














and since the east-west variations are larger than the corresponding
north-south variations, the direction of travel was more east than
south. The results of the calculations are summarized in Table 4.2,
(In the table, the corrected ratios are the ratios of the amplitud‘g"
adjusted for the slowly-varying normalization factors oflequations

2.34 and 2.35)., If the direction of the 20 minute wave is constant,

4

it must be given with a large uncertainty (possibly 65° * 15°,)
However, it is likely that the direction of propagation is not constant,

but changing througb!ut the course of the day. The directioms
- .

calculated for the other wave are more consistent, but the period
appears qather uncertain. Actually this is a\consequence of the
"portion of the spectrum under consideration, and the uncertainty in

frequency is comparable for both cases. These calculations were made

on the assumption that all ionétpheric and wave parameters remained
constant over a period of six hours, a lot to demand of a med;pm such

as the earth's ionosphere.

As previously stated, maximum angle of arrival variations occur

when the line of sight is aligned with both the direction of wave

travel and the wave front tilt, On 22 May, 1969, the solar zenith
o

angle was 47° at 1400 UT and decreased to 22° at local ncon. In

view of the constant decrease in the amplitude of variations on that

day, it is concluded that the angle between the line of sight and

wavefront tilt was always increasing, and so the wavefront tilt of the
’

20-minute wave was greater than 45-50°. 1f conditions at the time were
hsuch that equation 2.24 was valid, and if the true wave period was

» ‘ )
around 25 minutes instead of the observed 20-22 minutes, the wavefront

tilt can be estimated at 50°, This would be for a height of 250 km;
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a vertical wavelength of 50-100 km would mean a horizontal wavelength
) ‘ .
of 75-125 km. Similar arguments for the other case of Table 4.2,

assuging a period of 40 minutes, gives a wavefront tilt of 66°, and

i

a horizontal wavelength of 110-225 km if the vertical wavelength is
in the 50-100 lm range. Y

0f potential interest on the rec!lds of Figs. 4.1 and 4.% are
the rapid (6 to 8 minute) flﬁctuations toward tﬂe end of the observa-
tion period. On the east-west record, because of the continuous
increase in amplitude and period, they exhibit the characteristics SY
a short period, westward moving TID such as reported by Litva (1972).
However, on the north-south record, the period is decreasing, not
increasing, asy theory predicts for such a travelling disturbance.

The geometry of the east—west’receivin;asystan is such that the
period of the phase ramps is a minimum of just under five minutes at
local noon, and increases to eigg§ minutes by 2100 UT. The variations
of Fig. 4.1 after 1930 UT follow just this increase in period. The
north-south geometry is somewhat different in that the phase ramf
period 1is decreasing at that time of day (and has a Qalue of 7 minutes
at 2000 UT) just as do the fluétuations in the record of F%g. 432.

i R : ¢
The original records show that the received signal was weakening late

in the day, and the unfortunate coeglusion 1s that these rapid

variations dbmeigfpg the equipment as a consequence of the system
geometry at a time of‘iqy received signal. This will, at most,
obscure other varlations at similar frequencies, and the periods of
primary interest in this study are greater than 10-12 minutes. The

sections of the two records are not without significance, however, in .

)
that the major trend late in the day exhibits a long period (greater >
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than two hours) variation such as those detected at this institution
by means of a geostationary satellite (Webster, 1974, private

communication), and for this reason, the entire records have been

retained.

*

Data fof 17 November, 1970 are shown in Figs, 4.§ﬁ and 4.16.

o

Both sets of data are for an east-west antenna orientation, but the
2 .

second graph represents variations at 150 MHz., For the time period
common to both sets of data, the frequency specéra are shown in.Figs.

4,17 and 4.18. Equation 2.36 suggests that similar spectra should be

&

< & -
observed, but the 1/fo2 term ensures that the wvariations at 150 MHz

will be considerably smaller than those at 51.7 MHz. This is essen-

tially borne out, since the dominant peak of period 15 minutes from
the 150 MHz record is clearly also a dominant peak at 50 MHe, amd the

positions of the lower frequency peaks coincide on both records, even .

\

though the relative amplitudeé &on't fall pqrfectly into place.” The

actual amplitude ratio of the 15 minute period is about 5, but the

)

ratio of the two lower frequency peaks are 8 and 12, respectively.

The thepretically expected ratio is 8.4, and so the experimental
b @ 0 . - - .
values pepresent a wide range. - .

