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Abstract

The region of the ionosphere situated above the E layer
peak and below the F layer is difficult to investigate using
conventional ground based techniques, consequently our
knowledge of this region is limited. The existence of a
re-entrant feature in the electron density-height profile,
the so called 'valley', has been postulated, but direct
ground based observations of the region are rare since the
form of the ionization distribution makes such observations
difficult by virtue of the large absorption and group re-
tardation produced. An attempt has been made in this study
to construct representative electron density distributions from
a consideration of the fine structure observed on ionospheric
sounding records and of the variation of the absorption and
virtual height of a fixed frequency during the growth of the

ionosphere below 200 km following the sunrise.

A computer programme based upon the polynomial reduction
method is described for the computation of monotonic electron
density distributions from vertical sounding observations of
virtual height. The phase integral technique was adopted in
the development of a second computer programme for the cal-
culation of absorption and virtual height of frequencies
reflected throughout the electron density distribution. Special
reference was made to the results obtained for frequencies
reflected near the E layer peak and the validity of this
analysis in this region of high deviative absorption and group
retardation is discussed. Attention is drawn to the large

variation in published values of the collisional frequency
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above 120 km and an attempt has been made to construct -a
suitable helght variation of this parameter for use in the

calculation of absorption.

Routine ionospheric soundings were made hourly over an
extended period and augmented with continuous soundings on a
number of selected days between February and June 1969. Also.
on 42 days during this period, measurements of absorption and
virtual height were carried out on a fixed frequency for

several hours following the sunrise.

The variations of absorption with time and virtual height
with time and frequency were computed from the electron

density profiles obtained from 3 independent sources

(a) Theoretical post sunrise profiles constructed by
Bourne, Setty and Smith.

(b) Monotonic profiles computed from ILeicester Ionograms

(¢c) Profiles observed by a Thomson Scatter technique at
R.R.E. Malvern.

The results of these calculations are compared directly with
the experimental observations and computations of the variationv

of absorption with frequency are also discussed.

From a synoptic study of the cusp features observed on
ionospheric soundings it is found that complex cusp structure
around f E is a regular phenomenon at Leicester occurring
throughout the day but showing some decrease in occurrence
frequency towards noon. The development of this structure can

be represented by an expression of the form

— n
fcusp = A cos X



where different cusp features take differing values of the

constant A.

The comparisons made in this study indicate that the
polynomial reduction technique produces monotonic electron
density profiles which satisfactorily represent conditions when
only the virtual height is considered but are not capable of
producing calculated absorption values to the same degree of
accuracy. The virtual height and absorption values computed
from the Thomson Scatter profiles are in good agreement with
experimental observations of these parameters at Ileicester.
These profiles are therefore considered to accurately
represent the structure of the electron density distribution.
The existence of the small undulations, as evident in these
profiles, 1is shown to account for the multi-cusp phenomenon
and various observations concerning the variability and extent
of such structures are described. In addition, these com-~
parisons have indicated some inadequacy in the growth theory
employed in the derivation of the Bourne, Setty and Smith

profiles.

As a result of comparing the variation with frequency of
both the virtual height and absorption it has been shown

experimentally and supported theoretically that

/
A4 5, Ab
A>h’

indicating that absorption especially in the deviative region
may be a more sensitive parameter to profile fine structure.
It is anticipated therefore that sweep frequency absorption

sounding may indicate more clearly short term perturbations in



the electron density profile. In Appendix I a preliminary
feasibility study of this technique is reported and a new

method for absorption sounding is briefly outlined.

xi



The first postulation of the existence of an ionized
layer in the upper atmosphere, later called the 'ionosphere'
by Watson-Watt, is attributed to Balfour Stewart (1878), who
invoked such a layer to explain the diurnal variations of the
earth's magnetic field. It has been suggested, however, that
Faraday (1832), Gauss (1839), and Lord Kelvin (1860),
independently made similar postulations at much earlier
dates (Kaiser 1962; Chalmers 1962). The concept of an ionized
layer in the upper atmosphere was not utilized in connection
with the propagation of radio waves until Kennelly (1902), and
Heaviside (1902), suggested such a phenomenon to explain the
necessary bending of radio waves transmitted by Marconi between
England and the United States of America in 1901. Heaviside
further suggested that the layer contained positive and
negative ions produced by the ionizing action of solar radia-
tion upon the constituents of the ionosphere around 80 km.
This theory was not readily accepted by many prinecipal
physicists of the time, who favoured a diffraction theory
expounded by Watson in 1919. In particular, Sommerfeld
carried out extensive calculations of signal strength which
were later shown experimentally to be too low for each case

consldered.



The actual manner in which the charged particles affect
the propagation of radio waves through an ionized medium was
first investigated by Eccles (1912), who assumed that the
medium acted as a conductor and that the effective charges
were those carried by ions of atomic mass. ZLarmor (1924),
modified this theory by replacing the concept of a sharp con-
ducting reflector by a dielectric medium which returned rays
to the earth by gradual refraction. This work laid the
foundation on which Appleton and Barnett (1925), Nichols and
Schellang (1925), and Lassen (1927), worked to apply the
principles of ray theory as set down by Drude (1902), and
Iorentz (1909). The culmination of this effort was the
formulation of the magneto-ionic theory of radio wave propa-
gation which was first outlined by A&ppleton (1927), and later
presented in detail by Hartree (1931), and Appleton (1932).

The early theoretical considerations remained without
experimental support until, in 1924, Appleton and Barnett
(1925), obtained conclusive evidence of the existence of an
ionosphere from a wave interference experiment. This was
quickly followed by the experiments of Breit and Tuve (1925),
which introduced the technique of pulse sounding.

The study of the physical and chemical properties of the
ionosphere was started in 1931, by Chapman. He was the first
author to consider the formation of the ionized layers in the
upper atmosphere, and showed that by taking a particular
atmospheric constituent and irradiating it with monochromatic
ionizing radiation, the ionizing rate was a maximum at a
specific altitude. The formulation of the Chapman theory
provided a basis for later theoretical modelling of the

ionosphere.



Thus, with the development of the Appleton-Hartree and
the Chapman theories, and with the experimentation of Breit
and Tuve, the foundations were laid for the further detailed

study of the ionosphere.

1.2. Formation of the I

The formation of ionization in the upper atmosphere is a
direct result of the irradiation of the atmospheric consti-
tuents by solar radiation. It is therefore necessary to
consider both the relative concentrations of the atoms and
molecules present in the region and their reactions to various
wavelengths in the solar spectrum. It has been shown by
Chapman that the incidence of monochromatic ionizing radiation
on a single constituent exponential atmosphere will produce an
ion distribution which has a characteristic shape, showing a
single maximum, figure 1.1. The extension of this treatment to
an atmosphere having many constituents, irradiated by many
different wavelengths, gives rise to a complex ion distribu-

tion which may exhibit many maxima.

The neutral atmosphere at ground level consists chiefly
of a mixture of eight gases, of which only two are in propor-
tions which warrant consideration; these are molecular oxygen
and molecular nitrogen. From the lower boundary of the iono-
sphere, usually taken as 50 km, up to 100 km a state of
thorough mixing is assumed throughout, and while pressure
decreases steadily from ground level the atmospheric caompo-
sition of four parts molecular nitrogen to one part molecular
oxygen remains unchanged. Minor constituents can play a part

in the ionization reactions in this region, and Nicolet (194%),
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FIG. 1.3 The optical depth of radiation vertically
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FIG., 1.4 Rocket measurements of the ion content

of the ionosphere above 100 km,




has discussed the role of nitric oxide in the absorption of
Iyman « radiation below 100 km. Above 100 km the assumed
state of thorough mixing no longer applies, and atomic oxygen

Cel f\" . becomesmore important, as indicated in figure 1-2

The solar spectrum is represented in terms of the height
at which a particular radiation is absorbed by a factor l/é,
plotted against wavelength, in figure 1.3. The constituents
ionized by various regions of this spectrum are also shown in

the figure.

In the upper regions of the ionosphere, above 120 km,
the primary ions are O% and N} which, by charge exchange, lead
to a state in which O+, O: and No* ions predominate, giving
rise to the highest ion density in the ionosphere. This
broad maximum and the surrounding regiqn; from approximately
140 to 1,000 km, is referred to as the F region: The com-
bination of the various ion distributions shown in figure
1.4, may give rise to a subsidiary maximum or inflection in
the total ion distribution; this is called the F, layer,
while thelhigher maximum is designated F,.

The E region, between 90 and 120 km, closely follows
the predictions of the Chapman theory, and is produced by the
action of X-rays in the range 10 to 200 &, and the E.U.V. in
the range 1,000 to 1,500 &, upon molecular oxygen and
nitrogen, with atomic oxygen becoming important higher in the
region. The predominant ions produced are Of, NO' and 0%
although mass spectroscopic study has shown the presence of
many minor ions, which are believed to play an important part

in the anomalous phenomena observed in the region.



The remaining height range, 50 to 90 km, is referred to as
the D region, and has been shown, by Deeks (1966), to have a
complex structure often exhibiting two maxima. This complexity
is a result of combined effects of short X-rays, Lyman « and

cosmic rays, in this region of high particle density.

The concentration of positive ions can be taken as a
direct indication of the electron density in the two upper
regions of the ionosphere. However, in the high neutral
density of the D region, the loss of electrons to form nega-
tive ions is considerable. The complex interactions of
electrons and ions has been treated in detail by Donahue
(1966), while Nicolet and Aiken (1960), considered the ion-
ization of the principal constituents by solar radiation of

various wavelengths.

1.3. Variations in the Quiet Tonosphere

The effects of solar radiation in forming ionized layers
in the ionosphere have been discussed and it is now necessary
to consider the changes which are observed in these layers as
the density of ionizing radiation varies with the diurnal,
seasonal and sunspot cycles. These variations are widely
different from layer to layer, so that it is convenient to

consider each one separately.

1.3.1. D_Region

Since the D region is the lowest part of the ionized
atmosphere the neutral gas density has its greatest value,

exceeding the electron density by a factor of 1OR . Con-



sequently, the reactions of the region are strongly influenced
by the presence of neutral atoms and molecules. In particular,
the very high frequency of electron collisions with these
neutral particles produces excessive absorption of medium
frequency radio waves, thus making direct sounding very
difficult. Alternative indirect methods of observation have
been developed and widely used, but this still remains the

least well defined region of the ionosphere.

Observations of the phase variation of low frequency

radio waves transmitted over paths of varying lengths have
indicated that the D region should be further subdivided to
give a lower C layer. This region is due to cosmic radiation
which would remain reasonably constant throughout the whole
day, giving rise to the constant phase difference shown in
figure 1.5(a). It has also been suggested that the attachment
of electrons to neutral atoms produces a rapid fall in electron
density at sunset, and that photodetachment at sunrise results

in the swift rise in electron density.

Decreasing the path length of the low frequency trans-
missions increases the apparent height of reflection-and the
diurnal phase variation indicates a smooth zenith angle
variation of electron density throughout the sunlit hours.
This type of variation, as predicted for a Chapman layer
predominates through the upper D and E regions. The sunspot
cycle variation in the D region is more complex since it is
produced by the interplay of two mechanisms. Firstly, Lyman
« radiation varies very little over the sunspot cycle, and
thus gives an almost constant source of ionization throughout

the cycle. Superimposed upon this is the variation in X-ray
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flux which may change by two or more orders of magnitude

during the sunspot cycle.

The seasonal variation of the region also shows marked
differences from that expected from a Chapman-like layer.
Typical seasonal profiles are shown in figure 1.6. These show
a marked variation, particularly around 65 km, in which the
electron density increases normally until midsummer, but then
remains roughly constant until the equinox, when a rapid change
takes place leading to minimum conditions in November. This
anomalous behaviour has been called the 'November effect' and
has, as yet, no satisfactory explanation. The solutions to
this anomaly and to the winter anomaly are expected to come
from studies of the interaction of meteorological effects in

the stratosphere and the lower D region.

1.3.2. E Region

The E region is the most 'well behaved' part of the ion~-
osphere, and it is possible to predict its basic variations
fairly accurately from Chapman theory. However, superimposed
upon these trends are observed several minor irregularities.
Among these the appearance of thin, highly dense layers,
collectively called Sporadic B layers, has received most
attention (Whitehead 1970). These layers play an important
part in observations of the E layer, and, as yet, defy
prediction and have no complete explanation. The most recent
theory of their production is the Wind Shear theory, by which
an accumulation of electrons is thought to be produced in a
region where two opposing wind systems come into contact

(Axford and Cunnold 1966). Rocket profiles show another of



these minor phenomena, the existence of a large number of
minor maxima at the layer peak. The largest of these maxima
are often observed on the records of ground based sounding
equipment as multiple cusp structures: A detailed study of
both the diurnal and seasonal variations of this fine
structure has been undertaken, and is discussed fully in

Chapter 7.

