
"EFFECTS OF PRECIPITATING ELECTRONS 

IN TRE IONOSPHERE" 

A thesis submitted for the degree of Master of Sci~nce 

at. Rhodes University 

By 

AUJlREY D. HASCHICK 

September, 1972 

'My son be admonished - •••••.• making many books ...•. 

•••••.•• is a weariness to the flesh. ' 

Eccl esiastes 12;12 



Except where it is clear from the text that I am 

describing the work of others, the work described 

in this thesis is my own. 



Acknowledgements 

My grateful thanks are due to Professor Gledhill for supervising 

this research, especially for the patience he has displayed i n 

scaling strings of ionograms . 

The assistance which has been afforded by James Greener on 

innlwerable occasions and in many ways is gratefully acknowledged . 

Thanks i s also due to Annemarie Wulff for the many discuss i ons . 

The computer programs which were made available by Dr . M.H. Williams 

and Mr. A.W. V. Poole are also gratefully acknowl edged . 

Thanks to all my close friends for their patience and encouragement 

during the writing up stages and finally thanks to Myra for her 

patience behind the typewriter. 

This research was 'supported in part by a C. S. loR . Scholarship and in 

part by a University Research Bursary . 



CONTENTS 

INTRODUCTION 

CHAPTER 1. 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.51 

1.52 

CHAPTER 2. 

2.1 

2.2 

2.3 

2 . 4 

2.5 

ELECTRON EFFECTS IN THE F-REGION 

I ntroduction 

Pertinent Data 

h'F2 - foF2 Disturbance Criterion 

The Method of Correlation 

Correlation for SANAE 

Falkland Islands Data 

St. Johns Data 

Correlation for the Argentine Islands 

Discussion and Conclusions 

Summary 

ELECTRON IONIZING EFFECTS 

Introduction 

Altitude Production Profiles 

Conversion of Production to Density Profiles 

Ionization Density Increases 

Discussion and Conclusions 

1 

4 

4 

5 

7 

7 

9 

9 

12 

15 

18 

24 

26 

26 

27 

30 

34 

.39 



CHAPTER 3. 

3.1 

3. 2 

3 . 3 

3.31 

3 . 32 

3. 4 

CHAPTER 4. 

4 .1 

4 . 2 

4.31 

4 . 32 

4.33 

4 . 34 

ELECTRON EFFECTS Ll< THE D-REGION 

Introduction 

The- Analysis 

The Results 

SANAE 

The Argentine Islands 

The Discussion and Conclusicns 

ELECTRON EFFECTS IN THE E- REGION 

Introduction 

Analysis for SANAE 

Analysis for the Argentine Islands 

Correlation of f E with flux o 

Correction for the change in Solar Declination 

Increase in f E due to the Electron Flux o 

A Possible Relationship between f E and Flux o 

4 . 35 The Pitch Angle Distribution of the Electron 

4.4 

4 . 41 

4 . 5 

Flux Densities 

Calculations of Expected Increases in 

f E with Flux 
o 

The Computation of ..6 fE o 

Summary and Conclusion 

43 

43 

45 

46 

46 

48 

50 

53 

53 

53 

57 

59 

60 

64 

67 

69 

73 

76 

81 



CRAnER 5 . 

5.1 

5. 2 

5. 3 

5.4 

ELECTRON EFFECTS ON IONOGRAMS 

Introduction 

The Method 

The Results 

Discussion and Conclusions. 

SUMMA.RY 

APPENDIX A 

APPENDIX B 

APPENDIX C 

APPENDIX D 

APPENDIX E 

REFERENCEs 

83 

83 

84 

84 

86 

88 

90 

91 

92 

93 

94 

95 



TABLES CONTENTS 

CHAPTER 1 . 

TABLE 1 

TABLE 2 

TABLE 3 

TABLE 4 

TABLE 5 

TABLE 6 

TABLE 7 

TABLE 8 

TABLES 

SANAE h ' F2 and foF2 Correlation -

Falkland Islands flux Data L = 3,75 - 4,25 

SANAE and Falkland Islands Data 

L = 3,75 - 4,25 Correlation - Kp Indices 

SANAE h ' F2 and foF2 Correlation - St. Johns Data 

L = 3 , 75 - 4,25; 290
0

E - 335
0
E 

SANAE and St. Johns Data Correlation - Kp Indices 

Argentine Islands h ' F and foF2 

Falkland Islands Flux Data 

L = 2 , 26 - 2,63 

Argentine Islands h'F and foF2 

Falkland Islands Flux Data 

L = 2,26 - 2,63 

Correlation -

2750 _ 3300E, 

Correlation -

2900 _ 3000E ; 

Argentine ISlands and Falkland Islands Data 

L = 2,26 - 2 , 63 ; 275
0 

- 330
0
E Correlation -

Kp Indices 

Comparison Between the Critical Flux and 

the Mean Flux 

10 

11 

13 

14 

15.(a) 

16 

17 

22 



CHAPTER 3. 

TABLE 3 . 1 

TABLE 3. 2 

CHAPTER 4. 

TABLE 4 . 1 

TABLE 4 . 2 

TABLE 4 . 3 

TABLE 4.4 

TABLE 4.5 

TABLES 

SANAE Correla t ion of f . nun 

Argentine Islands f min - Falkland Islands 

TABLES 

Values for n and k for Four Magnetically 

Quiet Days at SANAE 

Median Pitch Angle Distribution 

The Normalised Average Pitch Angle Distribution 

46 

48 

56 

65 

70 

70 

78 



INTRODUCTION 

As early as 1896, around the time of the discovery of the electron by 

J.J. Thompson, Birkeland ..as led to propose that aurorae were caused by 

fast moving electrons or similarly charged particles emitted by the sun 

.and ' suck'od in to..ards" the auroral zones by the geomagnetic field . He 

later supported this idea by firing electrons at a dipole field surrounding 

a sphere covered with a fluorescent coating . 

Extensive ground based observations of auroral features eventually led, 

in 1950, to the initial direct evidence of the fact that auroral emissions 

are due to energetic charged particles , consisting partly of protons , 

entering the earth's atmosphere (Meinel, 1951) . 

However, i t ..as only in 1952 and 1953 that the first measurements of what 

..as later interpreted as bremsstrahlung X- rays from precipitating electrons 

were made at auroral latitudeS. (Meredith et aI, 1955) . During the IGY, 

1957 - 1958, a number of rockets were fired through and near, visible 

aurorae and large fluxes of low energy electrons were detected (Van Allen , 

1957; McIl..ain, 1960; Davis et aI , 1960) . 

In addition to visible aurorae, other geophysical features have been dis­

covered to be related to the influx of electrons to the earth ' s upper 

atmosphere . Effects such as electromagnetic V. L.F. and E. L.F . emissions 

generated in the ionosphere or magnetosphere (Stockflet Jprgenson, 1969) , 

radiO ..ave attenuation - particularly of the type observed by riometers in 

the auroral or polar cap regions (Hultqvist, 1969) - as well as backscatter 

from ionospheric inhomogeneities have all been associated with electron 

precipitation . 



Energetic electrons penetrating the earth's atmosphere will collide with 

mol ecules in the ionosphere, lose energy and in the process ionize the 

neutral gas constituents. Thus we would expect bombarding electrons to 

1 . 

cause an increase in the i onization density of the ionosphere and therefore 

clearly affect the characteristics of the ionospheric l ayers . 

MUch attention has been paid to the effect of precipitating electrons on the 

auroral and polar cap ionosphere (e.g . Stoffregen , 1958; Bailey , 1968) and 

comparatively little is known of the possible effects of particles at other 

latitudes. 

Rocket and satellite observations over the past years have indicated that 

electrqn precipitation is a frequent and world wide occurrence (e . g . Rose, 

1965) . Thus we would expect to observe far more widespread particle 

precipitation effects than just those in the auroral zones . Evidence of 

this in the D-region has been presented by Belrose (1969) and some F2 region 

anomalies at middle and higher latitudes have been attributed to corpuscular 

effects . (Mariani , 1963; Williams, 1972; Ivanov Kholodny , 1965; 

Torr and Torr , 1968 . ) 

In particular we would expect particle effects to be most evident in the 

vicinity of the South Atlantic geomagnetic anomaly. Gledhill and van Rooyen 

(1963) have shown that in this anomaly region an enhancement of the 

radiation preCipitating from the Van Allen belts should result from the 

lowering of the particle mirror altitudes in the reduced magnetic field . 

The South African National Antarctic Expedition, SANAE, is situated to the 

south of this anomaly region and as a result we might expect observable 

par ticle effects to be present in Sanae' s ionosphere . An indication of 



2. 

this is the occurrence of aurorae at Sanae which lies far from the centre 

of the auroral zones. 

The first direct evidence of electron precipitation effects in Sanae ' s 

i onosphere was prov~ded by Gledhill and Torr (1965). They showed a 

correlation between disturbed ionospheric conditions, as reflected in the 

parameters f. and h'F2,and high fluxes of electrons observed by Alouette I 
IIll.n 

in the c onj uga te area to Sa:'lae . 

The opportunity for a further investigation of possible particle effects near 

the anomaly region was provided with the acquisition of both good quality 

ionograms from the Argentine Islands and overhead satellite electron flux 

measurements by Alouette I for the peri od for which ionograms were available. 

Initially, however, an analysis has been conducted to try and establish 

whether F- region disturbances at Sanae exhibit a similar correlation with 

electron flux measurements made in the South Atlantic region by Alouette I 

o 
between 30 and 80 west of sanae, as they do with measurements i n the conjugate 

st . Johns area . (Gledhill and ~Orr, 1965) . 

Cal culations are then made of the ionization density ,increases which could 

result from the influx of electrons with reasonable energy spectra and fluxes 

to the Sanae ionosphere . 

Since electrons measured by Alouette I lie in the energy range greater than 

40 keY, which by calculations in this thesis and also by Berger et al (1970) 

and Rees (1963) have been shown to deposit most of their energy in the 

atmosphere below 120 km, the latter part of this thesis consists of an 

investigati on into the possible effects of these particles on the lower 



layers of the Argentine Islands and Sanae ionosphere .. 

The thesis closes with a brief study of changes which might occur in 

ionograms as a resu1t of the bombardment of the lonosphere by electrons 

with typical fluxes and energy spectra . The production of an extra 

E- layer cusp is shown to be a possibility . 

3 . 
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CHAPTER 1: Electron Effects in the F-Region 

In the quest to discover possible effects which precipitating electrons may 

have on the earth's upper atmosphere, let us focus our attention initially 

on the most variable section, the F- region. 

1.1 Introduction 

As has been mentioned previously, a number of workers have embodied 

corpuscular effects in the explanation of certain F- region phenomena at 

middle latitudes. 

Mariani (1963) suggested electrons with energies greater than 40 keV as an 

explanation of correlations, which he discovered, of foF2 at conjugate 

stations lying between the latitudes, 300 Sand 300 N. 

Antonova and Ivanov Kholodny (1961), Ivanov Kholodny (1965)and Yonezawa 

(1965) have proposed particles as a possible source for the maintenance of 

the nocturnal F- layer and more recently, Torr and Torr (1969) and Williams 

(1972) have mentioned the need to include a corpuscular ionization source 

in the solution of the ionospheric continuity equation in order to explain 

observed magnitudes of f oF2 • 

Howev~r these researchers have mainly used corpuscular effects to help 

explain the ' quiet ' F-region behaviour . The main inspirat i on for the 

study described in this chapter has come from the previously mentioned 

results of an analysis which was made by Gledhill and Torr (1965) of the 

relation between high fluxes of electrons and 'disturbances' in the F-region. 

To recall in more detail, they have shown that whenever the satellite 

Alouette I recorded fluxes of electrons in the geomagnetically conjugate 



area to Sanae , above a certain critical value , either f. or h ' F2 for 
!lUn 

Sanae was found to lie outside the limits set for the quiet day variation. 

5 . 

Before attempting a more specific investigation of the effects of electrons 

on the lo~er r egi ons of the i onosphere, it was thought of importance to 

determine whether the energetic electron data , which were available for this 

purpose , showed a correlation with F-region disturbances at Sanae and the 

Argentine Islands . The analysis was conducted by di viding each of the 

parameters h ' F2 and foF2 into two classes , either ' disturbed ' or 'quiet', 

according to an Obj ective criterion and comparing them by means of 2 x 2 

contingency tables to the level of the electron flux density . 

1.2 Pert i nent Data 

Al l the electron flux data used in this thesis were obtained from measurements 

made by the near polar orbiting satellite Alouette I at an altitude of 

roughly 1 000 kID . 

The satelli te was launched in September 1962 and carried , amongst other 

ins truments , a particle detector package including two energetic electron 

counters sensitive to electrons with energies greater than 40 and 250 keY 

r espectively . All measurements were telemetered directly to ground based 

stations scattered around the world . 

The Falkland I slands station (302 0 9 ' E j 510 42 ' S) recorded telemetry in 

the southern hemisphere for positions of the satellite between the longitudes 

o 0 . 
275 E and 330 E and roughly between the constant L- shell parameters 1 , 2 

and 8. Thus we are provided with directly overhead energetic electron flux 

measurements for the Argentine Islands (295
0 

44 ' E j 65
0 

15 ' S) L = 2 , 41, 
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during the period , October 1962 to February 1963 , for which hourly , vertical 

incidence , swept frequency soundings are available . 

Quarter hourly ionograms for this period are also available for Sanae 

. (20 21 ' W; 700 18 ' S) L = 4 , as well as tel emetry r eceived at the nnrthern 

hemisphere station , St . Johns (307,20 E; 47 , 5
0 

N) L = 3 , 3 , for the conjugate 

area to Sanae . Thus the opportunity arises of investigating possible 

correlations which may exist between F- region disturbances observed at the 

Argent i ne Islands and Sanae, and high fluxes of electrons measured i n the 

Falkland Islands and St. Johns area . (In the latter case especially for 

Sanae . ) 

Limiting our attention to a small region of roughly 300 km in extent centered 

on the position of the ionospheric station , the range of the constant L-shell 

parameter was found to lie between 3 , 75 and 4 , 25 for Sanae , and between 2 ,26 

and 2 , 63 for the Argentine Islands . 

Islands is shown in Appendix A. ) 

(The determination for the Argentine 

Satellite measurements made within these L- parameter ranges were read f r om 

the magnetic tape supplied by Dr . I . B. McDiarmid of the National Research 

Council ' s Division of Pure Physics in Ottawa . The electron count rate Was 

( - 2 - 1 - 1) converted to directi onal flux densities elec cm s sr correcting for 

the background r adiation (appendix B) . A final ' printout ' was obtained of 

the directional electron flux density within the energy r ange 40 to 250 keY 

together with the geographic coordinates , altitude , pitch angle , L-shell 

parameter and the universal time of observation . (Electrons with energies 

greater than 250 keY were neglected as they were considered to have a 

negligible effect on the ionization at F- region altitudes (A. Wulff, 1972)) . 
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1 . 3 h'F2 - foF2 Disturbance Criterion 

It nOw r emains to determine the criterion that should be adopted in deciding 

whether the F-region parameters h'F2 and foF2' at the times when satellite 

measurements were made, are ' disturbed ' Or 'quiet '. A slightly modified 

approach to that used by Gledhill and Torr was followed . 

Graphs of foF2 and h'F2 for each of the ten international magnetically quiet 

days (J. Virginia Lincoln, 1963) as well as the hourly median values were 

plotted for ea~h month used in the analysis. After discarding values which 

showed a marked deviation frOm the median of the quiet day values, these 

plots were used to define the maximum limits of the ' undisturbed ' range for 

the parameters. 

For each of the months December 1962 and January 1963, the plots of h'F2 for 

Sanae for the first five quiet days showed a distinction from the plots for 

the last five quiet days . In order to eliminate any effects of this 

seasonal variation, the disturbance criteria were set up as above using the 

first five quiet days for the first half of the month and the last five 

quiet days for the second half . 

1.4 The Method of Correlation 

For each pass made by Alouette I through the specified L-parameter range, 

on an average four to seven readings of electron flux density were recorded 

at ten second intervals. Whenever at least one of these flux measurements 

exceeded a certain critical value, the determination of which is discussed 

later, the electron flux density for that pass was considered to be ' high'. 

I f all measurements were below the critical value, the flux fOr that pass 

was described as ' low'. 
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Each of the parameters h'F2 and foF2 were cl assified ·separately as 'disturbed', 

if on at least one occassion within an hour of the time at which the flux 

reading was taken , their values were found to l ie outside the limits 

described for the quiet day variatio::t, The parameters were designated as 

'quiet ' if they remained within the limits for the two hour period . 

The electron flux densities and the two ionospheric parameters for the three 

months of November , December 1962 and January 1963 , were nOw compared by 

means of 2 x 2 contingency tables using the classifications described above. 