. P ‘
The data for this particulayr day represented the clearest case

of siﬁﬁlarity between the 51.7 MHz. records and the 150 MHz records,

and in view of the previoﬁs discussion on wavefront tilts, it is

, / , ‘
sjgnificant that the similarity was most clearly defined during
wintertime obse}vations.‘ The solar zenith angle for that patticular, -

day was never less than 60°, and 1f a number of waves with wavefront
: ) .« )
tilts greater than 45-50 were present, large variations in angle of
v ) . .
arrival can be expected. The variations in Fig. 4.15 are larger than

»

(.4
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those of Fig. 4.1, and it was found that this was generally true in

a comparison of winter observations with summer observations.

Several hours of continuous reg¢ording were required to ade-
quately ob;;rve the presence of ionospheric waves, and. in all, data
for seven different days (the latest of which was 6 January, 1973)
were analysed. Since sections of the equipment at timestere not
operational, data for all orientations énd frequencies/(SO MHz east-
west, 50 MHz north-south, and 150 MHz east—wegt) were’not alwa¥®s
available.

For the 150 MHz observatioms, ; large percentage of the periods
observed are greater than 15 minutes, an expected result, since the
higher frequency radio waves are less affected by perturbations in
the lower ionosphere because of the smaller values of electron
density. High frequency (short period) gravity waves are damped out
befo;e reaching f region heights. E region effects,.however, appear
on the 50 MHz records, as -evidenced by the large number of per%éds

. >
across the whole spectrum. Varigtions are observed to be greater
during the winter than during the summer, chiefly:Because the eleva-
tion of the line of sight is such that it tends to align more closely
with the w;ve fronts of ionospheric wave disturbances when the sun's *&
declination is negative. Observations at 150 MHz indicdate that
disturbancgs can be detecged at this frequency, but the amplitude of
variations is very small compared with the obsérvations at a lower

frequency. Some results using satellite beacons at 150 MHz will be

discussed. '




4.3 Satellite Measurements

It was hoped to be able to use angle of arrival data obtained
from the ISOIMHZ beacons on the Tr;nsit geries of satellites to
determine the spatial size, or horizontai wavelength, of gravity wave
induced travelling ibnospheric disturbances observed with the solar
interfeyometer. Titheridge (1963) gives a simple équation to esti-
mate the size of larée—scale irregularities given the satellite
velocity, height, d;sturbance height, and the temporal variation.
UnfortunaFely, wh;;e;éru:he s;n was active, the satellites were
either in an unfavorable poéition in+the sky, or passing by at the
wrong time of day to be of any u;e in conjunction with the data .from
Ehe sun. .

However, expected variations can be calculaged using equation
2.34 and satellite position information. The satellite parameters
used were those for Satellite 30130/4@ which cfossed the equator
going north at 1428 UT on 10 May, 1971, at a west longitude of 69.4°
(cf recelving ;ite 1ongitudg qf.81.3°). Even though the satellite's
longitude increases westward with increasing latitude, the look
azimuéh for this pass moved from almost south towards the east as
the satellite moved northward. The reason for this is.that the
change in longitude is very slow compared with the change in latitude.

o

To calculate the theoretical variation in the angle of arrival due to
a gravity-éave induced TID, tné satellite height ﬁas assumed constant
at 1100 km. The following ionospheric and ;ave parameters were

i

adopted for the calculations:

i
.

h = 50 km a = 0.1

R

vy ;s

64
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£ = 150 Miz N =5 x 100 073

o o “
A =175 kn A = 100 km |
e z

zo = 300 km Period = 30 minutes

Three values of azimuth: 30° E of S,
30° W of S,
and due east.

The results of the calculations gre shown in Figs. 4.19, 4.20,
and 4.21. A similar calculation was made ﬁ}th a wave azimuth of -90°
(due west), but the yariations were at lé;st.two orders of magnitude
smaller than the ones presented, and so such a wave would go entirely

undetected using that particular satellite passaée.

It is clear that the number of wave periods observed is very

dependent on the azimuth of .propagation. Since it also depends on

the horizontal wavelength, the absolute determination of Ai is
extremely difficult. The fact that the period of variation is con-
tinuously changing can be ynderstood intuitively, since the higirer
the zenith angie, the longer time it will take the ray path to
traverse a complete wavelength. The effect of focus;ing can be seen
‘by the changing émplitude of the variations. h

The experimental results from the satellite pass just described
are given in Fig. 4.22. The angle of arrival curve for the entire
pass appears Vpry smooth on a large scale, and Fig. 4.22 represents
the variations observed after the rem .val of the trend over the
entire pass. The large scale variatioh‘ are attributed to a gravity-
wave induced TID because the time scale of‘bO to 70 seconds and

amplitude variations -of two to three minutes of arc are consistent

with the theory presented here. Small variations of the order of

3
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four or five seconds are also present, but these must be due to
irregularities of spatial size considerably smaller than the values
of TID wavelengths generally reported in the literature. \\

4.4 Difficulties in Using the Sun as a Source to %;ddy Ionospheric /

Gravity-Waves

The results of the spectral analysis of the ang
variations of solar metric radio waves give an indication of the
difficulties involved in deterﬁining the parameters of the gravity-
wave induced travelling disturbances (the horizontal and vertical
wavelength, the period,'épeed, height, and direction of bropagation).

