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’ S . .The major structﬁres,of the high

e

- ‘ - , latitude topside ionosphere and some of
their causal processes are reviewed, Emphasis
is given to the relatidﬁship between plasma
flow in the magnetospﬁere and the structure

A .of the high latitude ionosphere.

I. INTRODUCTION"

Satellite-borne topside sounders have provided a great
deal of information on the global structurg.of the ionosphere at and

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

Lxr

the high latitude results from the topside sounders in Alouettes I
.."‘ | . and II; some facts about the sounder experiments and the vsatellite
| oi*bits3 that are of importance to‘théiﬁeasurements of the lonosphere,
are given in the remzinder 6f?this¥seeti§n.
Tc the present, foup,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,

' - olar .
ISIS-I contains both, All four satellites are in nearaorbits, with
inclinations of 80° or more. ~Alouette I is in a circular orbit at 1000 km

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

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

ol

3520 km respectively.

AN

The sweep frequency sounders in Alouettes L 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 lonogram . The satellites have
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orbital velocities of about 7 km per second, prgviding an ionogram
éampling distance bf about 130 km for Alouette I and 200 km.for Alouette
IT. They are both ip 80° 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 tﬁe peak density of the F layer, along an approximately- north~south
line, from 80°N to 8608, 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 b§'12 hours: about 5 hours between the

inclination latitudeiand 60° latitude and 1 hour between 60° and the
equafor, By combining such dafa collectedf6ver successive orbits,

the global étructure of the ionosphere at-a giveﬁ set of local times
is revealed; by combining the data over a peériod of 3 to U4 months, the
diurnal variation (with superimposed seasonal variation) over a wide
range of latitudes can be obtained.

The resonance beat phenomena293 observed on the topside
sounder ionogramsnprovides an entirely néw experimental technique for
making measurements.of the density of‘a tenuous plasma. ‘Bécause of its
impoptance for studies of the high lat_ii:udeiqnosphere9 some detalls
of - the mechanism are given below,

The frequencies of the resonance spikés observed on the
topside sounder ionégrams yield informa%ion on fN” the piasma frequency,
and on fH,'the erﬁtrqn gyro frequency, at the satellite or various
harmonics and combinations of those frequencies. The cut-off frequencies

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

the mode can propagate at the satellite) are also determined by fN and fH.
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Thus there are a variety of ways

3

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 gyrofrequency

is known accurately, for the reglon below a few thousand kilpmetersr

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

from the observed gyrofrequency resonances,and the various plasma

phenomena can be used to improve the spatial resolution of the

measuremnents of electron number density.

4,5

Table I lists the cut-offs and resonance spikes

that are commonly obseprved.

Many other resonances are also observed;

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

TABLE I

Type Frequency Plasma relations
Cut~offs
Z wave £25 fN2 = £28° + £258, (1)
X wave £x8 fN2 = £x8° - fofH (2)
0 wave £ : .

' N 5 fzI2 (fzI2 - ng)
Z infinity Fzl £y = 5 5— (3)

£21° - £, sin $

Resonance Spikes
plasma- frequency . fN
electron gyro frequency . fH5 2fH9 —— an
upper hybrid frequency £rs 2fy, sz = fT2 - fH2 ()

| $ is the angle between the wave normal and the direction of the

earth's magnetic field.




For the Alouette IT orblt (and hence fo and f )

!

is always above 0.22 M-Iz3 but at hlgh latltudes and altltudes fﬁ

is often less ‘than’ Oul5 MHz (N less_than 280 electron/cc), the low A
frequency limit for the ‘Alouette II sounder. From equatlons (2)

and (4), as fN approaches zero, f£xS approaches f which approaché?s ;f

fH- Since. the frequency resolutlon under these c1rcumstances 1s

usually no better than the bandw1dth of the transmltter pulse ( 15 kHz)
the frequenc1es at whlch fo fT5 and f occur ‘are too closely spaced
for separate 1dent1f1catlon.' HoweverD for electron den31t1es less

than about lQO:electron/ccg.fo— fH is less than lO kHzD and the

transmltter pulse will energlze both resonances 81multaneously.- The7

dlfference frequency, Af may “then be_observed as a'beat or.modulation '

: 2
pattern (Fig. 2) on the closely spaced f and f resonances', Since

fH can bo determined from the 2f splke (~ 2% accuracy) or. from a: spherlcal

harmonlc Field analyslsD f can be calculated from a knowledge of Af,

" according to the-equgzgglﬁ;if— (2f, + Af)Af - A ‘:(5),

' consequently,
o= 18.6mf, " N ()
is Hhe ~ - | .
where m* number of cycles of modulatlon observed per 200 km of apparent,
s the

range, N* .electron numbcr denslty in electrons/cc ‘and all frequenc1es
are in MHz,

Beats also occur on resonance splkes under other condltlons

" (see, for exampleg the_fT resonance of Fig. l) but the resonance beats

of inferest'forimeasurement of the low electron’ densltlespcan beflsolated‘
relaflvely easily fron;thelfolloWing:ﬂ
ll;“-The basic.criferion"for the obseryafion of the
: “lOW denslty" beats 1s that the F. and f resonancesl

H
are separated by less than the bandw1dth of the' ¥e|€n79{l:y

‘ Sjs+efn (lO[( H‘J
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2. Uéually,’thé beats observed on isolated resonances

exhibit é series of beat frequencies throughout

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

Fig. 1), whereas ‘the low density beats exhibif

the same beat frequency throughout the resonance

(see Tig. 2). |
Some empirical rules that are used to énsure that the appropriate
beats are used are that (a) the fN resonance must be at a frequency
less than 0.2 MHz, (1t may be less than the starting frequency of the

ionogram, and so not be observed) (b) the £ and f; resonances must

H
be superimposed, and tc) the beat modﬁlatidn must appear on ‘the low
frequency edge of tﬁé superimposed fﬁg 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 afe observable when the ZfH.and
fT resonances are superimposed. Although the electron density is then
several thousand electrons/cc, it can, of course, be calculated from
this beat frequencyg when this is done it corresponds to the electron
density obtained from. the ob;erved fN:reéonance and from the observed
fo8 .

Electron densities as low as 8 and‘as high as 140 electrons/cc
have beén measured from the Alouette II_idnograms using this method.
The upper limit is set by the telemétry bandwidth,and the electron
gyrofrequency,.and éhould be about luS:éiectrons/cc for the Alouette
II orbit7g the lower limit is set by fH and the duration of the £,
and fH resonance spikes, and should be oﬁ 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) identification 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 of 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 %o try to relate these observations to fhe main
restricting forces present in the magnetosphere.

‘Although by no means‘a surprise, one of the striking
results from the topside sounders ié 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 cencerning irregularities will be summarized.

IT.1 Occurrence of Irregularities in the Topside Lonosphere

Irregularities are observed in two distinct areas of the
topside ionosphere, a polar zone and.aﬁ 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 lonosphere, scattering in the equatorial‘ionqsphere is of

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

. pegions.




Spread F has been categorized into two types, "weak"
and "strong". Alfhough the terms are subjective, the two tybes
give distinctive patterns 6n the ionograms9 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
latitudes greater than about 50° té 60° during the day"time,9910
and about 45° during the‘nightll. During the day the transition
from ionograms exhibiting spread F to no spread F is ofteﬁ abrupt
and occurs over a few degrees of latitude.

During magnetically quiet conditignsD the regioh of
strong spread echoés at about noon local timel0 and 1000 km altitude
is confined to geomagnetic latitudes north of 750N.> Theuregion‘ |
moves from nopth to south before midnight and south to nqrth.after
.midnight. It reaches a minimum latitude of about 75°N around mi,dnight°
The latitudinal variations of the strong”spreqd echoes are similar to
those of sporadic E, visual aurora,-radib blackouts énd 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 T region peak

during the day in the equatorial region and generally greater occurrence

above the F region peak than below.




S II.2. _ Spread F and Ductlng ln the . Topslde Ionosphcre

Spread F ls partlcularly 1nterest1ng in the" equatorlal
reélon .because of the 1n31ght it glves us 1nto the %ktw)t%uc&
| 'of Irregularltles of lonlzatlon alonp the magnetlc fleld
llnes9 and the °tr1k1ng propagatlon effects Wthh are observed
| Lockwood and Petrle13 ldentlfled echoes scattered
frohiirregularltles allgned along the?equatorlal,magnetlc field,
formlng a shell of 1onlzatlon extendlng many km in the E- W dlrectlon
Alouctte T at lOOO km altltude (Flg.»Sb) usually passed over: this
reglon, but Alouette IT and ISIS;I hav1ng perlgees'several‘hundred
km lowor, occaslonally pass through thls shell of 1rregular lODlZathDo
Flgure y shows such an- example from ISIS I
_ In Flg. 4 the ISIS I satelllte was just outslde of the
sheet Aresultlng 1n reflectlons from the sheet thch exhlblt a relatlvely.
sharp upper boundary thut is located just a’ few km from Zero range
over a frequency range- of several MHZ . On the 1onogram of Flg. 5,
recordcd 60 second° and 400 km later the satelllte was lnSlde the
sheetf Only a scatter s1gnal lS observed from propagatlon 1n the :
rertical dlrectlon(e gv,'S to 9 MHz at about 500 km range) most of
the energy is guldod along the field, Wlthln the sheet to the
reflectton level in the near (S) and in the far (L) hemlsphere‘
The remarkablc £ shaped trace 1s duo }4 to the one “hop" of
propagatlon to- the far: hemlsphere ( ) tor the upper part of the 8
two hops to the near- and one’ to the far hemlsphere (28 + L) for the
bottom.part of4the'€g 1The-center bar of‘the~€ is due to an S~+¢L

hopbfandﬂis’horizontalIbecausejthe S and I traces happen to be nearly

mirror. imdges. That is, as the frequency increases,the increase in




path length is balanced 55'5 decrease dn retat*dation° This;fecond} -
is‘by no means a unique example of;such.a:eoineidence;'it'has |
been observedvon several otheb'ionograms.: Noiclear exanbles hevea
been obtained of the satellite emerging helowethevsheet,:so.it is
llkely that the sheet is much thlcker than the 50 km orlglnallj
postulated by Petrie and Lockwood° |