(The month of October 1962 was excluded from this analysis for two r easons . 

Fi rstly, nuclear explosions during this month caused spuriously high counts 

t o be recorded within the Argentine Islands L- coordinate range and secondly , 

the setting up of a reliable disturbance criterion is complicated by the 

characteristic instability of the F- region at this time (Torr , 1966; 

Piggott and Shapley , 1962 ).) 

Initially an arbitrary value for the critical flux dens i ty was chosen and 

then varied so as to improve the observed correlation , with a bias to 

obtaining a minimum number in the ' high' flux - ' quiet' ionospheric parameter 

block of the contingency tables . 

In order to estimate the probability of the observed correlation being 

2 
purely random, JC was calculated for each of these tables . The degree 

of association between the variables is represented by the product moment 

correl ation coefficient r , which is defined in appendix D. 
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1.5 Correlation for SANAE 

1.51 Falkland Islands Data 

The method described above was now applied to the electron flux deta obtained 

from the Falkland Islands, within the L-parameter range 3 , 75 to 4 , 25 and 

1 · 0 0 0 
between the ongltudes 275 and 33 E, and the quarter hourly scaled values 

Even although Sanae lies approximately 65
0 

to the east of the centre of the 

Falkland Islands telemetry receiving area, we have good reason to expect 

'trapped' electrons measured in this region to precipitate over Sanae's 

ionosphere. Electrons drifting along Sanae ' s L = 4 shell will encouhter a 

steadily decreasing magnetic field as they approach and pass over Sanae. 

Their mirror altitudes will be lowered by approximately 350 km, assuming a 

change in t he magnetic field at 100 km from 0,50 gauss at the Falkland 

Islands longitude to 0 , 42 gauss at Sanae, and thus the probability of their 

precipitation will be increased . 

This seems to be confirmed by the positive correlation of electron flux 

density with the F- region parameters as shown in Table 1, where N denotes 

the total number of data points used in the analysis . 

The critical value of the electron flux determining the bounGary between 

5 . -2 - 1 -1 
'high ' and ' low' fluxes of electrons was found to be 1 x 10 elec cm s sr 

which is slightly less than the mean value for the three months , of 

1,4 x 105 elec cm-2 s-l sr- l • 



h ' F 
2 

);, 2 = 

r = 

10. 

TABLE 1 

Sanae h ' F2 and foF2 correlation -

Falkland Islands flux data L = 3 , 75 - 4,25 

ELECTRON FLUX ELECTRON FLUX 

H ' h L ~gl ow H' h ~gl L ow 

Dist . 34 19 Di st . 33 15 

Quiet 3 29 Quiet 3 33 

N = 85 N = 84 

24,4 P < 10- 6 2 
31 P " 10-

7 
X. = ; 

0 , 54 r = 0,60 

(a) (b) 
, 

These contingency tables reveal a high degree of association between h ' F
2

, 

foF2 at Sanae and the electron'flux density measured i n the Fal kland Islands 

area. Table 1 (b) shows a slightly better correlation for foF2 (r = 0,60 ) 

than table 1 (a) shows for h ' F2 (r = 0 , 54) . 

2 The probability of obtaining a value of :( from a purely random table 

greater than Or equal to the observed values in table 1, is found from 

plots of -::t:. 2 (Kendall , 1952) to be less than one chance in 106 (or P < 10- 6) . 

Therefore we may conclude that the correlations of both h ' F2 and foF2 with 

electron flux are highly significant . 

However it does not necessarily foll ow that disturbances in h'F2 and foF2 

are directly related to the level of the electron flux density . Both 

F- region disturbances as well as energetic electron flux values have been 

directly associated with geomagnetic variations . (Somayajulu , 1971; 
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O' Brien, 1962; Rose, 1965; Parsignault et aI, 1971; King, 1961) . Thus 

the correlations , observed in Table 1, may arise purely from this relationship 

between the electron flux, ionospheric parameters and magnetic disturbances . 

In order to test this hypothesis, 2 x 2 contingency tables were again 

constructed in order to compare the electron flux , h'F2 and foF2 with the 

international geomagnetic planetary 3- hour .range indices, Kp (J. Virginia 

Lincoln, 1963), at the times of the flux measurements . The classifications 

of the electron flux, h'F2 and foF2 were maintained as above. All K 
P 

indices above 20 were classified as 'high' and all values less than or equal 

to ·20 were classed as ' low '. This critical value was found to give 

approximately the best overall correlation of the three variables ~rrth K 
p 

indices . Hand L in table 2 refer to ' high ' and ' low ' respectively and 

D and Q to ' disturbed ' and ' quiet '. 

Flux 

>:;.2 = 

H 

L 

14 ; 

TABLE 2 

Sanae and Falkland Islands Data 

L = 3 , 75 - 4 , 25 correlation - K indices 
p 

K 
2-

~ 2+ <: 20 -
27 11 

15 34 

N = 87 

P.( 10-3 

h ' F 
2 

;1...2 

D 

Q 

= 

Kp 

~ 2+ .t.. 20 -
32 21 

10 22 

N = 85 

6 , 7 ; P( 0,01 

r = 0,40 r = 0,28 

(a) (b) 

-l 

D 

Q 

= 

K 
2-

~ 2+ ~ 20 ~ 

34 14 

8 28 

N = 84 

19,4 ; P < 10-5 

r = 0,48 

(c) 



12. 

Table 2 (a) exhibits a moderately significant correlation of electron flux 

densi ty with K 
P 

indices (r = 0,40 ; P":'10- 3). 

Table 2 (b), (r = 0 , 28 ; P < O,Ol) also show a positive degree of association 

with t he magnetic indices . This might be expected , as K indices are 
p 

involved in setting up the disturbance criterion . 

Making use of these correlation coefficients , we may now calculate the 

partial coefficient of association , R, between the electron fl~~ and the 

two parameters hlF2 and f oF
2

, making allowance for the effect of magnetic 

variations . R is defined by Yule and Kendall (1953). 

The partial coeffici ent of association for h lF2 with electron flux is R = 0,49 

and for foF2 R = 0,51, which both still show a high degree of positive 

association . 

Thus we may conclude that electron flux density measurements, made within 

the L- coordinate range 3,75 - 4,25 and between the longitudes 270
0 

and 3300 E, 

exhibit a significant correlation with disturbances in the h 1F2 and foF2 

iOLospheric parameters for Sanae even when possible effects of geomagnetic 

di sturbances are taken into account. 

1 . 52 St . Johns Data 

,In order to determine whether similar correlations exist for electron fluxes 

measured in the geomagnetically conjugate St . Johns area , contingency tables 

were again constructed as above for h ' F2 and f F at Sanae, using northern 
o 2 

hemisphere satellite data between the longitudes 290
0 ~nd 3350 E and 

L- parame ters 3,75 and 4,25. The coordinates of the conjugate point to 

o 
Sanae are 325 E, L = 4 . 



The critical electron flux used in the analysis was determined to be 

4,8 x 104 elec cm- 2 s - l sr-l for the month of November 1962 and 1 x 104 

2 - 1 - 1 . 
elec cm- s sr for December 1962 and January 1963 . The corresponding 

. 4 - 2 - 1 - 1 
mean flux for these two periods was 6 , 6 x 10 elec cm s sr and 

4 -2 -1 - 1 1 ,4 x 10 elec cm s sr respective).y . 

Once again we find, as shown in Table ~ a positive degree of association to 

exis t between h'F2 , foF2 and electron flux measurements . 

h ' F 
2 

TABLE 3 

Sanae h ' F2 and foF2 Correlation -

St. Johns Data L = 3 , 75 - 4 , 25 ; 290
0 

E - 335
0 

E 

FLUX FLUX 

High Low Hih LgJ L ow 

D 14 18 D 16 24 

Q 3 30 Q 3 24 

N = 65 N = 67 

"X. 2 = 10 p ~ 0 , 005 1(.2 = 6 , 6 ; p~ 10- 2 

r = 0,39 r = 0 , 31 

(a) 

However in this case the levels of significance are comparatively low , 

13 . 

P~ 10-2 for Table 3 (b) and P .f 0 , 005 for Table 3 (a) . The coefficients of 

association , r = 0,39 for h'F2 and r = 0,31 for foF2 are very much less 

than those observed correspondingly in Table 1 for the Falkland Islands data . 
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Testing for the possibili ty that the correlations observed in Table 3 are 

due to the relation of flux and the ionospheric parameters with Kp indices , 

contingency tables were drawn up as for the Falkland Islands data and are 

presented in Table 4 . 

TABLE 4 

Sanae and St . Johns data Correlat ion - K indices 
p 

K 
J? 

"" 2+ ~ 20 

H 15 24 
Flux 

L 10 24 

N = 73 

:<; 2 = 0 , 66 ; P = 0 , 42 

r = 0, 1 

Ca ) 

h ' F 
2 

D 

Q 

K K 
J? J? 

:;. 2+ '" 20 - :;. 2+ <. 20 -
2l II D 22 18 

8 25 Q 8 19 

N = 65 N = 67 

2 /C- = ll , 3 ; P ~ 0 , 001 2 
X = 4 , 2 ; P = 0, 04 

r = 0 , 42 r = 0 , 25 

cc) 

The partial correlation coeffi cients for the relation between the electron 

f lux and the F-region parameters are 

R = 0 , 38 

R = 0,30 

for h ' F 
2 

and thus the pertinent result of this analysis is that flux densities , 

measured i n the geomagnetic conjugate area to Sanae, exhibit a correlation 

with disturbances in the parameters h'F2 and foF2 at Sanae, but to a 

smaller degree than that observed for measurements made in the Falkland 

Islands telemetry area . 
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A possi ble reason for this could be that over 60% of the electron flux 

readings used in the St . Johns correlation lie below the value of 1 , 4 x 104 

elec cm- 2 s - l sr- l which has been stated by Dr . I . McDiarmid (Torr 1966) to 

be the lowest flux which could be rel i ably detected by Alouette I . 

A similar analysis of the ionospheric and satellite data was conducted for 

t he Argentine Islands (295,7
0 

E; 65 , 3
0 

S) L = 2 ,4. Use was made of electron 

flux measurements within the longitude range 275
0 

to 330
0 

E and within the 

L- parameters 2,26 to 2,63 for the southern hemisphere , together with hourly 

values of the ionospheric parameters h ' F and foF2 obtained from monthly 

bulletins, supplied by the Science Research Council at Slough . All suspect 

values were checked by scali ng the appropriate ionograms . 

The critical electron flux value adopted f or November 1962 , was 5 x 105 

elec cm- 2 s - l sr- l and 5 x 104 elec cm- 2 s - l sr- l for December 1962 and 

·January 1963 . The corresponding mean flux for the two periods is 5 x 105 

5 - 2 - 1 -1 and 1,4 x 10 e l ec cm s sr respectively . 



TABLE 5 

Argentine Islands h ' F and foF2 Correlation -

o 0 
Falkland Islands flux data 275 - 330 E, L = 2 , 26 - 2 , 63 

FLUX 

High L ow 

D 40 28 
h ' F 

Q 11 50 

N = 129 

r = 0,42 

(a) 

2 
'X. 

FLUX 

H" h 19J L ow 

D 44 27 

Q 10 55 

N = 136 

r '= 0,48 

15 . (a) 

Here again Table 5 reveals a highly significant (P ~ 10-5) positive correlation 

of the electron flux with the two ionospheric parameters . The degree of 

association i s less for both h'F (r = 0 , 42) and foF2 (r = 0 , 48) than that 

obtained for Sanae ionospheric data (r = 0 , 54 for h lF2 and 0,60 for f oF2). 

Thi s seems surprising as overhead electron flux measurements were i ncluded 

i n the analysis for the Argentine Islands . 

However if the longitude range of the electron flux data is narrowed down 

to a 10
0 

interval centered on the longitude for the Argentine Islands , the 

correlation observed is found to improve notably, as sho~n in Table 6 , 

together with a slight drop in the level of significance due to the 

reduction in the amount of data. 



TABLE 6 

Argentine Islands h'F and foF2 Correlation -

Falkland Islands 
o 0 

flux data 290 - 300 E; L = 2,26 - 2,63 

FLUX 

High Low 

D 15 10 
h'F 

Q 2 16 

N = 43 

2 
'X. = 10,5 ; P ~ 5 x 10- 4 

r = 0,49 

(a) 

2 
')(.. = 

FLUX 

High Low 

D 19 7 

Q 2 18 

N = 46 

18 ,1 ; p~ 5 x 10-5 

r = 0,63 

The comparison between the electron flux , h'F2 and foF2 and Kp indices at 

the time of the flux measurements, is shown in Table 7 for the full 

o 0 
longitude range 275 - 330 E. 
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Flux 

TABLE 7 

Argentine Islands and Falkland Islands Data 

L = 2,26 - 2,63 ; 275
0 

- 330
0 E Correlation - K Indices 

p 

K 
---E. 

K 
---E. 

K 
---E. 

~ 2+ L. 20 - ~ 2+ '(20 - ~ 2+ ,« 20 ~ 

H 26 41 D 34 32 D 37 33 
h'F 

L 45 58 Q 27 39 Q 21 43 

N = 170 N = 132 N = 134 

x 2 = 0,4 ; P = 0,53 
2 x = 1,5 ; p = 0,22 x 2 = 5 , 5 ; p = 0 , 02 

r - - 0 , 05 r = 0 ,16 r = 0 , 20 

(a) (b) (c) 
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Table 7 (a) seems to suggest that no significant correlation exists between 

the electron flux data and the geomagnetic K indices for the L-parameter 
p 

range 2,26 to 2 , 63 (r = - 0 ,05) . 

A small degree of positive association is evident for the h ' F (r = 0 ,16 ) and 

foF2 (r = 0,20) parameters with the Kp indices but may hardly be regarded as 

s i gnificant . Thus geomagnetic variations would be expected to have no 

effect on the correlations observed in Table 5 . 



18 . 

1.7 Discussion and Conclusions 

Three main points arising from the above analysis are discussed briefly 

in this section . 

1.71 In the results reported above we have shown that high fluxes of 

electrons in the energy range 40 to 250 keY show a significant correlation 

with disturbances in the F- region parameters h ' F2 , h ' F and foF2 ' even when 

account is taken of the correlations with geomagnetic variations. 

Two of the ways in which energetic electrons precipitating into the earth's 

upper atmosphere could be expected to lose their energy are in ionizing 

and in heating the neutral gas in the F- region. These effects may give 

rise to different kinds of disturbances . An increase in the ionization 

density of the F- layer would be evidenced by an increase in the value of 

However if heating effects become significant, the resultant 

expansion of the gas and the enhancement of the loss coefficient may result 

i n a net decrease in f oF2• Torr and TOrr (1967) have shown by solution 

of the continuity equation that we can also expect an increase in the height 

of maximum solar production to occur with an increase in temperature . 

This would be accompanied by an increase in the value of the parameter h'F
2

• 

The i onizing effects on the other hand could result in either an increase 

o~ a decrease in the height of maximum ionization density of the F- layer 

depending on the energy spectrum and flux of the electrons. Since h'F2 is 

a sensitive indi cator of the lower lying ionization , we may for the most 

part expect an increase in h ' F2 to accompany ionizing effects due to the 

group retardation by this ionization which is produced by the higher energy 

tail of the electron spectrum. 



19. 

Hence the type of disturbance produced will depend on the predominance of 

either ionization or heating effects, which in turn is determined by the 

energy spectrum and flux ·of the incoming electrons. 

For Sanae 78% of disturbances in f F2 , ~orresponding to high fluxes of o . 

electrons in the Falkland Islands area , were characterised by decreases in 

Only 40% showed decreases for the Argentine Islands . A small 

percentage, 6%, of the high flux correlated disturbances of h ' F2 data for 

Sanae showed decreases while 12% of the h ' F values for the Argentine Islands 

lay below the lower limits for the 'quiet' day variation . 

The high percentage of decreases i n foF2 at Sanae would seem to suggest 

t hat heating effects are mainly predominant in disturbances there . For 

the Argentine Islands ionization effects seem to be dominant in the larger 

number of cases . 

This discrepancy would tend to indicate that different fluxes and/or spectra 

of electrons are experienced at the two stations . The probability of 

heating being the main effect is increased by the influx of larger fluxes 

of electrons as the energy input to the ionosphere will be greater . 

Thus we may expect the precipitated electron flux to be greater at Sanae 

than at the Argentine Islands . Unfortunately no direct flux measurements 

are available for Sanae in order to test this prediction . However some 

evidence is provided by TOrr (1966) , who has shown by means of an analysis 

of conjugate flux data for Alouette I , that a peak in the precipitated flux 

values occurs close to Sanae along the L = 4 shell, whereas the Argentine 

Islands lie to the west of a corresponding peak along L = 2 . Further 

indication of a higher flux existing for Sanae has been provided by an 

analysis of Alouette I data by J . G. Greener (private communication) . He 
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reports a median flux value at the conjugate pOint to Sanae of roughly four 

times the magnitude of the median flux at the conjugate pOint to the 

Argentine Islands • 

. The problem now arises as to the energy range of the electrons which ~re 

responsible for the observable effects . 

