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Satellite-borne sounding of the topside ionosphere began in 

September 1962 with the launching of the Alouette I satellite. Two years 

later the fixed frequency topside sounder, Explorer XX was launched, followed 

in late 1965 by Alouette II and in early 1969 by ISIS-I. 

In the second section of this paper there is a brief ,  description 

of the sounders; in section three there is a description of the various plasma 

phenomena that have been detected in the sounder data, with indications of 

their relevance to ionospheric studies. A few very preliminary results from 

the ISIS-I satellite are also given. The fourth section reviews the present 

knowledge of mid- and high latitude upper ionosphere obtained by topside 

sounders and other related experiments. 

II. SOUNDER PARAMETERS  

A detailed description of the sounders is given by Franklin and 

Maclean1 . However, some of the less obvious characteristics that are of 

importance to the measurements of plasma phenomena are described below. 

Alouette I and II contain sweep frequency sounders, covering the 

frequency range from 0.5 to 11.5 MHz and 0.15 to 14.5 MHz respectively with 

cycle times of 18 and 30 seconds per ionogram. The ISIS-I satellite contains 

three sounder experiments; a sweep frequency sounder, covering the range from 

0.10 to 20 MHz with a 26 second cycle time, a fixed frequency sounder that 

can operate continuously for 3.5 seconds, 31 seconds, or 16 minutes on any 

one of six fixed frequencies, and a "mixed mode" experiment, in which the 

sounder transmitter operates continuously on a fixed frequency of 0.833 Mc/s 



while the sounder receiver sweeps through the normal Sweep range from 0,1 tq  

20Z.'  .The.three.satellites.have orbital velocities of abouti  km per second, 

so.thelonogram sampling,distance is about 130 km and 200 km for Alouette .1 

and .II, and 180, km  for,ISI8-I. They are in high Inclination orbits, 80°  for 

the_Alouettes,and 8,6.4 °  for X8TS-74_411,three,satellitesare_still,in,operation; 

Alonette.I,and TX now record about 1.4 and 4 hours pgrAay, while TSIS-I operates 

for , abogt.10,,hours_per day., TSTS-1 contalns an onboard.tape recorder that is 

capableOf at9ringA4at.ever_1 hour of data. _There are currentlyabout 	_ 

6 2.5,“0,Alspuette,T, Alpuette,TX, and igs,I topede,sounderrgomisayailahle 

On magnetictape; , the_process4g,of Alouette TT and IST8-TAata into film-

ionograms is usually,accumplighed.within aben e months. 	. 

_ 	As_i.pdicate&ahovg each  of the satellites 	,94,14,° 4-P174/43  

deLe4,asurnents pf.  the . toppi4e ionospherç, along an 	- 

!Iout101,ne, frumflON,to 	These,pole,Q,Plge‘ . paaflee_eaplatapedin__ 

about 1 hour of elapsed time, although the local mean time along . the pub-satellite 
- 

trackyariea,by .12 , hoursabout, :5 J hoursbetween i theinclipat1onlatitude and 

60°  latitude and 1 hour between 60 0  and the equator. 

The sounder pulses are all 100 psec in duration, and all have rise 

and decay times of a few nanoseconds. Thus the frequency spectrum of each 

pulse closely approximates the Fourier spectrum of a square pulse. The first 

sideband nulls are at ±10 kHz, and the amplitude of the 50th sideband (5 MHz 

away from the center frequency of the pulse for an idealized rectangular pulse) 

is only 30 to 40 db less than that of the center frequency. 
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nUMber - densitY. 

- 
III. RESONANCES AND CUT-OFFS  

• It is Useful to  examine  brieÉly the'way in'which the 'plasma résonances 

and ètit-;•of  fs observed  In  the 'sounder data ..can be Used -ter ;iiiéaSure . parameters 

of interest to ionosphéric trhysiCs. The frequencies of the resonance SpikeS 
„ 

yield information on ÉN ; the plasma frequency and on  f11  ,'the  electron àyto 

frequency at the satellite or various harm.onics and combin tationS of 'thcisS -  • 

frequencies. The Ciit-ciff freqUenciés for the variôus modès 'of prOpagaticin 
, 

(i.e., the lOWeit freqnéncy at whiCh the mode 'can propagate' at the satellite) 

are also deterinined by fN and 'f11 ' (Fig. I). Thus, there are a izeriety Of 'waYs 

of measuring combinatiOns Of the electren nuraber denaity N and  the .  

electron gyrofrequency. Inpracticë, the eleCtron:gyrofreqUency Is knox;in 

accurately, for the region beloW`a . feW thouSend kilonietera' altitudè, from 

Spherical harkonié mèders of the earth i a field, and thé variOns piitàma phenékena 

usedto iMprOve the : Spatial reieltition of the ineasurements deeleCtron 

'Table •r IiStS the 'cut-Offs"and résOnanCa' sPikéS 1 ' 4  that  are  cominOnly 

observed. 

■ 

• 



TABLE I 
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cp is the angle between the wave normal and the direction of thé earth's magnetic 

field. 

Several less common resonances are observed that areelso determined 

. by various comb4lat1onspfAà àn4.,40 as,,,shown in Fig. 2 and Table II.  



TABLE II 

- 	- 
Type-. - 	- 	.. _ ,_-• -Frequency _. 	„..plesma.relations  • • 	_, 	..__ 	. 	• 	• 

Plasmalir'egiWilê  
harmonie? 	2fN  ... 	%.•-• 	- 

Bernstein wave•,. 	.: 	 • 	f 2 

	

.464 	N resonances6. 	f
(21 

n = 2,3 ,4) 	fQn = nf 
	+-- 
H 	' 2 	f 	 (5) 

: 	 n 	! 	H • .. 	,- 
•

. • 	. 	f
T 	

. 	, 
Floating spike7 	fFL

! 	f 	= - =  FL 	2 	N 	: H 

. 	- 	. 	.. 
- n f 	=:a resonance frequency 

Mixing 	,-,. 	, 	- f 	:',. 	' 	.- 	, 	 m#: 	: 
• .. 1 	: 	-mix., 

	

, . 	
+ 1)fmix =a. different resonance 

	

: 	L.. 	 .frequency 

Diffuse9 	 ï 	f 	_ 3 e 	_ fN : 	f  
f 

. . 	 '.,- , :c . :-:;Ï::•-ï:i 	-:,-;,..!: 

As well, there are a nuMber of reSOnance phenomena that reveal . 

 additional information abOut éhé Plasma (Figs36) às 

TABLE III 

:•.;,-.. 	: 
Type 	 ' 	' - ''Fréquency- • 	Plaama-reatiOnW -:.  

Remotexesonance10,11 12,13 	 fc 	fN = e fc at level where f c = 2fH 

14,15 Ionospheric resonance echoes 	- 	fN 	, 

Proton gyroresonance16,17,18 	 fPR 

Resonance beats 19 Af 	fN
2 	

(2fH + Af)Af 	for conditions 
3(7) 

of N<140 el/am 



• 
- 7 

The rembte resonance provides 'à useful wai-Of.:determinini .- aCCtirately 

anil simply ,  withdut performing an N(h),  redtictioni  the  electron density at a 

height.  'Other than the . Satellite. The'remOte resonance frequèncy is 'écival to 

the X-wave reflection frequency, fx, at  the real height in the 1.6riosphere 

where fx = 2f11  (fN = 	fH  tl'Using equation (2)]."' , ThiS. frequency can be read 
' 	 - 

direCtly ftôm: the idnograms and  is Called, for. convenience f ,(Fig. 3). Since 

the height variation ofi2f'.;Ul5tiownlrnm.magnet1crfield models, the height 

at 	 2f11  = fo.isreadiIY. .deterMined. 	 . 

The„direct.information•proVided .,-by.the.protongyroresonance 

of; .pattionlar -interest.in  the  17egiOa:heIow 300 km, gince the proton,gyro- 

frequenCy:ia knoen-as acéntatelyasthemagnetic,field, :ehis_resopance does, . 	 . 

however, indicate by ita,:presepoe ,tha4eigoifi'Oaat amounts . Of 41-. .are preset:It, 

• • The- 'Res Qnanc 	ats. are pOsSibly. the, Mdist important of, , „the resonance 

phendmena that.- have so, far. been obrserved, 	they provide an entirely 

, 
nek;experimental technique for making,Measuretnents'in a tenuous, plasma. For 

the  'Al'~uetté .  II .,  prb it fii , (and „hence ,.fxS, ,  and fi) 1.s alcaays :  above .0.22  MHz but 

at high latitudes rand altitudes f is often less than 0.15 . MHz  (N less than 

280 electron/cc ), , ...the low frequency ,  limit for 'the •Alouette TT sounder. From 

equations (2).  a.riscl 	fN  approaches: zero;':',f xSpproaches 	which :approach.  

f 	Since the frequency resolution under .  these Circumatances 'isvuSuaily no 

better ,  than  the bandwidth cf,, : the;, transmitter pulse ( .5e15 kHz), the frequendieS 

t. 'which fxS,. g,r , and fÉr occur. sare l tod,.closely . spaced for separate identification. 

-3 
However,f  or  electron densities,,less , than about  .140,  electron cm_ , fT  

less than 10 kHz, :and, the, transmitter. pulse will energize, both resonances , 

simultaneously. The difference frequency,  if,  may then be Observed as a beat 
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or 'Modulation Amttern ,  (Fig. 6).  on  the closely spacedl,É .and fH  resonances19 . 

