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ABSTRACT

N

LY

- A new technique for observing travelling ionospheric disturbances
(TIDS) and determining their pigpmeters is presented. It consists of_the
measurement of TID induced phase (angle of arrival) and amplitude variations
of radio waves which propagated through the ionosphere from localized
regions of enhanced emission on the suﬁ.' These measurements were made with
solar radio interferdheters operating on a frequency of SI.J,HHz. Theoreti-
‘cal'éxpr;ssions are derived which permit one to determine’ the following TID

<
parameters from the interferometer measurements: s

(4) speed

(b} line of t;avel

(c) period

(d) uavélenggh
‘(e) height .
. (f) tiit

'(g) electron numbef'density perturbatibns

Some Qb§ervations of TIDS made at London, Canada are presented.
~ They show good evidence of TID wave trains consisting of 15 to 18 wave
cycles, whereas a survey of paé} observations suggests that at most fourf
"cqycles have been obsarved in TID wave trains. The angular d;f1¢ctions

of the solar line of sight at 51.7 MHz were measured to be between 26 to
128 minutes of arc - in one case it was a remarkable 150 minutes of arc -
corresponding eloctron number density perturbations are ca]culated to be
of the order of 1 to 2 percent. The observed variations in unplitudc
corresponding to the larger angie-of-arr#vi1 scin;111atqus were abpqt

5 d8.




The solar radio interferometer used to measure the ieJBf-

arrival geviations 1s shown to be a sensitivé instrument Jor g}ecting
TIDs in the ibnosphere; capable of detecting TIDs with eleftron number
dénsity perturbations as low as one percent or less. The/TIDs were
observed as quasi-periodic scintillations in the angle-of-arrival of
radio-waves emitted by localized disturbed regions on the solar disk.
It is snown that the speed, iine of travel, period and wavelength of
the TIDs can be deduced from the manner in which the period and
magnitud§ of the observed scintillations vary with time. The speed

of the TI0s as a function of height is also determined by cocr-re1at1ﬁgw

s
the degree of amplitude fading due to defocusing and focusing‘;ffects

with tne maximum observed rate of change of angle-of-arrival. °

Theoretical expressions are derived for determining the angle-
of—érrival of signals from one and two S0UrcRs using a swept lobe
interferometer.’ *Experimental results showing deviations in the angie-
of-arrival of a signal from the radio source Cassiopeia A are given
and shown, by application of the ¢u%'sourcé theory, to be caused by
‘interference with a signal fraﬁﬂﬁhe radio source Cygnus A. d&n addition

pu—. 2

results are given of a laboratory simulation of an interferometer system
9
monitoring two sources.. These again show good agreement{let theory. A

lengthy digression is made based on the two source theory to show that

2

the measured quasi-periodic scintillations were not produced by a mechanism

. o
other than TIDs. <t

The sun, when emitting rf energy at an enhanced level, fis

shown to be an effective source for detecting TIDs. In effect, 1t tends

iv




to select time intervals, for the observer, when there is a good like-
1ihood of TIDS\Qging present in the ionosphere. TIDs tend to de present
when the 1onosphe;; is disturbed and the ionosphere tends to be disturbed
when the sun is disturbed. The fact that the sun radiates at an enhanced
1eve1: e ly at times when it is in a disturbed state, completes this
cause effect relatiopship. On the other hand it’is not an effective
source for obtaining synoptic measurements because measurements are
possible only on those infrequent occasions when the sun is radiating

at an enhanced level,

The TIDs were observed on 18 days and were primarily of
two types; one with a period of approximateI‘li minutes, thg other
with the period of El minutes. The former travelled w;th the speed
of about 200 km/hr and a corresponding wavelength of 20 km. The
speed of the latter was between 800 _and 2000 km/hr and the correspond-
ing waveléngth between 300 and‘700'i;; they also had a preferred line of
travel which ;as orientated north-south. There is some evidence also
of a TID with a wave period between 60 and 65 minutes. It is shown that
the properties and parameters of the observed TIDs using the angle of
arrival technique developed herein are‘éonsistent with observations of
TIDs conducted by other workers using a variety of experimental techniques.
Nave braiﬁs which\are up to four times as long ;s_the largest previdbsly
‘observed were observed and are documented in this thesis, In addition
their propemties are shown to be in agreement with those predicted by

the gravity wave theory.
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CHAPTER 1

INTRODUCTION
.
A nymber of observations of travelling 1onosphér1c~
disturbances (TIDs) at various locations in both hemispheres have

been reported in the last three decades. This thesis describes

observations of TIDs located in a region of the ionosphere between
latitudes 35°N and 40°N and between longitudes 70% and 92°W. The
pbservations were made with a solar radio interferometer situated at

London, Carmda (83°N, 81%W). A

1.1 TRAVELLING IONOSPHERIC DISTURBANCES (TIDs)
TIDs are electron density irregularities in the F region

] L
which have been observed to move over horizontal distances .of thousands

of kilometers. The disturbance consists of a periodic chan;é of the
electron density with horizontal distance. The velocity of the TID has
been measured at many locations by many workers using a variety of
techniques. Some of the techniques employed are vertical-incidence
sounding (Pierce and Mimno, 1940; Wells and George, 1946), doppler radar
(Georges, 1968; Chan and Villard, 1962), back-scatter radar (Tveten,
1961), in-situ satellite density measurements (Newton et al., 1969),
three-station single-frequency fonosondes (Munro, 1958), Thomson radar

’ (Thome, 1968; Vasseur and Waldteufel, 1969), Faraday rotation (Titheridge,
1963) and angle-of-arrival measurements (Lawrence and Jesparsen, 1961;

Vitkevich, 1958). Fig. 1 is a summary of a large number of the measure-

ments of the horizontal velocity and the wavelength of TIDs. The higher




;elocity TI0s tend to travel in the north-south direction while those
with lower velocities have no preferred direction of travel. They have
wavelengths from about 50 to 2000 kms and horizontal velocities from
180 to 2500 km/hr. .

Recently Newton, e! al. (Y969) observed local changes in

~~
neutgﬁgfdensity in the atmosphere located over the northern hdnisphere.

4“"

Their=observations were obtained from density gauges located on the
Explorer 32 satellite. Approximately 10% of these showed the
occurrence of wave structure with average deviations in density of 10
to 201<fN@n the background density. \Ravg§'were observed to be most
‘prevalent at the higher latitudes near the auroral zone and were
observed most frequently in the late evening and early morning hours.
The horizontal wavelengths were repo;ted to be between 130 km and
520 km. They were observed over the altitude range from 286 km
(satellite perigee) to at least 510 km. The waves were interpreted
as being gravity wdves with a morth-south direction of propagation.
/
1.2 GRAVITY WAVES
‘ Hines (1960) suggested that TIDs are a manifestation of
atmospheric gravity waves. These are the low-frequency counterpart
of acoustic wévés in an atmosphere with gravity. The general properties
of these waves in an isothermal atmosphere were derived and applied
to upper-atmospheric.phenomena by Hines (1960).

When T1Ds are represented by contours of constant electron

density, it is found that they tend to be tilted or displaced forward

from the vertical in the direction of motion (Thome, 1964). The
o




gravity wave theory suggests that this forward tilt of TID wavefronts
15 a consequence of a downward component of phase progression that \‘/
accompanies an upward component of energy flux. This ;nisotropy is \
introduced by the preferred direction of the force of gravity., The
energy sources are considered to be located below the mesosphere and

not 1n tne region where the TIDs are observed. The amplitude of

gravity waves ié small near the ground, but increases exponentially

witn neight as the atmospheric density decreases.. ‘

" Hines (1960) and Friedman (1966) have shown that gravity -
waves are duct;d %ycthe lower atmosphere and that some of the energy
escapes and propagates upwards. As i1t propagates up through the f
region it produces a wave structure in the ionosphere. This structure
causes refraction, reflection or focussina of radio waves as seen by
ground-based observers. As the gravity wave progresses upward past
the peak of the E2 layer the phase fronts are tilted uﬁwards by
dvssipation of energy due to viscosity and heat conduction (Hines, 1968).

There is a tendency*for the frontal surfaces of TIDs to become nearly

vertical for heights above about 300 km, (Chimonas and Hines, 1970). .

1.3 PREVIEW '

Measgrement of the angle-of-arrival of a madio signal with
a two-element interferometer is discussed in Chapter Il. The angle-of-
arrival of the incoming signal is made with respect to the iq;grferometer
base line and derived from- a measuremen£ 6f the difference in bhase
between signals arriving at the two antennas. The principle of the
swept-lobe interferometer which was used to observe TIDs is described.

The measurement of the ang]e-of—arriéal from two sources ts also described
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in some detail. It will be shown that in this case the angle-of-
arrival may undergo quasi-periodic scintitiations due to the
interference between the two. The characteristics of these scintill-
atiomg are de;cribed in detail.

Chapter IIl indicates that TIDs can be detected and
certain p:operties determined €rom angle-of-arrival measurements ndde
on relatively intense localized sources on the solar disk, which appear
on occasions when thé'sun is disturbed. The TIDs cause deviations in
angle-of—arrivél, or scintillations, due to the bending of the solar
line-of-sight by horizontal gradients in refractive index assocMated
with TIDs. The speed of a TID is obtained from the varfation in the
period of the scintillation and the direction of motion of a TID is
obtained from the variation in the ampiitude of the scintillation.

It is also shown that the speed of the TIDs, as a function of height,
can be obtained from the tempbra] variation of signal strength and rate
of change of angle-of-arrival due to refraction of the solar radiation.

The scintillations in angle-of-arrival that were observed
on a number of days and which are ascribed to TIDs are discussed in
Ch;pter IV. The measurements were obtained with a compound inter-
ferometer with efther two interferometers with different antenna -
separations on an east-west base line or one interferometer on an
east-west base 1ine and the other one on a predominantly north-south
base 1ine. Alternative interpretations of the observed scintillations
are shown to be invalfid. In particular, the principal alternative

proposal which attributes the scinttllations to interference 5etueen

two sources is shown to be invalid. Two types of TIDs were detected
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and their parameters are described. One type was observed to travel
' &
toward the equator, with a period of 21 minhtei and a wavelength of

the order of 400 i:m. The other was observed to travel along an east-

west direction wﬁt; a period of 6 minutes and a wavelength of 20 km.

The wavefront tilt of the latter is deduced from the measureme'nts and 3
found to be 52° (& 20°), Both kindg, of TIDs were, oﬁ at least one
occasion, observed continuously for over § hours. The first type
appears to be an F-region phenomenen and the other an E-region * .
phenomenon. ‘

- In Cha?ater Kit s shown that the properties and parameters ”
of the observed T@s are comsistent with obse&?ations of TIDs conductgd '\‘
53; other workers using a variety of experimental techniqués. In //" '
particular they are consistent with observations of TIDs by previous‘
experimenters using the angle-of—ar:i\yal technique. - The newn properties
of TIDs reported in this thesis are; firstly, the TIDs were observed
to contain three fo five. times the number of wave periods that have
been reported to ;1ate, and secondly, the wave period wa§ observed to
be relatively eonstant throughout the wave train,‘sugge;ting the |
presence of ;ne predominant spec';trall component. .

It 1s also shown &hat the properties of the observed TIDs
are consistent with those pre’dicted by the gravity wave theory. This

is significant becayse gravity waves are generally acceptéd as being

/ .
regponsible fog producing TIDs. .




CHAPTER 11
MEASUREMENT OF THE ANGLE-OF-ARRIVAL OF SIGNALS
®
FROM ONE AND TWC SOQURCES HITH‘ER INTERFEROMETER

2.1 INTRGDUCTION

Since the angle-of-arrival measurements veported 1n this
thesis were obtained with a swept-fobe intdrferometer E}S operation
is digcussed in considerab]e'detail.:gTheoretfta1 expression§ are
derived for determining the angie-of-arrival of signals from one and
two_sources. Experimental results showing deviations in the angle-of-
arrival of a radio signal from the radi¢o source Cassizbeia A are given
and shown, by application of the two source theory, to be caused by
interferen;e with a signaf from the radio source Cygnus A. In addition,
results are given of a laboratory simuiation of an interferometer
system monitoring two sources. These again show good agreement with
theory. The results of this chapter form rthe theoretical justification
for the TID interpretation of gge m;asuredcdeviations in angle-of-
arrival of radio signals from the sun which are presented in Chapter IV.

5] 3 - .

2.2  MEASUREMENT OF ANGLE-OF-ARRIVAL' FROM ONE SOURCE WITH AN INTERFEROMETER

.

Consider Fig. 2 where two antennas forming an interferometer

are located at Ouand A along the base-line 0Y and separated by distance d.
Two rays from a single source denoted by S are shown arriving at each
antenna. AThe total phase difference ¢ of the radiation arriving from

ihe source at ggg two antennas may be e§pressed genera]]y as:

¢ = (2rm+g) = @{g cosB (1)
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Where, & = the measured phase difference 1n the range 0 to 2-

L ]
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an i1nteger 1n the range - % 4 p<d

= wavelength of the radiation

1

the angle between the signal and nterferometer base-line.

In this case of a non-terrestrial body, such as the sun,
knowledge of.1ts location allows for the calculation of angle 65 be tween
a ray from 1ts center and the interferometer base-line and subsequent
determination of n from £q. 1. The angle gy Of the non-terrestrial

signal with respect to the interferomter base-line can then be determined
from Eq. ) and\a measurement of oy where, oy is the pha'se between the non-
terrestrial signal received at the two interferometer antennas. The aqgle
ey 1S defined by: ) .

v T Fs - Oy . (2)

Both and 8¢ Sre always positive and measured from the line OY. ESN as By

o

. ‘ -
defined here may be,Soth positive or negative. It is called the angle-of-
arrival henceforth, and the measured values reported here formthe principal
data base for this thesis, augmented by measurements of the amplitude of

the non-terrestrial signal.

2.3 PRINCIPLE OF THE SWEPT-LOBE INTERFEROMETER AND ONE SOURCE
A theoretical description of fhe operation of a fundamental
swept- lobe interferométer with one source is given, based, in part,

on that given by Winacott (1961).
Fig. 3a shows a block diagram of a basic swept-lobe inter-

fermeter,v The two voltages e;sinwt and e;sin (wit + 2m+¢) are generated

at antennas | and II ;espectively, by the incoming signal, The signal




from antenna [l 1s phase shifted at the rate v radians. second dy the
phase shifter and alsc phase delayed a fixed amount e: by the coaxda)
cable and electronic components between antenna [l and the adder.
Similariy the signal at the adder from antenna | 1s phase delayed by £,
In addition, the amplitudes of the signals at the adder will differ from
those at }he antennas due to attenuation and amplification along the
s1gnal paths. The appropriate values for the signals from antenna I

and [\ &t the adder £, and E., respectively, are given below. -

I 11
B, o= et s (gt - gy) (3)
By ® e;" sin (Wt + 270 + ¢ + ¥t - ¢.) (4)
Where e,' = q;e;
e," = aje; '
and a, and a, are constants.

L
The output signal E. from the adder s the sum of the two

input signals. ' ~,

~

E, = € ¢ By (5)

Now it will be shown that a signal with angular frequency
v and phase angle ¢' can be obtained by rectification of the rf signal
Ea give; by Eq. 5. The amplitude of Ea as a function of the time follows
from the vector diagram shown in Fig. 3b.

v A(yt) = {(e')® + (e ')? + 2e,'e," cos (¥t + ¢')}‘i

a

where ' = ¢+ (€1 - €3) v

(6)

\he function A(Yt) when eipressed in terms of a Fourier
series takes the form:
40 + Focos(¥t + &,) + Focos(2¥t + ¢;) + --- + F cos(n¥t + ¢_)
-z— n n

(7)
»
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The amplitude F. and phase 3:;0f the fundamental spectral

L
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component of A(¥t) are obtained by solving for a. and b..

r
¢

] zﬁ‘ l N 1wy 2 ] 0" : t PZ’
3, 7 3 [{es')" + (e:")" + 2e.’e." cos (~t +&' 1% cés ~t d{wt)
N

Pall . . be
b, = —f (e )+ (e")" + 2e,7e," cos (vt +¢" )]7 sanst d(vt)

Q

If the parameter of integration 1s changed by y = ¥t + &

the expression for a, becomes

a
!
cosg' 27 * @ ) . b
. a) = _?J' [(e;) + (e,")'+ 2e,'e," €05 y}! cos y dy
¢' \ . L
' sing' 27 + ¢ . oo
+ ::/- - [(er') + (e1")+ 2e,'e1” cos y) ¢ siny dy
¢

The second term is identically equal to zero. Therefore

the value of a, is given by,

a, = £ cos ¢
where, Y
% ’ [(e,')* + {e;")? + 2e,'e,") cos y]Lf cos y dy
@ L 4

.
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Similarly the value of b, can be shown to be
y b, = - sin ¢'

The values of F, and ¢, determined from a, and b; are,

° Fuo= [£F cosTe® + £2 sinie']® = ¢

and,

¢ = tan® [5—5199;] =o'

£ COSd

Therefore the fundamental component of A{¥t) is given by,

: Ar(¥t) = £ cos (¥t + ¢') . (8)

This component is extracted from the interferometer signal

given by Eq. 5 following rectificatien by a narrow Sand-pass filter.
It is compared in a phase meter with-a signal generated by the phase
shifter to obtain the value, ¢', which is continuously recorded on a
paper ;hart recorder. This value differs from the phase dﬂfference ¢
between the signals at the antennas in Fige 3a by the constant phase
angle (e{ - €2). This phase error whigh is introduced by the cables
and electronic components can be determined from 6bservat10ns on a
radio star, such as Cassiopefa A. The output of the phase meter can
then be corrected by this constant deviation in phase angle to give the

correct phase angle ¢. The amplitude of Eq. 8 is recorded on another

chart and is proportional to the field strength of the received radiation.

This proportionality follows from the expression for £ when the values

of e,* and e," are replaced by their equivalent values a;e; and a;e,,

respectively.

-

-




2.4  THE SWEPT-LOBE-.INTERFEROMETER AND TWO SOURCES

A" theoretical description of the measurement of the angle-
of-arrival from two independent noise sources with a rotating lobe inter-
ferometer is now presented. [t will be shown that interference between
the two sources causes perturbations to the measured phase and amplitude.

In Fig. 4a two signals of amplitude e; and e; are shown
arriving at the antennas of the interferometer. The signals are from
independent radio sources whose emissions are assumed to be noise like.
The phase difference between the signals from,the two sources at
antenna [, 8 is a random function of time. On the other hand, the
phases between the signals at antenna I Qnd Il from one source, ¢ and
from the other source, A are due to their geometry with respect to the
interferometer base-line.

Following the discussion in section 2.3 the signal at the
adder from antenna ] is r

e;l Sin(mlt - C]) + e,' Sin(w1t+ g - E])

and from antenna II

er" sin(ut + ¢ + ¥t - €,) + &" sin(uyt + B + A + ¥t - . ¢5)

The modulated interferometer signal now takes the form

"E'a b A1 Sin(w;t b4 81) + Az sin(wlt + 0, + B) (é)

where ~

0, =~éds-l

e+ e cos(¥t + ¢')
’ 1

_l
- 0, = cos e,' + e" cos(¥t + A')
A .




The values for the amplitude A, and A, of the two rf

signals given by Eq. 9 follow from the vector diagrams in Fig. 4b

(73

AI = [(el’): + (91“)2 + 291'91" cos (Wt +

"

A: = [fer')® + (e"F + 2ex'ey" cos (¥t + a)]

where

)

¢ = o ¢+ (€1 - Ez)

AI = 4+ (E) - Ez)
Following addition of the two terms in Eq. 9 it takes the

form E'a = A; sin (w;t + 8y) (10)

where \\

Ay = [A2 + A2 + 28,A; cos (8 + 0 ¢ 0]

1

1+

+

8) j

-1 A‘LS'MGQJ) + A, stn{+0,
g8)

tan Ay cos(+6,) + R, cos(:0,

53!

+

A trigonometric change to the expression for Aq gives

Ay = [(A + R)? - 8AGA; sin?(y/2)]

where

The parameter A, can be expanded by the binomial theorem

as follows;

_ 208, . 2y ~ 2A2A% sin
| 2

3 3 . » L}
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This series will converge, provided A; # A; when sin
¥= 1, 1n which case A; = 0. These rapid short lived excursions
to zero ‘will not affect the output of the detector because of its
relatively long time constant. The parameter vy is a random function B
of time because 5 one of the terms in its definition is a random
function of time, Since all the terms fotlowing the first are a
function of this variable they represent incoherent broad band N

signals and contribute to the noise level in the video channel before

being passed through a narrow-band video filter.

Although it appears as though the terms following the
first in Equation 11 will not contribute significantly to the
fundamental coherent Fourier component of Equation 11\1t is
difficult to prove this mathematical]y. Since it is relatively
easy to demonstrate this experihentally an exp;rimental proof of
this point was in fact carried out. This was performed in two ways,

firstly, in Section 2.6 the phase and amplitude perturbations

caused by interference between the two radio stars Cassiopefa A
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and Cygnus A werel'hown to be consistent with the above contention
and secondly in Section 27 the results.of a laboratory simulation

of the interferometer and two sources also verified this contention.