In order for electron bombardment of the upper atmosphere to cause significant 

heating effects, the energy i nput to the ionosphere must be comparable to 

- 2 - 1 that supplied by solar radi ation, which is of the order of 3 ergs cm s 

at sunspot minimum (Allen 1965) . Assuming a typically high incoming 

6 - 2 1 el ectron flux of 1 x 10 elec cm s- with an average energy of 40 keY, 

which is also typical of the Falkland Islands measurements if an exponential 

energy spectrum is assumed, the total energy deposited would be 0 , 06 erg 

- 2 - 1 cm s This i s almost two orders of magni tude less than the solar source . 

Much higher fluxes of the order of 5 x 107 elec cm-2 s-l are needed if the 

observed heati ng effects are to be explained on the basis of electrons with 

average energies of 40 keY . 

Savenko et al (1963) have detected directional fluxes of 10 keY electrons 

. . 9 - 2 -1 - 1 
at an altitude of 320 km of the order of 5 x 10 elec cm s sr at · 

equatorial latitudes. Assuming an isotropic pitch angle di stribution , 

- 2 - 1 this corresponds to an overall energy flux of 230 ergs cm s which exceeds 

the solar input by almost two orders of magnitude . Willmore (1964) has 

accounted for heating effects between 400 - 1 200 km by means of fluxes of 

9 - 2 - 1 
2 - 3 keY electrons of 8 x 10 elec cm s having an energy input of 

- 2 - 1 () 10 3 ergs cm s and Knudsen 1968 has detected typical fluxes of 10 

elec cm- 2 s-l of 0,01 k V 1 t 'th '1 t 't f e e ec rons W2 an equlva en energy lnpu 0 

- 2 - 1 1, 6 er gs cm s 



The energy fluxes of these low energy electrons are all comparable to the 

solar flux and thus we can probably account for the temperature effects 

observed at Sanae and the Argentine Islands by assuming , high fluxes of 

~. 

low energy electrons, 0,01 - 10 keY, to accompany the observed precipitation 

of electro~s in the energy range 40 to 250 keY . 

Calculations later in this thesis show that electron fluxes with spectral 

characteristics estimated from typical > 40 and > 250 keY measurements by 

Alouette I have a negligible ionizing effect at F- region altitudes . 

Rees (1963), Berge~ Seltzer and Maeda (1970) and others have shown that 

electrons with energies less than 2 ·keV will have the greatest effect On 

the ionosphere above 120 km . This once again would tend to indicate that 

accompanying high f luxes of low energy electrons are probably responsible 

for the observed i onization effects in the F- region . 

A recent publication by Turunen and Liszka (1972) suggests that the 

precipitation of soft ( rv 1 keY) electrons is related to the enhancement 

i n foF2 which is observed at invariant latitudes greater than 65
0

• This 

seems to conf irm the prediction made above . 

It thus becomes evident that even although a clear relationship has been 

established between 40 to 250 keY electrons and F- region disturbances , 

categorical evidence of the direct relation between electrons and these 

disturbances can only be supplied once measurements of low energy electrons , 

0 ,1 - 10 keY, become available. 
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1 . 72 It has also been shown in the above analysis that the value of the 

critical flux which was used to delineate ' high ' from ' low' fluxes follows 

approximately the mean value of the maximum flux for each pass for the 

period under consideration. In other words when this mean value of the 

flux for the period being considered is relatively high, the critical flux, 

which may be regarded as an indicator of the level of the flux necessary to 

produce an observable disturbance , is found to be correspondingly high and 

similarly for low fluxes. This correspondence between the critical and 

mean flux values is shown i n Table 8. It may be mentioned that unusually 

high fluxes were disregarded in t he calculation of the mean values. 

TABLE 8 

CRI TI CAL FLUX MEAN FLUX 
DATA PERIOD 

;4 -2 -1 - 1 -4 - 2 - 1 - 1 x 10 cm s sr x 10 cm s sr 

Sanae / Falkland Islands Nov . 62 - Jan . 63 10 14 

Sanae / St. Johns Nov.62 4,8 6,6 

Dec . 62 - Jan . 63 1 1,4 

Argentine Islands / Nov. 62 50 50 
Falkland Islands Dec . 62 - Jan.63 5 14 

This r esult at first seems a little surprising as we might expect that if a 

certain flux was found to produce a noticeable disturbance at a certain time , 

it would still produce a similar disturbance at a l ater date independent of 

the mean flux duri ng this period . However, conSidering the mean flux as 

an indicator of the level of the radiat ion which is present even on the 

magnetically quiet days and assuming that the magnitudes of . the F-region 
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disturbances are qualitatively proportional to the level of the electr on 

flux producing them , we may expect disturbances to be present on these 

days in pr oportion to the mean flux. Thus if the mean flux fo r a per iod 

i s r elatively high , the disturbances on the quiet days will be greater 

. and a larger flux is required to produce a recognizable disturbance . 

Alternatively , if the mean flux is relatively low , it will be easier to 

distinguish disturbances from the lower disturbance ' noise ' level on the 

qui et days and thus the critical flux will be corr espondingl y lower. 

Hence we may suggest that our assumption, that the magnitude of F- regi on 

disturbances is qualitatively related to the level of the electron flux 

data , could be vali d . This aspect could be investigated further with the 

a cquisiti on of more flux data in the right energy range . By adopting a 

suitable method of estimating the severity of F- region disturbances , a 

quantitative comparison could be made with the level of the average electron 

f lux for shor t Or long periods . 

1. 73 The third and final point which is pertinent to this analysis is 

the s i gnificant positive correlation whi ch was found between the electron 

flux densities and the international geomagnetic K indices (r = 0,40 ) for 
p 

the · L- parameter range 3 , 75 to 4,25 (Table 2 (a ) ) . A number of workers 

such as O' Brien (1962 ), Rose (1965 ), Parsignault et al (1970) have reported 

s imilar findings . 

In contrast to the above we have found that no significant correlation 

exists between flux end Kp indices for the L-parameter range 2 ,26 to 2 , 63 

(r = - 0,05) . This seems to be a surpri sing result . A recent publication 

by Parsignault et al (1971) has ~eported a similar effect for electrons , 



in the energy range 12 to 48 keY, measured using electrostatic analysers 

which were flown aboard the Air Force Satellite OV- 13 (1968- 26A) . No 

discernible correlation between the electron intensity and K was found 
p 

for the 2, 5 ~ L ~ 3,0 range . For L > 3 a direct correlation between flux 

densities ~nd K indices was observed. 
p 

They suggest an inward radial 

diffus i on of particles to lower L-values and concurrent acceleration as 

an explanation of the observed phenomena. 

24 . 

Thus we have provided independent evidence of these effects occurring at an 

earlier date, 1962 - 1963, to the observations by Parsignault et al in 1968 . 

This seems to indicate a temporal stability of the phenomena . We have 

also established that these phenomena exi st for electrons in a different 

energy range t o those observed by Parsignault et a l . 

I t may be of interest to future researchers to determine mOre clearly the 

boundary between K correlated·and non-correlated flux values and relate 
p 

this boundary to the magnetospheric structure . 

We have shown that fluxes of electrons in the energy range 40 to 250 keY 

exhibit a significant correlation with disturbances in F- region parameters . 

Temperature effects due t o electron fluxes are suggested as being 

predominant in disturbances at Sanae . Ionization may be the main effect 

at the Argentine Islands . The disturbances are probably caused by 

accompanying high fluxes of lower energy electrons . 



The level of the flux shows a correlation with K indices for 
p 

3,75 ~ L ~ 4 , 25 but exhibits no observable relation with K for 
p 

2,26 ~ L ~ 2 , 63. 

The magnitude of the F- region disturbances are suggested as being 

qualitatively proportional to the level of the electron flux . 

25 . 
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CHAPTER 2: Electron Ionizing Effects 

In the previous chapter we have presented some evidence for the ionizing 

effect of electrons precipitating into the upper atmosphere . The question 

now arises as to the altitude and magnitude of the increases in the i onization 

density of the ionosphere which we may expect typical fluxes of these 

electrons to produce . 

2 . 1 Introduction 

Calculations of the altitude profiles of the ion pair produ~tion rate due 

to monoenergetic electrons precipitating into model ,atmospheres have been 

made by several workers. 

Chamberlain (1961) has based his computations of the ionization production 

rate on theoretical results of Spencer (1955, 1959) for the range of high 

energy electrons in air and the normalised' energy deposition function ~ . 

Rees (1963) used laboratory measurements by GrUn (1957) for the range energy 

relation and ~ function , and Maeda (1965) incorporated the use of Monte 

Carlo type calculations to estimate the ionization rate profiles for 

isotropic or monodirectional fluxes of monoenergetic electrons in the energy 

range 2 to 20 keY . This work has recently been extended with account 

being taken of the effect of a magnetic field (Berger, Seltzer and Maeda, 

1970) . 

(1972). 

A mOre detailed summary of their calculations is given by A. Wulff 

These production rate profiles may be used to determine the ionization 

produced in the ionosphere by flux densities of precipitating electrons 

Observed by satellite and rocket particle detectors. Bailey (1968) has 
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computed the ionization density profiles which would be produced by fluxes 

of electrons distributed according to an assumed exponential energy 

spectrum. Exponential spectra have often been used to fit satellite and 

rocket observations. 

In this chapter computations ar e made of the changes which may occur in 

characteristic ionization - height profiles for Sanae upon the introduction 

of an extra ion pair production source due to electrons with typical 

fluxes and exponential energy spectra. For this computation use is made 

of altitude profiles of the ionization production rate calculated using 

results of Berger, Seltzer and Maeda (1970 ) . Reasonable values for the 

ionospheric loss coefficients are assumed in order to effect the conversion 

from production rates to ionization density profiles. It is of particular 

interest to know whether the electron fluxes measured by Alouette I could 

be expected to have an observable ionization effect on the ionosphere at 

Sanae. 

2 . 2 Altitude Production Profiles 

The opportunity to study ionization density changes in the ionosphere due 

to precipitating electrons was provided with the development of a computer 

program by Miss A. Wulff (1972) to calculate the altitude distributions of 

the ionization rate of energetic electrons . In essence this program uses 

the ~ function and range energy relation computed by Berger et al (1970) 

for electrons with an IDH (isotropic over the downward hemisphere) pitch 

angle distribution, to calculate the ionization production rate profile 

per unit flux for monoenergetic electrons . A. Wulff (1972) has substituted 

Jacchia ' s model atmospheres (1965) above 120 km for the CIRA (19 65) mean 

model atmosphere used by Berger et al (1970) as it is hoped . that this 

would give more realistic results for higher latitudes. 
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In order to calculate the ionization rate profiles which would be produced 

by a more realistic energy spectrum of el ectrons than for the monoenergetic 

case, it was decided to assume after Bailey (1968) and Ulwick, Reidy and 

Baker (1967) that the electrons were distributed according to an integral 

energy spe0trum of the type 

E 
- jEo 

= e 

where 
J(>E) is the directional flux density of electrons having 

energy greater than E. 

Eo is the characteristic Or average energy of the flux 

in the energy range 0 to 00 . 

J 
0 

i s the total directional flux density above zero 

energy . 

2 .1 

Satellite measurements of electron fluxes have often been expressed in this 

exponential form. Power law spectra have also been fitted to observations 

but appear to overestimate the intensities when extrapolated to higher and 

lower energies and thus were not used in this case . 

Where the. flux shows an IDH distribution of pitch angles equation 2 .1 becomes 

(A . Wulff, 1972) 

where 

- Ej Eo e 

j(~ E) is the IDH flux density of electrons with energy 

greater than E. 

2.2 



For each height interval for which the ionization rate per unit flux was 

previously calculated for the monoenergetic case the production rate for 

an energy spectrum was now computed by integrating the ionization rate 

over the differential spectrum 

d j (>E) 
'J - E/ - 2 - 1 - 1 keV-l 11 ~ Eo elec = e cm s sr dE Eo 

(A . Wulff, 1972) 

'If' J o JE2 
- E/ 

Qh = q e Eo dE 
E E 

0 
El 

where qE is the ionization production rate per unit IDH 

flux at the energy E. 

Qh is the total production rate due to the lUI flux 

density j (>E) = J 
· 0 

- E/E e 0 at height h . 

Thus in order to calculate the ionization rate altitude profile for a 

flux of electrons conforming to an exponential energy spectrum, we are 

required to estimate values for the constants Eo and J o and subsequently 

perform the integration in equati on 2 . 4 . 
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2.3 

2 . 4 

It is a simple matter to obtain the constants Eo and J o from the Alouette I 

. satellite measurements if an exponential spectrum is fitted to the two 

readings of flux J(>40 keY) and J(>250 keY). 

two equations 

J(>40) 

J(>250) J e
- 250/Eo 

o 

From which we obtain the 

2.5 

2.6 



Solving for J and E in 2.5 and 2.6 we obtain 
0 0 

log J( :>250) - 6,25 log J(740) 
J o exp( e e ) = 

- 5,25 

and Eo = 210 1 (J(>250) 
oge J(>40) ) 

The integral in equation 2.4 was computed using numerical methods as 

described by A. Wulff (1972) . The range of integration was chosen to lie 

between 0,1 keV and 10 Eo. .The flux above 10 Eo has been shown by 

A. Wulff (1972) to be always relatively insignificant. (For E = 10 E in o 

equation 2 . 1 , J(>E) = Jo/50 000 . ) The energy interval of integration 

A E (described by A. Wulff, 1972) was taken for our purposes to be E/50 

which varies proportionately to E over the range of integration . 

Decreasing this interval was not found to improve the values of the 

production rates significantly · .. 

30. 

2 . 7 

2.8 

It now remains to compute the ionization density increases which would 

result in the ionosphere if this ionization production rate du~ to · electron 

fluxes is added . 

The balance of ionization in the ionosphere may be represented by the 

continuity equation 

l..!. = q _ L(N) - div(NV) CI t 2 . 9 
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where 
N is the electron or ion concentration; 

q is the ionization production rate . 

L(N) i s the loss term due to chemical processes. 

. div:(NV) is the loss term due to diffusion and transport 

processes . 

If we assume steady state conditions to exist , then the rate of change of 

the electron density , d N ·11 be TI' Wl 
zero. Shutte and Knorin (1969 ) have 

shown that the transport term due to vertical diffusion , only becomes 

significant above 250- 300 km and thus for our purposes this term has been 

neglected. 

The loss term, L(N), may be reasonably represented by the expression 

L(N) = (Ratcliffe , 1956) 2.10 

where "'- and f3 are the square and linear loss coefficients respectively. 

(At greater al ti tudes ~ -«C< N and L(N) reduces to a linear law 

L(N) = f!> N. At lower altitudes N is smaller 

Substituting equation 2 .10 into the steady state continuity equation we 

obtain a quadratic equation for the electron concentration N (Hirsch, 1959). 

a/. '" N
2 

- a/. qN - f3 q = 0 2.11 

from which we may obtain the · electron density , N, in terms of the production 

rate and loss coefficients 

N = 2 .12 
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Assuming reasonable values for the two coefficients ~ and ~ we may use 

equation 2.12 to convert the altitude profiles of the ionization production 

rate due to electrons with a specified flux and energy spectrum into 

ionization density profiles . However, in order to calculate the increase 

in ionization which would occur due to these electrons impinging on an 

' already existing ' ionosphere , it is necessary to add the production rate 

due to other sources such as photoionization by solar ultraviolet a~d 

X-rays to the electron production rate and then compute the resulting N(h) 

profile. A comparison can then be made with the N(h ) profile that would 

be produced if the i onizing effect of electrons were excluded . 

An estimate of the ionization production rate due to solar ultraviolet and 

X-ray radiation may be calculated directly from the theory of photoionization 

described by Rishbeth and Garriot (1966) . However, for the purposes of this 

comput ation we have adopted a far Si mpl er approach which permits a direct 

comparison of resul ts with actual ionospheric records . 

A typical ionogram for the per iod under consideration was converted to an 

N(h) profile using Titheridge ' s method of ionogram reduction . These 

electron density data points were then used together with equation 2 .12 to 

calculate the solar production rate profile necessary to produce the observed 

i oni zation profile . Steady state condi tions and reasonable values for 

~ and ~ were assumed . The ionization rate profile calculated for electrons 

with a characteristic flux and energy spectrum was added to the es timated 

solar production profile and the resultant N(h) profile computed using the 

same values for ~ andP • A comparison of the initial and final N(h ) 

profiles will reveal the order of magnitude and altitude range of the 

ionization effects of precipitating electrons . 
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Reasonable estimates for the linear and square law loss coefficients will 

now be considered . 

