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SI]MMARY

The experimental data descrl-bed ln this thesls havebeen obtained w1Èh

a fully automated ground based equípment whfch measures the angle of arrl-

val of electromagnetlc waves reflected from the ionosphere aÈ a number of

selected frequencies. The measurements are made sequentlally aÈ the suc-

cessive frequencíes at a maxlmum rate of one measurement every tvro or three

seconds. Near-vertlcal incidence c.w. stgnals from a transmltting station

32 kn distanÈ from the receiver site are used Ëo invesÈ1gaÈe the travelllng

r,raves 1n Ëhe ionosphere" Electron densl-ty profile analysls together with

spectral analysis of the angle of arrival data yields estlmates of the

vertical trace velocitles of Èhe fonospheric waves. This data Ls then 1n-

terpreÈed ln terms of the dlsperslve properties of atmospherlc gravity

\f,aves ln order to estimaEe horizontal parameters associaÈed t¡fth Ëhe waves.

Ttre interpretatlon of the daÈa is extended with the use of a geometrical

simulation of ionospheric reflectlon fn the presence of an assumed Èravel-

lfng slnusoidal reflecting surface.
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Directlon of arrival data for Èr,\ro

signals reflected from the ionosphere at
near vertical íncídence dlsplayed as
compgnenÈs of zeníth angle.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL INTRODUCTION

This thesis descrÍbes experiments carried out l¡lth equipment that has

been deslgned to auÈomate the measurement of the dírecÈíon of arrival of

electro¡nagnetic qraves propagated vfa reflectlon from the fonosphere.

I.Ihilst the ionosphere does act as a remarkably good mírror for e.m. \raves

propagated ln thls way, it l-s observed that the dlrection of arrival of

these rüaves is subject Eo a continual l¡anderlng over a small angular range

of a few degrees, depending on the obllquity of the slgnals. This

wanderlng effect 1s attribuÈed to a large extenÈ to the presence of

fnÈernal gravity q/aves that propagate through the earËh's atmosPhere at

Íonospheric hetghts. Íhe effecÈs of these waves are commonly known as

travelll-ng lonospheric dísturbances (TID's), partÍcularly when they are of

large arnplitude. The local effect of these dlsturbances is to create tilts

1n the lonospherlc medium thaÈ 1s responsible for the reflectlon of the

êorno \raves that irnpínge on ft.

Thl-s thesis is mainly concerned with observations on ionospheric

movements by Eeans of e.m. wave propagation at near vertlcal lncidence.

It l-s found that propagaÈion may occur via the F reglon or the E region' or

both, or may sl¡ltch from one to the other. In the data base obtained in

the measuregenÈ runs made wl-th the equlpment, uultimode reflectlon in Èhe

foru of swlÈching beÈween E and F modes lttas commonly observed vrith

occasLonal brief periods of pure E or F region reflection. This thesis ls

not concerned ¡vl-th small- scale lrregularltLes or scÍntlllations.

For many communlcation purposes Èhe effects of travelllng lonospherlc

dlsturbances may not be sl-gnlflcant, however, where accuracy is required
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such as for directfon flnding purposes or for communications with hfghly

dlrectional antennas lt ls desirable to be able Ëo characterise the effects

whlch Èhey produce. The collectl-on of data wi-th manual or semi automatic

equipment presents a formidable manual effort. Furthermore the results are

subJect to the effecÈs of fatigue, subjecEive bias, and inattentiveness

LnÈroduced by the operator. Automatíc equipmenË, besides being essentlally

free of these effects íf properly designed, can also be glven a degree of

agllity thaE a human oPerator does not possess.

1'he maLn features of the experlmenÈal equfpment are described 1n

chapter 2. Paragraphs 2.1 to 2.4 are an abreviaEed version of a rePort on

the technlcal aspects of the experímenËal equlpment (I{arren-Snl-th and

Steer , Ig77). Although the technicaliÈies of auËo¡nation of the equlpment

are not wiËhout ínterest, the naín emphasis ln thl-s thesls is on Èhe

analys]-s and lnterpretatfon of the experimenÈal records obtaíned. The raw

data that wlll be presented ls ln the form of orthogonal components of

phase data relaÈed Èo the direcÈ1on of arrlval of the received signal as a

funcÈ1on of tíme. Ionograms from the Sall-sbury lonosonde staEion are used

Ln some of the data analyses. Processing procedures applied to the data

are also gíven ln chapter 2, paragraphs 2.7 to 2.L2. Ihis lntroducÈory

chapter dlscusses previous studies of íonospheric movements and alternative

methods of observatfon ¡slth special reference to direction of arrival

methods of measurement.

Sfgniftcant progress ln the understanding of any physical phenomenon

can only be made when experimental observat.lons are accompanled by a

theoretlcal approach. The last part of thfs introductory chapter considers

brlefly the developmenÈ and experlmental verl-flcation of gravity wave

theory and the dispersl-on relatlons for the atmosphere aË ionospherlc

altltudes. The dlsperslon relaÈlonships through the use of approprlate
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mathematical techniques are fundamenÈal to an understandlng of the dynamlcs

of atmospherfc processes and source mechanfsms for travelling lonospheric

dLsturbances. The fl-rst order perturbation theory of internal gravity

\raves 1s considered in chapter 5 v¡here ít ls used for estimatlng horizontal

and oLher paraneÈers of the wave motlons exhibited in the data.

1.2 INVESTIGATION OF IONOSPHERIC MOVEMENTS

An observaÈíon of the effecEs of travelling lonospheric disturbances

t¡as rnade by Munro (1950) and co-workers as early as 1939 fron continuous

vlrtual height (h't) reeordings then being made at Sydney and Canberra. A

three statLon system of spaced observing poínts was esÈabllshed ín L947 for

the purpose of studyíng these disturbances. Synchronlsed pulse

transmlssl-ons on a single 'frequency and a cathode ray Èube display were

used ln conJunctlon with d conÈlnuous movÍng photographlc strlP to make

simultaneous recordings of effecÈtve helght from the three staElons. These

recordings enabled times of occurence of dl-sturbances to be determlned at

the nid points between Èhe transrnitting staËlons and the receiving station.

The directlons and veloclties of the dísturbances were then determined from

the records. Velocities ranging from 80 to 160 n/s were observed with

dlrections ËhaÈ bore a marked seasonal varlation. Similar experíments hrere

carrfed ouÈ by Bramley and Ross (1951) and others. A later paPer, Munro

(1953), described complexÍtles, assocl-ated wtth the dfsturbances, thaÈ

appeared on the (h't) records. Ihese were the characterlstíc X, Y and Z

traces, whlch were explained by means of a geometrlcal constructlon as

being due to reflectlon from a concave lsoLonic moving surface ln the

lonosphere. Ihe moving disturbance 1s depicted as a vtave l-n whlch the

electron density 1n the lonosphere is alternat.ely more and less dense wíth

a progresslve change 1n phase wtth hetght thus glvlng the wave a vertical
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as ¡,rell as horlzontal component. of velocity. fhe as)¡nmetry leadíng to Y

and Z traces r,ras accounted for by the dl-fferential retardatlon in the

díscret.e ref lectl-ons when urultlple ref lecËions \lere present, due to

variations in the gradient of electron density in different parts of Ehe

wave moÈ1on.

In a further paper, Munro (1958), detailed statistics of dally'

monthly, and yearly occurences, velocities and directions of dlsturbances

were given. A mean velocity of 130 m/s was found with azlmuthal directions

varying between 30 degrees east of north in winter to 120 degrees in

sunmer. All the results given were, however, taken wlth a single

frequency of 5.80 Mhz, and on disturbances whl-ch produced clearly deflned

complexes on the records. Further tests were considered necessary Èo

determlne what variation could be expected with altitude.

Comparl-sons r{ere also made between Èhe Munro roethod of measuremenÈ and

alternatlve methods of measurement (Hel-sler, 1963). lhe method of Mítra

(1949) was noted to produce results not in agreement with Èhe Munro roethod.

À signLfl-cant dlfference between the two methods l-s that the separatlon of

reflection points for the Munro nethod is approxÍnately 20 km whereas for

the Mitra nethod receivÍng elements were sorne 100 m aPart and used an

anplltude fading method of observaÈion. The paper of Helsler (1963) also

gave a sunmary of the characterísELcs of dlsturbances that had been

establlshed up to thaÈ time. It was partlcularly noted thaE the method of

measurement used could have a selectlve effect on the scale or other

characteristics of the effects observed. Disturbance effects had been

observed ranging from large scale phenomena, Heisler (1958), wLth a

predominant directlon from the pole to the equator but wlth comparatively

infrequent occurrence to sma11 scale phenomena that were present more or

less continuously.



5

Further lnvestlgatfons of the directions and velociÈies of travelling

ionospheric dlsturbances vrere made in the northern hemisphere by Jones

(1969) using the doppler method of phase path measuremenÈ developed by

Davies and Baker (L966). A three sÈation array v¡as established with

reflectfon polnts arranged in an equLlateral Èríangle with sides of

approxiurately 40 km. Three frequencíes qrere used in one arm of the array

to allow vertical as well as horizontal Èrace components of velocity to be

measured. The experlmental results show an annual variatlon of direction

very simílar to that given by Munro (1958) excepË that at Èhe equinoxes

veloclÈles rrere to the west lnst.ead of to the east as del-ermined by l"Irrnro,

1n the southern heml-sphere. At the solstlces the directions of TID

movemenÈ were essenÈ1ally from the dlrectlon of the r¡fnter pole, in both

hemfspheres. The nagnitudes of velocities obtained were similar to those

obtaíned by Munro, except thaÈ actual velocity was obtained and not Just

the horlzontal component. The results of Jones lrere checked by an

experimenE carried out by l{alton (197I), who found essential agreement.

A laÈer suggestfon fs made by Davies and Jones (L97L) that the

differences in dírecÈlons of Èhe t.ravellÍng waves at the equinoxes ltere a

consequence of the time of observations which r{ere usually made at a

partlcular time of day. This suggesÈion Ís 1n agreement wlth an earller

revlew of l-onospherfc movements of Briggs and Spencer (1954), in which tt

qras shown that ionospherle movements.at this tlme of year v¿ere to the east

Ln the morning and to the west 1n the afternoon. Calculations by Hooke

(l970arbrc) show that the response of Èhe ionised constltuenÈs of the

l-onosphere to motlon of the neutral aEmosphere induced by TID's can be

appreciably anisotropic depending on the azimuth of the TID with respect to

the lncllnation of the Earth's magnetlc fteld and the orienEation of the

sun. Ihe suggestion ls made that this anlsotropy 1n conJunction with the
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known sensitivity of lonospheric soundírrg equlpment can account to a large

degree for the statistical behavfour of the observed dírections of TID

movements.

I^lave l1ke irregularities 1n the E region have been sÈudíed by Vlncent

(1972) uslng the Buckland Park aerial array near Adelalde. The averaged

velociÈies of the lrregularlties were compared with neutral wlnd

measuremenÈs made by the Adelaíde meteor system and found to be in

reasonable agreenenË. Ihis agreement \úas inËerpreted as evidence of
i

selection of gravity wþv"s due to critlcal layer winds at Èhe altl-tude of

the E layer. T.he wave lílce irregularltles \,sere shown to be of small

anplltude and to produce specular reflections of the radlo slgnals used for

observatlons. Variabiltty of the !,rave eff ecËs observed vlas such that

nultlple off vertical reflections could at tlmes be lnferred.

Systematlc tilts Ln the ionosphere have been sEudied by Morgan (L974).

A small sysËematfc tLlt was shown to occur and to vary as a function of

solar zenlth angle.

1.3 THE EFFECT OF IONOSPHERIC DISTIIRBANCES ON DIRECTION FINDING TECHNIQUES

f{hen direcEfon finding meÈhods were applled Èo hlgh frequency slgnals

for whlch the lonosphere provided Èhe means of propagation over the

required dlstances, devlaÈions 1n the measured bearings of the signals

could be sêêrìo The deviations continued to be seen when improvements to

dfrectlon flnding equl-pment ruled out the possibilÍty of instrumental

errors as the cause of the devlatíons. A review of direction finding

techniques, Ross (Ig47), describes equipment ln use, problems and possible

dlrectl-ons of fuËure development after the second world war. The Adcock

system and the spaced loop directlon finder were the favoured techniques at

the tl-me, but the advantages, such as potenLial for wave lnterference
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reduction, and problems of v¡ide aPerture systems $Iere considered and it

lras conceded that r¿ide aperture systems would have a place in future

developments. The effect of lateral devíatlons introduced into bearing

readings on sfgnals reflected from Èhe lonosphere uas consldered. Ihese

laÈeral deviatÍons were noted to be \^lorst aÈ very shorÈ range (<90 kn), to

írnprove progressively as range lncreased but to deterlorate once agaín aE

ranges where nulti-hop propagation occured'

A revlew paper by Gethlng (1966) contains an extenslve lfst of

references to directl-on finding techniques, problems and systems l-n use'

The U-Adcock system and cÍrcularly disposed arrays of wide aPerture such as

the Wullenweber systems elere described amongst others ' The latter sysÈems

employed a rapídly rotating commutator and a system of delay lines in

conJuncEion r¿iÈh a cathode ray Èube display to form either a broad beam for

signal ldentificaEion or a deep null paÈtern which gave the bearing of the

received signal directly on the cathode ray Ëube display' Bearing

accuracfes approachlng 0.1 degree have been reported for thls tyPe of

system (Jones and Reynolds , Lg75). In practlce, Èhis accuracy was only

achlevable on ground wave sígnals. R.M.S errors of 2 to 4 degrees lÙere

connon for lonospherically propagated signals, depending on obliquity'

The effecÈ on Èhe dírecÈion of a radio signal after reflectlon from

the tilted l-onosphere has been considered by CrofÈ and Fenwlck (1963) with

a mlrror reflection model for the case of oblique propagatlon. A selection

of charÈs were computed and presented whlch relate Ëhe ttlÈ of the mirror

to the distant pofnt of intersectl-on of the ray paËh of the signal on the

Earth's surface, or the nearest poi¡.È to which the ray returns if it does

not agaln lntersect. the Earth's surface. Trhe three dimensional geomeEry of

tilted mirror 11ke reflecEion, following the method of Bramley (I953) 
'

sultable for short oblique paÈhs is developed ln chapter 4' A singl'e
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sfnusoidal reflectLng surface ls applled to this model.

A descriptlon of technlques whích preceded the development of the

automated equipment described 1n Èhls thesls are glven by Treharne eË. al.

(1965) and Treharne (L967) where Èhe potential of vertlcal triangulation

using skywaves is considered for the purpose of radio locatlon from a

stngle síte. ApproxlrnaÈe methods of solvlng the oblique path geometry are

descrlbed wiÈh a view to improving the estlmatlon of the dístance to the

remote transmittLng source t.o be located. A technique of aropl-ltude ratio

measurements t¡ith a sysÈem of spaced antennas was used Èo determine the

elevatl-on angle and bearing of the receíved signal. The measurement

technfque adopted for the equipment descríbed fn this Èhesis is, however,

the lnterferometer principle descrlbed by Ross et. al. (1951). A sum and

difference principle in conjunetlon with a cathode ray tube display was

used for measurement and observatfon of the phases of the received signals

l-n two orthogonal pairs of aerlals. The elevaÈion angle and bearl-ng were

then calculated from the measured phase angles. For the equipment

descrlbed Ln thls thesis a digital- nethod of phase measuremenÈ has been

used which is a¡nenable to computer control and for sEorage of data on

magnetlc tape or for obtaining prJ-nted results in real time after

processing 1n the computer.

SÍnce there ls no known way of predlctíng Ëhe occurence of TID's,

efforts have been made to devise practical schemes for allowing for thelr

effects for the purpose of improving the accuracy of dírecËion findlng

systems. A selecËlon of schemes for doing Èhis are descrlbed by Jones and

Reynolds (L975). In one scheme a spaced array of doppler sounders qras

provfded at the nld polnt of the path to Ëhe distant transmitting station

fron whieh the Èilt ln the lonosphere aL this polnt could be deÈermined and

then used for correcÈfng the beari-ng lndlcated by the dl-rection findíng
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sysÈem. ExperlmenEal verlflcatíon of the feasibillty of thts method has

been described by Jones, Kantarízls and Morgan (1975). A second technlque

is to take bearing measurements on a second transmitter of knon¡n location

tn the viclnity of the one to be observed. Problems rtrere experienced wlth

wave inÈerference effects when multimode propagation \¡ras Present, although

some success \{as reported for unlmodal signals. Ihe second transmltter

needs Ëo be in the near vlcinity of the known transmlÈter and Eo be

operatLng on close to the same frequency for good correlation of observed

tilts to be obËalned. À third possibility is to make simultaneous

measurements of bearing and doppler shift, wl-th a vie¡¿ Ëo determíning

ionospherlc tllts remotely through the use of obllque slgnals. Íhere are'

horvever, difficulties associated ¡rrtth each of these schemes for use in an

operaÈl-onal dírectl-on flnding system. Further discussfon of these and

other posslble techniques are desctibed by Gething (1978) '

The appltcatlon of a ray traclng model to Èhe demonstratlon of Èhe

effect of TID's on range errors v¡hen vertical trlangulaEion schemes are

applied to radlo locatíon applicaÈlons aL short ranges has been described

by George (1972), where the tilt is neasured in the viciníty of Èhe

directl-on flnding staÈlon. Errors in the appllcation of simple tilt

correction schemes are described and the LmprovemenÈ in accuracy to be

achieved by allowíng for these errors is demonsÈraËed'

A slgnificant problem experienced with Èhe use of narro\^l aperture

dLrectl-on f indlng equl-pment, such as the U-Adcock system 1s the

fluctuatlons in lndlcated bearírrg due to ruultipath \úave ínterference. Ihls

problem has been graphically demonstraÈed by Hayden (196f) who showed Èhat

bearing errors of as much as 90 degrees to Èhe mean bearing of a pair of

incom/fng rays could result from wave interference effects. Thls source of

error can also occur 1n wlde aperture systems although to a lesser extent.



10

A coÍtmonly used device to overcome thfs problem is to use pulse

transmfssions to take advantage of the different tlmes of flight for pulses

propagatlng by dlfferent ionospherlc nodes and by gating the pulses from

the requíred mode into the phase measurement circuitry. An advantage of

thls technlque is thaE it allows directions of arrival of dífferent modes

to be dete-rmined indíviduallY.

If observations are made over a perlod of time, the effect of lüave

interference error can be averaged out and the resulÈing mean phase tends

towards the phase of the strongest mode present or towards the centre of

Èhe angular specÈrum if dlfferent modes are of slmilar strength (Burtnyk

eÈ. al., 1965). Burtnyk et. al. have also considered the relíabílity of

arnbiguity resolution for wide aperture arrays through the use of an

additlonal orthogonal set of recel-ving aerials of narro!üer aperture and

have concluded that arnbiguity resolution is feasible for all but a small

percentage of the time Íf the measured phases are averaged for a sultable

time before use. Precautions taken to ensure unimodal receptfon for the

equlpmenÈ descríbed in this thesis are given ín chapÈer 2 '

Resolutlon of lndlvldual modes uslng swept frequency, contlnuous wave

slgnals has been demonstraÈed by Rlce (1973) uslng a 32 elemenE wide

aperture array with a separate recelver connected to each antenria element.

Examples given by Rice show both the separaÈlon of indívidual modes and

also the bearíngs of signals receívecl ln each mode. The extractfon of thís

greater degree of ínformatlon about the received signals is only achleved

at the expense of providing spatial sanpllng ln a wíde aperture array with

dl-menslons exceedfng a kiloneter 1n the broadsl-de direction to the remote

signal source together with the requislÈe rnatched receiving equipment and

on-l1ne computing facilities.
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1.4 THE DEVELOPMENT OF ACOUSTIC-GRAVITY I^IAVE THEORY

Inltlal efforts to develop a satlsfactory theory to account for the

behavlour of travelling lonospherf-c dísÈurbances were hlndered by the non

1ínear character of the dlfferential equaÈíons governlng Èhe upper

atmosphere considered as a Èenu<¡us fluld. Progress ln developlng a first

order theory to provlde a startlng polnt for an understandíng of the main

features of atmospherlc motfons at Lonospherlc altitudes depended on a

choice of assumptions Èo stnplify the equaÈíons. The fÍrst adequate

solutlon to thls problern was that of Hines (1960). The gravíty wave Eheory

of Íonospheric lrregularfties was further consídered and reinforced in a

Napler Shaw prize essay (Hines, 1963). The latter paper besides reviewing

the gravity \4tave theory also considered systematic wind st.ructures in the

upper atmosphere such as winds due to tldal effecÈs. A review of

atmospherl-c waves in the l-onosphere along siurilar lfnes was glven by Beer

(r972).

The theory Ì{as applled to the behaviour displayed by long lasting

meteor trails Èhat. were revealed by radar observations. Radar

installatlons for tracking meteor tralls had been set up to make

observatlons of wlnd structures at heights of 80 to 115 km where the

lonlsaÈion produced by neteors \.ùas greatest. It was noËed that during the

course of a fers mfnutes the meteor trails became distort.ed, displaying the

effects of horlzontal winds thaÈ varied in direction withín a vertical

scale of a few kllometers. The winds deduced from these observations

displayed predoml-nantly horizontal flow with a horizontal scale thaË rilas

much greater than their verÈlcal scale and with Èhe scales of both

increasÍng greaLly with height. The randomness exhlbited in these \{ave

motÍons was glven as an indLcatlon of the presence of a spectrum of rnraves.

