
frequency is altered so that it is allowed to penetrate in each case to the 
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point of critical eldttron density (minimum refractive index), then it 
means that higher and higher frequencies can be used as the angle of 
incidence is increased, and the distance over which it is desired to com¬ 
municate made larger. Thus the highest frequency which can be used 
for any distance is related to the critical frequency at vertical incidence 
and to the angle of incidence. 

The highest frequency for any distance is called the Maximum 
Usable Frequency (MUF) for that distance, and for a flat ionosphere 
this would be equal to the critical frequency multiplied by the secant 
of the angle of incidence (the secant is 1-0 at 0° and about 5*0 at the 
greatest angle of incidence it is possible to make in practice). 

The curvature of the earth and ionosphere introduces modifications 
of a complex nature into this law, and we cannot go into them here. 
We need only note that a layer of given electron density returns fre¬ 
quencies which are higher the greater the angle of incidence on the 
layer, and thus, so far as the curvature permits, higher frequencies will 
be returned the greater the distance of transmission and the lower the 
reflecting layer lies. The relation between the critical frequency and 
the MUF for any distance may be described in terms of factors by which 
the critical frequency must be multiplied in order to obtain the MUF. 
These are called the MUF factors. 

F%. 31««-Elevatioii angles and MUF factors for transmission over varioos distances 
by way of the £ and F^ layers, with (b) MUF fisetors for transmission by way of 
Sporadic £ 
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Fig. 32—^Elevation angles and MUF factors for transmission over various distances 
by way of the day-time F^ layer, during winter and summer 

In Fig. 31 (a) are given the elevation angles for transmission over 
various distances out to the maximum distance it is possible to cover 
in one hop, for transmission by way of the E or FI layers, while in Fig. 
31 (b) are given the MUF factors for transmission by way of these 
layers, by which the vertical incidence critical frequency should be 
multiplied in order to obtain the MUF appropriate to the distance. 
Since these layers always lie at an approximately constant height the 
elevation angles and MUF factors are valid for all times and seasons 
during which the layers exist. Because the E layer lies at a smaller 
height than the FI the elevation angles for transmission over any 
distance by way of it are smaller, and the MUF factors greater, than is 
the case for transmission by way of the FI. The factors for trans¬ 
mission by “sporadic E” shown in Fig. 31 (b) will be explained later. 

In Fig. 32 (a) are given the elevation angles for transmission by way 
of the daytime F2, during wint* and summer, while in Fig. 32 (b) are 
given the MUF factors appropriate to this layer during these two 
seasons. Since the layer is at a smaller height during the winter than 
during the summer day the elevation angles are smaller and the MUF 
factors are greater during winter than during summer. The elevation 
angles and MUF factors appropriate to other seasons may be found by 
interpolation, it being assumed that the cases shown are for the months 
of June and December respectively. 

The critical frequencies to be used in coi\junction with the MUF 
factors in order to obtain the MUF for any distance are those for the 
ordinary ray. For very short distance transmisaon via the F, F2 layers 
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it is, however, usual to make a correction to the MUF so obtained to 
allow for the effect of the extraordinary ray, which will provide recep¬ 
tion at these short distances. As the distance over which communica¬ 
tion is effected is increased, that is, as the angle of incidence is increased, 
the separation between the ordinary and extraordinary rays decreases, 
until, when the distance is about 600 miles, it becomes so small as to 
be of no account in practice. The curve at the top left comer of Fig. 32 
(b) gives the value in Mc/s which should be added to the MUF ob¬ 
tained from the ordinary ray critical frequency, in order to take 
account of the effect of the extraordinary ray at these short distances. 

In Fig. 33(fl) are given the elevation angles for transmission by way 
of the night-time F layer, throughout the year, while in Fig. 32 (b) are 
given the MUF factors appropriate to this layer. It will be remembered 
that the layer remains at an approximately constant height throughout 
the year. The values given in Figs. 32 and 33 for the F2 and F layers 
are respectively for noon and for midnight. For other hours of day the 
appropriate figures may be found by interpolation between these two 
values, and a study of the variation in virtual height with time of day 
shown in Fig. 21 should help in this matter. 

The MUF factors for the E and FI layers remain the same through¬ 
out the sunspot cycle, but in the case of the F and F2 layers there 
appears to be some increase in the thickness of the layers towards sun¬ 
spot maximum. The values given in Figs. 32 and 33 are those for 
sunspot minimum, and the corresponding values for sunspot maximum 
are about 10 per cent smaller. 

Maximum Usable Frequencies 

Although it is obviously not possible here to give MUF factors 
which will take into account all the variations in layer height and 
thickness, those given in Figs. 31, 32'and 33 are near enough for most 
practical purposes, if interpolation for times of day and seasons not 
given is made. If therefore we have available curves like those of 
Fig. 21, showing the average critical frequency at all times of day, and 
we wish to ascertain the MUF for transmission over any distance, 
then we read off the critical frequency for the appropriate time at the 
centre of the transmission path, and multiply it by the appropriate 
factor obtained from the curves. This will give the MUF for any dis¬ 
tance up to 2,500 miles, beyond which the transmission will ^ by 
multiple hops, which case will be dealt with later. 

It is useful to have available a set of curves from which one can read 
off the MUF directly, and these can be prepared by calculating the 
MUF for each hour of day for various distances. Fig. 34 shows such a 
set of MUF curves, obtained from the critical frequency values given 
in Fig. 21, and by the use of factors obtained from Figs. 31, 32 and 33. 
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Fig. 33—Ekvatkm angles and MUF factors for transmission over various distances 
by way of the night-time F layer, throughout the year 

From these we can see at a glance what is the highest frequency for 
one-hop transmission over any distance out to the limits for such one- 
hop transmission. 

It is interesting to study Fig. 34 with a view to ascertaining the range 
of frequencies usable for short-wave transmission at a mid-latitude in 
the northern hemisphere, remembering that the MUFs shown, since 
they are calculated from monthly averages of critical frequency, repre¬ 
sent the average values usable during winter and summer of sunspot 
minimum and maximum years. The lowest MUFs shown, that is, those 
for 0 miles, are, of course, the critical frequencies for the extra¬ 
ordinary ray. As the distance increases the MUFs get greater at all 
times of day. The lowest MUFs occur shortly before sunrise, and we 
see that for longest distance transmission these range from about 
6 Mc/s in winter to about 10 Mc/s in summer of a sunspot minimum 
year, and from about 9 Mc/s in-winter to about 18 Mc/s in summer of 
a sunspot maximum year. At noon the MUFs for longest distance 
transmission range from about 16 Mc/s in summer to about 24 Mc/s 
in winter during a sunspot minimum year, and from about 24 Mc/s in 
summer to no less than 44 Mc/s in winter during a sunspot maximum 
year. Thus the total range of usable frequencies for longest distance 
transmission, having regard to time of day, season of the year and 
epoch of the sunspot cycle, is from about 6 Mc/s to about 44 Mc/s. 

As we shall later see, the MUF represents a frequency which is not 
only usable, but near which the best communication will be achieved, 
so that the frequencies shown in Fig. 34 for the various times of day, 
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seasons of year and epochs of the sunspot cycle are of great significance 
in ensuring maintenance of short wave communication over a long 
period. 

Effect of the Lower Layers 

Transmission on short waves is usually by way of the F or F2 layers, 
though, of course, if a frequency very far below the MUF is used 
transmission may be by way of one of the lower layers. As. has been 
indicated, however, it is bad practice to use a frequency very far below 
the MUF for long-distance transmission, because such a frequency 
will be heavily absorbed. As has already ^en noted from Fig. 21, the 
critical frequency of the lower layers is always much below that of the 
F2. It should be appreciated, however, that, because of the smaller 
virtual height, the E layer may sometimes have a greater MUF than 
the FI or F2, and the FI than the F2 layer. Around noon in summer, 
when the F2 ionisation is exceptionally low and that of the E excep¬ 
tionally high, over a certain range of elevation angles the E layer 
critical frequency and the angle of incidence the ray makes on the E 
determine the MUF, and any frequency which is high enough to pene¬ 
trate the E at this elevation angle also penetrates the upper layers. It 
will not occur for the shortest distances because in these cases the angle 
of incidence at the E is small, and there is thus more tendency for the 
wave to penetrate the layer. Then at an angle corresponding to a certain 
distance it will occur, and will continue out to about 1,400 miles, the 
maximum distance possible for one-hop transmission by the E. 

Similarly, beyond this distance, the FI may control the MUF out 
to a distance of about 1,900 miles, the maximum distance possible for 
one-hop transmission by the FI. Beyond this distance the F2 layer 
MUF will still continue to rise because the angle of incidence at that 
layer still increases with increasing transmission distance, and so the 
MUF is again controlled by the F2, out to the limit of distance for 
transmission by that layer. 

In Fig. 34 it will be noticed that in the MUF curves for June there 
occur “ humps ” in the curves for 500, 1,000 and 1,500 miles, which 
peak around noon. It is during the periods covered by these “ humps ” 
that the lower layers control the MUF. In the afternoon, it will be 
remembered, the ionisation of the E and FI layer falls, whilst in the 
summer that of the F2 continues to rise, so that towards evening the 
F2 again controls the MUF for all distances. In calculating the MUF 
for any distance during these times, it is therefore necessary to multiply 
the critical frequencies of each layer by the MUF factor appropriate 
to the distance and layer. Then, whichever calculation yields Ae highest 
value, this is the MUF for that distance, and the calculation indicates 
which of the layers wiU control transmission over that distance. 
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Fig. 35—Showing the reason for the existence of a skip zone 

Skip Distance 

It will be clear that if we worked on a frequency below the critical 
frequency, all the upgoing rays would be returned to earth, no matter 
at what angle they impinged upon the refracting layer. None of the 
rays would penetrate the layer at such a low frequency. But, as we have 
said, it is extremely bad practice to work on a frequency as low as this 
when we wish to cover long distances. We need to use a frequency 
which is near the MUF for the distance over which we are transmitting, 
and this is always higher than the critical frequency. If we use this 
frequency then it means that the higher angle rays will penetrate the 
ionosphere altogether. We have the situation shown in Fig. 35 ; the 
high-angle rays penetrating the layer and those at the angle corres¬ 
ponding to the distance for which our frequency is the MUF and all 
lower angles being returned. The result is that there is an area round 
about the transmitting station and beyond the limits of the ground 
wave in which there are no rays coming down from the ionosphere at 
all. It is not served by any of the waves radiated by the station. This 
area is called the skip zone, and the distance across it in any direction— 
that is, the distance between the transmitter and the point where the 
first refracted ray reaches the ground—is the skip distance, the waves 
being pictured as “ skipping ” over the area. 

The dimensions of the skip zone and of the skip distance will depend 
entirely on the ionisation of the layer and on the frequency used, and 
they will thus vary for a given frequency with time of day, season of 
year and phase of the sunspot cycle. They will not vary with the 
amount of power radiated, since no increase in power makes any 
difference as to whether the wave penetrates the ionosphere or not—^that 
depends simply on the frequency and the ionisation prevailing. 

Now the distance at which a given frequency is the MUF is also the 
skip distance for that frequency, for at the angje of incidence appro¬ 
priate to that distance all higher frequencies penetrate the layer. 
The MUF and any lower frequency will be refracted so that the wave 
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is receivable at the distance considered, though if the frequency is 
decreased much below the MUF the attenuation due to ionosphere 
absorption will increase, and signal strength will therefore be reduced. 
So from the MUF curves—such as those of Fig. 34—we can read off 
for any time of day (interpolating where necessary) the skip distance 
appropriate to any frequency. If, for example, we are interested in 
communication over a fixed distance—say, 1,000 miles—we can see 
what frequencies would skip at each time of day and thus which of our 
available frequencies we must use in order to avoid skipping. If, on 
the other hand, we are interested primarily in the performance of a 
single frequency—say 14 Mc/s—we can see to what distances it would be 
usable for each time of day, and over what distances it would be 
unusable owing to skip. 

To make sure, then, that none of the waves intended to reach a 
certain location penetrate the ionosphere and cause the location to fall 
within the skip zone, we must be certain that we use a frequency not 
higher than the MUF appropriate to that distance. 

Optimum Working Frequencies 

It must be remembered that the MUF curves are compiled from 
critical frequency measurements which are the average of those obtained 
on every day of the month, so that the MUFs shown are themselves 
the average MUFs for the month. In the diagrams of Fig. 36 are given 
for the month of March, 1946, the distribution of the critical fre¬ 
quencies of the F and E layers about the monthly mean as observed 
a”! Great Baddow, Essex. The full line gives the monthly mean and 
the figures give the number of cases when the critical frequency fell 
between the indicated limits of frequency. It will be seen that in the 
case of the E layer the day-to-day deviation is extremely small, and the 
same thing is true of the FI layer. In the case of the F and F2 layers, 
however, there is considerable day-to-day deviation, even on relatively 
undisturbed days. The cases shown represent the worst usually ex¬ 
perienced, for it has been found that there is more deviation at the 
equinoctial periods than at other seasons of the year. 

An analysis of such diagrams as those of Fig. 36 has disclosed the 
fact that, whilst the day-to-day deviation in E and FI critical frequency 
is of negligible account, that of the F and F2 commonly varies up and 
down about the monthly average by about 15 per cent on undisturbed 
days. This means that if we are to operate a regular everyday short¬ 
wave service we cannot, in the case of the F and F2 layers, work on a 
frequency quite as high as the average monthly MUF. If we did our 
communication would fail on a number of days during the month 
when the MUF was below the monthy average, due to penetration of 
the layer. In order to ensure continuous transmission on all the 
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undisturbed days of a month it is therefore the practice to find the F or 
F2 layer MUF for the transmission path, and then to deduct 15 per 
cent from this in order to allow for the day-to-day deviation. The 
frequency thus found is called the Optimum Working Frequency 

and the actual working frequency is kept as near below the 
OWF as is practicable for all hours of day. When the MUF is controlled 
by the E or FI layers no such deduction is necessary, and the OWF for 
these layers coincides with the MUF. Examples of circuit curves plotted 
on this basis will be given later. 

