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Abstract 

The first ground based observations of aeronomic phenomena in the South Atlantic Anomaly 

Region are presented. These data show that enhancements in foF2 and foE can be directly 
r - ~ 

attributed to precipitated electron energy fluxes in the Anomaly Region. The regular occurrence 

of particle induced sporadic-E ionization is also presented together with the first measurable 

391.4 nm airglow radiation of about 16 R. 

The first comprehensive survey of energy fluxes carried by energetic particles using satellites is 

also presented for both daytime and nighttime as well as the seasonal fluctuations. We found 

that the nocturnally precipitated electron energy fluxes varied between 1 x 10-4 and 38 x 10-4 

erg cm:""2s-1 , depending upon magnetic activity and season, whereas the daytime precipitated 

electron energy fluxes tended to vary between 1 x 10-3 and 8 x 10-3 erg cm-2s-1 , with a 

tendency to decrease during magnetically active periods. 

Electron density and temperature contours as well as NO+ and 0+ ions contour~ for nighttime 

are also presented. 

The main conclusion of the study is that precipitating electrons provide a significant and 

sometimes dominant source of ionization in the ionosphere over the South Atlant~c_ Anomaly 

Region. 
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Preface 

Declaration of originality 

Chapter 1 is a brief resume of the work done in the field of charged parti.cl~precipitation up to 

1976. 

Chapter 2 deals with the aircraft flights and cruises of the supply vessel R.S.A. in the region 

of interest during the periods 1974 to 1977. 

The author designed and built the transmitter and the stable variable frequency oscillator used 

in the ionosonde to collect the data. The antennae used on the Hercules C130 aircraft as well as 

those on board the research ship were designed, constructed and installed by the author. The 

planning of the research trips and the routes taken were decided by the author in conjunction 

with the Captains of the research vessels. 

All the data used in this chapter was personally collected by the author who als6reduced and 

interpreted all the ionogrammes. The data analysis was also carried out by the author. 

Chapters 3 and 4 deal with the Atmosphere Explorer-C. Data as supplied by NASA. The 

manipulation and analysis of the data was conduct~d by the author. Jack G~edhill assisted 

with the mathematics involvement in mapping the data point to a constant 300 km-height and 

an ISML data package - graph plotting facilities on the 1901 T - were used to reproduce the 

contour maps. 

Chapter 5 covers the ISAAC campaign which was planned in conjunction with Prof Gledhill 

bearing in mind the results of my research and that of other workers in the field. Unfortunately I 

could not accompany the ship during the ISAAC cruise period but did design, build and install 

the antennae systems on board the SA Agulhas used by the Barry Research Chirpsounder, 

which was modified by Mr Geoff Evans who also ran the equipment and collected the data 

during the ISAAC cruise. The reduction interpretation and analysis of all the data used was 

the sole work of the author, only the electron energy spectra deduced from the electron density 

profiles were calculated using Prof. Gledhill's programme. 

Chapter 6 is a brief resume of the major findings achieved by the author as a result of research 

reported in this dissertation. 
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Chapter 1 

Introduction 

1.1 Trapping of Charged Particles in the Geomagnetic 

Field 

Birkeland (1908) 'first showed experimentally that electrons could be trapped in a ,dipolar mag­

netic field and Stormer (1955) confirmed this theoretically. Since then the phenomenal de­

velopment of plasma physics has made clear the conditions of such trapping and the details 

of particle motion in the magnetic field (Northrop, 1963). Briefly, the component of velocity 

perpendicular to the field lines causes the electron, or other charged particle, to .travel in a 

circle round a line, revolving at an angular frequency depending on the magnetic field strength 

and the charge/mass ratio of the particle. The component of velocity along the line of force is 

responsible for motion in that direction. 

The magnetic field of the earth may be reasonably well represented by that of a dipole, for 

distances closer to the earth than about 6 earth radii. It is customary to refer to individual 

lines of force by the distance, in earth radii, at which they cross the magnetic equatorial plane. 

This is illustrated in Fig. 1.1 in the case of the line labelled L = 4. Mc Ilwain (1961) has 

extended the meaning of this parameter so that it can be applied to distorted fields, as in the 

case of the actual geomagnetic field. Fig. 1.2 from Hess (1968), shows the path of a trapped 

particle. The motion consists of rotation round a line of force and longitudinal motion along it. 

Since the magnetic field is stronger nearer to the earth, the radius of the circle decreases and 

the pitch angle (the angle between the velocityof the particle and the field line) increases, until 

it reaches 90° at a point known as the "mirror point", at which the direction of motion along 

1 
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the line reverses; this happens again at the other end of the trajectory, so that the particle may 

be thought of as "bouncing" between the two mirror points. These occur at the same total 

intensity of the magnetic field. 

9 10 

Distance In RE 

Figure 1.1: Magnetic field lines of a dipole, also illustrating the Mcilwain parameter L for labelling field lines. 

~ 
. protons 

Trajectory of 
trapped particle 

Mirror point 
(Pitch angle of helical trajectory = 90':) 

Magnetic field line 

Figure 1.2: Motion of charged particles in a dipole field (From Hess, 19(8). 
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There is a third component of the motion of trapped particles. This is due to a combination 

of the effects of the variation of the magnetic field strength between the inner and outer points 

on the orbit round the field lines, curvature of 'the lines of force and the gra.vitational force 
.. ~. : 

acting on the particle. These result in a "drift" of the particles, electrons going eastward and 

positively charged particles westward, as shown in Fig. 1.2. The times taken to complete the 

different cycles are in general energy-dependent, but typically the gyr~tioll round the lines of 

force takes a time of the order of microseconds, the north-south bouncing motion requires a 

few seconds and the drift motion needs times of the order of several minutes to an hour or so 

to complete a circuit of the earth. 

1.2 The South Atlantic Anomaly 

It has been known for a long time that the geomagnetic field magnitude, at constant height, 

shows its minimum value at a point near the~oast of Brazil. Fig. 1.3 from Chapman and 

Bartels (1940) shows a map of the total field intensity for the epoch 1922. The c~Iltours shown ... " . 

in Fig. 1.3 are in decimal fractions of a gauss, where 1 gauss equals 1O-4T. Although the 

details have changed, the general configuration is much the same today. The point at about 

200S; 400W is the spot where the total field has its minimum value anywhere on the surface of 

the earth. The region round it, especially that within the 0.3 gauss (0.3x10-4T) _<:ontour, is 

referred to as the South Atlantic Geomagnetic Anomaly. 

At the antipodes, 200 N; 1400 E, the field strength is seen to be about 0.38 gauss, much larger than 

the 0.25 gauss at the Brazilian end. Thus, although it is possible to represent the geomagnetic 

field to a first approximation by a dipole, it is necessary to shift the dipole away from the 

centre of the earth in the direction of south-east Asia in order to give the minimum near Brazil. 

It is the requirement that the mirror points occur at the same total intensity that produces 

the phenomenon. The minimum in the intensity in the South Atlantic Geomagnetic Anomaly 

results in charged particles trapped in the field descending into the upper atmosphere there to 

reach their mirror points, if their pitch angles at the equator are small enough. In fact, the 

critical pitch angle can easHy be calculated below which particles must descend into the ,dense 

atmosphere in the Brazilian sector. Particles with pitch angles less than this critical value are 

said to be in the "loss cone," since collisions with molecules in the atmosphere knock them off 

their trajectories and they are then lost to the trapped population. 
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Figure 1.3: The South Atlantic Geomagnetic Anomaly s.hown on a map of total field intensity for 1922. (From 

Chapman and Bartels, 1940) 

It is usual nowadays to refer to the region where the motion of charged particles is determined 

by the geomagnetic field as the "magnetosphere". The high-energy part of the trapped particle 

population is referred to as the "radiation belts", having first been discovered by J A van Allen 

in 1958 (van Allen 1959). 

The first experimental demonstration that radiation belt particles actually do penetrate to 

heights of 300 km and less was due to Ginzburg et al. (1962). They had a geiger counter 

telescope on the "second Soviet space ship" in 1959. Fig. 1.4 shows the counting rates of this 

telescope, from their paper cited above. The most obvious feature is the region of high counting 

rate lying roughly between 15° and 45°S and 0° and 600 W, close to, but not exactly coinciding 

with, the geomagnetic anomaly in Fig. 1.3. There is also a second region to the south-east of 

this one. The height of the satellite was about 320 km and a later one, the "third cosmic space 

ship", passed through at about 200 km. It also detected high energy particles over the South 

Atlantic, though in a different pattern from that shown in Fig. 1.4. Nowhere else were such 

high counting rates encountered, as Fig. 1.4 shows, though the orbits of these early satellites 

did not take them into the aurgral zones, where high counting rates are also recorded at low 

altitudes. 
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Figure 1.4: Regions of high particle counting rate observed by the Geiger counter telescope on the second Soviet 

space ship (From Ginzburg et al., 1962) 

These early experiments were followed by others, by both Russian and American groups, that 

demonstrated the reality and relative constancy in position of the region of particle penetration 

off the Brazilian coast, though the more southernly one was not usually found. The former 

region became known as the "South Atlantic Radiation Anomaly", and later as -simply the 

"South Atlantic Anomaly". 

1.3 The Ionosphere 

Fluxes of energetic particles at heights of the order of 300 km and less would be expected to 

ionize molecules in the atmosphere and so produce perturbations in the ionosphere there. 

Solar ultraviolet radiation impinging on the upper atmosphere ionizes some of the neutral 

molecules and atoms there to produce free electrons. These are removed again by recombination 

and diffusion, the principal loss processes. The number of free electrons per unit volume at any 

given height and time is the result of the competition of these production and loss processes. It is 

usually referred to as the "electron density". As the sun sets the production rate decreases, and 

so the electron density falls also. During the night there is no solar radiation and recombination 
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and diffusion continue to decrease the electron density. This would go on throughout the night 

were it not for perturbations, due for example, to winds, that may even cause temporary 

Increases. At sunrise the solar photoionization rate increases rapidly and so dqes the electron 

density. 

The ability of the ionosphere to reflect radio waves back to earth, and so make possible its 

use. in international HF radio communication, depends on the electron density. There is a 

maxiIp.um frequency that can be reflected, which depends on the electron density and the angle 

of incidence of the radio waves on the ionospheric layer reflecting them. Below 90 km such free 

electrons, accelerated by the electric field of the radio wave, suffer collisions with molecules of 

air and so wave energy is converted to thermal energy of atmospheric gases. Radio waves are 

therefore attenuated in passing through the D-region of the ionosphere, between 60 and 90 km 

above the earth's surface. Above this lies the E-region, between 90 and 150 km, and above that 

the F-region, which may be split into two parts, the F1- and F2- regions, during the day. The 

structure of the ionosphere is.illustrated in Fig. 1.5 for a typical day at mid-latitude. 

400 
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Electron density 

Figure 1.5: Structure of the ionosphere at mid-latitude on a typical day. 

'" The ionosphere is investigated by means of an ionosonde, a type of radar in which the frequency 

is increased continuously, typically from about 0.5 MHz to 15 or 20-MHz. As the frequency 

of the radio waves increase they progress further into the ionosphere and a greater electron 

density is required to reflect these higher frequency waves. The records usually take the form of 
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graphs of time-delay between the transmission and reception versus frequency, often recorded 

automatically on film. Such a record is called an ionogramme. Fig. 1.6 shows a typical 

ionogramme recorded at Grahamstown. The ordinates, marked "virtual height", are calculated 
.~ . 

on the assumption that the signal travels at the free-space speed of light at all times. In 

fact, the plasma slows the signal down so that the virtual heights are greater than the true 

heights of reflection. By means of a computer it is possible to deduce t~e true heights from an 

ionogramme and so to construct a graph of electron density versus true height, usually called 

an "N(h) profile". 
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RADIO FREQUENCY 

15 MHz 

Figure 1.6: A typical mid-latitude ionogramme recorded at Grahamstown using a Barry Research VOS 1 

ionosonde. 

At the lower end of the frequency scale in Fig. 1.6 the radio frequency is about 0.6 MHz. It 

increases towards the right, with frequency marks automatically recorded at intervals of 1 MHz 

to 10 MHz and ends at 15 MHz. Below 2.6 MHz there is no signal reflected from the E-region, 

due to the absorption in the D-region. This, the lowest frequency seen on an ionogramme, is 

called the minimum frequency fmin . At 2.6 MHz a reflection is seen at a delay corresponding to 

the virtual height of 100 km, from the E-region. This minimum virtual height of the ordinary 

wave E trace taken as a whole is known as h/E~ The signal penetrates the E-region at about 

4.4 MHz and then is returned from the higher Fl-region at a minimum virtual height h'F of 

about 220 km. It is evident that the trace on the ionogramme is a double one. This is because 
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the earth's magnetic field causes the plasma to be birefringent, so that a single incident signal 

returns as two with different delays. These waves are known as magneto-ionic or, preferably, 

magnetoelectronic component waves. The trace showing penetration at the lower frequency is 
< • 

the "ordinary ray", the other being the "extraordinary ray", by analogy with crystal optics. 

Since the ordinary ray is simpler to interpret in terms of electron density, it is the one ordinarily 

scaled. The penetration frequency of the ordinary ray through the E-regi9u is called the "critical 

frequency of the E-region for the ordinary ray", abbreviated to foE. The critical frequency is 

the highest frequency at which the layer reflects and transmits equally and is usually identified 

on the ionogramme by the retardation present when the layer is thick, showing a sudden change 

to a higher reflection level. It is reasonably simple to convert this to the maximum electron 

density in the E-region and, as above, to find the true height at which this occurs. Similarly, 

at 6.3 MHz in Fig. 1.6, the ordinary ray penetrates the FI region at the critical frequency of 

the FI- region for the ordinary ray foFI and is then returned from yet a higher region, the F2 

region. The decrease in retardation of the signal above foFI is due to the dependence of the 

delay on the frequency of the radio wave compared with the penetration frequency of the lower 

layer through which it passes. The F2 trace shows a minimum virtual height h'F2 of about 520 

km, which is much larger than the true height of reflection at this frequency of about 7.3 MHz. 

Finally the ordinary ray passes through the F2-maximum into space above a foF2 of 9.6 MHz, 

where foF2 is the critical frequency of the F2-region for the ordinary ray. When referring to 

the critical frequencies of the extraordinary ray the subscript 0 is replaced with an -~. 

During the nighttime the F-region is not split into FI and F2 portions and its critical frequency 

is then denoted by foF. During many nights, and often during daytime also, traces appear at 

E-region heights and disappear again after a while. These reflections, which are often very 

intense, come from ionized regions which mayor may not lie directly overhead. They are called 

"sporadic-E" traces and there are several different mechanisms responsible for the ionization 

that reflects the radio waves. 

Due to absorption of the ordinary ray critical frequency one has to use the extraordinary ray 

critical frequency to obtain the ordinary ray critical frequency by utilising the gyrofrequency fB • 

The gyrofrequency is the natural resonance frequency of the electrons about a magnetic field 
" 

of strength B. The relationship between the critical frequencies fo, fx and the gyrofrequency fB 

is given by 
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fxfB 

fx - fo - fxfB fB - -:---:-:----
fo+fx fo/fx+1 

From experimental results, it is known that for the F region when fo and fx are both large 

compared with fB then fo/fx is approximately equal to one and 

1 
fx-fo ~ -fB 

2 

For critical frequencies near the gyrofrequency the ordinary and extraordinary ray separation 

becomes slightly larger than one-half of the gyrofrequency. Experimental data has shown that 

the ordinary and extraordinary separation increases to 0,62 of the gyrofrequency as the ordinary 

ray critical frequency fo, approaches the gyrofrequency, fB. Whilst one must exercise caution 

during times of rapid change in the ionosphere, since the lateral deviation of the ordinary 

and extraordinary components can lead to large departures from the usual critical-frequency 

separation (Beynon and Brown, 1957). 

1.4 Ionization by Precipitating Charged Particles 

In the auroral zones, where the solar particles are funnelled by the earth's magnetic-field down 

into an oval area which surrounds each of the earth's magnetic poles from about 60° to 70° 

magnetic latitude. Electrons and protons from the magnetosphere penetrate to heights as low 

as 100 km and produce the aurora by exciting atmospheric molecules to higher energy levels. 

When they return to lower levels many do so by emitting photons. Amongst the wavelengths 

usually observed are 630.0 nm and 557.7 nm, from excited oxygen atoms, and 391.4 nm from 

excited Nt. The precipitating particles also ionize the atmospheric gases, produCing irregular 

enhancements in the ionosphere which can be observed by radio methods, the so-called "radio 

aurora". 

Since large fluxes of charged particles were observed at ionospheric heights in the South Atlantic 
'\ 

Anomaly as discussed previously and reported by Gledhill (1976), the question arose as to 

whether effects similar to those seen in the auroral zones would be observable in the Anomaly. 

The high-energy particles shown in Fig. 1.4 would deposit most of their energy in the D­

region and thus cause more absorption of radio waves in the Anomaly than at similar latitudes 
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elsewhere. The effects observed in the auroral zones are, however, produced by electrons and 

protons of much lower energies, usually in the range 1 - 20 keY. Unfortunately, measurements 

of particles with these energies in the Anomaly 'could not be made, because the high-energy 

particles penetrated the spacecraft walls and produced such a large background of spurious 

counts in the low-energy spectrometers as to swamp completely the desired energy ranges. 

When Gledhill (1976) surveyed the efforts that had been made to obs~rvel such particles and 

their aeronomic effects, he was forced to conclude that little had been achieved up to that time. 

Fortunately, Rhodes's observational campaign in the South Atlantic Anomaly region using 

conventional pulse ionosondes and photometers from aboard the various research and supply 

vessels sailing in or near the region had just started. A satellite had also just commenced 

making measurements that would go a long way to solving the above lack of information. The 

work reported here is an attempt to report the progress made in our knowledge of the South 

Atlantic Anomaly region since Gledhill's review article in 1976. 



Chapter 2 

Observations of the Ionosphere 

The precipitating electron or ion fluxes in the energy range of principal aeronomic importance 

to this -dissertation, below 40 keY, would be expected to produce their main effects in the E­

and F- regions of the ionosphere. These effects would be manifested in the form of increased 

ionization during both day and night in the E-'and F- regions as well as the emission of the 

391.4 nmradiation of the Nt ion, excited by electron impact. Accordingly, a portable ionosonde 

was designed and built with whkh to probe the ionosphere in the South Atlantic Region. 

2.1 Airborne Observations 

A great deal of time was spent designing and building a dual purpose instrument, that is, 

one which could be used on board ship or aircraft, as well as the associated antenna systems, 

especially for use on the aircraft where size and safety criteria imposed severe limitatioils on the 

antenna system used. The completed system was jnstalled in a C130 Hercules Aircraft and on 

the evening of October 15, 1974, the first research flight was undertaken to approximately 48°8; 

I°E. These were the first ionospheric data to be recorded by bottomside ionosondes over the 

South Atlantk Ocean. Fig. 2.1 shows the flight paths taken. The flight path A was undertaken 

on the afternoon of the 14th October, 1974 to a point approximately 43°S; 26°E, where the 

aircraft circled with ever decreasing height for 2 hours. Unfortunately, the ionosonde interfered 
"-

with other research equipment on board and the attempts at obtaining research ionogrammes 

had to be abandoned. However, the flight was used to test the antennae systems and eqnipment. 

Ho~ever, flight path B was allocated primarily for ionospheric research. This flight took place 

11 
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on the 15th October 1974 and ionogrammes were taken every 10 minutes, or approximately 

every 90 km, up to about 44°S; 6°E. Thereafter ionogrammes were taken every minute, or about 

every 9 km, and likewise for the return flight. Some typical ionogrammes obtained during the 

flight are shown in Fig. 2.2. The approximate geographical positions are indicated on the 

diagrams as well as the time of day, in Universal time. 

Fig. 2.2(a) exhibits sharp, well defined critical frequencies both for the Qrdi¥J.ary and extraordi­

nary rays as described in section 1.3. The reduction of this ionogramme produces the following 

values: foF2 = 3.3 MHz, fxF2 = 3.7 MHz, h'F = 270 km and fmin is approximately 2.2 MHz. 

Whether fmin as obtained is a true reflection of the absorption in the D-layer is extremely 

doubtful due to the transmitting antenna limitations. Note that the second order trace or 

second hop ionogramme is also visible. 

Fig. 2~2(b) corresponds approximately to the turning point at 48°S; l°E. Quite clearly the 

ordinary ray critical frequency is below fmin • Hence foF2 was obtained by assuming an inverse 

cube field, ie., near field, and taking the value~ of the magnetic field at the earth's surface 

from data collected by the Hermanus Magnetic Observatory during an earlier voyage of the 

motor vessel RSA to Sanae in 1965/66. Thus the field at 300 km could be calculated and the 

gyrofrequency, fB obtained, from which foF2's were computed from fxF2 by subtracting half the 

gyrofrequency as explained in section 1.3. Fig. 2.2(c) was taken on the return flight and clearly 

exhibits spread F condition, i.e., densely ionized patches which are not overhead continuing to 

reflect at frequencies above the critical frequency. Clearly, the reflecting layer is inhomogeneous 

and oblique echoes are received as well - this is often referred to as tilts in the ionosphere. 

The ordinary ray critical frequencies obtained during the flight of the C130 aircraft, as well 

as those obtained from the fixed stations of Grahamstown and Hermanus are plotted as a 

function of frequency versus local solar time in Fig. 2.3. Error bars have been included and 

the solid line for the aircraft represents the most probable value of foF2. The br.oken line and 

the dash, dot, dot line represents Grahamstown and Hermanus respectively. The lower values 

of foF2 o~tained in the beginning of the flight are as yet unexplained, but as can be seen 

there is a marked decrease in foF2 as the flight proceeded further south compared to those 

of Grahamstown and Hermanus. Both Halley Bay and Sanae records exhibit total black out 

conditions for this period, whilst no other stations were operational during this time in the area 

of interest. 