An approxlmate treatment of the effect.s of vlscosity, whlch increases wlth
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helght in fnverse proportlon Èo Èhe gas density rrras shown Èo account for

the vertlcal scale size of the observed wind motions. It rùas shown that

the effect of vl-scosíty would be to progressl-vely exclude Èhe smaller scale

motlons wiÈh increase in altitude. The expected exponential l-ncrease ín

amplltude wíth altitude was demonstrated to be approximately reall-sed fn

the observations.

Reflectlon of waves at a thermal barrier Ìras gl-ven as a second

mechanism for the restríc¡lon of the observed sPectrum of wave motions.

The domlnant rnodes displayed at an altltude of 90 km were shown to be ln

good agreemen¿ wl-th the Ëheoretically expected spectrum of waves, from a

source l-nf erred to be in the lower or middle atmosphere. ArgumenÈs r'rere

advanced for a gravity wave explanation of lonospheríc drift observations

as opposed to a wl-nd driven explanation. It was polnÈed out thaË a wave

interpretatl-on did not require an additional explanatlon for the presence

of Èhe lrregularitles and could account for the sudden change in dírecËion

of the irregularltles sometimes observed. IE was noÈed that the movements

observed r¿ould represent phase progresslons of the waves and noË component

velocltles of air parcel movements, although the aír parcel movements

themselves could represent quite apprecíable wind systems.

F reglon TID's such as those described by Munro (1958) Iüere also

accounted for by means of gravit.y hrave theory. A'leaky' ducËíng mechanism

provLded an explanation of the downward phase progresslon accompaníed by an

obliquely upward flow of energy. The thermal declíne at helghts of 50 - B0

km provl-ded a reflection mechanfsm which partially refleeted Llaves back

fnËo the lower atmosphere and provlded a partial ducting mechanism in the

horizontal directlon allor.rlng energy to progresslvely leak inÈo the upper

atmosphere w1Èh horizontal dlstance.



l3

A number of papers have appeared subsequently describíng further work

suggesred by Hínes (I960). Pítteway and Hines (1963) consider the effect

of including vlscous daurping in the equatlons and confírmed the conclusion

thaÈ an fncrease in amplitude with helght would be balanced by the

Lncreasing effect of viscous dampíng givlng rise to a dominanE wavelength

at a glven height. Ihermal conducËivíty was shown Èo be slmilar 1n lts

effect Èo viscous damping. The effect of allowing for arbitrary variations

of temperature and background wind with height was considered by Pitteway

and Hines (1965). Reflection and ducting of atmospheric l{aves which result

from these effects were studíed. Further effects and fLlÈeríng of gravity

naves due to background winds was consídered by Hines and Reddy (L967).

The relatíonship between gravity \üaves in the atmosphere and thel-r effect

on lonisation density as observed by ionospheric sounding equlpmenÈs hras

considered by Hooke (1968). Verificatíon of gravlty wave theory at F

regl-on heights is considered in chapter 5.

Ä, review of large scale TID's wl-Èh parÈlcular emphasis on source

mechanl-sms was given by Francis (1975). In this revlew the term TID was

reserved for large well defined events. l,lave events of the scale described

rüere not identif ied in the data base f or this thesls, buÈ the revl-ew is of

interest as a source of references to work that has been done on realistic

atmospherÍc models and to excltatlon mechanl-sms of gravity waves.

DescripLions lrere gíven of a number of large scale TID observations. In

this thesis the term TID is not restrfcted to large scale evenÈs.
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CHAPTER 2

DESCRIPTION OF THE E)GERIMENT

2.1 EQUIPMENT AND FACILITIES

The experlmenÈal equípment ls comprlsed of a computer conErolled ln-

terferometer facll1ty. The facility was developed Èo the point where near

simultaneous measurement.s of the directlon of arrival of up to Èen h.f.

radio signals reflecte-d by Èhe Íonosphere could be made. Typtcally, each

slgnal r¡ould be sampled in turn w1Èh atl the required steps of tuning Ehe

recelver to the selected frequency, 1evel adJustments, calibratl-on and

measuremenÈ sequence being carried ouË under computer control for each sig-

na1. Some tvro or three seconds is required to carry out the complete pro-

cedure for each sfgnal, under average conditions.

Software n¡as written Ëo provide a machlne language interactive key-

board operating system. This operaÈtng system provlded flexible arrange-

ments for setÈlng up the required parameters, sequence of operations and

real time processlng and display requirements by entering simple commands

at the keyboard. Real time computatíon and print out of azlmuth and eleva-

tlon angles for each slgnal was provÍded to facilftate monitoring of the

course of an experiment. Data storage r¡as provided on small magneÈlc taPe

reels.

A photograph of the equlpment is shown in figure 1. A PDP-BL comPuter

occuples Ehe rack on the left, together wlth associated peripheral equlp-

ment fncluding a memory expansion unlt and a dual dectape unlt. Control

equipment wlth conputer interface and subsystem lnÈerface circuíÈry, Po$¡er

supply and HP3330A frequency synthesizer occupy the centre rack. The RACAL

twin channel communicatlons receiver type RAI53 Èogether ¡.r1Èh measurement

equipment and receiver subsysterns occupy the rlght hand rack. A small
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table is normally placed adJacent to the ASR-33 teletype machine buË was

removed for the photograph. A sma1l amount of equlpmenÈ associated wíth

the lnÈerferometer aerial ínterface is housed ín a separate rack which does

not appear 1n the pÍcture.

2.2 AERIAL ARRAY

Figure 2 ls a víevr of the lnterferometer aerial aîray which occupie-s a

field near the equlpmenÈ building. The lnterferometer consists basically

of two palrs of horizontal dipole aerials Èhat are accurately surveyed f-nto

position. One pair is sited in a north-south directlon and the other palr

in an east-lrest dírection. The separation of Ehe dipoles in each pair is

73.15 m (240 feet). A measurement of the phase difference of the sígnals

appearing 1n each of the two pairs of dlpoles is sufficíenÈ to determine

the dlrection of arrlval of the incoming radio erave at the selected fre-

quency without ambígul-ty, provided that the frequency 1s sufficiently low

and that the direction of arrival of the radfo wave ls from near the zen-

1th. For higher frequencles and for oblique sígnals an arnbiguity arises

from gratlng lobes due to the spaclng of the dlpole pairs. The anbiguiÈy

1s resolved by makl-ng phase measurements at an additíonal two palrs of or-

thogonal aerl-als aÈ one quarter of the spacing of Ehe main array.

In the practical realisation of the lnterferometer each horizontal di-

pole as described so far actually consists of two crossed dipoles arranged

at 45 degrees to the north-south dlrection. These crossed dipoles are con-

nected with a phaslng cfrcult to form a circularly polarized anÈenna (Phíl-

Il-ps, 1951). Ihe dlrectlon of polarlzatlon can be selected remotely. The

horl-zontal dipoles have a polar diagram which is dlrected vertlcally, en-

surlng that íonospherically propagated signals are glven preference over

ground r{ave signals. Only s1x crossed dlpole aerial-s are acÈually used



FIGURE 2. I Vlew of the equlpment racks

FIGURE 2.2 Viers of the lnterferometer aerial axtay
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Êlnce Èhe short base l1ne pairs can share one dfpole each wiÈh Èhe long

base l1ne pairs.

2.3 RECEIVER AND PHASE MEASI]REMEM CIRCUITRY

A bloek schematic of the recelver, phase measurement and assocÍated

clrcultry is shovrn 1n figure 3. The Racal R4153 twin channel communlca-

tions recelver arnplifles the selected high frequency signals received by

the selected palr of aerials and converts these sígnals to 100 kHz lnterme-

diate frequency sÍgnals. The differentlal phase angle of the fntermedlate

frequency slgnals is measured by the phase measuremenË clrcuitry provided

that, cerËain test conditions are satisfied.

The aerial uulticoupler unlts comprise pairs of ldentical wldeband

l-solaÈlng anpllfiers. Íhese unfts allow additional experinent-al systems Èo

share the same antenna atxay. Íhey also provlde a gain of 10 db together

with some l-ncrease in sensltivlty. The aerlal svriEching unlt allows for

connection of elther the requlred pair of aerlals or the calibratlon sig-

nal. The calibration signal 1s provided by a programmable HP3330A frequen-

cy synthesízer. The output frequency of the synthesizer 1s seÈ under pro-

gramme conÈrol to the selected operating frequency. The calibration signal

1s applled to each recefver through a resisÈlve divider neÈwork at Èhe aer-

tal swltching unlt inpuÈ. The requlred receiver lnput signal level is set

by a dual matched progranmable aÈtenuator unit.

The receiver is capable of being tuned in the frequency range I MHz to

30 MHz. Hor+ever, the maximum usable frequency is lfunited to 13 MHz by the

frequency syntheslzer. The receiver provides two separaËe sf-gna1 paÈhs,

balanced to 1 db ln amplltude and 15 degrees in phase, to produce two i.f.

slgnals at 100 kHz, at whích the phase is measured. Due to the phase and

gain imbalances ¡,¡hich vary with both receiver conErol seÈtlngs and signal
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level, a number of callbration and control functions are necessary Èo en-

sure thaÈ phase measureüenÈs are accuraÈe to wlthin 2 degrees. A calibra-

tlon sequerrce ls carried ouÈ prior to every set of phase measurement read-

ings. During thls sequence gain ímbalance 1s corrected by Èhe acÊion of

the galn balance control clrcult. Íhe phase ímbalance is then measured and

stored as a correctfon for subsequent phase measurements. In order to re-

duce the differential phase shlft due to signal level variatlons ' the

i.f. slgnal levels are controlled to fall within a 10 db dynanic range

prlor to the measurements being taken. Thls actlon 1s carried out by the

dual matched aÈtenuator in conjunction r¿lth the aEÈenuator conÈrol unlt.

The att,enua¡or can be locked at a glven'setting or allovred to sÈep unÈll

the required slgnal level is achieved. The R.F. gairr control of Ëhe re-

celver is preset manually so Èhat. the 60 db dynarnic range of the attenuator

covers the expeeted range of input signal levels.

The two channels of the receiver are tuned by the same local oscilla'

tors. Two local oscillator slgnals are required to control Èhe megahertz

and kilohertz contents of Èhe frequency to be recelved. Ihe l'Iadley system

of band selection (see; RACAL CommunicaLlons Incorporated, operaÈlng manu-

al) is used in the recel-ver. Approximately 200 rns ís requl-rd to turte the

recelver to a nerrr frequencY.

The phase difference between Èhe two l.f. signals is measured on a

cycle to cyele basis by counting the number of pulses of a clock between

zero cross over polnts on Èhe Ewo l-.f. signals. In order that thls should

provl-de a direct measurement of the phase angle and to avoid errors result-

ing from varlations in the i.f. signal frequency, the clock is controlled

to be a flxed nultiple of the i.f. signal frequency for variaÈions of up to

8 percent in the norninal frequency of 100 kHz. The clock frequency 1s 256

times thaÈ of the l.f. so that 360 degrees 1s rePresented by 256 in the
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phase measurement system. Ihe resolution of Ehe phase measuremenL systeE

is therefore approximately 1.4 degrees.

The phase rneasurement clrcuitry ts prevented from operat,ing lf any of

three tes¡ conditlons âre not satisfled. MeasuremenEs are taken only when

both 1.f. signal 1eve1s fall wl-thin a glven range. This Ëest ls índicated

on flgure 3 as a wlndow Eest. In an atLempt to ensure thaÈ only

quasi-unlmodal propagation is consÍdered, meàsurements are only Èaken when

aroplitudes across the array are equal to wlthin a Preset tolerence which is

small by comparison Èo Èhat permltLed 1n the window tesÈ. A further test

for unímodality ln the received signals ls to use i.f. cycles only when a

given number of precedlng eycles meeÈ the amplitude equall-ty 4""r. fhe

number of precedlng cycles Èo test can be selected under computer control

to values in Èhe range 0 to 7. Ihís test 1s shown on figure 3 as a \rave-

front test. A fourth ËesE is provlded, with an outPut that can be tested

directly by the mlcrocontroller to be described in the next section. This

comparative test circuíÈ \{as set with a threshold Just above the recelver

nolse floor and determlned lf a signal was Present or not'

Raw phase measuremenÈs are collected in the daÈa consolldation clrcul-

try. fhls circuitry consists of a hardware histogram circuit, l-mplemented

with random access memory. One memory word ls reserved for each of Èhe 256

possible measurement values. A consolidated phase measurement is consi-

dered to be complete when the mosE frequently oecutríng value exceeds a

prè-determined number of occurfences gíven by 32n+3 I r,¡here n fs a single

díglt ln the range 0 to 7. Ihe most frequently occutrfng value is the mode

of the set of readlngs. Hardware clrcuitry htas provided r¿hich could then

deÈermine the roedian value of the seÈ of readings. Elther the mode or me-

dian value could be made avallable as the final phase reading taken by the

phase measurement system.
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2.4 CONTROLLER AND INTERFACE CIRCUITR

A control and interface clrcuit was constructed to allow complete sys-

tem interconnecLfon. A programmable microconÈroller r,sithln this unlt pro-

vides a sequencing capabillty for one cornplete callbration and phase meas-

urement cycle, includl-ng the transfer of one set of data to the computer.

The measurement sequence ls inÍtiated by Ehe computer after the required

frequency and other parameters have been transferred to the controller from

the computer. InËerface circuitry provides lnterconnecÈion to the computer

on Èhe one hand and t.o the receiver, calíbratlon and phase measurement clr-

cuitry on the other hand.

A very much sfmplified block diagran of the controller subsystem fs

shov¡n 1n figure 4. The manual control and display panel which can be seen

at the top of the centre rack in flgure I 1s not lncluded 1n figure 4. The

cont.rol and dísplay panel was used for monltoríng whllst the equipment \.ras

under compuÈer cont.rol and for test, purposes during developmenÈ. At the

top of figure 4 it can be seen Èhat there 1s a flow of Parameters from Èhe

computer Èhrough appropriate lnterface gate circuitry to a set of regis-

ters. These regísters hold such information as the selected frequency, in-

Itlal att.enuator set.t.ing and oÈher lnltialisatlon Parameters. This lnfor-

mation is then available Èo the subsystems until changed by the computer.

In the centre of figure 4 1È can be seen that there ls a simílar flov¡ of

data and parameEers from the subsysÈems Èo the computer. The phase meas-

urement data and sample time are collected in an additional set of regls-

ters. Transfer of this daËa to the computer is lnitiaÈed by the microcon-

troller when a compleÈe set of data has been collected, through the dlrect

memory access facillty of the computer lnto a preselected buffer area 1n

the computer's memory.
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The mfcrocontroller 1s shown at the bottom of the block díagram. The

mlcrocontroller is a programmable seqrrencing device. IË can generate a

number of control pulses on lndividually selected lines. Íhese pulses inl-

tlate such acÈions as the gaín balance cont,rol functlon or initiaÈe tuning

of Èhe receiver. Ihe mÍcrocontroller can execute conditional as well as

uncondltional branch operations Èo any step in the sequence by neans of a

second set of lndlvldually selected llnes whlch sense the conditions Èo be

test.ed. The microcontroller thus has the capabllity of respondíng to cir-

cumstances as they arlse and to step to a nelù sequence step or loop back to

a prevlous step as requl-red.

In the case of many of the receiver subsystems, the microcontroller

Lnitlates a sub-sequence controlled uriLhín the subsystem. In these cases 
'

the conditional branching factlity is used Ëo execute a waitlng loop until

a flag stgnal r,rithin the subsystem is set. The previously mentioned exam-

ples of galn balance conÈrol and receiver tuning are ciËed. To avoid a

posslble lndefinl-tely long waitlng period, a tl-me lirnft test ls lncluded in

the waiting loop in a number of cases. If the tlrne linít expires, the mi-

crocontroller programme branches to an exit sequence and signals the com-

puter.

The microcontroller cfrcuitry is based on an INTEL L702 PROM device

whlch provides a fixed non-volatlle memory to hold the progranme. Thls

device can be programmed in the laboratory. An assembler progrâüme was

wrltten to assist ín firmware development. This asseubler could be run on

the compuÈer or any other sirnilar PDP-8 computer sysÈem. The assembler

will accept a source flle generat.ed with the operating system software of

the computer and will produce both a ful1y coded octal aàd declmal listing

of the microconLroller prograllìfre and a specfally coded PaPer tape which can

be fed directly into an INTEL PROM progratnmer'
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2. 5 EXPERIMENTAL ARRANGEMENT

The experimenÈal data for thls thesl-s was taken ln December L975 with

a few addl¡tonal days in January L976. The arrangement provided for the

experímen¡ can be seen in fígure 5. The 1nÈerferometer and õomputer system

rras installed at the St. Kilda receiver site. A collectlon of four

transmitters were operated fn c.rnr. mode at the Kersbrook síte, some 32 krn

to the east. The outpuË power f or three of the transmitters \¡ras 10 watÈs

whilsÈ the fourth transmitter had an output povler of 30 Ìüatts. The fre-

quencles used were 3.84 ìûtz, 5.38 Mhz, 5.745 Mhz and 6.7L55 ltfhz. Vertícal

Lncidence lonograms v¡ere taken from the Salisbury ionosonde station aÈ 5

minute intervals duríng some of the data runs. Since the equipmenÈ is au-

tomatic in operation r.¡hen once set up it was posslble to leave the equip-

ment unattended on occasions. Several overnight runs \¡rere made. the

c.\¡r. transmissions could be monftored on a separate receiver and the pres-

ence of interfering signals checked for and noÈed.

Slnce the transmitttng site was comparatively close Èo the receiver

slte, slgnals reflected from the ionosphere had a direction of arrival

close to the zenith. All the daÈa collected from Èhe experlmental configu-

ratlon is in the form of time series phase angle data, related to the near

vertical angle of arrival of the sígnals. The final setting of the dual

matched attenuator eras also recorded buE ís not speciflcally used 1n the

analyses. The analyses of the data are supported by the Íonogram data from

the Salisbury lonosonde statlon.

2.6 DATA ANALYSIS PROCEDURES

The raw data frorn the experimental equipmenÈ is 1n the form of ASCII

coded files on small magnet.lc tape reels. These fl1es contain headlng and

parameter lnf ormation f ollor.¡ed by lines of data. Each line of data con-
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taíns the results of one complete measurement sequence carrled ouÈ under

the control of the mlcrocontroller. Each data llne starts with a sLngle

fdentiflcaÈl-on diglt whlch 1s followed by the sample time, coarse and fine

paLrs of phase readlngs and the aÈtenuator seÈËing. Parameter 1ínes also

slart with an identlflcation digit and contaÍn the frequency and other

ftxed settlngs for the corresponding data 11nes. Data for different fre-

quencles can therefore be uuambiguously ldentified during subsequenE pro-

cessing.

FIGURE 2.5 Map showlng the locatlon of the recelver slte, Èransmitter
site and SallsburY lonosonde
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All data collected Írere transferred from the small magneLic tape reels

onto sÈandard ANSI format IO I/2 inch magnetic tape reels. Individual data

ffles on these tapes are labelled with a code that includes Èhe day of the

year during which the data were taken and the sequence of the daÈa durlng

the day.

Computer programmes elere v/ritËen to provide a range of data analysls

procedures for the data. A PDP-I1 computer wlth plottlng facilities r'ras

used for much of the data processlng. The relationship amongst Èhe mal-n

proeedures can be seen in figure 6. Each box in flgure 6 represents a com-

puÈer programme or choice of prograrnllles. The general purpose prograrnnes

will be descrlbed 1n this chapter and the remainder in subsequent. chapters.

The flrst programme accepÈs a selecÈed raw data file as input and ex-

tracts data corresponding to a speclfied parameter líne. A secondary fíle

in dfrect numerical form ís generaÈed from the input data. fhe secondary

data file contains headtng and parameter lnformation follor'red by zenith

angle components from the coarse or flne phase data, decimal Lime and aE-

tenuator seËtlngs. An exponentlal smoothing algorl-thm may be applied to

the zenlth angle data v¡hich enhances Ehe quick look presentation of the

data. The Progranme may also plot the output data. All secondary data

flles including files produced by further processlng procedures are given a

standard format to facllltate handling. These ftles can be accepced by the

plottlng secÈíon of the lnput daËa converslon Prograüme. Numerl-cal opera-

tl-ons and other detalls of the various programmes are given ln subsequent

sectlons.

A special programme was writ.Èeri to provide a test faclllty for some of

the data analysis procedures. This programme accepts a secondary data file

as input and generates another secondary fl1e wlth time informatlon copled

from the input file and zenith angle data replaced rrlÈh sine wave data'
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square hTave data and/or random daÈa. Any nuruber of sine htaves can be gen-

erated and added together, with perlod, amplitude and phase specifled for

each one. A choice of uniformly distributed or Gausslan distrlbuted randou

data can be added to the sine waves.

2.7 INPUT DATA CONVERSION AND PLOTTING PROGRÁM

The primary function of this programme is to transform

matted raw daEa flles into direct access numerical fl-les"

daÈa obtalned from the phase consolidation circuitry l-s

north-souÈh and east-r.Jest angle comPonents rvhlch closely

zenl-th angle components of the incoming wave normal.