Propagation along field-alighed ionizationtinreéplarities15
(ducting), hetweenvthe-setellite andvfeflection pointsidn the,neer
andvfar hemiSpheres; isva common feature of nid'and low;latitude~top—‘
side sounder ionogbamsQ On occas1on 10 consecutlve hops between
hemispheres have been recorded The dlstance travelled by the waves'
on this occasion was equinaient to once eround the eartth

| ‘Studies have been made of-the occurrence of field—
aligned propagatlon,‘and the size of the structures that guide the
waves15 1%. Several authors-have usec ray- tranang technlques to-
demonstrate the mechanism of radlowave propagatlon back and forth
along 1rregular1tles otilonlzatlon allgned along the magnetle fleld.
One condltlon for a ray to become . trapped by a field- allgned sheet -
of ionization is that the ray must be vory nearly tangent to the.-
more CQ‘:*&‘* ‘\\\

sheet. - As the Irequency is 1ncreased thls condltlon 1s“satlsf1ed ~
at lower'helghts in the 10no$phere.' | |

Scattering and ducting by lrregularltles are 1ntlmately
associated in the equatorlal'reglon. Pltteway and Cohenzolsuggested‘
a combination of vertieai end ducted propagatlon as an expianetion
of "frequency spreading" observed on. equatorlal bottom81de sounder

15

1onograms9 and Muldrew- showed that this “comblnatlon mode" was. a

common form of spread F on topslde sounder equatorlal 1onograms°
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o 21 - R LT
CalVert and Cohen proposed tha* ”rangerspreading” on equatorial_ﬂ'

bottoms1de sounder 1onograms was due to aspect sensltlve backscatter B

- L 18
from 1onlzatlon 1rregularltles elongated along the field, Dyson .

showed a close correlatlon betwcen scatterlng and ductlng9 w1th
chtlng more common at low latltudes and scatterlng nove’ commonia‘{pff
at hlgh latltudes. Loftus et’ al16 found\that scattcrlng'occdrred
only 1n the presence of ductlng in the low and mld latltude reglons.
Flgure 5 1s partlcularlw lnterestlng slnce 1t shows about‘

four extra. ordlnary wave traces which. are ev1dence of prOpagatlon
a]ong ductsiln which the average 1onlzat1on was slgnlflcantly dlfforent
the main tracc is the strongest slgnal occurrlng at the lowest .
frequen01es,-theret55 _1nd1cat1né“f; this case };- >the ducts contalned.
anuescess of ionization_oyerlthe_ambient," |

- "Soméwhat analogoﬁs phenomena'have been*ohserved lnff
the Arctlc.ionosphere 4‘Howéver since the lineswof the magnetic
field stretch much farther 1nto spacc than 1n the equatorlal reglons, -

and at hlah latltudes are swept out into the tall of the magnetOSpherega'
272"

»conjugate ductlng is not observed Petrle ~ has observed spread

T oen ccf\ﬁex_ohua ioRegfoms .

echoes from consecut1Vc Alouette I 1onograms“which first decrease
to zero range,Aand Then extend agaln9 1nd1cat1ng that the satelllte
has passed through ‘a. nearp Vertlcal sheet of 1rregular lonlzatlon -
at 1000 km helght. ‘

Flguro 3a shows an examplc of-reflectlons-from such

a sheet.. In thls case the sheet was magnetlc fleld allgned and -

Aabout 100 - 200 km thlok transverse to thc rlcld The‘dev1atlons-;,

1n electron denslty are suff1c1ently large to scatter slgnals 2 MHz




tm

or more above fx5. In the ionogram of Fig. 3a, backscattered

signals of this type appear between 200 - 300 km apparent range v
and about 2.5 to 4.5 MHz on the frequency scale.

Calvert and Schmid23 proposed backscatter from long,
thin field aligned irregularities as the dominant mechanisms for
producing spread F. Calvert and Warnock12 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 T, based on scatter from a rough
surface, that does not require either field-aligned irregularities

24525

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 fiel@ 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
tai126’27f 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.




IILSti ‘ Partlcles of Energy > 3o keV
: 28
Mcharmld and Burrows & deflned several boundarles

‘found in the energetlc partlcle data from tho Alouette II satelllte.

They found that Eor Kp < 9 betWecn December 1965 and Julj 1966 the

”background” boundary for 35 keV partlcles, Wthh they regarded as

~ the llmlt of the closed fleld lJ.nes9 Varled between about 70

geomagnetlc at . 2l00 LMT. and 77 at 08007hoursD whereas<the'“smooth“

boundary5 whlch they 1nterpreted -as the llmlt of stably trapped

: electrons9 Varled between about 67 at mldnlght and 70 at llOO LMT

The low latltude boundary ‘of the reglon of max1mum frequency range
’ 10

©- for spread F-.echoes, obscrved by Petrlc from’Alouette I 1onograms5

is in good agreement w1th the ”background” boundary of 35 keV partlcles.
s TS
Hartz ‘and Brlce 'comblned a. w1de Varlety of upper

l7‘atmosphere phenomena that they con51dered to be llnked 1n some way to the

1nflux of auroral partlclesg 1nto an 1deallzed representatlon of two

© main zones of aurorql partlcle prec1p1tatlon in the northern hemlsphere

(Fig. 6) : They consldered the outer zone to be assoc1ated w1th a

partlcle 1nflux (>2O keV electrons) that was steady and w1despread

and whlch they descrlbed as a ”drlzzle”, and the 1nner zZone to be

. assoc1ated w1th 1ntense and spatlally llmlted pre01p1tat10n (a few

30
keV elechons) Wthh they callcd after O'Brlen “Splash”’”i he

- splash Zone should occur Very close to the boundary between the open

and closed fleld_llnes. It should be noted that the Mcharmld and
‘ 28 - 10

. Burrows . and Petrie, data are- 1ncludcd 1n the data used by Hartz

o and Brice.. In Flg. 6 a dashed curve rcpresentlng the most recent

31
determlnatlon by Mcharmld and Wllson from the Alouette II partlcle
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.comparlson later in the paper

data, of the boundary of the closed field. ”eglon, is superlmposed

on the orlglnal Haprtz- Brlce dlagram° ThlS curve Wlll be used for

II.3.2 Low Enevgy Electrons (E <1 keV)

The precipitation=0f low1enebgy'electrons.(Edk.l keV)

is of particular importance in the topside ionosphere because ‘such -

particles have their maximim ionization effects‘aboVe about -150 km
(above about 250 km for SQO»eVVelectrons)o Until_very recently, .
few measurements had been made of near thermal particle fluxes.

Since otheb papers in this book deal speclfically.with the present:

state of knowledge of near thermal particle fluxes, no attempt w1ll

be made here to review the subjectu However,.as-background to thls
paper, three general features of their dlstrlbutlons are outllned
32,333,304 o
below .
i(a) In the tail of the-nagnetosphereﬂlow-energy
~ electrons are found near the neutral:sheet ando
are diStributed across the tailvfron dann.
to dusk,. correspondlng to an exten81on of the
sheet, called the ”Plasma Sheet't, They are
more numerous on the dawn than on the dusk
81deD w1th maximum populatlon at 0400 and 1900.
magnetlc local time.
(b) In very general terms, the spectrum of low
energy.electrons softens witn increasing
: geomagnetic latitude and tne"lesé'energetic
' thepart.icleD the higher the:latitude at which .

it is precipitated.




(c) - The hlgh latltude llmlt of observatlona
- of electron fluxes of energy 280 eV < E < 2 7 keV
3‘;15 near 70 geomagcntlc on the nlgnt 81de B
«and naar 80 ratinoon, At hlgh latltudes
there‘are oooaaional 1nterm1ttent “1slands”
';of'such-electrons.

The boundary glven in (c) 1s well outalde the: reglon'v:
of stably trapped 85 keV electrons glven by Mcharmld and Wllaonalgli
but is close Lo thelr llmlt of the closed fleld llnes (see Flg, 6).

Maehium34 found that in the polar reglon, electrons -
of 50 cV to L keV occurred at. .about 73 geomagnetlc latltude at. -
nlght and 88° durlng the days w1th an absencc of such electrons ;; r
(i. e;, a_”polar hole”) at hwgher 1at1tudeson He found that these
olectrons show;d a strona GMT control wdth nax1mum latltude occurrang
at. 1800 to 2000 GMT and minimum latltude at 0800 to 1200 GMT .
suggests thatrthe varlatlon of-low energy flux mlght be due to
”wobbllng” of the ?eomagnetnc.ax1s W1th resPect.to‘the solar nlnd

dlrectlon9,81nﬂc the max1mum latltude ocours when the angle between f;

the geomagnet;q ax15aand the sun—earth-llnerls axmlnlmum.' '

IT. 4 Plasmapause’and‘Troughs-
Thu presenco of a plasmapause9 i. e,;.a sharp drop R

in electron number den51ty at ‘a radial dlstance of 2 to 6 earth radli

35 o
above the equatorlal PLglOﬂ was establlshed by Carpenter - from
' ET
whlstler.mea uremcnt and by Grlngauz ~ from partlcle measurement
37 ST -

Reber and E11is from cosmic’ nolse and Warren from top81dej“

sounding data reported 81gn1flcant dep;etlonS'ln the‘eleCtronidensity
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at thc peak of the F- layer near. 50 geomagnctic latitude' Muldrew39
showed that 'Lroughs” in the elcctron denSity at’ thc peak of the F layer, :
are a persistent feature of the nighttxmc and mid and high latitude
ionosphere. ‘The troughs are aligned’ in the magnetic east -west’ direction9 d.
and_are usually'a few degrees_wide in north—southldirectionm The
electron density. in.the main (the most”southerly;kor midelatitude)
trough is typically one- fourth that of the background density. 1The'
average location of the main troughl*0 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
39 41 u2 L ua‘ uhyo

about 2° per unit Kp : .+ Sharp et al and Sharp reported
abrupt chanves in iom. concentratlon measurements _made on low’ altitude
satellites, that are probably related to the troughs. |

Muldrew39 suggested that the main trough.was:an ektension’
along magneticffield lines, of the whistler “knee".‘ Subseguent work
has further conrirmed‘a close correlation betwecn the twol*2 s but
there ave 1mportant differences; First'fthe decrease of N.at the'
whistler knee refers to a. decrease observed primarily in the radial
direcLion at the equator but a great distances from the earth
whereas the troughs are‘observed in NmégAFQ?‘which occurstat practically
constant heights above (and'close to) the-earth;g.Second; it is;not
clear whether or not the electron density beyondkthe plasmapause
increases_significantlj;iwhereas north of.the main trough,fthe_dénsity
at the peak of the F—laper increases, often to Qalues as:great.as
those south of the troughgrand other troughs are:observed’at higheri.

latitudes. Third, the troughs*are primarily nighttime phenomena,



and are generally masked during the‘day,.whereas the plasmapauée can‘be )
observed at all;times of day Fourth, the troughs occur “in the |
helght range of max1mum productlon of 1on1zatlon, whereas nearly
all of the ionization‘present near the'plasmapause'must have been
produced elsewhere, and have beon dlffused or otherw1se transported :
over large distances. Flfth although the magnetlc L shell along
which the plasmapausevand.the trough are loeated agrees well during
the nightg'during morning and.afternoon.the main_troughtis"observed
at higher L~shells than the plasmapause (Figf'l). | |

| In Fig. 7 the plasmapause lS from Carpenter 's

’46 )

observations for July.l963 ) the trough from Muldrew s northern

39

hemlsphere winter 1962 63 data and the two llmlts of open field f

>
lines .are an estlmate from the energetlc partlclo data of Mcharmld
and Wilsonilv and the thooretlcal limit glven byleshldaQ7. B

Because-of the different perlods of observations the
plasmapause and trough observatlons are not strlctly comparablc;vbut
they are the mostcomplete data avallable, and probably represent the .
gross featurcs of the, dlurnal Varlatlons in p081tlon of the two
phenomena.r As Fig. 7 ShOW09 the trough 1s located approx1mately along
the boundary of the reglon of.open fleld llnes (i.e., the neutral p01nts)A
when it is flrst observed in the earlv afternoon but appear to shift"
equatorward to a posltlon about 10° from that boundary between lSOOK
and 2000‘LMT. The return of the trough in the late mornlng‘to the .
linit.of'the-open field lines cannot be followed because of its ‘
obseuration during the'dayg_it shifts»slowlyjtoWard‘hlgher latitudes'

between about 0100 and the time it becomes obscured, around-0700 LMT.