The magnetic Kp index, as recorded at Hermanus for the period under consideration is indicated 
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Figure 2.1: The South Atlantic Ocean, showing anomalous areas previously reported and the flight paths taken. 
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Figure 2.2: Typical ionogrammes obtained during the flight, indicating the approximate geographical positions 

and time of day in UT. 
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Figure 2.3: The ordinary ray F-region critical frequencies obtained during the flight versus local solar time (solid 

line). Also shown are the values for Grahamstown (broken line) and Hermanus (dash, dot, dot line). 

for each three hourly interval in Fig. 2.3, where Kp is the planetary 3 hourly index designed 

to measure solar particle radiation by its magnetic effects, specifically to meet the needs of 

research workers in the ionospheric field. The overall magnetic character of the day was 1.0, 

hence the field was moderately disturbed and particle precipitation could have been possible, 

although airglow data from Sutherland and that obtained on the flight showed no particular 

enhancement. 

The virtual heights, h/F, obtained on board the aircraft and at Grahamstown and Hermanus 

are shown in Fig. 2.4 as a plot in km versus local solar time. The increase in the virtual height 

of the F-layer as obtained on board the aircraft is immediately noticeable compared to the 

graph for Grahamstown and Hermanus. The error bars descending from the graph indicate 

the minimum possible values of h/F, whereas those spanning the curve represent the maximum 

possible range of h/F. 

Disturbances in the F2 region are of two kinds. Usually the critical frequency of the layer 

" foF2 decreases sharply and the virtual height h'F2 increases, as is the case in this study. 

These changes are entirely consistent with the heating of the F region- by energy loss from 

the precipitated electrons. The second kind of disturbance the F2 region can experience is 
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Figure 2.4: The virtual heights of the F-region obtained during the flight versus local solar time (solid line), as 
., 

well as those of Grahamstown (broken line) and Hermanus (dash, dot, dot line). 

one in which the critical frequency of the layer foF2 increases and the virtual height h'F2 

decreases. This behaviour is consistent with the precipitating electrons losing their energy 

both by ionizing the molecules in the F2 region and by emission of heat due to collisions. 

The type of disturbance produced would depend on the energy spectrum and the flux of the 

incoming electrons. Under some circumstances the heating effect would predominate, whilst 

under others the extra ionization would be the principle effect [Rees (1963), Gledhill and van 

Rooyen (1963) and Maeda (1965)]. 

Thus it is seen that the results obtained here would support the first mechanism in that foF2 

decreases sharply and the virtual height h'F2 increases. Further, the high fmin values or total 

black out recorded at Halley Bay and Sanae, indicating absorption in the D-region, are all 

entirely consistent with the heating of the F region by energy lost from precipitated electrons 

as they descend to the D-region. 

These results encouraged us to continue our endeavours to make ground based (bottomside) 
"-

ionospheric observations in the South Atlantic Region. The presence of the South Atlantic 

Anomaly (Gledhill, 1976) 'SUggests that unusual phenomena may be expected there. Satellites 

have recorded relatively large particle fluxes in the area at low altitudes (Ginzburg et al. (1962)) 
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and Greenspan and Stone (1964) recorded a pronounced airglow enhancement in the region 

about 35°S; 6°E, during a voyage to Gough and Bouvet Islands in 1962. This is all summarised 

in Fig. 2.5. 

2.2 Shipborne Observations 

The -South African Research Ship RSA passes through this region on its way to and from 

Gough Island and Tristan da Cunha. By arrangement with the South African Department of 

Transport, a vertical incidence ionosonde was operated on board the vessel during the voyages 

in October/November, 1975; August/September, 1976 and October/November, 1977. The 

courses followed on these three voyages are indicated in Fig. 2.5. The history of these voyages 

and observations is given in Table 2.1. 

Location Observations First Voyage Second Voyage Third Voyage 

1975 1976 1977·· 

Cape Town- Every 15 4 to 10 14 to 19 14 to 19 

Gough Island minutes October August October 

At Gough Every 15 min. 13 Oct. to 19 Oct. to 

Island when possible 2 November 1 November 

Gough Island - Every 15 3 to 9 30 Aug. to 2 to 7 

Cape Town minutes November 4 September November 

Table 2.1 History of voyages and observation periods. 

The courses followed by the RSA during the voyages to and from Gough Island and Tristan 

da Cunha hardly deviate from the geomagnetic latitude 34°S, which corresponds to a value 

of 1.75 of McIlwain's parameter L (McIlwain, 1961). Thus the observations recorded during 

the courses followed by the RSA might be expected to show up the longitudinal dependence of 

phenomena due to precipitated particles, if such existed. 

Fig. 2.6 shows the contours of constant McIlwain's parameter L at 300 km as well as the 

location of Gough Island. 
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Figure 2.6: Map showing contours of constant McIlwain's parameter L at 300 km above ground level. 

2.3 The F-region Ionosphere 

In Fig. 2.7 the values of foF2 recorded on board the RSA with those recorded at Grahamstown 

are compared for the corresponding local time during the return voyage from Tristan da Cunha 

in 1975. The geographic longitude of the ship at noon each day is shown at the- top of the 

figure. It is very striking that the values of foF2 over the South Atlantic west of the Greenwich 

meridian exceed those at Grahamstown by as much as 5 MHz. 

Similar graphs were prepared for the other five voyages, but the results are more clearly dis­

played by plotting b.foF2, i.e., foF2 observed on board the RSA minus foF2 observed at Gra­

hamstown at the same local time. These values are shown in the following six figures for the 

six voyages through the region between Cape Town and the islands of Gough and Tristan da 

Cunha. In all six figures the values are shown as functions of local solar time. The geographic 

longitudes at the top of each figure always have the islands on the left hand side and Cape 

Town,on the right, i.e., from west to east. The Kp-indices are indicated along the abscissa. 

Fig. 2.8 and Fig. 2.9 show the results of the outward and return voyages during 1975 re­

spectively. In both figures it is seen that foF2 over the ship was abnormally high compared 

with that at Grahamstown during both the outward and return voyages during 1975, especially 
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Figure 2.7: Values offoF2 versus local solar time observed on the RSA and at Grahamstown during the return 

voyage, 1975. 

during the daylight hours. The region concerned lies between 9°W and DoW on both voyages 

so that it lies to the west of the "Airglow Anomaly" found by Greenspan and Stone (1964). 

Unfortunately, the highest values of the planetary magnetic Kp-index coincide with the pas­

sage of the ship through the same region in both directions, so that it is not possible to draw 

any definite conclusions from the abnormal behaviour, since the magnetic field was moderately 

disturbed. O'Brien (1964) found that precipitation is generally more intense during magnetic 

storms as measured by the planetary magnetic disturbance index Kp. Thus, caution must be 

exercised in labelling this region in the South Atlantic as the "Haggard Anomaly". 

Figures 2.10 and 2.11 are the difference plots for the voyages of 1976. As can be seen high 

values were observed between 7° West and 14° East during the daylight hours on most days on 

both the outward and return voyages. The differences are much less, however the Kp-indices 

are also lower than during the 1975 voyages indkating rather quiet magnetic conciitions during 

the 197Q, voyages. 

Figures 2.12 and 2.13 are the difference plots for the voyages of 1977 to and from the islands 
~. 

of Gough and Tristan da Cunha. On the outward voyage it is noticed that foF2 monitored on 

board ship between the longitudes of about 0° West to 10° West, was abnormally high for the 
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Figure 2.8: A foF2 values between the RSA and Grahamstown, for the outward voyage during 1975, versus 

local solar time. 
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Figure 2.9: b. foF2 values between the RSA and Grahamstown, for the return voyage during 1975, versus local 

solar time. 



6 

5 

4 

3 

N 
.<: 2 
:E 

C\I 

U. 
o 

-2 

9.3'W 5.5'W 

-3 11+1+'2+1+2+.2-.1+1+1+0+1+ 1,0+2-2-2_ 1 

00 12 00 12 00 
20 Aug. 19 Aug. 18 Aug. 

Geographic longitude 

O.6'E 4.3'E 

2-,1- D+ 0 1 3- • .- • 3 2 1- 2- 0 I,J 

12 00 12 00 
17 Aug. 16 Aug. 

lo c a I Solar Time (hr) 

page 22 

9.3'E 14.1'E 17.9'E 

I- I 1- 0, 0 • D. 1- 0+ 1- 2+ 2+ 0+ 1 1- 1- 1- 1- 0+ Kp 
12 00 12 00 12 

. 15 Aug. 14 Aug . 

Figure 2.10: ~ foF2 values between the RSA and Grahamstown, for the outward voyage during 1976, versus 

local solar time. 
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solar time. 
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daylight hours compared with that as measured at Grahamstown, whereas East 0° West the 

differences are much less. Once more the highest values of the magnetic Kp index coincided 

with the region where the difference frequenci~s. were greatest. During the return voyage high 

values of difference frequency were again observed between 7° West and 14° East during the 

daylight hours on most days. The difference is much less than for the outward voyage, however 

the magnetic Kp-indices are lower during the return voyage compared to the Kp values of the 

outw_ard voyage. 

'" Ll.. 
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Figure 2.12: ..:l. foF2 values between the RSA and Grahamstown, for the outward voyage during 1977, versus 

local solar time. 

Greenspan and Stone (1964) observed enhancement of both 557.7 nm (01) and 427.8 nm (Nt) 

emission in the region shown in Fig. 2.5 in the vicinity of 35°S; 6°E. Van der Walt et al. (1966), 

making observations from an aircraft following the route taken by Greenspan and Stone, also 

observed an enhanced emission of the 557.7 nm line at about 38° South, lOWest in both fijght 

directions. The region where large deviations in .6.foF2 were recorded lies close 

to that in which maximum intensity of electron precipitation has been predicted by Torr et al. 

(1975). 

Although no particle type sporadic-E was observed on a.ny of the voyages reported here, what 

was very prevalent was an additional intermediate layer between the normal E layer and the F1 

layer. This E2-1ayer was more noticeable during periods of enhanced magnetic activity. Where 
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Figure 2.13: ~ foF2 values between the RSA and Grahamstown, for the return voyage during 1977, versUs local 

solar time. 

data was available from South American stations, no noteworthy effects were recorded. 

Next, the results obtained whilst the RSA was at anchor at Gough Island (40.40 Sj 9.90 W) were 

analysed. During 1975 reliable results are available for this 21 day sojourn but unfortunately 

during the 1976 visit no data is available due to offioading of cargo and equipmen£ failure. In 

1977 ionospheric soundings for a 14 day period were made. 

A careful analysis of all the data for these two periods in 1975 and 1977 were made and median 

values calculated for ordinary ray critical frequencies of the E, Fl and F2 layers as well as the 

minimum frequency at which an echo could be detected, fmin . These results are represented 

graphically in Figures 2.14 (1975) and 2.15 (1977). The number of values represented by each 

point is indicated on both diagrams in the legend. The planetary magnetic three-hour range 

Kp-indices for the 1975 period were also analysed and 157 of the 168 possible three-hourly 

periods were 3 or less and only 11 exceeded 3, the maximum value being 7-. For the 1977 

period 94 of the possible 112 three-hourly periods were 3 or less whilst 18 exceeded 3, the 
"-

maximum value being 7+. On the whole, 1977 was slightly more active magnetically than 

1975. The geomagnetic three-hourly range indices Kp for each day of the two-observation 

periods are shown in Table 2.2. The Southern Hemisphere magnetic three-hour range indices, 

KB , were also considered for these periods and found to agree closely with the Kp-indices. 
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Figure 2.14: Median values of ionospheric parameters observed at Gough Island during the period 13 October 

and 2 November, 1975. 
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Figure 2.15: Median values of ionospheric parameters observed at Gough island during the period 19 October 

and,! November, 1977. 
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Date 1 2 3 4 5 6 7 8 SUM 

130ct'75 1 3- 3- 1 2 2- 2- 2 15-

140ct'75 1+ 0+ 3 3 2+ 3- 2 2+ 17 

150ct'75 1 2- 1+ 2<+. I- I- I- I 9+ 

160ct'75 2+ 2- 2- 3 2 2 4- 2- 18 

170ct'75 3+ 2 2- 2+ 2+ 2- 1 1+ 16-

180ct'75 0 1 I- I 2+ 2- 2 1- 9+ 
~ 

190ct'75 0 0+ 0+ I- I 1 2- 1+ 6+ 

200ct'75 2- 1+ I- I- 1 I- I 3- 10-

210ct'75 3+ 2 1 2- 0+ 0+ 0+ 2 11 

220ct'75 2 2- 2- 1+ 1 1- 2- 2+ 12+ 

230ct'75 3 3 1- 1+ 1 0+ 1+ 1+ 12 

240ct'75 2+ 2+ 2- I- I- 0+ 0+ 0+ 9-

250ct'75 I- I- 1+ 1+ 1+ 1- 0+ 0+ 7-

260ct'75 2 0+ 1 1 1- 3- 1 2 11-

270ct'75 3 3- 1+ 0+ 0+ 1- 0+ 0+ 9 

280ct'75 2- 0+ 1- 2- 2- 2 4- 4- 15+ 

290ct'75 3 4- 4 1+ 0+ 1- 1+ 3 17+ 

300ct'75 3- 2 2+ 2+ 1+ 2- 2- 3+ 17+ 

310ct'75 3 4 5+ 3 1- 3 3 1+ 23+ 

1 Nov'75 1+ 1+ 2- 2+ 2- 1 1- 3+ 13+ 

2 Nov'75 2+ 3 2 3+ 4- 4 7- 6 31 

190ct'77 6 5 4+ 3+ 3+ 3+ 2+ 0+ 28 

200ct'77 0 1+ 1+ 2 2+ 3 1+ 2+ 14-

210ct'77 3- 0+ 1 1 1- 1+ 1+ 2 10+ 

220ct'77 4- 4 5 3 3 3+ 3- 4- 28+ 

230ct'77 3- 3- 2- 1- 0 0+ 2 2- 12-

240ct'77 2+ 2 1+ 1+ 1+ 1 1+ 2- 12+ 

250ct'77 2- 0+ 1- 0+ 0 1+ 2 2 8+ 

260ct'77 1- 2+ 2- 1 0+ I- I 3 11-

270ct'77 4 3+ 3+ 6+ 6- 5 7- 7- 41 

280ct'77 6 7+ 5+ 3- 3+ 3+ 4+ 2 34+ 

290ct'77 2+ 2 1 3- 4- 2+ 1 2- 17-

300ct'77 1+ 1 2- 2 2+ 4 2 2- 16 

310ct'77 2 2- 2- 2- 1 1 2 1+ 12+ 

1 Nov'77 1+ 0+ 1+ 1 1 1- 1+ 2+ 9+ 

Table 2.2 Geomagnetic three-hourly range indices Kp for the two observation periods. 
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It was found that during 1975, 159 of the intervals were 3 or less and only 9 exceeded 3, where 

the maximum value was found to be 5+, while for the 14 day period in 1977, 95 were 3 or 

less and 18 exceeded 3, with a maximum value ·of 6. Comparing the median, values of 1975 

with the median values of 1977 a great similarity between the two years can be seen with the 

exception of the post noon median foF2 values. A marked increase during 1977 of the afternoon 

median foF2 values is immediately evident. At noon the difference between the median foF2 
. r - ~ 

values for 1975 and 1977 is 004 MHz and this steadily increases to a maximum difference of 2.5 
-

MHz at 20:00 local solar time. Thereafter the differences between the 2 periods of observations 

decreases. Fig. 2.16 illustrates the similarities and differences between the median foF2 values 

for the two periods more clearly, where the dashed line refers to 1975 observations and the solid 

line to the 1977 observations of foF2. This can be ascribed to the increased magnetic character 

of the 1977 period of observations. Also, during 1975 the observation were almost at sunspot 
. ' 

minimum since March 1976 is the minimum for solar cycle 20. Looking at the relative sunspot 

numbers for the two periods it was found that the 1975 period had a mean Zurich, Rz , value 

of 704, while during the 1977 period the mean Rz value was 3804, a factor of five times larger 

than the 1975 period of observations. 

To illustrate the consistency in the behaviour of the F2 layer under the foregoing conditions 

for the two periods, plots of the upper and lower quartiles of foF2 together with the median 

values for both periods of observations have been included. These are shown in Fig. 2.17. 

Data from 16 ground based "surrounding" stations were available for the periods of interest to 

this study. Although some stations exhibited a distinct lack of useful data for both periods it 

was possible to calculate confident median values for the 1975 period. For the 1977 period the 

median values are less reliable, since the period of observations was for 14 days only .. 

The median values of foF2 at Gough Island for October/November 1975 are plotted together 

with those for the surrounding permanent ionosphere observatories at Tucuman (26.9°S; 65AOW), 

Grahamstown (33.3°S; 26.5°E), Buenos Aires (34.5°S; 58.5°W), Marion Island (46.9°S; 37.9°E), 

Port Stanley (51.7°S; 57.8°W), South Georgia (54.3°S; 36.5°W) and Sanae (70.3°S; 2AOW) are 

shown in Fig. 2.18. It is noticeable that foF2 at Gough Island exceeds those at all the other 

stations, with the exception of Tucuman and Buenos Aires, durin~ the daylight hours, but 

during the night it is greater than Marion Island and comparable with those at Grahamstown 

and Sanae. The night time values at the remaining observatories tend to be much higher. 

The minimum foF2 values of Tucuman and to a lesser extent that of Buenos Aires at about 
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Figure 2.16: Median foF2 values at Gough Island during the 1975 (dashed line) and 1977 (solid line) observation 

periods. 
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Figure 2.17: Median, upper and lower quartiles offoF2 values at Gough Island during the 1975 (dashed line) 

and 1977 (solid line) observation periods. 
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Figure 2.18: Comparison of median foF2 values at seven selected stations for the 1975 observation period 

together with those from Gough Island. 
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sunrise as well as their enhanced foF2 values in the afternoon could be ascribed to their prox­

imity to the equatorial anomalous region. The equatorial anomaly produces enhanced foF2 

near 20° geomagnetic south, which corresponds t'o approximately 30° geograph~c south, in the 
~~ ~. 

afternoon. (De Mendonca, 1965). The equivalent graph for the period of observation during 

1977 is shown in Fig. 2.19. As can be seen, Figures 2.18 and 2.19 exhibit similar properties. 

Fig. 2.20 shows the magnetic field intensity at 300 km for the region o:£.int,erest as well as the 

observatories used in this study. As can be seen only Buenos Aires and Tucuman lie closer to 

the area of minimum magnetic field intensity than Gough Island as indicated by the contours 

of constant magnetic field intensity (B) at 300 km. (Stassinopoulos, 1970). 

The following five graphs are an attempt to find some form of correlation between the max­

imum median foF2 and various physical phenomena or properties for the fifteen permanent 

observ&tories shown in Fig. 2.20 and Gough Island. 

Fig. 2.21 shows geomagnetic longitude plotted against maximum median foF2 to investigate any 

possible interdependence between,the critical frequency and geomagnetic longitude as suggested 

by Greenspan and Stone, 1964, Torr et al.} 1975 and the results obtained duringi'he voyages 

between South Africa and Gough Island. From the diagram the conclusion may be reached 

that the closer one is to the zone marked South Atlantic Anomaly in Fig. 2.20, the greater the 

enhancement in foF2. Superimposed on all these graphs is the least squares fit line and the 

correlation coefficient r2 for the plotted data. 

Seeking an explanation for the enhancement of foF2 at Gough Island, the maximum median 

values versus magnetic dip (Fig. 2.22), and the B field at 300 km altitude (Fig. 2.23) were 

plotted. Likewise, plots of maximum median values versus .the McIlwain's parameter L at 300 

km (Fig. 2.24) and the great circle distance from minimum magnetic field intensity B (Fig. 

2.25) as determined by Muzzio et al. (1966) were prepared. Figures 2.23 and 2.25 are both 

highly suggestive of a spatial dependence of foF2 upon position relative to the centre of the 

South Atlantic Magnetic Anomaly. 

The 1975 maximum median values of foF2, foF1 and foE are plotted against geographic lati­

tude for Johannesburg (26.1°S), Tucuman (26.9°S), Grahamstown (33.3°S), Hermanus (34.4°S), 

Buenos Aires (34.5°S), Gough Island (40.4°S), Marion Island (46.9°S), Kerguelen (49.4°S), Port 

Stanley (51.7°S), South Georgia (54.3°S), Argentine Islands (65.2°S), Mawson (67.6°S), Syowa 

(69.00 S), Sanae (70.3°S), Halley Bay (75.5°S) and Belgrano (77.9°S) in Fig. 2.26. The variation 
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Figure 2.19: Comparison of median foF2 values at the seven selected stations for the 1977 observation period 

together with those from Gough Island. 
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Figure 2.20: Map showing the contours of magnetic field intensity B (in gauss, where a G is 1O-4T) at 300 km, 

as well as the surrounding permanent observatories. The dashed lines shown correspond to the geomagnetic 

co-ordinates. 
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Figure 2.21: Maximum median foF2 values versus geomagnetic longitude in degrees East for the 15 permanent 

surrounding observatories and Gough Island. 
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is surprisingly regular, with the exception of foF2 at Gough Island, which deviates from the 

straight line shown by about 1.5 MHz. 'fucuman and Buenos Aires exhibit a similar deviation 

of 3.6 MHz and 3.0 MHz respectively which could ·be due to the previously mentioned equatorial 

anomaly. 

Kerguelen (70.3°E), Mawson (62.9°E) and Syowa (39.6°E) all lie below the straight line but 

then these three stations are all far away from the South Atlantic Anomaly i~ the eastern sector. 

Belgrano, which lies above the straight line, suffered from a paucity of numerical values, the 

maximum count being 5 for any particular hour with an average count of 2 or 3. 

A superposition of the 1977 maximum median foF2 values and geographic latitude for those 

stations for which data are available reinforces the findings for the 1975 data, as shown in Fig. 

2.27. The 1977 data should be treated rather cautiously as the median count during the 1977 

period is only for 14 days. It should also be borne in .mind that the magnetic field was more 

active during the 1977 period. 

Fig. 2.28 shows a superposition of the 1975 and 1977 maximum median values of foF2, foF1 

and foE plotted against the geomagnetic latitude of the preceding surroundi.ng·permanent 

observatories. There is a marked similarity between Figures 2.27 and 2.28, suggesting that the 

latitudinal position of Gough Island relative to the centre of the Anomaly region is of cardinal 

importance. 

