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INTRODUCTION 

AB ionoevherlciat on the 4th South African National Antarctic 

Expedition, I spent twelve months at Sanae (70°18'S, 2°2l'vl, L:: 4) in 1963. 

In the course of routine vertical incidence soundings, it was noticed 

with some surprise that the frequency of occurrence of ionospheric 

blackouts was unexpectedly high. Initially this t".:roused considerable 

concern about the reliability of the equipment. In fact it has been · 

observed that some stations lying in and near the Southern Radiation 

Anomaly report such occasions as records lost due to non-ionospheric 

reasons. Coincidently, how·ever, Gledhill and van Rooyen (1963), also of 

Rhodes University, predicted ionospheric irregularities and other 

geophysical phenomena in a region around Sanae where Ginsburg et al. 

(1962) observed high intensities of charged particles with Sputniks 

5 and 6. 

figure 1 is a typical example of the unusual ionograms obtained 

at Sanae, which on my return to South Africa, led to a detailed inves­

tigation into a possible relationship between electron flux in the 

outer radiation belt and disturbances in the ionosphere. Dr. rvlcDi.annid 

of the Division of Pure Physics, National Research Council in Canada, 

supplied electron flux data observed by the satellite Alouette. I then 

examined the various ionospheric parameters at times when Alouette 

observed large increases in the intensity of the precipitated electron 

2/ ••••• 



FIGURE 1. 

A typioal ionogram ooserved at Sanae which 

led to the investigation of the electron flux and 

ionosphere data. The first frequency and height 

markers represent 1 Mc/s and 100 km respectivelyo 

The markers are shown at intervals of lOOkm and 

1 Mc/sQ 
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flux (p.e.f.). 

Part 1 •f this thesis describes this analysis and. th~ q:x:ci ting 

results which established the first real one to ~ne relationship he~~en 

high vo.lues of p.e.f. and iom~spheric disturbances (i.d. 's) at a statien 

J:"ing outside the au.reral wne. \•lhile this w•rk was being presented in 

a paper (Gledhill and Torr, 1965) at the Sixth Co spar C•nference in 

Buenos Aires, ~.R.Torr and I extended the ~esearch considerably by the 

discovery ef a critical value of flux, above which an ionospheric 

disturbance invariably eccurs. It was further shown that the percentage 

of time for which the critical flux is exceeded at each station exam­

ined near the magnetic shell 1 ~4 , is almost exactly the same as the 

percentage time f•r which the ionosphere is disturbed. These results 

w"re rep•rted in a paper by Gledhill, T~rr and Torr, (1967) • .An exten­

si~n ef this work to ether 1-shells indicated that electron bombardment 

may well be a major cause of ell the i.d.' s of the type studied here. 

'fhe nature of these disturbances is consistent with heating of 

ti2e ionos:r:he:rc and dnce there is no go•d rr:ethod at present to find 

the temperature in the upper atmesphere from ionograms, I decided to 

try to develope one to confirm these preliminary ~eductions. This 

aspect ef the vrork is dealt 'lo.ri th in Part 2 of this thesis, where it 

is shown that a hyperbolic temperature profile gives a much better 

fit to actual conditions in the upper atmosphere than the more commenly 

used linear temperature gradient . The ionospheric continuity equation 

3/ .•••• 
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is solved under these conditions and it is shown that temperature 

chan3es do produce a remarkable effect on the behaviour of the 

i~nosphere cu1d that the i.d. 1 s obcerved can be accoU11ted for in terms 

of increased heating of the upper atmosphere. 

Uote:. l,o attempt has been made to define terms which are now 

considered to be ;-Tell knmm, such as the radiation belts, precipitated 

and trapped electron flux, 1- values , invariant latitude, pitch angle 

c.nd dumping cone. 



-
PART 1 

IOIDSPHERIC DISTURBANCE AND ELECTroN PRECIPITATION 

FROM THE OUTER RADIATION BELT 



l ol Introduction. 
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CHAPTER 1. 

THE EARLY \fORK. 

It had been suspected that the relatively low values of the total 

magnetic intensity in the southern Atlantic region, south of Gape Tbwn, 

should have a profound effect on particles trapped in the outer Van Allen 

radiation belt. vJhether or not these would interact sufficiently with the 

atmosphere to produce observable geophysical effects had been, until 1961, 

a matter of speculation. Cladis and Dessler (1961) suggested that balloons 

carrying X-ray detecting equipment should be launched south of Cape Town 

to detect bremsstrahlung produced by bombarding electrons. The observations 

by Russian (Ginsburg et al • , 1962) and .American (Seward and Kornblum , 

1963) satellites of high charged particle. fluxes . at altitudes as low as 

200 kln. in the southern Atlantic also suggested strongly that geophysical 

effects would be most marked there. 

With the prospect of discovering new phenomena on our oNn 'door 

step 1 , Gledhill and van Rooyen initiated South African research in this 

field by theoretically investigating these possibilities. The results 

of their researches suggested that the low scalar values of the geomag­

netic field results in the formation of a 'sink' for particles in the 

outer radiation belt in a region centered approximately on the most 

southern boundary of the Indian and Atlantic Oceans. They predicted that 

there should be observable airglow, enhanced heating, X-ray and ionization 

effects in this 5/ ••••• 



FIGURE 2. 

Region of high counting rate observed by 

Ginsburg et al. using Sputniks 5 and 6 (relative 

counting rate) and Seward and Kornblum using 

Discoverer 31 (absolute counting rate in electrons/ 

cm
2
/sec/ster.). 
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region. 

At this stage of the work there l'Tere sufficient -pieces ..in plocc in· 

the puzzle to nrouse considerable cnthusio:sm and interest in this work. 

Therefore, in view of tho clues the South African Antarctic ionosphere 

project had provided, I decided to use our experimental observations to 

confirm these predictions. 

1.2 The Initial Stage Of The Project. 

Figure 2 sho\'TS areas of high counting rate observed by Ginsburg et 

al., (1962) using Sputniks 5 cmd 6 , and SewQrd and Kornblun, (1963) , l·d tl1 

D.iscoverer 31. The position of Sanae is also shol'Tn. It is evident that 

Sanae lies in the region \'There the effects of particle bombardment could 

be C:J.'Pected to be most pronounced. Sanae also lies on the magnetic shell 

characterised by L;; 4, which passes through the heart of the outer radiation 

belt. Therefore '\'re decided to compare measurements of electron flux made in 

t he outer belt with ionospheric observations made at Sanae. 

vre were faced with one major difficulty viz. that of obtaining the 

Glect ron flux data essential to the investigation# While waiting for replies 

to our requests for data >ve decided to compare the variation of certain 

ionospheric par2.llleters a t stations in or near the 'high count region: 

(narued the Southern Radiation ilnomaly by the Russians) with the variations 

at stations nearest their respective conjugate points. We reasoned that 

if particles impinging on the atmosphere were the cause of the i.d.' s 

6/ ••••• 
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observed at Sanae, it might well be true that sinular events occur at other 

stations near the Anomaly and also at their conjugate points. These inves-

tigations vrere carried out by H.R. Torr (1964), but we were unable to draw 

any conclusions from the results obtained at that stage. At the time these 

investigations were perforrned we could only suggest intuitively that con-

di tions outside the Jnomaly differed vastly from those within. This we can 

now show quantitatively end these results will be discussed later. 

The results of Gledhill and van Rooyen (1963) and Rees (1963) 

indicated that high energy electrons (E~kev) would affect the D- region, 

and the low energy electrons (E«40kev) , the F- regi0n of the ionosphere. 

Therefore, if the electron flux energy spectrum contained both high and 

lo\i ener gy particles, when a large devi.ation in f . occurred, one could 
I!U.n 

expect to fin~ an accompanying va~iation in h'F
2 

and/or f
0

F
2

• A correl­

ation analysis between high values of f . (using arbitrary criteria) 
m~n 

and the magnitude of the deviation of h 1 F 
2 

and f 
0 
F 

2 
from their respec-

tive medians resulted in a correlation coefficient of about 0.1. QQal-

itatively it seemed that variations in f . were accompanied by random 
~n 

variations in f
0

F
2 

and hrF
2 

both in phase and amplitude. On some occas­

ions f . increased 'i-Ti thout any significant change in the other two 
~n 

parameters. Albaugh tfe felt that ..,,e could hypotheti0ally account for 

this apparent lack of correlation i n terms of variations in the electron 

flux energy spectrum, the results 1r1ere most discouraging. Had 1<1e been 

more f'lbservant and more o bj ecti ve in selecting our criteria v1e may have 
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accompanied by deviations of h 1F
2 

and f
0
F2 from their respective medians. 

Figure 3 shows a typical disturbance of this type. 

1.4 ?.h~ Correlation of Ionospheric Disturbances at Sanae with P.E.F. Meas­

ured by Alouette. 

1.4.1 Introduction. 

In the preliminary analysis we correlated obviously high values of 

p.e.f. with large variations in the ionosphere at Sanae. The satellite 

Alouotte only telemeter0d data while in the northorn hemisphere. Therefore 

we used measurements of p.e.f. that had been made closest to the conjugate 

point to Sanae. Iillving discovered this correlation we could then set about 

d0fining objective criteria with which to conduct a detailed analysis. 

Those involved definitions of 'high'nnd 'low' flux, an 'ionospheric dis­

turbance' and ' the conjugate area'. The latter involved a definition of 

an area which could be regarded as conjugate to Sanae. All observations 

m~de by Alouette in this area would then be used in the analysis. 

1.4.2 The Available Data. 

The relevcnt data available from Alouette consisted of values of p.e.f. 

measured at a height of approximutely 1000 km. together with invariant 

l .:>.ti tude 1\, , geographic longitude and time of observc.tion. The counter on 

the satellite responded to electrons with energies greater than 40 kev.t 

9/ ••••• 



FIGURE 3. 

A typical disturbance of the type observed 

at Sanae. (The frequency scale should read 2.5 and 

5 i nstead of 5 and 10 Mc/s.) 
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if their pitch angles placed them in the dumping cone. Telemet~ was recorded 

for posi tiona in the northern hemisphere approximately between longitudes 

l70°E to 330°E. The t~bles of data covered the period September, 1962 to 

August, 1963. Vertical incidence ionograms taken at Sanae were available 

for the whole of this period. Values of h'F2, f F2 and f . were rend from 
o nun 

these. 

1.4.3 The High-Low :ii'lux Boundary. 

The precipitated flux measurements were divid~d into two classes of 

'high' or 'low' according ns to whether the observed value was greater or 

less than 1.4 X 104 elcctrons/cm2/sec. This value was selected on the basis 

of the information given by McDiaruid {private colrnlunication) th~t this W:l.s 

the lowest precipit~ted flux which could be reliably detected by the 

insti'I.lrl.cnts on the sntelli te. It was found thnt the adoption of this v:llue 

did not impnir the correlation reported below. 

