A

STUDY _OF

i
£ 8

4 Thesls presented for the Degree of

Ty

TOR 0OF

RREGULARITIES

by

V. Hooper, B.Sc. (Honsg)

FHILOSOPHY

DELATDE

lALJ‘J A

(Physics Department)

Deceugber 1967

3
)
*wa,\/M«J

%@f‘ DEL L?ﬂ\‘ © A




Frontispiece

The north-south fan beam phase-switched
interferometer array used for the
observation of radio star scintillations
from St. Kilda, South Australia.
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The purpose of the work described in this thesis was
to detect amplitude scintillations from discretie radio
star sources, to associate the dbserved amplitude seinti-
1lations with sporadic-E and spread-F and to investigate
the dependence of thesge scintillations on the zenith angle
of observation of the source, and on the time of the day or
year of the observation. The experimental work was carried
out over the period December 1963 to July 1966, solar
activity being apprecisble only during the lsst six months
of this period.

The necessary observations were taken from the records
of two phase-switching interferometers operated at a freguency
of 39.5 lHHz.at 5t. ¥Kilda, South Australia.

The smaller interferometer, consisting of two L-element
Yagl antennas S@ﬂc%d i wavelengths apart, supplied daily
records of the secintillation of the Cygnus A source, and from
the seintillation indices recorded over the two vear period
of observation, the temporsl and zenith angle variation in
seintillation activity are evalusted. A pronounced temporal
variation is found but it is not possible to distinguish
between & diurnal and seasonal variation using the resultis
from o single source. The zenith angle variation expected

from previocus observations at other locations is not found




in the secintillations from the Cygnus source. rather, 1t

und that the scintillation amplitude decreases as the
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source nears the horizon. Several explanstions are tenta-
tively =zdvenced vwhich might explain this anomaly. Glven
that the thickness of the irregular ionospheric region in-

creases towards the horizon, the intensity of the scinti-
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llation might decrease at large zenith angles du
angular size of the cource or due to the receliver bandwidih,
but these sre shovwn to be most unlikely explenations of the
5+, ¥ilda observaticns. Theoretical results for the zenith

ngle veristion of radio star scintillation sre evalusted

igotropic irrsgularities.
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Significant positive correlations are Iound bebtween the
scintilisticon indices snd gpread-F at night snd betveen the
seintillation indices end sporadic-I both st night and during

the day. Yo correlstion is found between the scintillation

indices end I_ ¢, at nighi even though at this time scintille-
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tion and spread-y ere correlsated and spread-

are anti-correlated. These correlation results are all

sraevious werk and ars ilnterpreited and dis-

£

expected Lrom

cusped with reference to the previcus suthors. N lnconclu
sive result is found For the correlation of scintilliation
amplitude with planetary magnetic Ep indices,

4 limited snalysis of the associations of seintilletl

rate indicetes thet it is apparently more closely related




to the height of origin of the seintiilations than to the
plenetary magnetic indices.

The possibility and probable magnitude

to regular ionospheric spherical or wedge relraction on
the timing and appearance of the Cygnus A records are dis-
cussed but such effects are not found. There are however
several occasions when the records appear Lo be afilected
by irregular wedge refraction in the ionosphere.

The larger interferometer, consisting of sixteen 3-
element Yagi antennas spacel 3/2 wavelengths apart with the
centres of the interferometer halves separated by 12 wave-
lenths, Wa s operated for a periocd of nine months,and
regularly recorded the scintillation indices in the slgnals
from eight sources., From the records ol this interferometer,
the tem@aral varistion in the scintillation activity is
resolved in favour of & diurnal variation and the expected
zenith angle varistion is found including & possible en-
hancenent of scintillation detected in signals received

from the magnetic zenith., Correlations between scintilla-
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tion and other phenomena are evalusted - the results being
‘similer to those found from analysis of the smaller inter-
ferometer, plus the additicnal result that The correlation
between scintillation and sporadic~D decreases as the
elevation angle of The source incresses,

The possibilities of observing focussed scintillations




srising from single large irregulsrities and of obssrving
radio source vielbility fades are examined,

4 lenpgthy introductory chapter particularly criticizes
the explanaticns advanced by previous authors for their
observations of the inversion of the usual relationship
bvetween bhe scintillation depth and observing frecuency,
znd a brief final chapter discusses an investigation into
the relationship betwsen vie ¥ region critical Ireguency
& at magnetically conjugate poinis.

Throughout the text, the uss of correlation functions

rather than correlation coefficients 1s emphasised since
inese enable spurious assoclations between perameters due
to common or opposite seasonal variations to be rocognized
and also illustrate the independence (or ctherwise, of data

Ffor one day compared wilh data from the next daye.
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CHAPTER 1. HISTORIC REVIEW

1.1 Historic Cutline of Seintiliations snd Theorles

of Development of Seintillation

The earliest realigation that the lonosphere was
capaple of imposing variations on radlic waves appsars
to have been by Rateliffe and Pawsey (1933) who used
g spaced regelver experiment to show that the amplitude
and direction of arrival of broadcast signals varied
alter reflection from the ionosphere.

P

The first extraterrestial source of radio waves to
be discovered was the sun, which in 1542, was recognized
a8 belng a source of interference in British army radars.
soon afterwards, Hey, Parsons and Phillips (1946) dis=-
covered the Cygnus 4 source and Ryle and Smith (1948)
discovered the Cassiopela & source. Both these sources
were observed to be variable in strength, znd until 1950
the variations were thought to originate from the sources
themselves -~ as was in fact at least partially true in
the case of the Sun and which, for the sun, could be
explained in terms of vislible variastions in solar activity.
In 1950, Smith, and Little and Lovell, in companion
papers, established the terrestial origin of the signal

fluctuations using in the first case a varisble receiver




separation and in the second case a fixed large
peparation. They found that there was no detailled
correlation between the records made for receiver
separations greater than about 20 Km. 11 the second
experiment, which had a receiver separation of several
hundred kilometres, it was observed thatl occurrence or
non-occurrence of the fluctuations was generally common
to both receivers but thet there was no fine detall
common to both records. This was taken to indicate
that while the cause of the fluctuations was common toO
both stations, the scale of the disturbance was much
smaller than the station separation. The authors rea-
lized that a diffraction process in the ionosphers
could be responsible for the fluctuations and recog-
nized the analogy with the twinkling of visible stars.,
They had used two wavelengths in the experiment, viz.
3.7 and 6,7 m, and were at the time puzzled that they
should observe good correlation between them.

Following the discovery of the discrete radio
sources, and the reglization that the variations in
signal strength were imposed during the passage of the
signals through the ionosphere,the first attempt to use
diffraction theory to describe the signal behaviour was

by Booker, Ratcliffe and Shinn (1950), Hewish (1951)
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introduced the concept of & phase screen., He considered
that the fundamental effect of the lonosphere on radio
‘signalﬁ ves to introduce regions of varying electron
density (and therefore vearying refractive index).
Although purely phase fluctuations were superimposed
on the signal initially, diffraction theory showed that
amplitude fluctuations developed as the signal was prop-
agated beyond the screen, The screen was regarded as
thin if no amplitude fluctuations developed until after
the sgignal emerged from the screen. Hewish assumed a
sinusocidal phase variation across the screen and was
able to show that, provided the root-mean-square phase
deviation (%¢) was less than one radien, the scale of
the observed diffraction pattern below the screen was
the same as the scale of the screen. However, if ¢,
exceeded one radian, the observed scale below the screen
contained fine structure %o times smaller than the scale
of the screen., BRarly theory and experiments soon pro-
duced data on the Tfrequency dependence of the scintilla-
tion and gave values for the height and size of the
irregularities causing the scintillation.

Fejer (1953) and then Bramley (1954) were the first
to extend the theory to include the effects of 2 thick

phase screen. Spencer (1955) showed, using a three
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receiver experiment, thet the irregularities were anlso-
tropic with en axisl ratio of about 5i1 and that they had
their major axes aligned parallel vwith the sarth's mag-
netic fleld.

Other effecte relsted to the scintillations, such
ss the dependence of thelr visibility on source size,
the inversion of the ususl dependence of the scintillation

on
iepth/frequency, fadeouts - where the visibility of the

jo N

source itself dis reduced for a limited period, and the
effects of the zenith angle on scirt illation depth (not
to be confused with a latitude variation which may be
superimposed), have been explained satisfactorily using
arguments based on diffraction theory. These elfects
sre discussed in more detail in section 2 of this chapter.

necently, theoretical work by Mercier (1962) and
Bramley (1967) has been directed towards improving the
theory for large valuss offe , while Budden (1965 a and
) has considered the further properties of diffraction
from thick phase screens and of the co?relation‘batween
scintillations observed on different freguencles,

In contrast to the statistical diffraction approach,
a ray optics treatment of scintillation has several advan-
tages, notably when dealing with large scals individual

irregularities with large values offo , 1In particular,
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wild and Roberts (1956) and later Warwick (41964), using
observations from swept freguency receivers, applied

this type of theory to thelr results which, in some

cases, showed scintillation (phase and anplitude) var-
iation with frequency consistent with the passage of the
radio waves through a single ionospheric lens rather than
through a random diffrascting screen. Gagnon (1964) showed
how diffraction patterns on the ground could be computed
using model (single end large) irregularities in the
ionosphere. He was able to compute the changes in signal
amplitude and the phase variations on the ground resulting
from the passage of an irregularity overhead and, when he
used a converging lens as a model, he showed that the
radio energy could be focussed,

Hewish, Scott and Wills (1964) were the first to
observe signal fluctuations due to irregularities outside
the Tarth's atmosphere. Initially, they suspected the
existence of interplanetary scintillation after noticing
that on some occasions the signals from newly discovered
emall diameter radlo sources known as gquasars were scinti-
llating,whereas the signals from other 1arger.sources were
not. They justified their conclusions using diffraction
theory arguments, Shortly afterwards, further evidence

for the existence of interplanetary scintillation was
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found as a result of correlation studies on records taken
on receivers separated by several hundred kilometres and
more, the sxperiment being similar in principle %o that
used to identify ionospheric scintillation in 1950,

Since the discovery of interplanetary scintillation
in 1964, the development of the subject has been very
rapid. Saltpeter (1967) summarizes the theory, and Cohen
et al. (1967}, the observations up to mid-1966, To date,
ohservations have not been made in yvears of maximam solar
activitye these will come over the next couple of years,
Gince the above review papers, Sharp and Harris (1967)
have reported an associlation between an enhancement of
intsrplanetary scintillation and & solar £lare event, and
Demnison and Hewish (1967) have pointed out that measure-
ments of the solar wind (both speed and direction) using
interplanetary scintillation are not confined to the
ecliptic plane as 1s the case with measurements made from
present spacecraft.

The way 1s now open for radio sitar scintillation
observations to become as useful a tool in space research

as they are in lonospheric research.

1.2 Bome S8pecial Effects Belated to Seintillation

(i) Zenith Angle FEffect. Although Hewish (1952)

realized that the scintillation depth increased with
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increasing zenith angle, his theory was Incomplete, being

ksl -

derived from a flat earth approximation and confined to

the near zone - where amplitude fluctusticons are not
fully developed. Zooker 958) extended iLhe
inelude the far zone and took into account the Tact that
since the earth was not flat,the angle of incidence of
the signal on the layer was smaller than the zenith angle
measured in the ground. 2riggs and Farkin (1963%) formu-
iated a much more complete theory which, as well as the
gbove considerations, took into account the increased
thickness at large zenith angles of the irregular regions
along the line of sight, and the additional sffeclts pre-
sent due to the anisotropy of the irregularities., They
were able to calculate the incresse in scintillation
depth expected when signals are received from the magnetic
zenith, the enhancement being due to the elongation of the
irregularities and superimposed on the effects present
assuming the irregularities to be isotropic.

The theory of the zenith angle effect is outlined in

more detail in section 5.3(1).

(ii) Variation of Scintillation Visibility due to

Tinite Source Size. Briggs (1966) indicated

that if a source hag a finite angular diameter &, the

seintillation visibility will be reduced ifs
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7 = for ¢, <« 1 radian
ok
end if 8 z ==~ for ¢, > 1 radian
-
54 °

vhere L is the scale size of the irregularities = Ewro

r is the autocorrelation distence across a single

istance to the diffraciing screen.

et

Briges (1961) suggested that this effect might explain

-

he apparently anomalous reduction in the amplitude of
ceintillations from the source Cassiopela 4 near lower
trancsit at sunspot maximum, Under these conditions, the
auroral zone, through which the line of sight to the
source passed, was at its most active., This source had

a diameter of L' arc ond a size effect was thought to be
the most likely explanstion when it was realized that
Cygnus A, with half the angular dismeter, did not show a
cimilar snomalous reduction., Later, Aarons and Guidice
(196¢€), at the Arecibo Observatory, used signals from
gources of different angular diameter to view the same
irregularity structure and, knowing the source size reguired
to reduce the scintillation depth to half its point source
value, were able to obtain & value for the size of the
irregularities.

Branley (1967) agrees with the above order of magni-




tude ineqgualities as part of his much more detailed

¥

readily obssrved effect on amplitude seintillistion where,
if the source has a Tinite angular diameter, there will
Le a distsnce from the screen (for any ¢o} for vhich the
seintillation amplitude will be a maximum and beyond
which it falls off to zero. This distance occurs further
spom the sereen as the angular diameter of the source is
reduced. This is in contrast to the scintillation ampli=-
tude arising From a point source which approaches a 1limit

407

and never reaches a maximum for any distance Irom tie
screen. This effect has not so far been observed directly
end an experiment to detect 1t would be difficult to

arrange due to the varying dictances from the screen at

which measurements are reguired.

(i1i) Inversion. The variation of scintillation

depth with Ifreguency usually observed agrees with the
' as

theoretical prediction that it should decrease/the observ-
ing freguency increases; however, under s0me circumctances,
tnis usual variation with frequency is reversed. The first
to observe this phenomenon were hidd et al. (1962) who
found that for the inversion to be observed, multiple scat-

tering conditions should be present in ithe ionosphere and

the line of sight to the source should be directed near
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the magnetic zenith., Thus, the phase deviation ¢, along

such cone
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the gignsl path wis nasximized, and in
ditions were most likely to arise durlng magnetically
disturbed conditions (¥Xp » 6). They observed both the

Cyenus A and Cagsilopela 4 sources atl freguencies of

62, 109 and 224 ¥Hz., In & follow-up paper, Asrons et al.
{1962) reported observetions of Cygnus A on an extended

range of freguencies (the previous Ifrequencies plus 1300
and 3000 ¥Hz) and were able, in several instances, to
observe an inversion frequency above which the scintilla-
tion depth decreased as expected normally bult below which,
instead of increasing, the scintillation depth decreased

28 in

g,

again. The explanation advanced in both papers we
terms of the scale size of the diffraction pattern on the
ground becoming less than the aperture of the antenna (an
84! parabols) thus causing a lack of correlation of the
signal acrcsg the aperture which would bring about =a
reduction in the observed scintillation. They drew atten=-
tion to the importance of considering other side eflfectls

as poseible causes but did not evaluste thelr relative
b

influences,
from Briggs (1966) it would appear that the effect of

finite source size is more imporitant than that of the

aperture sizge asg a cause of inversich.
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Taking equations L4, 6 and 8 from Briggs paper and
expressing the conditions in terms of the scale size L,

the scintillation will be reduced if?

L <« 8y 7 oo aourcé size condition
i

I < iﬁgg da bandwidth econdition

L ¢« D ¢ er rture size condition

where the parameters for the source size condition have
already been introduced in the previous section, B is
the receiver bandwidth, ¢ is the velocity of light, T
is the freguency of the radio wave and D is the antenna
aperture (or interferometer spacing).

Values may be assigned to the paramsters as followss

7 = 300 km ¢ = 300,000 km/sec
0y = L' arc for Cassiopeia A
2% arc for Cygnus A
B = 1 MHz £ = 4O MHz

Substituting these values into the inegqualities, the

following results are obtained.

L < 3850 ¢o metres Size condition for Cassio-
peia A
< 175 ¢o metres Size condition for Cygnus
A
L < 250 ¢, metres Bandwidth condition

L < D ¢o metres Aperture condition
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[en

These values of L are all freguency dependent due
to the fact that ¢, 1s frequency dependent - i.e. it
varies as the reciprocal of the frequency. Thus for
appropriate values of ¢, , there will be a transition
freguency below which the variation of scintillation
amplitude with freguency will be inverted. With the
exception of the L value depending on the receliver
bandwidth, the above estimates of the critical value
of . may be compared in magnitude directly from the
above results. The exceplion arises because even il
the ratio B/f is constant for a2ll receivers (which it
is not), the ratio VB/f decreases as the lrequency
increases. It 1s probable that for the receivers and
frequencies generally used for these experiments
(Aaron's inversion frequency was near 200 MHz), the
effect of receiver bandwidth will not be as important
as the sbove figures suggest. The point to be made here
is that the source size condition apparently dominates
the aperture size condition (unless the aperture is large
such that D >§DZ, requiring D> 4175 metres for Cygnus
A}, and should therefore be mainly responsible for the
production of the inversion phenomenon. In particular,
the source size condition should have the dominating
influence in the eiperiments of Kidd et al. (1962)and

Aarons et al. (1962) described here.
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It igs interesting to speculate whether the original
Cassiopeia A experiment, which required the inclusion of
the source size effect to explain anomalously low scinti-
llation at certain times, and the experiment of Aarons
and Guidice(1966), which determined the irregularity size
from variations in secintillation depth of sources of 4if-
ferent angular diameter, would have shown the inversion
phenomenon had records been made on a sufficiently wide
range of freguencies,

If the inversion phenomenon could be observed in the
gignals of the same source at the same recelving site using
two different aperture antennas then the problem should be
resolved experimentally. Provided ¢, 1s greater than one
-radian over the freguency range used, the scale of the
diffracting pattern will vary as 1/¢, over this same fre-
guency mnge, Then, since the phase deviaticn ¢, imposed
on a wave travelling through the ionosphere varles Iinversely
with the frequency, a 2.1 aperture ratio  should give a
2.1 inversion frequency ratio if it 1s the asntenna aperture

size that is responsible for producing the phencomenon.

(iv) Fadeouts. A fadeout is an apparent reduction
of source visibility in the output from an interferomeier

and is usually observed to persist for periods of from




- 4l -

5-4100 minutes., Fadeouts have been observed by many

authors over a renge of frequencies from 4L to 223 MHz.

The first observations of fadeouts appear to have
been by Koster (1958) in Ghana who‘showed that the
sffect was more severe when observed on a2 higher resol-
ution interferometer and that it was highly correlated
with the occurrence of intense equatorial Spread-F. At
the time, he was not able to rule out absorption as a
possible mechanism for the effect.

Fadeouts have also been observed in the northern
auroral zone; in particular Benson {4960) noticed theilr
association with line of sight aurora and later, Little
et al. (1962) and Moorcroft (1963) established that they
are not due to ionospheric absorption. Little et al.
ocbserved fadeouts on a phase-swept interferometer at the
same time as on a2 phase-~switched interferometer and at
the time it was thought that this observation excluded
thelir being observed in the signals from a point source.

The theoreticael description of the phenomenon has
recently been summarized by Bramley (1967) who points out
that the effect may be observed with a point or extended
source and that provided ¢o is at least 1 radian, a fade-
out may occur either due to a further increase in %o, or
due to a reduction in the scale size of the irregularities.

In either case, the result is that phase scintillations are
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developed which are sufficiently large that the apparent
position of the source is shifted rapidly over angles
larger than the antenna lobe size. The interferometer
is then viewing a source which is effectively larger
than one antenna lobe and this has the effect of reduc-
ing the amplitude of the output of the receiver.

To date observations are limited to the eguatorial
zone and to the auroral zone where the degree of lonos-
pheric disturbance ( spread-F and/or aurors) is most

intense. fadeouts, iFf they oeccur, are unusual in mid-

latitudes.

1,3 Wethods of Detecting Ionospheric Irregularities

Irregularities in the electron density at various
heights in the ionosphere have been the subject of intense
experimental and theoretical investigations over the last
fifteen years. A variety of technigues have been used in

the experimental investigetions.

(1) ZIonosondes. These instruments may be operated
frqm the ground or from satellites, They yield records
which show the variation in the virtusl height (or depth)
of reflection with freguency and yield information on the

electron coment profile ag far as, butl not beyond, the
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reflection point. Irregularities are recorded as sporadle-
T or spread-¥ but little information can be cbtained

regarding the movemenis or size of the lrregularities,

(ii) Pixed Frecuency Sounders. These differ from

an ionosconde in that only & single frequency is trans-
mitted, the choice of freguency being determined by the
ioncspheric layer being investigated. 4 network of spaced
aerials can be employed to detect the reflections and,
using the ground pulse from the transmitter ag a reference,
the receivers can be suitably gated so that only the signals
reflected from & limited height range are recorded. Either
from a direct messurement of the time delays between prom-
inent fades on the records from different receivers or

from a full correlation analysis of a length of record,

the gpeed and direction of drift, and the orientation and
size of the irregularities, may be determined. This was
the method used by McCee (1966) in his investigation of

% region drifts from Adelaide,

(ii1) Aspect Sensitive Tchoes. In this technigue,

a radar transmitter is employed, the frequency being some-
what higher than the P reglon critical freguency. This

means that the technigue should be capable of detecting
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irregularities above as well as below the I region elec-
tron density maximum. It is found that echoes are
recelved only when the path followed by the signal is
orthogonal to the magnetic field at the refiection point.
If, at a given location, the transmitting zerlal 1is

slowly rotated at a fixed slevation angle, there will be

a preferred azimuth from which the back-scattered signal
is preceived. Knowing the range of the reflection point
and the elevation of the transmitted signal, the height

of the irregularities is readily evaluated. Goodwin (1965)
sums up the Brigbans results which have included the
recording of echoes in the ¥, B snd ¥2 layers and incor-
porated appropriate correlations with sporadic-I and
spread-F recorded on ground based lonosondes, and Unwin
(1966) points out that at high latitudes aspect sensitive

echoes have been associated with aurcras,

(iv) feintillastions. These may be detectsd in the

radio signals from radio stars or from catellites and,as
in the case of aspect sensitive echoes, the detection of
irregularities is not restricted to the near side of the
¥ region maximum electron density.

In the case of radio star scintillations, because of

the 4 minutes per day advance of sidereal time rvelative




to solar time, cheesrvations of a single source 1f cone=
tinued for a full year can glve information on the

temporal and spacial variations in scintillestion activity.

o)

However, to resolve The seasonal and diurnal variations

%3

it is necessary to ubtilize records from several Sources
taken over the same period and taken at the same gite.
In principle, the height of the origin of the scintilla-
tions may alsc be determined, but this is difficult.
Spaced receiver experiments on radio star scintillations,
gince the source may be regerded as almost staticonary,
give values for the Adrlft spsed and direction of the |
irregularities. Their size, shape and orientation may
also be determined. Since in many cases, a radio star
may be detected from a given locastlion for avperiod of
several hours (as in the case of the Cygnus A experiment
performed here, and also as in the case of the Cambridge,
UK, observations of the Cassiopela 4 source, which is
there circumpolsar)}, records of radlo star scintillation
are better suilted for comparison with other geophysical
phenomena (such as magnetic field Ffluctuations) than are
records of satellite scintillstion,.

In the case of satellite scintillation, spaced
recelver experiments also lead to estimates for the size,
shape and orlentation of the irregularities but in con-

trast to the radic star case, the orbital veloclty of the
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satellite is so lerge that the irrvegularities rother than
the source eppecr ctoationary to an cbserver cn the grounde.
Thus, measurements of the drift speed of the diffraction
shadow pattern over the ground give values for the height
of the irregularitiecs caugihg the scintillation rather
than their drift velocitye.

Due z2lso to the rapid movement of the sctellite,
satelilite scintillations should be better sulted to
investigations of the latitude snd zenith angle varliations
of scintillations than are radic star scintilletions -

useful informetion being gained from a single pass of the

f“c
@]

sotellite. However, to determine diurnal variations of
ccintillation, many s:ztellite passes may have to be
recorded before the reguired data 1s cobtained in which
case the advantage of using sotellite data is reduced.

One line of investigation which is restricted to
experimenters working with satellites is the recording
of the Taraday rotatlon of the plane of polarization of
a signal which occurs as it passes through an ionized
region., This technigue can be used to determine the total
clectron content of the ionosphere (and fluctuations in it)
and cannot be applied to the signals from radio stars which

in most cases emit broadband noisy signals which are unpol-

arized. In the cass of a gatellite, the polarization of




the emitted signal should be elliptical or linear and

ould he stabilized so that the variations

,.)

the satellite sl
in polarization of the downcoming signal are due solely

rp

to the influence of the ionosphers. The beacon satellites
“e-P and Be-C are pariticularly suited to the investigation

3,

of the Faraday rotation.

1.4 Zxperimental Resulls of the Scintillation Observations

the following sections, the observations of scinti-
1lation made up to the wesent time are discussed and the
conclusions reached regarding the properties of the scinti-
1lations, the properties of the ionospheric irregularities
giving rise to the scintillations, and the relationships
between scintillations and other geophysilcal phenomensa,
are outlined, The different aspectsof the scintillation
behaviour are discussed under the headings of temporal
variations in scintillation activity, height distribution
of the electiron density irregularities causing the scinti-
llations, size, shape and orientation of these lrregulari-
ties, specilal relationships between the ccintillation and
spread-# phenomena, and relationships with the earth's
megnetic field parameters. Other aspects of scintillation
behaviour such ag the latitude distribution, and the possi-
ble connection with sporadic-E are included within the

atove cabegories where their discussiocn is relevant.




(i) Tewmporsl Varistions in Scintillation fActivity.

1

Ryle and Hewlish (1980, used a fan shaped aerial bean
at Cambridge, Fnglend, to observe the radic sources
Cygnus A, Caessiopeia A, Virgo 4 and Taurus A at their
respective daily transits over & 15 month period. Since
these sources had different right ascensions, the aunthors
vere able to plot the scintillation indices against the
month of observation and the local time of observation
separately, such a method of analysis belng gufficient to
distinguish between diurnal and seasonal variations in
seintillation activity. They found a predominantly diur-
nal variation., There was little scintillation during the
day end the maximum occurrence was ohserved about an hour
after local midnight,

Bolton, Slee and Stanley (1953) observed scintilla-
tions of the signals from the sources Cygaus 4, Taurus
A and Virgo A from Sydney, Australia and, uging plots
similar to those of Ryle and Hewish concluded that the
diurnal snd seasonal variations were equally important.,
They, and also wild and Roberts (195¢€) both observed a
secondary maximum of scintillation activity around local
noon which had not been observed in the northern hemisphere.
At the time it was concluded that this discrepancy could
have arisen from the fact that the northern hemisphere

ocbheervations were in most instances made for sources near
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the zenith whereas in the southern hemisphere the sources
were all at zenith angles greater than aﬁa. Wild and
“oberts, who observed only the Cygnus A source, did not
attempt to distinguish between a diurnal and seasonal
variation.

Briggs (1964) investigated the diurnal, seasonal
and solar cycle variations in scintillation activity
Prom Cambridge observations of the source Cassiopeia 4
for the years 1949-1960, He found that the scintilletion
activity, when it wae averagel year by year, followed a
similar pattern to the solsr activity. He also found that
the cecurrence of scintillation was at its maximum near
local midnight and that fluctuations in this time from
month to month and from year to year were statistical
rather than systematic in nature, There was little day-
+ime scintillation recorded at Cambridge except during
the years near sunspot maximum when it was sufficiently
strong to remove much of the diurnal variation. Indir-
ectly the results indicsted the presence of a diurnal
rather than a seasonal variation.

The overall predominance of the diurnal variation
has been emphasised most recently by Smerd and Slee (1966).
Using the east-west arm of the Hills Cross at fleurs,
near Sydney, they recorded scintillatiocns in the signals

of the eight strongest sources visible during the dailly
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transit of each source. Data was recorded over a four
year period from 1955-1959. From these observations,
they were able to exclude a strong seasonal variation

in the oeccurrence of scintillations, and to conclude
that the midday pesk of occurrence, which from the
southern hemisphere had been observed p eviously, was
not confined tg the signals from sources observed at low
angles of elevalbion.

Parkin (1967) confirmed the existence of the sub-
gidiary midday pesk in scintillation activity from the
observation of scintillations in the signals from the
beacon satellites from £t, Kilda, South Australia. This
subsidiary peak of occurrence has been observed consis-
tently from southern hemisphere mid-latitude regions and
Mitra et ale. (1964L~65) observed it in the scintillations
of the Be-B satellite signals from New Delhi, India at a
geomagnetic latitude of ~ EOGE. It does not appear to
have been reported from anywhere else,

Little et al. (1962) cbserved the Cygnus A and
Cassioplea 4 sources from College, Alaska - close to the
auroral zone, They observed that scintillation activity
was much stronger than would have been expected from the
mid-latitude results, and that the diurnal variation,
although present and in phase with the mid-latitude resulis,

was much less marked,
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To date, there do not appsar Lo be any resulits from
the egquatorial regions which would suggest that the
relative importance ol seasonsl and diurnal variations
there should be different from that in the temperate
and auroral reglons.

Several aspects of the work of Smerd and Slee (1966)
appear to warrant criticisme more specifically, part of
their argument appears to rest on rather dubious founda-
tions and thelr experimental technigue for reputing the
game argunent does not appear to be sufficlently rigorous.

The co-authors stete that the possibility exists
that variations in scintillation occurrence generally
interpreted as diurnal variations, could be due to var-
iations in the angular distance between the scintillating
source and the sun (with maximum scintillation being
observed in the direction of the sun and in the direction
of the anti solar point). The mechanism suggested has in
fact been cbsgerved in the scintillations of very small
diameter sources., VWhile it is true that if such an effect
were present, it would be difficult to distinguish from
a diurnal effect, 1its presence would appear to be largely
excluded (on purely theoretical grounds) from the scinti-
llation of large diameter sources. Consideration of the

golar wind velocity, the earth's orbital velocity, the
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time scale of the scintillations observed on the ground,
the finite diesmeter of the sources used {only Virge A is
less than 2' arc in diameter), and the scale sizes
deduced on the ground should lead to the conclusion

that interplanetary scintillations will not be observed
in the types of experiment described here,

However, if these arguments are not considered suff-
icient to exclude a dependence on angular distance from
the sun, then it is evident that a plot of scintillation
occurrence against the angular distance between ihe
scintillating source and the sun (incorporating the dif-
ferences in right ascension and declination) will resolve
any confusion present. Smerd and Slee attempted to do
this by plotting the scintillation occurrence sgainst
right ascension and declination differences separately,
combining observations from all the available sources.
vhile it is true that the difference in right ascension
between a source and the sun represents the angular dis-
tance between them guite well (but not exactly due to the
23.° inclination of the ecliptic to the celestial eguator),
this distance is not well represented by the difference in
declination. In particular, if the declination difference
between a source and the sun is zero, the source can be at
any angular distance from the sun depending on their res-

pective right ascensions,
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1t is concluded here that if scintillation activiity
does depend on the angular distance between a source and
the sun, then the analysis of Smerd and Ulee would not
necessarily have determined this. However, as they point
out, if scintillation activity ic plotted against the
difference in right ascension between the scintillating
source and the sun, the problem 1is not resolved because
this particular plot would show the same behaviour irf
either (or both) variations were important,

Some further aspects of the temporal variations of
seintillation activity are included in the following
gsections where their discussion becomes relevant to the

interpretation of other observations.

