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INTRODUCTION. 

The study of the ionosphere over the sunr i se period i s nec essa ry 

for an understanding of the vtiriations in layer structure with time 

and has been a top i c of research of many worker s . 

On the '.Nhole these i nves t iga tions have been r estri cted to a 

study of crit ical frequency variations with relatively short inter­

vals of a few minutes bet>leen successive records, of !.i-h curves 

deduced from ionogYilms with lon,;) i nt crvills (15 minutes or so) 

be t ween successive N-h curves or of continuously monito l ed single 

frequency reflections. 

Not one of the three techniques is entir·21y satisfact ory for a 

detailed study of ionospheric behaviour over sunrise. The firs t 

two cia not sive <. suffici ently clear i ndication of what happe ns i n 

the inhial stages of layer d0ve l opment, whil e from the third in­

complete data is obtai,l(?d as to \\hat i s happening a t a specif ic 

electron-density level . 

For this reason a pre limi nary investigation of the ionosphere 

ove r sunri s e wa s made at jC;hodes University during August, 1959. 

The records were obt ained at four-and-a-half minutG i nterva ls and 

scaled by the me thod of :(2LSO (1 952 ) . "'3ny of t he results were 

inconc lusive but it appeared that records wou l d have to bG taken 

at approximatel y one minute intervals and rGduced to N-h curves by 

a sca li ng technic,ue which made full a llowa nce for 10V/- level ioniza­

tion if useful r esu lts were to be obtained . 
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An attempt has been made in this thesis to investigate the be­

haviour of the ionosphere over sunrise more fully than can be done 

by the three techniques referred to . 

are also examined . 

A number of obs erved phenomena 

Part I deals with the theoretical background to ionosphere physics 

in gener01 and describes the equipment, equipment modifications and 

experimental procedure. 

Part II presents the results obtained. The records for il large­

scale tr~velling disturbance in" 3n~ 1 ysed. Various observed 

phenomena are described and discussed. A simple method of obtaining 

production rates from expcrim3ntal data is described. The impli-

cations of the observed variations of production rates with height and 

time are discussed. Suggestions for further research and improve-

ment of the methods used arc made in Charter 9. 

Notes concerning numberino . 

Sections, equations and diagrams are numbered indepcnder~ly in 

each Chapter. Thus, for instance, section 3. 2 is the second section 

of Chapter 3, eqU3tion 5 . 22 will be equation 22 of Chupbr 5 while 

Fiouro 4 . 2 will refer to the second diagram of Ch'Jptcr 4, and so on. 

Diagrams are also labelled with their figure number on the back to 

facilitate reference to them. A list of page references for Tables 

and diagrams is included at the end of the Table of Contents. 
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1. 

PART 1 

BACKGROUND. 



1.1 Historical 

2. 

CHAPTER 1 

THE ION03PHERE. 

KAISER (1962) points out that C. F. GAUSS (1839) in his Gen2ral 

Th20ry of Terrestrial iilagnetism made the earliest known suggestion of 

an electrically conducting region in the upper atmosphere. Gauss 

maintained that the existence of such a region could not be excluded 

as an explanation for the "regular and irregular changes which are 

hourly taking place in this (terrestrial magnetic) force". 

The existence of a conducting region was again postulated in 

1860 by IV . THOiviSON (later LOnD KELVI;~ ) in a discussion of atmospheric 

electricity and he estimated that this region would start at a he ight 

of 100 km. ( CHALi.iERS, 1962) . 

The idea of a conducting region was again introduced in 1878 

by BALF0UF,-STE,IAilT in connection with variations in the terrestrial 

magnetic field. In 1902 KENi,ELLY and HEAVISIDE independent~.y postu-

lated the existence of this region in order to account for the success 

of the radio communications link established by Marconi in 1901 

across the Atlantic. 

The first direct evidence of this region came in 1925 when 

APPLETON and BARNETT (1925) proved the existence of "skywaves" coming 

down after reflection from the Kennelly-Heaviside layer. 

The most striking evidence, however, was that furnished by BREIT 

and TUVE (1926) who showed that a pulsed radio frequency transmission 

produced two or more impulses in a receiver placed a few kilometres 
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from the transmitter. The first pulse was concluded to be from the 

direct wave travelling along the ground and the other pulses were due 

to the reflected or skywave . 

This method of Breit and Tuve has been greatly refined and is at 

present the most powerful method for studying the ionosphere (so 

called by ~'IATSON-WATT) despite the recent advances made in rocket 

and satellite methods. 

1.2. Radio exploration of the ionosphere. 

The radio-sounding technique used for obtaining information 

about the ionosphere is essentially an extension of Breit and Tuve ' s 

method. 

The pulse used to fire off the transmitter circuits is also used 

to initiate a swe ep on a cathode ray oscilloscope. Pulses received 

from the ionosphere are rectified and applied to the cathode or one 

of the grids (depending on the pulse polarity after amplification) 

of the oscilloscope. This produces a blanking in the trace. If 

the oscilloscope sweep can be calibrated the time delay between the 

ground and indirect pulses can be measured. This time delay, when 

measured in terms of the distance covered by an electromagnetic 

wave at the velocity of light in vacuo, is referred to as the vir­

tual height and is related to the travel time of the indirect or 

reflected wave by the following oxpression:-

2h' = ct (1.1) 

where h' is the apparent or virtual height, c the velocity of light 
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and t the time taken for the pulse to travel to the point of reflection 

and return, a distance of 2h' . 

The next step is to change the frequency of the radio wave which 

is being transmitted. 

will thus be obtained. 

Virtual hei ghts ~or a range of frequencies 

Figure 1.1 shows the block diagram of a typical ionosonde. The 

superheterodyne circuit on which thi s is based is due to ,IADLEY (1949) . 

The ionosonde operates as follows . -

A variable frequency oscillator (V.F . O. ) is programmed in such a 

way that it sweeps through the frequency range 30-50 Mc/s . This 

V.F .O. out'put is mixed with a pulsed 30 MC/s signal and the resultant 

difference frequency (0-20 IVic/s) is amplified and transmitted. The 

pulses received after reflection are in turn mixed with the V. F. O. 

signal and this results in an intermediate frequency of 30 MC/s. If 

for example the V. F. O. is oscillating at 31.5 j,;c/s, the transmitted 

and received signal will be 1.5 iViC/S and in this way the tra~smitter 

and receiver are always tuned to each other. The 30 MC/s LF. is 

converted to a lower frequency by being mixed with the output of a 

crystal oscillator . The signal is detected and is applied to the 

grid or cathode of an oscilloscope after video-amplification to pro­

duce a blanking of the trace. 

The time base of the oscilloscope is triggered off at the same 

time as the pulsed 30 IAc/s oscillator. 

In order to calibrate the time base a ringing circuit wi th a 

basic frequency of 1500 cis or 3000 cis' (for 100 and 50 km. marker 
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pips respectively) is brought into oscillation at the start of the 

os cillos cope sweep. These low- fr equency signals are squared, dif-

ferentiated and applied to the oscilloscope. The trace thus appears 

to be regularly blank ed at 50 or 100 km . "intervals". 

The transmitted frequency is calibrated by mixing the V. F.O. out­

put with the highly distorted output of a crystal oscillator (100, 

500 or 1000 kC/s). Thi s crystal output will therefore be rich in 

harmonics and audio beats are produced vmenever the V.F.O. is operating 

. near one of these harmonics. This audio output is detected and the 

d.c.-potentia l thus developed is also applied to the oscilloscope to 

produce blanking of the trace. 

If the oscilloscope trace is photographed by continuously moving 

film, ionograms such as those shown in figure 1.2 a and b will be ob­

tained. 

The above is also the principle of the Rhodes ionosonde,which is 

based on the original circuit by Wadley, except that the audio-beats 

between the V.F . O. and the crystal oscillator are used to operate a 

gating . tube through which the height markers are applied to the oscil-

loscope. The ionograms therefore have a series of heightmarkers wnich 

.a lso serve as frequency calibrations . (See figure 1.2.c) 

~ The ionospheric regions. 

From ionograms obtained with swept frequency ionosondes it has 

become apparent that several distinct regions exist in the ionosphere. 

Figure 1.3 shows some typical hlf distributions. 
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;·Ihen ionograms are reduced to N-h curves by a method such as that 

discussed in section 3.3 the actua l distribution of the electrons in 

the ionosph eric regions will be obtained. FiQure 1 . 4 gives the N-h 

curves corresponding to the h'-f curves of figure 1.3. The regions 

which give rise to the different curves in Fig. 1.3 are labelled. 

The lowest of the ionospheric regions is the so-called D region. 

The existence of this region and informati on ubout its electron con-

tent are deduced more readily by inference than by direct observation. 

It is this region , with a high collision frequency between electrons 

and heavy particles, which is largely responsible for the attenuation 

of shortwave radio signals. Its height has been determined by BEST 

et al (1936) as varying between 70 and 90 km. 

Above the D region is the E layer, the maximum ionization density 

of which is controlled by the amount of solar radiation reaching it. 

The peak electron density thus depends on the solar zenith angle, 

which determines the t hi ckness of the atmosphere through which the 

radiation must pass, and solar activity. At night the ionization 

density of this layer becomes relatively insignificant. 

Closer investigation reveals that ledges of ionization may occur 

within the E region (see for example NHALE, 1951). 

designated E~, E2 etc. 

The F region extends from about 150 to 400 km . 

These ledges are 

This region is 

very often stratified into two layers, the Fl and F2 layers, although 

at night the Fl layer disappears. 

The bifurcation of this region is not always very marked but 
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appears with sufficient regularity to warrant the nomenclature Fl and 

F2 layers. 

i'he maximum ionization density of the Fl layer at anyone place 

behaves in a regular manner. It is never observed at night, not al-

ways by day , it i s most pronounced in summer at the minimum of solar 

activity and is not observed during winter at sunspot maximum. The 

height of peak electron density is in the neighbourhood of 170 km . 

If the F 1 layer corresponded to an ex Chapman layer in quasi­

equilibrium, (see SECTION~4) the critical frequency should be propor­

tional to (Coslt)n, where >G = solar zenith distance and n = 0.25. 

n, however, is found to vary from place to place. 

The behaviour of the F2 layer is more complicated. The critical 

frequency displays a number of departures from the behaviour of a 

hypothetica l Chapman layer, although RATCLIFFE (1951) has shown that 

the tota'l electron content of the F2 layer behaves in a regular manner 

with respect to the sun. 

The critical frequency displays a "geographic" or "equatorial" 

anomaly (APPLETON, 1954) which suggests movements of ionization asso'· 

ciated with the geomagnetic field . 

When f l2 is plotted as a function of loca 1 mean time it is often 

found that the peak occurs well afler noon ie . not when the electron 
\ 

production rate is at a maximum. 

In addItion to these there are the "December anomaly" and the 

"seasonal anomalyL'. The former is the occurrence of a noon value of 

f of 2 which is very large, during the Northern hemisphere winter months, 
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between SOoN and 35 °5 and the latter the occurrence of abnormally high 

values of f oF2 during local winter. There is also a region in west 

Antarctica (between 00 and 600.1 longitude) where f l2 shows a distinct 

maximum shortly after loca 1 midnight during the summer months (BELLCHAI ,BERS 

and PIGGOTT, 1958). As an example of this see figure 1.5 which shows 

the f oF2 plots for the summer months 1962/63 at Sanae base, An tarc t i ca 

(700 18'5, 2° 21' N). 

Also shown are the average values of foFl and foE for t he same 

mont hs. As can be seen these two layers have a regular diurna l varia-

tion. 

The data used to draw Figure 1. 5 was obtained by the author and 

D. G. Torr while attached to SA NAE 3 and 4, respectively, as ionospheri-

cists. (Phys i cs Department, Rhodes Un iversity 1962/63) . 
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CHAPTER 2 

IONIZED LAYER FCRiIiIATION. 

2. 1 Chapman Theory. 

Experimental evidence has shown that electromagnetic radiation 

in the ultraviolet and X-ray region, originating from the sun, i s 

mainly responsible for the production of ionized layers . 

CHAPI-.IAN (1931 a and b) considered the effect of ionizing r adiation 

incident on an atmosphere consisting of a single gas over a flat earth . 

As the ionizing radiation penetrates more deeply into this hypo-

thetical atmospi1ere it encounters a greater density of gas and produces 

more electrons per unit volume. The radiation is, however, being 

absorbed in the process and below a certain height the rate at which 

its intensity decreases as it trave l s downwards is greater than the 

r ate at which the gas dens i ty increases. The result of this is that 

a maximum electron production rate occurs at a certain level . The 

height of this level is a l so determined by the solar zenith ang l e 

since this determines the thick ness of the atmosphere through which 

the ioni zing radiation has to pass. 

Chapman thus deduced that the electron production rate, q, at 

any height, h, would be given by 

q = q exp(l - z - e-z Sec~) m 

where q = B I"", Cos X H exp( 1 } 
m 

(2.1 ) 

(2. 2) 

B = no. electrons produced when unit energy is absorbed. 
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1 = photon flux per unit area incident from above at a 

solar zenith angle ,)( 

z = normalised height. 

= (h - h ) /H m 

h = height where production rate is a maximum. 
m 

H = '% Nig • 

l~ - 301 t z~r.~ nn cons tant . 

T = the absolute temperature . 

M = molecular weight of the gas. 

g = acceleration due to gravity. 

It is convenient to use the height of the maximum of the layer 

when X~= 0 as a reference level. 

In this case in 2.1 qm is replaced by qo' the peak production 

rate when)( = 0 and Z = h - h /H where h is the height of the peak 
o 0 

production rate, q . 
o 

From 2.2 

q = BI,,-.,) /H exp( 1 ) 
o 

and q = q Cos')'... m 0 
This simple theory has been extended 

(CHAPi!iAN, 1931, b) to allow for the curvature of the earth . In this 

case, in 2.1, Sec)( is replaced by the Chapman function Ch(X) which can 

be got from tables given by dILKES (1954). 

approximates Sec/(. A furth er extension has been to allow for change 

in scale height with temperature (GLEDHILL and SZENDREI, 1950; 

NICOLET, 1951). 

RISHBETH and SETTY (1961) considered a mixed atmosphere of two 
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ionizable constituents with different scale heights and ionizing 

cross-section and absorbing the same radiation . In this case the 

resul t ing production function is the sum for the func t ions of the 

separate processes and it can be shown that q is still proportional 
m 

to Cos X as for a single gas. 

2.2 Loss Processes. 

2.2 . 1 Recombination. 

An electron can combine with a positive ion to produce a neutral 

molecule or atom or a neutral atom or molecule to produce a negative 

ion . The rate of electron loss for the first process will then be 

given by 

dN 
dt 

= + - aN n(A ) 

where N = dlectron density 

nA+ = positive ion density and 

a: = the recombination coefficient. 

If th ' number of negative ions is small and there is only one ion A + 

+ N will be approximatelY equal to n(A ) and we may write 

dN 
dt 

2.2.2 Attachment. 

= (2.3) 

It will be seen from Chapter 3 that the effect of free charges 

on the propagation of radio waves is inversely proportional to their 

mass, thus electrons become r elatively ineffective when attached to 
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an atom to form a heavy ion. The rate of this proc~ss is given by 

ill'! 
dt = b .N.n(A) 

where b is the rate constant for the process and n(A) the number of 

neutral atoms. If n(A) is assumed to be so great that it is rela-

tively unaffected by ionization processes we may write 

>ill 
dt = - f3N 

where f3 is the attachment coefficient. 

(2.4) 

2.2.3 Charge transfer and ion-atom interchange. 

In addition to the above simple picture there are two more 

processes: 

A + + e .... A" + hV 

A + + e .~ Aft 

A" _ A' + h V 

Radiative recombination, and 

dielectronic recombination 

where A is an atom or molecule, e an electron and hV a photon . 

(BATES, 1956) which are considered under recombination. The 

loss coefficient for both these processes is of the order of 10-
12 

3 -1 cm sec It has been found from eclipse measurements that recom-

bination is the predominant process in the E and Fl layers and that 

-8 3 -1 the loss coefficient is of the order of 10 cm sec • The simple 

-8 recombination processes do not yield a value of ~ as high as 10 

cm
3
/sec and BATES and n~SSEY (1946, 1947) proposed the following re-

combination scheme to resolve this difficulty. 
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A + hY ---10 A + + e 

A++XY---*XY++A 

XY + + e ---* X' + Y' 

Production 

Loss. 

where XY is a molecule composed of atoms X and 

rates for the two loss processes 

dn (A +) + 
= - kl n(A ) n(Xy) dt 

!ill = 
dt 

+ - k2 n(XY ) N 

are given by 

Y. 

(2.5 ) 

(2.6) 

where kl and k2 are the loss coefficients for the processes. 

It can be shown (HIRSH, 1959) that under equilibrium conditions 

the electron production rate q is given by 
2 

q = kl k

f 
n(XY) N 

kl n XY) + k2 N 

If kl n(XY) » k2 N 

q = k N
2 

2 

wh ich is the rec ombination equation 

q = 

which reduces to the attachment equation 

q = i3N. 

(2 .7) 

(2.8) 

(2.9) 

This scheme also suggested the mode of formation of the F2 

layer. 

From 2.8 we see that i3 is proportional to the atmospheric density, 

and that it decreases with height. 

BRADBURY (1938) considered the electron distribution of a layer 

in which the loss coefficient is a function of height. RATCLIFFE 
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(1959 a) showed that, under practical conditions, the electron den-

sity of a so-called "Bradbury layer" would increase indefinitely. 

The process ~1ich is believed to produce the F2 maximum will be dis­

cussed in the next section . 

It was at first thought that the above charge transfer scheme 

was operative in the ionosphere but the following ion-atom inter-

change process (BATES and NICOLET, 1960) seems more likely. 

A++XY--;l'AY++X 

AY+ + e ---t Al + yl. 

and equations 2.5 and 2.6 will represent these two reactions provided 

the rate constants are taken to apply to them. 

2.3 Movement of ionizll.i!lll. 

If the mean drift velocity (V) of the free electrons is considered 

it can be shown that the rate of change of the electron densit~~s 

given by ifJAIHYN (1947), 4s 

Q.!:! 
dt = q - L - div(NV) (2.10) 

where L is the loss term . This can be shown to reduce to 

sill 
dt = 

riw dN 
q - L - N db - w db (2.11) 

where w is the upward component of the drift velocity, since there is 

good reason to believe that the vertical component is the most impor-

tant (if . the drift velocity and N change more rapidly with height 

than horizonta l distance). This vertical drift could be due to 

(1) changes of temperature, (2) diffusion, or (3) electromagnetic 
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forces. 

For the present we need only to consider the effects of diffusion . 

This has been discussed by various workers (DU:<GEY, 1956; FEHRARO, 

1946; FERRARO and OZDmAN, 1958; GLIDD::-,,'I and KENDALL, 1960 and i;ARTYN, 

1955) and it is now believed that the F2 maximum is caused by "ambi­

polar" diffusion in which positive and negative ions diffuse together 

at the same rate due to electro-static interaction, 

It can be shown that the diffusion term increases exponentially 

upwards as the neutral gas density decreases and it is believed that 

~ decreases exponentially. The result of this is that at heights 

greater than 300 km diffusion is more important than attachment, and 

at l ower height s the reverse is true. It is this fact which has led 

YD,;EZA.IA (1956) to suggest that diffusion may be important in the for-

mati on of the F2 peak • 

• ;e can therefore conclude that the electron loss process in the E 

and Fl layers is recombination-like and that in the F2 region is 

attachment-like. 

It should, however, be noted that there is a transition region 

somewhere i n the F layer where there is a changeover from a quadratic 

(~N2) to a linear (~ N ) loss law. 

This problem has been analysed by ~.ARIANI, 19: ') ; HIRSH, 1959 and 

YONEzA,jA et al., 1959. 
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2.4 Layers in Quasi-Eauilibrium. 

If the effect of movement of ionization can be neglected, the 

electr~n density, N, at a fixed height will be determined by 

dN 
dt = q - L (2.12) 

where q is the rate of electron production and L the rate of electron 

loss by recombination or attachment. 

If ionospheric conditions are such that 

dN « q or L dt 

then we can write 

q = L (2.13) 

and the electron dansity is said to be in quasi-equilibrium. This 

equation is exact at a turning point of the function N(t), c . g. such 

as often occurs at midday, in the early morning and during eclipses. 

If the electron density happens to be in quasi-equilibrium through-

out the whole layer, we may write, at each level 

q = (2.14) 

or 

q = f3N (2.15 ) 

depending on whether recombination or attachment is the 1055 process 

operative in the layer. 

If a and f3 are independent of height we can substitute for q 

from equations 2.1 and 2.2 getting 

or 
N = ((qo ex) cos)(}t exp t~· [l-z-exp( -zD) 

iJ = (q 13) Cos)( exp ~-z-exp(-z)1 
o 

(2.16) 

(2.17) 
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In each case the peaks of the functions N(z) and q(z) will be at 

the same height. 

The electron distribution given by (2.16) is called an equilibrium 

~-Cha pman l ayer and that given by (2.17) an equilibrium ~-Chapman layer 

(CHAPi:,M, 1931 b ) . 