It will be noted that monthly predictions of OWF are designed to 
ensure reliable communication on every normal day of the month, 
but that this is not necessarily the sort of information required by 
amateurs and others whose main interest is the exploitation of certain 
frequency bands, usually of exceptionally high frequency. As will be 
seen from Fig. 36, since the MUF varies up as well as down about the 
monthly average, there will be occasions during any month when it is 
possible to achieve communication on frequencies not only above the 
OWF but also considerably above the monthly average MUF as well. 
For example, on ten days of any month the MUF for the F and F2 
layers is likely to be 5 per cent to 15 per cent above the monthly mean, 
while on five days it may be from 10 per cent to 25 per cent above this. 
Thus, whilst the OWF indicates the high limit frequency for regular 
everyday communication, amateur contacts may be established on 
quite frequent occasions on frequencies up to 35 per cent above it. 

Angles of Elevation 

It is obvious that good communication over a given distance will 
only result when the design of the aerial is such as to radiate a con¬ 
siderable proportion of the total energy at the correct elevation angle. 
This would be relatively easy if ionospWe conditions remained steady 
and constant, but, as we have seen, they vary continuously not only 
with time but also, at a given time, with geographical location. It is to 
be noted that variations in electronic density, as well as those of layer 
hei^t, will have some effect upon the angle of elevation, because, fora 
given usable frequency, the nearer this is to the MUF the further will 
the wave penetrate into the layer and the greater will be the height from 
which it is returned. And, as will be seen from Fig. 30, the height of 
reflection is the controlling factor in determining the elevation angle 
necessary in order to return the ray to earth at a given distance from 
the trananilter. The higher the point from which the wave is returned 
tihe greater is the length (ff the “ hop,” and the height, in turn, depends 
upon the electronic doisity, or, with a given electronic density, upon the 
frequency. 

It is evident that if we were to try and take account of all the variations 
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of layer height with time of day, season and geographical location, 
as well as of the variations in height of reflection with changing elec¬ 
tronic density, we should have to be continually altering the elevation 
angle. Except in certain special classes of service this is impracticable, 
and a compromise is usually effected by radiating energy at a number 
of elevation angles, all of which are likely to be useful angles at some 
time or another. In other words, the aerials for different directions and 
distances arc arranged to radiate a “ lobe ” of energy which is wide 
enough to cover all useful vertical angles. At the same time the working 
frequency, which is never higher than the OWE, that is, 15 percent below 
the MUF, is changed from time to time as the electronic density 
changes, so that it never falls too far below the OWF, and thus the 
height of reflection does not vary greatly from time to time. Neverthe¬ 
less, in order to prevent wastage of energy the lobe width and the 
elevation angle of its centre must be related to the estimated heights of 
reflection. 

For this purpose the elevation angles given in Figs, 31, 32 and 33 
will be found useful in practice, so far as single-hop transmission is 
concerned. It is to be noted that it is over the first few thousand 
miles outwards from a transmitter that both the MUF and the eleva¬ 
tion angle change most rapidly, so that the use of more than one 
frequency and more than one type of aerial is often more necessary 
for providing a good signal over an area of a given longitudinal extent 
at these medium distances than is the case at greater distances. 

A method of approximation in selecting the appropriate elevation 
angles usually has to be followed, according to the following procedure: 
First find the elevation angles corresponding to the centre of the area 
to be served from Figs. 32 and 33 for F or F2 layer transmission— 
having regard to the diurnal and seasonal variations in virtual height. 
Then find those corresponding to the iimer and outer boundaries of the 
area in the same way, and so obtain an idea as to the elevation angle for 
the centre of the lobe, and as to its necessary width in the vertical plane. 
Then the effect of the E and FI layers in controlling transmission at 
certain times of day may have to be taken into account, and finally the 
elevation angle for the centre of the lobe may have to be slightly re¬ 
adjusted having regard to the types of aerial available, in order to ensure 
that no part of the area falls within the skip at any time. 

An example will serve to make the matter clear, the relevant data 
from Figs. 31, 32 and 33 being shown in Table 3. 

For amateur purposes an aerial with a narrow major lobe having its 
centre at about 8° would probably be most satisfactory for long-distance 
work, but such a low elevation angle is almost impossible to achieve 
with arrays such as are convenient for amateur use. However, there are 
several types of array which, when erected about one wavelength 
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TABLE 3 

LONGITUDDJAL EXTENT OF AREA TO BE COVERED—1,000 TO 2,000 
MILES FROM TRANSMITTER 

Elevation angle To inner boundary To centre To outer boundary 

By night-time F 18" 10° 4° 
By winter day F2 16" 8" 3" 
By summer day F2 22" 12° 6" 
By E layer 5" 8° (2 hops) 5° (2 hops) 
By FI layer 10" 4" 8" (2 hops) 

Width of lobe 19“, that is, r to 22 
Centre of lobe—at say 12i'’. 

above ground, have a major lobe centred at between l0° and 20", and 
also have a considerable forward gain, and their use on the higher 
amateur frequencies is usually practicable at amateur stations. For use 
on lower frequencies, where the erection of an array is usually im¬ 
possible at an amateur station, a simpler type of aerial—like a dipole— 
is often employed, and, as will be seen from Fig. 29, this, if erected 
between J and 1 wavelength above ground, will radiate a considerable 
amount of energy at useful angles. 

For professional communication services elaborate types of aerial 
arrays are usually employed, having azimuthal and vertical lobes 
to suit the transmission paths over which they are to be used. In the 
broadcast services, for example, different arrays are employed for 
serving different areas, each one being designed with regard to the 
distance, the latitudinal and longitudinal extent of the service area, and 
the average heights of the refracting layers. In many cases it is possible 
to “ slew ” the beam over several degrees of azimuth by electrical 
means, if required. 

Since the earth is practically spherical it would be expected, for one- 
hop transmission at least, that the angle of arrival at the receiver 
would be the same as the elevation angle at the transmitter, and 
measurement has shown this to be substantially true. It has also shown 
that, under quiet ionospheric conditions, these angles are relatively 
stable and only vary by about 3°. During periods of ionosphere dis¬ 
turbance, periods which we shall discuss later on, the ionosphere is 
much less stable, and the angles may vary from time to time by as 
much as 9°. 

It might also be expected that there would be considerable lateral 
deviation of the radio rays, due to lateral gradients in the ionisation. 
Experiments over different circuits have shown, however, that under 
quiet ionospheric conditions this lateral deviation is very small, and 
does not as a rule exceed about 2°. It is known, however, that during 
disturbed ionospheric conditions considerable lateral deviation does 
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occur, deviations of 20° being quite common and those of 60° not 
unknown. 

In this chapter we have dealt mainly with one-hop transmission, 
since this forms the basis for the MUF and OWF technique for trans¬ 
mission by multiple hops which we shall discuss later. But, so far as the 
elevation angles for multiple-hop transmission are concerned, we may 
deal with them now. 

In multiple-hop transmission it has been found that the radiated 
energy becomes considerably diffused by the ionosphere, so that the 
energy arrives at the receiver at a number of different angles, and it is 
difficult to relate these to a specific number of hops. Nevertheless 
experiments—particularly pulse experiments—have shown that there is 
usually one predominant angle of arrival corresponding to the least 
number of hops possible having regard to the average virtual height 
of the refracting layer over the transmission path, but that energy 
sometimes arrives by a lesser and also by a greater number of hops. 
The predominant arrival angle may vary with time of day, and the 
proportion of the total energy arriving at a given angle, that is, by a 
given order of hops, may be modified by altering the elevation angle 
at the transmitter. However, the ionosphere itself tends to control the 
number of hops, that is, more energy tends to arrive at the angle 
corresponding to the least number of hops having regard to the average 
virtual height, provided a reasonable amount of energy is radiated at 
the appropriate elevation angle. 

It will be appreciated that the virtual height changes over very long 
transmission paths are very complex. For example, the increase in 
virtual height from winter day to summer day in the northern hemi¬ 
sphere results in the useful elevation angle for medium-distance trans¬ 
mission becoming greater in summer than in winter. When the trans¬ 
mission path extends into the southern hemisphere, since the seasonal 
change is in opposite phase in the two hemispheres, the virtual height 
change will be in the opposite direction. Any increase in the elevation 
angle brought about by an increased virtual height in one hemisphere 
will tend to be cancelled by a decreased virtual height in the other 
hemisphere. The useful elevation angle will tend to remain the same, 
but the distance traversed per hop over various parts of the transmission 
path will change. The useful elevation angle will, in fact, be determined 
by the proportion of the path in each hemisphere. 

It will be seen therefore that in multiple-hop transmission it is not 
usually possible to specify a precise elevation angle corresponding to a 
precise number of hops. It has, however, been found in practice—and 
this has been tentatively confirmed by experiment—that for all multiple- 
hop transmission where a relatively large area has to be covered it is 
gmerally satisfactory to radiate dhe energy over a range of vertical 
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angles of from 2^° to 13^®, with the centre of the lobe at 8®. This takes 
account of the variations in virtual height and MUF with time of day 
and season, and also of the necessity to cater for different orders of 
hop. It appears to apply to the above cases irrespective of the length 
of the transmission path, the ionosphere itself controlling the exact 
mode of propagation. This is not to say that, in certain special types of 
service where the transmission is to a more precise geographical point, 
other elevation angles and lobe widths might not prove more efficacious. 

In the next chapter we shall explain the modem MUF and OWF 
technique applicable to world-wide coverage by multiple-hop trans¬ 
mission, and also mention the methods used in the prediction of 
ionospheric conditions. 
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CHAPTER 7 

Multiple-hop Transmission and Ionospheric 
Forecasting 

Multiple-hop Transmission 

In Figs. 31 to 34 the methods for finding the MUFs applicable to 
distances up to about 2,500 miles were illustrated. Beyond this distance 
transmission must be by multiple hops, that is, by successive reflections 
or refractions in the ionosphere and at the earth’s surface. Although 
the theory relating the critical frequency and angle of incidence to the 
MUF is the same for multiple as for single-hop transmission, and 
although the methods described for applying the critical frequency 
data to single-hop transmission are those on which the methods used for 
multiple-hop transmission are based, there arise complexities in the 
latter case which render necessary a special technique. 

Multiple-hop transmission cannot, in fact, be treated as a simple 
extension of the single-hop theory, because, after the first hop, the mode 
of transmission becomes so complex that it is not possible to divide the 
transmission path into a number of different hops and examine the 
ionosphere at the centre of each. Experience has shown, for example, 
that just beyond 2,500 miles the MUF does not sharply decrease, as 
might have been expected owing to the sudden decrease in the length 
of each hop, but, owing to diffusion of the rays by the ionosphere, 
remains approximately at the value corresponding to the smallest 
elevation angle one-hop case. Again, because of this, the skip zone is 
not, as might have been expected, repeated within the area assumed to 
be covered by the second or succeeding hops, that is, only one skip 
zone is at all clearly defined, and that is the zone from the limits of the 
ground wave to the point where the first downcoming ray arrives. 

As to the reason for this “ spreading ” of the radiated energy, it will be 
appreciated that there is considerable “ scattering ” of the energy each 
time it passes through the E layer on its way up to the F, whilst there 
is also some lateral scattering due to gradients in the ionisation, or by 
particular “ clouds ” of ionisation. All this seems to result in trans¬ 
mission over a multiplicity of paths, so that, irrespective of what was 
said in the last chapter about elevation and arrival angles, when it comes 
to the calculation of the MUF for multiple-hop transmission, a simple 
division of the transmission path into separate hops is impossible. 
Fortunately, however, a method has been found—more by experience 
than by theory—^which seems to fit the conditions very well. For 
multiple-hop transmission paths it has been found that it is only 
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necessary to consider the ionospheric conditions at two points, each of 
these being one-half the length of a hop of maximum possible length 
from each end of the transmission path. So, in effect, we assume lowest 
elevation angle transmission for alt multiple-hop paths, no matter what 
their length may be. In practice, therefore, we draw upon a Mercator 
map the Great Circle path between the transmitter and the receiving 
location, and then mark points upon this 1,250 miles from each end. 
These are called the “ control points,” and we note the MUF at each 
of these points at any particular time. Whichever of these MUFs has 
the lowest value is the MUF for the transmission path at this particular 
time, and in this way we take account of the geographical variation 
in MUF along the path. 

As an example let us consider a case where the transmitting end of 
the circuit is in broad daylight, whilst the receiving end is in deep 
darkness. The MUF in such a case will decrease all along the path 
from transmitter to receiver, and the control point having the lowest 
MUF will be that at the far end of the circuit, viewed from the trans¬ 
mitter. This will be the MUF for the path, and will determine the work¬ 
ing frequency to be used. Since the frequency thus indicated will be 
one which we know will be returned from a point on the path where 
the ionisation is at its lowest, this must also be returned from points 
nearer the transmitter where the ionisation is higher. On the other 
hand we are obliged to use a frequency lower than one which could be 
returned from the control point at the near end of the path, because if 
we did not it would penetrate the ionosphere at the far end. 