(1ii) The Height Distribution of Irregularities

giving rige to Scintilliation Activity. Three

main technigues have given rise to estimates of the height
of the irregularities. These estimates come Lfrom diffrac-
tion thecory applied 1o the obsevrvation of radic sgtar
seintillation, from the correlation of scintillation occur=
rence and intensity with spread-i and sporadic-E, and Irom
spaced receliver measurements or satellite scintillations.
These are discussed here. Some estimates ofheight have
alsc been made from satellite observations by noting the

minimum height of the satellite for which scintillations




oceur. The accuracy of these estimates is limited when
it is realized that irregularities sre more or less

efficient at producing scintillations devending on theilr
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taken into account in the interpretation of the observa-
tions. In any case, the methed is not as direct as that
uﬁiﬁg spaced receivers and is not dsscribed further here,

The diffraction theory of Hewish (1951, 1952) indi-
cates that an irregularity height determination should
be possible from the simultanecus chservations of ampli-
tude &cintillationé on spaced freguenciles, or from the
simultaneous observations of phase and amplitude scinti=-
llations on the same frequency. In the first case, the
method is rather insensgitive and the best estimate
Hewish (1952) could make was that the irrcgularities
were at & height not greater than 1500 km. Hrom the
second method, he was able to assign (in the same paper)
a height of L4OU km to the irregularities. IHip measure-
mert & referred to night time secintillation only.

As Chivers (1962) indicates, there has been a large
amount of work done, over a wide range of northern and
southern lstitudes, on the day tc day correlation of

4

scintillation activity with spread-F and sporadic=-I,
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While positive correlations with spread-¥, except per-
haps in the polar regions, are wides spread, positive
correlations with sporadic-% are generally restricted

to the scintilletions of sources at small elevations
(vhere from spherical earth geometry, the % layer thickness
increases relatively faster than the P layer thickness
along the line of sight to the source), and to daytime
scintillations. Wild snd Roberts (1956), from their
observations of radio star seintillations near Sydney,
found that scintillations were assoclated with sporadic=E
sctivity during the day, and with epread~F activity during
the night. Priggs (1964) found a positive correlation
between scintlllation and spread-F at night, but during
the day was unsghle to come to any conclusiocn regarding

the correlation between scintillation and sporadle-I

3t
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due to large gaps in the records of both phenomena.
realized that the occurrence of strong scintillation
when spread-7 was not detected could be explained 1f the
irregularities were situated at heights above the level
of maximum ¥ region electron densitye.

Since the advent of the artificial earth satelllte,
some much more direct methods of height determination
have become svailable, The most important of these

epends on the fact that the velocity of a satellite 1s

so large that the ionosphere may be regarded as frozen




during the setellite's passage. Using sn srray of spaced

ferobly at lesst three recelvers not in the

receivers (opre
game 1line’, the veloeity of the diffraction shadow pattern
scross the ground may be measursd and knowing the veleeliy
and height of the sstellite, the height of an irrsgulerity
may be determined,

veh and Swenson (1964) have published resulte of their
investigetionse a8t Urbsna, Illineis, which show that irreg-
wlsritles may be observed over all heights from 100 to 600
km. They sre most likely to ocecur near LOU km (in the ¥
region) and heve & smaller peak of ceocurrence near 100 km
{in the % region), Nellure (1964) divided the same data
inte three-hourly time zones and shoved that lrregulsrities
in the ¥ region were dominant by day =nd that by night,
they were dominsnt in the ¥ reglon. This result sgreed
with the fustralisn correlation studies in o far as the
different height sssociestions by day snd by night, but
differed in the fsct thet the cbservations were not res-
tricted to low altitudes. YeoClure did pot correlate the
seintillation occurrence with sporadic-¥ or spread=i, It
should be pointed out that the predominantly ¥ region heightis
of the irregulsrities by day snd the predominantly ¥ region

%,

heights of the irregularities by night do not nececsarlily

indicate the existence ¢f even & subsidiary maximum in

seintillstion activity during the day.
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Ae indicated by Yeh and Swenson, other authore have
ohserved irregularities by & similar method up to heights

of 1000 km.

(iii) Meassurements of Irregularity tize, Chape and

Orientation., Booker {(1958) summarized the

early Inglish observations and described how these first
measurements of I region irregularity size appesared to be
inconsistent until Spencer (1955) shoved that the irregu-
larities were asnisotropic and were elongated along the
magnetic field lines. The esrliest conclusion was that
at middle latitudes, the irregularities had axial ratios
of about 5:¢1 and had a smaller dimension of about 1 km.
This result was further refined by Jones (1965} who,
from night time observations, using three receivers, of
the Cessiopelis & source to the north of Cambridge, U.XK.,
verified Spencer's observations that the ¥ region irregu-
larities were fileld aligned znd found that the axisl ratilo
varied with elevation angle. The axial ratioc was much
larger when the source was observed at upper culmination
than when it was observed a2t lower culmination and he
interpreted this result as evidence of a varistion in
exial ratio with latitude., This result could be explained
in terms of a varying lonospheric diffusion coefficient

with height along and across the megnetic fleld lines 1T




the height of the irregularitlies decreased with increasing
latitude.

In recent years, workers in this field have sgought
to establish the latitude variations in the irregularity
size., HKent (1961), at Ibadan near the megnetic eguator,
from the observation of satellite signals on twoe spaced
receivers, found values of + km for the smaller dimen-—

sion of the dirregularities and variasble axial ratios with
a mean value of 6:1. e confirmed the magnetic field
alignment,

Yeh and Swenson (1964) used satellite records to
determine the smaller dimension over a range of latitudes
but did not include equatorial regions in their experiment.
They used the rather crude method of counting maxima in
the scintillation records from singl@ recelivers over a
restricted range of northern latitudes and as they pointed
out, they were left with a possible error of B0L. Their
results indicated a larger slzed irregularity at Houghton
and Adak (of similar magnetic latitude) than at their
other stations at higher and lowecr megnetic latitudes
This rather surprising and unexpected result has nol yet
been confirmed or explained,

¥ost recently, lfarons and Guidice(1966) obtained

vaiues for the size of irregularities from the visibility
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of scintilliations of signals from redio sources of

he

3

different angular diameters and compsred thelr values

e

of size with thoses of other workers spread over a

range of latitudes. Although the other workers {Basu

et al. (1964), Frihagen (1962), Jesperson and Kemas
(1964), and ¥Xoster (19£3)) all used different technigues,
their resultse are compatible provided the difference
between L, the peak to peak scale size of the diffracting
screen, and r, = L/Qw, the size of a single irregulsrity,
is realized, Also, correlation funciions, 1T they are
evaluated, must be interpreted in a consistent manner,
The slze estimations agreed with the earlier results of
Kent (1961) and Jones (1960) already mentioned here and
Aarons and Guidice were able to conelude that the shorter
dimensgion of the irregularities appeared to increase with
increasing latitude.

There 1s sti1ll a large amount of work to be done
before the variation of # region irregularily slze with
latitude is known, and, as indicated by Jones, the pos-
gible pressence and effect of a variation of irregularity
height with latitude must also be taken intoc aeccount.

In all the preceding experimentis, care was taken to
ensure that the measurements of irregularilty size were

made in guiet magnetic conditions and that single scattering




B
j.N
L

§

was teking place., It cannot be assumed that the irregue

-

larity size will be unchanged under other conditions. In
particuler, reductions in size, usually during periods
of magnetic disturbance, have been shown to be a possible
cause of radlo star vigibility fadses

Information regarding irregularity dimensions sbove
the ¥ region meximum hag come from lonograms recordsd on
topside sounders carried in rockets and satellites.
Calvert et al. (1962) observed ducts from a rocket borne
sounder and measursd velues of about 1.4 km for thelr
slze transverse to the megnetic field. They may be hun-
T kilometers long in the dirvection of the Tield.

dredp

a]
Dyson (1967) showed from ray tracing technigues that

O

ducts of these dimensions vwere capable of gulding the

satellite or rockebt transmissions along fleld lines down

'ﬁ

to and back from the slgnal reflection point in the ¥

region whether the ducts contained an excess or de lency
of electron density comgared to the ambient lonization,

(iv) Association between deintillation and Cpread-=,

j
soon after the terrestial origin of the signal fluctuations
had been established, Ryle and Hewish (193C) end later
Little and Haxwell (1951} showed that spread-# as obssrved

on ground based lonosondes and the scintillsation of radio
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star signaels tended to cccur on the same nighis.

odrell

O

Tater, Dagg (1957 b) from observations at J
Bank, EZngland, found that although the diurnal behaviour
of the two phenomensa was very similar, showing a night
time maximum and s day time minimum, the peak of scintle
llation occurrence preceded the peak of spread-I occur-
rence by up to four hours. He suggested that this
might be explaimw d in terms of blenketing by the F layer
such that as the critical freguency of the B layer falls
and the intensity of the irregularities remsing the sane,
then because of the different freguenciegs used to observe
the two phenomensz, spread=F will be detected more strongly
wherseas the intensity of the scintillation will not change.
Similarly, spread-F will be observed less strongly as the
critical frequency increases, This effect would appear
to operate successfully without the height of the irregu-
lerities changing with respect to the ¥ region maximum,

Briggs (196L) confirmed that the result obtained by
Dagg was valid over a whole solar cycle and Chivers (1963)
ghowed that ¥ reglion blaenketing would be sufficient to
explain the phase shift between the diurnal variations of
the two phenomens,

Singleton (4962 a) obtained results at Brisgbane,
Australia showing that on a day to day basis, the corre-

lation between spread-i occurrence and the ¥ layer critical




fregusney was significantly negative indicating that
gspread-F was more likely to occur when the critical
freguency was low., This experimental result confirmed
that the suggestion thet blanketing was responsible
For control of the spresad-F diurnal variation could

e a valid one.

It is also possible that the explanation lies in
a differen ; our of topside and

bottomside napurthy (19658)

compared the diurnal behaviour of bottomside spread-r

with thst of the topside spread-P obgerved on the

o
o

Alouette sstellite ionograms, and he found that near e
magnetic eguator, the onset and peak of bottomside spread=-
@ preceded the onset and peak of topside spread- Dy

gbout two hours. Vhile this result can in itselfl Dbe
explained by an increassing height of the lrregularities
during the night, {or by the F layer height decreasing),
it is not in the correct sense to explain Dagg's result,
Unless there are marked changes in the phase of diurnal
behaviour of topside spread-% with leatitude, 1t seems that
the phase difference between the d iurnal variations of
spread-% and 5eintillation8 must be explaim d solely in

"’i

terns of blanketing. Asg yet there appear to be no diurnal

plots of topside spresd-H occurrence for high latitudes




which could alter the sbove discussion.

Chivers (41960) using four years of data from
Jodrell Bank, and Briggs (196L4) using twelve years of
data from Cambridge, arrived independently at the con-
clusion that (at least at mid-latitudes) scintillation
and spread-7 activity showed opposite long term varia-
tions with solar cyecle - the occurrence of scintillation
increasing with solar activity and the occurrence of
gpread-i decreasing. In particular, Briggs found that
in the years close to the sunspot maximum in 1957, there
were many occasions when scintillation was visible butl
there was no epread-&, This situation did not occur
negar sunspot minimuam. Dyson (4967, found, using data
observed at several different Australian stations
between Cctober 1962 and Harch 1963, that irregularities
were often observed on topside ionograms when the bottom-
side ionograms showed clear traces, However, further
results are required from the coming period of sunspot
meximum before the significance of his results can be
fully realized.

Chivers (1960) concluded from his results that scinti-
llation occurrence showed a seasonal variation, with
maxima at the eguinoxes, which became more apparent as
solar activity increased. This variation contrasted with

that of spread-F which shoved a single maximum of ocecur-
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rence in winter which became weaker as solar activitiy
increased, Priggs (196L4) preferred to interpret the
variations in seintillation sectivity as solar and
sidereal time variations rather than as seasonal varia-
tions although either conclusion is difficult to support
using data from only one source.

Brige's interpretation was given further gupport
recently by the observations of Smerd and flee {(196€) from
#leurs, in Australia,

The positive correlation between the occurrence of
spread-F and scintillation activity on a night to night
pasis {(which excludes the similar diurnal variations
from the correlation) appears to be well established.

Ryle and Hewish (1950) eand, in more detail, Briggs {(196L)
are among the many authors to obtain this result. Gener-
ally, a lack of complete correlation has been explained

in terms of spread-¥ and scintillation not being observed
st the same site, or in terme of the scintillating irregu-
larities being above the height of the ¥ .region maximun
for part of the time in which case they are invisible to

ground based sounders,

(v) Relationships Between Magnetic and Ionospheric

rarameters. The influence of geamagnetic

activity on ionospheriec scintillatione, spread-Ff, the
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B region critical freqguency f@ i and the #.layer

23
height, has in recent years been the subject of much
investigation., Different suthors haves used various
measures of geomagnetlc activity including magnetograms
recording the minute by minute changes in the vertical
and horizontal components of the earth's magnetic field,
the local ¥ indices, or the planetary indices Ap and K@.
The relationships as they are currently understood and
some of the background are summed up in the following
paragraphs,

toon after the discovery of scintillations in the
signals from radio star sources, Hewish (1952) reported
that he had found little correlation between scintilla-
tion amplitude and K index but that the F region drift
velocity (which determined the scintillation rate) and X
index were positively correlated. He noted further
that although there was no detaliled correlation between
seintillation amplitude and K index, there was some ten—
dency for the degree of 1lrregulariity to increase during
periods of extended geomagnetic activitye.

Dagg (1957 b) showed that both scintillation rate and
amplitude had a diurnal variation similar to the magnetic
K index but found no correlation between the ¥ index and

scintil® tion amplitude on an hour to hour basis. In a
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companion paper (1957 a) he compared variations of
scintilletion rate and amplitude with records from a
nearby magnetogram, In this case, he did find occcas=-
ional detailled correlation between scintillation ampli-
tude and geomagnetic activity. Generally, the correla-
tion between the magnetic fileld changes and the scinti-
llation amplitude was poor while the correlation between
the magnetic field changes and the secintillation rate
was good. In a few cases however, the scintillation
amplitude showed good correlation (better than the
scintillation rate sometimes) with the magnetic field
changes, The correlation of scintillation rate with
megnetic field changes was reduced when the changes were
restricted to the horizontal component - a result sup=-
porting the theory that changes in the vertical component
of the field correspond most closely to changes in the
drift velocity of the irregularities. In some cases,
Dagpg observed time delays of up to one hour between the
magnetic field changes and the scintillation amplitude
and rate changes., He atiributed thesze delays to the
distance between the magnetic and ilonospheric cobserving
sites which could introduce a time delay 1f the disturbance
mechanism was of a localized nature and was lravelling in

the appropriate direction.
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Briggs (1961) summarized the results of correlating
the scintillation amplitudes of the Cassiopela A source
recorded at Cambridge and Jodrell Bank with local K
index, These results indicated that for the 38 lHz
scintillation observations, the correlation wes small
and positive for all positions of the source at sunspot
minimum but at sunspot maximum. the correlation was
positive when the source was near uppsr transit and
negative when the source was near lower transit. The
average correlation coefficient, for all positions of
the source at sunspot maximum, was zero. He pointed
out that, in view of the facts that a positive correla-
tion between scintillation and spread-F was regarded as
established for all latitudes {the same irregularities
being supposed responsible Lor both phenomena ), and that
Shimazaki (1959 1I), amongst others, had shown that
spread-F and magnetic activity were also positively
correlated - at least in middle latitudes, a positive
correlation between scintillation amplitude and X index
was expected and the 38 MHz resulte from Cambridge were
therefore rather surprising., As discussed in section
1,2(1i1), Briggs was able to resolve this anomalous result
for sunspot maximum in terms of the finite size of the
gource which under certain conditions caused the scinti-

llation amplitude to decrease even though the desgree of
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irregularity in the ionosphere had increased. He con-
cluded that K index was in fact correlated positively
with degree of irregularity of the ionosphere at all
times,although the correlation was weaker at sunspot
minimum than at sunspot maximum.

Slee (1962) supported Briggs' result for mid-
iatitudes with radio star scintillation observations
from Fleurs, near Sydney, and emphasised Briggs' con-
clusion that confusion could arise if the inversion or
source size effect was influencing the observations and
thelr presence was not realized. He also pointed out
that since the correlation between the phenomena, although
slignificant, is only partial and since, in particular
cages, scintillation may occur on magnetically quiet
nights and mayy not occur on magnetically disturbed nights,
that magnetic field fluctuations are not a direct cause of
scintillation activity. They could howeveract to render s
scintillation producing mechanism, already present, more
reffective.
- Shimazaki (1959) showed that the correlation be-
tween spread-F and geomagnetic activity varied markedly
with magnetic latitude, that it was strongly negative for
latitudes less than 20 degrees, that it was positive in
the range 20 - 60 degrees, and that for higher latitudes,

it was again negative, He shoved that the negative
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correlation at high latitudes was partly influenced by
the presence of polar blackout under disturbed conditions
which rendered the spread-F, if present, invisible to
ground based sounders. Rao and Mitra (1962) agreed with
Shimagaki's calculation of negative correlation between
spread-F and geomagnetic activity at the eguator and
indicated that part of the explenation of this might come
from the observations showing that the height increase of
the ¥ layer, which normally preceded the onset of spread-
¥, was inhibited in the presence of disturbed magnetic con-
ditions. They also stated that spread-F and geomagnetilc
activity are positively correlated at high latitudes but
they did not justify this statement sufficlently and may
not in fact have been referring to auroral latitudes.
Calvert and Schmid (1964) gave support to Shimazaki's
suggestion that p olar blackouts were important in removing
the correlation at high latitudes between spread-F and
geomagnetic activity. Using the Alouette topside sounder
satellite, they observed no reduction in topside spread-F
oceurrence near the magnetic pole., In data from a period
of near minimum solar activity they observed no signifi-
cant correlation between topside spread-F and geomagnetic
activity in high latitudes.

Koster and Viright (1960) established that in




equatorial magnetic latitudes, the occurrence of both
spread-¥ and scintillation activity is reduced durlng a
magnetic disturbance, The effect 1s weak near sunspot
minimum, but near sunspot maximum it is sufficiently
marked so that it can often be taken as an indication
that & magnetic storm 1s in progress,

King (1961) observed that in mid-latitudes the F
region critical frequency fo ng ig, for the southern
hemisphere summer months, negatively correlated with
geomagnetic activity, 1In a later paper, King and Grahan
(1962) described a similar experiment with a longer length
of data and showed that the negative correlation did not
hold all the year round; it was positive in the winter
months. Since in mid-latitudes, spread-F and geomagnetic
activity are positively correlated, the negative corre-
lation found by XKing for all but the winter months is
consistent with Singleton's (1962a) result showing that
in mid-latitudes, spread-f and fo F2 were negatively
correlated.

¥ing (1962) pointed out that in mid-latitudes, changes
of ¥ layer height (which can alter the amount of spread-¥
visible from the ground and which in equatorial latitudes
mey be partly responsible for the production of irregulari-
ties observed as spread-F), are very small during magnetic

storms. Large fluctuations in height may occur during
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computed the auto and cross-correlation functions for

these indices with the data broken up into yearly inter-
vals, His results for the cross—correlation functions
with no time shift confiemed those of earlier workers

with regard to the variaticn in correlation through the
solar cycle, but in addition, showed that the maximum
correlations were obtained when the K indices were corre-
lated with the spread-F indices corresponding to a later
day., The time lag of the maximum correlation was generally
4 day but was as high as 2 days in the years preceding the
1957 maximum of solar activity. His value of 1 day for the
time lag in 1960 agreed with Xing's result, Provided the
time lag is included in an analysis, a significant positive
correlation can be found between spread-P and geomagnetic
activity for the whole solar cycle, This was not the case
vhen the calculation was based on attempts to find a sin-
ultanecus correlation.

To date, a similar snalysis does not appear to have
been carried out at any latitudes using scintillstion data,
tut the results of such an investigation are presented here
in & later chapter.

It would bhe very interesting to sextend the work of
King (1961) and Briggs (41965) to aurcoral latitudes where
the incoming charged particles responsible for magnetic

field fluctuations are also regarded as a possible direct
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of geomagnetic mctivity and lonospheric activity would be

rather surprlsing.

1.5 "Pheories of ITrregularity Formation

To be completely succeseful, & theory of production
of irrsgulerities should explain satisfactordily all the
phyeical properties of irregularities such &g size, shape
and intensity, all the temporal, geographlc and height
varistion in the above, as well as in the occurrence fre-
guency, snd the correlation with megnetic activity. Although
no single theory has g yebt been found that satislies all the

above regulrements, 1t that over the last decade,

conslderable progress hes been made
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Dagg (1957c) critically reviewed the then current

7

theories on the origin of ionospheric irrsgulsrities, among

and Tvaporetion theories which

.

predicted unchanging beheaviour Irom one day to the next,
the particle influx theory which he criticized because its
epplication was limited to high latitudes (it is now re-
alized that this restricted validity is important), and the
turbulence theories, later supported by Booker (1958) which
then and later were shown Lo be inadeguate because ol the

very high electromagnelic damping present in the ¥ region,




and because of the doubtful validity of turbulence cone
cepts, valid &t lower altitudes, in the ¥ region. Dagg
(19574, in a companion paper, suggested that turbulent
motions in the dynamo region between 110 and 4150km might
be coupled into the ¥ region via the magnetic lines of
force - the electrical conductivity elong the lines of
Fforce being large compared with that perpendicular to the
lines of Torce,

dartyn (1959) proposed that an irregularity ampli-
fication mechanism would exist if there was a differential
vertical velocity between an electron density irregularity
and the background ionization. The mechanism would work
for either an e lectron sxcegs or deficlency in the irregu-
larity which could be above or below the maximum electron
deneity in the layer., If the relative vertical motion was
in the apgropriate sense, the irregularity would be ampli-
fied; with the relative motion in the opposite sense, it
would be attenuated.

In a recent review paper, Herman (1966) stated that
recent investigations point to the likeljhood that no
single thecry can be expected to account for the existence
and properties of irregularities in both eqguatorial and

high latitude regions. He discusses critically the currently

geomagnetic regions. ©ome of these theories are briefly




here under sip 1 some further
{i) Amplificetion Theories of ITrrvegulsrity PFormation,
“incethe conception of Martyn's ory, several diffi=-
culties have arisen with regard to iits spplication. The
in one ig that the irregularity may not be stable over
the time or vertical distence reguired either due to deforma-

tion ss it moves relative to 8 Dackground electron density
gr=dient or due to the effects of diffusion, In addition,
a driving force ic required to move the irregularity rel-
gtive to the background and while an east-west electrostatic

field in the ¥ region
clear how i1 gets the
electric Tields exist
they might be couple
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by Martyne

The amplification theory does not in iteself explain
the origin of the irregularities but it has been invoked
ag part of several other theories for thelr origin,.
Possible mechenisms suggested for initiating instabilities
in the ¥ layer itself are the resistence of the ionization
in the layer to gravitational forces due to the carth'se
megnetic field, and the gravity waves suggested by Hines
(1960) which could be excited as a resgult of a sudden
adjustment of the neutral atmosghere after sunsetl.

Come experinental support for the amplification theory
and for Calvert's driving mechanism may be found from the
work on F region field aligned echoes by Clemesha (196L)
in Chana, He messured differential vertical velocities
(of up tc 70 m/s) between the irregularities and the back-
ground ionization and stated that the echoes were rarely
cbserved before the ¥ layer started to fall after sunset,
Schrader and Xan (41965) in a paper seeking an explanation
for the peak occurrence of these field aligned echoes ai
sunset (reported over a wide range of eguatorial and middle
latitudes) found downward veloclties of the ¥ layer iloniza-
tion had their maximum values at Puerto Rico at sunset (and
sunriee), but their velocities were not as large as
Clemecha's values., In evaluating the importance of the

irregularity amplification mechanism, they considered that




the limiting factors were diffusion and the magnitude and
persistence of the differential vertical dfift veloclty.
They did not consider deformation of the irregularities in
the presence of a background ionigation gradient to have a
limiting influence. In = series of calculations for 4ifl-
erent geomagnetlic latitudes, they found when they neglected
diffusion that the amplification fector had & maximum value
of 5 at the geomagnetic equator and decreased with increas-
ing latitude. They considered that in the presence of dif-
fusion, the amplification would not be sufficient to explain
the cobserved sunseil pesaks in 7 region fleld aligned echoes,
In view of Clemesha's observations which indicated much
larger velocities then were used in the gbove calculations,

the topic must still be regarded as an open OnNe.

(ii) Theories Depending on the Transfer of Irregulari-

ties into the ¥ reglon. #Hany theorles have been

vroposed which suggest that the irregulorities originate
in disturbances above or below lhe F reglon and are trang-

ferred or coupled into 1t.

Fiddington (4 considered

/

coupling from the I region (whers turbulence is readily
explained) as a possible cause of I region irregularities
but for the sguatorial regions, these lheories have been

e¢riticiged due to the weak nature or the coupling. Tven

17 the amplificaetion mechanism is invoked with Dagg's
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theory, there remains a large gap between the irrvegularity
sizes allowed in the theory and those actually observed.
Coupling between the E and F regions has also been con-
gidered in high latitudes where the field lines are nearly
vertical but when the theories are evaluated, they prove
to be inconsistent with observations and at present the

T region is not considered a major source of ¥ region
irregularities,

Dessler (1958) suggested that the interaction of the
solar wind and the earth's magnetic field at the magneto-
spheric boundary could initiate large amplitude hydro-
magnetic waves which could then propagate downwards through
the iocnosphere. He interpreted the magnetic field fluct-
uations recorded at the earth's surface as being indicative
of the existence of these waves and was a&ble t o suggest
how they were attenuated (rather severely) when propagated
below 7 region heights. Singleton (1962c) combined Dessler's
hydromagnetic waves with Martyn's amplification mechanism
to obtain & theory for production of eguatorial spread-i.

Theories of formation of high latitude irregularities
appear in many respects to be more satisfactory. In par-
ticular, the field lines being nearly vertical, charged
particle influx may now be considered as a possible irrsgu-

larity forming mechanism and disturbances from gbove or
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relative to the temperature of the neutral background,

If inhomogeneties existed in this proton flux, they
could give rise to weak, field aligned irregularities
near the ¥ region maximum and to stronger irregularities
at higher altitudes. The theory predicts the observed
coupling between © regions and P region irregularities
at conjugate points, but not the day to day variations
in irregularity occurrence or their correlation with
magnetic activity.

Bowhill made gquantitative calculations of the fluct-
uations in protonospheric flux reguired to produce the
observed irregularities in electron density, found them
to be feasible, and suggested experiments which should
be capable of observing the fluctuations directly. As yet,

no results appear to have been obtained to compare with

the theory.

(iv) Charged Particle Theories of Irregularity

Formation. The concept of irregularities
arising due to the influx of energetic charged particles
is not a new one and was first advanced as & possible
cause of aurora in the last century. It was also suggested
in the form of the Accretion theory as a possible cause of
the irregularities giving vise to radio star scintillation

but was shown in this form to be unacceptable. It is now
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well known that under the control of the earth's magnetic
field, charged particles of the energy reguired by the
theories (1 = 100 KeV - a small energy by cosmic ray
standards) cannot penetrate to ionospheric altitudes
except in the polar regions., They are now accepted as
the fundamental cause of auroral displays and Herman (1966)
indicated that theories of F region irregularity based

on particle influx in the polar regions are well eble to
predict the intensity and size of the electron density
irregularities. Such a direct causative mechanism also
readily explains the positive correlations between polar
spread-F and magnetic activity and between polar spread-Ff
and visual auroras,

Summing up the foregoing discussion, the current
theories of formation of irregularities in the eguatorial
regions appear to favour generation in the ¥ region (other
than from turbulence) end the transfer of irregularities
from outside the layer. Martyn's amplification mechanism,
probebly driven by electrostatic forces generated by verti-
cal movements in the neutral atmosphere, can be invoked in
these regions and can form part of the other theories.

In high latitudes, the rfavourcd theories suggest that
irregularities might be transferred into the F layer from
above, or generated in the layer due to ilonization from the

dowvnward heat flux lost by trapped protons or from the
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influx of energetic charged particles.




CHAPTER 2.

AT ITYLY T T AT A AET T
ANTY THT RADID BTAR

2.1 The Recgelving tilte

The scintillation observations carried out in this

gxperiment were all made from the University of Adelalde

w

fisld station at ot. ¥ilda, South Australis. This field
station is situated some 17 miles north of Adelaide and
was originally selected as it was surrounded by farmland
with 1ittle traffic, few power lines and no radlo trans-
mitters in the viecinity. At present, there are two
permanent' bulldings on the site and power is connected
from the state electricity grid. The recelving equipment
for the radic star scintillation experiment described here
shares the site with several other experiments but none of
these include radio transmitters so that any interference
encountered in the experiment must come from 8 source
other than the fisld station. The geographical co-ordin-
ates of the site ared

1latitude 34° 43' scuth, longitude 138° 35" cast and

the geomagnetic latitude is 440 L2% south,

2.2 The Antenns Arrays

The analysis degeribed in this thesis was based on
the records from two phase-switching interferometers,

each tuned to a freguency of 39,5 UHz (wavelength




57 -

h o= T7.60 metres) znd each having its halves on an esst-
weet basgeline so that the main lobe of the reception
polar dizgram wag in the norith-south vertlcal plane,
Thus, the zppsrent diurnal motion of the various sources
due to the earti’s rotation was sufficient to genecrate
interference fringe patterns which were recorded on the
receiver output. The antenna arrays for the two inter-
ferometers {vwhich were designed for different aspects of
the experiment), are rather different and recquire separate
ﬁe seriptions. The technical data for the design and con=
gtruection of the Yagl antennas used in each array was
obtained from the R.S.G.B.Amateur Radio Hsndbook and the
A.R.F.L,s Antenna Book and the final design parameters of
the Yagi antennas for both interferometers lie within the
limits recommended by these handbooks,

A photograph of the first and smaller antenna array
tc be erected is shown in Figure 2.1 and the dimensions
of the interferometer and of each Yagl antenna are shown
in Figure 2.2, The interferometer was deslgned to detect
the strong northern radio source Cygnus A which, at this
latitude, reaches a maximum altitude of 15° above the
northern horizon., The array was in use from December 1963
to December 1965 and consisted of two L-element Yagl antennas

(with the driven element folded) separated by & distance of
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Figure 2.1 The Cygnus A interferometer array at

St. Kilda, South Australia.
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Figure 2.2 The dimensions of the Cygnus A . interferometer.







with the antennas horizontal., This apparent discrepancy

can be explained since the [lgures referrsed to are based on
calculations assuning that the ground is a perfect elesctrical
conductor. Yhis assumption is not satisfied in practice and
g0, for all buﬁ a short trial period, the interferometer was
operated with the antennas mounted horizontallye.