Between 1900 and OSOO‘LMT thevplasmapause.and'the_trough positions
are in good agreement but the two appear to have 1nverse dlurnal
variations of position; the plasmapause moves poleward ahound 1700
LMT and equatorward about.OSOO LMT.

IT.5,. Electron Den31ty Dlstrlbutlon Over the. Polar Reglon During
Quiet Periods | '

In generai spatlal and temporallvarlatlons of the
dlstrlbutlon of electron den81ty above the peak of the. F- layer are ..
much more regular in the latltude reglonvbelow the malnjtrough_than ;
in the higher latitude.region3 for both quiet and distufbed‘conditions
(Fig. 8). Nevertheless;_seve;al'studies ot'the distributdonpin thes.
high latitude regions.have succeeded in isolating some‘pefsistent;

structures.

II.5.1. - N(h) Distpibutions Below 1000 Knm

N:'Lshidal*7 produced ”averageﬁ>electnon densitytcontouns
on a geomagnetic latitude vs local time plot‘for quiet intervals of
the autumn (northern hem;sphere) 1962- 68D as shown in Flg. 9. For
this study he used a ”mesh“ 4° in longltude and 2 hrs 1n local t:Lme°
The. general featuresAof the main trough and the decrcased complex1ty
at the hlgher helghts can be seen from this figure, Unfortunately,
some of the detall is lost in these Flgures ‘because the N(h) data
used (the DRTE N(h) data publlcatlons) tend to avold some . of the
1mportant but complex structures in the topslde J.onosphere9 whllev

emphaslzlng,other phenomena. In particular, the data probably Favour-

profiles’ in which the density at the sateliite is substantial, and '

.neglectlsomejdata:in which the electron densities are very,small.

Nevertheless; the diagrams~provide a'useful-picture of the polar. .




ouiet ionosphere, Figure lOVshons the variahllity of the data, .
defined by lehlda'as the'Standard deviation dltided by theaVerage9
for each meeh'point; expreésed.as a percentaéeﬂjplt is of.interest_-
that the greatest variahility occurred at'lodo km, ‘and With‘thel.
exception of the 0800 LTbgraphé occurred in- the region of.the -
splash zone.tFig. 6). A | | |
26 47 L :
Nishida explained the plasmapause and the
trough regions in terme of an'"outWard flow® model in which plasma
is removed by the comblned action of magnetospherlc conVectlon and
plasma escape from the tall of the magnetosphere. In his model, |
ionization will be removedlby upward flow along Field lines that-
are open into the madnetoSPheric tail (i.e 0 nithin the cross—hatchedﬁ
region of Fig. 7). However all field llnes poleward of the plasma~i'
pause become open . (1 e°° are convected through the cross- hatched |
region of Fig. 7) at some time during the nlo‘ht9 and in the Process
st :
can ;;l ‘1onlzatlon in proportlon to the time they spend 1n the‘"openﬁ
region. | | B o :
50 S ,
Chan and Colin have recently prepared a massive
study and rev1ew of the global morphology of the dlstrlbutlon of .
electron den31ty above the peak of. the F- layer (prlmarlly for low.and
m:Ld—latJ.tudes)5 based_on_N(h) data from the Alouette I and II satelllteég
It is not‘poSeible here'to present the reSulte-of that work; the' | |
' ‘ bg

veader is referred to it and to. Nelme - - for average and detalled

contours respectively'of electron density in.the polar regionsb'

IIL.5.2. Electron Den31ty at 1000 km

, 51 . .
Thomasvet al - studled latltudlnal electron den51ty




maxima (as opposed to the troughs of Muldrew) above the main trough,
They found a density’maximum immediately beyond the trough tc be a
persistent feature of the ionosphefe‘below 1000 km, with maximum

to trough density ratios of 25 to lAa commonr: occurrence. Although
the diurnal variation of this maxima was not established, at about
1500 ILMT it occurred at about 77° geomagnetic latitudé_9 the‘locatidn
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 lcnosonde 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.geomaghetic 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 dbservgd_ »

was due to upward diffusion of ionization from the precipitation

production region. A similar GMT control of low energy electrons

: ~ 3n
(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.




Lh

in the other zones. In zone I and III, the maxima occur most
frequently during periods of high geomagnetic activity. In zone
I 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
Brice (Fig. 6). The maxima previously found by Thomas et al51
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 IIIL.

1I.5.3. N(h) Distributions Below 3000 km

The foregoing studies were, in general, for altitudes
below 1000 km; Nelms and Lockwoodl*9 showed that at heights near
2000 km, N(h) profiles taken while approaching (and close to) the
low latitude edge.of the trough showed 1 successive decreases of
scale height near 2000 km, whereas the distribution near 500 km
remained approximately the same from vecord 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



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

(It will be noted that Fig. 14 i1s a polar plot of geographic coordinates,
and is not directly éomparable with the geomagnetic latitude vs local

time plots of (Figs..G and 7). They interpreted the decrease ih‘scale
height and the presence of the extensive low density region at high

heights as equivalent 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.

I1.5.4, Electron Density af the Height of the Alouette II Satellite
(500 to 3000 km) ‘

The range of values of number density reported in fhe
Nelms~Lockwood paper was set by the lower frequency limit of the Aléuette Iz
sounder; Hagg29 using the resonance beat method outlined in Sectipn ITY,
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 interpretétion thaf.the very low electron densities are due to movement
of hydrogen ilons to greater heights is4supported by the data of Hoffmaﬁsqv
who found that on several occasions when Hagg observed very low electron

o0

fa e . . + ey s
densities, the predominant ion, even near 3000 km, was O . 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° geomagnetic latitude at night and 65° geomagnetic during the day.

7
Timleck and Nelms used the Hagg method to study the occurrence of



Y B

. 'densibies less than 100 electrons/cc betweenjbecember l9§5 and

February'l968cin bofh‘norbhern and'southern}hemiSDheres;: They}b o
found that below SOOO km altltude the ‘low den81t1es Werevmuch
more preualenb»during winter‘bhan.during summer; during the summer;-o:
the low densltzes were observed only near the reglon of tho maln -
trough and, only near mldnlght 4 P
Flgure 15 is a scatter’dlagram from the 1lmlecke-

Nelms study,Ashow1ng the occurrence or den31tlcs less than lOO
electrons/cc as a functlon of aeomagnetlo latltude and localamean_b-
time for all of the Northern hemvsphere data collecbed between“
December 1966 and February l968. Den81tles'less‘than lbO/cc.
occurred on about l2 of all 1onograms recorded at- gcomagnetlc‘;zf
latltudes above 60 N durlng these w1nter perlodo.‘ The flgure
only shOWs the occurrence 01 denoltles less than lOO/ccD and does~
not show reglons of hlgher electron dens;ty‘tnat occcur w1th1nAtheef_'
reglon (Flgs. 11 and 12). r.Theonerall\picture}iss of course;,:
a comblnatlon of reglono of low electron'censlty and reglons of
denslty‘maxima. The study ‘has . not been completed that puts these
two sets‘of.data tocether but the prellmlnary results 1ndlcate B
that electron‘denslblcs leub than lOO/cc tend to occur on. sucoesslveh;
1onoérams over extended areas of the.polarreglon5 separated by
”1slands” of hlcher densltles | b |

| About H 56 of the data of Flg Al5 are for Kp > b,
The. dashcd llne in Flga lS ln a crude estlmate of the low latltudeAg .
boundary_or the lowAdenslty'reglon for’relatlvely quleb‘condlblon;’

Although only an estinateQ‘thefrealiboundary~is not likely_bo_bej-
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sigﬁificantly’aisplaced'ffom'thé oné‘shoﬁn “-Thc progectlon of the
boundary down the fleld to the 300 km level fﬂom an aesumed helght
of 2800 km, 13 plotied on Flg 7

The separatlon of althudcs JMT and latltude
effects iﬁ the low den31§y data is dlfxlcult:because of the,hlah
inélinafion éhﬁptiédl‘ofbit/of”Alougtte Ii; ‘Howe§er, Tim;eck‘andA:
Nelms isolatedva diurnal and”sﬁnépot éycle deééndehce:of>the minimum
height at whlch eiéctron denulty of lOO/cc occurred as shown in
Flg, 16. Because of the clllptlca1 orbit and the fact that the low
densities occur above about 60° geomagnet1c ldt1tud69 the satelllte
was not 1n‘g p981t;on to-establlsh the 10w,he1ght llmlt‘at t;mes:‘
other than'those shown.in Fig. 16. | | o

“ .Thé'dénsitiés leés than'lQO/qé occur at lower

heights duriné_thé night thaﬁﬂduring'the dayQ'and thefévis anéﬁeféiﬁ
tenden9y~toward higher - héighfs during.mére ﬁéceﬁt years. The
exqeption;'midnighf;téjOHOO LMT9 is>thougﬁf7>£bvbe dué to‘a;séaSQﬁal
effect.overriding the diurnal éffect;:ihe 1965%66 data fof théée,
houro were collncted durJnc December whcreas thp 1967-68 data were
collecied duﬂlng tebruarj Two of thp porlods when no. low electron
den81t1es were obscrved over the polar revlon, even Lhough they
were to be expected from lmmedlately preccdlng mﬁd followlng datagAA*'
were found to c01n01dc W¢th proton event ‘observed by the_IMPvF |
satellite. | ‘ .‘: : |

o : 56 » , -2 \ :