If N is the peak electron density the equations reduce to 
m 

(2.18 ) 

and 

for ~ Chapman (2.19) 

If the l oss coefficient (~ or ~) decreas es as the height of the 

layer increases we can deduce from 2.16 and 2.17 that the peak of N 

is at a greater height than the peak of q. 

BHADBURY (193~. ) considered an equil i brium layer in which the 

loss coefficient decreases with increasing height sufficiently rapidly 

to produce a peak of electron de~sity at a height very much gr~ater 

than the height of peak electron production. Such a layer is often 

r eferred to as a "Bradbur y layer". 



18. 

CHAPTER 3. 

BEHAVIOUR OF RADIO NAVES IN IONIZED LElIA. 

3.1 Neglecting the magnetic fi eld. 

EC9LES (1912), neglecting the effect of collisions between 

electrons and heavy particles, derived the following. expression for 

the refractive i ndex of the ionosphere ' -

2 N g 
Jt m f2 

where f = frequency of radio wave 

N = electron density (electrons cm-3 ) 

e = electronic charge (esu) 

m = electron mass (gm) 

The phase velocity 

V = £; 
\l. 

where c = velocity of li0ht . 

and the group velocity 

U = c\l. 

(3.1 ) 

(3 ,2) 

(3.3) 

From this one can deduce that the group velocity is dependent 

on N/f2 and that reflection occurs when 
2 

N = ~ = (1 . 24 x 104
) f2 electrons cm-3 

e 

The expression for \l. is sQmctimes written 
......---

J fN2 
\l. = 1 - f2 

(3 .4 ) 

(3.5 ) 

where fN is the plasma frequency corresponding to the 

electron density Nand 



(3.6) 

at ref l ection then f = fN (3.7) 

It has been seen that the group ve l ocity of a radio pul se de-

pends on the electron density and tha t the pube is mOlI'e retarded 

when f is very nearly equal to f N• If we assume a constant group 

velocity equal to the velocity of light we find that the effective 

height at which the wave is reflected is greater than the actua l 

height of fN" This height is the "virtual" or "apparent" height 

and in fact depends on the probing frequency, the geomagnet i c fie l d 

and the N··h distribution up to the point of reflection. 

3.2 The effect of the geomagnetic field. 

3.2 .. 1 Introduction. 

The effect of the geomagnetic field is to render the ionosphere 

birefri ngent. Thus, in genera l , any plane polarized wave incident on 

t he ionosphere is split into two character isti.c waves with oppos i te 

polarizations. These are referred to as the Ordinary (0-) and 

Extraordinary (E-) ,laves . (See figures 1.2 and 1.3). The ordinary 

wave critical frequency of a la Y0r is under ordinary circumstances 

the peak plasma frequency of the layer, just as it would be if the 

geomagnetic field were absent . 

3. 2.2 ~,iagneto-Ionic Theory . 

The basic difficulty is that the geomagn=tic field and electron 

density in the ionosphere are not constant. However, these do not 
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change appreciably over short distances and one can assume that the 

wave at each level behaves as though it were in a large homogeneous 

medium, consisting of electrons, positive and negative ions and 

e 
neutral atoms and mo,l.cules, to which a constant magnetic field is 

applied. 

APPLETON (1927, 1932) and HARTREE (1931) independently derived 

an expression for the refractive index of a radio wave in t erms of 

wave frequency, electron density, magnetic field and frequency of 

collisions between electrons and heavy particle. The full Appleton~ 

Hartree equation (as it is now called) is given by vari ous authors 

(RATCLIFFE, 1959 b and BUDDEN, 1961) and for practical purposes 

(ignoring collisions) reduces to 

X 
2 1 ~ 1 _ Y 2 

(Y/ 
\2) 

t n = T .± + 
2(1 - X) l .4(1 

_ X)2 

n = )J. -l,X , the complex refractive index. 

)J. = phase refractive index = C/V 

?( = attenuation factor . 

c = ve l ocity of electromagnetic 

V = velocity of electromagnetic 

X = f 2/f 2 
0 

YI = Y Sin Ii'! 'YL = Y Cos '" 

f = wave frequency, 

radiation 

radiation 

f '= plasma frequency = (t1c) (Ne2/E mr~­
o 

o 

fH = gyro frequency = Be /2nm. 

in 

i n 

vacuo. 

medium. 

(3.8) 
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e ~ electron charge . 

m ~ electron mass . 

eo 
~ electric permi tH.vity of free space . 

)10 
~ magnetic permittivity of free space. 

B ~ magnitude of magnetic inducti ons in medium ~ ).L H if 
0 

re l ative permeability of the medium is unity . 

9 ~ angle made by the magnetic field with the direction 

of radia ti on. (Rationalised units are usedJ 

For f > fH there will be three values of fN' the plasma frequency, 

at which an electromagnetic wave will be reflected ~. three conditions 

for which n ~ 0. 

These are given by l -

fN 2 ~ f2 - f fH or X ~ 1 - Y (3 . 9) 
1 

2 f2 or X ~ 1 (3.10) f N ~ 

2 

fN2 ~ f2 + f fW or X ~ 1 + Y (3 . 11 ) 
3 

The one reflection level fN ~ f is independent of the geomagnetic 

fie l d and is in fact the same reflection condition as equation 3.7. 

The extraordinary ray is given by equation 3.9. 

X ~ 1 + Y also gives n ~ 0, but in the ionosphere the wave cannot 

penetrate to this level s i nce it i s reflected lower down at the l evel 

·X ~ 1 - Y. 

From this one can also see that the frequency of the extraordinary 

ray is greater than the plasma frequency at its point of reflection. 

3.2.3 The qroyp ~efractive index. 

From 3.B it is possible to calculate )1 for any values of X and Y. 
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The theory of wave-propagation in a dispersive medium,such as 

the ionosphere, shows that the electromagnetic wave is propagated at 

a group velocity U which is related to the phase velocity, V, and the 

frequency, f, by 

1 - sL [1J U - df V • (3.12 ) 

If we noVi define the group refractive index )J. ' = ~ (by analogy 

with equation 3.2) and differentiate 3.12 after substitution for 

V and u, then 

)J.' = !ll! )J. + f df (3.13) 

Note that in the absence of a magnetic field 

2 
- X = 1 f/; )J. = 1 - a f2 

and )J.' = 1 
)J. (3.14 ) 

Differentiation of equation 3. B with respect to f leads to the 

expression 

)J.' = (3.15 ) 

x 

WALKER (1962) using the method of SHINN and WHALE (1952) cal-

• culated values of)J. f or a range of va lues of X and Y for Grahamstown. 

~~.4 Lateral deviation . 

One further effect of the geomagnetic field is that a radio 

wave follows a curved path from the bottom of the layer or layers to 
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the point of reflection. This problem is discussed by BOOKER (1936, 

1938) and results from the fact that the ray direction (which defines 

the g-oup path) and the direction of the wave no rmal do not neces-

sari l y coincide . 

The Ordinary (0-) and Extraordinary (E-) rays are deflected in 

opposite directions and may be reflected from points 30 - 100 km . 

apart. 

Thus horizontal differences in the ionospheric structure can 

lead to differently shaped 0- and E- h'f curves. 

Accurate measurements of the geomagnetic field by means of pene-

tration frequencies can also not be made because of horizontal 

gradients of magnetic intensities although a useful indication of the 

field strength can be obtained. 

3.3 Reduction of ionograms. 

~~l Introduction 

The virtual height of reflection of a radio wave vertically in-

cider. c on the ionosphere is gIven by 

r 
o 

h' = )1' dh (3.16 ) 

where)1' is a complicated function of N, the wave frequency f, and 

the magnetic dip as shown in section 3.2 .2 . 

A complete survey of existing methods of ionogram reduction is 

given by THCi,J\S (1959), and an extensive list of references is in-

cluded in the survey. 

Thomas gives a set of tables of Kelso-coefficients (KELSO, 1952) 
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for dif fer ent conditions of magnetic i ntensity and mag netic dip angle. 

A table of values for these coef fic ients were de r ived from thi s 

set f.)r the ma gnetic paramet ers of Grahamstown. 

These coefficients were at f irst used but were discarded in 

favour of the method deve loped by TITHERID3E (1 959 a ). This method 

is discussed some~1at more f ully in the next section . The ionograms 

obtained wer e scaled by the methods of 3.3.2, 4 and 5. 

3.3.2 Titheridge method of iQQograffi-~duction. 

The N-h curve is divided into a series of heights, h • corres ­
r 

pond ing to a set of virtual heights, h'r, at a given series of 

frequenci es f . 
n 

If ;; n is the mean value of ~' over the lamina hr _1 to hr for a , 
probing frequency f then from 3.16 h 

n 

r~~dh ~,n 
1 (3.17) = - h h r-l r h~ 

r-l 

At any frequ ency t he virtual height is given by the height at the 

bottom of the ionosphere, h , plus the sum of the virtual path lengths 
o 

in each lamination up t o the nth . 

Let ahr = hr - hr _l • 

We thus get the following set of equations fo r the virtual 

heights corresponding to r = 1 , r = 2 ... r, 

h' = h 
:0 0 

h' = h +~ '1 ,2 ah1 1 0 

h' = h -'- p.' 6111 + ~ ' 2 ,2 ah2 2 0 . 1,2 

h' = ho +ii' ah
1 
+~' ah2 + r l,r 2 ,r (3. 18 ) 
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By subtraction 

h' = h 
0 0 

LIh ' 1 
=j.;"i 

1,1 Llhl 

6h' = )1'2,2 6h2 ()1 , 1 ,1 - )1' ) 6h1 2 .2 ,2 

................ 
6h ' =)1' 6h - (;0 - Ii' ) LIh -n n,n n n-l,n-l n-l,n n-l 

- ()1'r, n-l - )1'r,n) Llhr 

- ()1'l,n-l - -;\,n) 6hn (3.19) 

-Let i3 r ,n = )1' 1 - )1' r,n- r,n r < n 

and i3n ,n = )1 ' 
n,n 

r = n (3.20) 

Equations 3.19 now reduces to 

h' = h 
0 0 

LIh' 
1 = i3r , 1 6h1 

6h' 2 = 13 2 ,2 IIh2 - 13 1 ,2 IIhl 

.. ........ ... .. 
6h' = 13 6h 13 LIh n nn n - n-l,n n-l-

(3.21 ) 

Solving these successively 

h = h , 
0 0 

Llhl = _1_ LIh' 
13 1,1 1 

6h2 = _1_ tLlh ' 2 + 13 1 ,2 Llhl} 13 2 ,2 

............... 
_1_ 

. {6h' n + 
n- l 

LIh = ~ 1 i3 r ,n Llhr) n i3n ,n r = 

(3 . 22) 
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where ~ is the mean value of ~' in the lamina n, for the wave to be n,n 

reflected at the top of the lamina n, and -~ =~' l-~' r=1,2 .. . n-l. r,n r n- r,n 

where the nomenclature ~' indicates the mean group refractive index 
r,n 

in the lamina rfor a wave to be reflected at the top of the nth lamina . 

B can be calculated from values of the mean refractive index and 

the heights of the laminas lIh l , lIh2 etc . can be calculated from 

equation (3.22) 

Titheridge shows how the coeffici ents ~ rapidly become ne91i-r,n 

gible in comparison with f3 as r decreases. n,n 
For this reason only 

the larger ~ coefficients need be considered. To improve accuracy 

the larger B coefficients in the t able obtained after applying equa-

tion 3.20 to tables of ~' may be increased to compensate f or the 

neglected coefficients so that C 
r =l 

~ remains unchanged. 
r,n 

These modified coefficients are sufficiently accurate for most 

purposes. 

The application of the modif ied ~-coeffi cients are exactly the 

same as that of the unmodified coefficients, except that in equation 

3.22 only the last two Dr three of the 6h values already obtained need 

be considered in the summation 

~ ~r,n 6hr · 

r will in this case go from n - 3 or n - 2 to n - 1. 

iVALKER (1962) calculated a set of modified f3 coefficients for . 

both ordinary and extraordinary rays for a range of frequencies up 

to 6 '~IC/S. The frequency distribution for these coefficients was 
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obtained from 

(3.23 ) 

where n goes from 1 to 25 and A is a constant chosen so that f25 ~ 6 iVic/s. 

Equation 3.23 is obtained from Titheridge. The equation should 

have T<,>ad 

fn = A -JiOg (1 + ~) 
(TrTHERIDGE private communication) 

(3.24 ) 

The reason for this distribution is to provide nearly equal real 

hGight intervals over the complete N-h curve . 

Tither idge points out that the ac tual frequency distribution does 

not affect the validity of the 0-co,fficients for ionogram rGduction, 

provided a sufficiGnt numbGr of points are sca l ed on thG h'-f curve. 

The author found it necessary to calculate a set of i3-coefficients 

for 0- and E- rays with a sma ller interval between successive sampling 

frequencies than those used by lIALK2R (1962) . The reason f or this 

was the fact that very f ew sampling points are otherwise obtained when 

the critical frequency of the F-layer is low and that only one or two 

sampLng points may lie on th ·.] cusp at an E layer critical frequency 

(sGe figure 3.1 a and b). If a greater nur"ber of sampling points are 

used under these conditions a more accurate N-h curve will be obtained 

and large values of LIh (which should nominally only be a few km ) wil l 

be avoided . 

The frequency distribution for thGse coefficients was also ob-

tained from equation 3.23. 

chosen so thut f24 = 4 ;'vic/s. 

n in this case is equa.l to 24 and A is 
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Tables 1 and 2 give the values of 1" for Grahamstown calculated 

by the author for the 0- and E- rays f or a frequ ency distribution up 

to 4 ,cis. The modified B-coefficie nts obtai ned for the O-ray from 

the tables of 1" are given in table 3 and the modified ,IALKEH 6 i,le/s 

p-coefficicnts are given in table 4. 

These modified coefficients for the 0- ray for 4 and 6 ;,ic/s 

( ,JALKi:R) frequency distribution VleTe used for scali.ng the ionograms . 

The 4 j\ic/s distribution O-ray p-coefficients W0re used up to the 

layer maximum for records where the F layer critical fr aquency was 

less than about 3.3 ;.,c/s and to well beyond the cusp forred at the 

E layer critical frequency vlhcnever tile E layer was present. Large 

values of 4h and any possible errors caused by a lack of sampl ing 

points on the steeply s loping parts of the h ' -f curves were thus avoided. 

In general it vias found convenient to use the 4 :" c/5 distribution 

coefficients up to 2 . 92 h,C/S and then to switch to the .IALKEf< 6 idc/s 

p-coefficients starting at 2.93 i,ic/s for t he rest of the ionogram. 

The necessary 4h's for multiplication with the first i1ALzi,R B­

coefficients can be obtai ned by interpol"tion for h (2.14 "IC/S) and 

h (2 .57 Mc/s) and subtract ing h (2.57) - h (2.14). No interpolation 

i s necessary for h (2.93 :IIC/S) since the possible error in the 4h thus 

obtained by using h (2.92 IIk/s) is only a bout 1/40th of the actual 

4h. ,Jhen the summation of equation 3.22 is performed for the next 

4h it will be found that the total error introduced is negligible. 

In order to check the accuracy of the modified 4 i,;c/s and 

6 ivic/s distribution O-rays i3-coefficients an O-ray h' -f curve was 
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calculated for a known parabolic curve and scaled by the method 

already described. 

The shape of the N-h cur ve was determined by the expression 

f 2 = A h (a - h) 
N (3.25) 

where h is the height from the bottom of the layer, A = 3.6 x 10-3 

Mc/s2 km-2 and a = 200 km. The height of the layer maximum at 

fN = 6. 00 MC/s is 100 km . from the bottom of the layer. 

The values of ~ ' for the O-ray of this layer were calculated for 

the plasma frequenc ies, fN = fa at the top of 25 lami nae of equal 

thickness, ~h = 4 km . The virtual height for fN at the top of the 

th 
n lamina is thus given by 

n 
h' = ~h :& 

n=l 
)1 ' 

n 

where ~ ' 
n 

is the mean group refractive index in the laminae n = 1 

to n for the wave reflected at the top of the nth lamina . 

This a-ray h ' - f curve was sca led by using the 4 Mc/s and 6 MC/s 

~ coefficients and by using a combination of the 4 and 6 Mc/s -

~-coefficients. 

When the curve was scaled using onl y the 6 Mc/s-distribution 

coeffic i ents it was found that the value of the deduced height, h, 

at 5.91 Nic/s was 82.4 km as compared with the real height of 82 . 7 krn. 

This error ( 0.5%) is satisfactorily explained by a poss i ble scaling 

error of 5 km on the h'f curve at this frequency point. It should 

be noted that in this case 5 km corresponds to an error of 0.005 Mc/s 

made in the Titheridge scaling frequency because of the steepness of 

the h '- f curve at this point which is near the critical frequency of 

6.00 Mc/s, and to 0.25 km in real height since ~ = 20.45 at 5.91 Mc/s. n,n 
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The Titheridge method of ionogram reduction is thus limited only 

by the accuracy with wh ich frequencles and virtual hei~hts can be 

scaler'. 

,Ihen the h'-f curve for the parabolic layer was scaled by using 

a combination of the 4 and 6 I,jc/s !3-coefficients, with a swi tchover 

point at 2.92 [,;c/s, it was found that agreement between the actual 

N-h curve and that deduced by scaling the h ' -f curve was as good as 

that obtained by using only the 6 ,,:c/s [l-coefficients. 

Since the values of ~ ' obtained in calculating the O-ray h'-f 

curve for the parabolic layer given by equation 3.25 may prove useful at 

some future date, they are given in tJble 5 . The modified B-coefficients 

deduced from them by the application of 3.20 are given in table 6. 

The frequencies in the frequency-distribution correspond to the 

plasma frequencies at the top of laminae of equal thickness for a 

parabolic i~-h distribution. 11' is only given up to fN = 5.923 Lie/s, 

which is the plasma frequency at the top of the twenty-first lamina, 

because of the very small differences between the remaining successive 

value of fN and the subsequent difficulty of calculating ~'n,n accu­

rately for these freque ncy intervals. 

?~,~3~,~3~~h~' f~c~u~rves from N-h distributio~. 

The virtual hei~ht at any frequency (0- and E-waves) can be cal-

culated for any known N-h distribution by the straigh tforward application 

-of equation 3.17, since the va l ues of 6h and the ~' corresponding to 

each 6h are known . The advantage of this ri.ethod over the reverse 

application of 3. 13 lies in thQ fact that I\h is accurately known and 



31. 

errors in the calculation of h ' are not cumulative. These methods 

of ionogram reduction to N-h curves and production of ionograms from 

j~-h curves lend themselves readily to use on a desk culculator. 

1..l....4 The effect of lower layers. 

It is possible for a monotonical l y increasing N-h curve to give 

the same h' - f curve as an N-h curve VIi th u va Ihy between two la yers. 

If u valley is present and the h'-f curve is scaled, using only the 

O-ray and assuming a monotonic increase of N with h, the derived N-h 

profile would be l ower than the actual profile above tile valley by 

approximately the depth of the valley. 

This effect is discussed fully by GLElliILL and ,!ALkER (1960), 

MANi~XHG (1949) and TITd" j·,IJX;E (1959 b). Titheridge gives a method 

of calculating the valley ionizution and depth which makes use of 

the 0- and. E-rays. The necessary coefficients to be used nave i:leen 

calculated by vJALKfk (1962). 

The valley ambiguity is not discussed in detail since it does not 

have an inuT,ediate bearing on the ionosphere at sunrise, although the 

situation could well arise bet'·,ecn the E and F layers . 

A factor of greater importance to the sunrise ionosphere is that 

of i onizution below the night-time F layer. This effect is discussed 

by TITHH<IJX;E (1959 c) and the method of TITIIEi.ICGE (1961), which makes 

use of the 0- and E-rays, was applied wherever possible, 

This method, however, breaks down when ionospheric conditions 

are such that the E-ray cannot be separated from the O-ray and also 

when the h ' -f curve is very steep and the 0- and E-rays cannot be 

scaled with sufficient accuracy. This is in fact the case just before 
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a lower layer, such as E, is formed. 

A description of the method used to correct for the low-lying 

ionization follows. 

Assume the virtual height to be equal to h' . from f i down mln m n 

to a frequ ency just greater than 0.5 Nlc/s (say 0.6 MC/s) and that it 

is equal to a value h from 0 - 0.5 Mc/s. 
s The h ' f curve now takes 

the form shown in figure 3.2. 

The height h is chosen so that h ' . - h is proportional to the 
5 ffi1n s 

amount of low-lying ionization. The amount of this ionization is 

approximately proportional to h' - h'. , where h' is the virtual x mln x 

height corresponding 

f2. = f2 - f f
H

• 

to an E-ray frequency f which is obtained from 
x 

mln x x 

f. is the minimum observable O-ray frequency. mln 

If the calcu l ation is started at 0.5 Mc/s the value of h can be 
s 

calculated from the equation given by Titheridge viz 

h' . - h = 0.74 (5.98 - Sin I)(fx - fH)2 ~' (f ) mln s x x 

- h' (fo!1 (3.26 ) 
0 

where I = magnetic dip angle 

h ' (f ) is the virtual height at an E-ray frequency corresponding to 
x x 

a plasma frequency, fo = f N• 

h' (f ) is the virtual height of the O-ray at a frequency f • 
000 

fH = gyro-frequency (taken to be 0.82 MC/s for Grahamstown). 