The effects on the polar diagram of the arreay due to
the directlional radiation pattern of the Yagil antennas, and
due to the proximity of the ground, are discussed in
Appendix A, part %.

The signals from the two antennas were transferred via
co-axial cables to one of the permanent bulldings vwhere the
phase-switching receiver and pen recorder were housed,

A photograph of the second and larger antenna array
to be erected is shown as the frontispiece and the dimen-—
sionse of the interferometer and of easch Yagi antenna are
shown in Figure Z2.3. This interferometer, which was in opera-
tion from December 1965 until September 1966, was designed
to detect many sources distributed over all values of right
agcenslion and over a wide range of‘aeclinatiena. since the
Cygnus A source is stronger {by a factor of ten or more) than
others detectable from the same site, and since it was desir-

gble that the sources detected should interfere with each
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other as little as possible, the collecting area of this
interferometer array had to be larger than the Cygnus A
instrument and the radiation polar diagram had to provide
good resolution in right ascension and be relatively
insensitive to declination., The array therefore consisted
of sixteen 3-element Yagi antennas in a single line uni-
formly spaced3/2 wavelengths apari. As in the case of the
Cygnus antennas, the driven elements were folded.

Right of the Yagl antennas constituted each half of
the interferometer, the centfes of the halves thereflore
being separated by 12 wavelengths. As is the case for any
filled interferometer (where the antennas are uniformly
spaced and there is no gep between the interferometer halves),
the output of the phase-switching receiver consisted of a
single maximum in the output for each source -~ each source
remaining in the "Pield of view" for about twenty minutes.

The calculation of the reception polar diagram for
gach half of this interferometer array 1s described in
Appendix A, part 1, Part 2 of the same Appendix outlines
the effects of antenna directivity and proximity of the array
to the ground on the envelope of the polar diagram. Hrom
this Appendix, it is to be noted that since the aerials are
spaced more than one wavelength apart, there is & first

order "diffraction grating" lobe present in the polar diagran
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for 4 = arcos A/d, 4 being the angle between the line

joining the antennas and the direction of arrival of the

The height above ground of the antennas making up
this aprray is the same as that chosen Ffor the Cygnus A
array, alﬁhough; since they were directed veritically in
the normal course of running, the reasons, for the choilce
of this height (3/8 wavelengthe) for the Cygnus A array,
no longer apply here. The array is fully stearabvle, the
necessary adjustments being made for each antenna in turn.
For the best overall results, the interferoneter was
operated with the antennas directed vertically and the
antenna clements aligned esst-west. Vhen running was first
commenced, the antennas were aligned north-south as shown
in the frontispiece. This arrangement proved unsatisfact-
ory with regard to the Cygnus A source which was then
"yiewed" almost end on to the sntenna elements., Under
these conditions, the deflection of the output signal on
the pen recorder was not conducive to the easy reading of
the trangit time of Cygnus A or to the sssignment of
scintillation indices to the signals from the same source,
esults for the Cygnus A source are not availesble for the
first few weeks of running due to the antennas being aligned

in this way. For a short time the interfercometsr was also




o the
reception of was north of
1 senith &t sense of those Tor which the transit

was to the south.

end. In addition, there

ground level rather

- g L e X . .- P = )
array was erected so that the centres of the

= porallel to the ground plane
his small in 250)

incorpor:

of cable) arriving

interferometer,
“4nce the centre of the array lies some 2F0 yards from

stotion eite, it weas

feat north of the

-he phase-switehin g"

oy
&

recelve

e
e
o
vy
:
W
b
s
o
&
I
.
[T
g
e
193]
L
0
[©)
te
g’w
]

)
o
r

output




- 63 -

permanent buildings) via an overhead telephone line.

i

Pigure 2,3 illustrates the Christmas tree psttern adopted

&
n

i

for the cable connections of the interferometer -~ the
length of cable Irom the recelver to the sntennes being

ted

('"‘t:

o

unilform except for the groundslope coprection indica

previouslys

2.3 The [hose~Switching Recelivers

Several phase-gwitehing recelvers similar to that
described by Byle (41952) have been used in conjunction with
both interferometers for the detection of the redio sources.
Ryle discussed the properties of these receivers in some
detail snd later Tiuri (4196L) compared thelr efficlency with
that of other types of correlation receivers used in radlo

stronoty.

The peceivers and assocliated power supplies used
throughout this experiment are similer to the standard phase-
switching receivers and power cupplies used at Canbridge,
U.%X., for some years for similar experiments there. The block
circuit diagram of the receivers is shown in Tigure 2.4.

The most important modifications made to the recelvers

for the present experiment weres

1]

(a) The phase switch cables and the R.¥. cilrcults were
tuned to 33.5 ¥Hz rather than 38 UHz - the latter freguency

being that at which many of the Cambridge observations had
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FIGURE 2.4 Block diagram of the phase switching receiver.




baen made,

circult preamplifier was added to
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(b) A cascod he
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input of each receliver and these improved the signal to
noise ratio by a Ffactor of 4 (6 db) and increased the
overall gain of the cystew, These preamplifiers were not

3

alweys connected for the Cygnus A experiment but were

necessary Tor the recording of signals Ifrom the vaeaker
sources detected with the larger array.

Other mincr modlifications were made - these were
directed meinly towards prolonging the 1ife of the geries
vegulator wvalves in the power supplies and had no bearing
on the expesrimental results,.

The receivers had & radio freqguency beandwidth of 1 MHz,
they were opersted with a time constant (determined in the
D.C. amplifier stage) of 41 second, and the dlodes in the

-

phase -switching circults were camtrolled by 2 240 cycle per
second square wave. An Ivershed 3-trasck pen recorder
(impedance 5000 ohm, time constant 1 second) was run gener-
ally at a chart speed of 3 inches per hour but on some
occesions, & speed of 6 inches per hour was usged. Al the
slower chart speed, the pen reccrder could be left to run
unattended for a period of 10 days although this was rather

undesireble in practice. Alternative time constants in the

receivers of less than 1 second were alsc avallable, but, as




the time constant was reduced, the receiver output
became very noisy and the pen recorder was not suffic-
iently rapid to follow properly the Taster fluctuations.
The application of several of the points made by
EZyle (1952}'(aﬁ& others) concerning the properties of
the phase-switching interferometer is mow discussed for

the present instruments.

(R

ol The Outnut of the Phase--witching Recsivers

Following the original papsr (put not the notation) of
Ryle, the amplitude of the signal response of a phase-

switching interferometer is given by.

A(0) = 85(0) « g,(0) * cos®(e)

2uD

1S

where & = cos & and 1s the phase difference between
the signals arriving at the centres of the eastern and
western halves of the interferometer array and D is the
distance between the centres of the halves of the array.
The condition #(or #2) = constant generates a cone
of semi angle # and with its axis along the line joining
the centres of the halves of the interferometer,
SE and SW are funciions of this angle ¢ and describe
the polar disgrams of the eastern and western halves of

the interferometer array. Appendix A describes these

funetions for both the arrays used in this experiment and
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indicates that in each case Sy and 5, are the same. Thus,

the signal response of the interferometer is given bye
' 2
A(B) = 8%(8) ¢ cos (0) (241)

Also in Appendix A, it is pointed out that the angle
A may be defined conveniently in terms of the celestial

co-ordinate systems
cos (8) = cos (declination) + sin (hour angle) (2.2)

Taken together, expressions (2.1) and (2.2) are
suiteble for the calculation of the receiver output as a
function of time for a particular source (cos (declination)
is then constant), or for the calculation as a function
of declination of the hour angle (period) of the inter-
ference fringes for elther interferometer, or in the case
of the large interferometer only, the hour angle of the
first order diffraction grating lobe. The fringe periods
are found by putting cos o = ﬁ for the Cygnus A inter-
ferometer, or cos 8 = %% for the larger interferometer,
and the hour angle of the first order diffraction grating
lobe of the larger interferometer is found for cos § = 2/3.

Representative results of these ecalculations are

shown in Figures 2.5 to 2.8 which show the receiver outputs

and the periods of the central maximum for each array and
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formation is reguired from the celestial o &

of the lerger array because 1t
reaching o sufficiently large hour angle. At 2t, KKilda,

sources Further north than 38 degrees declination will

of the antennes constituting the array

Othher resulte relating to the variztion in &Wb1u1V¢ty
of the larger array in the main lobe, and in the difirac-
tion grating lobe relstive to the main 1lcobe could be cal-

culated for sources at various declinations. These results




are not reproduced here because of the rather arbitrary

o

nazture of the functions selected in Appendix A Lo des-
eribe the polar diagrams of the Yagi antennas and silnee
these functions are required for these other results, the
answers obtained would have doubtful physical significance.
In the cese of the larger interferometer, the cal-
culations of the celestial positions of the interferometer
lobes have been verified from measurements of the apparent
right ascensions of the sources detected. These lobe posi-
tions have also been verified from recordings made with a
fast chart speed of passes of the beacon catellite Be - C
which has an orbital inclination to the esquator of L1 degrees
and transmits a frequency of LO MHgz. The sstellite observa-
tions were particularly useful in checking the posil ons off

the diffraction grating lobes and are described in Appendix

B.

2.5 Source Visibility Determined Tfrom the Interferomeler

Parameters

In section 1.2, it was shown that anomalous reductions
of source visibility (fadeouts), lasting for short perilods,
could occur when asngular scintillations from iocnospheric
irregularities were so severe that the apparent position

of a source was shifted rapidly through angles larger than
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the array lobe slze. Eode ouvte were observed for
point or extended sources. In the present problem, the
source is considered to be extended and the size of the
source ig calculsted for which the visibility will be
reduced by a given amount in the absences of angular
scintillation.

From Ryle (1952), the amplitude of the output of
an interferometer due to an extended source will be
reduced relative to the output from & point source by a

factor sin x/x, wheres

X = E%iﬁ , & is the interferometer spacing,

and 59 is the angular width of the source. {Notice that
in Ryle's paper, 49 represented half the angular width
of the source and the value of x above does not contain
hie value of 2 in the numerator to allow for this).
For the larger of the St. Kilda interferometers,
d = 12 wavelengths and the amplitude of the recelver
output is reduced to one half for 49 = 2.85°. It should
be pointed out that in the case of an east-west baseline
interferometer, the extenslon of a source is not important
if it is restricted to the declinationﬁc0~erdinate.
Neither of the Magellanic Clouds are detected with

the larger S8t, Kilda interferometer because, although
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they are both strong sources, the visibility of Dboth is
reduced due to their large angular extent.

In the case of the smaller interlferometer which,
firstly requires a more extended scurce toc produce a
similar visibility reduction and secondly, detects only
Cygnus A (a small diameter source), there should, under
the guiet ionospheric conditions assumed hersy, bs no
gource visibility reduction effscts observable due to
any extended single source apart from the gaslactic

background,.

2,6 Seintillation Visibility and Receiver Pandwidth

In the discussion of inversion in section 1.2(1iii),
it was pointed out that the visibility of radio star
seintillations could be influenced by the bandwidih of
the receiver. In fact, the visibility of the scintilla-
tions will be reduced if the R.F. bandwidth of the
receiver 1s larger than the bandwidth of the scintillations,
From Briggs (1966) the bandwidth of the radic star
scintillations is given bys

£212

Af o~ for ¢o <« 1 radian

Ze

£212

and AD ~ for ¢o 2 1 radian

EG¢Q2




where, £ 1s the freguency of the radlo signal
L is the scale of the phase screen = 2irg
o is the auto-correlation dilstance across a
single irregularity
7 is the distance from the receiver to the
irregularity layer
phase

¢p is the root-mean-square/deviation of the

gsignal in the layer

The relations are correct within an order of magni=-
tude and the symbeols the same as those used in section
1,2(1ii). If the receiver bandwidth exceeds ths above
values of A€ then the scintillation visibility will be
reduced,

If the values £ = 40O MHz, I = 5 km, Z = 400 km, and
¢ = 3% 10° kin/sec are substituted into the above rela-
tions, then the following values for the scintillation

bandwidth are obtained?

Af ~ 330 MHz for ¢o < 1 radian

and Af = 530/¢% MHz for $o 2 1 radian

The value of Af for ¢o < 1 radian is rather unreal-
istic for a freguency of LO WHz but the calculation does

indicate that even if 72 is larger by a factor of 4 (ase it




cen be at low elevation angles), L must decrease to a
value near 50 metres (whieh is unlikely, especially in
the ¥ region) before the bandwidth of the receiver (1 iz
here) becomes important. On the other hand, 1t does seem
poesible that the bandwidth of the receiver might become
important under extremely disturbed conditions, especlally
at low angles of elevation where Z 1s large. Lawrence
et al, (1964) chose to interpret some earlier results of
Chivers and Davies (1962) who observed scintillations at
low angles of elevation in terms of an effect present due
+t0 the bandwidth of their receiver.

The further discussion of the effect on scintillation
visibility of the receiver bandwidth is postponed to later
chapters where it is taken up again for particular aspects

of the experimentis.

2.7 Eliminstion of Man-iiade Interference

Ryle (1952) pointed out that if the spacing of the
arrays constituting the phase-switching interferometer was
suffioient1§ large, then nstural or man-made interference
from nearby sources would not produce any output from the
receiver because it was sensitive only to signals received

in both halves of the interferometer. Unfortunately,

these remarks do not apply to the equipment described here
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CHAPTER 3, CQURCE IDENTIFICATION AND THE

INTEEFEROMETER RACORDS

Pt

3,4  liethods of Source Identirication

Initially, tentative source identifications were made
Tor the.output of both interferometers by examining the
pen recorder charts, recording the transit time of a
source, converting this to right sscension, snd comparing
the value observed with those published in radio source
catalogues, The most general of these source catalogues
is probably that of Howard and Maran (1965) which summar-
izes the results of over 250 radlo star surveys and 1
includes data on more than 1200 socurces at northern and
southern declinations. This catalogue contains informa-
tion on the position, signal strengti and gpectral index
for each source, and whenever possible includes notes on
1ikely or established optical identifications and on the
source size and fine structure. Although further source
catalogues (in particular from Parkes, near Sydney.,
Australia) have been published since that of Howard and
Yaran, in the case of the relatively strong sources det-
ected in this experiment, the Howard and laran catalogue
containg sufficient information.

In the case of a source at other than a small declina~

tion (where the period of the central fringe varies relat-




ively slowly), & good estimate of the source declination
could be obtained from & measurement of the fringe period.
However, it must be pointed out that this measurement on
its own givea an ambiguous result since the declination
a0 obtained can be either north or south and some other

technigue {(such as redirecting the antenna to alter the

array sensitivity for a given declination) must be employed

to resolve this ambigulily.

A tentative identification was regarded as definite
only if the observed signal strength (measured relative
to other sources), right ascension, and declination (when
it could be measured), corresponded to the catalogue data
and ifthere were no other sources present elther at a
similar right ascension or at a right ascension such that
they could be detected in the Lirst order diffraction

grating lobe at the same time.

3,2 Sources Identified apd their Relevant Fhysical

Propertics,

From an inspection of the records from the smaller
interferometer, it was concluded that only the Cygnus A
source regularly produced a significant cutput from the
receiver. The identification was supporited by the time

at which it was detected andit . s observed fringe period.
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The sources Taurus 4 and Virgo 4 were also detected but
not sulfficiently sitrongly to make & secintillation anslysls
of their records possible. While it was straightforward
to incresse the gain of the receiver by connecting the
cascode preamplifier so that these sources produced larger
amplitude records, under these conditianﬁg the amplitude
of the output from the Cygnus A source was SO large that
the pen recorder was driven well off scale, and amplitude
scintilletion indices could no longer be assigned to the
output of this source., This statement does not apply to
records from the larger interferometer because, when the
vagi antennas of the srray are directed upwards, the
interferometer is less sensitive to sources at large
zenith angles than it is to sources near the zenith and
the outputs from the sources Taurus A and Virgo A are
enhanced with respect to the output from Cygnus A,

The fringe periods were determined for all three
gources using at least 15 passes of each source. The results
of these measurements are compared with the predicted periods

in Table 3:1.

Source Cygnus A Taurus A Virgo A
Declination + 40.5° + 22,0° + 12.7°
Observed Period 75 + 2 min 64 + 2 min ©1 % 2 min
Predicted Period 75,7 min 62.0 min 58,9 min

TABLE 3.1




In the case of the larger interferometer, source

dentification wes less straightfurward due to the greater

=4

gengitivity of the array, and due to the limited resolution
in right sscension and the lerge declinestion coverage of
the fan shaped main lobe of the array,

Ag a result of a detsiled examination of the records,
it was evident that nins scurces were observed strongly
enough sc that their output could be analysed for occur-
rence of amplitude scintillation. These sources énd some
of their properties are listed in Teble 3,2 and for refer-
ence purposes, thelr numbers, from the Howard and MNaran
(1965) catalogue, and, where appropriate, from the revised
% catalogue of RBennett (1962), are also included. The
values of flux density listed in the table refer to a fre-
cuency of 38 MHz and are the best estimates available from
the Howard and Maran caltalogue.

From this catalogue, it is evident that a8ll of the
sources listed in the table show fine structure of some
sort which can be regolved with a sultable instrument, and
that, strictly, the size of none of them can be effectively
described by & single parameter, For each source, the
table liste the value of source size which will be most
important in determining any effect that the source might

have on the vigibility of amplitude scintillations detected




Source
Name

Fornax A
30 123

Pictor A
Taurus A
Hydra A
Virgo A

Cente-
aurus A

Here
cules A

Cygnus A

Howard and laran
Catalogue Position
Epoch 1950.0

Catalogue
Numbers
Howard Observed
and Right Right
tiaran Bennett Ascension Ascension
119 Dxe2 0320 368
155 3C 123 oL34 0433 55s
186 0521 0518 24s
194 3C 144 0529 0531 s
502 3C 218 0915 0915 Lis
579 30 27u 1226 1228 17s
Lo5 1325 1322 3bs
489 3¢ 348 1647
591 3C LO5 1953

Properties of the Sources

Declina- angle at

tion
~37°23"
+29°34"
-49°50

-11953"

+12%40°
-12°8"

Zenith
Transit

O
378

Interiferoneter,

lux
Density
XﬁOagé

"@.I‘;’im?(c:/i—s)-"1

20000
1400

24000

Size

Fine
Struet—
ures

o

..@Lm

Identified in the output from the larger



in its radio emissions. As described in the folliowing
paragraph, various ¢ualifying letters zre entered for
each source in the table and indicate the nature of the
fine structure in each cage.

Two of the sources (cualifying letters CH)} consist
of 2 central core plus 2 halc. ln the case of the Hydra
4 source the angulaf diameter af the core is guoted since

the halo is responsible Tor only 12/ of the radioc flux

but, for the Virgo A source, the angular diameter of the
halo is cuoted since it i responsible for 807 of the
radio flux., Four sources {cualifying letter S) are in

Tact twin sources, the size given for each belng the
separation belween the two components, and the Uygnus &
source (gualifying letter ¥) consists of three components
where the value of 2' arc given for iits angular size
includes all three components. For all the @bove sources
vnieh consist of more than one component, the different
components are comparable in strength. The Taurus 4
source (gualifying letter ©) is elliptical in shape and
the angular size of the major axis is given, As shown by
Hewish and Okoye (1965), the fine structure of Taurus A
also includes & source of quasi stellsr dimensions, in the
radio emissions of which interplenetary scintillations
have been observed., However, this fact has no hearing on

the present experiment.




o
d

emigsion comes from a very exbended region covering 3
in right ascenslon and SD in declinetion and also from
a smaller source consisting of two components separated
vy 7' arc. The value of flux density for the Centaurus
A source given in Table 3.2 refers to the integrated

/ e

flux over the exbended region. The flux from the small

source is about 207 of the integrated flux from the whole

region. oince it was shown in Section 2.5 that, 1T the
angular size of a source in the right ascenslon co-

" - ® F) f, "O 1, 2, o ey, .
ordinate was equal to 2,857, the output from the source

e

would be reduced by halfl, then it ig evident that the
output of the receiver, from the extended regions of
Centaurus 4, is reduced by about this factor. However
thie output will still be greater than that from the small
source s0 that the receiver output from the Tentaurus ,
source as a whole i1s determined by the integrated flux
over the whole region rather than the flux from the small
source, Further, since Aarong and Guidice (1966) showed
that in thelr observations the amplitude scintillald on
depth wae reduced to half the point source value for a
source of anguler diameter 10' arc when ¢, was less than
1 radiean, it is evident thet no scintiliall ons should De

obeerved in the signals from the extended regions of the
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Centaurug A source. In practice, scintillations are
chserved in the signals from Centaurus A but can only
be due to the small two-component source.

The amplitude scintillation index for the Centaurus
A source does not have the same meaning as that for the
other sources because, for the purposes of analysis, the
receiver outpul from the Qfﬁﬁeﬂf interferometer for this
source must be regarded as a auperpéﬁitiom of the output
from two sources - one giving rise to scintillations,
and one (the stronger) not.

Mot all of the sources are detected with the array
sntennss aligned in any one given direcition. Table 3.2
represents the sum of The cbservations made with the
antenna elements aligned east-west and directed either
upwards or at an angle of MED above the northern horizon.
| Pigure 3.1 shows the local time of transit at “t.
¥ilda Tfor the nine sources in Table 3.2, throughout the
year,

During February, March and most of April 1966, the
array was directed at an angle of Q5G above the northern
horizon, Under these conditions, the source Pictor A
could no longer be detected at all and the visibiliﬁy of
the source Fornaxz 4 was considerably reduced. On the
other hand, the source 3C 123 was not visible with the

antennas directed vertically but produced a significant




HOURS C.S.T.

JAN l FEB l MAR l APR l MAY

] 1 ! i ] 1 1

Figure 3.1 The transit times of the nine radio sources listed in Table 3,2
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regponse from the receiver with the antennas directed to
the north,

B

fed

was indicated in Seetion 2.2, the interferometer

operated intially with the array directed vertically

o

wa
and the antenna elements aligned north-south asg shown in
the frontispiece. It was also indicated there that this
alignment wes unsatisfactory. The main reason for this
dissatisfaction is that when the antenne elements were
aligned in this way, the interferometer was less sensitive
to sources transiting at large zenith angles, the source
Taurus 4 (zenith angle 570} not being detected at all,

and the source Cygnus A (zmenith angle 75Q)’b@iﬂg detected
in sn anomalous manner. 1n fact, the Cygnus A source was
detected 1 hour 7 minutes later than it should have been,
was in the field of view for longer than it should have
been, and prm&uced an unexpectedly smooth trace on the

pen recorder which on no occasion showed any amplitude
seintillations. Figure 3%,2 shows the normal and anomalous
receiver outputs from the Cygnus 2 source. Unfortunately,
recoprds were not available for comparison which had the
same chart speed as this speed was &% per hour Tor all

the time that the antennas were directed to the zenith
with their elements aligned north-south =nd was 3" per
hour for all other times., There were no records of Cygnus

A transits showing no scintillation when the antennas and




(a)

Chart speed 3" hour (b) Chart speed 6" hour

418166 | 711/66

Figure 3.2

The expected (a) and anomalous (b) forms of the receiver output of the
larger interferometer from the Cygnus A source with the Yagi antenna
elements aligned east-west and north-south respectively - the antennas
being directed to the zenith in both cases.

The apparent right ascension of the source is indicated for both
records, the true value being 19 hours 57 minutes.




antenna elements were directed other il
record shown. for June 4th represents near minimum
seintillation for the Cygnus A4 S0UrCE.

These snomaliss are rather difficult to explain
because Firstly, the satellite ocbservatlions (made with
the anﬁeﬁna elements aligned north-gouth) described in
Appendix B show that st least out to zenith sngles of
500, the polar diagram of the array is as 1t should be,
and secondly, apyropriate calculations ghow that the
small east-west slope of the array plus the maximum
poseible errors in the signal phases at the receiver due
to the lengthe of the leads being incorrect are not suff-
icient to explain the observed discrepancy in the appapr-
ent source right ascension.

The moob 1ikel”bexplanatian would appear to come Ifrom
the fsct that the anomalies were observed only in the
cbservations of the COygnus A source vhich was recelved
fpom a direction almost end on to the antenna elements =
the relative insensitivity of the antennas to signels
received from this direction plus the presence of
ground effects possibly beling sufficient to explain the
cbeeprvations. It is still not easy to see how ground
effects might contribute to the observed repgult as there

are no differences in the terrain east or west of north

from the receiving site, and therefore the presence of the
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ground (if related to the anomalous observebicns) would
e expected to affect the receiver utput egually both
pefore and after traneite.

The Cygnus 4 source was Cobserved et the expected
time end in the expected manner when the antenna elenents

yeing recelved

E‘r‘

were aligned east-west - the source then
from a direction side on to the antenna elements.

nadio sources other than the nine listed in Table

etected by the interferometer but, elther the

Q_\
¢

%e 2 Were

receiver outpult from them was s0 weak that scintillation

=
o
£
o
48
m

i could not be assigned, or the catalogues showmed
that there were one or more other radio sOUPrCES of compar=
able flux densgity with similar valuesg of fight ARCENS10on,
in which case the recelver output could not be asgumed Lo
be due to any one particular source. In practice, most
rejections of possible identifications were due to the

=5

concentration of many of the stronger s0UrcCes in the

agittarious regicn of the ililky Vay between right ascen—

cions of 16 and 20 hours. It was found that two radio
sources could be resolved provided their positions diff-
ered in right sscension by 10 minutes Or MOTE,

ith the Yagi zntennas directed vertically, the inter-

ferometer is equally sensitive to signals Ifrom the sources

Pietor A and Taurus A and the two sources are just resolved
in right sscension., However, ir Jdetailed cbservations of




the Taurus & source are required, it is preferable o
operate the interferometer with the antennas directed
uﬁa above the northern horizon as the output Ifrom Taurus
A is then enhanced by a factor of 10 with respect to the
output from the gource Plctor A.

Only the strong sources Centaurus A, Virgo A, and
aurus A can be detected in the first order diffraction

erating lobe of the interferometer. In each case the

appropriate hour angle of the source nefore or after transit
nad been calculsted and the output on the charts was

readily identifiable, In no cases did the above sources

<5

interfere with a useful source due to their being detected

in the diffesction grating 1lobe.

(@]

In addition bo the galactic and exirag radio

sources listed in Teble 3.2, the sun was detected each

Food

day at a local time given by 1215 hours minus the equation

of time, (or from the most recent editions of the Nautical
Ephemeris, the local time of solar transit at Adelaide ls

15 minutes later then the local time of transit at Gresn-

wich for the same day ). The receiver output from the

spun varies frow a %ingle.wéak fringe (& smooth trace with

no noisy spilkes) under gquiet conditions through to = trace

" K

which, under disturbed conditions could interfere seriously

with the peceiver output Trom other sources 101 A ceriod

of gbout 6 hours. On occasions, the pen of the recorder




the interferomns and some raecords were lost due to these
interfering signals. Jflgure 3.3 shows the dbserved var-

iatione in intensity of the signals received from the sune.
Tue to the noisy nature of the radio bursts from the dig-
turbed sun {(usuelly emitted from a small localized reglon),

%

it was not possible to distinguish between ioncspheric

o

seintillations and varistions in the emissions thenselves,

On the other hand, under guiet conditions, the solar rad-
ation is uniformly emitted from the whole disc and the

the source (30" are) is too large to produce any
ionospheric scintillations.

in index of spoler acbivity on & scale 0 -~ 4 was
assigned to each transit of the sun, an index of 0 indica-
tzpa no enhsncement of the solar emissions end an index of
4 indiceating extreme enhancement of the emissions perslge-

ting for at least & hours.

%,%  Sources of Interference

L

Unfortunately, the records of the Cygnus A inter-
ferometer were subject to quite & lot of interference
fyom both man-made end natural origins which resulled,

aover the 2 vesr period of operation, in the loss of 1

oL
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MINIMUM  SOLAR INTERFERENCE 7/3/66

0?0’ l I 1?0 ' , '1?0

MODERATE SOLAR INTERFERENCE  30/3/66

10|00 | 18|00

STRONG SOLAR INTERFERENCE  1/4/66

. ]
I

L
EXTREME SOLAR INTERFERENCE 18/3/66

Figure 3.3 The observed variations in the intensity
of signals received from the sun using
the larger interferometer.
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hese pulses were de
A transits took pkace between 0000 and | 0800 hours 1

time when no pulses were received; otherwise the eflfect of
their interference would have been mors serious Since

there was little industrial activity to the north of the

siong snd theilr source was not identified.

A furthsr series of pulses of much smaller amplitude,

and which were recorded at 1 minute intervals, was

origin being @n electrical timer ueed to preset. the record-
ing intervals for the 2 beacon satellites. Thege satellites

(fe-B ag from October 10th, 1964; Be-~C as from April 29th,




1965} were thenselves detected regulsrly as illustrated

in Tigure 3.4(4) which shows several passes of the
estellite Re~( superimposed on a Cygnus A transit.

rapid and the amplitude of the pulses from the timer
were sufficiently small, thet the interference Ifronm these
ceuses 4Aid net affect t he accu?écy with vwhich gecintillation
indices could be assigned., It was thought possible that
on & few occesions, signals were detected from the 0G0-4
cetellite which had 2 nmuch longer orbital peried and thus
rerained visible from the recelving site for pericds of
several hours, but this possible source of interference
wag not establishe

Prom time to time, faults developed in the radio
receiver or assocciated power supplies which generally

pere due to component failure. Losses of records due to

=3

L’l&

,)

sults were reduced due to the readiness of spare
eguipment but 4did occur on some cccasions and several
times were not noticed until seversl dayec had elapsed
following the malfunction.

Thunderstornm activity (to which the array was parti-

east and west of north), solar radic nolse, and possibly

he planet Jupiter were the most import-
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1100

a) Intermittent output from the sun possibly associated with a solar noise storm

b) Steady background signals plus noise from the sun
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30/5/65

JUPITER
- TRANSIT
2100 HRS.