The basic variations of the E region are usually
observed and illustrated in terms of the highest frequency
reflected from the E layer, the critical frequency, f,E.
Diurnal plots of this parameter show a dependence on the
zenith angle

{E = A cos“x

The exponent for a true Chapman layer would be 4, and depart-
ures from this value are attributed to the height variation of
scale height and recombination coefficient. These diurnal
plots further show the growth and decay of the E layer to be
almost symmetrical about noon, with a slight offset of about
twenty minutes after noon, indicating a rapid recombination
rate for electrons in the region. The extent of solar control
and the high rate of recombination are further illustrated in
figure 1.7, where f,E is plotted for the partial eclipse day of
the 20th May, 1966. The observations taken in Leicester show
clearly the symmetrical decay in f,E during the partial
eclipse. At night the electron density in the E region falls
below that detectable by most ground based radio sounding
equipment designed for E region observation. However, rocket
measurements at night have detected a residual E layer with

an electron density of the order of 103 electrons/c.c. Thus



FIG, 1.7 Diurnal variation of foE

(a) Mean of 5 normal days
(b) Partial eclipse day, 20th May 1966
(maximum phase 0930)



the critical frequency falls from around 3.5 MHz at noon,

to approximately 0.3 MHz at midnight.

The seasonal and solar cycle variations further under-
line the importance of solar control in this region; the
seasonal variation showing, in temperate latitudes, a change
in f E from approximately 4.0 MHz in summer, to approxi-
mately 3.0 Mz in winter. A comprehensive study of this
region and its variations was published by Robinson (1960),

and his work and some recent theories will be discussed later.

1.3.3. F Bleo:}

This region of the ionosphere includes all ionization
above about 140 km , although the arbitrary upper limit of
1,000 km is often imposed. The electron density rises to
the overall ionization maximum of the ionosphere situated
between 250 and 500 km., and then decays exponentially with
increasing height. Between 140 km and this maximum a sub-
sidiary maximum or inflection is often observed which is des-
ignated the F, layer, and which it is convenient to‘cpnsider

separately.

The F, layer, like the E layer below it, exhibits
strong solar control and Chapman - like diurnal and seasonal
variations. Attempts to derive a coskik' law for the layer
exhibit a difference between the two layers in that  the
value of n for the E, layer varies with season and latitude,
and has a numerical value greater than four. These depart-
ures from Chapman-like behaviour are due to the influence of

the far more variable F, layer above. The F1 layer is only
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observed when the F, maximum is small and at the top of its
height range. For example, at night when the F, layer
diminishes and loses height, the F, layer is absorbed into it
to form a single nocturnal F layer. This influence is
further illustrated by the seasonal and sunspot variations of
the layer. At temperate latitudes during solar minimum'
conditions f,F, has a maximum around 3.7 MHz. in winter,
ihcreasing to 4.1 Mz 1in summer, while the diurnal variation
exhibits reasonable symmetry around noon. However, at sun-
spot maximum, when the F layer is much enhanced, f,F, shows
diurnal asymmetry, (maximum one hour after noon), and an
increase from 5.1 Miz. in summer to a value in the region of
6.0 Miz in winter. This last figure is based on a very few
observations since a separate F1 layer is rarely obServed in

winter at solar maximum.

The F, layer, to which the anomalies in F, layer are
attributed, is more complex and no simple model can: be
employed to predict its behaviour. The diurnal variation
shows a regular pattern during daylight hours, having a
maximum just after noon in temperate latitudes. However, at
night, two minima in critical frequency can often be detected.
The complexity is more marked when considering the seasonal
variation. This depends strongly upon the epoch of the solar
cycle, giving an almost invariant mean daily maximum of
around 5 MHz at sunspot minimum, while at sunspot maximum
the variation is from around 8.0 MHz in summer to 12.0 Miz.

in winter.

The day to day fluctuations in the value of f, FE, are

also considerable during solar maximum, suggesting the
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existence of highly energetic movements within the F region.
Such movements have received extensive study, as have the
many anomalies in F region behaviour, but as yet no single

theory can explain all aspects of F region morphology:-

1.4%.1. Theoretical

Theoretical studies of the ionosphere can be divided
into two main categories. The first sets out to derive models
of the ionosphere by considering the interaction of ionizing
particles and radiations with the neutral atmosphere. The
study of radio wave propagation through the ionized layers

constitutes the second category.

The Chapman theory forms a basis for a large number of
modelling techniques, namely, those which attempt to represent
the electron distribution with height in terms of the solar
radiation and ion chemistry. Observations of the solar
spectrum under quiet and disturbed conditions and direct
sampling of the atmospheric composition have enabled many
workers to derive models of the electron distribution under a
variety of different conditions. This work has been disgussedﬁ
in detail by Nicolet and Alken (1960), and Donelley (1967).
The distribution of electron collisional frequency with
height has also been modelled by considering the atmospheric
composition and the gas, ion and electron temperatures in
the ionosphere (Thrane and Piggott 1966). This secohd group
of modelling techniques is discussed in Chapters 2 and 3.

In addition to these two main groups many problems involving
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irregular phenomena have beeﬁ treated by the introduction of
specialised models, an example of which is the Wind Shear
theory of the Sporadic E layer.

The theoretical study of radio wave propagation through
the ionosphere is based upon two types of development from
the electro-magnetic theory, as formulated in Maxwell's
equations, and the constitutive relations of a dielectric
medium situated in a magnetic field. The first approach, the
ray theory, attempts to describe the characteristics of a wave
in terms of its refractive index, wave polarization and
absorption index. The two characteristic waves which are
propagated, the ordinary and extraordinary rays, are further
assumed to travel independently through the medium with no
interchange of energy between them. Inherent in this theory
is the assumption that the properties of the medium are con-

stant or vary very little in the space of one wavelength,

Thus, at low frequencies, or in regions where the medium
varies véry rapidly, the ray theory breaks down and"the more
complete wave theory must be applied. This second approach
requires that Maxwell's equations be employed and solutions
for the wave fields found at each point in space. At medium
and high frequencies the wave theory has the major dis-
advantage that the computations become exceedingly logg as

many wavelengths are involved in the propagation pathf

The wave theory has been described in detail by Pitteway
(1965), and its application to the propagation of very low
frequency radio waves in the earth-ionosphere waveguide has
been extensively discussed by Wait (1962). In the work which
follows the ray theory will be employed and its applications
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to propagation problems is discussed in Chapters 2 and 3.

1.4.2. Experimental

The experimental study of the ionosphere can be con-
venliently treated in two sections differentiating between
ground based experiments and direct sampling experiments

carried out by rockets and satellites.

(a) Ground Based Experiments

The most common experiment carried out on a routine
basis is the sounding of the ionosphere by means of
repetitive pulses of radio energy of continuously varying
frequency in the range | % 20 Miz. This technique gives an
indication, through the variation of the retardation of the
reflected pulses with frequency, of the distribution of
electron density above about 100 km. A similar technique
employing fixed frequency M.F. and H.F. pulses has been
widely used in the study of radio wave absorption and phase
path in the ionosphere. The use of pulses in the measure-
ment of absorption and virtual height is discussed in detail
in later Chapters. |

Regions below 100 km have comparatively small electron
densities and high molecular densities and although pulse
sounding at frequencies below 1 MHz have been carried out it
requires very high power transmitters to obtain workable echo
amplitudes at these low frequencies. However, two techniques
involving medium frequency pulse transmissions have been
developed for observations of the D region. These are the

cross modulation experiment described by Fejer (1955), and
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the partial reflection experiment due to Gardner and Pawsey
(1953), which gives estimates of both the electron density
and the collisional frequency at heights below 100 km

The techniques mentioned so far are concerned with
vertical incidence propagation or the interaction of two
signals in a very restricted region and give results which
are relevant to a fairly well defined point in the ionosphere.
However, the prediction of the performance of high frequency
communication circuits is studied more satisfactorily by
observations taken along the path of the proposed circuit.
Thus the sounding technique has been extended to give
oblique incidence ionograms which give a direct observation
of the lowest and highest usable frequency as well as the mode
structure on a particular communications circuit. A further
development in oblique sounding is the Chirp system described
by Fenwick and Barry (1965). Here, a continuous wave, which
1s continuously varying in frequency, 1s transmitted, and the
delay time 1s measured by comparing the frequency of the
returned wave with that of the transmitted wave. As well as
these sounding techniques the monitoring of fixed frequency
continuous wave transmissions can give estimates of the
fluetuations in height of a particular electron density value
at a remote point in the ionosphere. Similar monitoring of
levels in the D region can be undertaken by observing the
diurnal variation of the phase and amplitude of very low
frequency transmissions which are reflected from this -

region of the ionosphere.

The technique of back scatter sounding (Shearman-1956)
differs from the systems outlined above in that although 1t
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observes reflections from an oblique path both the transmitter and
receiver are situated at the same point. By this technique a high energy
radar pulse can be used to study the behaviour of the Sporadic E layer
within the radius of about 1,000 km by virtue of the energy returned
along the original path by back scatter from the ground. A further
application of high energy radaY¥technique was desribed by Gordon (1958),
to detect the incoherent scattering of radio waves by free electrons in
the ionosphere. Some observations made by this technique at R.R.E.,
Malvern, have been employed in the Qiscussion incorporated in Chapters

7 and 8, and the technique is therefore discussed in some detail below.

A single free electron scatters some of the energy associated with
an incident radio wave, and the effect can be desribed in terms of a
scattering coefficient or cross-section. Thus, each electron in an
ionized medium containing many electrons scatters some of the energy
associated with a radio wave propagated through the medium. The
scattered waves will have coherence, limited coherence or incoherence
depending on conditions of wavelength and geometry. Coherent scattering
is the case of'refraction of a radio wave by the ionosphere and limited
coherence, where the scattered waves are coherent from limited volumes
only, corresponds to the phenomena of ionospheric back and forward
scatter. When complete incoherence occurs the effect is usually
referred to as "Thomson scatter" since scattering from a single electron
was first predicted by Thomson early this century.

In the ionosphere the electrons have thermal velocities, conse-
quently the frequencies of the scattered waves differ from that of the
incident wave due to Doppler effects. The width of the frequency
spectrum of the scatterd signals essentially provides a measure of
the ion temperature. Incoherent scatter of radio waves from the
ionosphere may be used to determine the electron density and temperature
as a function of height ‘well above the F-region peak, which is the

upper limit for conventional ground based sounding.
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Thé mechanism of scattering has been extensively discussed in
the literature (Fejer, 1961; Dougherty and Farley, 1960; Waldteufel,
1965) and it is sufficient here to quote a simplified equation giving
the received signal-to-noise power ratio,? s for a vertically locking
radar system:

PTANeG'iT

= — 1.2
/? R2 TB

Here PT is the peak transmitted power, A is the effective area of
the receiving‘aerial, Ne is the electron:concentration, R is the range (the
same as the height, h, in this case), T is the system noise teméerature,

B is the receiver bandwidth, T is the pulse duration, ¢~ is the scattering
cross-section per electron and X is a constant. Forfthe normal mode of
scattering, in which the signal spectrum is broadened by an amount

characteristic of the thermal velocities of the ions,

T
= e ’
G-' = G—e/(1 + —""Ti) 103

where G'e is the Thomson electron scattering cross-section and Te’ Ti
are the electron and ion temperatures respectively.

Equation 1.3 holds true (Buneman, 1962) as long as

7\0 > ‘F77TXD | 1.4

wherelk is the radar wavelength andj{D is the Debye length in the plasma,
proportional to <Te/Ne)%' When A% 4Jfkb , & significant proportion
of the'scattered power originates from the classical Thomson process,
with a spectral spread corresponding to the thermal velocities of the
' electrons rather than the ions. Although in this case "= 0y rather

than as in equation 1.3, the signal to noise ratio is degraded because

of the broader bandwidth. This situation, which occurs both at low heights
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in the D-region, and at great heights around 2000 km, determines the region
of the ionosphere from which it is possible to get useful information by the
incoherent scattering technique for a given No. Tt is assumed that the
occurrence of collisions between electrons and heavy particles has no effect
on G,

The form of the spectrum depends primarily upon the ratio Te/Ti,
although Evans (1969) has indicated that other ionospheric parameters such as
ion composition, vertical drift and the freéﬁency of collisions can be deduced
from the spectrum shape. " The spectrum half width for )\7>5u;7\b is a function
of the ion temperature which, in conjuﬁction with the temperature ratio, yields
a value for the electron temperature and also the mean scattering cross section
for the medium.

Oné further consideration of the form of the scattering medium intro-
duces an upper limit to the range of useful wavelengths. Local fluctuations
in electron density and hence dielectric Eonstant will lead to a furfher
eoherent component in the scattered signal. This will be undetectable if the
incident wavelength is less than 1/10, where L is the scale size for weak )
irregularities. Thus an upper limit is set upon the wavelength of approximately)
one meter.

The data employed in this study was recorded at Malvern (J.S.Hey et al.,
1968) by means of a ten megawatt pulsed radar, operating at a frequency of
LOO Miz. The spectral analysis of the scattered signal at various intervals
in time following the initial pulse gives a series of Doppler spectra from
which the variation of electron and ion temperétures and nmean scattering
cross section with height can be deduded by comparison with spectrum shapes
computed from model plasmas. A relative electron distribution with height
may then be computed from the total received signal in each spectrum and the

scattering cross section. Independent observations of the F layer penetration
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frequency provide an absolute measurement of the electron density to which
the relative distribution may be fitted. Thus routine observations of the
temperature and electron density{disfributions in the ionoéphere between
100 and 1,000 lm can be made. Several similar methods for the observations
of so-called "Thomson scatter" are reviewed by Evans (1969).