-

The apparent period is determined from the spectral analysis, and

the direction of travel can be calculated from the relative ampli-
tudes from the baselin%?”gﬁfEWO’Gfiégzatieng;\ All other wave
parameters must be estﬁmated making certain assﬁmptions about the
ionosphere and the theoretical behaviour of the wggfs.
et

The behaviour of the amplitude of variations leads to an
estimate of the wavefront tilt, and when the direction of wave travel
has been calculated, the actual wave period can be estimated.. %he
wavefront tilt and period yield a value for tg’ the gravity—waYe
cutoff period, and this gives an approximate value for the height of
the disturbance. Also, the wavefront tilt givés the ratio of

N
horizontal to vertical wavelength, and so these values can be placed

within certain limits. :
The wavefront tilt plays an important role in determining

whether or not a particular gravity-wave induced TID is observed.

I1f the radio ray path is normal, or almost normal to the phase fronts,



9
no variations will be detected because the compressions and rare-
-

factions of the electron density perturbation will effectively
cancel each other out, and it is the total effect along the ray
path which is detected. If, on the other hand, the ray path is.
almost parallel‘to the phase fronts, the integrated effect will#be
large, and the effect of focussing will be evident. For this reason
no south to north travelling disturbances are observed. ’

The period observed can be significantly different from the
true wave period, as shown in section 4.2. A 2l-minute wave, depend-

£, .

< .
ing on its direction of travel, can be observed to have a period as _

low as 15 minutes or as high as 27 minutes. 'The observed frequency,

EN
as well as the amplitude of variation, 1s not constant, but changes

continuously as the azimuEE~3gd elgvation of the radio ray path vary
throughout the day. A factor which has not been included in the

> )
calculation;, but which deserves mention, is the possible ?fiecﬁ of
neutral winds *in the F*fegion. If a comhohent of suc: a Jind were

parallel or anti-parallel to the direction of wave travel, the

observed period of the wave could be significantly altered. Values

+*

of'ﬁid—latitude‘F-region winds have been calculated at 100-200 m/sec

(Geisler, 1966, 1967), comparable to TID speeds reported in the

A

literature, and so periods can be changed by factors of tﬁb oY more.

.

Ideally, of course, a given waGZ wil% leave a characteristic

¥

signature on an interferometer record. - Problems in interpretation,

)

however, do arise. The theoretical curves given earller in this
>
chapter were calculated assuming certain values fot various ionosi;

pheric and wave parameters. These are assumed to remain constant “

over periods of several hours and over horizontal distances of

A '
.




er in time or

thousands of kilometers. If a‘wave were dying out, ei
because the ray path were leaving the affected gion of the

ionosphere, the amplitude of.the-vafiationé as determined by the
©
spectral analysis technique would rapidly de ase in successive

records since it is the effect over the em e length of record which

is measured. Because of the large number of periodic and non-periodic
'] "

variations present, it is(generally not;possible to tell #om the

original record just when the contribution of ; given wave starts or
stops. The interference of wavegnof>sl%ghtly differing phases or
frequenqies_can,compqund the difficultiés in identifying given com-
ponents. This érbblem‘is not uniqﬁe éo this‘method’of analysis, as
Hines and Rao,'l968, caution experimenters in thg}r interpretation of

three-station drift measidrements for reasons  just such as this.

b
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CHAPTER 5 *

DISCUSSION AND CONCLUSTONS

r

In spite of the interpretational difficulties described in
Chépter E; the_éésu}ts of thls study shothlearly that many of‘the
. ; L _ .
large scale variatdions .in the angle of arrival of solar metric fadio

- .
waves are due to refractions occurring in the earth's own 1onosphqfe

a?‘;that estimates of athospheric wave parameters can be made.