24112164

el

. d) Passes of satellte Be-C superimposed on a Cygnus A record

Figure 3.4 interference signals recorded with the Cygnus A interferometer




ant casuses of natural interference. oiteady background
signals from the sun, sufficient to give a fringe output
comparable inamplitude to the output Trom the Cygnus A
source, were detected only on > days in Hay 1965 when
solar activity had just begun to irc rease. Jigure Ze (D)
shows the output from the sun on one ol tThese DCCEBLONB,
Tt was obcerved that in 1966 when the interferometer was
no longer operated on a routine basis, steady signals
from the sun wore cetected guite often compared with the
previous years. LHowever, during the routine running per-
iod of the experiment, there were many occasions on which
sporadic and noisy interference was observed and much of
thie was believed to originate from the sun. This beliel

5

was supported by the fact that many (vut not all) of the
pursts observed corresponded closely to the published
times of solar flare events. figure 3.4(a) shows this type
of solar interference although in this cass there was no
simultaneous flare event recorded. The emission could
how ever have been part of a flare eruption which took place
some four hours carlier,

cince & future experiment to investigate radioc emis-
sions from the planet Jupiter was envisaged for the L.
kilda site, an sottempt was made to identify output from

this source on the interferometer records by noting the
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presented here, they have not been established,

In the case of the larger interferometsr the records
are relatively free f?dm interference, the detection of
interfering signals being inhibied by the directional
nature of the radiation polar disgram of the two 8-
antenna Yagi arrays constituting the interferometer. Thus,
although the gain of this interferometer ig much higher
than that of the Cygnus 4 instrument, thunderstorm and
Stray pulse activity were not as effective in producing
interference on this interferometer output as they were for
that of the smallsar One,

As on the charts of the output from the Cygnus A
interferometer transmissions from the beacon satellites
were recorded but were so brief that the weintillation
ohservations were not interrupted. The appearance and
effects on the receiver output of the veriable signals
from the sun has already been described in the previous
cection, and illw trated in Figure 3.3

There were no occasions on which it was suspected
that radio emissions from the planet Jupliter were belng

detected with the larger interferometer,

F.b  Analyvesis of the Records

BPriefly, data was obtained from the records of both

interferometers on the source trensit times and scintilla-
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(ii) Amplitude Scintillation Indices. 1In the case

of the records of the Cygnus A source from the smaller
interferometer, an amplitude scintillation index in the
range 0 = 5 was assigned to the 9 fringes each lasting
sbout 20 minutes during the daily pass of the sourse =

the indices assigned being modelled on those ageigned by
Brigegs (196L4) to the records of the source Cassiopeia A
taken at Capbridge U.K., As §ointed out by Briggs and
pParkin (1963), Wercier (1962) has shown that this seinti-
1lation index is proportional to thelr index SH’ whiéh is
egual to the root-mean-sguare deviation of the gignal
power received from the source and 1s also the scintilla=-
tion index most readily calculated from diffraction theory.
Figure 3.5 shows selected passes of the Cygnus A source
recorded at the St. Kilda site which illustrate the range
of amplitude seintillation depths observed. It was only
on very rare occasions that no amplitude scintillation at
all was observed — especially on the larger amplitude central
fringes.

It was evident from a detailed examination of records
from the larger interferometer spanning several weeks of
observation,that an amplitude scintillation index in the
range 0 = 3 would be preferable to the larger range of indi-

ces described above., In this case an index of O indicated
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Figure 3.5 The variations in the intensity
of the amplitude scintillations
observed in the signals received
from the Cygnus A source using-the
smaller interferometer,
The amplitude scintillation indices
for each record are shown in the
diagram,




no secintilletion and an index of 3 indicated complete
cseintillati on. The use of this alternative index (which
should heve statistical properties similar to those of

the 0 - 5 index), seemed more approprizte because some

of the useful sources were detected rather weakly and it
was decided that en index in the range 0 = 5 could not be
assighed with sufficient accuracy to the records of all the
sources, and that an indsex in the range 0 = 3% represented
the maximum accuracy etteinable if the recordes of all ths
sources were to be analysed in a uniform manner, Higure
3,6 illustrates the range of geintillation depthe obscrved
for the source Virgo fA.

In 2n attempt to maintain as much consistency asg
possible in the assignment of amplitude geintillation
indices to the records, all the charts from both the inter-
ferometers were read by the author.

Pue to the relative speeds of the chart (usually 3

tions (typical periods

jo

inches per hour) snd the scintill
being 15 seconds up to 2 minutes), and in the case of the
larger interferometer records due also to the short duration
(typically about 6 minutea} of the output from each sOUrCE,
it was not possible to digitize the socurce ocutput records
and thus obtain a more accurate messure of the secintillation

activity than that glven by the scintillation indices des-

eribed above. However, since the experiment is concerned
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Figure 3,6

31/3/66
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VIRGO A INDEX 3
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The variations in the intensity of

the amplitude scintillations observed

in the signals received from the Virgo

A source using the larger interferometer.




with temporal veriations in scintillation activity end

the correlation of scintillation activity with the ocCcure

rence of other gcophysical phenomena, and 1g not concerned
&= & b 3

with a detailed investigation into the statistical proper-
ties of the diffracting reglons of the ilonosphere, then
the visually assigned amplitude scintillatl on indicaes

deseribed here snhould serve ag an adequate measure of scinti-

llation acetivitye.

(1i1) Istimste of Scintillation late. Tetimates

of scintillation rate were made only rfor the records of the
Cygnus £ source made with the smaller interferometer since
1+ was Telt that the ocutput from esch sgource detected with
the larger intﬁrfefometer wes of toc short duration for
reliable estimates to be possible.
45 indicated in the previous section, it was not

feasible to makes precise measurements of the amplitude

cintillation indices and the same argument applies agal inst
the precise measurement of scintillation rate. However,

even though the experiment was designed primarily for the

routine assignment of emplitude scintillation indices, it
was evident that Crom one source transit to another, the
seintillation rate could vary gquite considersbly from &as
low as 1 fluctuation every 2 minutes (or longer) to as

1

many as 10 or more in the ssne interval. The upper limit
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for the number of scintillations observable in this inter-
val was determined by the slow gpeed of the chart rather
than by other factors. In practice, no index of scinti-
1lation rate was noted unless the rate was slower than 1

per minute or faster than 4 per minute, these rates being
denoted by & or ¥ (as distinct from ¥ for moderate rate)
and as ghown in Figure 3.7, the different rates corres-
ponding to these indices are readily distinguishable. In
a later cha@ter; the relative occurrence of these indices,
their asscciations with the secintillation origin and with

the moegnetic ¥_ index, zre examined in some detail,
¥

o

b

(iv) Other Data from the Reecords. Other data,

concerned with possible varistions in source visibility
and further variations in the appesarance of the scinii-

llatione are slso discussed in the relevant later chapters,
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Figure 3.7

The variations in the rate of the
amplitude scintillations observed
in the signals received from the

Cygnus A source using the smaller
interferometer,




CHAPTER L

L1 Spherical Refraction in the lonogohere

mhe effects of atmospheric refraction on LO Iz radio

waeves are evalusted to determine how the apparent path o

5 .
i

the radio source COygnus & differs Trom the true path and
whether the difference should be observable in the fringe
period or amplitude of the ©t. Xilda reosrds.

In the simple calculation performed here, the presence
of the eaprth's magnetic field is neglected and the refrac-
tive index ig considered to be a function only of helght.

As pointed out by Unwin {(1966) this latter assumption
reguires the ionosphere to have a similar vertical electron
density profile over distances in excess of 2000 knm when the
caleulations are made for large zenith englec. Notice that
when the magnitude of the east-west wedge refraction 1s
estimated later, large east-west variations in total elec-
tron content are assumed to be present over a slmilar
distance,

The refraction component calculated here is referred
to generally as the spherical component as 1t arises purely
due to the earth's curvature., In a flat earth approximation
Por a source at infinity, the true and apparent source dir-

ectiong would be the same,
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To evaluate the bending angle duse to refraction,
Bouger's formula 4R sin §# = constant = K R, sin (apparent
zenith angle) is iterated from R = R, = 6371 km to R = R
+ hmaX at height intervals aAh - & method similar to that
used by Unwin (1966). The relation was iterated from
the ground to 1000 km and it was found necessary to use
height increments as small as 1 ki

It was necessary to assume some sort of model atmos-
phere in order to calculate the refractive index as a
function of height. In this case analytic functions were
used,each valid over a restricted height range,and these

functions are now described.

Le2 Day and MNight Model Tonospheres

In the case of the tropospheric refractive index, it
was deemed unnecessary to tabulate the refractive index
in detail as the water vapour content responsible for
refraction at radic frguencies is highly variable and the
table would have applied only to one particular set of
atmospheric conditions. Pfigure 3 from Unwin's paper was
adopted as being representative of average conditions and
in order to estimate the order of magnitude of the tropos-
pheric refraction, the further approximation was made such
that

(4 - 1) x 10% = =17.7 = ® + 320.0 (Le)
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4 = refractive index, H = height in kilometres. Irom
Smith and Weiatraub (1953) this value of g is independent
of frequency in the range 0 =21,000 lHz.

For the ionospheric refraction, two ionlzation prof-
iles were used, one each for dey and night. In both cases,

e parabola was fitted below H (300 km) end an exponen-

Tmax

tial curve was fitted from H up to 1000 km. Previous

Fmax
authors, in particular Komeseroff (1960), appear to have
chosen a parabolic fit above HFmax as well as bslow, Dro=-
bably because this form lends ltself more readily to
analytic approximations to the bending angle in restricted
cases, However, here an exponential fit was preferred

as there was no extra difficulty involved in the computa-~
tion and such a curve seemed physically more reasonable,
In a diffusion controlled region such as exists above

HEma
scale height were independent of height.

%* the height dependence would be exponential if the

For both the dey and night calculations, there was
considered to be no ionospheric contribution to the refrac-
tive index for HE 100 km.

For the parabolic fits to the electron density below

' " E
HFmax’ wWe have,

P
(H"\ b H) ™,
" frax 4
N = N {/1 - ————————— (4’2)
max H 2 )
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where N . = 1.0 x 106 electrons/c.c. by day

and 1.0 x 105 electrons/c.c. by night

The corresponding F region eritical frequencies are 6e3
and 2.0 HHz,

Hm is a scale factor describing the thickness of the
layers H_ = 210 km by day (this value results from assum-
ing ¥ = 105 electrons/c.c, at 100 km as a boundary condition),
and 120 km at night (from Komesaroff (1960)).

For the exponential fits to the electron density above

HFmax’ we have .

(# - H )
| (L4s3)

m -

Fmax

Mo N exp - .
H
As boundary conditions, the following values are assumed

for N at heights of 300 and 1000 kms

Noax = 1.0 x 106 e/cece day, 1,0 X 105 e/c.c, night

i
N4000 = 1,0 x 'ROL‘L g/c.c. day, 1.0 x 107 e/c.c. night

and from these values for N,

Hy = 152 km day, 304 km night.

These values are in effect "scale heights',
The daytime value of Hm compares with the value of

200 - 250 km given by Hines et al, (1965) for the scale
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height sgbove the ¥ region maximum at local noon, The
refractive index cbtained from the foregoing values of T

will be a function of frequency given by

where u 1 = 54X for X small, (Laly)

ay
and X = @/ - Ne?‘;_ w2y is the plasma

freguency.
For the calculation considered here, the largest value of

¥ occurs at H during the days

Tmax

so that the approximation involved in making 4 ~ 1 - %X

is a good ones

.3 Calculation of the Spherical Refraction.

The relationship between the apparent and true zenith
angles of a radio signal from a source at infinity is
ghown in Figure 4.1 in which the bending angle of the
signal is highly exaggerated. The terminology used in the
calculations is also given in the Figure,

The problem of calculating the apparent zenith angle
of a signal from a radio source is complicated considersebly
if the source is at a finite distance because the calcula-

tions must be repeated several times if the ray path be-




N

i .
S H 1000 km.

R 6371 km.

apparent zenith angle

geocentric angle

angle between ray and radial direction

true zenith angle = C+8

W N DO N

bending angle : Z+,8-‘C+ B8

Figure 4.1 The relationship between the true and apparent
zenith angles of a spherically refracted radio
signal. The bending angle is highly exaggerated.
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tween itwo Tixed points in space is to be found., However,
for & radio source at infinity vhere the incoming signals
may be considered as a parallel beam, the problem is

solved completely if the final direction of a signal emitted
at a given zenith angle from the ground is determined.

Unfortunately, solutions to the problem using the
true zenith angle as the independent variable cannot readily
be found as foreknovledge is recquired of the geocentric
angle C. Results can be found by initiating the calcula-
tion at the top of the atmosphere using the angle 4 as the
variable parameter but the angle C and therefore also 7 and
7 are all not known until the bottom of the ionosphere is
reached, The most convenient computation method appears to
e to initiste the calculation on the ground and to use Z'
as the independent variable.

The output from the computer program used for the cal-
culations consisted of a table relating the true zenith
angle to the apparent zenith angle together with the great
circle range to the points over vhich the ray intersected
heights of 300 km and 500 km,

The values appropriate to the day and night ionosphere
rofiles are listed for selected apparent zenith angles in
Table L1

The results listed in Table 4.1 must be investigated

in greater detail before the effect of spherical refraction
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Apperent Z True Z Pending REGQ
Teg Deg Angle (Deg) km
a) N .= 10° e/cn’ - daytime profile.
70 70,832 0,832 7327
75 76+ 377 16371 952,0
80 82, 366 2, 366 12771
85 88.994 3994 17727
90 95:315 5:315 238E.L

b) N =10° e/en’ - night time profile.

70 70135 0.135
75 75.18L 0.184
80 80, 261 0,267
85 85+ 389 0. 389
88 884 539 0.539
- 90 90, 661 04601
)  TROPOSPHIERIC CONTRIBUTION
70 70,054 0954
75 75.076 0.076
80 804120 0.124
85 85.2143 0.243
88 88,402 0.402
90 90. 529 0,529

69045
8633
11077
14L60.8
17457
1968.9

11204.8
1406,9
1808.9
25736kt
30160

105143
128044
1582,0
1981.1
2281,2
250746

Values of Tonospheric Gpherical Refraction
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on the apparent position of the Cygnus 4 source can be
ascertained.

The relative contribuiions to the total refractlion from
the troposphere and ionosphere are listed in Table L.2 for

both the day time and night time calculatione.

Lpparent Zenith Tropospheric Ionospheric
fngle Contribution Contribution
Day Time Wight Tine

Deg Deg Ceg Teg
80 0,099 2. 267 0e.162
o2 Cat22 2682 Ce181
8y 0e156 5675 0,200
86 16213 C Le 0.216
88 0. 312 L.675 0s227
&89 0. 382 L1831 0230
90 Oel$30 L1, 885 De231

TABLE  Lie2

It has been pointed out by previous authors (rfor
example Lawrence et al. (41964)) that tropospheric refrac—
tion becomes important only as the appsrent zenith angle
approaches 9@0. This is borne out in the above table.
Lawrence et 8l, 2lso point out that since the ionosphere

is situated at a grester height than the troposphere, the




rays will arpive ot the ionosphere with reduced angles of

~ -

neidence, and near the horizon the increase in refraction

b

due to the ionosphere will not be as important as the
inerease in refrachtion due to the troposphere. The co-
guthors state that ionospheric refraction becomes relat-
ively independent of zenith angle within L or 5 degrees

of the horizon. The resulte above agree closely with this
statement in the case of night time refraction and there
is a legser agreement evident in the case of day time
refraction, where the ionospheric contribution still in-
creases for the largest apparent zenith angles but not as
rapidly as for smaller angles,

This situation is resolved when it is realized that in
the case of the night time calculations, the values of
electron density assumed sre much smaller znd refraction
is significant only near 3200 km, whereas in the case of

the day ti caleulations, the electron density 1s assumed
to be large enough to produce significant refraction down
to the much lower helight of 100 km. Thus, in the day time
cass, the importance of the effeét desceribed by Lawrence

et al. (1964) is considerably reduced.

L.y The Apparent Path of the Cygmus A4 Source.

In the absence of atmospheric refraction, the true

path of the Cygnus A radio source is readily calculsated
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from the usual conversion relations between hour angle -
declination co-ordinates and altitude-azimuth co-ordinates.
In the ideal case of spherical refraction discussed here,
where the bending angle is dependent on altitude only, the
azimuth co-ordinate of the source will be unchanged and
corrections need be made only to the altitude,which will
be apparently increased. The overall effect will be to
make the source vislble for a longer period.

Unfortunately, ag has already been pointed out, the
true zZenith angle cannot be used as the independent var-
ieble in the calculation of the bending angle., It is
necessary to tabulate bending angles against the corres-
ponding true zenith angles and interpolate between the
angles in the table to find the bending angle corresponding
to a particular true zenith angle. HXnowing the azimuth and
apparent altitude of the source, the output from the inter-
ferometer was then readily calculeated. The day time ion-
ospheric profile was used in the calculation as this rep-
resented conditions of maximum refraction and would have
the greatest effect on the output of the interferometer.

The data used in the calculation is reproduced in

Table lie 3e




- 107 -

Bending Angle

True Altitude Correction

(Deg) (Deg)
-5.315 +5.515
~he213 5.213
~2.987 L4e 987
+5,052 2,948
7+ 364 2, 366
10104 1,896
136629 14374
16,990 1,010

If true altitude and bending angle are plotted against
each other, the interdependence is not linear. However,
the curvature is not large and if the values in . = Table
I, 3 are used, good accuracy is obtained using a linear
method of interpolation.

Tt was at first thought that the output from a source
would be described by the output curves characteristic of
its apparent declination., From this argument, in the case
of Cygnus A observed through a refracting atmosphere, the
gltitude is apparently increased, the declination apparently

reduced, and thus the fringe period would be expected to be

reduced., However, the argument is not a valid one. The
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source movement is decided by its true declination and any
effect the presence of refraction will have on the ocutput

of the receiver will be determined by the radiation polar

diagram of the interferometer.

The results Ifrom the path calculation computer pro—
gram consist of?

(1) A graph of receiver output sgalnst hour angle.
The outputs corresponding to the presence and absence of
refraction are superposed on the same set of axzes, The
hour angle scale is three inches to one hour which is the
same as used for most of the actual records,

(2) & table showing azimuth and true and apparent
altitude as a function of hour angle,

(3) ‘rimes in minutes at which the output crosses the
zero line correct to 3 decimal places,

#igure 4.2 shows the phase switching receiver outputbs
from the Cygnus A source calculated in the presence and
absence of spherical refraction. That part of the Figure
illustrating the output in the &@bsence of spherical relfrac-
tion effects is the same as Figure 2.5, Figure L.3 shows
how the true and apparent altitudes vary with the hour
angle (or azimuth) of the source.

The theoretical results showing the‘predicted fringe
periods with and without the effects of refraction are

shown in Table L.k




Figure 4.2

L \}
HOURS

The output from the phase-switching interferometer calculated
with and without the influence of spherical refraction. At
large hour angles, the output in the presence of refraction
is of greater amplitude and the oscillations slightly longer
in period.
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Fringe 1 2 3 L 5 6 7 8

v

without Refraction (timss in minutes)

47,00 41,78 39,16 38,04 38,04 39.16 41.78 L7.00

yith Refraction (time in minutes)

4728 L2.12 39.44 38.27 38627 394l L2412 L7.28
TABLE Lol

The periods tabled above af@ the tinme intervals Lfrom
one maximmor minimum to the next,as 1t was this interval
which was measured on the records. The results show that
the effect of refractioh 1s very %mall,beiﬁg not greaber
than 1% for any of the fringe periods.

To try and observe the effect, the fringe period was
determined separately for day time and night time Cygnus
A passes. The c¢riterion for distinguishing between day
time and night time passes ig that [ Fz should be near
its diurnal maximum during day time passes and near 1itis

#]

H

diurnal minimum during night time pssses, the times involved
being centred around 1400 hours and 0200 hours rather than
around midday and midnight to satisfy the sbove conditions,
Por the source Cygnus A, the dates appropriate for day tine

vasses were from November 1st to January 31st, and for night

time pagses from HMay 4st to July 31st. For the day time
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ngsses, the mean T F, was always gresuel than &,
k8 o o 2

the night time passes, always less than 4.0 Wiz

m
s
at
i
O
i

vasses were analysed

5
e

Approximately 50
Inspection of the Voomera ionograms showed that if
sny effect due tc relfraction is precent it will be at a
meximum for a source such as Cygnus L, vhich, in the
southern hemisphere, has its day time transits in local
cummer and its night time transits in local winter,

s

The times of maxime and minima of the output records

were recorded rather than the zero crosping times although,
3

due to the presence of scintillation (it was rather un-
common for scintillation not to occur), it was found that
the most sccurste way to chbtain the times of maxine and

minima was by first recording the zerc crossing times

{which were well deflined even in the presence of scintilla-

tion), end then defining the mazximum Or minimum ag occur-

ing midway between then. 11 the case of the meassurements

b

nade on the First =nd last fringes, the time of the ma ki mum
had +o be obtained by direct inspection as ithere were no

preceding or fcellowling zerd cros sines to use as references.

weriod was read

{

and assigned to
+the nesrest minute, Due to the somewhat varieble values
of period from day to day (several minutes veriatl on), this

accuracy seemed to be sufficient.




The results obtailned for the fringe periocds Tor day

time and night time pesses are shown in Teble 4.5 together

with the respective standard deviations of each average
period.
Fringe 1 2 3 L 5 6 7 8
Wight  39.3 39.1 38.8 36.6 36.0 30,9 394 391
time  (3.0) (2.5) (1.7) (1.8) (1.6) (1.7) (2.3) (3.l)
Day 296k 40T 38eh 369 36,0 30,0 30.6  37.3
time  (3.0) (3.0) (2.9) (2.4) (1.9) (2.4) (2.6) (L.4)

TABLE Leb

Taking fringe 8 as the fringe for which the grestest
discrepancy exists between the day and night values, the
standard error of the difference is 0,9 and the difference
is 1.8, Taken alone, this result might be regarded as
being sipnificant but sgince none of the other fringes show
a2 significant dirfference between day end night, the overall
conclusion is that no significant difference between the
period of day time and night time = sses has been detected,
The day to day fluctuations within each period seem to be
large enough to swamp the much smaller effect sought here.
It is noticeable that the standard deviations of the fringe

periods increase as the fringes referred to are further




from the centre of the pass,dus especlally in the case ol
the outeide fringes, to increased difficulty in reading the
records,.

The difference between the observed and predicted

ars to be a real one for reagons not well under-

m
e}

periods apps

stood at the pregent. In the dase of the outside fringes
only, the problem is partly resolved when it is remsubered
that the time corresponding to the maximumn sexcursion is
recorded for these frirges rather than the time correspond-
ing to the mid point between two zZero crossgovers. These
two times can be different 1f the "effective strength® of
the source varies with hour angle as indeed it does due to
both the effect of the Yagi polar disgrams and the "ground
sffect™ as 1t approaches the horizon. ~An estimate of the
period of the first and last fringes was made assuming that
the Yagli polar dlegram varied as 0052(azimuth} md that the
cround losses had the effect of reducing the output by the
factor &in2(9xAlt) for an altitude less than 10°. This
corresponde to the output being reduced by a factor of 2

at an altitude of 5Qw Under these conditions, the predicted
periocd of the first and last fringes is now 43.96 minutes
vith refraction and 40,21 without refraction which agrees
much better with the observed result.

1# records of Cygnus A dey time and night time psgses
& Z k

are traced and superimposed, it is evident that there is




no noticeapie difference in the

and night,

.5 The Tffect of Upheriecal Refrsciion on the Forizontal

el

Distance from the Recelving Site to the Sub-Svoradic=-

® Laver Toint.

In the abesence of refraction, the ray from the Cygnus
A source to the interferometer intersects the sporadic-%E
layer (height assumed to be 105 km) over Voomera, two
hours after transit, and arrives at the interferomeiter

-2

) . . 0 ) -
with an altitude of 407, If refracticn is taking plc

4]

2

W

according to the results obtained from the calculations

le using the day time ionospheric profile, the apparent

=
W
@)

altitude of the ray from the source at the sanme time 1s

13

Y e
increased by 1

o 5

nd, since except for the small tropo-~

8y

H

rending is taking place

o g

spheric contribution, all of the
apove 100 km, the distance to the point under the sporadic-—
7 leayer intersectlion of the ray may be calculated assuming
the ray to be undeviated betwesen the ground and the lsyer
and with altitude equal to the apparent altitude of the
ray at the ground,

The result of this calculastlion is that the point on

the ground underneath the sporadic-I layer intersection 1s
sbout 30 km nearer to the interferometer when refraction is

taking place. This distance is not great enough to be
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coneidered in Chapter 6 where the results of the correl-=

gtion snalysis of sporadic-% at Toomera with the low angle

tt, Kilda egeintillations are presenbed.

b Signal Cub off due to Complete Heflection

The possibility of @ radioc wave from Cygnus A at a

investigated as a function of the parameter T ?Ze The
. -3 PR ~g/'bd, ‘7'4L\xw

%Qnd.ﬂs qﬂjke Prearam afrea v desciibed was

Sortable 4}05" +h's cafeufation Wit h j‘ia 5 ine | v dedf

as  an  additienal  variable

The values of electron dengity at 100 km (i@ electrons,/c.Ceq )

and at 1000 knm (ﬁ@u electrons c.cC.,; remained the same for
all £ 7. and Tor each value of fo Fz the corresponding
values of maximum electron density, layer thickness below
300 km, and scale height ebove 300 km, were evaluated from
the usual relations.

Tt was found that Tor [ FZ less than 7.5 Mz, no

+r(;’ S niﬂea

reflection of =& J from the ground could occur and the
angles for which complete reflection occurred were eval-
uated for selected freguencies in the range 8.0 Uiz to
12,0 Mz,

Selected results, which are typlical of all thoge eval-

usted are vpresented in Table L.6.




Critical Apparent Critical
Freguency Zenith Angle Yenith Angle IPending Angle
£, F, Hz (Deg) {(Deg. Min) (Deg)
840 8640 101° yo! 15,70
87.0 109 L9 22,81
87.20 112 B8 25:73
&7 140 118 29 31.03
87« 1450 121 8 33,68
87470 122 DL 35 Ll
87. 4750 123 39 36617
87. 4760 Complete Reflection
12,0 71.0 79 12 8¢ 20
7150 g2 36 1110
71.80 86 5L 1710
71,840 91 B8 20413
71.860 95 57 24,09
71.8610 96 25 2L 55
71.6620 Complete Reflection

TABLE L.6

The apparent zenith angles for which complete reflect-
tion occurs are shown for the remaining fregquencies in

Table lie7e




Critical

Freguency Lpparent Zenith Critical Zenith Dending

f@ ?2 HHz Angle Angle Angle
8.0 87.475° 123° 39" 36417°
8e5 83.935 118 17 3Le 35
9.0 81.616 114 19 . 32469
9.5 79.670 110 53 31e22
10.0 77920 107 17 29. 36
10.5 76.296 104 37 286 33
11.0 7le 758 101 36 26,85
115 73285 99 6 25,82
12.0 71.861 9¢ 25 2L 55

In samch case, an increase of 0.0010 in the apparent
zenith angle results in complete reflection taking place,
The calculations may be iterated further to more
accurate apparent zenith angles but the above table pro-

bably represents the best data avallsble since the
accuracy ig limited by the height increment used (i.e.
1 km). Since the condition £ > £, F, is well satisfied
for all cases, the errors introduced by neglecting the

earth's magnetic field are still acceptable.
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The results show that as the signals become nearly
reflected, the total bending angle becomes large and ihe
true and apparent zenith angles differ coneiderably. How-

ever, cven though signels transmitted from the ground will

L

}_

be internally reflected below a critical altitude, the
table shows that the true position of the source, for the
above range of frequencies, is always below the horizon

for the ray which just penetrstes the ionosphere. Although
the apparent path of the source is modified considerably,
the source is never rendered undetectable on the ground
vhile its true position is gbove the horizon.

Tt is also evident that as the true position of the
source nears the horizon, a small change in the apparent
zenith angle corresponds to a very large range of true
zenith =angles.

This critical zenith angle wWaqs dis-
cussed by Titheridge (1964 a2 and b) in connecticon with the
refraction of 20 1iHz satellite transmissiorns and he used
measurenents of the critical angle to determine the elec-
tron density scale helght near the & layer maximum.

Prom the Voomera lonogram records, it is evident that
during 1964 and 1962, sumpmer day time values of fo FQ rarely
exceeded 9.0 ¥Hz, while winter night time values dropped to

as low 28 2.5 ¥MHz., Thus the calculations made cover ade-

quately the range of conditions likely to be met in practice.
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It has been shown thet the presence of refraction
should make the source visible for longer on each pass
and that a complete reflection condition cannot prevent

the source being detected at a frequency of 40 MHz, The

dependence on azimuth and altitude is correct, then the
vigibility of the first and last fringes will be enhanced
in the presence of refractlion. Since such an enhancenent
is not noticesble on the records, it is likely that the
effects of ground losses et low altitudes, plus the
increased avsorytion due to the increasing signal path
length through the ioncsphere D region (which hes been
referred to before), are sufficient to overcome the possible
enhancement due to spherical refraction.

It appears that of all the eflects considered 1t is
not spherical refractions which determine the vigibility

of the Cygnus 4 source 8s 1t nears the horizon,

lie? Vedge Refraction in the Tonosphere

As well ag the spherical refraction effsescts present
in & smocth ionosphere, an additional component of refracg-
tion, generally referred to as wedge refraciion, will be
present if horizontal gradients exist in the total selectiren

content. ©Such gradients sre present due to the regular
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v in tobal electron content and glso due to

o}

diurnal changes

¢

o
w

irrveguler vearistion

@

The regular wedge refraction of signals fronm the

Cygnus A sourcs was caeted guallitetively by Smith
(1952) at Cambridge, U.K. at a freguency of 81,5 lHz,

Srom his results, he derived information onthe electron
centent above the B region maximum. Lavwrence and Jegperson
(1961}, receiving signals from the same source at Boulder,
Colomdo at a Ifreguency of 108 MHz, investigated the occur-
rence of irregular refractlion and obtained estimates of the
percentage fluctuastions in total electron content congig—~

67)

¥
LA

T
W

tent with their observations, Amongst others, Rao (1¢
investigated directly the fluctuations in total electron
content over short distances using the Paraday rciation
of the 40 snd L1 HHz btransmissions of the beacon satellite
Be=C and he asgsociated the observed lrregularities with the
large scale travelling ionospheric disturbances detescted on
ground based sounders, The topic 1s further discussed in
the review paper of Lavwrence et al. (1264),

Although gradients in the total electron content can

exist in any direction, in the present experiment the out—

put of either interferometer 1s sensitive only to the effects

of an sast-west gradient which causes the observed transit

time of the scource Lo be elthsr advanced or retarded.
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From Lawrence et al. (196L4), the angular deviation

of & wavelront incident from nesr the zenith, prodoced by

g = s gy FE A e e 8 -~ . iy e S Ao R Ty @
g horizontael gradient in sleciron density is glven bye

d S .
T o= (vhase path length)
52 7
e —2 L/ ¥ an redians (L.5)

2€om w® dx

The symbolg used have thelr usual meaning and x

] i d [
represents a horizontal distance. GHome sstimate of gg(jh dh

must be made before T can be evalusted.