1.4.4 The Con,iugp.te Area to Sanae. 

The geographic coordin~tes of the conjugate point to S~ne are 325°E, 

54°N, the invariant latitude being 58°30'. The lon~;i tudinal lir.:.i ts were 

set by tri.li and error to be the widest limits which gave the good correla­

tion reported lnter. It was found possible to set these nt 290°E and 335°E. 

The maxir..ULl extent in l nti tude was deteruined by n chnrncteristic of the 

satelli to, viz. it recorded over certain bnnds of invnrim1t l o.ti tude, 2° 

10/ ••••• 
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in width. Since Son.:~.e lies on 1 =- 4 ( 58°30 1 invariant l.:~.ti tude), the band 

between 58°-60° invariont l .:lti tude w.::.s used. 

1.4.5 The Disturbonco Criterion. 

In drawing up ~objective criterion for .::.n ionospheric disturbonce, 

data for h 1F
2 

ond f . for each of the 10 International Quiet Days 
run 

(JoVirginia Lincoln, 1963a, b, c, d, e, f) were used to detorwine m~ximum 

undisturbed ranges for e.::.ch Bonth used in the analysis. These parameters 

were chosen bec.:1use they exhibited the greatest vari.:~.tion .:lt the tirees 

high values of p.e.f. w&re observed. SouetiDes large fluctuations occurred 

in the values even on mognetically quiet dQys; in such cases the extre~e 

values were discarded and the next biggest ones used as the liti ts of the 

range. 

We vrere unable to dden:dne the lit:d ts in this way for October, 1962, 

however, as the F-region at Sonae then becomes unstable in its behaviour. 

This type of phenomenon (which has also been observed by Piggott and Shapley, 

1962) is u characteristic of Antarctic stations near the Weddell Sea, where 

the behaviour of the ionospher e ch~nges over from n typical winter to a 

typical summer pattern. Thvrefore the quartile range as detcrLined from all 

the days of the r-.onth \'las used insto~d. 

11/ ....• 
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1.4.6 The Am.lysis. 

The ionosphere wc.s c1o.ssified as disturbed if either f . or h 1 F
2 tun 

fell outside the cl1owed no.xinlUI!i undisturbed runge. In the finnl annlyais 

we found thnt we could ru.rrow down the tine during which the i.d •. rr:ust 

occur for it to be reg~ded ns correlated with a high p.e.f. value, to n 

period of two hours centered on the ti1~:e of the flux observation. The 

. nd th 
corre12tion wns c{iU'riod out for the pE::r~od 2 October, 1962 to 4 March, 

1963 (which is the Anto.rctic surx:er). No dntn nre nvo.ilnble for the F-region 

nt night during winter. Inclusion of this period r..ny ho.ve introduced 

weighting in favour of the dnytir:.e • 

.b.2. ·me Results. 

AlouGtte r.::ensured the p.e.f. in the conjug:1te area on 77 occasions 

for 1vhich tiLes ionospheric dnto.. for S::mc.e were avcilu.ble. On 28 of these 

the flux wo..s 2bov~ the high-low boundary nnd without exception, the ionos-

ph0rG vo..s disturbed. ThEJ results of the nnc.1ysis c.re given in To.ble 1 

vrhero H .:.nd L roprcsent 'high' and 'low' p.e.f. o..nd are defined ns p.e.f • .> ..... 

-2nd (1.4 X 104 C:lectrons/cm
2
/suc respectively 

Table 1. 

H L 

D 28 30 

Q 0 19 

12/ ...... 
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It is evident that the ionosphere rras disturbed at Sanae on every 

occasion on which the p.e.f. was equal to or above 1.4 X l 04electrons/cm2/sec, 

and in no case was there a high flux and a quiet ienosphere. 

In order to estimate the probability that this correlation was due 

to chance alone a random sample of two hour periods of the ionospheric 

parameters h'F2 and f . for the 6 month period was taken. We found that 
JIUn 

the disturbance criterion was satisfied for approximately 65°/ of the 
0 

t~tal time. The probability that out of 28 periods taken at random, all 

-6 
would be disturbed and none quiet is less than 10 • We therefore concluded 

that the above correlation is highly significant. To the best ef my know-

ledge, this was the first time that anyone had conclusively demonstrated 

that the precipitation of electrons from the outer radiation belts produces 

observable geophysical effects at sub-auroral latitudes . 

We felt that we could account for the 30 cases where the ionosphere 

was disturbed but the precipitated flux low in three pessible ways. 

(1) Other causes of i.d.'s unrelated to electron influx may be 

responsible for some of these. 

(2) The flux of electrons measured in the radiation belts is very 

variable (O'Brien, 1964) . It is thus possible that some of the 

'lorl' flux measurements represent momentary low values in the 

vicinity of the satellite, while r egions of 'high' flux may 

exist in adjaqent parts of the belt. 

(3) Some of the 30 LD cases could be attributed to the fact that 

13/ ••••• 
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a value of 1.4 X 104electrons/cm2/sec may be too large a value 

for the high/low flux boundary. 

These hypotheses are examined in Chapter 2 and will not be discussed 

further here. 

1.6 Comparison with Other Stations. 

By plotting the height of constant magnetic intensity over L =4, 

Gledhill and van Rooyen,(l962) showed that electrons that mirror at lOOOkm 

over Iowa would mirror at 200km over the Sanae area. In a later publication 

(Gledhill and v~ Rooyen, 1963) they calculated that the decrease of the 

mirror heights would result in a much wider aperture of the dumping cone 

there than anywhere else. For example, their figures indicated that whereas 

particles with pitch angles less than 56° at lOOOkm would be precipitated 

over North America, particles with pitch angles up t~ 78° at 200km would 

be dumped over Sanae. ~he fairly sharp descent of the nirror heights over 

the Southern Radiation Anomaly shown in their paper (Gledhill and van Rooyen, 

1962) implied that the precipitated flux near Sanae would be much larger 

than that measured in the North American sector,being enriched by some of 

the electrons regarded there as trapped. M.R.Torr and I (1967) have since 

extended their work considerably to a quantitative analysis of the behav­

iour of electrons in the outer r adiation belt. This is discussed in 

Chapters 2 and 3 where other 1-shells are examined. 

The approach used to test this reasoning at the time this analy8is 

14/ ••••• 
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was con4ucted, may seem rather unrefined by our present standard of know-

ledge. It nevertheless constituted an important phase of our research which 

served to guido our thinking into more important channels. ']o exclude it 

would leave this account chronologically incomplete. 

In order to determine whether the ionospheric effects were less 

severe at stations lying outside the anomalous region, we examined the 

behaviour of the ionosphere at three other stations, at the times of the 
suitable 

28 electron-induced disturbances in Table 1. These were the only/ stations 

for 1rhich we had ionospheric data at that time. The stations were:-

1) Campbell Island,which is on the same L-shell (4.0) as Sanae, 

hut which lies in the Australian sector where the mirror points 

are more than lOOOkm higher. 

2) St. Johns, which is near the same L-shell (3.5) and is the ncar-

eat .1t:2tion on this sholl to thb conjugate point to Sanae; the 

mirror heights aru about 800kr.1 obovu those at Sanae. 

3) Argentine Islands, which, although at a lower L value . (2.5), 

lies in the drift path (Gledhill and van Rooyen, 1962) of the 

electrons observed by Ginsburg et al.,(l962) at low heights in the 

Southern Radiation Anomaly; the mirror heights are about 600km 

above those at Sanae. 

The results of this anclysis are shown in Table 2, which gives the 

maximum deviation of h'F2 and fmin from the relevant monthly median for 

each station during a 12 hour period centered on tho time of the satellite 

15/ ••••• 



Table 2 ,--------~e~t---- -- ---- ------ --- - ·4_· h~ F- (km)-! - - --- -1 
··-·-- ---------- ·-·------ - .. - ---- - __ _ 2 ____ ~- ------ --- -- -·--

. - : - m ! · Campbell ! .Argentine 
1 No. Date · U..... ' Sanae 1 1 1 

d 1 St. Johns i 
1 1 
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. I 
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I I 
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7 : 24/l0/62 l 23.7 
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: I 
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I 1 
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• I 
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-· 90 B 

! > r 130 .!3 
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+115 
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+4-5 

+ 70 

t-40 

--20 

-~-25 

-- 30 

- 20 

-30 

+ 20 

-+ eo 
< 20 

+ 20 

-t-30 

+·35 

< 20 
-r 25 

12 16/ll/62 ! 07.5 +-260 B - i215 c I ·-t- 60 
i ' 

13 121/11/62 1 07.0 ~ 90 r-50 -30 I 
1 

14 : 22/ll/ 62 ! 07.6 1185 B . ·ll) v ~ -i -35 : 

15 i23/ll/62 : 06.5 260 B T- 60 I I c 
16 ! 8/l/63 I 12.6 +OO B ·[-20 - 2(' I + 120 

,1~ ~2/l/63 -~ ~:_-2 .200 ~oo-~_ ~- ~- ___ j -~~~ 
18 l31/iJ6'3 09.2 BB ; r-235 B C 

t l ! l 

1 19 
1
31/l/63 116.2 BB · + 235 B 1-+ 225 B 

1 20 I l/2/63 I 08.2 B.a : -t-140 ;-35 B -.:::: 20 

c 

I 

~ 
I 

I 

12l j _y2/63 [_10.0 _ ,_. BB : + 140 -~ -~3~--~-+-~--4{1.:_ ___ ! 
I 22 : 2/2/63 i 08.8 I ·i· lOO B :-60 -45 I + 30 

I 

i 23 116/2/63 118.9 ·- 40 < .. 20 -< 20 ' ~5 
I 24 118/2/63 ~ 20 . 2 ·t- 25 B - 40 < 6) 20 + 
1 

25 il9/2/63 ! 20.8 -t-40 B 

I 26 122/2/63 ; 19.2 - 55 B 

--40 -40 ·< 20 

-- 35 .:-:-20 I. 30 

' 27 122/2/63 1 6) .8 ·55 B - 35 · .· 30 
I , 
l 28 :26/2/63 18.2 ; - ~-20 J3 I < 20 I ~- 20 ~ :::: 20 
~ - .•. .• - ·-- .• -~ -------- ·- ---- -•· .• I - · - ···-· -t-- • - ·-· 

. Average ~h' .F 105 70 I 30 35 
l ___ - -- -· ------ . 2 -- -- ----- -- - . -- - · I --- . -- -·>- - .. 

