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Dept. of Communications 
Headquarters Library 

ABSTRACT  

The major structures of the high 

latitude topside ionosphere and some of 

their causal processes are reviewed. Emphasis 

is given to the relationship between plasma 

flow in the magnetosphere and the structure 

of the high latitude ionosphere. 

1. 	INTRODUCTION  

Satellite-borne topside sounders have provided a great 

deal of information on the global structure of the ionosphere at and 

above the peak density of the F layer. This paper reviews some of 

the high latitude results from the topside sounders in Alouettes I 

and II; some facts about the sounder experiments and the satellite 

orbits, that are of importance to the measurements of the ionosphere, 

are given in the rema:inder Cfthis:section. 

To the present, four topside sounder satellites have been 

placed in orbit; Alouette I in 1962, Explorer XX in 1964, Alouette II 

in 1965 and ISIS-I in 1969. The Alouette and Explorer XX satellites 

contain sweep frequency and fixed frequency sounders respectively, 

polnr 
ISIS - 1 contains both .  All four satellites are in nearnorbits, with 

inclinations of 80°  or more. Alouette I is in a circular orbit at 1000 km 

altitude, Explorer XX, Alouette II and ISIS-lare in elliptical orbits 

with perigees and apogees of 870 and 1010, 500 and 3000, and 570 and 

3520 km respectively. 

The sweep frequency sounders in Alouettes I and II cover 

the frequency range from 0.5 to 11.5 MHz and 0.15 to 14.5 MHz respectively 
1 

with cycle times of 18 and 30 seconds per ionogram . The satellites have 
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orbital velocities of about 7 km per second, providing an ionogram 

sampling distance of about 130 km for Alouette 1 and 200 km for Alouette 

II. They are both in 80 0  inclination orbits. Each of the satellites is 

therefore capable of making detailed measurements of distribution of 

ionization in the topside ionosphere, at all heights between the satellite 

and the peak density of the F layer, along an approximately north-south 

line, from 800N to 80°S. Such "pole to pole passes are obtained in 

about 1 hour of elapsed time, although the local mean time along the 

sub-satellite track varies by 12 hours: about 5 hours between the 

inclination latitude and 60 °  latitude and 1 hour between 60 °  and the 

equator. By combining such data collected .over  successive orbits, 

the global structure of the ionosphere at a given set of local times 

is revealed; by combining the data over a period of 3 to 4 months, the 

diurnal variation (with superimposed seasonal variation) over a wide 

range of latitudes can be obtained. 
23  

The resonance beat phenomena 9  observed on the topside 

sounder ionograms provides an entirely new experimental technique for 

making measurements of the density of a tenuous plasma. Because of its 

importance for studies of the high latitude ionosphere, some details 

of the mechanism are given below. 

The frequencies of the resonance spikes observed on the 

topside sounder ionograms yield information on f the plasma frequency:, N' 

and on f the eràtron gyro frequency, at the satellite or various H' 

harmonics and combinations of those frequencies. The cut-off frequencies 

for the various modes of propagation (i.e., the lowest frequency at which 

the mode can propagate at tho satellite) are also determined by fN  and fH. 
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TABLE I 

Type 	 Frequency 	 Plasma relations  

Cut-offs  

f
N
2 = fzS

2 
+ fzSfH Z wave 	 fzS 	 (1) 

X wave 	 fxS 	 fN
2 

= fxS
2 

- fX5fH 	
(2) 

0 wave 	 f
N 2 	- 	2 

fzI 2 (fzI 	- fH ) Z infinity 	 fzI 	 •f
N
2 

= 2 	21 	(3) 

_ 	
fzI

2 
- f

H 	
sin p 

Resonance Spikes  

plasma frequency . 	 f
N 

electron gyro frequency 	fH' 2f  H'  

upper hybrid frequency 	fT' 2fT 	
f
N
2 = fT

2 
- fH

2 	(4) 

3 

Thus there are a variety of ways of measuring combinations of the 

electron plasma frequency fN (and hence, 
of N) and the electron 

gyrofrequency (Fig. 1 and Table I). In practice, the electron gyrofrequeney 

is known accurately, for the region below a few thousand kilometers 

altitude, from spherical harmonic models of the earth's field or 

from the observed gyrofrequency resonancese and the various plasma 

phenomena can be used to improve the spatial resolution of the 

measurements of electron number density. 
4,5 

Table I lists the cut-offs and resonance spikes 

that are commonly observed. Many other resonances are also observed; 

the reader is referred to references 3 and 6 for a review of them. 

(I) is the angle between the wave normal and the direction of the 

earth's magnetic field. 
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(5) 

(6)  

For the Alouette II orbit, f 
H 
 (and hence fxS and f ) 

is always above 0.22 MHz, but at high latitudes and altitudes f 

is often less than 0.15 MHz (N less than 280 electron/cc), the lot '  

frequency limit for the Alouette II sounder.  'rom  equations (2) 

and (4), as f approaches zero, fxS approaches fT  which a.pproacheS 

fIr Since the frequency resolution under these circumstances is 

usually no better than the bandwidth of the transmitter pulse (-15 kHz), 

the frequencies at which fxS,f and f occur are too closely spaced T' 	H 

for separate identification. However, for electron densities less 

than about 140 electron/cc, f - f
H is less than 10 kHz, and the 

transmitter pulse will energize both resonances simultaneously. The 

difference frequency, Af, may then be observed as a beat or modulation 
2 

pattern (Fig. 2) on the closely spaced f and f resonances . Since H 

fH can be determined from the 2f1  spike (-2% accuracy) or from a spherical 

harmonic field analysis, f
N can be calculated from a knowledge of Af, 

according to  the equationftN-  = (2fH. -1. àf)Af 

consequently, 

=18.6 mfH 
4he ' 

where mn number of Cycles  of  modulation observed Per 200 km of apparent 
is 4- he . 

range, NA:, electron number:density in electrons/cc:and all frequencies 

are in MHz. 

Beats also occur on resonance spikes under other conditions 

(see, for example, the f resonance of Fig. 1) but the resonance beats 

of interest for measurement of the low electron densities can be isolated 

relatively easily from the following: 

1. The basic criterion for the observation of the 

"low density" beats is that the f and fT 
resonances 

H 

are separated by less than the bandwidth of the 1-eleme-fil 

S_Is+efÉli 	(.10 11' Piz). 
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2. 	Usually, the beats observed on isolated resonances 

exhibit a series of beat frequencies throughout 

the spike (see, for example, the fT  resonances of 

Fig. 1), whereas the low density beats exhibit 

the same beat frequency throughout the resonance 

(see Fig. 2). 

Some empirical rules that are used to ensure that the appropriate 

beats are used are that (a) the fN resonance must be at a frequency 

less than 0.2 MHz, (it may be less than the starting frequency of the 

ionogram, and so not be observed) (b) the fH and fT resonances 
must 

be superimposed, and (c) the beat modulation must appear on the low 

frequency edge of the superimposed fH , fT  resonance spike. It is of 

interest that, as expected, resonance beats of the same form as those 

used for the low density studies also are observable when the 2fH 
and 

fT resonances are superimposed. Although the electron density is then 

several thousand electrons/cc, it can, of course, he calculated from 

this beat frequency; when this is done it corresponds to the electron 

density obtained from the observed fN resonance and from the observed 

fxS . 

Electron densities as low as 8 and as high as 140 electrons/cc 

have been measured from the Alouette II ionograms using this method. 

The upper limit is set by the telemetry bandwidth and the electron 

gyrofrequency, and should be about 145 electrons/cc for the Alouette 
7 

II orbit ; the lower limit is set by fH  and the duration of the fT 

 and fH resonance spikes, and should be of the order of 1 
electron/cc 

for the Alouette II orbit. However, for beats of less than 1 cycle 
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per 1000 km (N = 5 electrons/cc) id2ntification of the Modulation 

pattern on Alouette II ionograms would probably become difficult. 

II 	RESULTS  

The ionized region above the main peak of the F layer 

can be studied from many points Œf view, and because of the complexity 

of the region, no single simple theory is likely to be adequate for an 

understanding of the region. Nevertheless, in this region the prominence 

of field and plasma flow effects increases with height, and it is useful 

to review current knowledge in terms of the major types of structure 

that are observed, and to try to relate these observations to the main 

restricting forces present in the magnetosphere. 

Although by no means a surprise, one of the striking 

results from the topside sounders is the extent of the control that 

the earth's magnetic field exerts over the distribution and movement 

of ionization. Since details have been in the literature for some time, 

,only the principal results concerning irregularities will be summarized. 

11.1 	Occurrence of Irregularities in the Topside ionosphere  

Irregularities are observed in two distinct areas of the 

topside ionosphere, a polar zone and an equatorial zone, and both 

occurrence and propagation characteristics are somewhat different in 

the two regions (Fig. 3). Although this paper is mainly concerned with 

the polar ionosphere, scattering in the equatorial ionosphere is of 

interest because of the insight it gives on processes in the polar 

regions. 