It thus now follows that the fundamental Fourier component
of tquation 11 to the first order, at least, is given by

-~

Asi(¥t) = &1 cos (¥t + ¢') + &: cos (¥t +2') (12}

Tnis 1s the video signal that is passed through the band-pass filter
and is simply the sum of the video signals that would be obtained with
two snept-lobé interferometers observing-separate sources. For the
case of three or more sources éq. 12 would contain further terms and

its compliexity would increase rapidly with the number of sources.

Calculation of the variation in phase and ampiitude measured
by the interferometer when observing two signals follows from Eq. 12

and Fig. 5 remembering that £, and ¢, are proportional to e, and e,

respectively,
Let e; = ne;
and e = Ao/e,
where Ao = resultant of the addition of the two

vectors e, and e, which are (&' -~ ¢')

degrees out of phase

n <1
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The phase of A with respect to e, denoted by §¢ is also the phase

perturbation of e, produced by e, which is given by .

_ -1]+C2"72

§¢ = COS — . (13)

the reduced amplitude ¢ 1s given by

¢ =1+ n?+ 2ncos (&' - @')]8 (14)

The ratio peak or maximum to minimum A0 denoted by Aop and Aom
respectively is given by
Ao 1 +
I"R': T_:_B V (15)
om .

A plot of §¢ versus (A' - ¢') derived from Eqs. 13 and 14
for various values of n is given in Fig. 6 and the corresponding piot
for c derived from Eq. 14 is given in Fig. ?. Both the phase and
amplitude go through one cycle whenever (A' - ¢') progresses through
2n-radians. For the larger values §¢ 1s non-symmetric and has a
marked "saw-tooth” shape, If the time (period) taken for ¢' to change
by 2n radians is T, and the time for A' to change by 2n radians is T,
then the time (period) t for (A' - ¢') to change by 2m radians {is

given by —

this work was designed and constructed at the Defenceé Research




Telecommunications Establishment (now the Communications Research

Centre) at Shirley Bay, near Ottawa. It was built for the express

purpose of metric solar radig astronomy and operated at a frequenéy of
5i.7 MHz . With an aqtenna separation of the order of 50X the
angular-reso1ution of each interferometer was +Z minutes of arc or
better. A detailed technical description of the interferometer system
has already been given by Winacott (1963) and will not be repeated here.
( Fig. 8 shows the relative location of the antennas of the
compound solar interferometer used for the measurements. The antennas
were linearly polarized five element yagis and were mounted to accept
signals of vertical polarization. The amplitude of the non-te:;estrial
incoming radio waves and their phase differences at two pairs out of a
possib:z six pairs of antennas were recorded. In some cases the phase
~

{ .
difference between the radio waves arriving at Y, and Y, and between Y,

‘and Y2 were recorded; in other cases, the phases between Y, and Y; and

between Y, and Y, were recorded. Antenna Y, and a receiving channel were
common to all measurements. The phase differences Qere.converted to angles-
of-arrival GSN of the 1ncom1ng waves with respect to the interferometer.
‘base-line and the center of the source; The notations for and separations
of the various antenna pairs are as follows: ‘
Co . N

Yo, Y2 = wide E-W interferometer (49.3611) ‘

Yo, Y. = narrow E-W interferometer (16.571A)

Yo, Y3 = N-S interferometer (54.289)) 2

The angle-of-arrival measurements presented here will be identified by

these symbols. * . : ’
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* 2.6 MEASUREMENT OF-ANGLE-QF-ARRIVAL FROM TWO SOURCES

<

, Cassiopeia A and Cygnus A, two of the strongest radio
stars in the celestial sphere were used as the independent sourées for
the two-source measurements described in this section. The flux density
radiated by each at a frequenc& of 50 MHz is 3.5 x 10722 um 2Hz ' and
2.0 x 10722 um ?Hz ! respectively (Wild, 1955). Values of the right
ascension a and declination § used here for Cassiopeia A and Cygnus A
are o = 23"22700.6%, § = +58°-38.7" and o = 19"58725°, & = +40° 39.2"
respectively, ‘ »

The geometry pertinent to the measurements is given in Fig. 9

which shows the intersection of the earth with a plane containing the
meridian through London, Ontario. An idealized radiation pattern of a
yagi antenna is indicated in position to track the radio sun. Its side and back
1dbed_ark not shown but are expected to be 20 dB down from the main beam.-
The lines-of-sight to the sun, Cygnus A and Cassiopefa A for various
designated tHEes of interest are indicated. Rotation of tée earth ’
causes them to trace out concentric cones whose axig €onsists of the
London-North Pole line. Ouring this diurnal motion Cygnus A reaches .
its upper culmination position 3h22m52.5s before Cassiopeia A, Ffor
these measurements the yagl antennas of the widévand narrow E-W
interferometers ware used and rotated upwards until they pointed
approximately at the position in space occupied by Cass#cﬁifa A when
at its upper cu]nina§+oﬁ position. The measurements were made when both
Cassiopeta A and Cygnus A were hear their upper cu1m1ﬁ.tion positions
and since the anglg;hpé;;en their lines-of-sight s only 35 51°* both

‘were within the radiation patterns of the antemnas.

< 'Hk 10 gives the measured angle-bf-arrival of Casseopeia A

Qa0 ith the time-axis correct for.the




4 February data. The two sets of observations were aligned by matching
the time that Cassiopeia A was at its upper culmination position on
these two days which was 19"48"23.7% and 20"00™11.3° UT on 4 and 1
February 1969 respectively. It should be noticed that the agreement
between the two measurements, even at'these.low levels of flux densitis
confirmms for Ege most part, the previously mentioned resolution

{22’ of arc) of the interferameter. The pogrer agreement before 1530
UT can be attributed to scintil1gtions of the signal from Cassiopeia A
caused by oblique propagation through the ionosphere.

The period of a sfb{]ar source is defined to be the time
taken for'Eye phase of the signals received at the two antennas of an
interfero&etér\to change by 2n r;dians due. to the effective motion of
éhe source. The periods of Cassiopeia A and Cygnus A derived from
Eq. 36 for the wide E-W interferometer obérvations on 4 February \Qé;
are~given as a function of time by the solid curves in Fig. 11. The\
dashed ‘curve gives the period of the perturbations caused by Cygnus A
to the angle-of-arrival measurements of Cassiopeia A using éq. 16 and
the periods of the two stars. : / S

Now it will be shown that the repeatable scintillations in

the angle-of-arrival measurements of Casgpidbeia A are due to interference

. from Cygnus A. The data points plotted in Fig. 11 were o';atned from

measurements of the time between peaks of the scintillations in Fig. 10.
Excellent agreement occurs between the theoretical curve and the data
over tﬁe complete measurement interQal except for the short segment
between 1510 and 1550 UT. This generally good agreement strongly spggésts

that the scintflilations, for the most part, were due to interference
" y

b
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the period.of Cassiopeia A. This occurs' because of the very low flux

4
N \4

between the signals from Cassiepeia A and Cygnus A. During t;g intervai,
1510 and 1550 UT there is good agreement between the data points and :
density Tevels prevalent at this time due to obTique'prOpagation. The
phase meter was ir error because of the low s/n ratio over a portion
of the time taken for the phase difference of the signals to go from\
0 to 36U electrical degrees or, to go through a phase raﬁp which ts
appréximate]y given by the period of Cassiopeia gi Thi§ error was
preserved from phase ramp to phase ramp and appears as a scintillation
with 3 period equal to the period of the phase ramps or of Cassiopeia AJ
The amplitude of the signal rgceived from Cassiopeia A an&i
Cygnus A is given in Fig. 12 with a well defined fading pattern readily
apparents Good agreement gxiétg between the periods of the angle-of-
arrival scintillation shown in the insert with the amplitude scintillations.
The rgtio of the peak to mininﬁm amplitude is of the order of 1:3%),7 =
1.86, which when substituted into Eq. 15 gives n= 0.3, whereas ngiven
by the ratio of the flux densities radiated by Cassiopeia A and Cygnus A

is 0.57. The lower -value qf 1 obtained here results from the antenna

" radiation patterns being more favourably directed towards Cassiopeia A.

For the value of nobserved, Fig. b indicate§'that the maXimum phase
deviétion‘to be expected is :18 electrical degrees which according to
Eq. 1 corresponds to :3.6' of arc or a total yariation of 7.2 minutes
of arc, which is in fact what is observed {n{;ig. 12. Further agreement
with thegry is demonstrated fy the minima in amplitude 13}F19. 12

o

corresponding to null deviations in the angle-of-arrival, in agreement

with 6¢ being equal to zero in F{g, 6 and ¢ in Fig. 7 passing through

! [ S




an extremum when (A' -¢') equals 180°®. Furtherimore Fig. 13 shows

good agreement between a portion of the amplitude record of Fig. 12 -
- . -

with a theoretical curve whose period was obtained from the curve for

T in Fig. 11 and whose shaﬁe -for each indicated cycle of the curve was

obtained from the curve in Fig. 7 with n= 0.3. This comparison was
not performed over” the complete time interval of Fig. 12 because&the
point is adequately demonstrated with the segment shown in Fig. 13.
Angle-of-arrival data for the narrow F-W interferometer
are‘?iven in Fig. 14 with the solid curve referring‘to 4 February 1969 data
and theﬁshed one to 6 February 1969‘data. Once again the two curves
were superimposed by mafdn‘_ng the tifmes of upper Eulmiﬁation on
Cassippeia A on these two days with the time scale shown being correct
for the 4 Febrl?ry 1969 .data. Scintillations in the angle-of-arrival
are discernible between 1430 and 1730 UT with peak to peak.mgnitu&es
between 20 and 40 minutes of arc. One would expect the peak to— peak
angle-of—g’rrivﬂ 'variations for the narrow interferometer to be three
times as great as that for the wide interferometer or 22 minutes of arc.
This agrees with' the obsel_'vgd varfations if on%‘ conside;s that the
resolution of thjs interferometer, because of its shorter base-line,

is +10 minutes of arc or so. It should also be observed that the period

of the scintillations is three times ;‘s great as that predicted for the

bwide interferometer in Fig. 11. Thus the period and amplitude of the -

scintillations produced by Cassiopefa A &nd Cygnus A are observed to
be approximately thrée times as great for the narrow interferometer as

for the wide one. This is to be expected because the ratio of their

base-lines is approximately 1:3.

!
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The long term stability of the wide E-W interferometer
is demonstrated in Fig. 15 where the phase between the signals arriving

at the two interférometer antennas frgm Cassiopeia A and Cygnus A,

when Cassiopeia A was at its upper culmination position, is given for

a number of 'days between 17 September 1968 and March 1969. During the
30 day period between 17 September 1968 and 18 October 1968 the phase
varied by some 18 electrical degrees or the angle-of-arrival varied by .
some 3.6 minutes of arc. The variatiom in measured phase is somewhat
greater near the beginning of February 1969 and represents a total
variation of ~ 8' of arc in the angle-of-arrival. Ffor these measurements

-

Cassiopeia A was at its upper culmination position during the day time.
L ]
Therefore the increased phase variation may be due to enhanced ionospheric

"scintillations or background radic emission from the sun.

-

2.7 LABORATORY SIMULATION OF INTERFEROMETER AND TWO SOURLES

As a final test of the two source interferometer theory a
simulation of an interfemmetgr monitoring two sources was performed
in the laboratory. A block diagram is g%ven in Fig. 52 showing the
system used and signals at Qarious pertinent points along the signal
paths.

The signal sources consisted of either two signal generators
S1 and S2 whose frequencies were arbitrarily set at 15 MHz or, one
signal generator at the same frequenq but whose output was di‘vided into
two by a power divider. The RF signals were mixed in balanced mixers
with signals from an fudio generator which also was arbitrarily set

* at a frequency of 100 Hz. A phase shifter was used to shift the phase




of one of the audio signals between -10 and +130 degrees in 10 degree
increments. As shown in Fig. 52 the output of each balanced mixer was
a modulated RfF signal of thecform given by one of the terms of Eq. 9.
There was a phase shift between the modulation on the two RF signals
whose magnitude was proportional to the phase shift imparted on the
100 Hz audio signal by the phase shifter,

A third output of the audio génerator was doubled in
frequency and tfansfonmed into a square wave in the full wave rectifier
and schmitt trigger. This signal provided the reference for the phase
measurements . .

The two modulated RF sng;1s were combined in the adder; the
output of which is given by Eq. 10. This signal was passed through a
detector (Fq. 11) and a band-pass filter centered on 200 Hz. The output
of the band-pass filter is, according to the theory of Section 2.4 gi;en
by Eq. 12. The phase and amplitude éf this signal was measured as a
function of the phase‘?hift imparted to the 100 Hz audio signal in the
phase shifter. The phase shifter in shifting theaphase of the audia
signal pgrfonned the same function on the relative phases of tpe
modulation on the two RF signals as would differential rotation y two
sources in the case of a real interferometer. A variation of 0 to 180
degrees in the phase shifter produces a variation of 0 to 360 degrees
in the function A - ¢ defined in section 2.4. A RF attenuator was used
to Jary the amplitude of one of the modulated RF signals. This allowed
for measurement of phase and amplitude pertuébatigns‘betueen signals
with various amplitude ratios.

The results of the measurements are given in Figs. 53 and

54, In the first case the two sources were incoherent since S5, and 5,




were independent osCillators. In the second case the sources were
coherent with the two RF outputs being derived from one signal generator,
The agreement between the curves obtained experimentally and the
theoretical ones of Fig. 6 and Fig. 7. is so striking as to leave no

doubt as to the validity of the two-source theory derived in Section 2.4.

2.8 SUMMARY AND DISCUSSION
In conclusion, there is excelient agreement between the

experipental results of this section and the theoretical development
of Section 2.4. This strongly suggests that Eq. 12 correctly describes
the operation of the swept-lobe interferometer obsetving two indegend-‘
ent sources. Additionally, the following points which will be referred
to in Chapter IV have been demonstrated;

. {(a) The period of the scintillations is given by Eq. 16 and is

the ti ken for (A' - ¢') to change by 2n radians due to the differen-

ttal motion of the two sources. This period is inversely proportional

to the interferometer antenna separation.

(b) The magnitude of the phase and amplitude scintillations is
~given by Fig, 6 and 7, respectively, and is a function of n, the ratio
of the signal strengths of the fﬁo sources. It was shown in Fig. 12
that small angle-of-arr4val scintillations were accompanied by large
amplitude scintillations and that {f the magnitude of the angle-of-
arrival scintillations were measured the theory devgﬁOped in Section
2.4 allowed for the caleculation of the magnitude of the corresponding
amplitude scintiilations. The magnitude of the ang]e-of—arriva¢"‘
scintillations was shown to be proportional to the interferometer

spacing.




e (¢) The long term stability of the interferometer was

demonstrated to be within the accuracy claimed (z2%arc) except during

one period which eccurred 1n fFebruary 1969 and which was probably due

to external causes.




CHAPTER I1I
CHARACTERISTICS OF ANGLE-OF-ARRIVAL SCINTILLATIONS
PRODUCED BY TIDs

3.1 T INTRODUCTION

N

density gradients perturd the linear propagation of radio waves

TIDs, because of their associatgd horizontal electron-

through the ionosphere. They manifest themselves to an observer on
the ground as scintillations in the angle-of-arrival and amplitude .
of trans—ionospheric'radio signals. Equations are deyeloped here
‘which relate the magnitude of these scintillations “to both the electron-
density gradients and certain characteristics of the interferometers.
The . apparent motion of the sun is shown to produce variations in the
magnitude and per1bd of the angle-of-arrival scintillations. This
motion and the variations induced by it are described in detail;
furthe%nore, it is shown that the line-of-travel and speed of the TIDs
can be deduced from the observed variations. A two-dimensional
projection of the interferometers three-dimensionﬁl constant-phase
surfaces is developed to aid in visualizing their behavior as TID
sensing instruments. Finally, equations are developed relating the
magnitudes of the amplitude and angle-of-arrival scintillations of

radio waves by TIDs.

3.2 MOTION OF THE SOLAR LINE OF SIGHT
The loci of the intersection of the solar line-of-sight

with varfous levels in the fonosphere may be determined with the aid

~




of Fig. 16. In particular Fig. 16a, which shows a plane containing

the solar line-of-sight, the observer 0 and the center of the earth C.
The intersection of the solar line-of-sight with an ionosphéric layer
whose heignt above'the earth is D is given by R. The zenith angle of
the sun is z; B is the distance OR and & is the angle RCO. It can be

shown (HARROWER, 1963) that 8 is given by the following:

8= [(r+0) - Fsirz)% [P - Psifz)”

and § by the expression:

.

1 - .
§=cos r2 + {r+ D) - B
2ri{r + 5;

r = radius of the eérth
The observer's celestial hemisphere i§ shown in Fig. 16b
with the observer at 0O, the north ctlgstial pole at P, and the zenifﬁ
at Z. The interssftion of the extension of CR in Fig. 16a with the
observer's celestial sphere is given by R' and the co-latitude PZ
and hour angle ZPR' of R' are given by S and t respectively.
The altitude of the sun degoted by h in Fig. 16a is given

by (SMART, 1944).

h = sin'][sin(LAT)sin(DEC) + cos(LAT)cos(DEC)cos(HA)]  (19)

r
DEC = declination of the sun
- HA = hour angle of the sun.

The zenith angle z of the sun is given by

z = %-n




and the azimuthal angle AZ by:

s cin | sin{HA
Az sin [cos(DEC) o5 ]

From the spherical triangle PZR' in Fig. 16b it follows that

S = cos'x[cosécos(% - LAT) + sinésin(;-- LAT)cos{2r - Az)]

(22)

s1nS

¢ = gin-i{%inésin(Zn - Az)]

The latitude.and longitude of R or R' are given respectively by

LAT(R) =,} -

LONG(R) = LONG(O) + t

LONG{0) = longitude of the observer.

Curves t;acing out the loci of the intersection of the
solar line-of-sight with various levels in the ionosphere, as a function
of time, are given in Fig. 17. The paths shown were derived for values
of D equal to 150, 300 and 450 km using solar parameters correct for
\ November 12, 1969 and Eqs. 22 to 27. The intersection of the dashed
ltnes with the curves defines the position of the intersection points,
R at the indicated times: positions at other times can be obtained by
extrapolation. The co-ordin;te axes shown 1ﬁ-£he'1nsert define positive
values of the velocity components Vx and Vy of the intersection point R;
with positive Vx directed towards the west and positive Vy directed

<

towards the north. These two velocity components are given by




(r + d)cos[LAT(R)] x 4, (LONG(R)] (26)

Vy = (r + d)%t[LAI(R)]. (27)

Curves for November 12, 1969 derived from Eqs. 26 and 27 giving Vx and

Yy as a function of time for the altitude 150, 300 and 450 km are given
in Fig. 18. The component ¥x, although positive throughout the interval
between 1330 and 2030 UT, is seen to vary considerably and in a manner
characterized by high values in the morming, relatively low ones at local
noon, and high ones again in the afternoon. On the other hand, Vy, whose
absolute value is less than Vx throughout this interval, begins with
positive values, becomes zero at local noon, and assumes increasingly
négative values in the afternoon.

Since the {ntersection point R mo§es through tﬁe ionosphere,
it is to be expected that the period of the scintillations in angle-of-
arrival of the solar line-of-sight, caused by TIDs, will be an apparent
period. The apparent period wil] differ from the actual TID wave period
by a quantity which is a functign of the component of the velocity of
the solar iine of sight through the ionosphere parallel to the-horizontal
velocity of the TIDs. In the insert accomn?pying Fig. 17, let U represent
the velocity of the TID and V the velocity of the intersection point R.
The azimuthal angles of these vectors with respect to'the negative Y
axis are % and qv‘respectively. They are both defined to be positive

in the counter-clock-wise direction. Their values are given by

- -1 Ux -
o, = tan g (28)

S
R 7 k (29)




The apparent period T' of the scintillations as a function
of U is given by

1 = U - ¥
" 5 —K; cos(ay - o) (30)

Ay = TID wavelength.

3.3 REFRACTION OF THE SOLAR LINE-QF-SIGHT
At VHF the refractive index, u, of a radio wave propagating

through the ionosphere is given to good approximation by

el/e,m = 1.6 x 10° (mks)
local number density of free electrons
charge of an electron
m = mass of an electron
€0 pe}mittivity of free space
w = angular radio frequency
Eq. 31 is approximate because it neglects the effects of the earth's
magnetic field and'of absorption. v
Since the refractive index is nearly equal to~un1ty, the
departure from linearity of radio rays traversing the 1onospheré may
be considéfed to be 7ma11. The angular deflectioq.dt of the ray from

a linear trajectory is given by the following;

dy = [%G su] ) | (32)

where, 2 {s measurpd along the undeflected trajectory, u is rasure&




along a normal to i, and 8. s the deviation of the refractive index

from its mean value (CHANDRASEKHAR, 1952). The latter is defined more

-

specifically by

Su =L -y {33)

where, u is the instantaneous value of the refractive index and Uy s

the mean valye. It fQllows from £q. 33 that £q. 32 may be written as
¢ = P , (34)

The total angular deflection t of the ray from its average
position given by Eq. 35 is obtained by substituting £q. 31 into Eq. 34

and integrating over the total ijonospheric path length s.