If the calculation starts at a point where fN = 1 MC/s instead of 

0.5 Mc/s the equation (given by Titheridge) is 

h'. - h = 0.36 (5.48 - Sin 1) (f - f )2 1h' mln s x H i_ x 
(f)-h'(f)l 

x 0 0 'J 
(3.27 ) 

In practice h' is measured at the lowest frequency at which the 
x 
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E-trace i s visible. The corresponding value of h' is then found by 
a 

interpolation in the measured O-ray heights and the initial height, 

h , i s calculated from equati on s 3. 21 or 3.22. 
s 

Figure 3.3 shows a typical N-h distrib,' tion obtained by this 

method using both equations 3.2 and 3.27. 

The curve below fN = 1.43 has been smoothed to give the same 

amount of ionization below the height of fN = 1.43 i.,c/s as in the 

block 

hs (0.5 or 1 IlIc /s) - h (1.43 iVic/s) • 

The calculation for the amount of low-lying ionization can be 

cilecked by comparing the values of h ' for the E-ray at a number of 

Titheridge E-ray frequencies corresponding to the Titheridge plasma-

and a-ray frequencies (equation 3.9) with values of h' calculated for 

these E-ray frequencies from equation 3.18. ~' for the E-ray can be 

obtained from table 2 (4 t,\c/s distribution) or ',IALf~ER (1962) (6 ::lc/s 

distribution). 6h is already known since this has been calculated 

in the reduction of the h' -f (O-ra y) curve to the H-h profi le 

3,3.5 Layer rriaximum. 

The method used to determine the layer maximum is described by 

PIGGOTT and RAilER (1961). 

It depends on fitting a parabola to the portion of the N-h curve 

near the meximum of the layer and is readily applicable in our case 

where the N-h curve is known up to a point very close to the critical 

frequency, f • c 

Consider two plasma frequencies fl and f2 at two convenient values 
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f 2!c 

a 
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Let the heights of the plasma at the points fl and f2 be hI and 

h2 respectively. 

The layer maximum is then determined from 

(3.28) 

where a is a constant found from table 7 (Piggott and Rawer ' s table 

S2.5 ). 

TABLE 7. 

0.97 0.97 0.97 0.97 0. 97 0.97 0.96 0.96 0.96 0.96 0.95 0.95 0. 95 

0.90 0.91 0.92 0.93 0.94 0.95 0.90 0. 91 0.92 0.93 0.90 0.91 0. 92 

1.26 1.42 1.63 1. 95 2.49 3.50 1.79 2.03 2.51 3.20 2 .53 3. 06 3. 96 1 

It is possible to draw a graph of a vs f2/ fc for constant f I l f c 

and to interpolate for va lues of a, without introducing any significant 

error, for va l ues of fl / f c and f2ifc not given in the table. In 

t his way it is in many instances p05sible to use values of hI and h2 

which correspond to heights calculated at t wo Titheridge frequency 

points fl and f 2. 

Care must be taken to avoid values of fl and f2 very cl ose to and 

also very far from the critical frequency. Errors are reduced when 

fJf c and f2 / fc are decreased, but the ri sk that the distribution 

may depart from that given by the parabola of best fit near the centre 

of the layer increases as the ratio f2(fc decreases and may be appre­

ciable for fN < 0.9Ofc ' 

err 
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It is also important that f should be known to better than 
c 

1% otherwise h could be out by as much as lq~ or more of the quarter 
c 

thickness of the parabola of best fit. 

This method Vias used for determining the? hei 'c; ht of layer maximum 

for all the iono rams scaled by the fith cridge method . (See for 

example Figure 3.3.) 
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TABLE 1: J.L' at Ii theridge frequencies. Ordinary Ray. 4 Mc/s 

distribution . 

fH = 0.B2 ~ic/s. 

f 0.63 LOB 1.43 1. 71 1,95 2.16 2,35 2,51 
n 1 2 3 4 5 6 7 B 
Y 1.295 0.759 0.573 0,478 0,419 0.379 0.349 0 .326 

r=l 2 . 00 1.07 1.03 1.02 1.01 1.01 1.01 1.01 
2 2.95 1.20 LOB 1.07 1.06 1.05 1.04 
3 3.90 1.35 1.25 1. 22 1.20 1.18 
4 4.B4 1.46 1.35 1. 30 1.26 
5 5.78 1.59 1.49 1.41 
6 6,72 1.73 1.54 
7 7.65 1.86 
8 8.58 

f 2.66 2.79 2.92 3.03 3.14 3.24 3.34 3.43 
n 9 10 11 12 13 14 13 16 
Y 0.30B 0.293 0.280 0.270 0.260 0.252 0.245 0.239 

r=l 1.01 1.01 1.00 1.00 1.00 1.00 1.00 1.00 
2 1.03 1.03 1.03 1.03 1.03 1.03 1.02 1.02 
3 1.17 1.16 1.16 1.16 1.15 1.15 1.15 1.15 
4 1.24 1.23 1.22 1.21 1.20 1.19 1.19 1.19 
5 1. 37 1.36 1. 33 1.31 1.30 1.29 1.28 1.27 
6 1.45 1.41 1. 37 1.34 1. 32 1.31 1. 30 1.29 
7 1.63 1.54 1.48 1.43 1.40 1.38 1. 36 1. 34 
8 2.00 1.27 1.62 1.53 1. 49 1.46 1.43 1.41 
9 9.50 2.13 1,81 1.66 1.58 1.53 1.49 1.46 

10 10.42 2.27 1.87 1.73 1.63 1.58 1.52 
11 11.33 2.40 1.93 1.87 1.81 1.75 
12 12.24 2.54 2.02 1. 91 1.85 
13 13.14 2.68 2.09 1.95 
14 14.04 2 .83 2.18 
15 14.93 2.98 
16 15 . 82 
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Table 1 continued: 

f 3 .51 3.59 3.67 3.74 3.81 3.87 3.94 4.00 
n 17 18 19 20 21 22 23 24 
y 0.233 0.228 0.223 0.219 0.215 0 . 211 0 . 208 0.203 

r=l 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
2 1.02 1.02 1.02 1.02 1.02 1.01 1.01 1.01 
3 1.15 1.14 1.14 1.14 1.14 1.14 1.13 1.13 
4 1.19 1.19 1.19 1.18 1.18 1.18 1.18 1.18 
5 1.26 1.25 1.24 1.23 1. 22 1.22 1.22 1.22 
6 1.28 1.27 1.26 1.25 1.24 1.23 1.23 1.23 
7 1.33 1. 32 1.31 1.30 1.29 1.28 1.27 1.26 
8 1.39 1.38 1.36 1.35 1.34 1. 33 1. 32 1.32 
9 1.44 1.42 1.40 1.38 1. 37 1.36 1.35 1.34 

10 1.48 1.45 1.43 1.41 1.39 1.38 1.37 1.36 
11 1.69 1.66 1.63 1.60 1.58 1.56 1.55 1.54 
12 1.79 1.74 1.69 1.66 1.64 1.62 1.60 1.59 
13 1.89 1.83 1.79 1.72 1.69 1.67 1.65 1.64 
14 2.01 1.93 1.87 1.83 1.75 1.73 1.71 1.69 
15 2.26 2.03 1.97 1. 91 1.85 1.79 1.76 1.74 
16 3.14 2.35 2.10 2.00 1.95 1.87 1.82 1.79 
17 16.70 3.30 2.44 2.14 2.04 1.99 1. 90 1.85 
18 17 .58 3.47 2.52 2.19 2.08 1. 97 1.89 
19 18.45 3.64 2.61 2.23 2.12 2 . 00 
20 19.32 3.99 2.70 2.28 2.16 
21 20.38 4.23 2.78 2.32 
23 21.26 4.46 2.87 
24 21. 82 4.68 

22 . 76 

TABLE 2: \>' at Titheridge frequenci.es. Extraordinary 

ray. 4 MC/s distribution. 

fN = plasma frequency. 

fH = 0.82 MC/s. 

fN 0.632 1 . 081 1.429 1.713 
f 1.149 1.553 1.884 2.159 
yX 0.7137 .5280 .4352 .3798 
n 1 2 3 4 

r=l 3 . 00 2.63 1.03 1.03 
2 3.64 2.87 1.24 
3 4.21 3.13 
4 4.81 
5 
6 
7 
8 

f - E ray frequency. 
x 

1.954 2.162 2.346 
2.394 2.599 2.780 
.3425 .3155 .2950 

5 6 7 

1.02 1.02 1.01 
1.17 1.13 1.11 
1.45 1. 31 1.25 
3.41 1.62 1.47 
5.43 3.65 1.81 

5.93 3.92 
6.52 

2.510 
2.942 
~2787 

8 

1.01 
1.08 
1.21 
1.37 
1.61 
1. 98 
4.19 
7.10 
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Table 2 continued. 

fN 2.659 2.795 2.919 3.035 3.142 3.243 3.337 3.427 
f 3.089 3.224 3.347 3.462 3.567 3.668 3.761 3.850 
yX .2655 .2543 .2450 ,2369 .2299 .2236 .2180 .2130 
n 9 10 11 12 13 14 15 16 

r=l 1.01 1.01 1.01 1.01 1.00 1.00 1.00 1.00 
2 1.08 1.07 1.06 1.06 1.06 1.05 1.04 1.04 
3 1.17 1.10 1.14 1.13 1.12 1.11 1.10 1.09 
4 1. 31 1.27 1.24 1.21 1.20 1.18 1.17 1.16 
5 1.49 1.42 1.36 1. 32 1.29 1.26 1. 2.') 1.23 
6 1.74 1.60 1.53 1.46 1.40 1.36 1.33 1.30 
7 2.15 1.88 1.73 1.61 1.54 1.48 1.44 1.40 
8 4.42 2.30 2.03 1.83 1.72 1.62 1.56 1.50 
9 7.62 4.68 2,49 2.13 1.95 1.81 1.71 1.63 

10 8.13 4.93 2.60 2.26 2.05 1.91 1.79 
11 8.68 5.15 2 . 78 2.40 2.15 1. 99 
12 9.13 5.42 2.90 2.50 2.28 
13 9.71 5.61 3.08 2.61 
14 10.11 5.83 3 . 22 
15 10.64 6.04 
16 11.02 

fN 3.511 3.591 3.667 3.740 3.809 3.875 3. 939 4.000 
f 3.934 4.013 4.089 4.162 4.230 4.296 4.359 4.419 
yX .2084 .2043 .2005 .1970 .1939 .1909 .1881 .1856 
n 17 18 19 20 21 22 23 24 

r=l 1.00 1.00 1.00 1.00 1.00 1. 00 1.00 1.00 
2 1.04 1.04 1.03 1.03 1.03 1. 03 1.03 1.03 
3 1.08 1.08 1.08 1.08 1.07 1.07 1.07 1.06 
4 1.15 1.14 1.13 1.13 1.12 1.12 1.11 1.10 
5 1.21 1.:20 1.19 1.18 1.16 1.16 1.15 1.15 
6 1.28 1.26 1.25 1.23 1.22 1.21 1.20 1.19 
7 1.36 1.34 1. 32 1.30 1.28 1.27 1.25 1.24 
8 1.46 1.42 1.40 1.37 1.35 1.33 1.32 1. 30 
9 1.56 1.52 1.48 1.45 1.4Q 1.40 1. 38 1.36 

10 1.69 1.64 1.58 1.55 1.50 1.47 1.45 1.42 
11 1.86 1.77 1.70 1.65 1.59 1.56 1.52 1.50 
12 2.06 1.95 1.85 1.77 1.70 1.65 1.61 1.57 
13 2.33 2.15 2.03 1.92 1.84 1.76 1.71 1.66 
14 2.71 2.43 2.25 2.11 1. 98 1.90 1.92 1.77 
15 3.23 2.83 2.52 2.32 2.15 2.05 1.95 1.88 
16 6 . 78 3.45 2.93 2.62 2.39 2.23 2 .10 2.02 
17 11.52 6.50 3.55 3.04 2 .68 2.46 2.30 2.18 
18 11.99 6.73 3.67 3.01 2.77 2.52 2.37 
19 12 . 41 6.89 3.74 3.18 2.82 2.62 
20 12.77 7.18 3. 88 3.28 2.93 
21 13.38 7.38 4.00 3.16 
22 13. 79 7.56 4.15 
23 14.22. 7.88 
24 14.80 
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TABLE 3: Simplified ~ coefficients 4 Mc/s distribution. 

Ordinary ray. 

fH = 0.82 Mc/s . 

n 1 2 3 4 5 6 7 8 

f 0.63 1.08 1.43 1.71 1.95 2.16 2 .35 2.51 

0.03 0.12 0.15 0 . 18 0.27 
0.93 1.75 2.55 3.38 4.19 4 . 99 5.79 

2.00 2.95 3.90 4 . 84 5.78 6.72 7 . 65 8.58 

n 9 10 11 12 13 14 15 16 

f 2.66 2.79 2 . 92 3.03 3 . 14 3.24 3.34 3.43 

0.13 0.15 0. 20 
0.36 0.39 0.50 0.60 0.75 0.78 0.87 1.01 
6.58 7.37 8.15 8.93 9.70 10.46 11. 21 11.95 
9.50 10.42 11. 33 12 . 24 13.14 14 . 04 14.93 15 . 82 

n 17 18 19 2 0 21 22 23 24 

f 3.51 3.59 3.62 3.74 3 . 81 3 . 87 3.94 4.00 

0.20 0.20 0.25 0.30 0.30 0 .30 0.30 0.30 
1.09 1.23 1.35 1.57 1.69 1.94 2.19 2.27 

12.68 13.40 14.11 14.81 15.35 16 .15 16.80 17 . 14 
16.70 17.58 18 .45 19.32 20.38 21.26 21 . 82 22 . 76 
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TABLE 4: Simplified i3 coefficients 6 MC/s distribution. 

Ordinary ray (WALKER, 1962) 

fH = 0 . 82 MC/s. 

1 2 3 4 

0 .948 1. 621 2.143 2.570 

0.01 0.04 
1.33 2.03 2. 73 

2.35 3.18 4.01 4.84 

9 10 11 12 

3.988 4 .1 91 4.378 4 .562 

0.41 0,53 0.58 0.64 
6.23 6.93 7.62 8 .31 
8. 99 9.81 10.63 11.45 

17 18 19 20 

5 . 266 5.386 5.500 5.609 

0.36 0.41 0 .45 0.50 
0 .75 0.80 0 .86 1.02 

11. 76 12.44 13.12 1~ .80 
15.54 16.35 17.16 17 .97 

5 6 7 8 

2.930 3.243 3.518 3.765 

0.11 0.18 0 . 26 0.32 
3 .43 4.13 4.83 5.53 
5.67 6 .50 7.33 8.16 

13 14 15 16 

4.713 4.864 5.006 5.139 
0.36 

0.70 0.84 1.00 0.66 
9.00 .69 10.38 11 .07 

12.27 13.09 13.91 14.73 

--
21 22 23 24 

5.713 5 . 813 5.908 6.00 

0.56 0.60 0.63 0.65 
1. 16 1.24 1. 36 1.49 

14.48 15.15 15.82 16 .49 
18.77 19.57 20.37 21 . 17 
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TABLE 5: ~I at Titheridge frequencies. Ordinary Ray. 

6 Mc/s parabolic distribution. 

fH " 0.82. Me/s . 

-
f 1.677 2.352 2.850 3.256 3.600 3. 900 4.164 3.399 
n 1 2 3 4 5 6 7 8 

r=l 2.26 1.10 1.06 1.05 1.04 1.04 1.03 1.03 
2 3.40 1.26 1.18 1.15 1.12 1.11 1.09 
3 4.37 1.41 1. 30 1.24 1.20 1.15 
4 5.33 1.56 1.40 1.33 1.28 
5 6.18 1.69 1.50 1.41 
6 7.13 1.85 1.59 
7 7.98 1.96 
8 8.98 

f 4.609 4.800 4.971 5.126 5.264 5.388 5.499 5.598 
n 9 10 11 12 13 14 15 16 

r=l 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 
2 1.09 1.08 1.06 1.06 1.06 1.06 1.06 1.06 
3 1.15 1.15 1.12 1.12 loll loll 1.11 1.10 
4 1.24 1.21 1.20 1.17 1.16 1.16 1.16 1.15 
5 1.35 1.31 1.28 1.2'5 1.24 1.21 1.21 1.21 
6 1.49 1.42 1.40 1.33 1.31 1.29 1.28 1.26 
7 1.70 1.57 1.49 1.45 1.40 1.36 1.35 1.33 
8 2.09 1.80 1.66 1.55 1.50 1.46 1.43 1.41 
9 10.00 2.23 1.90 1.69 1.65 1.56 1.53 1.49 

10 10.97 2.39 2.00 1.82 1.71 1.66 1.60 
11 12.08 2.55 2.10 1.88 1.80 1.73 
12 13.31 2 .74 2.21 2.01 1.89 
13 14.63 2.95 2.35 2.11 
14 16.03 3.21 2.50 
15 17.47 3.54 
16 19.23 
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Table 5 continued. 

f 5.684 5.760 5.825 5.879 5.923 
n 17 18 19 ~O 21 

r=l 1.02 1.02 1.02 1.02 1.02 
2 1.06 1.06 1.06 1. 06 1.Q5 
3 1.10 1.10 1.10 1.09 1.09 
4 1.15 1.14 1.14 1.14 1.13 
5 1.20 1.19 1.18 1.18 1.18 
6 1.26 1.25 1.25 1.23 1 . 22 
7 1. 32 1.30 1. 30 1.29 1.28 
8 1. 38 1. 37 1. 36 1.35 1.34 
9 1.46 1.45 1.43 1.41 1.40 

10 1.55 1.52 1.51 1.50 1.48 
11 1.67 1 . 65 1.60 1.52 1.51 
12 1.81 1.75 1. 70 1.67 1.65 
13 1. 98 1.89 1. 82 1.79 1.75 
14 2.23 2.08 1. 98 1.93 1.88 
15 2.68 2.37 2.20 2.10 2.04 
16 3.97 2.90 2.53 2.35 2.24 
17 21.18 4.39 3.19 2.75 2.53 
18 23.49 5.35 3.58 3.Q5 
19 26.64 6.29 4.20 
20 30.10 8.23 
21 34.61 

TABLE 6 : Simplified ~ coefficients . Ordinary Ray . 

6 NIC/S paraboli c distribution. 

fH = 0.82 Mc/s. 

f 1.677 2.352 2.850 3 .256 3.600 3.900 4.164 4.399 
n 1 2 3 4 5 6 7 8 

0.20 
0.09 0.15 0.25 0.30 0 .26 

1.14 2.18 2.96 3.77 4.49 5.28 6.07 
2.26 3.40 4.37 5.33 6.18 7.13 7.98 8.98 
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Table 6 continued. 

f 4.609 4.800 4.971 5.126 5.264 5.388 5.499 5.598 
n 9 10 11 12 13 14 15 16 

0.23 0.29 0. 30 0.39 0.36 0.53 0.41 0.57 
0.26 0.29 0.33 0.39 0.45 0.53 0.60 0.71 
6.89 7.77 8.58 9.53 10.57 11.68 12.82 13.93 

10.00 10.97 12.08 13.31 14.63 16 . 03 17.47 19.23 

f 5.684 5 . 760 5.825 5.879 5.923 
n 17 18 19 20 21 

0.53 0.68 0.87 0.97 1.12 
0.86 1.07 1.23 1.77 2.09 

15.26 16.76 18.14 20.35 21.87 
21.18 23.49 26.64 30.10 34.61 
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CHAPTER 4. 

APPARATUS MODIFICATIONS AND EXPERIMENTAL PROCEDURE. 

4.1 The Rhodes ionosonde. 

A detailed description of the Rhodes ionosonde and its operation 

is given by McELHINNY, 1958 and a brief description of the same has 

also been given in Section 1.2 . 

The author, however, feels that it is necessary to give a short 

summary of the lay-out and construction of the apparatus, as it was 

at the start of the project, so that the modifications which were 

made can be understood more readily. 

The ionosonde, a block diagram of which is given in Figure 1.1, 

with the exception of the recording oscilloscope, is built on five 

chassis placed on a rack, one above the other. 

The l owest, or first, chassis houses the filament, H.T. and 

2KV E.H.T. supplies. 

The 500 kC/s frequency calibrator, audio-beat amplifier and 

detector stage, and part of the programme unit are situated on the 

next chass is. 

Chassis 3 contains the monitor oscil l oscope, pulsed 3 kC/s 

height ca l ibrator, gating stage, video-amplifiers and pulsing unit. 

The Variable Frequency Oscillator (V.F . O.) (30 - 50 MC/s) , 

30 Mc/s pulsed oscillator, mixer, the receiver and other ha lf of 

the timing unit are housed on chassis 4. 