Shutte and Knorin (1969 ), for two measurements of electron density profiles 

and solar ultraviolet radiation above 200 km, have found ~ to vary roughly 

t ' 11 b t th 1 0 5 x 10- 3 to 2 x 10- 3 s - l . exponen la y e ween e va ues , Ratcliffe et 

al (1956) have deduced a formula for ~ based on the study of N(h,t) data 

from various stations 

= 10- 4 exp [ (300 - h)/50 J 
- 1 

s 

where h = altitude in km . At 300 km f!> - 1 
s 

Shimazaki (1964) has deduced ~ = 10- 4 s - l at 300 km for nighttime data 

. ' - 4 
and Chun- Ming Huang (1966) has estimated ~ to lie between 2 x 10 and 

4 x 10- 4 s - l at sunspot maximum. 

Since we are working in a period roughly midway between solar minimUm and 

maximum, the Ratcliffe et al formula was adopted as an estimate for {3> as 

2 .13 

it seem to show good agreement at 300 km with other measurements, (Rishbeth 

and Garriot , 1966) . 

A number of methods have been applied to measure the effective recombination 

coefficient ci- • Deductions from eclipse phenomena tend to indicate an ~ of 

-8 3 - 1 ( ) the order of 10 cm s Ratcliffe , 1956 b but are not regarded as very 

reliable . Allen (1965) has es timated an ~ of 1 , 6 x 10-7 cm3 s-l from 
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direct rocket measurements of solar ionizing radiation under normal conditions . 

Laboratory measurements tend to indicate an ~ of a similar order of magnitude . 

Biondi (1967) has found the values of the recombination coefficients for the 

-7 three main reactions in the E-region to lie in the range 0,7 x 10 to 

- 7 3 - 1 5 x 10 em s • Bailey et al (1970) have estimated ~ to vary within the 

range 4 to 1,4 x 10- 7 cm3 s - l between the altitudes 90 and 150 km respectively . 

For our purposes we have adopted the constant value of 2 x 10- 7 cm3 s - l as a 

reasonable estimate for ~ • The estimate for dL was not found to be critical 

as varying the coefficient by an order of magnitude had only minimal effects 

on the final r esult. 

The ionogram selected for the investigation was one occurring at 14.30 hrs. 

U.T. on the 11 January 1963 at Sanae . This particular ionogram was chosen 

because the critical frequency of the E-layer was not affected by absorption, 

which is very seldom the case for Sanae records , and thus allowed the. complete 

trace to be scaled in detail . The 'undisturbed ' nature of this iQnogram 

.also gave preference to its selection . By 'undisturbed' is implied the 

abs ence of occurrences· such as spread- F, travelling disturbances, sporadic- E 

layers and unusual values for the critical frequencies or virtual heights 

of the three layers E, Fl and F2 • The N(h) profile was computed for this 

ionogram using a program developed by Mr. A. W.V . Poole, the Antarctic 

Research Officer at Rhodes University . The corresponding altitude distribution 

of the solar production rate was then calculated as mentioned above using 

equation 2 . 12 and the assumed values for~ and ~ 
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In order to compute the extra ionization rate which would be caused by 

typical'fluxes of electrons measured by Alouette I, ~t is necessary to know 

the IDH flux and spectrum of these electrons at 300 km. All measurements 

made by Alouette I were of directional intensities at roughly 1 000 km. 

However , from consi~erationpof the magnetic field intensities , trapped 

electrons mirroring below 1 000 km in the conjugate st . Johns area to Sanae, 

will mirror below 450 km over Sanae (appendix E) . Thus we may use the 

st . Johns data to estimate ',;he order of magnitude of spectra and fluxes of 

electrons which may occur at Sanae. 

Typical values of the characteristic energy Eo for st . Johns data for the 

L = 4 shell were found to lie roughly in the range 30 to 120 keY with most 

fluxes having characteristic energies between 50 and 70 keY. The three 

values 30 , 50 and 100 keY were chosen for the computation to represent 

characteristic Eo values. 

Although the intensity measurements, J(>40); occasionally reached values as 

6 - 2 -1 - 1 5 2 1 1 high as 1 x 10 cm s sr , a val ue of J(>40) = 5 x 10 cm- s - sr- was 

found to be representative of wh&t may be regarded 

for the data . This corresponds to a J value of 
" 0 

as a typically high 

6 - 2 roughly 1 x 10 cm 

flux 

-1 - 1 s .sr 

for E = 50 keY . o (The mean intensity , J(740) , of the st . Johns data over 

the period being considered is approximately 4 x 104 cm- 2 s - l sr- l .) An 

isotropic pitch angle distribution was assumed for the particles , which is 

not an unreasonable assumption, as evidence has been given which shows that 

when the electron intensity increases , the angular distribution tends to 

become mOre isotropic (e .g . O'Brien , 1964 ; Mozer and Bruston , 1966; and 

McDiarmid et al , 1967) . 



X 106 cm- 2 Thus the production rate profiles due to electrons with J o = 1 
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- 1 -1 s sr and Eo = 30, 50 and 100 keY were calculated and added to the solar 

production rate altitude distribution computed above.T for the model exo 

atmosphere used was 1270 K. The final N(h) profiles due to these increased 

producti0~ rates were estimated using equation 2 . 12 and the assumed values 

for ~ and ~ and are represented in fig . 2.1 together with the original 

i oni zation density profile . 

An i nspection of these curves indicates that electrons with the typical flux 

and energy spectra assumed at 300 km for Sanae may cause observable changes 

in the ionization density below 125 km with negligible effects above this 

altitude . We may expect an increase in foE of roughly 0 ,8 MHz to occur 

which is well above the level of accuracy to which an ionogram can be scaled . 

However, the magnitude of this increase i s very dependent on the height of 

the E-l ayer and may not necessarily be used as a quantitative pr ediction of 

the increases in foE which we may generally expect at Sanae, but rather as 

an indication that observable electron effects could occur . It may be noted 

t hat the increase in ionizati on at 100 km does not vary significantly for 

the three values of Eo used in the calculation . However the ionization 

density below the E-layer is found to increase markedly as Eo is i ncreased •. 

If we nOw successively reduce the J value maintaining E at 50 keY , we could o 0 

determine roughly the flux below which we may regard the electrons as causing 

' unobservable' increments in the ionization density. (In all these 

calculations we have assumed an initial zero flux level which in practice 

is not necessarily the case since we may always expect some f l ux to be 

present . This would imply that we may be overestimating the ionization 

incr eases in each case . However if the initial flux level is less than an 

order of magnitude below the value used to estimate the ioni zation increase, 

t his effect may be regarded as negligible . ) Assuming an accuracy in scaling 

i onograms at E-region altitudes of ~ 5 kID in vertical height and ~ 0,05 Mrlz 
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in frequency values , we may regard changes in the corresponding N(h) profile 

greater than these levels of accuracy as being 'observable' and changes 

within these limits as 'unobservable'. 

- 2 cm 
-1 

s 
-1 

sr which Reducing J o in even.multiples to a value of 1,5 x 105 

corresponds to a J('> 40) rV 6 , 6 x 104 cm - 2 s - 1 sr- l 
reduces the i ncrement in 

the ionization density to a level which may still be observable from the 

N(h) profile but correspond<: to an increase in the critical frequency of the 

E-layer of ~ 0,05 MHz at 117 km . Thus this effect may be regarded as 

negligible (fig. 2 . 2) . The density of the low lying ionization is found 

to drop off sharply as J o is decreased . 

In order to determine what· flux and spectrum of electrons may be responsible 

for the F- region effects discussed in the previous chapter, the value of Eo 

was reduced to 10, 5 and 2 keV computing the ionization profile on each 

6 - 2 - 1 - 1 ( ) occasion for J = 1 x 10 cm s sr fig . 2 . 3 • o As may be expected , 

since by reducing Eo we are decreasing the energy i nput to the ionosphere, 

the nett result i s a decrease in the ionization density below 130 km with 

no apparent F-region effects . 'l.'hus it would seem that much higher fluxes 

of these lower energy electrons are required . Increasing J o to 1 x 107 cm-2 

- 1 -1 
s sr and computing the profiles for the Eo values . 0 , 5 , 1 and 2 keV , the 

results, as shown in fig. 2 .. 4 , clearly indicate significant ionization 

effects at F-region altitudes. Plasma frequency increases of roughly 0 , 5 MHz 

should be produced . In practice much higher fluxes of these low energy 

electrons are observed of the order of 109 - 1010 cm-2 s - l sr- l as mentioned 

i n the previous chapter. Thus we may expect that i f electrons with these 

fluxes and energies occur at Sanae , they will very l ikely result in quite 

large disturbances in the F-region. Since the observations by Alouette I 

for energies greater than 40 keV and 250 keV do not predict · such high fluxes 
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of low energy electrons when the spectrwn is extrapolated back to zero energy , 

it may be necessary to use double exponential spectra of el ectrons in order 

to explain the observed F- region disturbances as related to electron 

precipitation. Hultqvist (1964) has introduced separate exponential spectra 

to fi,t satellite observations in the energy range 1 - 40 keY, E = 5 , 7 keY, o 

and for the range greater than 40 keY, Eo = 41 keY. Bailey et al (1970) 

have also deduced a double exponential spectrum to explain observed energy 

distributions of X- rays . 

Thus this tends to confirm' the suggestion made in the previous chapter that 

F-region ionizing effects are probably caused by high fluxes of low energy 

electrons accompanying the observed fluxes of J(>40'keV) electrons measured 

by Alouette 1. 

Finally, we will attempt to demonstrate that increases in the ionization 

density actually observed in the ionosphere could be explained in terms of 

double exponential spectra . 

The NCh) profile at 15.00 hrs . L. T. showed distinct increases in the ionization 

density both at E- and F-region altitudes when compared to the N(h) profile 

selected above at 14.30 hrs . L.T . on the same day, 11 January 1963" From 

considerations of the solar production rate theory we may have expected the 

ionization density to decrease during this half- hour period due to the 

increase in the solar zenith angle . 

If we now add the production rates which would be produced by the spectra of 

electrons 

J(>E) 

= 

= 
2 -1 -1 elec cm- s sr 
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to the solar production rate estimated from the 14 . 30 hrs . N(h) profile we 

will obtain the ionization distribution curve, as shown in fig . 2 .5, v.hich 

shows close agreement with the N(h) profile observed at 15 . 00 hrs . 

These results may nQt be regarded as very reliable due to the unknown effect 

which the diffusion term may introduce above 250 km if included in the 

continuity equation, but once agai n they emphasize the fact that measurements 

of electrons with energies ~ess than 10 keV are required if ionization 

increases at Sanae are to be explained; 

2.5 Discussion and Conclusions 

The i ncreases in ionization v.hich we may expect high fluxes of electrons 

typical of observations made by Alouette I to produce, are confined mainly 

to altitudes below 130 km and seem to display certain characteristics . 

) 5 - 2 -1 - 1 ( a For total fluxes of electrons above 1 , 5 x 10 cm s sr and 

Eo = 50 keV), a valley in the ionization density profile seems to be formed 

above the height of maximum ionization production of these electrons. The 

depth of the valley is dependent on the level of the electron int ensity . 

An attempt was made to investig~te v.hether valleys were present above the 

E- layer on occasions where high fluxes of electrons were observed by 

Alouette I . Use was made of an ionogram to N(h) profile reduction program 

developed by Dr. M.H. Williams , of the Computer Science Department, Rhodes 

University, in order to test for the presence of valleys. 
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Sanae ionograms were found to be unsui table for this purpose as on most 

occasions where high fluxes Viere experienced the disturbed nature of the 

t race as well as the absence of a clear extraordinary ray reflection made 

t his sort of anal ysis virtually impossible . Little mOre success was 

obtained by using the better quality ionograms for the Argentine Islands , 

due to the limited accuracy to which the trace could be scaled in the close 

vicini ty of the E- critical frequency . It seems that this aspect may only 

be investigated further onCE' better techniques for detecting valleys from 

actual ionograms are developed or improved hp.ight and frequency resolution 

obtained in ionospheric soundings . Improved height resolution may be 

attai ned by means of the phase i onosonde . 

b ) A highly significant increase in the peak electron density of the 

E-layer is also Observed to be produced by high intensities of these measured 

electron fluxes . This increase in the ionization dens i ty in the E- region 

could be accompanied by an increase i n the critical frequency of the E-layer 

and/or the production of a fairly thick (on the average of about 10 km 

( fig. 2 .1)) sporadic E- layer . This sporadic E- layer would probably exhibi t 

r etardation and/or blanketing properties and may be particularl y Observable 

a t ni ght when the ionization density of the normal E- layer is very low in 

compari son to the daytime level . Bailey (1968 ) has suggested an association 

between electron precipitation and retarded E ( or night E) . 
s 

An investigation of the occurrence of sporadic E- layers for the months of 

April and May , 1963 was undertaken for Sanae on all the occasions when 

relatively high fluxes of electrons were measured by Alouette I during the 

night hours . Typically for this period, the critical frequency of the 

F-layer was found to decrease below f , at around 21 . 00 hrs . L. T. and reappear nun 

the next morning at about 6 . 00 hrs. L. T. For most occasions where high 
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fluxes of electrons were recorded during this blackout period , either 

sporadic E-layers Or the complete reappearance of the F- and E- layers 

were observed . Unfortunately insufficient data was available for this 

period to allow a statistical analysis to be undertaken . 

The possible increase in foE due to the ionization effects of the electrons 

will be discussed in a later chapter . 

c) From Fig . 2 .1 we may deduce that the observed fluxes of electrons 

may be expected to produce a high ionization density below 98 km . The 

harder the spectrum (i . e . the greater Eo) , for a constant flux, the greater 

the low lying ionization density which would be produced. 

This low lying ionization may have two observable effects . 

(i) Absorption of the l ow frequency radio waves reflected 

from t he E- layer which would be evidenced by an 

i ncrease in f . • nun 

later . 

This aspect will be investigated 

(ii) A possible increase in the virtual height of the 

E-layer due to the retardation of the radio wave in 

in this low lying ionization . This would probably 

be indicated by retardation of the lower end of the 

E-layer reflection . This aspect is also investigated 

further later . 

Thus even although the measurements made by Alouette I are in the wrong 

energy range to cause observable effects in the upper ionosphere, we now 

have good reason to expect that the ionizing effects of these electrons 
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should be observable in the altitude range below 130 kID. It is intended 

in the next few chapters to investigate the reality .of this statement . 

By way of summary , it may be mentioned, that we have shown in this section , 

that F- region ionization effects are probably due to high f luxes,> 107 

elec cm-2 s-l sr- l , of electrons with energies ~ 2 keY precipitating into 

the upper atmosphere . High fluxes of electrons with energies greater than 

2 keY may also be responsib:e for F- region effects but would produce accompanying 

large ionization increases i n the E- region . 

We have also shown that short term ionization density increases in the 

ionosphere may be explained in terms of two different energy spectra of 

electrons with Eo values of 0 , 5 and 4 keY respectively. Choy et al (1971) 

have observed a spectrum of electrons i n the auroral regions to which we 

have fitted separate exponential spectra for the energy ranges 0,5 to 2 keY 

and 2 keY to 10 keY . The corresponding values of E for the two spectra o 

are 0,65 and 2 , 5 keY respectively for the two energy ranges. 

A spectrum measured by Hoffman (:.969) at about 7ot° invariant latitude gives 

values for Eo of 1,1 and 5 keY for the energy ranges 0,8 to 3 keY and 3 to 

10 keY r espectively , for what he calls the quiet band of precipitation and 

values of 0 , 35 and roughly 5 keY for data where bursts of 0,7 keY electrons 

were present. 

Thus we may propose that the spectra used to explain the observed ionization 

increases are not unreasonable when compared to high latitude measurements, 

although there is no reason to believe that energy spectra observed at 

auroral latitudes bear any resemblance to spectra at lower latitudes. 

o 
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CHAPTER 3 : Electron Effects in the D-region 

The computations in the previous chapter have revealed the possibility of 

relatively high densities of low lying ionization being produced by high 

fluxes of electrons· typical of measurements made by Alouette I . In this 

section we will investigate whether any evidence for this correlation between 

low lying ionization and electron fluxes may exist in the data for the 

Argentine Islands and Sanae. 

3 .1 Introduction 

Variations in the ionization density of the D-region have been studied by 

means of various techniques such as reflections from low frequency radio 

waves, absorption measurements at various frequencies and partial reflections 

from pulsed 2- 3 MHz signals. 

Anomalous enhancements of the D-region ionization such as the ' winter 

anomaly ' and enhancements roughly 1 000 km in extent found by Thomas (1962), 

have been associated with ' stratospheric warmings' and magnetic activity. 