M

Solar radio wave measurements were made at 51.7 MHz with two antenna
baseline orientations, and both solar and satellite beacon measure-

ments were made at 150 MHz with a singlecantenna baselirde.
A detailed spectral analysis was made in order to'&dentify the
; T

.dominant periods occurring in the angle of arrival data. Initially,
&« o

N v 4
this showed that there were mahy more periods present than might be

éxpected og visyal examinaéion, and that these ‘periods were comparable

-
-

to those due to travelling disturbances in the ionosphere. The ampli-

’

‘tudes of cerresponding %pectrél peaks from th7 records of two basel%!e

orientations permit the identification of the direction of ionospheric
N " ’ B 3y - \
wave éropagation.' When this has been’established,'theutrue period of

‘the wave (generally different from the observed period) can be

egstimated. : The behaviour of the amplitung'(inérease or decrease)

Y ‘ o
with changing elevation of the line of.sight provides information
, ¢ »

4

about the wayefront tilt, _When this has been estimated, a range of

values for the horizontai and vertical wavelength can be established

| 3
'S
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as well as approximate values for the gravity-wave cutoff period and

the height of the disturbance. The actual size of angular variations

indicates electron density perturbations of a few percent,
K .The normalized spectra of the 150 MHz solar data were found to
-

be gsimilar to the 50 MHz spectrd of thg same baseline orientation
_agd same time of day. The variations at the lower frequency, however,
- were of much greater amplitude because of the frequency dependence.

Directioh of arrival measurements from beacon satellites show that

LA

angular variations of the grder of a few minutes of arc- (similar in

magnitude to the solar data for the same frequency), and attributed

el

. «
to TID's, can be observed at 150 MHz. It is unfortunate that no

satellite records are available for days when the sun was active,

-

because these wpuld yield information about the spatial size of
irregularities. $

It seems likely that in view of the wide frequency range of

periodic variations which have been observed that E-region effects’

a

are present as well as those in the F-regiton. The records at 51.7

MHz do show a somewhat greater-percentagé!bf waves with periods

greater than 12-15 minutes, but.a large number are observed with
periods con;iderably-shorter. Of the variations detected at 150 MHz,
about 75% have periods greater éhan 12-15 minutes, Because of the
"igher frequency,.the amplitude of variations is ;maller, and so in ‘
general the perturbations in the large F—region electron density will

be preferentially observed. Hence the difference obsgrved between

~ the records at the two frequencies 1s not surpgiéing, (/

A Ad >
’
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Georges (1968) sugéested four classes of TID's rather than justL
three which were given in Chapter 1. The fourth classification con-
gists of a %3;ge number of incoherent, superpdsed gravity waves
prOpagating‘to ionospheric heights from below, in which case each wave
woulq have a maximum effect at a given height. This helps to explain
the large number of waves observed over periods of several hours.
MacDOugafi (1972) and Reddi and Rao (1971) also ohserved périods over
a wide rénge, includingﬁshort ones of under 10 minutes, such as were
found in this study.

There is an item that fs worth mentioning briefly. Ionospheric
‘disturbances have béen assoclated with thunderstorms (Davies and
Jones, 1971), and there is a band 6f acoustic waves with about a 3
minute period which can propagatévco»ionospheric heights (Georges,
1968). One spectral analysis record at 150 MHz showed a peak at a
value of 3 minutes, a period not expected of 1ior F region gravity
wavesiﬁ This was an afternoon record, and there l!? thundegstorm
activity a few hundred kilometers‘to the southwést of this receiving
station, so the possibility exisgs tpat an acqustic wave manifested

W

itsélf as an observable ionospheric disturbance. Curry (1973), at
this institution,‘studied gravity waves caused-by thunderstor;s, bdt
unfortunagg}y none of the tropospheric events hé‘examined occgrred
at time of ionospheric investigation by the solar'interfelometers.

The possi&le‘effect of neutral winds on TID's was mentioned
»

briefly in Chapter 4. If there were a large component of wind in the

direction of wave travel, the observed period of -the wave would be
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Georges (1968) suggested four classes of TID's.rather than just
. - - .

three which were given in Chapter 1. The fourth classification con~-
sists of a large number of incohé;ent, superposed gravfty waves
propagating to ionOSpheric\%eights from below, in which case each wave
would have a maximum effect at a given height. This helps to explain
the large number of waves observed over periods of several hours.
MacDougall (1972) and Reddi and Rao (1971) also observed periods over
a wide range, including short ones of under %P minutes, such as were
found in this study.

There is an item that is w&rth mentioning briefly. Ionosphefic
disturbances have been associated with thunderstorms (Da;ies and
Jones, 1971), and there'is a band\Bf acoustic waves with about a 3
minuté period which can propagate to ionospﬁeric heights (Georges,
1968). One spectral analysis record at 150 MHz showed a peak at a
.value of 3 minytes, a period not expected of E or F region gravity
waves. This w;g an ;fternoon record, and there.was thunderstorm
activity>a few hundred kilometers to the southwest of this recei;ing
station, so the bossibifity exists that an acoustic wave manifested
itself as an observable,ionoqsteric'dilturbgnce. Curry (1973), at

this institution, studied gravjty waves caused by thunderstorms, but '
avs, \

L)

unfortunately none of the tropospheric events he examined pccurred
) ~ ?
' *

at time of ionospheric investigation by the solar interferometers.
‘- The possible effect of neutral winds on TID's was mentiopned

briefly in Chapter 4. 1If there were a aprge coﬁponent of wing/zg\she
A

direction of ‘wave travel, the observed period of the wave would be
!