The first driver stage for the pulse transmitter was bui lt on 

a vertical sub-chassis on chassis 4 and its output was fed to the 

transmitter stages on the top chassis (number 5) by means of a clip 
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connecti on. 

Cross~connections between the various stages were made with 

suitable coupling leads . 

The recording oscilloscope and its power supply were built on 

separate chassis. 

At the start of this project (Ma rch, 1960) it became apparent 

that several modifications and repairs would have to be made to the 

ionosonde. 

These are listed under the headings of the units involved. 

4,2 Power supply. 

In the interests of personal safety all fuse-holders were moved 

and rewired so that the fuses were accessible from the front of the 

ionosonde. 

The E.H.T. transformer, which had been burnt out, was replaced 

by another. 

4.3 Frequency calibrator . 

The principle used here is the production of audio beats between 

the harmonics in the distorted wave shape from a 500 kC/s crystal 

oscillator and the V. F.O. Thus, for example, audio beats will be 

produced between the 77th harmonic of the 500 kc/s signal and a 

V. F.O. signal of 38.5 Mc/s. 

These beats are amplified by amplifiers with a band width re-

stricted to about 20 kC/s and then detected. The D.C. output thus 

developed is applied to the height-marker gati ng stage . In this 

way the gating stage will be open only when the harmonics of the 
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500 kc/s signal and the V.F.O. frequency are within ± 10 kC/s of 

each other. 

It was found that the D.C. output thus produced was insufficient 

to operate the gating stage. 

The gains of the various audio amplifiers were therefore consi­

derably increased by increasing the plate loads of the amplifying 

tubes. 

In order to allow the frequency-markers to appear on the record­

ing oscilloscope long enough for them to be registered on the recording 

film when the V.F.O. was sweeping through the higher frequenci es 

( ) 8 Mc/s) it was found necessary to increase the band width of these 

amplifiers . This means that aUdio-beats will be produced for a 

greater time interval and that the gating stage would be "open" for 

a longer period. 

An undesirable feature of this modification was the increased 

width of the height marks at the low-frequency end of the ionogram 

and thus an increa sed error in the scaling of these frequencies. 

In order to overcome th.:s the covpUng condensers between the 

audio amplifiers were reduced until the low-frequency cut-off of the 

audio-amplifiers occurred at about 1 kC/s. This 2 kc/s gap (1 kC/s 

on either side of the zero audio beat position) should therefore 

appear as a gap in the middle of the frequency marks. 

This measure met with limited success, and the gap can be seen 

in the first set of height marks on figure 7.1, but not - in the rest 

since the time constant of the gating stage was approximately equal 
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to or greater than the time taken for the V. F.O. to sweep through 

the frequency marks at frequencies greater than about 2 Nic/s. 

~.Height calibrator. 

The pulsed 3 kc/s oscillator consists of a tuned L-C circuit 

in the cathode circuit of an oscillator tube. 

The oscillator tube is normally conducting but its current is 

cut off sharply in synchronism ~ith the transmitter pulse. 

The inductance discharges into the capacity of the tuned cir-

cuit and a damped oscillation of 3 kc/s is produced. The oscillation 

is amplified, squared and differentiated and then applied to the re-

cording oscilloscope via the gating stage . Height markers appear 

at regular intervals and also serve as frequency marks since they pass 

through the gating stage only when audio beats are produced between 

harmonics of the 500 kc/s crystal and the V.F.O. 

It was found that the damped 3 kC/s oscillation died away very 

quickly, thus r8sulting in a series of height marks only up to the 

tenth marker (500 km virtual height) ,above the ground pulse. 

In order to increase the Q of the L-C circuit a new coil with 

the same inductance as the original (L = 226 m Henries) was wound 

with a thicker gauge (26 SiIG) enamelled wire. 

The Q of the circuit was now high enough for the damped oscilla­

tion to continue until height marks had appeared across the whole 

width of the recording oscilloscope ' s trace . 

It was now necessary to recalibrate the 3 kC/S oscillator . 

A continuous audio signal was used instead of the pulsed signal 

to provide height marks. Stationary height marks' were visible 



whenever the audio signa l's frequency was a multiple of the mains 

frequency or half the mains frequency since the oscilloscope time 

bases (monitor and recording) are triggered off by the mains input. 

The mains frequency during the interval while ca libration was 

being carried out was measured by means of an electronic counter. 

The average of several determinations was 2,999 cycles per minute. 

The frequency of the audio oscillator was slowly changed from 

50 to 3000 cps, care being taken to count the multiples of 50 at 

which stationary height marks appeared. At the 60th multiple u. 
60 x ~ 60 or 2999 cps, the oscillator was set so that there was 

no movement of the height marker s. 

The distance between successive height marks was determined 

as accurately as possible by means of measurements made using the 

expanded sweep and graduated time dial of an EMI WM8 oscilloscope. 

The pulsed oscillator 's frequency was then adjusted by changing 

the capacitance in para llel wi th the coil until the distance between 

the successive height markers, as measured with the same 'scope, 

was ~he same as that fo r markers produced by the 2999 cps oscillator. 

For practical purposes this value of 2999 cps is close enough 

to 3 kC/S, or more exactly 2.998 kC/S wh ich is the frequency needed 

for 50 km height marks. 

4.5 The variable frequency oscillator. 

The on l y problem here was to decrease the time taken for a com-

plete frequency sweep from 2.1 minutes to about 15 seconds and the 

interval between successive sweeps from 4.5 minutes to about 1 minute. 



PLATE 1 

Y.F.O.- DRIVE UNIT . 

A Synchronous motor. 

B Reduction gearbox. 

C Progrcwming cams. 

D Three piece axle for V.F.O. condenser. 

E "Clutch" lever. 

F V.F.O, condenGer. 

G Oscillator tube. 
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Plate I shows how this was accomplished. 

A synchronous motor drives a shaft, on which are mounted three 

sets of cams, at about 1 revolution every 72 seconds via a reduction 

gearbox. 

Two of the cams operate the s witches for the HT and EHT supplies 

and the camera motor . The third enables the motor to switch itself 

off, if desired, when the cams are in a certain position. 

The V.F.O . condenser is mounted on a shaft whi ch makes two revolu­

tions for everyone that the cams make. 

This V.F.O. drive-shaft is made up of three parts. The first 

is the short axle on which the rotors of the V.F.O. condenser are 

mounted. The second is the shaf t on which one of the driving gears 

are mounted. The remaining piece is a hollow cylinder, which can 

slide over the other t wo pieces, with a slot at both ends. 

The slots in this cylinder engage with pins through the other 

two pieces. By sliding the cylinder along its axis the slot at one 

end can be disengaged from the pin, thus allowing the condenser to 

be 10tated by hand for manual operation of the i onos~nde. 

When the cylinder is slid back the slot and pin are re-engaged. 

The condenser plates are thus locked in the correct. position for 

automatically repeated sweeps. It is important that the condenser 

and cams stop and start in the same position if ionograms covering 

identical frequency intervals are to be obtained. 

After rewiring the programme unit the ionosonde could be pro­

grammed to sweep automatica lly at 60, 15 or 4.6 minute intervals. 
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The motor driving the V.F.O. condenser could also be left running 

continuously to give ionograms at 72 second intervals. 

The time necessary for a complete frequency sweep to be made 

was about 18 seconds. 

i...6 Recording oscillosc.;mg. 

Instabili ty, or "jitter", of the oscilloscope trace was found 

to be due to the fact th"t the oscilloscope sweep and the main pulse 

circuit on chassis 3, although both triggered off by the mains input, 

were not synchronised. 

Fortunately phasing controls, by means of which the point on the 

mains cycle at which the two circuits are triggered off could be 

varied, were provided. 

By suitable adjustment of these controls both circuits can be 

made to trigger off simultaneously. 

The oscilloscope trace was now sufficiently stable and no further 

modification was necessary. 

Because of the shorter time taken for a complete frequency sweep 

to be made it was necessary to increase the speed at which the film 

is fed through the camera gate. The camera motor controls were set 

so that each ionogram would be about three inches long. 

As a result of the increased speed at which the film moved the 

brightness of the oscilloscope trace had to be increased considerably 

to allow for sufficient ex,osure of the trace on the film. 

This was done by running a. high-voltage cable from the 2 kV EHT 

supply to the recording oscilloscope .chassis and connecting the EHT 
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to the post deflection accelerator contact. 

Both the trace intensity and definition (sharpness of focus) 

were considerably improved by this modification . 

4.7 Transmitter. 

After careful checking and alignment of all the transmitter 

stages the power output was still very low. It was therefore 

decided to rebuild the amplifying stage after the mixer for the 

30-50 Mcls and pulsed 30 Mcls signals on the top chassis. 

The mixer output was fed to this amplifier (the first power 

stage) via a cathode follower, working into a co-axial cable, on 

chassis 4. 

This amplifier had originally been built on a sub-chassis on 

chassis 4 and was rebuilt in a scr eened compartment on chassis 5. 

It was found possible to increase the power output of the 

transmitter at the higher frequencies by using a wirewound resistor 

in the plate load of this stage. At 15 Mcls, for instance, the 

power output was two-and-a-half times that which had been obtained 

by using a non-inductive load. 

4.8 Tuning procedure. 

All I.F. stages, both on the transmitter and receiver, were 

carefully tuned for maximum response to an input signal of the 

appropriate frequency. 

The final tuning of the pulsed 30 Mcls I. F. stages was done 

by tuning them for a maxi'num aerial current as measured by the rf 



FIGURE 4.1 A - G 

The graph of iso-electronic contours for loth August , 1960 

is presented in sev~n overlapping diagrams to facilitate binding . 

True height is shown on the vertical axis while the horizonta l 

axis shows time i n SAST, solar zenith angle and the distance through 

which Grahamstown had rotated about the earth's axis si nce the sta r t 

of the morning's run. 
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current milliameter in the antennae circuit. 

To tune the receiver the V.F.O. signal was varied until an echo 

could be observed on the monitor oscilloscope and the I. F. stages 

were then tuned for maximum echo amplitude. 

4 . 9 Experimental procedure. 

Ionograms from several minutes before sunrise at ionospheric 

heights until the E layer has been formed were taken at 1.25 minute 

intervals on several arbitrarily selected days during 1960. 

One of these sets showed the effects of what was believed to be 

a large travelling distur~ance (see Chapter 5). The ionograms in 

this set were scaled as accurately as possible by the methods described 

in Section 3.3. 

From the N-h profiles thus obtained two graphs were drawn. 

The first is shown in the series A - G which constitutes Fig. 

4.1. This is a graph of the variation of the height of equal elec­

tron density (iso-electronic) contours with the distance through 

which Grahamstown had been rotated around the axis of the earth 

since the start of the set of ionograms. 

The graph can thus be taken to represent a map of the ionosphere 

along the latitude on which Grahamstown lies. The relationship be­

tween the vertical and ' ,orizontal scales is fixed by the speed at 

which Grahamstown rotates about the earth's axis and the presentation 

of the iso-electronic contours is the same as that used by GLEDHILL 

(1959). 

The ionosonde can be positioned anywhere along the horizontal 
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scale, which now represents the distance along the earth 's surface at 

the latitude of Grahamstown The state of the ionosphere at points 

east (in the direction of increasing distance) and WGst (dista nce de­

creasing) can thus be ascertained. 

It is assumed that t:le same ionospheric conditions at the same solar 

zenith angles are present along the latitude of Grahamstown . 

Also shown along the horizontal scale are the time in S.A . S.T. and 

the solar zenith angle in degrees. The times of sunrise at different 

heis;hts over various layers are a l so indicated. 

These tiCles of sunrise were calculated from a procedure given by 

",ITRA (1952a) . (Sec Appendix A. ) 

A portion of the contour map around ground sunrise has been drawn 

with dotted lines to indicate that the actual contours are uncertain. 

Correction for low level ionization in this re.ion required scaling of 

the 0- and E- ray Ii the ridge frequencies on very steep parts of the h'-f 

curves as a result of low level retardation when the probing f r equency 

is loVi and the density of the low 1 yin9 ionization hiCJh . The method 

used to allow for this ionization breaks down under these conditions . 

An alternate method will have to be devised to overcome t .. is shortcoming 

before a complete analysis of h' - f curves over sunrise ca n be made. 

The second graph is shown in Figure 5.3 and shows the variation 

of electron .density at constant heights with time. 

These graphs will be discussed more fully in the succeeding 

chapters. 
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CHAPTER 5. 

HCRIZONTAL IHi-lEG\JLARITIES AND iliOVEI,;ENTS . 

~ Range mUltiplets . 

~ Introduction . 

Figure 5.1 shows a sequence of ionograms obtained on the morning 

of the 10th August, 1960. 

These ionograms show a number of h'-f curves one above the other. 

The curves above the lowest or "main" trace are referred to as "satE>l­

lite trac<?S" or "range multiplets" (McNICOL, ;IEBSTER and Bv;/;,AN, 1956). 

Before examining the records obtained more closely it is necessary 

to consider the various ionospheric conditions which can give rise to 

these multiplet reflections. 

5.1. 2 iviu ltiplet reflection mechanisms. 

Range mUltiplets such as those shown in figure 5.1 can be explained 

by three reflection mechanisms. 

(a) Stratification hypothesis. 

These are'-

In this hypothesis it is assumed that the echoes are returned 

from layers above the F region. The implication is that the 

echoes come down nearly vertically and that considerable variation 

of electron density exists in the F region. 

Directional observations by McNICOL, WEBSTER and Bo./io,;M; (1956), 

however indicate that, for multiplets of large range separation 

the signal s arrive at a considerable angle to the vertical. For 

multiplets close to the main trace the direction of the multiplet 

signals cannot be determined accurately, but the hypothesis 
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breaks down for the following reasons;-

The main h'-f trace suggests a thick layer of uniform con­

sistency and variations in maximum electron density would lead 

to a considerable spread in critical frequency which is not charac­

tetis tic of range multiplets (;'.,clllCOL and ,:EBSTEH, 1956). Further­

more, it is difficult to see how penetration thr ough the F region 

can take place. Thi s must be consider able to produce traces which 

have an intensity comparable with that of the main trace. Con­

siderable group retardation, increasingly marked at higher 

frequencies, would occur as the signals travel through the F re-

gion. This is not the case since the multiplet and main traces 

do not diverge, but remain separuted by an almost constant dis­

tance for most of the trace. 

(b) ES scatter. 

ECKERSLEY (1937) suggested that spread echoes from the F re­

gion could be obtained after reflection of the signa.ls at non-

horizontal contours of the ES layer. The signal is thus reflected 

off an ES "cloud", obliquely off the F region ond back to the 

ionosonde either directly or along the original path. 

The general fea tures of range mult iplets, however, cannot be 

reconciled to this hypothesis either. 

For an oblique reflection the critical frequency of the 

satellite would be higher than that of the main trace by a factor 

of sec ~ , where g is the angle of incidence of the signal on 

the F laYGr. One would also expect the satGllite h'-f trace 



57. 

to bulge slightly beyond the critical frequency of the main trace 

before turning up to infinity at the critical frequency. This 

is the characteristic appearance of oblique incidence h'-f curves. 

There is little correlation between the occurrence of satel­

lite traces and the presence of ES (f,lcNICOL,.IEBSTER and Bo.~I\".AN, 

1956 ). Furthermore, there i s no correIa tion between satellite 

traces and geomagnetic disturbances. The currents responsible 

for these disturbances flow close to the heights of the ES layer 

(i!.ITRA, 1952) and might be expected to lead to a scattering of ES 

clouds and thus a greater number of satellites. 

(c) The F-irregularity hypothesis. 

The most likely reflection mechanism seems to be that proposed 

by GIPPS, GIPPS and VENTo.'J (1948) who concluded that satellites 

arise from reflections from a portion of the ionosphere where the 

gradient of ionization is inclined at a considerable angle to the 

vertical. These regions are displaced horizontally but are at 

the normal height. BtA.LEY and ROSS (1953); BIBL, HA iilHSCHi,ACHER 

and RA:JER (1955) and RATCLIFFE (1955) have shown that such non­

horizontal gradients frequently exist. 

This hypothesis is consistent with general conclusions reached by 

McNICOL, ',IEBSTER and BO J; AN (1956) after a study of a large number of 

satelli tes. These areg-

(a) Experiments had shown tnat the relation between the virtual range 

(R') of a particular frequency of a satellite trace and the virtual 
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height (h') of the main trace at the same frequency was 

R' = h' Sec 9 (5.1) 

where 9 is the angle between the direction of the satellite signal 

and the vertical. 

This follows by simple gemometry in the F-irregularity hypothesis. 

(b) The quantity x defined by 

x =j (R,2_ h,2) (5.2) 

varies roughly uniformly with time. x is thus the apparent displace-

ment of the reflection point from the vertical. This follows reasonably 

if one assumes that the irregularity moves horizontally with a more or 

less constant velocity. 

(c) From observations made at a number of stations it has been con-

cluaed that the irregularity is of considerable extent. This can be 

accounted for by extending the hypothesis to a long ripple or front in 

the ionosphere with a constant configuration perpendicular to the direc­

tion of motion. 

(d) The appearance of satellites on mul Uple hop reflections can also 

be explained by reflection from non horizontal contours. 

5.2 The behaviour of the observed range multiplets. 

The range doublet can be seen some 50 km or so (virtual height) 

above the main trace on the first ionogram, Figure 5.l,a, recorded at 

0501.3 S.A.S. T. It has a critical frequency somewhat higher than th~t 

of the main trace. 

The range of this doublet decreases steadily with time and by 

0517.6 (Figure 5.1,c) it has merged with and is ind istinguishable from 
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the main trace except near the criti cal frequencies. 

In the meantime a range triplet has appea red on the records. This 

can be seen as an intermittent trace in figures 5.1 band c, some dis­

tance above the main and double t traces. The virtual height of this 

reflection decreases slightly and then increases again. Its disap­

pearance after about eight minutes is presumably due to ionospheric 

absorption or a low reflect ion coefficient since this echo is at no 

stage as marked as the main and doublet traces, but always appears to be 

somewhat diffuse and does not appear to have a clear critica l frequency. 

The range doublet stays merged with the main trace and the records 

now res emble Figure 5 .1 ,d until 1»04 hours. 

A careful examination of the records Si1 0WS that the lowest critical 

frequency is part of the main trace. 

frequency is discussed in section 6. 

The slight ly hi9her critical 

Between 0604 and 1»11 hours a very faint range doublet is dis-

cernable, but the traces are too faint to be sca led with any accuracy 

by the Titheridge method. Because of the long delay between the ap-

pearance of the first range multiplets and t :10se at 0604 it is unlikely 

that the latter originate from the disturbance recorded on the iono-

grams sho·-tl y after C500. Both these sets of rcnge mUltiplets may 

arise from a series of disturbances resulting from a wave of disturba nce 

propagated t:Orough the ionosphere. (TIT'iE;~IwE , 1963) 

~ The assumed shape. 

hiUNR O (195 3) in his explanation of day-time satellites postulated 

an inverted trough configuration for the travelling disturbance. 
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It was found that an inverted trough will explain the disturbance 

described in section 5.2, the main and doublet traces being reflected 

from the two edges and the triplet from the peak of the trough . 

It should be noted that a narrow gap with ionization contours 

at different heights on both sides can give rise to the main and doublet 

traces but not the triplet. 

~ Velocity of the disturbance. 

Since the main and satellite traces had been scaled as accurately 

as possible by the methods described in section 3 . 3 it was possible to 

draw an N-h profile for each of the observed traces. 

It was found that the average height of any particular electron 

density Vias lower af ter the disturbance than before it, this can be 

seen from figure 5.2 . 

The quantity x, defined by equation 5.2 was calculated for the 

2 Mc/s doublet reflection point. This frequency wa s chosen because the 

4 -3 range plots for this iso-electronic contour (5 x 10 cm ) showed the 

least scatter around a smooth curve drawn through them, and because this 

frequency is low enough to avoid scaling errors near the critical fre-

quency. The curve drawn corresponds wi tli the f ull curve· 2 on Fi ·; ure 

5.3. Since the actua l heights and r anges are known from Titheridge 

scaling the velocity could be calculated from a graph of x versus time, 

shown in figure 5.3 .A. The velocity at which the disturbance was 

propagated was f ound to be 414 km/hour (115 metres/second). 

i~UNRO (1958) in a study of travelling disturbances in the F re-

gion estimated an aver~ge velocity of propagation of 120 meters per 

second for the larger disturbances . 
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~ Cross section of the trough. 

It was assumed that the disturbance was a long inverted trough and 

that the height of any particular electron density is independent of 

distance along the trough. This is also implicit in the hypothesis 

of TOMAN (1955). It was further assumed that the main and doublet 

traces were due to reflections off the edg es of the trough, and the 

triplet from the top of the inverted trough and that the signals were 

vertically incident on the contours and did ·not undergo lateral devia­

tion in the lower ionosphere. 

The velocity of the disturbance was taken to be 414 km/hour. 

Figure 5.3 shows a plot of the experimental values of the range 

of the 2 Mc/s reflection level from the ionosonde for the main, doublet 

and triplet traces, against time. 

respecti vel y. 