Íhe direct.lon cosines of the incoming ray are obtained

tlon:

the ASCII for-

Íhe phase angle

converted into

approxlmaEe the

from the rela-

0À
COSa = 

-
2rd

(2.t)

where g ls the consolidaËed phase angle; I is the wavelength of the re-

celved signal and d is the spacing of the antennas, which is 240 feet for

the flne spaclng anÈennas and 60 feet for the coarse spacing antennas- The

compllment of the angle q obtained from this 1s a good approxftnation to a

zenlÈh angle conponenÈ for zenlth angles of less than 10 degrees. AfÈer

l-nserting physfcal converslon facÈors the relaÈlonship:

0D
Z = 90.0-57 .2958 Arccos (2'2)

87.8432f

is obtalne<l, where f 1s the frequency of the Íncomlng wave in Mhz and D has

the value I for the fine antenna spacing and 4 for Ëhe coarse antenna spac-

lng.

The resultl-ng zeníth angle is brought i.nto Èhe range -90< Z <90 by

subtracting 180 degrees from it tf 1t is greaÈer than 90 degrees. fhe
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quantisatlon step size for the zenith angle data can be obtalned from (2).

At a frequency of 3.84 Mt.z thís gLves approximately 0.24 d'egrees for the

flne spaclng data and 1.0 degrees for Ëhe coarse spaclng data' AE Èhe

6.7L55 Mhz frequency the step sizes are 0.14 degrees and 0.55 degrees res-

pectlvely.

T,he plotEÍng sectíon of the prograûme provides for two annotated zerr-

ith angle plots. Ihese plots include the north-south and east-r,rest zenith

angle components separately, the time in hours-mlnut.es form and the aÈtenu-

ator settlngs. Central sunmer time ts used throughouÈ. The plots are com-

posed of data representing the results of indlvldual measurements or lndf-

vidual processed daÈa points. If avaílable, the ordÍnary and extraordínary

ray marker Ís ploÈËed, and represents t,he time at whích a change \'Ias made

to ttre polar IzaElon seÈt.ing. The O-ray seÈting is represenÈed on the zen-

Lth angle plots as a shorË vertical dashed líne above the attenuator set-

ting data at the boLtom of each plot. Ihe X-ray settl-ng is sinllarly re-

presented by a short vertlcal doÈËed line.

Quick look presentatlon of the data is enhanced by means of the expo-

nentlal low pass fllter optlon. The characteristics of this recursive d1-

giÈal fi1Èer are gÍven 1n appendix A. Thls filter has been chosen for íEs

sirnpliclty of inplementation in Èhe FORTRAN prograume. Ihe requlred degree

of smoothl-ng ls achieved by specifying two Parameters. The first parameter

speclfles the fllter confJ-guration and the second parameter specifles the

degree of smoothing required. Filter configuration type I provides second

order smoothlng in the forward directlon through the data' Filter conflgu-

ratl-on Eype 2 provídes a second smoothlng pass backwards through Èhe data

following a forward pass, thus provldtng a zeto phase shtft versl-on. A

value between zero and one is speclfled for the second parameÈer depending

on the degree of smoothing required. The srnaller Èhe value chosen for thls
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parameter the greater the degree of smoothl-ng performed. A value of 0,25

was typlcal.ly used, wLth a tyPe 2 configuration.

2.8 DATA CO}ÍPOUNDING PROGRAMME

The experirnental data was produced aÈ irregular lntervals, Ëyplcally

of a few seconds apart. The spectral analysls technlques used required un-

íformly spaced daÈa. The experinental daÈa was also produced at a faster

rate than rtras required for daÈa processlng. The excess data usefully pro-

vided some degree of ínttlal smoothíng.

A data compounding progranme v¡as wrltÈen whl-ch could read an lnput

secondary file and produce another secondary file in which all input daÈa

points withín successÍve unÍformly spaced intervals of tl-me were averaged

to produce uniformly spaced samples with tl-mes assigned to the centres of

the lntervals. The first lnÈerval was set to start at the time of the

ftrst, data point from Ëhe input flle. In the averaglng process north-souEh

and east-west components hrere averaged separately. The attenuator setElngs

daEa was also averaged. Typically up to Èen lnput poínÈs vrould be averaged

to form one output poÍnÈ depending on sample rate (specl-fied as samples per

hour) requlred. An option was provided whlch enabled gaps in the data to

be f1lled in by linear interpolation between Èhe nearest t\to data polnts.

Linear interpolatlon in this way is less severe than setting data points ln

gaps to zero since there is an inherenÈ offset Ín the data due to the fact

that the transmltter site ís not co-located wtth the receÍver site.

1.he data compounding programme allows successlve data fíles taken on a

given day to be concatenated. The gap between successive files can also be

filled ln by linear interpolation if requlred. Ihus a slngle secondary

data file can be produced contalnlng all the daÈa from a given day with

uniformly spaced sample intervals.
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A useful option is provlsion for changlng the heading stored in the

output secondary flle. TreaËed files can be fdenÈifled by incorporatíng

addítional informaËion ln the new heading.

2.9 SPECTRAL ANALYSIS PROGRAMME

The spectral analysls programne has been adapEed from a rnultivarlate

spectral analysis programne in use by the Radfo Physícs Group of the Phy-

slcs Department at the UnÍverslty of Adelaide. The adapLations províded

for the present Programme are maínly related to lnput file handling and to

the plotting of results. A modif led procedure f or smoothing of po\¡Ier spec-

tral estlmates is described ln Appendix B.

The spectral analysls programme allohrs trro secondary data flles to be

read as lnput and a serles of procedures may then be applied to the two

sets of data from these files. Ihe available procedures will be described

1n their order of aPPlicatlon.

The first procedure 1s that of mean or uean and Èrend removal ' The

procedure consists of determinlng the leasÈ squares straight line flt to

the daEa and subLractlng this llne poínt by point from Èhe data' Each com-

ponenÈ of the data ls treated separately. Ihe next procedure ís to apply a

102 cosine bell weightlng funcÈion to the data. A function of the form:

( nkr
ålr - "os -l 

(2.3)-L N J

Ís applied to the kth data poinÈ for the first and last L07" o1 the data' N

is the nearest integer to I 07" of. Èhe available data points read in from an

lnput data file. The inpuÈ routfne for the progranme can read a specifled

number of lnput data polnts up to 512 from an inpuÈ data file' Tf fewer

than 5 L2 d.ata points are avallable, the balance required to make up 5L2 po-

lnts are fllled in with zeros. The applieatlon of zeros to the data does
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not Affect the resulting spectra other than to reduce the available resolu-

tion. At the conclusion of thl-s step Èhe t\.to sets of data are ready for

the appllcatlon of Fast Fourier Transforms to obtaln the raÌ\t sPectra fox

the daEa. The operaËíon performed by Èhe FFT procedure is given by:

N-1

F (k) I x(n) e
-J 2rnklN

(2.4)
x

t
N

n=0

where: x(n) is one of the sets of inpuË samples,

N=512 is the number of daÈa polnts Èo be transformed,

and F (k) ls the kth raw spectral esÈimate on the x inpuL data set.
x

On completlon of the FFT proeedure the power, co and quadraËure sPec-

tra are computed from the relaÈfons:

c (k) = F2 real (k)+F-1inag (k)
.xxx

c (k) = F2real(k)+Flrnag(k) (2'5)yvv
Cxy(k) = F*real(k)Frreal(k)+F*ínag(k)Frlnag(k)

Qxy (k) = F*real (k) Frtmag (k) -F*turag (k) I'rreal (k)

Confldence in the spectral estlmates ls increased by the application

of smooËhing to each of the above four sets of estimates (Otnes and Enoch-

son, lg72). T.he slnplesL procedure to apply 1s to average every M estl-

mates and asslgn the centre frequency of each set of averaged values to be

the frequency for the set. fhe value of M to apPly to this procedure can

be speeified. Íhe value to choose ls a compromise betr+reen the degree of

confidence that can be placed ln the spectral estimates obtained and the

resolution of the resulting spectra. An l-dea of the order of magnitude of

the confldence ínterval thaL mfghL be expected can be galned frou the fol-

lowing example. 
^ 

gO7" confidence l-nterval in a porüer specÈral estímaEe for

a value of M of B, on the assumption that the smooËhed spectral estimate is

a ¡12-varfable, ls approximaÈely 5.2 db. In other words, there Ls a 90%
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confidence that the power spectral estimate i-s wlthin -2.2 db ar.d +3.0 db

of lts real value when I successive raw specÈral estlmates have been aver-

aged. Alternattve smoothfng schemes, with Èhe same objecÈlve' are possible

and may have advanÈages. An alternatlve scheme, used ín chapter 5 is des-

crlbed ln appendix B.

A correction factor glven bY:

r6r/7NM(N-L-1) Q.6)

is appll-ed to all of the spectral esÈimaÈes. T is the toEal duration of

the sample lncludlng added zeros and L is the nunber of zeros added.' This

is done in preference to normalisation of the spectral estimates and has

the advantages of providing a degree of physical signiflcance to the values

obtained for the spectral estimates which are then called pohter spectral

density estlmat.es. A clerivation of this factor as well as a more detalled

dlscussion of Lts usefulness is given in appendl-x C.

1'he final processíng procedures are to generate the cross sPectrum am-

plltude and phase functions and the coherence functlon. These functions

are defined by the relaÈíons:

c (k) = lF (k)F _*(k) Ixy' x y

= lc*r(k)-JQxy(k) | (2.7)

o (k)
0 (k) = Ärcran 

-xy 
- (2.8)

xv cxy(k)

c2 xv(k)
Y (k)

xy

(2.9)
G (k)c (k)x v

The resul-ts of the analysls are both printed in tabular form and plot-

ted graphically. The vertical axes on the spectral plots are marked frorn 0

db to -30 db 1n 5 db steps. fhe vertical axís on the phase plot 1s marked

c (k)c (k)x' y

c'z xy(k)+Qt *r(t)
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from +180 degrees to -lB0 degrees. The horizonLal axis on all the plots

are marked from zero Èo 30 cycles per hour in sËeps of 5 cycles Per hour'

2.10 FFT DIGITAL LOI^] PASS FILTER

The bandrvidth avatlable at Lhe receiver i.f . ouËput \.74s appreciably

greater Èhan necessary for the purpose of analysis of the data, which re-

sulted in the unriecessary introductlon of nolse. Some reductlon fn thl-s

bandwidth is achieved by the data compression Progranme. However, the

bandwidth 1s sÈ111 greater than required for some PurPoses. An FFT digítal

filter programme \{as writt.en whích allor^rs an arbitrary low pass cut off

frequency to be specffled at the time of use of the Prograrnme.

A cut off frequency 1s speclfled and applied in the frequency domain

to an inittally unlform frequency distribution of unlt magnitude and zero

phase. Allor¡ance 1s made for the two sided nature of the frequency domal-n

distrlbutlon when FFTrs are used. The frequency distríbution is then

transformed inÈo the Èime domafn to allow truncaLlon of the weightlng func-

tion to be performed. A suitable coslne welghting functlon is applied to

the truncated r¡relghting function to eliminate any possible dlscontlnuity at

the point of truncaLion. Again allowance is made for the two sfded naÈure

of the tlme domaln weighting function. The welghting function ls

re-normallsed to avofd alteration to the Èotal weighting following trunca-

tion procedures. TruncaLlon of Èhe Èime domain vreighting function is ne-

cessitated by che presence of the Gibb's phenomenon. The- Gíbb's phenomenon

is such that a darnped translent appears in the FFT fl-lter output, both

precedfng and following a dlscontínuiËy in the data. It ís found that the

Gibb's phenomenon can be eliminated if t.he È1me domain welghtíng functíon

is truncaÈed at a È1me i-nterval equal to half the period of the cut off

frequency. This actl-on lmpll-es a considerable compromise with the ldeal
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frequency response characteristl-c required. Ihe resultlng frequeney res-

ponse l-s, however, st1ll adequate for the PurPose intended. The Gibb's

phenomenon Íf present woulcl be intolerable for visual presentation of data

plots and for further processlng usêo

The final frequency response function ís obtaíned by transforming the

truncated welghting functíon back to the frequency domaín. Norl-h-south and

east-\.rest components of the required lnput data sample are then separaËely

transformed into the frequency domaln, complex multtplied point by point

wtth the frequency response funcEion arrd then finally transformed back to

the tlme domain. A new secondary data file ís produced contalnlng the re-

constructed filtere<l data. The lnput daÈa sample ls not required to have

exactly the requíred number of data poirrts. Evenly spaced input data at

the requlred sampllng points ls obtalned by quadraÈic lnterpolation from

the nearesE input data points. No undesirable effects are evldent from the

use of input daLa interpolaÈlon. The aLtenuator settlngs are not altered

by the filter programme. The option for changing the heading is provlded

to allow a simple means of ídentificaÈion for treated data.

The performance of the fllter can be seen in fígure 7. Íhís flgure

was generaËed by replacing the north-south component of the filter outPut

secondary f1le with the frequency domain response functlon sultably scaled.

Square vrave input Eest data was obtalned from the slne-square 'hlave Èest

programme. In the top half of figure 7 the weighting function has been

Èruncated as described and it can be seen that there 1s no Erace of the

Glbb's phenomenon on the resulting rounded square ltave. In the lower half

of figure 7 Èhe weightlng function was only lightly truncated resulting in

a more rapld cut off Ëo the frequency response. The severe effect of the

Gibb's phenomenon can be seen Ln the rounded square trave form output of

thls fflter.
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2.11 POLAR PLOTTING PROGRA}E{E

The polar plottl-ng progranme will accept up to four secondary data

f11es as input and plot selected portions of these data ftles ín the form

of a polar plot. The input data are correct.ed Èo true zenlth angles prlor

Èo plottingr

By reference to flgure 8 it can be seen thaÈ the zenlth angle Y is

relaÈed to the angles c and ß by the direction cosíne relationship:

cos2c*cos2ß+cos"I=I (2'10)

from which:

If

Y = Arcsin

= I-" and

cos 2crl cos 2ß

, = L-B are

Progranmet

ß

(2.11)

the angle componenÈs produced by the

stored in the lnput data file, then in

0

input data conversl-on

terms of these angles:

Y = Arcsin sln2q'+ sin2ß' (2. 12)

The azimuth angle Ls calculated from:

cos ß

0 = Arctan
cos q

sln B'
= Arctan (2.13)

sin c'

A correcÈion of *180 degrees has to be made to this angle if c' is ne-

gative. The corrected zenith angles are Èhen compuÈed from:

c,t=yCOSrÞ

ß,,=yslnQ

The above formulae for 6 and 1

zenith angle respectlveJ-Y.

A polar plot 1s one form of tlme

(2. 14)

convert the data to azl-muth and true

series plot of these quantitíes.

llnear tlme

r¡ould have

Ttme series plots of azimuth and Ërue zenith angle against a

axls rvere not provlded, for data processing purposes' Ihese
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been useful tf obllque signals had been included for study.

The polar plottlng prograruûe provides markers aÈ flve mlnute lntervals

for each trace on Èhe p1ot. These markers are Èhe same decfnal dlglt used

to ldentLfy data ll-nes in the orl-glnal data. For all of the data presenÈed

these markérs represent the signal frequency that produced the trace ac-

cording to a flxed arrangement of the digLts. The start and finish of each

trace is also marked with the time l-n hours-minutes format.

Incoming
Ray

z P
lr'l

FIGURE 2.8 Díagram deflning the componenÈ angles for eomputation of
Íth angles
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2.12 REAL I1EIGIIT ANALYSIS

Ver¡Lcal incldence ionograms were taken at the Salísbury lonosonde

stat.ion during many of the daEa EüIls o Ionograms aÈ fifteen minute

intervals were scaled and applied to an elecÈron-densíÈy profile analysis

progranme for selected periods of data. The profile analysls Programme

provldes both electron densities and true reflection helghts for scaled

frequencies for the ordinary lay component from the verÈical incidence

l-onograms. The electron densit.y profíle analysls programme in use, is that

of Doupnlk (1963). An authoritative cornparatlve st,udy of proflle analysis

methods ls given by McNamara (1978). An earlier review of thls subject ís

thaÈ of Thomas (1959). Useful lnformation ís also contained in the IIRSI

handbook (Plggott and Rawer, 1972).

Ihe quantlties that are required Eo be derlved from the profile

analysls data are the scale helght H at Èhe peak of the layer and the real

helghts of reflecÈ1on at the frequencies of Èhe signals used for the

experiment. The calculation of the scale height H 1s done by use of the

parabolfc layer approximaElon from Èhe Chaprnan layer theory. An expression

for a parabolíc layer approximation for the F2 layer peak from which the

scale hefght can be calculated 1s derived l-n appendix D:

h-h*
']

H
N=N* ,1L-E (2. 15)

where:

and

km).

N,1s the electron denslÈy at the peak of the layer,

h, is the height of the peak of the layer'

H ls the scale height at the pealc of the layer'

N is the electron density (l-n elecErons/cc) at the true height h (in
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These quantltles can be seen in figure 9a. It Ls found that a

parabola is a good fit to Ëhe true height el-ectron density data aE Ehe

layer peak. A parabola of Èhe form:
t

N = .o +art.*art^' (2'L6)

is fltted to the data ln the vlcinfty of the layer peak usfng the numerÍcal

nethod of least squares. By equating coefflcients ln (15) and (16) the

scale height for the layer can be found from:

I
fl=-

2^2

2

,-2aOa,
(2.r7)

Although not required for further analysis, the maximum elecËron den-

sl-ty of the layer, and the height at which it occurs can be found from:

N = -2H2a^mz
h^ = -arl2a, (2.I8)

In fttting Èhe parabola (16) to the daÈa, at least three values of Nrh

are requl-red. In practice four or five values could be used whlch allowed

an estlmate of the goodness of fiÈ of the data to be made. A typical case

Ís plotted ln flgure 9b.

To obtain the reflecÈion height for the ordinary ray component at a

speclfled frequency below the critical frequency, use Ls made of the rela-

tionshíp between electron density and plasma frequency:

N = r.24 xrc4r2 (2.19)

where f 1s ln Mhz. Expresslon (19) is substltuted inÈo (16) which 1s then

solved for h.

To obtaln the reflectl-on helght for the exÈraordinary ray component af

the speclfled frequency use is made of Èhe relaÈlon beEween the ordínary

and extraordinary ray:

t2 -t r = r'2 (2'20)
x xB o

where f_ = 2.88 = 1.68(Mhz) l-s the gyrofrequency of electrons in a magnetlc
B
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sÈrength B (gauss) (approprlaLe to SalLsbury) and fo is as glven

After substitutíon of (20) ln¡o (19) an expresslon ls obtalned

fle1d of

fn (19).

for N:

(2.2r>

from which the reflectlon helght for the X-ray can be found by the same

procedure as for the O-ray.

t70

N = 1.24x1941t2-ttr)

h

I

N

(o)

2æ

210

220

210

2æ

190

t80

E
!

E

x

231 5 lcc

(b)

FIGURE 2.9 (a) Parabollc layer approxlmaÈLon
(b) A Èyplcal plôt (Ionogram for 1500 2O/I2/75)
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CHAPTER 3

E)CPERIMENTAL RESI]LTS

3.1 INTRODUCTION TO THE E)GBRII"TENTAL DATA

In splte of the short duration of the experimental Progranme, more

data \{as collected than it has been possible to analyse completely, with

the methods described ín this thesls. Thts chapüer Presents a selection of

zenith angle plots as well as a few other plots of the data obtained from

the experimenÈal program. A complete 1ísÈ of the data obtained ls given ín

appendix E. Only some of this daÈ,a is included 1n thís chapter ' To avoid

unneccessary repeË1tion, plots of much of the data have been omltted

entlrely. some data 1s displayed in chapter 5' where it ls used to

lllusÈrate the gravity wave method of analysis. General feaÈures of the

data are described in the following section and illustrated with Èhe

selected ploÈs.

3.2 DESCRIPTIONS OF DATA PLOTS

DaËa taken on 7 /I2/75 provided an oPportunity to comPare direction of

arrl-val data and effective helght (h't) data. Zenith angle data for the

slngle frequency of 5.38 Mhz is plotted in figure I according to the

procedure outllned in section 2.7. A three staÈíon plot of effective

hetght measured with a frequency close Eo 6 þlh'z and with reflection polnts

in the same general locality, kindly supplled by Ahmed (1977 ), is shown in

ftgure 2. It can be seen that the t\,ro plots show ltttle obvious

correlation. The geometrl-cal analysls of chapÈer 4 indicates Èhat this 1s

to be expected. The directlon of arrl-val method 1s sensltive to small

aurplitude v¡ave moÈfons and less sensitive to large amplitude movements of

the lonospheric medlum as a whole. The h't record in fl-gure 2 shows
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movemenËs ín the effectlve heighf of the reflecEion point of over 100 km'

Atnospherl-c wave motions can be expected to exlst over the whole of the

real depÈh in the ionosphere represented by Ehese effective heíght

varlations.