World-wide Critical Frequency Data 

In order to obtain information about ionospheric conditions all 
over the world there have been established, as was mentioned in 
Chapters 4 and 5, numbers of ionospheric “ observatories,” located 
at “ strategic ” points—from the point of view of obtaining the most 
comprehensive information—^all over the world. At the present time 
there are over fifty of these stations operating in various British, 
Dominion and foreign countrief throughout the world. Regularly 
throughout the twenty-four hours of every day they are engaged in 
making measurements upon the ionosphere immediately overhead, 
these being in the form 6f h' - / curves like those described in Chapter 
4, and illustrated in Figs. 16, 18, 19 and 20 (pages 44-52). The 
significant details as to critical frequencies and virtual heights obtained 
from these hourly h' - / curves are transmitted to some authority in 
each of the countries concerned—^in this country to the Radio Research 
Board of the Department of Scientific and Industrial Research—the 
information in its usual form being a monthly summary of the iono¬ 
spheric characteristics observed. There is thus a steady stream of this 
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LOCAL TIME 
0 1 2 3 4 S 6 7 8 9 10 11 12 D 14 IS 16 17 18 19 20 21 22 23 0 

Fig. 37—Specimen contour chart of predicted critical frequencies. It is applicable 
to the I ” zone only and is for the month of May of a year about half-way between 
sunspot minimum and maximum 

ionospheric information coming in, which can be analysed in order to 
build up a world-wide picture of the ionospheric conditions existing at 
any time or, more usually, a picture of the average conditions existing 
during any one month. The data is plotted on similar lines to those used 
for plotting weather conditions over a wide area—the familiar weather 
charts issued by the Meteorological Office. 

Ionospheric Contour Charts 

Let it be assumed for the moment that the “ longitude effect ” which 
we described in Chapter 5 does not exist, but that the same values of 
critical frequency and virtual height as are obtained at any one observ¬ 
ing station would be obtained at all other points on the earth’s surface 
lying in the same latitude at tibe same instant of local time. If, ffierefore, 
we take a Mercator projection of the world’s surface (wi&out the 
usual geographical features upon it) and along the parallel of latitude 
appropriate to each observing station enter the monthly mean of the 
critical frequencies obtained at that station, equally spacing the twenty- 
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LOCAL TINE 
2 34 56789 10 II I2HN 15 16 17 18 10 20 21 22 

0 I 2 3 4 S 6 7 8 9 10 II 12 13 14 IS 16 17 18 19 20 21 22 23 0 

B.BC.OEIO -F. F LAVER M.O.F. CONTOURS FOR 2300 NILES 
.E LAYER N.UF. CONTOURS FOR 1000 NILES 

Fig. 38—Specimen contour chart of predicted maximum usable frequencies. It is 
applicable to the “ 1 ” zone only, and is for the month of May of a year about half-way 
between sunspot minimum and maximum 

four-hourly measurements so as to cover the entire width of the 
projection, then we may assume that we have recorded mean condi¬ 
tions for that latitude for the twenty-four hours. We may enter the 
hours of local time along the top of the projection (as in Fig. 37) and 
when we have entered in the measurements of every one of the observing 
stations in its appropriate latitude, we may assume that we have 
recorded the monthly average critical frequency on a world-wide basis. 
Now, if we join up all the points of equal critical frequency, we produce 
a critical frequency contour chart (similar to Fig. 37) which depicts 
the world-wide variation in critical frequency. If we draw the chart 
upon transparent cloth we can, by laying it over a Mercator map of 
the world and by sliding it along to represent the rotation of the earth 
upon its axis, see the monthly mean critical frequency at any place at 
any value of Ipcal time. 

Similarly, if we analyse the virtual height data from all the different 
we can obtain the MUF factors appropriate to each latitude 
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and time of day, and by plotting these upon a Mercator projection 
and joining up the lines of equal factor, can produce a contour chart of 
world-wide MUF factors. 

Finally we can produce a contour chart of MUFs, which is what we 
actually require in order to apply the ionospheric data directly to short¬ 
wave transmission. This can be done by reading off, from the critical 
frequency contour chart, the critical frequency values for each hour 
of day for, say, every 10 degrees of latitude, and, from the MUF factor 
chart, the MUF factor values appropriate to the same times and 
geographical positions. The critical frequencies are then multiplied by 
the appropriate factors and the resulting values plotted upon another 
chart in the correct latitudes and under the correct times of day. 
When points of equal value are joined by lines, the result is a contour 
chart showing the world-wide variation in MUF. It is most 
convenient in practice to draw such charts in tenns of the F or F2 
layer MUF for 2,500 miles and of E layer MUF for 1,000 miles (it is 
not necessary to show the FI layer MUF at all) and a chart like this 
would be similar to that pictured in Fig. 38. 

2toNAL Method of Allowing for Longitude Effect 

As was mentioned in Chapter 5, it is incorrect to assume, as we have 
done in the previous section, that the critical frequency will be the same 
along a given parallel of latitude at equal values of local time, for the 
ionisation of the F and F2 layers varies, not only according to the 
geographical latitude and longitude, but also according to the magnetic 
latitude and longitude as well. This introduces complexities into the 
compilation of the contour charts, for, since the magnetic axis of the 
earth has no relation to local time, it means that we cannot transpose 
longitude for time, as was done in the explanation given in the previous 
section. 

The present solution to this difficulty is to make a sort of compromise 
between the geographical and magnetic influences on the critical 
frequencies, by dividing the world into separate zones, and plotting 
separate contour charts for each zone. The delineation of the zones, 
according to their present definition, is as shown in the map of Fig. 39, 
there being an “east,” a “west” and two “intermediate” zones. 
Since the zonal boundaries are certain magnetic meridians it Will be 
seen that points within each zone of a given geographical latitude and 
longitude will have a similar magnetic latitude and longitude. All the 

■ ionospheric measurements obtained from stations within a particular 
zone are used in the constrtiction of the contour chart for that zone 
only, and thus the geomagnetic influence on the critical frequencies is, 
to some extent, allowed for. 

The chart will then not be quite correct for every place within a zone, 
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Since the geomagnetic influence will tend to vary across it, but it will 
show the average conditions prevailing in that zone, which is good 
enough for most practical purposes. Thus the critical frequency con¬ 
tour chart of Fig. 37 and the MUF contour chart of Fig. 38 apply to 
conditions within the “ intermediate ” zones only. 

It is not implied that the above are the exact and only methods 
employed in the construction of contour charts, and those used by 
every organisation engaged in this work, but the description given 
serves to illustrate the principles involved. 

Forecasting Ionospheric Conditions 

Although contour charts compiled from the measured values of 
critical frequency and virtual height are useful for many purposes, 
what we usually require in the planning of short-wave transmission 
operations is not a chart showing conditions as they have existed, but 
one showing them as they will exist at some future date. This involves 
the forecasting of ionospheric conditions all over the world, and this 
is a process too complicated to describe in detail in this book. But we 
may, perhaps, briefly touch upon the methods by which it may be done. 

In Fig. 25 (page 63), we illustrated how the twelve-month running 
average of the critical frequencies of the various layers followed that of 
the twelve-month running average of the sunspot numbers. By observ¬ 
ing the current trends in the sunspot curve it will be seen that this may 
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be exterpolated for several months ahead with good accuracy, and, having 
thus forecast the average value of sunspot activity likely to prevail, it is 
possible to go forward with the twelve-month running average critical 
frequency curves by maintaining the relation which the latter have with 
the former. Thus the general critical frequency variation over a period 
of time—at least over one not exceeding a few months—^may be seen 
for the various locations. 

It is then necessary to take account of the diurnal and seasonal 
components in the critical frequency variations, so as to obtain a 
diurnal curve of predicted critical frequency for each of the ionosphere 
observatory locations at any season. Fig. 40 shows the change in F 
and F2 critical frequency in England for various significant times of day 
during June and December over the “ increasing ” phase of the current 
sunspot cycle, as obtained from the critical frequency curves of Fig. 21. 
During June, it is seen, the change was more or less constant over the 
twenty-four hours, but in December it varied greatly as between day 
and night. As regards the changes in E and FI critical frequency with 
changing sunspot activity, these are relatively simple and are more or 
less constant for all hours and seasons. 

The changes shown in Fig. 40 represent those produced by an increase 
in twelve-month running average sunspot values of about 140, and it 
will be seen that such curves can be broken down so as to obtain the 
diurnal and seasonal components of critical frequency variation for any 
given change in sunspot numbers. If these are applied to the measured 
critical frequency values, for, say, the same month of the previous year, 
a predicted diurnal characteristic can be built up for the coming 
month. This may be done for every station, and then, for a given time 
of day, curves showing critical frequency variations with latitude 
along different meridians of longitude may be plotted. These, when 
smoothed, are like those of Fig. 26A, and show the predicted variation 

Fto, 40«*duttiges in F and Fs eriticai frequency in Engliuid from siin^ot mMmiim 
to mnxlmimi at mioiis signifiaint times of day 
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DISTANCE FACTORS BY WHICH F LAYER 2,500-MILE CONTOURS OR 
E LAYER 1,000-MILE CONTOURS MUST BE MULTIPLIED TO OBTAIN 

MUF FOR SHORTER DISTANCES 

Distance I 
1 

(Miles) 

Factor 

For F or FI 
layer \ 

For E layer For F\ layer Add to MUF 
Mc/s 

0 1 0-35 0-22 — 0*7 
250 0-36 0-39 _ 04 
500 042 0-64 _ 1 0-2 
750 052 0-85 _ 

1,000 0*64 100 _ — 
1,250 074 MO , _ 
1,500 0-83 M4 _ _ 
1,750 090 _ 

M5 _ 
2,000 0-95 _ M6 _ 
2,250 0‘98 — _ 
2,500 100 — — 

in critical frequency for every latitude along a given meridian. 
Several of these are prepared, for different times of day, and for 
different layers. 

These are then used in order to prepare contour charts of predicted 
critical frequency or MUF, for the different zones, showing the expected 
world-wide ionospheric conditions during the month yet to come. 
Figs. 37 and 38 show such contour charts for the “ intermediate ” 
zone. 

Finding the Working Frequencies 

Charts prepared in this way may be used to find the predicted average 
MUF—and from these the Optimum Working Frequency (or OWF)— 
for a transmission path of any distance, in qny part of the world, for 
every hour of day for the month for which they are valid. 

If the transmission path is of one hop, the relevant frequencies may 
be obtained in the manner described in the previous chapter, or alter¬ 
natively they may be obtained from the MUF contour charts. The 
contours of this, as has been said, are in terms of the MUF for 2,500 
miles, the maximum possible distance for one-hop transmission by 
the F or F2 layers, and in terms of 1,000-milc transmission by the 
E layer. If the path for transmission via either layer is exactly of these 
leng^ then the MUF will be read off directly from the chart at the 
point at the centre of the path, and the O'W found by deducting 
15 per cent from the MUF values. If, for one-hop transmission the 
path is of any other length, the MUF can be read off from the chart at 
the centre of the path and multiplied by a factor which is the ratio of 
the MUF for the given distance to that shown on the chart. 
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A set of “ distance factors ” suitable for this operation is given in 
Table 4 (page 95). Since the FI layer contours are not given upon the 
chart its MUF is obtained, for the limited distances over which it can 
control transmission, by multiplying the E layer MUF by the Distance 
Factors given for FI layer transmission. It should be added that, in 
the case of the F layer, the use of these Distance Factors tends to give 
inaccurate values of MUF at very short distances, and, for these 
distances, it is better to obtain the MUF from the predicted critical 
frequency, as described in the previous chapter. 

The full procedure for finding the MUF for any transmission path is 
thus as follows : Using a Mercator map of the same size and co¬ 
ordinates as those used for the contour charts, the location of the 
transmitting and receiving points is first marked off, and the Great 
Circle path joining them is drawn in. If the pathos 2,500 miles or less 
in length the centre of the path is then marked off, whilst, if it is of 
greater distance than this, the two control points 1,250 miles from each 
end of the path are similarly indicated. By reference to the map of 
Fig. 39 it is next ascertained in which zone the separate control points 
lie. If, as is the case for paths 2,500 mites or less in length, there is 
only one control point, or if where there are two they both lie in the 
same zone, it is only necessary to make use of one contour chart; but 
if the control points lie in different zones, then the contour charts 
appropriate to both zones must be consulted. 

Using the transparent contour chart, this is placed over the Mercator 
map so that the equators on each coincide, and the transparency is slid 
over the map until its 00 hours meridian coincides with the meridian on 
the map corresponding to the standard time in which it is desired to 
work. For instance, if it is desired to work in terms of G.M.T. we start 
operations with the 00 hours meridian coincident with the 0° longitude 
meridian on the map. Fjg. 41 will help to make this clear. The 2,500- 
mile MUF at each control point is then read off, and by sliding the 
transparent contour chart along so that each hour in turn coincides 
with the Greenwich meridian, this is done for every hour of the day, the 
MUFs for each point being entered upon a work sheet. Having done 
this it is only necessary to strike out the higher of the two MUFs 
appearing on the work sheet to be left with a value which is the MUF 
for the whole path. A deduction of 15 per cent is then made from this. 
value, the resdt being entered in another column of the work sheet which 
shows the OWF for every hour of day. Other columns on the work sheet 
are for the MUF by way of the E or FI layers. 

Circuit Curves 

It is now advantageous to plot the data from the work sheet in the 
form of circuit curves, such a graph being shown in Fig. 42, where the 
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Fig. 41—Showing the method by which the MUF is read off for every hour of day. 
The transparency is shovm over the Great Circle path to Delhi at 16 hours G.M.T. 

conditions are shown for the multiple-hop London/Delhi circuit for 
May, 1949, the dashed line showing the MUF and the full line the OWF. 
We are now in a position to choose the actual working frequencies for 
every time of day, and these will depend upon the frequency allocations 
made for the particular services in which we are interested, that is, the 
highest frequency band, not above the OWF, at the various times of 
day, which we may have available. 

In Fig. 42 are shown (as horizontal full lines) the actual working 
frequencies inserted into the curve in terms of the broadcast bands, 
while the vertical lines connecting them indicate the times when a 
frequency change is necessary. Of course, it docs not follow that one 
would necessarily change frequency at all the times indicated, parti¬ 
cularly in a broadcast service, in which continuity of transmission on a 
single frequency for as long as possible is a desirable feature. Never¬ 
theless, these curves show at a glance the frequencies which should be 
used at any time of day, and, in general, fhe transmission schedules are 
compiled in conformity with them. Thus, having available, several 
months in advance, curves like this for every circuit over which it is 
desired to transmit, one is able to plan transmission operations with 
some facility. 