These are labelled 1, 2 and 3 

The approximate height of any particular electron density at the 

edges of the trough were found from figure 5.2 and the maximum height 

of the iso-electronic countours could be found from the.minimum of 

curve 3 in figure 5.3. 

A large scale map of the cross section of the trough was then con­

structed as follows : -

(a) The horizontal scale of the map represented the distance "travelled" 

by the ionosonde relative to the disturbance. On th is were marked 

distances ·equivalent to .the distance "travelled" in one minute at 

414 km/hour. . Each distance thus marked could also be regarded as a 

time interval and these were accordingly labelled at one minute 
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intervals in S.A.S.T. from the start of the set of ionograms. 

tical scale repres ented the true height. 

The ver-

(b) From smooth curves drawn through the range plots of several leve ls 

of constant ionization density the ranges of all three traces were scaled 

at one minute intervals. These range plots all resembled figure 5 . 3. 

(c) Arcs with radii proportional to these scaled ranges were drawn at 

the three appropriate heights obtained from figures 5.2 and 5 . 3 at one 

minute intervals. 

(d) Smooth curves were drawn tangential to these arcs and j oined to 

form a continuous contour. 

This process was repeated for a number of cO;1tours and only part of 

the maximum height contour since the triplet trace showed no clear cri­

tical frequency, which is necessa ry for a determination of the height of 

maximum electron density (see section 3.3.5). 

The profile thus obtained for the electron density distribution in 

the disturbance is shown in figure .5. 4 . The horizonta l scale shows both 

time and distance and is in fact the same as that used in the construc-

tion of the profile. The direction of motion of the irregularity is 

indicated by an arrow. 

From figure 5.4 it is apparent that the trough is between 120 and 

150 km wide. 

This size lies in the range estimated by TITHEt:ICGE (1963) for 

large disturbances observed at Auckland. j,;Ul'JRO (1950, 1958) obtained 

evidence for the existence of irregularities with dimensions of several 

hundred kilometres and a few isolated irregularities as large as 2000 

km . have been observed by CHAN and VILLARD (1962), who give many re­

ferences to previous work. 
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A range versus time graph was constructed for signals reflected 

from the edges and top of the inverted trough at the 5 x 104 electrons 

cm-3 UN = 2 lvic/s) contour. 

The curves thus obtained are shown as full lines in figure 5.3 . 

Curve 1 was obtained for reflections from the edge D of the trough 

(see figure 5.4) and curve 2 from the edge A. 

Curve 3 arises from reflections in the vici nity of B before the mini-

mum at 0511 hours. After the minimu~, however, the reflection point 

moves rapidlY along the arc BC and by 0514 the signals are r eflected 

from the peak of the inverted trough. This rapid change of the point of 

reflection accounts for the sudden increase in range after 0512 hours. 

The asymmetry of curve 3 with respect to curves 1 and 2 is explained 

by the shape of the trough. If the trough had a semi-circular cross 

section the min imum of curve 3 would have occurred near where curvesl and 

2 crossed and it would have been symmetrical about the minimum. 

In figure 5.3 it will be noted that, after the crossing over of 

curves 1 and 2 there are no experimental range value for curve 1, which 

has now become the range doublet. 

This can be accounted for by a sudden increase in height of the iso~ 

electronic contours at the edge D. The amount of energy reflected back 

to the ionosonde from the very sharp edged D would then be small and the 

sensitivity of the receiver could well be too low for it to be recorded. 

The weak appearance of the triplet and its absence from the records 

except for a few minutes around 0511 leads to the conclusion that 

the upper part of the trough is only weakly reflecting, possibly 
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due to strong absorption immediately below the reflection level. 

Signals reflected from the upper part of the trough in the vicinity 

of C will not necessarily be focussed on the receiver since the curve 

could well be much sharper thun indicated. It could be compared with 

a concave mirror of small radius of curvature and small aperture. 

As can be seen from the accompanying sketch, signals ~eturning to the 

ionosonde at A can undergo considerable defocussing when the radius of 

curvature is small compar~d '"ith the range and will be focussed 

when the range is approximately equal to the radius of curvature. 

Radius of curvature« 
than range. 

·A 

Radius of curvature cpproximately 
equal to range . 

The absence of the triplet does not necessarily imply a gap in 

the i on as phere. Other records of multiplets exhibit this discrepancy 

even more markedly (McNICOL and WEBS TER, 1956) and the presence of a 

distinct triplet seems to be more the exception than the rule. 

The iso-electronic c,ontour map (figure 4.1) was drawn before the 

configuration of the travelling disturbance was worked out. The con-

tours of section Al and part of A2 were drawn for the main trace. The 
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disturbance was not indicated because of the crossing of the main and 

doublet traces. As can be seen from figure 5.3 there is no marked 

increase in the range of the main trace before the crOSS-(1ver. 

Figure 5.4 therefore replaces Al and part of A2. It should be 

noted that the curves in figure 5.4 have been smoothed considerably . 

5,6 Critical freauency differences. 

A careful examination of the records obtained on the morning of 

lath August, 1960 shows that the lower critical frequency is part of 

the lowest or main trace. The higher critical frequency can be ex-

plained by a greater maximum electron density in the trough than in the 

ionosphere on either side. 

This is indicated by a dotted line in figure 5.4. 

Further evidence that this may well be the case is the fact that 

the higher critica l frequency trace becomes very much less marked 

shortly after the disturbance has passed overhead and disappears a lmost 

completely a few minutes later. 

TITHERIDGE (1963) points out that an increase (or decrease) in the 

electron densi ty at the centre of the irregularity is roughly propor-

tional to the size of the irregu12rity. Thu5 for the largest 

irregularities the variation in electron density may be as high as 

2~ of the normal electron density in the ionosphere. 

~ Oriain of disturbances and irregularities. 

It has been suggested that large-scale travelling disturbances 

may be due to an .atmospher i c wind, possibly associated with a cellular 

wave (i\iARTYN, 1950), or alternatively that of an ionization drift in­

duced by an electric field (WiARTYN, 1955). 
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An atmospheric wind would tend to produce a vertical shift of the 

ionosphere as a whole. An irregularity would tend to diffuse away 

along geomagnetic field lines if a uniform wind or external field 

lines if a uniform wind or external field were acting . This is not 

consistent with the long duration of multiplets (from one to two hours). 

In contrast with the expectations of either a wind or a field pro­

cess values of horizontal speeds deduced from neighbouring stations 

differ from those obtained when the stations are widely separated. 

These features are, however, consistent with the assumption of a 

propagating atmospheric wave and this is now the most commonly accepted 

theory (HINES, 1959). The wavelength on this basis would be typically 

of the order 100 - 200 km and the period of the order 15 - 20 minutes. 

Such waves would be strongly affected by gravitational forces and 

restorative pressure gradients. Waves of this type would be propaga-

ted as a perturbation, leaving the layer as a whole essentially unchanged. 

Such oscillations would also create their own inhomogeneities as they 

progress and thus avoids the problem of diffusion. The speed from ob-

servations by stations with distances of separation comparable to a 

wavelength would be the phase speed, but that from widely spaced stations 

would be the group speed; the two would thus not be the same. 

The waves could arise from: thermal effects within the atmos­

phere (PIERCE and ;;, IUJO, 1940), interactions between the interp l anetary 

gas and the earth's outer atmosphere (DUNGEY, 1954) and shock waves 

emitted by the sun (AKASOFU, 1956). 

The possibility of a compressional Wave which is propagated through 



Flg. 5.5 Johann ,s buTg ionograms for t he morning of loth 
Augus t , 1960, sholling the effects of a large­
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the ionosphere h~s been examined from two view points. Both these in-

volve t he concept of resonance, first ly in an electromagnetic field 

produced by a moving charge (HINES, 1955) and secondly in the oscilla­

tion of the e12ctron plasma itself (HINES, 1956). HINES (1959) 

points out that the theoretical development of the latter was faulty 

and that it would have to be converted in effect to a study of resonance 

in the ion plasma before further detailed comparisons with the observa-

tions can be made. The orders of magnitude involved in the phenomenon 

remain essentially the same, and these are pertinent to t he observed 

disturbances. 

~ Evidence for propagation of disturbance paral lel to the 

sunrise lioe. 

Records obtained at 15 minute intervals on the 10th August , 1960 

at Cape Town and Johannesburg were scrutinised carefully for disturbances 

s imilar to that a lready described. 

Wh ile no disturbances were noticed on the ionograms for Cape Town, 

what seems to be an oblique reflection appeared at Johannesburg at 0445 

S.A.S . T. This was followed at 0500 and 0515 by ionograms resembling 

the range doublets on Figure 2 of Plate 2 given by McNICOL, WEBSTER 

and BO"il,AN (1956). 

The three ionograms from Johannesburg are reproduced in figure 5.5. 

The evidence thus tends to suggest that the disturbance was pro­

pagated roughly p~rallel to the sunrise line since Joh?nnesburg and 

Grahamstown have approximately the same longitude. 

It is possible that the effects of the disturbance at Cape Town 
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may have been obscured by the sunrise effect, or that any noticeable 

effect may have occurred between soundings . 

Because of the long interval between successive soundings at 

these two stations it is not possible to determine at what time the 

disturbance passed overhead. For this reason the direction and 

velocity of the disturbance cannot be determined more accurately. 

The velocity of 414 km/hour obtained in section 5.4 could thus not be 

confirmed by observations from stations other than Grahamstown. 

~ Errors arising from the use of Ii theridge coefficients . 

The assumption that the Titheridge ~ coefficients can be used in 

scaling the oblique traces is not strictly accurate. The va 1 ues of 

the coefficients depend on the angle between the direction of propaga­

tion and the magnetic field (see equations 3.15 and 3.20). 

The errors introduced by this assumption are, however, small and 

will amount to only a few kilometres unless the rays are deviated 

very considerably from the vertical (WALKER, 1962). The errors are 

largest for ray frequencies wh ich are close to the critical frequencies 

of the layers. 

Should a computer become avail J ble f or ana lysis of ionospheric 

data it would be possible to recalcul:lte the ranges of the contours of 

constant electron density accurately by allowing for the deviation of 

the rays from the vertical. 

The analysis presented here is, as far as can be ascertained, the 

most detailed investigation of a l arge-sca le irregularity yet published. 

It is felt that the method outlined in section 5.5 will serve to give a 

good first approximation of the is o-electronic contours in the vicinity 
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of a large-scale travelling disturbance until a more accurate analysis 

can be performed by computer techniques. 
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CHAPTER 6. 

ANALYSIS OF Nh-t CURVES. 

~ Possible presence of negative ions in the F layer. 

SETTY (1960) attributed an increase in electron density at con-

stant height between the time of layer sunrise and the main increase 

resulting from ionization to the detachment of electrons fr om negative 

ions. The height of the screening layer calculated from the delay 

between the times of sunrise at ionos pher ic levels and the reversal 

of the observed N(t) curves, is found to agree with that of the Ozone 

l ayer. 

Spectra l investigations have shown that, of the gases present at 

F layer heights, only atomic and molecular Oxygen can form stable nega -

tive ions. The electron affinities of 0 and 02 are genera ll y taken 

to be 2.2 eV and 1 eV respectively (MITRA 1952c). 

The process es are thus 

° - + hY a + e ---,. 
/ 

0; +hj} ---1 02 + e -
The atomic and molecula r oxygen may be in an excited state after 

the detachment of an electron . 

Figure 6.1 shows the Nh-t curves obtained on 10th August, 1960 be-

tween 0500 and 0620 hours S.A. S. T. 

It is evident from the curves that there is a steady i ncrease in 

el ectron density shortly after the time of sunrise at ionospheric 

levels. The exact time at which this increase begins can unfortuna-

tely not be determined accurately because of the effects of the 
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travelling disturbance already described. 

It is certain, however, that this increase began with in a few 

minutGs of the time that the sun rose over a 50 km level. 

It a l so appears that the rate of electron production at any parti-

cular height increased gradually at first, r eached a maxi mum and then 

decreased slowly. 

The gradual increase in 
dN 
dt 

can be explained by an increasing 

flux of solar r adiation as the sun rises over a thick layer with no 

sharply defined boundary . 

The decrease in ~~ is easily explained by a gradual depIc tion of 

the number of negative ions available for photodetachment, 

6.2 Calculation of reaction cross-sections. 

The rate of electron production from negative ions by photodetach-

ment is given by 

to 

~ 
dt 

.i 

where N_ is the density of negative ions, 

(6,la) 

Y the flux density of solar radiation involved in the reaction 

and 

~ is the photodetachment cross-section . 

The derivation of equation 6.1a is given in Appendix A, 
d~ 

The negat ive ions 

dN 
are depleted at the rate ~ , which is equal 

-dt' 

From this it fo ll ows that 

= (6.1b) 

where the symbols have the same meanings as in expression 6.1a. 
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At this point it shou l d be noted that the literature is somewha~~ 

vague on the subject of the units to be assigned to Y and ~, and that 

~ is often referred to as the detachment coefficient (see SETTY, 1960). 

Y ~ is most frequently quoted as the photodetachment rate of 

electrons from negative ions (see BAILEY, 1959; NEBBER, 1962; NICOLET 

and AIKEtJ, 1960), 

It seems reasonable that the units of ¥ are the number of quanta 

available for the photodetachment process entering the earth ' s atmosphere 

per sq.cm. per sec, and those of ~ are sq.cm., since Y ~ has units of 

-1 
sec 

By i ntegration of equation 6.1 it is possible to show that 

N_ = (N_) e-¥~t (6.2) 
o 

where (N_) is the number of negative ions per cm3 before the start of 
o 

photodetachment by solar radiation, 

Y the number of quanta available for the process in units of 

-2 -1 
em sec 

~ the detachment cross-section in cm2 

N. the number of negative ions per cm3 left after a time t(in 

secs) has e l apsed since the start of the photodetachment process. 

¥ is given as 1014 and 9 x 1014 for oxygen atoms and molecules 

with electron affinities of 2.2 eV and 1 eV respectively (MITRA, 1952c). 

From equation 6.2 it is poss ible to calculate ~ if H. and 

This method of calculation of the constant ~ differs· 'somewhat from 

that used by Setty who assumed that the electrons would be produced 
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throughout the reaction at a constant rate. 

An estimate of (N_l can be obtained from the difference between 
a 

the asymptotic value of N at constant height which is reached when all 

the electrons have been detached from the negative ions. 

For the purposes of this calculation it is assumed that the sun 

rises over a sharply defined layer with an outer boundary 50 km above 

the earth, that the time the sun takes to rise can be neglected and that 

N at constant height tends to an 'isymptotic value. 

tained from the d i fference between the asymptotic value of Nand N at 

the time that the sun ris es over the 50 km level . One of the result-

ing assumed Nh-t curves is drawn in figure 6.1 as a smooth curve on the 

Nh-t curve at 300 km . Time is measured from the point where this curve 

crosses the 50 km sunrise line. 

This process was repeated for all the complete curves from 290 

to 340 km on Figure 6.1. 

The value of ~ was then calculated at these heights from equation 

6.2 after substitution of values obtained from the smoothed Nh-t curves. 

The average results for ~ obtained were 

1.6 x 10-17 2 
0 -cm for and 

1.5 x 10-18 2 
for O

2
, cm 

These values are higher than those obtained by Setty by a factor 

of 10. This difference could possibly be explained by Setty's assump-

tion of a constant rate of electron production for substitution in 

equation 6.1. 

The orders of magnitude of the cross-sections obtained compare 
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favourably with the results of other workers, both theor etica l (BATES 

and MASSEY , 1943 ), and experimental (BRANSCOMB et al, 1958 and BURCH 

ct aI , 1958). 

It should Le not ed, however, that the relative abundances of 0-

and 0; are not know"), that there is not much difference betvleen the 

probabilities of react i on for the two photodetachment processes and 

that only a mean detachment cross-section can be obta ined by the method 

used, because of the energy spectrum of the quanta involved. 

The number of negative ions, available for the photodetachment 

process is not known a ccurately because the main i ncrease i n e l ectron 

density, by photo-ionization, obscures the asymptotic value of N which 

wou l d otherwise be r eached. 

For an order of magnitude estimati on of i3 the time at wh ich the 

increase in electron density by photodetachment starts need not be known 

to better than a few minutes. From equation 6. 2 it can be shown that 

the order of magni tude of i3 remains unchanged even if T, the t ime in 

which N_ f a ll s to exp( -l) of (N_) o' vari es by as much as i f i ve mi nutes. 

The calculation of i3 from the Nh- t curves is complicated still 

further by the possibl e existence of a dawn wave which travels through 

the ionosphere paral l el ·to the sunrise lin~ ( see section 6 . 3). 

BATES and r.J\SSEY (1943) obtained a theor etica l value for the or der 

-17 2 
of magnitude of 10 cm for the mean photodetachment cross-section 

of 0- as suming that the light emanates from a black body at 6COOoK. 

BRANSCOMB et a l (1958) de t ermined the photodetachment cross­

section for 0- near the threshold energy for photodeta chment and a lso 
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found it to be of the order of 10-17 cm2 . 

The photodetachment cross-section of 0; was determined for photons 

with energies in the range 0.5 to 3.0 eV by BURCH et al (1958), the 

order of magnitude obtained being 10-18 cm2 . 

The increase in electron density at constant height which takes 

place between the times of layer sunrise and the main increase due to 

photo-ionization could thus possibly be explained by the attachment of 

electrons to atomic and molecular oxygen and their subsequent detach-

ment by solar radiation. 

In order to confirm or refute the existence of negative ions it 

was decided to scale the ionograms obtained on some other morning and 

to examine the Nh-t curves for similar results to t hose discussed. 

The sequence of ionograms obtained on the 18th of May , 1960 was 

selected after rejecting sequences having spread F, travelling distur-

bances, poorly defined traces, uncertain timing inte rvals and all 

records obtained on magnetically disturbed days. The sequence selec-

ted was obtained on an International Quiet Day. 

The Nh-t curve obtained after scaling these ionograms by the 

methods described in Section 3.3 are s :lown in figure 6.2. 

It is evident that there is no increase in e lectron density im~e-

diately after layer sunrise , in fact ill:! 
dt 

is negative. The possible 

implications of this feature wi ll be discussed in the next section. 

Two successful rocket flights with mass spectrometers have yielded 

results which are difficult to reconcile with the expected behaviour 

of negative ions (BRANSCOMB, 1957). The results indicated that only 
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negative ions and no positive ions were present during the day and that 

only positive ions and no negative ions were present at night . This 

is the exact reverse of what would be expected although it could be 

explained by an accumulation of charges of opposite polarity on the 

rocket. It seems reasonable that negative ions formed duri ng the day 

would be destroyed by solar radiation and that they could form and 

exist for a substantial time only at night when no solar radiation was 

prGsent. In addition a number of unidentified atomic mass numbers 

were recorded and NO; was found to be the predominant negative ion . 

It is at this stage not possible to verify the existence of nega-

tive ions at night over Grahamstown and the evidence presented must 

be regarded as inconclusive until more observations are made. 

6.3 Possible existence of a "dawn-wave". 

Figure 6.2 gives the impression that the ionosphere as a whole is 

depressed and then elevated over a period of some 30 or so minutes. 

This effect could be due to a very long travelling disturbance 

with a small amplitude. 

Smooth curves drawn through the Nh-t curves show that there is a 

constant lag of 29 llinutes between the maximum and minimum values of N 

at constant n. Portions of the smooth curves have been drawn in only 

at the maxima and minima of the curves in figure 6.2 in order not to 

introduce too many lines on the diagram. The turning points are in-

dicated by short vertical lines. 

It is evident from the diagram that the points at which dN = 0 
dt 

lie nearly parallel to the lines depicting the times of sunrise over 

various layers at different ionospneric heights. 
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On the basis of this evidence it is possible to postulate the exis­

tence of a "dawn-wave" with a small amplitude travelling parallel to the 

sunrise line in the ionosphere. It should be remembered that the 

available evidence suggests that the latter condition applies to the 

disturbance of the 10th August, 1960. (See section 5. G, Chapter 5 . ) 

The amplitude of this particular wave, as found from a graph of 

h versus t at constant N (shown in figure 6.3) is about 20 km and its 

wavelength is 1350 km. The calculation of the wavelength is based on 

the constant lag of 29 minutes between the maxima and minima and the 

assumption that the wave travels parallel to and at the same speed as 

the sunrise line. 

Because of the small amplitude and long wavelength no range multi­

plets were observed . The N-h contours do not change rapidly enough 

to give rise to reflections such as those discussed in Chapter 5. 

It is possible that the amplitude of the wave may be large. In 

this case range mUltiplets could be observed, but only if the iso­

electronic contours are inclined sufficiently to the horizontal to form 

reflection edges (see section 5.1.2, Chapter 5). 

The energy source for this wave is not obvious. It is suggested 

that this may possibly be the same as that producing large-scale 

travelling disturbances (section 5), i.e. thermal effects within the 

atmosphere (PIERCE and N,I iiiNO , 1940), interactions between the inter­

planetary gas and the earth's outer atmosphere (DUNGEY, 1954) and 

shock waves emitted by the sun (AKASOFU l9S6). It ·is a l s.a pC5sible that 

energy may' be transmitted forward beyond the sunrise line, i.e. to­

wards the unilluminated ionosphere, thus giving rise to the observed 
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phenomenon. 