Banks and Holzer  interpreted the Hagg vresults,
and Timléck‘and Nel§é7 interpreted thgif nééults in termé of.thef-‘

removalApf light ions‘by upward flow in regions wheré the field R



lines are swept:back inte the tail of:the megnetOSPhere. lBahks
and‘Holzer showed that eSsentielly all oflthe_thefmal Hf and He+
idns created in the polar iohosphere can he‘aceeierated'away from
the earth into the tail of -the rmgnetos;hereg but that the upward
ve1001ty of the O ions, because of thelr greater mass9 will be
small for heights below a few'thousand'kilemeters. Tim;eek-ana Nelms
showed that the electron densities ohsefvéd<ih their regiens of
very low electron den31ty ﬁere approx1mately what would be expected
if the llght ions were removed, leav1ng behlnd a relatlvoly unaltcred
O distribution., They explalned the diurnal varlatlonAef.the cut-off .
height for N < lOO/cc‘asAdhe to daytime production (of,0+)jbaieing ‘
the height at which N = ido/oc occurs., -Thevsummertime absenee ef
observations of_N < lOO/ec>below 3000 km; except for a few eceurrehoes
immediately'above ‘the me.iri'treugh9 they attribhted to ihcreaeed
prbduction'auring the tiﬁe when much.of.the polar region.is continuelly
illumihated. They p01nted out that the cut- off helght would be
expected to rise dJrlng tlmes of dlSturbancc or partlcle prempltatlon5
elthor due to 1noreaeea productlon er 1ncreased temperature. |

It should be noted, heweverD that the main trough
intolves a large reduction in the den81ty at the peak of the F ~layer, -
which 1ndlcates that there is a reductlon in the O number den81ty
as well as removal of the lighter ioms. - ThlS implies that a further
procees or a &reat enhancement of the outward flow is present in the

trough to cause the reduction in the heavy<1on (O ) density.



. II.6. . Electron Density Distributions Over.the Polar Region

. Dgring Disturbed Periods
| Although 1hls.paper concentrdupé on thehhigﬁ.
latitude t0p81de 1onospherc, it is useful to ‘introduce tﬁc subject
of“thé disturbed 1onosphere w;th a brief d;squsslpn of ‘the general.
global EéhaQiour.:.The-rélevaﬁf;litérafureion'tﬁis compiéi:éubjécf**
is ex“cens;Lvea so fhe follow1ng brlef dlscu881on will be 1ncomplete9
the reader_;s referred for more detall:to referencssW7,'and”5756O"
from'which_the present authors have drawn. much of the féiiéwinng
summary;v: |
‘In general vionospheriévstorms can heléonéidered o

to be due to enhanced influx of energetlc partlcle> (from thermal |
to WeV) From the solar wind ne;r the earth and may be due to dlrect
effecis of the partlcles such as 1onlzatlon or heathg of the uppef
atmosphere, or tovindirect effects such as diSéortion of the geomagnetic-
fiéld (the gebmagnétié storm)g‘establishmentiof ring cufrents that | |
cause iopizétion‘driftsg |

| -  A£,the sudden comﬁenceménf_bf a'maghétic stopmgr
the front (day-side) of the magnetoséhebe becomes comprégsedsl,
an& thié increases both tﬁe{éléctron‘density‘and the mégnetic:field
in the tbpsidé ionosphere». ThlS initial phase of the storm may. lgst
uplto ld:hours. At the begmnn;ng of the maln phese of - the magnetlc

ez :
storm the magnetlc Ileld 1s 1nflated by energctlc partlcles thatiﬂ‘

wko
appear to be 1njected(04\& trapped)orblts near - the plasmapause at
late afternoon and evening longitudes. The decay of thls'enhanced]'

particle belt may.take'several‘days.



The Jono ohcrlc storm offects are obsorved as
changes (1ncreoses or. decreaScs} of electron number den81ty 1n
varlous helght and latltude recr:l.ons9 changes in electron and 1on
tcmperature, ncutral and 1n comp081tlon recomblnatlon rates, and
transport-velocltles,. All of these mey varj 1ndependently in
dlfferent hel&ht lctltude,'seasonal and dlurnal reglmesD and may
also have different etorm tlme bch@Vlour In Splte of thls great,
com_nlex:l.ty5 it appears that some useful general patterns are now

60.
beglnnlng to emerge o

At m1d~lat1tudes the beglnnlng of the 1onospher1c
storm on’ the day side of the earth is ausoclated w1th the beglnnlng
of the main phcse of the magnetlc storgsks%g rcther than w1th the
sudden commencement; HOWeVerg'on the nlght 81dc the full 1onospher1c
storm does not ochr untll the follow1ng daysou :Giedhlllvetxalss
found that 1onospher1c dlsturbances 1n the D reglon 1nvar1ably
occurred whcn ‘the flux level of preclpltated electrons (E > 40 keV)3
neesnred‘;n,Alouette I, rose above 1.4 4 10< elcctrons/cr{ri.a/sec9 and

that the storm lasted a timg¢ proportlonal to the time this’ cr1t1cal

flux was exceeded.

The major dlsturbunces durlng an 1onospher1c
storm are in the electron dnn81ty in: the D and I reglon9 and 1n the
1on and electron tenperatures near the Deak of the F layer. Effects
do. not necessartly occur 81multaneously 1n both reglons‘ At hlgh
latltudes the electron dcnslty in the D reglon 1s enh1nced whlle
at: mld*lﬂtltudes the total contentw'é»8 and thc den81ty at the peak

of the F layer usually ave flrst enhanced over about 24 hours

(positive phcse) and thcn depressed ‘over -a perlod of a few days




(negative phase). However, the decrease in density at the peak

precedes the decrease in total content by several hoursse, 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 content67¢

At lower‘lati't:u_des9 the positive phase usually increases and ‘the negative
phase decreses until at the equator only the positive phase remainseg.

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

equator.

II.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

.tempefafures 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 -’che‘nigh’c9 the disturbed time electron .

temperature is 300° to GOOOK greatér, and thé ion tempefaturé is slightly

greater than in quiet fimes. The ion tempéréturé below 400 km is greater,

and above 400 km is slightly less on disturbed than on quiét days.
Willmore729 using Aviel I data, found that between

0400 and 1200 km altitude electron density enhancements, and electron

temperature decreases of about lSOOK, 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.
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Ondoh , from Alouette I data, found that during

mild storms the electron density increased above 500 km height and



deereased below at all lecel'times. He coﬁeiuded fhat fhe ihcfease
was due. to expan81on of the‘neutral atmouphereJ whloh woula llft

the whole 1onosphere5‘cau°1ng higher: dengltles et hlgh helghts7iﬂ

The deoreaee be1ow 500 km he attrlbuted to increased chemlcal losses,‘
Like WlllmoreD he expeoted the enhanced eleotron:den51ty above_;

500 km toicauseudeoreased te@pefaturethrquh additional oollisiohal
cooling. Decreased eleotfon dehsity.in tﬁie fegion during Severe
sterms should then allow-the temperatﬁre to inorease,  Reddyvet.al7q
found a‘similaf result at 540 km, by,relating bottomsidevsounding;
data to probe deta'from firos 7, and aleo;feund thet measufed
deereeses'in electrdn tembefefufeﬂwereieeSOCEated with the iﬁefeases 
in density at:GMO km. _They also interpreﬁed fhe storm—tiﬁe
enhancemenfsAaeAdue tQ therﬁal_eXpansioh;of:the neutral gas,iifting._

the whole ionosphere,

1I.6.2. N(h) Distributions .During Storms
S : onT. '

f lehlda inves tlgated struoturee in the polar

dlsturbed LODOSthPG u51ng Alouette I N(h) data° He censtructed

”dev1atlon" contours 5 s1m11ar to hls varlablllty plots of Fig. 10,

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

expressed as a percentage of the quiet day data° An example‘ls

glyenbln Fig. 17, for the magnetlo gtorm of 23 Sept° 1963, for‘

Kp =9 . Regions of:stqu~fime density reduction‘ere shadedfx_Below
66°N geomagnetic a-t'-noenD andjbeloﬁ éQoﬁ geoﬁegnetio at midﬁigﬂti
the storm time ionospherenis enhanoed'abofe and depleted.belew“.

450 Im. -A general sfofm>time“depletion afiail heights overAthe"f

polar fegion'is evident..ANishida showed that storm~time.chéhges :



,trough

-above. and decreased den51ty below 500 km at mld latltudes.

enhanced the high latltude peaksD often to as much as flve tlmes
thelr average value9 and caused them to move several degrees southf

He also found that the plasma was depleted at the pole- and 1n the

'-lehlda'explalned-hls»results in terms of the
number of fleld llnes convected throuah the ”open” tail: reglon of
the magnetosphcre and of heatlng of the magnetospherlc plasma by
the hot storm—tlme solar w1nd (1 e',9 the area and veloc1ty of plasma
ex1t) He p01nted out that the plasma temperature 1ncreased toward

75 .

the magnetopause - the temperature of the solar w1nd 1ncreases

. 76,77
with 1ncreaslng Kp- . ,»and,more fleldvllnes are transportedplnto

the tail region76.dur1ng storm than durlng qulet tlmes. 4All of

these would tend to 1ncrease the escape of plasma from the polar

reglons through the magnetospherlc tall leadlng to the observed

reductlon of electron denslty over the polar reglon He' also 1nvoked

llftlng of the plasma due to heatlng to explaln the 1ncreased dens1ty
58

Sato constructed contours of the lehlda type

for. 20 dlsturbed passes of Alouette I lor the low and mld latltude

reglons. An example 1s snown in Flg. l8 for a tjplcal dlsturbed

nlghttlme pass. Reglons of storm tlme denslty reductlon are shaded

Durlng the nlght the tops1de 1onosphere -at geomagnetlc latltudes

below HO in the north and 50 in the south was all enhanced Slnce

the maln trough in the northern hemlsphere moves equatorward about
o

2% per un1t Kp durlng 1ncreased magnetlc act1v1ty R “the’ reductlons

at 45 N and 55 °s are probably due to the trough
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' o | - Sa.“co"s results were 'ei;nii"ar to .thosed of 6ndoh
. | .d - for the mid-latitude regdon,- (1he readcr is rcferncd to the paper
for Sato s low latltude results ) He: found that each pass dlffered
oomewhat from the others but tentatlvely concluded that at mld
lailtudes :' | .