Since fH  - can 'be-determined ,from the 2fH _ , -spike 	accuracy>_or :from a, spherical .  

harmonic 'field analysis, f can be calculated from . a - knowledge of Af, , according 

to equation (7) 

18.6 :lid H - 

where m 'nUMber ' of c3;6led Of 'Modidatiteri" per 200  kit  range, e electrôn 

density in electrons/Cm and all frequencies are in MHz. 

Electron densities as low as 8 and as high  a' 	electrons/cm3  ' 

have been measùréd from  the  Alouette 	ionograms using this method. The 

upper limit is set bÿ the telemetry banàwidth and the electron gyrofrequency, 

andshould be about 145 electrons/cm3  for the Alouette II orbit" ; the lower 

limit is set by fH  and the  duration of the fT  and fll  resonance dpikes, and 

should be of the order of 1 eléctron/cm 3  for the 'AlOuette II orbit. 'However, 

for m less' than 1 cycle per 1000 kM (N .--- 5 electrons/cm 3) identification of 

the Modulation pattern on Alouette II ionograms woùld probably become difficult. 

Because this method of measurement depends upon  th  à response of a ' 

volume of the plasma around the spacecraft, rather 'than on the collection 	' 

electrons.,  ils the only known method at the present time of measuring ' 

acCùrateW loW electron 'nuMber densities (most - brèbes encounter difficulties ' 

below a' faw hundred electrons/cm 3) and the method has been used to provide 

an in-flight calibration at low densities of the cylindrical electrodtatic 

probe on Alouette 1121 ànd  of the ion mass spectrometer on the sister' satellite, 

Explorer  oth22  . It Is expected that it will be'used eXtensively to provide' 

similar' calibrations of other probe experiments in the future. 

(8) 

• 

• 
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àné'oÈ 'the' iiájordiscàveries -etOM'the-Àiot.lette -  ïï j  Satalitè was 	' 

obtaineeby thia Methibd of Measurékeilt it .  is -  that eleétron 'densitiéà' bVer--  ' 

an extended area' of the  polar  regibn Often-  fall-tb - lesa'-then 30 - éléetrônsieM " 

›.4titudés'as  1oWYea' ) 2000 -kin, and are - bdcaSiOnallY àS lbw' 	à tb JS -eleCtrens /0413  

below 3000 -km . Èbme - OÈ the resultà of stildies Of the 1W denaity regiene,' ' * 

obtained by this method of measurement, are summarized in ,section IV Of 	' 

111.2 The Mixed Mode Ekperiment on ISIe.;4: 

Fignies 6a and 6b  are  eXaMplea of records taken.  in the mixed Mode " 

of sounding froM 	In thia mode, the frequency: Of thé Seender 

"ix  à àt-d; 	n  Figs.' 6à—àîid 6b) ' ..thï;Onghotit''' ' Tx 

the normal freqUency Sweep ed .-the reCeiVer. The results .fioi this ékperitent - 

II, 	
were Somewhat SiWptising ; Fig . 6à ShOws that all.  Of 'thé COMMot resbnanee Spikea 

are stiMulated bY the tranamitter, reg -ardiesS of their pMity to thé ' 

transmitter frequency. In this case fTx  is clbse to the second* hamenit Of 

fli , other  records' in thiS peas show that siMilar reaultà are Obtained even 

when- Tx  f --iâ'not near anY  of  thè'plasma resonancéS -or eiltoffs, except that' 	- 

the-  gyrbfrequency.  harMânic spikea are enhanced-When'bne Of  the 	hermbniéâ - 
• • 	:,! cdà:èsliDronds tb the transiitter freqùenO. 

Figure 6b was retotdedin: cOnàièiiinS '61 sptead .  F When strbng' dUCtiW 

is likely; even the 2-, 0-, and'I+WaVe refIectiOn iraceS'Were ObSeted 'While-- 

the sounder was in, the  Mixed )m9.4e. ‘ , : At 3.0  MHz ,  the sounder yas _switched, from .; 

the mixed  to  the ,normal Mbde  of  operation and the usual strong spread F traces 
_ 	. 

are seen for the remainder ,of the record. 
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The stimulation of resonances and reflection traces at frequencies 

well_removed from the transmitter frequency,is thought 23 to be  due  to ,sideband 

energy  in the  Fourier .spectrup . of,the rectangular transmitter . pulse. As was 

pointed out in section  11, the amplitude of the 50th sideband of an idealized 

rectangular pulse . would only.  be  30.to 40 db.less than that at  the. centre 

freqgency. 

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. However, because of the increasing influence of field and plasma flow 

effects with increasing height, it is useful to review the knowledge of the 

region in terms of, the major types of structures that are observed, and to 

try to relate these observations to the main constricting forces present in 

thé magnetosphere. 

Although by no means a surprise, one,of the striking results from _  

the topside sounders isthe.extent of  the control,that the earth!s magnetic . 	. 	• 	 , 	• 	. 	. 	. 	•• 	-  

field,exerts.over.the.distribution.and,movement of ionization. Since details, 

of the observations of most of the irregular structures observed in.the topside 

ionosphere...have been 1.4 the literature for  some time, only the principal results 

from-Hrhe,studies,will bp_reviewed_in.the following, 

IV.1. Occurrence of Irregularities in the Topside Ionosphere  

irregâiarities - are obserVed'iâ tWo dis:tinèé'aréàà' .6f the tolide - 

ionosphere, a polar zone and an equatOrial- ioné;" and  bOthOecurrence  and 

 propagation characteristics are somewhat different in the two regions (Figs. 7 and 8). 

11, 



• 
deviâtidn of the'earth's magnetic fiele. 
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• 	 Although thi paper- is mainly C.'onterned 'With the polar ionosphere 

scattering in aw equatorial' ioncisphere 	interestlJecause.of the  insight.. ,  

, 
it gives.én proéesbesin the:poIar'regiona. 	- 

YWeak .apread F ià usuaily obserVed beionograme:recorded`at ,  geomagnetic 

latitedesgreater'ehan abont.50' tà 60"during - the:day tiine, andabout-45! 

during the night. During the day the transition- froeionograms exhibiting 

spread F tO'no ePread'È is'-'often'abrile-and Occurs Over -a -feW degtees of 

latitude.' 	' 	 - 	 ' 

.:"Dthii magnetiéally 'quiet 'cOaditionsi'the'tegion of stiong-slïread 

echoes at 1000 kM is-cOnfinedto ge6magnetid latitudes north  ;~f-75 °N , at about'' 

H).1ï6On'lo'cai:eime: 'The regiOn moves.frôm north-to.aouth beformidnightand r. 

 after-Midnight:. 'It'reaéhès-a MinimtmClatitudeiof'aboutà7eN 

around kidefett: T1ie latitüdïnaJ  variations of  the'etrong apread eChoe'S:are , »': 
• 

similar to tbose of sporadic E, visual aurora, radio blackouts and horitontal 

'er 

• 

In the -polar  zone,  it.ls'diffièùlt'toccimpare,bottomaidè'apetgpside 

data'beeause azirOral abaorPtion and polar blaCkont Oftenobscnrespread.i.:F ' 

rfl 	 - 
obse»rvatiOns madeY frOM the grOund

27  'Aeâthelatitudesthemajot:featurea » 

of theà CCcu'rence patierns ag 	
, :Theliajbr differénéeaare - seCondetyi . - 

maxljria. ab(Ove theiregiân'Peak 	 day'in  th  

genèial» higher' -'àeCnirenCe aboVe:the 3 F-région 'Peak 	 - 

IV.2., Spread F and Ducting in the Equatorial Topside Ionosphere  

Spread F is particularly interesting in the equatorial region, 

because of the insight it gives us into the mechanism of diffusion of irregularities 

of ionization along the magnetic field lines, and the striking propagation 

effects which are observed. 
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Lockwood and Petrie28 
 Adentified echoes scattered from irregular ities 

aligned,along the equatorial magnet-icfield, forming a shell of ionization, 

extending many km in the E-W direction,. Alouette_I at, 1000 km, altitude  (Fig. S) 

usuallY fflsed over,:this,region.,- but Alouette II and ISISI, having perigeea 

severalrhundred'km lower,,,occasionally:pass through this shell oeirregular 

ionization. FIg. .9. shows such  an:example 	 - 

In Fig., 9A the I$IS.I.I,satellite,wasjustputsideof the - sheet,. 

resulting in reflections from the sheet which exhibit a sharp upper boundary,_ 

that is:located-juSt a few-km:from zerorange overrequency range of several 

MHz. On: the iônogramof Fig,. 9e., recorded 60 secon4s'and,400 km-later eitho, 

satellite.was insidethe Sheet.Only-,a scatter. signal is pbserved.from-propagatiOn 

in the vertical-direction(e.gi,.5 to 9,.MHz at abou00,km  range):; niost,of._ 

the.energy is guided along  the field,. withiruthesheet,,to the reflection , 

near(S).-:.and Inthe far.L). hemisphere.- The xemarkable c shaped, 

trace is due 23 to the one "hop" of propagation , to the  far hemisphere  (L) for  

the.upper . part:,0f:i.the-s,two hopstothe i near and oneto.the far hemisphere 

(2S + L)forthe ,ïbottom,part of,thez.,,,The center bar , of the e is duetosn : 

 S + L hop, and, ,ishorizontal beçause,theS and L traces:happen to,be.nearly_ 

as  the frequency increases, the increase in path . 

length-isHbalanced , by:a decreaseyinretardation. This_record s ia by_no means” :  

a unique example of:such;a coincidence;,it has,been observed on several other 

1, ionograms. No clear examples have yet 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 Petrie and Lockwood. 
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• • 'ProPagation aieng - 'fieldalignedionizatiOnirregUleritieS 29  (ducting), 

between the satellite'and'refiectiOn'Pointa in the'near'and 'far . heisPheres 
, 

is a -coMMOn feature of mid and loW latitudef topside'séUnder ianogremi. On' 

oeCasion10 consécutive hoPs hetWeen heMisPherea have-Sen reCOrded*-the' :-  

- -- distance travelled 'by the- waveS on -this OccaSiOn2Was eqUivarent'to  Once  arOUnd' 

Several studies have been . made of the occurrence of field-aligned 

- 29-33 
propagation and the size of the structures that guide the waves -, 	Several . 	_ e 	. 	 , 	 - 	, - 

of these authors  have  used ray-tracingtechniques, to demonstrate the mechanism 

of radio  wave, propagation . baek:and forth along.irregularities of ionization 

aligned alopg:the magnetic field. One  condition fora  ray  to  become traPped 

by a field-aligneesheet of ionization is that the ray, ymetSe very,nearly, 

tangent to the sheet. As the freguency is increased, this ConditiOn,ià satisfied 
rfl 

at lower heights in the ionosphere. 