The theory of the "dawn-wave" has not been developed sufficiently 

to make ony predictions as to its behaviour or more definite suggestions 

concerning its formation. 

6.4 Ionospheric Ligpl~. 

From figures 4.1, 6. 1 and 6.2 it is clear that there are pressnt 

in the ionosphere a number of ripples. These have a small amplitude 

of the order of a fcm kilometres and do not givG rise to range multiplets. 

In figure 6.1 the "ripples " between COlO and C0 30 are believed to 

be due to turbulence at th o edges of the trough . To verify that 

these ripples were not due to a faulty scaling technique the records 

up to C035 on the loth of August, lS60 were rescaled. The Nh -t 

curves and iso-electronic contours derived from the new set of Nh curves 

remained substantially the same. 

I,;oreover, these small ripples appear to indicate movement of a ver-

tical column in the ionosphere as a -..hole. They corres pond to a 

distortion of the ionosphere analogous with the distortion of a re­

flecting surface. 

The "ripples" on figures 6.1 and 5.2 with a periodicity of two­

and-a -half minutes or so can be regarded as being due t o scaling 

techniques and instrument shortcomings. 

in secti on 9.2. 

This aspect wi ll be discussed 

Other "ripples", however, exist and these have a longer periodi-

city of five to ten minutes. These correspond to small irregularities 

wi th amplitudes of a few kilomet re s and a wavelength of 100 to 200 km . 
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Evidence of such frontal irregularities, some tens of kilometros 

long , extending in directions parallel to the sunrise line and travel-

1 ing, rela ti ve to the earth, with this line, have been obtained by 

BO. II.AN (1960), using direction finding receiving equipment and ver­

tical and oblique incidence single frequency pulsed transmissions. 

These IIripplcs ll could focus i. nd dQfo cus radio wa.ves and so 

bring about fading of these sil~nt Is ( fJ.:I~~\.;,S and PI ·:ILLIPS ~ 19))0; 

DiU;i(;S, Pi-ilLLIPS and -':HUN, 19~jll) . 
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CHAPTER 7. 

THE EARLY MORNIl ;G E LAYER. 

~ Fine structure. 

HALLIDAY (1936) made a detailed study of the occurrence of 

"ledges" and "abnormal E-regions". Some of the complications which 

often occur in the E region were noted by BEST, FARivER and RATCLIFFE 

(1938) mainly for the purpose of recognizing with certainty the normal 

behaviour of this region. 

Figure 7.1 shows portion of the ionogram obtained at 0723 on the 

loth of August. The first frequency mark is 1. 0 MC/s and frequency 

marks occur at 0.5 I.ic/s intervals. 

50 km intervals. 

The height markers represent 

A number of small cusps are visible on the O-trace below 2.0 iVic/s . 

Two of these, at 1. 78 and 1.60 Mc/s, are clearly visible while the 

third, at 1.44 Mc/s, has been partially obscured on the record by a 

station. The critical frequency of the layer is doubtful because of 

absorption in the vicinity of layer maximum . 

This type of record is typical of the records obtained during 

the runs made while the E layer was developing. 

The cusps correspond to almost imperceptible kinks in the N-h 

contours and the shape of the hlf curves greatly overemphasize the shape 

of the "layers" and it is dangerous to make deductions about the shape 

of the layer simply from a superficial examination of the hl-f curves . 

Figure 7.2 shows a plot of the "critical frequencies" of the 

cusps against time. Because of absorption in the vicinity of the 
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critical frequency at the E layer maximum it has sometimes been 

necessary to interpolate the curves. Interpolated values are indi-

cated by dashed lines. 

This type of "critical frequency" versus time graph is typical of 

most of the runs obtained during the formation of the E layer . 

The fine structure of the E layer has been discussed in some de-

ta il by ,IHALE (1951) and RuBINSOd (1959) . 

Some of the cusps arise from subsidiary regions of various kinds 

occurring together with the simple E layer, whereas others appear to 

be due to irregularities or ledges in the normal E layer. 

It has been found that the "critical frequencies" which appear 

regularly are roughly proportional to (Cos )I~ )O.25, while those which 

are observabl e only intermittently do not obey the proportionality law 

even approximately. 

7,2 The lIexplosiye cuspll . 

Possibly the most interesting feature observed during the formation 

of the E layer is the appearance of what can best be described as an 

"explosive cusp" during a number of runs. 

Several exa~j pl("!s of t:!is type of cusp are SLl own in Fi 'Jure "1 . 3 , It 

is characterised by a slight bending back of the reflected trace to-

wards the low frequency end of the record near the E layer critical 

frequency, followed by a short gap in which no reflection can be ob-

served, presumably because of obsorption, before the lowest reflect i ons 

from the F region are recorded . 

This type of cusp is often followed by records which show a com-

plicated reflection pattem, qn example of which is shown in figure 7.4, 
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before a new subsidiary layer separates out . 

Sometimes records with this type :o f cus :) are followed about five 

minutes later by an ionogram '.'Ihich displays a bending back of the trace 

for echoes reflected fr om the lovler region of the F layer towards the 

high frequency end of the i onogram. The h'f curve for the F layer just 

after the E layer critical frequency thus r esembles a C which has been 

opened out somewhat. A (Jooel example of this is shown in figure 7.5. 

Figures 7.3, 4 and 5 have been selected as shewing the effects to 

the best advantage since the qual ity of many of the other sets of iono­

grams at this time has been reduced by absorption and radio interference. 

As far as can be ascertained the types of reflections descri bed 

have not been reported anywhere in the ~vailablc liter~ ture. 

The "explosive cusp" at the E layer critical frequency can be ex­

plained satisfactorily by a downwards bend in the iso-electronic contours 

just below the E layer maximum . Reflection is from the vicinity of 

the bend and the radio waves are refracted until at the point of reflec­

tion they satisfy the conditions for oblique reflection. The reflected 

vmves return to the i onosonde along a path other than th~t of the inci­

dent waves. 

The rasul ting h' f curve will resemble t hose obtained in the case of 

oblique reflection where the pulse transmitter and receiver are separated 

by some tens of kilometres. It is expected that the effect is small 

so ' that the frequency at which the curve turns back is just greater 

than the critical frequency of the layer. 

An exaggerated schematic of the refraction und reflection process 

is shown iR figure 7.6a . Note that the ray path is reversible . 
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EXal'Iiilation of the records show that this type of reflection 

occurred when X was between 870 and somewhat greater than 930 during 

the winter and summer months respectively. Furthermore such reflec-

tion usually appeared .on only one, or at most two, records during any 

particular run indicating that conditions favourable to such quasi-

oblique reflections only exist for a few minutes . 

The complex echo structure at the E layer critical frequency 

(figure 7.4) are most probably . due to oblique reflections from the in-

clined iso-electronic surface 

The type of h'f curve shown in figure 7.5 can be explained by an 

extension of the reflection mechanism for the quasi-oblique E reflec-

tion . As can be scen from figure 7.5, two ray paths can exist for 

waves with frequencies just greater than f .tE. crl If the reversible 

path of 7.6a splits into two separate ray paths at some later time as 

a result of a small valley between the E layer maximum and the F layer 

the situation depicted by 7.6b arises. Although there is not much 

difference between the distances traversed by the t :vo rays, the right 

hand ray pas ses through a much thicker portion of the ionosp:1ere where 

the plasma frequer,cy is just less than the probing frequency. The 

group retardation is much greater for the right hand ray path than for 

the left, thus resulting in an h'f curve as shown in figure 7.5. 

It would appear that the ray paths described satisfactorily ex-

plain the shape of the h'-f curves observed in the vicinity of the 

E-layer critical frequency. 

A more sophisticated treatment will involve the use of ray 
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tracing techniques such as those ' discussed by ';IALKEH (1962). 

The analysis will, however, have to await the development of 

computer techniques fo r this purpose . 3ecause of the considerable 

deviat i on of the rily path from the vertical when the w~ve frequency 

is nearly equal to the critical froquency. the Ii theridge j3-coefficients 

will not be the same J S i n the case "';, ere vertical incidoncc is 

assumed. (See section 5.9, Chapter 5. ) 

If the h'f traces described in section 7.2 arise from refraction 

by steeply inclined iso-electronic contours or a small valley betweon 

layers one would expect similar h'f curves near the Fl peak, if a 

valley is f ormed between the F1 and F2 layors, dur ing an ec lipse. 

As far as can be ascertained t r,ese types of curves have not been re-

ported during eclipses . It is possible that the power reflected 

back to the ionosonde is small and that the receiver is not suffi­

ciently sensitive for the reflected wave to be detected. 
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CHAPTER 8. 

ER9Q...lJCTION RATES m THE iviORNING OF 10TH AUGUST, 1960. 

8.1 The assumed model. 

In order to ca lculate the production rates from known experimental 

data it is necessary to assume a model of ionospheric behaviour. 

The model used for this purpose is the same as that used by DE 

JAGER and GLEDHILL (1963) in an investigation of the Fl ledge and is 

based on that of HIl,SH (1959). 

de Jager and Gledhill in the model assumed a variation of q given 

by the modified version of equation 2.1 

i. e. q = qo exp [1 - z -
-z e 

and calculated values of N for successive five minute intervals. In 

our case N is known from N-t curves and we should therefore be able to 

get q from a reverse application of the procedure used by de Jager and 

Gledhill. 

Following Hirsh, electrons are assumed to be produced by photo-

ioniz2tion of atomic oxygen, which has a scale height H. 

Thus 0 + h}J --7 0+ + e (8.1) 

Loss of electrons is now assumed to occur by the two step process 

of ion-atom interch3nge between 0+ and a molecule followed by dissocia-

tive recombination of the molecule, proposed by BATES and NICOLET 

(1960), the molecule involved being N2 , O2 or NO. 

a certain amount of generality the reaction scheme 

+ X 

e ~ 0' + Y' 

In order to keep 

(8.2) 

(8.3) 
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with rate constants of Al and ~ respectively, will be considered. 

On neglecting the effects of movement the continuity equations 

corref.)onding to 8.2 and B.3 are given by 

£.0(0+) + n(XY) + (8.4) dt = q - Al • n (0 ) . = q - )'n (0 ) 

dN + (B.5 ) and dt = q - ~ . n( OY ) • N 

+ (XY) + 0+ where n (0 ), n and n (OY ) are the number densities of , XY 

and oy+ respectively, 

q is the production rate of electrons 

Y = Al n (XY) is the ion-atom interchange rate coefficient which 

will vary exponentially with height because of the distribution of 

n (XY), and 

~ is the effective recombination coefficient. 

The condition of charge neutrality requires that 

, +) N = n \0 (8.6) 

It can be shown that, under the equilibrium conditions 

.Ill'::! _ £.0 (0+) _ dn (oy+) 
dt - dt - dt = o (8.7) 

equations B.4 and B.5 lead to the expected results that q is propor­

tional to N at high altitudes and N2 at low altitudes respectively 

(HIRSH, 1959; see also section 2.2.3 of Chapter 2). 

B.2 The calculation of g. 

B. 2.1 9 in terms of known experimental data. 

Equation B.5 can be rewritten as 

q 
_ .Ill'::! 
- dt 

+ + (xN n (oY ) 

Substituting for n (oy+) from equation 6.6 we have 

q = ~ + ~N r N - n (0+)5 

(B.B) 

(B.9) 
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dN and N can be obtained from graphs of N at constant h versus dt 

t. The only unknown qUilntity is n (0+) . 

In the next section it will be shown how DE JAGER (1963) derived 

an expression for n (0+), the number 
n 

arbitrary time interval, in terms of n 

density of 0+ at the end of an 

(0+) l' the density at the be­n-

ginning of the interval, and q and q l' the production rates ilt the n n-

end and beginning of the same interval respectively. 

8 2 2 Th f ( 0+ )n' . , e expression or n, , 

n ( 0+) b b b' ' f t' 8 4 can e a tai ned y the dlrect intcgratlon a equa lon • , 

but this is made difficult by the complicated nature of q. 

de J ager overcame this difficulty by means of a step-by-step in-

tegration. q was assumed to vary linea rly with time during each step, 

between the values at the beginning and end of that step. If the time 

interval is small, say five minutes, then the assumed linear variation 

of q will not differ much from the actual variation during the interval. 

The change in q is thus given 

q = D + B. t 

during the n th interval with 

of the interval, so that 

B = qn - qn-l 
T 

by 

(8.10) 

D = qn-l' the value of q at the beginning 

(8.11) 

where T is the time interval in seconds and qn the value of q at the 

end of the interval. 

Substitution for q in equation 8.4 gives 

d n (0+) = D + Bt _ Yn (0+) 
dt (8.12) 
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This equation can be written in the form 

.9:l = 0 +8 t - b Y (8.13 ) 
dt 

where 
+ y = n (0 ) and b = Y. 

Equation 8.13 is an exact first order, first degree equation 

and may be solved by multi plying through by an integrating factor 

exp (b t). 

This gives 

exp (b t) • ~ = exp (b t) (0 + B t - by) (8.14) 

therefore exp (b t) dy + exp (b t) (bt) (by - 0 - Bt) dt = a (a.15) 

Integration of expression 8 .15 gives 

exp (bt) . (y -; -!if; + B2 )= constant 
b 

= e 

On substituting back for b, y and 0 + Bt we get 

exp (yt) r On (0+) - ~ + B2] = e 
- Y 

which gives 

n (0+) = ~ + C exp (-yt) 

for the number density of 0+ at the end of the nth interval. 

It is now necessary to fix the integration constunt e. 

(8.16) 

(8.17) 

Since the 

value of n (0+) will be calculated for successive five minute steps, 

e can be found i n terms of the number densi ty of 0+ at the beginning 

of the interval under consideration + + Let n (0 )n and n (0 )n-l be 

the values of n (0+) at the end and beginning of the interval respectively. 

\~e rna y thus wri te 

at time t = a 
qn-l ( 0+) 

n n-1 =--
Y 

+ e exp (-I' . 0) 

+ c. 
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= n (0 )n-l 
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qn-l 
Y 

At time t = T 

On 

n (0+) 
n 

n (0+) = qn 
n I' 

B - - +C exp (-Y .T) 
1'2 

(-YT) ( n (0+) _ qn-l 
L n-l Y +~} 

substituting for B and collecting terms we obtain 

= q~ fl - ~T (1 - e-n)/ qn-l 
{h(l-e-

YT
) +-

J 
I' 

+ n (O+)n_l -YT 
e 

(8.18) 

(8.19) 

- e -nl 
(8.20 ) 

where T is the length of the time interval to be used in the calcula-

tion . 

Note that equation L.20 differs from the expression for n (0+) 
n 

given by de Jager. Careful checking of de Jager's theory has shown 

that only the final expression for n (0+) is in error. 
n 

The mistake 

is easily explained by a typing error and does not affect the results 

of DE JAGER (1963) or DE JAGER and GLEDHILL (1963), since a check of 

some of de Jager's worked examples shows that the correct expression 

+ for n (0) was used. 
n 

8.2.3 The expression for qn' 

+ If we now substitute for n (0) from equation 8.20 in equation 
n 

8.9, which can be rewritten to give the pr oduction rate at the end of 

the nth interval in terms of ~, Nand n (0+) at t hat time as 
dN 

qn - --D + ()( N [N - n (0+) J - dt n n n (8.21 ) 

we get 
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q ( 1 
0: N 

[1 -
(1 - e-l'T)] ] 

dN + _ _ n 
= ---D + 

nt 
y l'T dt 

qn-l [ (L.::....g -l'T ) -l'Tl (+) -l'T I 
0: N L Nn 

- e _. - n o n-l e ( (8.22) 
n y l'T ) 

Equations 8.22 and 8.20 appea r formidable but the coefficients of 

N ,q and q 1 all reduce to constants when constant time intervals 
n n n-

are used and the calculation is made for a constant height. 

DE JAGER (1963) points out that this model should be well suited 

. h dN d !lil(ion) for solving the continuity equatlon near noon w en dt an dt 

are small and should also serve to give a reasonably accurate solution 

just after sunrise when the l oss term is small compared with the pro-

duction term. 

dN 
Nand ---D are known from experiment. In section 8.2-.7 it will be 

n dt 
shown that the values of and n (O+)n_l need not be known accurately qn- l 

in order to calculate qn when qn is sma ll. 

It is now necessary to decide on the values to be assigned to 

Y and 0:. 

8.2.4 The recombination coefficient. 

NICOLET and SNIDER (1963) point out that the recombination co-

efficients of the three processes 

0+ 
2 

+ e \ 0 + 0 (8.22) -., 
NO+ + e~ N + 0, (8.23) 

and N+ 
2 

+ e -7 N + N (8.24 ) 

have been determined experimentally but that it is difficult to 

adopt a correct ef fective value of 0: for ionospheric purposes. The 

temperature dependence of the effective recombination coefficient, 0:, 

is also not known. 
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An analysis of solar eclipse data l eads to values of a ranging 

from 5 x 10-9 to greater than 10-7cm3sec-l (RATCLIFRE, 1956). 

-8 3 -1 
TITHERIDGE (1959c) reports values of th e order of 2 x 10 cm sec 

and WA TANABE and HINTEREGGER (1962) quote a value of a = 3 x 10-
8 

3 -1 cm sec for the E region. 

-8 
As a more or less representative value a was assumed to be 10 

cm3sec-l (KU:G and LA'dDEN, 1962). 

8.2.5 The ion atom interchange rate coefficient. 

From equation 8.4 it is clear that Y is a function of n (XY). 

The value of n (XY) is taken to be large enough for any changes in it 

due to ion-atom interchange to be negligible . n (XY) is therefore a 

function of hei9ht and is assumed to decrease exponentially with height. 

H The molecule (XY) has a sca l e height of k' where H is the sca le height 

of the ionizable constituent of tho atmosphere, and k the ratio of H 

and the sca le height of (XY). 

The number density of A~ is thus given by 
k(h-h') 

n (XY) = no (XY) e - H 0 (8 .25 ) 

h~ is taken to be th e same as the reference level ho of the ionizable 

constituent. 

Substitution for n (XY) in equation 8.4 shows that 

y = y 
o 

-k.z e 

where z is the normalised height . 

(8 . 26) 

NICOLET and S~iIDER (1963) in a survey of ionospheric conditions 

quote values of Y of at l east 10-4 and 10-3 sec-1 at 500 and 300 km . 

respectively. All other results obtained, however, indicate t hat Y 
-3 -1 is less than 10 sec at 300 km. 
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The largest value obtained for day-time conditions near sunspot 

-4 -1 
maximum is 6.8 x 10 sec at 300 km. (VAN ZArIDT et al., 1960 ) . 

-4 -1 
RATCLIFFE et. a1. (1956) obtained a lower value of 10 sec for 

night-time data at this hei-..;ht, wh il e a recent analysis by NISBET and 

Qun:" (1963) leads to even sma ller va lues for night-time data. 

The value of ilatc l iffe et. a1. of 10-4 sec -1 at 3('.0 km was 

adopted for t:1e purpose of calculation of Y at h , but before this 
o 0 

can be done it is necessary to dec<de on values of k and H. 

8.2 . 6 Values of H, k and Y . 
a 

DUNGEY (1956), ;,AHTYN (1956), DUNCAN (1956) and YONEZA .IA (1 956) 

have shown that an ",-Chapman distribution (see Section 2.4 of Chapter 

2) is to be expe cted if the processes controlling electron decay in the 

night F region are diffusion under the action of gravity ,end a height 

gradient of electron decay by attachm"nt . 

DU,lCAN (l95G) found that th ~re is a good overall agreement be-

tween a Chapman distribution and the observed night-time distribution. 

At the lower leve l s of the f region however the observed electron den-

sity falls more rapidly t:1an tho Chapman function, because of the 

replacemc:nt of the attachment law ' by the recombination law of electron 

decay. The results of LONG (1962) also show that, to a first order 

approximation, night-time N (h) curves correspond to ;x-Chapman curves. 

,lith this in mind it should be possible to cillculate the scale 

height, H, using tt1e available r<-h curves before sunris ,:, and t he 

expression for an ",-Chapman e lectron density distribution viz 

N = N exp-'-
,- -z ] m 2 1_ 1 - z - e (8.27 ) 

where z in th is case is the norma lised height from th e hei;:;ht of 
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maximum electron density and is given by 
h - h 

m 
H 

The N-h curves for the 10th of August, 1960 were not used in 

view of the presence of the large scale travelling disturbance al-

ready discussed. Thos e for the 18th ,;ay , 1960 however were obtained 

on an International Quiet Day and should therefore yield a reasonable 

estimate of H. 

Figure 8.1 shows the Nh profile obtained at 0327.1 h on the 

18th jviay (circled points) and three Chapman distributions (fUll lines) 

calculated from equation 8.27 with values of H equal to 45, 40 and 

35 km . respectively. The curve for H : 40 km. appears to provide 

the best overall fit. Figure 8. 1 is typical of the Nh curves obtai ned 

shortl y a fter the s ta rt of the run on tha t da y. 