;(l) the-den sity was often enhanced in the- upner
reglon (near 1000 km) but decreased near the
peak:.of the layerf 'Less‘often the reverse
.was tﬁué,' | | |

- (2) The~nercentage variation.was.larger in:fhe
lower than in the upper top81de 1onosphere.

(é) The - dcns11y was most often enhanced between
and uov‘and reduced betweenvuo and 50°
‘- | _ - geomagnetic -:iatitude‘.‘ The_"enhancements._._f
occurred oner wider,rangeelof latitudes and
height in local sﬁmnenvand;equinox than-in:
winter; o |
He'conclnded thaf:drift;motion and ambipoiar diffusion )
could not alon~ explain his mid-latitnde stormmtine”obsefvations,'f
and suggested~fhat liffing of the ionosphere‘due to'thermal;expaneion ‘
mignt 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. Thej found that above 60 1nvar1ant latltude

the deV1atlons From qulet day Showed a strong dependence on magnetlc

. 3 ' local time as _well as on latitude and height. Figure 19 summarlzes

the results of their study. Storm—time enhancements occur in two



well defined regions above 80°N near dawn and dusk at low heights,
with the rest of the region above BOOND except for a small region
near noon at BOOND 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 reglon above 80° latitude.
The NJ‘.sh;‘l’.daL}7 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
plaﬁe (both authors used the same Alouette I data, so it is expected
that their results will agree whervever they overlap). Sato and Chan
also relate their results to the measurements of abnopmally large
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electron peaks at 1000 km . The distribution of peaks in winter

for low and high magnetic activityss 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 700, 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 reglon above 80°N
as due to precipitatién‘of low energy electrons from the neutral sheet
into the polar region. Thus they interpret the stormtime behaviour

of the fopside polar ionosphere as due to



(a) loweriﬁg of:the particle precipitatioh latitude
of lo* energy electrons.

(b) enhancement ‘of the precipitating electron flux
intensity at high lé%itudes.

The effect of (a)‘is to pfoduce a reduction
region (from the absence of particle’precipitatioﬁ), while the effect
of (b) is to produce. an enhancement reglon near the pole;

Tt will be noted that Flgsu 19 and. 20 are in a
ser.se cdntradictory;~$ince the peaks move to lower latitudes during '
storms, és shown in Fig. 20,-fhere sﬁould be an ehhancement regioﬁ
between 70° and 75° at 1500 to 1800 LMT.and near 65° at 2000 to
2300-LMT. However, this amount of detall is probably not to. be
expected to survive the averaglng pooccsses used in producmng Flg. 19.

79781560
: Several(guthors 4 - have studied.the
occurrence of large electron densit& decfeéses at the peak of fhg
f2‘layer in wﬁich the F1 layer became visible from the topside
(the @M condition). An example of an Aléuefte I pass dﬁfing a

79,60
severe storm, during whlch the G condltlon was observcd is

shown in Fig. 21, Herzberg and Nelmsg9’did1not find a systematic
paitern to the occurrence of G condltlon before and during the
sudden. commencement assoc;ated with the proton fiare storm of 7 Jﬁly
1966 (Fig. 22). Norfonél'concludedvthat thé vertical drifts alone
coﬁld not explain the G-condition data, and suggested that an inérease

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

required to fit the G chditioﬁ data. The ioss'rate can be increased




b

by-increasing the N2 or O2 deneity or by increaéing the rate
ooefficient.for reectionseof these molecules with O+5 Norton
suggests that;incroaeed>mixing might increase the neutral density
sufficientl§ to expiain tne nesultsgvbut favours rather an enhenced,

82 _ :
reaction  between vibrationally excited N, -and o, Laboratory

: 2
meesurements of the feaction r'ate83 indicate thet at electron
temperatures of 3000° to 4000°K the enhancement ehould be sufficient
to explain the G condltlon observatlons‘-'

Durlng the proton event of 7 July 1966, Herzberg
and Nelmse9 also observed a series of vertlea;‘bands across the normal
ionospherio reflection tracesvon Alouette II ionograms, which they
called a'2~ccndition and iﬁterpreted as due to‘narrow (~ 2 km)
vertical reglons of electron denSlty depletlon or "mini- troughs"
This 1nterpretatlon was supported by the plasma Drobe on Alouette
II, which measure small scale electron den31ty depletlon° at the

8k

time the Z-cendition was observed The Z—condltlon occurred at

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

' commencement, and about 6 (about 65° geomagnetic)Aafterward (Fig. 22).

For the very limited data available, it was found to occur in
coincidence with sudden changes in the 1nten31ty of energetlo partlcles
of energy greater than 35 keV, and only in conjunctlon w1th,proton
events., 'The note added 1n proof to thelr paperD in which they. reported
a Z—condltlon For Wthh no proton flare was. reportod was later found -
to be premature. The associated proton flare Was later repopted

from satellitefobeervations.n

. : 85 : .
Norton and Marovich obtained‘Alouette‘I and IT



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

topside sounder data in coincidence with visual observations of red

86
arcs (enhanced 6300 A airglow) over the central USA (L values of

" 8). The peak emission rate for red arcs cccurs at heights of 350"
to 450 k. They usually extend a few hundred km in altitude but a
few thousand km in magnetic longitude. Red arcs move from high te
mid-latitudes during magnetic s‘torms“° -Norton and Marovich found
that a major depression in topside eleetron denéity 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)
treugh, 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

observead.

IIT. 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 magnetosphere. During the
polar winter, the enhancements of electron density in the upper ionosphere,
whi;e 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.




Tﬁe t&q regions;,of coﬁrséﬂ-
overlap, so fha ove:all:pictufe tendaato be éomplicated: “
Axford and Hineseé bropéaad a ﬁodél_in which
viSCioua drag from fhe:aélar wind'caUSea lafgévscale cénﬁectioﬁ_bf;f
the plasma in the magnefospheria”cavity beyond L shells af'abopt;
4 Re, andhused~the reaaltingfconvectiénlpatféras‘to explain high‘ﬁ'
latitude auroral phenaména. Their model has been extended by5
26 17 ‘90, .
among othws9 lehlda -‘ . and JBr'ice..9 who use it to explaia a
number of ;ongspherlc phénomena;: |
‘ Both lehlda and Brlce con81der the Dlasmapaﬁse
to be the boundary oF‘the plasma that Co—ﬁotates_Withgthe aarth5
and the plasma beyond the plasmabause fo beAcoaQecféd thfoagh fha‘*
magnetospheﬁe af some tlme during the dlurnal rotatlon Howévef;
a ba81c dlfference between the lehlda and fﬁe Brlce models is that
the-former explained.the decreased density in the region ‘beyoad_‘
the plasmapause as due to the convectlon of plasma of terrestrlal

origin out into the eSQentlally open tail of the magnetosphere9 whereas

the latter con81dered»the plasmapause as an equipotential boundary °

‘between the plasma of terrestrial originﬂ(inside) and plasma thatf

has ﬁigrated'(or beea Convécted) in from the-solaf wind}' The two
models are not necbssarlly 1ncompat1ble) the 1nwa%d flow model is
subported by observat;ons of energeth (abgye a few eV) éarticle:data
and, as shown by Bficé;:agrees with tﬂé_obseﬁvatioha ofuthe.ambiént’
plaaﬁa, whereas the.oatward fléwkmodelvappearsvta findaifstmajér o
support from the observations of the near-thermal plasma.

The height distribution of electron density in
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the hlgh 1onosphere 1s governed prlmarlly by electron productlon nt‘:‘

'(whlch occurs predomlnantly at low helghts) and loss9 Lemperatureg.»

ionic. mass (brav1tatwonal rorces)D and the earth's magnetlc fleld,
In reglons where the fleld llnes are. 81mply connected to the conjugate _

hemlspherc, the fl@ld acts as a contalner to’ Lhe 1onlzatlod llght
. oo < .

‘1ons that have sufflclent energy w1ll not readlly escape but w1ll
s1mply travel along the fleld and may even reach the opposlte hemlsphere,inf"‘

.Thus 1n tlme a general equlllbrlum is bullt up along the fleld and f

an increase in productlon or temperature s1mply places more 1onlzatlon

at. hlgh helghts 1n the ”contalner‘ forclng dlfferent 1on d1str1butlons oo

to adjust themselves so that a new pressure balance is obtalned n;’;{f;

the polar reglons the fleld lines are convected 1nto the tall of the

"magnetosphere at some tlmo durlng the dlurnal rotatlon9 and the llght

ions can expand 1nto a very large (essentlally open) volume Thus a f
gl"en temperature of the 1on gas w1ll have a very dlfferent efrect 1n
the. mld latltude and hlgh«'latltude reglons

: 27, ,

Bauer -, in-a comprehen81ve study of dlffuslve

equlllbrlum as applled to the topslde 1onosphere shows that dlffu51ve

equlllbrlum which is a. consequencc of a haxwelllan veloclty d1str1butlon S

of partlcles and therefore is dependent on coll:LsJ.ons9 may break

down at latltudcs beyond the trough (beyond the plasmapause) _In.fii
these reglons9 where the local electron denslty can be very low;ea! ; -
”colllslonless” orilon cxosphere dlstrlbutlon 1s requlred ‘as derlved
by Ev1aterA et algl.t.Flgure 23 compares the dlfqulVC equlllbrlum i,

and the colllslonless models and 1llustrates the vory rapld decrease

of denslty w1th altltude that would be expected 1n the colllslonless
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region. Experlmental data from kneo whlstlers are found - LO conmespond )

S e S
to the R dlstrlbutlon out81de thc plasmapause . f.esy to

approx1mate the collelonless dlotrlbutlon. :7

o L 56,, - S
Banks and Holzer : have shown that essentlally

all of the H and He 1ons cneated in the nolar.lonosphere’can be
accelerated away from the earth into- the tall of Lhe magnetosohere;
but bccause of 1ts greaten»nassgvthe‘noward Veloclty of O w1ll be “
small.for.hedghts below a‘feW‘thousand kllometersgu The.pnocess"ofgzﬁnx
removal of thc llght 1ons‘over the polar neglons (the ”polar w1nd“f;?4
of - Axfondgs)’ls a dynamlc one9 and durlng perlods of 1onlzat1on o
productlon may well be obscuredg . |

The plcture presented by the "outward flow"

models 1sD of course overslmpllfled, just as’ & plcture that rellesAQ ‘

entlrely.upon-partlcle_preclpltatlon,to:explalnithe structures:'