Hence it may not be just a coincidence that Gough Island is also the only station which-lies inside 

the zone marked "South Atlantic Anomaly" in Fig. 2.5. Most workers who have made satellite­

borne observations over the South Atlantic have reported increases in the electron density in the 

South Atlantic Anomaly zone (Gledhill, 1976 and the references contained therein), suggesting 

that the precipitating electrons which penetrate to the lower atmosphere in the area of minimum 

magnetic field intensity are swept south eastwards by atmospheric winds and dispersed in the 

South Atlantic Anomaly region. This influx of precipitated electrons increases the electron 

density which leads to enhanced foF2 values. 

More specifically Gledhill and Hoffman (1981) have reported the results of a four-year survey of 

electron precipitation, using data from the satellite Atmosphere Explorer-C. They found that 

the flux of po~itive ions at 300 km, in the energy range 0.2 to 26 keY, to be insignificant, but 

they showed that there was a considerable downward flux of electrons in that energy range. 

Vampola and Gorney (1983) have reported similar measurements of electrons in the range 36 
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Figure 2.22: Maximum median foF2 values versus magnetic dip in degrees South from the equator for the 15 

permanent surrounding observatories and Gough Island. 
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Figure 2.23: Maximum median foF2 values versus the magnetic field intensity B at 300 km altitude in gaussian 

units for the 15 permanent surrounding observatories and Gough Island. 
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Figure 2.24: Maximum median foF2 values versus McIlwain parameter L at 300 km for the 15 permanent 

surrounding observatories and Gough Island. 
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Figure 2.25: Maximum median foF2 values versus great circle distance in km from minimum B for the 15 

permanent surrounding observatories and Gough Island. 
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Figure 2.26: Maximum median foF2, foFI and foE values versus geographic latitude in degrees south for the 

15 p,ermanent surrounding observatories and Gough Island. 
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Figure 2.28: The maximum median foF2, foF1 and foE values for 1975 and 1977 versus geomagnetic latitude 

in degrees south for the 15 permanent observatories and Gough Island. 
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to 317 keY, from the satellite S 3-2. Gough Island (40.40 S; 9.90 Wj L = 1.7) lies in the region 

of most intense electron precipitation, according to the findings of Gledhill and Hoffman (1981) 

and of Vampola and Gorney (1983). 

2.4 The E-region Ionosphere 

The ~-region is the part of the ionosphere directly affected by precipitating electrons in the 

energy range above 1 keVand it is also more amenable to quantitative treatment than the more 

irregular F- region. It is speculated that the enhancement offoF2 of Gough Island was possibly 

due to particle precipitation. With this in mind, it was decided to investigate the E-region 

more fully. 

Unfortl,mately, the antenna system on the research shjp RSAdid not permit observations of 

the ionosphere below 1.2 MHz, so that no experimental information on nighttime E-region 

ionization could be obtained. The value 1.2 MJlz was the lowest fmin value observed on any 

of the ionogrammes recorded during the voyage. The satellite measurements of ~lectron fluxes 

reported by Gledhill and Hoffman (1981) refers to nighttime only. The measurements of Vam­

pola and Gorney (1983) are means for all hours of the day and night, however, they refer to 

energies so high that most of their effects occur below the E-Iayer peak. 

Good ionogrammes were nevertheless available for the daytime E-region, from which_the critical 

frequency foE could be determined with satisfactory precision. It was therefore decided to 

examine these for anomalous variation of the daytime foE with solar zenith angle, in order to 

look for any extra ionization which might be attributed to the precipitating electrons. 

It is well known that foE varies regularly with solar zenith angle X. Plots were thus prepared 

of foE versus cos X and (foE)2 versus cos X as shown in Figures 2.29 and 2.30, where the latter 

plot was to provide a better straight line fit to the data. Muggleton (1972) showed that a linear 

relationship of the form 

(foE)2 = A cosn X 

existed between the critical frequency of the E-layer and solar zenith angle where the value of 

n had a world value of about 0.6. This value of n for the Gough Island data was found to be 

n = 0.529 as inferred from Fig. 2.31. 

Chapman (1931) proposed the use of a function Ch(x,X) as an E-region describing function 
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Figure 2.29: Plot of foE versus cos X for mean quarter- hourly values over the 21 day period, 13 October to 3 

November 1975 at Gough Island, where the crosses denote morning values and the circles afternoon values. 
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Figure 2.31: Plot oflog (foE? versus log cos X for mean quarter-hourly values over the 21 day period, 13 October 

to 3 November 1975 at Gough Island, where the crosses denote morning values and the circles afternoon values. 

where x is a parameter dependent on the scale height H and the layer height h, known as the 

Chapman grazing incidence function (Chapman, 1931; Wilkes, 1954). 

Briefly, the need for the Chapman function arises because the basic theory of electron production 

rate assumes a plane-stratified isothermal atmosphere. The solar zenith angle X is simply related 

to the electron production rate as sec X which is just the inverse of cos X, where the electron 

production rate q at height h and solar zenith angle X is given by 

q = qoexp(l - z - e-z sec X), 

where qo is the maximum rate of electron production occurring at height ho when the sun's rays 

are vertical and where z = (h - ho)/ H, where H is the scale height of the ionized atmosphere. 

This relationship is generally sufficient for low and medium values of X. For the higher range 

of values (X > 70°) and also to take into account the sphericity of the earth and its atmosphere 

the secx term is replaced by the Chapman function Ch(x, X) which remains finite for X ~ 90°. 

The fact that Oh(x, X) remains finite for X ~ 90° is an important consideration, since the values 

of X in this study extended to 104°. The Chapman grazing incidence function is thus defin~~ 

as 

Ch(x, X) = x sinx 10:& exp {x(l - sin X/ sin A)} csc2 AdA, 



page 45 

where ,\ is the scale height gradient. 

Since X and H are not independent of h, it was decided to plot log foE versus log Ch(x, X). The 

resultant graph normally yields a good straight line with a slope that is usual~y about -0.35 
~~ :. 

instead of the value -0.25 appropriate for an isothermal Chapman layer. The difference may be 

attributed to the influence of the temperature gradient in the E-region (Rishbeth and Garriott, 

1959). Fig. 2.32 shows the graph of log (foE) versus log Ch(x, X) for thsunean quarter-hourly 

values of foE over the 21 day stay at Gough Island, where x = 800 has been used in computing 

the Chapman function, which corresponds to a scale height of approximately 8 km at 110 km 

altitude (cf. CIRA, 1972). 
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log Ch(800, X) 
Figure 2.32: Plot of log foE versus log Ch(800, X) for mean quarter-hourly values over the 21 day period, 13 

October to 3 November 1975 at Gough Island, where the crosses denote morning values and the circles afternoon 

values. 

The crosses denote morning values and the circle afternoon values. The error bars show the 

standard deviations of the means, i.e., (Lr!f/n(n _1))1/2. There is a reasonably linear rela­

tionship for log Ch(x, X) less than 1, corresponding to solar zenith angles smaller than 850
• The 

least-squares-fitted straight line, shown dashed, has a slope of -0.308 ± 0.008 and the intercept 

on the log foE axis is 0.546 ± 0.004. The antilog of 0.546 will yield the value of solar zenith 

angle X = 0, that is when the sun is overhead. 
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For comparison purposes sufficiently complete and reliable data for foE during the same 21 day 

period from nine stations in the vicinity of the South Atlantic Anomaly was obtained. Their 

locations are shown in Fig. 2.33. The data from these stations were plotted, Fig. 2.34, to 

determine the slopes and intercepts of the best-fitting straight lines on the log foE versus log 

Ch(x, X) graphs. The results are tabulated in Table 2.3, from whence it is clear that the slope 

of the Gough Island graph is anomalously low for its latitude. The staI}:dard deviations of the 

slopes and intercepts were calculated by the usual formulae for a least-squares straight line fit 

(Meyer, 1975) 
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Figure 2.33: Locations of the 10 stations, which contributed to the E-region analysis, with respect to the South 

Atlantic Anomaly. Contours indicating the regions of precipitation of high energy (- - -) and low energy (-) 

electrons are from Gledhill and Hoffman (1981). 

If the E-region were predominantly solar controlled a reasonably smooth variation of these 

slopes and intercepts with geographic latitude ). would be expected. The plot of foE versus 

cos X or log foE versus log (cos X) for stations at different latitudes for the same solar zenith 

angle yields an approximately straight line graph. Noting from Table 2.3 that the slope n 

decreases with increasing latitude, plots of slope n v~rsus geographic latitude). were prepared 

as well as slope n versus cos).. To determine the power...of cos). which yielded the best straight 

line fit a plot of log (slope n) versus log (cos).) was prepared which showed that the best 

straight-line fit was proportional to COSO.177 ).. 
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The slopes from Table 2.3 and their estimated standard deviations are plotted against COSO.
177

,\ 

in Fig. 2.35. The magnitude of the slopes are shown here, although all are in fact negative. This 

diagram clearly shows the anomalous behaviour 0f the Gough Island results. The points for the 

nine comparison stations are all within one st~dard deviation of the weighted least-squares 

straight line, where each point has been weighted inversely as the square of its standard devi­

ation, Wj = ;f-, but the slope for Gough Island lies more than 5 times its standard deviation 
~ . r- ~ 

below the line. Thus, there is more than a 99% confidence level that the slope is anomalous 

(Meyer, 1975). This smaller slope is what would be expected if there was an extra source of 

ionization at Gough Island. The effect of this extra source of ionization would be to raise the 

values of foE, especially at large solar zenith angles where the solar photo-ionization rate is rel­

atively smaller, and so to decrease the slope of the line on the log foE versus log Ch(x,x)graph 

below the value it would have in the absence of the additional source of ionization. 

Station Lat. Long. Slope Intercept 

Tsumeb 19.2°S 17.7°E O.349±O.O41 O.545±O.Oll .. 

Johannesburg 26.1°S 2S.1°E O.35S±O.015 O.54S±O.OO4 

Grahamstown 33.3°S 26.5°E 0.35S±0.004 0.544±0.002 

Hermanus 34.4°S 19.2°E 0.366±0.041 0.544±0.01S 

Gough Island 40.4°S 9.9°W 0.30S±0.00S 0.546±0.004 

Kerguelen 49.4°S 70.2°E 0.333±0.013 O.534±0.OO5 

Port Stanley 51.7°S 57.9°W 0.342±0.02S O.551±O.O12 

South Georgia 54.3°S 36.5°W O.347±O.O23 O.551±O.OlO 

Argentine Islands 63.3°S 64.3°W O.324±O.Oll O.541±O.OO5 

Halley Bay 75.5°S 26.6°W O.2S0±O.024 O.523±O.O14 

Table 2.3 Data for the nine comparison stations and for Gough Island.. 

Since Gough Island lies within the South Atlantic Anomaly, an area identified by Ginzburg et 

al. (1962) as a position of maximum high energy electron fluxes and also since Gough Island lies 

" close to the position of maximum low energy electron fluxes observed by Gledhill and Hoffman 

(19S1), as shown in Fig. 2.33, it seems possible that ionization by these low energy electrons 

may be partly responsible for the extra ion production. 

The magnitude of the extra ionization rate necessary to maintain the observed electron density 



page 49 
0.42 

0.40 

0.38 

~~ ... 

0.36 

0.34 c 
GI 
Q. r - -0 

in 
0.32 

0.30 ! 

.lJ 

~ 
. 

1 I l! "Eo ~ l;' j 2 
~ i 

:;; 1 ., C> 
ii. il 

t> ~ 1 ~ f 5 ';j ~ ~ ~ '" -< C> 

o.~ .76 0.78 0.80 0.82 0.84 0.98 1.0 
Co~·177A 

Figure 2.35: The magnitudes of the slopes of log foE versus log Ch(800, X) graphs for the 10 stations_for the 

21 day period. The absci~sa is cosO.1 77.;\ (see text), wher"e ;\ is the geographic latitude. The error, bars denote 

estimated standard deviations of the slopes. 

at Gough Island may be estimated as follows. We assume that, in the absence of the extra 

source, the "unperturbed" slope at the Gough Island graph would be that corresponding to its 

latitude read off the regression line in Fig. 2.35, namely - 0.352. Assuming that it~ _standard 

deviation, which is largely instrumental in origin, would be the same as that of the observed 

value, namely 0.008. There is also a small dependence of the intercepts on the latitude, and 

the "unperturbed" value for Gough Island was read off from a corresponding graph of intercept 

versus cos A in Fig. 2.36, where intercept versus cos A yielded a better straight line fit than 

intercept versus COSO.I77 A. This changed the intercept marginally from 0.546 to 0.544 ± 0.004. 

The continuous straight line in Fig. 2.32 gives the "unperturbed" relationship. With this 

intercept and slope it is easy to calculate the "unperturbed" value of foE for each quarter hour. 

This is denoted by foE~L" These values of foEu are for the same solar zenith angles as for the 

observed values of foE, but using the new value of the slope, viz - 0.352. 

The difference in frequency !:1F, between the observed value of foE and the "unperturbed" 

value of foEu is graphically illustrated in Fig. 2.37, which indicates an approximately constant 

extra input into the ionosphere in the vicinity of Gough Island. The additional production rate 

required to yield the larger values of foE observed at Gough Island are then calculated. 
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Figure 2.36: The plot of intercept versus COS.A for the 10 stations during the 21 day period of the study. 
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For simplicity it is assumed that the ionization at the E-layer maximum is in the steady state 

and that the loss rate follows the simple square law, so that 

gives qu, the unperturbed rate of production of electron-ion pairs per cm3 per second. Here Q is 

the effective recombination coefficient for the height at which the maximufu occurs. The peak 

elect..ron density of the unperturbed layer is then given by the usual formula. 

N-h profiles were computed from the hourly ionogrammes observed at Gough Island and so the 

median true height h of the E-layer peak was determined for each hour. Values of Q were found 

from the expression (Gledhill, 1986) 

log Q ~ 67.01 - 67.16iog h + 15.22{10g h)2 

where Q is in cm3s-1 and h in km. 

The observed values of foE were converted to the corresponding ionization rates qo, in a similar 

way. The extra production rates could then be found for each quarter hour as 

The differences which are dealt with are small. Near noon the total ionization rate was of the 

order of 4000 cm-3s-1 whereas the values of /1q were typically 200 - 400 cm-3s-1
• Near sunrise 

and sunset, where the solar photo-ionization rate was much smaller, /1q reached a level of more 

than 50% of the total rate. The standard deviations of the calculated values of t:s.q were often 

larger than /1q itself in the middle part of the day. Nevertheless, all the calculated values of 

/1q were positive, ranging from 50 to 394 cm-3s-1
, with considerable scatter. The mean of all 

the values have been taken, weighted inversely as the squares of their standard deviations, to 

obtain some idea of the magnitude of the extra production rate required to explain the observed 

behaviour of foE. This was found to be 151 ± 37 cm -3s -1. Tl!ere is, of course, no reason why 

this should be constant throughout the day, and this is merely a rough estimate of the extra 

ionization rate needed. Fig. 2.38 graphically illustrates the difference or extra production rate 
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D.q versus universal time. The large D.q values at around midday are enhanced by the fact that 

foE is a maximum at that time and the D.q relation is dependent on foE to the fourth power. 

The most obvious source of the extra ionization is electron precipitation, in yiew of the ge-
~~ ~ .. 

ographical situation of Gough Island in the South Atlantic Anomaly. Although Gledhill and 

Hoffman (1981) measured the spectra of precipitating electron fluxes only during the night, 

Torr et al. (1976), using data from the same detectors on the same s~t~l~te, examined both 

day-time and night-time fluxes, but only outside the Anomaly. They found that the day-time 
-

flux was an order of magnitude greater than that at night. There seems to be no obvious reason 

why this should not be true inside the Anomaly region also. The night-time flux observed by 

Gledhill and Hoffman (1981) has therefore been increased by a factor of 10. Assuming it to be 

isotropic, as reported by Torr et al. (1976), the flux for the total down coming spectrum was 

found to be 

where E is in keY. Although this was based on.measurements in the range 0.2 to 26 kev, the 

assumption that it can be extended to 30 keY has been made. Above this energy the spectrum 

due to Vampola and Gorney (1983) has been used, which corresponds to a downward flux of 

4.2 x 105 E-2
•
27 cm-2s-1 keV-1

, assuming it to be isotropic. The contribution from this flux 

does not exceed 1 % of the total ionization rate due to electron precipitation in the height range 

where the peak occurs . 

. The ionization rate as a function of height, due to this composite spectrum, was calculated 

by using the modification of the method due to Rees (1963) described by Wulff and Gledhill 

(1974) and extended by Gledhill (1984). The CIRA (1972) mean model atmosphere and the 

magnetic dip angle appropriate to Gough Island, 570 have been used. The maximum ionization 

rate was found to be 165 cm-3s-1 at 101 km. This value lies close to the figure of 151 cm-3s-1 

found from the ionogrammes and is well within the standard deviation of the latter. In view of 

the very approximate nature of the assumptions that have been made in deriving both values, 

especially the day/night ratio of precipitating fluxes, and of the marginal nature of most of the 

values of D.q, this agreement must be regarded as fortuitous. Nevertheless, the present study 

does show that the ionization due to electron precipitation is of the appropriate magnitude to 

account for the anomalous behaviour of foE at Gough Island. 



Chapter 3 

Atmosphere Explorer-C • 

3.1 . High Energy Particle Fluxes at Ionospheric Heights 

It has been believed since the discovery of the ~adiatlon belts in 1958 (van Allen, 1959) that 

a very important loss mechanism for otherwise trapped particles is by their interaction with 

the upper atmosphere in the region of the South Atlantic magnetic anomaly, where the mirror 

points reach their lowest height on any drift shell. 

Various estimates have been made in the past of the location and magnitude of the flux of 

particles at ionospheric heights and predictions have been made of their possible~aeronomic 

effects, but most of the experimental evidence is inconclusive and indirect. 

The total intensity of the geomagnetic field reaches its lowest value anywhere on the earth's 

surface at a point not far south-west of Rio de Janeiro, Brazil, about 25°S; 45°W as shown in 

Fig. 3.1 [Vernov et al. (1967)]. Even at great heights, the minimum does not depart very far 

from this position; at an altitude of 3000 km it is at approximately 15°S; 400W. Trapped and 

quasi-trapped magnetospheric particles mirror at a fixed value of the total magnetic intensity, 

depending only on their pitch angles in the equatorial plane, unless they interact with low 

frequency electromagnetic waves or collide with other particles. Thus they descend further into 

the atmosphere over the South Atlantic than they do anywhere else, as they drift along a given 

\L shell as shown by Torr et al. (1975) in Fig. 3.2. This precipitation zone is identified as 

the South Atlantic Anomaly and these particles are the unique non-solar ionizing agent in the 

Anomaly. 

The first experimental observations of such particles at ionospheric heights were made with 
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Figure 3.1: The geomagnetic field. Continuous lines are contours of constant magnetic field intensity B at 

grou.nd level; dashed lines are contours of constant L at ground level. (From Vernov et a/., 1967) 
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Figure 3.2: Mirror heights of particles mirroring at abou~ 1000 km over North America on L = 1,8 as a function 

of longitude in the northern and southern hemispheres (From Torr et al., 1975). 

some of the earliest satellites. Fig. 3.3 shows measurements made by Ginzburg et al. (1962) 

from a Soviet satellite at about 320 km in August 1960. The counting rate maxima of the 

Geiger counter telescope at about 35°S; 25°W and 62°S; OOE are the most prominent features 

of the map. The particles ~ere thought to be electrons with energies greater than 8 Me V, but 

later work suggested that there was contamination from X-ray photons. 

Since that time many satellites have passed repeatedly through the Anomaly and found similar 

maxima in counting rate, though not always in the same places. The measurements have been 

difficult to interpret however because the instruments used were primarily designed to measure 

the fluxes of particles in the auroral regions, whose energies tend to be less than about 

30 keY and fluxes to be greater than those in the Anomaly by two orders of magnitude or more. 

The more energetic particles in the Anomaly penetrate the spacecraft directly, so increasing 

the counting rates of directional charged particle detectors by an omnidirectional additional 

background. This is usually so intense that the responses of the instruments bear little relation 
"-

to the directional fluxes which they purport to measure. X-ray astronomers, attempting to 

measure very small, directional fluxes of X-rays, have encountered the same problem when 

their spacecraft were in the South Atlantic region (Holt, 1974). 
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Figure 3.3: Regions of high particle counting rate observed by the Geiger counter telescope on the second Soviet 

space ship (From Ginzburg et ai., 1962) 
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The difficulties were compounded by the detonation over Johnston Island, in the Pacific Ocean, 

of the "Starfish" high-altitude nuclear device by the United States of 9 July 1962. This injected 

large fluxes of fission electrons, which had a very -hard spectrum and persisted f~r several years 

at low L values. There were also several high~r-'a1titude nuclear explosions at higher L values 

carried out by the Soviet Union during the latter part of 1962. For these reasons, the early 

measurements of particle fluxes in the South Atlantic Anomaly, which were reviewed by Vernov 
. r - ~ 

et al. in 1967, cannot be regarded as representative of normal conditions. 

-
In his review of particle precipitation at mid-latitudes, Paulikas (1975) concluded that there 

were still no reliable measurements of fluxes in the Anomaly itself. One of the main reasons was 

the large number of parameters involved: latitude, longitude, L value, magnetic field intensity, 

altitude, energy, pitch angle, local time, season, magnetic activity, etc. By the time the data 

from one satellite have been sorted out into the appropriate bins, there are so few values in 

each bin that the statistics are very poor indeed, even from what would be a large data base for 

many other purposes. Gledhill (1976) came to a similar conclusion when reviewing aeronomic 

effects in the Anomaly. 

3.2 Low Energy Particle Fluxes at Ionospheric Heights 

In an attempt to remedy the position somewhat, Torr et al. (1975) predicted th_e. electron 

fluxes in the Anomaly, basing their figures on a continuous, isotropic injection model and using 

the measurements made by Armstrong (1965) to estimate the absolute values. Later, however 

Torr et al.,(1976) reported global averages of energy fluxes carried by electrons and protons 

in the range 0.2 to 26 keV, observed by the Atmosphere Explorer-C satellite. Although they 

mentioned the increase in background counting rate due to "MeV electrons" , they did not give 

any estimates of the energy fluxes in the Anomaly itself. Comparison with their earlier paper 

(Torr et ai., 1975) suggests that the maximum fluxes in the Anomaly would be about an order 

of magnitude greater than those outside it. 