_ b d
T= - r aqfi N de _ (35)

Turnbull and Forsyth (1965), and Lawrence et al (1964) have derived arf
expression identical to £q. 35 by‘}quiﬁlng T W the gradie?t of the
’

effective phase path. -

3.4 MAGNITUDE OF ANGLE-OF-ARRIVAL SCINTILLATIONS
Equations\are now derived giving the variations, as a
',» function of time, of the magnitude of TID induced scintillations in
" the solar angle-of-arrival measured by the E-W and N-S interferometers.
) Consider Fig. 19 with the observer at 0 where: -

SO = solar iine of sight

OP = projection of the solar line of sight on the observer's
horizon plane

h = altitude of ;he sun
LJ- -

- TS

projection of the TIDs horizontal velocity vector onto

* the horizon plane

azimuth of OP with respect to the 0X axis

n




' \
a, = azimuth of U with respect to the OX| axis.

In the deriyations which follow it is assumed that:

a) the TIDs' direction-of-travel defined by g, remains constant

b) the refraction of the solar line-ofesjght from its average
position is due, *for the most part, to TID-induced horizontal
electron-number-density gradients
¢) the horizontal gradients are parallel to the TIDs' horizontal velocity.
It will be shown that since TS in Fig. 19, which is the
azimuth of t@g sun with respect to the 0X axis, changes from positive
values in £he morning to nega{ive values in the afternocon in a regular
and defined fashion due to apparent motion of the solar ray S, the
magnitude of the solar scintillations will vary in a unique manner \\\_
detgnmjned by the TIDs' direction of travel.
' It follows from the spherical triangle, ABC, in Fig. 2
that
cos6 = coshcosAé (36)
where:
Ay = Az - %, for the E-W interferometers and, A, = n - Az - 0.3098,
for the N-S interferometer.
"The magnitude o¢ the phase variations measured by the
interferometers due Lo change; in H and TS caused by refraction of
the solar line-of-sight may be obtained by finding the differential
of £q. 36 and substftuting in the appropriate value for.A",_. It follows a
from a comparison of Figs. 8 and 19 that Aé is equal to ;-— TS and
TS - 0.3098 radians respectively for the E-W and N-S {nterferometers.
The equations resulting from the substitution of Aé into
. the differential of Eq. 36 are:




L

sin(h)sin{TS)ah + 8,cos(h)cos(TS)ATS (37)

sin(h)sin(TS)ah + B,cos{h)cos{TS)ATS (38)

sin{h)cos(TS - 0.3098)Ah - 8;cos(h)stn(TS - 0.3098)ATS
(39)

81 2n (49.361)

B2 2n (16.571)

By = 2m (54.289)

In the above, Eqs. 37 and 38 give the magnitude of the

phase scintillations A¢, ang A¢2 measured by the wide and narrow E-W
interferometers respectively and'Eq. 39 gives the magnitude of the )
phase scintillations A¢; measured by the N-S interferometer. The
variations in the interferometer angle © which are also equal to the

variations in the angle-of-arrival as defined in £q. 2 may be obtained ‘

by equating the differential of'Eq. 1 to Eqs. 29, 38 and 39 in tumn

~

A . sin(h)sin(TS)ah _ cos(h)cos(TS) ATS .
1,2 sineé sing (40)

4

283 = sin(h)cos(TS - 0.3098)Ah+ cos(h)sin(TS - 0.3098) ATS
. sing sing .(41)

where:

*A91,2 = perturbation of angle 8 for the wide and narrow E-W
interferometers due to refraction of the solar ray

88, = perturbation of angie 6 for the N-S 1n;erferomeier due
to refraction of the solar ray.

hn expression, giving the variation of, A49:,2 and 48, as
a function of &S or local time may.be obtained from a consideration 6f

Fig. 19. The point C denotes the intersection of the solar ray with a

La




Yayar in the ionosphere. The average horizontal electron number

density‘gradient g is indicated and shown to be parallel to DA. Close
inspection of Fig. 19 reveals that the compbnent of ¢ perpendicular
to the solar line-of-sight &, 1is contained in the plane defined by 0S
and OA. Thus the refracted solar ray whose angular def1ection'r is
given 9 Eq. 35 will be contained within this plane.

If a ray undergqes a deflection of v it follows from the

geometry in Fig. 19 that

=

rsinygos(TS - uU) | (42)

-

where

~ Yy = tanal i —'—%T'g—'——j-:s:: h -% (43) -
C
8TS = v thY (44)

>
Substitution of Eq. 42 and 43 into 40 and 41 and dividing

by T to normalize the equations, allows one to write the following:
: 4

Fioa = 8083,2 . sin(h)siﬁjTS)4§1n~y cos(fse ) g COs{h) cos{TS) cosy
= ~sTng U R tne costh)

Y . ' 5

and
. 4

-

Fs = 463 _ sin(h)cos(TS - 0.3098‘) sin y coﬂTS-aU) + cos(h)sin{TS - 0.3098)cos y
T sind : sin@ cos(h)

. S (4)

« .

uheré jt is assumed that 1 is constiht with time. . . _ .
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” _ The functions Fi 2 and F, are called the 'response’ of o
the E-W and N5 interferometers respectively. They give the efficien‘cy
of the interferometers in measuring angular deflections in the splar
line-of-sight as a. function of time and géometw. The response given
by Eq. 45 of the E-W interferometers as a function of time js plotted
in F;g‘ 20 with a in degrees indicated op the curves. It is seen that
the shape of the curves is a function of the parameter oy in particular,
the local time at which, F,,, becomes zero is a function of - This
suggests that the }ine alongwhich TIDs travel may be determined by the
modulation imposed by tf\e {nterferometers on the observed magnitude of
the solar angle-of-arrival scintillations. In Fig. 21 the corresponding
response F; of the N-S interferometer is plotted as a function of time
for various value; of a- -

- <

3.5 THO DIJENSIONAL PROJECTIONS OF THE INTERFEROMETER CONSTANT
PHASE” SURFACES

‘_ )
The simplest:‘three-diménsional surfaces which can be generated
as an aid to visualizing the operation of an interferometer are obtafned

by setting ¢ in Eg. 1 equal to certain constant values. The surfaces thus

defined are cones whose axes ar-di:incident with the interferometer's base’

line. A two-dimensional projecti of these surfaces is developed as
an aid to v1suaHiing the re;?:onse of the interferometers to angle-of-
arrival vaﬁatfons:. Specifically, equations are derived giving the locf

of the intersection of these cones with a plane perpendicular to the
' |

north-south direction. In Fig. 19 imagine a plane paraliel to the plane

containing OY and OZ and intersecting the OX axis at a distance C south /

. ‘ j
‘of 0. Llet, . ) /

Kd




The locs of the intersection of the E-W interferometer surfaces of

constant & with this plane is given by

72 - (1 tante-1)% (47

and the loci of the fntersection of the solar line of sight with the
. .-
same plane is given by

tan(TS} (48)

Zy = tan(h)/cos(TS) (49)

Equatj-on 47 des.cribes a family of hyperbolas which are p'lo.tted in

Fig. 22 for indicated values of 6. The 'paths' of the solar line-of-
sight, defined to be the loci of the intersection of the solar line-of-
siaht \_nith the dgf*in'ing plane, are given by the dashed currves for
various times in,the year. The numbers shown give the universal time
of the solar ray at the indicated positions. With the aid of Fig. 22
one may readily check the general shape of the ’cur:y\e\iplo;ted in Fig. 20.
In the case where a, = 0°, for example, the solar ray, when refracted’
by the ionosphere, remains in the.plane described previously, which in
Fig. 19 contains the X-axis and a line joining the origin and the sun.
The intersection of this plane with the one defined to obtain Fig. 22
would be represented in Fig. 22 by a straight’ li;\e joining the origin
with the position of the sun Since the interferometer is sensitive
only to angular deflections transverse to the curves of constant 6 and
the magnitude of this component varies with time throughout the daily |
period of observation tpe s'ensitivity of the .interferometer varies with

time ir; a siﬂlar;nner. Between October and February ‘the early




morming magnitude of the component of angular deflection transderse

to the curves of constant € is relatively large because of the large
angle between the above line and the curves of constant 8. The magnitude
of this angle decreases as the sun progresses towards its local noon
position and correspondingly the pesponse of the interferometer, which

is proportional to the magnitude of the component of the angular deflection
observed, decreases as shown in Fig. 20. The 0° curve in Fig. 20 is
anii-symnetricaT about the local ﬁoon position because of the symmetry

of Fig. 22. A similar procedure may be employed to verify the shape of
the other curves in Fig. 20. For each vaiue of a, considered, the line
to be drawm on Fig. 22 representing the plane of the refracted ray is

defided by the 'position of the sun' and the point

ZN=0

- _ -
YN = tan(au)

The shift of the latter point from the origin is responsible for the il
incrgasing loss of dymmetry in Fig. 20 as g, increases in magni tude
from 0° to 90°. There s a small distortion pre~sent in Fig. 22 which
bec;mes apparent for.large values-of q,. gf one follows through with
the argument used above for o, " 90°, far example, one finds that the
response of the interferometer would appear to increase monotonically
in magnitude as the sun progressed frt\m'its early mor‘mng position to
jts local noon ?ositior{, at which time it would be ‘equal to unity, and
then would decrpase with time. However, as indicated tn Fig. 20 the
response-is equal to unity throughout the interval 1900 to 2100 UT

because the plane containing the refracted ray also Ccontains the




interferometer's base-line. This small discrepancy is due to the use

of a plane to generate fFig. 22 instead of a cylinder whgse axis coﬁn-
cident with the interferometer's base-line.

It is worth noting tkat the angle«of-arrival as defined by
Eq. 2 may change slowly during theperiod of observation, even though
the localized source of emission on the sun's disk is stationary with
respect to its center and the solar line-of-sight is not bent by the
earth's ionosphere. This can be seen by referring to Fig. 22 once
again. Let us assume that the path of the sun is given by the curve
for November 12, 1969. The localized noise‘sﬁurce; if not at the center
of the sun, will have a declination and hour angle which will differ
from that .of the center of the sun. For purposes of illustration assume
that its path is given by the curve for October 20, 1968. The angle
of arrival eSN gives the angular displacement of the noise source with
respect to the center of the sun transverse to the surfaces of constant 9.
In this case eSN is positive at 1300 UT, becomes zero at local noon and
assumes increasingly negative values thereafter. These inherent long-term
variations will not be significant for the results reported here since
the scintillations of interest have periods of thirty m1nutes.or less.

The loci of the intersection of the N-S interferometer’s
surfaces of constant 6 witgﬁ;Hé plane described above and used to generate

Fig. 22 is given by >

Zy = [(cos’e tar®@«sinfe) + ZYN sin e cos e (tarfe. + 1)

Ve
+ Y (sinfe tart @ - cos’e)] (50)

where, e = 0.3098._

-
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A small correction term resulting from the somewhat greater height

of the south antenna with respect to the north one is neglected in

Eq. 50. The curves described by Eq. 50 are ellipses and not circles

as would be the case for a north-south interferometer because the inter-
ferometer's base-line is inclined to the north-south direction. The
jami]y~of ellipses defined 'by £q. 50 are plotted in Fig. 23; also the
‘paths of the sun' for various times of the year are drawn in once again
with dashed lines. The response of the N-S interferometer to scintill-
ations can be determined using Fig. 23 in a similar ner as the response

of the E-W interferometer was determined using Fig. 22.

3.6 FOCUSING AND DEFOCUSING EFFECTS OF TIDs

Closely following Turnbull and Forsyth (1965) focusing and
defocusing of the radio-wave energy by TIDs is now considered. Only
the simplest case dealing with relatively small deviatioﬁ angles or
irregularities at low altitudes is considered. In this case the only
effect on the ground is slight focusing and defocusing of the radio-wave
erRprgy as the solar line-of-sight encounters TIDs. The more complex
case where rays from ébb or more widely separated points in €Re TiD
reach the observer, while rays from 1nterven1ng regions do not, is not
considered because the deep amplitude fadiRh thch would result from
this type of mechanism was not experimentally observed.

The geametry is illustrated in Fig. 24 where the plane of
the diagram is assumed to be the plane containing the solar line-of-
sight and the TIDs' line of travel. The refracted solar line of sight

will also be in thid.plane. Sfince only variations within this plane

-are of interest, it is convenient to consider energy densities as for




a system of cylindrical symmetry. Two solar rays SPB and S'Qf are

shown meeting the ground at B and £E. They intersect the ionosphere

MN at P and Q and undergo angular deflection 6 andy® + <& respectively, The
undeflected rays make an angle e with the ground. The distance r

between the observer and thé ionospheric intersection point of the

solar ray is given by:

r = H/cos(h) (51)
where:
H = height of the intersection point
h = altitude of the sun

Energy falling on the element of the irregularity ds would,
in the absence of the irreqgularity, fall on‘the ground spread over an

element dp and in the presence of the irregularity spread over an

element dx.
Since: dg = rde/sin(e)
dp = ds
then dx = ds + E%%TE) (52)

If the energy density at MN is E, then the energy density

at point x on the ground {s given by.

Eods = PuHx . (53)

By combining Eqs. 48, 52 and 53 one may write -

S

X Eo _
de s1n£e)cos(h)\ oy (54)
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This distance of separation ds of the rays may be written

as N
ds = UTQt _ (55)
Vs .
where: *
U' = u - u.vu
U = TID velocity
¥ = velocity of the point of intersection of the solar
1ine of sight with the ionosphere,
Eqs. 54 and 55 are combined to give
~
U' = H/K (56)
where:
K = sin{e)cos(h) Eo -1 (57)
de/dt E(x)

Since V is known as a function of height and the direction of travel of
the TIDs can be determined from Fig. 20, the apparent speed U of the TID}
-can be obtained as a function of height frem Eq. 56.

[

~




CHAPTER 1V
EXPERIMENTAL AND ANALYTICAL RESULTS

4.1  INTRODUCTION . " /\

Interferometer measurementd of amplitude and angle-of-
arrival of 51.7 MMz solar radio waves are now presented and described.
They were made on those days between 16 October 1968 and 2 March 1970
when the sun was radiating metric wavelength radio waves at an
enhanced level during most of the time that it was visible. Scintilla-
tions in the angle-of-arrival were observed on at least eighteen days. It
will be shown that these can be interpreted as beimg due to TIDs and
that pertinent TID parameters can be deduced from the observation.

The measurements reported here can be divided into two
categories according to which set of three antennas in Fig. 8 was
employed to make two phase measurements:

(a) measurement of the phase differences between

radio signals arriving at antennas Yo and Y,
and antennas Y, and Y,.
0 2
(b) measurement of the phase differences between
radio signals arriving at antennas Y0 and Y2
and antennas‘Y0 and T3' ‘
It is to be noted that in each case antennﬁ YO and the associated electronic
receiving channel was common to the two phase measurements. \The measured
phase dfifferences were converted to angle-of-arrival 8cn of the solar

ray with respect to the interferometer base-line and the centre of the

sun.- The amplitude'bf the solar radio signal was also recorded. These

41
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records were converted to flux density by means of calibration curves.

4.2 CALIBRATIQON CURVES FOR AMPLITUDE RECORDS

The calibration curves for the interferometer amplitude

records were obtained by recording the signal radiated by an antenna

fed by an external test oscillator. [ts output was reduced with an
attenuator by known amounts until the amplitude of the recorded signal
was equal to or less than ;hat recorded by the interferometer when
monitoring Cassiopeia A, The known flux density emitted by C§ssiope1a A
was then used as a reference to calibrate the amplitude records in

terms of flux density. Calibration curves obtained on 22 November 1968,
a day during which the sun was particularly quiet with respect to metric
wave emissions, are given in Fig. 25. An internal test oscillator was
used by check the sensitivity of the interferometers from dax tq day.

It follows from Fig. 25 that for s1gna1¢’w1th ampliitudes greater than
one unit the relationship-between the f]uxfaensity‘P and the recorded
amplitude x is of the form

P = ebeax -

)

where a is the slope of that portion of the calibration curve with,
x> 1; and
b is the y-axis intercept of the projection of‘the above curve.
The factor eb may}pe as much as 70% in error because of changgs in
the sensitivity of the interferometer ‘a'nd inaccuracies ;n establishing
the reference calibration level; therefore the absolute values of

flux densities reported-herein may be this much in error. On tyc

other hand, the error in the ratio of flux densities recorded at two




separate times, for time duration of up to an hour or so, is only of

the order of 15% because the factor eb does contribute to its magnitude.

4.3 EXPERIMENTAL RESULTS
4.3.1 Angle-of-Arrival for 28 October 1968

The“angle-of-arrival versus time measured with the wide E-W
interferometer on 28 October 1968 is given in Fig. 26. The curve is
fairly steady between 1330 and 2030 UT: although it does show some
evidence of quasi-periodic scintillation with peak-to-peak (p-p)
amplitude of 10’ arc. This is the type of result one would expect for
the case of_relatively undisturbed ionosphere; one in which TIDs, for

example, if present possessed small amplitudes.

4.3.2 “Angle-of-Arrival for 12 November 1969

The angle-of-arrival versus time measured w{th N-S interfo-
meter on .12 November 1969 is shown in Fig. 27. In this case the curve
shows well-defined quasi-periodic scintillation between 1430 and 2000
UT, or so, with maximum p-p amplitude of 45' arc. The slow decrease
and then 1ncrea§e of angle-of-arrival between 1300 and 2100 UT is not
considered here and may be due to the solar source of the radio waves
not being located at the centre of the solar disk. The quasi-periodic
scintillations betwen 1430 and 2000 UT are attributed to refraction of
the solar line-of-sight by TIDs. The solar flux density recorded by
the N-S interferometer on 12 November 1969 is also given in Fig. 27.
There are some scintillations discernible on the solar flux depsity; in
particular, near 1515 UT. These are attributed to focussiqg and

defocussing effects or in other words, to redistribution of the radio-




wave energy by refraction of the solar line-of-sight.

Fig. 28 shows a direct comparison of the wide E-W and
N-S interferometer angle-of-arrival data recorded on 12 November 1969 .
The dashed curve gives the angle-of-arrival for the E-W interferometer
;nd the solid curve gives the equivalent data for the N-5 interfero-

meter. It can be seen that there is a high degree of correlation in

the occurrence of the scintillations on both sets of dat;.‘\’he solid
vertical lines indicate the times when “peaks" or local maxima in angle-
of-arrival occurred for both set; of data. In one case, namely at

1516 UT, a peak in the E-W curve corresponds to an inflection in the
.curve. The dashed vertical lines suggest possible coincidences in the
peaks but are not used in the analysis sinﬁe the coincidences are not

well defined.

4.3.3 Angle-of-Arrival for 27 October 1968

The angle-of-arrival for 27 October 1968 is shown in Fig. 29.
The solid curve g¢ives the data recorded by the wide E-W interferometer
and the dashed curve gives the data recorded by the narrow E-W interfero-
meter. Quasi-periodic scintillations are present between 1340 and 1830
UT. The agreement between the two sets of data is excellent except
between 1330 and 1420 UT; during which time the narrow E-W interferometer
appears to have undergone a slow phase drift; although the agreement
between the small scale structure is good. The scintillations that appear
on both sets of data are attributed to refraction by TIDs. Fig. 30
show; the magnitude of the solar flux density on 27 October 1968. For
purnoses of comparison the angle-of-arrival for 27 October 1968 is shown

once again. A comparison of the 27 October 1968 wide E-W interferometer

~
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angle-of-~arrival data with two sinusoids; one with a period of 21

minutes and the other with a period of 13 minutes, is given in Fig.
31. lLocal noon.is indicated by the dashé& line at 1709 UT. The
period of the scintillations is approximately 21 minutes between 1340 .
and 1630 UT and again between 1750 and 1840 UT. The 21 minute scintilla-
tions in the first interval are in phase with the sinusotd; whereas,
\the g minute scintillations in the last interval are approximately 180° .
out of phase with the sinusoid. The period of the scintillations in
the interval 1645 to 1740 UT is approximately 13 minutes.