This value agrees with that obtained by KIN3-HELE and REES 

(1962) for 1960 from a study of changes in satellite orb j" ts. It 

is considerably higher than the value of 30 km. used by DE JAGER and 

GLEDHILL (1963), but agrees with the estimation of RATCLIFFE et al 

(1956) of H lying in the ra nge 40 to 45 km . 

FollO'."Jing DE JAGER and GLEDHILL (1963) k was taken to be 1.8. 

Substitution of these values in equat ion 8 .26 leads to a value of 

Y : 3.47 x 10-2 sec- l at 170 km. 
o 

This value lies in the range estimated by HIRSH (1959) for a 

value k : 1.8. 

8.2.7" Procedure for computation of q • 
n 

qn can now be calculated from equations 8.22 and 8.20. The 

calculation is easily performed with the aid of a desk calculator if 

it is done in a suitable tabular form. 
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Th& procedure i~ best illustrated with the aid uf an example. 

Table 8 shows the table used in the calculation of q at different 

times at the 230 km. level . (See pages 96 to 98. ) 

By way of clarification the following points concerning the 

table should be noted. 

1. Time in S.A.S.T. is recorded in column (1). 
dN 

2. Nn and ~ can be obtained from N-t curves such as 

3 . 

4. 

5. 

4.2 and are recorded in columns (2) and (8) . 
+ The coefficients of n (0 ) and qn-l in columns (3) and (4) 

are negative and can be calculated from the expression in 

equation 8 . 22. 

The product a ~ N is recorded in column (6). 
n 

The co-

efficient of a N is obtained by the summation of the 
n 

values in columns (2), (3) and (4) and recorded in 

column (5). 

The product of a N ond its coefficient is obtained by 
n 

multiplying the values in column (5) and (6) . 

duct, (5) x (6), is entered in column (7). 

The pro-

6 . The sum of the two values in (7) and (8) give the right 

7. 

hand side of equation 8.22. 

The coefficient of q can be obtained from the expression 
n 

in equation 8.22 and is entered in column (10). 

8. The va l ue of q in column (11) is obtained by dividing the 
n 

right hand side of equation 8.22, (9), by the coefficient 

of q , (10). 
n 
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+ n (0 )n can be calculated from equation B. 20. The 

coefficients of q ,q 1 and n (0+) 1 in columns 
n n- n-

(12), (13) and (14) are obtained from the expres s ions 

in equation 8.20. n (0+) is the sum of the values in 
n 

(12), (13) and (14) and is recorded in column (15). 

10. The units of the values entered in the various col umns 

(a) 

are given at the top of each column. Thus for instance 

4 -3 the figures in column (2) are in units of 10 cm ,those 

in (6) are in units of 10-4 sec-l and those in (B) in units 

of 1 cm-3 sec- I . 

The actual computation proceeds as follows'­

+ The coefficients of q ,q 1 and n (0) are calculated from 
n n- n 

the expressions in equations 8.22 and 8 . 20 and entered in the 

relevant columns. 

(b) A value of q at the start of computation, is estimated 

(c) 

from the continuity equations 

sill = q-r3 N 
dt 

and dN = 2 
~ q-exN 

dt 

(8.28) 

(8.29 ) 

at heights greater and less than 180 km. respectively and 

recorded in column (11). 

+ An intelligent guess is made of a value for n (0 ) at the 

start of computation. This is entered in column 15. 

(d) A value of q is now calculated for the end of the first 

time interval from equation 8.22 and recorded in (11). 
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TABLE 8. Specimen calculation of q at different times at 

the 230 km. level . 

(1) (2) (3) (4 ) (5 ) 
+ (2) + (3) SAST N _n( 0 )n-l - qn-l n I 

+(~~ x 0.497~ x 95.45 

10
4 -3 -lO\m -3 4 -3 104 crn-3 

em -10 em 

0625 1.20 I I 
0630 2.00 0.596 0.168 1.236 

0635 3 . 30 0.625 0.391 2 . 284 

0640 5.30 0.8CO 0.478 4.017 

0645 3.20 1.155 0.825 6.220 

0650 14.50 1.866 1.406 11. 228 

0655 23.34 3.769 3.417 16.154 

0700 29.10 6.486 4.647 17.967 

07 CO 35.00 8.745 5.121 21.134 

0710 41.80 10. 778 i 6.198 24.824 , I , 



Table B continued. 

r------
(6) 

IX N 
n 

97 . 

--_.-----.--_._---_.-_. ~. --- .-. -_.' - " --- .-~-.------, 

(b) (9) (10)' 

IX ,~ 
n 

('» dNn (7) -:- (8) 1 + 1.204 

x - I dt x 10-6 x N 

f-.-----+ -_.---t-.. -___ +- ---- n 

III 1 

-3 -1 -3 -1 
em sec em sec 

-3 -1 
em sec 

17 .6 

2.00 2.47 39.44 41. 91 1. 02-11 

3.30 7.54 44.55 52.09 1 . 0397 

5.30 21.29 70. 66 91.95 1 . 0638 

8.20 51.00 llO.8 161.8 1.0987 

14.50 162 .8 226.7 420.6 1.1746 

23.34 377.0 246.7 623 . 7 1.2810 

29.10 522.8 201.7 724 . 5 1. 3503 

35.00 739.7 183.3 923.0 1.4214 

41.80 1037.6 183.3 1220 .9 1.5032 

~-----~------~----.~-------~-------~ 
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Table 8 continued. 

-----

(11 ) (12) ( l3) (14 ) (15 ) 

q _ ill. qn x q x nC-)) 1 x n(O+) n-1 n-n - (10) 
120.39 95 . 45 0.4971 (12) + 

(l3) + (14) 
.. - .- -- ,-- .---- --

I 

-3 -1 104 cm-3 4 - 3 104 cm-3 4 -3 
em sec 10 em 10 em 

17.6 1.20 

40.9 0.493 0.1E,8 0 .596 L257 

50.1 0 . 603 0 . 391 0.625 1.619 

I 86.4 1. 04 1 0.478 0.805 2.324 

147.3 1.773 0 . 825 1.155 3 . 753 

358.0 4 . 310 1.406 1.866 7.582 

486.9 5.862 3.417 3 . 769 13 . 048 

536.5 6.459 4.647 6.486 17 . 592 

649 .3 7.817 5.121 8.745 21.683 

812 . 2 9.777 6 . 198 10.778 26 . 753 
I 

I ._'-. ._ -' - - ---.. -- :...---
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(e) + n (0 ) at the end of the interval is calculated from 

equation 8.20. 

(f) It is now assumed that th~ ratio n (O+)/N is the same at 

the end and start of the first ir.terva1. A better esti-

mation of n (0+) at the start of the interval can now be 

obtained and a more accurate ca lculation for q at the end 

of the first interval can be made. 

(g) The calculation can then be continued to yive q at five 

minute intervals. 

q is relat ively insensitive to changes in q 1 and n n n-
+ 

when qn' qn-l' and n (0 )n-l are small, as can be shown by 

example: -

In Table 8, q0625 Was first taken to be equal to 
dN 
dt 

( 0+) 
n-l 

the following 

at that 

time + 
and n (0 )0625 was If we now take the 

extreme case of q0625 = 

- 3 

assumed equal to N0625 • 

+ n (0 )0625 = 0 and calculate q0630 we obtain 

a value of 42.1 

-3 -1 
40.9 cm sec . 

va 1 ue of q0630' 

If q0625 is 
-3 -1 

em sec 45.6 

cm 
-1 

sec as compared with the original value of 

The new value is only 2 . W; greater than the original 

calculated from equation 8 . 28 we obtain a v31ue of 

Using this and n 

we find that q0630 is equa l to 40.4 

our first estimate. 

(0+)0625 = N0625 = 1.20 x 10
4 

em-
3 

cm-3 sec- l , which is 1. 2% l ess than 

q0625 under normal eircumst3nces cannot be greater than q0630 ' 

but a value of q0630 very close to the original est ima te is still 

obtained. 



1000r---------------------------------------~~--------_, 

c m-J s ee' 

100 

10L-______ L-______ L-______ L-______ L-______ L-______ L-__ -J 

0600 0645 
SAST 

FIG. 8 .2 q, V s tat con s ta nth. 

0 130 



on 
o ,.. 
o 

on ... 
<0 

0 

ti-., 

on 

'" <0 

0 

·0 

'" 
'" a-

on 
0 
<0 

0 
~ 

E 
n .£ 

~ 

o 
'" ... 
o 

'" 

.. 
U 
Q) 
V) 

'" 
'E .>< 
u 

00-

o c 
~cTO 

+-
V) 

C 

0 
u 

.... 
0 

'+-

.£ 

.h 

> 
0-

,.. .. 
.; 

0 ... 



100. 

In view of this the calcula ti on of q shown in Table 8 was con-

tinued on the basis of the origina l assumptions for q0625 and 

+ 
n (0 )0625. 

The calculations for q were made for a series of heights from 

0600 to 0740 hours for the N-t curves obtained on the 10th August, 

1960 (Fig. 4.2). 

The data thus obtained are presented graphically in Figure 8.2 , 

which shows the variation of q at constant height with time. 

From this data it is also possi.':>le to draw curves of production 

rates at different heights for a fixed solar zenith angle or time. 

This has been done in Figure 8.3. The solar zenith angles ·and the 

times to which they correspond are n,arked on the curves. 

The implications of and the conclusions which may be drawn from 

the curves will be discussed in section 8.3 of this chapter . 

8.2.8 Compa r ison of g obtained by different methods. 

It is at this point convenient to compare values of q obtained 

by the method described with those which can be derived by the use of 

equatlons 8 .28 and 8.29. Sorne of the values at a fixed height and 

time are presented in Table 9. 

Column 1 gives the value of q ca l culated from equation 8.22 using 

the r,lethod discussed in section 8.2.7, whi l e columns 2 and 3 give q as 

calculated from the continuity equa t ions 

q 

q 

= ill:! 
dt 

= 
dN 
dt 

+ [3 N (8.28a) 

(8.29a) 

in whi ch the l oss processes are presumed to be attachment and re-

combination respectively. 
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TABLE 9. Production rates from different models. 

q from 

Height SAST DE JAGER- dN + [3N =s;ill + cxN2 q =- q GLEDHILL dt dt 
model 

320 0620 45 . 1 45 . 2. 

300 0625 67.8 67.6 

290 0625 85.5 89.3 

250 0655 399.0 487 .4 998 . 0 

220 0720 972 . 8 1715.6 1909 . 7 

200 0740 364.3 1909.0 453.0 

190 0740 161.2 
I 177 ,0 

I 180 0740 93.0 96.4 
I 

! 170 I 0740 62.1 , 63.4 
I J i ~ 

From T~ble 9 it is evident that above 300 km . and below 180 km . 

q may be found with good accuracy from equations 8.28 and 8.29 res-

pectivel y. 

For the intermedi~te hei~hts, however, it is necessary to use a 

model which allows a grad ua l transition from a quadrat ic loss law at 

low altitudes (below 180 km.) to a linear loss la w at high alti tudes 

(above 300 km). 

The DE JAGER and GLEDHILL (1963) model gives the expected results 

at high and low altitudes and allows a gradual change over from a 

linear to a quadratic loss low between 300 and 180 km . 

·Values of q at all hei ·Jhts Cln be obtaiJ1ed easlly by 

using this mode l and the method outlined in section 8 .2. 
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8 . 3 The value of qo' 

It is now possible to calculate a value of q , the production rate 
a 

when the solar zenith angle 7,- = 0, from the data USE-d to draw the 

graph of q at constant -X versus t (Figure 8.2) and the Chapman equa -

tion for the rate of electron production, q, viz . 

q = q exp 1 - z - e - z C h ( X ) 
o 

(8 . 30) 

where ~ is the height above the level of maximum q when Y = 0 in 

uni ts of Hand C h ex ) the Chupman gra zing incidence integral 

(CHAPII AN, 1931b) which is applicable when Y,- ) 75 0
• 

Ch ( X~ ) cun be obtained from a table g i ven by JILKES (1954). 

Two quantities are needed for entry in this table . These are'-

(a) The distance x from the centre of the earth to t he 

reference l eve l of 170 km . in terms of H, and 

(b) The solar zenith angle 7..-. 
x in this puticular cose was 163 . 7 since H = 40 km . and -y\., was 

obtained from the forr.1ula 

Cos tv = Sin {, Sin ~ + Cos {, Cos ~ Cos h 

where {, is the declination of the sun 

f the latitude, and 

h the sun's hour angle. (See Appendix A. ) 

(8.31 ) 

It was necessary to interpolate for a value of Ch (X) at the 

zenith angles shown in Figure 8 . 2 since the table gives Ch ("Iv) for 

inter vals of x = 50 and /.J = 10 

The values of q thus obtained for different zenith angles and 
a 

hei~hts are presented i n Table 10. 
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TABLE 10. 
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Values of q from experimental data. 
a 

Height 

300 
290 
270 
250 

270 
250 
230 

250 
230 
220 
210 

230 
220 
210 
200 
190 

220 
210 
200 
190 
180 
170 

qo 
-3 - 1 -4 

em sec x 10 

0.55 
1.00 
4.53 

52.0 

0.58 
1.24 
3.40 

0.73 
1. 87 
2.07 
2.56 

1.12 
1. 59 
1.86 
1.63 
2.26 

1.20 
1.37 
1.16 
1.10 
1. 98 
6.49 

L-___________________________ .. _ __ .. 1 

If the highest value (52 . 0 x 10
4 

em -3 sec - 1) is ignored on the 

grounds of inconsistency with the genera l trend an overall average 

4 value of q = 1.92 x 10 
a 

-3 -1 . bt' d em sec lS 0 alne. 

Tho Chapman curves correspondiny to this value of q and some of 
a 

the values of )'\.. in Table 10 are sh own in Figure 8 . 4. On1 Y three 

curves arc shown in order not to have too many lines on the diagram. 



104. 

It is evident from Figure 8 .4 that the height of q decreases max 

more rapidly with increasing ~ than is predicted by the Chapman 

theory, and that the value of 1 is also less than the value pre-max 

dieted by Chapman Theory. 

The reason for this will be discussed in section 8.4 

8,4 Discussion. 

The curves shown i n Figure 8.3 superficially resemble those given 

by IIATANABE and HI.HEREGGER (1962, Figure 8) for theoretical values of 

q at constant "'X- versus t. From the curves given by dATANA!3E and 

3 -3 -1 
HI.',TEREGGER however, a value of qo = 2.7 x 10 cm sec at the Fl 

peak can be deduced. 

The main differences are (1) the very much higher value of q at o 

Grahamstown as estimated from q-t curves for the 10th August and (2) 

the rapid descent of the height of peak production. 

Other notable features are the relatively high production rates 

at 1-- = 99 0 and the compar2tively short time in which the height of 

maximum electron density falls to below the heig ht of peak production. 

This latter point can be inferred from Figure 8 . 3. As J(.. increases 

fewer values are obtained for q at heights greater than q ,until max 

at )G = 85.300 the heights of maximum el ectron density and produc-

tion rate are the same. At X = 82.430 no value is indicated for 

This means that the production peak is now above the electron 

density peak and can no longer be studied by bottom side sounding 

techniques. 
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Only two processes can be considered without a more detailed study 

of q-t curves for several mornings over the sunrise period. 

These processes are ; - photo-ionization heating of the F region 

(HUNT and VAN ZA i',DT, 1961) and diffusion i n the early morning F region 

( GL IDDON and KEi,DALL, 1960). 

Increase of temperature as a result of photo-ionization can be ruled 

out as the controlling process for the following reasons . An in-

creased temperature would result in an increase of the scale height 

(section 2.1, equation 2.1) . The tendency would be to raise the height 

of maximum el ectron density as a result of the upwards expansion of the 

ioncsphere (GLEDHILL and SZENDhEI, 1950). )(.. is , however, increasing 

with time and the nett result would therefore be to retard the down-

ward movement of the layer maximum. The downward movement of the 

peak of electron density would th erefore lag behind that predicted 

by Chapman Theory. Furthermore, since the calculation of q depends 

>ill on the values of l~ and dt' which will in this case be lower than that 

predicted by the Chapman Theory very low va l ues of qo Vlould be ob-

tained. All this is contrary to the observed r esu l ts. 

GLIDDON and KENDALL (1960) have shown theoretically by using a 

simple model ionosphere that the height of maximum electron density 

decreases r apidly over the sunrise period , as a result of diffusion 

away from the region of peak production, and that the diurnal varia-

tion in N is a smooth curve with no inflections. max 

From graphs given by Gliddon and Kendall it is apparent that the 

height of maximum electron density (h ) decreases by about It scale 
max 

heights in a very short interval just after sunrise, after VJhich it 

increases steadi l y throughout the day. 
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There appears to be no reason why this theory should not be ex-

tended to the layer as a whole, instead of only h • 
max 

Diffusion 

would then take place away f r om the region of maximum production and 

t end to lower the F layer as a whole, although the amounts by which 

t he heights of specific electron dens i ties below N are l ower ed max 

will decrease from h to the base of the layer. max 

As the sun continues to rise the decreasing solar zenith angle 

means an increasing rate of electron production and a steady de-

crease in the height of peak production (CHAP,,;AN 1931a). This will 

r esult in an increased ionization gradient with hei 'jht below the 

layer max imum, and consequently an increase in the rate of downward 

diffusion. 

>ill If the layer as a who l e is lowered f: and dt at a given height 

will be greater than predicted by Chapman Theory. The calculation 

of q by the method described in secti on 8 . 2 is dependent on the 

experiment a l values of N and ~. If diffus i on is therefore 

neg l ected in the calculation of q it is to be expected that con-

siderable error can be made in an estimate of qo' 

It i s expected that this process of diffusion will become 

l ess noti ceabl e as N and time i ncrease and as the electron density 

gradient below N decreases. 
max That this may we l l be the Gase is 

borne out by the behaviour of the q-t curves in Figure 8 . 2. 

The tendency seems to be for the q-t curves to flatten out after 

a while and for the time at vA1ich this happens to increase as the 

height decreases. 
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It has unfortunately not been possible to extend the q-t curves 

beyond 0740 hours because of the poor quality of the ionograms at 

this time. It is therefore· not certain whether q as calculated from 

experimental values of Nand ~~ remains at a steady value or decreases 

before increasing to the noon value . 

In view of the possibility that the effects of diffusion become 

less noticeable as N at a given height and time increase> and the 

electron density gradient below N decreases it is suggested that max 

q for the 10th August will be less than about 0.6 x 104 cm-3 sec- l • 
o 

This is the order of the two minimum values of q given in Table 10 . 
o 

The upper limit of q can be compared with the maximum value of q at 
o 

the Fl peak as ca l culated from the continuity equation under the equi-

librium condition Qli = 0, i.e . 
dt 

q (8 .32) 

Using an average noon value of fll of 5 . 0 "ic/s (obtained from 

the Johannesburg and Cape Town ionograms for the date in question) 

-8 3 -1 - 3 -1 
and ~ = 10 em sec a maximum noon value of q = 961 cm sec i s 

obtained . This value is still very much less than the upper limit 

proposed. This discrepancy could possibly be due to the lowering of 

the F region by diffusion and thus very much higher va lues of Nand 

~~ at a constant hei,;,ht than would be. expected from Chapman Theory, 

and consequently very high values of q . 

Diffusion could thus possibly account for the high values of q 
o 

calculated from data shortly after sunri se and also the shape of the 

q-t curves, although a much more thorough investigation would be 

necessary before any def i nite conclusions could be reached . 
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From the times at which the N-t curves of Figures 4.2 and 6. 1 

first show a definite increase in N, the height of a screening layer 

for a spherical earth can be calculated from the expLssion given by 

SETTY (1960) as 

h = (a + H) Sin 'Iv - a (S.33) 

where a is the radius of the earth 

H is the height at which the increase in 

ionization is observed 

~ the solar zenith ang l e (See Appendix A) 

The average value for the height of the screening layer calcu-

lated in this manner is 250 i 5 km. 

This value compares favourably with the heights of the F region 

maximum to the East of Grahamstown on section F of Figure 4.1 i . e. 

245 - 275 km.; i mplying that ionizing radiation is absorbed in the 

ionosphere to the east of the sunrise li ne and only becomes avai l-

able for photo-ionization at a particula r level in the F region 

overhead when the sun rises over the peak of the F region to the east . 

The suggested processes for incr(>ase of electron density in the 

F region just after layer sunr ise are therefore ' -

l. Photo-ionization of some atmospheric constituQnt (beli eved 

to be 0) after the s un rises over the F layer maximum hori-

zon to the east, and diffusion downwards away from the 

height of layer maximum as a result of the increasing 

e l ectron density gradient. This has the effect of lower-

ing the layer as a who l e, thus resulting in extremely 

high estimated values of q . 
o 

This process at first 
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obscures much of the photo-ionization effect at different 

heights and is expected to become less noticeable as N at 

uny given height increases and as the electron d" nsity 

gradient below N changes more slowly. max 

2. After this the increase in N at a given level will be 

mainly due to photo-ionization . 