Workers have tended to regard these anomalies as mainly meteorological in 

origin . However Lauter and Knuth (1967 ) and Maehlum' (1967 ) have suggested 

direct bombardment by high energy electrons as a possible explanation of the 

enhancements and Tulinov (1967), and Tulinov and Yakovlev (1969) have 

demonstrated the possible importance of corpuscular r adiation in the 

formation of the lower ionosphere even at middle latitudes . Measurements 

of electron intensities made by satellites have been related to auroral 

absorption. McDiarmid et al (1963) have used results from Alouette I to 

show that there is a statistical agreement between the frequency of 
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occurrence of precipitated electrons and the percentage time of auroral 

radio absorption . Maehlum ·and O'Brien (1963) using. Injun I data have 

studied the relation between trapped electrons and auroral absorption and 

Jelly et al (1964) using particle detectors on Alouette I and on rockets , 

have shown that the. average relationship between the intensity of precipitated 

electrons and the amount of absorption is in approximate agreement with 

that expected from theory. Parthasarathy et al (1966 ) have made similar 

deductions to Jelly et al u<,ing Injun 3 data . 

The ionospheric parameter , f . , the minimum frequency for which echoes are mln 

observed on ionograms , has been shown by Piggot t et al (1957) to demonstrate 
of 

a reasonable correlation with measurements at Slough/ibsorption on a 2,0 MHz 

s i gnal. However they point out that the sensitivity of f. to absorption =n 
changes is dependent on the receiver gain and noise level at the time of 

observation . Assuming changes in these two factors to be relatively small 

over the period of a month, we could use f. as an indicator of relatively =n 
large absorption changes which may occur duri ng this period . 

The ionosonde at Sanae , a Cossor portable recorder having a peak power 

output of roughly 1 kW, gives records which seem to exhibit a high variability 

of f. over short time intervals with complete ' blackouts ' occurring on a =n 
relatively large number of occasions. Thi s would seem to. indicate that 

f. for Sanae ionograms should be fairly sensitive to absorption changes 
mln 

and thus suitable. as an approximate measure of the relative ionization density 

in this lower region . 

On the other hand , f. for the Argentine Islands records does not display mln 

such a high degree of variability and rare occurrences of 'blackouts ' are 

recorded . Thus we nny expect that here only relatively large increases in 
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the ionization density will be reflected in noticeable changes in f min • 

The present study has been undertaken in order to determine whether any 

association may be observable between the occurrences of high fluxes of 

electrons measured ~y Alouette I and absorption in the D-region as shown 

by increases in f min • The f . values for the three months of November , ml.n 

December 1962 and January 1963 for the two stations were compared to the 

flux readings by means of 2 x 2 contingency tables . 

The satellite flux data used in this analysis i s identical to that described 

in chapter l .for the correlation studies of foF2 and h'F2 and will not be 

discussed here. 

In order to effect the comparison between flux and f. data , the electron 
II'.ln 

flux for each pass was categorized as either ' high ' or 'low' depending On 

whether the maximum value for the pass lay above or below a certain critical 

flux whose value was adjusted arbitrarily to give roughly the best correl ation 

. between the two variables . ·' 

f. was classified as ' high ' for a particular flux measurement, if its value 
Illln 

on at least one occasion within an hour before or after the flux observation 

was found to lie above the hourly median value for the month being considered . 

f. was regarded as ' low' if its value did not exceed the monthly median ml.n 

during the two hour period . The method described in chapter 1 for deciding 

on a ' disturbance ' criterion for the parameters f of.2 and h' F 2 was not used 

here as it was found that plots of f. for the magnetically quiet days of 
Illln 

t he month showed a high degree of variability which made the setting up of a 

purely Objective criterion difficult . 
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Contingency tables with estimates of ~ 2 and the association coefficient r 

were constructed for both Sanae and the Argentine Islands f. values . 
Inln 

3.3 The Results 

3.31 Sanae 

Quarter hourly f . values scaled from the ionograms werE available for 
Inln 

Sanae. Initially the flux classifications as used for the correlation 

analysis in chapter 1 were adopted here. However,the correlation of flux 

with f. was found to improve if the critical flux value was decreased 
Inln 

from 4 x 105 cm- 2 s - l sr- l to 7 x 104 cm-2 s - l sr- l'for the Falkland Islands 

4 4 - 2 -1 - 1 3 2 -1 -1 data and from 4 ,8 x 10 and 1 x 10 cm s sr t o 7 x 10 cm- s sr 

for the st . Johns data . The results are presented in table 3.1a and 3.1b 

where Hand L refer to ' High ' and 'Low' respectively. 

TABLE 3 .1 

SANAE Correlation of f . 
Inln 

FALKLAND ISLANDS DATA ST. JOHNS DATA 

FLUX FLUX 

H L H L 

f H 42 15 f H 44 17 
min min 

L 8 20 L 3 19 

N = 85 N = 83 

2 
15,8 i pL 10- 4 2 = 22,5 P .( 10-5 oy = "X- i r_ 

r = 0,43 r = 0,52 

(a) (b) 



Both tables 3 . la and 3.lb reveal a significant correlation between f min at 

Sanae and t he electron flux measurements made i n the Falkland Islands and 
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st.Johns telemetry receiving areas . Table 3.lb for the st . Johns data seems 

to show a slightly better correlation (r ; 0,52) to that for t he Falkland 

Islands data in table 3.la (r ; 0,43). This small difference i n the value 

of these coefficients is surprising when compared to the F- region correlations 

described in chapter 1, where the correlations for the Falkland Is l ands data 

(r ; 0,60 for foF2 and 0,54 for h'F
2

) far exceeded those for the st. Johns 

This would imply that Falkland 

Islands flux measurements show a better correlation with F-region disturbances 

than they do with D-region effects whereas the St. Johns data show a higher 

degree of association with effects i n the lower ionosphere . No reasonable 

explanation for thi s phenomenon is i mmediately obvious. However , the answer 

may be linked in some way to a decrease in the intensity of the hi~l energy 

component of the electron flux measured i n the Falkland Islands area, as 

the electrons dr ift along the L ; 4 shell, with a possible corresponding 

increase in the proposed accompanying lower energy flux . 

On the other hand this difference may arise purely by chance from the 

relatively small sample of data used in the analysis . An extens i on of this 

analysis for mOre data would help to ascertain the reality of this effect. 

The improved correlation (r ; 0,52) of St . Johns data with f . effects as 
lDJ.n 

compared with that for F- r egion disturbances (r ; 0,31; 0,39) is in accordance 

with what may be expected , as the flux measurements made by Alouette I are 

in the right energy range to cause D-region i onization increases . Lower 

energy electrons (E 5 2 keV) are required in order to produce observable 

F- r egi on effects. (see chapter 2 ). 



48. 

Hourly values only for f. were available f r om bulletins for the Argentine 
m~n 

Islands . The values of the critical flux used to delineate ' high ' from 

' low' fl~es were not altered from those used in the foF2 and h ' F2 

cor r el ati on study . Decreasing these critical values was not found to 

impr ove the correlation significantly . For November 1962 the value used 

;s 4 ,8 x 105 cm- 2 s- l sr- l and for December 1962 d J 1963 ·t· 1 ~ an anuary a cr~ ~ca 

val ue of 5 x 104 cm- 2 s - l sr- l was adopted . 

TABLE 3 . 2 

Ar gentine Islands f . - Fa lkland Islands mJ.n 

Flux Data Correlation L = 2 , 26 - 2,63 

2750 
- 3300 E 289 0 

- 3000 E 

H 
f . 
~ L 

FLUX 

H 

46 

18 

L 

45 

52 

N = 161 

'X- 2 = 10 , 2 ; P ':: 0 , 0014 

r = 0 , 25 

(a ) 

FLUX 

H L 

' mm : tffij 
N = 54 

?(.2 = 6 ,1 ; P~ 0 , 0l4 

r = 0 , 34 

The results of the analysis are shown in table 3 . 2a and seem to i ndicate 

a rather low degree of association (r = 0,25) between the flux and f . 
m~n 

values for this station. Decreasing the longitude range over which flux 

measurements were made to a roughly 10
0 

interval centered on the longitude 

coordinate for the Argentine Islands , was found to improve the correlation 



slightly as shown in table 3.2b (r = 0,34). This degree of association 

i s still less than the values of the coefficients observed for Sanae f . 
lllJ.n 
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data (r = 0,43 ; 0,52) . Possible reasons for this will be discussed later . 

Encouraged by the correlations observed for Sanae, table 3.1a and b , a 

more detailed investigation of the events characterised by high fluxes and 

high values of f·. and a comparison of the effect of electron fluxes on 
lllJ.n 

f min to theoretical predictions was thought worthwhile . The absorption 

produced by precipitating electrons measured by Alouette I may be estimat8d 

t heoretically from a knowledge of the flux and spectrum of these electrons . 

However in order to relate f. values to the absorption in the lower 
lllJ.n 

ionosphere , it is necessary to have concurrent riometer observations which 

unfortunately were not available for Sanae for this period . 

To be able to study the approximate nature of the disturbances in f . which 
lllJ.n 

are caused by high fluxes of electrons, a number of graphs of the f . 
lllJ.n 

variation for Sanae were plotted for days where both high and low fluxes 

were experienced . Typical examples of these grapha are shown in figs. 3 .1 

and 3.2. The electron intensities have been normalised to the average flux 

value for the three month period (November, December 1962 and January 1963 ) 

in order to be able to compare the magnitudes of the flux readings taken 

in the St. Johns area vnth those for the Falkland Islands. These plots seem 

to indicate that where relatively high fluxes are measured, we may generally 

expect large ' disturbances ' in f. to occur with ' blackouts' being present 
lllJ.n 

on most occasions. Similarly, low flux values tend to be accompanied by 

a relatively ' quiet ' f. variation. 
lllJ.n 

However the flux data is too sparse 

to show whether a detailed correlation of flux with the f. variation may mln 

be present. 
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3.4 Discussion and Conclusions 

The correlation studies in this section have shown that there is a significant 

positive degree of association between the f. values measured at Sanae 
mill 

and flux readings taken in both the Falkland Islands and st . Johns telemetry 

receiving areas in 'the range 3, 75~ L 64,25. Thus we may conclude, in 

agreement with the theoretical prediction made in chapter 2, that high 

fluxes of electrons measured by Alouette I could be responsible for 

observable ionization increases in the D- region of the ionosphere at Sanae. 

This result serves to indicat·e that the correlations between absorption and 

precipitating electrons observed at auroral latitudes may also be present 

at lower latitudes. Gledhill and Torr (1966) have also shown a correspondence 

between high fluxes measured in the st . Johns area a:,,-d disturbances in f . 
IDJ.n 

at Sanae. 

The analysis of the Argentine Islands' records, table 3.2a , displays a 

comparatively low degree of association for the two variables. Reducing 

the longitude range of the satellite measurements improves the correl ation 

slightly but leaves the value of the association coefficient wel l below that 

observed for the Sanae data . 

Two possible reasons for this poor correlation for the Argentine Islands 

data as compar.ed to that for Sa"lae are suggested. 

a) The relative insensitivity, suggested above, of f. for the Argentine 
IDJ.n 

Islands to absorption changes could result in some reduction of the association 

coefficient. However we may expect that an increase i n the critical flux 

value used should cancel this effect to a certain extent. This was not 

found to be the case , as altering the ·value of the critical flux made very 

. l i ttle difference to the observed correlation. 



b) Absorption effects other th~~ that due to electron fluxes may playa 

more predominant part in causing increases in f , at the Argentine Islands, 
, Inln 

whereas at Sanae precipitating electrons may cause the main effect. This 

could imply, as mentioned in chapter 1, that we may expect overall higher 

fluxes to occur at Sanae as compared to the Argentine Islands. This 

occurrence has been observed for the conjugate points to the two stations, 

where the median flux conjugate to Sanae is found, using Alouette I data , to 

be roughly four times as hi~h as that observed for the Argentine Islands 

(J.G. Greener private communication). 

Absorption in the D- region has been associated with 'non- corpuscular ' 

phenomena such as the stratospheric temperature and also "stratospheric-

warmings' which are located at roughly 30 km. Williams et al (1972) have 

shown a correlation between fmin values observed over North America and the 

passage of a deep planetary wave in the stratosphere. 

Thus by way of summary we may propose that the predominating effects of 

ionospheric - stratospheric coupling over that of electron flux densities 

at the Argentine Islands may have resulted in the poor correlation observed 

between the flux and f, values for this station. 
Inln 

Relatively high fluxes 

at Sanae have been suggested as an explanation of the , probably greater 

importance of electron effects there. 

The use of hourly values of· f, for the Argentine Islands as compared to 
Inln 

t hourly values for Sanae may also contribute an effect to the difference 

in the correlation observed for the two station. 
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The greater sensitivity of f. at Sanae to absorption changes, as compared 
IUln 

to the Argentine Islands, is indicated in a very crude way by the improved 

correlation observed for the f . values at Sanae on the reduction of the 
IUln 

critical flux value, used for the Falkland Islands and St. Johns data, from 

those which provided the best correlation of the F-region parameters with 

flux, whereas little improvement in the correlation for f. values for the 
=n 

Argentine Islands was obtained if the critical flux was reduced from the 

values adopted for the F-region correlations. 

This reduction in the critical flux values used for the Sanae f . correlation 
=n 

would tend to imply that a greater flux is necessary to produce an observable 

disturbance in either h ' F2 or foF2 than will produce an observable disturbance 

in f .. 
IUln 

The analysis has indicated a better . correlation of st . Johns flux data with 

f min values at Sanae in comparison to the correlations with foF2 and h'F2 • 

On the other hand , the Falkland Islands data display a slight reduction in 

the l evel of association with f . in relation to that observed for the 
IUln 

F-I'egion parameters . If these differences may be regarded as significant 

an enhancement of the low energy component of the electron intensity and 

corresponding reduction of the flux density at higher energies, as the 

electrons drift towards Sanae from the Falkland ISlands area , has been 

proposed as a hint at a possible explanation. 

The graphs of f. for certain days in November 1962 at Sanae have shown the 
IUln 

type of disturbance in f min which may accompany high fluxes of electrons . 

Blackouts are found to occur on most occasions where high fluxes are measured. 

Thus the results in this section have revealed some mOre evidence for the 

effect of precipitating electrons on the ionosphere at Sanae . 



CHAPTER 4: Electron Effects in the E- region 

Computations in chapter 2 have shown that we may expect observable 

ionization increases in the E-region to be caused by high fluxes of 

electrons typical of those measured by ; ,louette .1. The possibility of 

a relation between fluxes and the maximum ionization density of the 

E-layer is investigated in this section. 

4.1 Introduction 

The behaviour of the normal E- layer has been found to be directly related 

to the ionizing radiation of solar origin . The diurnal and seasonal 

variation of the critical frequency of the layer is closely controlled by 

the zenith angle of the sun and may be represented by the expression 

(Belrose, 1965) 

f E o 

where ?C is the solar zenith angle 

n is a constant = 0 , 25 for an ideal Chapman layer 

k is a constant = critical frequency when the sun is directly 

overhead. 

f E is also related to effects such as the SilllliPOt number and the sun to o 

earth radial distance (MUggleton, 1971) . It is well correlated with 

variations in the intensity of the 10 cm solar flux . 

E- layer characteristics have also been associated with magnetic activity. 

Sato (1957) and Brown and Wynne (1967) have found that foE is reduced by a 

few percent during magnetic storms . The virtual height hIE shows only 

slight changes of about a t km from the usual behaviour. Wakai (1967) 
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has studied the electron density profiles of the nighttime E-region for 

times of quiet, moderate and severe geomagnetic activity . 

An ' intermediate ' layer is found to develop above the normal nighttime 

E-layer during stropg disturbances . Tl;is 'intermediate ' layer is suggested 

as carrying the electric current in the ionosphere due to the SD field . 

Particle precipitation is proposed as a sOurce for the nighttime E-layer for 

o 0 geomagnetic latitudes great=r than about 52 to 57 N or S . 

Both the Argentine Islands and Sanae are situated at geomagnetic latitudes 

greater than 520 and i t is Our aim in this chapter to present evidence for 

precipitating electrons having a noticeable influence on the behaviour of 

the critical frequency of the normal E- layer at these two stations . 