Spread F has been categorized into two types, "weak" 

and "strong". Although the terms are subjective, the two types 

give distinctive patterns on the ionograms, and the boundaries of 

the regions over which they are observed are reasonably well defined. 

Weak spread F is usually observed on ionograms recorded at geomagnetic 
9,10 

and about 45
o 

during the night . During the day the transition 

from ionograms exhibiting spread F to no spread F is often abrupt 

and occurs over a few degrees of latitude. 

During magnetically quiet conditions, the region of 
10 

strong spread  •echoes at about noon local time arid 1000 km altitude 

is confined to geomagnetic latitudes north of 75°N. The region 

moves from north to south before midnight and south to north after 

midnight. It reaches a minimum latitude of about 75°N around midnight. 

The latitudinal variations of the strong spread echoes are similar to 

those of sporadic E, visual aurora, radio blackouts and horizontal 

deviations of the earth's magnetic field. 

In the polar zone, it is difficult to compare bottomside 

and topside data because auroral absorption and polar blackout often 
12 

obscure spread F observations made from the ground . At other 
13 

latitudes the major features of the two occurrence patterns agree . 

The major differences are secondary maxima above the F region peak 

during the day in the equatorial region and generally greater occurrence 

above the F region peak than below. 

latitudes greater than about 500  to 60°  during the day'time, 
11 



11.2. 	Spread F and Ducting in the Topside Ionosphere  • 

	

	

Spread F is particularly interesting in the equatorial 

region, because of the insight it gives us into the 

of irregularities of ionization along the magnetic field 

lines, and the striking propagation effects which are observed. 

Lockwood and Petrie identified echoes scattered 

from irregularities aligned along ethe equatorial magnetic field, 

forming a shell of ionization extending many km in the E-W direction. 

Alouette  1  at 1000 km altitude (Fig. 3b) usually passed over this 

region, but Alouette II and ISIS-I, having perigees several hundred 

km lower, occasionally pass through this shell of irregular ionization. 

Figure 4 shows such an example from ISIS-I. 

In Fig. 4 the ISIS-I satellite was just outside of the 

sheet, resulting in reflections from the sheet which exhibit a relatively 

sharp upper botindary thatis located —just a -few,km from 

over a frequency range - of several  MHz.  0T1 the ionogram 

recOrded:60 seconds and 400 km later the satellite waS 

zero range 

of' Fig. 

.inside the. . 

sheet. Only a scatter signal is observed from propagation in the 

vertical direction(e.g., 5 to 9 MHz at about 500 km range); most of 

the energy is guided along the field, within the sheet, to the 

reflection level in the near (S) and in the far (L) hemisphere. 

The remarkable E shaped trace is due 	to the one "hop of 

propagation to the far hemisphere (L) for the upper part of the E e  

two hops to the near and one to the far hemisphere (2S L) for the 

bottom part of the E. The center bar of the E is due to an S L 

hop'and'is horizontal lecàuse:the S and L traces, 'happen to be nearly 

mirrorAnages. That.is as the frequeney increases;the inerease'in. 



9 

path length is balanced by a decrease in retardation. This record 

is by no méans a unique example  of  such a'çoincidence; it has 

been observed on several other - ionograms. • No clear examples have.:, 

been obtained of the satellite emerging below.the sheet, so it is 

likely that the sheet is much thicker than the 50 km originally - 

• postulated by  Patrie  and Lockwood. 

Propagation along field-aligned ionization Irregularities 

(ducting), between the satellite and reflection points in the near - 

and far hemi-spheres, is a common feature  of  mid and loti  latitude - top-

side sounder ionograms. On occasion 10 consecutive hops between-

hemispheres have been recOrded. The distance travelledHDY the waves 

on this occasion was equivalent to once around the earth. 

Studies have-been made of the occurrence of field- 

aligned propagation, and the Size of the struCtures that guide the 

waves 	. Several authors have used ray-tracing  technique a to - 

demonstrate the mechanism of radio wave propagation back and forth 

along irregularities of ionization aligned along the magnetic field. 

One condition for a ray to become trapped by a field-aligned sheet 

of ionization is that the ray must be very nearly tangent to the 
c\-■ c 	ç 

sheet. As the frequency is increased, this condition is., satisfied 

at lower heights in the ionosphere. 

Scattering and ducting by irregularities are intimately 
20 

associated in the equatorial region. Pitteway and Cohen suggested 

a combination of vertical and ducted propagation as an explanation 

of "frequency spreading" observed on equatorial bottomside sounder 
15 

ionograms, and Muldrew showed that this "combination mode" was a 

common form of spread F on topside sounder equatorial ionograms. 
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CalVert and Cohen proposed that nrange.spreading" on equatorial 

- 1.0 

ducting more common at low latitudes and scattering more'.common , 

at'high latitudes. LoftuS:..et'al 	fouhd that sçattering - .Occurred_• 

bottomside sounder ionograms was due to aspect sensitive backscatter 
1 8  

from ionization irregularities elongated along the field. Dyson 

showed a close correlation between scattering and ducting, with 

only in the presence of ducting in the low and mid latitude regions. 

Figure 5 is particularly interesting since it shows about 

four extra ordinary wave traces which are evidence of propagation 

along ducta in which the average ionization wasignificantly different; 

the main trace isthe Strongest signa,.odeurring at the lowest 
' 	- 

frequencies, there.\:). _indidatingin'this case 

an• excess of ionization over the ambient. 

Somewhat analogous phenomena have been observed in 

the Arctic ionosphere. However, since the lines of the magnetic 

field stretch much farther into space than in the equatorial regions, 

and at high latitudes are swept out into the tail of the magnetosphere, 

conjugate ducting is not observed. Petrie has observed spread 

echoes from consecutive Alouette I ionograms whichjirst decrease 

to zero range, and then extend again, indicating that the satellite 

ha  s passed through a near vertical sheet of irregular ionization 

at 1000 km height. 

Figure 3a shows an example of reflections from such 

a sheet. In this case the sheet was magnetic field-aligned and 

about 100 - 200 km thick transverse to the field. The deviations 

in electron density are sufficiently large to scatter signals 2 MHz 

the ducts contained 
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or more above fxS. In the ionograM of Fig. 3a, backscattered 

signals of this type appear between 200 - 300 km apparent range 

and about 2.5 to 4.5 MHz on the frequency scale. 
23 

Calvert and Schmid proposed backscatter from long, 

thin field aligned irregularities as the dominant mechanisms for 
12 

producing spread F. Calvert and Warnock suggest that the 

disappearance of ducted echoes at high latitudes may be due to 

their being masked by scatter echoes. However, there is an 

alternate explanation for spread F, based on scatter from a rough 

surface, that does not require either field-aligned irregularities 
24,25 

or ducting 

11.3 	Precipitation Boundaries at High Latitudes  

The ambient density distributions are also governed 

by the presence of the field, not only by forcing diffusive equilibrium, 

if and when it exists, to occur along the field rather than in a 

vertical direction, but also by providing a major restriction to the 

free flow and distribution of ionization that is not present where 

the field lines are open into the large volume of the magnetospheric 
26,27 

tail 	. The boundary between these two regions, those of open 

and of closed magnetic field lines, is the boundary of major significance 

in the high ionosphere, and is probably of greater importance in the 

low ionosphere than has thus far been recognized. 



. 	. 	 ._ 
11.3.1 . Particles  of  .Energy...> 35.keV - ,- 

• .  28 ,  . 	. 	_ 	 . 
•McDiarmid and Burrows - defined seVeral boundaries 

fohnd in the energetieparticle data from the Alouette 11  satellite . 

They found that for Kp < 2-  between December 1965 and July 1966, the 

"background" boundary for 35 keV particles, which they regarded as 

the limit of the closed field lines, varied between about 700  

geomagnetic at 2100 LMT and 770  at 0800 hours, whereas the "smooth" 

boundary, which they interpreted as the limit of stably-trapped 

electrons, varied between about 67
0 
 at midnight and 70°  at 1100 LMT. 

The low latitude boundary of the region of maximum frequency range 

for spread F echoes, observed by Petrie from Alouette 1 ionograms, 

is in good agreement with the "background" boundary of 35 keV particles. 
29 

Hartz and Brice combined a wide variety of upper 

atmosphere phenomena that they considered to be linked in some way to the 

influx of auroral particles, into an idealized representation of two 

main zones of auroral particle precipitation in the northern hemisphere 

(Fig. 6). They considered the outer zone to be associated with a 

particle influx (>20 keV electrons) that was steady and widespread, 

and which they described as a "drizzle", and the inner zone to be 

associated with intense and -spatially limited precipitatiOn(a'few 

keV electrons).which they called, after'O'Brien '"Splash". - The  

splash zone should oceur very close to the boundary betwèèh the Open -

and closed field lines. - It 'should bé noted - that:the McDiarmid.andi 
28 	 10 	 . 