Fig. 43 is a circuit curve for a single-hop circuit for a summer month, 
as obtained from a contour chart of predicted MUF, and, although we 

97 G 



SHORT-WAVE RADIO AND THE IONOSPHERE 

ZONI U»U MONTH Ittl . IMf 
IV. 

Fig. 42—Curves of frequencies for a specific route. Dotted fine shows MUF for 
path, while the full iines refer to optfanum working frequency; broadcasting bands are 
shown 

have already described the principles by which the MUF is obtained 
in such cases, we may here indicate a few points of interest about this 
curve. It was found, in this case, that the E layer controlled the MUF 
between 0900 and 1500 G.M.T., its MUF for this relatively short 
distance being higher than that by way of the F2. Thus, when the 
dashed line MUF curve was plotted, a “ hump ” appeared in the 
curve between those times, the significance of which we have already 
described. In finding the OWF for the month the deduction of 15 per 
cent was made from the F layer MUF, but not from the MUF for the 
E layer, because the day-to-day variability of ionisation in this layer 
is so small as not to necessitate this. Thus in drawing in the full-line 
OWF curve this was taken right up to the MUF curve for the times 
during which the E layer controls, so that the OWF coincides with the 
MUF. The allocated frequencies are then fitted into the curve in the 
manner already described. 

It is interesting to note that, whilst the day-time working freqttetKy 
for a long circuit where tran«nission is by the F2 will decrease in 
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Fig. 43—Frequency curves for a relatively short route 

summer, that for a short distance circuit will tend to increase, because 
the ionisation of the E layer is higher in summer day than in winter 
day. 

This, then, is the modem technique in which, by the use of contour 
charts showing predicted conditions, the ionospheric data are put to use 
in practical engineering. The authority responsible for the preparation 
of such charts in this country is the Radio Research Board of the 
Department of Scientific and Industrial Research, and the charts are 
prepared, at present, six months in advance, at the Radio Research 
Station, Slou^. These are available to all official bodies which main¬ 
tain regular short-wave transmitting and receiving services in this 
country, and no doubt they would be found of great use, when employed 
according to the above-ascribed techniques, by many other radio 
migineering concerns as well. 

Sets of charts and other data are also supplied monthly to the Radio 
Society of Great Britam, so that they are always avafiable for the 
amateur members of that society to borrow or consult. It is possible, 
though that the methods described are somewhat too involved and 
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elaborate for general amateur use, and, in any case, the problems 
involved m amateur transmission are somewhat different from those 
in the maintenance of a regular everyday short-wave service 

In the next chapter we shall have something to say about these special 
“amateur” problems, though the phenomena discussed should, of 
course, be of interest to professional technicians as well 

AN AMATEUR RADIO STATION 

In front of and on the left of the amateur are the receivers, with ** plug-in ** coils hi 
the box above one receiver and the loudspeaker above the other. To the right Is the 
** rack-mounted ** transmitter, with (from bottom to top) its power suppli^ and modulat¬ 
ing circuits, oscillator circuits and final amplifier with co-axial cable connection to the 
aerial. On the desk are the microphone and log-books. Upon fiie wall is a map of the 
world on a projection which gives the true beaAig of any point from the point where 
the string is attached. {Photograph by courtesy of the RSGB) 

100 



CHAPTER 8 

Amateur Transmission on High Frequencies 

Differences Between Amateur and Professional Practice 

Whereas the task of the professional short-wave engineer engaged 
in the operation of long-distance radio services is to maintain steady 
and reliable communication on each and every day throughout the 
year, the interests of the amateur radio man usually lie along quite 
different lines. The spirit of adventure plays a large part in the pursuit 
of his hobby—^he is usually out to do something “ phenomenal ” in the 
way of long-distance communication, such as to effect the maximum 
number of contacts over the greatest possible distances. This is not to 
say, of course, that the exploits of amateur ra4io men are not, in the 
long run, of a useful nature,, for, aa everyone knows, their operations 
have done a great deal to advance the knowledge of short-wave 
engineering in practically all of its branches. 

However, the point is that the amateur’s aim is usually that of the 
exploitation of certain frequency bands—often of very high frequency— 
in order to secure the maximum results in the way of “ DX contacts,” 
rather than in the more mundane task of maintaining regular communi¬ 
cation with a certain area, and because of this his needs are different 
from those of the professional radio engineer. The latter is obliged to 
impose safeguards upon his operations in order to ensure that his 
working frequencies do not fail on certain days by reason of their being 
too high, and even with these he is sometimes defeated in his aims by the 
incidence of ionosphere storms and disturbances. 

No such limitations bother the amateur—^apart, of course, from the 
fact that his actual transmissions are subject to the same natural laws 
as are those of the professional engineer—he is prepared to work upon 
a frequency far above the OWF, and even above the mean monthly 
MUF—on the mere chance of effecting transmission with some distant 
colleague, or of learning something new about conditions on such 
high frequencies. And it is to be noted that if ionospheric conditions 
are such as to favour his experiments, then his use of a very high fre¬ 
quency is likely to give rise to better results than if he had worked 
upon a lower frequency. For, with the low power which is usually at 
his disposal, the higher the frequency upon which he can work the 
greater is his chance of putting down a workable signal at the distant 
point, because generally speaking the higher the frequency the less is 
the amount of energy lost by ionospheric absorption. 
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This applies, of course, to professional as well as to amateur trans¬ 
missions, but the professional engineer has usually available enough 
power to overcome a considerable amount of ionospheric absorption, 
whereas the amateur has not. 

Another interesting point about amateur operations is that, since 
they may be conducted upon “ unorthodox ” frequencies, the amateur 
is often in a position to observe new and interesting phenomena which 
may be of great significance in explaining points about the formation 
and structure of the ionosphere, about short-wave transmission generally, 
and about other matters of scientific interest. Many contributions of 
real importance in the field of scientific knowledge have, in fact, come 
from amateur radio men, and will, no doubt, continue to do so in the 
future. 

Amateur F Layer Propagation 

So far as transmission by way of the normal E and FI layers of the 
ionosphere is concerned there are few, if any, points of difference 
between professional and amateur practice. It is to be noted in this 
connection that the amount of power radiated makes no difference to 
the MUF of a layer—a layer either returns or does not return a certain 
frequency according entirely to the electron density existing, and 
irrespective of the power radiated. That is so far as a true refracted 
wave is concerned, and does not apply to the “ scatter ” of energy from 
an ionised region, which we shall allude to later on. 

So far as F or F2 layer propagation is concerned, the OWF, as has 
been said, has little significance for the amateur, who will often obtain 
his best results on frequencies up to 35 per cent above it, which is well 
above the monthly mean MUF as well. An analysis of diagrams like 
Fig. 36 indicates that during about ten days in any month the F or F2 
layer MUF may be from 5 to 15 per cent above the monthly mean 
value, and that on five days it may be from 10 to 25 per cent above this. 

As an example of what this may mean to the amateur there has been 
plotted in Fig. 44 a monthly mean MUF curve for 2,500 miles, for a 
certain circuit. This is considered to be the frequency which would 
be propagated during fifteen days of the month, the OWF also being 
shown, and considered to be the frequency which would be propa¬ 
gated during all undisturbed days during the month. The two upper 
curves, which are respectively for frequencies 10 per cent and 
20 per cent above the monUily mean MUF, are considered to show 
frequencies which would be propagated, respectively, on ten and on 
jfive days during the month. The significance of all the curves to 
amateur operators is shown by the insertion, as horizontal shaded 
areas, of some of the amateur wavebands at present in use in this 
country. 
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FREQUENCY 
PROPAGATED 
DURING lODAYS 
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FREQUENCY 
PROPAGATED 

DURING 15 DAYS 

OWFfc 
FREQUENCY 
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0 4 8 12 16 20 O 

LOCAL TIME 

Fig. 44—Range of usable frequencies for F or Fg layer transmission during one 
month 

Range of MUFs for a Sunspot Cycle 

In the hope of giving some information which may serve as a rough 
guide for amateurs, in place of th^ more elaborate methods previously 
described, the curves of Figs. 45 to 48 are presented, showing the 
MUFs which might be expected for certain circuits from this country 
at the winter, equinox and summer periods of sunspot minimum and 
maximum years. Fig. 45 shows these for a circuit running westwards 
from this country ; Fig. 46 for one in a south-westerly direction ; 
Fig. 47 for one in a south-easterly direction ; and Fig. 48 for one 
running in an easterly direction. If the area between each pair of 
curves is considered to represent the range of MUF for a complete 
sunspot cyde^ then it ought to be possible, from a study of current 
sunspot trends, to interpolate the corresponding MUF curve for any 
of these seasons during any year during the remainder of the sunspot 
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Fig. 45—^MUFs for the London-New York circuit at sunspot maximum and mini¬ 
mum 

Fig. 44—MUFs for the London-Buenos Aires circuit at sunspot maximum and 
minimum 

cycle. From this it should then be possible to estimate the frequency 
capable of propagation over these circuits for any proportion of the 
total time, and also to estimate roughly the frequencies capable of being 
propagated over other circuits running in similar directions. 

Sporadic E Ionisation 

Frequently during the summer months “patches” of ionisation 
appear within the E layer having a critical frequency far greater than 
that of the layer itself, and therefore capable of propagating radio waves 

104 



AMATEUR TRANSMISSION ON HIGH FREQUENCIES 

Fig. 47—MUFs for the London-Cape Town circuit at sunspot maximum and 
minimum 

Fig. 48—MUFs for the London-Chiipgking circuit at sunspot maximum and 
minimum 

of much higher frequency over medium distances. This type of ionisa¬ 
tion is known as “ sporadic ” or “ abnormal ” E ionisation. Because 
it is of a random and intermittent character, and therefore not sus¬ 
ceptible to prediction, it is practically useless in the operation of 
regular short-Wave services, because one can never tell whether one can 
obtain communication by way of it at a given time or not. Amateur 
radio men, however, are often able to make use of it in the establishment 
of communication oyer these medium distances, and, by its use, are 
able to work over these distances on exceptionally high frequencies. 
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In the vertical incidence h' - / curves the presence of sporadic E 
ionisation is often indicated in the manner shown in Fig. 49. The critical 
frequency of the normal E is discernible by the upward curl of the E 
layer curve, but, on frequencies higher than this, reflections are still 
received from the height of the E layer, and the higher layer reflections 
may or may not be observable at the same time. The frequency range 
over which such reflections may extend is very variable, but they have 
been known to extend up to 20 Mc/s. There is no upward curl at the 
frequency at which the sporadic E ceases to be observed, because of the 
“ thinness ” of this ionisation. 

Sporadic E seems usually not to cover wide areas at any one time 
and to be relatively short-lived at any one ionospheric location. Thus 
long-distance propagation does not often occur by way of it. because of 
the remote possibility of its being present simultaneously at the widely 
separated ionospheric points necessary to eifect multiple-hop propaga¬ 
tion. But single-hop propagation (up to about 1,400 miles) often occurs 
by means of it, and, as is indicated by critical frequency measurements, 
this may occur on frequencies up to about 100 Mc/s. 

An analysis of the measurements of sporadic E made by the Depart¬ 
ment of Scientific and Industrial Research at their Radio Research 
Station at Slough during 1946 has been made, and in Fig. 50 are given 
the results for each month in terms of percentage of total time at each 
hour of day during which sporadic E of critical frequency greater than 
4 Mc/s was present. These measurements are made at hourly intervals, 
and, because the sporadic E may vary quite rapidly, such hourly 
measurements may not give a complete picture of its characteristics. 
Nevertheless they do give a general idea as to its rate of occurrence. 

Wc see that sporadic E was recorded at all hours of the day and 
night, though it tended to be more prevalent during the day than 
during the night. The general diurnal distribution was, in fact, such as 
to produce a broad peak around noon and then a subsidiary peak 
around sunset. This is well brought out by the curve of Fig. 51, which 
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Fl^. 50—24-hour distribution of sporadic E, 1946 (f‘= > 4 Mc/s) 
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Fig. 51—Mean annual 24-hour distribution of sporadic E, 1946 (f^ > 4 Mc/s) 

gives the annual distribution for 1946 for each hour, in terms of the 
percentage of the total time. 

But the important thing to note from Fig. 50 is that sporadic E was 
much more prevalent during certain months than during others : 1946 
was a rather unusual year in this respect, so in Fig, 52 is given the 
monthly distribution in terms of percentage of the total time, the curve 
being the mean of the measurements made over three years. This 
curve shows that it is only during the summer months when the pheno¬ 
menon is present for a sufficient proportion of the total time to be of 
much significance in amateur communication. 

Although, therefore, we cannot predict the occurrence of sporadic E 
we can say this much about it— 

(1) It is subject to erratic and rapid variations, such that it may 
completely change its character within a matter of minutes. 

(2) In general it has a diurnal variation such as to produce two 
broad peaks in its rate of incidence, the major one around noon 
and the subsidiary around sunset. 

(3) It has a relatively well defined monthly distribution, such that, 
in the northern hemisphere, a minimum rate of incidence 
occurs during the period February-April. During the months 
of May, June, July, August and September it is present for a 
considerable proportion of the total time, and falls to low 
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values of incidence again about October, to remain so during 
the remainder of the year. In the southern hemisphere this 
monthly distribution is six months out of phase with that in the 
northern hemisphere, so that the maximum occurrence is in 
local summer. 

It may be added that measurements made in other parts of the world 
indicate a definite variation with geomagnetic latitude, and it is especi¬ 
ally prevalent in the auroral zones—^particularly during ionospheric 
disturbances. 