A large shift 1n the directl-on of arrlval of the slgnal towards the

east can be seen in figure I at approxímaÈely 1640 hours when the

extraordlnary ray componenÈ was swltched into use. This evenE provl-des an

illustration of the effect of magnetoionic splítting, on the direction of

arrival of the íonospherlc cotnponents of the slgnal. Figure I also

provl-des an lllustrat.ion of the close correlation that exists in this case

between the dl-rections ueasured by the fíne spaclng (73.15 n) antennas and

the directions measured by the coarse spacing (18.29 ¡n) antennas. This

result fndicates that no ambtguity correcËion is required for the frequency

in use and for the near vertlcal direction of arrival of the signals. Thís

result also inplies that reasonably plane waves \{ere being received'

Anbigulty correction becomes necessary for obllque signals at a frequency

with a wavelength equal to twice the ffne antenna spacing multlplied by the

slne of the angle of íncidence of the received sígnal, 1'e' at a frequency

of 2.05 Mhz for a signal at grazíng íncidence. Both the fine and coarse

slgnals should be smooEhed, as is done in figure l, príor to the necessJ-Èy

of arnblguity correction being considered.

compounded zenlth angle data f or d.ay 346 1s shornm 1n f lgure 3. The

early mornlng data is characterised by the effects of lnÈerference'

part,lcularly on the hlgher frequencies. Of particular ÍnÈerest is the

period of sporadf-c n (ES) reflection thaÈ occured between 1200 and 1400

hours. Since the transnitting staElon 1s located to the east of the

receiving station reflection from the E layer results in zenith angles with

a greater bias to the east than for F layer reflectlon. Flltered data for
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the perlod 1200 to 1400 hours fs shown in flgure 4 and a seríes of

Lonograms coverl-ng thl-s period 1s shown in figure 5 (a) . The correlatlon

wlth E, ís evident from these figures.

Ihe two higher frequency plots tn figure 4 display a bríef transition

to F mode reflectlon. This occurs at approxirnaÈely 1255 hours on the 5.745

Mhz slgnal and at approximately l3O0 hours orr the 6.7L55 Mbz signal.

Reflection at the higher frequencl-es is noEfcably rougher than for the

lower frequency signals. A number of remarkable sl-nusol-dal events can be

seen l-n the 6.7155 l"Íhz trace, such as the one occurring at 1230 hours.

Polar plots for the perlod 1240 to I32O hours are shown ln figure 6.

Spectra made fox the period of the E, occurrence tend to lack dynamíc

range. Spectra f.or the 5.745 \lfhz and 6.7155 l"fltz slgnals fot the perlod

L1LO to f 343 hours are shown l-n figure 7. Besides the peak l.n these

spectra aÈ 1ow frequencies, two additional sllght peaks can be seen aÈ

periods of 4.3 minutes and 2.3 mínutes for the 6.7155 Mhz signal and at

perlods of 6.6 minutes arrd 2.4 mínutes for the 5.745 l{hz signal, for the

north-south componenÈs. For the east-\üest componenÈs, peaks ln the spectra

can be seen at 6.6 roinutes and 3.2 mlnutes for the 6.7155 }fhz signal and at

6.0 minuÈes and 3.5 minutes for tl-re 5,745 l{lrrz signal. Further samples of

thís type of data would be necessary for firm concluslons to be drarvn from

these results, but it ls posslble Èhat the períodicities notecl represenÈ

phase paEh effects followlng passage through the E layer.

Flgure I has been chosen to display the variaÈion ln measured zenith

angles tl"rat can occur between f our receíved signals. At the lowest

frequency of 3.84 Mhz E layer reflectÍon predominates over the whole sample

except for a brlef perlod when the O ray was selected. At the next. hlgher

frequency of 5.38 l"lhz switchíng between E layer and F layer reflection can

be seen. The next higher frequency of 5.745 Mt'z dlsplays predomlnanEly F
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layer reflection with occaslonal switching to E layer reflectlon. The

híghest frequency of 6.7L55 Mhz consists enËirely of F region reflectlon

wlth very little correlation wlth the 5.745 l{hz slgnal evident. For this

sample of data poor correlation would be found between any palr of slgnal

frequencies.

In figure 9, on the other hand, a definite correlatl-on can be seen

between the three higher frequency signals. To a lesser extent there is

some correlation between the 3.84 l{hz and 5.38 Mhz slgnals. Spectra for

adjacenÈ palrs of slgnal frequencles for the data of figure 9 is shown ln

flgure 10. The phase shifts in the gravity hlave region of the spectra

(i.e. 1n the reglon of hlgh coherence at 1ow frequencies) for the 5'38 Mhz

and 5 .745 l"Ihz slgnals are very small, suggestlng that these signals are

reflected from very nearly the same effect.ive height. This can occur when

reflectlon for these frequencies Èakes place near the mínimum vlrtual

height (h'F2) of the F, layer. The selectlon of ionograms in figure 5(b)

shows that this ís the câsê¡ During the course of the record Èhe Ft cusp

can be seen to flatten out until Èhe íonogram assumes íts characteristic

evenl-ng appearance. T'he correlation between these signals and the lower

and hlgher frequency slgnals, l-s also accounted for, slnce the effective

helght of reflectlon for all four sl-gnals is simllar.

A sample of early morning zenith angle daÈa is shown fn figure 11. A

definlte change in the character of the data can be seen at sunrise. For

the most part the interpreÈation of nighE time and early mornlng data Èends

to be l-ess certafn due to the occasional use of some frequencies for voice

communication purposes by other users of these frequencles.

A sample of unflltexed zenj-th angle data is shown ln flgure 12. The

quantlsat.lon in Èhe data points can be sêêû. Figure 13 displays the same

data after filtering with the exponential filter descrlbed ln appendlx A.
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The same data sample l-s used in chapter 5 r¿here plots of this data at

equally spaced polnts and also after FFT ftltering can be seen.

A test for the stabllity of the complete measurement system l.las

carríed out by coupllng t$ro separate tesÈ osclllators to the antenna

switchíng unit inputs. The oscillaËors \{ere seË to 5.38 Mhz and 5.745 l{hz

wlth the help of a frequency counter. A thirty minute sample of unfiltered

test data from this configuraËion is shornm fn figure 14. The saue data,

ffltered r¿lth the exponential filter, with parameÈers as used for quick

look presentaÈion of daÈa is shown in figure 15. A hísLograrn of the

unfiltered test data can be seen in figure 16. The conclusion fron thís

test fs that nolse introduced into the measurements by the measureüent

system can be substantially reduced by suitable data processing but Èhat a

srnall residual bias fs left ln the data. Noise can be introduced lnto the

system in a number of ways. The digítally tuned osclllator signals for

example are a potentfal source of phase nofse. If cosË l-s not a

constralnt, commercfally avaílable dtgitally settable synthesfzers wfth

adequate phase stability can be used for the generaEion of loca1 oscillaÈor

slgnals.

An addítional sample of zenith angle data is shown fn flgure 17. An

asymrnetrícal character can be seen 1n many of the zenfth angle excursíons

resulting from the passage of TID's.



rd
ts.

0Þ
t-
Ho
\ñz.U)

+Þ

SYSTEM INTERNÉIL NOISE TEST CøøI+A ]+/T/7A,
1 : 5.38øø MHZ F INE F ILTER t R=7 .ØØ

Tl^lO FREAUENCIES.

tø12 POINTS MEANS: NS

ZENITH RNGLE PLOT PÊGE I
ø. 39 El^l ø.3r+ ¿CØØ4ãF

Q

g)
n

I

IJa
+

a

=n
I

z
lJ)
+

(9

U)n
I

lrJa
+

a

3a
I

U)
gl
Eõ
P
o

4

+
H'
ts
cl-
o
H
o
È

(nø
H. 0)
0Þ cl-

nr

t-- €
ts.

0l cl-

Hclooo(,
(/1 c+

a
P.
P
ts
0)
cl-

ry
(n

Ú)
o
È
0l
a)

P.

õ
cl

3Øø 3Ø5

?: 5.7t+5ø MHZ F I NE

3tø
FILTER 1 K=1.øø

315
975 POINTS

32ø
MEANS: NS

325
ø.?7 El,'¡ ø.19

33ø
: CØØ4AG

3øø

ATT

HRS:
3Ø5 31ø 315 32Ø 325 33ø



2a
+

a

CJ'

tf)
I

t¡r-
V'
+

o

3
an

I

z.a
+

ç

ct)
v)

I

lrla
+

a

l=d

P.

tr
H
o
ul

\¡
Ê

(n
Êl
tsJ

o
Ø
pr

F
P
o
p)
U)

oFb
XO
o
H+
oP.
Þq
fþts.8Þo
P
sè
P'
ts!j
cf F-l)

Ocl
HO

H

U)
IJ
o
o
cl

ts.

rlo

ã
H.
cl'

cl

o

SYSTEil INTERNRL NOISE TEST Cøø4Tì I+/1/7A. TLIO FREOUENCIES.
1 ¡ 5.38øø MHZ FINE FILTER 2 K=Ø.25 1ø7? POINTS MEÊNS

ZENITH ÊNGLE PLOT PÊGE 1

NS ø.39 Et{ ø.3t+ 3Cøør+ÊB

=n
I

3øø 3ø5

2: 5.7r+5ø MHZ F I NE

31ø

FILTER 2 K=Ø.25
315

975 POINTS

32û
Ì{ERNS: NS ø .?7

325
Et"¡ Ø .19

33ø
:CØØVAC

::ï.:......:...iÌ...;'..i''..:...'í.î.:î.=.:i.<.::î.::...::.Î=*r:f;.=.;..ffi...ì:.::..:,:...i.:---.;.ì'.i..'.,..'...ç.rl'.r,';.æ.*.l.?_f.'.-¡..

.;#-=._...:1..::-....:j:....-.-.::.:Ì.ll'.:..'t:...1¿j...::.-j.:i.:.-.?.ffi._.l'ï;.:r

3Øø
HRS;

3ø5 3tø 315 32Ø 32S 33Ø



AUTOCELL DÊTÊ HISTOGRRM PLOT

SYSTEM ]NTERNÊL NOISE TEST CØØ\A +/T/76.
1: 5.3aØØ MHZFiNE FILTERI K=1.øØØ

TNTERVÊLS= 1ø1 <-
-NS- COIYPONENT ø ø 1399 Ø.35

13/6/77 PQGE

TI.IO FREGUENC ] ES .

FROM 3ØØ T0 34Ø

S. D. MAX

ø.18 584

5
-El^l- c014P0NENT ø ø 1399 Ø .3Ø ø . 17 6ø2

5
INTERVAL= ø.ø99 DEGREES FILE NRME DK1 : CøØ+AF. aCE

1

PO I NTS
xø .4s5

POINT
xø. tl95

5

Frgure 1.16 Histogram of unfiltered. test data fron figure 14

5



KERSBROOK TEST

I : 5.38øø MHZ

l,'løøl+B

FINE

L+/ t /76
F I LTER 2 K=Ø .25 r+756 POINTS MEQNS:

ZENITH ÊNGLE

NS -Ø .73 El"¡ 5.
PLOT PÊGE 1

96 
'1,::

: t,lØØ4QA

zn
+

Q

CJ)

tn
I

IJa
+

a

=tn
I

4
P.

0q
É
H
o
\r.l

-l
¡.1
o
ts'
cÈ

ÊD

0þ
ts
o
È
gl
cl.
lD

o
5
tÉ

zn
+

o

ct)n
I

UJ
ttl
+

a

3a
I

1 63ø

2t S.745ø
t7ØØ

MHZ FTNE

t73Ø
FTLTER 2

1AØØ

R=Ø .25
143ø

2I+ 15 PO I NTS

19ØØ.

MEÊNS: NS

I 93Ø

-1.1r+ El,'¡

2ø3ø
: hØØ4ÊB

2øØø

3.91

RT

h:¡:i

Ì

{n;t': \,

1 63Ø
HRS:

t7øØ 173Ø 1Aøø 1 83ø t9Ørz 193Ø 2ØØØ 2Ø3Ø



42

CHAPTER 4

SPECIILAR REI-LECTION OF AN E.M. SIGNAL FROM A DISTORTED IONOSPHERE

4.1 DEVELOPMENT OF A GEOMETRICAL MODEL

A siurple geometrical model of specular ionospherfc reflecÈion is con-

sldered in thls chapter. This geometrlcal reflection model ls used nalnly

for establishlng how a travellíng sluusoidal reflecting surface can be ex-

pecÈed Ëo àffect the direcËíon of arríval of a radío signal reflected from

iË. The conclusíons drawn from the model are then of asslstance in the in-

terpretaËion of the data. The model is also useful for directlon findÍng

or radlo location applicatfons where the transrnitted signal, whose polnt of

origin 1s sought, is reflecÈed from the íonosphere. Thís application ls

noË consl-dered further.

The ionosphere is considered Eo be a smooth buÈ dlstorted reflecting

surface. VecÈor relationships are developed for the description of a re-

flectíon point on the surface of the lonosphere at v¡hich a signal transmit,-

ted from a pofnt D/2 f.rom the orfgin r¡ill be received at a polnt D/2 f-rom

the origln dlametrieally opposite from the transmittlng point. Ttre ground

surface is assumed to be flat. Each reflection poinÈ is consldered to be

replaced by a plane reflecting mirror. Expresslons for the reflection

pol-nt are deríved uslng the concepts of geomeËrical optlcs.

The technlque adopted 1s essenÈlally that of Bramley (1953) except

that numerícal Èechniques are used in place of graphical ones, where solu-

tl-ons of the equations are required. Also the equations are derf-ved ini-

tially without approximations other than those inplicit in the model.

Sftnpltfíed equati-ons, such as those given by Bramley, can then readily be

obtained when requlred.
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Results of the next chapt.er lndicate that at any glven Èfune the re-

flecting surface of the lonosphere can usually best be represented by a

spectrum of waves which 1n general are not travelling horizontally and are

not all travellÍng aË the same speed or in the same directlon. The assump-

tlon that wlll be made in the presenÈ chaptet of a single plane \Jave is

therefore somewhat severe for the general case. However, as shown by Brarn-

ley, the assumption ís justifled in practice often enough Èo be worth pur-

suing. the very dlrect experímenÈ carrled out by Brownlie et. al. (1973)

sho¡ys that a vertical incl-dence slgnal reflected from the lonosphere ls

very well represented as a smal1 seÈ of diserete reflections rather than a

more diffuse diffraction cone of electromagnetíc rüaves. Thome and Rao

(1969) fn a dfrect comparíson between a Íay tracíng model and a geometric

reflecÈion model have shown that to a good approximation Èhe major part of

the devl-ation of the path of a signal reflected fron the lonosphere occurs

fn the vicinity of the reflection point.

It has been shown, for example by Davies (L966), that a vertical incl-

dence radio vrave in Èhe ionosphere undergoes a spitze fn whlch the e.m.

signal at the actual point of reflectlon may be considerably off verÈicalr

the O-ray belng deflected towards the nearer pole and being reflected when

its directton of propagation ls normal to the Earth's magnetic fleld, and

the X-ray being deflected towards the Earth's equator and reflected when

its direction 1s roughly parallel Ëo the Earth's magneÈic field. The prac-

tical consequences of the spitze have been lnvesËigated by Heisler and Nel-

son (1967) who show that the rnain effect is Èo Èranslate actual reflection

points some kllometers to the North or South dependíng on the polarizaÈion

and the frequency of the signal. Ihe whole of this part of the trajectory

of the e.m. hrave will be considered Èo be inside the ionospheric layer

under consideration and is not taken into account in relatlon to the prob-
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leurs dlscussed fn thls chapter.

The spherical polar coordinate system shown fn flgure I Ís consideredt

1n which:

x = r slnocosl

y = r sfno síny

z = r cos0

(4.1)

À |s a vector from the orlgln whlch intersects a plane perpendicular-

ly. Ítre plane passes through the point (0rOrh). Ttre plane 1s hinged along

a llne which makes an angle y to the y axls and is tllted downward at the

angle g. r l-s any vecÈor from the origin Èo the plane. From the diagram:

r=hcoso G.2)

z

0

h

ç Y

T

¿

(w)
v

2

'.i

(n) x

FIGURE 4.1 Geometrical constructlon used Èo determine the reflection
point coordlnates of a t11ted lonosphere

l/
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The vector A has components, fron (1) and (2)z

*A = h sinO cosO cosl

IA = h slnO cosO sÍny (4.3)

,A = h cos2e

Use fs made of the property of a scalar product, that the dot product

of perpendfcular vectors is zero, to derive an equation of Ehe plane:

{'(A-r) = 0

å.t- = Az = h2 cos20

the resulting equaÈion of the plane Ís:

sin0 cosy x * sin0 sinl y * cos0 z = h cos0

The left hand side of (5) gíves Èhe unlt normal of the plane:

(4. 4)

(4.s)

sfn0cosli*slnOsln1j*cos0k (4.6)

The flrst step of the procedure adopted is to determine a vector from

the location of the transmltter (T) perpendlcular to the plane to a polnt

twlce the dl-st.ance from T to the plane.

The transmitter slte ls locat,ed at:

x_ = _(Dl2)cos 
OT

Yr = -(D/2)sfn O (4.7)

z =0
T

and the recelver slte fs located at:

x- = (D/z)cos 
OR

YR= (D/2)slno (4.8)

z =O
R

The equatlons of a l1ne from Ëhe transrnitting siÈe fntersecËlng the

plane perpendicularly are then:

x+(Dlz)cos6 y+@/Z)sinq z

sln 0 cos 1 sin g sin 1 cos O

G.e)
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and t\{lce the dl-stance from the transmttting slte to the 1nËersection of

the l1ne (9) wíth the plane is found to be, after compleÈing algebralc re-

ductlon:

fi = D slnO cos(0-r) * 2h cosO (4.10)

If the requlred ímage polnÈ is represented by the vector rlr then the

dístance from the Eransmitter sl-te to rI 1s glven by:

0= (xr-xr)' + (yl-yT)t * {zr-zr)' (4. 1t )

Subsrlrution of (7), (9) and (10) lnto (lf¡ enables zrEo be found and

then x, and y, can be found from (9). Ihls glves Èhe image point as:

x_ = -(D/z)cosQ * sln0 cosl OI
yI = -@/2)sinQ * sln0 slnl n (4.L2')

z = cosO 0I
where the positive sl-gn has been taken fot z, since only the image polnt

above ground is of interest.

The next step 1s to find a vector from the fmage poinË to the receiver

slte. The reflection point r in the plane can Èhen be found by substftu-

tlon of Èhis vector lnto the equatf-on for the plane. The required equatlon

for the vector r = (xryrz) is:

r-s = a(sr-B)

(4.13)

where a is a scalar consÈant, from whlch the componenÈs are:

x = (¡/Z)cos0+a(sÍn0cosyQ -DcosO)t

y =(D/2)sin0+a(sin0siny0 -Dsln0) (4.14)-r
z = a cos 0 0
t

fhe coordinates (14) are substituted into the equatlon of the plane

(5), which ls then solved for the scalar constant a to glve, after reduc-

tion:

r=R+a(r--R)
-lt
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a = +-(D/4h) Èano cos(o-r) (4. 15)

Equatíons (10)r(14) and (15) give the coordlnates of the reflectl-on

point of a smooth curved or plane tilted ionosphere. These equations can

be used ín a varÍety of r¡rays, three of which will be illustrated r.slÈhín the

remainder of Èhis chapter.

By use of the following approximaÈions;

sin 0 gtan 0

cosg =cos2e = I (4.16)

sfn20 =Q

Èhe equations given by (10)r(14) and (I5) readily reduce Èo the equations

used by Bramley.

x= e(h+D2/4h)cosy

y = hosinl (4.I7)

z=h

It should be noÈed that h is not the effective height (h') of the 1o-

nosphere but ls the helght at whl-ch Èhe reflecting plane cuts Èhe z axis.

For ionospherlc $¡aves of small arnplltude the approxímatlon h = h' can be

used as 1s done by Branley.

Although Èhe above approximations will not necessaríly be used in this

chapter some of the notaÈlons used by Bramley are retalned.

4.2 THE BEHAVIOUR OF THE TILT ANGLE

The first use of equatíons (10)r(14) and (15) wfl1 be to deteruine the

behaviour of the tllt angle 0 during the passage of a plane, sinusoidal,

horlzonLally propagaÈfng ionospheric wave. To facilitaÈe thl-s, the follow-

Lng sinpllfications are made to the model:

0 = 0, Y = 0, D = 0 (4.18)

The equatLons then reduce to:
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^-1o-E

0 = 2h cosO

x_=hsin0cosO (4.19)r
Yr=o
zt=hcos20

Ihe plane sinusoidal surface of the l-onospherlc wave is represented by

the real part of:

I (k. r-wt )
z=H*Z e

m
(4.20)

where Z ls the amplitude of the wave, and H is the hetght of the lrave
m

above ground. The sign of Èhe argument of the exponential functíon is op-

posite to that whích will be used 1n the next chapter, thfs sirnply means

thaË distance rather than time advances to the right. In the presenË case

(20) reduces to:

z=H*Zrcos(k(x-vt)) (4-2L)

r¿here v 1s Èhe veloclty of the rùave.

The geometry of Èhis siurpllfled model is shown in figure 2. Followlng

the notation of Bramley, the argument of the coslne functlon in (21) wtl1

be represented by ß :

ß = k(x-vr) G.22)

then:

z=H*Zrcosß

and:

ran0=(az/ðx), =kfosinß (4.23)

where 0 1s the downward slope of the slnusoidal surface.