The angle-of-arrival and solar flux density measured with
the wide E-W interferometer on 29 October 1568 are given in Fig, 32.
Scintillations in the angle-of-arrival are present between 1330 and
1700.UT. The solar radio-wave emissions on this day were sufficiently
constant in amplitude to show scintillations in the measyred flux
density betwe;n 1330 and 1700 UT. The scintillation in f]ux density at

(4
1600 UT is especially well defined and approximately 90° out of phase

N

with the corresponling angle-of-arrival scintillations. The scintillations
in angle-of-arrival are due to refraction,of the solar line of the

sight by TIDs. The scintillations in solar flux density are attributed

to focussing and defocussing associated with refraction of the Solar line df
sight. '

4.3.4 Angle-of-Arrival for 16, 18, 25 October 1968; 10, 11 November
1969 and 2 March 1970 *

Angle-of-arrival results for 16 October11968 are given in

Figs. 33 and 34. In the first figure the dashed curve gives the angle-
"of-arrival redorded by the wide E-W interferometer and the solid curves
give the product of the sum of three sine waves with periods 21, 30 and

60 minutes with a function which decreases monotonically towards local

-
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noon. A comparison of the angle-of-arrival measured with the narrow
and wide E-W interferometers is given in Fig. 34. The agreement between

the two sets of data is good except for the short interval bet@een 1337

and 1350 UT. The magnitude of the recorded solar f1ux density between
. -~ - .
1330 and 1510 UT and 1510 to 1800 UT was approximately 2.5 x 10 &2 and

7.5 x 10722

wm-sz'l‘»reSpective1y. The scinti11§tions appearing on both
sets of data in Fig. 34 are attributed to refraction of tﬁz\iolar line
of sight by TIDs. -

~ Figs. 35 and 36 give angle-of-arrival results for 25 October
1968. A comparison of the wide and nanrov E-W interferometer data in
Fig. 35 shows good agreement between 1410 and 1540 UT. The scintillations
appearing in the interval of high cdrreTation are attribdted to TIDs. *

Fig. 36 shows that the perdod of the scintillations is 21 minutes. The

magnitude of the solar flux denéjiy for the time of the solar angle-of-

arrival data was about 8 x 1072w 2Hz™".
The~18 QOctober 1968 results are given in Figs. 37 and 38.
A comoafison of the wide E-W interferemeter angle-of-arrival data and
uf]ux density received_ is given in Fig. 37. There_d;es nqt appear to be
a correlation between the two; therefore the sciotillations in angle-of-
arrival. appearing between 1530 and 1630 UT are attributed to TIDs. Fig.
38 indicates that the period of the scintiliations is again 21 minutes.
The results for 10 November 1969 are shown in Fig. 39. A
e oﬁpérison between the wide E-W and N-S interferometer ané]e-of-arr1val
data is given, with gqu correlation occurring between the scintillations
on the two sets of data, although the scinttllations are 1ar§er on the (S

N-S data. If one does a mental Fourier transform on the data one finds




a dominant period of 20 minutes.

A comparison between the N-S and w1de E-W interferometer
angle-of-arrival data for 11 November 1969 is given in Fig. 40. Once
again the scinttllations gre larger on the N-S interferometer data but
the correlation between the two sets of data is in general good. The -~
dominated periods of the scintillations in the time intervals 1330 to
1730 and 17;0 to 2015 UT are 32.1 and '15.9 minutes respectively.

The angle-of-arrival data for 2 March 1970 given in Fig. 41
shows a remarkable {érge angle-of-arrival scintillation between 1530 and
1556 UT with peak-fo-peak afplitude of 100 minutes of arc. Correlation |
between the N-S and wige E-W angle-of-arrival scinffillations is good for
the time interval 1400 to 2100 UT shown in Fig. 40. The amplitude of
the N-S scintillations is again greater thaq.that of ‘the wide E-W scintilla-
tions. The solar flux density recorded by the 1nterferometer is also
shown in Fig. 41 and gives a we11 defined minimum at 1541 UT which coin-
cides with the time at which the large scintillation has progressed
through 180 degrees of phase, has zerv deflectiaﬁ and is undergoing its
maximum rate of change of angle-of-arrival. The domfnant period of theJ
scint‘l'l'lations n the tine interval 1415 and 1830 UT is 21 minutes.

an

4.4 ANALYTICAL RESULTS

4.4.1 Properties of East-West Moving TIDs, ;'
The magnitude of fhe angle—of-arnival scintil]ations observed

by the wide E-W fnterferometer onm 12 Novanbef 1969 1s given in Fig. 44,

The average amplitude throughout‘thg 1ntervqi is approximately 6' of arc.

According to Fig. 20 the line of travel of\fhe cesponsible TIDs s in-,

the e;st-west direction with a possible devﬁat‘on of £35°. Only for

’.
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angles ‘petween 55¢ and 90° and -55° and-90° is the response of the

E- H interf'emniter sufficiently constant to account for the observed

constant average amplitude. N
- The apparent qemod of the scmtﬂ}atwns on 12 November
_}969 is givgn in Fig. 46. These va1ues were obtained by measuring
the di.st;nce between the vertical lines in Fig. 28. A scintillation
ig defined for this measurement as a local maximml in the angle-of-
arrival that occurs on both the E-W and'N-S interferm\eter:s*simultaneous-
ly.” The scintillations defined by the dashed lines do not meet‘this
requirement and therefore are not used in the analysis. They are
mentioned here because there is some indication that a scintillation 7
“may have occurred at these tmes The peaks of the scintillations
Qve been used but the troughs could have been used equa‘l]y well,
Tﬂere is a wonotonic decrease of the_ge\pd of the scintillations with
tfk before local noon (1789 UT) and a monotonic increase with time
afﬂer Tocad noon. Since the east-west component of velocity of the
‘ﬂfbers\ection of the solar line- of-sight and the ionosphere varies in
thé_- sage manner, this behavior is consistent with the direction of
tfaégl d-educ'ed above; namely 1,:he east-west di rection. Futhermore,
the ;ariation c\af the per‘iog of the scintillations, namely, the decrease
| towards 1dcal noon and increase afterwards, rather than the reverse,
suggests that the TIDs move towamds the west. From the degree of
symmetry of the pattern proeuced by the systenatic varfation of the
period in Fig. 46 about local nobn, and £q. 30, one can _estimte that
the deﬂatioﬁ' of the line of travel from the E-ﬁ direction 1§ at most

£15°. Figally, 1t is to bé noted that the averige period of. the

scinti1lations between 1600 and 1830 ut, when the apparent spegd of the

<




sun reaches its lowest value, is approximately 13 minutes. It follows
that because of the motion of the solar line of sight the true TID
period is somewhat less than 13 minutes.

A plot of the inverse of the apparent periogd of the scbntilla-

tions observed on Novermber 12, 1969 versus the E-Q component of. the
velocity of the solar line of sight through the€ ionosphere ig given in
Fig. 47. The altitude of the intersection point used is 200 km. The
dashed line was obtained -from a least squares fit of the data. The
dashed carve shown in Fig. 46 was derived from the straight dashed line
in Fig. 47 and is approgriate for an intersection altitude of 200 km.
Similar analyses at other. values of altitude would prodﬁce curves which
were indistinguishable from the one shown in Fig. 46. “The dashed curve
.1n Fig. 46 appears to explain the systematic variation of the period of
scintillations. The questionable data point at 1940 appears to be in
agreement with the curve and the one at 1430 UT does npt. Further

evidence that the point at 1940 UT may be real is given by the fact that

there appears fo be a scintillation in the flux density at 1940 UT in

Fig. 27 which correlate well with the angle-of-¥rrival scintillation.

At 1420 UT, on the other hand, it is difficult to tell whe%ger or not
2
there is a corresponding scintillation in the flux density.

" It follows from Eq. 32 that if, %‘?27o°, as is the case
tere, the slope of the straight Tine in Fig. 47 is equal to 1/60A, and
the intercept with tpe vertical axis at, W = 0, is, 1/T; where T is the
true TID’wave period in minutes. Thys, one is able to solve for the
period, wavelength, and’velocity of the TIDs. The only wnknown.is the
altitude, so that the aqﬁlysis must be repeated for a number of altitudes

between 100 km and 500 km, or so. The velocity of the TIDs as a function

? s




of height is indicated by the solid curve in Fig. 48; the period in

minutes is indicated by the numbers beside the data pointf. The

standard deviation of the period is = 4 minutes. The period decreases
with increasing height. The wavelength as a function of height is
shown in Fig. 49.
The dashed curve in Fig. 48 was obtained by correlating
the scintillations in angle-of-arrival and flux density in Fig. 27
between 1445 and 1505 UT. From the ratio of maximum flux density the
apparent ve]ocity,.u', given by Eq. 56 can be soIved‘for as a function
of height. Since one knows the velocity of the solar line-of-sight
through the ionosphere as a function of height, the 'true’ TID velocity
can be solved for as a function of height, and is given by the dashed
curve in Fig. 48. There is égreement between the two curves in the
1owé} ionosphere. The curves appear to diverge above 300 km, or so,
suggesting that the centroid of the TIDs was contained befween ﬁl} and
300 }m.
® The magnitude of the angle~of-5rrival scintillations recorded
by the N-S interferometer on November 12, 1969 is given in Fig. 45. . Fig.
21 indicates that the response of the N-S interferometer to TIDs whose
line of travel is inclined by +75 to +90° or -75 to -90° with the X-axis
in Fig. 17 goes to zero between 1530 and 1600 UT. Therefore the magnitude
of the s;iﬂtfq\ations in Fig. 4§\should golto zero ﬂn this interval,
since, according to the E-W interferometer data, these TIDs have an
reast-west line of travel. The‘magnitude of ‘the scintillations does in
fact appreach zero in fig. 45 at 1600 yT. but since the period of
scintillation§ is perfurped ffom’the dashed Qurve in Fig. 46 asjihis

time, this is likely due to the TID'motion being perturbed at this time. ’
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One might guess that the unperturbed value would be 7' arc to make it
consistent with the magnitude of the scintillations immediately before
and after the interval 1600 to 1625 UT. Since the amplitude of the
scintillations does not go to zero at this time the;e exists an
inconsistancy between the data and the theoretical curves of Fig. 21.
Furthermore, at 1640 UT, forrexamp1e, the magnitude of the scintillations
in Fig. 45 is about 7' arc, whereas‘the E-W interferometer recgrded a
scintillation amplitude of about 6' arc (Fitgure 44). According to Figsj
20 and 21 the response of the N-S interferometer at this time is between
0.3 and 0.55 of the E-W interferome}er. therefore the scintillation
amplitude recorded by the N-S interfqrometer should only be between 2'
and 3.5* arc. In swummary, the amplitude of the N-S interferometer is
roughly 5 to 3.5' arc greater than one would expect.
The above disérepancy can be explained in the following way.

One can see by referring to Fig. 22 that the E-W interferometer measures
angular deflection of the solar line-of-sight produced by horizontal
gradients, for FIDs moving in the east-west direction, but does not‘
measure angular deflections produced by vertical gradients. The
deflections caused by the latter are parallel to the constant interfero-
meter phase surfaces and therefore are not detected whereas the former
are at right angles to them and are detected. At 1640 UT, on the other

hand, the N-S interferometer registers.one half or so of the. amplitude
| of any horiz;;tal angular deflection of the solar line-of-sight as shown
by Fig. 21; but, as can be seen from Fig. 23, it also measures or is
sensitive to, vertical deflections of the solar line-of-sight. Actually,

it measurds the component of the vertical deflection transverse to the

constant interferometer phase surfaces which in this case is somewhat
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\ smaller than the Yyertical angular deflection. The above 1s true only

if a vertical def]ectign upwards is accompanied by a horizontql deflection
_to the west or a veartical deflection downwards is accompanied by a
horizontal deflection to the east. If the reverse were to happeg, the
resultant angular deflection would take place parallel to a constant
interferometér phase surface and would not be detected by the interfero-
mete;. This argument indicates that the TIDs constant phase surfaces

are titled forward in the direction of TID motion. In other words, the
anguiar deflection of the solar line of sight has both a vertical and
horizontal component, an;’of the correct polarity as outlined above té

be detected by the N-S interferometer. The angle of forward tilt, from
the vertical, is very roughly given by the following equation, which

is the ratio of the horizontal component of the angutar deflection divided
by the vertical component. The horizontal component is equal to the
deflection measured by the E-W interferometer; whereas, the vertical
component 1s deduced from the total deflection measured by the N-$
interferometer, the geometry of Fig. 23 and the value of the horizontal

component from the E-W interferometer.

~

tan o, * %T7$£§Ft' 1.28

o, + 50° (:20°)

where: 8, is the angle of forward tilt,

There is evidence that the motion of the TIDs responsible
for the scintillation on November 12, 1969 was perturbed by a digturbance
with a relatively long period. Evidehce of this is §een in Fig.‘ﬂwhere

the amplitude of the scintillations recorded by the N-S interferometer

L
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deviates significantly from a likely average value of 8' arc at 1500,
1610 anq 1730 UT. Furthermére, the apparent period in Fig. 46 departs
from the dashed curve at 1540, 1610 and 1720 UT. Finally, in fig. 27
one can discern an enhancement in flux density at 1430, 1520, 1630

and 1730 UT. The good agreement that exists between the times at which
these parameters were perturbed suggests the presence of a perturbation

with a pericd of approximately one hour.

4.4.2 Properties of North-South TIDs
The magnitude 6f the 21-minute scintillations measured by

the E-W interferometers on October 27, 1968 is given in Fig. 50. It
can readily be seen that after 1520 UT the amplitude decreases toward
Tocal noon and {ncreases after ‘local noon. In addition, as ﬁentioned g
above, theephase of the 21-minute scintillations occuring after local
noon is approximately 180% out of phase with those occuring be%:;e Tocal
.noon. One @an see by referring to the 0° curve in Fig. 20 that the
above characteristics aré just what one would expect for scintillations
recorded by an east-west interferometer caused by TIDs moving along a
north-south line of travel. There is a twg-fold aﬁbiguity in that one
does not know whether the motion is towards the north or towards the
south along this line of tra‘iei. The maximum :ieviation of the 11né of
travel from ﬁhe N-S direction is (+8%). The increase in magnitude of
the scintiliations before 1520 UT in Fig. 4; is not inconsistent with
the above interpretation. In all 1ikelihood the observed TIDs consists
of wave-packets, so that the increase in magnitude corresponds to the
increase in magnitude one would expebt at the beginning of a retlis;1c

Jive-packet. ' -

v




Close inspection of Fig. 31 shows no discermible systematic
change in the period of the 21-minute scintillations between 1345 and
1630 UT. The speed of the responsible TIDs is therefore greater than
870km/hr assuming that the centroid of,the TIDs was contained between 200
and 500 km, since the north-south compo e velocity of the solar
Ijne-of-sight changed by about 135 km/hr in this interval. The TID wave-
length 1s_éreater than 300 km because the wave-periofl, to a good approxima-
tion, is 21 minutes. (

Since the 13 minute scintillations are discernible at local
noon the responsib1g TIDs are travelling in a predominantly E-W direction.
Their magnitude is smaller and they are only discernible when the response
of the E-W interferometers is low or non-existent to the larger scintilla-
tions produced by the N-S TIDs. These scintillations are similar to those

produced by the E-W TIDs observed on November 12,71969. They have similar

apparenygeriods, amplitude, and constancy of amplitude about local noon.

The direction of travel of the TIDs whieh produted the .
sc1nt1]1att3ns shown in Fig. 32 is not readily dfscernible from the
characteristics of the scintillations. The period of the scintillations

between 1515 and 1610 UT being 21 minutes suggests that the responsible

TIDs may have travelled north-south because the scintillations 'in Fig.,

L 4

32, caused by north-south traveliing TIDs also had a perfgd of 21 minutes.
The scintflIation; in flux density are again attributed to focusing and
defocusing of the radio-wave energy by TIDs. If one makes no assumption
concerning the direction of travel of the TID, assumes only that its
height was approximately 300 km and then correlates the angles-of-arrival

and amplitude scintillations between 1540 and 1610 UT, as before, one

" can deduce the spetd of the TIDs responsible for bending the solar‘ray as




being greater than 300 km/hr. The upper limit of the speed is a

function of the line of travel; for a north-south line of travel, for

-~

.

example, it is roughly 1500 kﬁfh{\and for an east-west line of travel

it is roughly 7Q0 km/hr.

‘ The maximum_gohserved Tfh induced angular deflection was roughly
=20 minutes of arc, indicatin according to Eg. 35, a maximum gradient
in columnar electron content for‘ihe TID of 3.5 x 10 é]/m km. If ohe
assumes that the TID which genevated the scintillation was contained .
between 250 and 350 km the above columnar electron gradient corresponds
to an electron number density perturbation of only 1 percent, or so.

The magnitudes of the angle-of-arrival scintillations

observed on October 16, 1968(Fig. 33), October 25,.T968 (Fig. 35)and
October 18, 1968 (Fig. 38)are all observed to decrease with time approach-
ing lecal noon. These scintillations are attributed to TIfs travellind
along a line orientated predominantly in a north-south direction with a
maximum devia*ion of =10°. The average period of the scintillations in
each case is appr0ximétely 21 minutes. A scintillation 'peak' appears
to be absent in Fig, 33 at 1450 UT. Thia may bg due, as sugéested by the
solid curve in Fid. 33, to interference between three waves with periods

-

of 21, 30 and 61 minutes.

4.5 DISCUSSION OF THE Tl\INTERPRETATION

4.5, 1 Alternate Mechanisms .\),( \
A number of phenomen; other than TIDs can be put forward

to explain the scintillations observed in the solar angle of_arri&a\.

'Some seven are now listed and shown in Section 4.5.2 to be incapable

of explaining the observations. The alternate mechanisms to be

~-




considered are as follows:
(3) transverse quasi-sinusoidal motion of the source with
Y

respect to the center of the solar disk

(b) refraction of the radio waves by irregularities in the

coronavof the sun or irregularities in the intervening
space between the sun and the earth
instrumentally produced phase variations
interference between the dirézz ray from the sﬁn and a
second ray orig{nating from -
(i) a reflected ray
(ii) CasYiopeia A or Cygnus A ¢
(iii) splitting of the original fay into two modes
ordinary and extraordinary
(iv) a ground based transmitter
(@) interference between multiple sources o3
(f) interference between two sources on ‘the so1ar‘disk varying
sinusoidally in amplitude
(g) ' periodicities introduced by the 'phase ramps'

4.5.2 Discussion of Alternate Mechanisms .

The mechanisms listed in Section 4.5.1 are now discussed

and shown to be invalid. b

(a) ‘Quas1-per10dic motion of the source would be a most

remarkable phenomenon because of the magnitude of the
motion requiring velocities as large as 4.5 x 103 km/sec
transverse to the solar disk. Moviné type IV solar bursts
have been obserwed with speeds of the.order of 1.0 x 103

km/sec but they have been observed to move radially and away

from the sun (Wild et al, 1963). These bursts only last




(b)

57

=
typically for a few minutes, although on occasion
durations of up to two hours have been observed. In
addition, they are characterized by a very large sodrce
(>10' arc) with low directivity, which suggests thaf the
angle of arrival measurements would vary in a random
manner over an angle 2:5' arc. The angle of arrival
measurements in Figs. 27-41 are quite well defined and
the width of the curves, for the most part, is consider- -
ably less than 5' arc.

On the other hand the long lived continuum storms,
which may persist fof a day.jr more and which were employed
as radio sourcet for this work, have beeff observed toebe
stationary. They lie close to the plasma level in the sol¥r
corona appropriate to the freqﬁency of emission which in the
case of 50 MHz one solar radius above the photosphere,
The sources have a small diameter of the order of 3' to 5'
arc and the cone of emission is ﬁarryw, since they'are
rarely observed when the source is near the solar 1imb.
The radiati%@‘js s;;a;gly circularly polarized, indicating
that the mgnet1:f1e1ds ‘of sunspot influence its
generation or propagation (Wild, 1955).

It wil) be shown that if irregularities in the corona

of the sun or 1rregular1t1es in the intervening space

"between the sun and the earth were responsible for the

observed scintillations the observer‘must have been in their
near field pattern. In other words, rays from two widely
separated points on the irregularity did not reach the




observer and interfere with each other. If interfgrence
between two rays had caused the scintillations in angle-of-arrival
shown in Fig. 27 or 30 the recorded solar flux density would

have, according to the development of section 2.4, undergone

deep fading which is not present in either of the amplitude
records. . !

For example, the amplitude of the smaller scintillations
in Fig, 27 is of the order of #6' arc. It follows from the
differential of EqQW® that this corresponds to a phase
perturbation of +34°.  The value of n in Fig. 6 corresponding .:
to this phase perturbation is 0.57; therefore Aop/Aom from
Eq. 15 or Fig. 7 is 3.6. This suggests amplitude fading
;H:h maximum and minimum values of solar flux density in
the ratio 13:1. For angle-of-arrival scintillations in ¥
Fig. 27 with the largest amplitude fhis ratio becomes greater
than 800:1. Since the ratios of maximum to minimum solar
flux density in Fig. 27 are less than 2:1, the angle-of-arrival
scintillations shown there are not due to interference effects.
> In a similar manner, interference effects canngt account
for the angle-of-arrival sgintillations shown in Fig. 30,
In‘order to qo so that magnitude of the rattes in flux density
would be gre;ter than 400:1 and 7:1 fér the scinti)lations
with 1arg;st and smallest amplitudes respectively; whereas, ’
if there is any evidence of flux density fading 1n Fig. 30, -

the ratio of maximum to minimum flux density fs clearly less

than 3:1. “ - ) N
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There is well defined fading, on the other hand, in

. . A - =
the solar flux density shown in Fig. 32 which is also

rough ly 90° out of the phase with the corresponding scintilla- ,

tions in angle-of-arrival; characteristics of scintillat-

tions caused by either interference or refraction effects.