BurroWs .and Petrie .data.are'inclUded -in the data-used-by Hartz:': 

- 

 

and  Brice• In Fig. 6 a dashed Curve representingthe  mot  redent ,  
- 31 

determihation by McDiarmid and:Wilson- , from the Alouette 
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data, of the boundary of the closed field region',' is superimpesed 

on the original HartZ-Brice diagram. Thia curve will be used for 

comparison later in the paper _ 

11.3.2 	Low Energy Electrons (E < 1 keV) 

The precipitation of low energy electrons (E < 1 keV) 

is.  of particular importance in the topside ionosphere because such 

particles have their maximum ionization effects above about 150 km 

(above about 250 km for 500 eV electrons). Until very recently, 

few measurements had been made of near thermal particle fluxes. 

Since other papers in this book deal specifically with the present 

state of knowledge of near,thermal particle fluxes, no attempt will 

be made here to review the subject. HoWever, as background  to this 

paper, three general features of their distributions are oùtlined 
.32,:J3,34 

below 	• 

(a) In the tail of the magnetosphere low energy 

electrons are found near the neutraL sheet and 

are distributed across the tail from dawn 

to dusk, corresponding to an extension of the 

sheet, called the "Plasma Sheet". They are 

more numerous on the dawn than on the dusk 

side, with maximum population at 0400 and 1900 

magnetic local time. 

(h) In very general terms, the spectrum of low 

energy electrons softens with increasing 

geomagnetic latitude and the less energetic 

• the particle, the higher the latitude at-Which 

it is precipitated. 
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(c) The high latitude'limit of observations 

of electrenfluxesof energy 280 - eV < E <4 2.7 IceV 

A.s near . 700  geomagentid on thejnight side 

-. 
- and near BQo  at,noon. At high latitudes 	; 

there - are odcadional intermittent "iSlands" - 

.of - such.electrons. 

The bohndary giveh in (c) is well outside the:regien 
• 31 

of stably-trapped 35 keVelectrons given by McDiarmid and Wilson 

but is close-to their limit ef the closed field lines (see Fig ,  
'34 

• Maehlum found that in the polar .region, electrons 

of 50 eV to 1 keV occurred at about 73° ,geomagnetic latitude at :  - 

night and 83 °  during the day, with an absence of such electrons 

(i.e., a 'polar hole') at higher latitudes. He found that these 

electrons showed a strong GMT control, with maximum latitude occurring 

at 1800 to 2000 GMT and minimum latitude at 0800 to 1200 GMT. He 

suggests that the variation of low energy flux might be due to 

Trwobbling" of the geomagnetic axis with respect to the solar wind 

direction, since the maximum latitude occurs when the angle between 

the geomagnetic axis and the sun-earth  lino  is a minimum. 

11.4 Plasmapause and Troughs  

The presence of a plasmapause, i.e., a sharp drop 

in electron number density at a radial distance of 2 to 6 earth radii 
35 

above the equatorial region, was established by Carpenter from 

whistler. meashrement, and byGringauz from particle measureMett. 
• 

37 	_ 

Reber and Ellià frem cosmichoise, and Warren  from topaide: 

sounding data reported - signifidant depletions'in the- elédtron densitY 
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at the peak of the .F-layer  near 5
0
o 
geomagnetic latitude. Muldrew 

showed that "troughs" in the electron density at the peak of the F-layer, 

are a persistent feature of the nighttime and mid- and high latitude 

ionosphere. The troughs are aligned in the magnetic east-west direction, 

and are  usually a few degrees ylde in north-southdirection, The 

electron density.in,the main (the most southerly,'or mid-latitude) 

trough is typiçally one-fourth that of the background density. The 
40 

average location of the main'trough during.November 1962 to March 

1963 is shown in Fig. 7. The trough iS generally masked by day_time 

production; during magnetic storms it shifts toward the equator by 

o 3941
9
42 	 43 	 44 

about 2 Per unit Kp 	. Sharp et al and Sharp 'reported 

abrupt changes in ion .concentration measurements, made on low altitude 

satellites, that are probably related to the trolighs. 
3 9 

Muldrew suggested that the main - trough was an extension 

along magnetic:field lines, of the whistler "knee. Subaequent Work , 

has further confirmed a:close correlation between the -Lye. 	• but 

, there are important differences. First,,',.the decrease of N.at the . 

whistler knee refers to a_decrease observed primarily  in  the radial 

direction at . the equator, but a'great distances from the earth,'' 

whereas the troughs are, observed in Nmax  F2 whieh occurs: at'practically • 

constant heights above (and clese to) the earth'.. Second,  it is:not • 

clear whether or not the electron density beyond'the plasmapaUse 

increases significantly, whereas north of  the main trough, - the.density 

at the peak of the F-layer increases, often to values as -great as 

those south of the trough', and other troUghs are observed at higher. 

latitudes'. Third, the troughs'are priMarily nighttime phenomena, 
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and are generally masked during the - day, whereas the plasmapauSe can be 

observed at  all  times of day. Fourth, -  the troughs occur In the 

height range of maximum production of ionization, whereas,néarly 

all of the ionization present near the'plasmapause.must have been 

produced elsewhere, and have been diffused or otherwise transported 

over large distances. Fifth, although the magnetic L-shell along 

which the plasmapause and the trough are located agrees well during 

the night, during morning and afternoon the main trough is observed 

at higher L-shells than the plasmapause (Fig. 7). 

In Fig. 7, the plasmapause :is from Carpenter's 
• . 46 

observations for July 1963 , the trough from Muldrew's northern 
39 

hemisphere winter 1962-63 data , and the twO limits.of open field 

lines are an estimate from the energetic particle data of. McDiarmid 
31 	 47 

and Wilson , and the theoretical limit given by Nishida 

Because.of the different periods of observations the 

plasmapause and trough observations are not strictly comparable, but 

they are thamostcomplete data available, and probably represent the 

gross features of the diurnal variations in position of the two 

phenomena. As Fig. 7 shows, the trough is located approximately along 

the boundary of the region of open field lines (i.e., the neutral points) 

when itls first observed in the early afternoon, but appear to shift' 

eqùatorward to a position about 10 0  from that boundary between 1500 

and 2000 LMT. The return of the trough in the - late morning to the: 2 

limit of the open field lines cannot be folloWed because of its 

obscuration during thaday-, it shifts alowly toward -higher latitudes 

between about 0100 and the time it becomes obscured, around 0700 LMT. 
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Between 1900 and 0500 IMT the plasmapause and the trough positions 

are in good agreement, but the two appear to have inverse diurnal 

varià.tions of position; the plasmapause moves poleward around 1700 

LMT and equatorward about,0500 LMT, 

11.5. 	Electron Density Distribution Over  the Polar  Region During 
•  Quiet  Periods 

In general spatial and temporal variations of the 

distribution of electron density above the peak of  the .F-layer are 

much more regular in the latitude region below the main trough than 
• 48 

in the higher latitude region, for both quiet and disturbed conditions 

(Fig. 8). Nevertheless, several studies of the distribution in the 

high latitude regions have succeeded in isolating some persistent 

structures. 

11.5.1. 	N(h) Distributions Below 1000 Km  
47 

Nishida produced "average" electron density contours 

on a geomagnetic latitude vs local time plot for quiet intervals of 

the autumn (northern hemisphere) 1962-63, as shown in Fig. 9. For 

this study he used a "mesh" 4°  in longitude and 2 hrs in local time. 

The general features of the main trough and the decreased complexity 

at the higher heights can be seen from this figure. Unfortunately, 

some of the detail is lost in these figures because the N(h) data 

used (the DRTE N(h) data publications) tend to avoid some of the 

important but complex structures in the topside ionosphere, while 

emphasizing other phenomena. In particular, the data probably favour 

profiles in which the density at the satellite is substantial, and 

neglect some data in which the electron densities are very small. 

Nevertheless, the diagrams provide a useful picture of the polar 
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quiet ionosphere. Figure 10 shows the variability of the data, 

defined by Nishîda as the standard deviation divided by the average, 

for each mesh point, expressed as a percentage. It is of interest 

that the greatest variability occurred at 1000 km,*and with the 

exception of the 0800 LT graph, occurred in the region of the 

splash zone (Fig. 6). 
26,47 

Nishida 	explained the plasmapause and the 

trough regions in terms of an 'outward flow" model in which plasma 

is removed by the combined action of magnetospheric convection and 

plasma escape from the tail of the magnetosphere. In his model, 

ionization will be removed by upward flow along field lines that 

are open into the magnetospheric tail (i.e., within the cross-hatched 

region of Fig. 7). However, all field lines poleward of the plasma-

pause become open (i.e., are convected through the cross-hatched 

region of Fig. 7) at some time during the night, and in the process 

can o“ ionization in proportion to the time they spend in the "open" 

region. 
50 

Chan and Colin have recently prepared à massive 

study and review of the global morphology of the 'distribution: of • 

electron dehsity above the peak of the F-layer (primarily for low and 

mid-latitudes),' based on N(h) data from the Alouette I and Ii satellite 

It is not pOssible here to present the reSults of that work; the 
1+0 

reader is referred to it and to .._rk e 	, for average and  detailed 

centours respectively of electron density  in the polar regions. 