1.8 The Regulsr Compcnent of Vedge Refraction

For the precent ecalculation, the order of magnitude
of the regulsr component of wedge refraction is estimated
uging the diurnal veristion of fQ Fz st YVoomera as R
meagure of the dally electron content variastion end z value

for the effective thickness of the layer is sssumed,

o

It appears that the fast

&3
f wel

£ ¥,
o "2

at Yoomera is sbout 1 MHz/hr. end persists for gbout 3 hours

o
oy

rote of change

O]

at dawn and dusk - the parameter increasing at dawn and
decreasing at dusk. At latitude 5505 this "electron content
wedge’ moves about 1000 km in 1 hour due to the earth's
rotation., Thus the model used asgsumes thsat in 1000 km,

by

£, . changes/1 MHz and if £, ¥, changes from L4 to 5 MHz
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in this distance, the electron density changes by 2.5x107

o3 5,

Z,
&LGLNFQQu/HbﬁPeJ at the height of the ¥ layer maximum,
If the effective thicknesgs of the I layer is assumed

to be 100 kuw, then from expression L4.5, 7 = 2.16' are =
b4 3

“hen corrected Lor the 1 .2 dependence of
v fﬂrecueucgj - T
this result agrees wiih that found by Smith (1952) who

observed & maximum sngular deviation due to wedge relrac—

1f the effect vwere ag small es calculated above, 1t
would not be detectable on the records of the Cygnus 4
interferometer used here as the interlercmeter has &
baseline of 4 wavelengths and when the gignal amplitude
is sdjusted correctly for the detecticn of amplitude ecinti-

llations and the chart run at a slovw speed, then the z

o

D

ro
crossing times cannot be read with sulficlent accuracy.
Smith was &ble to obtain the reguired accuracy since the

baseline of hi erferoneter was 105 wavelengths. How=

el
i
5

ever, from Lawrence et al, {(1964), provided that the thick=-
ness of the layer dominating the wedge refraction 1s not
too large, the effect will be enhanced away from the zenith

by a Pfactor approximately egual tu the secant of the zenith

e

angle. Thus, for the Cygnus 4 source at an angle of sleva-

. Y« S . ] , . ,
tion of 10, the signals from the source could be refracted




sscension of & scurce should be increased in the morning

)

causing the source tc be observed later) and should be

decreased in the evening (ecausing the scurce tc be obgerve

coriier).

L,9 Comparison with Cyegnug 4 Cbsg atio
Fach Cygnus & pass lests approximotely 4 hours and

of the beginning snd end of each pass.

(2) The times of sunrise and sunset,.

(3) ‘The classification into time zones describing

o]

the behaviour of £ %. values eat Toomera., During the

day and night zones, fo ¥ has steady maximum and minimum
values; it increases at a maximum rate through the morning
gone snd decreases al a maximum rate through the evening

zone, 1t iz evident from the figure thet the morning and




r o R
o =3 o =

o

HOURS CS.T.

R 8 8 3 8 =

ADELAIDE 1965 | |
\
|
\
\

V22 ity 2, Z A
B ////’/'/'//// /// . /////};f’)gc W |

| ///////////// //////// . ~ N /////’4{3:,“‘ / /
2227 /////////////////,,//// %, 7Y ’ A5

.

7
pN e, 77 ik

////////// T 7 .
B

7

-
AUG SEP OCT NOV DEC
vg A

0 s “
JAN FEB MAR APR MAY JUN

4 £ F, the t




svenling zones
o the sunrise

night zones are

and midnight,

The calendar do
cgion behaviour can be read Trom Figure lL.l.

To obtain the best possible values ol the aidereal

¥
i1

time of the maximum of each fringe, as many Cygnus 2
L # >

pagses as possible were read

time zones, L(This covered ]

[
B
o
C%ﬁ.
+
o
s}
Jee
3
o

3
]
ot
fod
&)
3

p—

@

zones were found to be longer and data from one year of

re converted

@

the records proved gufficient. Local tinmes
to sideresl timeswsing the appropriate data from the #Asgiro-
nomical Ephemeris.

Having discsrded those passes which were obviously
incorrectly timed (generally due to a power fallurs or
other interruption to the record), the sverage sidereal
time for each fringe maximum wss then evaluated for every
time zone., This showed that as expected, the day and
night zone sidereal times were gimilar and so data from
these zones was combined to give a reference for comparl-
gon with the morning znd evening transiis.

Table L.8 shows the sidereal times of each Iringe

meximum for day and night passes respectively, includes




the difference end standsrd errvor of the differencs
Letween the sldereal times and Justifies the lunmpling

together of this datz. The initial resulis also juslii-
Tied lumping together the morning data from lhe 2 years

but unfortunstely, less datas was availsble Tor the evening

f-u
@
L
<
o
by
;w
]
o
o
v
i
[N
o
&

pagses due Lo egulpment difficulties in th
in 1965,

The results of the calculstions comparing the lumped
day and night sidereal times with the morning and even-
ing pass times are shown in some detail in Table L.9. These
regults show that Tringe maxima observed in the norning
time zone are observed gbout 1 minute early - a rather
surprising result since the discussion in Sectlon 4.8
indicated that the source should be observed later when
the total electron content was increasing. The time differ-
ences found are about three times thelyr respective stand-
ard errors which indicates thst they are unliikely to have
arisen by chance. In the case of the evening passes, the
results are distributed between an advance and a retarda-
tion of the pass time, and this is in particular true of
the only two sidereal time differences which greatly
exceed thelir standard error,.

The conclusion is that no consistent sidereal tine
difference 1is obscrved for the evening sses but that an

anomalous result has been found Lor the morning passes.
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Rringe 1 ) 3 i 5 6 7 8
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Sidereal times of the combined 1964/5 Bay and 1965 Wight fringe maxina
compared with the same fringe maxima observed in the morning or evening
together with the relevant staltistics,
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The diurnal veriation sought in the sidereal times o' the
fringe maxima has not been found although it is evident
thet the accuracy is sufficient to observe the wvariation
if it is present with the ﬁtrangth predicted in Section
L8

It is probable that the model used here has greatly
over emphasised the importance of the zenith angle varia-
tion which is known to decreasse in importance as a thicker
region becones responsible for the wedge refraction. In
fact the diurnal inéreaﬁe and decrease of total electron
content occurs through the whole ionosphere although most
of the contribution to the wedge refractlion will come from
within 50 km or less of the electron density maximum, It
is doubtful whether this region can be considered suffic=-
iently thin for the zenith angle effect to be as important
ag is supposed here,

The zenith angle effect seems to have more direct appli-
cation in the investigation of the irregular component of

wedge refractlon, which 1is now discussed,

Le10 The Irregular Component of Vedge Refraction

The most recent observations of the totsl elsciron ¢one-
tent by Rao (1967) and the observations of Lawrence and

Jesperson (1961) on the variations in apparent position
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of the Cygnus & source ghow that changes in the total

r diurnal change

]

electron content similar to the reguls
can be observed over horizontasl distances of the order

of 100 km. The gradients due to these var iations are
thevefore about 10 times as large as the reguler grad-
ients and, from a fixed observation point on the ground,
are typically cobscrved to persist for about 20 minutes
and occasionally up to 4 hour. Conseguently, the angular
deviations to be expected from the lrregular gradients
are sbout 10 times as large as those expected from the
diurnal gradients. They have been sssoclated with the
passage of travelling ionospheric disturbances which have
been extensively investigated by Kunro (1958) and others.

Large east-west and north-south gradients of the total
electron content have also been observed recently Irom
idelzide in records taken from passes of the beacon sate-
llites Fe-p and Be-U. The results of thies wo rk by A.
Reresford are not yet published.

A small proportion of the Cygnus A records showed effects
thought to be due to irregular ionospheric refraction and
some of these are shovn in Figure L. 5.

&ince apparent changes in radio source position can also
be caused by phase scintillations (in some respects a

similar phenomenon on & much faster time scale), the choice




2000 HRS RIGHT
ASCENSION

1l00 ! | | 16/12/64 ] 17100 HRS CS.T.

P

06100 | | | 2i/2/6% | | 1200 HRS C.S.T.

~

08l00 . I | | 22/2/85 . | 12/00 HRS CS.T.

Figure 4.5 Two records of Cygnus A showing irregularly spaced

zero crossings.
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of records chosen for detailed inspection was restricted
to those which showed weak, or at the mogt, moderate
amplitude scintillation over the interesting section ol
the pass. 7To emlarge on the stztement in brackets above,
rarwick (1964) interureted broad band scintillationsin
terms of & refraction effect but on a much faster time
gcale than for the sffect sought here.

In Figure 4.5, the reccrd of the Cygnus A pass of
16/12/6L4 is shown as an example of a pass showing little
scintillation and having a smoothly varying fringe ampli-
tude. The passes of 21/2/65 and 22/2/65 both show marked
deviations from a smoothly vaerying fringe amplitude -
notably around the zero crossing following the reference
arrow and in the subsecuent fringe. Although other records
were baken on which the deviations from normal behaviour
compared with the two shown, none appeared to show the
effect more strongly. If the records shown are super-—
imposed, the zero crossings referred to above are seen to
be displaced by a maximum of 1 minute indicating an appar-
ent movement of the source of 0.25 degrees., £Ls this
irregular effect was estimated here (with support from the
results of previocus authors) to be sbout 10 times as large
as the regular effect, in the light of the above result,
the search for the affects of the regular component of wedge

refraction seems rather ambitious.
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3

Also in Migure L.5, the local time of each pass 1

-

B

shown #nd a reference point common to all passes at
2000 hours right zscension is included.
The fact thet the records shown here all refer to

“daylight hours should not be taken as an indication that

=

the effect is more likely to oceur by day. Rather, 1t is
‘he selection condition imposed by the small amplitude

seintillation reguirements which is masking the observa-

on of refraction effects at night - vwhen scintillation

|

t
ie sirongest and nost frequent. In fact, Lawrence and
Jegperson (1961) dld observe a maximum occurrence of
irregularities in the total electron content during the
day but they were using eguipment designed especially for

these meapurements whereas this was not the case here,




CHAFTER B CCCURKENCE Of SCINTILLATION AND

OBSTERVED VARIATIONS IN I05 ACTIVITY

5.1 _Scintillation Ocecurrence

(1) gmaller Interferometer Records., As indicated
in ssection 2.2, the smaller inteffer@m@ﬁef was operated
for a period of two years during which signals from the
source Cygnus A were rscorded daily for six hours centred
about the source transit time and, as indicated in
section L.6, the length of time for which the source was
visible each ddy was not affected at all by the occurrence
of spherical refractlon in the ionosphere, but rather was
governed by the effects of ground losses and increased D
region @bsorption in the signals when the source was near
the horizon. As was discussed in section 3.4(ii) and
illustrated in ¥igure 3,5, nine maxima on minima (referred
to as fringes) were regularly observable in the receiver
output for ezch transit of the source, snd an amplitude
scintillation index in the range 0 - 5 was assigned to
sach fringe of each itransit.

Figure 5.1 shows the probability of occurrence of
each amplitude scintillation index for the central fringe
only calculated (a) for the year 1964, (b) for the year

1965, and (c¢) for the two years combined.
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Figure 5.1 The probability of occurrence of each amplitude scintillation index in the
output from the Cygnus A source from the small interferometer,
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The most cbvious conclusion to be made from the data
presented in Pigure 5.1 is that there ie no change in the
mean amplitude scintillation index over the period of
running of the experiment. This result is an expected
one since (as was discussed in section 1..{iv)), scinti-
llation asctivity is correlated positively with solar
activity and the two years 41964 and 1965 were both years
of minimum solar activity. (The daily Zuriel sunspot
numbters averaged 10 and 15 for the two years respectively,
compared with a value of several hundred for 8 year of
maximum solar activitﬁl

It is also evident from the figure that an amplitude
geintillation index of 3 was the most likely index for
both years and that there were very few occasions on which
no scintillation was observed. In fact over the two year:
period, there were three cccasions when an index of 0 was
observed and fourteen occasions when an index of 1 was
cbserved in the central fringe. The only difference
betveen the histograms for the years 1964 and 1965 is in
the different occurrence probability of indices 3 and 4 in
the two years. It appears that the other indices occur
with similar probabilities for both years and that the
inerease of index 3 in 1965 is almost entirely at the

expense of index L., Since indices 3 and L4 both represent
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at least moderate scintillation, and since all the scinti-
llation indices were assigned using an approximate method
relying only on visual inspection, it is probable that the
assignment of the indices 3 and L4 (in particular) is not
gufficiently relizble that the observed differences in
occurrence probebilities between 1964 and 1965 can be

regerded as signiflicant,.

(ii) Lerger Interferometer Records. As dindicated

in section 2.2, the larger interferomelber was operated
from December 1965 to August 1966 during vhich time signals
were recorded from up to 9 redioc sources ag identified in
toble 3.2. As wes discussed in section 23.4(ii) and illus-
trated in Pigure 3.0, & single maximum in the receilvsr
putput was observed for each transit ¢f each source and an
amplitude scintillation index in the range C = 3 was
assigned to every recorded scurce transit.

Pigure 5.2 shows the probability of occurrence of each
amplitude scintillation index from each scurce, the number
of observations made for each source and the mean ampli-
tude scintillation index for sach source. It is evident
from the wvarious histograms making up the figure that all
the sources except Cygnus A and Taurus A are more likely

to produce a scintillation index of O than any higher indexX.
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of all the sources detected for the larger interferometer.

The probability of occurrence of each scintillation index in the output
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Taurus & has & most probable index of 1 and Cygnus A

of 2 = the latter result in sgreement with thé observas-
tions in the preceding years with the smaller interfer-
ometer. In fact, taken over all the sources, there 1is
here a nmuch larger varisbility in the intensity of ampli-
tude scintillation than there was wag for the observations

of the Cygnus A scurce with the smaller interferometer.

0
o

The reascns for this increased wvariabilily are discussed in
later sections in terms of the variable sizes of the
sources and the different zenith angle at which each
source transits. If it is desired to compare scintilla-
tion occurrence belbtween these sources then a normalizing
procedure must be usged, such as Smerd and Slee (1966) used
in their work, which takes these effects into account.
Apart from the previous comment that signals from the
Cygnue & source had a meximum probebility of showing mod-
erate to strong scintillation in the records of both
interferometers, it was not possible Lo combine data Ifrom
both experiments and come to any conclusion regarding the
long term trend in the scintillation activity. 48 well
as the difficulties due to the varlable source parameters
pointed out in the preceding paragreph, the different
fringe shapes and the different ranges of scintillation

indices used alsc made any direct comparison difficult.
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The histograms of Figure 5.2 cannot be taken as truly
representing the probsbility of occcurrence of the various
ggintillation indices for each source because the observing
period did not last for a full year and therefore each
source was not observed at all possible transit times,

If there is a pronounced diurnal or seasonal variation of
sgintillation activity, then the missing transit times
(different for each source) or months (September to
November) could well reprecent periode of different
seintillation activity - sufficient to modify the mean
scintillation activity and the shapes of the histograms,
However, as is shown later in this chapter, meaningful
average scintillation indices can be evalusted for most

of the sources and useful estimates made of the dependence
of scintillation activity on the zenith angle of the source

transit.

be2 Temporal Varistions in Scintillation Activity

Figure 5,3 shows the mean amplitude scintillation
indices cobserved with the smaller interferometer for the
Cyegnus A source, Each point 1s calculated from data re-
corded over a six week periocd which is equivalent to a
variation of three héurs in the source transit time. The

months and local times of the observationsare indicated in
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the graph and the error bars represent the standard error
of each mean value. Significant maxima are consistently
observed for both years of observation for midnight (or
winter) and midday (or summer), Anticipating the results
of the larger interferometer observations and assuming
the maxima to be the result of a diurnal variation, the
major night time peak in activity is seen to occur nearer
to 0300 hours than to midnight while the day time peak
occurs nearest noon. |

The results shown in Figure 5.3 are discussed further
following the presentation of the results for the larger
interferometer,

Figures 5.4 and 5.5 show the mean amplitude scinti-
llation indices observed for the various sources detected
by the larger interferometer. The indices are plotted
against the local time of source transit and the middle of
the month of observation in the two diagramg respecbtivelys.
Hach point on the curves represents one month of observa-
tion or (which is equivalent) a two hour range of transit
times The relationships between the calendar date and
the transit times of each source may be seen in Figure 3.1.

From Figure 5.5, it is evident that the mean scintilla-
tion index is unusually high for most sources in February

and from figure b.L, it is evident that most sources show
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a maximum of scintillation activity near or after midnight,
The transit time corresponding to the month of February

is marked ¥ for each source in Figure Db.L and the month
corresponding to a transit time of midnight is marked i
for each source in Figure 5.5,

Due to the observation that signals from the Cygnus
A source show more intense scintillation than signals
from other sources, the vertical scintillation index scale
for Cygnus A is half that of any other source,

Apart from the consistently high values of the
scintillation indices in February, the results appear to
favour & predominantly diurnal rather than a seagonal var-
iation, although the conclusion cannot be as decisive as
that of Smerd and Slee (1966) who combined the scintillation
data from eight sources into single curves plotted against
a monthly and local solar time scale using normalized
scintillation indices from many years of observations.

From the present results, a dominant seasonal variation
of the scintillation indices would appear to be discounted,
since if the following pairs of sources are considered; a)
Fornax A (right ascension 0321) and Virgo A (1228), b)
Taurus A (0532) and Hercules A (1649) and c), Hydra A (0915)
and Cygnus A (ﬂ958) - each pair consisting of two sources

separated in right ascension by at least 9 hours, then,




excluding the high values of scintillation index observed
in Februsry, Figure 5,5 shows that the membsrs of each
pair of sources show opposite long term trends in scinti-
1lation activity with respect to each other. lembers of
these pairs of sources of nearly opposite values of right
ascension would have shown similar long term trends in
the curves of Figure 5.5 if a seasonal effect had domine-
ated the temporsl variation in scintillation activiiys

The conclusion that a diurnal effect dominates the
temporal variation in secintillation activiiy comes from
the curves of Figure B¢kt which indicate that all the
sources observed exéept 30423 (for which appropriate
seintillation indices are not availsable), and Centaurus
A (which shows little scintillation activity at eny time),
show a tendency for the maximum scintillation indices to
occur at night - in most cases between midnight and 0300
hours local times

Although secintillation indices observed near midday
were available for all the sources except Virgo A and
Centaurus A, only Cygnus A and Taurus A showed a maximum
(albeit a subsidiary maximum) in scintillation activity
at this time., In particular, the strong midday maximum
of scintillation activity observed by Smerd and Slee (1966)

for the source Pictor A was not found in the resulls of




this experiment, possibly because the signal strengths
recorded Irom this and the Taurus 4 source were similar
and the difference in their right ascension co-ordins tes
was small;thus causing difficulties in the interpretation.

The maximum values of scintillation activity observed
in February are evident for all radio sources except
Fornax A for which results are available for this month,
and only in the cases of the sources Hydra A and Cygnus
A does this maximum occur at a time when it could be
interpreted as mrt of & diurnal variation. The observa-
tion of this February maximum is rather wexpected and
from the cbservations of Smerd and Slee (41966) who, from
scintillation observations from 1955 to 41959, did not
detect 1t, it is hardly likely to be an effect reproducible
in several years data, If it is to be regarded as a short
term effect, it is still difficult to explain because solar
activity in February 1966 as defined by the 2800 WHz daily
flux measurements or by the indices assigned to the inter-
ferometer charts (discussed in section 3.,2), which are
correlated with the 2800 MHz daily flux, is less than that
observed in the preceding or following months.

The conclusion is that the scintillation asctivity
observed with the present two interferometers is controlled

by a diurnal rather than a seasonal variation, and this
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conclusion will be made use of in the following section
vhere the zenith angle variation is determined Tfor the
scintillation activity of the radic sources observed Ly

the larger interferometer.

5,3 7enith Angle Variations in Scintillation Activity

Measured with the Larger Interfercmetber

Tigure 5.6 shovs the average scintillation indices
evaluated for all sources observed with the larger inter-
ferometer({except 30123) plotted against the zenith angle
of transit of each source., Since the interferometer was
not in operation for a full year, the total observatlons
for each source could not be used in calculating these
averages as sufficient of the diurnal variation in scintl-
llation aetivity was not recorded to eliminate this
variation., If this variation is to be allowed for in any
way, 1t 1s necessary to compere the scintillation activity
of the different sources at a fixed transit time. Accord-
ingly, the indices plotted in Figure 5.6 were averaged from
source transits recorded between 1900 and 2300 hours local
time., FEach point in the figure was calcul ted from about
60 _ observations and the standard error of about + 0.15
in the mean values of the scintillation indices is shown

in the figure.
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The most obvious result to be seen from Figure 5.6
is that the aversage scintillation indices for the three
sources furthest from the gzenith are significantly higher
than the indices for the other sources., The increase is
largest for the indices observed in signals from the
Cygnus A source, these indices being increassed by a factor
of 3,

As was anticipated in section 3.2, the amplitude
scintillation indices of the Centaurus A scurce are less
than those of any other source, this being due to the
superposition of background emission from = large angular
region. Transits of this source were observed each day
1 hour after transits of the Virgo 4 source and it was
obvious from inspection of the records that signals from
Virgo A showed much more intense scintillation than did
signals from Centaurus A, Pigure 5.7 shows transits of
these two sources detected 1 hour apart and includes one of
only 4 occasions_om which the Centaurus A scurce showed the
more intense seintillation, this particular pass of the
Centaurus A source being one of the few to show such strong
scintillation. These isolated instances would arise if
the extent of the irregular regions near the receiving site
was patechy or veryrlooalized. It should be nok ed that the

smaller amplitude of the output from the Virgo A source in




2%00 LOCAL TIME 2100 26/5/66

{(a) A most unusual observation showing the more intense
scintillations of the Centaurus A source.

0300 | 0400 1/2/66

(a)  The usual and expected observation showing the more
intense scintillations of the Virgo A source.

Figure 5.7 Comparison of the scintillations in the‘signals
from the sources Virgo A and Centaurus A.




the May record compared with the February record is due
tc the array being directed to the zenith in May while in
February it was directed 45 degrees north of the zenith,

If the average scintillation indilces are to Dbe
corrected for the effect of source size, consideration of
the result of farons and CGuidice (1966) aﬁd of the source
paramneters listed in Table 2.2 shows that only the sources
rornax A and Centaurus A are large enough 1n angular
extent for their observed scintillation indices to be
reduced. ©Since the Fornax 4 source conslsts of two
compenents each of angular diameter 18" arc and separated
by 29' are, its scintillation indices wauld be expected
to be reduced by a factor of at least 2 but as this effect
was not observed, it was considered pointless to apply the
correction, In the cbservations of Smerd and Slee (41966)
the Fornax A éeintillation indices were slightly less than
those of other sources but not as much less ag suggested
e re. In the case of the Centaurus A source, the correc-
tion factor is very uncertaln and no attempt was made to
normalize the secintillation indices from this socurce by
taking its size into sccount. Smerd and Slee did not
include observations on the Centaurus A source in their
paper, propably for the gbove reason.

Another festure of Figure 5.6 is the increased average

scintlllation index for the Hydra 4 source compared with
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the Scﬁﬁces Hercules A and Pictor £ at slightly larger
and smaller zenith angles resgectively - this observa-
tion agreeing with that of Smerd and Slee. This enhance-
ment which, in the present case, has only limited
significance is possibly due to the fact that, assuming
the lrregularities responsible for the écintillaticns

lie in the F. region, they are Tfield aligned and the daily
transit of the Hydra- A source is observed at the sanme
elevation angle as the magnetic zenith (zenith angle 23°%)
and the irregularities are being observed eid on, This

point is enlarged in the following sectione.

Seiy Theory of the Zenith Angle Effect on Seintillation

Activity

The diffraction theory of Briggs and Parkin (4963)
chows that for isotropic irrsgularities, a general increase
in the depth of amplitude scintillations with increasing
zenith angle 1s expected due to the lengthening of the
signal path through the diffracting region and also {under
some conditions) due to the'increasing distance from the
observing site to the layer. RFigure 5.8 shows the varia-
tion of the Scintillation depth/S with the dimensionless

. 2 a . .
raramecter P = hz/rg for an isotropic phase screen where

A 1s the wavelength of the radiation, z is the distance to
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Figure 5.8 The scintillation depth as a function of the parameter P for an
"isotropic phase screen ¢0 = 1 radian.




the layer and T the irregularity size. The curve applies

for ¢D, the root-mean-square phase deviation of the

irregularity structure, sgual to 1 radian and is taken
directly from Figure 3 of the Briggs and Parkin paper.

> 1, & becomes relatively

h
O
H
.

for P <1, 5 = z,and
independent of Z:the two regions are referred to as the
near and far zones respectively, and amplitude scintllla-
tions may be regerded as completely developed when observed
from the far zone,

In the observation of seintillations arising in the
# region with the present equipment, A = O metres, r, o=
1 km and P > 1 for z » 125 kme Since the ¥ layer height

oy

is greater than this, scintillations originating in ¥ region
irregularities may be regarded as being observed from the
far zone for all zenith angles and for isotroplc irregulari-
ties, the scintillation depth observed from the ground
increases only because of the lengthening of the signal path
through the diffracting region. However for irregularities
in the ¥ reglon with the same value of Tys observations at
zenith angles of up to QOG will be made in the near zone.

In the case of isotropic irregularities, Briggs and
Parkin have already calculated curves showing the dependence

of scintillation. depth on zenith angle. They used the

appropriate formula,
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where 1 is the angle of incidence of radio waves on the
layer and the other variables have already been defined,
The approximation is valid for small ¢O and the contri-
bution from the term 7 ro*/4A*Z% ig not important if all
observations are made sufficlently into the far zone.
Figure 5.9 shows curves similar to those of Briggs
and Parkin calculated for the B and P region for isotropic
irregularities of scale size 1.0 km in the F.regilon and
1.0 and 0.1 km in the B region. These two values, probably
representing the extremes, for the E region scale size
are included because experimentally, the sizes in this
region (ES rather than E) are not as well known as the
Roregion sizes and also, it is not always certain that
scintillation activity originates in this region. Briggs
and Parkin (1963) arrived at one estimate for the size of
irregularities in the E region using the scintillation
observations of Chivers and Davies (1962), From various
arguments, they accepted Chives and Davies height estimate
of 100 km for the irregularities and from the theoretical
curves of the zenith angle variation for different values

of Ty they concluded that in the E region, T, was not less
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Figure 5.9 The scintillation depth, normalized to unity at the zenith, as a function
of zenith angle for radio star scintillations originating from isotropic
irregularities of various sizes in the E and F regions.
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than O. 3km.

It shauld be noted that, everything else being equal,
zenith angle effects should be more noticeable in B region
geintillations because the layer being lower means that
the angle of incidence of the radio waves on the layer
will be larger for s givan zenith angle, and the sec 1
factor in equation 5,1 will undergo a larger variation.

While it is probably true that the calculation of
the zenith angle effect,assuming isotropic irregularities,
is acceptable Tor the E layer, this is not the case for
the ¥ layers.

Briggs and Parkin calculated the zenith angle sffect
on scintillation depth for some special cases - none of
which are applicable to the present observations. However,
the reguired calculation is readily performed using the

following equations from their papers

1
B = (a®sin®y)? (5.2)

where, ¢ is the angle between the earth'’'s magnetic field

vector and the direction of travel of the radio wave,
a is the axial ratio of the irregularity

B is the axial ratio projected onto a plahle per=

pendicular to the direction of travel of the radio wave,




A
bo <« A (sec 1)% / p*® (5¢3)

where the varigbles have their previous meanings

1

and S JJZ ¢e{“ {(cos usccos uz)%'ﬂﬂﬁ‘ (u1+uz)mj (5e4)

A7 207
and ue = atan
Tre’ Tre®

where uy = atan

this final expression (5.4 )being an approximation valid
for small ¢o’

Curves showing the zenith angle variation of the
scintillation depth of radio star scintillations have
been evaluated from equations (5.2), (5.3) and {5.4)
assuning a scale size of 1 km, 2n axial ratio of B,
and a2 local magnetic dip angle of 67°., The angle of
intersection of the signal with the diffracting layer, and
the distance to the layer,are readily calculated as func-
ticns of the zenith angle using the appropriate formulas
based on spherical earth geometry, but for the present case
the calculations at all zenith angles were based on the
same value of the magnetic dip angle - ignoring the changes
in this angle as the latitude of the intersectlon peint

between the signal and the ionospheric layer varied.
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#igure 5,10 shows curves drawn for a layer height
of 300 km. for both isotropic and anisotropic irregulsri-
ties., The isotropic curve is normalized to equal 1 at
4the origin and the anisotropic curve is superimposed
on this in such a way that the two curves f£it best whers
the effect of the anisotropy of the irregularities is
lesst., The curves show tﬁat the enhancement of the
scintillation index in the direction of the magnetiec
zenith (zenith angle = 23 degrees) is comparable with
the enhancement at large zgenith angles compared with the
values for overhead,

Experimentally, the enhancement of the scintillation
index in signals received from nesr the magnetic zenith
is very evident in the observations of Parkin (1967) and
later of Beresford (unpublished) of satellite scintilla-
tions from the same site. They found that the amplitude
scintillation indices in signals from the beacon satellites
are noticeably larger for signals received from a direction
within 10 degrees of the magnetic zenith and,on at least
some occasions, the scintillation rate also increases.
As was indicated in section 5,3, in the present experiment,
the Hydra A source was detected from the directlon of the
magnetic zenith and the observed increase in the scinti-

llation indices of this source could be due to the presence
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a height of 300 km and with scale size r, = 1 km.
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of enisotropic irregularities seen end on by the signals
from this source,

The theory shows that for an irregularity layer
height of 300 km and scale size of 1 km , the ampiitude
geintillation depth of radio star scintillations should
increase by a factor of about 2 from the zenith to the
horizon. The increase observed here is in fact & little
larger than this (Cygnus A signals showing scintillation
indices a factor of 3 larger than the sources near the
zenith), but this can be explained either by the existence
of irregularities of larger scale size in the same 4iff-
racting layer or due tc scintillations being partly
introduced to the signals in the B reglcon, the increase
in r, or the decrease in layer height both tending to
increase the importance of the zenith angle variation.

It is also possible that‘thepe could be a latitude varia~
tion in the occurrence and intensity of the ionospheric
irregularities but there is no evidence for this at the
latitude of the St. Kilda field station (4508 geomagnetic),
this latitude being well away from the transitional lati-
tudes at the edges of the auroral and equatorial zones.

Since, from the preceding discussion, 1t appeared
likely that the scintillation of all the radio sources

could not be described in terms of the same origin {(either




in the same ionospheric layer cr with the same parameiters
applying to the one layer), no sttempt was made to fit
any particular theoretical curve to the zenith angle

variation observaitions,

P 5 Zenith Angle Variations in Secintillation Activity

Observed with the Smeller Intcrferometer

-

o ascertain the zenith angle variation in amplitude
scintillation depth from the Cygnus A data recorded by

the smaller interferometer, it is sufficient to average

the secintillation indices for each maximum in the pen
recorder fringes separately, Then each meximum or minimum
in the output can be regarded as originating from the same
source but from a different range of hour angles (each hour
angle corresponding to 2 given zenith angle).