Once again the fadmg cannot be due to interference Qecause =
the ratio of the f'lux density magni tudes is much less than

the value 80:1 which would be the case if they were caused

by interference. t

%

/ - .
Furthersevidence against interpretation of the angle-of-

arrival scintillations as being due to interference effects

A

i's given by the following factors;
(i) the period of thebsci.ntﬂlations measun;d by two_
interferometers whose base-1ines have different
geometries 1st the same (Fig. 28, 29, 34, 35, 39,
40, 41). ‘
the amplitude of the _icintiﬂations measured by
two interferometers with different antenna separation

T
is the same (Fig. 29, 34, 35).

(111) the amplitude of the 1ntﬁlat19ns measured by two

interferometers wijth syimﬂar antenna separations is
different (Fig.\28, 35'\40’ fﬂ). ~
It has been shown ;t if the bending of the solar ray.
was caused by 1rrggu1ar1 ties in the s_olar corona thé observer
was located in the near fi{eld. Now it will be shown that
because of the large scale sizes implied by the observations

it 1s most unlikely that the irregularities were in the solar
h J

4
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corona. The minimum spatial extent of the 1c:egu1ar1t1es
transverse to the solar line of sight is related to the
distance from the observer by the following expression;
d S = 2tr
where _ )
S, 1} the minimum extend of the irregulariiies (km)
T, is the amplitude of the scintillations expressed
in radians )
r, is the distance from the earth to-the irregularities
(kim)
For the large scintillations with T = 20' arc the minimum
scale size increases with distance ffom the earth aﬁd would

be 6f the order of 2 solar radii if the refructionihgk

. cay;ed by irregularities near the sun. Further evidence that

(c)

——

makes this hypothesis untenable is the large degree of order
required of the irregalarities to account for the quasi-periodic
nature of the scintillations aﬁd also the large gradients in
electron density required by thé irregularities, because of
thetr immense size if they are near the sun, to bend the solar
ray sufficiently to intercept the earth.

The phase stability of the E-W interferometer was
denoﬁstrated in Fig. 10 wber& good agreement was shown
nbetuten angle-o0ft-arrival h;isur-me;ts made with Cassiopeia A

1
i

- and Cygnus A on two separate days,. [§s long-term stability

showing phase'variations of only 20 degrees, or so, was

demonstrated in Fig. 15. The good agresment shown between

60

sc i ntt_'g?]atfon appearing on measurements made with l_ntgrfcrmrtcrs

L
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having different geometries SuggeEts that the scintillations
were not produced within the gnstr%ments themse’l:res.

It might be argued, on th other hand, that the receiving
channel common to the two ‘interfem&ters 1n use at any i
particular time may have produced temporay phase variations
j\n:its signal which would affect the angle-of-arrival
measurements md; by bdth interferometers. In the case of
the wide and narrow E-W interferometers it follows from the
different‘ia'l of Eq. ) that phase variations produced by the -
common element could produce s't/ir/\tﬂ]q‘tion's in the narrow |
E-W interferometer's angvle-of-arrival measurements which -
were about three times as large as those of ‘the wide E-W
interferometer because their base-lires are approximately
in the ratio 1:3. Since the observations show that the
amplitiodes of the scintillations measu_:réd b_y»_ these two
1nterf§rometers are the same their origin cannot 't;e
instrumental. |

A careful look is required at the agreement shown in
Fig. 28 between the w'ldg E-W ang the N-Spinterferometers
measurements with regards tb t ‘ g's.,sibi ty of temporal
phase variagions in the comman channel. Aplot of the '
ratio of ﬂg magnitudes of the scinti'ilafiohs 'mea‘s'ured by

these two interferometers is given in Fi§. 42. The dashed

-
" ’

" curve gfves fhe theoretical ratios that would be observed
. 1f phase ‘variations did occur in the common chanmel. There
_are some cases uhere there 1s dis/agremnt betxeen the: data :
. and this curve. Thq hypomsteof the common. channel causing

;'. ,‘

o
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/the scintillations may be discarded on grounds tmat
the measurements are not consistent with it at all

times, which must be the case for it to be ¥glid. In

ition this mechanism cagnot account for the
scintillation in flux density in Fig. 27 associated
with the large angle-of-arrival stintillations. Finally,
. the stability of the 'Qidei—j\iqterferuneter dfteounts
i.he possibility of a phase instability in one of its

A

‘ channels,
|

{d) The supposition of a €econd signal interfering with
the direct signal from the sun may be discounted on
. the following two grounds; * : A S
° . .
(i) it is unlikely that a second signal of sufficient
. amplitude was pres:ent | ) .
(ii) the observed gintillatims whicr: -
v are not coﬁgistent with this hypothesis The
r:eﬁly'to jitem (b) i‘s directly app]i:,a.ble heré

" and will not be dealt with further. .

It can be shown that the second ray did not consist of a-

ray refletted fron the ground. ‘I'he coefficient of reflection

Lo ..for 50 MHz . verttca‘lly polarized radio waves varies from 0. 42 for )
; . an elevation angtle of 30° to 0.28 for )n elévation angle of 20° :
: (Beclmann and Spizzichino, 1963). The radiation pattern of the

; antennas wou 1d furtha\\reduce the aathude of the reflected signal

" . relative to tho.direct ray. Thecefore the effecthte reflection coefficients

are abproxiiatﬂy 0.04 and .0.;12 respectively. It fqﬂous_ from
. - . ' : R e . o ,
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fig. 6 that for the 1atter€i?1ue phase scintillations
whose magnitude(was *8 degrees could be gehe?gied»by'the
reflected }jgnal. This'corresponds to‘J;riations im
a;EFe-ofjérrivaJ of only =2, tg and 3 minutes of arc
for the nafrow E-W, wide E-W ard N-S interferometers
fespectively, which, in each case, is much smaller than
the variations measured. Also according to Eq. 16 the
period of the scintillation woy1d apprqach infinity
becaufe the period of the sun and its image are essentially
the same. Therefore, for the above reasons, the reflected
ray could not have been the source of the second ray.

" The contention which attributes the solar scintillations
to interference between the ordinary and e_xtraordina‘ry
components of the solar signal is invalid for the following
reasons; ‘ A N

(i} since the characteristic modes for quasi-longitudinal
propagation through the ionosphere are left dr right
cirtularly polarized and the radiation emitted from
'cdniinuun storm’ is strongly. gircularly polarized,

“‘most of the solar radiation w{ll, as a resuft, propagate
_,through the fonosphere in one or the other mode.

(i1) Since the disturbed sun is a noise sdﬂ?ce the solar

radio waves will only have phase coherence over short

intervals of time and therefore Faraday rotation effects
will not be observed.

(111) Interfeience between the O and X modes will manifest

jtself as Faraday fading in the amplitude of the received

radiation and would only affect the angle-of-arrival

-




measurements i% the amplitude of the i1ncoming
radiation is reduced to such an extent that phase
measurements made with the interferometer are in
error because of the Tow signa]itd-noise ratio.
Palmer et al. (1970) observed variations, due to Faraday
-ro;ation, of +20°, or less; in the measured phase between
two signals from a satellite. They measured fading in signal

. power with a maximum to minimum ratio of 25:1, which is much

measu

greati;\than any flux density fading observed for the solar

ments reported in this thesis. Therefore-any phase
scintilla@ions generated by Faraday rotation of the solar
signal would be less than that reported by Palmer et al. and
thus too small to expiain the solar angle-of-arrival scintilla-
tion, )

-Fufther evidence for discounting Faraday rotation effects
is derived from a consideration of the rate of Faraday rotation
due to the apparent motion of the sun. Bowhill (1958) has
shown ;hap-the rate of Faraday rotation of a plape-polarized
wayé}transmitted by a satellite is proportional ko the
compoent of the earth's magnetic field resolygd along the
satellifé‘s path. This proportionality must also apply to
emissions from ppe sun since, the electtoA; below, say, o
AOOO km are the only ones which ark effective in‘producing
Faraday rotatiop‘(Lawrence et al., 1964).- For purposes of
this discussion therefore the sun can be considered to be-

have as a satellite because it has an effective height of

1600 km.




(e)

The variation of the rate of Faraday rotation of a //’~

so1a:.signa1 can be obtained by considering the above
propértionaiity and Fié. 17. Let us assume that the \\\\\\
effective magnetic field along the selar line-of-sight oo
is its value at the F-region ;k; The dip argle and

5;3 the mid-point of
the path is 70° and roughly wsmctwe]y Now
consider the 300 km path in Fig. 17. The component of

the earth's magnetic field along the path between 1310 3

dec11natnon of the magnetic fi

and 1510 UT and along thﬁ%path between 1910 and 2170 UT
ent along the path betweén 1510

is greater than the compo
and 1910 ﬁT. It goes td zero shortly after local noon.
Therefore the period of any Faraday rotaéion of the solar
signal should be a monotonica1ly increasing function before
local noon and a monotonically decreasing funcsion shortly
after local noon. The scintillations in Fig. 28 and 29 have
Just the reverse behaviogur.

It follows from the development in Section Zi;that the"
simplest first order expression for the multiple source case

.

coqsisti_of a term for each source similar tosthose shown in

Eq. 12. The resulting signq]. being a veftor sum of those

signals, would be complex with respect to hase and ampl{tude
and in the case of many s{gnals would be'
addition some deep fading of the recofded f] x density would
be associated with the angle-of-arrival scjn} 11ation. Also,
both the period and magnitude of tpe scintifation would b8

a functton of the fnterferométer s antenna separation and

- geometry. Since the soei; scintillations are relatively




simple, good agreement exists between measurements made

with interferometers having different geometries and deep

fading is not present in the' recorded solar flux gensity,
it follows that they were not generated by interference
between mu1tip1e‘sources.
Two sources on the solar disk emitting radio waves
whose amplitude remains constant with time cannot generate‘ﬂi
short term angle-of-arrival scintwWlations such as those
observed on the solar measurements. They move together and
thus both have essentially the same period,\which according
to Eq. 16 means that the period of any scintillations caused
by interference effects would be very large. On the other
hand, if the amplitude of emigsion of one or the other of
the sources were to fluctuate in a quasi-per1;dic manner,
angle-of-arrival scintillations would be measured by the
interferometer. The scintillation in angle-of-arrival
produced by this mechanism would be proportional to the
interferometer antenna separation and in addition the angle-
of-arrival and flux .demsity scintillations would be 0 or 180
. degrees out of phase,gith one another. The scintillation
shown in Figs. 29, 34 dnd 35 could not have been generated
by this mechﬁnism since the magnitude of the scintillation
measured with the wide and narrow E-W interferometers is the
same, whereas, if they were generated by tzis mechanism the
magnitude of-he-—sgintillation would be in the ratic 1:3,
respectively. Since for the most part tQ: angle-of-arrival,

scintillations shown in Figs. 27 and 32 are approximately

90 ‘degrees out of phase with resngct to the solar flux density




two soiar source mechanism. Enchanced radio emissions from
the sun have an amplitude which is random with time except
for ionospheric scintillation effects, so thag, it is some-
what far-fetched to imagine two sources on the sun emitting
radio waves with amplitudes which are quasi-periodic with
time.
[ J

The phase measured by the interferometers and recerded
on chart paper appears, for the most part, in the form of
ramps , which for obvious reasons are called 'phase ramps'.

Distance along the chart paper is proportional to time and

distance transverse to the chart p‘aper is proportional to

the phase between the signals at the antennas. As a resu1&

each time the phase between these signals changes monotonicaNy
with time by 360° a complete phase ramp is recorded. If
the interferometer is in error over part of the 360-degree
phase range, scintillations in the angle-of-arrival can
be generated with a periodicity given by that of the phase
ramps. The periods of the phase ramps.of the widg E-W
interferometer for October 27, 1968 and November 12, 1969
a’rg shown in Fig. 43. The period of the phase ramps of the
N-S 1nterferome‘ter ‘on November 12, 1969 are also shown. In
each case the perfod is the’time taken for the: interferometer
.£o0 execute a phase. rau;: or th:—;hase of the signais at the
antennas to change by 360 degrees.

‘The period of the narrow E-W fnterferometer's phase
ramps are approximately three times as great as those shown

for the wide E-W interferometer, and additi ‘1 ly, the.
pev:iod of the wide E-W interferometer! .phase rasips do nqt'

>




agree with the period of the scintillation in Figs.
29, 3 and 35, therefore this type of mechanism cannot-

account for the scintillation shown in these figures,

The period of the phase ramns is different for the N-Sl

and wide E-W interferometers except at 1950 UT and the
periods of the phase ramps disagrees for the most part

with the'periods of the scinti]]aéion shown in Fig. 28,
therefore this mechanism does not explain the scintillations
‘shown in Fig. 28. A similar argument can be made fPr the
scintillations shown in Figs. 39, 40 and 41 since in
general. the periods of thé phase ramps differ for the

N-S and E-W interferometers by g significant amount.

4.6  SUMMARY AND DISCUSSION

TIDs were observed as quasi-periodic scintillations in the
angle-of-arrival of radio w;ves emitted b&A}ocalized‘disturbed regions
on the solar disk. A summacy of the observations is given in Tabie I.
Speed, fine of trave].”period and wavelength qi the TIDs weﬁe.deducesf
from the manner in which the period and magn1iude of the observed
scintillations varied with time. The spegd of the TIDs as a functibn
of height was also determined by correlating the degree of amplitude
fading due to defocussing and focussing effects with the maximum observed
rate of chaﬁge of ang{e—of-arrival.” The observations reported here skd®
good evidence for TID wave trains consisting of 15 to 20 wave cycles.
The angular deflections of the solar 11ne-of—s1ght°$t 51.7 MHz were

measured to be t6 to 28 minutes of arc'(in one case ]% was a remark-

able $50 minutes of arc) and'corresponding electron number density




.
perturbations are calculated to be of the order of 1 to 2 percent.

The forward ti]t_to the TIDs observed on 12 November 1969 was -

measured to be 50° (20°)s Amplitude variations corresponding to

the larger angle-of-arrival scinti]iations were about 5dB. The

TIDs were of two types; one with a period of approximately 6 minutes,
the other with a peried of 21 minutes. The former travelled with ;
speed of about 200 km/hr and a cormesponding wavelength of 20 km.

The speed of ihe latter was b;tween 800 and 2000 km/hr and the
corresponding wavelength between 300 and 700 km. These also had a

:preferred line of travel which was orientated north-south.

A lengthy digression was mad;lto show that the measured

quasi-periodic scintiilations were not produced by a mechanism other

than TIDs. 1In a largé measure the Eepudiatiqn of alternate mechanisms

was based on the two source theory develéped in Chapter II. v

)
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CHAPTER V
CONCLUSIONS

5.1 INTRODUCTION
’ In the first part of this chapter a compa;ison is made
betggen the measurements made herein with those made by other workers.
Secondly, a comparison is made between the observed TID parameters and
parameters ofa;ﬁav1ty waves derived theoretically by various werkers.
Finally, the results of th1s work will be summarized. -
5.2 COMPARISON WITH OTHER MEASUREMENTS

R Wild et al. (1959) observed quasi-perid@§c skinttllationss
{n the ang]e-of—é}rival of a solar source on 23 August 58 and 13 July S8.
They reported that the period wag about 22 minutes. This agrees with
the period of the scintillations, ted here, caused by the north-south
mov 1ng ;TE;. Their measurements were made near Sydney, Austfalia (150%E)
at radio-wave frequencies of 45, 50, 55 and 60 MHz. The interferometer
ahtenna separation at 50 MHz was about 167 A, They observed angular
deviations of up ‘to :20 minutes df arc. The measurements of 23 August 58
{their Fig. q) show the scintillations occurring in a wave train with five,
or so, wave periods during the interval from 0990 UT and 0200 UT. The -
ampVitude of the scintillations begins to decay at about 0100 UT and
cont#nues to do so until thg time of local noon at about 0200 UT. This
suggests that the 11ne of travel of the responsible TIDs is in the north-

.south direction. Since the amplitude of the observed scintillations was

r -
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proportional to £~ 7, Wild et aﬂ.,ofoccluded that .they were due to

large-scale irregulatities in the ionosphere. They concluded that the
scale size was about 25 km by assuming that the irregularities were at
a2 height of 200 km and 1$re stationary with eeSpect to the ionosphere.

if in fact the irregu\a#?ties were stationary the period
of the obsereed scintillations would have increased or decreased towards
lacal noon because of the variation in velocity of the solar line-of-
sight through the ionosphere. C(Clearly their results show a fairly constant

period throughout, and thus their assumgption that the irregularities were

stationary is incorrect. Z
The response of E-N interferometers to sciptillations

produced by TIDs moving in a north-south direction as A& function of
thestime of year for an observer at 4£bN latitude as given in Fig. 5%,
It can be seen that the response of the interferometers in the morning
and the afternocon increases as the declinatign of the sun becomes more
negatiye. The response for a ngrthern observer is a maximum when the
declination of‘éhe sun reaches its most negative value on 21 December
and becomes a minimum when the declination reaches its maximum positi&e
value on 21 June. Since the résponse of E-W in;erferomé!ers on 21 June
is low, any scintf)lations in angle-of-arrival of a.solar source 1ndu$ed
by north-south moving TIDs, would probabiy not be discerngle. The
dates given in brackets in Fig. 51 refer to an observefin the southern
hemisphere at-42° S latitude: Sydney, Australia is Tocated at about ’
34°S latitude, and therefore the response of an E-W interferometer

lq&ated there would be somewhat lower than shown in Fig. 51. Bearing

this in mind one can see that the mea;urements made in Australia and

Canada were made at times of the year when the"fsponses of the
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respective E-W interferometers to north-south moving TIDs were roughky
comparable and unep the response had a sufficient magnitude to allow

/
for their detection, Actually the response of an E-W interferometer at

Sydney Q‘I] be about 19 percent lower than at London. In the case of
[ J
L

the Canadian observations the observer was about 18 of latitude south

of the auroral zone over northerq.Canada. The.“Stralian observer was

about-22°‘north of the auroral zone which is located soutH of Australia.

In either case the observees uere removed bj approximatei& equal distances!
//irom their respective auroral zones. |

o Lawrence and JeSpereoq (1961) measured the‘angle-of-arrival

of radio waves from the radio star Cygnus-A using radig jnterferoneters‘

on east-west base lines operating at frequencies of 53_and~108,MHe. The
antenna sep::;tion of the ;ermer was 84 A and of the latter 171 A, Slow
variations in angle-of-arrival with a period of the erden of S to 20
minutes were observed. Since the variations showed a high correletion
between records tdken simultaneously at the two frequencies and the ratio
of the average excursion at 53 MHz2 £0 that at 108 MHz was approximately
4:1, as demanded by Eq. 35 they attributed the deviations to refraction

by the ionosphere .On one occassion the amplitude of the scintillations
at 108 MHz was about 30 min. of arc. Typically the amplitude of the
scintillations at 53 MHz was 15 minutes of arc. They had evidence that
the ionospheric irreguiarities responsible for the sci74i11ations were
most cmmon i}l the hours immediately after sunrise and tended to disappear
steadily throughout the day. This observation is in close agreement with .

the nbserved qccurrence of the north-SOu;h TIDs ‘at London. Furthermore,

?r
Lawrence. and Jespersen found that the irregulapities were uncommon at

night, but occurred aon about one-third of aif ‘days. .

- -~

o -~ - . -

. . ) .