From the calculations performed in chapter 2 , we may expect the increase in 

the ionization density at 100 km produced by a high flux of electrons 

, 6 - 2 - 1 - 1 
J o = 1 x 10 cm s sr to result in a rise of approximately 0,8 MHz in 

However the magnitude of the effect of preCipitating 

electrons on foE is largely dependent on the altitude of the existing 

E-layer. At 120 km , we may only expect an increase in foE of roughly 

0,3 MHz to accompany the same flux mentioned above . Thus wi thout a 

knowledge of the height di stributions of the i onization denSity , it is not 

possible to pr edict the magnitude of the disturbance in foE which may be 

caused by a given, flux . However, we may suggest from the computations in 

chapter 2 that discernible effects on foE should be present when high fluxes 

occur. 
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Initially an attempt was made to try and establish the diurnal variation of 

fOE which occurs fo r conditions corresponding to quiet magnetic activity 

and low fluxes of electrons . Thereafter it was hoped to compare the 

behaviour of foE at times where high fluxes are experienced to these 

quiet conditi ons and relate any differences which may be observed to 

theoretical calcUlations of the possible effect of these high fluxes . 

Graphs of quarter hourly values of f E vs local time were plotted f or six o 

magnetically quiet days in January 1963 wher e low fluxes were measured by 

Alouette 1. The parameters k and n in equation 4 .1 were determined for 

each of these days by means of a regression analysis of pl ots of log f E 
o 

versus log cos x where cos x is given by the expression (Wright et al , 1957) . 

cos X- = sin i\.. sino<. + cos A cos ol cos ('IT - ?1C/12 ) 4. 2 

where )C = solar zenith angle as above . 

~ = ge ographic latitude. 

cl = solar declination . 

C = local time in hours . 

Given cos ~ for a particular t ime and day and estimates of the parameters 

n and k typical of the quiet day variation , we may determine from equati on 

4.1 that value of foE which would r esult when the ionizing effects of 

electrons may be regarded as small . The value of foE whi ch accompani es 

high fluxes of electrons may be compared to the calculated value and the 

difference r elated to the magnitude of the flux . 



The values of nand k for four of the six days analysed are given in 

table 4.1 

TABLE 4 .1 

Date n k 

10 Jan .1963 0,21 ~ 0,02 3 , 01 ~ 0 , 06 MHz 

3 Jan.1963 0,34 ~ 0,01 3,31 ~ 0,03 MHz 

8 Jan.1963 0,32 ~ 0,01 3,31 ~ 0,05 MHz 

26 Jan.1963 0,3 ~ 0,1 3 , 23 ~ 0,04 MHz 

Values for nand k estimated for four magneticall y quiet 

days at Sanae. 

Except for January lOth the values of k do not vary significantly. The 

variation of n for the three days 3rd , 8th ~Dd 26th of January would give 
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rise to variation in foE of less than 0,05 MHz . This is within the limits 

of accuracy to which f~E may be scaled for Sanae ionograms . However at 

this stage this analysis was thwarted by the difficulty of finding suitable 

events at Sanae, corresponding to high fluxes, for which the critical 

frequency could be scaled to sufficient accuracy to allow a comparison with 

the value calculated using the 'quiet' day parameters . Absorption ar ound ' 

the critical frequency rarely allowed foE to be estimated to within 

~ 0,1 MHz. 

In view of this our attention was turned to the records which were available 

for the Argentine Islands . These ionograms allowed an estimate of foE to 

within ~ 0 , 01 MHz and thus we may expect that changes in the ionization 

density in the E- region, which may be produced by high fluxes , should result 

in noticeable changes in foE for this station. An analysis for the 



57. 

Argentine Islands has the added advantage that flux readings for this station 

were recorded on a larger number of passes (roughly 2~4 per day) than were 

registered within the L-coordinate range for Sanae at the Falkland Islands 

telemetry station . 

A different approach to that used for Sanae was followed in this analysis 

for the Argentine Islands. 

Plots of the variation of f E values, scaled from hourly ionograms, were o 

made for the entire period from the 1st to the 18th N0vember, 1962 . This 

parti cular period was chosen as the flux measurements showed a relatively 

high level of fluctuation , which it was hoped would result in mOre easily 

discernible changes in foE . Records for the Argentine Islands were not 

available from the 19th to 26th November 1962 and nuclear explosions prior 

to the 1st November caused Alouette I flux measurements to be unreliable 

because of the high level of background radiation . 

The variation of f E during ·this period was now examined carefully at times · o 

where fluxes of electrons were recorded in the L-parameter range 2,26 -= L ~ 2,63 . 

Encouraging evidence of ' disturtances' in the E-region were noticed On a 

number of occasions where high fluxes were registered . 

These disturbances were distinguished by: 

a) A small digression of the critical frequency from its normal diurnal 

variation •. 
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b) The presence of a blanketing sporadic E-layer usually causing 

multiple reflections of the sounding pulse . 

c) The appearance of extra cusps .in the trace close to the critical 

frequency. 

The quantity f. was found to be abnormally high on two occasions while a 
InJ.n 

broadened and sporadic trace accompanied an extremely high flux reading on 

another occasion . 

An example of a sharp increase in faE corresponding to a high flux of 

electrons is shown in fig . 4 .1. A comparison of the behaviour of f E, 
o 
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at a time where a high flux was measured, to its ' behaviour at the same local 

time, but for an occasion where a relatively low flux was r ecorded , reveals 

a significantly higher value for f E corresponding to the high flux reading . o 

A typical example of this is shown in fig . 4.2 for the two days 10th and 

12th November. 

If for the moment we may neglect the effect On f E which may result from o . 

the change in the solar zenith angle at a particular local time between 

the 1st and 18th November, we may compare the variation of foE during this 

period, at a fixed time, to the variation of the electron flux . A plot of 

f E values at 0300 L:T . for each of the days 1st - 18th November is shown o 

in fig. 4.3 together with the level of the flux recorded between about 

. 0200 and 0400 L. T. Flux values within this time interval were not available 

for all the. days during this period. Nevertheless fig . 4 . 3 shows an 

encouraging correspondence between high fluxes and high values of f E. 
o 

This would tend to suggest that a relation may exist between the flux and 

the critical frequency and a further investigation may prove useful. 
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Correlation of foE with flux 

In order to investigate more fully the possible relation between foE and 

flux, plots were made of f E values at a fixed local time against the values 
o 

of the average flux per pass which were measured by Alouette I roughly 

within the period of l t hours before or after the time at which the record 

of f E as taken . o Tnese 'scatter ' diagrams for the local times 0200, 0300, 

0400, 0500, 1700, 1800, 1900 and 2000 L. T. are shown in fig . 4.4 for the 

period 1st to 18th November 1962 . - For occasions Imere double Or triple 

cusps were encountered their values were plotted in the graphs shown except 

when they showed a l arge disagreement with the value of fEat the same time o 

on other days . If the cusp showed no obvious diurnal variation it was 

disregarded completely . 

been lightly circled . 

Where double cusps are plotted , their points have 

FOr the sake of convenience the errors in the f E 
o 

values have not been indicated i n the diagrams but may generally be t aken as 

approximately 0 , 05 MHz . 

A cursory examination of the diagrams in fig . 4 . 4 reveals that the plots 

for the early morning hours , 0200 , 0300 , 0400 and 0500 L. T. indicate that 

a relationship may exist between f E and the level of the average flux. o 

The plots for the afternoon hours, 1700, 1800 , 1900 and 2000 L.T. seem to 

show no definite trends whatsoever , and for the most part the corresponding 

points may be considered to be randomly distributed. 

However, it now becomes necessary to consider the possible effect on f E 
o 

of the change in solar zenith angle between the 1st and 18th November at 

a fixed local time . The formulae 4.1 and 4 . 2 predict an increase in f E 
o 

of the order of 0 ,5 MHz during this period due to the change in the zenith 

angle . Thus in order to present a reasonable analysis of the data , a 

correction must be made for this effect . 
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4 . 32 

The variation in fEat a fixed local time due to the seasonal change in o 

the sol ar zenith angle X , may be determined by estimating the parameters 

nand k , in equation 4 .1 , for f E values cover ing at least two to three o 

months of data at a constant local time . These parameters may then be 

used in equations 4 .1 and 4 . 2 to estimate the variation of f E for the o 

peri od bei ng considered . 

60 . 

For the purpose of this analysis for the period under consideration , we have 

used the diurnal variation of foE for particular days on which relatively 

l ow fluxes were experienced , to estimate the parameters nand k. This is 

t o eliminate the possible effect which any seasonal anomaly may have on 

our cal culations . 

When ::t approaches 90
0 the rel ati on between f E and X given by equati on 4 . 1 o 

i s no longer applicable since it is based on the assumption of a ' plane earth' . 

Chapman (1931) has defined a ' grazing incidence ' funct i on Ch(~,~) the 

inverse of which may be used to r eplace cos X i n equation 4. 1 which becomes 

= k Ch(x ,-X) -n 
4. 3 

or Ch(x , X ) 4 . 4 log k - n l og 
e e = 

where k , n and X are as defined previously , and 

r 
4. 5 x = 

H 

where r = geocentric distance 

and H = atmospheric scale height . 
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The Chapman functicn Ch(x,~) has been tabulated by Wilkes (1954) for 

values of x ranging in intervals between 50 and 1 000 . This function 

applies accurately only to a spherically symmetric atmosphere and H 

independent of height . 

The scale height for the E- region is found to increase steadily from 

approximately 7 to appr oximately 40 km between the altitudes 110 to 150 km 

(Nicolet, 1960). This would imply that the values of x ·"hich we may use 

in this study would r ange between 900 and 160, assuming r to be 6 500 km. 

o For ~rv 90 t he Chapman theory predicts that the height of maximum production 

will be greater than that for smaller solar zenith angles . This is found 

to be true for the Argentine Islands where h ' E may rise to as high as 180 km 

during the sunrise and sunset periods , and fall to a value of roughly llOkm 

during t he daylight hours . Since we are working at times when the solar 

zenith angle is close to 900
, we have chosen a value for x of 150. This 

corresponds to an H which Occurs at an altitude of approximately 150 km 

(Nicolet, 1960) • 

From plots of log f E versus log [Ch(x , x)] wi thin the period of analysis 
e 0 e 

for particular days on which r elatively low fluxes were measured and for 

the times for which ' scatter ' di agrams were plotted, as showl". in fig . 4 . 4, 

we have estimated values for nand k for the relation between f E and X- in 
o 

equation 4.3. Linear regression techniques were employed . The possible 

influence of fluxes of electrons on this determination has been minimized 

by the elimination of all unusually high f E values and any values which 
o 

correspond to high flux measurements. 
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The estimates for nand k, using foE data mainly from the 8th, 9th and 10th 

November, are 0,36 ~ 0,01 and 3,67 ~ 0,05 respectively . 

for nand k in equation 4 . 3 we may use the relation 

f E = 3,67 [Ch(X,X)r 0,36 
o 

substituting 

4.6 

to calculate the variation of f E due to the change in solar declination at o 

a fixed local time from the 1st to 18th November with electron effects being 

minimized. 

The observed values of foE plotted in fig . 4.4 were nOw corrected for the 

effect of this variation. Their values were adjusted to those which 

would have been observed had the solar zenith angles been fixed at a certain 

value for a constant local time throughout the period. This fixed X was 

chosen to correspond to that which Occurs on 9th November , which is the 

middle of the period of analysis. The method of correction may best be 

expressed in the form: 

f E = f E . 
o COrr . 0 obs . (f E - f E ) o calc. 0 9calc. 

where f E is the critical frequency which would have been observed on o corr . 

the day being considered for the value of X on the 9th November. 

In the above f E 
o obs. 

f E o calc. 

= the observed critical frequency. 

= the critical frequency calculated for the~ 

corresponding to the time and day of the 

observed f E, using relation 4 . 6 o 

f E = the critical frequency calculated usi~g the o 9calc. 
:::t for the 9th November corresponding to 

the time of the observed f E. o 

4.7 
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The corrected f E values, which correspond to a constant ~ , are plotted 
o 

against the average flux per pass in a similar way to that in fig . 4.4 . 

The plots are shown in fig. 4 . 5 for the values of X. on the 9t h November 

1962 corresponding to the local times indicated on the diagrams . The 

error limits for foE are indicated on each of .the points except where the 

error in scaling f E was greater than, or equal to, ~ 0, 1 MHz . c 
Data points 

for which the record of f E and the measurement of the flux are separated 
o 

by more than an hour are indicated by a light circle. ~econdary cusps in 

the ionogram close to the E- critical were neglected unless their values 

showed agreement with foE at the same time on other days . 

No correction has been made to f E values corresponding to 0200 L. T. or t o o 

those for 0300 L.T. prior to the 9th November . )C for this data is greater 

o 
t han 90 . For?( > 900

, Ch(x , x) becomes large and varies rapidly with a 

change in the scale height. Since the scale height H for the E-region 

changes with altitude , the correction for this data would be unreliable 

since we have assumed H to be a constant . 

The scatter diagrams i n fig . 4 . 5 for the constant values of x corresponding 

to 1700, 1800, 1900 and 2000 L. T. on the 9th November, reveal a definite 

relationship between the average electron flux and the critical frequency 

and show a notable improvement on the uncorrected plots in fj.g. 4 . 4 at the 

corresponding times. 

On correction the association between foE and flux for the uncorrected plots 

0300, 0400 and 0500 L. T. was found to become less marked . However , the 

plots for 0300 and 0400 L. T. still show a trend for foE values to increase 

with a rise in flux . The correlation coefficients for these scatter 

diagrams are shown in table 4 . 2 but will be discussed later . 
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Considering the sparseness of the flux data, and the time and longitude 

interval which may exist between the records of f E and the measurements o -

of the flux, the correlations shown in fig . 4.5 reveal a surprisingly clear 

correspondence between the flux and foE values . 

4 . 33 Increase in f E due to the Electron Flux o 

If we may assume a linear relationship to exist between the flux and values 

of foE , for each of the plots in fig . 4.5 , regression techniques may be used 

to determine the value of f E which corresponds to a zero flux level . o 

Using these critical frequencies, Imich will be referred to as fE , we may 
o 0 

nOw estimate those values of the parameters n and k in equation 4 . 3 which 

would correspond to a variation of f E with ?L for which observable electron o 

effects have been taken into account . 

The results for the -determination of f E for each of the plots in fi_g. 4 . 5 , o 0 

t ogether with m, the slope of the regression line describing the linear 

increase in f E per unit flux are shown in table 4.2. o The product moment 

correlation coefficients, r' , have also been estimated where r ' is defined 

in appendix C. 
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TABLE 4 . 2 

LT X f E m r ' o 0 

Degrees MHz x 105 11Hz cm 2 
h s sr 

0200 95.00 0,82 0,043 0,71 

0300 91 . 34 1,17 0,032 0,81 

0400 86.57 1,65 0,018 0,44 

0500 81. GO 2,08 0,002 0,05 

2000 86.57 1,60 0,029 0,76 

1900 81.00 1,94 0,038 0,92 

1800 74.91 2,29 0 , 026 0,81 

1700 68.95 -2,52 0,022 0,86 

An examination of the correlation coefficients in table 4.2 reveals that 

f E shows a good linear correlation with flux except for the plots corresponding 
o 

to 0400 and 0500 L. T. 

Log f E was now plotted against log Ch(x ,x ) as shown in fig. 4 . 6, where 
e 0 0 e 

the values corresponding to 0500 and 0200 L. T. were not considered owing to 

the poor linear correlation of flux with foE for 0500 L. T. and the 

unreliability of Ch(x, X ) for 0200 L.T . as suggested previousl;r. The 

parameters n and k corresponding to a variation of foE with :\:. , for which 

flux effects have been taken into account , were estimated by means of a-

regression analysis . They are 

n = 0,375 k = 3,68 MHz 

1rince the points plotted for 0300 and 0400 L.T . -, indicated by a 3 and 4 in 

fig. 4 . 6, lie slightly off the regression line the parameters were recalculated 

with this data excluded . 
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The recalculated values for nand k are 

n = 0,364 k = 3,60 MHz 

Substitutjng these two different sets of parameters into equation 4.3 

introduces a discrepancy of only 0 , 006 MHz in the calculation of foEo for 

Ch(x ,x ) = 5 , 36 . Thus both these sets may be considered to give a fairly 

consistent representation of the parameters which determine the relation 

Using these parameters we are able to determine 

the relation between f E for each time and day within the period of analysis . o 0 

The difference between the calculated value of f E and the observed critical o 0 

frequency at a certain time may be taken as a measure of the increase in 

the ionization density which is caused by the precipitation of electrons in 

the E-region if no other than the normal solar production source is present. 

The possible effect of the day-to- day change in the ZUrich sunspot number, 

R , on the values fo r the critical frequency, has as yet not been considered. z 

Beynon and Brown (1959) have shown on occasions a close correlation between 

day-to-day variations of Rz and foE . Relationships between foE artd Rz have 

been suggested from analyses of monthly mean values of (foE)2 and Rz ' 

However it i s felt that there i s little justification for assuming t hat 

these relationships will apply to the day- to- day correlations of foE and Rz ' 

For this reason and also because R remains consistently low (-vlO) for most z 

of the period of investigation no correction was made to the f E data for o 

possible sunspot effects . 