In 1974, the Antarctic and Southern Hemisphere Aeronomy Year (ASHAY), was established 

with a view to determining what types of effects actuapy take place and where they are most 

likely to be observable in the South Hemisphere. It was decided that if the results of this pre­

liminary study were favourable, then it would propose to carry out co-ordinated measurements 

between ground-based stations, ships and satellites in the most appropriate area of the South 
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Atlantic Ocean during the International Magnetospheric Study (IMS) period 1976 - 1978. 

As part of the ASHA Y International Southern Hemisphere programme, measurements were 

made in the Anomaly by Atmosphere Explorer-C during two periods of co-opera~ive observation 

during 1976. I was fortunate to be elected Data Coordinator for the ASHAY Working Group 

and thus managed to obtain a printout of data obtained by Atmosphere Explorer-C during 

these periods. 

The measurements of charged particles at altitudes of about 300 km and lower at midlatitudes 

is difficult, because the energy fluxes are small and also because of the difficulty of operating 

satellites at such low altitudes. 

These difficulties were resolved with the launching on December 15, 1973 of the Atmosphere 

Explorer-C satellite, which is equipped with low-energy charged particle detectors designed to 

measure electron and proton energy fluxes in the energy range 0.2 to 26 keY. The Atmosphere 

Explorer-C orbits can be changed from elliptical to circular orbit and the perigee can be de­

creased to low altitudes, limited only by the in.ability of the instrumentation to operate in a 

high density environment (Dalgarno et al., 1973). 

3.3 Observations 

Briefly, the satellite contains three detectors, two measuring protons and electrons .from 0.2 to 

26 keY in 16 logarithmic steps which are scanned in one second, and one measuring 

5 ke V electrons continuously. Angular distributions were measured by utilizing the satellite 

in the spinning mode. Each low-energy charged particle detector consisted of a cylindrical 

electrostatic analyser for species and energy selection and a spiraltron electron multiplier for 

particle detection. Further instrumental details can be found in the paper by Hoffman, R.A. 

et al., (1973). 

Additional sensors were employed on Atmosphere Explorer-C to provide measurements for 

aeronomy studies. Amongst these was the cylindrical electrostatic probe. The primary purpose 

of this device was to provide accurate measurements of electron temperature with a high spatial 

resolution. An additional role was to measure the electron and ion concentrations encountered 

along the orbits of Atmosphere Explorer-C. (Brace et ai., 1973) 

The magnetic ion-mass spectrometer was used to provide data on the concentration ratios, 
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H+ : He+, N+ : 0+, and Nt: NO+ : ot, to the retarding-potential analyser which, in 

turn, used this information to provide accurate absolute values for the total concentrations in 

the 1 to 4, 14 to 16, and 28 to 32 amu mass ranges. In this complementary manner, the two 

instruments supplied absolute ion concentrations of which the accuracy is limited only by the 

spectrometer's ability to measure the concentration ratios and the analyser's ability to measure 

the concentrations of the sum of these ions. (Hoffman, J.H. et al.) 1973). 

The results obtained during March 25 - April 2, 1976 and June 19 - July 4, 1976, i.e. ASHAY 

periods I and II will be discussed. The observations obtained during the two periods have been 

combined to give a larger data base. 

The altitude range of the satellite in the region of interest was from 277 to 310 km, with an 

average altitude of 299 km, which corresponds to the F-layer of the ionosphere. 

Data for the period between 20:00 and 00:30 local time, corresponding to 00:00 ± 4 h Universal 

Time has been used. 

Sources of contamination have been discussed by Hoffman et aI. (1974) and Torr et al. (1976). 

The main sources of contamination in the South Atlantic Anomaly are the "MeV electrons" 

of Torr et aI. (1976). These authors corrected for the effects of the high energy electrons 

and also of "Scattered UV Photons" by noting that the proton channel showed no spectral 

response in the energy channels below 7 ke V. The low energy proton channels were therefore 

used as background monitors of the contaminations due to these sources and their counts were 

subtracted from the other channels for both electrons and protons. 

Since the spectral responses were not available, the uncorrected data from the electron and 

proton channels, are presented here. The total proton or ion channel response was subtracted 

from the electron channel, since the contamination cannot exceed this value. Since penetrating 

radiation would affect all channels in the same way, the mean counting rate of the ion channels 

would give the background counting level. The electron and ion detectors are next to each other 

on the satellite and have identical geometry, thus it is reasonable to assume that both detectors 

would record the same background counting rates. Hence, if the mean counting rate of the ion 

channels is subtracted from the mean counting rate of each electron channel, the corrected rate 
,-

for electrons would be obtained. Therefore, the uncorrected electron fluxes represent maximum 

possible values, while the corrected ones represent minimum possible values. 

The values for the energy fluxes carried by precipitated electrons and protons discussed in this 
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section were obtained by summing the fluxes in all channels from 0.2 to 26 keY, counting only 

those occasions when the particles observed were moving downward at the location concerned. 

3.4 Results and Discussion 

For the purpose of this analysis, the South Atlantk region was divided into 240 bins, each 5° 

in latitude and longitude, from 200to 70° South and from 65° West to 55° East. 

Averages of precipitated electron and proton energy fluxes and electron densities and temper­

atures as well as the NO+ and 0+ ion concentrations were computed for each bin. Whenever 

a particular bin was void of observations an average value was assigned to that bin by taking 

the mean of all the surrounding bins, so as not to disrupt the contours. The average number of 

observ~tions for precipitated electron and proton energy fluxes was 7 per bin, while the average 

for electron densities and temperatures as well as the ion concentrations was 17 per bin. 

During ASHAYperiod I the three hourly Kp indices varied from 2- to 7, whereas the Kp -indices 

only varied from 0+ to 4- for ASHAY period II for the orbits considered in th~s.analysis; the 

former period included the events of March 26 and April 1, 1976. Hence, to obtain some 

measure of uniformity, these disturbances have been excluded by limiting the analysis to data 

which excluded Kp greater than 4+. 

Fig. 3.4 shows the contours of uncorrected precipitated electron energy fluxes, which range 

from 0.5 to 30 x 10-4 ergs cm-2s-1 (1 x 10-3 ergs cm-2s-1 = 1 pWm-2
). A well defined 

maximum of 27 x 10-4 ergs cm-2s-1 occurs off the Brazilian coast at about 33° S; 47°W, and 

another maximum in the South Eastern region near 57°S; 23°E is evident, where the peak value 

is 30 x 10-4 ergs cm-2s-1
• A band of minimum flux running across the South Atlantic from 

about 600 S; 600 W to 25°S; 400E is also noticeable. 

In Fig. 3.5 the contours for apparent precipitated proton energy fluxes are presented, these 

range from 0.5 to 15 x 10-4 ergs cm-2s-1
• Again, a maximum of 15 x 10-4 ergs cm-2s-1 off 

the Brazilian coast at about 37°S; 32°W is noticed, as well as an area of more intense proton 

precipitation in the South Eastern sector. 

The distribution of electron and proton fluxes differ markedly from those proposed by Torr et 

ai. (1975) on theoretical grounds; their predicted maximum of precipitated electron fiui-at 

altitudes of 200 km was centred on approximately 48°S; 15°W. 
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Figure 3.4: Contours of uncorrected precipitated electron energy fluxes at 300 km in the range 0.2 to 26 keY, 

in unjts of 10-4 ergs cm-2s- 1 • 
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Figure 3.5: Contours of apparent precipitated proton energy fluxes at 300 km in the range 0.2 to 26 keY, in 

units of 10-4 ergs cm-2s-1 • 
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Ginzburg et al. (1962) reported relatively large particle fluxes in the South Atlantic region 

for very high energy particles. A comparison of the contours presented here with their results 

shows that the maxima of the contours presented here roughly correspond to their "South 

Atlantic" or Brazilian Anomaly, and the "So;;ihern AnoPlaly". This suggests strongly that 

both the proton and the electron channels are counting high-energy penetrating radiation as a 

strong background. 

Fig. 3.6 shows the corrected precipitated electron energy fluxes, obtained by subtracting the 

apparent proton energy fluxes of Fig. 3.5 from the electron values in Fig. 3.4. The maximum 

off the Brazilian coast persists, though its value has been reduced to 18 X 10-4 ergs cm-2s-1 , 

but the large subsidiary maximum at 35°S; 300W has almost disappeared, suggesting that it 

was largely due to the background. The peak at 57°S; 23°E also persists, but has been halved 

in size. Examination of the data shows this to be a recurrent peak, not due to merely a few 

high points. It is seen that the maximum flux in the anomaly is an order of magnitude greater 

than that outside it, where the average values agree with those found by Torr et al. (1976) in 

their general survey. 

In the following diagram Fig. 3.7, contours of electron density have been plotted. The contours 

range from 1 x 104 to 1 X 105 cm-3
• The most prominent feature of the electron density 

map is that, in general, it exhibits areas of minimum electron density, where Fig. 3.6 shows 

maximum fluxes of energy carried by precipitated electrons. This is contrary to previously 

reported observations made by several observers (Willmore and Henderson, (1965); Knudsen, 

(1968); Knudsen and Sharp, (1968); etc.). In fact, in both anomalous areas regions of minimum 

electron densities are found for the periods under observation. It is also evident that maxima 

of electron density seem to coincide with minimum precipitated electron energy flux-, e.g. III 

the region 45°_ 55°S; 30°- 400W and in the vicinity of South Africa. 

Fig. 3.8 is a contour map representing the electron temperatures, where the contours range 

from 650 to 2600 K. The electron temperatures exhibit a minimum off the East coast of Brazil 

increasing towards the South Eastern sector. These contours agree fairly well with the nighttime 

temperature distribution for 300 km presented by Spenner and Plugge (1978) using electron 

t~mperature data from AEROS-A. The temperature distribution is, in general, consistent with 

the production of heat in the plasmapause region and the consequent heat flow towards the 

equator. In this figure the strong heat flux into the atmosphere near the plasmapause, which 

increases the electron temperature towards L ~ 4, is easily seen. 
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Figure 3.6: Contours of corrected precipitated electron energy fluxes at 300 km in the range 0.2 to 26 keY, in 

units of 10-4 ergs cm- 2s- 1 . 
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The next diagram, Fig. 3.9, shows the concentration of atomic nitric oxide, NO+, where the 

contours range from 40 to 700 cm -3. A well defined maximum of 300 cm -3 occurs off the 

Brazilian coast at about 35°S; 42°Vv, and another round about 500 S; 35°W. Also clearly visible 

is a band of maximum concentration in the Southern most portion of the Eastern sector. Thus, 

in general, it can be seen that areas of maximum NO+ concentrations coincide with areas of 

minimum precipitated electron and proton energy fluxes and likewise ~r~aJl of minimum NO+ 

ion concentrations coincide with areas of maximum precipitated electron and proton energy 

fluxes. The same is also true when the NO+ ion concentrations are compared with electron 

densities. 

In Fig. 3.10 the concentration of atomic oxygen, 0+, contours heINe been plotted. The contours 

range from 8 to 90 X 103 cm -3. Two well defined minima areas are exhibited centred on about 

35°S; 42°W and 57°S; 25°E. This is contrary to previous observations of increased oxygen 

concentrations over the South Atlantic Anomaly (Raitt et al., 1965). However, since these 

observations were all recorded at night, the results obtained are to be expected, since the 0+ 

ion concentrations decay rapidly after sunset. A comforting feature of the 0+ ion concentrations 
-~. 

is that they exhibit similar maxima and minima to the electron densities, since above 180 km 

nO(+) ~ n(e) (Holmes et ai., 1965). 

Fig. 3.11 exhibits contours of the ratio of NO+ ion concentrations to 0+ ion concentrations 

(NO+ /0+) and range from 2 to 40 X 10-3
• Once more a well defined maximumi~ Jound off 

the Brazilian coast-centred on 35°S; 42°W, and a lesser maximum in the South Eastern sector. 

Also note that the maxima and minima areas are opposite to the electron densities maxima 

and minima. 

In the following figure, Fig. 3.12, the same ratio as for the previous figure but this time for 

values of Kp > 4+ are presented. The contours now range from 2 to 90 X 10-3 and very large 

areas of maxima are seen to occur in the South Eastern sector. An interesting observation is 

that for large Kp values the contours are in fairly close agreement with the electron temperature 

contours. 

3.5 Conclusions 

The results show that the energy precipitated by electrons in the Brazilian and Southern Ocean 

regi~ns is on the average an order of magnitude greater than that observed outside the South 
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Atlantic, as reported by Torr et al. (1975) on the basis of a theoretical study. 

There appears to be a persistent maximum in low-energy electron precipitation, roughly parallel 

to the South American coast, and another, brp~der region centred about 600 S; 15°E. There is 

a band of minimum flux, running across the South Atlantic from about 600 S; 600 W to 25°S; 

400E. 

Generally it is found that regions of maximum precipitated electron energy fluxes and electron 

densities correspond to the maximum median values of foF2 as recorded in Chapter 2 and at 

the observatories used in this dissertation. 

Nighttime electron temperatures appear to vary fairly uniformly from over 2000 K near the 

plasmapause over the Southern Indian Ocean to a minimum of about 700 K near the South 

American coast. 

The mInimum in electron density running from 25°S; 35°W to 45°S; 500 W is a persistent feature 

which is reminiscent of the mid-latitude trough at first sight. However, its non-alignment with 

lines of constant L and the absence of any sign of a maximum in electron temperat:ure suggest 

that its origin is entirely different and is probably associated with the maximum of electron 

precipitation a few degrees to the west of it. 

In general, the maximum NO+ ion concentrations coincide with minimum precipitated electron 

and proton energy fluxes and vice·versa. Whereas the NO+ ion concentrations and 0+ ion 

concentrations exhibit similar maxima and minima to the electron densities. 

The increase in NO+ ion concentrations is far greater than the increase in 0+ ion concentrations 

for large values of Kp. Consequently, the NO+ /0+ ratio is markedly affected by an increase in 

magnetic activity. 

Voss and Smith (1980) have reviewed the available measurements of particle fluxes at mid­

latitudes during the nighttime. They have shown that precipitation takes place in fairly well­

defined zones which follow L shells (Fig. 3.13). They found that the low- latitude zone centred 

on L = 1.4 consists of electrons with energies < 20 keY and pitch angles near 90°, For Kp R: 5 

the precipitated energy flux is about 5 x 10-4 erg cm-2s-1
• The mid-latitude zone at about 

L = 2.6, on the other hand, consists mainly of protons with energies in the range 10 to 100, 

keV, which carry about 5 x 10-3 erg cm-2s-1 and have pitch angles within about 10° of 90°. 

These are thought to be precipitated from the ring current by ion-cyclotron interactions. The 

positions of the maxima of precipitation in the Anomaly predicted by Voss and Smith agree well 
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with those usually observed. These authors do not, however, make any quantitative estimate of 

the intensity of precipitation in the Anomaly. No experimental evidence has been put forward 

that the particle precipitation in the Southern Anomaly near 60° Sj 0° E are, in fact mainly 
~~ : 

protons. 

Two rocket experiments of interest in the vicinity of the Anomaly have been reported. 

Prange and Crifo (1977) launched a rocket from Mar del Plata, Argentfn~ (38° Sj 58° W) at 

01:3Q LT on 13 December 1972: The vehicle reached a height of 380 km at L = 1.32 and 

carried electrostatic particle spectrometers for electrons and protons. Unfortunately, owing to 

a malfunction, no electron data are available. The proton detector encountered upward moving 

field-aligned beams of positive ions, which were thought to be 0+ (Fig. 3.14).· These were 

found to coincide with increases in the flux of trapped electrons with energies greater than 40 

keY. The energies of the ions were in the range 0.15 to 33 keVand the upward energy flux was 

2 x 10-2 erg cm-2s-1sr-1 at maximum (Prange, 1978). There was, regrettably, no means of 

identifying the positive ions definitely as 0+. 

Kelley et al. (1977) launched a rocket from Natal, Brazil (60 S; 35° W), which liescvery near the 

equator, at 19:40 LT pm 18 November 1973. Their pitch angle distributions (Fig. 3.15) showed 

trapped electrons and, in addition, a northward-directed field-aligned flux of electrons. The 

energy spectra of these escaping electrons (Fig. 3.16) showed that the fluxes returning from the 

northern hemisphere were an order of magnitude less and were what would be expected from 

backscatter, by the atmosphere at the northern end of the field line, of the observed northward 

fluxes. The protons observed showed only a slightly anisotropic distribution, with a small excess 

travelling northwards. 

It is clear that little is known, from actual measurements, of electron and proton fluxes in the 

Anomaly, especially in the two regions of maximum flux. The earlier satellite observations were 

so contaminated by the high-energy background that they show only that there are usually two 

such regions in which relatively large fluxes of charged particles are found at F-region heights: 

the Brazilian or South Atlantic Anomaly, centred about 35° Sj 25° Wand the region around 

60° S; 0° E, which shall be called the Southern Anomaly following the Russian group (Ginzburg 

et a1., 1962). Measurements of the fluxes of very high energy particles are not affected much 

by the background. Kurnosova (1976) has reviewed some flux measurements of electrons and 

protons with energies of several hundred MeV, including some in the Brazilian (South Atlantic) 

and' Southern Anomalies by the satellite Kosmos 443, which show a distribution remarkably 
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Figure 3.14: Pitch angles of positive ions observed by Prange and Crifo (1979). 
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like the early one in Fig. 3.3. These fluxes are, however, too small to make much . contribution 

to ionization. 

Gledhill and Hoffman (1981) using nighttime Atmosphere Explorer-C data spanning 4 years 

around sunspot minimum show that the Brazllian (South Atlantic) Anomaly centred on 35°S; 

30° W is very stable in its location, but that the region between South Africa and Antarctica 

(600 S; lOOE) , the Southern AnomalYr is very variable in both intensity and position. (Fig. 

3.17). 
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1974-1977. Units are 10-3 erg cm-2s-1 . Kp $ 3. Dashed lines represent regions of high energy particle fluxes 

observed by Ginzburg et ai., (1962). From Gledhill and Hoffman (1981). 



Chapter 4 

Precipitated Particle Energy Fluxes 

4.1 Estimates of Ionization due to Precipitated Parti­

cles in the Anomaly 

Despite the lack of measurements in situ, the fluxes observed outside the Anomaly may be used 

to estimate those inside it. Since there are few daytime measurements available, the estimates 

shall be confined to the nighttime. 

The average values of the total energy flux at 250 to 300 km found by Torr et al. (1976) with 

Atmosphere Explorer-C are shown as a function of invariant latitude in Fig. 4.1. -Values are 

given for the energy carried by electrons during the night and during the day and by protons at 

night. From the figure it can be seen that, for both the latitude of the South Atlantic Anomaly 

(A = 32°S; L = 1.4) and that of the Southern Anomaly (A = 52° S; L = 2.6), the daytime elec­

tron energy flux is about 2 x 10-3 erg cm-2s-1
, the nighttime flux about 4 x 10-4 erg cm-2s-1 

and the nighttime proton energy flux about 1 x 10-4 erg cm-2s-1 • If the tenfold increase in 

the Anomaly deduced from the figures of Torr et al. (1975) and confirmed by this dissertation 

are accepted as typical, then the corresponding nighttime electron energy fluxes in the most 

intense regions of the South Atlantic and Southern Anomalies would be about 4 x 10-3 erg 

cm-2s-1 , which compares well with those actually observed during the two ASHAY periods 

in 1976 of about 2 x 10-3 erg cm-2s-1 found in this study andl11ustrated in Fig. 3.6. Fig. 

4.2 shows typical energy spectra of these electrons, observed by Tgrr et al. (1976). The por­

tions of the electron spectra above 2 ke V can be fitted with straight lines corresponding to 

power law exponents of about -1. The data can alternatively be represented by an exponential 

79 
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spectrum, 700e-E/15 cm-2s-l sr-l keV-I. Since the Rhodes group have developed rapid meth­

ods for estimating the ionization produced by electrons with exponential spectra, the latter is 

used here (Wulff and Gledhill, 1974; Gledhill, 1984). Torr et at. (1976) stat~ that the pitch 

angle distributions were isotropic. Hence the"ahove may be multiplied by 71", to estimate the 

flux isotropic over the downward hemisphere, and by 10 to allow for the intensification in the 

Anomaly, obtaining 2 x 104e-E/15 cm-2s-I keV-I. This corresponds to a flux of 3.7 x 10-3 erg 
.-- ~ 

cm-2s-l , in good agreement with the figure of 4 x 10-3 erg cm-2s-I found above. 

102 W 

~ 

10· W 
oJ 
Q.. 
;:;; 
C% 

10~ 

INVARIANT LATITUDE 

Figure 4.1: The total energy flux between 250 and 300 km altitude as a function of invariant latitude: ( ____ ) 

electrons, daytime; (-x- --) electrons, nighttime; (0-0) protons, nighttime. The error bars indicate the 

probable uncertainties. The three uppermost curves show the sample size for each invariant latitude bin. From 

Torr et al. (1976) 

This spectrum would produce maximum ionization at about 96 km with about 2400 electrons 

per cm3 with a corresponding critical frequency (foE) of the E-region of just below 0.5 MHz. 

There would be appreciable ionization at least down to 85 km, in the upper D-region which 

would be increased by the portion of the spectrum above 26 ke V. The low-energy portion, 

below 2 keY, which h~ve been neglected, would deposit its energy in the F-region above 140 

km. Since the F-region is very sensitive to dynamic effects such as neutral winds it is hardly 

possible to make a general estimate of the effects of this energy input. 

Whereas Torr et al. (1976) show a fairly uniform distribution of energy flux between latitudes 
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200S and 600S (Fig. 4.1), Voss and Smith (1980) find separate zones of precipitation, with 

definite minima between them. Their low-latitude and mid-latitude zones agree well in position 

with the South Atlantic and Southern Anomalies, as has already been noted. Unlike Torr et 

al., (1976), they find that the pitch angle distributions are by no means isotropic, but peak 

near 90° at all altitudes. Thus at any height most of the particles are mirroring or -nearly so. 