’

‘l' - They found that the amplitude of the scintillations

ed en h was
~ rC’

whereas uhen h was 40 degrees the ampl1tude]has only about 4.2 minutes

decrégsed as the elevation angle h 6f Cygnus-A incre

5 degrees the amplitude at JP8 wHz was about 7.7 min

of arc Their exp]anatwn was based or a particular model of the -~
1rregu1ar'it1es which assumed that they were “thin prisms", They
attempted to explajn the observed elevation-angle dependence in terms
of the anisotv;opic properties of‘these 1:reg:'lar1t1es Alternately,
the elevation angle dependence may also- ‘be ex.plained in terwms of the
response of ~‘éast-\west 1nterferaneters if one assumes 4)\& 1rregularit1es
to be predominantly due t% TIDs moving in a n_orth—south direction. The
response of .these interferometers when h is ’S_degrees is 0.94 awew _'
response when h {s 40 degrees is 0.52. The ratio of the .ampl1itudes of-
the scintillations when b equals 40 degrees to that when h equals 5 ' "
degrees is 0.55. Since the ratio of the reSponses of the 1nterferometers |
at the corresponding values of h is 0.56, the observed elevation-angle
dependence of the amplitude of ‘the scintillations ;ay be explained by
the elevation—ang'le'depende;;ce of: the response of thg interferometers.
‘Lawv*oqce and Jespersen ‘conclud.ed that the refrectioo effects

that they observed were due to large _1onosoherjc irregularities whose
electron content per unit vertical columm varied by a few pel'-cent from
the mean value. They assumed that the irregularities wefe statto.ury
and thereby deduced that thé scale size was of the order ‘of 200 km.

| Vitkeyich (1958b) obsenod refraction effects on radfo .,__w
waves ﬁom powerfu'l Tocal sources on‘the sun, On becassion the sc'iptﬂu—
tions had 4 repetition, close to periodic character”. The scintﬂhﬂoos_ ) ) .
‘werggobserved on frequencies between 15 and 490 HHz. or so, and since ‘

1 . ’
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their amplltUGE§ varied approximately as the wavelength squared they

were attributed to 1onospheric 1rregularitijes, He asspmed that the

irregularities were stationary and deduced that the1r_séé1e s{zes were

of the order of 250 to 400 km
Georges {1968) observe®~J1Ds with a network gf CW Dg?p1er

sounders. The centraily 1oca£ed receéiving station was located at t?t{le

Rock, Arkansas (35°N, 92°W). His observatioﬁgfguggested two distinct t;bes
of TIDs to which he gave the prefixes, ‘very large' and'medium Ec;1é'.
The former were usualily observed to f#ileu mangetic sto*ﬁs. possess
quasi-periods from about 20 minute$ to about 2 hours, consist of two or
three pearly sinusoigal cycles, BQssess ;peeds in- the range 720 to 1450
km/hr., and have wavelengths of the brdgr of 1000 km. for the mosE/part
they were observed to travel southward. The 1atter type appeared on
Doppler ;ecords as a sﬁng]e cycle or, more often, as a train of quasi-
perioqic oscillations with periods between about 10 and 30 minutes, I;
addition fhey had speeds mostly in the range 36Q‘%o 720 km/hf. wavefront
tilts f}om the vertical in the range 30° to 600. and wavelengths of a
few hundred km., In addition, on one occassion hé o?served’she passage
of a TID on the records from four spaced bottomside virtu&] height sounders.
The virtual height versus time contours at Springfield, Missouri (39N,
93°H), for example, showed quasi-periodic variations whose average périod
was about 34 minutes. There we;e about four discernible wave periods
present, ¢

Bramley (1953) made TID observations at‘Slough, England.
He measured the direction of ar;;zgi\bf pulse signals reflected from the

ionosphere, efther at vertical {ncidence or over an oblique path, on

various frequencies in the range 2 to 15 MHz. The TIDs had wavelengths

S
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of 50 to 400 km and speeds b€ 144 to 1300 km/hr. The direction of

motion tended to be more often towards the east or west than towards
the north or.sogth.
? v .
Tveten (1961) observed TIDs &t Sterling Virginia (39°N,
77.4%) with a backscatter sounder operating at a frequency of 13.7

MHz. The observations were bbtained principally during the daylight

hours of December 1%;24/—hb;t of the observed speeds are included 1n the

interval 80 to IOQgﬁrm/hr with a median speed of the order of 580 km/hr.
The overall direction of motion of the TIDs was towards the southeast,
Tie horizontal wavelengths fell between 40 km and 700 km, for the most

part, with most frequency value at 180 km. His Fig, 16 shows the speed

-
-

for very large-scale irqye]ling_disturbances. Most Pf the indicated
results have speeds between 800 and 2300 km/hr, or so. The motion is
directed towards the south-south-east with most of the results falling
between azimuthal angles of 140 and 200 degrees east of north. Tveten
indicates that flis results are consistent with those of a large number
of experimenters, obtained prior to the time of his results.

\} - The large nuclear detonation low in the atmosphere over
Novaxi Zemlyg on 30 October, 1961 cau;ed TIDs which were observed widely
on ground based radio-frequency radio sounders (Stoffregen, 1962). They
. ;ere;observed as varfations in the critical penetration frequency fon

\ .
at a number of stations: the most distant one being some 4,400 km. from
’ f

/
s

the point of explosion. The amplitude of the perturbations in fon 4
varied from 1 MHz about an ambient value of 5 MHz at Kiruna some 1300
km from Novaya Zemlya to 2 MHz about an ambient value of 3 MHz at Athens
. : km away. The period of the distyrbance increased with

ance from 30 minutes at Kiruna fo 3 hours or so at A;hehs. Hines




_{1967) nas ingi1catec that tne.nor:zontal group velocity of tne TiDs
was 700 - 1400 km,nr. He 1nterpreted the observations 1n terms of
oblique prépagatwon of long-period gravity waves. This interpretation
suggests that Fne nuclear dgetonation introduced, 'nto the neutraT-

atmosphere, a local time dependent disturbance, the low-frequency

components of wnicn travelled out from tge Source region as gravity-
wave trains which-tnen produced T1Ds as they passed tnrough the ionosphere.
The @bserved increase of TID period with distance was explained 1n terms
Qf a certain characteristic of grav{ty wave propagation;, namely, the
larger the wave frequency of a wave train tpe larger the angle of ascent
into which 1ts energy at a given period 1S beamed,

The maximum angular deflection observed by the author was

of the order of :20 minutes of arc, i1ndicating a maximum gradient 1n

columnar electron content of 3.5 x 1614 e]/mzkm.a If one assumes that the

TID was contained between 250 km and 350 km this corresponds to electron

density perturbations of only 1%, or so. The corresponding variation in
a fon whose average ambient value was 6 MHz would be of the order of
0.3 MHz, approximately 1/9 that produced by the disturbance with period

30 miputes travelling over Kiruna as a result of the nuclear explosion

<

gver Novaya Zemlya.
Newton et al. (19694 measured local variations in the =~
. atmospheric density with density gages aboard the Explorer 32 satell{te.
They were consistent with waves propagating in the neutral atmosphere.
These variations were observed in the northern hemisphere over the

altitude range from 286 km (satellite perigee) to at least 510 km. They

were observed to be most prevalent at the higher latitudes near the auroral
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zone ang were observec most frequently n the 1até evening ana early
morning hours, but were not Timitec to these latitudes anc times. The
mos t canméniy pbserved wave density perturbat?an nac haif-amplitudes
which were 10-20% of the smoothea adensity profiles. These waves were
1nterpretea to be free i1nterna: gravity waves propagating predominantly
nortn-soutn Or soutn-nortn, witn maximurm nerizontal wavelengtns betweern
130 and 52C km,

Dryson et al., (i972) reported tnat a comparison between n
si1tu measurements of neutral particles and- electron densities with the
Explorer 32 satellite has provided direct evidence that neutral-ha;e

structure im the thermosphere is associated with wave-1i1ke structure

1n the F-region electron densfty. The observed ionospneric electron- \
- ~

density-wave-structure amplitude and spatial extent were cdhs1s§gnLJJ1th

-

TID characteristics. They also reported that their results are consistent

with Hooke (1968), who showed that neutral density variations of about

Lo

ionospheric waves detected at F-region heights whose power had peaks at

102 can cause electron density perturbations of 20%.

Davies and Jones (1971, 1972) reported observatifns

periods near 3.5 and 4.5 minutes and occasionally between 7 and 10 minutes.
The waves were detected as quasi-periodic disturbances 'in the DOpp{er
shift of high ftequency radio waves reflected by the ionosphere. They
showed events Jasting up to two hours consisting of 12 or more consecutive
waverjlcles and indicated that they are likely due to acoustic waves
generated by mechanical motion of thopo;pheric thunderstorms. In addition
they'observed an increase of power for periods greater than about 10
minutes due to background gravity waves which were reported to be nearly

always present.
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5.3 COMPARISON WITH GRAVITY WAVE PARAMETERS

The properties of TIDs deduced from,fye s0lar anglie-cf-
arrival measurements are compared with certain meErtwe;"f_grath_v wWaves
and the effects of these waves on the»’odoiphefe. This 1s pursued because
th® most successful explanation of TiDs has been interms of \the effects
of these neutral waves on }he ionosphere. Hooke, 1968) stated that,
“this interpretation 1s consistent with TID observations {n 50 many respects

[N

as to leave 1ittle doubt as to 1ts basic corpctness”. Following Cn1$onas
g -

and Hines, (1970) 1t 1s taken, as established by previous workers, that

-

TIDs are a manifestation of gravity waves in the ionosphere. .

Hooke, (1968) has derived theoretically the effect of atmospheric
gravity waves on the ionosphere. His Fig. 6 1s relevant to the north-south
TIOs observed at.lLondon. [t shows an fonospheric disturbance (EID) produced
by'the‘passage of a gravity wave with a period of 24 minutes at a latitqde
where the magnetic dip angle I is 60°. Although the measurements at London
wéﬁe*made at a 1at1tJﬁe where [ is equal to 700, this difference will have
Tittle effect on the p;esent discussion. The-IID calculated by Hooke result-
ing from this gravity wave has a wavelenétﬁ of 400 km, period of 24 minutes,
and a gradient in total etectron content, transverse'to a line inclined at

14

30°'with the horizontal, of 3 x 10 el/mzkm. 'These values are consistent

. .
tours deduced by Hooke have an inclinatien of the order of

with those of ]:rresponding parameters deduced for the north-south TIDs.

The isofonic ¢
9% with the horizontal ] Since the angle between the horizon plane and the

plane containing the so line-of-sight and the east-west interferometer

axis is of the orderﬁi
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not, for example, necessarily determine whether the TIS\\as moving towards

"the north or towards the south. -
~ *

Chwmoqes and Hines, (1970) have made model calculations of

gravity waves launched by,aurd}aT eurrents. According to these authors the -
driving force arises from the Lorentz force and/or Joule heating caused by
the auroral currents~*4!3he atmosphere. Thus they introduce a local twmei‘
dependent disturbance : the low.frequency compopents of which, travel

out'as 3 gravity wave train.\\Their Fig. 5a shows the Lorentz generated
fractwonaT/;rgssure perturbatibn at a point 1000 km equatorwards of the
auroral current and at an altitude of 216 km, or so. The wave packet
consiéts ?f4E~sharp head with a uasi-ﬁeriodic train whose local periog .
approaches a limiting value which is a function of the altitude o% the
field point with respect to the source point and of the distance‘of the
field point from the source point. In the above case the wave train has

a period of the order of 28 minutes: It contains four or fgve~wave periods,
but the slow decay of the wave train indicates that it could consist of

-
many more wave periods than the number indicated. .They state, though, that
™~

in a calculation that took account of viscosity and thermal conduction, the

-
-

1ong-endd?ﬁng tail would be suppressed. The results contaiped herein indicate
that on 2 nqmber of occasions the long enduring wave train did in fadt.éxist.
They state that the Lorentz mechanism will readily give rise to TIDs of
observable magnitudes.

Chimonas (1970) has considered the equafbrigl‘szctrojet ag a

possible source of low frequency TIDs.: His fig. 4 shows wave forms of

¥
fractional pressure perturbation received 1000 km horfizontally away from

the .source region and 300 km above the current center. The wave forms

are for all practical purposes identical with tﬁdéahlaunched by aurora1\x

AN
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currents, except the amp]itudes,are'only one tenth, or so, as large. in‘
this case the wave packet contains about seven wa‘f periods and the period

’

is of.the order of 20 minutes. Chimonas states that the TIDs launched
by the equatorial electrojet are likely to be much weaker than those
launched by the auroral electrojet.

In an ideal tsothermal non-dissipating atmosphere the amplitude

of gravity waves (air parcel velocity or perturbation pressure) increases with

~

height Z as exp (Z/2H). This property is a consedbence of the conservation
of energy flux with height, since the ambient‘gir density off as exp (-Z/H),
(Midley and Liemohn, 1966). .Have dissipation by viscosity amd thermal -«
conduction gpﬂses\the waves to0 reach a maximum amplitude at some alttitude.
This occurs because the damping processes, which incre!?é‘with height,
eventually overcome the normally increasing wavé';mplitude with height,
These authors show, that a gravity wave whoSe period is 10 minutes and
horizqnta] wavé?ength is 20 km attaiqg its maximum ampltitude at an altitude

of 120 km, or so. It is likely that the centroid of a TID generated by this

gravity wave will also be approximately at this altitude; actually it is
\ :

likely;%i‘be at a somewhatqg?éiter 51;1tude. because the aﬁbient electron js
density hcreases with aftitude. Thus although the pagturbation due to ’/,/

the gravity wave decreases above 120 km, since the ambient electron density
: k]

g
increases, the electron density perturbation is likely each a maxifum

at a greater altitude. They also show that the vertical wavelepngth of the
10 minute wave -at the maximum altitude is of the ordér of 156 km. The tilt

[

of the wave fronts with the horizontal is given by arctan (\,/A,). and
therefore i< of the order of 37 degrees, or stated in other words, the;for- -
.ward tilt of the cbnstant phase fronts {s 53 degrees. Furthermére, it follows

from the gravity wave theory that the period of a gravity wave propagating




in the atmosphere must be greater than the local Brunt-vaisala period.
Since the Brunt-Vaisala period becomes greater thén 10 minutes at an
altitude of about 180 kT. waves with periods less than {0 minutes are
restricted ﬁ? altitudes less than 180 km (Georges, 1967, Fig. 3-12). It

is readily seen that the pérameters of the 10-minute gravity wave described

aboye are consistent with the parameters of the east-west TIDs deduced from

the mBasurements at London.

5.4 STATEMENT QF‘Q{ESLTS AND DISCUSSION

5.4.1. The Theory of a swept-lobe interferometer obsegving two sources
was developed.

The :Béory of a swept-lobe interferometer and one source was
discussed and a more general description than has appeared.e1sewhere was
given, The theory of a swept-lobe 1 :
was developed and described. .Exper mental results wewa given using
Cassiopeia A éhd Cygnus A on the ¢ne hand and two signél generators in a
laboratory simulation on the other\_ These results were shown to be in
close agreement with the theory. In addijon the accuracy of the interfero-
meters was demonstrated to be +2 minutes oflarc.

It was shown that if two sourgds illuminate an 1nterfefbmetér
they can interfere with one another and produce scintillations in the
measured angle-of-arrival, which is a fungti n’pf.the ratio of the signals
and the antenna separation. Each time the fhase difference between the
sfgna]s at the amtennas from one source changes by 2= ;§d¥aﬁs with respect‘
to the phase between signals at the antennas from the other source the
meamured angle-of-arrival varfes throégh one complete s¢intillation cycle.
It was shown that the period and amplitude of these gcint1i1at1ons was a
function of the antenna separation and that the interference produced deep

fading in the recorded ampliitude.




The reason for investigating these properties, whose
description is generally relevant to other radio-wave applications, such

as direction finding or over-the-horizon radar systems, is the following

much more specific one. An explanation of thé observed seantillations

of solar sources in terms of interference between two 1ndepéndent sources
is the most serious objection to their interpretation in terms of TIDs

in the ionosphere. Once -these properties are understood and the objection
refuted the interferometer can then be used as a very effective tool for

observing TIDs.

5.4.2 The solar interferometer was shown to be an effect1ve instr
for observing TIDs.

Theoretical development work was performed in a number of
areas, to aliow for the effective use of the interferometer as a TID-

-

sensing instrument. The Paths and velocities of the 1ntersect1on of the
solar lines-of-sight with the 1on05phere‘were determined since their notions
affect the periods of TIDs and thereby provide a means by which the [
disturbance velocities may termined. The-respohse of the interfero-
meters was defined and deve?ssgjlbecause the modutation that it causes in the
enmukizugd of the scintil]at1ons is a functiqn of their line-of-travel. A
two J}meysional projection of the interferometers constant-phase surfaces
was developed-asm;;haia -to visua1121ng the interferometers as TID- sensing
devices. Fipally, same focussing and defocussing theory was modified to
make it relevant to TID obseryvations.

It was shown that TIDs can be detected as quasi-periodic
‘scintillations in thg.angle-of~arr1val of radio waves emitted by Enhanced

localized Sources on the solar disk. The direction-of-travel of the.TIDs

was shown to be determinable from the modulation of the amplitude of the




observed scintiliations. The modulation was imposed by the changing

angle, during the peripd of observation,\of the solar lijne-of-sight with
respect te the Interferometer axis. The speed of the TIDs was shown to

be determinable from the variatiom in the period of the scintillations
produced by the motion of tae solar line-of-sight thr0ugh the ionosphere.
In the. case where no variation was discernible then, at least, a lower
limit to the speed could be-deduced. The speed was also determined by
correlating the degree of fading in amplitude due to €focusing and defocus-
ing effects with the maximum observed rate of change of ;;g1e-of-arrfwa1.
It was also shown that with a particular compound interferometer the tilt
of easf-west TIDs cowld be determined. The compound interferomdter
consisted of a base line on an east-west direction and one on & predominantly
north-south direction. The tilt was obtained by finding the ratio, shortly

before local noon, of the amplitude of the scintillations observed on the

east-west interferometer to that observed on the north-south interfero-

meter the latter corrected for deflections in azimuth. At this time the

past-west interferometer is most sensitive to angular deflections in
azimuth and the north-south interferomeler is most sensitivé'to deflections
in elevation.

The sun, when emitting rf energy at an enhanced level, is an
effective 5ourcéf;6r observing TIDs. In effect it tends to select times,
for the obser&er. when there is a good likelihood of TIDs being present in
the ionosphere. TIDs tend to be present when the ionosbhere {s disturbed
and the ionosphere tends to be disturbed when the sun is disturbed. Ffurther-
more, the sun radiates at an enhanced level ly at times when it is in a

didturbed state.® On the other hand/it {s not an effective source for obtain-

ing.synoptic measurements because they are possible only on those infrequent
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occassions when the sun 1s radiating at an enhanced level. A transmitter
)

[ N
located on the moon radiating a VHF circularly polarized radio signal

would be a very effective source. It wqp]d combine the advantages of

¢ using the sun, when it is raqjating, for TID observations and the capability
of mafging synoptic measurements.
S
5.4.3 Long-lasting Quasi-periodic TIDs
. The main new result of this work is the observation of long-
. .

lasting TID wave trains. The wave trains observed on 27 Qctober 1968 and
12 November 1969 are probably the longest, in terms of number of wave
périods. that have been reported to date. They are of the order of four
to six times longer than those normally observed. Their parameters were ¢
determined and shown to be consistént with values from previous observations
and with calculated pérameters of gravity waves, which are usually taken
to be responsible for producing TIDs as they propagate through the ionosphere
‘ The TID observatiens are summarized in Table I. fID; were
obseryed on about 18 out of the 21 days that the sun emitted metric radiation
in the 1.5 year. period between 15 October 68 to 2 March /0. A total of 24

distinct TID wave trains were observed in that period of time. Two types

of TIDs were observed at London. One type tended to travel in a north-

The magnitude of the wave period in the wave trains was observed to be
approximaie]y constant throughout the duration of the wave train, after
a correction was applied for the motion of the sun, suggesting the presence

of one main spectral component. Fig. 56 shows that three ‘perdominant wave

periods were observed; i.e. {a) 5 and 10 minutes, (b) 20 and 25 minutes,

and (c) 60 and 65 minutes. ,

\

e —————

3

south direction and the ether type tended to travel in an east-west direction.

/

A




5.4.3 A. Properties of the north-south travelling TIDs

These TIDs were found to travel along a north-south direction
to within (:100). They were observed on a nuqber of days, and the nominal
value of their period yas 21 minutes. Their speed was between 400 and
2000 km/hr and consequently their wavelength was between 140 and 700 km.
On the 27 October 1968 the 1a;eral extent of the TID wave train was at
least 1200°km because this is the.distance that the solar 11ng of sight
travelled through the ionosphere during the period of observation. The &
north-south TIDs were observed at London between 15 October 1968 and AN
1 November 1968; a period of time during which the sun emitted meter wave-
length radio waves at an enhanced level almost every day. This is most
remarkable because it is unusual for the sun to radiate at an enhanced
level even for one«omplete day. Since the sun was disturbed during this
time it is 1ikely that the jonosphere was also disturbed. At the end of this
time period a polar cap absorption event took place. In particular, erhanced
auroral zone heating is 1ikely to have occurred during this interval.

It appears likely, because of the period of these TIDs and
115@ of trave!l that'they were in fact generated in the auroral zone and
travelled equatorwards. Other workers who have observed TIDs traveliing —~
along a north-south direction have found them to be travelljng.equatorwards
in, at least, the overwhelming majority of the cases. The TIDs observed
in Australia by Wild et al., also had a pe}1od slightly greater than 20 f‘
minutes, which suggests that their observation point was a similar distance
from the source poin} as for the observer at London, provided the pefiod is
a function of the distance from the source pbint. The distance of the point
o% their observations from the southern auroral is similar to the distance

of the point of the present observations from the ndrthern auroral zone. If

R
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the gravity waves responsible for the fIDs observed at London were
generated in the equatorial regfon,'a possibility which should be
'jnvestigated, their period would be of the order’o€‘120 minutes

{(Chimonas, 1970), un]e;s they were ducted in the earth's atmosphere.
Furthermore, the probability of the equatorial zone acting as a source
is"small because it is a much weaker and distant source than the auroral
zone. It follows from Chimonas and Hines (1970), that the distance of

the gravity wave source responsible for the 21 minute TIDs, provided that
the gravity waves propagated freely in the earth's atmOSphere,‘wés less
than 1000 km from the point of observation. It is assumed here that the
gravity wave source was located at an altitude of 112 km, or-so, and the
TIDs were detected at an altitude of 316 km. Since the TIDs were observed
‘at a'1atitude ef 35°N, this suggests that the gravity wave source was
situated at 45°N, which is unlikely even though the aurofa] zone moves
southwards of its nominal latitude of 60°N during times of magnetic storms.
Itiigpears'1ike1y that at least partial ducting of }he gravity waves taok
place in the earth's atmosphere and that the angle-of-arrival technique
either happens to be sensitive to TIDs with period of 21 minutes or the

average period of the gravity waves was 21 minutes due to filtering of the

gravity wave spectrum by the earth's atmdﬁphere.