The actual cause of the phenomenon is not yet known. Since it occurs 
quite frequently at night it would seem not to be caused by the sun’s 
ultra-violet radiations, though this does not necessarily mean that it 
has nothing to do with the sun. As the aurora is almost certainly 
caused by corpuscles arriving from the sun, and as sporadic E is usually 
present in coincidence with displays of the aurora, this would seem to 
indicate that solar corpuscles may have something to do with the 
formation of sporadic E. However, there is some evidence that there 
may be two distinct types of sporadic E, for the aurora never spreads 
as far south as the geomagnetic equator, and only rarely as far south 
as Great Britain, yet sporadic E is frequently present in both these 
localities. Possibly, therefore, the sporadic E of mid and low latitudes 
may be produced by a different agent from that which causes the 
auroral type. 

Fig. 52—M<mthly ilistributloii of sporadic E (r > 4 Mc/s)—4nean for 15M5, 
and 1947 
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Sporadic E in England was observed to increase during a meteor 
shower of marked intensity, so it is possible that the sporadic E of 
mid latitudes may have some connection with the arrival in the earth’s 
atmosphere of showers of meteoric dust. Amateur experiments in the 
United States have indicated that a “ cloud ” of sporadic E appears 
to “ drift ” over the earth’s surface from east to west, varjMg in 
intensity as it moves. 

Propagation on High Frequencies by Sporadic E 

In Fig. 31 (b) is given the MUF factor curve appropriate to trans¬ 
mission by way of the sporadic E. Although the phenomenon occurs 
at E layer heights it will be noticed that the factors are somewhat 
greater than those for transmission by way of the normal E, and this is 
because sporadic E is a thin, highly ionised region, whereas the normal 
E has a more gradual increase in ionisation with height. Since the 
ionisation of the sporadic E is often higher than that of the F2 layer it is, 
at times, responsible for propagation on much higher frequencies than 
are possible by way of the F2, as will be evident from the relatively 
smaller height at which it lies. 

It is extremely difficult, however, from an examination of the 
measured sporadic E critical frequency data above, to obtain a clear 
idea of the possibilities of this medium for high-frequency propagation, 
because of the rapid changes which occur. Critical frequencies of 
20 Mc/s are occasionally measured, indicating propagation over a 
distance of 1,400 miles on 106 Mc/s. On the other hand, critical fre¬ 
quencies as high as 10-9 Mc/s—^which would be necessary to sustain 
propagation on 58 Mc/s—are not by any means a daily occurrence, 
even during the summer months when sporadic E occurs most often. 
Yet it would appear from practical results—such as amateur trans¬ 
missions to Europe on 58 Mc/s and the frequent reception in this 
country of harmonics of European stations on very high frequencies— 
that sporadic E of 10-9 Mc/s or higher critical frequency must be an 
almost daily occurrence during those months, and, furthermore, must 
occur fairly often during the day. 

However, some of this high-frequency communication may not take 
place by way of sporadic E at all, but by means of tropospheric refrac¬ 
tion, and, again, due to the rapid variations of the sporadic E, both in 
time and space, it may not be observed by an ionospheric measuring 
station during its hourly observations, even though it is occurring quite 
often at other places in the vicinity. 

However, an analysis of reports of amateur contacts with places in 
Europe during the summer of 1947 did indicate that communicatioa 
on 58 Mc/s to the further parts of Europe occurred mostly on days 
when a large amount of sporadic E or that with hi^ critical frequency 
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appeared in the ionosphere measurements. In fact, so far as com¬ 
munication to places between about 600 and 1,400 miles distant is 
concerned, there appeared no doubt that transmissions on 58 Mc/s 
did take place by way of sporadic E. 

It seems entirely feasible, therefore, for amateur operators to make 
deliberate use of this phenomenon during the months May to September 
inclusive for the establishment of contacts over medium distances, 
though, whilst sporadic E also affects the operation of regular radio 
services in more ways than one, it does not seem that it could be put to 
any definite use on a regular basis m the operation of such services. 

Tropospheric Refraction 

Communication on very high frequencies to places less distant than 
those mentioned above is often achieved by means of “ tropospheric 
refraction,” and although this is not an ionospheric phenomenon and 
therefore might seem to have no place in this book, a few words about 
it may be relevant in this chapter. 

In Chapter 1 the propagation of the ground wave was described, but, 
in actual fact, the ground wave is made up of more than one component, 
and that which was there described is more truly known as the 
“ surface ” wave. On very high frequencies this surface wave is of 
little importance, because it is only effective up to a few feet above the 
earth’s surface. What is important is another component of the ground 
wave called the “ space ” wave—^a direct wave passing from the trans¬ 
mitting to the receiving aerial—and on these frequencies this provides 
the normal means of communication. The space wave does not, 
however, travel in a perfectly straight line through the lower atmosphere 
but, owing to the normal variations in the atmosphere with height, 
curves slightly downwards. This causes the wave to be propagated to 
distances somewhat beyond the “ optical ” horizon, and thus the 
“ radio horizon ” under wowia/conditions is considerably further away 
than the optical horizon, for a given height above ground of the 
transmitting aerial. Under abnormal conditions, however, other effects 
occur. 

The temperature of the lower atmosphere normally decreases steadily 
with height, but frequently in fine weather the lapse-rate alters, the 
temperature falls less rapidly than normal and, under some conditions, 
may even increase with height. Also, the atmospheric water-vapour 
content may, under certain conditions, decrease more rapidly with 
height than it does in a “ normal” atmosphere. When one or other of 
these conditions exists, and especially when they both exist simul¬ 
taneously, a radio wave, if of high enough frequency, may be bent 
downwards in the lower atmosphere sufficiently for it to reach the earth 
a^in at distances fkr beyond the normal radio horizon^ and, under 
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some conditions, it may repeat this process again and again, and so 
travel to considerable distances by these repeated refractions. 

It is stressed that the ionosphere plays no part in this process, the 
wave usually never getting more than a few thousand feet above the 
surface. The controlling factor in such propagation is the alteration of 
the dielectric constant of the air with hei^t. 

When the weather is fine and settled, horizontal stratifications of 
refracting air are most liable to exist—when rough and stormy weather 
prevails the atmosphere becomes more mixed, and the normal lapse- 
rate in temperature and the normal variation in water-vapour content 
are likely to prevail. Thus the conditions for the good long-distance 
propagation of very high-frequency radio waves are that the air above 
the surface should be exceptionally dry or exceptionally warm—after 
allowing for the normal decrease in temperature with height—compared 
with that at the surface. 

It has been well established that it is under these fine weather con¬ 
ditions that abnormally long ranges on very high frequencies do occur, 
and that when the fine weather “ breaks up ” the radio conditions 
return to normal. It is to be noted that it is only for very high-frequency 
waves that this tropospheric refraction is effective—whence the 
commonest and most effective guiding takes place on wavelengths of 
the centimetre class—only moderate guiding would be expected on the 
highest of the short-wave frequencies, and then comparatively rarely. 

Nevertheless, in the summer months—when the conditions described 
above are more likely to exist—communication on some of the higher- 
frequency amateur bands does occur in this way over distances of a few 
hundred miles. Because the conditions are, no doubt, bound up with 
the heating and cooling of the air during the day, such communication 
is much more liable to occur during the night than during the day, and 
there appear to be peaks in the signal strengths of such signals around 
sunset and sunrise. Though definite information as to the maximum 
ranges likely to be achieved by tropospheric refraction does not seem 
to exist at present, it is known that distances of 400 miles have been 
covered on 58 Mc/s in temperate latitudes, and in tropical countries 
radar ranges on 200 Mc/s havejoften attained 700 miles, and sometimes 
as much as 1,500 miles. 

Although it is therefore difficult to be certain—because of the diffi-. 
culty of separating tropospheric communication from that by way of 
sporadic £, it would seem that many amateur contacts from this 
country with places in Belgium and Holland, and possibly some with 
places in Denmark, France and Switzerland, may occur by means of 
tropospheric refraction. In the summer months, therefore, we might 
expect sudb communication sometimes to occur in the higher short¬ 
wave frequencies up to distances of about 400 miles. 
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Scatter 

Another phenomenon by which the amateur sometimes effects 
transmissions—^it is not unknown for the professional engineer to do 
so—is that of “ scatter.” It is caused by the fact that the ionisation in 
the E layer is often of an irregular or “ patchy ” type, sometimes being 
in the form of “ clouds ” of ionisation, and from these some of the 
energy in the radio wave is “ scattered ” in all directions, so that it 
eventually reaches the earth again. 

Anyone who has operated a short-wave receiver within the skip 
zone of any particular station will realise that it is quite untrue to say 
that no signals at all are normally obtainable within that zone. Signals 
of a kind are normally obtainable, though they are weak and erratic in 
character, and are generally not suitable for reliable communication. 
They are due to this “ scattering ” of energy from the radio wave as it 
passes through the E layer. It is usually only when a high-powered 
transmitter is used that the amount of such scattered energy returned to 
earth is at all useful in providing, for example, a broadcast signal of 
programme value, and even then the signal is not, of course, of a 
character corresponding to that due to the true refracted wave. How¬ 
ever, as has been said, signals suitable for amateur contacts arc some¬ 
times obtained in this way. 

There are, in general, two distinct types of such scatter, known 
respectively as “short” and “long” scatter. Short scatter occurs from 
“ clouds ” in the E layer, where the wave first passes through it on its 
upward journey to the F. It is to be noted that there is no particular 
MUF for this type of scattered signal, energy being partially reflected 
from a wave of any frequency, according to the intensity of the 
“ cloud ” : also that the scattered energy may anive from directions 
off the Great Circle path between the transmitter and the receiver. 
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the energy being scattered back obliquely from clouds lying well off 
the path. 

Long scatter occurs by a mechanism which is illustrated in Fig. 53. 
Here again the energy may arrive at the receiver from points off the' 
Great Circle path, but in this case there is a definite high limiting 
frequency on which the scatter can occur or, alternatively, a minimum 
distance for a given frequency from which the scatter can arrive. This 
is because the energy is only scattered in the E layer after it has travelled 
to the scatter point by normal refraction in the F layer, and its journey 
in the reverse direction is made by a similar route. It is necessary, 
therefore, for the frequency to be lower than the MUF for F layer 
propagation for the distance between transmitter (or receiver) and the 
scatter point in the E layer. Later information indicates that some of 
this long scatter may occur at the point where the ray first strikes the 
ground, and not at a point in the E layer. 

Although, as has been said, it is only when high power is used that 
good signals can sometimes be obtained in this way, amateur operators 
do obtain contacts by making use of the scattering process, particularly 
that of the “ long ” type. The way in which they do so is to direct their 
transmitted energy upon a distant scatter point for the purpose of 
obtaining communication with a station which lies within the skip 
zone of their station. The finding of such a scatter point is, of course, 
largely a fortuitous matter, but is sometimes achieved by directing the 
radiated energy towards a point where it is thought that abnormal E 
layer conditions may exist, such, for example, as towards the auroral 
zones. 

In the next chapter we shall examine some other factors which affect 
short-wave communication, particularly in the determination of the 
lowest frequency upon which communication may be effected at a 
given time. 
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CHAPTER 9 

Radio Noise, Ionospheric Absorption and 
the Low Limiting Frequency 

Useful Frequency Bands 

As WAS STATED IN CHAPTER 7, thc Working frequency for any trans¬ 
mission path at any time of day should be chosen so as to be as near 
below the OWF—or predicted OWF—^as possible, and that when the 
OWF rises or falls by a considerable amount then a change in the 
working frequency is indicated. The use of a frequency higher than 
the OWF would result in there being a danger of the wave penetrating 
the ionosphere altogether, whilst the use of a frequency too far below 
the OWF would result in weak reception because of the heavy losses 
due to ionospheric absorption. 

Of comse, a certain amount of scope is allowable as to how far below 
the OWF it is permissible to work, depenoing on the power available, 
but the guiding principle should be : “ Work on as high a frequency 
which is below the OWF as is possible, for on this the losses due to 
ionospheric absorption will be at a minimum, and the received signal 
strength will therefore be at a maximum.” 

Thus as we decrease the frequency from the OWF—^which represents 
the high limiting frequency for regular day-to-day operation—the 
wave will become more and more attenuated because of the losses due 
to absorption, until finally we reach a “ low limiting frequency ” for 
the transmission path, on frequencies below which the signal strength 
at the receiving end will be below the minimum necessary for good 
reception. This low limiting frequency is sometimes called the Lowest 
Useful High Frequency (LUHF) and its determination is more com¬ 
plicated, and the techniques for doing so less reliable, than is the case 
with the MUF and OWF. For this reason we shall not here attempt to 
lay down any precise rules for its determination, particularly as some 
of the data involved in its calculation are not yet completely agreed 
upon as being valid, and are not, in any case, widely available. We 
may, however, briefly discuss some of the factors which enter into the 
matter, so far as they are known. 

For any transmission path we have, then, a band of frequencies 
which are useful for communication between particular transmitting 
and receiving stations-^ band bordered on the one hand by the OWF, 
and on the other hand by the less easUy definable LUHF. It is possible 
that, on certain drcuits at certain times of day, the LUHF may exceed 
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theOWF, in which case the useful band of frequencies ceases to exist, 
and the circuit becomes unworkable. 

The following are the factors which determine the lowest frequency 
on which effective communication can be achieved— 

(1) At every geographical location there is a certain radio noise 
field strength occasioned by the production of naturally pro¬ 
duced radio waves in the atmosphere (mainly from lightning 
Hashes), and their propagation from their source to the 
location in question. There may also be a certain level of arti¬ 
ficial or man-made noise. In order to ensure good reception 
the signal field strength must exceed that of the noise by a 
certain value, that is, the signal/noise ratio must have a certain 
value. The minimum signal strength for tolerable reception is 
called the “ required field strength ” and this will vary geo¬ 
graphically according to the field strength of the noise at the 
receiving location. 