‘ obserVed:in'polar'ionosphere is’probably oﬁersimoiifiedal A

comblnatlon of the twov>however may prov1de a reasonably accuratef
nodel': We. know that there 1s preclpltatlon of partlcles from the
tall reélon and from the neutral po:.ntsD that these partlcles mlll
produce :LonJ.zatJ.on9 and that low mnergy (O _'L to _'L O keV) component |
of thJs partlcle fiux w1ll produce 1onlzatlon in the upper 1onosbhere,:,
AlsoD we - knom that there ape exten81ve areasvof veryvlow electron .t
densltles at a fewvthousand km ‘above” the poiar reg:.ons9 that there‘
are troughs that extond to the Deak of the F layer that Very few

llghL 1ons are found9 even a+ 3000 km helght in these very low

'dens1ty reglons9 and that outward flow of llght 1ons has been observed-

in. the polar reglons




spend in the open reglon" On the day s1de of the earth the boundary

As auggested by NJ.shJ.da9 1f no 1nward partlcle
preclpltatlon were present durlng the nwcht the whole of the reglon
From the plasmapause boundary to the pole mlght be one large."trough“
W1th perhaps a greater depletlon of: 1onlzatlon over the reglon of
open fleld llnes than between that reglon and the plasmapause boundary°

The peaks of 1onlzatlon at latltudes above the maln trough may

' therefore be due to 1onlzatlon produced by partlcle preclpl“tatlon9

either. from trapped orblts (the ”drlzzle” preclpltatlon of Hartz

and Brlce) or from partlcles that have entered the reglon along

the open tall from the 1nterplanetary medlum. Also9 one mlght expect

'that as one moved upward away from the maln reglon ‘of 1onospher1c

productwon9 -that the daytlme productlon would have less apparent

effect and the irough would be observable throughout the day Slnce

'energetlc partlcle preclpltatlon caused 1onlzat1on predomlnantly at

low helghtsD at sufflclently great helgh'ts9 the large trough over
the whole’ of the convectlve reglon mlght be expected to be revealed
Thls 1s; of‘course9 what is observed as’ 1s shown by the Alouette
hlgh latltude low don81ty reglon (flg. lu) and9 even more strlklngly5
by the observatlons of electron denslty less than lOO/cc over much
of the polar reglon above about.2000 kn altltude%;? (Flg. 15)

The extent to whlch the reglons of 1nfluence of
the two modcls overlap can be appreclated from the follow1ng, Ionlzatlon
w1ll be removed along fleld llnes that are open (1 e‘,9 w1th1n the

cross- hatched reglon ‘'of Flg° 7), some tlme durlng the dayD and 1n

the process can dump 1onlzatlon in proportlon to thc tlme they

......
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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 interﬁlanetary 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 taill can obtain direct access. |

During the'polar summer‘when-solar production is
relatively continuous, the electron density to well above the peék
of the F layer is substantial, and much of the removal proceés‘is
swamped by the high production under these conditions, thé fegion
is probably also under the influence of the neutral air‘winds.

The main troﬁgh appears to be at the loéuéAbf fhe lowest
latitude region along which lonization can be readily remd§ed from
the peak of the F layer. . If this removal were by upward accelération
of ionization, as suégested by the outward flow modéls;_proﬂﬁction of
ionization during the day probably would be faster than.fhe removal
process, which would explain why the trough does not appear as a well
defined structure during thekday. 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 lafitudes9 down to the limit of the convective region

(i.e., the limit of the plasmapause) during most of the night.. However, the




trough is a major dopresslon 1n the deﬁSLty of the peak of the F
layer5-and represents a lar Te: depletlon in the O ion den51ty
Therefore aeprocess~1n aodltlon.to the.outward flow of llGht 1ons
is:needed>to explain the trough. The correlatlon between the Red Arc
obaervations and the‘trouvh is of 1nterest 1t may ‘be- that the
trough result from heatlng of LhC plasma Dy enercetlc electron
pre01pitat1on,.caus¢nc elther 1ncreased recomblnatlon due to the
enhanced reaction between v1bratlonally exclted b and O suggested
by~Norton81: or an- enhanced outward flow that is sufflclent to
remo&e signiflcant amounts of O 1onlzatlon

Thus tne model that we appear to requ1re over
the polar reglons is one in whloh there is 51multaneously a contlnual~
upward - flow of neap thermal 1ons (prlmarlly H' and hu } and electrons
along the Fleld to be convected or dumped dlrectly:out.the tall
of . the magnetosphere, and (probably more sporadlc) 1nward flow
of low enervy ener“ctle par*lcles from’ the solar w1nd into tHc
tail ofAthe magnetosphere (or through the neutral Dolnts} and
down along.the field'into the 10no5phere,~ As well there w1ll, of
course be. the flow: o_‘energetlc partlcles 1nto trapped orblts and
preclpltatlon from these trapped 'belts“ 1nto the lower 1on05phere

| : It appears that the cru01al measurcments to'bo
made at- the prcsent time are hlgh altltude measurements o: the flow
or low energy (thermal to 2 few keV) Partlctesh in both the unward

and downward dlrectlons) along w1th the dlstrlbutlon and temperature

of the_amblent_plasma.




IV. . SUMMARY
The study of the global varlatlons of the topslde

1onosphere, as revealed by the tops1de sounder satellltes, 1s by

no means complete but some useful patterns are beglnnlng to emergen ;,(Ff’“

In brlef the global structure of the hlgh latltude 1onosphere at

-a glven helght at ‘or above the peak of the F layer is characterlzed

by areas of enhanced and areas of reduccd electron dens1ty°:‘At} ;NH.
least some.of these peaks and troubhs of electron denslty occur ln“
Well deflned zones that can be related to the conflguratlon of the
magnetlc fleld llnes in the‘magnetosphere and to the preclpltatlonw

of energetlcvpart;cles.

- There appear to be two major sources of 1on1zatlon',j,‘ o

in the hlah altltude9 hlgh latltude 1onosphech productlon by solar

ultrav1olet and by low energy partlcles Slnce the magnetlc tleld “'

near the. earth As nearly vertlcal at. hlgh latntudesD horlzontal
transport ofvlonlzatlon seems unllkely;_althouch a. ilux of thermal
partlcles down the fleld‘from the 1agnetospher1cAtall may be part)
of the low energy.partlcle flux, and 1ndeed may bc the major source
of thermal 1onlzatlon at the pole durlng the w1nter nlght 1 Solar
productlon produces the max1mum-erfect at “l layer helghts9 butfdsi;
often “the predomlnant source of 1onlzatlon at hlgher nelghts (at gd;
least up to 1000 km) due to the dlffus1ve redlstrlbutlon of the ”
1onlzat10n along the fleld | s

| V Loss of: 1onlzatlon below about 250 km probably
is due to chemlcal‘recomblnatlon but at hlgher helghts transport

along the field is 1mportant The effect of th1s transport 1s elther




" tofnove»ioniaatlon'downvdntofa fegion‘of.inefeased,reconbinationgz"
A on io wove 11 upward 1nto the greatlvolume of the magnetospherlc
tall.‘ The latter appearslto be a predomlnant effect at lgast at
certain +J_mes of day - | :

Durlng the day (Wthh arblirarlly w1ll be

taken as. solar zenwih 1nglus of less than about 80 regardlesssvg;;?-‘
of the hour) and near the peak of tne F layer solar DroductlonJ;wA’
s usually great enourh to mask both the effocts of partlcle

PR

productlon and of lOoS of 1onlzatlon thoough upward flow but

durlng the anht when solar productlon 1s absent both of these

effects'are-revealed At helghts above lSOO to 2000 km all three>
effects‘are often observable durlng the day° However near the - T
summer solstlce whenwthe polar F reglon is under contlnual 1llum1natlon9j'
the effects ‘of solar productlon predomlnaie to much hlgher altltudes.T:n;,~AL
In fact near ‘the sunner solstlce9 average electron densltles ln S
. the’ polar reglon at least between the peak of the F layer and lOOO km |
altJ_tudeD have llttle dlurnal varlatlon whereas electron densltles'i
nean the w1nter.solstlce have afbronounced dlurnal varlatlon50

| . During«the“winter“an;extensiwe:depletlon_oflff’
electron denslty occurs ovef thelpolar feglon’from about 60 geomagnetlc

latltude on the nlght SldO to about 75 geomacnetlc latltude on’ the

day slde of the earth that 1s5‘approx1mately between the locatlon f_-

(mapped down along magnetlc f1eld llnes) of the plasmapause on the
night and day sldes of ihe earth On the nlght slde the- boundary
of the reglon of depletlon agrees well w1th ihe locatlon of the plasma— I

pause9 as determlned from whlstler measurementsD but on the day slde
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of earth the two do not appear to be in good»agfeement, with the
depletion boundary at séyeral degrees higher latitude than the
plasmapause. Superimposed upon ‘this region‘of-depletion\are
enhancements of electfon denéity that appear to be related to zomes
of particle precipitation. The overall effect of the combihationf
of the two is té produce a series of peaks of electron density in
regions of particle precipitation, and avseries of rather narrow.
troughs located between adjécent regions of‘pafticle precipitation.,
The main (or mid-latitude) trough is the moét equatorward trough,'
and is located betwegn the plasmapause and thé region‘ofjparticle
precipitation that coincides approximateiy wifh the inner of the -
two main zones of auroral éarticle precipitation,\given by Hartz
and Bricezgs i.e., with the zone of low energy (< i keV) particle-

3u
precipitation found by Maehlum .

Poleward of the highest latitude zone of.particle
precipitation electron densities are véfy low during the ﬁinter,
but near the peak of the F layer are higher than would be expecfed
if no source of ioﬁization (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 fhe

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



of less than lOO/ccr(occasionqlly as lQW.as.8/cc):are a‘fgéquént
occurrence over the‘region'Betwéen aﬁbut 60o gebmégnetic létitude '
on the night side and 70° geomagnetlc Jlatitude on the day s1de of
the éarth that is, over the reglon of depletlon. (At lower latltudes9
the electron den51t1es are typlcally a few thousand electrons/cc
at these altltudes) At these heights there'ape_also zones Qf»
electron density enhancemént’within'fhe region of'fhe_lbw dénéitiesi9
but the‘location of fhése;zonesvhas not yet béenfdetermined.