Friedman (1966) has shown, using the gravity wave theory and
a mode) of the earth's atmosphere, the existence o{ prOpagSEion modes which
are strongly ducted by the atmosphere. Hismod8-SI which is strongly ducted
in the mesosphere may be an-app;?pr1ate one to consider for purposes of

this discussion. The horizontal p”ase and”group velacities of this mode

are 1100 km/hr. This is consistent with the TID observations, although it

was only the phase velocity which was measured. -On the other hand, since

-




the gfavfty waves were probably generated at a height of 116 km, or so,
_his mode HZ, for example, may .be more pertinent since 1t 1s ducte? by the

f-region., Its group and phase velocities are of the order of 835 km/hy,

which 1s a phase velocity consistent with the velocirty of the observed TIDs.

He shows n his Fig. 15 ¢hat a gravity wave with a perrod of 52 minutes

propagating according to modes W5 or 55~i% ducted up to 3000 km.ir the E-

region. The veloci1ties pf these modes are about 645 km/hr,

. &F
5.4.3 B. Properties of the East-West travelling TIDs o

TIDs with a nominal period of 6 minutes were observed on six
occasions. They were observed to travel in an predominantly east-west direction,

*and on one of these occasions; namely, 12 November 1969, they moved towards
i

the west. On two dAys their direction of travel was unknown. These TIDs

had a horizontafﬁvelocity and wavelength of about 200 km/hr and 20 km
respectively. They were detected at an altitude greater than 100 km and
probably less tgan 300 km. It is 1iké?y that they are ‘an E-region phenomena.
Since the maximum observed angular deflections were of the order of 8' %fc

the maximum horizogtal gradients in total columnar electron content were

14

about 1.5 x 10 e]/mzkm. If one assumesgthat the Ti0s were contained in

the height range between 125 and 175 km and that the average total columnar

. electron gradient was 0.7 x 70}4 e]/mzkm, then, since the ambient eléctron

2. the magnitude of this perturbation in.

density is about 2 x 10'' el/m
étectron density due to tﬁg TID waé abouf\l percent. Thus it Ps re%?lly
seen here that the angle-ofarrival technidue is sensitive to small éféctron
density perturbations; to a large extent, becsuse it in effect integrates
throughout the vertical extent of the berturbation. It was shown that the

surfaces of constant phase of theseQTIDs were tilted forward in the direction

A
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of motion, which 1s consistent with other observations of TIDs. It

was also ghown that the ma 1tude of the tilt 1s consistent with the

) o
gravity wave theory.

[f one looks clo;;iy at the solar flux density 1n Fué. <7
cne may just be able to discern a structure with a quasi-period of ope
hour. The solar fiux density appears to have local maxima at 1430, 1530,
30 and 1730 UT. The N-S angle-of-arrival appears to have maximum
am§31tudes at two of these times,; namely, 1530 and 1730 U%, and possib{;
at a third, 1630 O% These observations suggest that there may, in fact,
have been a gravity wave present in the E-reggbn with a period of one hour,
perturbing the motion of the T}Ds whose period was. 6 minutes. The long
period gravity w;vg’mAy not have been directly degsftable as a TID because
it may not have manifested itself as such upt1l it passed through the F-
region (Hooke, 1968). Further gxamp]es of TIDs with a period of one hour
occurred on 15 and 16 October 1968. Since long period waves have been
observed to travel predominantly equatorwards (Georges, 1968) the line of
travel of these probéb]y it also equator-wards. . This conclusion_ is

"consistent with the period of dpe ea;f;ygst mov i ng Tlﬁifrains being perturb-

ed, as,it was, by a disturbance with an one-hour périod1c1ty. Since the
horizontal distance travelled by a 60-m1nu£2/grav1ty wavé génerated in the
auro;;;*;Bhe prior to reaching F-region heights is of the q&der of 2000 km
(Hines, 1967) it is possible that freely‘propagatinélgravity waves from a
disturbed auroral region at 55°N could explainSthe F-region-observations.
The E-region observations cannot be explained in this manner and ducted
gravity waves must ;gain be resorted to.

It 1s interesting to note that Heisler and Whitehead, (1962)

reported certain properties of mid-latitude sporadic-t reflections. These
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properties 1nciugec an osciitatory variatiorn of the critica’ anc blanketing
frequencies, with a quasi-perioc of 60 minutes anc a secondary one withn a
period of id mINutes. In addition the Sporadic-t ciouas of 1onization were
observed to travel with a veioc ty of the order of 240 km'hr. Hines (1963)
attributed these effects to tne formation of Sporadic-£ by wind shears gue
to gravity waves. He indicates that smali-scale irregularities i1n the
. - '

E region could be due to gravity waves with periods lying in the range
5-30 m¥nutes. [t should also be pointed out that Gossard (19f2) has shown
that the strongest efflux of energy from the troposphere in the form of

. :
internal gravity waves occurs at periods of 10-30gninutes. The above
agreement between Sp;radic-E and tast-West TID observations suggests that
there may be.some correlation between the two and should be investigated
further. Furthermore, 1t is possible that the source of these -TIDs lies
an the trohosphere. Therefore their correlation with possible sources,
sucn as Jet streams or intense localized meteorological thunderstorms
also warrants furthHer investigation.

)

5.4.4 'FINAL REMARKS
[ ¥

A comp?ehensive Histing of TID farameters measured by other

workers }{ given in fig. 2. These were obtained by a number of different
experimen£}7 techniques and are given in Section 2.2. TIDs with a N-5
Tine of travel are well documented and are usually associated with heating
in the auroral zoné'during particle-precipitation events (Georges, 1967).
The N-S TIDs réported here appear to be consistent with the other N-§

TIDs shown in Fig. 2. E-W TIDs on the other hand have only been observed

B’»one worker (Bramley, 1953). It should be emphasized that the angle of
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arrival technique developec n this TheSis 1s capable of giving a more
comprehensive description of the ’IDS‘;F detects than are other
techniques. The foilowing TIT parameters may be 1nfered from the

' bl
scint)yliation measurements: .

(&) speec

(b) Tine of trave!l

(c) period -

wavelength

(e) height

(f) talt

(g) electron number density perturbation

Other techntfques are usually Timited to about four of the
seven parameters listed above.

Another point to be gﬂphas1zed is the sensitivity of the
interferometers as TID detectérg. The maximum resolution of other TID
detectors, such as vertical incidence ionosondes, incoherent backscatter
radars, doppler HF circuits, etc. to electron density perturbations is
at most +1%. The angle of arrival technique developed here will now
be shown to be capable of measuring electron denstty perturbations which
are smaller by a factor of 5 than those measured by the techniques
listed in Section 1.1. —

Since the angular resolution of the wide interferometers

" was +2' arc or $2.33 x 1077 radians it follows from Eq. (35) that

S
d - . 13 2
aaf“ dl = +3.85 x 10!} el/m?km
0
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average g:fN di fh dl = =C.

0 Q

assuming that the TI0 1s sinusordal.
First, let us specifically cadculate the sensitivity of tne
interferometers to £-W ;IDS. Although the horizontal wavelength of these

TiDs 1s 10 km, the separation of their constant phase surfaces 1s
0
20 syn 407 = 13 Wnm

because their ti1lt angle was measured to be 50°. This tilt angle agrees
with those Georges (1967) attributes to "medium-scale” TID events, namely
450. Thus the change n columnar electron content from a point within

the TID of zero AN to a point along the TID of maximum AN is

S .
AfN dl = £2.29« 107 x %ﬁ = +0.744 x 10** el/m?

-

0

~

If ope assumes that the vertical extent of tbe E-W TIDs Tts
25 km (Georges, 1967) then the .total columnar length through the TID
being sampled by a solar ray is considerably greater than this because

of the low elevation angle of the sun during the winter season when most

of the measurements were made. Since the average elevation angle of the |

sun is 22° the columnar length is given by

'

95-—’“13 £ 6.6 x 10° m
sin 22




fOFZ auring

- - 1w
AN’ 0.14/ A ]0 =:.'-.‘~
6.6 x 107

Since the ordinary penetration frequency of tne 1onosphere

g—— -

the time of most Of the measurements was 10.5 MHz 1t foliows

that the peak electron density was 1.4 x 10°° el/m®. If one assumes

that the TiDs where contained between the altitudes 175 and 200 km and

uses a standa*rd 1onospheric electron density height profile the ambient

electron density for this altitude 1s 6 x 10°° el/m’. It follows that

the sensitivity of the i1nterferometer is

than 200 km

a height of

to N-S TIDs.

the t11t of

surfaces of

sight whose

I[f one were to assume the height of these TIDs to be greater
ﬁﬁ would decrease because of the i1ncreased valge of N. At
225 km for example it would become 0.11%.

Let us now consider the sensitivity of the interferometers

L

1 C

The period of these TIDs was measured to be 20 minutes. Since

T1Ds with this period is roughly 60° (Thome, 1967) the phase
the N-S TIDs are approximately parallel to the solar line of

average zenith angle was GBO. This fortuitous circumstance

enhanced the sensitivity of the angle of arrival technique to this type

of TID because the solar line of sight sampled the maximum electron

density gradient along the vertical extent of the TID and no phase

cancelling effects couid take place. [t can also be argued that since
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N

these T1Ds were detegted by the interferometers 't foilows that their
rd

forward t11t corresponded to the zenith angle of the sun and n addition

-

they travelled towards tne equator because TIDs are always observed to
travel 1n the o;rectwon of their forward tit.

Since the horizontad wavelength of the.N~S TID0s 1s 400 km
ana their trlt is 60° the separation of their surfaces of constant phése

1S given by

= 400 sin 30° = 200 km

y)

following Thome (1964) the vertical extent of the N-S TID in the F region

15 chosen as 225 km. It follows that

S .
A_/r N dl = £2.29 x 10'? x 50 = £11.5 x 10'* el/m

o \\,,///
and the length of a column parallel to the solar l1ne of sight contained

in the 225 km section of the ionosphere, is

<

225

=6 x 10° m
sin 22o

therefore

-

I
aN = 3 X 100" 0y gy 4 109 el/m?

6 x 10°

N ,
The average electron density of the ionosphere between 150 and

. t
375 km height levels is assumed to be 8.4 x 10! el/m®. [t follows that

13
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It can be concluded from the above that the argle of arrival
techniue developed in this Thesis has by a factor of 5 greater sensitivigy
to TID electron density perturbations than tge other techniques, listed 1n
Section 1.1. This may explain why the solar interferometers®™detected long

- -~
lasting TID wave trains where other i1Rstruments hav failed in the past.’
A gec@raphical effect may alfo be in play here sinc:jlhese measureﬁents
were made closer to the auroral zone, which is the ]1ke1y‘§6;}ce of the
N-S TIDs, than the other ones listed 1n Fig. 1. It should be emphasizéa
tnat each tech;¥ége tends to detect that regimé:bf TiDs to which it is
most sensitive and fails to detect all others, This accounts for the
quasi-sinusaidal appearance of the angle of arrival scintillations
measured here, . ¢ 7

The enhanced sensitivity of the imterferometers over other
TID detec;ors 1s ng to three main factors. These are satisfied by a
certain class of TIDs, particularly in the winter months which happened
to be when most of the meaSuremen;s.were taken, Th}s seasonal bias was
caused by the sun only behaving as an effectfve radio(ii:rce during the
winter mont2§ for the time period of 1nggre§t.

{(a) The measurement'being one of the gradient of the total columnar
electron content results in the complete vertical exfent of
the TID electron density perturbation being 5ampled.

(b)‘ The low elevation angles of the sun:

(1) increased the response of the E-W interferometers to N-ﬁ\\
' w \_

T10s;
(i1) allowed for the fortuitbus agreement between the zenith

angle of the sun and the forward tiit of the N-S moving

4




TIDs and thereby further jncreased the sensitivity of the
angle of arrival technique to these TIDs;
{1i1) a11owed“for an even greater integration effect because of
oblique rather than vertital sampling through the TID.
The F-region electromn densities being gréater in the winter than

1n the summer, TI0s which would be .undetected.in the summer, become

e

of sufficient magnitude to be detected in the winter months because

-~

of the enhanced ambient electron densities.
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X

. FIGURE 2: Geometry of two rays S from a radio source and an
interferometer with {ts base-ling on the OY axis. The
two elements of the interferometer are located at 0 and
A. The intgrferometer angle is 8; the altitude of the
source s h; and the azimuth of tha source with respect N ‘
to OY 1s Az', : .

/

~




Yo
~9

O TR Y YLVEL LA gt
40 sony ) 0ee i Bujvmn® 40 wesbeip (9110000

(93 e salelmjuis e v (1 1L e

“Ag uas b 1y 9208 B0 oy,
Ly 291040480010 8y] (1960 "11020UR Ta0NY)

- sorbadbin,sanuy 00| -108s8 0)i00 ¢ 4O arobeyp 12010

(9

{v v ounbdyy

& ()

{29 3)m)000 by 4+ (9 3im)%00 'y

]

~—”
4

(3)-V o0 e Lpo ym) 900 B0

,-u.to.’ «1®) 802 '8
‘A

{$+1R)000 '9 o (s 710} 000 ]
[}

(o)

-

. ].O.‘I Qav -

a.w.Q-—‘uS-JQo

{')-reiun e

i

h

(g 12100 T o)@ 900 '8

'/ T
\xwx ,

Ty put 'y 18004 80 Buyuijnamap 40y swesbeip 193410088 (Q
L 4

[ Pele WY303 By o (T4 Am)80D Y

vhg uea 8 1 182an08 Om) 4Oy (pub it S0 0B, B0
My SRIMDIR ANV eqo| -1dsAt Djirq ¢ O weabep wo|Q (¢ 1% aunb g

»
(a) v
¢ 1 A
1
1 9 .
; v T
benie
r\
{(P)-19e¢s uaZ i) uS N a.w.ui«!m ‘o
1 ]
WILAHE
ISVHd
) Ui 'e
] .
(0) S
]
— .
]
DIt A A vag ¢ \'mjups ...
/N 1 A

($esVBZ 1w )uis g Vmun 9



/’ //
s
8

L.

Gaompte: 2’ 2 §37ac f c wrprmia fT TRe varlion n pRase
and smp’ L A0 mps _rv S L. e 2 O A~lecferonele”
ayservien- twd e - AT = S Lol

Ao .
/
A

&

TWO SOURCE INTERFERENCE
PHASE

S

804
704
604
50
40
30
20+

939?

84 (ELECTRICAL DEOREES)

28683

3

.

:

10

R I T LA Lo Lo L R j Il
200220 290 260 280300 320 30
CTRICAL DEGREES)

"g"
8-4 i

EL

m

Yartation Gf phase weacurpd by a twept-lobs tAterfercmeter
ahterving two 1ignals with certain amplitude ratios given

by~ e./0s

v




0 SOURCE INTERFERENCE
AMPLITUDE

//
Y
T

Yad
/7
/

P

{ RELATIVE AMPLITYDE )

4

a2

0 —— —_— —
60 200 240 20 320 M0
&4 (ELECTRICAL DEGREES )

Stgwe 7 Yoriation ¢f spl i tete groevured Yy 5 tuw0t lobe ‘aterfergmpiee
Mnervieg wee V'Pasiy wilh CETlain gl iteme catiog,
L] .~ rere
.
1ENT™H

f{'*’
EAST

Tiguee & tomuriry nf Uhe Aarvow (L U} ond w1l (L X} rant et
raterie romrters amd the ~0/th  cath (L V' o mirrtermaetsrs




e 204

T ® T 4 AT T

c\mﬁ
”/g’m 4

/ - [$8 gl Mol _Fig. B

ANTE s SADNATION PATTY

-+ TN

Flgere § Plane comtatming conter of earth, obsarver, amd volar line
of 11ght 2t local moom An (dralrred radtatiar patterm 4
shas~ of & werticaliy polarized yaq' antemms "N grose try
g sotion of both Crgnes A ¢ and (4e3'00wis & ¢ Yimpy of
sight are thown

49 381\ €-wW INTERFEROMETER
CYGNUS A AND CASSIOPELA A

4FES 1969
-—— |FEB8 B89

UPPg

R
CULMINATION
{CASSIOPEIA A}

g vo———r L AR A - g Y \ g v g ey
o0 B0 00 v (B, 2] 00 1900 2000 200 2200
UNIVERSAL TIME (4 FED 1e9)

Flgure WO Awgle.-of.arrival of (yomus A ond (ssriapeis b obreerved Dy
e wids [ ¥ Interforawter on U & and \ Taoruwary 1904
Micissa 11 correct for & Febryery 198




CYOMS 4 AMD CASSOPTM 4
@Ml ('Y WTLRFENOMETER X X
4 FUBNARY oo 1 \

' |

! '

3 8

O
im
5)0-4
[ ]
r 204
o4 .
O T A v — - hg A B
SO 30 <30 L & ] (kg ] %30 30 2030 230
UNIVERSAL Tt
e M Povrigs of (5ot Vatigne apeswnd By e wide t & gl G (e ey ed fer the phewe of Bu dighete *
rewrtoramter m ¢ fabedBry 1900 nd (sused by fruh Lnviopeis b e cpgews b W Yo @ SrcTeene
et erpacs brtseen (Jet'@mis A g (pgaus b D ratiem dhew dnerrd (adividally
Penimpd cwrven given Berwtica) e lawe Wtid corwe :
AMPLITUDE i
I FEBRUARY 1989
CYGNUS A4 AND CASS'OPELA A
49 361 A £ -W INTERFEROMETER
' X a
T
- [ | FEBALART  reaq
¥ ‘J' €9 ML €W INTERFEROME TER
.} 1
- '”“:
-ed
' []
. S - e _ _ il _ - — . - v - _ —_
i e
§ o
s B © -
%4
iag ¥ d
o - IO4y
' e nJ.
164 J - — —— e e e — -
4
X
>
10 \
-
§ o )
-
UO(-‘
>
= Oa<
} -
024
¥
3 o T —r i - . e—— _- - v v
300 00 oo ~y e (L. v 3] 00 2000 <00
UMV RSAL Tt -
s
flom e | @ Sper e v e peg »oceterdiag oY LAy St
" e P T Y L VT mview s A o

| latrwary 19 lmsgei g 180 LSrTeiguadiag segbe
@ et teqg) EBid v EERRLL -




CYGNUS A AND CASSHOPEIA A AMPLITUDE
| FEBRUARY (969

THECRETICAL
— - ——— EXPERIMENTAL

v

b 8 84

588 o

AKJLE OF ARMIVAL ( MINUTES OF ARC )

§

Fy

h g v+ —

moo Lo o] 1900
UNTVERSAL TimE
Apliteam 1AL 1 Ta2v0m Of the tum ot Lhe 3igaaly ‘rom

Cppres A ang Lavviopery A on ' Sedruary 19 compared
-{m 2 tworetical corve

W5 A E-W INTERFEROMETER
CYGMNUS A AND CASSIKOPEIA A

4FEB 1969
G FEB 1969

CUL MINAT 10K
(CASSICPELA A )

T
o0

Y

v—

Y A
1600 600

FIQms

is

T Y v v - Yy

T
2500 2200

n

o
2000

T
8500
UMIVERSAL TIME (4 FEDB r9¢9)

A § AS
1700 1800

L eariton 3 sayle f-grrival dfatillations recorded
on e rarrom | w 1atarferometar on 4 februery ard
6 tetruary ey




‘y #1000}33%) 0 uo}3 304 uoLIRUWLND aaddn

syl v paiuiod Kiybnos seuuaiur sud Yl sps BUDM

TR " Wi C{eAlpuUi-IUOW X}S @ 19A0 SAep 40 Jaqunu
v 40) y v190013%9) 30 uojIeujwnY Jaddn 203 30 )

aul 19 J913wW0udj43TUY N-3 PN ayl Kg-painswaw ¥svud

(SAVO) 3INIL

1§51 JYMOLd

230
o

NOILVNININD ¥3ddN LV ¥ Vi3 SSV2

9NIQV3Y 3ISVHJ HILINOUIIHILNG A3 X19¢°6¥

J




Fig.

ZENITH

SUN

HORIZON

(a) : h

CELESTIAL
EQUATOR

SOUTH

e a) Plane defined by observer’s location, ceater of the sarth snd solar lina of eighe,

») Observer’'s celestisl healsphere ehowing angles used in defining the point of iatersectios
of the solar line of eight with tne ioncephers.