(2) The required field strength will also vary considerably according 
to the aerial and type of receiver in use, and the class of radio 
service being given. 

(3) As the working frequency is decreased below the OWF for 
the transmission path the losses due to ionospheric absorption 
increase, and the signal field strength at the receiving location 
consequently decreases. Finally a frequency is reached on 
which the signal field strength only just equals the required 
field strength for the service being given, and at the geo¬ 
graphical point where the receiver is located. This frequency 
represents the low limiting frequency, or LUHF. 

Radio Noise 

At the output end of a radio receiver there is always present, in 
addition to the wanted signal, a certain volume of unwanted sound, 
called the “noise.” The signal will only be of an intelh'gible—or, 
alternatively, agreeable—quality when it has a strength relatively 
great compared with that of the noise. Thus we have the situation where 
a very weak received field with a low noise may provide a more 
intelligible signal—or a more agreeable programme—^than will result 
from a very strong signal field which is accompanied by a high noise 
level. In ofher words, the signal/noise ratio is of more importance than 
the strength of the signal itself. 

Speaking very broadly, there are two categories of noise : that pro¬ 
duced within the receiver itself—called the “ set noise ”—^and that 
picked up by the receiving aerial together with the wanted signal— 
called the “ radio noise.” Hie set noise sets the absolute low limit to 
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the value of signal field strength necessary to produce a workable signal 
with a given receiver, since, in the absence of all external noise, it will 
still be present, and so limit the working capabilities of the receiver. 
But, since the set noise is largely a matter of receiver design we are not 
concerned with it here, but will go on to consider the phenomenon of 
radio noise. 

The radio noise, it will be appreciated, is an important quantity in a 
communication system, affecting the design of both transmitting and 
receiving systems. It may be considered to consist of three separate 
components— 

(1) Interfering waves produced by man-made devices, whether 
such devices are for the purpose of emitting signals or not. 

(2) Interfering waves produced by natural phenomena in the 
earth’s atmosphere. 

(3) Interfering waves produced by phenomena outside the earth’s 
atmosphere. 

The problem of man-made noise exists mainly in urban and industrial 
areas, and in these localities may reach such levels as to necessitate very 
high signal fields to ensure good reception. But perhaps the only 
solution to this problem is that of State legislation against the radiation 
of electrical interference, so we shall not discuss the matter here. The 
third category of radio noise mentioned above is briefly discussed in 
the last chapter of this book, which leaves us now to deal only with the 
problem of noise produced in the atmosphere. 

Most of this naturally-produced radio noise is caused by lightning 
discharges occurring in the troposphere, which radiate electro-magnetic 
waves that are picked up by the receiving aerial, and so give rise to the 
interfering sounds at the output of the receiver. Thunderstorms are 
occurring in some part of the world at practically all times of day and 
night, and at each lightning stroke an enormous amount of power is 
radiated, and the stroke can be regarded as a radio transmittei* radiating 
power on all frequencies. The radio.noise intensity actually produced 
is, broadly speaking, extremely high on the lowest radio frequencies 
and, being inversely proportional to frequency, reaches almost negligible 
proportions on the ultra-high frequencies. 

Propagation of the Noise 

“Local” thunderstorms, that is, those occurring within a few 
hundred miles of the receiving station, affect the receiver by reason of 
the “ groimd ” wave from the lightning strokes, and give rise to the 
well-known “ crashing ” noises which often mar medimn-wave reception 
in this country, particularly during the summer months. But the waves 
produced by lightning strokes are propagated, not only as ground 
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waves, but as sky waves as well, so that the greater part of the radio 
noise present on short waves in the temperate regions arrives from far 
distant sources. 

The principal thunderstorm-producing areas of the world are certain 
land areas in the tropical regions, and it is thought that the distant 
noise which affects the temperate zones comes from these areas. The 
exact location of these “ noise zones ” varies with the seasons, and, in 
general, they move north and south over several degrees of latitude 
with the sun. The frequency of the lightning flashes occurring in these 
tropical thunderstorms is far greater than in those which occur in 
temperate zones, and, at a distance, the noise emanating from them is 
more in the nature of a continuous “ crackling ” than of an occasional 
“ crash.” The thunderstorms occur much more frequently during the 
local afternoon and evening than during other times of day, and there 
is a diurnal variation in the intensity of the noise of about five to one, 
the maximum occurring in late afternoon and the minimum in early 
morning. Near the noise zones themselves the noise received is princi¬ 
pally that due to the ground waves from the lightning strokes, the sky 
waves “ skipping ” over the area. Its intensity is very high on the low 
frequencies and decreases to low values on the ultra-high frequencies 
but, generally speaking, is higher on all frequencies than at a long 
distance from the noise source. 

At a long distance from the noise zones the noise varies in a complex 
way with frequency, that on the lower frequencies being largely due to 

Fig. S4—4teqBlreil Add streagtk flor good reception of mtiotdqpkony in Ae pcHMMt 
of ootae in Ae NorAcrn T<avci«te Imt—k at noon and B at midn^ 
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Fig. 55—(•) Nobe-chart of the world for the monOs of June, July and August, and 
(b) noise curves for noise grade 2i during summer, showing required field stroigth for 
radiotelephony for various frequencies and times of day. (From information given 
by Messrs. K. W. Tremellen arid J. iV. Cox, M.A.) 

ground wave, and on the higher ones entirely due to sky wave, propaga¬ 
tion of the noise. As one gets further and further from the zones the 
general level of noise decreases, so that in Arctic regions its intensity 
is lower than anywhere else in the world. 

Fig. 54 gives an idea of the nature of the noise variations with 
frequency in the northern temperate zone at two times of day. Curve A 
is for midday, and shows a gradual decrease in noise intensity with 
frequency towards about 2 Mc/s, due to poorer propagation of the 
noise. Then there is a considerable increase towards the short waves 
due to better sky wave propagation, and finally a big decrease towards 
about 25 Mc/s due to penetration of the ionosphere by the noise sky 
waves. Curve B—for midnight—shows different characteristics, 
because sky wave propagation of the noise now occurs even on fre¬ 
quencies in the medium wave range. The noise reaches low values on 
lower frequencies than during the day because at night the ionosphere 
cannot sustain sky wave propagation on the higher frequencies. 
Curves for other times of day exhibit characteristics partly of the mid¬ 
day and partly of the midnight type. It is to be noted that, on fre¬ 
quencies above about 20 Mc/s, the extra-terrestrial noise (discussed in 
Ihe last chapter) is often of a greater intensity than is the atmospheric 
noise. 

Noise Charts 

FircHn a study of the noise producing areas and of the diurnal and 
seastmal variaticais in the intensi^ of noise produced, and in its pro¬ 
pagation, it has been found possible to construct noise charts showing 
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the geographical distribution of the radio noise over the world’s surface 
during different months of the year. As an example of such a chart 
Fig. 55 (a) is given, which shows conditions during the months of June, 
July and August, the noise intensity being shown according to a 
number of noise “ grades,” from grade 1 to grade 4J. It will be seen that 
the areas of highest noise grade are in tropical regions, albeit they lie, 
during the months in question, somewhat north of the equator. 

Having ascertained, from such a chart, the noise situation at a 
particular receiving location, it is then necessary to consult the noise 
curves for the particular grade in which the receiver lies, in order to 
find the signal strength necessary to provide a workable signal in the 
presence of the noise. Fig 55(b) gives the curves for grade 2| in summer, 
showing the field strength for various frequencies and times of day. 

It should be added that the details of the distribution of radio noise 
over the world’s surface are not yet fully known, and more data is 
required before the above methods can be regarded as really reliable. 

Required Field Strength for Various Classes of Service 

The required field strength for satisfactory reception varies widely 
according to the class of radio service being given. So far as the field 
required in the presence of radio noise is concerned the reference level 
is that for intelligible radiotelephony, the required field strength being 
shown in the curves of Fig. 55(b) relative to one microvolt per metre. 
The corresponding fields for some other classes of radio service are 
given in Table 5. 

Ionospheric Absorption 

The absorption to which a wave is subject in the ionosphere will 
determine the distance at which the required field strength can be put 
down with a given radiated power. As we have already seen, the free 
electrons of the ionosphere are set in motion by a radio wave, and so 
long as their motion is unrestricted what energy is taken from the 
wave is given back by the electrons when in motion, so that no energy 
is lost. But their motion is not always unrestricted, for, from time to 
time, they collide with molecules of gas, and, during collision, lose the 
energy which they possess at the moment of impact. This energy comes 
from the radio wave, which thus loses it and so becomes attenuated. 

The energy lost by the wave in this way will depend on the number 
of collisions made per second, and on the frequency of the wave. 
The number of collisions per second is, of course, much greater rela¬ 
tively low down in the atmosphere than at the height of the F layer, 
because lower down the air is much denser and therefore the chance 
of collision with a molecule much higher. .The greater part of the 
absorption, therefore, occurs in the D layer and the lower part of the 
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TABLE 5 

Class of Service Signal strength for intelligible reception^ 
in dbs above that required for radio¬ 

telephony 

DoubJe-sideband radiotelephony 0 (rcfeience bvel) 

Single-sideband radiotelephony 6 

Standard broadcast service 1 26 

International short-wave broadcast 1 15 

Manual C.W. telegraphy - 17 

High-speed automatic C.W. telegraphy - 11 

Double-sideband telephoto system 0 

E, though some also occurs in the F layer when the wave penetrates a 
long way into it and is greatly retarded, as near the critical frequency of 
the layer. In practical transmission, however, the D and E layers can 
be regarded as the absorbing regions. The absorption will be greater 
the greater the time spent in traversing these regions, that is, it will, in 
general, increase as the length of the transmission path is increased. 
It is at a maximum on a frequency of about 1 -5 Mc/s. 

On short waves this absorption is inversely proportional to the square 
of the frequency, apart from that occurring in narrow bands near the 
critical frequencies of the different layers. It will be seen that this is so 
because the motion imparted to the electrons is less the hi^er the 
frequency, and thus the higher the frequency the less are the number of 
collisions occurring per second. 

The absorption varies greatly with time of day and season «f the 
year, the electronic content of the absorbing layers being proportional 
to the sun’s altitude. Thus it varies from an extremely low value at 
night to a maximum around noon, and it is much greater in the tropics, 
where the sun is more directly overhead, than in the lower geographical 
latitudes. The seasonal variation is, however, not at all clear, for during 
the winter months there sometimes occur days of high absorption, 
when, according to the sun’s altitude, it should be at a low value. In 
the auroral zones a special type of absorption occurs, which appears to 
be connected with the degree of ionospheric disturbance prevailing in 
those zones. 

It is possible to construct world charts from which the absorption 
over any transmission path may be calculated. These charts are based 
upon the sun’s zenithal angle at all points on earth, and the absorption 
per unit distance of the path is considered to be propt^onal to the 
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electronic content of the E and D layers. However, world-wide experi¬ 
mental data on this subject is lacking at this time, and the validity of 
such charts cannot be considered yet to be proven. 

The Low Limiting Frequency 

It will be seen that if the noise level prevailing at every point on 
earth at any time is known, and if the signal/noise ratio for each class 
of radio service is known, we can then state the required field strength 
for any class of service at any receiving location at any time. Then, 
from a consideration of the power radiated and the absorption to which 
the wave is subject over the transmission path, we can ^d the actual 
field strength at the receiver on every frequency. The frequency on 
which the field strength put down just equals the required field strength 
is the low limiting frequency or LUHF, and on this and higher fre¬ 
quencies up to the OWF regular service should be possible. 

It should be noted that the LUHF, unlike the MUF, is not a fixed 
and definite quantity set by conditions in the ionosphere itself, but will 
vary with the nature of the service being conducted. For example, 
ionospheric absorption can be overcome by an increase in power 
radiated, or by the use of an aerial with greater directivity, and thus 
the LUHF may be lowered, whereas no such alteration of the MUF is 
possible by similar means. 

As has been said, in the absence of reliable world-wide data from 
which to calculate the LU HF, the best procedure is to work as near to the 
OWF as possible, for there the field strength at the receiving location 
will be at its greatest. As the frequency is reduced the absorption 
increases until finally the LUHF is reached, and on frequencies below 
this the field strength will be insufficient to give the service required. 

In the next chapter we shall consider some of the abnormal iono¬ 
spheric conditions which from time to time occur, and which have very 
undesirable effects upon short-wave communication. 
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CHAPTER 10 

Ionospheric Storms and Other Phenomena 

General and Particular Effects of Sunspot Activity 

Since the ionisation of the upper atmosphere is brought about mainly 
by the action of the sun’s ultra-violet radiation, and since the latter is, 
generally speaking, increased when the sunspots are numerous, the 
general effect of increased sunspot activity is to raise the critical 
frequencies of the ionospheric layers. Fig. 25 showed us that the 
critical frequency of all the layers does, in fact, increase in conformity 
with the increase in sunspot activity. 

The net result of the increased ionising radiation at the solar 
maximum is that short-wave propagation is improved, for with its 
increased electron population the F layer is able to refract much 
higher frequencies than is the case at the minimum, and we are thus 
able to extend upwards our range of useful frequencies for short-wave 
communication. Our high-limit frequency is much increased. At the 
same time the ionospheric absorption—^whilst it is certainly greater 
at the maximum than at the minimum, due to increased ionisation in 
the D layer—^is not increased in the same degree as is that of the 
refracting power of the higher layers, and so the low-limit frequency— 
set largely by the absorption—is not unduly raised. The result is that 
the band of useful frequencies is broadened with increased solar activity, 
and beneficial results to short-wave communication ensue. 