Substitutlng from (19) and (23)z

x, = zrkZ, sl-n B (4.24)

It r^rill be assumed that k, v, t, H and Z^ are speclfled. An expres-

sion can then be written contalning only the coordlnate x wiÈhln the
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Èerm ß as unknownr es follows:

ß = k(xr-vt)

- k(zrkZrslng -vt)

- k((H * Z, cosg )kz, stng -vÈ) (4'25)

Once x, ls found, z, can be found fron (21) and O can then be found

f rom:

tang =xr/2, (4.26)

The bfsectl-on meËhod of numerical analysls (Hanning, 1973) 1s used to

solve (25). Ihls method appears to be the sl-mplesÈ rùorkable means of ob-

tainÍng a solution. It tüas found that no more than about l0 lterationg

Ì,rere needed 1n most cases for the accuracy requÍred. RelaxaÈion methods

are non convergerit.

z

zT

h

x

H

xr

FIGURE 4.2 Model used to determlne the behavlour of the t1lt angle 0
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The fuhctfon:

ß -k((H + zn cosß )kzn slnß -vt) G'27)

is evaluated aÈ successive increments of the unkno!{Ïl xr over a specifled

range of values |n an lnltial search phase, untll the functlon ghanges sign

and the bfsectlon method 1s then applled iteratively until the requlred ac-

curacy is obtained. Ihe search phase is contlnued over the whole range

specified and all solutlons are treaÈed and values sÈored' A comPuter

ploÈting Progranme can Èhen represent the result as a dlagraumaLic plot' or

the procedure can be repeated at successlve specl-fied increments of Èime

and g ploÈted as a function of tíme.

Íhe criterlon for the onset of multlple reflecÈíons can be found as

follows. It will be seen thaÈ multiple reflections are most prone to occur

when Èhe ionospheríc surface is concave irnruediately above the observf-ng

polnt, l-.e. at t = 0 in Ëhe above model. Also multiple reflecÈlons wíll

Just start to occur when x, fs small. fherefore the followlng approxÍma-

tlons can be made:

sLn kx = kx

coskx -1

SubsEitution of these approximations and puttlng t = 0 into (25) Èhen

gives the requLred condltlon:

kzz^{H+z^) = I G'2e)

For practical cases this can be taken as:

z^ o L/Hk2 = ),2/(2ù2rr G'29)

Slnce l, appears to the second power in (29), ionospheric waves of

short wavelength wtll be prone Eo give nultiple reflectÍonsr other condf-

tfons being Lhe same.

A series of results from the compuÈer programme are presented in flg-

ures 3 and 4. Figure 3 displays a serles of snapshoEs at 2 minute inter-
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vals showing the path or paths taken by the reflected rays. Figure 4 is a

serles of plots of the tilt angle e over a perlod of time for progresslve-

ly increasing assumed arnplitude of the wave. fhese figures illustrate the

following characterl-stlc features of the behavíour of this model. Ihe

angle e as a functlon of tl-me has an asymmetry which is dependent on Èhe

direction of motlon of the lonospheric wave. The degree of this asymmetry

l-s dependent on the arnplitude Zrr the wavelength ¡ and the height H of the

r¿ave above the ground but is independent of the speed of the e¡ave'

The asymmetry is imperceptible when k2HZm <<1 and becomes very marked

as kzflz + l. llhen there are three reflection points, these reflection po-
m

ints are syuunetrlcally disposed only at the lnstant at whlch the centre of

the concave portlon of the wave ís direcÈly overhead. For the renalnder of

the tf-me that Èhree reflectlon points occur two of the reflecElon points

are closer together than the third. This can provide an explanaÈlon for

the bifurcatlon sometlmes seen in vertical lncldence ionograms near the

critical frequency, the ionosonde being able to resolve only two reflected

sígnals. lJhen the centre reflectíon polnt is directly overhead, the ouÈer

reflection paths are equal and less dlstant than the vertical reflectlon

path. As the ionospheric wave moves overhead the leading reflecÈion paEh

increases and approaches that of the rniddle reflection path whilst the tra-

lling reflection path dfmlnlshes. fhree reflecLioh Paths of dístlnctly

dlfferent lengEh, therefore, exist for only part of the duration of the

dlsturbance. Examples of this tyPe of ionogram are given by llelsler

(1963). An example aPPears in the ionograms shown ín the next chapter' A

three way spllt 1n the ionogram Crace near the crl-tical frequency is less

frequently seen.

In expression (25), if the Èerm Z, cos ß l-s neglected by comparison

with H then the expresslon used by Bramley, valld for small amplitude
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waves, is obt.ained. The procedure used here based on expresslon (25), ls

however, also valld for large arnplitude vraves. As would be expected, the

number of reflectlon points increases to 5, 7 etc., as the factor

k2HZ increases above unity. In practlce evenÈs \ül-th f lve dlstlnct re-
m

flectlon polnts would be rare. However, waves of short wavelength require

only a small arnplitude to glve rise to nultlple reflecÈlons and Èhe possi-

biltty exists that short wavelength waves could be responsible for spread F

effects.

By comparlng the sequence in flgure 4 f.ot example, wíÈh zenith angle

values typically obLafned, it can be seen Èhat Èhe anplitudes of Èyplcal

ionospheric waves as far, as thelr abllity to reflect e.m. slaves ís cofl-

cerned may be of the order of I or 2 kilometers. Sufficlently short wavel-

ength rraves of these amplitudes could glve rise to nultiple reflections.

Also hraves of these amplítudes would not be expecËed to be readily seen on

a sequence of conventional fonograms 1.e. nb dírect relatíonshlp would be

expected to show up between a zenith angle plot and a time series ploÈ of

effecÈive height. Equl-pment which observes travelling ionospheric distur-

bances by measuring the direction of arrival of slgnals reflecÈed from the

fonosphere could be expected to be more sensitlve to small arnplitude \^raves

1n the lonosphere Ehan would be a method of observation based on effecÈive

height measurement. On the oËher hand the directlon of arríval nethod of

measureuent would be less sensitive Èo slow varíatíons in the hetght of the

ionosphere as a ¡,rhole than the effectíve helght method of measurement would

be.
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4.3 TULL SI},ÍI]LATION OF ZENITH ANGLE DATA

Most of the basfc features of the model are displayed by the speclal

case considered above. Ilowever, the complete set of equations (10), (14)

and (t5) can be solved ln a sl-milar manner to that. of Èhe prevÍous sectlon

and Ehe resulËs can then be displayed as zenl-th angle plots. The assump-

tion that the lonospheric wave is travelllng horizontally is retained. Íhe

factor 6 becomes:

ß = k(x cosl * y slnl -vt) (4.30)

where y 1s Ëhe angle between the x direction and the directlon of Èhe pro-

pagation vector k.

The height of the reflectlng surface is glven by:

"r=H +Zmcos ß (4.3f)

and as before:

. tan O = kZ, sl-n ß (4.32)

where 0 is the downward slope of the reflectÍng surface 1n the direct.ton

of the propagation vector.

The x and y components of the reflection point can then be t¡rftten:

x,- = kZ, sin g (cos 1 z, * (D2/ 4h)cos ô cos(Q-y))r m - ' -r (4.33)
I, = kZ, sin ß (sin 12, * (Dz /4fr)si-nQ cos(0-y))

where z, 1s gl-ven by (¡f) and h is evaluated seperately as follows:

Fron (14):

zt= I coso f¡

H*2, cos B = {h- (D, /4]n) ran 29 cosz(o-y)} cos 20 (4.34)

(34) ean be rewrltten to give a quadratic expresslon for h:

¡z-(H*2, cos ß ) (l+tan2o)h-(¡z /4)tan20 cos2(p-y) = O (4.35)

Thls can be solved for h, however, an adequaÈe approxlmatlon for h 1s taken

as:

h :: (H+zn cos B ) (t+t'z2fr sln2 g ) (4.36)
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Expressions (33) are solved (as lLr the previous sectlon) by searchíng

over a sultable range of values of ß at sultable incremental steps for a

change 1n sign of the function:

B-k(xrsinT+yrcosT-vt) (4'37)

and then applying the bisecÈfon method for all soluËlons found. Only a one

dimenslonal search 1s requíred sfnce the directíon of ProPagation of the

lonospheric wave ís assumed to be known, and therefore xr' yr and ,, are

knovm at each search poÍnt.

hlhen a solutlon has been found, Èhe zenith angles for the directlon of

arrival of the signal aË the receiving slÈe are calculated from:

T *R -x r
0a
z

= - -arccos 

-

2 lB-¡l
(4.38)

'r v -v'R 't
= - -arccos 

-

' z l*-r-l
Ilhere more than one solution fs found, all the solutlons are added

vecÈorially before the zenith angles are computed. A zenith angle plot ís

generated by the computer progranue that carrles out the above procedures.

An output ¿atá fite ls also produced so thaË additlonal procedures can be

applied to the resulting data.

The value of D and 0 for the St Kilda - Kersbrook experlmental confi-

guration have been used. To avoid confusion, these are shown schematically

|n figure 5. An illustratlon of a simulated zenith angle plot is shown in

flgure 6. It can be seen that offsets in the zenlth angle data due Eo the

relatíve geographical locations of the transrnittlng and recelving sl-tes are

accounted for realístlcally.

A result fron thls slmulatlon is the serfes of plots shown schematl-

cally in flgure 7. These plots gíve a serles of signatures at dlrectional

l-nterval-s of 45 degrees from whlch the dlrecEions of motions of speclflc

ß
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trave events Ín the experimental zenith angle data can be lnferred. Ilhen

polar plots are made from these slmulatione 1t Ís found that the resultlng

polar plot ls a st,ralght ltne or narrorr ell1pse polnÈ1ng in the directlon

of the ¡'¡ave normal . Consequently an l-ndivldual wave event would be expect-

ed to appear on a polar ploÈ as a süralght l1ne or elongated loop, índfcaË-

ing the directlon of motion of the wave (with an ambLgulty 1n the sense of

the directfon).

(tr)

10

R (-1 j.j2,7.27) q

v

70

20

lm -to -20 -10 0 T20 30xD
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-20
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kn

FIGURE 4.5 Experlnental configuratlon of t,ransnltting and recelving sftes
' showing parameter D and 0

(n)
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4.4 TTLT ANGLE PLOTS

The next procedure to be described makes use of approximatíons to

equatlons (10), (14) and (I5) to convert zenith angle data to Èllt and azi-

muÈh daEa. Each azimuth datum corresponds to Èhe l-nstantaneous direction of

the normal to the axfs of the tilt plane, and the tilt data corresponds to

the downward slope of the tilÈ plane. If a slngle plane qrave vrere to pass

through the lonosphere the azimuth data from thls procedure ¡,¡ould be a

stralght line stepplng between the direction of motÍon of the \üave and a

dlrectlon at 180 degrees to Èhe direction of the wave. The tl-lt data 1s of

fnteresÈ to observe the order of magnitude of the tilts experienced.

If the angle q for the recefvíng site had been left in the approxl-

mate equatlons (I7)r these could have been written as:

x = h sin0 (cosy+ (D "/4n''¡cos0 cos(O-t))t
y = h síno (siny+ (D'/4]n')sin0 cos(0-r)) (4.39)'r
z =hr

Slnce the dlstance D between Ëransmitting and receiving sites Ls much

less than the height h, the terms conEainlng n2/4n2 will be omitted en-

tirely. Expressions (39) then reduce to:

x,=hsinOcosyr
Ir=hsLn0slnY (4.40)

z =hr
the angle Y can then be found from:

Y = Arctan (yrlxr) (4.4r)

and the tLlt angle 0 frou:

0 = Arcsln(xr/h cosy) = Arctan(xr/h cosr) (4.42)

The coordinates of the reflectlon point (xr,yrrzr) are obtalned from:
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(4.43)

r
where c' and B' are the NS and EI,I zenith angles respectlvely and h' is

taken as the effectf.ve hetghÈ of the ionosphere at the signal frequency

belng used. The constructlon for this siÈuation ís shown ln fígure B. The

zenlth angles are obtained from the data record Èo be analysed and Èhe ef-

fectlve helght at intervals duríng the period of the record are obÈalned

from scaled ionograms. A spllne in tension (SchweikerÈ, 1966) subrouÈine

Ls used to obÈaÍn smoothly interpolated values of effectfve height data at

the instants correspondíng to the zenith angle data point,s.

The angle 1 ls converted lnto an azímuth angle by fornlng:

T'=90-y G.44)

If ,(' is negative it ls brought into Èhe range 0 to 360 degrees by addlug

360 degrees to ít. The resulÈing converted daÈa is plotted by Èhe computer

programme. A hístogram is constructed for each dlsplayed data at the le-fÈ

hand end of the data, from whlch the mean and dístríbution of Èhe data can

be seen.

To assist l-n the inÈerpretaÈion of the plotted resulÈs from this pro-

cedure, daÈa has been obtained from the TID simulatlon shown l-n figure 6

and used as ínput data to the procedure. The tilt data plot from the pre-

sent procedure can be seen Ín figure 9. It can be seen Èhat the

angle Y switches through 180 degrees for each half cycle of the zenlth

angle variation and ÈhaÈ the tilt angle 0 undergoes a frequency doublíng

effect. 1'he frequency doubling effect Eends to make the Èllt data diffl-

cult to interpret. A few samples of zenith angle data have been applied to

thfs technique and appear 1n the next chapter. Ihe characterl-stlc switch-

ing Èhrough 180 degrees can be seen 1n a nurnber of places in these ploÈs.

xr=h'sinß'*

I, = h'sino'*

z =h'

(D /2) cos $

(D /2)sin 0
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Figure 4.8 Construction for d,eternining the reflection point
in terms of zenith angles and effectJ-ve height
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In princlple tt is posslble to make use of Ehe t1lt angle results to

obtain estima¡es of the amplitude and wavelength of any well defined evenEs

ËhaË appear in the tilt ploÈs. If a couplete \47ave perlod aPPeârs in the

daÈa, so that the wave period can be estlmated, functlon mlnimisatlon Èech-

niques can be used to deËermine the wave parameters. A functlon of the

following form can be used:

rf = \ tkZ sin(k!ü, - rri - 0) - tan 0r)2 (4-45)
Lma

L

wherei krZ and 0 are Èo be determlned such thaC f ís minimised'

0 fs an arbitrary phase to allow for the time scale ln use.

Wi = *rcos T+ Yrsín 1

and tt ls the angle of tilt.

tÍ, Wl and 0. are obtairìed and t¡ 1s estimaLed from the t1lt daÈa.

Investlgations r¡ith a simple relaxation approach show thaÈ convergence

can readily be achieved but that good accuracy may not always be obtained.

Values of paraueters obtained in this way can be checked agalnst alterna-

tive methods of estirnation, such as the use of the slmulaËion model.
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CHAPTER 5

INTERNAL GMVITY I^IAVE ANALYSIS AT IONOSPHERIC ALTITIJDES

5. 1 TIIEORETICAL DEVELOPMENT

The theory of wave propagatíon in an idealized atmosphere suitable for

application at l-onospheric altitudes has been developed by Hines (1960).

The basic relaEionshlps derived from thls theoxy axe given in the following

treaÈment. These relaÈlonships are then used as a means of estinatíng the

horlzontal parameters and other characteristics of the wave motions

exhibited 1n the processed zenlth angle data.

The ldealfsed model of the aËmosphere developed by Hines makes the

assumptions that the only forces that need be consldered are those due to

gravity, pressure gradlents and lnertia, with vlscoslty, heat transfer etc.

bel-ng ignored. The gravitational field fs taken to be constant and

background winds are assumed to be absent. The at.mosphere is assumed to be

fsothermal and ísotropic. The constitutive equation for the fluld is taken

to be the perfect gas equation:

p = pkT/¡n (5. 1)

where:

p fs the pressure of the gas,

p 1s the mass density,

k 1s BoltzmaÍttt' s constant,

T 1s the absolute temperat.ure,

and m is the molecular mass of the gas.

The siuplffied equations of fluld motion are:

_ DI/DE + pv.u = 0

pDu/ot+vp_-pg=0 (5.2)

Dp/ot-c2Dp/Dr=o



where:

u fs the velocity of fluid motlon,

g = -gk 1s the acceleratlon due to
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the gravitatíonal field. (k 1s

used here as a unlt vector in the vertlcal axis dl-rection and ís also used

elsewhere as the r,¡ave nurnber vecEor).

t is the tlme,

"z = ^yp/p = yBH is the square of the speecl of sound,

I is the ratlo of speclflc heats,

H = kT/ng ls the scale helght of the atmosphere at the altitude under

consl-deration,

and D/Dt = â/Ðt + u.V 1s an operator called the convectlve time

derÍvative and represents the raLe of change with tine following the motion

of the quantity to which 1t 1s applied.

The flrst of equatlons (2) represents the conservatlon of mass within

the fluid. The second equation represents the conservatlon of momentum

transfer and is the hydrodynamic ecluation of motion of the gas. The third

equation is the adlabatl-c energy equatfon.

Snal1 perturbaÈlons of the varlables are considered to be an adequate

approxfmatlon and are represented by the prirned variables as follot¡s:

p=p rp'
o

(s.3)
o

u^ = 0 since background winds are ignored.
-o
It 1s also adequate to represent the horlzontal direcÈion of

propagation by the single variable x taken to be in the direct.ion of

propagatlon of the wave. The equations are then slmplified by the omission

of the y direcÈ1on variable. Plane wave solutions are soughE of the form:

*p'p=p

u=u *u'
-o



D' p' u u i(ot-Kx-Kz)xz-xz
nJ=t*=;=7=^'
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(s.4)

(s.7)

where ul fs the frequency of the wave motl-on, A 1s an arbitrary constant

and K__,K_ are hrave vector components.x'z
The perturbation solution or lÍnearízaL|or- of equation (2) yields a

matrix of coefficíents to which two condíÈlons are applled. Ihe firsË of

these ls that Ëhe determinant of the matrix must vanish for non trivial

solutions to exist. This condition gives the dispersion relation:

r¡¡ -r,¡2c'z(K;+K; ) + (r-l)g'Kl - iygo2Kz =0 (5.5)

The second conditlon is thaÈ any three of the quantltíes P, R, X or Z

can be solved as a ratfo with the fourth of these quantfties, to give the

polarizaÈion relatl-ons relaÈing to alr parcel moÈions.

The form of the solutions taken ls:

P=yo2K, -I.1Eu2/c2

* = r'K, + i(y-l)cK; - i.1Bu2/c2 (5.6)

X=rrrK"K*cz-igu¡K*

z=u(uz-*t*"t)

To obtain real solutlons of the dÍsperslon relation (5), \ ls taken

as purely real and allowed solutions of. *, are found. A cholce of

solution of K 1s taken such thaÈ vertical propagaÈ1on of phase ls
z

províded for. Thls chofce is appropriate for the representaEíon of

fnternal waves. K and K are taken as:xz
K =lçxx
K, = k" + i.¡g/2c, = k, + L/zH

Substitutlon of these values into (5) gives the real valued disperslon

2 2
a

2

kâ

relation:

ûJ g

rü2

(¡)

ç
(r)

c2

t12
(s.B)
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where:

at2 = (f-1) g" /c" (5.9)
g

fs the square of the gravity wave cut off frequency, and ,g= 2n/^" fs

the perlod of thl-s cut off frequency. tg 1s sometimes referred to as the

Brunt frequency and corresponds to the natural frequency of oscillation of

an alr parcel ln an isothermal aEmosphere after belng displaced vertlcally:

ua = ,ß/2c (5.10)

ls the acoustic cut off frequency.

I,lhen sul-table values of y ,g and H for an isoÈhermal atmosphere are

substLtuted fnto the dispersion relaElon (B) lt is found that tg a ," and

that values of or lying between trr* and ut" do not permlt non cornplex

soluLions of (8). The vrave effects consldered 1n this paper have

meanlngful values of o belor^r tg and consequently emphasis will be placed

on these vraves, referred to as gravity lraves. To a good approximatÍon for

this case (B) can be wriÈten as the asymptoÈic approximation:

2 20lut
2

zk
g k; (s. 1r )

lr) 
2

The dÍsperslon relation 1n the form of (8) provides the means of

establtshlng the relationshl-ps between Ëhe different velocities thaÈ can be

defíned for atmospherlc vraves. The definitions of these velocities will be

consldered briefly. The velocities of ínteresË here are the velocíties

wlth which the shape or outlíne of the wave motíon propagates rather than

the velocittes of lndivldual air parcels. Some care needs Ëo be taken when

relatÍng measured velocl-ties to the theory. Ihis point has been been noted

by Hines (I974).

Pert.urbatlon parameters of an indlvidual plane hlave are described r+1th

the aid of a phase:

0 = t¡t - 5.f +,0o (5.12)
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the definitíon of phase velocíty from this can be seen by

setting q and 0o equal Eo zero. The resulting expression:

=Qt xlv -y/v -zlvpx-pypz (5. 13)

where:

vn*=or/k* , Vpy-r/ky , Ypr-u/kz

represenÈs a plane in 3 dímensions, the phase plane, the normal to whlch is

given by:

/unrlv + i/v +kpx .' py z

The significant component veloclties are the phase trace velocitie" Vp*,

V , V . ReturnÍng to L\,ro dimensions, the phase trace velocÍties arepy' Pz

therefore related by an expression of the form:

Ilv' = l/Y2 + Llvz (5.14)
PPXPZ

The phase velocity is applicable to an infinite plane \rave, which ls

an unrealisable mathemaÈical abstracÈl-on. Hol.lever, the phase velocity ls

thought Èo provide an adequate description of Èhe wave moEíon ln certafn

respects. A more realistic concept for the description of a Èravelling

wave shape 1s that of the group veloctÈy in which a superposltion of plane

rraves ln a narrow reglon about a central frequency ü¡ is considered.