. - Scattering_and ducting . hyirregularities are intimately associated 

in the equatorial region. ,Fitteway fl and Cohen34, , suggested a. combination of' 

vertical and ducted propagation as an e5plenation of"frequency.sprea4ine 

observa on. equatorial bOttomside sounder ionograms, - and.Medrew29 : showed 

,that this_combination'modeWas a common form of spread F en •p:mside sounder 

equatorial ionograms. Calvert  and Çohon35 	that7range, spre,a4neon_ . 	_ 

equatorial bottomsida sounder ionograms was ,  due ta.appect sensitive backscatter 
• , 

32 
from ionization irregularities elongated along_the field.- brson. showed , • 

a close pPrrelation between scattering,and. ducting , . with dUcting more comman , 

at lowjatitudes,and_scattering :morecommon at high.  latitudes.,Loftus et a13° , 

found,that scg4ering occurred only in,theTresenceof_ducting_in the low 

and mid latitude regions. 



• 

field-aligned irregularities or ducting 37,38 . 
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• Figure.SB,is,paiticularly interesting,since it shows about four . 	. 	 . 	_ 	. 
. 	. . . „ „ 

extra-ordinary.wave  traces  which are evidence  of propagation  elong_ducts in _ 

which the average ionization was significantly different;_the  main, trace  is 

the strongest,signal occurring at the lowestfrequencies, therefore indicating 

in_this case that the ducts contained an excess of ionization over  the  ambient. ,,• 	.". 	. 	. 	, 	. 	 • 	• 	• 

IV.3. Spread F and Scattering in the Polar Topside Ionosphere  

Somewhat analogons phenomena havé been ohsetVed in the Arctic 

ionesphere. However, since the lines Of the magnetic field stretch'mgçh ' 

farther'intO apaCe'than'in'the'eqUatOriai'regionsi .  and'at high  latitudes  aie 

swept out into the tail of the magnetosphere, conjugate ducting is not observed, 

Petrie36  has observed spread echoes from consecutive Alouette I  ionograms which 

first decrease to zero range, and then extend again, indicating that the 

'satellite ' luis  passed through a near vertical sheet of irregular ionization 

at 1000 km height. 

Figure 7 'ShOWs arl'âaMple'Of'refleCtiOns . 'froni'Such a:Sheet. In this 

case the sheet Was Maghetié'field-aligned and abont 100 -  00  km  thiék' 	-- 

transverse  tdthe field. The déViations>1U electron dériSitY  are  aUfficiénii 

large ïo'SCattetsignals >2 MHz Oi''More- abOVefXS.  In  'the- i'Onégrarà 

backaCattered'aignala of 'thià tYPe 'appear between 200L-.  300  kmi apparent  t ranW: ' 

arid'abOUt 	to»4',:5 	the frequency Scale. 

'CalVert and  Sè'imid24  prOpoSed backSéatter frOm long, >thin field' 

aligned iiregularitiesasf the domigent :Mechaniama'foi PrOdUding>ii3tSad F.  

Calvert and'  Warnock27  suggest  that  thé diaappeatance "of directedechoes at' :  

high latitudes may be dge to their being masked by scatter echoes. However, 

there is an  alternat. explantion for spread F that  des  not require either' 
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• IV.4. - Frecipitation'Boundariesat'H1gh -Latitudes. - H'• 

The ambielit.denSity distributioheere also•governed.in a , Major'Wey ,- -  

by-thelpreSence of'theliad,not: - enly:to théexteiit ofAforcing-diffuSive 

equilibrium,  if  and.wheir , it éXistà,•to occur along::the:fieldrather::than 

a - vertical:directiOnybut:also -becausethesfielelines'thà - are'tloseetobthe-

oppositelémisphereprOvidee Majorrestriction.'tothe'free:flOvend'distribution 

of ioniZatiOn- thet'isnOt - present Where - the fielelinessié-Open»into , the 

large  volume  of 'the magnetospherictaiPMP. .Thé boundary-between-:these.h 

tworegicins,,those:ofopen - Yand-of'closed magnetio.fieldAinee„de:the beundary , 

 of majorsignificance:inthehighAenosphere, âtid iSAprObably of:greater, 

importance'inthelOwAenèsphere then'haSthus-far:beenTécognized. 	• 
r  

IV.4.1.'1artiéleS - OFEhei.W> 	 • 	 •- 

McDiarmid and Burrows
41 

defined several boundaries found in the 

energetic particle data from the Alouette II satellite. They found that 

for Kp < 2-  between December 1965 and July 1966, the "background" boundary 

for 35 key particles, which they regarded asthe : limitef:the:Closed 

lines, variedIetWeen'about 70 0 :geoMagnetic;at 2100 1,MVat , 77Pat 0800 hours, 

whereaSthe/SMoothMbOundaryi ,.which they'interpréteeasthe-limitofIstab 

trapped e1eetrOnsvaried-betWeen'about>6 7 ° et midnightand - .70° -et-1.100 LMT. 
.uq, 	• 

The  low , 1atitudeboUndary of the Lregion'of »maximum frequencyrange_forSpreaeF 
, 

echoes, observedlyPetrie 2.':, from'Alotiette•Ii%ionograme, is'in goodagreement 

with thePhàckgroune'boundarof35 ke , A)articles. 

Hartz and Brice42 combined a wide variety of upper-atmosPhere• fs • 

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 
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auroral particle precipitationin.the:northern hemisphere-:(Fig19),They, 

consideredthe outer.zone to be associated. with a particle:influx that was 

steady and widespread, and whiéh they described as a:  "drizzle", and the inner 

zone:to.be'associated.with-intense and.spatiallyilimited events whicir.they 

43, called, , after:O'Brien-:.:'sgash"The splash boundaryshould occur!very:: 

,-clPse.to-the.boundary.between-the open.and-closed  field  lines.:;It:shouid:-y-. _ _ 	- 

	

41 	 26 be noted that,theMaiarmid'and:Burrows - -and Petrie ,  Aata:are includedin  . 	. 

the data.used-byHartz;-and-Brice. In'Éig.10:-two..cürves. : are.added to,the 

original Hartzand.BriçeAiagrams;the most'recent-;determination.by McDlarmict. 

and Wilson44 from  the Alouette.  II particleAata,.?,of.the boundary2ofthe:closed ; , 

field region,:and -a-line estimate-of the Hartz and:Brice. splash.boundary... 

These curves will be. use for comparison later.in.thepape(Fig. 11). 

• 
• • r • 	 - 	 • 	 - 	 ■ 	 • ' ' 	 • 	 • 	 r 	 • 

- 	
, 

• • • • - . 	 . 	_ . 	. 

.Low:Energy.:Elec4rons:'(E--< 1 keV)-  

' »The precipitation oUlow energyfelectrons 	 ; 

particular:importance in the.topsideionospherebecause:suchparticles,have-H.-, 

their-maximum - ionization.effects above'  about150.km-(above,about , ,250..km for. 

45 500.eV : electrons)'. -Very few:measurements exist of..near_thermal-particle 

fluxes.Jlowever, a; few general. :comments ,cary he madé-,on- their_behaviour , 
joz 

from the measurements that doexist'and 4y extrapolation : from measurements  of 

more energetic:particles 46 
 . . 	- 	 2  

(a) , 	the tail qt the , magnet °sphere low energy electrons, :  are , found 

near  the neutra4sheet,and:are,distributed,across the teil.from'dawn H 

to . dusk, corresponding to an extension of the sheet. They are much • 
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more numerous on' the dawn, than : on the dusk side, with,maximum ,  population. 

at 0400' and 1900 magnetic local- time. 	- 	- 	 -; 

(b) 	àpectrttin of low-energy ,  electrons, softens with increasing. - 

geocentric distance-, and the :less: energetic the particle:, the thighery, 	, 

the geomagnetic latitude at which it is precipitated.h 	' 	 :;, 

(c)". The-  high làtitude boundary of, trapped electrons :of: energy 

280 ev,.< E < 2.7 keV : is sat :74 °'..to 769-, georaàgnetic;- on the: evening,:side: 	, 

and 73° to 74 ,̀' at, midnight . Outside. this boundary thère ,-are' occasional 

intermittent nislandan.  of, suCh electrons'. 	- 

The boundary given in (c): 	otitside.,the region :of;.stably----. 