Durlng the ;ummer the exten31ve reglon of‘depleted
electron den31ty 1u not observed below 5000 km alt:.tude9 but at
3000 km electron den31t1es of less than 100 . electwon/cc are observed
over the region of the main trough. |

During magnetic storms; the hlgh latltude
1onosphere is hlghly varvableg but 1n general the reglons of enhance~>
ments  of electron density broaden, often cqvering mucb‘df the polar
region and occasidnallj sﬁreading to}léwer iafitﬁdeskaé well. 'The.

main trough moves equatobwérdvby about 2° per unit incréase of Kp.-
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Alouette II ionogram illustrating the Z, 0, and
X—Wave éutfoffs9 the Z-wave in_finity9 0 and X -

wave penetration frequencies and various resonance

spikes, including an apparent resonance spike

labelled IT - fN.

An Alouette II ionogram -illustrating resonance

(From Hagg, Hewens and Nelms)

beats on the combinedffT and fH resonances.,

5
(After Hagg )

"Alouette I ionbgram.with a spread trace betweeh 1

200 and 300 km-apparenf range and 2.5 and 3.5 liHz

resulting from echoes Scattered from a:high+latifude fieldé
‘ S .22
aligned irregularity. (After Petrie )

Alouette I idnbgfam with a;spread trace between .
2,5 and 3.5 MHz resulting from echoes scattered.
from a low-latitude field~aligned'irregularity. |

. A EE:
(AFter Lockwood and Petrie )

An ISIS-I ionogram recorded whén the sdtellite :

was just outside a region of equatorial fiéid—aligned

irregularities.

>An‘ISISmI_ionogram recorded when the satellite

was within‘a~région of equatorial field;aligned )

irregularities.
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i reglon of open fleld llnes (Mcharmld and Wllsen ;

-dover the north polar reglon. (from Nelms and sockwood

~ An idealized-bepresentatiOn of-fhe‘twr main“;

zones of auroral partlcle prec1p1tat10n (northern

'l-hemlsphere) Average 1ntensity UI 1nflux

is 1nd1cated appro 1mately bj the densmty of Al”';
the symbols Coordlnates are geomagnetlc
latltude and geomagnetlc the.' ”Splash”

pre01p1tatlon is represenLed by trlanglesD m’

>"drlzzle" prec1p1tatlon by dots (From;HartZ;:f

29

' and'Brlce l)- hdded +o the Hartz Brlce

diagram is an estlmate of the boundary~of theJ

closed fleld reglon (dashed llne) as glven_ b
51

. by Mcharmld and Wllson ffrdm.partlcle"

measurements,

TA local'time vs;-geomagnetie~latitude plethf u:_]'

- th@floéation of the‘hain treugh (Muldféw)j thé'f

equatbrward limit of~the fegionﬁof eleetrdn¢densityk‘
. ' b
less than 100 electrons/cc (Tlmleck and Nelms )

he ‘

. the plasmapause (Larpenter )3 and experlmental

vand theorecwca1 aetermlnatlons of the llmlt of the (“'

31

L7 -

and lehlda );i ALL cuoves are. pro;eeted to a}

_ helght of 300 km.

The contours of constant plasna frequency (electron

den81ty) as a functlon of. helvht and geographlc latltudee

for two passes in Wthh Alouette II was'” near apogee .

¥9
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Fig. 9:

Fig. 10t

‘ :,each mesh po;Lnt9 standard devlatlon by averegeD f

Fig. li?z_h

Fig. lQ{a)(b)t‘

Fig. 13:

- latitudes and numbers under the reference levels - -

;The dlstrlbutlon oF the average denslty 1n autumn o
Cat 950 6009 and 350" km leve1s°- The average is _ldc
obtalned fDOm the Alouettc T promlles recorded

< in Geomagnetlcally qulet 1ntervals in autumn 1962

R

anq» 1963, (i’rom NlS"llda ) ARV
vMeridienel dlstrlbutlon-or fhélvariabilify’ip~.~~

0800, 1200 1800, and 2400 meridians frbm Aiouette'.-'

I data._ Varlablllty is derlved by leldlngB

W7

and 1s expressed in the unlt of per cent (from lehldd )

2 Electron denslty varletlon w1th two - large enhancement t(

peaks‘for_seven successive’ Alouette I passesﬁ,‘

.Numbers‘at theftop énd;bottomdrepresenthgeogrephic

.53

';_indicate invarient‘latitudes.:‘(frOm‘Satoﬁand Colin ) 1];“‘~”'

Schematlc representatlon of three zones9 Zone I

A II, and 1115 where peaks of electron derslty enhancements

eppear on. dlsLurbed days in Wlnter (a) and summer (b)

X Thls zoning ;snonly qualltlatlve. Dotted shadlng areas ‘

shwahighly speculative’zones;"oW1ng tO‘rare occurrenceirjh
. - 5 3».f

\_of the enhancement 1n those zones (trom Sato and Colln )'.d
Thc N(h) proflles calculdted from Alouet+e II

'.,1onograms recorded near the 75 W merldlan and

A

“h9

' OQ LMT (from Nelms and Lockwood )>¢
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Fig., 1h4:

Fig. 15:-

Fig., 16:

A polar plot of electron den51ty at the helght

of the Alouette II satelllte on»a,coordlnate_‘

D~SyStemiof gedgraEhic latltude:and'iongituaé:'"'

The heavy}and llght llnes 1nd1cate densltles.

of" greater dnd Jess than 500 electrons/cc respectlvely

A for 18 paaSeS taken between l~15 December 1965

The Dlanetary magnetlc 1ndex Kp was less than 4 for D;;'

Hf‘i>the ‘data sho_wn_° The 1ocal tlme and altltude of. the,

A:‘sateliite-are»constant at each latltude-for thls

dlagra'n9 aad are o1ven along the addltlonal axes.

: The locatlon of the maln trough in the dens1ty at’

the” helght of the peak of the F layer fcund-by: ‘

‘_h Muldrew on 24 October 1962 (Xp = H)Vat comparablef

local times, -is shown as‘a_dashedﬁiine;*f(ffcm NeLna:
and Lockwood )

'.,Occufrence of electrcn\densities:< lOO/cc; obéerved :

on Alouette II 1onopramsg plotted agalnet geomagnetlc

latltude (northepn hemlsphere) and local tlﬁe for

’ Dec 66- to Feb 67 and Dec 67 to Fcb 68 Thc broken

llne 1nd1cate° thc appwox1nate boundary for undlsturbed
94 ' L ’

’condltlons._(fpom Tlmleck 3

Low“aititude‘cutuofftcf-cccurfenceiof electrohsdeneitieefAf.:?»

<. lOO/cc, for the northern hemlsphere w1nter from i

Alouette II data The c1rcled POlnto 1nd1cate the lowest;':f

helght at WhLCh low den51t1es Were observed Data are L

not’ avallable to establlsh the low—altltude cut off at

tlmes\other-than»those,shown herefx (from Tlmleck 6 Nelms )
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Fig., 18:

Fig. 20t

T

Fig;‘l7:~

Q . Fig. 19:

Alouet+e I dis'”tfibuficn of fh’e.r‘elative' deviati'on .

S - (n —V)/N of he eleciron concenLratlon from

'f‘the average Vach for 0085 0053 September 23 1963

L Kp-= 9, where n and N are. tne dlsturbed and qulet

day distributions-reSpectlvelyy ,The reglon-where

the den51ty is. less than the average qulet 1nterval
w7

-*fvaluc 1o-shown by hdtchlng (from lehlda‘-)"
‘V;Alouette I croflles of electnon denelty VQflatlonS >

‘ 1njthe tops;de-lonosphere durlng?geomagnet;c:

distufbances'in the”nighttime;' Shaaed partsirepresent

’reduct1on of the electron den51ty and non shaded parts

1nd1cate,enhancement orfno Varlatlon.' Solld llnes show

_1sopleths of the enhancement or. reductlon rates 1n

58
percentage (from Sato- PN

‘ Aloueite 1 storm~time electron concentratlon vaplatlons
b at (a) 1000 km9 (b) 600 km and (c) 300 km agalnst
i invariant latltude and mccnetlc tlmc 1n polar coordlnate._.A

"Shaaed areas rcpnegcnt cJectﬂon concentratlon reductlon

- : : D57
and.whlte are_as9 enhancement: (ffom Sato and Chan ).

Distribufion\of elecfron‘concentrafion'énhancement peakSp')‘.»

agalnst 1nvar1ant ldtltUdb and mdgnetlc local tlme in

')i~the polar reglon at a hclght of 1000 km (from Alouette,»:

" I) on (a) qulet and - (b) dlsturbed days 1n w1nter

53

_(after Sato and Colln “)
- A cross sectlon of the top51de 1onosphere from 180

. to. 37 W longltude durlng the occurrence of a- fe condltlonA;

.60 .
in the ;oncsphere. (from Warrenv)"_
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Fig. .22:

Pig; 23:

Ceographlcal dlStﬁlbutloh.urter the solar proion

flafe.Of July‘71 1966 of” (a) the G condltlon (b).i;:f;"

* the I conditiom. (Fron Herzberg and Melms : u81ng i

Aléuéf£é31 aﬁdf1I data)

Plasma den31tyvdwstr1butléns é¢on a ﬁégﬂé%ic fieid7' B
llne Qhoée-apex in the equatorlal plane 15 at L éﬁé;§ff;
are s£own for a dlfFu51ve equlllbrlum‘ énd a colllslonleés‘

or 1on exosphere model as well as for R 3 and R

o power‘law:mOdels; ‘Q§S:Eﬂ;ii};i‘;:ivﬁw‘ L




I 917

APPARENT RANGE (km)

1000-
2000
3000-

4000-

T y
RIS

t
i
1
{
{

U

e
P

P (TTITIITTTE  L

Y.
Of

)
Q

~, 4 o —~ ﬁ B C 3 - - ,,: y ~
A 07 LRG0 LIAN o5 :
I 1 !