The formula suggested by Swenson (1969) relating the long term variation of 

f E with R was used to calculate the increase in foE corresponding to o z 

R = 50 . z This was found to be less than 0,05 MHz . Since R is close to 
· z 
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50 On only t~xee days, it seems reasonable to expect that t he effect of the 

daily variation of R on the observed correlations of f E with flux may be z 0 

minimal . 

Plots of A f E, the difference between observed f ·E values and fE , against o 0 0 0 

flux are shown in fig . 4.7 where for r easons mentioned above the plots 

corresponding to 0200 and 0500 L.T . have been excluded . These diagrams 

are very similar to those in fig. 4 . 5 since the small difference between 

the parameters, nand k, used for the twO figures is found to have an 

i nsignificant effect On the relative variation of f E with the solar zenith o 

angle. These plots will be useful later for a comparison with theoretical 

predictions . 

4 . 34 A Possible Relationship between foE and Flux 

From table 4 . 2 it may be noticed that , i f we may neglect the values listed 

corresponding to 0400 and 0500 L. T. due to the poor linear r elationship which 

plots for those times exhibit , the change i n foE per unit flux , m, increases 

consistently with solar zenith angle except for 1900 L. T. where m is found 

to be high . This r elationship between m and :t: is not surprising since for 

smal ler values of ?C the ionization density of the E-lajer will be greater· 

and thus a higher flux of electrons will be required to produce a unit increase 

A graph of the values of m against Ch(x ,~ ) is plotted in fig . 4 .8. If the 

poi nt corresponding to 1900 L. T. with coordinates (5,4 ; 0 , 38 ) is neglected 

the remaining PQints seem to indicate a linear relationship between m and 

Ch(x , X). 
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This may be expressed in the form 

m = 55 ) MHz cm 2 s sr 4 . 8 

where the numerical constants were determined by means of .a regression 

analysis. 

This relationship is only crude because of the sparseness of the data. 

Nevertheless if we take the relation 4 .8 as being representative of the 

change of m with X for the times plotted we may propose a general expression 

for the variation of f E with solar zenith angle and the directional flux a 

density measured at roughly 1 000 kID . 

where 

= 

m is given by the relation 4.8 

Jl is the directional flux density at 1 000 kID in the 

energy range 40 - 250 keY 

f E = 3 , 68 [ Ch(x, ~ )] 0,375 
a a 

is the critical frequency for zero flux . 

This expression may scarcely be used as an accurate description of the 

general r elationship between foE , il and Jl in view of the many simplifying 

assumptions which have been made as well as the sparseness of the data but 

may be regarded as a rough representation of the behaviour· of foE in terms 

of these variables during the period of the analysis . 

In conclusion , we have shown that for the period 1st to 18th November 1963 

4.9 

4.9a 

a definite positive correlation exists between values of foE for the 

Argentine Islands corrected for the change of foE with?c , and the variation 

of the electron flux density in the energy range 40 - 250 keY as measured 



by Alouette 1. A possible relationship between foE , ~ and J ' has been 

proposed as being representative of the data analysed . 

Considering the short term fluctuations which are evident in the flux 

measurements and the time interval which may elapse between a flux reading 

and the recording of foE at the Argentine Islands as well as the l ongitude 

r ange ( rv 55o) over which flux measurements were made , this analysis has 

given surprisingly good results . However the flux-data which were used 
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above are still in a rather elementary state as no account has been taken of 

the possible effect which a change in the orientation of the directional 

counter with r espect to the magnetic field may have on the intensity 

measurements . If the electron i ntensities are not'distributed isotropically 

with respect to their pitch angle , the counter will register different 

r eadings for a constant flux dependent on its direction of orientation . 

Thus in order to be able to compare the magnitude of directional flux 

densities measures for different pitch angles , a suitable correction must 

be made to the data . 

4 .35 

From an analysis of Alouette I data for the complete period for which flux 

measurements were available for the Falkland Islands , J .G. Greener (private 

communicat i on) has deduced the pitch angle distributions shown in table 4.3 

for invariant latitude intervals of approximately 20 within the range 

2 , 2 ~ L '; 2 ,8. These distributions correspond to the median values of 

electron intensity measurements which are separated both in time and longitude 

and may suffer from the possible effects ofa seasonal variation in the 

electron intensities . 



70 . 

TABLE 4. 3 

PITCH ANGLE e 

10° _ 30° 30° _ 50° 50° - 70° 70° - 90° 

Median 0 ,12 0,26 2, 6 8 , 3 

Electron Flux 0,06 0, 29 1,5 5, 9 

Densities J e 0, 08 0 ,29 1 ,4 5,1 

-5 - 2 - 1 - 1 0, 06 0,19 1 ,4 3 ,9 x 10 cm s sr 

0 ,05 0 ,16 0 , 61 2,1 

Normalising each of these distributions to the median flux value within the 

pitch angle range ,10° - 30° and taking the mean of these normalised 

dist ributions , we will obtain the mean pitch angle distribution for this 

L- parameter range 2, 2':; L~ 2,8 as shown in table 4 .4. 

TABLE 4 .4 

PITCH ANGLE e NORMALISED MEAN FLUX J I e 

10° - 30° 1 

30° 50° 3 ,4 + 0, 5 

50° ' - 70° 19 , 5 .:!: 2,3 

70° - 90° 67 ,6 .:!: 10,5 

Fi g. 4 .9 shows the variation of this normalised mean flux , J e ' , with the 

pi t ch angle (in radia,ns) in the middle of the ranges indica ted ,in table 4 . 4. 

An examination of this variation suggests that we may be a ble to fit an 

exponential relationship to these points for e <. '7(/2 . Fig . 4 .10 shows that 

within the error limits loge J e' is linearly related to e. By means of a 
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regression analysis we have deduced the following expression for the pitch 

angle distribution 

where 

J 1 e 

J 1 e 

= 0 , 226 e4 ,1 e 

i s the normalised median flux for E >-- 40 keV 

e = pitch angle in radians . 

This relation yields a normalised pitch angle distribubon which agrees 

closely with the observed distribution as shown in fig . 4 . 9 . 
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Thus in order to correct the flux data used in the analysis for the effect 

of this variation in the pitch angle , the level of the directional flux may 

be adjusted to the value that it would have at some fixed pitch angle e 

assuming the distribution 4 .10. 

If the directional flux J
ec 

is measured at some pitch angle ec say, then the 

normalised flux at this pitch angle would be 

4,1 ec 
== 0 , 23 e 

and thus the corrected flux density at the fixed pitch angle e would be 

J e Je ' 
= 

c 
J ' ec 

Using this relation 4.13 we may calculate what the flux measured at any 

pitch angle e would be at some fixed e. 
c, 

Correcting all the flux data 

4.11 

4 . 12 

4 .13 

used in the analysis to this fixed e, would give a much better measure of the 

relative magnitude of the flux which reaches the ionosphere . 
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However this method suffers from one main drawback and that is that we 

cannot assume th~t particles will always conform to this average distribution . 

As mentioned in chapter 2 various experimenters have shown that where high 

fluxes of electrons are measured, their distribution tends towards isotropy 

and this would make any correction according to the above method tota~ly 

inaccurate . 

A further complication arose in the attempt to correct the data for the 

effect of the change in angular distribution in that values for the pitch 

angle for the Falkland Islands data were only given for roughly 50% of the 

occasions where flux readings were recorded . This meant that any correction 

to the values of the flux would be unsatisfactory as a 50% reduction in the 

amount of data would render the correlation plots of f E versus flux 
o 

statistically insignificant. The values of the pitch angle which were 

available for the data used in the analysis were found to vary roughly 

between 45 to 75
0 

and on occasions showed an approximate 10
0 

variation per 

pass. Thus an accurate correction for the pitch angle effect for individual 

cases did not seem justifiable. 

Nevertheless this relationship 4.13 will be useful in the consideration of 

the average long term effects of the electron flux in particular with respect 

t o calculations of the expected increases in the ionization density due to 

fluxes measured by Alouette I . 
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4 . 4 Calculation of Expected Increases in foE with Flux 

I n this section we will attempt to calculate the increase in f E caused by o 

the flux densities used in the above analysis at those solar zenith angles 

for which the correlation plots of f E verSUS flux have been constructed o 

in fig . 4 . 5. The method of computation is identical to that described in 

chapter 2 except that here the ionization density increments due to the flux 

are calculated for a constant ionization density distribution vdth altitude . 

This value of the constant ionization density corresponds to the values of 

f E which have been estimated for each of the plots in fig. 4.7. 
o 0 

In order to effect the calculation of the ionization density increases we 

are required to know the IDH flux at 300 km. For our purposes the flux 

density has been assumed to conform to the pitch angle distribution as given 

by the relation 4.10 and not to the unrealistic isotropic case . Thus from 

the directional intensities measured at 1 000 km an estimate of the omni-

directional flux density over the downward hemisphere at 300 km must be made . 

From magnetic field considerations it is a simple matter to estimate the 

pitch angle range within which particles measured at 1 000 km will mirror 

below 300 km. The Alfven mirror equation (Heikkila and Axford , 1965 ) gives 

a r elation between the pitch angle of a particle and the magnetic field 

. 2 ~ 
Sln ~ = 

B 
B 

m 

~ = pitch angle at the value of the magnetic field B 

B = magnetic field at the mirror point . m 

4 .14 



Since 

we may write 4.14 as 

where 

r + h 3 
. 2 -, (e a) 

S1.n "" = r + h 
e 

h = height of the particle with pitch angle c(. 

which will mirror at the altitude h , a 

= earth radius. 

In order that particles measured at 1 020 km should mirror below 300 km 

t hei r pitch angl es at 1 020 km must be less than 

01.. = arcsin r = 6,380 km 
e 

h = 1 020 km 

Thus electrons at 1 020 km within the pitch angle cone of 59
0 

will mirror 
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4 . 15 

4 . 16 

below 300 km . In order to calculate the electron flux density with pitch 

angles less than 590 we must integrate the directional flux density over 

the range of pitch angles 0 to 59
0

• The integral is of the form (A . Wulff, 

1972) 

where 

s" 
J = 27t f J e sine cose de 

<I' 

J is the omnidirectional flux over the downward 

- 2 - 1 hemisphere at 300 km , elec cm s 

e = pitch angle 

J e = the directional flux at the pitch angle e at 

- 2 -1 - 1 1 020 illll, elec cm s sr 

4 . 18 



If we may express J e in terms of the pitch angle and the directional fltL~ 

J e measured at the angle e by the relation 4 . 13, 4 .18 becomes 
c c 

= 

4,1(e - ec ) 
e sine cose de 

-4,1 ec e sine ·cose de 

Integrating by parts 4.20 becomes 

J = 
2 

4,1 + 4 

- 4,1 ec e 2 - 1 elec cm- s 

where J e i s the directional flux density at 1 020 km measured 
c 

( - 2 - 1 - 1) at the pitch angle ec in radians , elec cm s sr . 

J is as defined above . 

Using the simple relation, 4.2+ , we may estimate the omnidirectional flux 

over the ' downward hemisphere' at 300 km from the measurements of the 
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4.19 

4 . 20 

4.21 

directional flux density at 1 020 km, assuming the pitch angle distribution 

given by the equation 4 . 13 . 
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4.41 The Computation of f!, foE 

In order to determine the changes in f E which the fluxes used in the above o 

correlation analysis would be expected to produce, we have followed directly 

the method of computation described in r.hapter 2 of this thesis . In this 

case the increase in the ionization density has been esti mated for the 

constant ionization density - height profiles corresponding to the values 

of f E calculated from the relation 4.9a for each of the plots in fig. 4 . 7 . o 0 

Values for the spectral parameters, Eo .and J o ' of the electron flux are 

required to perform this computation. 

An E value of 50 keV was taken as being typical of the measurements made o 

within the period of analysis . The total integral !'lux dens i ty J 0 was 

estimated from the directional fluxes, measured by Alouette I, by combining 

relation 4.21 with the expression for the exponential energy spectrum. 

This gives 

where 

J I 
o 

J I 
o is the total energy omnidirectional flux density over 

the downward hemisphere. 

E = 40 keV. 

is the directional integral flux measured by Alouette I 

with energy greater than E. 

Thus for the conversion of the directional· flux at 1 020 km to the omni-

directional flux at 300 km, J
O

"' it is necessary to know the pitch angle 

ec of the observations of flux. For our purposes the mean value of the 

4 . 22 
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pitch angle data , which was available for the flux measurements used in the 

correlation studies, was adopted. The estimated mean value of 620 may be 

regarded as a reliable representation of Sc for the data as Sc was seldom 

found to l i e outside the range 50 to 75
0

• 

Using the calculated values for J o ', corresponding to specified values for 

the observed directional flux J(>40)s 
c 

6 - 2 - 1 - 1 wi thin the range a to 1 x 10 cm s sr 

for Eo = 50 keY and Sc = 62
0

, we have determined the prodlction rate profiles 

and have subsequently estimated the changes which would be produced by these 

fluxes in the ' constant' ionization density altitude distributi ons. The 

magni tude of the i ncrement in f E, ~ f E, vmich should r esult from these o 0 

i ncr eases in the ionization density , will depend on ' the height , h , of the 
m 

maximum ionization densi t y of t he E-layer at the time of the influx of 

electrons. Since the production rate for 50 keY electrons shows a sharp 

variation with altitude particularly in the E- and D- regions (A . WUlff, 1972 ), 

we should expect that relatively small changes in h would cause a large 
m 

effect on the predicted increment of f E. 
o Thus in order to estimate A f E o 

f r om the calculat ed ionization density increases, a r epresentative value 

for h must be chosen for the times being considered . ' Unfortmlately no 
m 

virtual height data for the E-layer ~s avai lable for this period from 

bulle t i ns . Hourly median values for h ' E for November 1965 were available 

and are given in table 4 . 5 . These values display a variation of h'E from 

1 60 to 100 km over the period of the analysis which would suggest that 

di fferent values for h should be used in the estimation of 4 fEat different m 0 

times . Since we cannot assume that the h'E values quoted in table 4 . 5 

accurately represent the virtual heights for the period being considered, 

a constant value for h of 120 km was chosen and the effects on the 
m 

correspondence between t he calculated and observed r esults due to a variation 

of h were noted. 
m 

A detailed analysis of the h ' E data for 'this period would 
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be most satisfactory. 

encouraging results . 

This constant value for h , however, gave very 
m 

The calculated increment in the ionization density or in this case the 

plasma frequency, 4 fE, at 120 km was plotted against the directional flux 

for each of the correlation diagrams in fig . 4 . 7 (the variations are 

i ndicated by dotted lines) . The values of ~ f E, which are obtained from o 

a regression analysis for each of the plots in fig . 4 . 5, corresponding to 

6 - 2 -1 -1 a flux of 1 x 10 cm s sr are compared with calculated values in 

table 4 . 5 

TABLE 4 . 5 

.6 f E A fE o r c h'E (regression) (calc . ) fE - f E h ' E-120 L.T. X Ch(x , ,,;) 
for 120 km c or (median) 

h Degrees MHz MHz MHz km 

0200 95 . 00 46,5 0,43 0, "53 0;1 40 

0300 91.34 19 , 77 0,32 0 , 38 0,06 15 

2000 86 . 57 9 ,38 0,29 0 , 29 ° 5 

1900 81.00 5 , 36 0 ,38 0, 23 - 0 ,15 - 10 

1800 74 . 91 3,56 0 , 26 0,20 - 0,06 - 1 5 

1700 68 . 95 2,6"4 0 , 22 0,18 - 0,04 - 20 

From the results presented in table 4 . 5 and the graphs i n fig . 4 . 7 reveal a 

surprisingly close agreement between the calculat ed change in the pl asma 

fr equency at 120 km with flux and the variation of the f E data with flux . 
o 

It may be noted from these results that for larger solar zenith angles 

(greater than that corresponding to 2000 L. T" . ) the calculations have 

overestima ted "the increase in f E with flux whereas for smaller values for X. o 

the i ncrement of f E has been underestimated . o This may easily be explained 

km 
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in terms of the vari ation of h with the solar zenith angle . m The difference 

between the calculated 4 fE at 120 km and the 4 f E estimated from the cor 

regression analysis of the plots in fig. 4 . 5 for J(>40)ec = 1 x 10
6 

cm-
2 

~ . 1 
s sr- are shown in table 4 . 5. The variation of this difference with 

solar zenith angle shows a remarkable correspondence with the varia tion of 

the difference between the hourly median values of h ' E for November 1965 and 

the value adopted for h of 120 km. m 
This ·clearly indicates that the 

discrepancy between the calculated and the observed results is related to 

the fact that we have used a constant value for hm• 

The ionization production rate· profile due to electron fluxes with Eo = 50 keV 

has a negative slope for altitudes above 100 km . If the height of maximum 

ionization density for the E- layer is below the altitude of 120 km assumed 

for the calculations, we may expect the observed increase in foE for a 

particular flux to be greater than that which would be estimated at 120 km. 