But the solar activity produces other effects in the ionosphere, for 
in connection with it there occur from time to time great upheavals on 
the sun, from which extra radiation is emitted, such as cause abrupt 
changes in the ionisation in various parts of the atmosphere. This 
gives rise to abnormal behaviour on the part of radio waves, and 
to a condition often leading to their complete failure as a means of 
communication. These disturbances are of two distinct kinds, having, 
so far as their effect upon the short waves is concerned, characteristics 
of a very different nature. One of these is the “ Dellinger fade- 
out ” (after Dr. J. H. Dellinger, of U.S.A.), or simply “ radio fade- 
out,” and the other is the “ ionospheric storm.” It is important, there¬ 
fore, to distinguish between the effect of the general increase in the 
sun’s activity—which tends to improve short-wave conditions—and 
the effect of local disturbances which occur on and within it 

Though the sunspots may themselves be regarded as centres of 
disturbance ” in the sun, near uiiich the upheavals occur, and from 

the Mcessive radiations of various kinds emanate, it is exttemefy 
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difficult to obtain definite correlation, in a large number of instances, 
between particular sunspots and terrestrial disturbances. For instance, 
the mere size of a sunspot (apart from that of a few “giant” sunspots) 
is no criterion as to its potentialities for causing ionospheric and other 
terrestrial disturbances. The sunspots occur in different solar latitudes 
and, since they move across the sim’s surface as the sun'itself rotates, 
there seems to be a critical area near the sun’s central meridian from 
where their disturbing radiations are more likely to have terrestrial 
effects, than when they are in other solar longitudes. 

If a sunspot is found to be spectroscopically active, then, irrespective 
of its size, it has greater potentialities as an ionosphere “ disturber ” 
when in the central area than has a sunspot which is not so active. 

Another feature of the sunspots is their magnetic polarity, for it has 
been found that there is a magnetic field associated with them, and it has 
been suggested that this magnetic polarity has something to do with the 
incidence of storms in the two terrestrial hemispheres. 

But it cannot be said that this latter point is by any means clearly 
proven, and there remains much to be learnt about this subject. So 
let us go on to consider something about the disturbances themselves 
and we may then mention the supposed relation with particular sun¬ 
spots. 

Solar Flares 

Fairly frequently there occur eruptive disturbances on the sun, 
from which are emitted not only huge quantities of gaseous matter, 
but also a large amount of energy in the form of radiations of various 
wavelengths, including those of visible light. The disturbances are thus 
observed from the earth as “ flares ” of bright light. They often take 
place in the vicinity of sunspots, and if they occur on that side of the 
sun which is facing the earth and are of sufficient intensity, they pro¬ 
duce certain terrestrial effects which occur only on the earth’s sun-lit 
hemisphere. The effects may be produced no matter on what part of 
the visible disc of the sun the flares occur. The radiations from the 
disturbances would appear to be sent out in all directions and, as the 
terrestrial effects start at the same time as the flare is observed, they 
must be due to waves travelling at the speed of light The flares usually 
last but a few minutes, though their terrestrial effects are still felt some 
time after they have died down. 

The radiations of ultra-violet wavelength which arc emitted seem to 
have the property of penetrating the higher ionospheric layers and of 
producing a layer of intense ionisation at about the height of the D 
layer—just below the E. The intensity of the ionisation there produced 
continues to grow so long as the waves continue to arrive, but when the 
flare dies down and the wave radiation ceases, the ions and electrons 
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A GIANT SUNSPOT 

Photograph of the son taken on 5th Febniary, 1945, showfaig, in solar latitude 27° N., 
a sunspot of area nearly 5,000 millionths of the sun’s hemisphne, equivalent to about 
100 tii^^ cross-sectional area of the earth. An intense solar flare occurred over this 
sunspot region on 6th February, and 18i hours latw, that is, at about 10.18 on 7th 
Febniary, a severe geomagnetic storm began. ITiis was accompanied by a severe 
ionospheric storm and radio disturbance. (Royal Greenwich Observatory photograph; 
published by courtesy of the Astronomer-Royal) 

Start to recombine. Though they do this at a very rapid rate owing to the 

great density of the gas, an hour or more may elapse before normality 
is restored, owing to the great intensity of the ionisation which the 
waves produced in the hist place. 

Coincident with the time of observation of a bright solar flare there 
is often a sudd^ cessation of all short-wave signals. This result of the 
flare is-the “Dellinger fade-out,” and the correlation between the two 
phenomena is now condusiVe. 
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Dellinger Fade-outs 

The effect on short-wave reception is very impressive, for everything 
appears to go “ dead,” even the background noise disappearing. All 
frequoicies within the short-wave range may be affected, though the 
disturbance is usually more intense and lasts longer on the lower 
frequencies. These fade out before the high frequencies, and do not come 
in again until after the latter have done so. On the frequencies affected, 
signals usually fade away entirely within a minute or two, and may not 
return until anything up to two hours later, signal strength increasing 
from zero in a more gradual manner than that in which it was reduced. 
OiJy the sky waves are affected, and only those over transmission 
paths passing through the sunlit hemisphere. It has been found that on 
transmission paths which pass through low latitudes—^where the sun’s 
rays are more perpendicular—the disturbances are more intense than 
on paths which pass entirely through high latitudes. 

The cause of the short-wave failure is the sudden production of 
greatly increased ionisation in the D layer, in which the radio wave 
causes collisions between the electrons and the neutral atoms. In so 
dense a region the number of collisions occurring is very great, and as 
at each collision energy taken from the wave is expended the result is 
such a heavy absorption of energy from the wave that it is often com¬ 
pletely lost. The absorption is greater on low than on high frequencies, 
whilst it is greater in low than in high latitudes, because the ionisation 
produced is greater where the sun’s radiations are most intense. For 
this reason transmission paths in the dark hemisphere are unaffected 
by the disturbance. When the ionising radiation ceases to arrive— 
after the flare has died down—^the electrons and ions start to recombine, 
and the absorption of the wave decreases. Owing to the density of the 
gas, the recombination rate is high, and, as the ionisation disappears, 
the short-wave signals come in again, the higher frequencies flrst. 

Such disturbances are accompanied by a sudden brief fluctuation of 
the earth’s magnetic field, caused by the sudden presence within it of 
large numbers of moving ions, whose movement is in reality a vast 
electric current carrying an associated magnetic field. This geomagnetic 
disturbance, like the ionosphere disturbance, is confined to the sunlit 
hemisphere, and is more intoise in low than in high latitudes, and in 
these and other respects it is quite different in character from the 
“ magnetic storm.” A radio “ fade-out ” of this kind, with its accom¬ 
panying magnetic disturbance, is illustrated by the field strength and 
magnetic intensity records shown in Fig. 56. It should be noted that 
since the solar flares are random occurrences tl^e seems to be no 
possibility of making forecasts of their happening, and therefore mme 
of inedicting the onset of a Dellinger fade-out. 
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Fig. 54i—Sudden disturbance of the ionosphere on 6th April, 1936, as shown by fiide* 
out of 13-525 Mc/s transmission from GLH, Dordiester, observed at Riverhead, New 
York, and coincidental terrestrial magnetic perturbation recorded at Cheltenham, 
Maryland 

Ionospheric Storms 

The ionospheric storm constitutes the major form of disturbance to 
short-wave communication because, while usually its effect is not so 
intense as that of the Dellinger fade-out, it is of much greater duration. 
During ionospheric storms short-wave signals on wavelengths normally 
well received drop to a very low level, and often disappear entirely. 
There is almost always a great increase in the amount of fading ex¬ 
perienced, and a prevalence of the particular type known as “ flutter ” 
fading. The higher frequencies are most affected, and there is no 
discrimination between the sunlit and dark hemispheres. Transmission 
paths in low latitudes are less affected, however, than those passing 
throng high latitudes, the' paths most severely disturbed being those 
which pass through certain zones centred on the geomagnetic poles. 

Ionosphere measurements indicate that the principal effect is in the 
upper part of the ionosphere, and that the F layer is usually at an 
abnormally great height during the disturbance and has an almormally 
low ionisation density. The storms usually last for several days. The 
critical frequenty and virtual height graphs of Fig. 57 show how the 
values for these quantities depart from the normal on days of ionosphere 
stoiminess. 
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It is thought that disturbances of this type are caused by the emission 
of streams of particles from the sun, and that these corpuscles—^which 
may be particles of ionised calcium—are shot out from disturbances 
which occur in the vicinity of sunspots. There is strong evidence that 
the corpuscular stream is emitted at the time of occurrence of a bright 
solar flare. Although part of the emission is known to fall back upon 
the sun, some of it appears to be forced outwards by radiation pressure 
until it escapes from the sun’s atmosphere. It would thus leave the sun 
at the same time as the wave radiation which produces the Dellinger 
fade-out, but the corpuscles would travel much slower than the ultra¬ 
violet electromagnetic waves, and so would not reach the earth until 
some time later. 

Furthermore, while the wave radiation is emitted in all directions, 
and so reaches the earth irrespective of the position of the flare on the 
visible disc of the sun, the corpuscular radiation seems to be in the form 
of a cone-shaped jet, with the flare at its apex. So that, unless it is 
emitted from a position on the sun which is “ pointing ” more or less 
towards the earth, it misses this planet altogether. It has been noticed, 
for instance, that when a Dellinger fade-out occurs as the result of a 
bright solar flare near the central meridian of the sun, it is often followed 
—^from \1\ to 36 hours later—by an ionospheric storm, but that 
disturbances due to flares occurring in other parts of the sun are not 
followed by a storm. 

Apart from this, it is often noticed that when an ionospheric storm 
starts there is a sunspot in a position about ^ to 1J days past the central 
meridian in the direction of rotation of the sun. So it would appear 
that if there is a disturbance on the sun near its central meridian— 
whether visible as a bright solar flare or indicated by a sunspot—the 
corpuscles which are shot out do encounter the earth and produce an 
ionospheric storm possibly about 30 hours after leaving. This would 
indicate that they had travelled through space at a speed of about 900 
miles per second. 

It should be added that the correlation between the start of iono¬ 
spheric storms and the solar phenomena is not by any means perfect, 
some storms occurring when no flare has been seen and when there is 
no spot near the central meridian, though there may be spots in other 
parts of the sun. This may be because the solar disturbance has not yet 
produced a visible sunspot, or because the corpuscles are not always 
emitted in a direction normal to the sun’s surface. On the other hand, 
there is a definite tendency for some storms to recur at intervals of 
about twenty-seven days, corresponding roughly to the average rotation 
period of the sun, which would indicate that the same disturbance had 
produced an ionospheric storm during its successive passages across 
the sun’s central meridian. 
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Fig. 57—Virtual heights and critical frequencies of the ionospheric layers, observed 
at 'Washington in February, 1941, by the lj.S. Bureau of Standards 

On reaching the earth’s atmosphere the corpuscles are affected by the 
geomagnetic field, which carries them in the direction of the magnetic 
poles. Consequently, their effects, both upon the ionosphere and in 
other ways, are most intense in zones arotmd the poles. A state of 
turbulence is set up in the ionosphere, particularly in the upper layer, 
leading to erratic conditions for the refraction of radio waves, with 
consequent abnormal fading. The F layer then appears to expand and 
to rise, and the stratification of the ions is upset. The ionisation per 
unit of volume is thus reduced, so. that waves which are normally 
refracted begin to penetrate the layer. At the same time there appears 
to be an increase in absorption in the lower layers. 

According to one observer of an exceptionally severe storm, the F 
layer continued to decrease in ionisation and to rise in height until it 
finally disappeared altogether, when an entirely new layer appeared 
lower down. This, in turn, b^ved in a similar manner until it, too, 
disappeared, to be followed again by another layer, the time between 
the appearance and disappearance of a layer being about three hours, 
and the phratomenon becoming less and less evident until eventually the 
turbulence subsided. 
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Ionospheric storms have caused the entire disappearance of signals on 
certain frequencies in a few cases for as long as two days. Though not 
usually so intense as this, the average time for which conditions remain 
subnormal is between one and two days, whilst they have been known 
to remain so for nearly a fortnight. During the storms the highest 
frequencies which the F layer will refract may be reduced by as much as 
50 per cent below normal. 

In the prediction of ionospheric storms a moderate amount of 
success has so far been achieved. Long term indications that a storm 
is likely to occur may be given by the twenty-seven day recurrence 
tendency mentioned above (although this often fails), or by the observa¬ 
tion of giant sunspots or of solar flares in the critical zone near the 
centre of the sun’s disc. Short term indications may be obtained from 
the observation of fluctuations in the field streng^s or bearings of 
distant radio stations whose signals pass through the auroral zones, 
and by noting the occurrence of abnormal fluctuations in the geo¬ 
magnetic field. But a great deal of work remains to be done before 
the predictions can be considered very reliable. 

Magnetic Storms and Polar Aurorae 

Ionospheric storms are almost always accompanied by “ magnetic 
storms,” that is, by violent fluctuations in the geomagnetic field. The 
intensity of the storms is often great, that is, the range of variation in 
the magnetic elements is of large magnitude. Like the ionospheric 
storm, the magnetic storm is most intense in the (geomagnetic) polar 
regions. Though the two phenomena are clearly connected, the start 
of the ionospheric and magnetic storms does not appear to be always 
exactly simultaneous, and the ionospheric storms nearly always persist 
for some time after the geomagnetic field has returned to a “ quiet ” 
state. Magnetic storms are caused by the abnormal movements of ions 
and electrons within the geomagnetic field, due to the action of the solar 
corpuscles. 