, 	 44 
trappect 35 ;keV electrons 	by McDiarmid: and, Wilson, 	,b,ut tis:Appr,oximately7 

'Coincident. With their limit , ' of ::-the closet±field , 	.(seogig:.. 	,t 

Maehlum
47 observed electrons of 50,:eV. to 1 .1c01.T: fin; the :polaryregions.; :, 

between: , 71?  and .84g.'  geomagnetic latitude., 	, foure that : ,thOSeelectrons 

showed à: strong ,  GMT:control,..,:with  maximum 'latitude :.Occe.r.ring„at 1800 •: :to. ;299Q,.:MIT 

and minimum  latitude :at 0800 'tip • 1200• GM7. ..He , :suggeste that:the: Variation pfu.t.. :; 

 lowf energy flux might be , due ,  .7wobbline • of the -geomagnetic -axis 

respect ,  to•-the solar Wind direction, since , the maximum latitude pçours 

the angle b etweent :the geomagnetic :axis. 	the s.un7aarth 	is :A einimum...:  

IV.5. Plasmap_ause 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 above the equatorial region, 

was established by Carpenter 48  from whistler measurements, and by Gringauz 

from  particle measurements. Reber and Ellis50  from coSilic ray, and Wa:rren 

• 



the F-layer increases, often to values as great'as those south Of the trough, 
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from  tops-ide  sounding data reported significant depletions in the electron 

density at the peak of the F-layer near. 50 ° - geomagnetic latitude. Muldrew25  

showed that "troughs" ih 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 c' id e' ih dorth'-south direction. The electron.  density in the 

main (the most  Southerly, or mid-latitude) trough is typically one-fourth 

that of the -  background density. The average location of the main trough 

during November 1962 to March 1963 isshowhin -Fig.-11 52. The trough .ls- 

generallY:Masked rby'day time productiOn; :during magnetic 'storms-  it-Shifts 

	

25 53 54 	 55 toward  the  equator-by about- )2'e- per' Unit -Kp 	' Sharp et al - and .  Sharp56 

reported abrupt  changes. .ibli Concentration meashrements, made hnA.ow altitude 

satellites,- that - are prbbably related to -the trciughs-.y: 	' 

-'Muldrew25.  --suggeated -  that- the main-  trough; was  an extension along',, 

hag-ileac' fine 	'of'' the 'whistler '”knee". Subsequent wOrk ,  has , :further 

' lion:firmed a -closa'Correlation'between -the ,  two54 57,  Init. there • are-important 

differenteO'. First,thedecréase of N. at the'Plasmapausé iS :primarily in the ' 

vertical directioU,. whereas the trOughs  are  'observed  iti5 	which , ••occurs.:-,.. mak 

at praCtitally - constant'heighta above ' (and - closeto) .'the earth.' 'Second,' 

the electron density beyond the plasmapause doe's not appear to increase 

significantly,. whereas north of the Main trough, the denaity at the Peak of 

and other troughs are observed 

primarily nighttime phenomena, 

whereas the plasmapause can be 

at higher latitudes. Third, the troughs are 

and are generally 

observed at all times of day. 

masked during the day, 

Fourth, the 

• 
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trOughs occur in the height range of maximum production of ionization, whereas, 

nearly . all.of the , ionization present near the plasmapausemust_have, been . 	_ 

produced elsewhere, and have  been diffueed or otherwise transported over 

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

pause and the trough grelocated agrees wellduringthe night, during morning,, 

and  afternoon the main trougheppears to move to higher 4-she11s than .the 

plasmapause (Fig. 11). 

In Fig. 11, the plasmapause.is.from Carpenter's observations for  

July 196358 the trough from Muldrew t s northern hemisphere winter .1962-63 data
25 , 

and the two limits of open field lines are an estimate from the !'splash" 

precipitation data,presentedby Hartz and Brice
42

and thetheoretical_limit, 

given by Nishida5 

Because of the different periods of observation the plasmapause 

and trough observations are :0t  strictly  comparable, ,  but they are the most 

complete data available, and probably Tepresent the gross features of the 

diurnal variations in position of the two phenomena. As Fig. 11 shows, the 

trough is located,approximately along  ,the  boundary of the,region of open . 	_ 

field lines. (i.e., the neutral points) when it Is first observed in the early 

afternoon,3yut moves equatorward to a position  about 100  from that boundary 

between 1500, and 2000. LMT.  The  return of the trough  in the late .morning_to 

the limit of the open field lines cannot be followed because of ,  its obscuration 

during the day; it shifts slowly,tOward higher latitudes between about 0100 

and the time it .becomes obscured around 0700 LMT. Between 1900 and 0500 _  . 	. 

LMT the plasmapause and the .trough positions are in .good ,agreement, .but the 

two appear to have inverse *diurnal variations of position; the plasmapause 

moves poleward around 1700 LMT and equatorward about 0500 LMT. 

- 
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IV:6. Eleétren Density Distributien - OVer'the- POiàr'iegion During  Quiet  Periods 

In general Spatial and temporal:variations of the distribution of ' 
_ 

electron density aboyé the peak Of the F-layer are mùéh More regûlar in the 

latitude region below.  the main:trough than in the higher latitude region, fer - 

. 	- 	- both quiet and'disturbed conditions 60  (Fig. 12)'. Nevertheleas, several studies 
, 	- 	- 

of the distribution in the high latitude regions have- Succéeded'in iSolating 

some persistent structures. 
_ 

IV.6.1. N(h) DiStributions BelaW bjcio 1(1  

Predùced'"aVerage electren -densitY ' contours 'on à geOMagnetic 

latitude Vs  local  time Plot for quiet ihteilialà oÉ the àùtumn (nOrthern hemosphere) 
. 	 . _ 

1962-64 as Shown'in Fig. 13. For - this Study he used â 	 lengitude 

and 2 hrs in local time. The general features of the main treugh and the -

decreased complexity at'the higher heights can be sein froM this figure. 

Unfortunately, some of the détail is lest in these figures because the e(h) 

data used (the  bRTÉ N(h) data :p'ùblibatidn's) tend td aVoid Some 'Of'the'important 
, 

but complex structures in thé fdpside• ionosphere', While emphasiing Other 	' 

phenomena. In particular, the 'data probably faVour profiléà in Which 'the density 

at théâatelliée Ia.-Substantial,' and negleét soMe  data in  whicti  the  eleèton 

densities are very small. NevertheleSs, the diagrams provide a useful picture 

of  the  Polar qûiet ionesphere. FigUre 14 àhows  the  variability Of the data, ' 

defined by NiShida as the standard deviation divided bY the average, foi  •each 

mesh point, expreaaed  as à percentage. It is of interest that the greatest - 
,. - 

variabiliy' idéurrid at 1000 km, and 1:7fth'âleexcePtiOn.'oi  the 0800  LT 'gxWi e  

occurz'ed in the'region - Of thé iplaSh béundarY (Fig. 11). 

• 
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3959 Nishida ,  s explained the plasmapause -and the trough reàions in 	' 

terms of an "outward flow" model  iii  which plasma is removed,  by the combined 

action cd Magnetospherié convection: aluipiaailtatescapé from th-e, tan :Of th:,: ;  

magnetosphere. 'In  hié.model;:iônization will 'be-removed by:, upiaard -  floW - alone 

fieldlinea that -  are open into - the magnetôseletit tail (1.::e - within the 

cross-hatched" region of • ig . 11) ; Rowever a11 ,  -field: lines poleWardôf  •the 

plaaniapans e he tôMe 'open -( I :e • ate ' convected' through  the  Croaa-hatàhed tegion 

of Fig: 11) Y at sôiiie time dùring•v the night;2and in the  procees' tan dump' 

	

ionization iW  proportion 	' 	the titile they épend in- he - "open"tegiOn.: -Ï 	wo 

61 ' 	' Chan'. and ' Colin have colin; 	piepared: a' Massiire a tudy àne renew 

of the; globerillor'pholègY ôe the . diétributiOn  of  'ei'etion- density above 

the peilkof the F-laYer -(primarily for lôw Eind'tid-gatitudes)", baàeeôn N(h) -  

data f toin the'AlonetteI 	 It4a nOt.pbasible here to present'' 

II› 
the results of  that wôrk; the reader is rêfetred to it'aftetp-reference60 ; :' 

for  average- and - detailed' côntOura respectiveW of electrôn: density-ilt ,  the 

polar regiOns :Muth ôf t the' remaindet  of.  this -' section ié; of .course;- also 

reviewed , :in the Chen and.Ctilin .  paper'. . 

IV .6'; 2. Elettton' Density- - at :1000 krà  

Thoillaé eta1 6.2 ' studied latitudinal-electron densitymaxima 

oppôéed t Ol the troughs 'tf Milldrew)- ab-oe' the main trough . They:foUnda density 

maximum. imirtediately beyond thetrough-  L-to be ,  a'ptraiitent':featute of''  the' 

ionosphere below 1000 km, with maximum- tô' trôùgh dèneity 

commonbccurrenceç''' AlthoUgh the diurnal: variation 'of ,  this ;.maxinla-waâ not 

established, at àbbut' 1500 LMT,- 	'occilrred- at  about 	geomagiletit 

the Iotatién  of  th&bdündkr y -ôe - the' 	field 	.; :Thomas et -al 'related, 

• 
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63 this maxima 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 

62 enhancements , were due to particle precipitation; Thomas et al suggested that ,  

the maximum• they observed wasrdue to upward diffusion of ionization from the, 

precipitation production region. Maehlum 47  found a similar GMT control of 

low energy electrons (50-1000 ev) and noted the possibility of a relation - 

between the ionospheric maxima and the peak of low energT particle precipitation. 