11.5.2. - Electron Density at 1000 km 	. 	 • 
' 51 	

. 	 . . 	 • 

Thomas et al - studied latitudinal electron density 
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maxima (as opposed to the troughs of Muldrew) above the main trough. 

They found a density maximum immediately beyond the trough to be a 

persistent feature of the ionosphere below 1000 km, with maximum 

to trough density ratios of 25 to 1 a common occurrence. Although 

the diurnal variation of this maxima was not established, at about 

1500 LMT it occurred at about 77
0  geomagnetic latitude, the location 

of the boundary of the open field lines. This maxima was related 
52 

by Thomas et al to that found at the peak of the F layer by Duncan 

from ground-based ionosonde data. Duncan showed that polar enhancements 

of foF2 were largely GMT controlled, with maximum ionization occurring 

at 1800 GMT in the north and 0600 GMT in the south, the time at which 

the angle between the geomagnetic axis and the sun-earth line is a 

minimum. He suggested that the enhancements were due to particle 
51 

precipitation; Thomas et- al suggested that the maximum they obserired 

was due to upward diffusion of ionization from the precipitation 

production region. A similar GMT control of low energy electrons 
34 

(50-1000 ev) was found by Maehlum , who noted the possibility of 

a relation between the ionospheric maxima and the peak.of low energy 

particle precipitation. 
53 

Sato and Colin showed that at 1000 km high latitude 

ionization maxima (Fig. 11) generally occurred more frequently and 

had greater amplitude during the day than during the night, especially 

in winter, and that the amplitude of the maxima was greater in summer 

than in winter. They showed that the maxima did not occur uniformly 

over  the high latitude region, but in three zones (Fig. 12), with 

the maxima in a particular zone related,  but  independent of those 
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in the other zones. In zone I and III, the maxima occur most 

frequently during periods of high geomagnetic activity. In zone 

the maxima occur most often at dawn and dusk, in zone II most 

frequently in daytime regardless of geomagnetic activity or 

season, and in zone III mainly at night. The boundaries of the 

three zones vary, depending upon magnetic local time, season 

and magnetic activity. 

Zone II corresponds approximately to the auroral 

oval, i.e., to the zone of splash precipitation given by Hartz and 
51 

Brice (Fig. 6). The maxima previously found by Thomas et al 

occur within zone II. Sato and Colin concluded that the electron 

density maxima were due to low energy electrons (E < 1 keV) 

precipitated from three sources: from electron islands outside 

the region of trapping into zone I, from an unstable region of 

trapping, close to the trapping boundary, into zone II, and from 

regions of stable trapping into zone III. 

11.5.3. 	N(h) Distributions Below 3000 km  

The foregoing studies were, in general, for altitudes 
49 

below 1000 km; Nelms and Lockwood showed that at heights near 

2000 km, N(h) profiles taken while approaching (and close to) the 

low latitude edge of the trough showed _-- successive decreases of 

scale height near 2000 km, whereas the distribution near 500 km 

remained approximately the same from record to record (Fig. 13). 

They also showed that at heights above 2400 km, the electron density 

was less than 300 to 500 electrons/cc over a large area of the polar 

region (Fig. 14). The southern boundary of this low density region was 



21 - 

found to agree in general with the location of the main trough. 

(It will be noted that Fig. 14 is a polar plot of geographic coordinates, 

and is not directly comparable with the geomagnetic latitude vs local 

time plots of (Figs. 6 and 7). They interpreted the decrease in scale 

height and the presence of the extensive low density region at high 

heights as équivalent to a shift of the level at which the H concentration 

became comparable with the 0 concentration to great heights in the 

vicinity of the trough and at latitudes greater than the trough. 

11.5.4. 	Electron Density at the Height of the Alouette II Satellite  
(500  to 3000 km)  

The range of values of number density reported in the 

Nelms-Lockwood paper was set by the lower frequency limit of the Alouette II 
2 

sounder; Hagg , using the resonance beat method outlined in Section III, 

showed that electron densities in the low density region were often less 

than 30 electrons/cc and frequently were as low as 8 to 15 electrons/cc. 

The interpretation that the very low electron densities are due to movement 
54 

of hydrogen ions to greater heights is supported by the data of Hoffman , 

who found that on several occasions when Hagg observed very low ,  electron 

densities, the predominant ion, even near 3000 km, was 0+ . In addition, 

Hoffman has observed upward streaming of H
+ 

ions at certain times in the 
54,55 

polar regions 

Hagg found that densities less than 30 electrons/cc 

were observed in the northern hemisphere throughout the region above 

60
o 

geomagnetic latitude at night and 65
o 
geomagnetic during thé day. 

7 
Timleck and Nelms used the Hagg method to study the occurrence of 
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densities less than 100 electrons/cc between December 1965 and 

February 1968 in both northern and southern hemispheres. They 

found that below 3000 km altitude the low densities were much 

more prevalent during winter than during summer; during the summer 

the low densities were observed only near the region of the main 

trough and only near midnight. 

Figure 15 is a scatter diagram from the Timleck-

Nelms study, showing the occurrence of densities less than 100 

electrons/cc as a function of geomagnetic latitude and local mean 

time for all of the Nerthern lemisphere data celiected between 

December 1966, and FebruarY.1968. Densitieb leSs - than 160/cc - 

oceurred on about  l2 of  all . ionograms,recorded,at-geomagnetic 

latitudes above,60 0N during these winter:periods:.  The" figure' 

onlyshows the occurrence of  densities less than 100/cc; and doeà'' 

not show regions of higher electron density that occur within the 

region (Figs. 11 and 12). The overall picture is, of course, 

a combination of regions of low electron density and regions of 

density maxima. The study has not been completed that puts these 

two sets of data together, but the preliminary results indicate 

that electron densities less than 100/cc tend to occur on successive 

ionograms over extended areas of the polar region, separated by 

"islands" of higher densities. 

About I.5% of the data of Fig. 15 are for Kp > 4. - 

The dashed line in Fig. 15 is a crude estimate of the low latitude 

boundary of the low density region for relatively quiet condition. 

Although only an estimate, the real boundary is not likely to be 
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significantly displaced from the one shown. The projection of the 

boundary down the field to the 300 km level, from an assumed height 

of 2800 km, is plotted on Fig. 7. 

The separation of altitude, LMT and latitude 

effects in the low density data is difficult because of the high 

inclination elliptical orbit of Alouette II. However, Timleck and 

Nelms isolated a diurnal and sunspot cycle dependence of the minimum 

height at which electron density of 100/cc occurred, as shown in 

Fig. 16. Because of the elliptical orbit and the fact that the low 

densities occur above about 60°  geomagnetic latitude, the 'satellite' 

was not in a position to establish the low height limit at times 

• other than those shown in Fig. 16. 

The densities less than 100/cc occur at lower 

heights during the night than during the day, and there is a general 

tendency toward higher heights during more récent  years. The 
7 

exception, midnight to 0400 LMT, is thought to be due to a. seasonal 

effect overriding the diurnal effect; the 1965-66 data for these 

hours were collected during December whereas the 1967-68 data were 

collected during February. Two df the periods when no low electron 

densities were observed over the polar region, even though they 

were to be expected from immediately preceding è.nd following data, 

were found to coincide with proton events observed by the IMP-F 

satellite. 
56 	' 	 • 	2 

Banks and Holzer interpreted the Hagg -  results, 
7 - 

and Timleck and Nelms interpreted their results in terms of the 

removal of light ions by upward flow in regions where the, field 
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lines are swept back into the tail of the magnetosphere. Banks 

and Holzer showed that essentially all of the thermal H. and He
+ 

ions created in the polar ionosphere can be accelerated away from 

the earth into the tail of the magnetosphere, but that the upward 

velocity of the 0/.  ions, because of their greater mass, will be 

small for heights below a few thousand kilometers. Timleck and Nelms 

showed that the electron densities observed in their regions of 

very low electron density were approximately what would be expected 

if the light ions were removed, leaving behind a relatively unaltered 

0
+ 

distribution. They explained the diurnal variation of the cut-off 

height for N < 100/cc as Aue to daytime production (of 0+ ) raising 

the height at which N = 100/cc occurs. The summertime absence of 

observations of N < 100/cc below 3000 km, except for a few occurrences 

immediately above the main trough, they attributed to increased 

production during the  tune  when much of the polar region is continually 

illuminated. They pointed out that the cut-off height would be 

expected to rise during times of disturbance or particle precipitation, 

either due to increased production or increased temperature. 