B Blackout occurred s~metime during the 12 hour period. 

BB Total blackout during the whole 12 hour period. 

C Records lost for non- iGnospheric reasons~ 

I 
I 

I 



Table 2 continued. 
1 ---- - Event-- ----r·- - -------.6 f" ·n- (Mc7;f - ------ ;] 

1 - -.--- · · - -- -. --c-alnl5ben·~- _ll!l,__ --~~ntme '1 

I No. I Date 1 . U. T. ! Sanae _ Island I St. Johns I Islands .~ 
i
1

- 1-; 2/lo/6ii ___ o2.2 . o.2 B---1~-~r --: -o.T_!_ 0 -.1 · - ., 
I I I I I I 

i 2 I 4/l0/62 ! 02.0 i 2.0 B 0.9 I 0.2 'I 0.2 
I I I . ', I I 
! 3 I 7 10/62 23.2 1,1.5 B I 1.6 I 0.2 0.5 

; 4 110/1o/62 o1.5 1 2.6 B 0.1 1 0.2 0.1 

5 !14/10/63 1 01.8 l 2.3 B 1.3 I 0.1 0.1 

' 6 23/l0/62 I 22.7 ;;3.7 B 0 .4 II ' 0.3 0.6 

7 24/10/62 23.7 2.1 B 1.1 0.2 0.1 

8 r27/l0/62 21.7 l 2.3 B 0.7 I 0.6 0.1 
I 

9 I YJ/l0/62 I 3J.O I 2.2 B o. 7 0.8 

1 10 ! 1/11/62 I 21.3 I 2.4 B 0.4 

Ill l 3/11/62 I 3J. 7 li 3.0 B 1. 7 

I 12 : 16/ll/62 1 07.5 3.0 B 1.6 

~ 13 121/ll/62 I 07.0 i 3.0 0.5 

114 22/11/62 1 07.6 l 1.8 B 2.{) B 0.3 

! 15 123/ll/62 1 06.5 2.8 B 0.8 

1

16 8/1/63 12.6 1.5 B 0 .1 

-~ ~ ~3/l/63_~- ~-2~~ I 1~5 _ -+ 0.5 

1 18 131/l/63 
1 

09.2 BB 2.0 

~ 19 131/l/63 16.2 ' BB 2.0 B 

l2J I l/2/63 I 08.2 I BB I 1.3 

21 I 1/2/63 ' 10.6 I BB I 1.3 
_ ,_ ___ j -- _, __ _ - -1-- -- -- -- -

I 22 I 2/2/63 -,· 08.8 . 1.8 B o . 7 I B 
I I I 

23 116/2/63 i 18.9 0 .9 0.1 0.8 

24 
1
18/2/63 20.2 2.3 B 0.1 0.2 

0.8 

0.1 

0.4 

0.2 

0.9 

I
I 

0.1 
---I 2.0 B 

I 
1.0 B 

2.() B 

2.0 B 

25 119/2/63 20.8 1.7 B 0.1 0.3 

26 , 22/2/63 19.2 1.4 B 0.2 0.5 

1.0 

0 .6 

0.7 

0 .. 3 

c 
c 
c 

0.1 

0.2 

0.6 

c 
0.2 

I 0.1 
L - ·--
! 1.0 

0.,4 

0.7 

0.9 

0.2 
I 

27 j 22/2/63 20.8 i 1.4 B 0.2 0.5 0 .. 2 

28 I 26/2/63 18.2 I 2.3 B 0.4 0.1 0.2 
,- Av~~~~~-6 f ~-- l-2.o - --o. 7 -- ,--0.4___ - I . o ~4 -- ; 
L ___ _ _ _:_ _nul?-______ ' ____ L ___ ·-- '---- ---- · 

B Blackout occurred sometime during the 12 hour period. 
BB Total blaokeut during the whole 12 hour period. 
C Records lost for non-ionospheric reasons. 

1! fmin = (fmin) observed - (fmin)median 
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obs'-.ll"V'1.t.ion of the hifl)l 1>-A . f. for each of the 28 ITD ev: nla i11 Table 1. 

The averages at the foot; of the bblo aro tal::cn oxcluding events 

18 - 21, during 1vhich there v1as a total blackout ov0r the whole 12 hour 

period at So.nae. Inclusion of the corresponding large deviations for other 

stations ( but none fer Sanae , 1·rhere none. could be obtained .} 1-muld obvious-

ly have spoiled the comparison. This series of four events wa~ evidently 

connected with n geomagnetic storm vrhich occurred at that time (Lincoln, 
d and e 

1963/).Most other events show no such corr elation (discussed in qhaptur 

~'h'-" figures for bothL} h 1F
2 

e>.nd /J..f . shmv that the disturbances 
m1.n 

are much more pronounced at Sanae tho.n at other stations, indicnting that 

the precipitation of electrons on 1 :::.4 is controlled by their behc.viour in 

the r adiation bolt , as suggostod by Gledhill ond v.~ Rooyen's r csults(l962, 

1963). It vms clear ut this stage that a continuation of their work vrns 

warranted. This was und0rtc.kon by ~:. R. r.rorr. J3efore deciding on who.t 

~pproach to adopt , she and I agreed that it was necessary to obtain more 

experimental do.t~J. on the eff ect of electron precipitation outside the 

Anomaly. Tho v~:Jry interesting results 1vhich emerged from our efforts nrc 

described in Chapter 2,, 



- 16-

CHAPTER 2. 

THE ANALYSI S OF I OI:!OSPHERIC .fu~·D SATELLITE DATA AT OTHER STATIONS 

OH L =4. 

2.1 Introduction. 

\ie decidod to r e:pcat the analysio of ionospheric and el ectron flux 

data f or a station lying well outside the Anomaly. Campbell Islend suited 

our purpos0 for this analysis very well; it was the nearest to 1 = 4 of all 

the: stations f or which both satellite and ionospheric data were available, 

and the mirror heights are about lOOOkm higher than at Sanae. 

2. 2 Th0 Behe.viour at Co..mpboll Island, 

Tho analysis was r opeatcd for Campbell Island exactly as for Sanae. 

~1e criterion for an ionospheric disturbance was set up as before. The 

conjuga t e ar ea could b~ sot over bands of 2° invariant latitude and 5° 

googrf'.phic longitude, centered on the geographical coordilUl.tes of the 

conjug:-tc.. point. The analysis \vc.s C3rried out for the same 6 month period 

~s bcforu. The satellite measured the p.e.f. in thG conjuga t e 3-ren to 

C~pbell Island on 38 occasions. Using 1.4 X 104 el ectrons/cm
2
/sec ·ns the 

boundary betwe en 'high' and 'low' flux again, Tc.ble 3 could be drawn up 

in the same \vay as Table 1 \'W.S dr:-:.wn up for SDnae . 

In this c~s.:: there were 11 occ:loions on which the flux was high and 

thG ionospher e quivt. ·• It s eemed thct a correlation between ionospheric 

nnd p.c.f. d~tn did not exist at Campbell Island. In Section 1.5 I mentioned 

17/ ••••• 
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T~'\ble 3. 

H 

14 

11 

L 

3 

10 

th::tt in thG c:1sc of Sanae some of the 30 LD events could be attributed 

to the fact that a value of 1.4 X 104 electrons/cm2/sec m~y be too large 

a value for the high/low flux boundary there. Until this stage we had not 

consi dort..d this point very seriously. Faced with these new results I 

dE:cided to investigate 1-1hnt effect a higher boundary value would have on 

tho r esults for Cc.mpbell Island. The analysis w~s therefore repeated, in-

croc.sing the boundary value in small steps. As this was done, some of the 

HD .:mLl HQ c.~ses movud ovor into the LD o.nd LQ squares. Eventu.."l.l.ly, when 

tho boundary value was 2.5 X 104 elcctrons/cm2/sec. Table 3 had r edistrib­

uted itself to become Table 4. 

D 

Q 

Table 4. 

H L 

8 

0 

9 

21 

18/ ••••• 
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Reasons why this result, while pleasing, was not entirely surprising, 

were given in our paper presented at the Inter Union Symposium on Solar­

Terrestrial Physics in Belgrad0 in l966•' •••••• the South Atlantic Geomag­

netic Anomaly makes the circumstances very different at Sanae, which lies 

in the anomalous region, and at Campbell Island, which is well outside it. 

As a result a p.e.f. of 1.4 X 104 electrons/cm2/sec in the conjugate area 

to Sanae corresponds to a considerably larger p.e.f. at Sanae itself, since 

tho mirror points are so lovT in tho r egion of the Anomaly. The same p.e.f. 

in the conjugate area of Campbell Island, on the other hand, corresponds 

to a smaller one over the Island its0lf, because at that longitude the 

mirror points are higher in the southern hemisphere than in the northern 

on~.-. ' 

The fact that ,.1e were able to obtain a table for Campbell Island 

in which every 'high' flux event wc.s accompanied by an i. d. was regarded 

as proof that the precipitation of electrons causes disturbances at stat­

ions outside tho A11omaly as well. That the electron flux had to exceed 

a critical value before an i.d. occurred, which was higher thru1 that at 

Sana8, was taken as furth<.-r evidence that these wer e Van Allen Belt 

el ectrons which are controlled by the geomagnetic field. The discovery 

of this critical value of flux hastened us to repeat the analysis for Sanae 

to find out whether 1.4 X l04olectrons/cm2/sec 1vas the r eal critical 

value there. 

19/ ••••• 
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2~ 3 Re-evaluation of Sanae Datae 

The high/low boundarJ for Sanae was decreased in small steps 

from 1.4 X l04electrons/cm
2
/sec to successively lower values. On doing 

this, some of the 30 LD cases ooved into the HD square. The lowest 

critical value that could be obtained before the correlation began to 

3 2/ collapse was found to be 8.2 X 10 electrons/em sec. Table 1 was then 

redistributed to give Table 5. 

Table 5. 

H 1 

D 38 20 

Q 0 19 

This meant that the critical p.e.f. lay in the region where the 

satellite data are questionable. However, the regular \·ray in which some 

of the 30 LD cases moved into the HQ square each time the critical flux 

was dec~easea by a soall acount, suggested that the neasureoents of p.e.f. 

w·ere sufficiently r eliable for this "bJPe of analysis. 

We had certainly not expected to obtain results of such an indica-

tive nature. The pattern that emerged was not only consistent with the 

current theory of that tiDe, but clso suggested that there was a regular 

or systenatic feature to be found in the behaviour of electrons in the 

20/ ••••• 
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outer belt~ despite the large variations in space and time that had been 

observed by O'BriLn, (1964) .. Wa immediat~ly set out to confirm these 

r esults by conducting a similar analysis for other ionosphere stations 

along L = 4. 