A further group of experiments whiéh use either natural sources
of radio energy or sources outside the ionosphere give a measure of the total
electron content of the ion&sphere. The monitoring of a&mospherics and

whistlers, cosmic radio noise and the rotiation of the plane of polarization,

Faraday rotation, of transmissions from satellites msy be included in this

group.

(b) Direct Sampling

The developmeﬁt of sophisticated rocket and satellite techniques
in the last twenty-five years has enabled a larger number of direct sampling
experiments to be undertaken. Apart from the measurement of pressure
and temgerature variations with height, such parameters as the conductivity
of the plasma have been measured (Booker and Smith, 1970). The measurement
of electron densityland ion composition have been extensively carried in rockets

by means of the Langmuir probe and Mass Spectroscope techniques. Further -
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more, many ground based experiments have been modified and
carried out in artificial satellites giving, among other
measurements, soundings of the ionosphere from above and con-

tinuous monitoring of solar activity (Eceles and King, 1970).

1.5. Proposed Investigation

The physical properties of the normal E and F layers and
their effects on radio wave propagation have been extensively
studied; howeﬁer the transition region between these layers,
110 to 170 km, has received little attention. The presence
of low‘electron density gradients or reentrant features in the
electron density distribution produce high absorption and
group retardation, thus rendering ground based experimental
investigation difficult and complicating the analysis of the
observations. Furthermore in these so called 'cusp' regions
the simple apprdximatiéns to the magneto-ionic theory break
down and a more elaborate analysis becomes necessary. In this
study a detailed investigation of the absorption and virtual
height of reflection of radio wave pulses reflected in this
region of large group retardation has been undertaken ih
order to determine the electron density distribution at these
heights, and to investigate the behaviour of radio qévesuin

such a region.

Experimental observations of vertical incidence-
absorption and virtual height are made on a fixed frequency
which is reflected from the F reglion shortly after sunrise
and from the E region later in the morning. Thus it is
possible, using a single frequency, to measure these para-
meters as thé radio wave reflection level traverses the

transition region. These observations are augmented by
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ionospheric sounding in the frequency range 1.5 to 7.0 Mz
both on an hourly routine basis and at three minute intervals

on selected days.

The analysis of the experimental results has necessi-
tated the use of computer methods for the reduction of ion-
ogram data to electron density profiles. The profiles thusg
derived are compared with those obtained from other sources
and the growth of the transition region after sunrise is dis-

cussed in terms of these distributions.

Recent advances in the application of the magneto-ionic
theory and computer techniques have enabled calculations of
the absorption and virtual height of radio waves, reflected
in a region quhigh group retardation, to be undertaken. The
'phase integral' analysis is adopted for the computation of
these parameters from the various ionospheric models described
and by comparison with the experimental observations an |

estimate of the validity of these results is obtained.



2.1. Ray Theory

The theoretical work which follows is based upon the
principles of the magneto-ionic ray theory summarized by the

Appleton-Hartree formula

: X
n=1\- 5
—_ Y + 4 2|,
1-iZ + Y:
' 2(I—X-i2 [4('_x_ iZ)z + YL ] 2 . 1 . 1

R=%[-2(n-§:2) t{"r(l 2t }"‘]

in which the positive sign refers

to the ordinary wave and the negative sign to the extraordin-
ary wave. The developments from this formula to suit the
needs of various theoretical studies are discussed in the

following sections and in Chapter 3.

2.2. Galculation of True Height

A representative model of the electron density distri-
bution with height is a fundamental requirement of many
theoretical studies of the ionosphere. In many cases the use
of a simple model, such as that described by Chapman (1931)
is sufficient to indicate the usefulness of a theoretical
approach, but in others a more quantitative description of
the distribution existing at a particular time becomes

necessary. Regular vertical incidence pulse sounding of the
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ionosphere at many locations throughout the world provides a
ready source of virtual height data from which highlyrlocalised
electron density-height distributions can be obtained.

The virtual height of reflection of a radio wave
incident normally upon the ionosphere is a double valued
function of the sounding frequency; <the two values represent-
ing an ordinary and an extraordinary ray. The real and

virtual heights arf)related by the integral equation
h(f

KG)=j;fUi}m8,0Jh 2.2.1.

in which the group refractive index, r(, may be considered a
function of the sounding frequency, f, and the plasma
frequency, f,, while the gyro frequency, f,, and the dip
angle, & , can be considered constant and the effect of the
collision.frequency,'v , can be neglected (Titheridge, 1961Db).
The inversion of this equation to give electron density as a
function of height from the lonogram data has been investi-
gated by many workers and the various analyses which have been

evolved will be discussed briefly in this section.

The first technique for the analysis of virtual height
data was an indirect comparison method described by ‘Ratcliffe
(1951). This widely followed system requires the matching of
virtual height profiles derived from a series of model
electron distributions to the observed profile. The first
direct analysis of virtual height data was described by
Kelso (1952), and this was later modified by Shinn (1953), to
allow for the effect of the earth's magnetic field. These
authors described a manual method by which the real height of

reflection at a frequency, f,, could be expréssed as the mean
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of a fixed number of virtual heights scaled at a series of
frequencies, f; . The Shinn-Kelso coefficients define the
scaling points in terms of the ratios f;,/f,, five or ten terms
being used depending on the accuracy required in the electron

density profile.

The 'five point' and 'ten point' manual methods give an
indication of the height of the maximum and of the thickness
of the observed layer, but very little structural detail.
Consideration of this point led Wright and Smith (1967), to
suggest a classification of reduction methods into two groups,
those techniques which give a distribution representing only
part of the complete profile, and those more sophisticated
analyses which attempt to givela distribution satisfying the
whole range of the vertical sounding data. The first group
of analyses, in which Wright and Smith included the original
manual methods, has the major advantage that from a limited
amount of scaling the gross features of the layers can be
calculated. With the growth of interest in the ionosphere
throughout the world, the output of virtual height data has
reached such a level that only a small proportion can be
fully analysed by the more complex methods of the second
group. This has encouraged Schmerling (1967) and Titheridge
(1967b), to develop rapid manual methods for routine use in
deriving the height of the peaks of different layers, the
scale height at the peak, and the total number of e;ectrons
below the peake. o

The first analysis in the second group to be generally
accepted as giving a practical solution to equation 2.2.1,
was that described by Budden (1955), and developed as a



computer analysis by Thomas, Haselgrove and Robbins (1958).
This method, which was presented together with computing
details by Thomas and Vickers (1959), represents the ion=-
osphere in terms of a series of horizontal lamina, and leads
to a series of so~called 'lamination methods' which con-

stitute the majority of the complete analyses in use tqday.

The lamination methods first assume that the virtual
height at any point in the ionosphere can be expressed as the
sum of the individual effects of many horizontal lamina -
below this point. The coefficients in such a sum will depend
ﬁpon the plasma frequency in each lamina, and upon the
exploring frequency, as well as upon the geomagnetic para-
meters at the particular location in the ionosphere. These
coefficients are conveniently expressed in matrix form, and
by inversion of this matrix a value for the real height may
be represented in terms of wave retardation experienced in
each lamina. In calculating the matrix terms a distribution
of electron density within the lamina must be assumed, and
this is the point at which modern developments have deviated

from Budden's original analysis.

The choice of an analytic distribution whiech closely
resembles that of the electrons in the lamina will either
result in a more accurate analysis or in the use of fewer
lamina and hence fewer scaling points to obtain a required
accuracy. The distribution can be expressed as a different-

ial equation of any order (Paul 1960),

j#;_ = constant 2.2.2.

where 95 is any
single valued differentiable function of the electron density.



Budden's method assumes n equal to one, and is thus a first
order method, in which the function §Xy= N%. Other first
order methods have been described by King (1960), and by
Fitzenreiter and Blumle (1964), both employing the function

¢ = log £,
Wright and Smith (1967) have concluded that although the
function ¢v= N2 gives the best analytical fit at the peak of

a layer, the most satisfactory function throughout the- -
profile is ¢ = N.
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In considering higher order methods Paul (1960), and Paul

and Wright (1963), concluded that a second order assumption
is optimum for the analysis, since it not only overcomes the
excess weighting produced by the upper part of the lamina by
giving an independent value to

d h
:EE_
at reflection, but -also
produces a better approximation to the true distribution
regardless of the local curvature of the profile. The major
disadvantages of such methods are that they demand a free
choice of scaling interval and two sets of coefficients, and

are thus only of use where large, high speed computers are

avallable.

2

An alternative to the lamination method was that
described by Titheridge (1959a), in which the real height
profile was represented by a polynomial whose coefficients
could be determined by the solution of several simultaneous
equations formed from equation 2.2.1. This approach was

later modified by Titheridge (1961a), so that only a segment
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of the profile was described by any particular polynomial,
thus overcoming the complexity and inaccuracy involved in
finding a single polynomial representing the whole profile.
This procedure has been adopted in the present study since
its scaling and computing requirements suited those available

and it is described in more detail in Chapter 3.

203- QQI: nglgn OI Iggal Hgigll; !::Qiilgs

The analyses discussed above all depend upon the
inversion of equation 2.2.1 and hence the assumption:that the
function,lﬂ/, is single valued which in turn requires a mono-
tonic solution to the electron density distribution. It has,
however, been suggested that the ionogram cusp formed at the
critical frequency of the E layer may be indicative of a
distinct maximum in the distribution above which a reentrant
region may exist. Such a feature has come to be called the
'valley' and several workers (Davies and Saha 1962, Paul and
Wright 1963) have followed an approach described by
Titheridge (1959), by which the extraordinary ionogram trace
can be used to adjust the profile shape in this 'valley'
region. Davies and Saha (1962) have gone further in adopting
a technique described by Manning (194%9) and have represented
the valley structure by an equivalent single valued distri-
bution producing identical group retardétion curves. The
electron density profiles obtained by this method were later
* shown not to be uhique-(Saha 1964) but to fall into a family
of such curves representing the same virtual height data.
This ambiguity has been discussed further by Paul (1966),
who has attempted, by the use of phase height data, to

obtain a unique 'valley' profile. However, he concludes
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that although this approach gives a lower limit to the valley
width 1t cannot define exactly the electron distribution in

the region.

An associated problem is that concerned with the effect
of ionization existing below the reflection level of the
minimam observed frequency, fmin’ on the ionograms. This
ionization which is unobserved by the medium frequency iono-
sonde can again be accounted for by the extraordinary ray
analysis. Long (1962) has compensated for this ionization by
introducing a slab of constant electron density below the
fain Teflection height, while Sanatani and Shirke (1966) used
a computer to extrapolate the electron density profile below
fmin‘ These correction procedures have been employed to
estimate the extent of the nocturnal E layer since both the
ordinary and extraordinary waves are strongly reflected by
the F layer at night. However the extraordinary E region
trace is heavily attenuated during the day thus rendering this

type of analysis impracticable in many cases.

The correction analyses discussed above require that the
ordinary and extraordinary traces can be reconstructed from
the adjusted electron density height profile. This recon-
struction can be made directly from equation 2.2.1, and
provision for it has been made in many ionogram reduction
methods (Titheridge 1959b). In the present study the phase
integral analysis outlined by Altman (1965) is used and is
discussed in detail in Chapter 3.

The region above the B layer maximum has been referred

to as the valley, and the work of the -authors mentioned has
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entailed the representation of the electron distribution in
this region by a single well defined minimum. However,
vertical incidence ionograms very rarely show a simple
structure in this region and the existence of rapid gradient
changes are indicated by direct rocket observations (Smith
1966). Since it is common to observe several cusps on iono-
grams representing multiple minima or inflections in this
region it will be referred to in this study as the E-F
transition region, and some observations of its fine structure

will be discussed in detail in Chapter 7.

2.4. Calculation of Absorption

The magneto-ionic theory defines the attenuation of a
radio wave in terms of the absorption index k which is related

to the refractive index in the following equation:-~
n_.: )-k — 1_—- 20"“01;

Many workers have investigated the properties of the
Appleton-Hartree formula with a view to calculating the total
absorption of the ray along its path to a reflection level.
The work of Appleton (1937), and later that of Jaeger (1947),
is outstanding, since it formulated the concept of Deviative
and Non-deviative absorption. Their work, incorporating the
quasi-longitudinal and quasi-transverse magnetic field
approximations suggested by Booker (1935), was based on the
assumption that the total absorption could be considered as
a combination of the contributions from two special cases.
Firstly, the contribution from that region of the path where

the refractive index could be considered equal to unity, non-



deviative absorption, and secondly, that from the region near
reflection where the refractive index is sufficiently small
for its variation with frequency to significantly affect the
absorption index, deviative absorption. This technique has
been used by many workers in their investigations of iono-
spheric absorption (Piggott 1953, Piggott, Beynon and Brown
1957). Two problems encountered by this approach, the
validity of the Booker approximations to longitudinai or
transverse propagation in the earth's magnetic field and the
infinite value of the absorption index at the reflection
level, have been studied by several workers (Whitehead 1952,
1956; Hibberd 1962), and many modifications have been made
to the original Appleton formulation.