~
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shorter than the true period. If the wind were opposite to the
direction of wave propagation, the observed period would be longer,
and possibly, the appearance of standing waves might be produced.
Wind components other than those parallel or anti-parallel to the
direction of wave travel might cause a change in this direction,
Possible evidence of this can be seen in the changing azimuth of
propagation éf the 20-minuté wave described in Chapter 4. (Succes-
sive directigns change through a total of 30°.) According to the
model developed by Geisler (1966, 1967), there is a southwesterly

_ wind component early in the day, which might account for the change

in wave propagation direction. However, such a change is not @ .
. 2
observed for the other wave of the same day, so further studies

1

should indicate either true changes in wave propagation or large

uncertainties in the method of their determination.
A given TID should leave a characteristic trace on an angle of

-

arrival record, and the calculation of a large number of characteris-

~

tic curves for interferometer observations of ionospheric waves would
aid in the identification of their properties. For the solar read-

ings this would have to be done for_several different values of the

“

sun's declination In view of the different sensitivities to differgnt
L]

wave front tilts. Parameters such as horizontal and vertical wave-

length, wave period, azimuth of propagation, and electron density
/’
would also have to be varied to obtain a good representative

PV

sampling of the possibilities. his could algso be done for the-

satellite observations, but the ttaces left on angle of arrival
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records vary ‘considerably for different satellite pass parameters.
" Hence the need for large allotmentg of computing tiﬁe and money.

Some difficulties in using the sun as a radio beacon were out- |,
lined {dn Chapter 4. The method is restricted in the sense that
radiation is not always emitted at a sufficiently high level,

g especially at times of minimum solar activity. However, when the sun
is active, a wide range of frequencies for ionospheric probing can be
utilizéﬁ, from a few MHz to several hundred MHz, and at the present
time low ﬁéequency satellite beacozs are-fare. Always looking

generally toward the south is a point in faY?ur of the method, since

a great many TID's are observed to travel roughly in that direction,

M

and the forward tilts of the wave frdﬁts aid in their detection., A
v wide range of the sky is covered, even though specific areas are
observed only at certain times of the day. Much more datd could be *
obtained at a time of peak solar activity, and the beacons on
geostationary satellites could be emplofed to providé night time

“

readings and to aid in resolving ambiguities which might arise from

, other methods. Statistical studie? of diréctions of tr;vel (and

| changes in t;ese values) would be useful in the identification of
sources of TID's. Ideally, al"watchdog" type of data acquisition
systgm could be employed, bug ;t 1§ highly unlikely that the ;eturn
would justify the cost of such a system.

To'cénclude briefly,'fhis study has shown how gravity wave

induced travelling ionospheric disturbances can cause large varia- "«

tions in the angle of arrival of sglar radio waves. Technidueé of

I3 ‘ .’
-




» spectral analyéis and the fact that the sun moves relatively rapidly

across the sky aid significantly in the identifigation of ionospheric

wave parameters.
9 v
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APPENDIX A

ERROR ANALYSIS IN THE MEASUREMENT OF ANGLE OF ARRIVAL

The relative angli/szgrrival 5§ is defined as

8 =0y - 6 (2.3)

where GS is the angular position of the centre of the sun and is given

L4

by:
| , -

cosBS =‘sin(HA)cos(D) (2.2)

and HA and D are the hour ang}e and declination respectively. GN is the

angle of arrival of the noise source relative to the.antenna baseline and

»
‘ »

is given by

. A |
F , coseN 3 (n +~¢) (2.1)
* @
where ¢ is the relative phase (hefe, a number between 0 and 1) and n 1is

H
.

an integer such that - %—s n < % .

HA and D are given by ' f
‘- | | AE
; o, UT
) HA UT - (E0 * 3800 LY % x 15 - Long Al
AD a
. o) uT !
D =D, + 3600 * 2% . .M
/’u

where UT is the universal time (hours), Eo is the time of ephemeris

transit (in hours, and available from the Almanac), AEO (seconds) is the

~ v,

£y



difference of E0 for two successive days, the factor of 15 converts
hours into degrees, and Long is the longitude (degrees) of the local
receiving station. Do is the solar declination in degrees, and ADo.is

the difference (in seconds of arc) of D, for two successive days.
’ Y

The principal sources of error are the measurement of time and the
measurement of ¢, Me errors in all other parameters are of negligible
size and may legitimately be ignored.