46 Sato and Colin showed that at 1000 km high latitude ionization 

maxima (Fig. 15) generally occurred more frequently and had greater amplitude 

during the day than during the night, especiallyrin winter, and that the 

amplitude of the maxima was greater in summer than in winter. They showed 

that the maxima did not occur uniformly amer the high latitude region, but 

in three zones (Fig. 16), with the maxima in .a  particular zone related, but 

independent of those in the other zones. In 'zones I-  ancl:' 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 orseason, and in zone III mainlY 

at night. The boundaries of the three zones vary, depending upon magnetic 

local time, season and magneticractivity. 

Zone II corresponds approximately to the auroral oval, lee., to 

theregion of 	 jl ,splash.precipitation_giveny : E 	'and 	Th 11), 	e , . 	. 

62 
maximaleeviOusly founeby.Thomaset:aL,..,ocCur,mi:thin.zoùe,II.:,Satoan4 
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Colin 'concluded that the electron density maxima were due to 16w energy 

eleCtrons (E < 1 keV) precipitated froin électron  islands outside  the  -trapped 

region into .'  zone I; from an unstable trapped region close - to the trapping - • 

boundary  into  zone II, and frOm stable trapped regions; into zcine III. 	-; 

N(h) Distributions Below 3000 km 	 --; 

The foregoing studies were, in general, for altitudes below 1000:,lan; 

-Nelms'  and  ;Lockwocid
9 

 - - shOwed that at heighté-iiear •2000' km, - - , n(li) prefiles taken 

; "cahlie approaching (and' close to) the; low latitude  .edge of' the  trough; shoWed 

a siaccesSive decrease of s'cale height near. 2000 km„' whereas thé -distribution 

near. 500 km  'remained approximately the same froin  record  to  record (Fig, ;17): 

;• ' They alào showed that et heights above 2400 lull, the-electron density mas 

'•lesa than 300 to 500 electrons/cm 3
. over . a 'large area  of  the -  polar regiorr- 

(Fig-. 18). The southern 'boundary of this low , density region was found to ; 

agree in general with the location of the main trough, They interpreted the 

decrease in scale-height and the presence of the extensive low density region 

at high heights as - equivalent to .a shift of the region of predominance - of 

+ + 
the' 0 /H , mixture (j. e ' ,,  the level at which the 	concentration became 

comParable with the 0+, Concentration) to great heights in the vicinity of. the 

trough and at latitudes greater than the trough. 	 .'; 

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

The low density limit of the Nelms-Lockwood  wons  was set by the sweep 

limit of the Alouette II sounder; Hagg
19

, using the resonance beat method 

outlined in Section III, showed that electron densities in the low density 

region were very often less than 30 electrons/cm 3  and frequently were as loYil 

• 
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3 as 8 to 15 electrons/cm . The interpretation that the very, low electron 

+ densities are .du, 	an upward shift of. the H distribution is supported by 

22 the data of Hoffman , who found that on several occasions when Hagg observed 

very low electron densities, the predominant ion, even near  300Q km,  was 01- . 

In addition, Hoffman has observed upward streaming:-of). ions. at certain times _ . 	 ..". 	- 
22,64 in the polar regions 	. 

3 Hagg lound that densities1 less than 30 electrons/cm were observed 

in the  northern:hemisphere threughout.the•region above 60, c1  geomagnetic latitude 

at might and 65 °  geomagnetic'during.the dayi. Timleck and Uplms
20  --used, the  . 	 „ 	. 

Haggaethod to study the occurrence of densities  '.les. 	100 electron s / cm3  

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  191  is a scatter diagram from the Timleck-Nelms study, 

-3 showing the occurrence of densities less than  100 cm' as a function of 

geomagnetic latitude. and local mean time for all,of theNorthern.hemisphere-

9 !data collected between,December. 1965 and,December. : 1967 (note:: it ineludes_. 

the data from the Hagg study). 

The daShed line:in Fig. 19 is 

of the low density region for 

of the data points 

,About-4:5% of the data-arefforl(p 

a crude, estimate of'the r _low latitude:boundary 

relatively quiet cenditions . U.e:, about 4.5% 

are outside the dashed line). Although only an estimate, 

the real boundary is not likely to be 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. 11. 



ee 
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' 	The separation of altitude, LMT and latitude ef fects in the low 

density data is difficult because of the high inclination eliptical orbit 

of Alouette II. However, Timleck and Nelms isolated a diurnal and sunspot ' 

-3 cycle dependence of the minimum height at which electron density of 100 cm 

occurred, as shown in Fig. 20.- BecaUse ,  of the 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.' 20. 	 - 

-3 , 	. The densities , less than 100 cm occur at lower heights during . , • 

the night than during the day, and t4re is a general tendency toward higher 

heights during most recent years. The exception,-, midnight-,to 0400 LMT, is 

thought20 to be due to a seasonal effect overriding the diurnal effect; the 

' 	 - 	_ 	' 	 ' 
• 19b5-66 'data fot' these 'hétura eere colleéted during December whereas the 

' 19,67-68 data were collected during February. Two of the periods when no low 

electron. densities .were observed over , the polar region, :even though they were 

to be.expected from immediately preceding. and ,following. data;' were. found to 

coincide with proton events observed by the IMP.,-F satellite.  

19 . 	• 	Banks and Holzer65 interpreted the Hagg results, and Timleck and • 

Nelms
20. interpreted their reaults in terms of the removal ,  of, light ions by 

upward flow in regions where the field lines are swept back into the. - taiL.of 

the magnetosphere. Banks ; :and .Holzer shoWed that essentdally alll 'of the thermal 

.+ 
Hand He: dons 'created inthe, polar ionos.phere tatile-acceletated: 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 

few thousand kilometers,. Timleck and :Nelms showed that .the elactrsm 44sities 
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observed in their regions of very low electron density were approximately 

what iould 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/cm 3 as due to daytime production (of 0 ) 

raising the height at which N 100/cm3 occurs. The summertime absence of 

observations of N < 100/cm 3 
below 3000 km, except for a few occurrences 

immediately above the main trough, they attributed to increased production 

during the time when much of the polar region is continually illuminated. 

They pointed out that the cut-off height would be expected to ris during 

-times of disturbance or particle precipitation, either due to •increased 

production or increased temperature. 	 ' 

IV.7. Electron Density Distributions Over the Polar Reeon During Disturbed  

AlthoUghthis Paper condentrates-on'the high latitude topside-ionosphere, 

it is useful to introduce the subject of the disturbed ionosphere with a brief 

discussion of V  the'general global behaviour. The relevant literature on this 

complex subject is extensive, so the following brief discussion is guaranteed 

to be incomplete; the reader is referred for more detail to references 45, 59, 

and 66-68 from which the present authors have drawn much of the following 

summary. 

LIn generai, , ionospheric-storms'can:be-considered to .beAue'to: - 

'enhanéed  influx 'of energetic.particleS (from, thermal to MEV) from thesolar , 

 wind-near- theearth,• and:may .  be 'due to,direct effects of the. particlessuch 

(iOni2etion orheatin of the upper'etmosphereor to indireét effeCts)' 

âbdiStortion of the 17eomei4,nétic field: (the geômagnetid stormestablish- 

ment of ring currents that cause ionization drifts, etc. • 
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At the su4den .,commenpementof a magnetic storm,,the,font (dayrsi4e) 
• 

re Is compressed 69 

	

of the magnetesphe 	 and  this increases both the•electxpn . , 	_. 

	

. 	. 	_ 	. 	 .% 	. 	 . 	. 	 . 	. , 	. 	. 
- 

• density and the,magnetic  field in the topside ionosphere.  This initiai,  phase 

of the storm may last•np tp . 1G.hours,. At  the  beginning.of  the main phase  • 

7 of-the,magnetic storm themagnetio .,field. is inflated.by,energeti9 :particles:. 0  

,.that,appear.to,be,injected into trapped orbits.-near the.plasmapaus9 at,latej 

afternoon and evening longitudes.,Thedecay of : this enhanced. ipaTtic4,belt. 

may talceseveraleays. - - _ , 

storm_effects.are:observed-as,changeOinceaseP.- ,  

er.  4ecreases) :, of,e;lectro1,1mb  er density4n, vari.ous,  :height. and .latitudgregions • , 	 _ 	_ 

,( 
changes in electron and ion temperature, neutral and in composition, -recombination 

rates, and transport velocities..., .A11 ,  of these mayyary,independently.in; 

differentvheight ii 1ati4n4e4,,seasona1-and,diurnal-regimes e .end :may also have 

Aifferent.storm time,ehaviot.m.;,In spite  of this.great complexity,-it':appears 

	

.. 	..... 	, 	, 	_. 	. 	. 	. 	... 
• 

that 	 r ,some useful general pattensare pow.eginning•to emerge..',,,....• • .., _ 	. 	 . 	: 	_ 	. 	. ,b 	 .... 	. 	_ 

At mid latitudes the beginning of the ionospheric storm on the , 

dayeide .of the earth is associateelwith the beginning of -the.main phase'of . 	_ 	•. 	• 	:, 	. 	. 	.. 	 . 	.. 	. 	. 	.... 	.. 