The resulting ionization is almost constant with height from about 200 km down to a cut-off 

height, below which it decreases rapidly. For the electrons in the low-latitude zone this cut-off 

is at about 100 km, while for the protons in the mid-latitude zone it is at about 130 km. 

It is not easy to estimate the effects of these fluxes drifting into the Anomaly. Presumably the 

cut-off height would be lowered because of the decreasing magnetic field at a fixed height, but the 

exponential increase of neutral atmospheric density would limit this change to a few kilometres. 

A complex calculation is needed to estimate the effects more closely (Voss and Smith, 1977). 

Nevertheless, the value of 5 x 10-4 erg cm-2s-1 for the energy precipitated in the low-latitude 

zone found by Voss and Smith (1977) is very similar to the 4 x 10-4 erg cm-2s-1 found by Torr 
" 

et al., (1976) and, in the absence of more detailed calculations,it may be concluded that the 

observations of Voss and Smith (1979) are not inconsistent with the formation in the South 

Atlantic Anomaly of an E-Iayer like that deduced above from the figures given by Torr et al, 
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(1976). The height may be a little greater on account of the flat pitch angle distribution. The 

greater energy carried by protons in the mid-latitude zone according to Voss and Smith (1979), 

namely 5 x 10-3 erg cm-2s-1
, and the greater cut-off height, consistent with the l?Iger ionization 

cross sections of atmospheric constituents for proton impact, suggest that the E-Iayer in the 

Southern Anomaly would be higher and more dense than that in the South Atlantic anomaly. 

4.2- Observations of Ionization in the Anomaly D-region" 

We would expect ionization in the D-region to be produced by the higher-energy part of the 

electron spectrum in the South Atlantic Anomaly, and perhaps not so much by the protons 

in the Southern Anomaly, on account of the larger cross-sections, which would remove most 

of the particles before they penetrate to D-region depths. D-region ionization has two easily 

observable affects: an increase in the absorption of radio waves passing through it and an 

increase in the phase velocity along the earth-io?osphere waveguide of VLF waves propagating 

in it. 

Abdu et al. (1973) and Trivedi et ai. (1973) have made measurements with a 30 MHz riometer 

at Atibaia, Brazil (23°S; 45°W). The instrument was switched between two Yagi antennae, one 

directed vertically upwards and the other at 45° to the vertical, pointing westwards. Fig. 4.3 

shows one of their records. In each of the two events arrowed, the absorption app~ars first on 

the westward-directed antenna. Abdu et al. (1973) interpret this as evidence that the particles 

responsible were electrons, which drift from west to east. The time delays involved are too long 

to be accounted for in this way unless an arbitrary electric field is assumed to exist, however, 

which rather reduces the conviction of the argument. 

The VLF propagation method is sensitive to small changes in the height of the upper boundary 

of the waveguide, i.e. the lower part of the D-region. Cavalieri et al. (1974) have calculated 

that a uniform lowering of the boundary by only 1 km over the 5600 km path from the 16 

kHz transmitter GBR at Rugby, England, to Baltimore, Maryland, United States of America, 

would produce a phase advance of 2.9 p,s, easily measurable with modern atomic frequency 

standards. UnfortunC\tely, changes in the vertical gradient of ionization density at the lower 

edge of the D-region ~ount in effect to changes in the width of the waveguide also and can 

either advance or retard the phase. Also, variations in the waveguide width cause differences 

in the propagati.on times of different modes to the receiver, thus producing, by interference, 
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Figure 4.3: 30 MHz riometer recordings. From Abdu e~ al. (1973). The broken smooth curve represents the 

variation of the unabsorbed cosmic noise intensity. The upper curve represents the westward looldng antenna, 

whilst the vertical antenna is represented by the lower curve. 

apparent changes of phase which are not simply related to the height of the reflecting region. 

(Svennesson and Westerlund, 1979). Thus the interpretation of such measurements is open to 

question, unless comparison can be made with similar paths which do not pass .tP.rough the 

Anomaly and unless a great deal is known about conditions along the whole propagation path. 

Several groups, especially those in Brazil, have made regular recordings of the phase and am­

plitude of the signals from various VLF transmitters for some years. The results have, however, 

not been as fruitful as one might hope as far as the study of the Anomaly is concerned. Mendes 

et al. (1970) adopted a method due to Westerlund et al. (1969) to show that the VLF phase 

and amplitude changes observed near the centre of the magnetic anomaly during polar cap 

absorption (peA) and solar proton events agreed with the values of VLF phase changes cal­

culated from the proton fluxes observed by satellites. This is rather surprising in view of the 

general belief that protons are not important ionizing agents at these low latitudes during such 

events. 

GQ..ugh (1975) recorded the phase of the 22.3 kHz signal from North West Cape, Australia, 

as received at Sao Paulo, Brazil. The propagation path (Fig. 4.4) passed through both the 

Southern and the South Atlantic Anomalies. Unfortunately, it also passed through the auroral 



page 84 

zone in the vicinity of Enderby Land, Antarctica. Because there was only a short period, less 

than two hours each day, when the whole path was either illuminated or in darkness, Gough 

considered only the difference in phase delay between these two extremes ie, the whole path 

illuminated or the whole path in darkness. He {"rind two maxima in the correlation coefficient of 

this quantity with the planetary magnetic index Ap , one coinciding with the day of observation 

and the other delayed by 3 or 4 days. Similar correlations for the phase of the signal from NLK, 
r: - ~ 

in Washington State, USA, the path of which passed through the South Atlantic Anomaly but 

not the auroral zone (Fig. 4.4), showed only the delayed maximum. He therefore attributed this 

delayed maximum to the effect of the Anomaly and preceded to show that, on this assumption, 

there is no evidence of enhanced D-region ionization in the Anomaly, since only the NWC 

path which passes through the auroral zone exhibited a direct correlation peak with increased 

magnetic index Ap. 

o 

30 

60 - -1"0-0 

90~----------------------------------~--------------------------------~ 

Figure 4.4: Paths of VLF waves observed by Gough (1975). 

Doherty (1971) reported that rapid simultaneous phase and amplitude fluctuations were ob­

served much more frequently on the Nantucket (Massachusetts) - Jupiter (Florida) path than 

on paths in the Aleutianlslands and suggested that this might be because the midpoint of t~e 

former path lies in the conjugate region to the South Atlantic Anomaly. 

Thus, the meagre evidence which exists for particle produced ionization in the D-region in the 
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Anomaly is inconclusive at present. 

4.3 Observations of Ionization in the Anomaly'E-region 

The E-layer at a height just below 100 km, with a critical frequency of about 0.5 MHz, which 

was predicted above, may indeed exist as a regular feature of the Soutli Atlantic Anomaly; at 

present nothing is known of the E-region in the Southern Anomaly. 

Abdu and Rai (1974) reported the frequent occurrence of a low-lying sporadic E-Iayer, at 90-95 

km, during the night over Cachoeira Paulista, Brazil (23°S; 45°W). They observed a "regularly" 

ionized layer with a critical frequency in the range 0.3 to 0.6 MHz. Simultaneous riometer 

recordings at 30 MHz showed absorption of the expected magnitude. The authors stated their 

belief that this was good proof of the production of ionization by particle precipitation in the 

South Atlantic Anomaly. Later, Abdu and Batista (1977) found that sporadic E layers occur 

much more frequently at Cachoeira Paulista than at any other station at comparable latitudes 

(Fig. 4.5). They also reported that auroral type sporadic E is observed at Cachoei;a Paulista, 

but the ionogrammes published by Batista and Abdu (1977) appear rather to be a spread type 

of flat sporadic E (Fig. 4.6). This may, nevertheless, be produced by precipitated particles, 

especially by fluxes with flat pitch angle distributions like those observed by Voss and Smith 

(1979). 

After a tour of South American ionosphere stations W.R. Piggott (private communication, 

1976) ventured that in his opinion particle E is often seen at many stations there, but is not 

reported as such because it is generally believed to be confined to the auroral and sub-auroral 

regions. A study of these ionogrammes would be rewarding. 

Abdu et al. (1979) have reported a re-analysis of rocket observations made by several groups 

during the total solar eclipse of 12 November 1966 at Cassino, Brazil (32°S; 52°W). By solving 

the time-dependent continuity equations for the important ion species in the region 75-110 km, 

with a solar illumination function calculated from the circumstances of the eclipse, they showed 

that it was necessary to add an ion production rate which could be ascribed to particles. It is 

difficult to estimate the residual radiation from the solar corona during totality of an eclipse and 

this, together with uncertainties in the rate coefficients of the ionic reactions and the possible 

effects of those which were neglected, must cast some doubt on this interpretation. All that can 

be said is that the analysis is consistent with the presence of an ionizing source during totality, 
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Figure 4.5: Frequency of occurrence of spora~ic-E layer, from Abdu and Batista (1977). 
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over and above the residual solar radiation assumed by these authors. It has nbt been shown 

that the fluxes and spectra of electrons necessary to produce the extra ionization are consistent 

with estimates of those likely to be found at the western edge of the South Atlantic Anomaly. 

In the second chapter an attempt was made to present the case of a source of extra ionization, 

for the daytime E-layer as being due to particle precipitation. Yet again, this is speculative in 

nature. The analysis of Atmosphere Explorer-C data for the nighttime is far more convincing 

yielding the right sort of numbers for the fluxes and spectra of electrons required to maintain 

an E-layer at night. Unfortunately, shipborne ionosondes are limited by the length of antenna 

available and consequently have fmin values greater than 1 MHz and thus the "regular" nighttime 

E-layer with an approximate critical frequency (foE) of 0.5 MHz is not seen in this remote and 

inaccessible location. 

4.4 Observations of Ionization in the Anomaly F-region 

There have been many, and often conflicting, reports of phenomena in the F-region of the 

Anomaly. King et al. (1964) reported spread F, local increases in electron density and "thin 

sheets of ionization" over the South Atlantic, observed by the satellite Alouette 1. Rothwell 
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Figure 4.6: Examples of the so called auroral type sporadic E as observed at Cachoeira Paulista. From Batista 

and Abdu (1977). 
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(1964) found similar maxima and minima with Ariel 1. Gledhill and Torr (1966) showed that a 

high correlation existed between fluxes of electrons with energies above 40 keVin the conjugate 

area to SANAE, Antarctica, (700 S; 2°W) and F:.region disturbances at that s~ation. Gledhill 

et al. (1967) found a greater frequency of F-region disturbance at SANAE than at any other 

station near the same shell, L = 4, and Torr and Torr (1967) demonstrated that the F-region 

is more variable in the Anomaly than at any other mid-latitude location. Knudsen and Sharp 
r- ~ 

(1968) found very variable ionization maxima at 300 km in the Anomaly. Haggard and Gledhill 
-

(1976) have shown that the median values of the daily maxima of foE, foF1 and FoF2 at Gough 

Island (400 S; lOOW) all lie above the straight lines connecting the corresponding points for 

other stations surrounding the South Atlantic, when plotted against geographic latitude (Fig. 

2.26). Measurements made with the swept-frequency impedance probe on the Japanese satellite 

TAIYO (Oya et al., 1979) also show increased ionization at heights of about 300 km in the 

South Atlantic Anomaly. 

This dissertation has shown that in general minima of electron density at about 300 km coincide 

with maxima in precipitated energy carried by electrons at night, and vice versa. This is in 

conflict with some of the observations reported above and with the total electron content 

measurements by de Mendonca (1965), who observed a marked increase of electron content in 

the South Atlantic Anomaly, but Kauffmann et al. (1976) reported a pronounced dectease in 

total electron content in the same region, by a factor of 2 to 3 from 53°W to 400 W at 21°S, 

during the eastward movement of the ATS-6 satellite. Massambani (1978) found, during the 

movement of the same satellite westwards, that the decay of the plasma density at night was 

faster in the east than in the west. He suggested that this may be due to the replacement of 

ionization on the westward side of the Anomaly by electron precipitation. 

Measurements of ion concentrations by Sharp et al. (1966) showed that, at longitudes which 

passed through the South Atlantic Anomaly, there were pronounced differences between the 

ion density on opposite sides of the equator. They found the excess ionization in the southern 

hemisphere to coincide in location with large fluxes of trapped electrons with energies greater 

than 0.24 MeV (Fig. 3.24). At longitudes outside the Anomaly this was not so. Although 

these measurements were made in 1963, when there were still large fluxes of "Starfish" electrons 
"-

present, it would be surprising if there was not a corresponding asymmetry with the smaller, 

less energetic fluxes now existing there. 

By now it must be clear that there are few actual measurements in the South Atlantic Anomaly 



12 DATA GROUP 75 
11/3/63 
1330 L.T. 

~ 10 32° W LONG. 

8 
~~ 
0:'" 
}-' 
z::E 
w U 
ult'l 6 
~b u-

x 4 z-
Q 

2 

_ 0 

X &3106 
::len 
...J, 
ll..en 
z}­
Oz 
o:::l }-o 
~~105 
d~ 
-0 ::E 
wv 
&: ~ TRAPPED 

, , , 
\ . 
\ 

,_r 
'\ 

" 

~~ ELECTRONS 
}- ~ 104 l....::'~-'-.--'-='=--"--'~-':='::-'-~-'-'-::::-::-' 

60 N 40 20 0 20 40 S 60 
MAGNETIC LATITUDE (DEG) 

page 89 

Figure 4.7: Ionization at longitudes passing through the South Atlantic Anomaly. From Sharp et al. (1966). 

which are not open to suspicion in one way or another, and fewer still in the Southern Anomaly. 

It is worth noting that the observation of the occurrence of ionization minima close to electron 

precipitation maxima in the previous chapter, the rapid fluctuations observed by other workers 

(Dachev, 1976; Oya et al., 1979), the phenomena noted by King et al. (1964) and Rothwell 

(1964), and especially the upward fluxes of oxygen ions (Prange and Crifo, 1977) and electrons 

(Kelley et al., 1977) all suggest strongly that electric fields playa much more important part 

than has previously been suspected in determining the configuration of the ionosphere in the 

South Atlantic Anomaly. This is an aspect which deserves experimental and theoretical study 

in the near future. 

4.5 Atmosphere Explorer-C Data: 1973-1978 

Although many satellites have passed repeatedly through the South Atlantic Anomaly, very 

few values for the fluxes and energy spectra of electrons or positive ions in the energy range 

below 30 ke V have been published. 

The reason is primarily the high ratio of background counting rate to signal, due to the presence 

of high energy radiation belt particles which penetrate the space craft and the detectors, they 
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also produce bremsstrahling which may add to the background. The fluxes of low energy par­

ticles are 2-4 orders of magnitude less than those in the auroral zones for which most detectors 

have been designed, so that the statistics are P90r and it has been considered. unprofitable to '. . 
attempt to extract information about the low-energy particles from the data. 

I was most fortunate in obtaining copies of the Atmosphere Explorer-C data tapes in 1988 

which contained six years of precipitating electron and proton flux data, :"'albeit in sometimes 

shambolic coded bits. 

Atmosphere Explorer-C passed through the Anomaly several times each day for more than six 

years and telemetry form the low energy particle experiment (LEE) was recorded on many of 

these orbits. 

With this extensive data base it has proved possible to correct for the effects of the penetrating 

background radiation and to produce estimates of the -spectra and fluxes. 

The vast mass of data from the low energy particle experiment detectors on Atmosphere 

Explorer-C is available in the form of 15 second averages of the total energy flux, apparently 

carried by electrons and ions, respectively, summed over a1116 energy channels in the range 0.2 

to 26 keY. It requires considerable effort, many man months, and several hundreds of hours of 

computer time to extract detailed spectral information from the original telemetry records. If, 

however, it is now assumed that the ion channels always provide a measure of the background, 

it is only necessary to multiply the apparent ion energy flux by a constant factor, to take ac­

count of the different efficiencies of the detectors for ions and electrons at different energies, 

and to subtract this from the apparent energy flux carried by electrons to obtain a corrected 

electron energy flux with the effects of the penetrating radiation removed. 

If it should happen that there is a measurable ion spectrum at any time, this method will over 

correct the electron values so that the original uncorrected electron energy flux will represent 

a maximum and the corrected one a minimum value, even under these circumstances. 

As a test of this assumption Fig. 4.8 from Gledhill and Hoffman (1981) is shown, which 

summarizes data from three successive passes of the satellite through the anomaly on March 

28, 1976. 

The apparent energy flux carried by electrons is almost always greater than that in the ion 

channels. It is readily shown that the constant factor mentioned earlier is 1.19. By taking 

running means over 11 points it is shown that when the electron energy flux is corrected by 
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subtracting 1.19 times the ion energy flux from the electron energy flux, the resulting corrected 

energy flux increases towards the middle of the anomaly between 300 S and 35°S. Orbit 12047 

shows a case where there was no significant electron or ion flux and the corrected,electron energy 

flux averages zero. This orbit, however lies considerably to the west of the anomaly where only 

small fluxes would be expected. Note that the values may change rather dramatically in a few 

seconds. The much smoother nature of the corrected electron energy fl,!l.?C furves is, of course, 

due to taking the running means in the calculations of the points. 

The data bank was searched for all times when Atmosphere Explorer- C was passing over the 

South Atlantic Ocean, at heights between 250 and 500 km, during the period January 1, 1973 

to December 31, 1977, thus covering 5 years around sunspot minimum. 

Whenever the satellite was in the specified volume and measurement of apparent electron and 

ion energy fluxes were available, the line of magnetic force on which observations were made 

was followed up or down to a standard level of 300 km by a complicated mapping procedure. 

The data were sorted into bins of latitude and longitude and the fluxes were averaged in each 

bin after eliminating data contaminated by scattered UV photons, MeV electro~s.ahd also sun 

spikes. 

In all 180000 seconds of observations, representing one spectrum per second have been incor­

porated. 72% of the data base was for low magnetic activity (Kp :5 3) and the remaining 28% 

for moderate magnetic activity (3 :5 Kp :5 6) and 56% of the data was for the daytime while 

44% was for the nighttime. 

The bins finally used were 20° in longitude and 10° in latitude, with smaller bins the fluctuations 

were unacceptably high and structure due to single orbits with unusually large or small fluxes 

could be distinguished, despite the large data base. 

4.6 Precipitated Electron Energy Fluxes 

Fig. 4.9 shows the contours of daytime corrected precipitated electron energy fluxes for low 

magnetic activity, Kp :5 3. The contours range form 0,63 to 4,20 x10-3 erg cm-2s-1
• A 

" well defined maximum occurs off the East coast of Brazil at about 45°S; 500 W and another 

maximum in the South Eastern region, with a band of minima in between. Fig. 4.10 represents 

the nighttime corrected precipitated electron energy fluxes for the same conditions and period 
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as Fig. 4.9. Here the maximum value of the contour in the South Atlantic Anomaly region is 

0,85 x 10-3 erg cm -2S-1. The ratio of daytime to nighttime precipitated electron energy fluxes 

is found to be 5 (five), which is half the value ?-c;l~ocated by Torr et al. (1976)., -. , 

The average number of observations for the daytime electron energy fluxes was 205 per bin 

whilst the average per bin for the nighttime values was 211 observations. Thus these contours 

are presented with a great deal of confidence. Further, they representrthe minimum possible 

values since the data selection criteria used in this dissertation is over-discriminatory. 

These daytime precipitated electron energy fluxes represent the first comprehensive study of 

the daytime precipitated electron energy fluxes. Previously, values for the daytime were used 

by increasing the nighttime values by an order of magnitude. 

Observations during moderate magnetic activity viz, 3 < Kp ::;; 6 are also available. Here the 

average number of observatlons for the daytime and nighttime was 75 and 64 observations per 

bin respectively. These results are shown in Fig. 4.11 for the daytime and Fig. 4.12 for the 

nighttime. The maximum contour level in the South Atlantic Anomaly Region is 3,15 X 10-3 

erg cm-2s-1 during the daytime with a minimum value in the South West sector-of 0, 67 x 10-3 

erg cm-2s-1
• The maximum contour level in the South Atlantic Anomaly Region during the 

nighttime is 2,25 X 10-3 erg cm -2S-1 with a minimum value corresponding to 0,25 X 10-3 erg 

cm-2s-1 to the south of it. The ratio of daytime to nighttime precipitated electron energy 

fluxes is thus seen to be much lower during moderately disturbed magnetic conditions, viz 1.4 

as opposed to 5 previously found for quiet conditions - a 72% decrease. 

The most remarkable and feature of these results is that for moderately active magnetic con­

ditions the daytime value of precipitated electron energy fluxes is 25% less than during quiet 

magnetic conditions. However, the nighttime values show an increase of 165%. The nighttime 

results are consistent with those obtained by Voss and Smith (1980) but contrary to Gledhill 

and Hoffman (1981). The decrease in precipitated electron energy fluxes during the daytime is 

rather surprising and puzzling. 

Table 4.1 represents the data for low magnetic activity, where the data has been separated 

into various seasonal groupings. Firstly, the approximate position of the maximum contour 

level within the anomaly region is given followed by the average maximum value of precipitated 

electron energy flux. This is followed by the minimum average value outside the anomaly. The 

next two columns give the average number of observations per 20° longitude by 10° latitude bin 
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Figure 4.9: Contours of daytime corrected precipitated electron energy fluxes at 300 km in the range 0.2 to 26 

keY jn units of 10-3 erg em- 2s- I . Kp ~ 3. 
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used to obtain the contour graphs, and the ratio of daytime to nighttime maximum precipitated 

electron energy fluxes inside the anomaly region. The last column gives the average ratio of 

the maximum value of precipitated electron energy fluxes inside the Anomaly Region to the 

minimum value of precipitated electron energ; fluxes found outside the Anomaly Region. The 

first row of each seasonal grouping gives the daytime information, whilst the second row gives 

the equivalent nighttime information. The first seasonal grouping in the table gives the average 
r - ~ 

values for the entir~ 5 year period subdivided into daytime and nighttime values. The next 

two seasonal groupings cover the 6 summer months and the 6 winter months, i.e. the data 

bank is split in half with the 6 summer months centred on mid December and the 6 winter 

months centred on mid June. The last 4 seasonal groupings consist of four three month periods 

roughly divided into 3 summer months (November, December and January), 3 autumn months 

(February, March and April), 3 winter months (May, June and July) and finally 3 spring months 

(August, September and October). Table 4.2 is similar to Table 4.1 except that it is for the 

moderately active magnetic periods viz, 3< Kp :5 6. 