~ Extension of the Analysis to i our Other Ionospheric Stations. 

TherL. were 4 other stations near L =4 which lay within Alouette' s 

t.._lemetry rang& and for 'I>Thich ionospht. r c data v1ere available. Three of 

these lay i n the northern hemisph&re where tht- satellite measured the 

p. 0. f . directly over the station. In theso cases we defined an area around 

the station itself, since the conjugate area was not involved. The r esults 

of thesu cnnlyses are shown in Tables 6 to 9, together with the corres-

ponding critical p.e.f. for each station. 

The r~sults sho>in in Tables 6 to 9 confirmed that a critical value 

of p. e.f. did exist at each of the stations examined along 1 = 4, above 

which th0 ionospher e was always disturbed. The fact that in no case was 

th~re Q high flux and a quiet ionospher e me~t that all the i.d.'s of 

the type we have studied her e could be caused by precipitation of 

el ectrons. 

The critical p.e . f.'s. obt~ined in tho conjugate areas of Campbell 

Island (2.5 X 104), Halley B~y (1.2 X 104) which lies on the western edge 

of the Southam Rcdi~tion Anomaly, ~d Sanae (8.2 X 103), show that it 

decreases progressively from the highest ~t C~mpbell I sland, outside 

21/ ...... 
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Table 6. Conjugate p. e.f .. - ionospheric disturbance correlation for 

Halley Bay. 

Critical flux .::: 

4 I 2 1.2 X 10 electrons em /sec 
D 

Q 

1I L 

19 7 

0 10 

Table 7. P.e.f. - ionospheric disturbance ~rrelation for St. Johns. 

Critical flux =- H L 

2.5 X 104electrons/cm2/sec 
D 8 4 

Q 0 27 

Table 8. P.e.f. - ienospheric disturbance C(lrrelatictn for Ottawa. 

Critical flux .:::: H 

2.2 X 104electrons/cm
2
/sec 

D 7 10 

Q 0 23 

Table 9. P.e.f. - ionospheric disturbance correlation for Winnipeg. 

Critical flux == H L 

2.1 X 104electrons/cm2/sec 
D 8 l2 

Q 0 11 

22/ ••••• 
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the Anomaly, to the lowest value at Sanae, near the heart of the 

Anomaly. This was consistent with the degree of severity with which the 

i.d.'s were found to occur at the three stations, and n~th our ·earlier 

reasoning. Our results had also shown that a defipite conjugate relation-

ship existed between the electron flux in the two hemispheres. Therefore 

we concluded that we had proved beyond doubt that the electrons involved 

were guided or controlled by the geomagnetic lines of force. 

~The Loss and Replenishment ~f Electrons in the Outer Radiation Belt. 

These results led M.R.Torr (1965) t~ develop a model of the outer 

radiation belt and electron flux which considerably furthered our lrnm'i-

ledge of the dynamics of charged particles in the belts and their effect 

on the ionosphere. Since we use this model in the work that follows, 

I shall summarise the main aspects here for convenience. 

The regular way in which the critical flux decreased ~ver the 

Anomaly with a c•rresponding increase in the severity of the i.d.'s, 

suggested that this was a direct consequence of the dynamics ef trapped 

particles in a quiescent geomagnetic field. The results of Williams 

and Kohl (1965) provided additional information on the less and replan­
Atlantic 

ishment of electrons upon passage through the South/Geomagnetic Anomaly. 

For trapped electrons with energies greater than 280kev as observed in 

the northern hemisphere, the trapped flux was 6 X 10\lectron·s/cm
2
/sec, 

0 
whereas after passage through the Anomaly at about 0 E the flux was 

23/ ••••• 
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3 2 \tell below the detector thr~shold of about 1.0 electrons/Clll /:Jt::c. That 

the nux is replenished by a source mechanism was shmm by the presence 

of a flux of 3 X l05electrons/cm
2
/sec at about 200°E. Therefere the 

depletion of particles in the Geomagnetic Anomaly must be counterbal-

anced by an injection into trapped orbits, so that a stable longi. tudinal 

dependence exists during magnetically quiet periods •. ~e observations 

of Frank et al (1964) and Frank (1965) indicated that a vi•lation ef 

the third adiabatic invariant with conservation of the first tw~ would 

provide a replenishment mechanism for electrons in the radiatien belts. 

The total mot~on -.f a charged particle trapped in the geomagnetic field 

would then involve a gyration around and a translation aleng the field 

line, tegether with an azimuthal and im'lard radial drift w:i th renee-

tien at the mirror pc-ints. 

Altbeugh a comprehensive treatment rf charged particles in the 

geomagnetic field is highly complex (Roederer and ifelch, 1965) M.R. Tcrr 

made a number Clf simplifying assumptions which ife theught would severely 

limit her approach. However, the remarkable results she obtained 

justified her means, since the model successfully predicted the ratio 

ef trapped to precipitated electron flux actually observed by Alouette 

along L =4. It also accounted fer the l•ng:i.tudinal variation ef 

trapped flux ~bserved by Williams and Kohl, (1965). 

Essentially the model involved a continuous injection of electrons 

of isetropic angular di r..:tribution into t ):e outer ·radiatio.n:bel:t. She 

24/ ••••• 
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restricted her attention to the L -=4 shell, where the replenishment 

source was assumed to be operative along selected loci of constant B 

and L forming nvo rings in each hemisphere. The magnetic shell described 

by the lines of force connecting these rings was divided into sections 

longitudinally. The boundaries of each section were defined by lines 

of force spaced at intervals calculated to ensure that the azimuthal 

drift was less than one spacing during one bounce period. The injected 

flux was then divided into classes of trapped or precipitated according 

as to ;.1hether it 'I'TOuld mirror above or below lOOkm altitude. Starting 

at the longitude of the lm'l'est point on the B-L curve, account was 

kept of the trapped and precipitated flux for one complete drift cycle. 

The results of this pr•cedure are shown in figures 7 and 8 in Chapter 

3 where I have repeated the calculations for other L-shells. As I 

discuss the significance of these results comprehensively in Chapter 37 

at this stage I will only refer to aspects relevant to the present 

a..."lalysis. 

2.6 i:inimum Disturbing Precipitated Electron Flux, 

figure 7 shows the longitudinal variation of p.e.f. for the hro 

hemispheres. The sharp increase of precipitation over the Anomaly can 

be clearly seen in contrast to the small variation in the northern 

hemisphere. The emergence of the Anomaly from M.R.Torr's analysis was 

enti rely consistent '-d th the observations of satellites and quanti t-

25/ ••••• 
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atively demonstrates our earlier reasoning, enabling us to estimate 

the actual electron flux at a southern hemisphere station from that in 

the conjugate area. 

To apply the theory to our case, all that is necessary is to find 

the longitude of the conjugate point and then to use Figure 7 to find 

the ratio of flux at the two conjugate points in question. For example, 

kno,~ng that the critical p.e.f. in the conjugate area to Sanae is 

8.2 X l03electrons/cm2sec, and using the ratio p.e.f. at Sanae/ p.e.f. 

at conjugate point ( i.e . 2.15/0.67 ) , we find that the actual 

p.e.f. at Sanae itself is 8.2 X 103 X 2.15/0.67~2.5 X l04electrons/cm2/ 

sec. Table 10 shows the figures calculated in this way for each 

southern hemisphere station and the values determined directly for the 

northerr. hemisphere ones. 

Table 10 

Critical p.e.f.'s at the six stations. 

Station 

Sanae 

Campbell Island 

Halley .Bay 

St. Johns 

Otta\·ta 

Winnipeg 

Critical p.e.f. in 
conjugate ar~a, 
electrons/em /sec. 

8.2 X 103 

2.5 X 104 

1.2 X 104 

Critical p.e.f. 
at station,2 electrons/em /sec. 

2.5 X 104 

4 2.2 X 10 

2.5 X 104 

2.5 X 104 

2.2 X 104 

2.1 X 104 

261 ••••• 
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These figures agree remarkably well and led u.s to believe that 

their mean value of 2.3 x 1C4electrons/cm
2
/sec, represents the minimum 

precipitated electron flux (cr minimum disturbing flux, M.D.F.) which 

will produce an i.d. 

2.7 The Frequency of Occurrence of Ionospheric Disturbances. 

I mentioned earlier that the fact that every time the p.e.f. 

exceeded the critical value for a given station an ienospheric distur­

bance occurred, suggested that all i.d. 1 s defined by our criteria 

ceuld be caused by precipitated electrons. If this vrere so, we would 

then expect the percentage total time for which the cri't;t cal flux was 

exceeded at a given station to correspond clesely t~ the percentage of 

total time for which the ienosphere was disturbed at that station. 

Until this stage we had not been able to test this reasoning, since 

the satellite did not record sufficiently large samples of data over 

each station to give statistically significant results. This is only 

too evident if we compare the number of high p.e.f. cases with distur­

bed ionosphere cases in ~ables 4 to 9. However, Figure 7 shows that 

the p.e.f. in the northern hemisphere is independent of longitude to 

a first approximation. Therefore if M.R.Torr's replenishment mechanism 

is reasonably repr~ent~tive of the ~ctUal phyoical ni~tion, we would 

expect to observe any one value •f p.e.f. with approximately the same 

frequency of occurrence at all locations along 1 .= 4 in the northern 

hemisphere. Z?/ .•••• 
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In ~~gure 4 we have theref~re pl~tted the p.e.f. as abscissa and the 

percentage of the t otal number of satellite ebservati~ns f~r which the 

p.e.f. vTas exceeded as •rdinate • .Bnm this graph it was possible to read 

off the percentage time for which the p.e.f. exceeds the critical value 

at each statien. Using large samples ef ionospheric data we determined 

the percentage time for which our disturbance criterion was satisfied 

at these stations. A compari~n ~f these figures is shewn in Taqle 11. 

Table 11. 

Frequency of p.e.f. exceeding critical value and ef 

iene>spheric disturbance at six stati•ns near L = 4 .. 

o I t· .. o J.lile p.e • .:... 
0 
/• ionospheric 

8tatiQn Lat. Long. L ;;.. ori tical disturbance 
value 

Sanae 70.3
8
8 2. 4

8
W 3-99 67 65 

Campbell Is. 52.55°8 169.151jE 4.02 29 31 

Halley Bay 75. 52°8 26 . 60.1tl 4 .. 17 53 58 

St. Johns 47.52°U 52.78f)W 3.47 24 23 

Ottalva 45.40°U 
0 

75.75 vi 3 .. 64 28 26 

vlinnipeg 49. 90°N 97.40°\'i 4.22 30 31 

The r emarkable agreement between these figures l ed us to cenclude 

that the precipitation cf electrons from the outer radiation belt is 

r esponsible fer all of the i.d. 's of the type discussed here on L-=-4. 