A direct numerical method of calculation was given by
Bailey and Somerville (1938), and more'recently, Titheridge
(1961, 1967b) has proposed a method by which the absorption
index might be effectively integrated, for the deviative

condition, to a complex reflection point which more nearly

represents the propagation conditions when electron colligions

are included. By this new approach an expression for an
equivalent absorption index k,, for the case where the
collision frequency is zero, is obtained ahd integrated to
the corresponding real reflection height. Titheridge has
shown that, for a sharp linear layer, the additional absorp-
tion produced by integration of the equivalent absorption
index is equal to that produced by integrating the index k
into the complex height plane, to a high degree of acéuracy.

The application of the phase integral technique by

26

Budden (1961) and Cooper (1964), leads to a direct calculation
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of the reflection coefficient of the ionosphere by comparison
of the amplitudes of upgoing and downcoming waves. This

method i1s discussed separately in the next section.

2.5. Phage Integral Method

The application of the phase integral method to the
solution of the problem of radio propagation in the lonosphere
was first suggested by Eckersley (1931, 1932a, b). This
suggestion was taken up by Budden (1961), who described fully
the use of the method to determine reflection parameters in
ionized layers. Following upon this work Cooper (1961)
applied the technique directly to a number of layér models
and showed, by assuming a constant collisional frequency
throughout the layer, that meaningful propagation parameters
could be obtained. This work was further extended by Budden
and Cooper (1962), who showed, by comparison with full wave
results, that the use of the phase integral method gave
accurate results provided that the ionospheric profile con-
tained no gradient discontinuities. Further generalisation
of the method to account for the variation of collisional
frequency with height was made by Cooper (1964), and a
complete analysis was presented with some computing details
by Altman (1965). This later work and the mathematical treat-
ment will be discussed in Chapter 3.

2.6. Colligional Frequency

The propagation of a radio wave in a magneto-ionic

medium results in the electrons and ions assuming an ordered,



oscillatory motion in addition to their random thermal motion.
Appleton and Chapman (1932) have discussed the effect of
collisions between the constituent particles of the medium
upon this motion, and have shown the attenuation of the wave,
and the refractive index of the medium to be functions of the
collisional frequency of these particles. These authors have
also shown that only the electron collisions are significant
in E and F regioﬁs. The dependence of propagation parameters
upon the collision frequency is embodied in the Appleton-
Hartree equation (2.1) and was accounted for in terms of a
retarding force myy, proportional to the electron velocity v
and an effective collision frequency Y. This effective
collision frequency was assumed to be constant for all
electrons, until the work of Phelps and Pack (1959) showed
its dependence upon the electron velocity. The modification
of the magneto-ionic theory to include this dépendence and
the distribution of electron velocity was undertaken by Sen
and Wyller (1960). Their results, which have been derived by
Budden (1965), by a less complex mathematical approach,
demand the use of a modified collisional frequency in the

original Appleton-Hartree formila.

A second problem involved in establishing a collisional
frequency profile for use in ionospheric calculations is that
direct measurement of this parameter is difficult and-
observed values differ widely, Fig. 8.8.1. Several workers
have therefore formulated collisional frequency profiles from
the known parameters of the ionosphere. Thus, using the
analysis developed by Chapman and Cowling (1939), and Cowling
(1945), Nicolet (1953, 1959) derived expressions for electron

28
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collisions'with both neutral molecules and charged particles.
Thrane and Piggott (1966), have summarized these theoretical
studies and, neglecting the collisions with charged
particles, have derived from the U.S. Standard Atmosphere
(Sissenwine et al. 1962) a profile for collisions in the D
and E regions which agrees well with experimental observa-
tions. These calculations and the importance of charged
particles collisions above the E layer maximum will be

discussed in Chapter 3.



The application of the magneto-ionie theory, as described

by the Appleton-Hartree formula, to radio wave propagation in
the earth's ionosphere has been discussed in detail by
Ratcliffe (1959) and Budden (1961). In this chapter the
calculation of the real height of refleection of a wave and
the ionospheric absorption loss are discussed in detail. In
addition, the computation of electron collision frequency
from kinetic considerations of the atmospheric conditions is
discussed as a preliminary to the calculation of the absorp-

tion.

3.1. Magneto-ioni¢ Theory

The Appleton-Hartree equation (equation 2.1.1) may be
used to derive expressions for both the total absorption and
the virtual height of reflection of a pulse of radio waves.
If the complex refractive index defined by equation 2.1.1 is

expressed as the sum of a real and an imaginary part
n—;.—],k-ix
a wave incident on the medium of the form

E=E°exp [im(‘t - :CE‘-)]

can be expressed by substitution as

E= E_oexF [- “‘gfzig].ex’:[iw(f - #EE)]
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The exponent of the attenuation term may be written in the

form
._.O.)O(Z —_ kZ
c

where k is the absorption coefficient which can

thus be equated

X _ e

e
and the refractive index expressed as

n = ,A——Ts_
Hence by separation of real and imaginary parts the absorp-
tion coefficient of the wave may be written in terms of the
Appleton~-Hartree equation. Many forms of this equation
have been described for conditions under which the quan-
tities ¥, or ¥, can be considered zero and the approximate
cases where the real part of the refractive index is con-
sidered unity or very much less than one. These cases
have been treated by Ratcliffe (1959) and the published
forms of the expressions have been reviewed and compgred by

Marty (1964).

The second parameter with which this study is concerned
is the group retardation of the wave along its path to
reflection. It has been shown by Budden (1961) that the
group refractive index of a pulse of radio waves may be

related to the phase refractive index by the relationship

/ )
/J.—_=:b_f—<fk¥ 3.1.1.
and the field of the reflected wave reaching the
ground having been reflected at a height 2z (f) is
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E(t) = jFG ) exp [2v1¥(t—-f}xdz) d{]

where F(f) is the Fourier transform of the pulse. If now
the condition that the exponent,or phase term,shall not
vary with frequency is imposed, then the equation

[‘0{3 U (v-2 J dZ)ﬂ = 0 3.1.2.

° -4

is obtained for the predominant frequency f . The quantity

=

¢ 1s the time taken for the pulse to travel to its reflec-
tion height and back to the ground, and an equivalent or
virtual height may thus be defined as

L(\C) =3¢ (¥) 3.1.3.

Further from equation 3.1.2.

cr = 2 [" fﬁ} dz + 2¥}~(z°)[ J 3u1.h.
o «Y«? $$ '
and since)L(zo) is zero and 'bz¢g¢ is finite except when the

frequency is close to the penetration frequency of a layer,

the expression z,@)

L’({’) = J.L/ d= 3.1.5.

(o]
can be obtained by substitution of
expressions 3.1.1. and 3.1.4. in 3.1.3. Thus the virtual

height of reflection of a pulse can be expressed in terms of

the parameters of the Appleton-Hartree equation, 2.1.1.

2. Galculation of Colligional Frequency

The application of the Appleton~Hartree expression to
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the calculation of absorption and virtual height has been
discussed briefly above in its general form containing the
parameter Z and hence the effect of the frequency of colli-
sions between electrons and the other particles which form the
ionosphere. Furthermore the absorption of a wave has been
shown to depend directly upon the imaginary part of the re-
fractive index and thus very strongly upon the collisional

frequency.

Following sunrise, the reflection of frequencies in the
range 1.5 to 2.5 MHz may take place at heights above- 150 km
and it is therefore necessary to consider a region of the
ionosphere where not only collisions with molecular oxygen
and nitrogen are experienced (Thrane and Piggott 1966) but
also those with atomic oxygen and positive ions. Thrane and

Piggott have derived the expression
-7 -8
v = [l.n. 10 n(Nz)-i— 7.0 n(Og:,kTe 3.2.1.

for the collisional
frequency of electrons with energy kT from the observations
of Pack and Phelps (1961) and Phelps (1960) and following the
theoretical approach described by Nicolet (1959). The
addition of a term for electron-ion collisions has been dis-

cussed by Thrane and Piggott and has the form
% ¥,
T -2

The constants a and b have been computed by fitting this -
formula to the laboratory results obtained by Anderson and
Goldstein (1955) and may be further simplified assumiﬁg the
slowly varying logarithmic term to be constant giving

-3,
v‘i - 38.Ni-'; 3.2.2.



The collision rate with atomic oxygen has been considered
by Klein and Brueckner (1958) and their results have been
adopted by Shkarofsky (1961) to obtain the expression

‘o
2 =37.10°n(0) kT 3.2.3.

The dependence of the colligsional frequency with atomic oxy-
gen, % , upon the square root of the absolute temperature,
T, is derived from an observation made by Klein and Brueckner
that the collision cross section of atomic oxygen was in-

dependent of the electron velocity which in turn depends on
(T)*

Thus by following the practice of previous workers an
expression for the total monoenergetic collision frequency was
obtained. It has however been pointed out by many authors
(Sen and Wyller 1960, Shkarofsky 1961, Budden 1965) that care
must be taken in the substitution of theoretically derived
values of collisional frequency into the Appleton-Hartree
equation. By allowing the electrons to have a Maxwellian dis-
tribution of velocity, Sen and Wyller (1960) have described a
generalised form of the Appleton~Hartree equation in which an
effective collisional frequency is adopted in place of the
monoenergetic frequency given by the expressions above. They

further related the two quantities by the formula

Vo = 2:5 %,

2

for conditions where 1{,' KL @ or W,

In the pyesent study the collisional frequency profile
has been computed for each electron density distribution in

turn from the expressions 3.2.1, 3.2.2 and 3.2.3. The

3k
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neutral atmospheric data has been taken from the Cospar Inter-
national Reference Atmosphere 1965. The mean solar 10.7 cm
radio wave flux for January to May 1969 was 156 x 10-22W/mz.Hz
and the model for solar activity represented by a flux of

175 x 10"2:2 W/m?.Hz was adopted. This model provided the con-
stituent densities and the'neutral gas temperature which was
increased by a factor of 1.37 to give an estimated electron
temperature. This factor was derived from the observations of
Spence and Brace (1965) who have published both neutral gas and
electron temperature variations with height. It has however
been pointed out by many workers (Bauer et al. 1964, Sagalyn
and Smiddy 1964, Oya and Aso 1968) that the electron tempera-
ture in the upper E region and above may vary appreciably from
day to day and since no measure of these changes could be made
during the study it was accepted that an appieciable error
might exist in the final estimation of the collisional fre-

quencies above 100 km.

The effect of the addition of the atomic oxygen and ion
collision components is illustrated'by the collisional fre-
quency-height profiles represented in figure 3.2.1. These
profiles have been derived from a theoretical electron density
distribution described by Bourne Setty and Smith (1964) for
conditions in the E-F transition region, 110-170 km, one hour
after sunrise. The three curves represent (a) molecular
collisions only, (b) molecular and atomic collisions, and (c)
the total collisional frequency including the electron-ion
collisions. These marked differences in the collisional fre-
quency have been compared with the values given by other workers

in section 8.3.1, which also includes a discussion of their



Collisional Frequency collldons/wc

FIG,3.2.1 Collisional frequency-height profiles incorporating
(a) molecular collisions,
(b) all neutral particle collisionms,
and (c¢) all collisions including ionic collisions.
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effect upon the absorption and virtual height of reflection

of a radio wave pulse.

3.3. 1 on of Abso d Virtual Height by
the Phase Integral method

The absovption coefficient, k, can be expressed in terms
of the imaginary part of the complex refractive index defined
by equation 2.1.1. (section 3.1). Thus, if the variation of
the parameters X, ¥ and Z are known with respect to height
the total absorption Sﬁffered by the pulse can be written as

L = 2j°kds

o

where h, is the reflection height and ds is an element of the
ray path. However two difficulties arise; firstly, k tends
to infinity as the reflection point is approached and secondly,
the reflection height, i.e. the level at which the refractive
index becomes zero, may not lie on the real height axis since
the refractive index is a complex quantity. In simple ray
theory the reflection height is considered real and the path
into the complex plane neglected. This necessitates approxi-
mations to the integral of k in the lastelement of the path
to reflection, commonly called the last 'slab'. The approxi-
mation near the reflection level has been investigated by
many workers and many forms of the simple ray theory have been

described and are reviewed by Murty (1964).

In order to account completely for the path of the ray
into the imaginary height plane near the reflection point,
Budden (1961) has applied the phase integral method to the

region of the ionosphere where the physical conditions
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undergo little change in the space of one wavelength of the
propagating wave. Budden has discussed in detail how the

W.K.B. approximate solutions of the wave equation

L L e=0 3.3.1.

~o §

can be used to give an expression for the reflection coeffi-

cient measured at the ground
Ty .

R = iexp[—Zi kj“dij 3.3.2.

in which the exponent without
the unit vector 1 is the phase integral. The evaluation of
the phase integral requires the integration of the complex
refractive index to its zero in the complex plane defined by
the complex reflection height z, . Since the refractive index
is multivalued there will be several points at which it
becomes zero and the first requirement of the phase integral
analysis is the location of these s0 called branch points.
By inspection of equation 2.1.1. these reflection branch

points occur when

X= |-1Z 3.3.3.
‘for the ordinary ray and
x= ‘iY— '.LZ 303-"“0'

‘for the extraordinary ray. Further coupling branch points

are located at the height in the complex plane where the
ordinary and extraordinary refractive indices are equal.