_The error in §, dé, is given by:
_ 2 P
dé§ = = (deS + d@N )

where des and dGN are the errors in GS and GN respectively. d@s results
s

from errors in HA and D which come from the error in the time, UT. This

error is estimated to be * 1 sec. By differentiating Al and A2 it {is
¥

seen that ' - .

d(HA) = d(UT)

LN
all other terms havirg negligible ¢ontribution,.just as the value of db.

Since d(UT) is * 1 sec., then d(HA) is * 0.25 min arc.
«

K i

.

"From equation 2.2:

s

cos(HA)cos(D)
sin(es)

» .. deg =% d (UT)

' [y

4

and is dependent'on time. Consider an example from 09 May 1971: °
L3

J UT = 15.00 |
D = 17.3° X
HA = -35.5°"

R (
¢ ‘ \l\ .
N ) .
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This gives GS = 123.6° which,in turn, gives dGS = *+ 0.23 min. arc.
From this discussion, a value of * (.25 min. arc is very reasanable to
. assume. ' )

From equation 2.1:

-

The Gerber data reduct scaler gives digital readouts to the nearest
0.01 inch, and the d*gfzz;aperlsize (fo; the solar records) in 4.5 inches.
It was felt that the chart re;ding% are reprodpé;ble to * 0.02 inches.
This gives d¢ = 0.02/45 = 4.4 x 1073,

Using the data from the previous example, -and an antenna separation

. . ‘
of 49.4 waveléngths, ,
N
d8N = + 0.4 min. arc,. .
This gives ' ¢ :
d§ = + (0,25% + 0.4-’-)Lj )

[})
1+

0.5 min arc

\ w
This value is felt to be a reasonable estimaté\of the error involved in %

the 50 MHz interferometer :éaJings. The recerds at 150 MHz have somewhat
- legg error in dGN because of the increased value of d/A, and so the

error d6(150 MHz) ~ 0.3 min. arc.




This gives Bs = 123.6° which,in turn, ‘gives dﬁs = + 0.23 min. arc.
From this discussion, a value of * 0.25 min. arc 1s very reasonable to
assume.

From equation 2.1:

The Gerber data reduction scaler gives digital readouts to the nearest

0.01 inch, and the chart paper size (for the solar records) in 4.5 inches.

[
It was fklt that the chart readings are reproducible to * 0.02 inches.

'This gives dd = 0.02/45 = 4.4 x 1073,
Using the data from the previcus example, and an antenna separation

of 49.4 wavelengths,

>~
d@N = *+ 0.4 min.- arc. . \
This gives '
d§ = ¢ (0.25? +0.42)7 ) .
.\:>> = + 0.5 min arc

This value is felt tb be a reasonable estimate of the errod involved in

. »
the 50 MHz interferometer readings. The records at 150 MHz have somewhat

less error in deN because of the increased value of d/A, and so the

erro’r dd(lSO tiz) - O.,min. arc.
/

81




REFERENCES
Beer, T., (1972), Atmospheric waves and the ionosphere, Contemp. Phys.,
13, 247-271. )

Beynon, W.J.G., (1948), Evidence of horizontal mdtion in region F»
ionization, '‘Nature, 162, 887,

Bowman, G.G., (1968), Movements of ionospheric irregularities and
gravity waves, J. Atmos.\Terr. Phys., 30, 721-734.

Bramley, E.N., (1953), Direction finding studies of largerscale

ionospheric irregularities, Proc. Roy. Soc. London, A, 220, 39-61.

Bramley, E.N., and W. Ross, (1951), Measurements of the direction of
arrival of short radio waves reflected at the ionosphere,
Proc. Roy. Soc. London, A, 207, 251-267.

’ 4
Chan, K.L., and 0.G. Villard, Jr., (1962), Observation of large-scale
travelling ionospheric disturbances.by spaced-path high-frequency
instantaneous-frequency measurements, J. Geophys. Res., 67,
973-988.

Cooley, J.W., and J.W. Tukey, (1965), An algorithm for the machine
calculation of complex Fourier series, Math. of Computation,
19, 297-301.

Curry, M.J., (1973), Internal gravity waves of tropospheric origin,
Ph.D. Thesis, University of Western Ontafio, London, Canada.

[ ]

Davies, K., (1965), Ionospheric radio propagation, National Bureau of
Standards Monograph 80. ‘ '

Davies, K., and D.M. Baker, (1966), On frequency variations of
ionospherically propagated H.F. radio signals, Radio Sci., 1,
545-556. ’ .