The usual definition of group velocity given in the líterature is:

IS = VO ur(k) (5 ' 15 )

from which the component velocltles are vector components given by:

vg*=(au¡/äkx)kz, Yg"= (atrr/ôkr)¡* (5.16)

A,lternatlvely, a group plane can be deflned by applylng the corrdltion

of trstationary phasett, to the phase (L2) to gíve:

Q= (dô/do) =f- (dkx/do)x- (dkz/du)zr (doo/do) (5.17)

lf dqo/dt^r ls set equal to zero, equaEion (17) represents a plane, Èhe

group plane wíth component velocitíes:

vg* = d r,r/dk* , Y g, = du/ dk, (5. 18 )



64

The signlfícant component velocltles are again trace velocities, or

group trace velocÍties, given by (18), whfch are related by an expression

of the form of (14), wfth phase subscripts replaced by group subscripts.

1'he díscusslon of this subject is continued more critl-cally ín appendix F

where it is shown Èhat if Vgx, Vgz in (16) are considered to be vector

components then at low frequencles Èhe group veloeiËy wíll exceed the phase

velocíty by an amount whích is ltmíted only by the extent to which Ëhe

theoretical derivation ls valid.

Further abstractlon is possible but, for presenE purposes iË wíll be

considered thaË the observed wave motíons are adequately descrlbed by Ëhe

phase and group velocít,íes.

An approximate measurement of the verÈícal phase velocity ls obtained

from the zenith angle data by use of cross spectral analysÍs of the data

for two radio wavej frequencies to obtaln Èfme differences for selected

frequency component.s of the atmospherlc lraves, and by use of real height

analysis to obtain a height difference for Èhe reflection points of the two

slgnals, On the assumption that this velocity represents the vertical

phase veloclty of the atmospheric wave componenÈ, all the remaining

velocitles, wavelengths and angles of propagat.ion for the !,rave comPonents

can be determlned from the dísperslon relaÈion (8), if sultable values are

chosen for the quantitles Yr g, and Il. Ilowever, since (8) ls quadratic ín

the wave vector components k* and k, the slgns of the horízontal

velocitles and angles are undetermined. Ihe requíred steps to carry out

the complete gravity wave analysl-s will be presented.

Considerlng the spectral analysis of the zenfth angle data it is found

that the specÈra typically exhtbit a low frequency pass band characterlstic

with a cut off corresponding to the BrunE cut off frequency. The

appearance of Ëhe spectra cloes not l-n general permlt a descrfptlon in terms
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of discrete spectral components. The spect,ra do however give a small

number of power spectral density estfmates ln the pass band portíon of the

spectra. The phase data e*y(t) (see sectlon 2.9) for these estimates from

the cross spectral analysis of the zenlth angle data permit an estimate to

be macle of the tine difference for the occurence oÍ zeto phase for each of

these two signals from the relation:

at = o*r(f)/ r,r (5.19)

The vertlcal phase velocíty is Èhen estímated from:

YP' = ^h/^r 
(5.20)

where Âh is Èhe real helght difference ln the reflecÈ1on points of the tr,¡o

êortr. slgnals. Computations can then be continued 1n the following order:

kr= u/Ynz (5.21)

0) c'k!, + w'^ - a2
kx (5,22)

2
0) - tD2gc

vn* = t,/kx (5.23)

Expressíon (22) is obtained directly fron the disperslon relation (B)

by rearrangenenÈ. The group velocltfes can then be obtained from:

v
âr¡ v---( r¡1 - ^')-px' c (s.24)

gx 2¿kx

ât¡

(r) 2 
- ti2

c

_ r run*

2
V /ePx

vgz ðk, un, ( a; ,"v l* / "')
(s.25)

The angle of phase propagaËlon Ís given by:

¡¡ = Arcran (krlk*) $.26)

The maximum posslble angle of phase propagatl-on for a glven wave

f requency ( ur) ls, f rour ( 1 1) :

0 = Arctan ( uþl t^l2-1) (5 ,27 )

The angle of group propagatlon ls glven by:

Q =Arctan (v gz/y gx) (5.28)
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when the comporient velocitle" Vg*, Yg, are considered to be vector

components. fhe dÍrectfon of group propagatlon is found to be opposiÈe to

thaÈ of phase propagation in the vertlcal direction.

The horfzontal and vertical r.¡avelengths are found from:

),* = 2t/k* , ),, = 2r/k" (2.29)

The wave vector k ls found from:

lç= kí +ki
and the corresponding wavelength is:

)t = 2t/k

The phase velocity for the wave motíon ís found from:

L/v; =r/vfx+rlvlz
Group velocíty is calculated both in

trace components from:

(5.30)

(s. 31)

(s .32)

terms of components as vector or

v'zgx + v'zgz (vector componenÈs) (s.33)

and

tlvit = Ilvþx + Llvlz (trace components) (5.34)

The direction of energy flow 1s in the dírection of group propagation.

The complement of angle (28) will need to be taken if the group velocity is

considered to have trace conponents, as descríbed 1n appendlx F.

The alr parcel orbit.s can be found from the polarÍzat.ion relaEions

(6). The air parcels participatlng in the wave motions execute elliptical

paths. Two quantiÈies related Èo Èhese orblts can be found from (6).

Under the assumption of small or, these are the angle of tilt of the maJor

axis of the elllpse with Lhe horizontal, given by:

våv =

0 rttr = -$Arcta ^\" 
(r - :å )-t

k* \ 2,'l

and the x to z axial ratio R of the ellipse:

(5 .35 )



sln2Orilr - z(kzlk*)cosO.ilr sín0'ilr + çu[ /w'z- 1)cos2Qritr 1
2
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(5.36)f,=
cos'0.11¡ + 2(kzlÇ)cosÔr11¡ sin0¡ilr + çu[ /u'- 1)sin'0.r1.

Expressions (35) and (36) have been taken from Georges (L967>,

5.2 NI]MERICAL RESI]LTS OF THE ANALYSIS

All of the required calculatÍons are carried out by a compuÈer

programme when f ed wl-Ëh values of '(, H (kn) , o (as a period in uniÈs, of

mínutes), exy(f) (degrees), the real height separatLon Àh (kn) and the

real helght of reflection averaged over the perlod of the sample of zenith

angle data. The value of g is calculated from the real helght of

ref lectlon z, Frorn (C.I.R.A. I972)'.

g = 9 .7g3 - 3.086 ,Lo-6" + 7.258*Lo-L3r2 (5.37)

The calculatlons are carried out ln unlts of meters, seconds and

radians and llsted 1n the more familíar units of kllometers for wavelength,

ninutes for perlods, degrees for angles and meters Per second for

veloclties.

A suitable value for y fs I.4 for F region heLghts. Values for H are

taken from the real height analysis averaged over the period of the sample

of zenith angle daÈa using the nethod described 1n secÈlon 2.L2. Values

for H can be conpared with values taken for convenience from the Cospar

International Reference Atmosphere (1965). Values of II of between 35 km

and 45 km are glven depending on the time of day and on the solar flux

value of F^ - . A value of averaged flux of 75"10-12 W/m2 c/s has been
¿.t

assumed corresponding to model 2 of Ehe 1965 C.I.R.A. ThÍs value is close

to the value of solar flux for December 1975 given by Llncoln (L976). Ihe

value of H obtained from the real height analysts ls slightly hlgher than

the values of It obtained frorn C.I.R.A. (1965).
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Values of the phase 0xy(f) of the cross spectrum are taken from the

specEral analysis using the method of suoothtng described in appendix B.

TTro hour samples of daÈa have been used for the analysls. Longer samples

than thfs would have been desirable from the point of vlew of increasing

the number of estimates in the gravity wave part of the sPectrum and of

obtalnfng spectral estimates at lower frequencies. However, longer samples

are found to have lncreased variability of modes effecting the state of the

sample and the dynamic range of the spectra are decreased.

Data fron Kersbrook tesË 11354 20/12/75 has been used Èo provlde an

example of the complete analysis. A Èwo hour sample of data has been Èaken

from 1435 Èo 1635 hours. Í\.ro zenlEh angle plots of Èhe data are shor¡n in

figures 1 and 2. Figure 1 shows equally spaced data, processed as

described 1n section 2.8, that is applíed to the spectral analysis

programme. The zenÍth angle plot shov¡n in figure 2 has been further

smoothed r¿ith the FFT low pass fllter described in sectlon 2.I0. Thls

sarnple of data has been taken from the data used for illustratíng the

appearance of unfiltered data shown in fígure 3,12. Ionograms for the

period 1430 to 1645 hours are shornm 1n figure 3. It can be seen from the

fonograms Èhat reflectl-on from the F region occured throughout the period

of the sample. Some activity related Ëo TID's can be seen in figure 3,

such as the forked foF2 tsrace at 1435 hours, however, it 1s dlfficult to

relaÈe events in the zeníth angle plots to event,s in the sequence of

ionograms, as has been mentioned in chapter 4. Spectra for the north-south

and east-qres¡ components of the data are shown ín figure 4. Phase angle

data are taken from the low frequency portlon of the cross specÈrum and

below the gravtty wave cuÈ off frequency, where the coherence squared

functlon has values greater than 0.5 (-fat¡. hlave perlods of 40, 24 and

L7.I4 minutes are used l-n the tabulatl-on of results. Data from the real
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height analysis has been plotted ln figure 5. An average value for the

dlfference in real height of reflecËion for Ëhe 5.38 Mhz and 5.745 Mtrz

slgnals of 8.3 km has been taken for the period of the sample.

RelevanE numerical data has been collected together in table 5.1.

HorlzonËal phase velocitfes shown in table 1 dlsplay a negative

dispersion, l-.e. the velocity decreases with increasing frequency, whereas

verÈical phase velocÍtles dísplay a positive dispersíon. Ihls results ín

maxLmum phase veloclties occuríng at intermediate wave perfods. The table

also shows ÈhaÈ the horizontal velocity of the vrave íncreases with

increasing wavelength. In each case, the angle of phase propagation X is

very close to the asymptoÈtc lírnit I tndlcating that the asymPÈotic

approxfmaÈion ls relevanE for the data. This can also be seen in the Çr

k" dispersion díagram shor¡n 1n figure 6, where the hyperbolic curves of

constant ûJ are seen to be essentially straíght línes except near the

orlgl-n. Thls is further seen in the values shown for Èhe angle of

tilt ôai1a of the naJor axls and ratlo R of the axis of the ellipEl-cal air

parcel orbíts, whlch sho\ü that the air parcel motlons are very nearly

transverse Èo the dlrectlon of phase propagation. The angles X, 0' 0,

and 0¡11¡ are all given with respect to the horizontal. The direction of

phase propagation ls downwards as can be seen from the zenlth angle plots.

Consequently the directlon of positlve angle is downwards for angles given

1n the table. The approxlmation for Qtttt and R, based on a small value

for t¡, produced invalld results f or the L7.I4 minutes r¿ave componenÈ, and

are not shown.

The north-south and east-west wave vector componenÈs have been added

vectorially to give the combíned horl-zontal wavelengths and velocities

shown at the bot.tom of table 1, together with the four posslble bearlng

angles resultlng frorn the aurbiguity lntroduced lnto the slgn of k* by the
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Table 5.1 Gravlty htave analysis from experimental daÈa

Kersbrook test tr{354 20/12/75 o-ray 1435-f635 Hours
Slgnal frequencies: 5.38, 5.745.\{hz

Scale Height, H=

Acceleration due to gravlty¡ E=
Ratio of specíflc heats =
Real height separatlon =
Real height of reflection =
Speed of sound, c=
Brunt period =
Acoustlc cut off perlod =

58. 18
9.16
1 .40
8.30

21 6. 00
863.79
1s.61
14. r1

L7.t4

92.7
41.9
38.2
24.3r
24.37

40

km
m/s/s

kn
krn
m/s
minutes
minutes

tJave period
(ninutes)

N-S Conponents
40.00 24.00

E-I{ ConponenÈs
40.00 24.00

23.59
L .57

57,0
r32,4
s2.4

-50.
59,
77.

-49.

-22.76
16. I

-40.54
14. 5

17.14

0xv

^r'

(f) (deg)
(nln)

(kn)
(krr)
(krn)

(dee)
(dee)

(m/s)
(ro/ s )
(ur/ s )

(n/s)
(n/s)
(n/s)
(deg)

(dee)

28.83
3.20

43.2
101 .0
39.7

-36.0
85.8
93.0

-67.20

-22.85
2l.r

30.22
2.0r

-39.3
46. L

60.6
-49,59

24.30
24.37

32
1

.23

.53
2T.84
2,43

28.60
1.36

)\z
lx
I
x
0

103.6
242.3

95. 3
66. 84
67.03

.9

.7

.9

136. B

3L7 .9
L25.7

66.7r
67.03

L26.7 1

146.4
95 .8
49.L4
49 .42

04
47
43

9B
r14

74

.5

.2

.0

101 .6
4s.9
41 .8

I
7

I

49 ,2s
49 .42

68.7
79.7
52.0

88.0
101.7

66.s

90.

37.

YP'
vp*
vp

Yg,
vg*
vg
0

0ttlt
R

-40.56
18. 6

-15. 3
6.9

16.8
-24.42

-47.r
LL2.7
L22.I
-67.33

-L7.2
7.8

18. 9

-24.44

I
0
4
69

iiii.:
(n/sT

kz
kx
k
vg

)
)
)
)

60.624
25.927
65 . 93s
33.2

45.925
19 .7 67
49.999
43.4

63.547 67,773
s4.7sB 150.020
83.885 164.6t9
29.9 6.3

49.60s 60.140
42,907 r33.216
6s.587 r46. 163

38.2 7.1

Comblned components
lx (ku) 192.72
Vx (rn/s) 80.30
c t(deg) 37.32
180- s l(dee) L42.68

90.32
62.72
38. 0B

I4r.92

3r.32
30. 4s
41.60

I 38. 40
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quadratic nature of the dispersíon relatlon.

Íhe veloclties obtalned by this analysis are comparable, although

somewhaÈ lower 1n thl-s exampleo to values reported in the literature. lor

example Herron (L974) gfves horizontal phase velocities ranglng from 100

ur/s at a !Íave períod of 200 roínuÈes to 300 n/s at a \üave períod of 20

mlnutes, the sense of dispersion belng positlve. Munro (1958) gives

horizontal speeds of the order of 130 rn/s but wlthout díspersion results.

Davies and Jones (1971) give their average horlzonÈal velocl-ty for TID's as

200 n/s but do not allow for díspersion. Dispersfon curves for horizontal

components have been given by Ahmed (L977 ), whlch show that both posltive

and negatlve dlsperslon is posslble. The dífferenE tyPes of dlsperslon are

attrlbuted to different source mechanisms and propagation conditions. A

suÍmary of early TID observations gíving horizontal speeds and wavelengths

is glven by Friedman (1966).

Of the four possible bearlng angles for the overall average direction

of TID movement given by table I, the angle marked (180 - c ) gives values

closest to the values of bearings for TID's for December given by Munro

(1958). Chapter 4 has described three Ëechniques for determining the

directl-ons of indl-vldual TID's as seen ín the zenith angle data. These are

the use of a tilt plot, Èhe use of a polar plot and the use of the

sluulation plots shown in figure 4.7 Ln conjunctlon w1Èh a zenith angle

plot. The laÈter method gives the sense of the direction, whereas either

of the flrst two methods glves the bearing angle but not the sense. A tilt

plot for the perlod 1430 to 1645 hours is shown 1n figure 7 and polar plots

are shown ín fl-gure B. The proninant event that occured between 1520 and

1545 hours seen on the tilt pl-oÈ clearly had a bearing of 85 degrees, which

agrees with both the polar plot and the zenlth angle plot' with the sense

belng deterrnlned from the zenith angle plot. Considering the remainder of
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the ploÈ it ls seen that a number of events occur in sequencer some wÍth

indicated dírecLions whlch are appreciably different, between one event and

the next. Scarcely any of the events, besides the one mentloned above,

completes a whole cycle before the next event starts tQ take place.

Consequently tt 1s difflcult to assess vísually whether any one direcLlon

is domi.nant for comparlson wlth the gravfty wave dispersiorì results. Some

method of determinlng and addlng vectorlally the velocltles of each

lndlvidual event would be necessary for resolvlng this comparlson.

5.3 DISCUSSION

In consldering the results of the díspersion analysis the followÍng

practical considerations should be Èaken lnto account. Both the cross

specEral phase measurement and the real height difference in reflection

pofnts represent coßparatively small differences in faír1y large values.

Some care 1s needed in the scallng of ionograms to obtaln the required

accuracy. Some degree of correlatl-on ís inÈroduced ínto adjacent values of

the phase of the cross spectrum by spectral averaglng and also by Èhe

appllcatíon of the cosine bell functlon. Ihis can result in errors to Ehe

phases of adJacent fourl-er components. The procedures applied in the

spectral analysls are a compromise betrveen the effecl-s of noise inherenÈ ln

the data and the effects lntroduced by the procedures Ëhemselves. A cross

correlaÈion analysls can also be used to obtain a time difference in place

of the use of (19), however, in Èhís case only one value of time difference

1s obLalned corresponding to the doruinent parE of the spectrum and thl-s

value will have Ehe significance of an average when the specÈrum of t.he

data represents a band of frequency component.s.

The reflection poÍnts for the Ewo signals are not. truly vertically

spaced, due to the occurrence of the spltze dl-scussed ln chapter 4. The
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horizontal offset of the reflecÈíon points would, however, be small for two

slgnal frequencies clo.ss together and with the same polatlzai-ior.. The

horizontal offset betr,reen the reflecÈlon polnts for the O-ray and the X-ray

for a glven signal frequency, ln an extreme case close to the critÍcal

frequency rnay be of the order of t0 - 15 kn in a north-souÈh direction,

but is more typically a few kilometers. The offset of the O-ray ls

appreclably greater than the offseÈ of the X-ray. Any errors introduced by

the spítze could be expected to be less when the X-ray ls ln use Ëhan when

the O-ray ls ín use.

The sample of data used for the above analysis represents

comparaÈlvely statlonary F mode reflecÈlon conditions. Ihe more general

case is for mixed modes to be present. The phase measurement círcultry

rvould Ëend to accept the doml-nant mode resulËíng ln sr,¡itchlng between modes

when multlmode conditions are present, reducing Ehe correlatlon between

daËa for dífferent signal frequencies. The zeníth angle data has been

shown to consist of a number of partial events rather than one continuous

single event. The real heighÈ of reflecEion may vary appreciably during

the period of the sample and the signal frequencies used may vary their

position wfth respect to the crltical frequency. Therefore both the cross

spectral phase values and the real height differences in reflection poínts

represent averages over the conditlons prevalling durlng the sample.

The values of the graviEaÈional constant I and the ratio of specific

heaÈs y are thought to be known to sufftclent accuracy for the gravity wave

analysfs, although a value of 1.5 for t has been used by some authors. The

values calculated for the scale height H may, howeverr not be correcEt

dependfng on the validlty of the assumptions underlyl-ng the derívatlon

given ln appendix D. If the parabolic layer model appltcable to the

F, l-ayer 1s in fact more nearly correct, the value of H obtalned would be
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reduced by a factor of L//2. The changes to the calculated values of table

1 that would result are shown ln table 2. Horl-zontal parameters are

ehanged by about 207" at the longer nave perlods.

The disperslon relation used may not be the most appropriate one.

Dlssipatfve and ducËlng mechanisms have not been considered in the above

analysls, nor have the results of analyses of reallstfc model atmospheres.

In a revÍew of aÈmospherÍc gravíty qraves, Francl-s (I975) has concluded that

medium scale travellLng ionospheric disturbances can be descrlbed ín terms

of lnternal waves whereas the thermal gradlent at the base of the

thermosphere provldes a mechanism for the propagaÈion of evanescenË rvaves

of large scale associaÈed with nagnetlc storüs. A descrl-ptlon of an

experfmental observatlon of the latter type 1s gíven by Thome (1968). Of

the above Ewo types of \{aves, the lnternal wave descrlption ls more

appropriaÈe for application to the data of Ehis Èhesis.