These points are located where the square root term in equation

20101. |/2

2
’:-}; Y4'sin9' +Yzco59<l—x—iz> 3.3.5.

becomes zero.
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' .2
Introducing the critical value <Z_= ( 8in ©

26059‘
this expresgssion becomes
a2 ‘ 2
ZC + ("’X'—?Z) = O 3.3.6.
which is satisfied when
o
X =1+ i(¥Z,-Z) 3.3.7.

thus defining two coupling points.
The one incorporating the minus sign is ignored as it lies
further from the real axis and hence has less physical signi-
ficance. In this coupling region interchange may take place
between the ordinary and extraordinary modes, giving rise to
an 'initial ordinary' ray which will be reflected at the
upper extraordinary reflection height. For the radio waves
reflected in the E region ZZcis generally more than 70 x Z
so that the three contours represented in figure 3.3.1 are

considered to be physically significant.

Following the technique described by Altman (1965) the
branch points were located by assuming that the X and Z height
profiles have the form

X==><'°eQz

Z:‘Zc e_Lz 3o3a8.

in the proximity of the branch
points. The values of X,, Z,, a and b were obtained at the
points X = 1l or X =1 % Y by linear interpolation between the
data points of the log X and log 2 profiles. Substitution of
the expressions 3.3.8 into equations 3.3.3, 3.3.4 and 3.3.7,
for the branch points, give the coordinates of the reflection

‘points as
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= Lloglesbye | _ (2, cos (avb)y,
Xy = a 'GS Ls Q“‘b)fjrjl = % IOS L__Xo Sin o, | 3.309.

and the coupling point as

cosby, —Ze Sinby | _ 1 | 1Z, cosla+b) 4y,
CeS (a.-i-b) Ye b 3 Z. coS ay, — Sinay,

(
xc= —Q_ '03

3'3.100

where X, and Z, are given values appropriate to the various
branch points. Z, for the coupling point is taken as the
value of Z at the level X = 1. The trigonometrical functions
in equations 3.3.9. are taken to be in the first quadrant so
that y_. takes the necessary negative value. 1In this study Z.
is alwayé greater than Z and y;'is assumed positive in
equations 3.3.10. The y coordinates in equations 3.3.9 and
3.3.10 have been located by finding the zeros of the express-
ions involving y only. This has been done by stepping y,.

away from the real axis in‘fixed steps until the function

F = 4 leq|_Cos bar . ( Z, cos (asb) Yr
a Les(ai-b)gr] L 9 —Xo Sin ay. ‘ 303.11

changes sign and the zero was then located within a given step

in y. by step halving, Further accuracy of location was

obtained by Newton's method, in which the tolerance was set at
10-m km. Coordinates X, and y. were computed and stored along
with the coupling coordinates obtained from equation 3.3.1 by

the same iteration method.

A phase integral expression for the total absorption of

a radio wave can be obtained directly from equation 3.3.2 as

L =-2k5{( J;Jz) 3.3;12.

(-3
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in which ij "3 of tne reflection points defined by coord-
inates 7. The integration was carri out along the real
axis to 'iite /alua x” and tben perpondlcunirly into the complex
plane to . In all calculations tne initial step from the
base of the ionosphere was taken as 1 kn and this was progress-

ively d;ereasad to a lower limit of 1 later in the real

direction ana */l0 meter in the imaginary direction. Uithin
each step a 3 point Simpson's rule was us to evaluate the
integral, k& similar analysis was carri en out to obtain the

virtual h”ighu from the expression

fnod 3.3.13.

0 gradient was
determined cetween two adjacent frenuen-* es, f and f +hf,

where Af was set at 3QGO Hz.

The accuracy of the computer pr:..gram <@ in satisfying the
reflection conditions 3.3*3 and 3-3.3 was found to be high,
these belnc satisfied to 9 decimal places, ns a further test
of the Qr''rnmme a comparison was made between the results
obtained b.; this analysis and those from ¢ s.iaiilar programme
developed by Thomas (1968). For the ordinary ray (table 3*3.1 -
the agreeme it is to xnthin k,k% and this orror was considered
to be duo mainly to the large fixed integration step length
(2 km) adcpted by Thomas. Some further absorption values
calculated by the Leicester programme for a range of fixed
integration step lengths are presented in tab”e 3*3.2 and
these illustrate the large errors which can a/'ise if the
integration is carried out over coarse ;,teps ”“.hroughout the
analysis. It has been shown by Cooper (190l ) that the

absorption values computed for an exponential distribution of



Prequency Virtual Height Absorption
km nepers
a b c a b c
2.0 105.56018 105.64836 105.43 2.9852377 3.0094086 3.137
2.4 108,57615 108.53880 108.31 2.6268376 2.7201192 2.705
4.0 142,71625 143.67296 - 1.3764977 1.3819695 1,389
4.3 141.17943 141.13148 - 1.2212962 1.2483671 1.110

Table 3.3.1

Compurison of computations mude by 3 analyses
(a) Leicester I'hase Integral program,with decreasing step

(b)

length,

" ,0.25km step length.
(c) Thomas(1968) rhase Integral program,with 2km step

length.
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Frequency Absorption Deviation.

Miz nepers ‘

2.0 0.6016 0,002
2.5 0.6008 040028
3.0 0.6003 0.0033
3.5 U.6022 0.0014
4,0 0.6038 0,0002
4.3 V. 6071 0.0035
5.0 0, 6094 0.0058
Mean U.6036 0.0027

Table 3,3.3 Absorption in an lxponential

layer,
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electron density with constant collision frequency should be independent

of the wave frequency. This observation is borne out by the values

computed by the Leicester programme and presented in table 3.3.3 to better

than 1%.

3.4 Reduction of ionograms by the Polynomial Method

The methods available for the reduction of virtual height data
to electron density-height profiles have been discussed in section 2.2.
In this study the polynomial method, as described initially by
Titheridge (1959a), has been employed since it offers the same degree of
accuracy as the lamination methods with fewer scaling ﬁoints and hence
smaller tabulated matrices. This factor has enabled a higher degree of
accuracy to be obtained with the limited computer capacity available.
Titheridge (1961a) has further modified the analysis by limiting the
extent of the region represented by any particular polynomial. Details
of the analysis are discussed below.

In order to.compute the real height of the reflection hi of a
frequency fi a polynomial of degree four is required to represent the
real height profile at heights hi-2’ and hi-1 and to reproduce the
observed virtual heights, h'i_1, h; and h;+1 through equation 2.2.1.
Thus, by assuming that the virtual height and the real height are
identical at the lowest frequency observed on the ionogram and thaf the
real height of reflection has not changed in the frequency interval below
this, successive real heights may be calculated by step by step method
along the frequency scale.

In considering the calculation of hi it is assumed that hi-2 and

h. are known and that the real height profile between plasma frequencies

i-1
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N tio2 v T fie

Thus hi-2 and hi-1

(O(O)i

may be represented as

2 3
P v ()T o+ (X305,

i-2

+ (X

i
il

2
+ ()17 4

2
(ol )y + ()55, 21551

Furthermore, if the quantity H', .
i-1;3i-

can be represented by the polynomial

2 3 n
(o )y + (o) fy v () 8%+ (ag) 27 + (o) 7y

3.4

b
+ (c(h)if

I
+ ()17

> is defined as the virtual height

resulting from the passage of a radio wave of frequency fi;1 through
ionisation above the level hi-2’ so t%?t
it
/
H'i-‘l,i-z = /u(fi_.l,fN) dh 3.4.2.
then from equation 3..4.1 kia
;i‘*l ;i-/ i
/ . 1 2.
t = ]
H' 9 i-2 )y Fy 2(4,)4 //"‘ fafy + 3 (elg)y My
-v}’i’z fia ., 3 i
1
+ h(o(h)i W7y AN
fio
If the "partial" virtual heights H' and H!, . -, for
i,i- i+1,i-2

frequencies fi and fi+1

are also expressed in this form five simultaneous

equations are produced which may be represented in the matrix form -

h, 2 3 L
i-2 ! £ Tio Fi2 - (o)
2 3 L
h 1 £ £ £
-1 -1 -1 -1 :
i 1 fll; ) :.L&-‘ 3 ("(1 )l
H' 15070 ﬁudf j 18ty 3 [ ety h(f‘u.f (o) 5
: " A4
5,12 0 f'df f / b,f/,.f ()3
fafier Vel fd}«/ '{t {m 3
Hliva2| |0 JHdy /j"fndi /Mf bofprergety 1)y
7(‘:'3 ‘f Y {‘._1
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which may be further abbreviated to

H = G‘ic(i 3.4.3

1

rthermore, the equat on 3.L.1 gives the expression

3
hyo= () o+ (o) fy v () 20+ ()1 (o

it i )J.)ifi

for the real height of reflection of a frequency fi.

Thie may be expressed in the matrix form

hi = Ei.&i 3'1401‘ A
in which . is the row matrix (1, f f2 £ fh 5
i A A i’ i’ i
Thus, by combining equations 3.L.3 and 3.L.L
h, = [{‘ G.-1]Hi 3.L.5
i i i

from which the real height hi can be computed from the
quantities hi-1’ hi-2 and the partial virtual heights at frequencies
fi-1’ fi and fi+1' The partial virtual heights defined by the equationb

3.L.2 can be expressed in the form

1-2
=

by employing a lamination method to evaluate the
integral. The height ho is the real height at which the analysis is
begun and is assumed equal to the observed virtual height of the lowest
observed frequency on the ionogram. The mean phase refractive index in

each lamina defined by the subject j can be expressed in the form

)x
— 1
]
Mg * fj‘fj-wf B ) 37
B
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and this expression has been further simplified to

—A W f /A
A Ai-';
for the calculation of wvalues upto j = 1- 3.
However, for the case whe.e j = 1- 1, the integral is eval-
uated by a three point Simpson's rule technique, The

integrals involved in the matrix G have been determined by
the application of 10 point Gauss Quadrature formula described
by Lov/an, Davids and Levenson (1942). The values of

and the row matrix G have been calculated for Leicester
adopting the geomagnetic parameters In table 3»4.1. and a
frequency range of 1.4 to 10.0 Wiz in0.2 i*z steps in f*

and f* and were stored in matrix form for routine ionogram

reduction.

3¢5+« The valii.iy .
3.5.1 . 3ensitl-'ty lo..

The geomagnetic parameters listed in table 3*4.1 have

been interpola-ea from values for Slough and Inverness taken

at ground lev.n. These parameters are known to vary with time
and also with h.-ight above the ground. In order to ascertain
_ o
the sensitivity of the tabulared values of and F. —
y

with changes in these parameters the matrices where cal-
Gulated for several value., of the gyrofrequency, 1.2, 1.25
and 1.3 Mtz and of the dip angles, 67.5 , 67° and 66.5°.
The resulting nine pairs of matrices were used in the
reduction of the test virtual height curves A, B and C of
figure 3.5.1+¢ The deviatico etween the resulting electron

density profiles for various ombinations of the gyro-



Geographic Latitude 52 37 N

" Longitude 1 6 W
Uyro-frequency 1.28 MHz
) /
Dip Angle 66 44

Table 3.4.1 Geomagnetic and Geographic
parameters of Leicester.
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FIG.3.5.1 Virtual height-frequency test curves for the polynomial
analysis. :
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frequency and dip angle was never more than 0.28" while the
changes in the two parameters were 7%*7% and 1.5" respectively.
Thus the sensitivity of the analysis to fluctuations in the geo-
magnetic parameters is small and the error induced into the
analysis by inaccuracies in the estimation of these parameters
can be considered negligible when compared with the errors
involved In the scaling of the virtual height data which will be

discussed in Chapter

3.5.2. Hie .iicalilis.

This study is concerned with the disturbed region around the
peak of the E layer as indicated by the fine structure recorded
on ionograms. The .iae of the scaling interval is therefore of
particular importance in respect of the ability of the reduction
analysis to account for these fine structures. In section 3.4
the scaling interval used was 0.2 MHz following the recommendation
of Titheridge (19bla). However figure 3*5*3 illustrates the
variation which was produced in the electron density profile when
the test curve D. figure 3*5.2-. was moved along the frequency
scale between the two eztremlties shown in the figure. The
virtual height curve was arranged so that the cusp occurred at
1.9, 1.95, 2.0, 2.05 and 2.1 MHz and the reduction analysis was
carried out for each case. The results indicate that when the
"usp was positioned at the scaling frequency or below it, the
computed real heights lay on or within two kilometers of the
cashed profile. The lower dotted profile was the result of
taking the cusp to a frequency above the scaling point, liuis the
position of the cusp had little effect upon the resulting
profile unless its position was changed from one side of the

scaling point to the other, in which case the profile was -~reatly
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FIG.3.5.3 Monotonic profiles resulting from the movement of a cusp feature
. (fig.3.5.2) between the scaling points.
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altered. Thus to obtain a profile which might represent the
virtual height data as closely as possible It was considered
that the cusp structures of the ionogram should be located as
accurately as possible by employing the smallest practicable
scaling interval. This was found to be 0.0$ i'€iz. Further
interpolation between the frequency markings of the ionograms
may entail large errors since, by virtue of the servo-tuning
control system employed, the receiver frequency is generally
not a simple function of time. Thus the frequency mark

spacing on the ionograms may be irregular.