Davies, K., and J.E. joﬁes, (1971), Ionospheric disturbances in the F2
region assoelated with severe thunderstorms, J. Atmos. Sci., 28,
254-262. .

Davieé, M.J., and A.V. DaRosa, (1969), 'Travelling ionospheric
disturbances originating in the auroral oval during polar
substarms, J. Geophys.-Res., 74, 5721-5735.

>

o

Dixon, A.F., and C.E. Li;}ngstone, (1969), RF phase comparator for
angle of arrival arMd Faraday rotation measurements, Centre for
Radio Science:\Uhiversity of Western Ontario,” London, Canada,
Report HA-13.

2.7

\

\




4

Forman, M., (1966), Fast Fourier transform technique gnd its applica- -
tion to Fourier spectroscopy, J. Opt. Soc. Am., 56, 978-979. ’

Francis, S. H., (1973), Acoustic-gravity modes and large-stale
travelling ionospheric disturbances of a realistic, dissipative
atmosphere, J. Geophys. Rés., 78, 2278-2301.

Geisler, J. E., (1966), Atmospheric winds in the niddie latitude
Ejregion, J. Atmos. Terr. Phys., 28, 703-720.

Geisler, J. E.,(1967), A nuqberiéél study of the wind system in the _
middle thermosphere, J. Atmos.‘'Terr. Phys., 29, 1469-1482. .

Gentlemen, W. M., and G. Sande, (1966), Fast Fourier transforms -'for
fun and profit, Proc. Fall Joint Computer Conference, 563-578.

Georges, T. M., (1967), Iomospheric effects of atmospheric waves,
E.S5.5.A. Tech. Rept. IER 57-ITSA 54,

Georges, T. M., (1968), HF ﬁoppler studies of travelling iohosbﬁékic‘

disturbances, J. Atmos. Terr. Phys., 30, 735-746. ‘
+ * —

Hartz, T ﬁ., and R. L. HutcHison, (1961), On the measurement of the yan
angle of arrival of solar radiations at meter wavelengths, 1. -~/
A -method for locating apparent radiatjon sources in the solar
corona, D.R.T.E. Report No. 1057-1. .

Heisler, L. H., (1958), Andmalies in ioncgsonde records due to

travelling i¥nospheric disturbances, Aust. J. Phys., 11, 79-90,

Heisler, L. H., (1962), Obgsrvation of movement of perturbations in
/ the F-region, J. Atmos. Terr. Phys., 25,.71-96.

Herron, T. J., (1973), Phase velocity disperson of F—fegion waves,
J. Atmos. Terr. Phys., 35, 101-124.

Hewish, A., (1952), The diffraction of galactic radio waves as a - ]
method of investigating the Arregular structure of the
ionosphere, Proc. Roy. Soc. London, A, 214, 494-514,

-

Hines, C. 0., (1960), Internal atmospheric gravity waves at ionospheric
heights, Can. J. Phys., 38, 1441-1481.




!

, . *
" Munre, G. H., (1959), Travelling disturbances in the igaosphere,

" Munto, G. H.,,and L. H. Heisler, (1956), D‘beigence of radfo rays -

Hines, C. O., and R. R. Rao, (1968), Validity of three-station
qgthods of determining ionospheric motions, J. Atmos. Terr,
Phys., 30 979 993, ‘

f L

Jones, J., and G. F‘ Lyon, (1974), The focussing of radio waves by
large scale ionospheric irregularities, 'J. Atmos Terr. Phys.
36, 461-473, ‘ -

o

Kundu M. R., (1965), Solar Radio Astronomy, Intersq;enee—{a———-——«~’”‘"“‘“-~l
division of John Wiley and Sons), New York, 1965.

ence, R, S., and J. L. Jespersen, (1961),.Refraction effects of
large~scale ionospheric irregularities obéerve@ at Boulder,
olorado, Spacq'Research 11, Proc. 2ND Int. Sp. Sci. Symp.,
-284.

b
- -~
e * -

., and R, Payne—Scott, (1951),'Théhqosition and movement
olar disk of souraqh\of radiation at a frequency of
st

. 1. Equipment, Au J. 8cip Res. A4 489—507 ,

» 4
Litva, J., (1972), Observations of travelling ionegpheric disturbances
at London, Canada, NATO Advi€bry Group for Aeraspace Research
and Pevelopmedl, Conference on Effects of Atmospheric Acoustic
Gravity Waves on Electromagnetic Waves Propogation.

Lyon, G. F., and J. A. D& Holbrook (1972) 'I‘he focussing effect” on
satellite radio pbservations{due to travelling ionospherlc . !
disturbances, Space Research XII 1143-1147. . ' -

i) .