It should be noted, however, that the main trough 

involves a large reduction in the density at the peak of the F-layer, 

which indicates that there is a reduction in the 0 number density 

as well as removal of the lighter ions. This implies that a further 

process or a great enhandement of the olitward flow -is present in the 

trough to cause the reduction in the heavy ion (0+ ) -
density. 
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11.6- . 	Electron Density Distributions Ove: the Polar Region  
. During Disturbed Periods . 	 . . 	_ 

Although this paper concentrates on the high 

latitude topside ionosphere, it is useful to introduce the subject 

of the disturbed ionosphere with a brief discussion of the general 

global behaviour. The relevant literature on this complex subject 

is extensive, so the following brief discussion will be incomplete; 

the reader is referred  for more detail to references, and 57-60 

from which the present authors have drawn much of the following 

summary. 

In general, ionospheric storms can be considered 

to be due to enhanced influx of energetic particles (from thermal 

to Me) from the solar wind near the earth, and may be due to direct 

effects of the particles such as ionization or heating of the upper 

atmosphere, or to indirect effects such as distortion of the geomagnetic 

field (the geomagnetic storm)orestablishment of ring currents that 

cause ionization drifts. 

'At. the sudden commencement of a magnetic storm, 
6.1 	. 

the front  (day-side) Of the magnetosphere bécemes compressed , 	• 

and this increases both the electron density and the magnetic field 

in the topside ionosphere. This initial phase of the storm may last 

up to 10 hours. At the beginning of the main phase of the magnetic 
62 

storm the magnetic field is inflated by energetic particles that 

appear to be injected (o-n(1. trapped) orbits near the plasmapause at 

late afternoon and evening longitudes. The decay of this enhanced 

particle belt may take several days. 



The Ionospheric storm effects are observed as 

changes (increases or decreases) of electron number density in 

various height and latitude regions, changes in electron and ion 

temperature, neutral and in composition, recombination rates, and 

transport velocities. All of these may vary independently in 

different height, latitude, seasonal and diurnal regimes, and may 

also have different storm time behaviour. In spite of this great 

complexity, it appears that some useful general patterns are now 
GO 

beginning to emerge . 

At mid-latitudes the beginning of the ionospheric 

storm on the day side of the earth is associated with the beginning 
63 64 

of the main phase of the magnetic storm 	, rather than with the 

sudden commencement. However, on the night side the full ionospheric 
65 	 66  

storm does not occur until the following day . Gledhill et al 

found that ionospheric disturbances in the D-region invariably 

occurred when the flux level of precipitated electrons (E > 40 keV), 

4 
measured in Alouette 1, rose above 1.4 x 10 electrons/cesec, and 

that the storm lasted a time proportional te the tiMe thia'Critical: -  

flux was' exceeded. 

, 	 ,-The majordisturbances . during an ienoapheric: 

storm are in the electron density  in the D'and,F'région; and in  :thé 

ion and'electron terilperatures near the Peak :Of the F layer. Effecta :  

do not necessarily occur simultaneously in both regions. At high 

latitudes the electron density in the D region is enhanced while 
67,68 

at mid-latitudes the total content 	and the density at the peak 

of the F layèrlUsuallY,Eire first enhanced over abolit 24 hourb 

(positive phase) and_then depressed :overa. period'of a few days: 
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(negative phase). However, the decrease in density at the peak 
68 

precedes the decrease in total content by several hours , and 

occasionally, large systematic storm-time variations in topside 

total content occur that are not accompanied by significant or 

regular changes in the peak density or in the bottomside content 

At lower latitudes, the positive phase usually increases and the negative 
69 

phase decreses until at the equator only the positive phase remains . 

In some particularly strong storms a negative phase does occur at the 

equator. 

11.6.1. 	Plasma Temperatures During Storms  

It has been shown by incoherent scatter measurements at 

mid-latitudes that during the day the disturbed and quiet day electron 

temperatures in the F region below about 400 km appear to be about the 
70,71 

same 	, whereas above 400 km the electron teMperature is slightly 

higher on disturbed days. During the night, the disturbed time electron 

temperature is 300 °  to 600 °K greater, and the ion temperature is slightly 

greater than in quiet times. The ion temperature below 400 km is greater, 

and above 400 km is slightly less on disturbed than on quiet days. 
72 

Wilimore , using Ariel I data, found that between 

0400 and 1200 km altitude electron density enhancements, and electron 

temperature decreases of about 180 °K, were associated with.geomagnetic 

storms, both at night and during the day. He attributed the :temperature 

changes to increased collisional cooling due to the increased electron density. 
59 

Ondoh , from Alouette I data, found that during 

mild storms the electron density increased above 500 km height and 

67 
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decreased below at all local times. He conCluded that the increase 

was due.to expansion ofthe neutral atmosphere § . which would lift: 
, 	73. 

the whele ionosphere,,causing .  higherdensitiés at . high heights 

The decrease . below 500 km he attributed to increased chemieal lôsses. 

Like Willmore, he expected the enhanced electron density above 

500 km to cause decreased temperature through additional collisional 

cooling. Decreased electron density in this region during severe 
74 

storms should then allow the temperature to increase. Reddy et al 

found a similar result at 640 km, by relating bottomside sounding 

data to probe data from Tiros 7, and also found that measured 

decreases in electron temperature were associated with the increases 

in density at 640 km. The  y also interpreted the storm-time 

enhancements as due to thermal expansion of, the neutral gas lifting 

the whole ionosphere. 

11.6.2. 	N(h) Distributions During Storms  
47. 

,Nishida 	investigated.structures in the polar 

disturbed ionosphere, using Alouette I N(h) data. He constructed 

"deviation" contours, similar to his variability plots of Fig. 10, 

using the difference between the storm and average quiet day data, 

expressed as a percentage of the quiet day data. An example is 

given in Fig. 17, for the magnetic sorm of 23 Sept. 1963, for 

Kp = 9 - . Regions of storm-time density reduction are shaded. Below 

66
o
N geomagnetic at noon, and below  82°N  geomagnetic at midnight 

the storm time ionosphere is enhanced above and depleted below 

450 km. A general storm time depletion at all heights over the 

polar region is evident. Nishida showed that storm-time changes 



enhanced the high latitude peaka,' often tb 'as much as fiVé times 

their average Value,' and  caUsed them to Move Several degrees'south, 

. _ 
He also found that.the . plasma Was depleteft at  the  pole:andin.the 

. 	,treugh. 

Nishida explained his results in terms of the 

number of field lines convected through the "open" tail region of 

the magnetosphere, and of heating of the magnetospheric  plasma  by 

the hot storm-time solar wind (i.e., the area and velocity of plasma 

exit). He pointed out that the plasma temperature increased toward 
75 

the magnetopause , the temperature of the solar wind increases 
7G 77  

with increasing Np 	, and more field lines are transported into 

the tail region during storm than during quiet times. All of 

these would tend to increase the escape of plasma from the polar 

regions through the magnetospheric tail, leading to the observed 

reduction of electron density over the polar region. He also invoked 

lifting of the plasma due to heating to explain the increased density 

above and decreased density below 500 km at mid-latitudes. 

Sato constructed contours of the Nishida type 

for 20 disturbed passes of Alouette 1 for the low and mid-latitude 

regions. An example is shown in Fig. 18 for a typical disturbed 

nighttime pass. Regions of storm time density reduction are shaded. 

During the night, the topside ionosphere at geomagnetic latitudes 

below»fe in the north, and 500  in the- southwas:all enhanced'. Since  

the main  troUgh in the northernrheMisphere flioyq:equatoward.about,,, 
40 	- 

2o per  unit Np dur ing' increased magnetic activity , the'reductions I 

° at 45N and' :55 ° S are probablydue to thè,trough. 
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59 

Sato's results were similar to those of Ondoh 

for the mid-latitude region. (The reader is referred to the paper 

for Sato's low latitude results.) He found that each pass differed 

5omewhat from the others but tentatively concluded that at mid 

latitudes 

( I) the density was often enhanced in the-upper 

region (near 1000 km) but decreased near the 

peak:of the layer. Less often the reverse 

was true. 

(2) The percentage variation was larger in the 

lower than in the upper topside ionosphere. 

(3) The density was most Often enhanced between 

o 
and 40

o 
and reduced between 40

o 
30 	 and 50 

geomagnetic latitude. The enhancements 

occurred over wider ranges of latitudes and 

height in local summer and equinox than in 

winter. 