In recomputing the matrices for the analysis it was
considered necessary to use a three point Simpson's Rule to
evaluate the quantities in the last six frequency steps

where the proximity of the reflection height renders the

simple linear assumption inadequate. The difference between
the coefficients j calculated by the two methods was
approximately one percent for the sixth coefficient, j =1 - 7,

and eight percent for the last step. The electron density
profile obtained by this modified analysis has been included
in figure 3*5*3* and demonstrates clearly the increase in
profile definition obtained by the use of the narrower
scaling interval. This improvement has been further illus-
trated in figure 3*5*" in which the results obtained from the
two analyses and the test curve A have been presented. The
two peaks which give rise to the cusps of curve A are

clearly defined by the modified analysis while the original
coarse reduction gives little or no indication of these

structures.
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30-3- Comparison with Analytic Pr.Q,rili

The three analytic profiles given by the equations of

3.5.1 and illustrated in figures 3*5® 1 3»5«6 and 3*5*7 were

used to test the validity of the reduction technique.

1
Linear layer f = «(z —kj 2>k.
Parabolic layer f — f.I"l— AT U-zJ <0.

r[ a J
3*5.1
¢cC= 0 > 0.
u("2 k&

Exponential layer = r e H >

In each case the corresponding virtual height profile was
calculated using the expressions for the no field case
derived by Sudden (1961) and these profiles were then

processed by the reduction analysis.

The technique described by Titheridge (196la) was used
to obtain the curves marked A in the figures listed above.

In this analysis the real and virtual heights at a starting

frequency of 1-5 IHz, f* , were set equal and the computa-
tion begun at the frequency -t~ +Af, where Af was the
step length. It was noted that the resulting profiles were

too high by 3.5, 2.0 and 9*0 km for the linear, parabolic

and exponential layers respectively at 1.? MHz. This dis-
crepancy has been attributed chiefly to the neglect of ion-
isation below the reflection level of the I.5 iSz wave.
However the approximations used by Budden in computing virtual
heights in the absence of a magnetic field would also con-
tribute to the poor agreement. In order to take account of
the low lying ionisation the starting assumption to the

analysis has been modified.
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The virtual height K4, was assumed to be equal to h.

ancthe extent oi the group retardation ofthe wave”frequency
was estimated. The base height, .was then set at a

value equal to the real height h>, i.e. h.f_, minus the esti-

mated group retardation. The analysis was then applied as

before starting at the first scaling point. Thus for the

frequency f. the partial virtual heights

/ (
H "2 = k-, -k

take a non-zero value and lead to a newcomputation of hj .

Further,at a frequency +% the value of

is modified by addition of the term (vvi-'W; )  which is

no longer zero.

This modified analysis was applied to the analytic test
profiles and the resulting curves, marked B in figures 3*5»5%
3.1.6 and 3.5»7., were obtained and show agreement over the

frequency range to better than 1 km.

3*5*%4. Comparison with the lamination Method

The virtual height test curves A and B of figure 3*5%*]
representing typical winter and summer profiles were
analysed by the reduction analysis described above and by the
Lamination Method as formulated by Thomas and Vickers (1959).
The resulting profiles are shown in figure 3*5*8. and the
mean difference has been calculated to be 1 for the

winter, 1.2# for the summer profile. Further comparison with

47
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the lamination method was obtained by analysing the test data
published by Thomas and Vfckers (1959). The results of tnese
computations agree with those obtained by Thomas and Vickers
as can be seen from figure 3*5»9. From the observations

and comparisons made above it is concluded that the Modified
Titheridge reduction analysis with a frequency scaling
interval of 0.05 produces a monotonie electron density
distribution representative of the virtual height data with
an accuracy comparable with that of other methods available

for use on a small computer.

The modified polynomial reduction discussed in detail in
tnls chapter has been employee at leicester and the electron
density distributions obDainen feauur” in me comparative
studies discussed in Cnaoter In conjunction with these
and other experimental and theoretical mocels, the phase
integral analysis has been extensively used to compute both
absorption and virtual heignt. The results of these calcula-

tions are discussed in detail in Chapters 7 and 6.
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Previous Experimental studies ofLahsDrntlop and

viXAit-al

4.1. Pulse Techniques

Appleton (1928) has reviewed the experimental tech-
niques available at that time for the measurement of the
virtual height of reflection of radio waves by the ionosphere.
These methods were (i) the “angle of incidence* method des-
cribed by Appleton and Barnett (1925a), (ti) the 'frequency
change' method, Appleton and Barnett (1925b) and (lii) the
'group retardation' method, Breit and Tuve (1925), The first
two techniques employed continuous radio waves travelling over
horizontal distances of the order of 150 km whereas the third
required the transmission of e short duration pulse of radio
waves along a nearly vertical path to the ionosphere and has
since been called the 'pulse' method, Appleton and Builder
(1932) have described some experiments carried out in England
to compare the results obtained from the 'frequency change'
and 'pulse' methods. The pulse technique described by these
authors and its application to the measurement of virtual
height has been widely adopted and is employed in this study.
Appleton and Builder also commented upon the variability of
the size of the reflected pulse and further development of
their technique enabled many workers to measure the total
absorption of a radio pulse in its passage tiirough the iono-
sphere (Piggott 1953)* In discussing the later development

of pulse techniques it is convenient to treat the observa-
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tions c¢" virtual height and absorption separately.
(a) Fuxse SpundiiiE.

Figure 4.1.1.(a) illustrates a typical form of display
obtained by the Appleton and Builder (1912) technique and
indicates both the virtual height and amplitude of each echo.
However the measurement of virtual height alone is more con-
veniently obtained from the B scan display, figure 4.1.1.(b),
ipc 1 which Gilliland (19j4) based the first automatic sounder.
As the operating frequency of the instrument was steadily
increased, photographic film was arawn perpendicularly past
the trace thus producing a record similar to that illustrated
in figure 4.1 1(c). Naismith (1933, 193&) developed a similar
instrument with which Appleton and Naismlth (1935) made one of
the first synoptic studies oi t?u: features of the virtual

height variation with frequency.

Mright, Knecht and Davies (1957) have reviewed the
development of these tecnniquos prior to the [.G.Y. and list
the specifications for fourteen ionosondes incorporating the
bdsic principles of the pulse sounding technique. The Union
Radio mark II ionosonde described by Clarke and Shearman (1953)
has been used at Leicester and will be described in more
detail in Chapter 6. Following the [.G*Y. several further
modifications to the technique have been described in order to
Improve noise discrimination and to facilitate record scaling
as well as to increase the transmitted power and frequency
response® These developments and the adaptation of sounding
techniques to operation in artificial satellites to enable

topside sounaing to be carried cut have recently been



A - SCAN

B~SCAN

FIG.k.1.1 Types of ionosonde display,
(a) A-scan
(b) B-scan
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reviewed by Ecoles and King (1970). These authors also
describe some new sounding tecnniques which depart from the
basic system discussed above, for example the 'Chirp' sounder
described by Fenwick and Barry (19&7) and the pulse com-

pression techniques investigated by Coll and Storey (1965)*

The first attempt to measure the amplitude of radio
waves reflected from the ionosphere was made by Appleton and
Ratcliffe (1930) using the frequency change method. The
introduction of the pulse technique by Appleton and Builder
(1932) greatly simplified the observations and made accurate
measurements possible. Many workers (White 1933, White and
Brown 193&, Best and Ratcliffe(193”) employed this simple
manual technique to observe the variations of ionospheric
absorption with frequency, time and season. Much of this work
has been summarised by Piggott (1953) uM Appleton and Piggott
(1954) in reporting the findings of their observations over

two sunspot cycles.

The manual pulse absorption technique requires the con-
tinuous services of a skilled operator and it is therefore
impracticable to make observations over a long period of
time. To overcome this problem Jenkins and Ratcliff (1953)
have described a fully automatic recording system employing
a gated amplifier in conjunction with a constant gain receiver.
Many modifications of this technique (Madden 19&7, Henry 1976),
designed to meet local requirements, have been discussed. The
system developed by Madden (19&7) has been used as a basis
for the recording equipment developed at leicester which is

described in Chapter 6.



4.2. The experimental studies, of the regular features of the

ionosphere

In the Annals of the Piggott, Beynon and Brown and
Ix1ttle (1957) have described in detail the measurement of absorp-
tion and discussed the main experimental and theoretical con-
clusions drawn by the early workers. Further observations of these

regular phenomena have been discussed by Bibl, Paul and Rawer (19&5)

Appleton and Figgot (1954) have shown that the frequency dep-

endence of the non-deviative absorption is given by the formula

and the solar cycle variation by

a(r h J

These authors have also found that the diurnal variation of
absorption can be represented by the expression 1=0 cos**" | in
which the constant G may vary with season and magnetic activity.
Mich discussion of these empirical relationships has been under-
taken especially that describing the diurnal variation of absorp-
tion. Bibl, Paul and Rawer (19&5) have found a seasonal variation
in the exponent n and Davies (19&5) demonstrates the latitude

dependence of n and also suggest that the form

L_= U
better describes
conditions at sunrise and sunset. Recently Rai (1969 a, b) has
reviewed the available estimates of n and has investigated, both
experimentally and theoretically, the dependence of non»deviative

absorption upon X and frequency at large values of the zenith

angle.
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The routine observation of virtual height by sounding
techniques has provided extensive world wide data from which
the diurnal, seasonal, solar cycle and latitude variations of
the layer parameters such as the E region critical frequency,
fo E, have been derived. The observations of Appleton and
Naismith (1935) established the structure of the ionosphere
above 100 km by indicating two distinct reflecting regions
referred to as the E and F layers. These authors also
observed an irregular reflecting region near 100 km which they
called the abnormal E. Further studies of the virtual height
variation with frequency, h (f), were made by Halliday (193&)
who observed irregularities around f* E on ionograms recorded
manually at noon. Robinson (1960a) has discussed in detail
observations of the E region and has compared the regular
variations of this layer with those predicted for a theoretical
layer by Chapman (1931)* To facilitate such studies Wright,
Knecht and Davies (1957) and later Piggot and Rawer (1961)
have formulated systems by which the interpretation of iono-
grams may be formalised. The results of synoptic studies of
ionogram data have shown the E layer to be a well behaved
layer following closely the predictions of the Chapman theory
and the F region to consist of two closely associated layers,
Fj and F* of which the F* approximates to the Chapman theory

while the upper layer is far less predictable.

4.3" Irregular ionospheric features in the E~F transition region

The study of the regular features of the ionosphere
between 110 and 170 km is complicated by the occurrence of
several irregular phenomena. The most important of these is

the occurrence of Sporadic E which was first observed by
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Appleton and Naismlth (1935) and has received much attention
since (Smith and Matsushita 1962)0 In addition further minor
features of the E-F transition region producing multiple cusp
structures upon ionograms have been observed over many years.
Naismith (1933) observed a single intermediate trace between
the E and F layer traces of the ionogram which he designated
the Eg layer. These observations gave support to the work of
Appleton (1933) who concluded that the intermediate layer was
as thick as the normal E layer and was produced by the same
ionising radiation. Gilliland (1935) and Halliday (1936)
observed multiple cusp structure on ionograms and the work of
these and several other authors has been reviewed by Becker
and Dieminger (1950) who suggested that the occurrence of the
Eg should be adopted as a regular phenomenon and its minimum
virtual height and critical frequency be tabulated by the
routine sounding stations. Becker and Dieminger have also
carried out a synoptic study of the occurrence of the E%
trace and have found it to be a common feature near sunrise
and sunset but less frequent at midday. Furthermore, these
authors conclude that the Eg layer has the characteristics of
a thin homogeneous layer which has a critical frequency 200 to
300 kHz above that of the normal E layer and which develops in

a regular fashion throughout the day.

Whale (1951) has commented upon this fine structure and
has attempted by an ionogram reduction analysis to obtain
representative electron density profiles of the upper E region
and E-F transition. These profiles showed minor ledges in the
monotonie profile to which Whale attributes the fine cusp
structure. A similar study was undertaken by Minro and

Heisler (1956) in the temperate latitude F region following
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the observation of fast moving cusp structures in the tropical
F layer by Skinner, Brown and Wright (1954). Munro and
Heisler have traced model travelling disturbances through the
F region and illustrated by calculation how such structures
could produce the fast moving cusps observed. However it was
further suggested that the effect of such disturbances would
be very small in the E layer.

The observation of fine structure and the regular occurrende
of a prenoon dip in the development of f E with X has led
Appleton and Lyon (1957) to discuss the departures of the E
layer from the predictions made for a Chapman layer. These
authors have proposed that a transport term should be included

in the continuity equation for the E layer, thus

N = q() — d(N) - dw (N x)

This transport or vertical drift term has been described by
Martyn (1947) and attributed to the movement of ionization
under the influence of the Sq current system, desecribed by
Chapman and Bartells (1940), and of the horizontal component
of the earth's magnetic field. During experimental studies of
the effect of 8q currents upon f,E, Beynon and Brown (1959)
~and Appleton and Lyon (1961) have noted some ambliguity in
recording the value of f E and have attributed this to small
fluctuations in the electron density distribution near the E
layer peak. Robinson (1960 b) has continued the work of
Whale (1951) and Bibl (1951, 1953) in investigating the
perturbations of the electron density distribution associated
with these small ocusps occurring near faE. Dieminger (1962)
has considered the multiple cusp irregularity in terms of

the highly complex electron density profiles observed from
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rockets. These profiles, which may differ in detail between
the ascent and descent of the same rocket, show many small
undulations in the profile which Dieminger regards as the
result of highly localised regions of increased ionization
within the regular layer. This is, however, in contradiction
to the observations of Robinson (1960 b). Furthermore,
Dieminger has studied the lifetime of the ionogram fine
structure during the afternoon and evening and has found that
the subsidiary cusp structures have a faster decay rate than
does f,E and that half the cusps observed have a lifetime of

less than two minutes.