Since, if the Cygnus A passes containing readable
amplitude scintillating indices for some, but not all,
fringes were included in the analysis, the results might
be influenced by random day to day fluctuations (one fringe
being interfered with on a day of strong scintilletion -
another belng interfered with on a day of weak secintilla-
tion), only those passes for vwhich all nine fringes were
obgervable were considered., Also, since there was a delay

of 5 hours between the recording of the first and last
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fringes, the diurnal variation of the scintillation indices
corresponding to ezech fringe would (if determined) be out
of phase - the phase difference between the first and last
fringes being near 1/L4 cycle. Therefore it was necessary
to analyse data covering a full year {(or multiples of =
full year) and it wes only because the running pericd of
the interferometer wes almost sxactly "8 years thai all
the available complete Cygnus A passes could be included

in the analysis,

Teble 5.1 shows the hour angle of each fringe maximum
with respect to the centre of the pass and the corresponding
values of right sscension and zenith angle. The data on
which the values of source zenith angles, with and without
the effect of sperical refraction, are based is taken
directly from Figure L.3. The valuess of the right ascension
of each fringe are included to emphasize the fact theat each
gource pass wasg observed 7 minutes early due to a small
difference in the lengths of the leads from the two antennas -
this difference, once found, was left to ensure conslstency
in the resulis throughout the whole running period of the
experiment.

In the table, the hour angles are guoted in hours,
minutes,and decimals of a minute, the apparent right
agcension in hours and minutes, and the zenith angles in

degrees and dscimals of a degree.




Fringe 1 2 3 L 5 6 7 8 9
Nunber Pass
Before Transit Central After Transit
Ypinge

Hour Angle| 2¢31e3 1.52.5 1.14.2 36,5 ¢ 6.5 1e1le2 165265 2.31.53

Apparent 1719 1758 1836 1914 41950 2026 2104 2142 2221
Right
Ascension

Zenith 8305 8»0‘! 7705 7509 75:2 75.6 ' 76-7 79:6 8212
Angle no
Refraction

Zenith 81.0 78,1 76,0 The6 7Le0 Tha2 7543 7742 7949
Angle with
Refraction%

TABLE B.1
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Since with and without the influence of spherical
refraction, the change in zenith engle throughoul the
whole pasg ig small and ithe actual angleg involved are

e discussion of the zenlth angle effects

£y

very similar, t
observed with the smaller interferometer will be reg-
tricted to considering the effects using the values of
zenith angle appropriste to the source positions calcul-
ated without any modifieations due to the presence of
refraction.

Tigure 5,11 shows the mean amplitude scintillation
data plotted against a linear time scale (this Tfigure

showing the variation in scintillation depth through

the pass),and Figurs 5.12 showe the seme data plotted

jAv)
.

gainst a linear zenith angle scale. It should be noted

that the small agymmetry in the values of the zenith

8]

ngles before and after transit haes little elflect on the
valueg near the centre of the pass bul at the extremes of
the pass, the values are altered by up to 19, (this makes
a total difference of twice this since fthe zenith angles
of two fringes sre alltered - one increasing and ons
decreasing).

The twoe figures show that for scintillation of the
signals from the Cygnus & source at low angles oF eleva-

tion, the average scintillation depth decreases with
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nereasing zenith angle. They also show thet for the

&,.h

outer two fringes in the output Ffrom the receiver, the
everage amplitude scintillation indices are not the sams
when the source is riesing as they are when it 1z setting.
This discrepancy between the rise and set of the sources
would appear greater if the corrections for the whole
pass being 7 minutes early were not applled.

The significance of the zenith angle curves is indi-
cated by the error bars attached to each of the nine
experimental points. Tach point is calculated from 410
observations and the error bars represent the standard
deviation of the mean scintillation indices., The maximum

error in the nine values is + 0.05.

E.6 Discussion of the Zenith Angle Variation Results

from the Smaller Interferometer Chservations

(i) The Reduction in Scintillstion Index with

Increasing Zenith Angle, The observed raduction

of the mean anmplitude scintillation depth with increasing

zenith angle 1s not the result sxpected from the theory
being

outlined in section 5.4, the expected result/that the

scintillation depth should increase with incressing zenith

angle probably only a little if the scintillations origin-

ate in the F region but mere markedly 1if they originate in
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and they observed the source
50 and the horizon. Chivers and Daviss found a similar
result from observations of Lthe same scurce at angles
down. to its lower culmination at an elevation of 4 .

They obscrved the source from Jodeell Zank, U.X. at a

o0

frequency of 1390 iHz and wore able to separate scinti-

ilations of ionospheric origin (probsbly I regiocn) fron
those of tropospheric origin which are often observed
at the same and higher freguencies. Rriggs {1964) pre-
sented the Cagbridge, U.H. observations of
A source, made at a frequency of 38 MHz, the observations
being restrictsd to zenith angles between QQ and 700. He
found thet although there wzs 8 general increase in the
observed scintillation depth with incressing zenith angle,
the years 19561959 (around the sun-gpot meximum) theres
was 2 decreace in scintillestion depth for zenlth angles

N
C

greater than 607, cnd he explained this as & secondary

effect due to the finite angular size of the source (this
ef'fect has slready been referred to in the introductary
section 1.2(1ii) and in section 5.3). Although the angular
size of the Cygnus A scurce (2' arc) is only half thet of
ﬁhe Casslopein 4 source and although the present obmerva-
tions do not Invelve sointillaticns originsting in the

sauroral zons, bhe zmenith engles in the present case are
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rat it is worth noting agailn that the pa ater ,J inc—

ludes the effect of anisotropy in the cbservations.
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i

\ E Layer 100km # Layer 300kn

Zenith Angle

(sec i}ﬁ 7z xm | (sec 1)¥| 2 xm ﬂz(a=5)

75° 1.7 371 | 1.6 | 929 | 15.9
90° 2,36 1130 1,83 1979 | 21.3

TABLE 5.2

From the values in the table, it is evident that

the ratio,

(Zgo)an®
” / (Z¢e)75°

and

i

2,0 for the F region

L,2 for an E region with

il

isotropic irregularities.

The difference in the values of Z appropriate to
the two layers at the dif ferent elevation angles is mainly
responsible for the difference in the ratios for the two
regions.

From equation (5.6) for the case of irregularities in
the F region with scale size r, = 1 km, 9o must be at least
10 radians at an angle of elevation of 150 and at least
half this at 0° elevation before the observed secintillation

depth of signals from Cygnus A will be reduced due to the




- 159 -

angular size of the source. Such large valueg are poss-—
ible under disturbed magnetic conditions but would not

normally be expected. Uor irreguleritiec in the fregion

[ 5
.
s}
pind
w

with the same scale size, ¢o must be at least 25 radi
; . . o 0 - , - .

at an angle of elevation of 157 znd at least & radians at

zerc degrees or elevaetion. If the lower limit to the

£

gcale size of irregularities of 0.3 km {assigned by Briges
end Parkin (1963) to the results of “hivers snd Davies
(1962)) is used, the values of ¢, for this region are
reduced to 7 and 2 radians respectively. The likely
intensities of irregulsrities at & height of 100 kn (in

the I ather than I region) are not as well known =g those

=1
b

at ¥ region heights: however, as Lawrence et al. (1964)
indicate, the observation by Chivers and Davies (1962)

of seintillation indices 50 of the total power from the
Cygnus 4 source indicstes a root-mean-sguare phase devia-
tion of 3 radianc at thelr observing freguency of 1390 iz,
which implies a value of 53 radians at 79 #Hz (406 radians

at 39.0 ilfiz). It should be noted that, although such large
values of the geintillation index were often observed, the
experinent wos performed in Pebruary 1959 when solar activity
was still high enough Tor Briggs' (1964) zenith angle cbheerva-
tiong of Cassiopeia 4 to be afiected by source size; the

geintillations originated in or nesr the auwroral zone. where




the irregularities are expected to be more intense, and
z180, the high scintillation indices were only cobserved
during periods of strong magnetic activity - such as
did not occur during the running of the present experiment.
. One pcoint that is clear from the preceding discus-
sion is that since from eguation (5.3), ¢o is directly
proportional to A, the phase deviation is reduced in =
signal of a higher freguency f by a factor 1/f. Thus, at
a higher frequency, a given degree of irregulapity in the
electron density will produce a smaller value of ¢, and
scintillations in the signals from a source of finite
angular size are less lilkely to be reduced due to the
finite angular size, This seems to be a possible explana-
tion of why observers using higher frequencies have noct
detected the fall off in scintillation near the horizon
detected in the present experiment.

It is also evident from section 1.2(iii) that the
correlation bandwidth of the scintillations is reduced as
the zenith angle increases due to both the root-mean-square
phase deviation ¢, and the distance to the layer Z increas-

ing with zenith angle. The condition is that if:

the visibility of the scintillations will be reduced. The




-
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i

variables were defined in the earlier sectlon,
If values appropriate to the present experiment

(f = 39,5 WHz, B = 1,0 MHz) are substituted into this
relation, compared with the critical phase deviations
required for scintillation depth reduction due to the
finite angular size of the source, ths values of phase
deviation required here to satisfy the ineguality are
gbout 50 per cent larger for E snd F layer irregularities

]

of scale size 1 km, and about the same for the E layer
irregularities of scale size 0,3 kmes In a general way,

the effects of scintillation bandwidth become less import-
ant at higher frequencies in the same manner as the effects
due to source size Trom the linear dependence of ¢,  on

he however, receiver parameters for the different experi-
ments also affect the sbove statement and must be taken
into account.

It is noted that in the present experiment, the
scintillat ion depth has an approximately egqual chance of
being Péduced with increasing zenith angle due to the
bandwidth of the scintillations or due to the finite size
of the source. The aperture of the interferometer array
is also capable of causing a reduction in secintillation

depth with increasing zenith angle and, if precent, the

effect would also be dependent on zenith angle but as




evident from section 1,2(iii), the eflfect depends in

this case on (sec i)% only (not on Z) indicating only
a slight variation and is in any case éx;ected to be
overshadowed by the other criteria,

Unfortunately, there is at least one argument quite
strongly against the uniform application of the inversilon
phenomena being invoked as an explanation for the dec-
rease in seintillation depth with increasing zenith angle
and that is that as Figures 3,5 and 3.7 show, the scinti-
llation depth is reduced for the early and late frimg es
in each pass even when the maximum scintillation depth
obgerved in the centre of the pass is very small. That
these small scintillation depths in the centre of a pass
do in fact indicate the presence of weak ilonospheric
irregularities and are not themselves the result of modi-
fication due to inversion is indicated in the following
chapters dealing with the correlation of the scintillation
indices with observations of sporadic-E and spread-I.
However, it is probably true to say that in the case of
the passes showing strong secintillation, if the roct-mean-
square phase deviations in the ionosphere are sufficient
to cause 100 per cent scintillation at an angle of eleva-
tion of 150, then the scintillation index should be reduced

at lower angles of elevation where the root-mean-sguare



phase deviations are larger.

If the zenith angle observations are analysed in
more detail by grouping them according to the thz=ee hour
time zone in which the observation of the central fringe
was made, then the statistics of the results are not as
good because only an average of 25 values are used Lor
each experimental point, but the analysis does show that
for some time zones the maximum scintillation depth is
not observed in the centre of the pass. However, there
are still no occasions for which the scintillation depths
of the first and last fringes are greater than the values
for the centre fringes and the results found for 2 given
time of observation in 41964 are generally not reproduced
in the results for the same time of observation in 1965,
digure 5.13 and 5.14 show the zenith angle observations
of the Cygnus A source grouped according to the three
hour local time zone in which the observation was made
for the years 196& and 1965 respectively. The standard
error of each mean is too small to plot on the graphs
(maximum standard error + 0.20), but in most cases the
ocecurrence of a maximum elsewhere but in the centre of the
pags cannot be regarded as statistically significant.
Some differences in the observed zenith angle behaviour
of seintilletion depths observed at night time and day

time might have been expected from the difference in the
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relative importance of the E and ¥ region irregularities
2% these times and Trom the different behaviour of the
parameters of the two layers determnining the increase

in seintillation depth with zenith angle or the possible
decrease with zenith angle if inversion is important. To
difference between the day time and night time behaviour
was found.

The conclusion is that a significant reduction in
the scintillation depth observed at very low angles of
elevation is found from enalysis of the records of the
cmaller interferometer. An inversion effect, dependent
on the finite angular size of the source or on the
seintillation bandwidth, is suggested as a possible
explanation but does not explain the presence of this
observed reduction in the case of records showing only

weak scintillation.

(ii) The _Asymmetric Values of Scintillation Index

for the Rising and Setting of the Cygnus A

Source, From Figure 5.12 it is evident that,
as well as the unexpected reduction in scintillation
depth with increasing zenith angle, for zenith angles
greater than 77° (i.e. half each transit on a linear time

scale), the average scintillation indices at a given zenith
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angle while the source is rising are significantly
smaller than the average scintillation indices at the
same zenith angle while the source is setting. This
“asymmetry in the secintillation indices before and

after transit is noticeable on the record dated 3/L/6L

in Figure 3.5 and on the record dated 9/9/64 in Figure
Ze o

Differences in the scintillations observed during

the rising and setting of the Cygnus A source have pre-
viously been observed by Castellil et al. (1964) who found
that they could explain their observations in terms of
the larger dip angle of the region of the ilonosphere
traversed by the radio signals as the source rose,causing
these signals to show stronger and faster scintillations
than did the signals from the setting sowce. As the
source rose, ite signals passed through the centre of

the auroral zone; this was not the case when the source
set. Little et al, (4962), observing from Alaska, also
noticed differences in the degree of scintillation activity
for the Cygnus A source before and after lower culmingtion -
the increased scintillation depths cobserved after lower
culmination being explained in terms of the higher geo-
magnetic latitude of the intersection with the ¥ layer of
the line of sight to the source. Theyobserved the source

Cygnus A down to elevation angles of 10° at freguencies of
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20% and 456 ¥Hz., The zenith angle behaviour of the
scintillation indices of the Cassiopeia A source was
opposite in sense to that of the Cygnus A source and
they suggested that this occurred 2s a result of the
larger angular size of the Cassliopela A source.

In the present experiment, the Cygnus A source is
detected at low angles of elevation north of Adelaide
and table 5.3 gives the geomagnetic latitudes of the
intersection points of the signals from the source with
the E and ¥ layer heights. The terms"risé{andnﬁat”
actually refer to the source positions 24 hours before
and after transit, the source zenith angle then being
830 and corresponds to the largest zenith angle for which

results have been obtained,

Layer Rise Transit Set
£(100 km) - 399 10! ~ 4% 2ot ] - %9° mEt
(300 km) - 329 50¢ - 30 21! - 3,9 20!

- Table Be 3

The different values for rise and sget of the source
arise bedause at Adelaide, geomagnetic north is 70 east

of the geographic norths
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It is evident from the table thet the gignals from
the setting source intersect the E or [ region at a more
southern geovnmagnetic latitude than do the signals fronm
the rising source., However the difference ig so small
(L6" arc in the ¥ region, 1° 30' arc in the & reglon),
and the general ionospheric region so far from the suroral
or equatorial zones that (as has been stated before) what

smounts to a geomagnetic latitude effect is most unlikely

Q

to be the reguired explanation,

Another possible mechanism which can give rise to the
cbserved asymmetry in the scintillation indices before
and after traneit,arising from the fact that the direction
of magnetic north is not the same as the direction of geo-
graphic north, is that if the icnospheric irregularities
are anisotroplic, as indeed they are in the F region (but
probably not in the ¥ region), then the signals from the
radio source will see the irregularities in a different
agpect beflore and fief transit, However, 1f this mechan-
ism was important, the signals would see the irregularities
more nearly“end Qﬁab@fQP@ rather thaen after transit and the
sogintillation indices would be greater before the transit

.

of the source. &8 figure 5.12 shows that the opposite is

o
5]
]
)]
&

observed here, the mechanism can only be regerde

pogsibility 1f the very sturbed conditions regulired for

£
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inversion tc be important are considered a reguler occur-
rence. 1n this case, the observed result can be explained
from the above arguments, but in most cases they cannot be
effective as in the next chapter 1t 1s shown that wsak
seintillations really do indicate weak irregularities.
Apart from considerations of the earth's magnetie
field, there do not sppear to be any other factors present

which could produce the asymmetry in the scintililation

depth observed between the source rising and setiing.




SICAL FPHINONE

£.,4 The Voomera Tonosonde and its Pogition Relstive to

the ©t. Kilda Pased Tcintillation Cbservations

Correlation analyses were performed to investigate
the possible relationships between the amplitude scinti-
1lation indices recorded at 5t. Kilda using both inter-
ferometers and the verious indices describing the behaviour

e

of spread-F, sporadic~H, critical freguency f_ F,, and

o
"o

the plenetary megnetic indices Kp. Only instantaneous
associations were scught between the scintillation and
ionospheric indices but it was still considered desgirable
to evaluate the appropriate correlation Tfunctions for a
small number of time shifts to demonstrete that any instan-
taneous corrslations cbserved were in fact genuine. in

the c=

m

se of the Kp indices, correlestion functions were
evaluated for several days shift in the data to investi-
gate the possibility of a magneltic disturbance preceding
an ionospheric disturbance. This point has already bsen
discussed in Section 1.4(v).

The ionospheric data for comparison with the ampli-

tude seintillation indices of the Cygnus A source observed

with the smaller interfercmeter were all obtained from the
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racords of the Voomera ionosonde situated et latlitude

o mD , . 0% o _
30,075, Llongitude 1305 & = some 491 kilometres fronm

)

. e 5 o o o F o ey 5 s o o
the 5%, Xilda field sitation and at a bearing of 26° 26°

west of north.

wigure 6.1 shows the geographic locus of the point

<o

%

of intersection of the line of sight from the recelving

]

antennas at ot., Hilda to the Cygnus A source with the

]
o

100 km 7 layer helght and with the 300 knP layer helighte

nts on the grephs represent one hour

+3
o
4y
fdn
Yot
]
’\J
.
at
e
[l
o
&3]
$ond
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O
i

intervels before and sfter source transit and the Cygnus

2 source is at an altitude of 10° when the T layer inter-
gection point of the line of sight to the source is nearest
to the Voonera ionosonde., 7The Figure is based on & zenithal
eguiangle projection vwith the pole situated at latitude
7%, longitude 135°7. The position of the pole is indi-

cated in the This projection has the propertlies

o]
i
[\
-2
43

that azimuth sngles pround the pole are preserved
radial distances from the pal@; Although the 5t. #ilda
receiving site is 330 kz (3°) from the pole of the pro-
Jection, the points on the Figure =sre plotted relative to
8t. #ilda assunming that the speclel gproperiies of the pole
are ptill satislied about this point. Since none of the
following results depend on the sccurscy of the points

plotted, any errors introduced dus to the ot., Hilda
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A map showing the relative positions of the

St. Kilda observing site and the Woomera
ionosonde.  The loci of the intersection points
in the lconocsphere of the signals from Cygnus A

to the observing point are shown for lajer heights
of 100 and 300 km.- .

The directions of geographic and magnetic north
are indicated.
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recelving site not coineciding with the pole of the pro-
jeetion will not be imporiant.

Table 6.1 showe the great circle distences between
the Woomera lonosonde and the polnts on the ground
veneath the intersections with the T and F layers of
the line of sight from 5t. Kilda to the Cygnus A source.
The distances ares calculatsd for the source position &8
it transits ths St. Xilda meridian and for the source
position 2 hours alfter transit,

Source Position
At Tranelt

Distance km At Transit + 2 Hours
% Layer Intersection 189 ‘ 56
¥ Layer Intersection 769 738

TABLE 661

It is evident that 2 hours after the Cygnus A source
transit, the amplitude scintillation indices of this
source are particularly well suilted to a correlation
enalysis with the Voomera sporadic-E observations. In
the case of the P layer intersection point, the distance
from the Voomera ionosonde is similar for the two posi-
tions of the source and from Figure 6.1 it is seen that
for both positions, the difference in latitude is sbout

twice the difference in longitude. This distance from the




voomers ionosonde to the F layer intersection is in faect

rother larger than is desirable for the correlation ana-

lysisy to guote one example, Lawrence, Jesperson and Lamb

(1961) who summarized the results of several authors,

suggested that patches of irregularities responsible for

gpread~F occur over regions of

extent,

about 500 km in lateral

Tn more detail Briggs (1958), in a study of

gpread-F ocecurrence and correlation at widely spaced

observing sites in the northern mid-latitude region, found

that the irregulsritiss occurred in patches of sxtent P00 km

north-south and of a larger extent east-west,

Koster (1958),

from & correlation snalysis between radio- star seintiliation

and spread-F in the egquatorial
result with his observation of
between the two phenomena with
LBO km between the twe regions
by the radio star recelver and
large distance invelved in the
doubtedly sufficient to reduce
geintillation and spread=F,
completely removed 1f the
suthors sre valid for the
St, Kilda obssrving sites

The ionocspheric dsta

zone, confirmed the above
a positive correlation

an east-west distance of
of the ionosphere observed
the ionosonde, Although the
present experiment is un-

the correlation betwesn

the cerrelatioﬁ ghould not be
results found by the previocus

mid-latitude region north of the

for comperison with the amplitude

sointillation indices of the various sources obhseprved with
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the lerger interferometer were obtained pertly from the
records of the Toomers ionosonde (spread-F and fg Fz) and
partly from the records of the Salisbury lonosconde (sporadic=
B). The Salisbury ionosonde is situsted st latitude 3&.7°S,
longitude 138.6QE and these co-ordinstes sre the same as
those for the two interferometers within the asccuracy of

the above Llgures.

Teble 6.2 shows, for all the sources, the great cirecle
distances between the appropriste lonosonde and the points
on the ground beneath the intersections with the E and ¥
layers of the line of glght from St. Xilda tc the sources.
The distances are calculated for the source posltion as

it transits the S5t. Xilda meridian.

E Layer B Layer
Intersection (km) Intersection (km)
Sourcs Salisbury Ionosonde Yoomersa Ilonosonde
Tornax A 6 558
Centaurus A 13 515
Pictor A 28 500
Hydra A 43 380
Hercules A 82 294
Virgo A 107 248
Taurus A 145 222
3 123 196 245
Cygnus A 371 769

TABLL, 6.2




- 174 -

Remarks similar to those already made for the dis-
tances involved in the correlations of the smaller inter-
ferometer data also apply to the correlations of the
larger interferometer data, From Table 6,2, it should be
noted that the distances involved with the spread-I' corre-
lations are now all smaller than in Table 6.1% which iono-
sonde is better suited to the sporadic-% correlation

depends on the source which is being observed.

6,2 The Suitability of the Toomera Ionograms

On most occasions, the Woomera ionograms are recorded
at 41 hour intervals although there have been some periods
when.. recording has been more freguent. ©Gince each
scintillation index refers to a 30 minute period of observa-
tion of the Cygnus A source, the hourly ionogram nearest
in time to a scintilletion observation will not refer to
a time differing by more than 15 minutes from the time of
the seintillation observetion and in many cases, especially
with regard to ¥ region phenomena, this is an acceptable
time difference., However, it wes evident that the appear-
ance and intensity of sporadic-E often changed considerably
with & time scale of much less than an hour and on fewer
occasions, changes in spread-¥ from one ionogram to the

next were obgerved - the changes not being consistent with




the diurnal pehaviour of the phenomenon. in particular, on
June 7th 1964, the 6 ionogramsg covering the period of ihe
ygnus A pass from 00 to 05 hours (local time) alternately

1Y

showed complete spread-d and no spread-=d, This was an
39 g

I

axtreme case but there were others showing behaviour &
1ittle lecs anomalous which suggested that there might

be some occasions when spread-d vas present and not detected
on the lonograms and perhaps other occasions when 1t was
detected but did not persist in the time interval between
the recording times of the ilonograms., However, either

cesibility is uhlikely to affect the period covered by

fpd

more than two ionograms and when the spread-i# and sporadig-
T indices were being assigned, the above considerations
were horne in mind and it was always evident from the series
of ionograms during the whole Cygnus A pass whether or not
the readings from the lonogram used for the correlation
analyeis were rellable,

Thus, although it is still probable that, due to time
differencesof up to 15 minutes between the scintillatilon
and ionogram observations, any correlations observed might
be less than those actually present, such reductions in

correlstion coefficients should not be seriocusgs

6.3 The Ionospheric and lagnetic Indices

Ap stated very briefly in Section 6.1, the amplitude




scintilletion intensity was correlated with the intensity
of spresd-I, the critical Trequency of the sporsdic=L
layer, the critical freqguency f_F of the 7 lasyer and
the planetary megnetic indices Xp.

In the cese of the critical freguency fo @2, it was

considered unnecessary to read the ionogranms themselves
and the values (correct to the nearegt | 1 MHz) were
taken from the appfﬂpfiaté date bulletine for Voomera
published by the Veapons Resesrch Egtablishment, Salisbury,
“outh 4ustralia. Hovever, it was necessary to read the
ionograms to obtain the required detalls of the cocourrsnce
of sporadic-% and spread-F., The index used to describe
the intensity of sporadic-¥ wes the meximum freguency {also
correct to the nearest 0.1 ¥Hz) at which a reflection from
the layver was oObserved - this corresponding to the critical
frequency of the extfaordinary ray. 4&n index in the range
0 - 3% yas visually assigned to each ionogram to describe
spread=-T activity of increasing intensity, thie being the
scale originally described by Briggs (1958).

Por the correlation analysis of the scintillation
indices taken from the records of the larger interferometer
with sporadic-I, hourly wvalues of fc Fﬁ were read directly
from the data bulleting for Salisbury, alsc published by
the Veapons Research Esteblishment, Salisbury, South

Australise.




In the initizl stages of the enalysis, an attenpt was
made to cbitailn spread-F indices directly from the Toonera
date bulletine by utilizing the cualifying letters ¥, UF
and occasionally UUZR vhich were applied to the tabled
valuesg of fo FQ zecording to the difficully of reading
these valuesg from an loncgram in the presence of spread-F,
However, comparison of these cqualifying letters (or their
eabgence 1f there wag no difficulty in reading fo “2} showed
thet thelr spplication was most inconcsistent and that they
were very unrelishble az parameters deccribing the intensity
{cr even simply the occurrence or non-occurrence,) of spread-
Fe

i examination of the ionograms recorded over the 2
year period of the exveriment showed that some care 1s
reguired in the interpretation of the correlation cosffic-
ients found between scintillation and spread-3 or sporadic=-
® due to the temporal behaviour of these phenomena. In the
case of sporadic~E, the combined annual and diurnal varia-
tions in its occurrence (in any form) are such that the
phenomenon occurs most strongly during the daytime in summer
and least strongly at night time in winter, and in the case
of spresd-i, its temporal variation is predominantly diurnal
and it occurs most strongly at night and rarely during ths

day. Thus sporadlc-F 1s the more common phenomenon during

the day time passes of the Cygnus A source and spread~¥ Tthe




more common during the night time passes. Speclal care
must be taken in the interpretation of the correlation
coefficients involving sporadic-F occurrence at night

and involving spread=F during the day & s these phenomena
may never occur at these times throughout the period referred
to by the correlation coefficient and this could lead to a
gpurious or incalculable correlation. A related dirficulty
was encountersd by Koster (1958) when he found that the
ogcurrence of both spread-F and radio star scintillations
at the egquator near the maximum of the solar activity cycle
"hecame S0 nearly continuous as to make the correlation
coefficient virtually meaningless."

Tetalils of the effects of complete occurrence oOr non=
occurrence of sporadie~E or spread-F on the present resultis
are pgiven in Scetion 6.7 following the preséntation of the
results,

The spread-F observed from Voomera over the period
196L - 1965 was invarigbly of the freguency spreading type
which has been distinguished from the range spreading type
by Singleton (1957). The observed sporadic=E took many
forms; some of these separste forms are discussed in Chapter
7 but are not distinguished between ih the present analysis.

The indices used in the correlation enalysis to des~

cribe magnetic activity were taken from the Journal of




&)

Geophysical Research = the two 3 hour planetary ¥p indices
recorded nearest in time each day to the Cygnus A transit
being aversged to provide the recuired index. The 94 hour
time difference between Universal Time and local time was
sken into seccount. The 2 year period of the experiment
was not & magnetically active one and the highest value

of ¥p observed during a Cygnus & pass was 5 -« this index

being observed on not more than 10 peeasions.

£, Caleculation of the Correlation Coefficlents

As in the case of the investigstion (described in
Section 5.2) of the diurnal and seasonal veriations of the
Cygnus A source scintillation recorded by the smaller
interferometer, the zvailable data from the two years of
observation were divided into periods of 6 weeks, each
period representing a 3 hour span in local time, For the
purpose of the present analysis, this was a length of data
which represented a compromise between a length short
snough to give a good resolution in local time, and a length
long enough to enable sipgnificant correlation coefficients
to be obtained. SHince each set of data represented only 6
weeks or 3 hours - a small fraction of the year or day, it
was considered unlikely that common diurnal or seasonal
trends should be present in the dsta used for each coeffic-~

ient strongly enough to give rise to a spurious value of




£

the correlation cosfficient. It wes possible to ascertaln
that there was no such influence present 1n the insten~
taneous coefficients from a comparison with the values of
the coefficients cealculated for a 4 dey advance or retard-
ation of one of the sets of data being correlated - lhese

coefficients having velues siniler to the instantaneous
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coefficlient
periods comparable with the total length ol the data.

Various longer snd shorter lengihs ol data were used
in the correlation analysis of the larger interlerometer
seintilletion indices with the ionospheric and megnetic
indices =snd in the correlation snalysis of the smaller
interferometer scintillation indices with the megnetic
indices. The above precautions were baken to ensure lhe
correct interpretation of the resulls.

The subject of the use of correlation coefficlen
and the application of statistical significance tests to
them hae been well covered inthe literature, therefore
the following discussion on the calculation of the corre-
lation coefficient and that in the next %ecﬁions on the
application of statistical tests is limited ito those points
which have particular application to the present analysis,

The correlation coefficients are readily calculated

on a computer using the equations
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rsion of the program was written, many modifications
have been made both with regard to streamlining the cal-
culation and with regard to the addition of new Tacilitiles
guch ag a varisble input data format, an cptional plotting
of the output, and a large range of non-fatal diagnostics
which assist in the location of otherwise faisl errors in
the data, and allow computation to proceed on subsegquent
correct sets of datsa.