Period Day or Night Position of Max. Value 

Anomaly Max. xl0-3erg cm-2s-1 

inside Anomaly 

A verage fo~ / day 45°S· 500W , 4.20 
( 

the 5 years night 35°S· 300W 0.85 , 
6 summer months day 35°S; lOoW 2.62 

15 Sept.-15 Mar. night 400S· 700W , 0.87 

6 winter months day 35°S·500W , 4.55 

15 Mar.-15 Sept. night 35°S; 300W 1.66 

3 summer months day 35°S; lOoW 2.66 

Nov.,Dec.,Jan. night 35°S· 300W , 0.23 

3 autumn months day 35°S· 500W , 7.33 

Feb.,Mar.,April night 45°S· 300W , 1.12 

3 winter months day 35°S· 500W , 7.67 

May,June,July night 35°S·300W , 2.40 

3 spring months day 45°S; 500W 3.76 

Aug.,Sept.,Oct. night 45°S; 300W 0.64 

Table 4.1 Precipitated electron energy fluxes for Kp S; 3. 

Min. Value A verage number of 

xl0-3erg cm-2s-1 observations per bin 

outside Anomaly 

0.63 205 

0.19 211 

0.53 89 

0.10 41 

0.69 115 

0.14 170 

0.54 54 

0.06 12 

1.20 37 

0.22 49 

0.29 63 

0.17 116 

0.51 44 , 
, 

0.09 35 

Day to Night 

ratio inside 

Anomaly 

5 

3 

3 

12 .. . ' 

7 

3 

6 

Ave. ratio 

of max. to 

min. value 

6 

6 

8 

5 

6 

22 

7 

·1 
.'1 , 

I 

! 

I 

"0 
~ 
(1) 

"0 
"0 



Period Day or Night Position of Max. Value 

Anomaly Max. x10-3erg cm-2s-1 

inside Anomaly 

Average for day 35°8; 500W 3.15 

the 5 years night 35°8; 300W 2.25 

6 summer months day 35°8; 300W 0.67 

15 8ept.-15 Mar. night 45°8; 300W 0.71 

6 winter months day 35°8;500W 4.97 
~ / 

( 

15 Mar.-15 8ept. night 35°8; 300W 3.85 

3 summer months day 35°8; 300W 0.58 

Nov.,Dec.,Jan. night 45°8; lOoW 0.12 

3 autumn months day 35°8; 300W 2.79 

Feb.,Mar.,April night 45°8; 700W 0.79 

3 winter months day 35°8; 300W 5.02 

May,J une,J uly night 35°8j300W 1.78 

3 spring months day 4008j 300W 1.36 

Aug.,8ept.,Oct. night 45°8' 300W , 0.11 

Table 4.2 Precipitated electron energy fluxes for 3 <: Kp ::; 6. 

Min. Value A verage number of 

x10-3erg cm-2s-1 observations per bin 

outside Anomaly 

0.67 75 

0.25 64 

0.24 37 

0.09 18 

0.45 39 

0.21 46 

0.08 35 

0.004 8 

0.17 20 

0.10 28 

0.07 16 

0.47 19 

0.13 21 , 
, 

0.03 11 ;. 

Day to Night 

ratio inside 

Anomaly 

1.4 

1 

1.3 

5 .. . ' 

4 

3 

12 

Ave. ratio 

of max. to 

min. value 

6 

4 

13 

8 

13 

13 

9 

, 

"0 

~ 
<b 
..... 
<::::> 
<::::> 
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4.7 Discussion of Results 

The most obvious feature of the data pertaining to the moderately active magnetic period is 

the decrease in the maximum average value ~<f ~the precipitated electron energy fluxes during 

these times. This is contrary to what would be expected and seems to indicate that those 

energetic particles are precipitated into the auroral zones during periods of magnetic activity 
r- ~ 

exceeding Kp = 3. It also indicates that during periods of moderate magnetic activity the 

difference between precipitated energetic particles during the daytime and the nighttime are 

not as large as was anticipated and turned out to be very much smaller than during quiet 

magnetic conditions. The seasonal groupings show that for the longer periods the day/night 

ratio tend to one whilst the 3 month groupings tend to give larger ratios, but then the average 

number of observations per bin are small and the results tend to become unreliable. 

The following 12 figures (Fig. 4.13 to Fig. 4.24) illustrate the observations as given in Tables 

4.1 and 4.2. 

These results also differ from those predicted by Torr et al. (1975) where the maxima occur 

far more westwards of their predicted maxima. The peaks of maxima obtained using the full 5 

year data base as illustrated in this section agrees very well with Fig. 3.4 and Fig. 3.5 obtained 

using the limited data base obtained during ASHAY periods I and II. Although the daytime 

to nighttime ratio of precipitated electron energy fluxes is much lower for moderat:. magnetic 

activity it is however noted that the ratio of precipitated electron energy fluxes as measured in 

the anomaly region as opposed to the minimum energy fluxes measured outside the anomaly 

does increase with increased magnetic activity especially during the winter months. 

The perpetual drizzle of low energy charged particles into the atmosphere over the South 

Atlantic Region tends to maintain the level of the nocturnal energy flux of electrons at about 

1 x 10-4 to 9 X 10-4 erg cm-2s-1 for low Kp values. For moderately disturbed conditions it 

is found that the uppermost value increased to about 39 x 10-4 erg cm-2s-1 • However, for 

the daytime, it is found that for both normal or low magnetic activity and moderate magnetic 

activity the range of electron energy flux is from about 1 x 10-3 to 5 X 10-3 erg cm-2s-1 • 

Thus it would appear that magnetic disturbances tend to increase the nighttime precipitation 

of electron fluxes and not have much effect on the daytime values. Perchance, the sun-spikes . 
and other contamination during the daytime tends to mask any daytime enhancements in the 

precipitation of electron energy fluxes. Recollecting that the final precipitated electron energy 
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fluxes are obtained by subtracting the precipitated proton energy fluxes from the precipitated 

electron energy fluxes measured, could well mean that the daytime values have been overcor­

rected. Nevertheless, it must be remembered ~h~t the minimum possible precipitated electron 

energy fluxes are presented here and as such they are still the first comprehensive survey of 

daytime precipitated electron energy fluxes ever presented. Another noteworthy feature is that 

the maximum value of precipitated electron energy fluxes tended to decrease during summer 

for moderately active magnetic periods for both daytime and nighttime whilst the opposite is . 

true for the winter period, especially at nighttime. 
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26 keY in units of 10-3 erg cm- 2s-1 for the 6 winter months. The upper panel is for Kp $ 3 and the lower 

panel is for 3< Kp $ 6. 
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Figure 4.17: Contours of daytime corrected precipitated electron energy fluxes at 300 km in the range 0.2 to 

26 keY in units of 10-3 erg cm- 2s-1 for the 3 summer months. The upper panel is for Kp :$ 3 and the lower 

panel is for 3< Kp :$ 6. 
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Figure 4.18: Contours of nighttime corrected--precipitated electron energy fluxes at 300 km in the range 0.2 to 

26 keY in units of 10-3 erg cm- 2s- 1 for the 3 summer months. The upper panel is for Kp ~ 3 and the lower 

panel is for Kp ~ 3 and the lower panel is for 3< Kp ~ 6. 
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Figure 4.19: Contours of daytime corrected precipitated electron energy-fluxes at 300 km in the range 0.2 to 26 

keY in units of 10-3 erg cm-2s- 1 for the 3 autumn (fall) months. The upper panel is for Kp $ 3 and the lower 

panel is for 3< Kp :::; 6. 
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Figure 4.20: Contours of nighttime corrected precipitated electron energy fluxes at 300 km in the range 0.2 to 

26 keY in units of 10-3 erg cm- 2s- 1 for the 3 autumn (fall) months. The upper panel is for Kp ~ 3 and the 

lower panel is for 3< Kp ~ 6. 
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Figure 4.21: Contours fo daytime corrected precipitat~d electron energy fluxes at 300 km in the range 0.2 to 26 

keY in units of 10-3 erg cm- 2s- 1 for the 3 winter months. The upper panel is for Kp ~ 3 and the lower panel 

is for 3< Kp :5 6. 
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Figure 4.22: Contours of nighttime corrected precipitated electron energy fluxes at'300 km in the range 0.2 to 

26 keY in units of 10-3 erg cm- 2s-1 for the 3 winter months. The upper panel is for Kp ~ 3 and the lower 

panel is for 3< Kp ~ 6. 
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Figure 4.23: Contours of daytime corrected precipitated electron energy fluxes at 300 km in the range 0:2 to 26 

keY in units of 10-3 erg cm- 2s- 1 for the 3 spring months. The upper panel is for Kp :5 3 and the lower panel 

is for 3< Kp ~ 6. 
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Chapter 5 

The ISAAC Campaign 

5.1 The Project ISAAC Cruise 

As the foregoing chapters show, the South Atlantic Anomaly region is extremely interesting 

from an aeronomic point of view: Unfortunately, due to its inaccessibility, only satellite data 

exist, which clearly shows that electron precipitation is far more intense than positive ion 

precipitation. Accordingly, a research voyage through the region, where the rate of energy 

precipitation was greatest, was planned. On board would be instruments that were suitable for 

detecting and measuring the expected aeronomic effects. This research voyage became known as 

the Project ISAAC (International South Atlantic Anomaly Campaign). Because both the extra 

E-region ionization and the airglow could be conveniently observed at night, the expedition was 

organized for the mid-southern-winter of 1983 and centred on new moon, to give the longest 

possible observation periods. 

The low-energy electrons discussed in the previous two chapters would be expected to produce 

their main effects in the E-and F -regions of the ionosphere, in the form of increased ionization 

density during both day and night and emission of the 391.4 nm radiation of the Nt ion, 

excited by electron impact. The higher energy particles previously observed would show their 

main effect as an increase in absorption of radio waves passing through the D- and lower E­

regions. Accordingly the ship carried an ionosonde, three tilting-filter airglow photometers and 

a riometer. 

115 
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5.2 Instrumentation 

To. investigate the io.no.sphere a Barry Research VOS-1 Vertichirp io.no.so.nde mo.dified fer mi­

cro.co.mputer co.ntro.l as described by Peele (19g5) and Peele and Evans (1985), was installed 

en beard the res~arch vessel, SA Agulhas. It was set in the vertical incidence me de to. reco.rd 

an io.no.gramme en 35 mm film en the heur and every 15 minutes thereafter. The mean eutput 
. r - ~ 

pewer was abeut 3W and the instrument co.vered the range frem 0.6 to. 15 MHz in abeut 5 

minutes. During mest o.f the nights the micro.co.mputer was pro.grammed to. preduce o.ne io.no.­

gramme fro.m 0.6 to. 7.5 MHz in 2.5 minutes, immediately fo.llo.wed by a similar o.ne in which 

the height scale was expanded by a facter ef two. to. shew speradic-E structure mere clearly. 

During the vo.yage 2128 eut o.f a pessible 2184 ieno.grammes were recerded. The missing o.nes 

were due to. the necessity o.f lo.wering the transmitting antenna during leading and unlo.ading 

at Geugh Island and Tristan da Cunha, and to. allo.w the ship's radio. to. be used fer urgent 

co.mmunicatio.n purpeses. The transmitting antenna was an inverted V fed at the apex and 

terminated with 300 ehms at each end. It wassuppo.rted frem the yardarm en the mainmast 
-, 

ef the ship and ran to. the bo.w and the stern en the starbeard side. The receiving-antenna was 

a dipo.le en the p~rt side o.f the ship. The o.veralllength o.f the SA Agulhas is just ever 100 m 

and the yardarm is abo.ut 30 m abeve sea level. 

Fer measuring the airglo.w intensities three airglo.w pho.to.meters o.f the tilting-filter type, mo.d­

elled after the design o.f Eather and Reaso.ner (1969), were empleyed. They were mo.unted in 

the reef ef the io.no.sphere laberatery; A collimator tube was mounted above each photemeter 

to. prevent scattered light frem the ship frem reaching the phetemultiplier. During ebservatiens 

the ship carried as few lights as pessible. The field o.f view o.f each pho.temeter was abeut 50 

wide. Altheugh no.minally directed at the zenith the phetemeters naturally meved with the 

ship as it relIed and pitched; in general observatiens were within 100 ef the zenith. These 

instruments depended fer their actien en a narrew-band filter which was tilted threugh an 

angle ef abeut 150 in steps under the centrel ef a micrecemputer. The filters were chesen so. 

that the wavelength to. be measured was passed when the filter was tilted threugh abeut 50, so. 

that the instrument swept threugh this wavelength during each cycle. The maximum respense 

was then t'aken as the reading en the line and the respense at maximum tilt as a measure ef 

the backgro.und intensity. Belew each filter was a pho.temultiplier tube o.perated in the pho.ton 

countjng mode. The wavelength~ at which the intensities were measured were the oxygen red 

line at 630.0 nm and its green line at 557.7 nm, together with the Nt band head at 391.4 nm. 
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The latter is diagnostic for particle precipitation, since it requires about 18.75 eV to excite its 

upper level from the ground state of neutral N2 and there are no significant sources of such a 

large amount of energy at night other than energetic particles. The temperat~res of the pho-
~: ~ .. 

tometer filters were controlled to keep the wavelengths measured in the appropriate positions 

of filter tilt. 

A riometer (Relative Ionospheric Opacity METER) is a radio receiver. that receives cosmic 

radi~ noise and compares the intensity with a standard source. It thus gives a measure of the 

amount of absorption of radio waves from cosmic sources caused by their passage through the 

ionosphere and thus of the precipitation of higher-energy particles. A La Jolla 30 MHz riometer 

was installed on board the SA Agulhas, together with a twin-dipole antenna. Unfortunately, the 

ambient noise level due to other equipment on the ship was so high that the records obtained 

could not be used to detect D-region absorption variations in the course of the campaign. 

A second riometer was however operated on Gough Island and performed very well. Surpris­

ingly, it showed the period of the cruise to b~ very quiet, with no large absorption- events 

and very few small ones. This suggests that the ionospheric effects described in .the following 

sections, observed by the ionosonde and the airglow photometers on the ship, were due to low­

energy electrons which were not accompanied by significant fluxes of higher energy particles. 

The higher energy particles would have been precipitated in the D-region, which would then 

have manifested themselves in the form of absorption events. 

Fluxgate and pulsation magnetometers were set up on Gough Island during the campaign by the 

Magnetic Observatory of the CSIR, Hermanus. Good records were obtained but the fluxgate 

magnetometer showed very little activity at any time. Some pulsations were however recorded 

(Sutcliffe et al., 1987). 

5.3 The Itinerary of Project ISAAC 

The SA Agulhas departed from Cape Town on 29 June 1983 and proceeded to Gough Island 

(400S; lOOW) arriving there on 4 July 1983. A day later the ship sailed towards the first turning 

point (300 S;45°W), following cicourse that lay along the band of maximum energy precipitation, 

arriving on 11 July 1983. From..this position the cruise continued to 42°S; 400 W, thus moving 

towards the south side of the region of most intense precipitation, arriving there 2 days later. 

The ship then made for the Tristan da Cunha group of islands (37°S; 13°W) arriving on 17 July 
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1983. After a brief sojourn, the return voyage to Cape Town commenced via Gough Island and 

following a slightly more southern route than on the outward voyage. The ship finally returned 

to port on 22 July after a cruise lasting 23 days: The route followed by the shi]) is shown in 

Fig. 5.1 where the crosses indicate the ship's position at midday UT on the dates indicated on 

the diagram. The diagram also shows the regions of high energy electron precipitation observed 

by Ginzburg et ai. (1962) and of the lower energy electron precipitatio:q. delineated by Gledhill 

and Hoffman (1981). 

The voyage took place during a period that was in general geomagnetically quiet. In fact, eight 

of the days are among the quietest of their months. The Kp indices are given in Table 5.1 

(Coffey, 1983, 1984)~ There were two periods of increased magnetic activity, 12 and 13 July 

and 16-19 July. Kp did not exceed 5 at any time during the campaign. 

5.4 The F-region of the Ionosphere 

Fig. 5.2 shows the variation of foF2, and foF throughout the voyage. Gaps in the line indicate 

times when no data were available. A visual inspection of the ionogrammes revealed that there 

were travelling ionospheric disturbances (TIDs) on everyday of the voyage and this is evident in 

the jagged nature of the daytime maxima in Fig. 5.2. The maximum daily value of foF2 is thus 

elevated above its undisturbed value by these TIDs. The hourly foF2 values from. Hermanus 

(34°S; 19°E), which lies at roughly the mean latitude of the cruise, are also shown in Fig. 5.2. 

There are clear signs of TIDs on the Hermanus ionogrammes as well. The difference appears 

to be that their amplitudes are generally smaller than those in the Anomaly. It is not known 

whether these TIDs originate in the Anomaly and propagate outwards from it, or whether they 

are the common type originating in the auroral zones and propagating equatorwards. It is not 

possible to decide on this issue from the data available here. The diurnal variation of foF2 at 

Concepcion (36.6°S; 73°W) also shows very pronounced peaks due to TIDs. The location of 

an advanced ionosonde on Gough Island, could be used to investigate the characteristics of the 

TIDs, including their velocity vectors and thus solve this problem. 

The minimum values in the Anomaly are seen, to be smaller than those at Hermanus. This may 

possibly be connected with the observations of elevated electron temperatures in the Anomaly 

region by Willmore (1964,1965) and more recently by Oyama and Schlegel (1984). The effects 

of this would include an increase in the recombination rate and therefore lower values of foF at 
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Figure 5.1: The South Atlantic Ocean, showing the contours indicating regions of-precipitation of high energy 

(- - -) and low energy (--) electrons previously reported and the route taken by the SA Agulhas during Project 

ISAAC. The nighttime sporadic E types encountered are also shown. 
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Figure 5.2: The variation of foF2 and foF throughout the voyage, where the solid line represents the--quarter­

hourly values as recorded on board the SA Agulhas and the closed circles the hourly values as recorded at 

Hermanus. Day number 180 corresponds to 29 June 1983 and day number 203 corresponds to 22 July 1983. 
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night, as appear in Fig. 5.2. 

The behaviour of the F-region critical frequency on the night of 11-12 July (Day 192-193) is 

notable in that it shows the lowest sustained. ~alues of foF of any night of the voyage. This 

was also the night on which no evidence of electron precipitation effects was observed in the 

E-region. On the other hand, the night of 13-14 July (Day 194-195), which showed very definite 

particle-produced E-region ionization and 391.4 nm airglow emission, 'does not seem to differ 

significantly from the nights on either side of it or, indeed, any other night of the campaign. 

Fig. 5.3 reproduced in the paper by Dore et ai. (1985), shows the maximum and minimum 

values of foF2 recorded on each day of the cruise (circles) and, for comparison, the corresponding 

values for Hermanus (crosses). As can be seen, the maximum foF2, near noon is practically 

always greater than that at Hermanus, the average being 8.95 ± 0.15 MHz for the ISAAC cruise 

values· and 8.29 ± 0.08 MHz for Hermanus. The lowest foF2 recorded, in the early morning, 

shows the opposite behaviour, with the ISAAC cruise values being consistently lower than those 

for Hermanus. The low early-morning values observed on board the SA Agulhas, often well 

below 1.5 MHz, were one of the most striking features of the F-region as obset:ved during the 

cruise. The mean value of these minimum foF2 readings was 1.70 ± 0.06 MHz during the 

ISAAC campaign, whilst the value for Hermanus was 2.24 ± 0.05 MHz. 

The higher values of foF2 during the daytime ate in accordance with the expectation that the 

precipitating electrons would leave some energy in the F -region as they pass through (Kane, 

1982). However, this is not what is shown by the minimum nighttime values. Perhaps, the 

precipitating electrons cause heating of the ambient electrons in the Anomaly hence raising the 

recombination rate and thus decrease the electron density below that observed at Hermanus. 

The F -region of the ionosphere is controlled to a large extent by winds (Rishbeth, 1972) which 

blow the ionized gases up or down the lines of force of the geomagnetic field and so profoundly 

affect the loss rate. This effect and those of the TIDs must redistribute the F-region plasma 

to such an extent that any extra ionization due to the precipitation of electrons is negligible 

in comparison and so would remain undetectable. These effects may also be related to the 

very low values of foF observed at night in the Anomaly. In the absence of any data on upper 

atmospheric winds it is pointless to speculate further here. 
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Figure 5.3: The maximum and minimum values of foF~ recorded on each day of the cruise (circles) -and the 

corresponding values for Hermanus (crosses). 

5.5 Daytime Effects in the E-region 

The E-region is the part of the ionosphere most significantly affected by precipitating electrons 

in the energy range above 1 keY and is more amenable to quantitative treatment than the 

more irregular F-region. Good ionogrammes were available from the ISAAC voyage during the 

daytime periods, from which the ordinary ray critical frequency foE could be determined with 

satisfactory precision. It was therefore decided to examine these ionogrammes for anomalous 

variation of the daytime foE with solar zenith angle in order to look for any extra ionization 

which might be attributed to the precipitating electrons. 

In Chapter 2 a method has been described which is able to show that there is good evidence 

for such ionization at Gough Island during a 25 day period in 1975. The method depends on 

plotting log foE versus log Ch(x,X), where Ch(x,X) is the Chapman grazing incidence function 

(Chapman, 1931 and Wilkes, 1954). This normally gives a straight line with a slope that is 

usually in the vicinity of -0.35. As has been shown earlier the slopes of the nine comparison 

stations outside the South Atlahtic Anomaly all lie within one standard deviation of a straight 

line when plotted against a suitable function of latitude, the slope for Gough Island, which lies 

in the Anomaly was less than the expected value by more than five times its standard deviation. 
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Where it was shown that an extra source of ionization must be operative at Gough Island and 

that its magnitude (of the order of 150 cm-3s-1
) was consistent with its identification with 

precipitating electrons from the magnetosphere .. 

Using the method described by Haggard and Gledhill (1985), the project ISAAC data were 

analysed, with the additional refinement that the solar zenith angles were computed for each 

quarter hour using the actual ship's position for use in the log foE veJ:8.us: log Ch(x,X) plots. 