The observations of Becker and Dieminger (1950), dis-
cussed earlier, indicate that the occurrence of fine structure
is particularly noticeable near sunrise, thus suggesting that
the electron density distribution between 110 and 170 km at
this time may depart markedly from that predicted by Chapman
theory.

The measurements of absorption discussed in a prévious
section have been made chiefly around noon, remote from the
disturbed sunrise and sunset periods, although Rai (1969 a)
has described an experiment to measure the absorption-of
frequencies reflected by the F layer in order to investigate
the dependence of the exponent n on the zenith angle during |
sunrise and sunset. However a number of studies of the sun-
rise and sunset periods have been made using virtual height

data.

The so called 'sunrise effect', observed by Appleton and
Naismith (1935) as a marked increase in the F layer virtual

height some minutes before sunrise, has been investigated and
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Baral (1955) has suggested an explanation in terms of the
dawvn line tilt in the isoionic contours. Bourne Setty and
Smith (1964) have observed multiple fine structure on iono-
grams at Armadale and have attempted to predict the develop-
ment of the E and E-F transition regions following the sunrise
by combining a nighttime E region model with a modified
Cﬁapman development of ionization. These authors have

adopted several nighttime models of the E region electron
distribution. Direct studies of electron densities at night
have been undertaken by several workers (Watts and Brown

1954, Belrose 1963) and these have been discussed by Wakai
(1966).

Although attention has been drawn to the existence of
minor structure in the electron density distribution near the
E layer peak and the form of the E-F transition region has
been discussed theoretically, few experimental studies have
been made of these regions. Thus,this investigation has been
undertaken in an attempt to produce electron density profiles

consistent with both experimental and theoretical observations.



5.1. Absorption

S5etele

The absorption of a radio wave is attributed, according
to the magneto-ionic theory, to the loss of energy suffered
by eiectrons undergoing collisions with the other constituent
particles of the medium and can be expressed in terms of an
apparent reflection coefficient. Appleton and Rateliffe
(1930) have defined this coefficient, o, as the ratio of the
amplitude, I, of a wave reflected once in the ionosphere and
that which would have been received, over the same path, in
the. absence of dissipative attenuation. If an absorption
coefficlent, k, is assumed these amplitudes can be related by

the expression

I=1 ewks >“A5.1,

o

in which s is the path length. In the iono-
sphere k is a function of the refractive index, the wave
frequency, the electron density distribution and the effective
electron collision frequency which vary along the path and the

relationship above must therefore be expressed as
- jl«ls

I=1,e 5.2,

Thus the apparent reflection coefficient may be expressed in
the form

L: -—-lose (3 = jkds 5’3‘
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in which nepers are the units of the absorption, L. If
equation 5.3 1s expressed in logarithms to the base ten the
units of absorption are decibels and this system has been
employed throughout this study. The absorption L may thus be
determined experimentally by measurement of the quantity log,o
. In the absence of dissipative loss, the amplitude, I,
of a wave suffering a single ionospheric reflection is
related to 1ts virtual height of reflection, h , by the

expression
(V) =G 5.l

where G may be considered as a calibration

constant., Similarly when the wave suffers attenuation

(IK)=pG 5.5.
and the absorption may be expressed as
'-'os e = |03G -—loa (I‘\’)A 5.6,

y ‘
and computed from measurements of I, h and the calibration

constant G.

5.1.2. Experimental techniques

In the previous section it has been shown that in order
to estimate the ionospheric absorption loss the amplitude and
the virtual height of reflection of a radio signal reflected
by the ionosphere must be measured. The determination of
virtual height 1s discussed in section 5.2 and the various
techniques for the measurement of the amplitude of pulse

transmissions are outlined here.

The schematic diagram shown overleaf illustrates the

fundamental requirements of an amplitude measuring system.
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In this study pulses of radio waves are considered
throughout and the modifications necessary to a communica-
tions receiver for the reception of this form of modulation
are discussed in Chapter 6. The inclusion of an attenuator
before the I.F. amplifiers enables the gain of the system to
be varied either by set amounts or continuously. The modula-
tion envelope is produced by a detector stage incorporating a
sultable time constant and the video output may be displayed
on an oscilloscope in the form of an A-scan or passed to

further circuitry for automatic monitoring.

The amplitude, I, of the returned echo is measured either
by recording the attenuator settings as they are varied to
maintain a constant echo output or by operating at constant
gain and recording the extent of the echo output. The accuracy
of these measurements depends upon the stability of the trans-
mitter power, aerial gain and receiver characteristics, and
upon the independence of these systems to the form of the wave
modulation. Precautions must also be taken to ensure that
sufficient observations are made to overcome the sampling

errors discussed in the previous chapter.

The constant output technique was widely used in early
manual experiments. However, the more recent development of

automatiec monitoring systems has resulted in the general



adoption of the constant gain method. Automatic measurement of
echo amplitudes requires that the receiver should give an output
proportional to the input over a wide range of input voltages

and it may be necessary to change the gain by fixed steps in
order to extend this range. The monitoring of the echo amplitude
in such an automatic system is discussed later with qpecial

reference to the equipment designed by Madden (1967),

The calibration of an automatic constant gain system is
undertaken in two stages. Firstly, the stability of:the receiver
gain is regularly checked against a standard signal generator which
is also used to obtain conversion coefficients for the different
galn settings employed. Secondly, the calibration constant, G,
is estimated by observing the amplitude and virtual height of the
echo received after a single reflection by the ionosphere when
reflection conditions are such that the absorption is negligible
and L may be assumed equal to unity. At temperate latitudes
such conditions occur in the early morning hours when reflections
from the F region are particularly stable and when extensive
blanketing Es occurs at night. However, occasions on which
spread F or partial Es reflections are in evidence must be

avoided.

In addition to the dissipative attenuation discussed above
the amplitude of the reflected radio wave will depend on a

number of non dissipative phenomena such as

(a) Polarization
(b) Dispersion
(¢) Spatial attenuation



(d) Partial reflection
(e) Fading

(a) Polarization

The magneto-ionic theory indicates that a wave of
arbitrary polarization incident on the ionosphere will produce
two characteristic waves, the ordinary and extraordinary,
which are generally propagated independently through the
medium and return to the receiver with a small time difference.
If however this difference is small the two components inter-
fere to an extent governed by their relative amplitudes and
phases giving rise to the polarization fading effect. Piggott
(1953) has pointed out that in most cases the echo pulses are
separated sufficiently either in time or amplitude to give
satisfactory separation of the modes. Complete separation of
the characteristic waves can be achieved by the use of a

polarized aerial system as described by Phillips (1951).

(b) Dispersion

Since a pulse of radio waves consists of a complete
spectrum of frequencies centred on the wave frequency, the
dispersive properties of the transmitter, the ionosphere and
the receiver will result in the distortion of the pulse. This
distortion has been discussed in detail by Budden (1961) and
is overcome in the present experiment by employing a pulse
width sufficient to render the amplitude of the echo
independent of the pulse shape.
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(¢) Spatial Attepuation

Breit and Tuve (1925) have shown that, when the inverse
square law is applied to the passage of a radio pulse through
the ionosphere, the amplitude of the wave varies inversely as
the apparent path length, h( in the case of vertical incidence.
This is not strictly applicable in the presence of a magnetic
field but the departure is considered to be small in practice.

(a) Partial reflection

The path of a radio pulse to its reflection height may
be interrupted by dense clouds of ionisation which give simul-
taneous reflections from a lower level. Thus the division of
the wave energy by partial reflections from sporadic E clouds

render accurate measurements of absorption impossible.

(e) Fading

The fading of the echo amplitude due to the superposition
of two pulses has been discussed above. However fading may
also result from random perturbations and drifts in the
reflecting strata when only a single echo is present. This
phenonomen exhibits the same fading patterns as the random
noise which possess two independent fading rates, fast fading
with a quasi period of 1 to 10 secs and slow fading with a
period 5-15 minutes. These effects may be eliminated by
suitable sampling techniques.

5.1.4. Sampling

Fading phenomena have been studied statistically by
MoNicol (1949) and the sampling techniques employed to
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eliminate them have been discussed in detail by Beynon and
Davies (1954) and Piggott, Beynon, Brown and Little (1957).
These authors have shown that in practice the minimum sample, |
giving reasonable minimization of fading and sampling errors, =
is one incorporating twenty independent observations. Since

the recorded signal amplitudes show a correlation over time
intervals comparable with the fading period only a limited
number of independent observations can be obtained from a
continuous record. In the case of fast fading the quasi=-

period is generally 2-6 secs thus giving between ten and

thirty independent observations per minute and in consequence

a sampling error of the order of 10% in the output ofan
automatic integrator operating for one minute. The aim of

the present study was to observe changes in absorption having

a period similar to that for slow fading. Therefore the

effect of fast fading was minimized by the automatic integra-
tion technique and five minute running means of the integrated
output were employed, following the recommendations made by

Piggott (1953) for the study of slow fading.

5.2 ugl hei

5.2.1. Principle of meagurements

The virtual height of reflection has been defined by the
expression
/
=t
h=1e
in which * 1s the time taken to travel from the ground to
the ionospheric reflection level and back to the ground. The

measurement of this short time interval in terms of the dis-

placement of the echo pulse from the ground pulse on an A or
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B scan display (figure 4.1.1.) thus constitutes a measurement

of the virtual or group height.

5.2.2. QDistortion

The distortion of the pulse shape, by virtue of the
dispersive effects of the equipment and the ionosphere, plays
an important part in determining the accuracy to which the
virtual height can be estimated. Lyon and Moorat (1956) have
discussed the effects of this distortion and have found by
observation that the output pulse may be represented by a
pulse whose leading and trailing edges have constant rise
times. Figure 5.2.1. illustrates such a pulse and an arbi-
trary threshold level for the equipment. It can be seen that
a noticeable overestimation of the virtual height will be made
if the effects of distortion are not accounted for. Thls can
be achieved by applying the correction technique described by
Lyon and Moorat and discussed in the following section.

In addition to the distortion error mentioned above a
small delay is experienced in pulse transmitters between the
triggering of the modulation pulse and the appearance of the
radio pulse on the aerials thus introducing a further error of
the order of 2 km into the estimation of h/. Lyon and Moorat
(1956) have shown that the total error in n may be expressed
in the form

A = a-0vw
where w is the width of the recorded echo and

the coefficients a and b may vary with frequency and from one
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instrument to another. These authors have described an experi-
ment to measure the coefficients a and b when the ionospherie
distortion is neglected, and claim an accuracy of #2 km in the
adjusted E region virtual heights. The representation of the
above expression on a transparent overlay allows the correction
to be made direectly during the scaling of ionograms and this
has been done throughout this study.



6.1. Equipment

6.1.1. Radio Tonosonde

Clarke and Shearman (1953) have described in detail iono-
spheric sounding equipment which produces a photographic
record of virtual height against frequency in the range 0.65
to 25 MHz. A commonly produced version of this instrument,
the Union Radio Ionosonde Mark II, has been used in Leicester
throughout the present study.

A schematic diagram of this equipment is presented in
figure 6.1 and a typical record has been included in figure
4.1.1. The transmitter, which covers the frequency band in
five stepped ranges, consists of a pulse modulated master
oscillator coupled to an aperiodic power amplifier. The
recelver is of the superheterodyne type and is tuned separately
from the transmitter, synchronisation being maintained by a
frequency sensitive seivo~system. The {1 MHz and 100 kHz
frequency markings presented on the record are derived from a
1 MHz crystal oscillator by frequency division and harmonic
selection within the receiver. The crystal output is further
divided to give narrow 3 kHz pulses which, when superimposed
upon the B scan display, correspond to height markings at
50 km intervals. Finally a 60 Hz supply is derived upon

which the master clock is operated.
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The pulse repetition frequency of this instrument is
approximately 50 Hz, the transmitter modulating pulse being
locked to the 3 kHz height markers. A transmitted pulse
width of ZOO}LSGC was used throughout the study and the power
supplied to the aerial was approximately 1 kw in the frequency
range employed, 1.5 to 7 Miz. The aerial system (figure 6.2,)
was switched at 3.2 MHz, the lower frequencies being trans-
mitted from a delta aerial loaded at its apex with 600, , and
the higher frequencies from a vertical rhombic again top
loaded with 600s. A similar aerial array, close to the first
and in a parallel plane, was used for receiving, and balanced
transformers were used to match the 75« input impedence of the
receiver to the aerial impedence of 600a. The radio frequency
stages of the receiver were adjusted to give a constant
response with frequency in two ranges 1.5=3.2 MHz and 3.2=7
MHz, and the receiver was tuned so that an input signal of
1)Lv gave 2 cm deflection of the trace on the A scan (figure
4.1.1) monitor at maximum gain. The display time base was
arranged such that a virtual height of 500 km was recorded
across the camera film and provision was made to enable the
instrument to be switched automatically between routine and

continuous running during predetermined periods of the day.