The discovery ef the M.D.F. together with these results enabled 

28/ ••••• 



FIGURE 4. 

The % time for which given values of p.e.f. 

are exceeded at L = 4 in the Northern Hemisphere. 
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us to predict the percentage frequency of occurrence of i.d.'s at all 

locations on L = 4. Knowing that the percentage time for which the M.D.F. 

is exceeded at a given station represents the percentage frequency of 

occurrence of i .d.'s, we calculated the corresponding values of critical 

flux at the conjugate points to locations lying in t he southern 

hemisphere around L :::4. The percentage time for which these values were 

exceeded was read from Figure 4 as before. The importance of these results, 

wluch are shown in ~lgure 5, lies in the application of this approach to 

other L-shells for which we were unable to obtain electron flux data. 



FIGURE 5. 

Calculated and observed percentage frequency 

of occurrence of ionospheric disturbances along 

L • 4. The circles and t riangles represent 

southern and northern hemisphere observati ons 

respectively. 
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CRAPTER 3. 

E.XPBRll-&"'IITT.AL .Ai.~D TIDl)RETIGAL INVESTIGA'riONS OJ!, CHARGGD PARTICLE FLUX AND 

IONOSPEillHIC DI0TUHD.A.H~.:53 AT 10::.~il L 61.fELL8. 

3.1 Introduction. 

There ~ppenred to be no re&son why the effects discussed in Chapter 2 

should be confined to the vicinity of the shell L =- 4. It seemed probable 

that electron bombardment could be a major cause of i.d.'s at all sites 

which lie below the outer radiation belt. Our treatment has therefore been 

extended to lower L shells using a somewhat different approach • 

.:2.:.£ Electron Flux Data. 

The theory could not be tested directly using the approach described 

in the preceeding chapters as individual measurements of electron flux made 

at lovTer L shells could not be obtained. An intensive study of electron flux 

in the outer r adiation belt has been made by Armstrong (1965). The data he 

presents were recorded in the northern hemisphere by the satellite Injun 3 

during the period April to July 1963. His paper includes scatter plots 

of the directional intensity of both precipitated and trapped electrons 

tdth energies ) 40kev for the shells L -= 2.2, 2.6, 3.5, and 4.5. The 

number of points sho"m in each of his diagrams varies from 244 for 1 =- 2.2 

to 413 for L = 4.5. These constitute large enough samples to estimate the 

integrated percentage frequency of occurrence of p.e.f. on each of these 

shells •. This was done for each of the shells L-=2.2, 3.0 (by interpolation 

30/ ••••• 
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between 2.6 and 3.5) and 4.5. 'lhe resulting curves are shown in figure 6. 

The profile shm·m in Figure 4 has also been included for purposes of com-

pa.rison. The curve deduced from Injun 3 data (L = 4.5) is represented 

by a continuous line and that from Alouette (L = 4.4) by the broken line. 

The :absolute r..:o difference behreen the two curves is 5.56 
for values of p.e.f. bet\-;een 8 X 103 andlX l05electrons/cm

2
/sec.· The 

frequency of p.e.f. which exceeds the critical p.e.f. for the 6 stations 

examined, as deduced from Injun 3 data, is shown in Table 12 compared 

with the Alouette results. 

Table 12. 

Alouette Injun 3 
Station 6 time p.e.f. ~ 6 time p.e.f. ~ 6 i.d. 

critical value critical value 

Sanae 67 63 65 

Campbell Is. 29 32 31 

llalley Bay 53 54 58 

st. Johns 24 32 23 

Ottaua 28 35 26 

"linnipeg 30 36 31 

Considering that the accuracy of both the ionospheric and the 

satellite measurements is of the order of~ 56, the agreement of the Alouette 

and Injun 3 values with the percentage of i.d.'s is, on the whole, rather 

good, although the Injun 3 values do deviate in the cases of St. Johns> 
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FIGURE 6. 

The percentage time given values of p.e.f. 

are exceeded along various L shells. 
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Uinnipeg and Ottm•Tao 

This is to be expected from the shape of the Injun 3 curve for 

1=4.5 in li'igure 6, in the region of value8 of critical p.e.f. be"hteen 

about 2 X 10 4 and 7 X 10 4 electrons/ em 
2
/ sec. 'I'he large difference in the 

Alouette and Injun 3 curves in the re13ion belo~r 1 X 10 4 electrons/ em 2/ sec 

is probably due to the fact that the sensitivity limits of the counters 

in both satellites ~1ere of the order of l04electrons/cm
2
/sec. 

li'uthermore, differences bebreen the t'l..to curves over the rest of 

their ranges may be due to a seasonal effect. Alouette observations '~itere 

made during t~1.e period Septf:mber, 1962 to August, 1963, ,.,hich includes 

the northern hemisphere summer nnd rTinter, vrhile Injun 3 data included 

only northern hemisphere summer observations. It therefore seems likely 

that the latter are ueighted in favour of summer uhen it would not be 

unreasonc.ble to expect a [.rreater occw:rence of larger p.e.f .. values. 

hl Frequency of Electron Precipitation and Ionospheric Disturbance at 

1m-Ter 1 shells .. 

Also sho~m in lt"'igure 6 are similar profiles for L= 2.2, 2.6, and 

3 0. A significant feature is that the curves for L =4.5 and 2.2 ere 

very much the same. The question arises as to whether p.e.f. properties 

are the same on these tuo s;1ells and in particular, t·rhether the !'1. D. F • 

.-rould be the s.:une as for 1 = 4. If this uere so, we tiould be able to eo­

timate the long~tudinal variation of the inte; Tated percenta~e occurrence 

32/ ••••• 



-32-

of flux at the lower L shell a for purposes of comparison lri. th ionospheric 

observations. In the absence of detailed p.e.f. data, it ~·rould be suffic-

ient to shm-r thn.t the percentage frequency of i.d. 1 s increased towards 

longitudes where B is a minimum (at constant height and L) as this lmuld 

be a convincing indication of particle induced effects. 

The median values of p.e.f. can be estimated fron Figure 6 by read­

ing off the value of the flux that is exceeded for 507 of the time. The 
0 

medians for the shells L= 2.2, 4.4 and 4.5 were all f01.md to be approx­

imately 1.3 X 104electrons/cm
2
/sec. 

Armstrong's results show that the integral energy spectrum of the 

electrons becomes soft towards L = 3 and then harder again at L = 2. The 

precipitated flux decreases by a factor of about 3 tm-.rards L =- 3. 5 for 

electrons t'li th energies :> 40kev and by a factor of 100 for 230kev elec-

trons. This effect is also observable in Figure 6, where the curves for 

L-::::..3.0 and 3.5 lie well below those for 2.2 and 4.5. Williams andY.chl 

(1965) discuss a possible reason for the decrease in intensity towards 

L =3, but explanations of these effects will be sought in future research. 

Lacking a better approach, I decided to use Armstrong's observat-

ions to repeat the type of analysis described in the last ·section-of 

Chapter 2, on the assumptions that the electron flux properties are the 

same in the Vicinity of the shells L = 4 and 2, and consequently that the 

l1.D.F. is the same. 

A computer programme was written to repeat 1•1. R. Torr's (1965) 
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calculations for the shells 1:::3.0, 2. 5, and 2.0. The Fortran listing 

is given in Appendix 1. (Since intense fluxes of protons have been obser-

ved to1·1ard the inner radiation belt, ·the calculations were also done 

for protons. The results are shmm as a matter of interest and do not 

form part of the analysis.) 

}).gures 7 and 8 show the longitudinal variation of p.e.f. and trapped 

electron flux respectively for the various 1 shells. figures 9 and 10 

are the corresponding ones for protons. Tables of data for these shells 

have been included in Appendix 2. The profiles for protons show that 

precipitation could extend much further eastwards at times t-rhen th~ flux 

is high. 

As in the case of 1=4, the curves for the northern hemisphere 

sho\·r very 1i ttle long:i tudinal variation. The procedure described in Sec­

tion 2.7 was applied to data for 1=3.0, 2.5, and 2.0. (.LUthough this 

approach cannot be justified for the shell 1-.::3, it is nevertheless in­

cluded in the analysis.) The longitudinal variation of p. e."f. in the 

northern hemisphere i'ras calculated for a corresponding southern hemisphere 

N.D.F. of 2.3 X 104
electrons/cm

2
/sec. The percentages of total tll.te for 

trhich these values of flux were exceeded were read from the corresponding 

curves in Figure 6. The results of this procedure are sham~. in Figure 

11. For comparison the percentage frequency of occurrence of i.d. 's w-as 

determined as before for the same 6 month period and for as many 

ionosphere stations on these shells for whieh datn wer e :--.v~lablc .. -
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FIGURE 7. 

The rel ative longitudinal variation of 

p.e.f. for various L shells. x is used t o denote 

the intensi ty of the i njected flux in electrons/ 

cm2/sec. (see Torr, 1965)o The l ongitude is in 

degrees east., 
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FIGURE 8., 

The relative longitudinal variation of 

trapped electron flux at various L shells. x is 

used to denote the intensity of the injected flux 

in electrons/cm
2
/sec. (see Tbrr, 1965). The 

longitude is iu degrees east., 
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.l!'IGUHE 9. 

The relative loneitudinal variation 

of precipitated prot0n flux along various 

L shells i n the southern hemisphere. x is 

used to denote the intensity of the 

injected flux in electrons/ cm
2
/ sec. ( see 

'furr, 1965) . The longitude i s in degrees east. 
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FIGURE 10. 

The relative longitudinal variation of 

trapped proton f l ux along vari ous L shel ls. The 

l ongitude i s in degrees east. 
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FIGURE 11~ 

The calculated and observed percentage frequency 

of occurrence of ionospheric disturbances along various 

L shell~. The numbers represent the following stations: 

L \alue L value 

1,. Cape Town 1.88 9~ Campbell Island 4.02 

2. Canberra 2 .. 08 lOo Washington 2. 73 

3o Argentine Islands 2,.50 llo Slough 2.53 

4. Godley Head 2.52 12D Miedzeszun 2o37 

5. Marion Island 2o81 13. Dourbes 2 .. 31 

6o Hobart 2.98 14o Juliusruh-Rugen 2.72 

7. Halley Bay 4.17 15. Port Lockroy 2.30 

So Sanae 3 .. 99 

The upper and lower dotted lines show the calculated 

percentage disturbance of the ionosphere for the shells 

L = 2 and 3 respectively for the northern hemisphere. 