Experlmental procedures for studying TID's such as ttthree staËionrl

meÈhods generally provide horizontal velocitíes, whereas the procedure

outllned 1n thls chapter provides estlmaEes of vertlcal velocities. A

combinaÈion of the two procedures should provide a measure of verifícatíon

of the theory. .A.lternative1y, some insighË xoight be gained as to which

reflnements Èo the theory are physically signÍffcant. Ilerron (L974) has

provided data in which both horlzontal and vertlcal phase velocities llere

measured. A comparison is made beÈween the observed dlspersion and Ehe

besL theoretical fit to gravíty wave theory. A degree of agreement 1s

displayed for wave perlods between 20 and 50 mtnutes. Both horlzonlal and

verÈical veloclties of TID's vrere measured by Jones (1969) and the results

compared with gravity wave theory. A comparison between measured values of

the angle of propagaËion wlth the horlzontal and values calculated from the

L962 U.S. Standard AEmosphere showed a good agreement. Ihls experfinental



75

Table 5.2 GravLty \4rave analysls from experimental data

Kersbrook test trI354 20/12/75 O-ray 1435-1635 hours
Slgnal f requencies: 5.38, 5.745"ttÍãz

Scale Helght, H=

Acceleratl-on due to gravlt! ¡ E=
Ratio of speclflc heaLs =
Real height separatíon =
Real height of reflection =
Speed of sound, c=
Brunt perJ-od =
Acoustic cuÈ off period =

4T
9
1

B

216
7 26 .37

13. 13
11.86

km
m/s/s

kn
km
m/s
minutes
mlnutes

.L4

.16

.40

.30

.00

o*o

^r'
\.2
)tx
),

X

0

I01
84

Yp,
vp*
vp

vg,

ï9"
0

I,Iave period
(urlnutes )

N-S Components
40.00 24.00

E-IaI Components
40.00 24.00

2.t .84 23 " 59
2.43 r.57

136.8
381.7
128. B

70.28
70.84

-1 B. 73
13. 1

-32.93
10. 4

4s.925
16.460
48.786
4s.5

(f) (dec)
(rntn)

(kn)
(kIrI)
(kn)

(dee)
(dee)

28. 83
3.20

-37.3
r09.2
115.4
-71. 16

30.22
2.0r

17 .14

32.23
I .53

28.60
1. 36

L7 .14

104.5
86. 8
66.7
39.7L
40. 00

64

103.6
292.9
97.7
70.52
70.84

98.9
r49.3
82.4
56.48
s6.84

92.7
77 .2
59.3
39.77
40.00

126.7
189. 6
I05.3
56.25
56. B4

(
(
(

s7 .0
159. I
s3.7

90. 1

75.0
57 ,7

-36. 9

31.2
48. 3

-40.24

43.2
r22, I

40.7

60
2T
64
35

n/s )
rn/s)
rn/s )

68.7
103.6
57 .2

BB. O

131.6
73. L

-48. I
142.7
150.5
-71.38

-59.5
93.2

110. 6
-57.4r

6

4
9

(ur/s )
(m/s )
(rn/ s )
(dee )

(dee )

-47.L
73.1
86.9

-57.19

-33.02
L3.2

rL7.27
8r.44
38. 21

r4L.79

-4L.4
35. I
54.3

-40. 30

0rttt
R

-l 8. 9l
I7.1

"624
.448
. 306
.3

49.605
33.r44
59.6s9
50.2

63.s47 67.773
42.098 81.430
76.226 10s.944
39.6 23.8

60.140
72.4L9
94. 13s
26.8

Cornbined componenËs
}* (krn) 232-.40
V* (n/s) 96.83
s * (deg) 37.50
180- a !(deg) 142.50

57.66
56.07
4L.6s

138.3s
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data 1s further considered by Davies and Jones (I97I) frorn whtch it ls

concluded that support is gÍven to the vÍew that TID's are caused by

propagation of atrnospherlc gravlty \raves. Additional verificaÈíon of the

relatlonshlp between TID's and gravlty v¡ave theory has been made by Thome

and Rao (L969) uslng verÈical data from a Thomson scatter factllty and

horízontal data from a spaced HF radar network. The conclusíon was reached

that their results supported the gravlty wave explanatlon of Til's but that

for the greatest possible accuracy vlscous disslpation and lonospheric loss

processes should be taken into account.

The degree of success achieved by the experlmenÈs of Herron, Jones and

of Thome and Rao in supporting the perÈurbation theory of gravÍty waves

suggests that there ls a correspondence between the rnoÈions of Èhe neutral

atmosphere, on r^rhich the graviÈy wave theory Ls ba-sed, and the motions of

the ionised conponents of Èhe atmosphere, and the free elecÈron component

ln partlcular, on whl-ch ref lecÈion of ê.rn. \{aves 1n the ionosphere

depends. Thts question has been consldered by Hooke (1968) t¡ho concluded

that the moËlon of Èhe neutral particles parallel to the magnetic field

ll-nes fs passed on to the ionísatlon through colllsional inÈeractlon. The

free electron gas moves with the ionised partlcles Èo naintaln electrical

neutrality. The response of the iontsed partleles to the neuLral parÈ1cles

1n terüs of electron denslty fluctuations ls shown by Hooke (1970a) Ëo be

of the order of 5 or 6 percent in the F, reglon and to be appreciably

anisotroplc, but thls conslderaEion l-s not thought to effect the

measurement of phase velocities since the interaction l¡ill occur to some

extent ln equilibriurn wiÈh neutral gas motions lf the time scales of these

moÈions is long by comparison with the collislon frequency of the

partfcles. Slurpllfled formulae for the l-onisatfon motlons ln the F region

during the passage of a TID have been given by Georges (1968).
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5. 4 ADDTTIONAL RESI]LTS

Two addltional sets of processed data are glven l-n thls section. The

fl-rst set consists of a sample of extraordinary ray data taken afÈer the

ordinary ray sample described 1n section 2. Evenly spaced zenith angle

ploËs are shown fn flgure 9 and low pass flltered zenith angle ploÈs are

sho¡nrn in figure 10. Ionograms duríng the period of the data are shown in

figure 11. fhe lonograms dispLay a continuous transition from day time F

region conditions to níght tíme F reglon condiÈions. These conditions are

reflected in the appearance of the zenith angle ploÈs. The evenly spaced

zenith angle data becomes noticably more scatÈered as nl-ght time conditlons

become establíshed. Ihese conditions are also reflected in the dimínished

dynamic range of the spectra shovm 1n figure 12.

The gravlty r{rave analysís f or the data 1s shom in table 3. Both Ehe

real height separatlon and the phase angles are less for the X-ray data

than for the O-ray data producing very slmilar results to the data shown, 1n

table 1. The ttlt and polar plots for this sample are shown in figures 13

and 14 respectÍvely.

The second set of processed data ís a sarnple of ordínary ray data.

Evenly spaced and filtered zenlth angle data are shown Ín figures 15 and 16

respectlvely. The zenith angle data 1n figure 17 has been included to

display Èhe effect of applying a lower frequency cut off to the data. It

fs somewhat easler to observe directions of !ìIave events wlth this degree of

smoothlng. It can be seen from the set of lonograms in flgure 18 thaL a

transitlon to night Elme conditions occured during the sample in much the

same vray as for the prevlous sample. fhe maln difference is the apPearance

of multimode conditions as the sample progresses and also the additlonal

sets of traces at lower frequencles aÈtributable to oblique echoes.

Spec¡ral plots for the data are shown 1n figure 19 and Ehe gravÍty wave
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Table 5.3 Gravlty \^tave analysis f rom experimerrtal data

Kersbrook test lrr354 20/12/75 X-ray 1650-1850 hours
Stgnal frequencles: 5.38, 5.745.þ7h,2

Scale Heíght, H=

Acceleratlon due to gravíEyr g=
Ratio of specific heaLs =
Real helght separation =
Real height of reflecLion =
Speed of sound, c=
Brunt period =
Acoustic cut off period =

I^Iave perlod N-S Conponents
(urlnutes) 40. 00 24 .00

49.77
9. 19
I .40
5.91

206.00
800. 14

14.42
13.03

L7.L4

km
m/s/s

km
km
n/s
minutes
minutes

17.L4

^zÀx
I
X

0

Y..,
fo*
vp

Yg,
vg*
vg
0

T

kz
ç
k
vg

0

AëY

QrilË
R

19.3s
2. 15

-38.9
102.0
L09.2
-69. 13

20.33
I .36

104.7
r37 .9

83.4
52.80
53.07

-36. 85
14.9

rts.76
80. 39
32.92

147.08

23. L7
1. 10

15.17
0.72

(f) (dee)
(roin)

(kn)
(kn)
(km)

(dee )
(deg)

(uil s )
(n/s)
(m/s)

(m/s)
(m/s)
(rol s )
(dee)

(dee )

110. 0
280.7
102.4
68.61
68. 87

g1.B
sB.7
49.s
32.6L
32.73

r59.7
401.8
148.4

68.32
68. B7

r63.9
2L3.0
t29.9

52.42
53.07

140. 3
89.2
75.3
32.46
32.73

E-I{ Components
40.00 24.00

13.32 12.98
I .48 0. 87

-55.0
146 .5
156.5
-69 .4L

-36.7 4
9.6

45. B

116.9
42.7

89. 3
57.L
48. I

66.6
L67.4
61.8

113.8
r47 .9
90.2

-26.
16.
30.

-32.

-70.2
95.7

118. 7
-s3.72

-20.93
18.1

-20,73
L2.6

7 2.7
95 .8
57.9

136.4
86.7
73.2

-39 .4
25.6
46.9

-33.00

0
8

9

85

39
15
42
51

(" I
(" I
(* I

(

-45.8
6r.5
76.7

-53.34

hå
n/s

)
)
)
)

57 . r44
22.386
6L ,373
36.3

.336

. 638

. 331

.5

3 B. 332
29.498
48.368
s6.6

44. 800
70.442
83.481
21.4

60.038 68.425
45.564 106.948
75.370 126.964
36.7 14. r

Comblned components
lx (kn) 230.09
vx (u/s) 95.87
a t(deg) 34.94
180- o l(deg) 145.06

49.06
47.7r
33.37

146.63
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Table 5.4 Gravity $rave analysJ-s from experlmental data

Kersbrook test !ü355 2I/L2/75 O-ray I805-2005 hours
Slgnal freqrencles: 5.38, 5.745"Nftrt2

Scale lleíght, H=
Acceleratlon due to gravity ¡ E=
Rat.l-o of speclflc heats =
Real height separation =
Real he-ight of reflection =
Speed of sound, c=
Brunt períod =
A.coustic cut off perlod =

4r.72
9. 11
1.40
8.35

234.00
729.48

L3.26
11.98

17.L4

kn
ø/s/s

kur
km
rn/ s
minutes
mínuÈes

e xv(f) (dee)

^t' 
(min)

Itlave period
(rnlnutes )

N-S Cornponents
40.00 24.00

20.60 1s.66
2.29 1.04

192.0
276 .1
r57.6
55.19
56.47

13. 43
0.64

E-!J Components
40.00 24.00

26.54 32.67
2.95 2.L8

113. 3

315. B

106.6
70.27
70.64

47.2
131.6

44.4

-40.4
TL7 .5
124.3
-71.01

-1 9. 07
15. I

92.0
r37.3
76.4
56.17
56.47

L7.14

37.12
L.77

7 8.7
64 .1
49.7

^z\
À

x
0

Yo,
vo*
\rp

l',
v:*
_Þ
0

(kn)
(l.lln)
(km)

(dee )
(dee )

(m/s)
(m/s)
(n/s)

(m/s )
(m/s)
(n/s)
(dee)

60.8
167,3
57.1

133. 3
Lgt.7
r09.4

-86.0
136. 1

161.0
-57 .72

-33.03
7.0

2r7.6
L70 .6
134.3

-82,7
70. 8

108.9
-40. 59

63.9
9s .3
53. r

-43.6
66.6
79.6

-56.77

14s.9
401 .5
L37 .1
70.03
70 .64

223.8
r75 .4
138. I
38. 09
39. 33

Br.0
66 .0
51.1
39. 16
39.33

-50. 9
149. B

T58.2
-7 r.25

-1 8. 88
L2.4

-3L.4
25.9
40.7

-39. s0

Otttt (dee)
R

{.ro-!¡
( xl0_6)
(xl0 )

(n/s)

43.058
I5.6s0
45.814
48.2

Combined components
l,x (ktrt) 248.20
Vx (m/s) L03.42
c t(deg) 51.81
180- c t(deg) 128.19

68.287 77.589
45.772 9s.2s9
82.208 122.8s9
36.5 20.0

-33.41
L4.4

k,
kx
k
vgt

32.733
22.756
39.866
72.7

28.072
35.818
45.508
53. B

5s .47 4
L9.897
58. 93s
38.2

r22.92
85 .36
63.s6

116.44

6r.74
60.03
69. 39

1r0.61
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analysis results are shor^rn in table 4. Once agalrr the results are very

sl-milar to the results dlsplayed earlier. Tilt plots are shown in figure

20. The real height daÈa for the 5.745 l,lhz signal terminated at 1915 hours

due to the critical frequency fallÍng below thts frequency. Ihe real

heíght separation has been averaged over a little more than the ffrsf half

of the sample only. Ihe fact that the 5.745 ltfhz signal continued to be

received 1s not cornpletely understood. The slÍght obliquity may have made

thl-s receptlon possible (Hetsler and Whitehead, 1961), or alternatively the

critlcal frequency rnay have been obscured by attenuation or- noíse. The

lsolatlon of ionospheríc components by the aerial polarizatíon circuit is

known to be of the order of 28 db under the ídeal conditlons of near

vertlcal reception and a signal frequency of 5 .745 Ìtthz and is therefore

not a contributory factor. Polar plots are shown 1n figure 21.

A general conclusion to be drawn from the tilt angle data is thaÈ for

each of the samples shown average tilts of one or tqro degrees occured.

Occaslonal peaks ín the tílt of over five degrees could occur. Very few

r^rell defined TID's appeared in the data wíth a complete cycle of activity

evident. The appearance of the data r,¡as characterised more by a successíon

of numerous partlal events.
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CHAPTER 6

CONCLUS ION

6. 1 SUMMARY OF RESIII,TS OBTÀINED

Thís thesis has described the resulÈs of an experímental Prograûme

conducÈed wtth a fully automated equipment designed to measure the

direcEion of arrÍval of electromagnetic r,zaves reflected from the lonosphere

at a number of selected frequencies. The equipment configuration and Èhe

maln features of the lndlvidual subsystems have been descríbed. A

selectíon of data processlng procedures have been developed or adapted for

use for the analysis of the experimental data and to assist in the

fnÈerpretatlon of the data.

An approach Ëo the three dimenslonal geometry of reflection from a

tllted lonosphere has been developed followl-ng the method of Bramley

(1953). This model has been used to demonstrate the effecEs Èhat are seen

in the zeníth angle plots derived from the experímental phase ang1e,

dlrectlon of arrival data and to permit a degree of quantltatíve evaluaÈion

of the parameEers of the phenomenon leadl-ng to Ehis data. It is

demonstrated that a sinusoidal \.rave assumed Èo be travelllng through Ëhe

lonosphere wlll produce an asyûunetrical zenith angle plot from which the

dlrection of uotion of the r.rave can be inferred. Íhe degree of asymmetry

1s dependent on the wavelength and amplitude of the wave and the height of

the l¡ave above the surface of the earth but is independent of the veloclty

of the wave, A computer simulation of zenith angle data from a travelling

sl-ne wave has been developed using the paraneters of Èhe experirnental

conflguration.

It has further been demonstrated that a direction of arrival method of

ueasurelnent ls sensitlve to small ampl.itude lraves and partl-cularly to rÁIaves
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of short wavelength but 1s less sensltive to large changes ln the helght of

the l-onosphere as a whole. The ionospherl-c tilts observed 1n the daÈa had

average values of I ot 2 degrees with peaks exceeding 5 degrees. The data

dlsplayed in the zenlËh angle, tllt and polar plots, during perlods of

quasl- unlmodal propagatlon, has the appearance of a succession of partlal

evenÈs wtth few events displaylng one or more complete cycles of wave

mirtlon.

Sequences of lonograms taken al the Salisbury lonosonde station

located aL approximately the mid point of the path frorn the transmitting

statlon at Kersbrook Èo the receiving sÈaLion at St. Kílda have been used

Ëo characterlse varlous features to be seen 1n the experimental data plots.

fhese lonograns are also used Eo assess the ionospherl-c condíÈíons

prevallfng during the course of the measurement runs from whlch data has

been used for analysis.

Elect.ron density profile analysis together with spectral analysís of

zenfth angle daEa for selecÈed perlods has been used to obtaÍn estimat.es of

vertical phase velocitles of rrave motions exhiblted in the spectral

analysls of Èhe data. Estlmates of horizontal veloclties and other

paramaters of the wave motfons have been obÈalned by application of gravlty

t¡ave dlspersion analysis. These estlmates represent an average over the

perlod of the sample. The choice of a suitable period for the sample is

determined rnalnly by the avallability of a contínuous period of quasi

unlmodal propagatlon during which the real heights of reflection of sl-gnals

with the available frequencl-es maíntains an average separation of the order

of 5 to 10 krn. The use of data exhibiting propagatl-on vla Èhe E layer is

ruled ouL by the latter requl-rement, as is data which exhibits reflection

from the vicinity of the minimum virtual heighË of the F layer. A rrider

cholce of signal frequencies would be an advanÈage 1n the laÈter câsêe The
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results of Èhls analysis have been compared with the observaÈions of other

experimenters (Munror 1958; Jones, L969; Ilerron, L974; Ahmed, 1977) and

have been found to be 1n reasonable agreement.

The experimental prograflìme was conducted durlng December 1975 and the

first week tn January L976. It has therefore not beón possl-ble to

lnvestlgate seasonal variaÈlons 1n the phenomenon to be seen wLth the

equlpnenE described in thl-s thesLs. The mal-n emphasis fn this thesls has

been placed on developlng an understanding of the physical phenomenon

underlylng the appearance of the data in the varlous plots produced and ln

the guantltative lnterpretatlon of the results.
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APPENDIX A

E)PONENTIAI. DIGITAL FILTER

A brief descriptlon of the main characterlstics of the exponential

filter are given ln this appendíx. A more detalled dlscussl-on is glven by

Tüarren-Smith (L974). A single sectlon of the fílter is designed to behave

like a sirnple low pass analogue resistor-capacitor network. That ls, the

transient response of the ftlter ls deslgned to approach an applied inpuË

step function Ln an exponentíal manner. By discreÈislng the differenÈ1al

equatlon for the ouEput of the RC netr¡ork 1t ís possible to obtain the fol-

lowing finíte dlfference equation for the nth sample of the filter:

y(nT) = y(nT-T) + K{x(nT) - y(nT-T)} (4.1)

which deflrres Èhe configuration of the filter.

T is the sample ínterval.

The factor K is related to the time constant of the RC network. The

stablllty of Èhe filter ls assured for values of K of 0 < K < I. Íhe

smaller the value of K the longer is the tlme constant of the filter. lhe

response characterlstlcs of the fllter can be obÈained by use of z trans-

form techníques. The transfer functlon of the filter ís glven by:

H(z) = Kz/ {z-(l-K) } (4.2)

The frequency response of the fl-lter ís found fron thÍs to be:

J t¡T K (l-r)si-n t¡t
In(" ) I -Arctan

1 + (1-K)' - z(I-K)cos (,)T

Íhe weighË1ng functlon given by:

h(n) = K(l-K)n

1-(1-K)cos tl'T
(A.3)

(A.4)

approximates very closely the exponential welghtlng function of a contlnu-

ous RC netr¿ork for small values of K at the sampllng points. Ihe output of

the filter therefore approaches the exponentially weighted mean of the

lnput sanples.
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The ratio of variances between the output and input of the fil-ter, for

a random lnpuÈ, can be obtained from the relation:

n

ú=rlfn't't , '+o (A.s)

m=0

where: h(n) is the weighting functíon for the fllter.

A value of K/ (2-K) ls obtained for the single secÈion filter. Ihe

ratio of variances (5) gives a measure of the degree of smooÈhing achieved

by the fllter, or allor^rs a means of comparLng the smoothlng performance of

dlfferent filter conflgurations.

It ls found that a cascade of filter sectlons of the type described

above results 1n a slgnlficant lmprovement ln smoothing for a glven overall

transient response time for the cascade. An m'th order fllter 1s Èherefore

preferable to a flrst order fl-lter. ApproxLmatlons for the ratlos of vari-

ances for successive orders of filter follows the sequenee K/2, K/4, 3K/L6,

5K/32. A value for K of 0.25 has been used with a fourth order filter ob-

taLned by applying a second order filter forwards through the data followed

by a second applicatlon of the second order filter in Èhe reverse directlon

through the data.
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APPENDIX B

A frequently used procedure for smoothlng power specËral estimates 1n

spectral analysis ís to ave-rage a number M of adjacent specEral estlmates

and assign this averaged estimate to a frequency at the rniddle of the band

of frequencíes averaged over. Increasing M íncreases Lhe confidence that

one can theoretically place in the resultlng spectral estimate. Due to the

low frequeney characÈeristícs of graviÈy $raves 1t is dlfficult usl-ng this

technfque t,o get more than t\^ro or .three smoothed estinates in the graviÈy

wave regfon of the spectra, for reasonably hlgh confidence lntervals. Also

in practlce lt fs often found that changes in the value of M w111 produce

changes in the resulting value of the spectral estimate. This behaviour 1s

partlcularly undesirable in the vícínity of the cuÈ off frequency of the

gravity vrave spectra since ln addition to the above effect, the actual cuË

off polnt in the spectrum is obscured. Consequently a dlfferenÈ procedure

for poqrer spectral smoothlng has been adopted. This procedure ís to carry

out successive elemental running average operations, each of r¿hich consisÈs

of averaging over three successlve rar^r estimates and asigning the new value

to the frequency of the nlddle esÉimate. By means of a sultable vari.aÈíon

of thls procedure for end values, the number of spectral estímaÈes 1s left

unchanged. The averaging is carrfed out ín such a !,ray that values frou the

previous elemental operaEion are used in each averaging step before nodifi-

cation by the nexÈ averaglng step to produce new values. Successive appll-

catlons of this procedure result in a veíghting function for the overall

process that ls tapered and symmetrical. The resulting spectral estimates

have a smooth trend and the relationship of the cut off frequency to the

spectra is more easlly seen. The number of elemental operatlons can be

specified at the time of processing. Values of t*/t) have been taken for

the disperslon analysls of chapter 5 using this process.
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The smoothlng achieved by ÈhÍs process can be compared wlth Èhe suo-

othing obtalned by averaging M adjacent specEral est,imates by applying 4.5.