71,72 the.magnetic:storm • •,.-. 'ath 	than-with. 	n the suddecommencement e  Howve , . 	% r 	er - _ 	._ 	, 	. 	_ ... 	.... 	 e 	r %_ 	.  . 

on the.night-Side the fulIA.onospheric storm doesnot , occuruntilthe ,following . 	 . 	. 	. 

73 Gledhill et al  day 
	

found that ionos.c.gtorms=invariably-occurred- ,  

%whenthe flmvlevel,of;precipitated eIectrons , (E 	 peasured in 

Aloueti 	 4 	 2 
rosP;:above.1,4-x,10 electr9Psiqç% , and  that the'storm lasted 

, -a,time,:propoptional : to the'time thiscriticallux,.wae :exceeded. 

,T4emaior4listrbances s 4uring-an.ionosphgricgOrmA're_in the : electron 

density in the D and F region, and,inthe ion and eleçtron,temperatures;near 

• 
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the peak of the F layer. At high latitudes the electron density in the D 

region is enhanced while at mid latitudes the total content 75,78  and the 

dansity at the peak of the F layer usually are first enhanced over about 

24 hours (positive phase) and then depressed over a period of a few days 

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

decrease in total content by several hours
76 

 , 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 bottamside cohtent 75 . At lower latitudes, the positive phase increases 

and the negative  phase decreases until only the positive phase remains at the 

77 equator 

TV.7.1: Plasma Temveratures During Storms  

Incoherent scatter measurements at mid-latitudes have been uàed to 

show that during the day the disturbed and quiet day electron temperatures in 

the F region'belaw about 400 km  appear to be about the same 78 ' 79 , whereas , 

above 400  km the eléctron temperature is slightly higher on disturbed days. 

During the night, the disturbed time electron temperature is 300 °  to 600 °K 

graater, 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 

leàs on distubed than on quiet days. 

Willmore80  , using Ariel I data, found that between 0400 and 1200.km 

altitude electron àensity enhancements, and electron temperature decreases of 

about 180 °K, were associated with geomagnetic storms, both at night 'and 'during 

the day. He attribilted the temperature changes to - increased collisional 

cooling due ta the increased electron density. 

• 
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Ondoh67 from Alotiette data; found that during mild- stOrma the 

electron denàïty increased above 500 km height and :decreased . beloW at ail 

:local :times. - Re côncluded that the - increase was due to expansion of the 

neutral atmosphere-, which would lift the whole ionosphere,. causing hig -her 

• 
densities at high heights 81 . The decrease below 500 km he attributed to 

increased -  chemical« losses. . :Like Wilimore, he .  expected:the enhanced :electrôn 

density: above-500 km,  to cause decreased temperature through additional 
• 

coilisional „cooling. Decreased electron density in this region during sevre 

82 
storms,.should then allow the temperature to increase.' Reddy et al found 

a similar result :at '6401 km, by relating bottonisideundifiedata to probe data 

from Tiros 7, -and also found thatc measured .  deéreases in: elettrortemperature 

were associated with , .the' 'increases in .density.:at 640 kni«.' '.TheY also' interpreted 

the  stbrm-time. enhancements: 'as: due to  thermal expansion; :be the rietitral 

lifting the whole- ionosphere.. 

IV.7.2. N(h) Distributions During Storms  

" 	Nishida
59 investigated structures in. the polar disturbed ionosiahere, 

using Alouette eh) data. . He- constructed . "deviation" contoitrs -,'"siniiint - tè 

his variability plots of  Fig. 14, uàing the difference between 'the  Storm « 'and  

average quiet -  -,day: data, expressed as a percentage of  the  quiet day data. 

An: exaniplez :is given in Fig. 2 .1, for; the magnetic storm of 23. Sept.,-  49 .63, for' 

Kp = 9,  Regions of stortn-time density redUction are shaded. Below 6eN' 

-gebinagnetic atl noon, and below 82eN gebmagnerià at midnight thè Storm time 

,IbitosphereA.s enhanced abcive :and depleted beldtr 450- km.. A -  general' Starlit 

time depietion at all: heights over the polar regibn is eVident: Nishida. Shciteed 

that storm-time changes enhanced the high latitude peaks;:often'.to as muctu Os 
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five times their average• value, and caused them to move several degrees south. 	110 

He also found that  •the plasma was depleted at the pole and in the trough. 

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- 

83 
increases toward the magnetopause , the temperature of the solar wind Increases 

•with increasing Kp
84,85 , and more field lines are transported into the tail 

region86  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 duer.toheating to explain the 

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

Sato66 constructed contours of the Nishida type for 20 disturbed 

passes of-Alouette.I for the low and mid7latitude regions.; 'An , example ia shown 

in Fig. 22

_ 	. . 

,for a:typical-disturbed nighttime Tiass.ï :RegiOnS of Storm time density 

reductionarp-shaded. '_During theoight, the-topside Ionosphere at-geomagnetic' 

latitudes,below 40 0  ifl the north  and 50 9 . in the south_ waso.11 enhauced 

Since, the -main trough in the.florthern.hemosphere-moves equatorward'about 2 9 ' 

per unit Kp. during ,  increased magnetic:activity
5 

thé reductions.at  45°N -and 

55 ° S are probablyAue-to the trough.. 

67 sato's results were similar to those of Ondoh for the mid latitude 

regionThe,reader is:referred to thepaper.forSates.low latitudeesulté.) 

.He found that gach'pass.  differed somewhatfrom the otheraibut tentatïvely' 

ooncluded thatat midUatitudes ,  

• 

• 
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(1) 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 wes -  larger in  the. lower; than.  in  

upper topside ionosphere.. 	• . 	• 	• 	• 	- 	„ 	 - 

(3)  The çlensity was mos.t, ;often enhanced between  30:.. 	'40 °  :and , :• :•• ' 

reduced between 40 0  and .50 °  geomagnetic latitude.; The enhancements 

occurred over Tdider ranges of . latitudes and :height 	:local.. summer, 

and equinox than in winter. 	« , 	 • , . 

Re concluded that drift. moti.on: and ambipolar :diffusion could..not 

alone :..explain his mid-latitude -.storm-time ,,observations,, -  and suggested that '- 

lifting .of -the , ionosphere due to thermal expansion might be involved, • 
. 	. 45 

.•.e :s' 	 • 	 ' 	 atp, - and Chan f: ;extended..the, etudF "of; s:torm-time-deviat ion 
• 66 

	

.o  -Sato 	to: .cove.r , 24 .Alouette Ipasses over:, the .nor.th - polar ..reg.ion..,....Theyr.,, 

found. that above 60 °  ..invariant : latitudeth.e, -,deviations, from .qt.tiet.:d..a.showed: 

te a: ...strong: ...dependence ,'on. magnet.ic::-...lon-al :time. as- ..,Te.11 - ,•as on latitude  and  height. 

Figure.,23 summarizes, the-;results. ,,pf their. • study.. StOrm-t ime.i.enhancementS. 

occur in two well defined regions above 80 °N near dawn and dusk „a..t: :.:lew heights, 

the •.rest•;:of the: , region. ab.ove 60,1 N,, except . for -a Small: .region•_near noon 

at,60°N., a. .region..of -.electrOndensity reduction., 

• At higher heights the regions of enhancement all..expand i..until,:et.;. :, 

 .1000. : km....the. enhanced : region...cov.ers,:a. ---lar,ge...,portion 	the. : day time region 

beow .70°  latitude, and of the, nighttim 5 gio above -  80° • .latitude. •  

59 	• 
• ,,results ..-(reduotioover.. a .1..arge• regiOn-near:, ‘.44Ç i.geomagnétic 

,,pole),, •are..expleined.by :Sato and'r.Chan.., :as,.. due ..to ,,the....f,act that Nishides,,-d.ate,.. 
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was only in the noon-midnight local time plane (both aethors used the same 

Alouette data, so it is expected that their results .  will agree wherever they 

overlap). Sato and Chan also relate their results to the measurements of 

62,46 abnormally large electron peaks at 1000 km ' • The distribution of peaks 

in winter for low and high magnetic activity 46 are shown in Fig. 24. On 

quiet dayS,the'Peaks are confiried:tel:zone II (Fig. 16)..onthe . day side,, Whereas' 

on:diettirbedAaye, they Spread-oVer:*the:wholeregion above 70 0 ., - although still 

concentrated on'the-day, Side. iilthough'theevidence'lee:.amoVement:of the 

peaks to lower latitudes is not overwhelming', Sate and - Chan'note'the tendency, 

anerelateYit-tosirdilar!atornitime'behaViourof the atircital-Ova4 which is 

thOughr tos'be! - due to thelowering:of.the precipitation'latitudes-of-low energy 

electronS (E 	keV);Jchiring etbrffis, ''They explain  the presence-duringstorms 

of* peaks . Inthe regien abeVe 80 °N as 	to preCipitation öf ice - energy electrons 

from the neutral 'sheet intethe polar region. Thus they interpret the storm-

time behaviour.bf the topside polar ionosphere as due to 	. 