[ -
=" <
E «rJ
g 30 4
¢
= -
-
]
L4 o Ll g v T
[ o d L -4 [ o ro* [ - 0
LOMQITUDE { wEST)
Mng. 17 T™he turves show the loct of the tncarsection of the oelar limes of sight vith varieows lovels

ta the fomcephetre ae & fusctiDa of rise Co-ordiaate awes showa im tha -eert define
poeitige values for the tve valocity componeucs, Vs, amd, ¥y, of the ee'" l[ime eof efight
throwgh the lomcupberse

o N 12 NOVE MBI R 1969 /
ui\ vy /

o el S N
\ sl .
o
- ~ ~
. ~
: >
a Q-
00 4 .
- 200 4 .
- M0 Y T T T Y T M
MO0 800 WOO ITOO W00 MO0 2000
THel (UT) !
fig 18 Plet of Bevember 12, 1949 veluwas of, Vu, and, Vy, sa & (unetion of '6 far variemsa beighte

7 ,




%4
ZENITH =

.
—= EAST (YW}
P
SOUTH A
{x) ]
/ .
|
rig 9 Solat ray - interferceeter gecaetty showing spharical triang.e, ADC, which 1s deffined by the
of the soisc .ine of sight omto the observet ¢

solar line of eight, 05, projecticen, or,
hotison plane, snd the projection. U ., of tha T1Ds' borizesta. vecter ontd the cbserver's

horiscon plana

v

-

RESPONSE OF E-W WMTERFEROMETER
NOVEMBER 1969

~
-
-1.0 — Y T T T T 2}
. 1300 1500 700 1900 200
. ™E (UT)
i -
rig. 19 Plot af response, Fi.1. of tha E-¥ intarferomevers versus time, eu November 11, 1969, to
sagelar ésf{lections of the eolar iine of sight due to tafraction. The sumbets o8 the curves
v

give the T1De' direction of travel.



s

RESI Or L OF N-S 'NTERSEROMETER
3 Ol @R AY

1o —— e e ———
a -~ ¢ vz e ’///,"/(:_/"
F_C- — ’,/Ki/

TOSMMVED/ T ACTURL

- Qi "_-.,._.\
NS -
oo
- — - - — - . e
Q00 w0 S %00 U0 W00 MO0 2000 ™0 2200
UMIVERSA, TIMg

FIGURE 21 ' Retponse of the -5 interfgrometars o 12 Novesber 1369
e angular deflectieny of the 1oiar tine OF L grL due to
refraction dy "iD i=duced moritontal gradients in gleciron
deng ity within Lhe 1onciphere The RBORFY OF (NG (NPVYES
give e TIO' dlrection of travel

S

'('. WTERTTAOME TER =y g RO A

Floumt 27 Loct of the interiection of the turfaces of (onitant phese
for the §-w inGurfcrometer witlih ¢ Diane Lot Of the
beevrver eny 2L ront Jrepler to L VDS TYEt sAOulh avis
Vethed Curves give Iowt al tm intersection of tie solar
1o of sight with Lne above plane for veri1omy trues
af the yeer




OV RO TR E PR

"

FIGRE 2) Loct af the Intersection of the surfecs of constant
phate for the .5 i1ntgrferometar with 2 plene 1outh of
thy odvrerver and atl right apgier Lo the obaerver-10uth
axtsy

rd
e Flume 24 Aefraction of two solir rays Sy 2 ipatially carytng
1 horirontal electlron deniity jradient in Lhe 1onCipherc
- (After, lurnbull amd torsytn, TWY)




*KI45Udp xn(y

4

01 UO}323|43p PN} dwe JUIAUCD OF SIAJND UC|IRAGQEIP) 62 JYNDIJ a
* .
30N1NdANY d313H0HIIYILN! 3AILYI3Y
o 5 200 S ST I L S 2 O
- .n 92 -
!
- I F9e-
i

| I Lee
| ’Wva
M. s -02-
m L L gi-
€ .g1-

Pl !
~ g d | [ - vl

"z &
I.“ - W 'le
.mw M -0t

“W - o »
- > -
- 4 -9-
, 0% -

g2
- mw -2-
L - O
£Co1 ESTW3AON ¢¢
HILIMO¥IIYILN! S-N X602'VS BO M-3 Y16 o__ H31Z1MO¥IJYALNI -3 XI19¢°69

(8P) AWNOIS 1S31 TWYNY3ILX3 30 30NLINIWY JAILVI3Y




28 OCTCBER 1468

2
« n 49 361 A E-W INTERFEROMETER
5 o
z -
! -
3 o
>
I —
x
«
% ~20]
[FY] —
-
Z -40
Z -40 N
-1
T L4 T R T T T T T T T Ll T T T
1400 1500 1600 iTO0 1800 1900 2000 ° 2100 | 22Q0
TIME (UT)
tig 26 Angie af atrival versus time seaeured by vide [ W i{aterfurceatsr om Octobar .8, %48 T™'le
f80ult 14 cCrAletwut with & stalliocasry eclal sour.e and » relatively undisturbed Looceprars
12 NOVEMBER 1969 R
. N-S INTERFEROMETER N
J -
= 20
>
o ]
5 < 0
58
2z
w =
JF -20-
23
z -4
L

g’i

) - AMPLITUDE 2
_ 12 NOVEMBER 1969
Cme s LT s °5
P ST A =
"‘.'.‘.:. o .\.-..‘ ."- ‘y -’:":.'-..’. .‘;i?F;
- 2 i, o
.

>

Lot ¥ h
NN

i)

w @ 20
[« 4

» T 4
oo~
P o
et 'O
gg ]
T1a. 27

o —y— T T 1 T T T )
330 1430 1330 1630 730 1830 1930 2030 2130

TIME (UT)

S

Compatioen ol asngle of arrival sad selar flun demaity asasured with the 35 iatarferemater
ou Nevember 117,

1949




' NOVEMBER 1969

7 NORTH SOUTH =
40 -—--49 361 A EAST-WEST
g ] bt ;w-il,\rww
> 204, = . |
ao ‘
Ig ~ &‘ <« ‘F\ n Ut .l w.“j
o ’ L) i
. O;Mtlg Lg.fikér"}.f I
P L% K ) T " ~ ! "7_1 1*'
CERR \ iy w"‘u‘ o
2204 Lo cil
« | | trl g b i f {
) | ] ]! 1 |
a0+ , ‘f"?l*‘.:il'l |
T T T T T T T 7 T T T T T Y T L
400 I500 4600 1700 1800 1900 2000 2¥00
TIME (UT)
rig. 28 Comparison of smgle of arvivel massurod by Soth the vide 54 ond the F-§ tlocar{eremscars en
Bevesber 11, 1969
) 27 OCTOBER 1968
304 — 49.36| A E-W INTERFEROMETER
" ~-—-~- 16571 A E-W INTERFEROMETER
20 o .
-<J L
23 101
o v
£ ol ..
w s !
i |
wZ 10
g = zo-
<
30
40
T T T‘“T‘ 7 b L T T T T N
- 1400 500 - 1600 1700 1800 1900
TIME (UT)
rig 29 Comporioms of the sagle of strival vercus (ioe ssasured by mﬂ‘o B-% sod marvew I-¥ lacer-

lecrapaters oa October 17, 1948




27 OCTOBER 1968

b 4936 L E W INTERTEROMKE TER
see- AN L £-w INTERFEROME TER

)\/*y/"&’“\/\,.

NN

ANGLE OF ARRTIVAL
(N OF ARC)

FLUX DENSITY lwer? M2~ 10~ D

5

Camperives of aggle of artivel and seler (lun deneily snmsured oo Oxtober I° 194

27 OCTOBER 1968

49 38! A INTERFEROME TER
~—— = Te210 MINUTES
TeI30 MINUTES .

ANGLE OF ARRIVAL
(MIN. OF ARC)

MO0 1500 1600 1700 1800 900
TME (UT)

] eseontnd vith the vids L Leeerforvamstier oo Outebor 17,
o poried of ]) wismien, the other vith o paried of 13




»
o
J

49361 A E-W INTERFEROMETEP
29 OCTOBER 968

"‘m e
Y

n
o
1 i 1

i

ANGLE OF ARRIVAL
(MIN OF ARC)
8 o
1

J

’
&
-4
y
:
4

;". 407
©
: b
2301 | .
. f
'E -
- 20 R -
-4
2 AMPLITUOE OF SOLAR NOISE
& 104 29 OCTOBER 1968
5
d L T T T —T T T 2!
1400 SO0 OO 1700 1800 1900 2000 200

TIME (UT)

FIGURE 32: Angle-of-arrival and solar flux density
measured with the wide £E-W interferometer on
October 29, 1968.

18 OCTOBER 968

4 —— — - INTERFEROMETER DATA
304 N
; - [
a zg D«ﬂ 'gﬁfJ
83, 04
Ug ! ~
g-

3 3

T s \n M T ~r LR T — 2}
MO0 1500 S00 IT00 1700 W00 1900
TE (UT)

FIGURE 35: Comparison of angle-of-arrival measured by the wide
E-W interferometer on 16 October 1968 with a synthesized
curve. -




[ USSR |
e AR Y LA L g Nt et TR
MYy £ w2t 00wt w

|1

2

8
P
—d
LA,

.
a
1

L
e asaain
T -
v
et v wwevweT
-

- e
= e o
> .
T e
AY
3

.

-

A st 0089 8 8.1 ) ¢ T OB
-y
e WS

L+ bt

AQLE OF ARl [ Min OF ARC)
A

:

. — A

8% w0
usivE XAl Tl

5

fleug )4 Compariion 0f sngle-of -arviva)l meesyrvd by the widw sms
mervow {4 nterfercagtens o 14 Octobwr 1988

23 OCTOBER 968
e 49 3400 (W NTERFE RO TIR
MM € W WTEAFEROME TER

AGLE "7 ARRIVRL (W OF ARC)

e ey —

T T e T e .0
L3 1
UNIVERS A -

Cofleumt % (ampariton of sngle-c’-arrive! meatured by Lhe vide
snd mervow interfercagtlers on 25 Uctober 1968




ML (- mYTR7IROME TER

1A i tebre (s i th 4 Jtamtiatd e

{0 'naviormmigr om D Niaher 194 W1 4 1 tameete
Angle-of 2rvival spweerey sud wier ‘lgs Gemitly coxwrdnd
by e vide (-8 ‘ctrorumter oo 14 Octeber 84

(ompe - som 4! o ie—wt @rvive' EBeseres by Thu @
o g ed 1 wiarten

Lammesr t vt 9 piqle @ 007 0s) waigwod by 1he atr
A ¥ lalow lqrane i o

PO T SR TR T

o
»m

Qg »
? Lo

H b YT T % s 3 %

TR R NN WS DT e g aa gty

19y @) me | TNV 40 Doy (v &0 1 Yooy . .
L] L Ba ]




6961 40Qu48A0) || U0 1J0300UD; 40U} 6961 JOQUEAT [ U0 SJBIMW0II;aATU
-1, pu® A-3 Bpim 8yy KQ painiedu (#ryaav- 0-0qbuy 0y M1 SN PuU¥ M-7 #piR ByY AQ peantedu (#Ajaut-0-316buy .60 IWNOT4
. .
1Ak, L. 7]

[ 1] L] 4 L ___} L L - L] L J L L [ ] L} L 4 [ - L, - -y L] oy

L a-h - Py i, 4 R R SIS W ) e n i . A A n i .
-*- ¢< . -
. \ \ .
23 b
R _J 4 -

TR sl St

IR

LR
=
3
S
Ny
A
1

§ 4

‘s oo -am -

"n, ) Ran ov e y]
wpen S0 D

3R]



i O alurdid, Yebi @F SRE)

gutuu_utiianJ

Aam Wiy

[ e

e e w em  ehe wes me
am W

FIGURE 41 Angle-of-arrival measured by the wide E-W and N-$
tnterferaneters and the solar flux density recorded
by the wide [-W interferometer on 2 March 1970,

12 NOVEMBER 1969
-——= THEORETICAL

2

w
?

T 04,289/ T49 381
~n
bd

630 1730
UNIVERSAL Tt

FIGURE 42: Ratio of the Amplitudes of scintillations matured by
the K-S and £-¥ Intarferometers on 12 November 1969
versus wniversal time.




PCNIO0 OF INTCRAFEROIETER PHASE * nAMPS®

117
wJ o %4289 N-S INTERFERQMETER {12 NOV 19691
* 49 364 E-W INTERFERQ JETER (27 0CT ©68)
b a9 36 £-w INTERFERCHMETER (12 NOY 1969)
40 <
-
s
£ 30- % {
-4 ‘{ \
8 //’ ‘\
= 204
AR o }
Q v* *‘

\\ﬁ
10 ) +--~ 3 -
1‘\'_‘1“1‘—“ " I . 3 ¥ = -_*
b ¥ 1 T 1 .

ot+——r— ———— ————————— T

1330 X 1930 1630 1730 1830 1930 2030 230
UNIVERSAL TIME )

T FIGRE 43 Pertog of phase ramps for the N5 and E-N fsterferamatars.

i2 NOVEMBER 1969
49.36i1\ E-W INTERFEROMETER

124
g 10
5 o | {
___.l 8 8- 1 \ / \ 1
< 1 i \
\/ )
w 6_1 /‘\ /o] / \/ 4\ jjﬂ
o y 1\ \ | AT/
EZ 4 _ \[7 L
22 | \y
2 .
3 2
2 l
o T T T T — T ]
1330 1430 1530 1630 1730 1830 1930 2030
TIME (UT)
FIGURE 44 :?:‘:‘un:c:u”.",:‘lz.:;rr by "‘:“f:'“‘ b4




12 NOVEMBER 1969
34 2891 M-S INTERFEROMETER

AMPLITUDE OF SCINTILLATIONS (MM OF ARC )

1730
UNIVERSAL TIME

Magnitwie of the scist jlations msesured ¥y the B-4 1otexforumeter on Revember 12, 1941}
votrvws maiverssl tise

12 NOVEMBER 1960
——=He200 km

g8

¥

?. ¢

APPARENT PEMIOD (MINUTES)

T

T T Y T T T 3
30 1830 830 1730 1830 930 2030

TIME (UT)

agparent pavied of seincililotions whosrved o8 Povember 11, 1749 vearews waiverassl tims

N

\

l

\




2 NOVEMBER 94Y
ne 200 um

¢ BEFORE \TO9 UT
* OAFTERTO9 LT
-=- LEAST SQUARES FTT

11 nasurgs)?
[ SO

ag T
OO ]
Yy /)

Plat af tha (wvetsn of the appasionl partied ol he Sovendbesr i 1949 acincililations varsus
1he weet compoment ¢! tha velacity of (he volar line ol slght Chrowgh (ha JOC W lows!

E:

12 NOVEMBER 1969
TIO SPEED vy HEIGHT

——fROM PERIOD VARIATION
——=FROM ODEPTH OF AMPLITUDE FADING

\
\

--——‘——-——--
\

VELOCITY (hm/Wr}

3 88 8 8% 8

[
TSPERIOD OF TIDS IN MINUTES SO 4 MINUTES

A h L A S T 1 Y v ¥ T 7T

—
120. 160 200 240 280 320 360 400 440 480
HEIGHT (am)

.
a0
.

fyond of tha E-¥ T1 3, obeorved va Bevenbar 1), 1949 verous slitituwds 3411d tefvs wus dorived
frem the shearved lowg terw varistion 18 the spparemt parisd Pabers oa tha curve glve the
TP paried L8 mimuces Doodod cutve wes whilalaad from o cotrolation of the engllictvde ond
angla ol avteivel ecintillation




WAVELENGTH (km)
8
i

12 NOVE  (ER 1969
THIO WAL _ENGTH v3 HEIGHT
ONE STA (DARD DEVIATION 1S INDICATED

20 \
0
+—T—T——7T 7T T 7 T T T T T T T 7 T T T 7
0 &« 80 120 w0 200 240 280 320 360 400 440 4080
HEIGHT (km)
rig 49 varelaagth o/ E-¥ TlDe obesrved se Movember 11, 1969 versus wltltwde
4
30
27 OCJOBER (968
49 P61 A E-W INTERFEROMETER
2%
g SN
\ / )
: 1 /
g" 20 \ /
g 1 /
58 ‘ I \ [ I’
\
& 1S ? A\ /
. 3 I ] i /
- ] ‘1 \| /
wE f: @ /.
o E 10 /
f / [
2
i }
5-1
\ /
\ / -
. \ /
Y —T Y Tl \ T N
1330 1430 1530 1630 730 1830 1930 2030
TIME (UT) .
rig 30 Aoplitude of scintillations mssswrad by wide -4 (atsr{eromnter om Ontobar 17, 1964, verwwe

waiversal time




~

T OBSERVED / T ACTUAL

1.04

0 9- ~ -

Q8-
0.74
Qe
Q.54
Qe
a3
Q24

RESPONSE OF E-W INTERFEROMETER

aun=C°*
2t Dex i 21 Juna)
12 New (12 Luiy)
27 Qct 28 Aug)

23 Sept (23 Sept)

2B Aug ( T7 Oct)

21 June (21 Dac)

- 08
-(17ﬂ
-0.8
-094

- I.G T
1300 400

FIGURE 51

L Bl T L T - T T hl
500 OO0 1TOO 1800 1800 2000 2100 2200
UNIVERSAL TIME ’

Response of the E-W interferometers versus universal time
for a number of days throuthout the year with the dbserver
Jocated at London, Ontario, Tne dates indicated 1n the
brackets refer to an observer oqQ the same meridian as
London but at 43* S latitude.




"$324n0S OM3 Bua03 jUOW 4 AWOLBHABIU}
Ue 30|NWiS 03 pasn uoyIvIuAWNIISU| 4O I {IQ0us :2S WNOI4

3

¥30M003Y .
AUVH)D d1diS NOLLYINAON (3L SIHE

18

.§ NN GI
waon | =
I0NLANY  FSVHY }a3NvIve

dil (43N0} : W YOLYUINID 4¥

ICYHe MLIm N

3SVHI | 431411539
w19 AR N4

% WILHIHS ISVHY
80193130

H3t4Ndwy ]
oany

N IIA)U e 39 010NY
» 8]

25
c

yaxin !

el i

&8¢ U

44 NOUYINOON

MR Gl




COHER 'NT TwWQ SOURCEZ INTERFERENCE (1SMHD

150 PHASE -

4 o/

130 )

1 o, ne|Q
1o a,n=0989
o P //‘\ . a0 794
90+ (/' . o,n=0 63!

1 /Q x,n =0398

e.n=0|99

8¢ (ELECTRICAL DEG )

AMPLITUOE (VOLTS)

002+

-

o v

O 4 80 nzo 60 200 240 280 320 360
A- ¢ (ELECTRICAL DEG)

FIGURE 53: AmplitUde and phase vartations for two coherent sources.




]
INCOHIRENYT TWO SOURCE INTERFERENCE (I5MMz)

PMASE

o-a*| 0 '

L s-n+0 969

+-n*0T94

o/‘

/ o-a=0 63

ST, x-n *0 398

e e-ne0 199

a

B¢ (ELECTRICAL DEQ)

FIGURE 54:

T A g v T Al v Y T al
8 20 B0 200 240 280 B20 360
A'- ¢' (ELECTRICAL. DEG)

[N

Amplitude and phase variations for two incoherent sources.




€AST-WE ST TRACK, SOLAR NQISE STORM

1o 7
0 % OCT, 1968
i W l’i.\ n M, N —M‘—— .
=10 { “\n} \,A \4 W\' v A ‘«N'hi A /“\"'.rdnh": b
' t e he
-20 - \ ff . «‘»
-30 4 ; *
30 {7 OCT, 1968
20
10 AA }'."\ A ﬂ-‘\
L] fﬂf‘f
° [y
\i G ‘i ? U V bc i v
-0
-20
~ 20 190CT, 1968
& n |
< 10 : A\JA"’ ‘lN\’\A‘f - j!'\_wwwm\’”\\‘ MY g!d
s © ¥ Loaty
Z -0
b3
';* 30 1 20 OCT, 1968
g 20
% 101 j ,«/\.
2 10 \/
S 01 T t
Y -10-
fg ] .
z -20 ,
21 OCT, 1968
- k
o Jn | 1|| || l.
LA
-20 Y
-40
—wd v v h i L v A § | | v
1330 1530 1730 930 . 2130
TIME (UT)
FIGURE 55: Angle-of-arrival measured by the wide E-W

interferomter on 15, 17, 19, 20 and 21 October 1968

L 4

LIn 4




-

EAST-' £ST TRACK SOLAR NO'SE STORM

204, ¢ 22 OCT 1968

A el
T Mf.ﬂ.ﬁ.‘; TR

-20 - \J\h\"'g

r

O
1 1

!

|
&

O

L 1
i

24 0CT 1968

ANGLE OF ARRIVAL (MIN. OF ARC)
n
o

Y
b“
"—40-] ~ .300CT 1968 \'A‘

T. MJ\M\/\/\MM
) VW

1330 530 1730 1930 2130
Lr/ \ TIME (UT)
URE 56: Ang]e— -a ival measured by the wide E-W

interferometer on 22, 23, 24 and 30 October 1968.



NUMBER
(A

" EASY » (ST TRACK AR MOMRE STORM
| NCY |, 1968

gsxzaoaz

204,
0 4

ANGLE OF ARRIVAL (MiN OF ARC)

[

-91

-0 -4

135 330 30 %30 1730 830 @3 2030 200
TIME (UT)

FIGURE 57: Anqle-of-arrival measured by the wide £-W interferometer
on 1 and I November 1963.

TID PERIODS

H i T + v

L | T T
S K 15 20 25 30 35 40 45 50 55 60 65
PERIOD (MIN)

FIGURE %8: Histogram of observed TID periods.




	Western University
	Scholarship@Western
	1974

	Observations Of Travelling Ionospheric Disturbances At London, Canada Using Phase-interferometry Of Solar Radio-emissions
	John Litva
	Recommended Citation


	tmp.1409764790.pdf.XUwjC