The longitude is in degrees east. 
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.Although it would have been a better approach to do the analysis for 

April to July, 1963, (i.e. the period during which Injun 3 telemetered 

data) the ionosphere analysis had already been completed in anticipation 

of answers to our requests for satellite data by the time this approach 

was adopted. The results for the southern hemisphere are shown in Table 13. 

Table 13. 

Predicted Observed 
Station Lat. lcng L value l i.d. 6 i.d. 

Cape Town 34.15°S 18.32°E 1.88 53 56 

Canberra 35.32°S 149.00°E 2.08 23 28 

Argentine Is. 65.25°5 64.21°\•i 2.50 57 53 

Godley Head 43.57°S 172.00°E 2.52 25 :;() 

f.~arion Is. 46.85°S 37.87°E 2.81 38 45 

Hobart 42.92•s 0 
147.17 E 2.98 15 17 

Port Lockroy 64.83°S 63.51 °\v 2.~ 62 62 

The good agreement between these values show that there can be 

little doubt that the effects of electron precipitation from the radia-

tion belts are readily observable at shells as lmT as L:::. 2. It is also 

quite rema.Ikable that fairly good agreement could be obtained forMarion Is • 

• ~-;.d Hobart near L=3, where the integral electron flux spectrum is 

different from that at botlli!L=4 and 2. This suggests that very high 
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energy electrons ( > 230kev) do not play an important part as a disturb-

iug agent. As an ionosonde was only in operc.tion on ~·.arion Is. during 

the International Geophysical Year, data for the period October, 1957 

to :1arch, Ul58 w.._r u uced. l~umerous data w·ere lost due to faulty equipment 

nnd the v.::~lue sl1o1m is only reliable to wi trdn ±:·106. 

It w:::s icipros.sible to conduct an analysis for Deception Is. (L-=- 2. 2, 

fi:J.6°'.! ) '!'There our results s1·10,., tha t the ionosphere Hill be disturbed 

for nl of the time. Large quanti ties of data were recorded as lost due 

to non-ionospheric reasons. It is possible that cases of strong non-

deviative abso:r:Ption have been mistaken for equipment failure. The same 

difficulty was experienced at Sanae where the iono~phere is about 56 

less disturbed • .Another example of misinterpretation of data is evident 

in the case of the Argentine Is. in To.b1e 2 (events 18 and 19). 

Table 14 sho,-rs the results f or 5 northern hemisphere stations. 

Table 14. 

Station Long. Lat. L value l i~d~ 1 s Predicted 'l . d t 1. • 8 
0 

50.10°N Dourbes 4.6 E 2.31 29 34 

I.Ued.zeszun 
0 

21.2 E 52.17°N 2.37 37 34 

Slough 0.57°U 
0 

51.48 N 2.53 31 33 

Juliusruh-Rugen l3.38°E 54.63°N 2.72 21 32 

vlashington 77.l3°i·T 38.73°N 2.73 28 32 

The results sho~m here are entirely consistent with the observa tions 

. made on L = 4 .. 
3.6/ • • e • o 
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Since the frequency of occurrence of p.e.f. followed closely that of i.d.'s, 

I concluded that the r-l. D.F. must be approximately the same for all shells 

lying in the outer r adiati on belt and that whenever the p.e.f. exceeds 

this value, an i.d. occurs. I have shmm that el ectron bombardment of 

the upper atmosphere i s an important agent influencing the behaviour 

of the ionosphere over more than half the globe. As such, its importance 

in theories of layer formation should not be underestimated. 

~The Effect of Electron Precipitation on f
0

F2• 

The next step was to investigate variations in the behaviour of the 

ionosphere vrhich lvere typical of the i.d. 1 s studied. It seemed probable 

that the disturbance effects should produce observable changes in the 

monthly medians of the parameters h 1F
2

, f
0

F
2 

and fmin' which 1-rould be 

more marked over regions of intense precipitation. The parameters f . 
mn 

and h'F
2 

were unsuitable for direct comparison of values at various stat­

ions, since f . is dependent on the instrument used and h 1F
2 

can lead 
nun 

to misleading results because it is not simply related to the real mil1-

imum height of the F
2 

layer~ Therefore f
0

F
2 

was the obvious parameter 

to examine. 

Instead of using data supplied by individual ionospheric observa-

tories, the task \'Tas made easier by using monthly world wide prediction 

charts issued by the Central Radio Propagation Laboratories ( C.R.P .L.) 

of the U.S.A. These maps represent contours of predicted maximum usable 
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frequency (MUF) for propagation at vertical incid€>nGe~ m.J:(O), and over 

distances of 4000lan. Since f.UJF(O) is actually fxF
2

, the data supplied 

by c.R.P.L. represent fli/2 t mud.ian vnl':lo:..; of f
0

1!'2, where fH is the gyro­

frequency.These maps are used in monthly ionospheric forecasting and 

the values have been found to be, on the whole, roliable. The predicted 

values, t-Jhich are prepared three months in advance of the period to 

t-rhich they apply, are usually in good agreement with the results publish-

ed in standard monthly ionosphere bulletins, although occasional descrep-

encies have been found. The charts available included data for the period 

l'l'.ay, 1963 to November, 1966. Values of IJJF( 0) were read from these. 

From our theoretical analysis and from our observations of the 

longitudinal variation of electron flux and i. d.'s, I expected to find 

some variation of l-'ITJF( 0) at southern hemisphere locations which would 

be more pronounced near regions of minimum geomagnetic intensity (B) 

on a given L shell. I also expected to observe very little correspon-

ding variation in the northern hemisphere. 

The disturbances in the F
2 

region usually involved a decrease in 

f
0

F
2 

and an increase in h'F
2

, although similar variations in opposite 

phase have also been observed. These were usually accompanied by increases 

in f . which became less pronounced toward lm·rer L shells. Because a 
nun 

decrease in f
0

F
2 

was the most usunl variation that occurred during an 

i.d., I anticipated a decrease in r-iUF(O) toward minimum B in the southern 

hemisphere. 
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Figure 12 shows the geographic coordinates of minimum B on all 

shells for 1~ 5.0. The circles indicate the locations of the various 

L shells. In Figure 13 r-ruF(O) at local midnight is plotted against 

longitude for various values of 1. 'lbe full curves are for the southern 

hemisphere for May, 1963, and the dotted curves for the northern 

hemisphere for November, 1963 which is the corresponding seasonal period. 

The southern hemisphere curves sho'I'T unmistakably that MUF(O) does 

decrense with B, passing through a minimum, and then rising to a maximum 

to the '\'Test of lowest B. As lias expected for tha shells 2.0 ~ 1 ~ 5.0, 

the northern hemisphere curves show very little longitudinal variation. 

The small peaks at 60°E and 30°E for 1 =5 and 4 respectively, are a little 

puzzling·. It is difficult to say, however, how reli1~ble the fine struc­

ture of these profiles is, as there are not many ionosphere stations 

at such high latitudes w·hich supply C. R.P.1. with data for their predic­

tions. Not knowing how they interpolate between stations, it is safest 

at this stage to disregard detailed variations. ':lith the exception of 

1 =3.0 and 2.5, the minima move '\'restwards toward lower L as '1'1tlUld be 

expected from Figure 12. These variations are observable at shells as 

lo~r as 1 =1.5, '\'Thereafter it is likely that proton effects associated 

rrl th the Brazilian Anomaly (Vernov et. al,.l962) are dominant. There is 

also a peak in the northern hemisphere, which is approximately conjugate 

to the southern hemisphere valley. This peak becomes more and more pro­

nounced at lower L. shells and at 1 =1. 2 the northern hemisphere variation 
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FIGURE 12. 

The geographic coordi~ates of minimum B 

for several L shells. 
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FIGURE 13., 

Longi tud.inal variation of I1UF( 0) along 

various L shells at local midnight., 

The longitude is i n degrees east., 
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is larger than that in the southern hemisphere. The northern hemisphere 

peak practically disappears at 1 = 3, where the p.e.f. intensity decreases • 

.Another peak is also discernablo at about 150°E. This corresponds rather 

well to the small increase in precipitation (Figure 7) associated with 

the Russian Anomaly (Ginsburg et. al, 1962). 

The magnitudes of the southern hemisphere variations are largest 

at 1=5, becoming smaller toward 1 = 3 and larger again at 1 :::. 2 and then 

progressively smaller toward lower 1 values. This is entirely consistent 

with the variation of electron flux intensity across 1 space. 

An unexpected phenomenon is the rapid westward shift of the peaks 

0 0 
from 270 E at 1 = 5 to 135 E at 1 -= 2, l'There the eastward decrease becomes 

correspondingly more gentle. These movements do not appear to be related 

to properties of the geomagnetic field. 1rhe question arises as to why 

these southern hemisphere peaks lie so far to the '\"Test and 'l'rhy they are 

higher than the corresponding values in the northern hemisphere when 

there is no other ion production source there nt cidnight. The peaks 

just to the l'Test of minimum B in the southern hemisphere and conjugate 

to minimum B in the northern hemisphere, where there is a corresponding 

but smaller increase in precipitation, can be explained as follows. 

It is thought that electrons bombarding the atmosphere lose their 

energy both in ionizing and in heating the air molecules. ~/hen the latter 

effect predominates, an increase in the total ion content may not be 

observable as an increase in f 
0 

F 
2

, because the resulting expansion of 
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atmospheric gas may redistri"!Jute the ionization to produce a decrease 

in f
0
F

2
• Since the energy input to the southern hemisphere atmosphere 

is far larger than that in the northern one, it is quite probable that 

heating predominates there, whereas an increase in ionization may be the 

most important effect in the northern hemisphere. Similarly, enhanced 

ionization would be expected to be the predominant effect to the west 

of the anomaly where the intensity of precipitation just begins to 

increase. Moving further east, this would be superseded by heating and 

expansion of the atmosphere resulting in the max:tmum ion density. 

This led me to suspect that a critical value of nux may exist, 

above which heating 'l'Tould become the predominant effect. Noving west 

toward the anomaly, the p.e.f. begins to increase. The heating effect 

should begin· to ovex>ride· the increase in ionization at the longitude at 

\·rhich the critical value i s reached, and the increase in f 
0 

F 
2 

should 

change over to a decrease. The longi. tude at which the critical value is 

reached should therefore correspond to the longitude at \-.rhich the peak 

in hUF( 0) occurs. The fact that the curve for L =. 2 in Figure 11 is much 

broader near the peak than that for L = 4 suggests that the critical value 

should be reached much further to the west on L-=2 than on L=4. To test 

this theory it is only necessary to compare absolute values of p.e.f. 

intensity at the longitudes at l'Thich the peuks in J..UF(O) occur. If the 

theory is correct, the values of p.e.f. at these points should be the 

same. Furthermore, if electron flux is the sole a&ent responsible for 
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the large variations in r4UF(O) at midnight, it is logical to conclude 

that there must be an absolute relationship between these two parameters. 