This was done for all times for which the solar zenith angle was less than 80°. 

The slopes of the best fitting straight lines of the log foE versus log Ch(x,X) plots for each day 

were found by the least squares method, together with estimates of their standard deviations. 

By comparison with the slopes appropriate for the ship's mean latitude during the day, as 

determined from Fig. 2.35, the ISAAC values were found to be significantly smaller than 

the expected slopes for places outside the Anomaly at the same latitudes. Since precipitating 

electron energy fluxes had previously been binned in bins of 10° longitude, it was again decided 

to average the values found for the slopes eac~ day in bins of 10° longitude for comparison 

purposes. Fig. 5.4 shows a plot of slope versus longitude for the outward and ~e~urn voyages 

of the ship. Fig. 5.4 exhibits a minimum value centred about 200W . 
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Figure 5.4: The slopes of log foE versus log Ch( BOO, X) are plotted against the ship's longitude during the 

ISAAC voyage. The error bars denote the maxima and minima values for the 10° bins. 
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Using the same method as was employed in Chapter 2 to calculate values of the unperturbed 

E-layer critical frequency foEu for each quarter hour and thus qu, the unperturbed rate of 

production of electron-ion pairs per cm3 per second from the expression qu.= QN~, where 
~: ~ .. 

Nu = 1.24 x 104 (foEu? . For the effective recombination coefficient Q, the true height of 

the E-Iayer maximum was calculated from N(h) profiles derived from the ionogrammes and 

substituted into the expression (Gledhill, 1986) r _ :'" 

Q = Q.501exp(-0.165h) + 4.30 x 10-6 exp (-2.42 x 1O-2 h) 

where Q is in cm3 per second and h in km. 

The observed values of foE were converted to the corresponding ionization rate qo in a similar 

way. The extra production rates could then be found for each quarter hour as D.q = qo - qu 

cm-3s-1 as in the paper by Haggard and Gledhill (1985). The daily means of D.q, which are all 

significantly positive, and their standard deviations, are plotted versus longitude in Fig. 5.5. 

The closed circles refer to the outward voyage from Cape Town and the open circles to the 

return voyage. 
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Figure 5.5: The daily means of the extra production values across the South Atlantic. The closed circles denote 

" the outward voyage from Cape Town, whilst the open circles denote the return voyage. 

Assuming that the most obvious source of the extra ionization is electron precipitation and 

that the energy spectrum varies inversely with energy, the average ionization rate profiles 
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were calculated for each longitude bin. The energy fluxes carried by precipitating electrons 

determined in the previous chapter were used. The ClRA (1972) mean model atmosphere was 

used and the mean magnetic dip angle appropriate for each day to calculate: the maximum 

ionization rate. MSIS83 (Hedin, 1983) and CIRA (1986) were used as alternative models to 

obtain the ionization rates; the results were similar for all three methods. Thus, the theoret5cal 

ionization rates due to the precipitating electrons at the height of maximum precipitation could 
r - :": 

be calculated. 
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Figure 5.6: Variation of the extra daytime ionization rate across the Anomaly. Error bars are 1 standard 

deviation above and below the points denoted by closed circles obtained from the ISAAC data. The open 

circles indicate the ionization rate as calculated using Atmosphere Explorer-C measurements. 

Fig. 5.6 shows the maximum production rate of electron-ion pairs cm-3s-1 versus longitude 

obtained by the above method, denoted by open circles. Also shown is the extra production 

rates calculated from the project ISAAC data, which are denoted by closed circles, taken from 

Fig. 5.5 and averaged. The data has once again been gathered in 10° bins. The similarity 

of the variation across the Anomaly is striking using the two different sets of data. As can 

be seen the observed\production rates are consistently higher than the theoret5cally calculated 

production rates by a factor of about 1.4, though this is probably not significant in view of 

the approximations involved in both sets of calculations. What is highly significant is that 

all the values obtained from the ISAAC ionogrammes are definitely all positive and that their 
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variation across the Anomaly, with a maximum at about 20oW, is almost exactly parallel to 

that of the estimates made from Atmosphere Explorer-C data. 

This leads to the conclusion that there is good e<v~dence of a significant source of extra ionization, 

in addition to solar ultraviolet and X-radiation, in the South Atlantic Anomaly E-region. A 

further conclusion is that the observations are consistent with the identification of electrons in 

the energy range below 30 keY, precipitating from the magnetosphere,...a-s ihis source. 

5.6 Nighttime Effects in the E-region 

There are three types of E-region traces on nighttime ionogrammes that are generally accepted 

as being due to ionization of that region by precipitating charged particles. These are auroral­

(a-type), retardation- (r-type) and particle- (k-type)-E traces. The characteristics of these 

records and their recognition and interpretation are discussed in the URSI sponsored books by 

Piggott and Rawer (1972) and the supplement thereto [Piggott (1975)]. 

All three types were encountered during the ISAAC campaign. At the end of the cruise it was 

found that there was only one night during which none of the particle-produced E-region traces 

was observed. This is indicated in Fig. 5.1 along the route taken by the SA Agulhas during 

the ISAAC campaign and are indicated by the letters A,R, or K. This in itself is good evidence 

that there are indeed observable aeronomic effects of particle precipitation in the South Atlantic 

Anomaly. 

5.7 Auroral-type Sporadic-E Ionization 

Fig. 5.7 (a) shows two typical examples of auroral-type (a-type) sporadic-E (Es) traces observed 

during the ISAAC cruise. They show the typical range-spreading characteristic of this type 

of record and the "layered" structure often observed. In the ionogramme taken at 23:15 UT 

on 13 July (day number 194) the top frequency exceeds 7 MHz. There can be no doubt that 

these are genuine auroral-type E traces; they differ completely from the diffuse type of E record 

" sometimes observed in the equatorial region, as reference to Piggott and Rawer (1972) will 

confirm. 

Figpre 5.8 (a) shows all the occasions on which a-type Es traces were observed on the iono-
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grammes. Each line corresponds to 24 hours, from midday to midday universal time VT. The 

dashed lines show the UT of local sunset and sunrise at the ship's position at sea level and 

the dotted lines show these times at the 100 km level. A dot appears at the time of each 

quarter-hourly ionogramme on which an a-typ~ trace appeared. As the figure shows, a-type 

sporadic-E ionization was observed on 12 of the 23 nights of the cruise, though sometimes on 

only one ionogramme. It was mostly confined to the hours of darkness, though it once occurred 
r- ~ 

when the solar zenith angle was about 75° (day 182 - 1 July). 

As Fig. 5.1 shows, this type of sporadic-E trace was observed at scattered places throughout 

the voyage and was by no means confined to the region of most int~nse electron precipitation 

observed by previous researchers and this study. In particular, the points between 0° and 12°E 

are of interest. The ionogrammes taken simultaneously at the CSIR Magnetic Observatory at 

Hermanus (34°S; 19°E, Fig. 5.1) by the National Institute for Telecommunications Research 

were examined very closely. No trace of a-type sporadic-E could be found on any of them or, 

indeed, on any of the ionogrammes recorded at Hermanus during the whole voyage. Tlle only 

type of sporadic-E trace found on the Hermanus ionogrammes was the normal flat, (f-)type of 

sporadic-E commonly observed at mid-latitude stations. It should also be noted 'that the times 

of occurrence of f-type Es at Hermanus showed no correlation with those of a-, r- or k-type Es, 

or even of f-type, observed on the ship. 

5.8 Retardation-type Sporadic-E Ionization 

As is shown in the VRSI Handbook (Piggott and Rawer, 1972), r-type sporadic-E traces usually 

look very much like normal daytime E-layer ionogrammes, with definite retardation cusps at 

the ordinary and extraordinary critical frequencies. They occur, however, during the night, 

when the normal E-layer critical frequencies are of the order of 0.5 MHz, whereas the r-type 

traces can reach critical frequencies of several MHz. They blanket the higher F-region traces 

over part of the frequency range but do not produce any retardation on the observable part of 

the F-region trace. 

Fig. 5. 7(b) shows two typical examples of this type of ionogramme recorded during the ISAAC 

cruise. Fig. 5.8(b) shows that such traces were observed on 20 of the 23 nights of the campaign. 

Their confinement to the hours of darkness is perhaps not as remarkable as in the case of a-type 

Es,'since the r-type rapidly merges with the normal E-layer produced by solar photoionization 
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Figure 5.7: Ionogrammes showing ionization of the E-region during the nighttime. (a) Auroral type sporadic-E. 

(b) Retardation type sporadic-E. ( c) Particle type sporadic-E. 
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Figure 5.8: Times of occurrence of sporadic-E ionization attributed to ionization by electron precipitation. (a) 

Auroral type. (b) Retardation type. (c) Particle type. (d) Spread Es traces observed at Echoeira Paulista. Day 

No 180 = 29 June and Day No 202 = 21 July. 
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as the sun rises and thus becomes the extra source of ionization discussed earlier in this chapter. 

As Fig. 5.1 shows, r-type Es traces were observed over the whole path of the cruise, and were 

found to occur even closer to Cape Town thap.. the a-type Es. Nevertheless, no r-type traces 

were observed at Hermanus. 

5.9 Particle-type Sporadic-E Ionization r A 

The particle (k-) type of Es trace differs from the r-type mainly in that, while showing retar­

dation at the ordinary and extraordinary critical frequencies, it does not blanket the F-region 

trace and shows the usual retardation on the upper layer traces above the E critical frequencies 

(Piggott and Rawer, 1972). 

Two typical k-type ionogrammes from the ISAAC cruise are shown in Fig. 5.7(c), while Fig. 

5.8(c) shows that k-type Es was observed on 19 of the 23 nights concerned. Again, the phe­

nomenon is limited to solar zenith angles near to or greater than 90°, though, like the r-type, 

it no doubt merges with the normal E trace after sunrise. It is noticeable that k-type Es is 

confined to the premidnight hours during most of the cruise. The exceptions occur when the 

ship was east of Gough Island (lOOW). Fig. 5.1 demonstrates that k-type Es, like the a- and 

r-types, was not limited to any particular area of the South Atlantic. 

5.10 Sporadic-E Ionization at Cachoeira Paulista 

Coordinated ionospheric sounding during the ISAAC cruise was conducted at Cachoeira Paulista, 

Brazil (22.6°S; 45°W). Cachoeira Paulista is close to the north-western turning point of the 

cruise and is very close to the region of lowest total magnetic field intensity that characterises 

the Anomaly. Quarter-hourly ionogrammes were recorded on all days of the campaign except 

2-11 July, when only half-hourly observations were possible. 

Abdu and Batista (1977) and Batista and Abdu (1977) have described nighttime sporadic-E 

records from Cachoeira Paulista which show marked spreading on the upper side of a level trace 

resembling the flat type of sporadic-E. There are often multiple reflections present, which is 

~not common with the usual auroral type of spreading. Nevertheless Abdu et aI. (1981) have 

shown by means of VLF phase measurements that the effects can be detected in the D-region 
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at 70 to 90 km. So it does seem that these unusual records are accompanied by precipitation 

of penetrating particles. They are often observed, even during magnetically quiet periods. In 

view of the differences between these traces and -the a-type records observed on the ship, they 

shall be referred to as spread Es traces. 

During magnetic disturbances increases in the altitude range of the spread Es echoes and 

in the blanketing frequency of the sporadic-E ionization were invari~bly. observed. Similar 

enhancements, though to a minor degree, took place during the period of the ISAAC cruise 

on the nights of 16 and 17 July, when the Kp index was somewhat higher than the average for 

the rest of the period. Fig. 5.8( d) shows the occurrence of spread Es traces on the majority of 

nights during the campaign. Some rare cases of daytime events are also shown. No clear cases 

of r- or k-type Es were identified. In light of the paper by Abdu et al. (1981) these spread Es 

type traces shall be taken as evidence for particle precipitation over Cachoeira Paulista during 

the ISAAC cruise. 

5.11 Sporadic-E Ionization at Concepcion 

At Concepcion, Chile (36.8°S; 73°W), quarter-hourly ionogrammes were also recorded through­

out the campaign. Although some spreading was seen on some of the E-layer traces, which could 

conceivably have been weak auroral-type Es, it was not clear enough or sufficiently' sustained 

to be convincingly so. It rather resembled the spreading observed at Cachoeira Paulista. The 

ionogramme for 23:45 UT (18:15 1ST) on 13 July shows this (Fig. 5.9). It has a similarity 

to the equatorial type of spreading and it should be remembered that the magnetic equator 

reaches its most southernly point in this longitude region. 

High (h-) and cusp (c-) types of Es traces were recorded on every day of the campaign except 

for 29 and 30 June. These occurrences were limited to the period 12-22 UT, the latter being 

the approximate time of local sunset. During the night hours these types of Es were replaced 

by flat (f-) and low (1-) types, the former sometimes showing spreading. These were observed 

on every night of the cruise, often together. 

" Since no definite a-, r- or k-type traces were noted, the details of the other types of sporadic-E 

ionization shall not be pursued further here. However, it should be noted that, as with the 

f-type at Hermanus, they show no correlation with the occurrences observed from the ship. 
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Figure 5.9: Ionogramme from Concepcion recorded at 23:45 UT (18:45 LST) on 13 July, showing spreading of 

the E-layer trace. 

5.12 Comparison of Sporadic-E Ionization 

The presence of particle-produced sporadic-E ionization on so many nights of the cruise was 

unexpected, in view of the variability of the energy carried by precipitating electrons as shown 

in Fig. 4.8 from Gledhill and Hoffman (1981). Comparison of the first three parts of Fig. 

5.8 shows that there was only one night during the whole campaign, that of 11 July, when 

no particle-related E-layer ionization of any type was recorded. This was the night when the 

ship reached the extreme westerly part of the cruise, at 300 8; 45°W, the nearest to Brazil 

during the campaign. But, if the findings of Abdu et al. (1981) are accepted, that the flat 

type sporadic-E is often, though not necessarily, due to particle precipitation then particle type 

induced sporadic-E was recorded every night. 

Comparing the shipboard observations with those at Cachoeira Paulista, it is noted that spread 

Es was absent at both locations on four nights, viz 5-6, 7-8, 15-16 and 21-22 July. On three 

nights spread Es was present over the ship but absent at Cachoeira Paulista, viz 6-7,13-14 and 

19-20 July. Whilst on eight nights spread Es was absent over the ship, but present at Cachoeira 

Paulista. On eight nights spread Es was present at both locations viz, 30 June - 1 July, 1-2, 

3-4, 9-10, 11-12, 14-15, 17-18 and 18-19 July. 
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However, what is noteworthy is the presence of f-type sporadic-E over the ship on the night 

of 11-12 July, when it was closest to the Brazilian coast, and the presence of spread E-region 

traces at Cachoeira Paulista, (f-type Es), about-700 km north. As can be seen from Fig. 5.1 

f-type sporadic-E was the only Es traces fou~d over the ship. Another particularly striking 

feature is the very intense a-type Es over the ship on the night of 13-14 July and the absence of 

spreading at Cachoeira Paulista, about 1500 km NW of the ship. These results suggest that the 
r' -

intense particle produced ionization is very variable in both space and time. The absence of a­

type particle produced sporadic-E at Concepcion at any time during the campaign presumably 

indicates that the South Atlantic Anomaly does not normally extend much beyond 700W. 

The average intensity of nighttime electron precipitation reported by Gledhill and Hoffman 

(1981) would produce a sporadic-E with a critical frequency for the ordinary ray of about 

1 MHz. The maximum intensities they observed would raise this to perhaps 3 MHz on occasions. 

The average intensities of nighttime electron precipitation presented in Chapter 4 would yield 

similar results, but these values are the minimum possible values as explained in Chapter 4 

and indeed if the selection criteria were not so stringent larger values would have resulted and 

hence larger foEs values. During the voyage, nighttime foEs values of the order 1-2 MHz were 

very common, though on occasions the a-type Es reached 6 or 7 MHz. Thus it appears that 

there is often a nighttime sporadic-E layer, of one or more of the particle induced types, viz a-, 

r- or k-types, over the South Atlantic Anomaly region. The ordinary ray critical frequencies 

would be of the order of 1-2 MHz, but very variable in character and certainly extending well 

beyond the region of maximum energy precipitation delineated by Gledhill and Hoffman (1981). 

The general average intensity nighttime electron precipitation map shown in Fig. 4.10, shows 

a peak of intensity centred on 35°S; 300 W but with a large high intensity spread out region 

more in keeping with the observed sporadic-E traces recorded over the ship during the ISAAC 

campaign. Similar conclusions have been reached by Abdu and Batista (1977) at Cachoeira 

Paulista. 

Another rather remarkable feature of the sporadic-E types seen over the ship is the occurrence of 

auroral-type sporadic-E traces seen over the ship so close to Cape Town and their absence from 

the ionosphere over Hermanus. This may be due to the area of minimum intensity of electron 

energy deposition in the vicinity of Cape Town as shown by Fig. 4.10. A steep decrease in 

intensity is noticed as Cape Town is approached and this rn:~y account for the rapid change in 

sporadic-E types and occurrence between the ship and Hermanus. 
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5.13 Airglow Observations 

Due to early moonrise times and general cloudin~ss during the ISAAC campaign, only 5 nights 

of usable data were obtained from the airglov': photometers on board ship. -The period for 

which photometric data is available is from the early morning (00:00) of 12 July to the early 

morning (07:19) of 16 July. The intensities of 630.0, 557.7 and 391.4 nm radiation during the 

three cloudless nights are shown in Fig. 5.10. If it is wished to measure -tlfe effects of electron 

precipitation, then particular attention should be paid to the Nt emission at 391.4 nm. The 

upper level of this radiation has a high excitation energy above the ground state of neutral 

N2 of 18.75 eV.This is very unlikely to be produced by any nocturnal process other than 

the precipitation of energetic particles. It may therefore be regarded as diagnostic for particle 

precipitation. 

Figure 5.10 shows the variations during the early mormng of 12 July, when the ship was near 

the western most point. The graph shows practically no activity at 391.4 nm and this is in 
I 

agreement with the absence of any particle-related sporadic-E ionization during this period as 

indicated in Fig. 5.8. Panel (b) of Fig. 5.10 illustrates the values of 391.4 nm-radiation for 

the night of 12-13 July and shows activity reaching 4 R at times. In Fig. 5.10(c) the intensity 

of 391.4 nm radiation reaches 16 R. This was the most active night of the voyage, 13-14 July, 

which coincided with the sustained appearance of ionogramme traces showing a-, r- and k­

types of sporadic-E ionization, as indicated in Fig. 5.8, all of which are attributed to particle 

precipitation. 

Simultaneous airglow observations made at Cachoeira Paulista are shown in Fig. 5.11. No 

significant intensity of radiation at 391.4 nm occurred on any of the three nights considered 

here. It is especially interesting to note that on the night of 13-14 July when the intensity 

of the 391.4 nm emission was observed from the ship to reach 16 R on two occasions and to 

record values above 10 R on three occasions, there was no evidence of corresponding activity 

at Cachoeira Paulista. In fact the intensity as observed from the ship did not fall below 2 

R. This supports the previous conclusion from the sporadic-E observations, that the electron 

precipitation in the Anomaly region is spatially rather patchy and intermittent. 

The intensities of 630.0 and 557.7 nm radiation shown in Fig. 5.10 are remarkably low. In 

panel (a) the maxima are about 8 R and 20 R for 630.0 nm and 557.7 nm respectively; in panel 

(b) _ the 630.0 nm trace reaches about 20 R and that for 557.7 nm nearly 30 R; and finally in 
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Figure 5.10: Intensities of airglow observed on three nights of the ISAAC voyage. (a) 11-12 July. (b) 12-13 

July. (c) 13-14 July. 
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panel (c) these intensities rise only to 14 Rand 17 R respectively. 

As Fig. 5.11 shows, the intensities of 630.0 nm and 557.7 nm radiation observed at Cachoeira 

Paulista are considerably greater than those measured simultaneously in the Anomaly region. 

The intensities of both these 01 lines as recorded on the SA Agulhas are very small and Dore, 

(1991) goes to great lengths to verify these results as genuine, doing several cross calibration 

tests. 

The ysual values observed at mid-latitude outside the Anomaly are of the order of 100-150 

R for 630.0 nm and 200-300 R for 557.7 nm (Sandford, 1964). Greenspan and Stone (1964) 

measured 70-150 R of 630.0 nm radiation between Cape Town and Gough Island and 200-

300 R of 557.7 nm emission, with a curious maximum in between which they attributed to 

particle precipitation. Markham and Anctil (1966) flew close to the region during January and 

February 1964 and observed values of 630.0 nm intensity in the range 60-150 R and 557.7 nm in 

the range 90-260 R. Sabai et al. (1981) have observed values of 630.0 nm emission in the range 

200-300 R on many occasions at Cachoeira Paulista. If the calibration of the photometers was 

correct, then the low intensities measured in the Anomaly can be considered to be the true 

values. These low values of 630.0 nm and 557.7 nm are not inconsistent with the low values 

of foF recorded at night in the Anomaly region. These airglow observations thus suggest that 

dissociative recombination may be the main excitation process. 

If the average level of the 391.4 nm emission observed during the night of 13-14 Jl!~y is taken 

to be about 2 R. Then, applying Torr and Torr's (1984) modification of Kasting and Hays's 

(1977) expression relating precipitation energy density to Nt emission, a value of 2.4 x10-3 

erg cm-2s-1 is obtained, which is identical to the 3 winter month nighttime average maximum 

value observed by Atmosphere Explorer-C in the Anomaly region as per Table 4.1 and Fig. 

4.22, for magnetically quiet days, i.e., Kp ::; 3. Fortuitous, but nevertheless very interesting! 

5.14 Auroral type Es and Airglow 

Fig. 5.12 shows the main traces on the ionogramme taken at 22:17 UT on 13 July. It is almost 

the same ionogramme shown in Fig. 5.7(a), but taken 2 minutes later, using the expanded 

height scale. 