' (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 Ireglôn (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. 23 and 24 are in a sense contradictor; 

since the peaks move to lower latitude dnring storms, as shown in Fig. 24, 

— there should.be  an enhancement region between 70 ° .and 75 °  .at' 1500 . to 1800 ÉMT 

arenear. 65 9,  at 2000 to 2300-1MT. 'However,' this ammint  of  detail is probably 

not to be expected to survive the averaging processes used in producing Fig. 23. 

• 
y 
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• 87 .:..8everal,authors-89 68  ullave,studied„the occurrence of .large_electron _ 	 - 
densitysdeereases,.st;the.peak r of,.theF2Jayer4n,which,the V1layer_beçame,. . _ 	_ 

visible.D from thetopside,(the,"G" condition)._Ag,examp>  of, an  Alouette 

87, 
pass,duriog-;a- , severe -,stormljduring which-.the G_condition was..observ 	

68ed-- -,is , 
88 s1own,470.7ig.,25. : 4erzberg.:„and. Nelms, 	not,find_a systematic patteriLto 

the fl 	pf„G,çondition before-andAuring thesudden commencement. ., 

89 
associated with the proton flare storm of 7 July,1966 (Fig...,26).,,Norton , _ 	 . 
concluded thatheyertica4driftsalone could notexplain,the Grçondition _ 

dataand,suggestéd:that anx increasepfthe4oss,rateby a,.factorof 16 over• 

the  quiet,!day7,values:,was,;required to  fit the  G çonditiondata. 	loss,rate 

çan,:be,,increased.byincreasing the!N.  • or.,0 -density or_by increasing,the rate 

coefficient for reactions_of . these molecules. with ..01 Nortonsuggests,that 

increagedmixing-,might increasethe . neutral ,density,sufficiently.to,explain 

90 
theresults,„-but..favours..,rather,an.enhanced reaptionbetweenyibrationally 

excited N,,and,0":,.Laboratory,measurements..ofAJle,.reaction,rat
91e, Indicatetbat 

at ; ,electrontemperatures : 000° t0 ,4000°K_the enhancement. should .  he sufficient 

to explain,the: ,G,condition;pbseryations_data. , 

Trring : the,,protonevent.of .7 July 1966,rgberg and :Nelms 88 
 also 

H,observed ,a„ series . ,  of  vertical bands :across the normal...ionospheric. ,reflection 

l. ,traceson,Alouette ITioupgrams; which they called a E-eçondition,, ,and: interpreted 

Age,  PD naXT(M ver,ti.çal regions ofelectron,density depletion,-or - 	_ 

- 

"mini-troughs". This interpretation was supported by the plasma probe on 

Alouette  11, - which measured small scale electron . density depletidnà- at -the 
, 	 - 

time the E-condition was observed. The E-condition occurred at L values of 

about 11 (about 77°  geomagnetic) before the sUdden commencement, and about 
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6 (about 65' geoMagnetic) afterward (Fig. 27). For the very limited data 

available, it 'was found to occur in coincidence with sudden changes in the•' 

intensity of energetic 'particles  of r,  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 

fram satellite observations. 	 • ' 	' 

Norton and Marovich 92  obtained Alouette I and II topside solinder 

data in coincidence with visuardbservations of red arcs93  (enhanced 6300 A 

airglow) over the central USA (L -Values of - 3). The beak émission 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 ' mô'te 

from high to mid latitudes'during magnetic storms 94 ; Norton and Marovich 

found that a major depression in topside electron densitY occurred over the 

region of the ate, and fram scale height measuronents, 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 6300 A 

airglaw invoke collisional excitation of atomic oxygen bY energetic elettrons 95 , 

which implies energetic electrons may play an imfiortant role in  her  production 

of the Main trough, at least during storm conditions when red atcs are observed. 

• 

V. DISCUSSION  

, Much of the data from observations of the high latitude high altitude . 	. 	.., 	,. 	, 	. 	.  _ _ • 

ionosphere can bp characterized in terms of events and boundaries that. are, part 	- .:•.. 	. 	•.•... 	•••• 
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11, 	of the niaglietospheric -:environment Of - the earth."  The enhaneeMente'ef,eleCtren 

density in the uper icinoseete,' while :apparently-highly 'irregular  in  ,indiVidual 

behaviour; occur,  in zones that are relatively well behaved, and that appear 

to be related to regiOns - bf -particle irecipitation. 'Observed 'reduCtions Of 

'eleOtrofi 'denàity, ôn [  theother hand, a4pear to be related to -regionàof'Opeh 

field linee' in the MagnetOsphere: Thé  two regions , of cimirseil Overlap, 'sd:the 

: overall 'pictilte 'terids 'to bé Complicated. ' 	 2 ' 	 : 	 . 

Axfôrd 	 97-  .propèsed . a'MOdel in whiCh Vie cious drag frein 

the: eeIar'Wihd'-datised large  'e Cale -convectiOn  Of  the -pIeemain  the Magnetoseeric 

CaVity ,be3iond Usheils .  Of abetit:4 Re;': anciusédthè resulting: Convection' patterns 

 - to 'exp 	a' high latitUde -aUrcitaL eiehoMena Their modér ,has ' been eX tended 

9.6 - 	, • by.; amàhg Ho there , 'Nishida 39 ' 59 and 	, -Who -use'itto ekplainaniimber 

of lonOsphéric pheiioMena. 

13oth Nishida 'and Brice consider the plasmapause to be the- beundary 

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 différence  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 plasmapeuse as an equipotential boundary between the plasma 

of - terrestrial origin (inside) and-plasma that has migrated (or 'been convected) 

in from the solar wind. It now appears -that the tWo models are not necessarily 

incompatible the 'inWard:' flowmodel 	sUppor tee by,' observations Of energet ic 

caboVe ',à few eVY particle  data  and, 'as shown' by Brice, agrees: with the observations 

• 
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of the ambient plasma, whereas the outward flow model appears to find its 

major support from the observations of the near-thermal plasma. 

In the Nishida model, ionization will be removed along field lines 

that are open (i.e., within the cross-hatched region of Fig. 11), but all 

of the field, lines polarward of the plasmapause become open (i.e., pass through 

the cross-hatched region of. Fig. 11) some time during the day, and in the 

process can dump ionization in proportion to the time they spend in the open 

region. On the day side of the earth the boundary 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 47so 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 sheet, and corresponds to the region 

in which energetic particles from the magnetospheric tail can obtain direct 

access. 

From either model, it appears that there are two important boundaries 

in the magnetosphere; the plasmapause (below which the field lines are simply 

connected to the conjugate hemisphere) and the boundary of the open field 

lines,.above (in latitude) which the field lines are open  4nto  the magnetospheric 

tail j(other boundaries are, of course, observed at other latitudes). <It is 

instructive here toconsider further, the relation of certain high,latitude , 

Ionospheric data to the plasmapause and the region of,open field lines. 	. 

The height distribution of electron density in the high ionosphere 

is governed primarily by electron production (which occurs predominantly, at 

• 
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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 

1 hemisphere. Thus a general equilibrium is built up along the field, and ail, 

increase in production , or temperature simply places more ionization at 

high heights in the "container", forcing the different ion distributions ,t70  

adjust , themselves so that a new pressure balance is obtained. , In the polar 

regions the field lines are swept beck into the tail of the magnetosphere, 

end theclight ions can expand into a very large (essentially,  open) volume. 

Thus a given temperature of the ion gas will have a very different effect in 

.:tbe mid-latitude and high-lati,tude regions. 

40 Bauer , , in a compre4ensive study of diffusive equilibrium as,- 

apgigd te.ehe_topside,rionosphexeshows_that diffusiveequilibrium,,y4içh,is 

.a,eonsequenee.ofarMawellian,velocity•distributionof particl,esand therefore 

isdgpendent on collisions, may - breedown,at-Ja4i.tudes beYnnçUthetrough-, 

(beyond.4e,plasmapause).-f  Inthese regions E phere. : tbe lecal,elgotronAens#y 

can ,be 	 or :ion-exosphere  distribution i,  required, 

98 as-deriVed'by-Eviater, ,et's 	figure27,compares,the.diffusive:equilibrium • 	. 	 . 	. 

ancUthecollisionlessmodelsand :illustrates-the»veryrapid:decrease,of:,density 

with altitude that would beexpectectin. : thecollisionlessr'egion. .BXperimental 

-4 datfrom kneewhiseersare foupd:tocorrespondto,the 	dens#y distribution 

100 outsidethe-plasmapeuse 	 approximatethe collis1on1ess distribution. 

• 
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+ Banks and.Holzer 65, have -shown 'that essentially ail -of the II and. 

He
+ 

ions- created -ih the polar-ionosphere can be accelerated away froM  the earth 

intà the -tailcif»the magnetosphere, but.becatise of its greater mass,' the 	• 

upward velocity of 01-  Will•be small forleights below a fewthàusand-kilométers. 

The process of removal of the light ions over the polar region (the "polar 

wind" . of Axford98) is, of course, .a. dynamic one, and during periods of ionization 

production may well be obscured. Also, particle precipitation and direct 

coupling of energy into the polar region will often complicate the picture. 

The models of Nishida and Banks and Holzer and of Bauer are essentially two 

different views of the way in which>the absehce of a closed magnetic field 

container results'itua markedly different flow and distribution of ionization. 

' The picture presented by the "outward flow" models is, of course 

oversimplified, just as a picture that relies entirely upon partidle precipitation 

to explain the structures observed in polar ionosphere is probably oversimplified. e 
A combination of the two, however, may provide a reasonably accurate model. 