~

Jidb,

0.2

2.5 70
FREQUENCY (MHz)

29 JULY 1967 2212/08 GMT (29.5°S, 160.5°E )
SATELLITE HEIGHT 1154 km

- i |‘ ] f e ‘ -!' ~ : G
0.5 09 125 1516 20| 35 455565175 85 95|15125125

10.5




APPARENT RANGE (K

looo——~_;h~

'.(”f H
vy
A
5 ;. fl r i 'I
""" TR ;“ o4 i e
‘r*}ff*imuimi i '11 A
it

e .u,.l

Rnt

Hy. '
Wi
h N "'| u’ l 3
.{( Nk jiwe l HHh i
.:l“”n"" Fi iR ’m
S difony f it :‘,.i
g !!’ ‘:!' 'f“ ;' iR I‘"'
3000wl g
i e ' NI : e
4 'l g | I‘ :u i; I ! t
,HN ‘o "! . '”IN": !
'l)“'”] u"H { d} f‘!.“ f i
RE J g}q “ ! “l v | 1
c e ML
ENRNL Hitf ' |
. !!.l.ln:h ” d“;!:‘! s %h)
e
S el {
et !u‘} ,,”: ':.HE : I
R TT TR '
8000 =i Rititem W

[N ‘»)ﬁ

Fred

i )

“3

IZY
..:.;# 57
3 = _f: T
~—

X
x=

S == - =

I
l“ ,,[m

"\ ||l

p
o ——

_..-t______.-_,..__.._
P 2P gt eig——— *r_._:,_. PUS- e ey
=il

FREQUENCY (MHz)

19 DEC. 1965 1409/46 GMT (76°N,66°W)
SATELLITE HEIGHT 2760 Km

Fie 2




IRREGULARITY

il 3
..ol

N

FEaEsabe: $z oW ©
SUNNNANE ccdll o

mu ﬂ&““-mmw .MIW-—r 9
=L wmmm ;&wmm-_n 0

e CERREEN
S==SANSKIRNE
" aESNNAMARNER
v st W ' _

_ p [y L v v i {0
5 A O A MM A S MG A G MY S o MY |
et T T 3

| IR

468024

(W) IONVY LN3YvddY

..» ———

20

F LAYER REFLECTION’

FREQUENCY (Mc/s)

15:43 GMT (63°W, 64°N)

T

1 OCT. 1962

el
N
o©
-
l— 0
—
o
<
— Q0
Lo
) o
-8
T T I
3 3 e 3
e @© © <
(W)) HIYY3 3A0AY LHOIEH
_ 1
ST ESNANERRE
BE dﬁwmmm_mug o

(..lu.llllli.

g u-mm-—g
_mmhnmmmmm N

s=MHRNENRRENL

s

| MSEERAERAN

1
o

1000
1400

2 4. 6 =
(w) 39NVY ._,zmmqmn&

DEG. SOUTH

FREQUENCY (Mc/s)

DEG. NORTH

GEOMAGNETIC LATITUDE

20.7°N)

w

I8 OCT. 1962- 00:35 GMT { 63.9°




R

'

APPARENT RANGE (km)

2000

3000

4000

X

T ST ey

2

faede

e,

iy ey

POSN

Ol 05 1.0 1.5 20 30 40 50 60 70 80 90 100
' FREQUENCY (MHz)

18 FEB. 1968 1936/38 GMT (26°N, I7°E)
SATELLITE HEIGHT 733km




91 4

APPARENT RANGE (km)

1000

2000

3000

0.5 1.0 1.5 20 30 40 50 60 70 80 90 100 I
FREQUENCY (MHz) -

I8 FEB. 1968 1937/37 GMT (26°N, I3°E)
SATELLITE HEIGHT 771 km




Py
AA.AAAAAAAAA'A Labes o, 0
Asdabaps aa
Aab A A% . - e

LOCAL TIME

£ G b



%

15
LIMIT OF N_ REGION

(TIMLECK & NELMS)
h’ \\‘“‘
; \\\\\.\\\

(CA/‘?PE/VTER/ \‘:—

PLASMA PAUSE

2l

12
—
—

30° GEOMAGNETIC LATITUDE
40° 09

OPEN FIELD LINES
(Mc DIARMID & WILSON)

OPEN FIELD LINES
(NISHIDA)

00

MAIN TROUGH
(MULDREW)

LOCAL TIME




3 2

HEIGHT (Km)

2000

1000

3000 o= sm

— 20 g —="F - = = = . -
o A=+80° +60° : +40° 1851 LMT 25°  25° 40°
v R e e T St . H - | At A - A= 1 T ] - 0
80°N 70°N 60°N 50°N 40°N 30°N 20°N  10°N GEOGRAPHIC 10°S 20°S  30°S  40°S 50°S 60°S
124°W 84.5W 74°W B4°W EQUATOR 60.5°W 49.5°W
MAGNETIC
EQUATOR
19 DECEMBER 1965 (2259 HRS. GMT.) Kp=4-
30001_ _______ - e —— e - - - ~3000
: / VAR :
‘ : 1/ . 02" Ty i
E 2000 : A ’ ST s
E : 03 e —— Ezuun
- ; . “~~04" 0.6 Mc/s /\:.-\_\\ L
2 | /\/ \ . é 08 10 g e i
= 1000 ; /0 =" 1000
N : 1.5, S
‘ it AT 2. .. ——— —
. %.\\/\—\/’\\, 30 2 0—_\—_——2____:,;-_. et = —
0'1 :.tsno +SBO 6.0 +40° 16;5;8- LMthso ~25°
E Il ey — ey . -y - PR ,.J.'. . 1 .- .. B Sl i i mE— —e B St
70°N 60°N 50°N 40°N  30°N  20°N  10°N GEOGRAPHIC 20°S 30°S  40°S 50°S
93.5°W 83°W 72.8°W EQUATOR 68.5°W
MAGNETIC
GEOGRAPHIC LATITUOE EQUATOR

4 JANUARY 1966 (2138 HRS. GMT.] Kn=3




b 91E

| [

950km UNIT 350km
o. 10 els/cm®

UNIT

e

10'els/em’®

UNIT
10%els/cm®




o8 / // A\
1 U/i/[ ‘;O\ K
I / /

/
/ / [
10—
. 18 ‘@V&V
- /\\/\20\ 3(§ 40\\// \/
4
‘2@ Y
20

. /eI |

[ / | ] L
40 50 60 70 80 NP

CORRECTED GEOMAGNETIC LATITUDE



GEOGRAPHIC LATITUDE, deg

75 70 60 50

K 70
—
70

70 75 80- -,

60"

NOVEMBER 5, 1962

PASS NUMBER
508

509

510

511

512

~

i

i

1
70

80

513

<
o —
o

———

[ B

80 8I.5 80

80 89.5

70

['e] o v

| I |

1
90

~
80

|
i
70

BRPZA I

(o] Le) o o

[=]

RO PR

n

¢-Olxcwd 13d NOILYHLNIONOD NOY.LI313

70

0
15~

10 -
5

1
70

10 -

80 70

80 82.7

70
iNVARIANT LATITUDE, deg

i\

Fig




NOVEMBER - JANUARY
Kp<2

P e
S S SIS AL S ST s
SIS S S TAS S ST
S A A SA S S S S

S LS A SIS

EEARCRE!

MAY - JULY
Kp< 2
2




HEIGHT - Km
o
Q
7

52°N A,

40°No

e 30°N
[}
N
. ®
[}
[ J
o
°
o
[ J
AO
Aoo’
A
‘A ®
"8,
.O-
. A‘._AOO

O—
0.05

T
0.1

I T

T T
0.5

27 FEB. 1966

] T
1.0

" PLASMA FREQUENCY - Mc/s

5.0



140°

160°~

180°—

~160°-

~140°7

100° . . 80°

40°

60° N+ 2100 Km
0845 LMT

20°

-20°

-100° - -80°
| TO I5 DECEMBER 1965



!
|
!

12

09

anumeresemamadlL,

(o}
O

00
LOCAL TIME vs GEOMAGNETIC LATITUDE

\S

FLG



——LOW ALTITUDE CUTOFF
O LOWEST ALTITUDE N < 100 ¢cm-3

- 1967 -68

S

08~ 1966-67

" LOCAL MEAN TIME
)
|

06—

04— X 1965-66
1967-68

02—

o

00 = I I I S I
1000 1400 1800 2200 . 2600
| ALTITUDE (km)

l l
3000




09

NVI1dId3aN 0000

O

.08

NYIQIY3N 002

O/

- 09

dN -

AT SAST T i .\\\\\r\ﬂf\/ @
\ 0L Doy
N

A
X \ 7 % g
ﬁo\\\\\w&k

M\\\/A\

17 \AA\\@W

N

Ol

(WYOOL) 3ANLILIV



SEPTEMBER |6, 1963 ‘PASS No. 4803
| 0200 0130 0100

o -
o
O
1

ALTITUDE, km
o)
o
o)
1

Tk : /o \\\ ' ,\\ \ '
200 —L- | | 1 /4 1 \1\\\\1 |
-70° -60° -50° -40° -30° -20° ~-i0° o° 10° 20°
SOUTH GEOGRAPHIC LATITUDE A
| ! I I I ! ! 1 - ! ! ! I

-60° -50° -40° -30° -20° -I0° ©° I0° 20° 30° 40° 50° 60°
GEOMAGNETIC LATITUDE

Pt

3y 91 d




km

o ///y///// //
L/

IGHT = 1000km 600km

__

7,
04 Y9 4

/
18 ¢ 2 7 %%////

_
0 U

%7




ov V4

NOVEMBER 1963
—JANUARY 1964
Kp<2

INVL, deg

NOVEMBER 1963
-JANUARY 1964
Kp >3

(b)



WHOLS JILINIVIN £961 43TW3LdIS IH) SNISAG INYINIIHT 0L VI4IIS WOYS DILI¥Y THL SSO0HIY

ALISN30 NOYLJ3V3 ADN3ND3YS vWSYTd LNYLISNOD 40 SHNOINOD

JWIL Y301 05¢¢ IWIL 1v301 0022 JWIL Y307 0081 INIL TY307 08 IWIL T¥307 NOON
ONVINIIET 10 dil YVIN  ONYINIIEO GYYHSNYILSIYHD ONYIST dNYOYIAS LIVHLS 9NI43g ¥3S INI439
I I l _ !
ML N.09 M.o8% N-OL M-601 N-G 08 M0ttt NGO M..08L N .09
_ | | B Lo
om .Cow wa Cow _DN —
— 00¢
— 00%
— 009
— 008
L
ZHW ¢ — 0001

ZHIW 90 : . ZHW 90

6 O% €961 ¥IGWILdIS €2 (LWI 2500 O 300
| 3L13N0TY WOY4 YLYQ INIONNOS 30ISdOL

&

Fig 2\




v OV

> CONDITION | G CONDITION

100 __ 80 | 100 . .80
s 15 ~ . ‘. 15 =

‘® BEFORE SC
x AFTER SC



\DIFFUSIVE
EQUILIBRIUM
"~ MODEL
04 L=s /R"3 MODEL
R™* MODEL
N
No | H=3140km
| Te'i'Ti °
10‘2— 5— =3200°K
~ COLLISIONLESS
MODEL
R
| Re =
IO'3» | | | | |

I
O 5 0 15 20 25 30 35
GEOCENTRIC DISTANCE (km x 103)

Frg 2%



Dept. of Communications
Headquarters Library




T