He concluded that drift motion and ambipolar diffusion 

could not alow,  explain his mid-latitude storm-time observations, 

and suggested that lifting of the ionosphere due to thermal expansion 

might be involved. 
57 

Sato and Chan extended the study of storm-time 
58 

deviation contours of Sato to cover 24 Alouette I , passes over the 

north polar region. They found : that above 60°. invariant latitude 

the deviations from quiet day showed a strong dependence on:magnetic 

local time as well as on latitude and height. Figure 19 summarizes 

the results of their study. Storm-time enhancements occur in two 
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well defined regions 

with the rest of the 

above 80°N near dawn and dusk at low heights, 

region above 60°N, except for a small region 

near noon at 60
o
N, a region of electron density reduction. At 

higher heights the regions of enhancement all expand, until at 1000 km 

the enhanced region covers a large portion of the day time region 

below 70°  latitude and of the nighttime region above 80 °  latitude. 
47 

The Nishida results (reduction over a large region 

near the geomagnetic pole) are explained by Sato and Chan as due to 

the fact that Nishida's data was only in the noon-midnight local time 

plane (both authors used the same Alouette I data, so it is expected 

that their results will agree wherever they overlap). Sato and Chan 

also relate their results to the measurements of abnormally large 
52,53 

electron peaks at 1000 km 	. The distribution of peaks in winter 
53 

for low and high magnetic activity are shown in Fig. 20. On quiet 

days the peaks are confined to zone II (Fig. 12) on the day side, whereas 

on disturbed days, they spread over the whole region above 70 ° , although 

still concentrated on the day side. Although the evidence for a movement 

of the peaks to lower latitudes is not overwhelming, Sato and Chan note 

the indication, and relate it to similar storm time behaviour of the 

auroral oval, that is thought to be due to the lowering of the precipitation 

latitudes of low energy electrons (E < 1 keV) during storms. They 

explain the presence during storms of peaks in the region above 80°N 

as due to precipitation of low energy electrons from the neutral sheet 

into the polar region. Thus they interpret the stormtime behaviour 

of the :topside polar ionosphere as due to 
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(a) lowering of the particle precipitation latitude 

of low energy electrons. 

(b) enhancement of the precipitating electron flux 

intensity at high latitudes. 

The effect of (a) is to produce a reduction 

region (from the absence of particle precipitation), while the effect 

of (b) is to produce an enhancement region near the pole. 

It will be noted that Figs. 19 and 20 are in a 

sense contradictory; since the peaks move to lower latitudes during 

storms, as shown in Fig. 20, there should be an enhancement region 

• between 70
o 

and 75 at 1500 to 1800 LET,and -near 65 o at 2000 to 

2300 LMT. However, this amount of detail is probably not to.be  

expected to survive the averaging processes used in producing Fig. 19. 
79 - 815'60 

Several.authors 	 have studied the 

occurrence of large electron density decreases at the'peak of the 

F2 layer in which the Fi layer became visible from the topside 

(the "G" condition). An example of an Alouette I pass during a 
79,60 

severe storm, during which the G condition was observed 	is 
80 

shown in Fig. 21. Herzberg and Nelms did not find a systematic 

pattern to the occurrence of G condition before and during the 

sudden commencement associated with the proton flare storm of 7 July 
81 

1966 (Fig. 22). Norton concluded that the vertical drifts alone 

could not explain the G-condition data, and suggested that an increase 

of the loss rate by a factor of 16 over the quiet day values was 

required to fit the G condition data. The loss rate can be increased 
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by increasing the N
2 °

r 0
2 
density or by increasing the rate 

coefficient for reactions of these molecules with  o ' ;  Norton 

suggests that increased mixing might increase the neutral density 

sufficiently to explain the results, but favours rather an enhanced 
82 

reaction between vibrationally excited'N 2 
 and 0 . Laboratory 

83 

measurements of the reaction rate indicate that at electron 

temperatures of 30000  to 4000 °K the enhancement should be sufficient 

to explain the G condition observations. - 

During the proton event of 7 . July 1966, Herzberg 
80 

and Nelms also observed a series of vertical bands across the normal 

ionospheric reflection traces on Alouette II ionograms, which they 

called a E-ccndition, and interpreted as due to narrow (- 2 km) 

vertical regions of electron density depletion, or hmini-troughs". 

This interpretation was supported by the plasma probe on Alouette 

II, which measure small scale electron density depletions at the 
84 

time the E-ccndition was observed, 	The E-condition occurred at 

L values of about 11 (about 77 °  geomagnetic) before the sudden 

commencement, and about 6 (about 65 0  geomagnetic) afterward (Fig. 22). 

For the very limited data available, it was found to occur in 

coincidence with sudden changes in the intensity of energetic particles 

of energy greater than 35 keV, and only in conjunction with proton 

events. The note added in proof to their paper, in which they reported 

a E-condition for which no proton flare was reported was later found 

to be premature. The associated proton flare was later reported 

from satellite observations. 
85 

Norton and Marovich obtained Alouette I and II 
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topside sounder data in coincidence with visual observations of red 
86 

arcs 	(enhanced 6300 A airglow) over the central USA (L values of 

- 3). The peak emission rate for red arcs occurs at heights of 350 

to 450 km. They usually extend a few hundred km in altitude but a 

few thousand km in magnetic longitude. Red arcs move from high to 
87 

mid-latitudes during magnetic storms . Norton and Marovich found 

that a major depression in topside electron density occurred over 

the region of the arc, and from scale height measurements, inferred 

that the plasma temperature and the ion mass Within and above the 

arc were considerably greater than equatorward of it. They concluded 

that the electron density reduction was the main (mid-latitude) 

trough. Recent explanations of the red arc invoke collisional 
88 

excitation of atomic oxygen by energetic electrons • which implies 

that energetic electrons may play an important role in the production of 

the main trough, at least during storm conditions when red arcs are 

observed. 

DISCUSSION  

Many of the phenomena of the high latitude high altitude 

ionosphere may be understood as the extension of all F region heights 

of the processes and structure of the high magnetospbere. During the 

polar winter, the enhancements of electron density in the upper ionosphere, 

while apparently highly irregular in individual behaviour, occur in zones 

that are relatively well behaved, and that appear to be related to regions 

of particle precipitation, Observed reductions of electron density, 

on the other hand, appear to be related either directly, or through 

convection, to regions of open field lines in the magnetosphere. 



The two regions, of course 

overlap, so the overall picture tends to be complicated. 
89 

Axford and Hines proposed a model in which 

viscious drag from the solar wind caused large scale convection of 

the plasma in the magnetospheric cavity beyond L shells of about 

4 Re, and used the resulting convection patterns to explain high 

latitude auroral phenomena. Their model has-.been extended by, 
2647 	 90..  

among others, Nishida 	and Brice 	who use it . to  explain a 

number of ionospheric phenomena. 

Both Nishida and Brice consider the plasmapause 

to be the boundary of the plasma that co-rotates with the earth, 

and the plasma beyond the plasmapause to be convected through the 

magnetosphere at some time during the diurnal rotation. However, 

a basic difference between the Nishida and the Brice models is that 

the former explained the decreased density in the region beyond 

the plasmapause as due to the convection of plasma of terrestrial 

origin out into the essentially open tail of the magnetosphere, whereas 

the latter considered the plasmapause as an equipotential boundary 

between the plasma of terrestrial origin (inside) and plasma that 

has migrated (or been convected) in from the•  solar wind. The two 

models are not necessarily incompatible; the inward flow model is 

supported by observations of energetic (above a few eV) particle data 

and, •as shown by Brice, agrees with  •the observations of the ambient 

plasma, whereas the outward flow model appears to find its major 

support from the observations of the near-thermal plasma. 

The height distribution of electron density in 



the high ionosphere is governed primarily by electron production 

(which occurs predominantly at low heights) and loss, temperature, 

ionic mass (gravitational forces), and the earth's magnetic field. 

In regions where the field lines are simply connected to the conjugate 

hemisphere, the field acts as a container to the ionization; light 

ions that have sufficient energy will not readily escape, but will 

simply travel along the field and may even reach the opposite hemisphere. 

.Thus in time a genéraI:equilibrium is bUilt-up aIOng  the field s  

an'inçrease  in productionor teffiperature aiMplyplaces . more.ionizatiOn 

at high heights in the "container", forcing'diffèrént ion :distributionS.: 

obtained. In to adjust themselves so that a new pressure balance is 

the polarregions the field lies  are cenvected.into the tai], of the : 

magnptOsphere-at some time during thé diurnal rip-La-Lion, and - the:light 

ions can ekpand:into:a very—large (esbentiallY open) voinme Tbus 

gi7en teMpérature of the ion gas will haVe a very -different effectin 

the Mid-latitude and:highlatitude'regions 

Bauer , in a comprehensive study of diffusive 

equilibrium as applied to the topside ionosphere shows that diffusive 

equilibrium, wlich is a consequence of a Maxwellian velocity distribution 

of particles and therefore is dependent on collisions, may break 

down at latitudes beyond the trough (beyond the plasmapause). 

these regions, where the local electron density can be very low, a 

"collisionless" or ion-exosphere distribution is required, as derived 

9:1 
by Eviater et al . Figure 23 compares the diffusive 

and the collisionless models, and illustrates the very 

of density with altitude that would be expected in the collisionless 

equilibrium 

rapid decrease 



region. Experimental - Idata from .knée 'whistlers are'foundtô'Correspond 
- 	9 

to the 12. distribution On -I:aide the plasmapanse ,  

approximate the collisionless:distribution. 
• 

- Banks  and Holzer :  have shown'that essentiallY 

all Of  the.  e and Het.ionS created in ti*PplarionOsphere'can 

accelerated away from the  •earth into the tail of the magnetosphere, 

but because of its greater mass, the upward velocity of 0
+ 

small for heights below a few thousand kilometers. The process of• 

removal of the light ions over the polar regions (the "polar wind" 

93 

of Axford ) is a dynamic one, and during periods of ionization 

production may well be obscured. 