Lt variocus times, the program hes been run on a wide
range of I.B,¥, and C.D.C. computers - the cholce of
mechine depending lergely on its availebility at the time.
The maximum rate of calculation attainsble is of the order

e the do
en e aa

of 30 coefficients per sgecond w

ta is of intep~
zet of data), and

of

mediate length (ebout 100 points in each

is attained when the program is run on the University

Adelaide’s CaleCa 6LOC

6,5 Ctatisbical Significance Tests on the Correlation
Coefficients

o
p

It was indicated in the previous

sctil

on that the
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1
Standard Error of Z = (6ely)
{ -3

The procedure followed to establish the confidence
limits of a given value of , is to take the appropriate
values of r» and N,and from them calculate the equivalent
values of 7 and its standard deviation. Equaticn (6.3)
may be transposed such that » is expressed in terms of Z.

exp(22) - 1

Thug »2 = (6e5)
exp(22) + 1

and the values of ; are then calculated which are eguiva-
lent to the initial Z wvalue plus or minus the desired
multiple of its standard deviation,

In the estimetes of statigtieal significance outlined
in the appropriaste sections later in this chapter, the
values of ¢ are calculated which differ from zero by 1,

2, or 3 standard deviations, using the method outlined
above, These significance levels correspond to probabili-
ties of 32%, L.5% and 0.3% respectively that the given
correlation coefficient should be observed by chance.

A further important point which has not yet been
emphasised here and which must be considered is that the
values of N used in the calculation of the standard errors

of o and Z refer to the number of independent data points
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used in the evaluation of the cross-correlation coelfic-
ients. In the case of most geophysical parameters, sach
daily value (such as used here) may not be independent of
the values of the same parameter on the preceding or
following day. To give an example, 1f it is found that
only half the indices used to calculate a correlation
function are independent, then the effective value of NI

ag far as the statisticse are concerned is only hall the

ok

actual W, In the present analysis, an estimate of the
ionosphere memory in relation to scintillation, gpread-i,
sporadic-% and fQ FQ can be obtained from the width of

the peak of the appropriate auto-carrelation function. It
should be noted that the cross-correlation functions can
also indlcate that ionospheric memory is ilmportant but do
not in themselves indicate whethor it is significant in
only one cr in both parameters used to evaluate the func-
tion. Physically, broad peaks in the correlation functions

w

rise 1f any of the

w

(indicating an ionospheric memory) will
parameters tend to occur in groups of days and then tend
not to cccur in similsr groups ol dayse.

ﬁhe correlation program described in Section 6.4
indicated when the correlation coefficlents exceeded the
gignificance levels deltermined from the addition of 1, 2

and % standerd deviations in Z, but this resulil from the
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program could not necessarily be taken at face yalue due
to the uncertainty, for the reason outlined above, in

deciding the ecorrect value of N to be used.

o6 The Correlation of Seintillation with Sporadic=L,

Spread-F and £ F,- smaller Interferometer HResulls

As discussed in Section 6.4, values of scintillation

indices were correlated with hourly values of the ionos-
pheric parameters - each length of data used in the analy-
sis representing & weeks of elapsed time or a 3 hour periecd
of locel time. The hourly values used all referred to a
local time 2 hours after the transit time of the Cygnus A
gource since, as stated in Section 6.2, this meant thati the
distance was leasst between the regions of the ionosphere
responsible for the recording of the sporadic~E and geinti-
illation data, Correlation functions were evaluated belween
all pairs of parameters for all local tinmes, the number of
shifts in the functions (4) being sufficient to distinguiah
vetween correlations due to simultaneous occurrence of the
parameters and correlations due to the presence of long
term variations common to two or more of the parameters.
Table b.3 shows the instantaneous correlation coeffi-
cients between the scintillation indices, the sporadic-~i
maximum frequencies and the spread-F indlces, and Figures 662,

6o 3% and 6.4 show some of the correlation functions Lor which




Local Zeintillation )hlf?lllﬁ+1@ﬁ
. Sporadic~E spread-F
Time

(Ere)  196L 1965 106 1965

0000 O i 0,03 0,50 PRy
00 0620 06 3C O.u8 Ce23
0600 Ue 26 =005 0,06 0,26 Ue2 3 0,00

0900 0.08 0,22 Oy 0u34 =0.05 0.26
1200 0,28  O.u2 0,06  Co28 =0,15  0.07
1500 0. 51 X 0.08 X 0.20 X

1800 Ce12 .24 - 0,28 =  =0,05
2100 Oult2 0423 0,63 0,40 0,20 0,07

TABLE €e3

The correlation cocefficients between the Cygnus 24 scintl-
llation indices, the spread-F indices and the sporadic=I

maximum Treguencye.
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Figure 6.2 Correlation functions for 0000 hours 1965
between scintillation, sporadic-E and spread-f.
They show a positive correlation between
scintillation and spread-f but otherwise no
correlation between the paramelers.
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Correlation functions for 1500 hours 1964
between scintillation, sporadic-E, and
spread-F.

They show a positive correlation between
scintillation and sporadic E but otherwise
no correlation between the parameters.
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Correlation functions for 0000 hours

between scintillation sporadic-E and spread-F -
showing strong positive correlation between
scintillation and both sporadic-E and spread-f
and a small "long term" correlation between
sporadic~E -and spread-f.-
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only the coefficient for zero shift ia included in Table

of significant correla-

&;’. 50

tion of scintilletion with spresd-¥ and not with sporadic

of & significant

and vice—=vVersE,

correlation of scintillation with both spread-F and

Teble 6.0 shows the instantaneous correglation coelfl

iente between the scintillation indlces, the gpread-r
indices, and £ F, and Figures €.5 end €.,6 show some of

the sssocisted correlation Ffunctions vhich illustrate the
positive correlation observed belween seintillsation and
spread-®, the negative correlation between spread-F and

£ ®_, and the ehsence of correlation belween goeintilla-

tion and fa Foe

& t

Although it is unimportant in the present analysis,
where correlations other than instantaneous ones are not
being considered, it should be pointed out that in Figures
.2 ~ 6.6, the correlation functionse are drawn such that
the first named paramcter in each function identifier is
correlated with an earlier value of the second named
parancter on the right hand side ol tihe dig gram and vige-
versa on the left hand side of the diagram, This conven-
tion will be adhered to in all the diagrams illustreting

correlation functions,
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Seintillation Seintillation Spread=L
Local Spread-R fOFQ fg?z
Time
(Hrs) 1964 1965 1964 1965 1964 1965
0000 0. 50 0 li0 0,08 0.06 ~0 40 =0,22
0300 0.48 0623 ~0,08 0.62 0o l47 0,01
0600 C.06 0,26 ~0e10 =014 ~Colily  =0olL46
0900 0ol O3l =0,19  =0.19 -0.37 =0.08
1200 0,07  0.28 ~0,03 =026 ~0,02  =0.12
1500 0.08 X 0e16 X ~0,02 X
1800 - 0.28 ~0s13 =0,22 - -0, 60
2100 063  0.40 0,20 0.42 =0e21 =015

TABLE 6.4

The correlation coefficlents between the Cygnus A scinti-
llation indices, the spread-F indices snd £ ¥, for 1964
and 1 965.
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Correlation functions for 1800 hours 1965 between
scintillation, spread-F and fof showing a large
negative correlation between spread-F and f T
compared with the lesser correlations between
other pairs of parameters.
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Correlation functions for 0300 hours 1964
between scintillation, spread-F and f F
showing a strong positive correlation
between scintillation and spread-F, a
strong negative correlation between
spread-f and £ I, and no correlation
between scintiflition and fOFZ.
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The correlation coefficients for 1500 hre 1985 are
not included in the Tablessince the months corresponding
to this time were December 1965 and January 1966 when
seintillations were no longer being reccorded. The coeffi-
cients involving spread-F for 1800 hrs 1964 were not avail-
gble due to the complete absence of spread-F from the
relevant ionograms which meant that the set of indices
representing spread-r had zero variance and the resulting

sorrelation coefficient was undeflfined,

6,7 Discussion and Interpretation of the Resultls

The various significance levels for the correlation
coefficients presented in Tables €.3 and 6.4 are readily
calculated using Fisher's Z transformation as described in
Beetion 6,5,

For the G-weeks-~long sets of data used to obtain the
coefficients, each set would have contained 4D data points
had there been no values missing, However, since in fact
there were 2 number of values missing from the daia setls,
the everage value of N uped in the calculations wass reduced
to 35, It is evident in Vigure £.2 - 6.6 that those cross
correlation functions which contain a significant positive
or negative peak alt zero shift, show this peak in a single
coefficient onlys thus the value of ¥ used in the correla-

tion caleulations may alsoc be regarded as the number of
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The calculations

show that relative to a correlation coefflcient of zero,

the values + 0e17, + 0.34 and + O.47 have respecilve

probabilities ol occurring by chance oI 324, the 5
casically, the coefficients in Table 6,2 indicate that

the correlation between scintillation and

predominantly positil several day tims

coefficlien nee level

{:GLO5‘/&; :%f

;.)
level., The

and one

seintillation and spread-F is strongly positive - egpeclally
2t night where most of the coefliicienis approacn or exceed

wows poslitive

other of these corregponding coefficients must 8ilsc0
expected to sghovw positive correlstion since spreads-
sporadic-I and hence the correlations of these with
llation cannot be regarded ss independent, The imp
of thesge artial correlations' ig discussed later

S

schbion,.

then the
be
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The coefficients in Teble ©.L slso show the positive
correlation between scintillation end spread-f and in
addition show 2 predominantly negative correlation between

spread-" and f_ 7 snd {(with the notable exception of the
&z 29

0
coefficient for 0300 hre 1965, ¢ = C.62) show & general
lack of corrslstion between scintillation and fo on

These results are interpreted in terms of the phen-
cmeng they reprecent aznd compared with previous results of
other authors following the detailed discussion of sone
epparently anomalous coefficients in the two Tables.

Come dipcussion is reguired concerning the positive
correlation coefficients found between scintillation and
sprecd-F during the daye. 4As previocusly indicated, the
coefficients involving spread-F indices at a lcoeal time of
1800 hours 1965 were incalculable due to the complete non=-
evident that this was almost the case Tor all the ssis of

spread=F indices read from day time lonograms - the local
times concerned being from 0600 to 1800 hrs. Specifically,

the eet of spread-F indices for 090C hrs 1965 included

{

only €& occurrences of spread-¥ (maximum index 1) and the
other sets within the above time zone all included 3 or

less occurrences (also with & meximum index of 1). Since
at least modsrate strength scintillation is still present

more often than not at these times, it 1s somewhat surpris-




the previous stestistical caleulations, should have 8 pro-
bability of lese than 50 of cecurring by chance,

t eloser inepesetion of the correlastion functions
appropriate to these day time correlation coelficients

lations beilwsen day

time seintililetl %ﬁiﬁ% g shrongly

the coefficlent

(p = Clkk) TLor 0900 hre 1964 is aetually part of a very

b

broed peak, its wslue only C.1 greater than the neighbouring

coaffiecients, =snd the coefficient (p = 0«28, for U600 hrs
ents & negative peak of correlstlion, its

"l‘a

ielienieg, The ooale

{p = 0u34) and for 1200 hrs 1565

trates these examples of spurious snd genulne posglitive corre-

lation between day time seintilliation and
From the sbove Aipcussion, only the correlation coefl-

1965 indicate

rs 1965 and for 120
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gorrelation and nelther of these

1Ticance.
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Fop the ssme responsg as outlined shove based on the

almost eomplete non-occurrence ol spread=? during lhe day,
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6.7 Some spurious and genuine positive correlations
between daytime scintillation and spread-f.
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it iz surprising to find significant negative courrelatioms
i & & &
between spread-7F and £ ¥, during day time hours. A closer

o
inspection of the results, similar to that carried out for

W‘

the day time coefficlents between spread-F and scintillation,

pcoefficients are spurlous.

shows that most of these dc
“pecifically, the coefficient (2 = =0,44) Tfor 060C hrs 196L

Ao

is part of a broad negative peak, its value no lower than

the nelghbouring coefficients; the coefficient (p = ~0e 37)
for 090C hrs 1964 is also part of a broad negative peak,

its value only 0.1 lower than the neighbouring coefficlents,
and the cosfficient (p = =0.,46) for 0600 hrs 1965 is simi-
larly part of a broad negative peak, its valus belng only

0.1 lower than the neighbouring coelfficlents, The coellic-
jent (p = =0,60) for 1800 hrs 1965 is in fact a genuine
negative peak of correlation; it has alrecady been illustrated
in Pigure 6.5 and ig the only coefficient to show signifi-
cant negative correlation beltween spread-> and fG 32 during
the daye.

Pigure 6,8 illustrates the above three examples of
spurious negative correlation between day time spread-IH
and fc }15‘2.

Just as surprising as the apparently significantly
negative correlation beitween spread-¥F and fo ?2 by day,

ig the presence of a single correlation coefficient betwesen

the same parameters by night which does not show a signifi-
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Figure 6.8 Three examples of spurious negative correlation
between daytime spread-fF and fOEQ.
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An inspection of the remaining corrvelation funcitions,
some of which have been shown in Mligures o2 = bob, showed
tnat 211 the positive correlations belween gseintilistion
and sporadic-E, all the night time positive correlations
between scintillation and spread-¥, and all the night
time negative correlations belween gpread~s and fo ﬁﬁ, are
in fact genuine: for all these cases, the correlation
coefficients evalucted for zero shift between the respect—
ive pairs of paramelers are significantly different from
the neighbouring correlation coefficients evaluated with
one parameter of the respective pair being shifted in time
relative to the others

As pointed out earlier in the discusslon, if thres
parameters are interdependent, then the correlation ¢l any
two of the parameters cannot be regarded as being indep-
endent of the correlations of each with the third.

From Yule and Kendall (1949)

Dgp = P13°*Pa2s3

4
—
O
&
LAY
i

1914
o

Pegex - {:1 - ,Qg \}
53"

N
[

{1 - p

B
el

here P12+3 ig the intrineic correlation coefficient
between perameters 1 and 2 with the influence of parameter
% removed, and P12, f13 , and P:3 are the spparent corre-

11ation coefficients between the indiceted two perameters
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with the influence of the third still present.
An example can be considered from Table £,3 wh@rgécvcmﬁan
Ia(%mest rere is 8 significant instanteneous positive correla-

tion between scintillation and both spread-7 and
sporadic=F and there 1s a smaller positive correlation
coefficient beltween spread-=¥ and sporadic-E. Table 6.5
liste the intrinsic (partial) and apparent correlation
coefficient between scintillation, spread-F and sporadic-

E for 24100 hrs 1964 celcula ted from equation (6.6).

SC~ES SC-SF  HE-GF
Apparent Correlation Oeli2 0,63 0,20
Intrinsic Correlation 0. 39 0,62

y

The statistical significence of the intrinsic corre-
lation coefficients 1s determined from a value of N one
less than the value used to determine the significance of
the apparent correlations.

In the case of the results for 0000 hrs 1964 which,
from Table 6;5, would appear to require similar treatment
in order to obtain the intrinsic correlation coefficients,
the small positive correlation between sporadic-E and
gpread-F arises in fact from a long term rather than instan-
teneous effect, and asg such has no influence on the simult-

aneous initrinsic coefficients between scintillsiion and




spread-F or sporadic-T, This long term correlation is

illustrated in Figure 6.4 Although not illustrated, the
g »

correlation coefficient ( p = 0.20) between sporadic-E

£%

tanesous correlation of the magnitude indicated,
Table 6.5 shows that the intrinsic correlation coefl-
ficients bé%waam seintillati and bpoth sporadic-E and
spread-" are a little smaller than the respective apparent
correlation coefficients, but the relative magnitudes of
the two intrinsic coefficients are similar to the relative

magnitudes of the two apparent coefficients. The small

apparent positive correlation between sporadic-E and spread-

’U

¥ is not large enough to make the statistical interpretation

of the intrinsic correlstions any different from what it was

b

or the apparent correlations

"'3

- The conclusions arising from the foregoing results and

discussion are that the scintillations of the signals of

CC

the Cygnus A source sre associated with spread-F during the
night and with sporadie-E during the day and night. The
night time asscciations with sporadic=! are not as strong
as those with spregd-~? and there then appears to e no
association between spread-F and sporadic~i,

A8 Briggs (1964) has alrsady indicsted, even if the
irregularities responsible for spread-F are directly respon-~

sible for radio star scintillation a correlation coefficient
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observed by Singleton (1962a) and its interpretation in
terms of the blanketing of spread-7 by high values of
the eritical freguency has alresdy been discussed 1n
Section 1.4(iv). It was also pointed out thepe that the
cheervation of scintillation should not be similarly
dependent on the critical freguencye.

w

o 2

The anti-correlation of spread-F and T and the

lack of correlation of scintillation and T could also

il

T
o T2
srise From a2 decrease in the height of the ¥ re

gion maxi-
mum being associated with increasing critical freguency
but this is not necessarily implied by the present observe-
tions. The experimental results of Singleton (1962b) de
not support this explenation as he found that the assoc-
iation between spread-? and the height of the ¥ region
maximum appeared to be independent of the association

between spread-I and the critical freqguency.

£.8 The Correletion of Scintillstion with tporadie-I and

Spread-F - Larger Interferometer Hesulbts

be was the case for the scintillation indices assigned
to the Cygnus A& records of the smaller interferometer,
those recorded for the various sources detected by the
larger interfercmeter were correlated with the appropriate

hourly velues of ilonospheric paramelters,
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The correlstion of the larger interferometer geintillia-
tion indices was carried out for esach source separately but,
since the instrument was operated for a period of only 9
months each source was cobserved OvVer a range of only 18 hours
in the local time of transit and the desirable situation that
recordse be available for both deay time and night time trans-
its of the one source was not achieved for all sources.

Figure 5.4 shows the range of transit times for which each
gource vwas observed.

For the purposes of the correlation snalysis, the scinti-
1laetion indices for sach source vere grouped together under
the headings of day (1000 — 1400 hrs local time of transit)
and night (1900 - 050C hrs local time of transit) the night
time hours being defined as those for which severe spread-¥
wes oPten observed and the day time hours being defined as
those for which severe spread-f was rarely cbserved. The
analysis was carried out only between gcintillation indices,
spread-F and sporadic-T, the ionospheric indices beilng as des=-
cribed in Scetion 6.3 and the purpose of the analysis being to

differentiate if possible between the relative associations of

ferent genith angles. The correlation coefficients between
fOFQ and the above parameters were not reguired for this pur-
pelel=1-

seintillation indices Tfor the Centaurus & source were

not included in the analysis due to the reduced occcurrence




of scintillationsg in the signeals

with the signals from other sources, This reduction in
occurrence is evident in Figure 5.2 and the reduced mean
cintillation index compared with thet of other sources
(at the same transit time) is evident in Figure 5.0
Teble 6.6 shows the correlation coefficients evaluated

etween the three

together with

gt time hours

points used 1in

the calculations for each gource and the corresponding
values of the coefficlents which have probabilities of
5% and 0. 3% of differing from zerc by chance., 4As pre-
vicusly, these values are derived using “isher's Z trange
Pormation caleulated on the assumption that all the data

points are independent of those

Following day.
Hany of the cor
.

ted immedl

2 2

not statistically significant, h
betwean
E and spread-,
to
Correlation functi

R,

nunber of shifts

)

lation coefficlents in

istely on the grounds that

scintillation and sporadic~E and

of those between

or the precseding or

the Table

ovever, some ol those
1 between sporadle-

seintillation

exceed the 957 significance level,

to digtinguish between long term and

instantaneous correlations and are illustrated for those

coefficlents in

Table €.6 which apparently

exceed the 95%

gource comm red

ns were again evaluated for a small
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gignificance level, Figures 6,10, 6.11 and 6.12 respec-—
tively show the correlation functions between scintilla-
tion and gporasdic~%, scintillation and spread-r, and
sporadic-7 and spread-y, and it 1s evident Trom these

illustrations some of the seintillstion -

gpread-== corr functions and for that between
scintillation snd sporsdic-E for the Hydra & source is

there a pesak of correlation for zero time ghift

o

cantly different from the valucs of the adjacent coeffic~
ts

zining correlation

The most notable feature of the rem
functions is that a peak of correlation still exists for
zero time shift but that it 1s merkedly broadened. These
broad peazks are interpreted as being caused by & lack of
ependence between the parameters of successive days
and this interpretation should be contrasted with that

ation functions in Figure &.4

00 hrs 1965) which was in terms of 2 common
long term varistion in the paraneiers.

Following an exanmination of the auto-correlation funec-
ﬁiomé of the parameters for the different sources, it was
found that for many of the sources, the auto-correlation
coefficients for one ﬁay ghifts in the scintillstion and

spread-F both were still large ( > C.40) and that they
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Night time correlation functions between
scintillation and sporadic-E. The average
number of data points used for each correlation
function is indicated.
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were largest for the data

{

ro A sourcses for which

(

should probably be reduced by a factor of 2 for these
BOUrCES,

Trom the sbove discussion and from Figures 6,10 -

- 2 . 2 e e Ty g b e n S m e R ey £ ey o ey Yo o
£.12, it is evident that the asscciations belween the
8

above. However the general results obtained from the
Cyenus 4 night time records of the smaller interferometer

are verified with regsrd to the existence of assoclation

5
b
=
o
@
o
)
Q
C-.i-.

sources and to the relative importance

0f these zssociations. Possible variations with zenith

angle of the associations ars discussed following the

presentation of the day time resulis,.
Tabhle 6.7 shows the avallable day time correlation

cefficients evalusted for the 3 parameters plus the sane
information for each source as that given in Table €.6,
the correlation coefficients including spread-I for the

Cygnus A source being undefined due to the complete non-

ocecurrence of this parameter at the appropriate times,

ation end sporadic- for some sources and
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Gorrelation

Zenith Correlation Cosfficlent
P oy g EHER2 s ey [ S RN
Source Angle Ooefficient wlgﬁlxlbaﬂﬁitﬂ
SToBs 95.5% 994 7%
o . D . - e i
Pornax A zZeo =,42 D.08 0,05 5o 0.28 Oe D
Y k4 1Y G T Y i Y " " " E] i
Pictor A 1676 -0e 31 QL6 =0,206 38 0. 32 0. b
Taurus A 57 0.21 0.22 0,09 40 0,32 0.46
Cygnus A 75%x O.2 = - 2k O.lit 0.57

Day Time Correlation Coefficients.

The Table indicates that significant assoclations appear

s

to exist only between the Cygnus A scintillstion indices and
sporadice~i and between Pictor A scintillation indices and
spread-F but, as in the analysis of the night time data,
the coefficients camnot be interpreted correctly without
the additional aid of the correlation functions, Figures
6.13, 6.1l and 6.15 respectively show the correlation
functions betwesen scintilletion end sporadic~L, scintilla-
tion and spread-i, and sporadic-i and spread-I which con-
firm the observations based on the coefficients in Table
£.7 and in addition, suggest possible sssoclations between
the Taurus 4 scintillation indices and both sporadic=E and

‘spread-7 ~ the possible associstion with spread-~F being
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stponger than that with sporadic=I.

The accuracy of the resulits of the snalysis of the

w

day time scintillation dats as presented here is somewhat
1limited since, in the signals from most of the sources,
seointillation is neot & common day time gvent. HFlgure

5. shows that only the signals from the sources Uygnus
A, Taurus A, and to a lesser extent Hercules A (for which
insufficient day time deta is available for a correlation

analysis to be meaningfull), exhibit & gignificant amount

of day time scintillation. ©Since there are no obssrva-

tions in the same figure to contradict the rather tentat-—
ive conclusion that in the present experiment. day time
seintillations are restricted to the gignals from sources
whieh transit at the larger zenith angles, it may be true
+hat correlstions of ionospheric parameters with scinti-
1lation can neot be satisfactorily investigated during the
dey for those sources which transit at the smaller zenith
angled.

was discussed in Section 6.7 with regsrd to the

2

. m

Cygnus A source seintillation indices recorded by the smaller

interferometen spread-F is also likely to occur rather

)

POn

P

rarely during the day. However, it was sscertained
the appropriate ionograms tnat the occurrence of spread-F
when trensits of the Plctor A and Taurus A sources took

place during the day was sufficient, (although the spread~f
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was never very intense), so that the associatlions of
indices of the above
uine in the sbhsence of
ceeurrence of spread-=F
e day time transits of the Pictor and Teurus
A rees does not necessarily conflict with the fact
that some of the Uygnus 4 source correlation coeffic-
ients are undefined due to the complete non-occurrence
the Cygnus 4 scurce day time transits

gix months before

Paurus £ source transits at the

Due bo the variocus dccuracy limitatb
be considered in the interpretation of
functiong from the Jlarger interferometer
it was not thought desirsgble to attempt

night time
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from

that
are dominant in the signals Irom sources which transit

2t small zenith angles,.

the geintillations in signals from the sources Taurus A

and Pletor A were assoclated with spread-’ and this was

5 L LT W R 2 £ } £t - 2 om e ~ P N
illustrated in Flgure 6.14. The day time correlaition
analysis also showed that ths

from the sources Cygnus A (where the association was

based on a minimal amount of data), and poessibly Taurus

1lation and

oo Yo

e
The
the
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contrasted with the lack of assoclation betweren the same
paremeters at night: the suggestion being that locally,
the extent of sporadic-F patches might be somewhat larger

rht

c‘i‘

during the day than during the nig

,nM

In Section 5.4, it was noted that the mean night tiane
seintillation indices of the various sources cbserved with
the larger interferometer inecreased with increasing zenith
zngle more rapidly than was expected from the theoretical
ectimates based on an 7 region origin for the scintillations
and a scale sige LS 1 km for the small dimension of the
irregularities. Purther, it was pointed out that the
obhservetions would be resolved if it could be shown that
irregularities of similar scale size were present at =
lower height (i.e. in the sporadic-% layer) or if irregulari-
ties of larger scale size were present at the same height.

The results from Section 6.7 showing that the Cygnus A
source scintillation indices recorded by the smaller inter-
ferometer were influenced by sporadic-T by day and night,
and the present results from the records of the larger

interferometer showing by day & similar sporadic=tE influence

&

on the seintillation indices of the same source, suggest
that the presence of irregulesrities in the E region has an
effect on the observed zenith angle variation of the mean

seintillation indices which was illustrated in Figure 5.6,




The fact that the present results from the Cygnus A

records of the do not show

an & ssocistion bebween scintillation and sporadic-i does

™

trus

’:g

not contradict the sbove conclusion provided it is

that the cbeerved lack of correlation is duse toc the large

5
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5,410 The Correlation of Scintillstion wiltsn Planethery

cnetic En Indices
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the Cygnus & records of the

used Iin the analysls represented

magnetic activity over a pericd 3% hourg before and alter

LA source transit. The dats svallsble Trom the

tven 1f it is true that irrvegulaerities in the I region

ey . o e o .- P vy o F =) L b QRO Q. - B It 3 o 3 ey e -
2 years of observation was subdivided into day time (source

transit 0900 - 41500 hours), =and night time (source transit
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Correlation functions between scintillation and planetary Kp indices by day.
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Correlation functions between sciﬁtillation and planetary Kp indices by night.




5,17 1t 18 svident that the

correlation funcitions for both day time and night time in

1964 show no assoclation beltwsen

and megne
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positive and negative

ective correls

level, and

correspond
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seintillation

the duration of

netic activity only

rather extended, and Briggs (1961) was able to show that a




gmall positive correlation existed at all times belween
magnetic activity and the presence ol lonospgheric irreg-
ularities but thet a coresponding increasge in scintillation
amplitude was not always observed becausc of the Linite
angular size of the source, for the present experiment,
the possible effects of the finite angulsr size of the
Cygnus A source on the zenith angle varistion of the
seintillation depth of signals from the source, have
slready been discussed in Section 5.6. 1t was there concl-
uded that it waes possible, but rather unlikely, that on
some cccasiong the root-mean-sguare phase deviaticma in
the irregularities responsible for the scintillation could
become large enough so that the scintillation amplitude
vbserved on the grouwd was less than it would have veen
had the root-mean-sguare phase deviation not been %@llarg&.
If this inversion of the usual relationship betwesn
secintillation depth and the intensity of the ionospheric
irregularities responsible for scintillations did occur,
then an otherwise positive associstion between scintilla=-
tion amplitude and magnetic activity in the present experi-
ment would be ocbserved as a zero or negative association.
7o check on the possibility of inversion occurring,
correlation functions between scintillation amplitude and

magnetic activity were examined for those times (the times




are evident from Figure 5.3) ween scintillation activity
was least. There was no evidence for an enhanced positive
correlation at thece times snd it is virtually certain
that the reduced scintillation was then not due to
inversion.

The suggestion that ilonosygheric disturbancses might

be delayed with respect to magnetic disturbances has

¥

jul

already been made by iing (1961, and later Driggs (1565)
published & correlation function showing a delay of 1 day
petween the onsets of magnetic activity and spread-& and
determined that the delay varied between  and 2 days
depending on the phase of the sunspot cyclee. LI briggs'
regults Tfor the last solar cycle remain true for the
present one, a near maximum lag of from 14 to 2 days
would be expected for the years 1964 and 1965 when the
present observationg took place, Iin very approximate agree-—
ment with the time lage evident in the 1964 correlation
functions between scintillation amplitude and magnellc
éetivitg. The remsining correlation functions, as has
already been pointed out, do not support the existence of
a time lage

' result for

An attempt was made to reproduce origes
the correlation bebtween magnetic asctivity and spread—#
ubilizing the 1964 and 1965 indices used for the scinti-

‘1llation - spread-F correlastions described in Section 6s6 =
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CHAPTER 7o SOME DETAILED EXANINATIONS

OF RELATIONSHIPS BETWEEN SCINTILLATION AND OTHER PARAMETERS

71 _The Association of Seintilletion Amplitude with

Sporadic=I and Spread-F

on
In addition to the correlstions evalusted/a purely

statistical basis in Chapter 6, it is desirable to investi-
gate the associations between scintillation and other pera-
meters in more detail, Limited guantities of the seclinti-
llation amplitude data from the smaller interferometer
records were compared directly with the sporadic~E and

spread~F data from the Voomera lonograms.

(1) Ihe Association with Sporadic-E. The amplitude
scintillation indices from the day time (summer) transits
of the Cygnus A source were compared for each transit with
the maximum reflection freguencies of the sporadic~E layer -
the few transits for Wﬁich spread-F wag observed being
excluded from the comparison. Figure 7.1 shows the number
of times each secintillation index was observed when the
sporadic~FE c¢ritical frequency was within a given range and,
as in Chapter 6, the figure ineludes no distinction between

the types of sporadic-T recorded at Yoomera,
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Figure 7.1 The number of associations of daytime (summer)
scintillation index with sporadic-E maximum
frequency.
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It is evident from the Pigure that generally the
observed scintillation will be weak (index < 2) if the
eritical frequency is less than 6 ¥Hz and thét it will
be moderate to strong (index 2 3) if the critical frequency
exceeds this value., However, even in the limited data
precented in the Figure there are 6 occasions for which
strong scintillation was observed when the sporadic=E cri-
tical freguency was less than 6 MHz and a further & occa=
slons for which 1ittle scintillation was observed when
the sporadic-F critical freguency was greater than 6 Wiz,
It was thought possible on those occasions when 1little
seintillation was observed in associstion with a high
eritical f§equency,thaﬁ the appropriate ionogram might
indicate that the sporadic~E layer was very thin or very
snooth compared to other occasions when the critical fre-
guency had a similar value and the observed scintillation
was stronger. However this proved not to be the case,

Although Figure 7.7 indicates that there 1s &8 general
increase of scintillation activity with increasing sporadic—
E eritical fregquency, exceptions to this exist and this

relationship beltween the parameters is not clear cuts

(ii) The Associstion with Spresd-#. The amplitude

seintillation indices from the night time (winter) transits

of the Cygnus A source were compared for each transit with




w PO e

the spread-F indices - the few transits for which sporadic-~
T was observed being excluded from the comparison. Flgure

762 shows the number of times each scintillation index was

ocbeserved for a given spread-I indeX.