Therefore, if the longitudinal variation of median (or average) values 

of actual p.e.f. were kno1m, p.e.f. could be plotted against MUF(O) for 

one L shell to find this relationship. To verify this, values of ~IDF(O) 

on another L shell could be calculated from the values of p.e.f. on that 

shell and compared with observed values. 

In order to estimate the absolute p.e.f. at locations in the southern 

hemisphere, median values were calculated for the shells L • 4, 3 and 2 

from all Injun 3 northern hemisphere observations on each shell. Since 

the p.e.f. is practically constant over an L shell in the northern hemi­

sphere, the same procedure described in Section 2.6 was used to calculate 

the actual p .e.f. in the southern hemispher e. (The calculations are 

described in detail in Appendix 3). The results are shown in figure 14. 

Values of p.e.f. and 1illF(O) for L = 4 "'ere read from ~~gurea 14 

and 13 respectively at the same longitudes. Only that part of the curve 

lying between 150°E and 0°E t hrough 180°E was used as I doubted the 

reliability of the small peak at 30°E in Figure 13 which could not be 

checked against actual ionospheric observations. Along the rest of the 

curve, values were checked at the longitudes of Campbell Island (169°E), 

Halley Bay ( 333°E) and Sanae ( 358°E). The agreement was good. In figure 

15, values of p.e.f. have been plotted against ~ruJ:t,(O) (curve b). Values 

of p.e.f. for L = 2 were then read from 
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FIGURE 14. 

The lonei tudinal variation of median values of 

p.e.f. for the northern hemisphere summer and for the 

southern hemisphere winter. (The value of 105 on the 

right hand scale should read 103.) The l ong:i tude is in 

degrees east. 
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FIGURE 15. 

~lots of MUF(O) against p~ e.fo f or L = 4. 

Curve (a) represents MUF(O) against midnight median 

values of p.e.f., and curve (b) daily median values of 

p.e.f. Curve (a) i s directly proportional t o curve (b) 

and so the poi nts on the former have not been shown. 
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figure 14 and the corresponding longitude of each value noted. Corres-

pending values of NUF( 0) uere rend fron figure 15 ru1d plo ttccl again:::t 

the p.e.f. longitude. 'l11e results are shmm in Figure 16 by the dashed 
labelled bo 

curve/ .Also shmm as the full line is the curve for 1 :::: 2 from Figure 13. 

The curves demonstrate that this theory can account for the west-

ward shift of the peakso The main valley is caused by the redistribution 

of ionization where the flux is highest. :r-'1oving eastw·ard, away from the 

anomaly, the flux decreases with a corresponding decrease in heating 

and increase in enhanced ionizationo The critical value is reached at 

60°E and the enhanced ionization is the predominant effect. !•loving 

further east again, the flux decreases even more and the additional ion­

ization drops accordingly, reaching a minimum at 150°E, which is the long-

i tude of minimum Po eof o Further east the flux begins to increase again 

with a corresponding increase in ionization, until the critical value 

is reached at 240°E. Thereafter, heating begins to predominate again 

and IIJUF(O) decreases to a minimum at about 350°E where the flux is a 

There are two things which may be responsible for the difference 

in shape of the two curves. The most obvious reason is that there are 

far too few stations on L =2 to expect to work out fine structure as 

complex as that which our calculations have revealed. The second poss-

ibility is that there may be other factors responsible for t he observed 

variations. 
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FIGURE 16. 

Calculated and observed longitudinal variation 

of MUF(O) along 1 = 4 and 2 at midnight. Curve (a) 

represents valu~s of NUF(O) calculated from midnight median 

values of p.e. f. and curve (b) from the daily median 

of p.e.fo for 1 = 2. The_._ curve for 1 = 4 shows the 

results calculated from the smoothed curve labelled (a) 

in Figure 15, compared with the experimental one from 

which the actual points shown in Figure 15 were obtained. 
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Considering the first possibili~;, available ivnosphere data for 

L = 2 is limited t o three rQngep of lont:,i tude centered on Austt>alasia 

(l20°E - l70°E), South Africa (0° - 30°E) and the region around G:ra.ham 

i.e. 285°- 295°E, 
Land in Jmtartica and the South Shetland Islands ( 65°\'l - 75°vl) / The 

calculated curve agrees reasonal!ly viell vri th the Argentine Islands and 

Australasian obse:::vations, but not \·Ti t h those of Cape Town (l5°E, 

L : 2.0), wr1ere the obaorv~.::d voluao are l ower. Nothing can be said about 

the peek at 240°E until actual meaaureBents are taken there. 

0 
The poor agree;·;ent of results around 30 E led me to investiga te 

the second possibility. .as AITJstrong (1965) obsorved a diurnal variation 

during 1~pril tu .July, 1963, this see.aed to he the obvious cuurse of in-

vesti{~.ation to l;ursue. (It shuuld be noted that we f ound nv diurnal 

vnriation in p.c.f. frau an ana1:rsis of JJ.ouette datn , >·rhile hcDiarmid 

and Burrow·s (1964 ) found a variation only for L > 4.5) 

l...rmstrung dj.vided his mE::asureraents into 4 six hour periods centered 

on Llicldny, eveninc-, . •idnight aml da'l'm. The p.o.f • .medians that he obtc>...ined 

for th8se .c~~:ciods on L = 4.5 \tere 5.6 X 104 , 8.5 X 103, 9.9 X 103 and 

1.4 X l 04elcctrons/cr//sec. r espectively. A smaller variation was found 

on L = 2. 2 and the corros:·onding values are l. 4 X 104 , 8.·2 X 103, 1.2 X 

4 4 I 2/ 10 and 1.2 X 10 electrons cr~ sec . res,l;ectively. 

'Ehcse effects trill not be invostit.ated in this thesis in detail, 

but the calculntions will be redone using an appropriate diurnal 

variation in the injected flux in the near future. 
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It is, however, possible to estimate to a first approximation, 

better p.e.f. values for the L = 4 shell. The p.e.f. medians for the 

northern hemisphere at midnight on the shells L = 2 .wd 4 are 1.2 X 104 

and 9o9 X l03electrons/cm
2
/sec. respectivelyo In calculat~g absolute 

intensities along these shells, the median values used were lo3 X 104 

and lo4 X l04electrons/cm
2
/seco respectively. The flux on L ~ 4 should 

therefore, to a first approximation, be reduced by the factor 

The procedure was therefore repeated using the corrected values 

of p.e.fo for L = 4. It was not necessary to do this for L • 2, because 

there is little difference between the overall median for the day and 

that for the night~ The new curves (labelled a) are also shown in figures 

15 and 16 and this time the agreement is very much better. The critical 

value, ~rhich 1rill be called the critical heating flux or CHF, corresponds 

to the peak value of I·IDF(O) in Figure 15. The CHF, as r ead at this point, 

is 1.,3 X 104electrons/cm
2
/sec. as compared with a value of 2.3 X 104 

electrons/cm2/sec., for the hDF. This result confirms the suggestions 

in our paper (Gledhill, Torr and Torr, 1967) that smaller disturbances 

may occur which are not detectable by these methods of investigation. 

This would also account for even more of the LD cases found in Tables 6 

to 9o These results suggest that the i.d. 1 s that accompany values of p.e.f. 

which lie below the currently accepted l'IDF should involve an increase in f
0

F
2

. 

Similar calculations of ~mF( 0) >-rere done for L = 4 for ·the part 
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of the curve which ;.ras origlnally disregarded. The results are shown 

in Figure 16. The calculations sho;r that a marked peak should exist at 

abcut 75~E. It is most remarkable that the CRP.L data showed a peak at 

30°E, which lies on the 1<1estern edge of the sharp rise of the curve. 

One can only guess that this increase must have been observed at the 

Belgian Antarctic base, Roi Baudouin (70.5°S, 23.3°E, 1::.5.5), during 

the IGY. 

The conclusions drawn at this stage are: 

(1) that a critical value of p.e.f. exists above \vhich the effect 

of. eleCtron bombardment becomes predominantly that of heating 

the atmosphere, 

(2)that during the southern hemisphere winter there is a diurnal 

variation in the p.e.f. l·Thich, because of the CHF, results in 

a complicated longitudinal variation of f
0

F
2 

at constant L. 

The results discussed deal vii th the night-time period which is best 

suited for a study of electron induced effects, because, as far as is 

kno'lm, there are no other causes of ionization effective then. The sit­

uation inevitably becomes more complex ui th the rising of the sun. 

Atmospheric heating and expansion occur and the ultra-violet light from 

the sun beg.ins to ionize t.l-}e air molecules. The latitudinal variation 

of loci of cons~ant L wotud also be expected to introduce further 

yatiations in hUF( 0), because of corresponding latitudinal changes in 

the solar zenith angle. 
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Since the nonnal diurnal heating of the atmosphere will supplement 

the corpuscular energy, the CHF would be expected to be lower during 

the day than at night. This means that the JIIDF should also decrease 

during the day. In the absence of any other effects one would expect 

the peaks to follow· the CHF and move closer together. However, until 

the influence of the additional ultra-violet ionization is investigated 

it is difficult to predict what is to be expected. 

Figures 17, 18 and 19 sho1-v the long:i tudinal variation of MTJF( 0) 

at constant L for the times 0600, 1200 and 1800 hours. The same general 

pattern is observable at each of these times of day. At 0600 it seems 

as if the peak at L • 2 has moved to the east. A check of the CBPL data 

for L • 4 against median values of f 
0

F 
2 

at Halley Bay and Sanae for 

May, 1963 revealed an error in this data for dawn. The values of MUF( 0) 

at these longitudes are approximately 1.0 Me/ s and 1. 5 Me/ s too high 

for Sanae and Halley Bay respectively. This means that the valley on 

L c 4 should lie near Halley Bay (333°E), which by comparison 1d th 

Figure 13, places the peak further to the west. 

The variations at 0600 are less pronounced than expected. However, 

it is lfell known that the ionosphere undergoes rapid variations at 

sunrise and these may obscure the corpuscular effects. There is an 

increase in the peak of MUF(O) at midday which can be associated with 

the diurnal increase in UV ionization. The long:i tudinal variation 

in MUF(O) on the shells L = 2 at da'Wn and midday show additional 
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~"'IGURE 17. 