The picture presented by. the "outward flow" 

models is, of course oversimplified, just as a picture that relies 

entirely upon particle precipitation to explain the structures 

observed in polar ionosphere ià probablY oversimplified.. 

combinatiOn. Of the. two', however may prévide  a  reasonably accUrate 

. „ 
model'. We:know thatthere . is preCipitation of partielès :fromi the_ 

tail region and from the neutral points, that, these particles will 

produce ionization, and that low E,nergy (0.1 to 1.0 keV) component 

of this particle flux will produce ionization in the upper ionosphere. 

Also  we know  that  there are extensive areas of very low electron 

densities at a few thousand km above the polar regions, that there 

are troughs that extend to:the-Peak  of the  F-layer 

light ionsare found, even at-3000 km height 

ions 

to 

will be 

that very few 

in these very low 

density regions, andthat outward flow . of_light 

in th polar  regionS.: 

has been observed 



As suggested by Nishida, if no inward particle 

precipitation were present during the night the whole of the region , 

from the plasmapause boundary to the pole might be one large "trough', 

with perhaps a greater depletion of ionization over the region of 

open field lines than between that region and the plasmapause boundary. 

The peaks of ionization at latitudes above the main trough may 

therefore be due to ionization produced by particle precipitation, 

either from trapped orbits (the 'drizzle" precipitation of Hartz 

and Brice) or from particles that have entered the region along 

the open tail from the interplanetary medium. Also, one might expect 

that as one moved upward away from the main region of ionospheric 

production, that the daytime production would have less apparent 

effect, and the trough would be observable throughout the day. 

energetic particle precipitation caused ionization predominantly at 

low heights, at sufficiently great heights, the large trough over 

the whole of the convective region might be expected to be revealed. 

This is, of course, what is observed as is shown by the Alouette 

high latitude low density region (Fig. 14) and, even more strikingly, 

by the observations of electron density less than 100/cc over much 

of the polar region above about 2000 km altitude 	(Fig. 

The extent to which the regions of influence of 

the two models overlap can be appreciated from the following. Ionization 

will be removed along field lines that are open (i.e., within the 

cross-hatched region of Fig. 7), some time during the day, and in 

the process can dump ionization in proportion to the time they 

earth the.boundary spend in the open region. On the day, side of the 



•••■• 39 

of the region of open field lines is also the locus of the neutral 

points, and along this boundary particles can directly penetrate 

the magnetosphere from interplanetary space. Field lines within 

the cross-hatched region are swept back in the nightside tail, 

and are also open and accessible to particles from the interplanetary 

medium. On the night side of the earth, the boundary of the region 

of open field lines is the locus of the neutral or plasma sheet, 

and corresponds to the regions in which energetic particles from 

the magnetospheric tail can obtain direct access. 

During the polar summer when solar production is 

relatively continuous, the electron density to well above the peak 

of the F layer is substantial, and much of the removal process is 

swamped by the high production under these conditions, the region 

is probably also under the influence of the neutral air winds. 

The main trough appears to be at the locus of the lowest 

latitude region along which ionization can be readily removed from 

the peak of the F layer. If this removal were by upward acceleration 

of ionization, as suggested by the outward flow models, production of 

ionization during the day probably would be faster than the removal 

process, which would explain why the trough does not appear as a well 

defined structure during the day. In the afternoon, as production 

decreases, the trough at the peak of the layer appears, first along 

those field lines that are open into the tail of the magnetosphere, 

and later at lower latitudes, down to the limit of the convective region 

(i.e., the limit of the plasmapause) during most of the night. .  However, the 
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trough is a major depreaSion in the density.of thé-,peak of: the • F 

• 
layers and represents a,large depletion  in the 0+ ibn denSity. 

Therefore a process in addition to the outward flow of light ions 

is needed to explain the trough. The correlation between the Red Arc 

observations and the trough is of interest; it may be that the 

trough result from heating of the plasma by energetic electron 

precipitation, causing either increased recombination due to the 

enhanced reaction between vibrationally excited N 2 
 and 0

+ suggested 

81 

by-Norton , or an.enhanced,outward flow that is sufficient'to 

remove significant ameunts of 0
+ 
 ionization. 

Thus the model that we appear to require over 

the polar regions is one in which there is simultaneously a continual 

+ 
 upward flow of near thermal ions (primarily H and He
+ 
 ) and electrons 

along the field, to be convected or dumped directly out the tail 

of the magnetosphere, and a (probably more sporadic) inward flow 

of low ereergy energetic particles from the solar wind into the 

tail of the magnetosphere (or through the neutral points) and 

down along the field into the ionosphere. As well, there will, of 

course be the flow of energetic particles into trapped orbits and 

precipitation from these trapped hbelts° into the lower ionosphere. 

It appears that the crucial measurements to be 

made at the present time are high altitude measurements of the flow 

of low energy (thermal to a few keV) particles, in both the upward 

and downward directions, along with the distribution and temperature 

of the ambient plasma. 
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ionesphere,  as  revealed by the topsideseunder - satellites,, 

. The,studY of the globalyariatiOns Of the topside 

es, is by 

no means:CoMpiete, but:some:useful patterns are beginning to èmerge,[. 

In brief, the global  structure of  the'high latitude ionosphere at 

a given height àt'or above  the  peak  of the  F layer'is Characterized 

by areas•Of'enhanCed::andfareas of redneedelectron density'At: 

least some of these Peaksand -:troughs;:of-electron density:Toccur in 

well defined zones thatean be 'related tO the configuration of 

magnetic field lines in the magnetosphere and to the précipitation : 

of energetic particles, 

There appear to be two major sources of ionization 

in the high altitude, high latitude ionosphere; production by solar 

ultraviolet and by low energy particles. Since the magnetic field 

near the earth is nearly vertical at high latitudes, horizontal 

transport of ionization seems unlikely, although a flux of thermal 

particles down the field from the nagnetospheric tail may be part 

of the low energy particle flux, and indeed may be the major source 

of thermal ionization at the pole during the winter night. Solar 

production produces the maximum effect at  Fi layer heights, but is 

often the predominant source of ionization at higher heights (a 

least up to 1000 km) due to the diffusive redistribution of the 

ionization along thé field- 

- 	. :I.Joss Of ionizatiOn'belOwabOut25 .0 km "PrObably 

is  due  tO.Chemical reCOmbination but  at  higher.  heights transport 

The:effect  of  this transport, is either along the field is important. 

IV. 	SUMMARY  



day side of the earth, that is, approximately between the location 

(mapped down along magnetic field lines) of the plasmapause on the 

night and day sides of the earth. On the night s ide,  the boundary 

of the region of depletion agrées  well with the location of the plasma- 

pause,  as.déterminéd-frem whistler measureMents:but on the'dày.side . 

to move ionization down into a region of increased recombination, 

or to move it upward into the great volume of the magnetospheric 

tail. The latter appears to be a predominant effect at least at 

certain times of day. 

During the day (which arbitrarily will be 

taken as.solar zenith angles of less than about 80 ° , regardless 

of the hour) and near the peak of the F layer, solar production 

is usually great enough to mask both the effects of particle, 

production and of loss of ionization through upward flow, but 

during the night when solar production is absent, both of these 

effects are revealed. At heights above 1500 to 2000 km all three 

effects are often observable during the day. However, near the 

summer solstice, when the polar F region is under continual illumination 

the effects of solar production predominate to much higher altitudes. 

In fact, near the summer solstice, average electron densities i 

the polar region, at least between the peak of the F layer and 1000 km 

altitude, have little diurnal variation, whereas electron densities 
50 

near the winter solstice have a pronounced diurnal variation 

electron 

latitude on the night  sida to - about 75 -  geomagnetic latitude'on'the' 

. During the Winter' an:extensive.  depleticin.o 

density oCCUrs.over the . polar'regienfrom  about 60°  geeMagnetic' 
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of earth the two do not appear to be in good agreement, with the 

depletion boundary at several degrees higher latitude than the 

plasmapause. Superimposed upon this region of depletion are 

enhancements of electron density that appear to be related to zones 

of particle precipitation. The overall effect of the combination 

of the two is to produce a series of peaks of electron density in 

regions of particle precipitation, and a series of rather narrow 

troughs located between adjacent regions of particle precipitation. 

The main (or mid-latitude) trough is the most equatorward trough, 

and is located between the plasmapause and the region of particle 

precipitation that coincides approximately with the inner of the 

two main _zones of auroral particle precipitation, given by Hartz 
29 

and Brice , i.e., with the zone of low energy (< 1 keV) particle 
34 

precipitation found by Maehlum . 

Poleward of the highest latitude zone of particle 

precipitation electron densities are very low during the winter, 

but near the peak of the F layer are higher than would be expected 

if no source of ionization (either production or transport) were 

available to the region. 