Since this process is a finite impulse response fllter, 1ts welghting func-

tlon can be readlly found dírectly by applJ-cation of an irnpulse Ëo the

fnput of the process and determining the output of the Process. The ratio

of varl-ances for the flrsÈ six orders of thl-s process are approxlmately:

0.33, 0.231 0.19, 0.16, 0.15, 0.14. This can be compared with a ratlo of

variances of L/yl fox the case of averaging M adjacent estimates. The reci-

procals of the above series of numbers Ëherefore approximately give the

equlvalent value of M for the first six orders of the cascaded runnlng

rtrêâno The tapered welghtlng funcÈion does, however, 1nËroduce some corre-

lation lnto adjacent values of speetral estinates whlch may lead to errors

1n the cross spectral phase values adjacent to peaks in the sPectrun.

The sparclty of estimates in the gravity wave reglon of spectra from

TID data has lead to attempts Eo find alternatives Ëo the use of FFT based

spectral analysis methods. Ihe maxfmum enÈropy method of spectral analysís

has been described by Toman (L976).
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APPENDIX C

CORRECTION FACTOR FOR SPECTRAL ESTIMATES

This appendix gives a derlvation of Ehe relaËionship between the area

under a por.rer specËral curve and the varlance of the Èl-me sequence data

from whlch it is obtalned.

1. Let xn, k = 0r1, . . . . rN-l

be a tl-me sequence of values Ëo be spectrum analysed. N 1s the number of

values to be used 1n the analysls. Usually, N = 2P, where P ls an lnteger.

Lec X be the resultlng sequence of spectral values.
n

n = 0rI, . . . . rN-l

Parseval's Èheorem r¿ill be required a¡td can be stated as:

N-I N-l
2L

T lxn

2

*z
(c. 1)

k=0 n=0

A proof can be found ln Bogner and ConsÈantinides (L975) or any sLandard

text on Fourier methods.

2. The varlance of the lnput data can be compuÈed from:

N-I
I

N-t T (1-x)2 2o=-

I 2

k=0

N-1
I

-x
2

)c
t<.

(c.2)
N-1

k=0

The mean value of the data * l-s made equal Eo zexo as a prelímlnary step ín

the spectral analysls and need noÈ be considered further.

3. Ihe power speetral density funcÈl-on for the data is glven by:

2L1 2

ðr, = G.,(f.,) = 

-_lçl 
(c.3)

N

where AT {s Èhe tfne interval betwee-n the equally spaced samples and
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t
lrhere lX_ l' are the ratù po\üer spectral estlmaÈes produced by the FFT pro-' n'
cess wfthout modiffcatlon due to tapering, smoothing etc. fhe factor of 2

allowes for the facÈ that the FFT process produces a È\ìro sided sPectrum

only one side of which ls used (Bendat, 1971).

The factor 2 ¡f/N 1s a correction factor to be applled Èo the ralr

power spectral estlmates from the FFT. Thls factor Ís rnodlfied to allow

for taperlng, smoothing etc. These rnodifying fact.ors will- be consídered

presently.

Slnce there are N-l spaces between the N samples, the sample spacing

1s:

T

N-1

2

(c.4)

where T is the total duratlon of the sample.

4. The variance of the daÈa is related to the area under the Pohter spec-

tral density funetlon as foll-ows:

N-1
N1 2

o = 
-.-

x.
K

k=0

N-1

- 
l¡r, I

frN-l N

NI

N.I N

N-1
I

T

2

I lx"l

n=0

T2
) 

- 
l¡,,1

l-,N (N-1 )
n=0

N-l

I
n=0

I

T

^T2
N
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N-1

=ôf (c.s)

n=0

where ôf ls the frequency spacing gtven by 6f = L/T (=M/f rnrhen M estimates

are averaged).

õn has been substltuted fron (3) ornlttlng the factor of 2 since the

summation here l-s f rom 0 to N-l .

T.he result glven by (5) obtains the area under the porver specÈral den-

sJ-ty function as a direcË surumation of the spectral densiÈy values.

Computatlon of (2) and (5) effectively becomes a means of checkíng the com-

puted values of the povrer specÈral density function. Ihe correction factor

mentioned earlíer has Ehe signl-flcance Èhat it provldes a scaling factor

that enables one Eo relate Ëhe contrlbution ÈhaÈ each spectral estlmate has

on Èhe variance of the tlme sequence data.

5. Additional correcÈlon factors are required to be applied to (3) to

allow for the Èaperlng process used for leakage reduction, the smoothlng

process applied Èo the raw spectral estimates for improving the confidence

that one can have ín these estimates, and to allow for zeroes added to the

tlme sequence data to establish the requl-red number of data points for ap-

plication of the FFT process.

The appllcatíon of a 10 percent cosine bell taper modifies Ehe vari-

ance of Èhe data applled to the tr'FT process by a facLot of 7 /8. The recí-

procal of thls factor is therefore required to be applíed to (3) as an ad-

dltional correctl-on factor, or Èaper facÈor. For a 100 percenÈ cosíne

bell, or Hanning process the factor ts 3/B in place of' 7/8'

For spectral averaging wlth M consecutive values of ra!'l spectral esÈi-

mates (or for any alternaÈive averagíng process used) a correctlon ls re-

quired such that the welghtlng function for the averaging (1.e" smoothíng)

f+
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process ls norualised.

If zeroes have been added to the Èime sequence data, Èhe variance of

that data including the zeroes, assunes Èhat all N points are data, the ef-

fect ls corrected for as follows:

Let L be the number of added zeroes. Then Ëhere are N-L data values.
,)

Let ofr þe the variance computed from the daÈa only.

Then from 2:

N-L-l N-l
2

1 2 I

N-1N-l T Ig =-

J=0

N.L-1

j=N-L

2x,
J

x,
J

2

J

I

N-1 I
J=0

since x, = 0 for N-L<J< N-l
J

N-L-1
N-L.I 1

2

N-1
J=0

N-L-1
g

N-1

Iience, the correctlon factor to apply to the specÈral density estimates 1n

(3) fs: (N-1)/(N-L-1). The cornplete expresslon to Ëake the place of (3)

Ls now (for a 10 percenÈ cosine bell):

82ÂT1 N-l 2

ðn = -'- '-'-'l\l7 N M N-L-l

16T 2

l*"l (c.6)
7NM(N-L-l)

(where averaglng of M values of the speetral estimat.es has been assumed) '

o
fz) x.
LJN-L-1

2

D
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APPENDIX D

CALCIILATION OF SCALE HEIGHT FROM ELECTRON DENSITY PROFILE ANALYSIS DATA

This appendix considers an approximate method of calculatlon of the

scale hetght at the F, layer peak from electron densl-ty profile analysis

data. Ihis ls done by deriving a parabolíe layer approximation from the

sírnple Chapman theory by equaÈ1ng the Chapman productíon equation for elec-

tron densiÈy with the appropriate loss equation under assumed equlLibriurn

condítlons.

In a review of ionospheríc F region theory, Rishbeth (196i) considers

the production-loss continuity equation for electron density for the region

above the F, ledge:

aN/at = q- ßN + DÓN (D.1)

wtere:

AN/aË is the rate of change of electron denslty,

q 1s electron productiono

ß 1s the loss coefflcient for the ion-atom int.erchange process (at-

tachmenÈ process).

nÞ¡l ts Ferraro's equatlon for plasma diffusíon,

where:

D is the diffusion coefficient

and S ls a dÍfferential operaEor.

The Chapnan productlon formula can be wrlÈten as:

9 = go exp [ l-z-sec X exp Gz)J (D. 2 )

¡¡here:

z = (h-ho)/H is the reduced height, (D.3)

X fs the solar zenith angle,

and the o subscripÈ represents a reference value.

The diffuslon term contrlbutes malnly to determlning the level at
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which the peak occurs.

For a deserlption of the F2 layer peak, Èhe diffusion term in (1) is

sel equal to zero and for equilíbrlum condltions (t) reduces to Èhe equili-

brlum balance equatlon:

q = BN (D.4)

Thís result is substituted lnto (1) to gLve a Chapman approximatlon

for the E2 Layet peak:

N = No exp[l-z-sec xexp(-z)] (D.5)

For the E and F, layers the equilibrium balance equat,ion:

q = aN2 (D.6)

for dissoclatlve recomblnatl-on fs more approprlate gíving the Chapman ap-

proximatlon:
I

N = Noexp'2lt-z-sec xexp(-z)l (D.7)

By expanding (5) and neglectíng all terms of hlgher than second po$ter

1n z and assumlng thaÈ the value of I ls small, one obtaíns the parabolic

layer approxl-roation, in a slmilar manner to that given by Davies (1969).

. lrh-hl2r
N=N lr--l 'l f (n.s)nL 2l H I )

r+here the subscript n refers to values at the peak of the 1ayer.

Alternatively (B) can be wrltten ín Èerms of values at the base of the

layer represent.ed by the subscrlpt o:

2

N=N r 2 (h-ho)
t-

LtzH t*) (D.g)

(D. 10)

(D. 1 1)

o

The corresponding result for the E and F1 layers is:

['- I

h-h ,)

2H

mN=N
m

2 (h-h )o
h-h

l'l2H

o=[J
2H

The quanttty 2H'is ofEen referred to as the semLthickness of the layer.



94

APPENDIX E

LIST OF RAW DATÄ FILES

DATE

LtlrL/75

29/rr/7s

FILE
NAME

8l 12/7 s w342^

w3428

9/L2/75 r^r343A

I.r343B

I^I343C

I^1343D

L0/ L2/7 5 r^r344A

Tü3448

I,I344C

rr/12/75 r^¡345A

LOCAL TIME
FROM TO

DATA
POINTS RAY REMARKS

r,r315B 5.38 1533 1653 3305

I4I3338

Sett.lng up exercise

X Prelíminary test rÀrith
3 frequencl-es

OrX Test for comaprison r"¡ith
(h't) data. Figure 3.1

3. 84
5. 38
6.7r55

17 17
L7 L3
1811

2218
22I9
22L7

1245
4933

599

FREQ
ltfhz

3. B4
5. 38
6.7155

r 830
181 9
1851

2 300
2344
2320

1967
2823

492

7 /L2/75 r^r341A 5.38 1415 1805 732L

I^I3418

3"84
s. 38
6.7155
3. 84
5.38
6.7r55

1531
1530
r542
L924
1923
L923

1919
I 919
1919
2425
2425
2239

003 I
003 I
003 9
LT26
0940
L202
1403
I 403
I 403
1738
1738

L25B
125 B

I25B
L7T2
T7 L2
T7 17
205r
205 r
205 I

oB23
0920
085 2
r342
L342
r342
I5L2
T512
I5L2
1 908
I 908

L6L2
L6L2
I 504
2046
2046
2046
02r2
0207
02r2

r052
3849
2421
2761
3490
I067

2698
40r7

606
r407
4998
9t7
770

1001
634

2533
2369

3787
2787

748
2892
2902
I527
334s
2852
LT24

3463
32t9

639
758

3003
31 7B

379

X

o

3. B4
5. 3B
6.7r55
3. B4
5. 3B
6.7r55
5. 3B
s.7 45
6.7155
5. 3B
5.74s

s. 3B
5.745
6.7L55
5. 3B
s.74s
6.71s5
s. 3B
5.7 45
6.7L55

X

o

x

X

0

o

X

X

XI,T3458

s.38
5,7 45
6 . 7155
3. 84
s. 3B
5.745
6,7155

0513
0513
0 513
L52L
151 7

L5L7
r532

1 356
1356
I 341
t 930
I 930
I 930
I 930
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I,T345C

I^I345D

12/12/7s w346A

r{3468

I^I346C

I^I346D

13/L2/75 r^r347A

I,I3478

!r347C

!,r347D

w347E

L4/12/75 w348A

3. 84
5. 38
5.745
6.7r55
3. 84
s. 3B
5.74s
6.7r55

1 93s
I 935
I 935
I 935
2l sB
2t58
21 58
220t

2340
2340
2340
2340
04s4
04s4
0454
04s4

2L53
2L53
2L53
2148
0004
0004
2343
2328

1i43
1117
1116
TL43
r404
r404
1404
t404
2OIL
20tL
2011
zOLL
0001
0000
2352
235L

0B 19
0907
090 7

0906
r 410
1410
r 410
1806
I 806
I 806
2030
2030
2030
2030
2334
2334
2334
2334

0450
0448
04s0
04s0
094r
0956
0956
095 6

I9T7
LB7 5
1 884
r642

BOB

6s9
618
253

35tB
r564
L44t

797
1 603
1983
I 963
T77 T

2572
2941
t26l

s46
I 130

752
500
557

2190
2256
L472
r402
2946
3326

767
24sB
2523
L832
1099
188 9
1939
I 955
1 585
2052
2022
I 660

2032
r907
I657
r724

690
2L5T
r663
106 3

x

X Flgure 3.8

O Flgure 3.3

Sample of sporadlc E

ref1ec tLon
Figures 3.3r4r6r7
Flgure 3.5 lonograms
Figure 3.3

O Figure 3.3

Flgures 3.9,10
Figure 3.5 ionograms

.84

.38

.7 45
,7L55
.84
.38
.7 4s
.7155
.84
.38
.7 4s

.7155

.84

.38

.7 45

.71s5

.84

.38

.7 45

3
5
5
6

3
5
5

6
3
5
5
6

3
5
5
6

3
5
5
6

5
5
6

5
5
6

3
5
5

6
3
5
5

.7155

.84

.38

.7 4s

.7155

.84

.38

.7 45

.7L55

.38

.7 4s

.7I55
"38
.7 4s

0s46
05s3
0545
0s46
LL46
IT47
1 148
I 146
t409
r409
1409
r 409
2025
2025
2025
2026

0117
0117
0132
0247
0 911
091 t
09I1
L4ts
141 5
1415
r 809
1809
1809
1809
2035
2035
2035
2035

X

o

o

X

X

X

X

X

X

6.715s

3. 84
s.3B
5.74s
6.7r55
3. B4
5. 3B
5.7 45
6.7155

I^t3488



l¡348C

r,r348D

T.T348E

I^I348F

15/12/75 r^r3494

r,r3498

L9/r2175 r,r353A

20/12/75 r^r3544

I^T3548

I,¡354C

2r/L2/75 r^I3554

I^I3558

I^t355C

I^1355D

5.38 L82L 20L4 7324

96

O NoÈ processed

X

Flgures 3.I2rL3,
5.Lr2r4r5r6r7 r8
Figure 5.3 ionograms

Flgures 5.9, I0 r12rL3,14
Figure 5.11 lonograms

X Flgure 3.11

Data lost

Figs. 5.15, 16rLT r19r20rZL
Figure 5.18 ionograms

5. 3B
5.7 4s
6.7155
5. 3B
5.7 45
6 . 7155
5. 3B
5.7 45
6.71s5
7 ,3245
3. 84

5.745
6,7L55
7.3245

095 9
09s 9
0959
T42B
r428
r428
165 3
L653
16s 3

L7 47
I 905
I 905
1 90s
I 905
I 905

0004
0005
0005
0005
0006
0820
0820
0820
0820
0820

0038
0038
0038
003 I
1427
1433
1427
r427
t644
L644
r644
L644

0206
0206
0210
0207
1340
r 340
I 340
I 340

1423
r425
r425
I 650
165 0
r650
I 900
I 900
r 900
I 900
224L
224r
224r
224L
2241

0B 16
0Br6
0816
08r6
OBI6
IO57
105 7

105 7

105 7

105 7

oB27
1008
100 B
1 008
1 640
L640
1 640
r640
I 941
T94L
r 94r
I 941

0737
1316
1316
1316
L73s
I 735
1735
L735

23L3
2604
2402
2040
2497
2783
2078
2046
2tr6

791
r484
15 95
r692
T5B2

964

2L04
1158
t672

696
I223
1189
r477
11 10
796
836

22r9
2 818
I 171
ILI2
t407
23L7
2L87
r397
I 400
2343
2L62
1415

r234
3264
198 9

832
2Lr4
1991
I 886

799

X

X

X

5. 3B

X

x

o

o

X

.84

.38

.7 4s
155
24s
4
B

4s

.7

.3

.B

.3

.7

3
5
5
6
7

3
5

5
6.7r55
7.3245

3.84
5.38
5.7 45
6,7 r55
3. 84
5. 38
5.745
6.7r55
3.84
5. 3B
5.7 45
6.7r55

.84

.38

.7 45

.7r55

.38

.7 45

.7t55

.324s

3B

5.7 45
6.7155

0B4

3

5
5

6

5
5
6

7

3
5

X

1807
1 803
I 803
I 803

20L2
20r2
20r2
20r2

1263
2009
r963
L4s7



97

Tü355E

2/r/76 I.TOO2A

I.¡0028

3/L/76 w003A

4lr176 w004A

r{0048

2137
2L37
2L37

787
896
779

5. 38
5.7 45
5. 38
5.7 45

4075
2466
3248
r759

84
3B
745

3
5

5

2040
2040
2040

L648
I 835
2004
2004

r536
0300
0801

0432
0436
L5L2
I 640
L640

o

OrX

o

r959
195 9

2248
2245

2020
2020
2020

1610
1607
1611
20L3
20r3

3.84
5.38
5,745

LL25
3613
2582

o

o

Not processed
Equipnent configuratlon
non standard

O Figure 3.17

5. 38
5.7 45

5.38
5.745

3711
996

2615
4756
24L5



9B

APPENDIX F

DISCUSSION ON THE GROUP VELOCITY OF A GRAVIÎY I^IAVE

This appendix dtscusses an anomalous sltuatlon v¡ith regard to the re-

presentation of the group velocity of a gravity wave that is mentloned in

chapÈer 5. The packet velocities given by Hines (L974) expressed by (5.24)

and (5.25) are considered in the literaLure to be vector componenÈs. This'

ho¡¿ever, leads to a diffuculty. If o is made small fn (5.24) then to a

good approxfmatfon:

V +V (F.l)gx Px

By substitution of (5.8) into (5.25) or more quickly by substítutlon

of (5.11) ínto (5.25) after neglecting the term r¡2V2* /"'iÈ can be seen

that f or sma1l to:

(F.2)v +-vgz pz

v
Pz

rfv Vgz are considered to be vector components whllstgxt

are considered Èo be trace components then the result 1s obtained

lv I > lv Icp
since vector components add as:

yz = V2 +V2 (F.4)
vecxz

whereas trace components add as:

IIV? = Llvz + L/V2 (F.5)Erace x y

Specifically, if (1), (2) is applled to packeÈ velocity consl-dered as

a vecEor, then:

v2 /v2 = (v2 +v2 )(I/v2 +I/v2 )gppxpzpxPz
=2*Y2 /V" +V2 /V^Px Pz pz px

= 2 + (,Ë - u2)/u2 + url(u[ -u2) (F.6)

where use has been made of the asymptoÈic dispersion relation (5.11).

IE can be seen frorn (6) that the ratlo of Vr/Vn wtll íncrease withouÈ

llrnlt as o ls made smaller, at least 1n so far as the approxhnatlons inher-

V andpx

that:

(F.3)
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ent 1n the derivatlon are valid. This inplies that the energy of t.he l{ave

can advance more rapldly Èhan does Èhe phase wav'e. If expresslon (1) is

rewrftten ln more detail as:

V -V (I-w2/u2 ) (F.7)
gXPXC

it can be seen that:

lvgx

Slnilar1y (2)

< lv Ipx

is:

v (F.8)

so that:

lvrrl < lVp"l (r.g)

If the group velocity componenËs are considered to be vector compo-

nenÈs then the incongruous result is that r¿h1lst the group velocity compo-

nents are smaller than the phase velociEy components the group velocity 1t-

self l-s larger than the phase veloeity, (for small values of r¡). The dif-

ficulty does not exist if the group velocity components are consídered to

be trace componenÈs. However, íf this ls done a revÍsion Èo the theory

needs to be considered.

The relationship between vector and trace components can be seen ln

figure 1. Vector components are represented by upper case suffixes and

trace components by lower case suffixes. Consíderlng equivalent triangles

it can be seen that.:

vx/vz = vr/Y* (F.rO)

and that the slope of the velocity on the assumption thaE its componenEs

are trace components ls the compllment of the slope on the assumptlon of

vector components. That is, the group velocíty ls tangenËial raLher than

normal to a curVe of constant perlod in a k*/k, dlagraro.

fhe dlrectlon of energy flow can be found from the real energy flux

vector pg averaged over a cycle. Considering the ratlo of components of

gz = -yp"(l-wr/ urt)
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the flux vector:

F *<o'u'* >
xÉLx

î=;;;fi, (F'lr)
'z

and substltuting for p'rU' and V' fron (5.6), the ratlo (tl) reduces to:

FK
XX I uä

(¡2F k
z

Thls can be seen Èo be equal to the ratio of (5.24) to (5.25). That

fs:

v-__/v-_ = F-lF (F.12)gxgzxz
whfch J.nplles that the energy flow 1s ln the directlon of the group (or

packet) velocfty. Since this result ls based on the evaluaÈfon of a ratlo

lÈ 1s fndependent of any consl-deratfon of the group velocity components as

trace or vector coEponents.

z

vz

V
Z

vz x
V¡ç

VX

z

VX

Y7

Flgure F.1 Relat,ionship between vector and trace veloclty components
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