6.1.2. bso ipm

The A1 absorption experiment was arranged so that a very
steep path was monitored following the practice of early
workers (Appleton and Builder 1932). The transmitting
station was located 12 km from the receiver and the azimuth
of the path was 75’ 30’ cast of magnetic north thus giving an
angle of incidence in the E region of approximately j’ 30/.
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The propagation conditions along this path were compared with
those at vertical incidence for a single ionospheric model by
computing the absorption and virtual height at 2 MHz by the
Jones (1966) ray tracing programme. The discrepancy was
found to be 300 meters in the virtual height and 0.016 dB in
absorption representing an error of less than 0.2% in each
case. This error may be neglected in view of the larger
errors discussed in the previous chapter and this 12 km path

can be approximated to vertical incidence propagation.

(a) nsmi

Diagrams 1, 2 and 3 present the circuits employed in the
construction of the pulse transmitter used throughout this
study. A crystal controlled Pierce Miller oscillator was
arranged to give maximum output of the fundamental frequency.
This continuous signal was then amplified by a tuned pentode
amplifier stage (diagram 1) and the resulting 700 v peak to
peak signal was applied to the push-pull amplifier stage, Vs
and V, (diagram 2), through the transformer T, . This second

amplification stage was operated in class C by superimposing

the oscillator r.f. signal on to a modulation pulse, 180}13605

wide, drawn from the mains locked modulator (diagram 3) and

amplified and inverted by the valves V4 and V,. The output

from the tuned anodes of this stage was applied to a wide band

power amplification stage by means of a matching transformer,
T,. This final stage consisted of a push=-pull amplifier

operated in class C and was matched to the 600, aerial by

69

means of a further matching transformer T3. The power supplied

by this equipment in a 180).sec pulse was estimated to be
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approximately 5 kw and the peak to peak voltage to be 14 kv.

(b) Receiver

The receiver used in this work was a Marconi C52 remote-
receiver with the intermediate frequency and detector stages
modified for pulse reception. The standard 470 kHz i.f.
transformers were replaced by similar transformers in which
the coil spacing had been reduced tc 6 mm thus giving a
receiver bandwidth of 20 kHz at the 3 dB point. The two i.f.
amplification valves (4RP 3) were replaced by constant s
valves (EF 80) and the cathode by=-pass capacitors and all
decoupling capacitors were changed to facilitate pulse
reception. In addition the detector stage was modified using
a solid state diode (OA 81) and the time constant of this
circuit was arranged to be 12/Lsec° In order to ensure gain
stability the receiver was operated from a stabilized power
supply and provision for further stabilization of the screen

grid supply was made.

(¢) Monitoring Svystem

The monitoring systems employed in the measurement of
the absorption and virtual height were developed from those
described by Madden (1967) and are illustrated in the schem-
atic diagram of figure 6.3. The measurement of the echo
amplitude is achieved by means of a gated amplifier in which
the strobe is automatically locked to the echo pulse. By this
arrangement the echo pulse present in the receiver video out-
put is used to produce the strobe for the amplifier, thus any

change in the virtual height of the pulse is overcome by an



J2pIodIUad

*wa3s s ButxojTuow 3IYSTLSU TENIJITA puUT
epnjITdwe 8y3 JO wel3eTp OTFeWAUS: *¢*Q*DHIJ

JO}IUOW

Wb joman

J2pJ0D34ud4

Jo1p3ab23u|

u29 Is|nd
U39 sind uonDnpo
Wb [onA J23|wsubdy
pa3iDjnuiS
Apjag
suw Oc-9l
Jojluow aqons
apnyj|dury oy>3

ynduf

CapIA



71

equivalent movement of the strobe. The arrangement of the
transmitting and receiving sites 12 km apart has necessitated
the modification of the initial triggering circuits since the
direct input of the transmitter modulation pulse was not
possible. The nominal 30 Hz mains frequency varied between
the sites, and the circuits illustrated in diagram 4 were
designed to provide a simulated transmitter modulation pulse

from the receiver video output.

A mains locked trigger pulse of variable phase was
obtained from the phantastron circuit of (diagram 4) and
was used to produce a wide positive going pulse ( 1 msec) in
the monostable constituted by valves and W * The arrange-
ment of valves and has been taken from Madden (19&7) and
leads to the selection of the ground pulse which is reformed
in valves Vg and and output as a trigger pulse at point A.
The circuits illustrated in the lower portion of the diagram
have again been taken from Madden and are used for the
selection of the echo pulse, this being output at B. The out-
put pulses at A and B are compared directly by the Madden
Virtual height recorder and the resulting output is fed to a
pen recorder. The trigger pulse at A is further delayed in
the circuit of and V¥ by almost 20 msec and forms the
simulated transmitter modulation pulse for the absorption
monitor in the next cycle of the mains voltage. Thus the echo
is maintained on the narrow strobe of this monitor throughout
the observing period. The output from the monitor was
integrated by means of a Philbrick operational amplifier,
P65AU charging a 16" F capacitor. The integration was
carried out over $0 secs and the accumulated voltage was then

allowed to operate a pen recorder. The capacitor was finally
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shorted out before a further 1 minute cycle was beguno

In addition to the electrical measurement of virtual
height the video output of the receiver was used to produce
a B scan display which was photographically recorded during
the observing periods. A typical record, taken when the

observing frequency was close to f*E, is shown in figure 6.4.

(d) Aerials

At both the transmitting and receiving sites halfwave
folded dipoles loaded with 600" at the centre were employed.
These aerials were approximately 75m in length and suspended
10 m above the ground. The transmitting aerial was fed by a
transmission line and the receiving aerial was matched to the

—unboiance
751?- input of the receiver by a balance”transforraer. In order

to increase the suppression of the ground pulse the aerials

were arranged to be perpendicular to one another.

6.2. Observations
6.2.1. lonosoheric Soundings

Routine hourly soundings of the ionosphere have been
made since June 1966 of the frequency range U5 to 7.0 MHz to
a maximum virtual height of 500 km. In addition on 20 days
between January and June 1969 this frequency range has been
sounded continuously between ground sunrise and noon thus
giving an ionogram record every 3 minutes during this time.
The correction technique described by Lyon and Moorat (1956)
discussed in Chapter 5 has been applied in the scaling of

these records giving virtual height data to an accuracy of

+2 kms.
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6.2.2. 0 0 m

The steep proﬁagation path, described in an earlier
section, and the perpendicular arrangement of the folded
dipole aerials diminish the ground wave signal so that the
recorded ground pulse is comparable in amplitude to the'night- -
time reflections. Hence it is unnecessary to desensitise the -
receiver during reception of the ground wave and the ground
pulse can be monitored directly at any time as a check upon-

the gain stability of the system.

Observations of absorption and virtual height were made -
on a number of days each week between February and June 1969
from a time shortly before ground sunrise until noon. The
operating frequency was 2.05 MHz for measuréments made before -
the 15th April and was then changed to 2.266 MHz for the
remaining observations. The receiver gain was measured
periodically and ionospheric calibrations were carried out at
r%gular intervals throughout the period. Such calibrations
wgre made during the early morning hours using both F region
and Es reflections and the calibration constants derived were = -
'found to be compatible. Absorption values in dBs were
obtained by computer analysis of the integrated amplitude out-
put produced each minute by the monitoring system. A further
facility of this data analysis was the provision for the

calculation of 5 and 15 minute running means of absorption.

6.2.3. Virtual Height

Measurements of virtual height were made continuously as
an integral part of the absorption observation of 2.05 Miz
and later on 2.266 MHz employing both the electronic monitor



and the photographic records discussed earlier. The sensiti-
vity of the electronic monitor was found to be poor and subject
to interference from broadcast and local noise which did not -
disrupt the photographic records to the same extent. Con-
sequently the electronic monitor was used in a qualitative
manner to assist in the interpretation of the photographic

records.

The photographic records were calibrated at regular inter-
vals against the 3 KHz output of a square wave generator- and
were scaled each minute throughout the observing period. In
the scaling procedure a modified Lyon and Moorat (1956)
correction technique was employed to account for the time of
flight of the ground pulse in addition to the normal sounding:

errors already discussed.

Initial observations of both amplitude and virtual
height were made on a night of strong sporadic E reflections
and the resulting records were analysed by the following
procedure. When the amplitude of the first and second Es
reflections were equal, the delay between them was taken to be
a measure of the true virtual height. A time at which the
first echo and the ground pulse have equal amplitude was then
considered and the assumption was made that the virtual height
of the Es reflection remained constant throughout the observa-=
tion period, approximately one hour. The virtual height
indicated by these two pulses is less than the true virtual
height by an amount h, (figure 6.5) which is a measure of the
timevof flight of the ground pulse over 12 km and the ground
pulse distortion at a particular receiver gain setting.

During the observation the width, Wg , and amplitude of the
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ground pulse remained constant and the difference between the -
'true' virtual height, h/, and the recorded height plus h,
was plotted against the echo width, w. This difference
constitutes the echo distortion correction, h, , and may be
represented as a function of echo width on a transparent -
overlay for routine scaling. h, will have positive values
when the apparent echo pulse width is greater than that of the
ground pulse. The additional error, introduced when ‘the - -
receiver gain was changed, was accounted for by assuming that-
the distortion of the ground pulse took the same form as that
of the echo and correction values, hy , were obtained for each
attenuator setting. The correction hy will have a negative
value for gain settings above that at which the correction
curve for h., was constructed. Thus the fully corrected value -
for the virtual height will be given by the expression

k{= ha= h.+ hg+ h
in which hgq and h; are constants and h, can be obtained from

the echo width by the overlay scaling grid technique.



Chapter 7

The post-sunrise changes in the virtual height-
n i o) '

7.1.  Introduction

The virtual height of reflection and the absorption of
radio wave pulses, observed by means of the techniques descri-
bed in Chapter 6, will now be discussed in some detail. This
chapter is devoted exclusively to the variation of virtual
height with frequency and the discussion of the simultaneous
virtual height and absorption data observed on a single fixed

frequency will constitute Chapter 8.

Following the work of Halliday (1936), many workers have
commented upon the complexities observed near the E layer
critical frequency on ionograms recorded at temperate lati-
tudes and several attempts have been made to set down rules by
which this critical frequency might be recognised and hence
reliably tabulated (Becker and Dieminger 1950, Beynon and
Brown 1959, Piggott and Rawer 1961). A synoptic study of this
fine structure has been undertaken with special reference to
the growth of the E layer peak and the E-F transition region
following the sunrise. A theoretical study of these con-
ditions made by Bourne, Setty and Smith (1964) will be
related to two independent experimental observations of the
electron density distribution with height. These are (a) the
profiles computed from virtual height data recorded at Ieic-
ester and (b) the profiles measured by Taylor (1969) at the
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Royal Radar Establishment, Malvern, by a Thomson scatter
experiment. The latter group of profiles will be referred to

as the Thomson scatter profiles in the following chapters.

7.2, : o) i _ lono

Figure 7.2.1. represents a number of typical ionograms
recorded at Leicester between June 1966 and May 1967: 4ll
these records show one or more regions of high group retarda-
tion which are commonly referred to as cusps (Piggott and
Rawer 1961) and which may be associated with irregularities
in the electron density profile. The section of ‘the record
separating two of these cusps will be referred to as an
intermediate trace and this may possibly represent an inter-
mediate layer. Thus on a typical daytime ionogram in the
absence of sporadic E, the trace at the lowest frequencies
recorded will represent E region reflections and the trace
will be terminated by a cusp. This cusp may be followed, as
the frequency is increased, by the F region trace if only one
cusp is present or by a series of intermediate traces '
separated by cusps. The presence of several cusps and inter-
mediate traces, collectively called fine structure, has been
observed as a regular feature on the Leicester ionograms,

being most common in the early morning and late afternoon.

In order to assess the extent of the fine structure a
qualitative scale 0-3 was devised to grade each half day
throughout the period. This activity scale is illustrated in
figure 7.2.1. In estimating the activity, records displaying
strong Es were discarded as were days on which Es was pre-

dominant for an appreciable part of the day. This procedure
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gave a sample of 151 prenoon and 181 afternoon periods, 131
days having an activity number for both periods. Of these
days 55 showed equal activity before and after noon, while
the number of days having greater activity in the morning or
in the afternoon were 39 and 37 respectively. 4lthough a
large. number of days showed equal activity in both periods it
can be seen from figure 7.2.1. that the type of structure
which occurs may differ greatly between the morning 'and the
afternoon. 4s a further comparison, monthly mean activities
were computed for both half days and have been-plotted in
figure 7.3.1. The activity was seen to be substantially the
same for the prenoon and afternoon periods, the yearly means
being 0.76 and 0.77 respectively. The number of hours for
which fine structure was observed before and after noon has
also been recorded and the means for the two periods taken for
the year were found to be 2.9 and 2.6 hours respectively.

Furthermore, on 24% of all days considered fine structure was

present at noon.

The seasonal dependence of this phenomenon has been
investigated by considering in more detail the results for thé
months of June and December 1966, March 1967 and January 1969.
The various cusp frequencies and the minimum virtual heights
of the intermediate traces were recorded. In addition the six
most common cusp shapes were identified an