In a recent analysis of sunspot and geomagnetic activity (international 
magnetic character figures) H. W. Newton confirmed the existence of a 
definite relationship between the larger simspots (particularly the giant 
spots) and the peak value of magnetic activity during the solar disc 
passage of the sunspots. This is a statistical result only and is not 
•operative in every case. The peak occurred about or 2 ^ys after the 
sunspots crossed the sun’s central meridian. This relationship rapidly 
diminished with decreasing size of the sunspot, and for the smaller 
sunspots it practically disappeared, which, however, does not mean 
that such sunspots are never associated with magnetic storms. The 
correlation was greatly strengthened if only those sunspots which were 
associated with solar flares were considered. Very int^se flares 
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showed a remarkable association with the more intense magnetic 
storms. Flares of lesser intensity, and even those of minor intensity 
when unusually frequent, near a particular sunspot, were also clearly 
connected with a rise in magnetic activity after the suns\)ot had 
crossed the central meridian. It was found that the “ great ” mag¬ 
netic storms did not tend to recur after an interval of about twenty- 
seven days, but that small storms did display this tendency. The 
relationship of many of the smaller magnetic storms to sunspots and 
solar flares still remains very obscure. These results are of great 
interest in the radio field in view of the close connection between 
geomagnetic and ionospheric storms. 

Another eflfect of the solar corpuscles is the production of the polar 
aurorae, which are hitimately associated with variations in the geo¬ 
magnetic field, and which occur frequently in the zones surrounding the 
magnetic poles. In these zones, incidentally, ionospheric and magnetic 
storms are of greater intensity and occur with greater frequency than 
elsewhere, so that transmission paths which pass through them are 
much more liable to disturbance than those traversing lower latitudes. 
The coloured light of the aurorae is due to the emission of visible rays 
by atoms of atmospheric gas when subjected to bombardment by the 
solar corpuscles. The height at which the aurorae occur has been 
measured, and it is thought that the lower lihiit of about fifty-five 
miles above the earth’s surface represents the furthest distance that the 
corpuscles penetrate into the earth’s atmosphere. Although the 
aurorae are usually confined to the zones around the magnetic poles, 
there are occasions when they are observed over much greater areas. 
The implication is that, under these conditions, the stream of solar 
corpuscles entering the atmosphere is of exceptional intensity, and such 
occurrences are almost always accompanied by ionospheric and 
magnetic storms of very great severity. 

It should be noted that it is not the magnetic storm which causes the 
ionosphere disturbance—in fact rather the reverse seems to be the case, 
the abnormal electronic currents in the ionosphere upsetting the 
normal geomagnetic field. Also that radio failures which accompany 
displays of the aurorae are not, as Is so often stated, caused by the 
aurorae themselves. The aurorae are rather an additional and secondary 
efiect produced by the same solar corpuscles which cause the iono¬ 
spheric storm and consequent radio failure. 

Solar and Galactic Noise 

Some time before the 1939-1945 war it had been noticed by certain 
amateur operators that, at the beginning of a radio fade-out of the 
“ Dellinger ” kind, a peculiar “ hissing ” noise was audible in their 
receivers. This was later shown—by Sir Edward Awlcton—to be 

I* 131 



SHORT-WAVE RADIO AND THE IONOSPHERE 

due to the reception of radio waves emitted from the sun. It had long 
been thought that, since the sun radiated visible and thermal radiations 
corresponding to a black body at 6,000° K, its radiations should include 
waves df “ radio ” frequency corresponding to the same temperature, 
though these would be so weak as to be undetectable with ordinary 
radio receivers. It appears, however, that during the eruptions which 
produce solar flares, the sun’s radiations in this part of the spectrum 
are enormously increased, and that they then become audible in 
ordinary receivers even on frequencies in the ordinary short-wave 
bands, as had been noticed by amateurs. Solar radio noise on these 
wavelengths does.not, however, last very long, because, on the building 
up of the ionised layer which absorbs the terrestrial short-wave com¬ 
munication, the solar radio waves are also absorbed, and so cannot 
get "through to the earth’s surface. 

There is another form of radio noise of extra-terrestrial origin, which 
was first observed by K. G. Jansky in 1932, and which is sometimes 
known as “ star static ” by reason of its origin in the stars. Jansky, 

by the use of a sharply directional aerial system, found that it varied diur- 
nally in a systematic way in its direction of arrival. He found that its direc¬ 
tion changed nearly round the compass every twenty-four hours, except 
that, in the middle of the night, when its direction had reached north¬ 
west, it also began to come in from the north-east, and so commenced 
another cycle of variation. 

At first he thought that it must be coming from the sun, but later 
disproved this, and found that it was coming from the direction of the 
Galaxy, a fact which has since been confirmed by G. Reber and other 
workers, by the use of improved aerial arrangements for reception of the 
noise. The means by which this galactic radio noise is produced is not 
yet fully understood, though theories have been advanced to accoimt 
for its origin. On frequencies above about 20 Mc/s, this noise is often 
the principal source of interference to reception (See Fig. 54). 

Fading 

Fading is a phenomenon which is almost always present, to a 
greater or lesser extent, in short-wave reception, and, for this reason, 
indirect reception by way of the ionosphere is almost never of the same 
steady quality as is that given by direct reception of the ground wave. 
In the broadcast services, for example, indirect reception is classed as 
“ second grade” service irrespective bf the distance over which it is 
giv«i, as compared with “ first grade ” service given over a consider¬ 
able portion of the service area by direct reception. The term “ fading ” ‘ 
as used above refers to the random variation of signal strength at the 
receiving point, and should not be confused with the “fade-out” 
which we discussed earlier in this chapter. Fading of the short-wave 
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signal is due to the fact that the signal is comprised of a number of 
different “ rays ” of radio energy which have reached the receiver after 
travelling via the ionosphere over paths of different lengths. As the 
lengths of the different paths are constantly changing due to varying 
ionospheric conditions, and as the changes in path length for the 
various rays are not always the same, but vary for the different rays, the 
energy in the arriving rays “ adds up ” in a random manner. 

At one instant, for example, the path length for two of these rays 
may be such that they arrive at the receiver so that the energy in one 
reinforces that in the other, whilst at the next instant the path lengths 
may have changed relative one to the other so that the energy in the 
second ray may completely cancel out that in the first. It is the “ phase ” 
of the different rays which determines the resulting signal strength, and 
the interference between the different down-coming rays will cause the 
signal to vary in strength in a random manner. 

In addition to this there is the fact that during its passage through 
the ionosphere the “ polarisation of a wave, that is, the direction and 
magnitude of its electric and magnetic forces, changes in a very com¬ 
plicated manner, so that the polarisation of the arriving wave may be 
constantly changing with time in a random manner. Most receiving 
aerials absorb more energy from a wave which is polarised in one 
particular plane than they do from those polarised in any other, so 
it will be clear that this constantly changing polarisation will contribute 
something to the fading. 

The sky wave signal is, therefore—unlike that due to the ground 
wave—almost never of constant strength. The character of the fading 
varies considerably with varying ionosphere conditions. It exhibits 
different characteristics in respect of time—“ rapid ” or “ slow ” 
fading—or in respect of intensity—“ deep ” or “ shallow ” fading- - 
all depending, as has been said, upon the prevailing ionosphere con¬ 
ditions. Deep fading is especially prevalent near the outer edge of the 
skip zone, for there, at one instant there may be many rays coming 
down at the receiver location whilst at the next instant the paths may 
have so changed that all the rays pass over the receiver and reach the 
earth at a point more distant from the transmitter. 

There is one type of fading which is particularly serious in the case 
of broadcast reception, since it leads to bad distortion of the received 
programme. This is known as selective ” fading and is due to the 
fact that, because the path length in the ionosphere varies with fre¬ 
quency, the fading may be different for frequencies which differ by 
only a few hundred cycles. A speech or music modulated carrier is 
made up of a large number of different frequencies, and the “ quality ” 
of the received programme is dependent upon these having the same 
relations as were present in the transmitted programme. If, therefore, 
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the different frequencies are propagated in a different and changing 
fashion in the ionosphere, the received programme will be distorted. 

During ionospheric storms a peculiar form of fading known as 
“ flutter ” fading is often experienced. In this the variation in signal 
intensity takes the form of a fast rhythmic beat, almost of the nature 
of a low-frequency oscillation superimposed on the modulated carrier. 
It is well described by the term “ flutter ” fading but, apart from the 
fact that it is due to disturbed conditions in the F layer, not enough is 
known about its cause to permit of explanation of the specific reasons 
for its peculiar character. 

Ionisation by Meteors 

Meteors, or “ shooting stars ” as they are more familiarly called, 
are small particles of matter—^ranging from those a few inches long to 
those of microscopic size—^which are continually entering the earth’s 
atmosphere from outer space. Broadly speaking they are of two kinds, 
those which arrive from random directions, and those which arrive 
in the form of “ showers ” at certain times, and which are really the 
remains of disintegrated comets. It has been computed that hundreds 
of millions of the former kind enter the atmosphere every 24 hours. 

Some years ago it was noticed by two engineers of All India Radio 
that, whilst receiving the unmodulated carrier wave of a high-powered 
transmitter at a location a few miles distant, heterodyne whistles of an 
unusual character could be heard. These were of short duration, and 
commenced as a high note which fell rapidly in pitch, and usually died 
away before reaching zero frequency. A similar phenomenon had also 
been observed at a B.B.C. receiving station in England. The Indian 
engineers concluded that the whistles must be due to a Doppler effect 
arising from the interference of the direct ground waves from the 
nearby transmitter, by waves which were being reflected from a rapidly 
moving reflecting surface, and later were able to establish, by direct 
observation, that the whistles were produced by meteors. 

It was then seen that a meteor, by reason of its very high velocity, 
must produce a local area of ionisation in its track, and that radio 
waves were reflected from this area so as to beat with those received 
direct from the local transmitting station. At first it was thought that 
the fall in the pitch of the whistles was due to the fact that the meteors 
were very rapidly retarded by the earth’s atmosphere, but it was later 
shown that the pitch of the whistle would fall even if the meteor 
approached at a constant velocity. The character of the whistle de¬ 
pends, in fact, upon the track of &e meteor in relation to the position 
of the observer. Many more meteors can be heard in this way than can 
eyer be seen, and probably only a small proportion of those entering 
the atmosphere are heard. 
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Having established the fact that ionisation of the atmosphere can 
be caused by meteors, some interesting speculations—^and experiments 
—^have been made as to their effect upon the ionosphere, and in causing 
other short-wave phenomena. In the U.S.A., for example, it was 
noticed that F.M. stations working on very high frequencies would 
sometimes burst in upon the signals of other stations working upon a 
similar frequency, but far beyond their normal range. It has been 
concluded that these “ bursts ” are due to the reflection of the radiated 
energy by areas of ionisation produced by meteors, thus causing the 
waves to reach the earth at points very far beyond the normal very 
-short-wave range. 

During recent years radar methods have been employed for the 
observation of meteors. By this means transient echoes are obtained 
from the region of the meteor trails, indicating that an area of ionisation 
exists there, and that it persists for a short time. Observations made 
on meteors belonging to some of the well-known showers have indi¬ 
cated that while the duration of the echoes does not, in the majority 
of cases, exceed one second there are some which last up to 20 seconds. 

The heights from which the transient echoes come have also been 
measured, and one set of such measurements indicates that the virtual 
height ranges from about 80 to 160 km (50 to lOOnailes). The majority, 
however, came from a height of from 110 to 120 km (69 to 75 miles), 
which would correspond to the height of the ionospheric E layer. 

From the observations it has been possible to compute the velocities 
of the meteors, and it appears that these vary widely. Some recent 
observations gave velocities ranging from about 17 to 46 km (11 to 29 
miles) per second, with a maximum in the region 35 to 40 km (22 to 
25 miles) per second. It seems probable that the meteors having the 
greater velocities are those travelling at the greater heights, the velocity 
being affected by the atmospheric gas density at different levels. 

The fact that the majority of meteors seem to penetrate the atmosphere 
to about the height of the E layer has led to speculation as to whether 
they may not have something to do with some of the abnormalities 
which occur in that region. Two distinct possibilities emerge :—(1) The 
low night-time “ residual ” ionisation o*f the E layer—^which cannot be 
accounted for on the basis of solar ultra-violet ionisation—may be 
maintained by the continual arrival of showers of meteoric dust. (2) The 
phenomenon of sporadic E, consisting of highly ionised “ clouds ” in 
the E layer, may be due to ionisation by meteors. 

Neither of these possibilities has yet been proven, but the radar tech¬ 
nique is proving very useful, if only because it enables the meteors to be 
kept under observation by d&y as well as by night, a thing not hitherto 
possible. 
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Conclusion 

HAVING REGARD TO ALL that has been said' in the last chapter, the 
reader may begin to wonder, not that a received short-wave signal is 
sometimes weak and unreliable, sometimes fluctuating and distorted ; 
but that a signal travelling via the ionosphere is ever receivable at a far 
distant point at all. The fact remains that the short waves have become 
the main—and certainly the most economical—^medium for long-dis¬ 
tance radio communication, and that, without the ionosphere, no such 
communication would be possible at all. Not that that would neces¬ 
sarily be a disaster for mankind, for, without the ionosphere, human 
life on the earth would be impossible, so it is doubtful whether such 
communication would be missed. 

It is true that the signals received by short waves are often inferior 
in quality to those provided by short range direct-wave systems, and it 
is probable that this will always be so, for it is difficult to see how each 
of the ionospheric vagaries is to be completely overcome. Nevertheless 
great improvements in equipment and in operating techniques have 
taken place in recent years, and are still going forward, and there is 
no doubt that the present-day short-wave signal is more reliable than 
ever before. 

But this book has done nothing if it has not shown that there is a 
great deal yet to be learnt about the ionosphere, and about its causation 
and its effects. Such knowledge is, however, steadily, if slowly, being 
acquired and as it advances there follow improvements in the 
teclmiques for applying it to short-wave radio communication. 

But knowledge of the upper atmosphere and of the physical processes 
enacted there covers a far wider field than that of radio communication, 
and much that is learnt is of great value in many different branches of 
science. And so it may be that in this region of the upper atmosphere, 
and in the solar rays and other radiations with which it is permeated, 
there may be hidden much that will eventually prove to be of great 
and far-reaching benefit to mankind. 
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