The region of depletion is thought to be related to 

the area over which magnetic field lines are convected through the 

tail of the magnetosphere at some time during the diurnal rotation; 

the reduced electron densities may be due to the flow of the lighter 

ions upward along the field and the eventual loss of them through the 

open tail or through the boundary of the magnetosphere. 

At altitudes of 2000 to 3000 km, electron densities 
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- 
of less than 100/cc '(occasionally as low as.8/cc)- are a frequent 

- 
occurrence over thé region between about 600  geomagnetic latitùde 

on the night side and 70
o 
geomagnetic latitude on the day side of 

the earth, that is, over the region of depletion. (At lower latitudes, 

the electron densities are typically a few thousand electrons/cc 

at these altitudes). At these heights there are also zones of 

electron density enhancement within the region of the low densities,•

but the location of these zones has not yet been determined. 

During the summer the extensive region of depleted 

electron density is not observed below 3000 km altitude, but at 

3000 km electron densities of less than 100 electron/cc are observed 

over the region of the main trough, 

During magnetic storms, the high latitude 

ionosphere is highly variable, but in general the regions of enhance- 

ments of electron density broaden, often covering much of thé polar 

region and occasionally spreading to lower latitudes as well. The 

•  main trough moves equatorward by about 2
o 
 per unit increase of  Np.- . 	. 
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FIGURE CAPTIONS 

Fig. 1: Alouette II ionogram illustrating the Z, 0, and 

X-wave cut-offs, the Z-wave infinity, 0 and X 

wave penetration frequencies and various resonance 

spikes, including an apparent resonance spike 

	

3 	• 

labelled f
T f

N° (From Hagg, ,Hewens and Nelms) -  

Fig. 2: - 	An Alouette II ionogram illustrating resonance 

beats on the combined f T  and fH resonances. 
2 

(After Hagg ) 

Fig. 3(a): 

Fig. 3(b): 

Fig. 4: 

Fig. 5: 

Alouette I ionogram witfi a spread trace between 

200 and 300  km apparent  range .and 2.5 and 3.5 MHz 

resulting from echoes scattered from a.high+latitude  field- 
22 

aligned irregularity. (After Petrie ) 

Alouette I ionogram with a:sPread trace between - 	• 

2,5 and  3.5 MHz resulting from echoes scattered, ' 	• • 

from a low-latitude field-aligned irregularity. 
13 

(After Lockwood and Petrie ) _ 

An ISIS-I ionogram recorded when the satellite 

was just outside a region of equatorial field-aligned 
. 	. 

irregularities. 

An ISIS-I iotogram recorded when the satellite 

• waS within à-region of equatorial field-aligned 

irregUlarities. 



and theeretical determinations of the 
• * 	 31 • 

region, , Of open field lines:(MoDiarMid and Wilson 
47 

and Nishida ). All curves are projected to a 

limit of 'the 

An idealized representatiàn of elle two main" 

zones of auroral particle precipitation (northern 

•hemisphere). Average intensity uf influx 

is indicated approximately by the density of 

the symbols. Coordinates are geomagnetic' 

latitude and geomagnetic time. "Splash" 

precipitation is represented by triangles, 

"drizzle" preciPitation by dots. . (From 
29 

and Brice ) Added to the Hartz-Brice 

Hartz 

Fig. 7: 

diagram iS an estimate  6f the boUndary-of the 

clesed field region (dashed'line): as given . 
31 

by McDiarmid and Wilson  •, from particle 

measurements, 

'A local. time vs geoffiagnetic-latitUde  plot of 

the . location of the main trough (MuldréW), 

equatorward limit of the region - ,of electrônidensity 

Fig. 8: 

less than 100 electrons/cc . (Timleek.and.:Nelme 

the plasmapauSe (Carpenter 	and  .experiMental: 

height Of HOO km.  • *. 	,• 

The Contours  of  constant, plasma Érequency(èlectron., 

denSity)- as à function of height  and geographie:latitude 

for tWofpasses in whiChAlouette II was :. near apogee: 

(from Nelma anciLodkWood ) over the north Polar region. 



Fig. The distribution of the-aVerage:densitY in:autumn 

at 950,.'600, and 350 km  levels. The  average is 

obtained fromthe Alouette  I profilesreçorded 

Fig. 10: 

Fig. 11: 

in geomagnetically quiet intervals in 

1+ 7  

and 1063. (from Nishida ) 

Meridianal distribution of the variability in 

0800, 1200, 1800, and 2400 meridians from Alouette 

data. Variability is derived by dividing, in 

47 
and is expressed in the unit of per cent. , (froffi Nishida ›  ) 

EleCtron density  variation with two large'enhancement- : 

 peaks for  Seven  successive Alouette I  passes

Numbers-at the top and-bottem'represent geographic 

- latitude and'numbers. under .thereference levels 

each mesh point, standard deviation hy ver ge, each mesh point, standard deviation by ver-ge, 

indicate invariant latitudeb.. - (from Sato: and Colin 

Fig. 12(a)(b): Schematic representation of three zones, Zone 1, 

II, and III, where peaks of electron density enhancements 

appear on disturbed  deys in winter (a) and summer (b). 

This zoning is only qualitiative. Dotted shading areas 

show highly speculative zones, owing to rare occurrence 

of the enhancement in those zones. (from Sato and Colin ) 

Fig. 13: 	The N(h) profiles calculated from Alouette II 

ionograms recorded near the 75°W  meridian and 
49 

00 LMT. (from Nelms and Lockwood •) 



of the Alouette II satellite, 

49 

and Lockwood ) 

tibea ,other: than those shoWn hère. (fromTimleck'Nelms ) 

Fig. 14: 	A polar plot of electron density at the height 

. 	 - 	 • . 	 . . 	. 	 . , 	. 
Fig. 15'- - ,, Occurrence of electren,densities<_100/ce, 7 obsérved 

on Alouette II ionograms, plotted against geomagnetic 

latitude (northern hemisphere) and local time for 

Dec 66 to Feb 67 and Dec 67 to Feb 68. The broken 

line indicates the approximate boundary for undisturbed 
94 

conditions. (from Timleck 

Fig. 16: 	Low altitude cut-off of occurrence of electron densities 

< 100/cc, for the northern hemisphere winter from 

Alouette II data. The circled points indicate the lowest 

height at which low densities were observed. Data are 

not available to establish the low-altitude cut-off at 

system of geographic  latitude and longitude. 

The heavy and light lines indicate densities 

of greater and loss than 500 electrons/cc respectively 

for 18 passes taken between 1-15 December 1965. 

The planetary magnetic index Kp was less than 4 for 

the data shown. The local time and altitude of the 

satellite are constant at each latitude for this 

diagram, and are given along the additional axes. 

The location of the main trough in the density at 

the height of the peak of the F layer, found by 

Muldrew on 24 October 1962 (Kp = 4) at comparable 

local times is shown as a dashed line. (from Nelms 



representelectren concentration reduction 
. 	57 

and white areas, enhancement.' ' .(from Sato and Chah' ) 

' Shaded ,areas 

Fig. 17: 	Alouette I, distribution of therelative deviation 

-N)/N of.the, -electron concentration from ' 

average  value for 0035-0053,:September'28,:1963, 

=9,  where n and N are .-the disturbed  and quiet 

day distributions reSpectiyely. :The region where 

the density is less than the average quiet interval 
- . 	 _ . 	 ' 	•47• 

-value is• shown by hatching, (from Nishida ;) 

S S = ( 

the 

Kp 

Fig. 18: 

Fig. lb: 

Alouette I profiles of electron density variations 

in the topside ionosphere durini; geomagnetic 

disturbances in the nighttime. Shaded parts represent 

reduction of the electron density and non-shaded parts 

indicate enhancement or no variation. Solid lines show 

isopleths of the enhancement or reduction rates in 

percentage. (from Sato ) 

Alouette I storm-time electron concentration variations 

at (a) 1000 km, (h) 600 km and (c) 300 km against 

invariant latitude and Magnetic time in ..polar. coordinate. 

Fig. 20: 

Fi2. 21: 

Distribution of electron concentration enhancement peaks 

against invariant latitude and magnetic local time in 

the polar region at a height of 1000 km (from Alouette 

I) cm (a) quiet and (b) disturbed days in winter. 
53 

(after Sato and Colin ) 

- A cross  Section of the :topside ionesphere:froffi 180°  

to.,37°W  longitude  during the occurrence of:a:G condition 

in the ionosphere. .(from Warren ) 



Fig. 22: 

Fig. 23: 

Geographical distributioù after• the solar proton 

flare of July 7, 1966, of (a) the G condition, (b) 

the E condition. (from Herzberg and Nelms using 

Alouette I  and. II data) 

Plasma density distributions along a magnetic 

line, whose apex in the equatorial plane is at L = 5R , 

are shown for a diffusive equilibrium, and a collisionless 

or ioxiexpsphere model, as well as for •R ànd R 

power'laW,MOdels 
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