It is evident that this Figure shows the same general
inerease of scintillation activity with increasing spread-
F as Pigure 7.1 shoved for increasing sporadie-f, hoever
there are agein exceptions to this simple relationship.
Specifically, there are 5 occasions for which little scinti-
llation was observed in associlation with strong spread-r
and 14 occasions for which moderate to strong scintillation
vas observed in the complete absence of spread-F. In fact,
in the absence of spread-F, scintillation wes as likely to
be moderate to strong as it was to be weak.

Those occasions when scintillation indices of 3 and 4
were observed in the absence of spread-F (or sporadie-E)
can be readily explained if the ionospheric irregularities
regponsible for the scintillation are at a height greater
than the ¥ region maximum electron density in which case
they will be invisible to ground based sounders. The work
of previous authors Justifying this interpretation has
already been reviewed in Section 1.4{iv). The observations
of weak scintillation (index < 2) in association with

strong spread-F could be interpreted as evidence ol inversion
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% Strong scintillation no spread-F

T Weak scintillation strong spread-F

Figure 7.2 The number of assoclations of night-time
(winter) scintillation index with a given
spread~I indexX,
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CL BRITEBd~Ys mBY 1oL ave oegn ouoervea had

the ionosonde been under the intersection point ol the

sizht from the interferometer Lo the

The resulbs show that inversion probably occurs during

night, but this nusber is not large enough 1o support
the suggestion advanced in Chapter D that inversiocn might

n scintillation

fal)

pe responsible for the enomalous decrease

depth near the horizon.

7.2 On the Rate of Seintillation

Generally, the rate of radio star scintillation is

determinsd by the scele size of the diffracting screen

El

Las er 1L B8O

N
,e.;
[oh
jas

(L = Qw?o} from which the scintillation orggine
by ite drift velociiy whers, ag Hewish (1952 concluded, the

time varying electron density st & piven point in the l1ono-

m

sphere is interpreted as srising from horizontal movementis

of unchanging irregulsrities rather then Irom rapid chsnges
in a static ionosphere., It should be pointed out that

neither the drift velocity nor the scale size of the diffrac~-

ting screen can be determined from the cbse sryations of radio




s of

n

tio

&)

ODBEerVE

«

o
&)
o
R

e

Z58)

nave

regul

L

i

b

I S
(339

SRVES

L]
o~
bt

oy
“d

rotati

K

DUTCE,

e
=

s
2

.

48]
i
B

ivation of

hea

4k
[

blished

oy 3:

l?:“"

urce

ST

&

<

-

Vel

ese

¥

42

1018,

e reg

in thes

2

rved

generally obsec

ities

actual drift veloc



...225-..

in particular, Reid (1957) and Tuominen et al. (1962)
observed the different scintillation rates of the signals
from the Casslopeia A source at upper and lower translils
and determined that the rate of secintillations originating
in the F region was determined by a real rather than appar-
ent drift. These authors did not consider variations in
magnetic sctivity which, as discussed in Section 1.u{v)
and below, could introduce additional variations in the
seintillation rate) this should not have been ilmportant
for thelir observations which spanned a full year since any
effects of magnetic activity should have averaged out over
this time.

Day to day (or shorter period) changes in the scinti-
1lation rate have been observed by many authors and can
arise due to changes in the scale size of the dlffracting
screen or due to changes in its drift velocity. &s noted
in Sections 1.4(iii) and 1.4(v), the scale size of the
diffracting screen is reduced and the drift velocities are
inereased during periods of enhanced magnetic activitye.
Daggz (1957a) observed a particularly close relationship
between scintillation rete and magnetic activity.

The rate of the scintillations observed in the signals
from the Cygnus A source may be influenced by magnetie
activity but in this experiment there is an additional

influence to be considered which probably was not present
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sporadic-7 irrsgulerities during the day and with Lot

and/or drift velocities in the & and ¥ regions were not
the same. Since most of the northern hemisgphere oObserve-
tions vere concerned with sources at higher elevation
angles and no association was esteblished between seinti-
llation snd sporadic-7, this possible cause of varlatlons
in the scintillation rate was excliuded.

7.% The Origzin of the Day to Day Variations in ih

wn

Ceintillation Rate

The indices o, U, end ¥ indiceting slow, moderate and

fast scintillation rates have already been discussed 1in

gure 5.5. ‘lhey

Section Z.4(iii) end illusirated in
refer only to marked differences in rete fron one day to
the next - one of the indices being sssigned to each
recorded transit of the Cygnus A source by visual 1lnspsc=
tion. The records of Cygnue /A showing no scintlllation

were excluded from the aznalysis.
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and 99e¢34% a distribution does

he situstion is nolt guite so clear cut
seintillation is observed vut there 1g a2 sne
Tor slow than
expected when sporadie-~T is present and less often than

cintilll

o
foete

ot

o

distributions in opx
nunber of observatio

slow secintillation

sopite senses and

Tehle 7.2 shows the

ng of occurrence oOr non-cccurrsnce of

when spread-IF occurred compared with
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the same cbservaitioneg when sporadic~E ccourrsd.

Total Glow Seintillation

Observed Vot Observed

Sporadice-T Present 311 82 229
Spread-F »rw,ﬂnt 2E9 5l 2085
Hormalized %1 65 2L6

TABLY {2

that the exvested disiribution is

joet}

If it is assums
that observed in the presence of sporadlc-E then the
value Gf'xe appropriate to the distribution in the presence
of spread-¥F can be evaluated after normaliging the nunmber
of spread-¥ observations to allow for the feet that it was

different from the numbsr of sporadic~l observations. The

value efjxg appropriate to Table 7.2 is L.81 - in excess
of the 950 econfidence level. It is concluded that although
neither distribution is significantly different on its own
from the distribution expected if slow scintiliation is
completely unassociated with either sporadic-E or spread-i,
the difference befween the distributions in the presence of
sporadic~E and spread-: ls significant,

It should be realized that although the above assocla-
tioneg of fast and slow scintillations with sporadic-f and

spread-F appear conclusive, a cause and effect relationship
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is not definitely established, Another influence, not

el

oneildered, could be controlling the variastions of the

{;{?

ntillation rate and ionospheric indices in such a
way that the sssociations could be due to a common temp=-
oral variastion in the parameters. To completely rsmove
this possibility the analysis should be limited to a
restricted range of local times when sporadic-E and spreade-
¥ have similar probgbilities of occurring or not 0CCUrrings
Unfortunately this limitation is a difficult one to overcome
since during the day spread-F rarely occurs and gporadic~k
almost always occurs ond during the night spread-F almost
alwsys occurs, The complete occurrence Or NON-0CCUrTEnce
of one of the ionospheric indices within a restricted
range of loecal times tends to reduce the significance of
the analysis

The seintillation rate indices may also be compared
with magnetic activity indices. Due to the linited time
pesolution of the rate indices, the magnetie asctivity
was considered strong or weak according tc the published
tables of B aisturbed deys (D) and 10 quiet dsys (& and
) per month and was considered moderate on other days.

In the past, the objection has been raised that dig=
turbed deys in a magnetically gquiet month might not heve
been listed as disturbed in & magnetically active month.

however, this objeection is thought not to apply here dus
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to the similar levels of solar activity in the years 1964
and 1965.

Table 7.5 shows & contingency table belween the
magnetic activity end scintillation rate on the sawme day
and snother between magnetic activity and scintillation
rate on the‘fallmwiﬁg daye. It includes the normalized
numbers of guiet and disturbed day observations which
take into account the fact that the numbers of these dayse
were not the same as the number of days of moderate mag-
netic activity, and also includes the values Gf"X? cal~
culated for the cuiet and disturbed day distributions of
scintillation rate - these values being calculated Om ihe
assumption that the expected distribution was ghserved on
moderately active days, Unlike the previous contingency
tebles, those in Table 7.3 have 2 degrees of freedom and
the values of’%g which indicate confidence levels of 95,
99,07 and 99.9% that a distribution does not differ from
the expected one by chance are respectively 5.9, 9.0 and
13400

The contingency tables show that there is no signifi-
cant aifference between the distributions of the seinti-
llation rates during or following moderate or gulet magnetic
conditions. On the other hand, the values of X° for the
distributions of the secintillation rates during or follow-

ing disturbed magnetic conditions exceed the 99,97 signi-

Fasts




Magnetic

Aotivity

Voderate

Cuiet

Activity

Gulet
Disturbed

Slow

61

L0

Hlow

Contingency tebles

Beintillation Rete

Zeintillation Rate

198
124
190

76
227

Hode

Hod.

Fast

Zast

35
23
35

-
21

Total

292
186

292

Total

290

DAY

1. 50

13,79

between the gsecintillaetion rate =nd

magnetic activity.
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cance level, but if the tebles are examined closely, il

tsi]

is evident that the observations of fast secintilliation

would have

&a)

are not enhsnced under these conditions a:
been expected from past experiments; rather, the nurbers

glow scintillation are both

o]

n

1]

of observations of Tast
reduced in Ffevour of an increased amount of moderate rale
eeintillation, This is an unexpected result with no
physical basis for support.

It is probable that the indices of seintillation rate
and magnetic zctivity have not been aseigned sufficlently
rigorously to show that the usual asscciation beiween
these indices is present here, However it does seem that
in the present experiment, the rateof the scintillation
is related more closely to the iconospheric region in which

the seintillation originstes than to the magnetic activitye
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CHAPTER 8, ®COCOUSSED & ND s0URCE
VIie

£ o - . b S 3 E

g Hocugsed feintillations

The focussing of radio star signals by ilonosph weric
irregulerities has already been discus ssed briefly in
cection 1.1 where it was indicated that some scintilla-
+ion observaiiong from svept fregquency interferometers
were better interpreted from a ray optics approach than
from a random Aiffraction approach. &8 Driggs (1966)

pointed out, the two theories are not in any way in cone
- ¥

flict, but the ray opltics appr h has advantages over

g!

+he vandom diffraction approach when extended irregulari-

Tn particular, varwick (1964) and Singleton (19648
and b) in the northern hemisphere and 1ild and Roberts
(1956) in the southern hemisphere observed fluctuaiions
in signals from radio stars which they interpreted asg
originating from large irregularities in the electron .

sity which behaved like converging lenses. thsy also

{"J
‘3
n

der
observed Ffluctustions of a different character which they
congidered originated in large irregularities acting as

prisms. Singleton (419648) established an ¥ reglon origin
for the fluctustions introduced by the lens like irregu-

larities.
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(1957e) used & total power receiving system on
a fixed frecguency and also observed signal fluctustions

on some occasions which he could not explain using dif-

C

fraction theory. He explained these on the basis that

they were produced by large ionospheric irregularities
¥ ; ]

w5

behaving like diverging lenses and estasblished that their

origin wee sssocliated with sporadic=i,

Tt should be noted that because the radio {reguency
refractive index decresses with increasing electron
density, a converging lens-like irregulariiy is deficlent

in electrons compared with the electron concentration

from the irregulariiye.

£y
ot

Tn the present experiments, there were about 8 ocecas-
ions when signal fluctuations appeared more likely to
have originated from single irregularities than from a
diffracting screen. Ffigure 8.1 shows 2 records of the
Cyegnus & source detected by the smaller interferomster,
Two of these records are similsr in appearance to the
diffraction pattern calculsted by Cagnon (196L) for signals
which have been focussed by & converging lens,and the
other shows similarity to the observations of Dagg {1957e)
and therefore might be due to the passage ovarhead of an
irregularity behaving like a diverging lens.

HMgure 8,2 showsg 2 records of the Virgo 4 source

detected by the larger interferometer; one of them has
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Figure 8.1 Evidence of focussing irregularities in the signals
from the Cygnus A source,
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Figure 8,2 Possible evidence of a focussing irregularity in the signals from the Virgo A

source,

The transits of the Centaurus A source on the same days (1 hour after Virgo A)
indicated that the gain of the receiver was the same for the two Virgo A passes.




weak scintillation with the usual appearance (Figure 3.6),

and the other (for the

receding day) shows a single ampli-

tude Fluctuation superimposed on the fringe envelope which

appears likely to have coriginated Ffrom a focussing type

irregularitye.

The signals recorded at St. Kilda of the besacon

csntellites often indiczted the presence of discrete Toc-
ugsing irregularities in the lonospnere but satellite

P othe radic souree

did not indicate the presence of

any such irregulsarities. The only I pasible vindication of
ations came from a record of the

§

ot
@
fomed
food
P
ot
o

e-B on februsry 13, 1966 which showed a single

focussing irrvegulerity low in the nortn- aat,hut this

record was teken some 7 hours alfter the Virgo 4 transit

There were no unusual or consistent featurcs of the

re recorded during the source

8.1 and #.,2, They showed varisble

Tue to the rare oceurrence of the apparently focussed

signal fluctustions,

not possible to investigate

the possibility of a diurnal variation 1n thelr OCCUTrences

E v ode

However,

the ot ~ilda

bhezcon satellite cheservatlions




suggest that they are usually detected during the day and
£ [

it ig true that of the few occasions on which they were

The possibility of the shape of the fringe pattern of

the smaller interferometer output being altsred due to
the influence of large irregularities in the ionization

has already been discussed in ESection 4.10 unde the head-

ing of irregular wedge refraction. The difference between
and 8.1 is explained

when it ige realized thet if the signals are influsnced Dby

a large irregulsrity during & zero-crossing in the

4 Ffocussing mechanism is also thought to explain the
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chservation that ¢

n

e

h

Cygnus A source recorded by the smaller intex

e

there vas & tendency for fluctustions to reach peaks of

anplitude that could take values of several times the
undisturbed signal strength from the radioc star. These

large fluctuations are probably similar to those obaerved
£h

by Dueno (1956) who did not offer an explanation for thsilr

SCCUPIENCEse




Pocussing is suggested as 2 possible explanation
for these fluctuations because, even though they were
of shorter durstion then those of Figures 8.1 and 8.2
and were usually debected on the same records o5 Were
ceintillaticons of normal appesrance, there were often
indications thet their profile was similar to that
calculated by Gagnon (1964) for the diffraction pattern
on the ground for signals which have ssed through a
focussing irregularity. The shorter period of the
fluctuations can possibly be explained in terms of the
size, intensity, end height of the irregularities produc-—
ing these fluctustions being differsnt from the ssme
parameters appropriate to the irregulerities producing

the longer period fluctuations.

amolitude fluctuations in scintillations of the signals

from the Cygnus [ source, poth are records of night time

toomera iconograms show that

spread=4§ ol
both transites but there was no sporadic-i, There were

on records svailable for compari-

jor
O
o
m
[as
@D
,....
fd
}.«35
[
i
o
&)
E““i
el
[l
&.,J
-
}._.J
éeé..
}Aa

son with these passes - the beacon satellites not having

L in Figure 8o 3 were not

isolated examples of the large amplitudes fluctuations
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et there were 75 occasions through-

b “i}

being detecteds in:

foudn

out the 2 year period of operation of the smaller inter-
ferometer when they were thought to occur. However,

when the normal scintilletion was very stirong there was

Lep

ome difficulty in recognizing the presence of Tfocussing

made to determine whether

o

g0 that no serious attemplt wa

the oceurrence of focussing followed & diurnal variation

although it did seem that occurrence was more likely at
night (when scintillation was etrongest).

Figure Be.4 shows a day time transit of the Cygnus A

0]

source where the large amplitude fluctuations supposedly
due to single irregularities are difficult to distinguish
from normal, strong scintillations. The ionograms recorded
during the transit shoved bianketing sporadic-i traces

z but & record of the Be-E satellite made 4

to 8.0

B
[

n the day showed no scintilletion.

H‘

houre later
Hewish (1952, found thet the intensity of moderate
scintillations followed a displiaced Gaussian distribution
and that the intensity of very sirong scintillations

followed a Raleigh distribution. Thus, & record of sirong

=xpected to show some large

o

intillation (index = &) is
emplitude peaks similar to the those illustrated. However,
perticularly in the record for August 27th 1964 shown in

Figure 8.3, the scintillation generally is only mnode rate




1000 1030 1100 1130 1200

29/1/65

-Figure 8.4 Daytime focussed scintillations in the signals from the Cygnus A source,
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(index = %) .  there ars no instances vhere the signal

e e e e L3 THA e e, S 5
haes of fMgure C.4 and

nee at night, it appears

ar slgnals can be assoclale

spread-" irregularities. GSonme

robably be sstablished

©t., Kilda Beacon satellite records are analysed
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w0

roe that

m

seintillation of the source is sulfficlently 1s
the apparent position of the source varies raplidly
through an angle larger than the interferomeler lobe

interest to decide the likelihood -

(o)
"
fn
(6]

glwe, 1t 18
4 075 b T

that they be observed with either of the Ut. ¥ilde intepr-

feromebers,

Prom Booker (1958) the root-mean-—-square angular

seintilletion in the Tar zone when is greater than
Po =

Zur

o
[
o]
Q.J
IS
)
)
&

Tt depends not only QD¢G but alsc on r_ - th
ki

T+ hes @lready been pointed out in Section 2.5 that
he output of an interfercometer from a uniform extended
source is reduced by a factor sin x/x where

7dA6 -

Aoope T | {90\2)

and , 4 is the sngular dlameter of the source in radiansg.
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corresponding to the cbservation for = given T would
zve been lecs than 21l the other values of éﬂ. The

apcarent anomaly is resolved by expression 8.1 where the

o £ E 1 ) e . 3 ’ {!
wavelength dependence of ﬁg ghowe that for & given ﬁg, pe
must be larger at a smaller wavelength. ©Since the dilfer-

ence in freguency between Koster's observations and the St.

wmvelength dependence of

Kilda obsgervations is snmall, the

a  is not as svident in these caleulations as are the

aif ferent ﬁO values arising from the diflerent interfer-
ometer baselines,
If r = 41 km, the root-mean-sqguare phase deviations

recuired to produce fadeouts on the records of the smaller
and larger ©t. ¥ilda interferometers are respectively 4.7
and 1h.4 Paﬂiaﬁﬁ. Although the values for the smaller
interferometer are as large or larger (depending on r@}
than the values reguired in Section 5.6 for inversion to
be obﬁﬁrvea due to the source size or scintillation band-
width, (%hi@ observation was in any case not definitely

stablished), it is just poesible tnat if r_ is suific-
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iently emall, & fadsout could be observed, the value of
required being similer to that observed by Koster. For the
larger interferometer the value of ¢0r@guireﬂ to produce &
fadeout is less than Tor the smaller interferometer and the

probability of detecting one is enhanced.
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establish the presence of the fsde by comparison with the
other paxime and minime in the ocutput from the same source

during the same transit. L8 was illustrated in Figure 2.6,

fomcd

in the case of t! arger St. ¥Xilda interlerometsr, only

o

41

gingle maxima 1l& observed in the ocutput from eszch source
and ss well as making amplitude comparisons difficult, the
period of time Tor which the ionospheric irrecgularitles are
under survellsnce isg reduced., In Ifact the nine sources
received represent a total observing time of only two hours
per day. On the guestion of determining whether or not the
output from a source 1s reduced, the an

from a given transit of one source must be compared with the

o

ther sources on all three days.
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The conclusions srising out of the work submitted in
this thesis have already been presented in the summary
and also in the relevant sections of the text. Therefore
they sre not reproduced here, the text of this Chapter
being confined to the discussion of those points which
require further explanation or emphasis and to suggestions
for future experiments arising out of the work of the

present experiments.

10,1 Pointe for Discussion Arising from the Text

(1) On the f ¥, feasopal Anomaly. In Section Leliy

it was stated without amplification that inspection of the

woomera ionograms showed that if any effect due to icnos-
pheric refraction was present, it would be at a maximum
for a source which in summer transits during the day and
in winter transits during the night. The author realizes
thet this statement is not in agreement with the generally
cbserved geagonal anomaly in fo FE, but nevertheless, the
relevant ionograms did indicste that there was a bigger
difference between summer day time and winter night time
eritical frequencies than there was between those for

sumner night time and winter day time.
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(ii) On_the Nature of Spresd-f ai Voomera, In Section

6.3 it was pointed out that during the years 1964 and 1965,
spread-F at Yoomera was invariably of the freguency spread-
ing type. Although this is a usual observation except in
gguatorial latitudes, the present cbservations from the
Toomera ionograms appear to disagree with those of
Singleton (1957) at Brisbane, The different observations
should be suited to compariscon since they were made during
the seme phase of (different) solar cycles but whereas
range spreading was almost never observed from Voonmera,

it was often observed from Brisbane, It would be of inter-—
est to determine why the characteristics of spread-F are
different at the two locations since Voomera is only BQ

further from the equator than Erisbane.

10,2 Supgested Further ‘ork on Problems Arising from the

Taxt

It is evident from several of the foregoing Chaplers
that further information would be desirable to clarify the
interpretation of some of‘ﬁhe results.

In Seection L.9, it was found that there was no det-
ectable advance or retardation of the transit time of the
Cygnus A source due to regular wedge refraction in the
evening, but that in the morning the transit time appeared

to be advanced by 1 minute - a result in the opposite sense




to that expected. It 1s possible, due to the amplitude
of the output from the Cygn své gsource being adjusted for
optimum reading of amplitude meintilletion indices, that
the zZero cross over tlmes of the pen recorder trace could
not be read as accurately a8 desired. Further data on
this subject is reguired, preferably based on a larger
amplitude pen recorder trace and a more sccurately timed
charts

As was indicated in Section 5.,1{ii) on the occurrence
of secintillation and in Section 5.3 on the zenith angle
variation of the scintillatlion depth, it i1 most desirable
that data from the lsrger interferometer be available for
a full year or better still, for several full years, It
would then be possible to improve the relisbiliiy of the
zenith angle results and it would alsc be possible to use
a more accurate method - such as that used by Smerd and
Slee (1966) - to determine the relative importance of the
diurnal and  sessonal variations,

In Section 6,9, it was coneluded that corﬁélationa
between scintillation activity and both sporadic=-E and
gpread-F were strongest using those radic sources which
had their daily transit at zenith angles such that the
distance between the regions of the ioncsphere responsible

for the scintillation snd for the spread-# or sporadic-E
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was least. Vhile it was suspected that despite the sbove
result, scintillation in the signals from sources at low
elevation engles might be primarily associated with
sporadic-%, and scintillation in the signals from sources
at high elevation angles might be primarily assoclated
with spread-F, it was not possible to show this from the
present arrangement of the scintillation end lonosonde
observing sites due to the localized patchy nature of both
gporadic~E and spread-I,

In Chapter 7, there is scope Ffor a more detailed
analysis of the associations of scintillation rate with
spread~#, sporadic-F and magnetic indices - a Taster chart
gpeed would give an improved resolution of seintiliation
rate, and a local magnetic K index would probably be
prefersble to the planetary Kp index. HNagnetie K indices
from the observatory at Toolangi, Victoria could be used
to advantage both in the correlation of magnetic activity
with scintillation rate discussed in Chapter 7 and in the
correlation of magnetic sctivity with secintillation ampli-
tude in Chapter Ge.

The author feels that generally throughout the later
chapters, there is room for z more detailed comparison
between records of radioc star and satellite scintillations,
and also feels that the better undarsﬁandinngf agsoclia-

tions between phenomens through the use of correlation
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functions rather than a single correlation coefficient
should be emphasised, It should be noted that in the
present text, otherwise misleading correlations, belween
seintillation and other parameters and between values of
fa Fz in opposite hemispheres, have been resolved with
the aid of correlstion funections incorporating time shifis
of at least several days.

106 Future York

A

Several Future projects at St. ¥Kilda are based on
interferometers, the design of which is related to the
two described heres.

The smeller interferometer has already been dupli-
cated =2nd now measures the east-west component of the
drift velocity of the ionospheric irregularities respon-
sible for the seintillation. These drift measurements
will be compared with those of the meteor radar and of
the fixed frequency sounder - both of these other experi-
ments having their receiving antennas at or near the same
site?! additional informastion should be forthcoming regard-
ing the helght of origin of the scintillations,

The author hes been assoecizted with some of the
initial plans for another new interferometer which will
consisgt of four antenna srrays similar to that of the

present larger interferometer: the baseline will still be

P




tary origin in the much weasker signals from

EeY 7w

diameter source 30 27%. The

right sgcension co-ordinate but differ in de

e = e¥s L "

o i e | - 2 .. P
107, The difference in the silgnsl

gources is large but it is felf that with th
antenna arrey, this can be overcume by hevin

polar diagram st the elevation angle of the
transite.

It ig recommended that the experiment de
tection 1.2(iiil) be carried

of the inversion of

fal

uncertainty in the cause

("

endence of scintillation derth on freguency

of sgintillations over a range of

site with esntennas of different apert

to distinguish between the antennz aperture

3

effects asth

oy
¢
o
oy
o
[
@]
O
!
-
iy
D

end a dependence on the position of
anti-solar point) be carried out bearing in

cussion of Section 1.4(i).

out to resolve th

1 he uniformly

the north-

erferometer

from the strong Virgo

interplane—
the snall

similar
frem the two

¢ gbove

null in the

scribed in

s at the same
sufficlent

the sun (and

mind the dis-

1t wes there pointed ocut thai




- 260 -

the difference in declination between a radio siar source

of the angular

48

and the sun wos not a suliteble measur
distance between them. At present there are no plans
for carrying out elther of these recommendations at

Adelalde.
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Ffect of the depsrture Irom

v e

e oresent case OF directional antennas 1s taken
into sccount latsr,

¥ 3

(¥ & unit emplitude signal 18 assul
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e differencs ¢ existe between

5]

L

on esch antenna and a pha
the signals incident on adjacent antennag, then, 1f tne
centre of the zrray is taken asg the phase relersnce woint,

the total signal & incident on the array is glven LY.
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radisns, and d = 3/2 ie

s is the sngle between the line Jjoining the antennas




and the direction of arrival of the signal.
Tor an esst-west baseline interferometer such as the
present one, the angle 4 may be determined from either of

the relationss

Cos A = Cos (declination) x Sin (hour engle) (52)
A2

or Cos 4 = Cos {(altituds) x ©in (azimuth)

where the azimuth angle is msasured east or west Ifrom the
geographic north.

The derivation of expression (A1) is quite straight-
forward using standard trigonometric relationships and is
nol deseribed here.

The eguation (4£1) is convenlent for computing purposes
axcept that the signal § is undefined 1T ¢ eguals a multiple
of 2w, These singularities can be allowed for when it is
realized thet for these values of ¢ , © tends to a limit

Ofi%o

Le2 The Tffects of the Directional fSnienna Rediation

Pattern snd the Ground for the Iight Yagl Antenna
This method for caleulsating the polar diegram has 80

far sssumed that each antenna in the array is an isotropilc

s

radiator . This assumption is invalid in the first place
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used here have a diresctional

redistion pettern, and in the second place because the
antennas are mounted near the ground., ©oince the affects

introduced by conetructing the srray [ronm directional

- o U S S AT T T A - $e oy o 5y R ’ .
sntennss snd from mounting it near the grouna are noL

uelly exclusive {(the relative importance ol these effects

depending on the directlon to which © grray 18 poiﬁﬁing},

a detailed cazleulation of the modifilcations necessary in

the Yagl antennas were directed vertically, their high front-
to-back retic (measured to equal 17 db, would exclude any
effecte due to ground reflection or 1@ﬁseﬁ,amd.th&t the
envelope of the srray polar disgram could be considered

g5 being modified only by the directional properties of

Yagi antennas., Prurely for computing convenlence, the

functions ©os Zﬁg and ¢os Z.., were chosen to represent

the polar diagram of the Yagl where Z , are res-

pectively the projections of the zenith angle into the

sorth=gouth and east-weslt planes,.

L]

Thus, the signel response of the array congisting of

eight Yegl antennss in & line, with a uniform spacing

et

between them of 3/2 wavelengths, is given by.




= tan{altitude / sin(azimuth)

is detected from lov elevation angles snd the array 1s

horigon, it seems sulficient

directed to the nopil
{for eomputing pupposges) to sssume that the polsr disgram

affeets only the

& funetion of agimubh end that the
of sltitude 1s due purely to reflection and losse {rom ths
)

on in the signsl regponss with szimuth

oot

ground,. The wvarisi
wge sspumed te vary as the cosine of the agimuth and, Ironm

Pipures 2,70 and 2473 of the A.H L fntenna Boeok, the

sround wae desmed not to affect signals from sngles of

i“‘{}

O, .
elevatlons grsster than 107 but for leg lese than

the signals were deened to be effectively reduced by the

x

e
e

tfretor sine (9xaltitude) which sguals 1 for an altitud

o . N ,
107 and eguals U for altlivde esgual L0 ze
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ST,

subing

g

convenlence, the signal response
2 ;-

of eszoh of the ¥ antennas constlituting the interfer~

ometer is glven byl
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POLAR DIACT

Soon after the period of routine running hed commenced,
i+ was noted thst signsls from the beacon satllite Be=C
vere often detected, although when the chart was run at

its usual speed of 3 inches per hour, the interference to

To measure the interferometer polar disgram, some

eight passes of the satellite were recorded with a chart

sneed of 6 inches per minute and it wes then pose ible to

record the times for which the satellite’s radio trans-
missions gave maximum output from the interferonetsr,
correct to the nearsst second. The only shortcoming of

+this MA*heﬁ ig the fact that the satellite's trensmission

different from the design fre-

et
5
[}

8.1

guency of the array (39,5 WHz)., This meant that for t he
ntennas were not 3/2 wavelengths
spart but rather they were L0.0/39.4 x 3/2 wavelengths

apart, =md that the first order diffraction grating lobes
were in faect & 1ittle nearer the main lobe at the satell-
ite Freguency. Assuming the mein lobe was along the over-
head meridian, its position was unalfected.

# satellite orbit program developed by L.A. Farkin

which incorporseted an interyg @1mt@ form of the epoch
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ring the calculsted with the predicted

he satellite experiment, the srray was directed
vertically upwards and the antenna elements aligned north-

south as shown 1in the frontispleces




Figure The results obtained using passes of
B.1 satellite Be-C to estimate the polar-

diagram of the array,