,',lore data over the sunrise period is, however , necessary before a 

more detailed examination of the possible effects of diffusion and, 

to a lesser extent, photo-ionization heating can be made . 

~ The loss coefficients. x and Y and k. 

In a recent survey of ionospheric conditions NICOLET and S • .JIDER 

(1963) have indicated that consider able uncertainty exists concerning 

the values of the loss coefficients ~ and Y. An idea of the sproad 

in currently accepted values can be gained from the discussions in 

sections 8.2.3, 4 and 5 concerning t!.c choice of representative va lues 

for the r ecombination (x) and ion-atom interchange (Y) coefficients 

to be used in the calculati on of q. 

As a result of the uncerta inty concerning these coefficients it 

is not possible to calculate absolute values of q. Relative values 

of q are, however, obtained, and must be treated as 3uch. 

The ratio of the scale heights k is in effect a measure of the 

amount of diffusive separation present in the F region between the 

ionizable constituent and the gas (XY) involved in the ion-atom 

interchange process . (See sections 2.2.3 and .8 . 1 If the gases 

are compl etely mixed k will be unity. ,·Ihen the gases are separated 
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by diffusion each wi ll be distri buted with its own scal e :1eight . In 

an isotdermal atmosphere k will be given by 

k = = 
my 

m. 
1 

(8.34) 

where m denotes the mean molecular weight, subscript i the ionizable 

constituent (believed to be atomic oxyg en ) and subscript Y the XY 

molecules. All the other s~nbols have the usual meanings except 

kl which is the Boltzmann constant. 

If XY is 02 k will be 2, but if XY is N2 k will be l. 75 . 

The choice of k = 1.8 is the same as that uS0d by DE JAGER (1963) 

and DE JAGER and GLEDHILL (1963) . 

RATCLIFFE (1 959a) considers the va lu0s of k betvlCen l.l and 1.5, 

but in his arguments is mainly concerned with the behaviour of the F2 

region. HIRSH (1959 ), investigating Fl ledge effects, showed that 

l arge values of k accentuate the Fl ledge and thus makes its behaviour 

more discernibl e. The value of k = 1. 8 will thus lead to a disti nct 

ledg e while still allo"ing for a consider&blc degree of diffusive 

separation of the gases. Shou ld the substance (XY) be 02 the amount 

of diffusion tak i ng place· ";ill be underestimated. On the other hand, 

if the substance is i~2 the diffusion wil l be overestimated . 

• 
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CHAPTER 9. 

SUGGESTIONS FOR FUflTHER RESEA['CH. 

2...1 Equipment. 

The accuracy with which virtual heights cou ld be scaled was 

limited by the relatively low definition of the recording oscillo­

scope trace and the fact that the start of the ground pulse did not 

coincide with the start of the seri es of virtual hei<.Jht calibration 

pulses. The overall scaling accuracy amounted to i 2 km . , although 

in some instances the error was as low as i 1 km . The need for 

greater scaling accuracy is commented upon in section 9.2. 

It is expected that the new ionosonde at present ;)eing con­

structed by the Rhodes University Physics Department will satisfactorily 

res olve this problem. Use has been made of crystal controlled fre-

quency calibration synchronised with the pulse r epeti tion frequency 

and a flat-faced recording oscilloscope tube with a relatively high 

definit ion phosphor. Scaling accuracies of i 0.5 km . should be 

attainable, while the flat phosphor surface means tha t the trace 

wil l not be defocussed near the edges when it is recorded on the film . 

Some system for automat ica11 y dating the ionograms with the 

time (in hours and minutes SAST) and the date (day and month) is 

recommended. Scratching of numbers on each ionogram is not en-

tirely satisfactory because of possible omission of numbers. 

The use of wide-band antennae with vertical directivity is 

strongl y recommended for both transmitting and receiving sys terns. 

It was found that the quality of ionograms after about 0830 SAST 
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was poor because of non-deviative absorption of the lower frequencies. 

The proposed antenna system would radiate more power towards the 

ionosphere directly overhead and will result in good echo patterns 

over the entire frequency range of the ionosonde. 

~ Scaling practices. 

In section 3.3.4 the method of allowing for ionization below 

the night-time F region was described. The method depends on the 

difference between the 0- and E-ray virtual heights at corresponding 

plasma frequencies and the minimum O-ray virtual height (Equation 

3.26) for the calculation of the reference height, h . 
5 

Calcu l ation 

of real heights at Titheridge points is then started from hs which is 

the real height of an arbitrarily selected plasma frequency below the 

minimum 'recorded frequency. 

Large scaling errors will have the effect of introducing apparent 

fluctuation in the value of h , for the same plasma frequencies, in 
s 

successive N-h curves. This in turn will introduce real height 

fluctuations which are best described as "scaling" ripples . Such 

ripples will have a periodicity comparable with twice the interval 

bet~·"reen two successive ionograms . Examples of these ripples can 

be seen on Figures 6.1 , 6.2 and 6.3 and to a less er extent on 

Figure 4.1, where the y appear l ess marked because of the large hori-

zontal scale used. 

Unless the "scaling" ripples can be eliminated the presence of 

ripples with an amplitude of a few kilometres will be obscured. 
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n coeff icients VJi th the ~n0 lo 'oetwcen the direction of propagation a nd 

the Lla;;ne t ic fie ld. Th is has ')e ~n co;,l;nented upon in section 5.9 , 

r.,-coefficiE:nts are only .'vaile ; .... le up to ~ i,.c/s. For any in-

vcstigation of the diurnal variation of el ectron densit ies or 

production r ates at constant he i '.hts i t will be necessary to use 

coefficldnts cover inG t i1e T2 !1J0 1 - 15 t-'t/s or more , ;:ecause of the 

relui:ivel~ h i ,;h number of Jitc,c ric:,;e sca lin::: points i nvo lved severa l 

fr ec.;uency distri!:lutions shou l d be available :;0 t ha t the observer can 

select scal in0 points to ;lve a suf ficiently accurate coverage of an 

ionogram VIi thout i nvolv i n:; tirfle consumi ng and tiring scalins of a 

l. ~ r£e nUi b0T of virtunl hei sh ts for ea ch ionogram. 

·the sU9sC' :: t i ons fo r further r e search a ll involve the reduction of 

lar9 ~: nurli!Jers of iono·;rams to Nh-t curves. Depending on the iono~J rum 

5 - 15 minutes wi ll be taken up in sCi"ling off the v i.:ctua l hel)lts a t 

n"c: ,er i dae po,:.nts ~nd another 10 - 15 minutes in the: Ii theridge re-

duction of th £ h ' -f curves to e l ectron de ns;. ty profiles. Shou l d a 

computeI' })e co:,le avai l a :)l" Jt some future elate it will be possible to 

punch the sca led virtu~ l he i; ~lts directly onto data c~rds. These 

cards can then be fed into the computer, suitably pro9rarnmed~ to r; ive 

the rec!uireel :nl-t curves. Tt:is wi ll pre sent a con~iderab l e ~a ving 

of t ime Clnd, po!:sibly more important~ reduction of nervous st:ra in on 

the observer . In adelition a computer wou ld also facilitLte the 

corre ction of iono : ram reduction techniques to al l ow for variations 

of ti1e ar,sle between direction of ~)Topagat i on and the \.:0orilagnctic 

fi e ld. 
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l'our main lirl8S of research are indicated by the resul ts obt~ined 

so far. ThesR ore (1) a study of the possible effects of diffusion 

in the early morning ionos phere , (2) an i~vestigBtion of the early 

morning E re;ion, with emp~as is on the ef fects discus s ed in section 

7 . 2, (3) an i nvesti ga tion into tI le presence of negative ions i n the 

ionospheric i' region .Jnd (4) a closc·y ~ tuc.l y of tr.:tve lling c~isturb.:Jnces 

includint; t:~e proposed IIda vm-wave" (section 6. 3). 

Of t hese different proJects t:,e study of diffusion effects a nd 

of the "dawn-wave " could e<.lsily be i ncluded in the :-lhodes University 

iono::; phe re s .)uncl i n';J ;.>rogr &Du-i12 f or the 1.0..5. Y. Hecords obtained at 

five -minute intervals over the sunrise period should give sufficient 

info~cro2, t i on for a study of t :1€Se two phenomena. A five-minute inter-

val sou:1d ing pr'ogramme thl'o'lghout the day is reconunendcd for " e~;u lar 

" orld Days in t he 1.\.).S. '1 , Ins truction manud for the ionos phere. 

It i : Sl.;098sted tilat this five-minute sounding progral"me s:lould be 

extended to i nclude Hegular Geophysical Days. Such a sounding 

progr~'m,"e Vlould result irl compl e te Govera£e of at lea s t one d~\ ' per weuk. 

Ionogroms [rom certain selected da ys could be scaled as accu-

ratel y as poss ible by the Ii theridge met:10d . Production rates cou ld 

be ca lculated at five-minute interva ls \1sin,; t ne method d cscr i :)ed i ,1 

section C.2 

It should then ~~ possible to form estimates of t he effects of 

diffu~ion a nd t emperatuI:) increases and the "da wn-wave H
, uhich may be 

VCl'y cl os cl~' l'e l a ted to th ~ other two proces 5 GS • 

For a study of t he production processes in the early mornin<; r: 

la';-er a s :)und i nc; prog rarnm:: j'ieldin.j 2, or possihly 4, ionograms per 
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minute is suggested. This intense sampling of ionospheric conditions 

is necessary because of the relativel~r short time du~·ir: . .; which cusp 

pattc:tns such <1:" those dcscri)]cd in s0ctj,on 7 .2 arc be lIeved to be 

observoble_ Considerable ray tracing, possibl y usi!'~ compute r 

t echniques and Tltherids" sc~lin.J at J laT'::c number of freque ncy 

points may then be n0cessary to explain the observed d_ta satis-

factorUy. Unfortunatel y no i!ldication can be ;; iv<on at this time 

as to when, wit;, relation to the forn,ation of the E-l~yer, this in-

tense sounding pro':jrananc should start. 

;nCOLET and S.~I jJEr; (1(] .J 3) believe t:1at "- even for ni£h t-time 

conditions, ncgat!ve i ons 1ro important only in the 0-re9ion , and it 

is difficult to find adequate processes to introduce ne0ative ions i n 

the E In yer': This opimon presufoably holds also t :,e F la~(er. 

(1960), however, feels that certain observed electron ~ensity in-

creases in t he ~ regi on aftnr su~rise can only be satisfactorily 

explained by photodetachment of electrons from negative ions . 

In the photodetachm;nt process for 0- the oxyg(·~ n atom may be 

left in an excited state. Thi, can in turn return to the ground 

st~tc by the proccss :-

0 ' (,S) ---" 
I 

0 ' ( ' 0) -:- hV (A. 5577 .~) 

0 ' ( ' D) -7 o (3,) ) +h )/ (A 6300 , 6363 and 63')2 R) 

( ::;~~A ijSCJ;"B l~t. aI, 105G, wavelensths from ,·,;1 LA , 1952d L 

Those omitted \/'lVeler'']ths are frequcnt l y observed ( , rr:tA, 1952e). 

In order to prove or refutr: t;tG existence of negative ions in 

the e r~ rl y mo rning F reJion it WQulc.l t:lerefoTc be necessary to o})erate 
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an air910w photometer concurrently ':Ii th the ionosonde, preferably 

w:,en the delay betwe0n le yer sunrise over 'c:,e earth's surfa ce and 

over -!.:~ le F l a"/er maximum is g:.-:)atest i .e. during SLunHC T. A soundi ng 

program;r,e ':li th five-minute iClterv111s VlOl ', ld suffice a 1 ti10ugh a shoTter 

intcL'vQl woulcl be preferc,ble in order to obt3in morc d2ta for the :'J, 

curves. The occurrencc or absencc of t:,e above spectral lines during 

interv~ls ~1cn increases of e lectron densit~· in the F re0 1on~ believed 

to be due to photodetachn", ~,t :JTOC lS Ses (::;,::TTY, 1960; see e.lso section 

6 .1), are: observed;, v;ill prove or disprove wllether a sufficic:nt number 

density of negative ions exists in the F region ;01' the effects of the 

photodetJchme~t p~ocesses to be observable as marked electron densit~ 

increases. 

According to ; .cNICOL ct . al (l9~)6) range do u:Olots occur most fre-­

qucntly betwe:m two hou rs after sunset and an hour or two befora 

sunrise. 

A detailed study of such doublets arising from lcrce-scale travel­

ling disturcnl1ces ( see Chapter 5) wou l d involve the co;,'plete anal':sis 

of iono~rams at in~e2va ls of one minutc or less from three st&tions 

a few hundl'ea kilomGtI'es Clpart to give velocity and direction of 

propa,;ation. Altornatelya one station s:'stel,1 comrX'ising an ionosonde 

and sincle frequence pulse t rJ nsmittar and directionfl receiver could 

be used. ,velocity could be estirl ated from the ionosond2 data, Since 

the disturbances 3re belioved. to cxt ·?nd ,:J.lons ;:. considerable hori­

zontal front and to travel in a direction perpendic, 'la i.' to t;liG front, 

a r ouoh deterlnination of its direction of propagation could be ob­

tained. 
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From datu thus obtained an attempt could be made to correlate t he 

observed re3ul ts \'li th the theory of prOpa \) il tinn of ciisturba 'lccs nnd 

pOS Ji 012 production mechanisms. 

For the study of ionosph eric ripples ionograms obtained at inter­

vals of 30 seconcis 0r so could be reduced to J.J-h curves usin:., t~le 

strictest possible ilpplic.,tion of tile Ti.t:,erid"e scaling met '-,od, or 

any other, to avoid fluctuations in N-h curves caused :)y scaling 

techni;:;ues. This \ .'ould~ however~ ~orm paT"e of the study of hori-

zontal irro,;ulari ties and movcmeIOts. 

Investi g2 tions alonJ the suggested li nes, in some cuses possibly 

with the aid of a computer to facilitate; ray trac:l ing, iono'J ram re ­

duction, correction of 0 coeffi clents and ~ ' etc., should contribute 

lnuch to a ktl0wledg ~ of the processes occurrin~ in the F layer and i n 

early sta')cs of production of the :: lay~r. 
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1. The pulsed sounding technique used to study ionospheric 

behaviour is briefly described. 

2. A short survey is mad~ of the behaviour of the layers in the 

different ionospheric regions. 

3. A general survey is made of the theory of layer formJtion and 

radio wave propagation i n ionized media. 

4. The method uscd to obta in N-h profiles from ionograms is 

discussed. 

5. The Rhodes ionosonde and the modifications made t o it are 

described. 

procedure. 

This is followed by a description of experimental 

6. A large-scale travelling disturbance is analysed as fully as 

the available techniques allow . Some evidence is presented 

to show that the disturbance is of considerable extent, parallel 

to the sunrise line and may be propagated in a direction per­

pe rdicul ar to this line. 

7. The possibl e existence of negative ions in the r region is 

discussed and thc r eaction cross-sections of 0- and 0; for 

photodetachmcnt of e lectrons are calculated and compared with 

results of other workers . 

8. The? possible existence of a "dawn -wave", trave?lling parallel 

to the sunrise line, is proposed. 
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9. The prcsence of small ripples in the iDnos~here i s discussed. 

10. A brief description is given of the fin e structure of the 

0arly morning E layer. Some unusual reflections arc described 

and possible reflection mech~nisms discussed. 

11 . A method for obtaining production rates from experimental data 

is described. 

12. Exceptionally hi gh values of tho production rate whan the solar 

zenith angle is zero are explained in torms of diffusion in the 

early morning. This has the effect of lowerin~ the ionosphere 

dN 
as a whole shortly after sunrise and values of :i and dt are 

higher than predicted by Chapman Theory . As a direct result 

the computed values of g, and consequcntly q , will be higher 
a 

than prGdictGd by Chapman Thcory. 

13. Suggestions are made for furth er research and improvements of 

experimental tcchniquGs. 
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APPENDIX A. 

CALCULATI GN OF TIi ES OF SUNRISE . 

(MITRA, 1952a) 

At different levels. 

The shadow of the earth in space may, for the calculation of 

times of sunrise, be considered to be of cylindrical shape. The 

height .H , at which the cylinder cuts the zenith is given by 

H ~ [ 
1 

a --cos 9 
(A.ll 

where a is the earth radius and 9 the angle of depression of the 

sun below the horizon. 

The hour angle h of the sun when it rises at a height H may be 

obtained from 

Cos Z ~ Sin p Sin Ii + Cos ~ Cos Ii Cos h (A.2 ) 

where z ~ the solar zenith distance 

Ii = its declination 

~ = the la titude of the place of observation. 

0 can be obtained from The As tronomica 1 Ephemeris. 

Z is in fact equal to 900 + 9 . 

To this zenith angle must be added 34' to allow for horizontal 

refraction and 16' for semi-diameter. The true zenith angle of the 

sun when it rises at a height h is therefore given by 

z = + Q + 50 ' (A.3) 

At actual noon the apparent time is 12h and the mean time 

12h + E: , where E ,is the equation of time. From this it follows 

that the time t of sunrise at a height h is given by 

h ' (A.4) 
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It should be remembered that at actual noon the time will be 

1200 hours SASr plus a correction of several minutes depending on 

the l ongi tude of the place of observation, since SASr is based on 

latitude 30
0

11 of Greenwich . 

Sunrise over horizons at different heiyhts above the earth. 

In order to calculate th~ time at v~ ich sunrise occurs at 3 fixed 

height, H, aft er passing at grazing incidence over a particular at-

mospheric l eve l a height x above the earth 's surface it is only 

necessary to increase the earth 's effective radius by an , mount x 

and to decrease H by the samo amount . EquQtion A.l now becomes 

(J-l - x) = (a + x) [ _1_ - lJ 
Cos g 

and the calculation proceeds as before. 

(A.5 ) 

Allowance need be made for refraction only when the atmosphere 

through which the radiation passes is relatively dense. 
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APPENDIX B. 

Rate of Phot-detachment of Electrons from negative ions 

by Solar Radiation . 

In section 6.2 tho rate of el ectron pr oduction from negative 

ions by photo-detachment i s given as 

dN 
dt = (6. l a ) 

Equation 6.la may be deduced as follows (j.1ITRA, 1952):-

The number of quanta of energy hV in the frequency range 

V -7 )) + d)) entering i nto unit ar ea of the earth's atmosphere 

is given by 

n)) dV 
2 rc [~t ))2 J,:)J (B. l) = hV/k'T.-2 

- 1 c e 0 

where R = radius of the sun 

d = earth - sun distance 

T = temperature of the sun 
s 

c = velocity of light 

h = Planck's constant 

k = Boltzr,lann ' s constant 

Since) f or the conditions under consideration 1 « exp h ",/k ~ 

the exptession reduces t o 

2 rc )}2 

2 
c 

exp (- h)}/k T) dV, s 
(D.2 ) 

where;& is the angle subtended by the sun's readius at the earth . 

l'Iow the rate of photodetachment , i.e . , the number of electrons 

de tached from negative ions by the impact of radiation per unit 
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volume per second is oiven by 

ill! 
("'0 

_. l ~ 
= 1'L (V) d'Y dt J Qa nJ} 

y 
" 

(D .3) 

where Q, ())) = cross-section for li ,:;h t absorption of frequency)} 
a 

'Yo = Ih,ht fre.:;uC?ncy for the minimum ,mer(; y of detachment , 

= 3 number of negative ions per cm . 

SU,:.ls ti tuting in t!1e expression of ~~ the value of nV and using 

l'fiilne 's relation that 

= 
2 2 2 m v c 

2 (h V)2 
( iviITHA , 1952 page 303) (B.4 ) 

where Q is the cross-section of recombination accompani<?d by light 
e 

emission and m and v the mass and velocity of the ejected elC?ctron 

respcc~ively~ ~r have 

J ~ (V) 

v o 

Now chanJing the variable from 'j? to v wit:, the " e l l) of tile relati on , 

1 2 
-~- m v = 

and remembering t:.ut when V is small 

Qe (v) IX ~ [1] i.e. Qe (v) = Qeo/ v 

vfhere QeD 15 a constant 9 we have 

d ,J 
dt 

Q exp ( - h)J /k T ) 
eo 0 s 

( d.6 ) 

(S.7 ) 

exp d v 

(D .e) 

The product of \.i (v) and v is the coefficient of detJchment P­C? 

for electrons with vdoci ty v. ,Ie theref0re have from the expression 
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Q (v) = Q that 
e eo 

(J. 9) 
dN 

Su:)stituting for Q
eo 

i n the expr.:?ssion of dt and intcgratina we 

have 

ill! = N t 2 C;;. ..... '(-1l.I) 3 A 
dt . - 3 

4 h 

If we put 

y = (2 lL.!!l )}'1., 

4 h 3 

J/'lJ 
k 

3 
r"'1., 

s 13 exp ( - h 2J I!: r ) 
o s (B. 10) 

exp ( - h ~7 /k r ) o s (a.ll) 

VAlich is ti1e flux density of SOl~l' r udiation involved in the react ion , 

we get 

iit:l 
dt 

= (!3.1~ ) 
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