Similarly if h is greater than 120 km the estimated value for~ f E should m 0 

be greater than the observed 4 f E. o This is clearly substantiated by the 

results presented in table 4 . 5. For values of h'E less than 120 km the 

magnitude of 4 f E has been underestimated, whereas for h'E greater than o 

125 km 4 f E has been overestimated. o Thus in order to obtain more realistic 

estimates of the increase in foE due to the electron flux , an accurate 

determination of h is necessary at each solar zenith angle for which the m 

calculations are performed . Nevertheless the use of the constant value for 

h of 120 km for the above calculations has provided a close agreement between m 

the calculated and observed values for 4 foE. Where the hourly median value 

for h ' E approaches 120 km the difference between the observed and calculated 

values for ~ foE becomes negligible (see table 4.5). 
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Finally , the calculated values of 4 fE at the constant height of 120 km 

(table 4 . 5) were plotted versus Ch(x ,X.) in fig . 4 .8,. The variation of m 

(the value of A f E per unit flux which was estimated from the regression o , 

analysis of the plots in fig . 4. 5) with Ch(x ,X) is plotted On the same set 

of axes . These plots show clearly the discrepancy between the observed and 

calculated values of 4 f E both for high and low values of Ch(x ,X. ). For o 

high values of Ch(x,X) both the Chapman theory and the h 'E values (given in 

table 4. 5) suggest ,that the height of maximum ionization density in the 

E- layer will be relatively high and thus the calculations for a constant 

height have overestimated the values for 4 f E. o 
Similarly for lower values 

of Ch(x, X ) , 4foE has been underestimated . 

The calculations of the variation of 4 foE at the constant height of 120 km 

indicate a non- linear relationship between tlf E and Ch(x, X), (fig. 4.8). o 

The quantity m has been linearly related to Ch(x ,X). , For values of Ch(x ,;X:) 

approaching the value of one , h will tend to a constant level (Rishbeth and 
m 

Garriot , 1966) and we may expect the observed and calculated variations of 

4 f E to agree mOre closely . 
o 

The hourly median values for h'E for 

November 1965 are found to be constant (~100 km) for Ch(x , 7C) L 3 . If we 

may r egard the poi nt in fig. 4.8 with coordinates (0,22 ; 2, 64) as Si gni ficant, 

the linear relationship between m and Ch(x,X.) may be, considered to break 

down for Ch(x, x. ) L 3. This would t end to indicate that the observed linear 

relationship between m and Ch(x ,X ) may only hold for times when Ch(x,7l) and 

correspondingly h is changing rapidly . 
m 

For a constant h the variation of 
m 

Ll f E with Ch(x,X ) is predicted from the calculations to be non- linear . o 
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Clear evidence for the electron flux densities , measured by Alouette I, causing 

observable increases in the critical frequency of the E-layer for the Argentine 

I slands has been presented in this section . Some pertinent results of the 

investigation are summarized below. 

Correlation plots of fEat constant local times versus the electron flux for o 

the period 1st - 18th November 1962 have shown an association between the 

magnitude of foE and the flux . These plots were corrected for the effect 

of the seasonal variation of the solar zenith angle at a constant local time . 

The association was found to improve on correction . The correlation · 

coefficients for the plots showed a high degree of association between the 

flux and f E. o An expression has been suggested for the relationship between 

foE, the solar zeni th angle and the electron flux measured by Alouette I . 

A simple formula involving the average pitch angle distribution of the flux 

was determined in order to estimate the omnidirectional flux at 300 km from 

Alouette I measurements . Using this formula, calculations were made of the 

change in plasma frequency with flux at the constant altitude of 120 km. 

These ca lculations show good agreement with observations . The variation with 

Ch(x, x.) of the difference between the observed and calculated values for 

f E was found to correspond with the variation of the median values · of h ' E. o 

This difference is explained in t erms of a change in the height of the maximum 

i onization density of the E- l ayer with solar zenith angle . The relationship 

between the observed change in t:> foE per unit flux and Ch(x , 'X) is proposed 

as being linear for times where the value of Ch(x, ~ ) and correspondingly h , 
m 

is changing rapidly . Where h is constant the change in A f E per unit flux m 0 

with Ch(x,~) should follow the non- linear variation calculated for a constant 

height . 



The increase in f E with flux shows an agreement with the calculations 
o 
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for which an Eo of 50 keY has been assumed . Computations by A. WUlff (1972) 

have shown that in fact electrons with Eo values between 2 and 10 keY will 

deposit most of their energy at E- region altitudes . If these low energy 

electrons were to accompany the measured fluxes of electrons with energies 

greater than 40 keY , the calculations for E = 50 keY would underestimate o 

markedly the increase in foE . Any increases in f E due to this low energy o 

source would not be registered by a corresponding increaEe in the J() 40 keY) 

flux reading . This possible accompanying flux may help account for certain 

uncorrelated inhancements 'Of f E values . 
o 

I n conclusion we may suggest that along with solar phenomena , ionospheric 

currents and possibly drifts , energetic electrons may not be neglected as 

a cause of i onization changes in the E- region . 
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CHAPTER 5: Electron Effects on Ionograms 

In the previ ous chapters we have examined the possible effects of electrons 

on F- , E- and D-region parameters . In this secti on we will investigate 

briefly the effect which precipitating el<ctrons with assumed spectral 

characteristics may have on the virtual height of the E-layer. Other 

changes in the ionograms which could be caused by these elec trons are also 

considered . 

5. 1 Introduction 

In chapter 2 it has been suggested that retardation of the sounding pulse in 

the low lying ionization produced by high energy electrons (greater than 

40 keY) may give rise to changes in the virtual height of the E-layer . 

These changes would probably be indicated by retardation of the lower end 

of the E-layer reflection . 

The availability of both ionogram to N(h) profile and N(h) profile to ionogram 

conversion computer programs , made possible a study of th~ effect on an 

ionogram of changes in the corresponding N(h) profile . Using the method 

described in chapter 2 we may calculate the changes which would be produced 

by electrons with specified spectral characteristics in an N(h) profile and 

hence calculate the change in the corresponding ionogram due to these electrons. 

I t is of particular interest to know Whether the electron fluxes measured by 

Alouette I would exhibit any effect on h ' E. 
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5 . 2 The Method 

For this investigation the ionogram corresponding to 1430 L. T. on 11th January 

1963 at Sanae was used . This is the same ionogram which was used j.n 

chapter 2 for the calculations of ionization density increases due to fluxes. 

The ionogram was converted to an N(h) profile by means of Titheridge 's method 

of ionogram reduction . By use of the method described in chapter 2, the 

ionization production rate - altitude distribution corresponding to this N(h) 

profile was calculated . Upon addition of the production rate estimated for 

electrons with an exponential energy spectrum, the final N(h) profile and 

corresponding ionogram were computed. This computed ionogram may be compared 

to the original ionogram and any changes due to the electron flux noted. 

5.3 The Results 

Initially .an arbitrary block of iOnization was inserted below the E- layer in 

the N(h) profile corresponding to the selected ionogram. This inserted 

i onization which corresponds to a layer approximately 8 km thick with a 

maximum plasma frequency of 2 ,18 MHz at 90 km , resulted in an increase in 

h'E of roughly 7 km . Retardation at the lower end of E- layer reflection was 

also caused by this low lying ionization . 

The effect on the ionogram which would be caused by low lying ionization 

produced by fluxes of electrons typical of the measurements made by Alouette I 

was now computed. A representative value for E of 50 keY and a value for o 
5 -2 - 1 - 1 

J of 3 x 10 em s sr was chosen . The calculated N(h) profile with o 

electron effects i ncluded , corresponds closely to that shown in fig . 2 . 2 for 

5 J . = 4 x 10 • o As may be noticed from this figure, the ionization density 

below 90 km has not been computed . · An arbitrary variation of the plasma 
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Fig. 5.lb A computed ionogram illustrating the formation of a double cusp in the 
E-region on the influx of electrons . 
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frequency which decreases slowly to zerO at .84 kID has been inserted in this 

case . The ionogram corresponding to this N(h) profile is shown together 

with the original ionogram in fig . 5 . 1 . 

The virtual height of the E- layer shows an increase of roughly 6 to 18 kID 

with a very clear retardation cusp near the maximum plasma frequency of the 

low lying ioniza·tion . The critical frequency of the E-layer is found to 

increase notably . Increasing J to 5 x 105 has the eff(·ct of bringing the 
o 

retardation cusp and f E closer together . 
o 

This ionogram corresponds 

closely to ionograms observed on a number of occasions at Sanae and the 

Argentine Islands where double cusps are observed in the E- region . Little 

or no effect due to these electrons is observed at F-region altitudes . 

Decreasing the value for Eo to 20 keY and increasing J o to 1 x 106 yields 

the ionogram shown in fig . 5 . 2. Where dotted lines are drawn , absorption 

would probably result in these areas not being observed in actual soundings. 

The inter mediate layer in the E-region in this ionogram resembles very 

closely a blanketing sporadic E- layer showing retardation on the low 

frequency end . This type of sporadic E-layer occurs · on a number of 

occasions at Sanae and the Argentine Islands and typical examples are shown 

in the IGY manual (1956) fig . 90 and 78 for the station Maui . 

6 - 2 - 1 -1 Reducing Eo to 10 keY , keeping J o at 1 x 10 cm s sr produces the 

ionogram shown in fig . 5 . 3 . In this case the only observable changes that 

have occurred are an increase in foE and a slight increase in h lF2 and f
o

F
2

• 

The retardation cusp produced by the electron fluxes is still present but 

occurs at much lower frequencies . 
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We may expect that as we decrease Eo further the ionizing effect at F- r esion 

altitudes will become more and more predominant and that at E-region 

altitudes less noticeable . 

5.4 Discussion and Conclusions 

These results indicate that we may expect an increase in h ' E to accompany 

fluxes of high energy electrons . This increase in h'E i s small - of the 

order of 6 km - and may hardly be regarded &s a reliable estimate Owing to 

the simple approach Which has been adopted . 

For high fluxes of electrons with E = 50 keV we may expect a double cusp 
o 

to occur near the E- critical frequency . A blanketing, Or perhaps a 

partially blanketing sporadic E-layer could be caused by high fluxes of 

electrons with Eo = 20 keV . For lower values of Eo ' the fluxes might only 

cause an increase in foE , vath F- region effects becoming more important . 

These different effects which are observed for different values of E are o 

not absolutely related to the Eo value but depend also on the height of the 

original E- layer. If we .were to increase the height of the E- layer for 

the N(h) profile used in the analysis, lower energy electrons ( ~ 50 keV) 

may exhibit the same effect which was previously Observed for the 50 keV 

electrons. 

In conclusion the results in this chapter suggest that electron fluxes 

should be considered as a possible cause of effects such as double cusps , 

blanketing or partially blanketing sporadic E-layers and increases in the 

virtual height of the E- l ayer . 



Unfortunately owing to a lack of time , an investigation of the data for a 

possible correspondence between these effects and high fluxes of electrons 

could not be undertaken . It may be of interest to future researchers to 

87 . 

determine ,.nether these effects show a correspondence with electron fluxes, 

and if so , to what extent they relate to different spectral characteristics 

of the fluxes . 

The above analysis could also be extended to F-region altitudes for which 

a solution of ~he continuity equation would be required in order to predict 

realistically any possible changes . 

I 
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Sununary 

In this investigation of electron effects in the ionosphere, we have dealt 

with parameters rel~ting to the D- , E- a~d F-regions. 

In chapter 1 we have shovm that electron fluxes in the range 40 to 250 keY 

exhibit a significant correJ.ation with disturbances in the F-region 

parameters at Sanae and the Argentine ISlands. Temperature effects are 

thought to be predominant in disturbances at Sanae. Ionization may be 

the main effect at the Argentine Islands . Accompanying high fluxes of 

low energy elec trons (~2 keY) are suggested as causing the disturbances . 

The level of the flux for the Falkland Islands data shows a correlation 

with K indices for 3 , 75 £ L ~ 4,25 but exhibits nO significant correlation 
p 

wi th K for 2 ,26 6 L ~ 2 , 63 . 
p 

The calculations in chapter 2 of changes in the ionization density of the 

ionosphere due to particular fluxes of electrons have shown that electron 

fluxes measured by Alouette I shc'uld exhibit observable effects in the 

E- and D-regions. Neglecting diffusion effects, high fluxes of low energy 

electrons ( ~ 2 keV)were shown to cause noticeable increases in the F- region 

ionization density . An observed increase in the ionization density in 

the ionosphere at Sanae was explained in terms of double exponential spectra 

of electrons . 

The parameter f min was also found to show a correlation with the electron 

flux density . Ionospheric- stratospheric coupling effects are suggested 

as bei ng more 'evident at the Argentine Islands as compared to Sanae. 
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Correlation plots of the critical frequency of the E- layer for a constant 

solar zenith angle versus the electron flux have shown a clear association 

between these two variables . 

A mathematical relationship has been> suggested between f E, the solar 
o 

zenith angle and the electron flux . 

A simple formula has been>determined in order to convert the directional 

flux densities measured by Alouette I at 1 000 Ian to the omnidirectional 

fluxes which would be observed at 300 Ian. 

Calculations of the change in foE wi th flux at a constant height have shown 

a good agreement with the observati ons. 

Calculations have also indicated that electron fluxes should exhibit 

observable effects on ionograms. The production of a double cusp , a 

blanketing E layer and increases in h ' E are shown to be caused by fluxes s 

with different spectral characteristics . 



APPENDIX A 

L - coordinate range for the Argentine Islands :-

. The parameter L is related to the geomagnetic latitude by the equatio<l 

(Roederer , 1970) . 

L = 
1 

2 cos e 
where e = geomagnetic latitude . 

dL = de 

dL = 2L tan e de 

1 
" f dJ: = 2 ft an e de 

L. Q. 

log L - log L = 2(10g cose - log cose) e e 0 e 0 e 

The geomagnetic latitude for the Argentine Islands e 
o 

LO is 2,45 at approximately 200 km 

substituting these values into A. 2 we obtain 

fo r e = 55 , 4
0 

for e = 52,2
0 

L = 2,63 

L = 2 , 26 

o 
= 53 ,8 and 

where this 3 , 20 range in l atitude corresponds to a distance of roughly 

350 km. 

90. 

A.l 

A.2 
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APPENDIX B 

The coant rate in the 223- type counter -on board Alouette I- due to 

particles penetrating the side shielding is given by the rate of the 

302- type counter multiplied by the ratio of the omnidirectional 

geometric factors and the ratio of the solid angles for which the 

shielding of the two counters is a minimum. (The 223-type counter 

measured electrons with energies greater than 40 keY and protons 

greater than 500 keV.) 

Corrected 223 count rate = observed 223 count rate 

02 0,27 2,0 
- 3 count rate x 0 , 55 x 2 ,4 

= observed 223 count rate 

_ 1/3 x 302 count rate . 

The corrected rate was converted to directional flux density by means 

of the directional geometric factor and counting efficiency suggested 

by McDiarmid (private communi cation) . 

Directional flux density corrected 223 count rate 
= 

5 , 05 x - 4 10 x 0 , 9 

= 2 200 x corrected 223 count rate . 
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APPENDIX C 

The linear regression correlation coeffj8ient used in the analysis is 

defined by 

r ' = v(x,y) 1 

[v(x ,x) v(y,y!! C.l 

wher.e v(x,y) = ~xy .s x ~:t: -
N 

v(x,x) ~x 2 (z: x)2 
= - N 

v(y ,y) ~ y 
2 ~y)2 

= -
N 
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APPEN1lIX D 

The product moment correlation coefficient for a 2 x 2 contingency 

t able is defined by Kendall (1952) . 

For the tabl e 

a b a + b 

c d c + d 

a+c b+d N 

where N = a + b + c + d the correlation coefficient 

Na + (a+b) (a+c) 
r = --------~--~~~----~1 

[ (a+b) (b+d) (c+d) (a+c)] "2 

D.l 



APPENDIX E 

The mirror altitude for St. Johns data over Sanae :-

For a dipole field 

The magnetic field at the conjugate point to Sanae at the surface 

B = 0,530 gauss . a 

For Sanae at the surface 

B = 0 , 425 gauss . 

Thus B at 1 000 km over the conjugate area (using E. l ) will be 

= 

= 0 , 342 gauss . 

, B over Sanae = 0 , 342 gauss at an altitude of 476 km. ' 

Thus electrons measured at 1 000 km over the conjugate St . Johns area 

will mirror below "" 450 km at Sanae . 

94. 

E. l 
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