We know that there is particle precipitation, that these particles will produce 

ionization, and that low energy particles will ionize in the upper ionosphere. 

Also, we know that there are extensive areas of vêry 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, that very few light ions are found; even at 

3000 km height in these very low density regions, and that outward flow of 

light ions has been observed in the polar regions. 

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

.region along whidh ionization can be readily.removed from the peakof the  

F layer. If this removal is by upward acceleration of ionization, as suggested 

• 

• 
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by Nishida and by Banks and Holzer, production of ionization during the day 

is probably faster .than  the removal process, which explains why the trough 

does not appear as a well defined structure during the day. ln the afternoon, 

as produCtion decreases, the trough at the•peak of the layer appears, first 

along those fields lines that are open into the tail of the magnetospherei 

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

(i.e., the limit of the plasmapause) during mbst of the night. 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 latitudesabove the mâin trough may 

therefore be due to ionization producedly particle precipitation, either 

from trapped orbits 

particles that have entered the region along the open tail frbm the inter- -  

planetary medium. Also, one might expect that 

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. 13) and, even more strikingly, by the observations of electron 

density less than 100 am
-3 over much of the polar region above about •2000 km 

altitude19,20 (Fig, 19). 

(thedrizzle" precipitation of Hartz and Brice) or from 

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. Since energetic particle precipitation causes ionization predominantly 

at low heights,at sufficiently great 
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Thus the, modal  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 II
+ 

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 energy, energetic. particles 'from the solar 	- 

wind -  into the tail of the magnetosphere (or through the neutral points) ,  and 

doWn aIOng the field into the ionosphere. .As, well, there will, of ,course 

« be the . .fIoW of energetic particles into trapped orbits and precipitation from 

these -trapped "belts", int6  the  lower donosphere. 

. 	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 l'oth the upward and. downward  directions,  along with 

the distribution of temperature, of ,  the ambient plasma. , 	„ 
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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 

labelled fT 	N - f' (From Hagg, Hewenà and Nelms
2
) 	 , 

im  
Fig. 2: 	An Alouette II ionogram illustrating the floating spike (7= ,= fn  

, the :f and the f
Q 

spikes
' 

(From Hagg, Hewens and Nelms 2  ) 

Fig. 3: 	An Alouette II ionogram showing the 2fT  and the remote resonance,. 

(From Hagg, Hewens and Nelms
2
) 

Fig. 	. 	AlouettehII. ionogram showing :ionospheric. resonance -echoes :at 

1.98 MHz at apparent ranges less than 1200 km and greater than 

4000 km. (From Muldrew and Hagg14  ) 

	

Fig.5: 	-An  Alouette II ionogramillustrating the proton gyro-rresonance 

18 

	

' 	 Ondoh 	_ 	- 	 - 	••• 

Fig.6: , 	An Alouette. II  ,ionogram illustrating resonance , beats on the 

19 nombined fT  and fll  resonances. (After Hagg»  ) 	_ 

Fig. 6a: 	An ISISI ionogram taken in the mixed mode of sounding. The 

sounder transmitter was maintained at a fixed frequency of 0.833 MHz 

(fTx )while the receiver was swept through the normal sweep range. 

Fig. 6b: 

	

	As for Fig. 6a, except that the sounder was switched to the 

normal sounding  mode at 3.0 MHz. 

Fig. 7: 	Alouette I ionogram with 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-aligned irregularity. (After Petrie 36 ) 

Fig. 8: 

	

	Alouette I ionogram with a spread trace between 2.5 and 3.5 MHz 

resulting from echoes scattered from a low-latitude field-aligned 

28 irregularity. (After Lockwood and Petrie) 



efrOitNeliii"S 'and -LOCkwe'oci9 ).' 
. 	 „ 

Fig. 9a: 	An. IST'S-I ionogram redOrdeci when the satellite .as jUat outside 

à regien. Of equatOrial field-aligned irregularities. 

Fig. 9b: 	An -ISIS-I ionogrem re-corded when the satellite was -Within a region 

of equatorial field-àiigned irregularities. 	* • 

Fig. 10: ' An idealized representation •of the two main zènés of auroral:particle 

' 	précipitation (northern hemisphere). Average' *intensity of influx 

is indicated approximately  by  the density of the •sYMboIa. Coordinates 

are *geomagnetic latitude and .geoMagnetic time. "SPlash" precipitation 

•ie .  represented by' •trianglee, 	 préCiPitation by dote, 

(FrOuiHartz and 'Brice ) Acided to theliartX-BrIce diagram are a 
, 	 . 

eatiinate Of 'the "Splaeh° • bourida.ry •(dolid) and ''the boundary 

	

*' 	•  of  the •elesed 'field regicin 	giVén *by .  Mcl:d.armid and 	Wilson44 , 

• 'friDM p•artiele.Measurements *(dashed). 

	

Fig . 	 'time  vs.  geeniagnetie * latittide p-tet *Of the' •loeation  of  the' • 

. 2 ' 'Main trough * '(külchret)' *the '-eque •torwàrd liMit of  the  .reion of electron 

denaity• • less 'than ibb éitan (Timleck 'and Neline), the Plasmapailee - 

• `• 

	

	(Ca* rPenter)*; and' exp. erimental and thebretical •deterininations of  

'the limit Of -the regiOn  of  o•pen field lines. (14'  cDiarmid :  and Wilson, 

and Nishida). All curves are projected to a height of 300 km. 

	

Fig. 12: 	The Contours of Constant pieema freqUency (eleetron density) as 

• • 	a' fünetion of' height and geograPhic latitude 'for *  tWo 'pa.Ssés in 

Alouette 	was near 'àpoâee over the -north polar;  

The distrieutiOn o'È 'the averegè density in autumn at 95'0 600, 

and 3'50t •km levels. The average is Obtained from the Alouette I 

prOfilée reeèreted ingeomagneticallï 'quiet  interval:S '.  in autumn 1962 

59 	•,- and 1963. (from Nishida ) • 
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Fig. 14: 	Meridianal distribution of the variability in 0800, 1200, 1800, 

and 2400 meridians from Alouette I data. Variability is derived 

by dividing, in each mesh point, standard deviation by.  average, 

and is expressed in the unit of per cent. (from Nishida59 ) 

Fig. 15: 	Electron density variation with two large enhancement peaks for 

seven successive Alouette 1 passes. Numbers at the top and bottom 

represent geographic latitudes and numbers under the reference 

levels indicate invariant latitudes. (from Sato and Colin4 6 ) 

Fig. 16a,b: Schematic.representation of three zones„ ,Zone T, TT4 , and III, where 

pgaks of electron density_enhancements appear on.disturbed days 
• 

in winter (a) and summer ,  (b)This zopingis only qualitative. _ 

. Dotted shading,areas show highly,speculative zones,-owipg to rare 

occurrence of the enhancement in those zones. (from Sato and COlin46 ) 

Fig. 17: The N(h) profiles calculated from Alouette II ionograms recorded 

near the 75 °W meridian  and  00 . 1,MT.(from Nems and 4ckwood9 ) 

Fig. 18; 	A polar plot of electron density at . the height of the Alouette II 

, satellite. The heavy and light lines indicate densities of greater 

and  less than 500, electrons/cm 3 reapectively. for 18 passes taken 

between 1-15 December 1965. The planetary magnetic index Kp was 

less than 4 for, the data shown. The location of the main trough , . 	 ... 

found_by Muldrew on 24 October 1962 (Kp = 4) at a comparable local , 	..  

. time, is shown as a dashed line. (from Nelms and Lockwood 9) 

Fig. 19: 	Occurrence of electron densities < 100 cm73 , observed 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 lin indicates the approximate boundary for undisturbed , 

conditions. (from Timleck) 



Fig. 20:' -Low  altitude. cutofff odeurrence -:of'electron densities < 100 

for the northern hemosphere 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 times other than those shown here. (from Timleck & Nelms ") 

Fig, 21: 

	

	Alouette I  distribution of the relative deviation S S = (n N)/N 

of the electron concentration from the average value for 0035-0053, 

' 	September 23, 1963, Kp = 9-, where n and N are the disturbed and 

quiet day distributions respectively. The region tqhere the 

density is less than the average quiet interval valùe is shown 

59 by hatching. (from Nisbida ) 

Fig. 22 	Alouette I profiles of electron density variations in the topside 

ionosphere during 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 Sato66) 

Fig. 23 	Alouette I storm-time electron concentration variations at (a) 1000 km, 

(b) 600 km and (c) 300 km against invariant latitude and magnetic 

time in polar coordinate. Shaded areas represent electron concentration 

reduction and white areas, enhancement. (from Sato and Chan45 ) 

Fig. 24 	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) on (a) quiet and 

(b) disturbed days in winter. (after Sato and Colin
46

) 



Fig. 25 	A-  cross section of the topside ionosphere from 180 0  to 37°w 

longitude during the occurrence of .a  G condition in the ionosphere. 

(from Warren
68 

 ) 

Fig. 26 , Geographical distribution after the solar proton flare of July 7, 

1966, of (a) the G condition, (b) the E condition. (from 

Herzberg and Nelms
88 
 using Alouette Iand II data) 

Fig. ,27 	Plasma density distributions along a magnetic field line, whose 

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

, are shown for a diffusive 

equilibrium, and a collisionless or ion-exosphere model, as well 

-3 
as for R. and.R-4 power law models. The power law distributions 

are often employed for empirical models of the whistler medium. 

40 (from Bauer, ) 
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