If it is assumed that all the patchy traces in the diagram represent portions of an ionogramme 
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Figure 5.12: Drawing showing the main features of the ionogramme recorded at 22:17 UT on 13 July during 

the ISAAC cruise. Full particulars are given in text. 
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which all come from overhead, the critical frequency foEs would be about 6 MHz. This would 

correspond to an electron density of the order of 5 x 105 cm -3. We may use the method 

described by Gledhill (1984), to estimate that this would require an energy flux, carried by 

precipitating electrons, of about 17 erg cm-2s"-t. This energy flux would prod~ce about 5 kR 

of 391.4 nm radiation and an associated visible aurora! 

On the night in question, or any night for that matter during the campaign, no visible phe-
r- ~ 

nomena were noticed. As Fig. 5.10 shows, .the intensities of 630.0 nm, 557.7 nm and 391.4 nm 

radiation were about 11 R, 10 Rand 16 R respectively at the time under consideration. Clearly 

the interpretation that the ionization producing the ionogramme is all overhead is incompatible 

with these figures. The electron flux that would produce 16 R of 391.4 nm emission may .be 

estimated, assuming the energy spectrum to vary like E-1 as found by Gledhill and Hoffman 

(1981). This value is found to correspond to a value of foEs of about 1.3 MHz. 

The point labelled 01 in Fig. 5.12 lies at 1.40 MHz and that labelled Xl at 1.84 MHz. The 

difference, 0.44 MHz, is reasonably close to the difference of the ordinary and extrao!dinary 

critical frequencies calculated for this geographical position and height, 0.41 MHz" especially 

if it is taken into consideration that the points 01 and Xl are probably on the 'cusps of the E 

traces but not at the critical frequencies themselves. This interpretation, that 01 and Xl are 

close to the ordinary and extraordinary Es critical frequencies overhead, is strengthened by the 

presence of the two spots 02 and X2. These are separated by 0.44 MHz and lie at a virtual 

height of 230 km. The corresponding points on the first order trace should thus lie at 115 km. 

In fact, the two points 01 and Xl can be seen on the original ionogramme to lie at about 116 

km. It can be concluded that the critical frequency foEs was near to, and probably slightly 

greater than, 1.40 MHz. 

With the short portion of Es trace leading up to the patch labelled 01 it is not possible to 

deduce the N(h) distribution of the electrons in the sporadic-E layer. However, it is reasonable 

to assume a true height of the Es maximum, say 118 km, and ask what monoenergetic flux 

would produce a peak electron density of 2.4 x104 cm-3
, corresponding to the foEs of 1.4 MHz. 

It is found that a flux of 2.4 x106 electrons cm-2s-l, of energy 5.6 keY, would do this. This 

amount of energy would produce about 11 R of 391.4 nm radiation. Despite the numerous 

approximations made in this deduction, it is in much more satisfactory agreement with the 

observed value of 16 R than the original assumption which yielded 5 kR. Hence it can be 

conCluded that the value of foEs is indeed just about 1.4 MHz and this represents the overhead 
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ionization density responsible for the 01 trace on the ionogrammes. 

The remaining patchy traces on the ionogramme must then be oblique reflections, possibly from 

field-aligned ionization patches. This is in accordance with their greater range: The dip angle 

at the ship's position at this time was 450
• Thus the range of reflections from field-aligned 

ionization at about 120 km heights should be about v'2 x 120 or 170 km. This lies in the 

middle of the reflections in the frequency range 3-7 MHz and suggests tb.a~ this interpretation 

may well be correct. Dudeney and Rodger (1985) use similar arguments in their discussion of 

the spatial structure of sporadic-E traces at high latitude stations. 

5.15 Retardation and Particle type Es and Precipitat-

ing Electrons 

From 19:45 to 22:00 UT on 13 July both r- and k-types of Es were present as shown in Fig. 5.8. 

These took the form of two separate traces on the ionogrammes, a lower trace typically at virtual 

heights between 100 and 110 km and the upper one at 125-140 km. Agreement between the 

heights of multiple reflections confirms on some of the ionogrammes that the reflections come 

from vertically overhead and are not obliquely reflected. With this evidence, it is worthwhile 

to produce N(h) profiles in the usual way, as described by Haggard (1984), from scaled virtual 

heights and frequencies. This has been done for the period 21:00 to 21:45 UT. Using these 

N(h) profiles as starting data, it is then possible to deduce the energy spectra of the electrons 

presumed to produce the ionization, assuming that the flux is isotropic over the downward 

hemisphere. 

The resulting N(h) curves are shown in the upper row of Fig. 5.13, together with the cor­

responding electron energy spectra in the lower row. The two-layered structure is evident in 

the N(h) profiles, with the lower layer at a real height of about 105 km and the upper one 

peaking in the range 115-125 km. The electron spectra show two parts with different slopes. 

The lower-energy parts are mainly responsible for the upper layers and the higher-energy, more 

penetrating electrons, for the lower layers. The development of the peak at 7 keY at 21:30 UT 

is interesting in that it is reminiscent of spectra observed in the auroral zones, though the fluxes 

observed in the South Atlantic Anomaly are two or three orders of magnitude less (cf Gledhill 

et ai., 1987). The crosses in the upper part of Fig. 5.13 are the electron densities calculated 
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Figure 5.13: The upper panel shows the electron density versus true height curves for four times during the 

night of 13 July. The lower panel shows the corresponding electron energy spectra deduced from the curves of 

the upper panel. The crosses in the upper panel represent the electron densities calculated from the spectra. 
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from the spectra in the lower row. The deviations near the maximum of the upper layer in each 

case suggest that electron precipitation alone does not account for the distribution of ionization 

there. The upper layer peak is too narrow to he built up from a continuous electron energy 

spectrum, or even a monoenergetic electron stream. Winds may play a part in redistributing 

the plasma. 

No significant absorption events were observed on the riometer at G'21;lgh Island during the 

night of 13 July. Calculation based on the electron energy spectra shown in Fig. 5.13 shows 

that-the accompanying absorption should be about 4 x 10-2 dB. However, if a table of Hourly 

equatorial Dst values for the night of 13 July from 20:00 to 23:00 is consulted, values of - 29, 

~ 30, - 31 and - 29 gammas are found. The hourly equatorial Dst values provide an index of 

geomagnetic activity as a function of Universal Time (UT). Large negative variations in Dst 

are produced by low-energy particles in the magnetosphere, which would be deposited in the 

higher ionospheric layers and not in the D-layer (Sugiura and Chapman, 1966 and Frank 1968). 

5.16 Spread Sporadic-E at Cachoeira Paulistq :_ 

The spread Es traces recorded at Cachoeira Paulista differ from the normal auroral-type Es in 

several important respects. Reference to Fig. 5 of the paper by Batista and Abdu (1977) will 

ill ustrate these. 

(a) There is a very definite flat lower edge to the traces. This is not usual with a-typ~ Es, 

though it is sometimes seen. Generally, a-type Es has a sloping lower edge. 

(b) Several higher order traces often occur. These are found at integral multiples of the base 

virtual height of the first reflection, showing that they come from the zenith. This is also 

true of the spread echoes on the upper side of the traces. Thus, these traces do not seem 

to be typical auroral-type Es where the spread traces appear to be obliquely reflected. 

(c) On the night of 12-13 July spread Es is recorded from 02:15 to 06:30 UT (See Fig. 5.8(d)), 

whereas the simultaneous records of 391.4 nm emission at the same location (Fig. 5) show 

no signific~nt intensity. Thus, on this occasion at least, it seems 'that the spread Es trace 

was not due to electron precipitation. 

(d) Nevertheless, the VLF phase observations of Abdu et ai., (1981) show clearly that par­

ticle precipitation does indeed take place at Cachoeira Paulista, at least during times of 
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greater magnetic activity, and that these particles are capable of reaching the D-region 

and producing ionization there. Possibly, these are higher energy particles. 

( e) The type of spreading and the occurrence of a similar, though less pronQunced, effect at 
~.t -. 

Concepcion (Fig. 5.9) suggest a connection with the type of E-trace spreading associated 

with the equatorial anomaly. 

With these considerations in mind the times have been recorded of observation of spread Es 

at Cachoeira Paulista, but the lack of correlation with particle Es types observed from the 

ship, the different type of spreading and the lack of coincidence with 391.4 nm emission leads 

to the believe that one may be dealing with a rather different phenomenon here and that the 

auroral-type Es region in the Anomaly may indeed stop short of the Brazilian coast. 

It would be instructive to undertake an examination of the geographic and temporal distribution 

of this spread Es phenomenon over South America, including the Argentinian stations at Buenos 

Aires and, in particular, Tucuman. This should help to elucidate the parts played by eqllatorial 
" " 

anomaly effects and by particle precipitation in the production of these spread Es. traces and 

would be very useful in delineating the western limits of the precipitation region "itself. 

5.17 Geomagnetic Field Correlation 

In their preliminary analysis of the results of Project ISAAC, Dore et al. (1985) stated that 

these supported the conclusion of Gledhill and Hoffman (1981) that the intensity of electron 

precipitation in the Anomaly is less during magnetically disturbed periods than it is when Kp is 

low. This is borne out by the more detailed consideration of the measurements made during the 

cruise in this section. This conclusion is also supported by the findings, after detailed analysis 

of Atmosphere Explorer-C data as Table 4.1 for Kp $ 3 and Table 4.2 for 3 < Kp $ 6 show, 

especially the 3 month winter seasonal grouping. 

The most active night, with all three types of particle-produced sporadic-E ionization was that 

of 13-14 July. From Table 5.1 it is noted that the Kp values from 18:00 UT on 13 July to 03:00 

UT on 14 July, which covers the perio~ of activity, were 1, 2 and 1- respectively. On the other 

hand, the single night that showed no particle-related E-region ionization, 11-12 July, had Kp 

values from 18:00 UT to 06:00 UT of 1-, 2, 2- and 1-, so that there appears to be no relation 

between Kp and the occurrence of particle precipitation. This is in contra distinction to the 
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correlation between particle precipitation and magnetic activity reported at Cachoeira Paulista 

by Batista and Abdu (1977). A fluxgate magnetometer operated on Gough Island during the 

cruise showed no significant magnetic activity at any time. A pulsation magnetometer showed 

pulsations, but at times that do not appear"tb correlate with the observed E-region effects 

reported here (Sutcliffe 1987). 

It may be significant, however, that the period of maximum particle activity, 13-14 July, was 
r - ~ 

preceded by a period of greater magnetic activity. As shown in Table 5.1, the Kp values for the 

period 12:00 UT on 12 July to 15:00 UT on 13 July were 4-, 4-, 5-, 4-, 5, 4, 4, 3+ and 3. The 

particle effects followed this by about 20 hours. Another period of greater magnetic activity 

(Table 5.1) from 09:00 UT on 16 July to 06:0q UT on 18 July, was also followed by an active 

night from the particle point of view, from 17:00 UT to 22:00 UT on 19 July, again with about 

20 hours delay. On the other hand, the active period from 09:00 UT to 24:00 UT on 6 July 

was followed by only slight activity in the E-region, with some r-type some k-type sporadic-E 

between 18:00 UT and 00:00 UT on 7 July. Here again, the delay is of the order of 20 hours. 

These observations can be taken as mere indications of a possible connection and are certainly 

not statistically significant. 

The project ISAAC campaign certainly showed that there are aeronomic effects in the South 

Atlantic Anomaly that are easily detectable and more prevalent and intense than expected on 

the basis of the earlier satellite observations of precipitating electron energy spectr~._ 

The occurrence of auroral-type sporadic-E ionization was unexpected and more intense than 

would have been anticipated on the basis of earlier work. This extra ionization at nighttime 

will have significant effects on communications across the Anomaly especially at the higher 

frequencies. Clearly, the limited time interval of 23 days of the campaign was far too short to 

provide answers to many of the questions that may be raised on consideration of its results. 

Thus the direction of motion of the travelling ionospheric disturbances discussed briefly here 

and the question of whether the auroral-type sporadic-E traces really arise from field aligned 

ionization and the reason for the absence of more intense 391.4 nm emission when the field 

aligned. The more closely ionized regions overhead and the absence of large riometer absorption 

effects, require more study. 
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Date 1 2 3 4 5 6 7 8 SUM 

29 June 2 3- 4- 4- 3+ 2+ 2- 2 21+ 

30 June 2- 1+ 2 2+ 2 2 2- 2 15 ... 
1 July 2+ 2 1 1+ 2- 1+ 2 1+ 13 

2 July 1 2- 1+ 1+ 2+ 3- 3+ 3- 16+ 

3 July 3- 2- 2 2+ 1+ 2 3- 2+ 17~ 

·4 July 2- 2- 1+ 1 2+ 3- 3 2 16-

5 July 2- 1 1 2+ 2- 2+ 1 1 12 

6 July 2- 2 2+ 5- 3+ 3- 2+ 3- 22-

7 July 1+ 2- 2- 3+ 4- 3- 3- 4 21 

8 July 2 2+ 3+ 2+ 2- 2+ 2+ 3- 19 

9 July 3 4- 1+ 3+ 2 2+ 3- 3- 21 

10 July 2- 2 2- 1+ I- I- 1 l- ID-

11 July I- I- 1- 2- 1 1 1- 2 8+ 

12 July 2- 1- 1+ 2+ 4- 4- 5- 4- 22-

13 July 5 4 4 3+ 3 1+ 1 2 24-

14 July 1- 2 2+ 2 2 2 2- 1 14-

15 July 1+ 2- I- I- 1 1 2- 2 10 

16 July 3- 3+ 2 4+ 4+ 3 4+ 4 28-

17 July 4 4 4- 4+ 4- 4- 4 4+ 32-

18 July 5- 4 3 3 3+ 3+ 3- 3 27 

19 July 3- 2 2+ 2+ 2- 3 2+ 2 18+ 

20 July 2+ +2 3- 1+ 1 1+ 2- 2 15-

21 July 1+ 2+ 2- 2 2- 2 2- 2- 14+ 

Table 5.1 Geomagnetic three-hourly range indices Kp during the ISAAC campaign. 



Chapter 6 

Conclusions 

6.1 Brief Resume 

The region of very low magnetic field intensity B in the South Atlantic region was viewed after 

the discovery of the radiation belts as the Rosetta stone of magnetospheric phy~ics. It was 

envlsaged that the zone of trapped radiation would interact strongly with the upp'er atmosphere. 

This interaction was in fact proposed by Dessler (1959). In his proposal he envisaged a two zone 

structure of energetic radiation. This magnetosphere-atmosphere interaction was expected to 

produce optical and ionospheric effects in the South Atlantic similar to those observed in the 

auroral zones. 

Greenspan and Stone (1962) searched for the optical effects and observed a maximum intensity 

of about 20 R at 427,8 nm, although the "Starfish" and high altitude nuclear explosions cast 

some doubt on their findings. Later, Eather and O'Brien (1967) failed to detect enhancements 

of optical radiation during quiet magnetic conditions. Paulikas (1975), reports that significant 

optical effects are apparently never generated as a result of particle precipitation in the Anomaly 

Region, but that the fluxes of precipitating electrons are sufficiently strong to produce localized 

enhancements of ionization in the D- and E-regions of the ionosphere. 

These effects were first predicted by Zmuda (1966), drawing on the results of various researchers 

such as "Forbush et al.} 1962; Paulikas and Freden, 1964; Imhof and Smith, 1965; Williams and 

Kohl, 1965. Martin et al. (1973) presented evidence of particle precipitation into the Anomaly 

Region during a sudden commencement of a magnetic storm, although only a small flux of 

energetic electrons precipitating into the atmosphere were detected in the energy range of 
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about 7.5 MeV. Earlier, Ghielmetti et ai. (1964) had reported high X-ray flux in the 20-60 keY 

interval at about 30 km above the South Atlantic. 

Roederer et al. (1971) carefully looked at the qu~stion of eastward drifting electr.ons interacting '. . 
with the atmosphere in the South Atlantic Anomaly as their mirror points dip deeper and 

deeper into the atmosphere and reached the conclusion that their effects would be localized in 

the immediate vicinity of the Anomaly Region. 

Torr_et al. (1975) presented a model of the rates and locations of particle precipitation in the 

South Atlantic Anomaly and the resulting aeronomic effects. Fig. 6.1 summarizes their results, 

which predicts a mean airglow intensity of about 20 R at 391,4 nm for a narrow longitude 

interval near 300 W at L = 2. 
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Figure 6.1: Longitudinal variation of precipitated electron flux in the southern hemisphere. Also shown is the 

energy flux as well as the 391.4 nrn optical radiation resulting from this input. From Torr et aL (1975). 

As anyone familiar with the literature on the South Atlantic Anomaly knows, the aeronomic 

effects of particle precipitation into the Anomaly are not well established and considerable 

controversy abounds. This is mainly because the effects that have been monitored are consid-
. " 

erably weaker than was initially predicted due to over optimistic estimates of particle fluxes 

precipitating into the Anomaly Region. The inaccessibility of the Region has made direct mea­

surements of particle precipitation and their effects difficult to measure. What is known, is 
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that the effects would be most noticeable in the region 60 km to 150 km. Technologically it is 

difficult to operate satellites near this region, although Atmosphere Explorer-C and Dynamics 

Explorer, later on, have managed to operate at about 300 km altitude success£:ully. 

6.2 Results of Bottomside Soundings 

In many respects the results of this dissertation represent the first "bottomside" observations 

of the ionosphere and the associated aeronomic effects in the South Atlantic Anomaly Region. 

The Gough Island voyages as well as the observations at Gough Island and the ISAAC cruise 

results all reflect the enhancement of the F2- region of the ionosphere in the South Atlantic 

Anomaly Region as opposed to the surrounding permanent observatories. Travelling Iono­

spheric Disturbances were also noticed every day during the project ISAAC campaign. 

The daytime E-region analysis during the stay at Gough Island in 1975 as well as the Project 

ISAAC campaign revealed that the slope ofthe straight line graph oflog foE versus log Ch(x, X) 
., 

is anomalously low, up to 5 standard deviations lower. These results show that there is a 

significant source of extra ionization in addition to Solar UV and X-radiation in the South 

Atlantic Anomaly daytime E-region. These results are also consistent with the identification of 

electrons in the energy range below 30 ke V precipitating from the magnetosphere as the source 

of ionization. 

The nighttime sporadic-E ionization encountered during the Project ISAAC campaign, as illus­

trated in Fig. 5.8, is overwhelmingly in favour of particle precipitation produced Es ionization, 

viz a-, k- and r-type sporadic-E. 

On three of the five days that it was possible to operate the airglow photometers Nt, 391.4 nm, 

airglow between 10 Rand 16 R was measured, which is entirely consistent with what would be 

expected from values predicted in the previous section. 

One thing is certain, the ISAAC cruise has definitely' established that electrons, precipitating 

into the upper atmosphere in the South Atlantic Anomaly, produce measurable effects in the 

ionosphere. Whilst the increase in ionization in the", daytime is relatively small, that at night 

raises the critical frequency of the E-region from about 0.5 MHz to 1 or 2 MHz on average 

and sometimes to more than 7 MHz. The precipitation is irregular in time and space and 

possibly, at least as far as auroral-type ionization is concerned, aligned along the lines of force 
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of the geomagnetic field. Travelling ionospheric disturbances are observed every day in the 

Anomaly and are responsible for unusually large daily maxima of ionization density in the F­

region. It is however, not clear what their direction of propagation is. During, the nights, the 

ionization in the F-region is unusually sparse '~dmpared to the E-region. Unusually low values 

of 630.0 nm and 557.7 nm airglow values were observed. During periods of intense nighttime 

ionization easily measurable intensities of 391.4 nm radiation were observed, confirming particle 
r - ~ 

precipitation as the cause. 

The question as to the field alignment of the auroral-type ionization and the direction of motion 

of the TIDs could be answered by the installation of an advanced digital ionosonde, with 

direction-of-arrival capabilities, on Gough Island. The deployment of riometers, operating at 

several frequencies, on Gough Island would give information on the higher-energy electron 

precipitation into the D-region, whereas the installation of tilting-filter photometers would 

complete the array of monitoring equipment for the detection of particle precipitation in the 

South Atlantic Anomaly Region. 

6.3 Results of Topside Measurements 

The results of the nighttime precipitated electron energy fluxes exhibit maxima at about 33°S; 

47°W and 57°S; 23°E, whereas the minimum electron density occurs at these position~._ Electron 

temperatures show a minimum in the South Atlantic Anomaly Region increasing in magnitude 

towards the auroral zone .. 

In general, the maximum NO+ ion concentrations coincide with minimum precipitated electron 

energy fluxes and vice versa. Likewise, the same is true for NO+ ion concentrations and electron 

densities, but the 0+ ion concentrations exhibit similar maxima and minima as the electron 

densities. Since the increase in NO+ ion concentrations is far greater than the increase in 0+ 

ion concentrations for large values of Kp , the ratio of NO+ /0+ is markedly affected by an 

increase in magnetic activity. 

The occurrence of ionization minima close to electron precipitation maxima and the rapid 

fluctuations observed by other researchers, tend to suggest that electric fieldsplay an important 

role in determining the configuration of the ionosphere in the South Atlantic...Anomaly. 

The analysis of the 5 year period of Atmosphere Explorer-C data for both daytime and nighttlme 
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precipitated electron energy fluxes is lower (1.4) for moderately disturbed magnetic conditions 

as opposed to 5 for quiet conditions. However, the daytime precipitated electron energy fluxes 

is less during moderately active periods, whereas the nighttime values are far greater. The 
~ . . 

inference can be drawn that the magnetic disturbances tend to increase the nighttime precipi-

tated electron fluxes and do not affect the daytime values too much. The winter months also 

exhibit greater ratios of fluxes inside the Anomaly to fluxes outside th~ Al).omaly. 

The average nocturnally precipitated electron energy fluxes for quiet and moderately disturbed 

magnetic conditions was found to be between 1 x 10-4 and 38 x 10-4 erg cm-2s-1 • The daytime 

electron energy fluxes tended to vary between 1 X 10-3 and 8 x 10-3 erg cm -2s-1 and decreases 

with increasing magnetic activity. 

Finally, it is seen that precipitating electrons provide a significant and sometimes dominant 

source of ionization in the lower ionosphere in the South Atlantic Anomaly Region, although 

no significant optical radiation is excited by this precipitation of energetic electrons with the 

possible exception of the Nt band head at 391.4 nm. 
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