MacDougall J., (1972), F—region travelliqgﬂdisﬁurbances over -
Jamaica, Space Res. XII, 1133 ~1142. -

Midgley;'J. E., and H. B. Liemghn, (1966), Gravity waves in i

M realistic atmosphere, J. Geophysa'Res.,vll, 3729-3748.

. - s ¥

Proc. Roy. Soc. London, A, 202, 208-223, ' , . -

Munro, G. H., €1953), Reflections,from ifregularities in the
ionosphere, Proc. Roy Soc., London, A,w219yr447 =463,
e
Mungo, G. H. , (1958), Travelling 1onosphetic dig§urbances in the
F—region, Aust, J. Phys., 11, 91-112.

¢

in thg, ionosphere, Aust. J. Phys., 9,.359-372. .

I'd . )




&



O

ST ’s

‘ &
. . 'Y
“Pierce, J. A., and H. R, Mimno, (1940), The reception of radio echoes
from distant ionospheric ifrégularities, Phys. Rev., 57, 95-105.

Pitteway, M. L. V., and C. Q. Hines, (1963)3 The viscous damping of
atmospheric gravity waves, Can., J. Phys., 41, 1935-1948.

{
Price, R. E., (1954), Travelling disturbances in the ionosphere, in
Rept. Phys. Soc. Conf. on Phys. of the Ionosphere, London,
1954, .pp. 181-190.

Rao, N. N. and K. C. Yeh, (1968), Large-scale ionospheric irregulari- .
ties deduced from Faraday rotation observations at three
stations, Space Res., VIII, 413-419,

Rao, N. N.,G. F. Lyon, and J. A. Klobuchar, (1969), Acoustic waves in
the ionosphere J. Atmos. Terr. Phys., 31 539-454,

.

Reddi, C. R., and B. R. Rao, (1971), Characteristics of travelling
ionospheric perturbations over Waltair using phase path tech-
nigué\ J. Atmos. Terr. Phys., 33, 251-266. .

- Thoﬁe, G. D., (1964), Incoherent scattér observations of travelling *
ionospheric disturbances, J. Geophys. Res., 60, 4047-4049.
Thome, G., (1968), Long-period waves génerated in the ,polar ionosphere
during the onset of magnetic storms, J. Geophys. Res., 73,
6319-6336.

Titheridge; J. E., (1963), Large-scale irregularities in the ionosphere,
J\ Geophys. Res., 68, 3399-

- \ i
Titheridge, J. E., (1968), Periodic disturbances in the ionospfiere,
J. Geophys, Res., 73, 243-252.

Toman, K., (1955), Movement of the F-region, J. Geophys: Res., 60, 57-70.

. Turnbull, R. M., and P. A. Forsyth, (1965), Satellite studies of iso-
' lated ionospheric iFréhularieies, Can, J. Phys., 43, 300-812.

' Tveten, L. H., (1961), Iono ric motions observed with high frequency
backscatter sounders, J. Res. NBS, 65D, 115-127. .

Vagseur, G., C. A. Reddy, and J. Teatﬁd, (1972), Observations of waves
and travelling disturbances, Spade Kes. XII, 1109-1131.

&
Vasseur, G., and P. Waldteufel, (1969), Thomson scatter observations
of a gravity wave in the ionospheric F-region, J. Atmos, Terr.
Phys., 31, 885-888. i

)
Vo) : t

N .-




. 'l ‘
Villasenor, A. J.y (1968), Digital spectral arfalysis, NASA Tech,
Note D4510. ' ' '
. I .
Warwick, J. W., (1968), A model for Type IV emission in the solar
burst of June 9, 1959 at decametric wavelengths, Solar Phys.,
5, 111-117. }

Webster, A, R., (1972), Power spectrum analysis of ionospheric.data,
Centre for Radio Science, University of Western Ontario,
London, Canada, Report HA-21,

Wickersham, A. F., Jr., (1965), A ducted gravity wave interpretation
of travelling ionospheric disturbances detected by-a narrow
beam, slewable backscattering radar, J. Geophys. Res., 70,
1729-1735.

* Wild, J. P., K. V. Sheridan, and A. A. Neylan, .(1959), An investiga-
tion of the speed of the solar disturbances responsible for
type III radio bursts, Aust. J. Phys., 12, 369-398.

Winacott, E. L., (1961), On the measufement of the angle of survival
" of solar radiations at meter wavelengths 2, A high-resolution
direction finding interferometer, D.R.T.E. Report No. 1057-2.

Winacott, E. L., (1963), On the measurement of the dngle of arrival
of solar radiations at meter wavelengths (U). An improved

+

high-resolution direction - finding solar interferometer system, ¢

D.R.T.E. Report No. 1057-3. o

. -

-