'.rhe longitudinal variation of HUF(o) at local 

dawn for various L shells.The longit~de is in degrees east. 
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:i:"IGURE 18" 

The longi tud.inal variation of ml.l!.,( 0) along 

various L shells at local midday. The longitude is i n 

degrees easto 



~JJIDDAY 

LONGITUDE 

'\ 
\ 

L=2·0 

........ ---

8.=5·0 



FIGURE lit. 

iong:i. tud.inal vari ati on of r.ruF(O) along 

various L shells at local evening_. The longitude is 

in degrees east. 
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unexpected peaks and valleys. 

'Ihere are many strange variations at .ill shells which I cannot 

explain at this stage. At midday the N.H. intensity on L = 4 rises 

to 5o6 X 104 electrons/am
2
/sec. as compared with 9o9 X 103e1ectrons/ 

am
2
/sec. at midnight. Because of the complications introduced by solar 

ionization and heating, it was not possible to calculate values of 

MUF(O) for the day--time. It seemed likely that the left and right peoks 

l'TOuld move t01•1ard. the region of minimum flux around 180°E, \'There they 

may even merge to one peak, . bocnuse of the increase in both the 

corpuscular and radiative energies (with a consequa'llt decrease in the 

CHF).The curves for midday, however, do not show this behaviour at all. 

It is difficult to understand v1hy the peaks lie at approxira.a.tely 100°E 

for 5 ~ L?: 3, and around 0° to 30°E for 2~1 =:::2.5. 'Ihat a peak does 

exist at approximately 0°E at L = 2 was confirmed by all examination 

of the ionosphere data for C.~e Town. During the day-time, especially 

at midday, the entire phenomenon is probably too complex to be explained 

in tenns of M. R. Torr 1 s simple model of electron flux and this theory 

of a critical heating flux. 

2._. 5 Conclusions and Discussion. 

The first significant result which emerged from the analysis 

described in this chapter, l'Tas the discovery that the close relation 
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between the frequency of occurrence of p.e.f. and i.d. 1 s found at L: 4, 

persists at all sites below the outer radiation belt. This in turn just­

ified the initial assumption that electron flux properties are similar 

on the shells 2 ~ L ( 4. 

are: 

The main conclusions drawn from the inspection of the J.IDF curves 

(l)The variations in M~(O) are caused by corpuscular bombard­

ment of the atmosphere, because the southern hemisphere curves 

show a buildup of fllUF(O) to a peak (or peaks) and then a decrease 

at or near to regions '9f minimum B. 

(2) At midnight, when there are no other heating and ionizing 

agents present, the variations i."l llUF(O) can be explained simply 

in terms of corpuscular ionization and heating of the atmosphere. 

( 3) .Broad longitudinal varia tiona in f ,/
2 

were preq.icted and 

found, but the approach used is too simple to explain the complex . 

day-time variations. It seems probable that these are related 

to the diumal. variation. in_· :t)(~;th P.:.e.f. ~d. UV intensity. 

(4) The effects of electron precipitation from the radiation 

belts are readily observable at shells as lovr as 1::1.5 and dis­

earnable at L =l. 2. 

(5) The F
2 

layer is notorious for its erratic behaviour. It was 

always this typically erratic behaviour that consistently satis­

fied the disturbance criterion. llie fact that the frequency of 
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occurrence of pae~f. corresponded. so well t6 that of i.d.'s, 

suggests very strongly that the key to the puzzle of the strange 

behaviour of the F2 region has been found. 

Unfortunately the investigation has been hampered to a certain 

extent, because satellite observations of p.e.f. are not available ~ 

us at present for lm'ler 1 shells. The results obtained led to the con­

clusion that we are dealing with a global phenomenon which appears to 

form part of the regular behaviour of the ionosphere below the radiation 

belts. Tb.ese results should lead to a better understanding, not only of 

the behaviour of the ionosphere, but also of charged particles in the 

radiation belts. 

It is also evident tl~t far more ionospheric and satellite obser­

vations are required for both hemispheres (in particular the southern 

one) to resolve the complicated daytime variations. n1is could possibly 

be achieved if interested countries could be persuaded to operate port­

able ionosondes to obtain more information over the large unmonitored 

regions. 

In the absence of electron flux data, a promising alternative 

method seems to be a detailed correlation of 3914 1 a'!ll'oral. el!tj;S:;J;i.9.n, . · 

with ionospheric observations • . ·South Africans could contribute substan­

tially to a project of this nature by using the research ship, the RSA, 

to make ionospheric and airglovr st-udies along lines of constant 1 in 

the Indian and South Atlantic Oceans. 
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CHAPTER 4. 

EXPLANATION OF F REGION PECULIARITIES. 

It is obvious that the remarkable longitudinal variations found 

in f 
0 

F 
2 

at constant L must be responsible for much of the strange behav­

iour of the F region. In the last chapter it was shown that these long­

itudinal variations at midnight were caused by corpuscular bombardment 

of the atmosphere. Superimposed on these during the day was a complex 

diurnal variation which could be related to the combined diurnal varia­

tions in p.e.f. and solar radiation. In this chapter, the effect of these 

variations on the diurnal behaviour of f
0

F
2 

at locations along constant 

L will be investigated. Seasonal changes in the pattern of the longi tud­

inal variations are also investigated and it is shown that the summer 

behaviour is different from winter. Tms investigation supplied the 

ansNers to several previously unexplained F region phenomena • 

.4:£ An Unusual Decrease in f
0

F
2 

Over Rhodesia During The Evening in 

Winter, 1966. 

The first problem solved in the light of this newly acquired 

knowledge involved the fading of 3.3 Mc/s signals of the Rhodesian 

Broadcasting Corporation. They reported that their 90 metre band trans­

mission to Salisbury (17 .8°S, 31.0°E, 1 = 1.36) was disrupted in the even­

ing for the period April to Nay, 1966. The transmitting station is 
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situated at approximately 140 miles to the west of Salisbury. Fading of' 

their 3396 kc/s transmission comreenc~d at about 2100 hours and was 

followed soon after by their 3306 kc/s signal. · On some occasions the 

fading lasted for periods of minutes and at other times until shutdown 

at 2300 hours. 

It was discovered that this phenomenon could be explained in tenils 

of an eastward shift of the ~IJ.UF valley on L = 1.3, together with the 

diurnal decrease of f QF 
2 

with the approach of evening. Normally Salisbury 

lies to the east of the valley (see l<~gures 13 and 19). However, during 

April to May, 1966 the eas~l'ard shift lias greater than for IF.ay, 1963. 

0 
Values of EUF (140 miles) 1oTere calculated for the region :530 E to 

50°E at approximately 1::1.3 using C.tlPL prediction charts. Ionosphere 

data recorded at Johannesburg w·ere used to correct small errors in the 

predicted values. It was found that therewas a steady eastward shift 

of the valley tovrard evening. At about 2:)00 hours, r.TIP (140 miles) 

1.;ent below the f.b.odesian transmission frequencieso About an hour later, 

the valley began to move wesbmrd again and l11UF (140 miles) rose above 

the frequency of transmission. 

This is one example of the successful application of these recent 

observations of corpuscular bombardment of the atm.,sphere to the explan-

ation of what might othe~rise have been a puzzling phenomenono 
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-52-

hl The .Anomalous Morning Increase in f 
0 

F 
2 

at Sanae and Halley Bay. 

The success of the above reasoning led to the attempt of an 

explanation along similar lines of a peculiarity in the behaviour of 

f
0
F

2 
at some Antarctic stations. vlorkers have been baffled for some time 

by a striking anomalous summer morning increase in the peak electron density 

at several stations lying in and near the Southern Radiation Anomaly. 

This type of behaviour was first noticed at Port Lockroy(67°S, 65°\v) 

and at Deception Is. (63°S, 61°\v) by Coroniti and Penndorf (1959). Later 

Knecht (1959) reported a similar phenomenon for the South Pole, Bellchambers 

and Piggott (1960) for Halley Bay (75.5°S, 27°W) and Baker and Gledhill 

(1964) for Sanae (70.3°S, 2°W). Among other stations, Falkland Is. (57.7°S, 

57 .8°W) also shol-Ts it. vli th the exception of the South Pole, all these 

stations lie within 0° to 70°W. Antarctic stations that do not show it 

include Terre Adelie(66.7°S, 140.6°E), MacQuarie Is.(54.3°S, 158.6°E) and 

Campbell Is.(52.5°S, 169.1°E), all lying east of the South Radiation Anomaly. 

The object of this discussion is not to solve this problem in 

detail for all stations, but rather to show that the general solution 

has been found by explaining the typical cases of Halley Bay and Sanae. 

In :BJ.gures 20 and 21, MUF(O) is plotted against longitude for 1 = 4 

in the southern hemisphere for December and Iliay,l963 and for the times 00 

to 22, at 2-hourly intervals. As reasons for believing that the CRPL data 

may be unreliable at locations far removed from ionospheric observatories 

have previously 
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:E'I GURE 20 • 

'f.he summer longitudinal variation of MUF(O) 

on L : 4 at various times of day, in the southern hemi­

sphere., 
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FIGURE 21. 

Winter l ongi tud.inal variation of MUJP( 0) along 

L = 4 at various times of day, i n the southern hemisphere. 
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been given, only conclusions based on CRPL data derived in the proximity 

of stations will be regarded as factual~ 

Comparing Figure 20 with 21, it can be seen that at midnight in 

summer the f'iUF( 0) pe~ lies further to the east than in l'Tinter. This 
(27°W) 

.results in a midnight increase in ionization at Halley Bay/and Sanae (2°W). 

Unfortunately, Alouette did not record sufficiently large samples of data 

in December to calculate statistically significant median values of 

p.e.f. Therefore it was not possible to apply the CHF theory again. 

Furthennore, at the longitude of Sanae, the L =4 contour dips to the 

south and in summer the ionosphere is illuminated by the sun for 24 hours 

a day. 

The combined effects of the radiative and c~rpuscular energies 

place the peak of MUF(O) at approximately 60°1:i at midnight in December. 

Since the peak moves away from this position during the rest of the day, 

this causes f F
2 

to attain a maximu.m value there at midnight. Although 
0 . 

there are no stations at f:JJ0~J on L =4, Coroniti and Penndorf (1959) 

observed a maximum at midnight at Port Lockroy on L = 2.3. Similarly, 

Halley Bay and Sanae lie on the eastern slope of the peak, making f F
2 c 

at these stations much higher than normal at midnight, even considering 

their geographic location. The value of f
0

F
2 

is correspondingly higher 

at Halley Bay than at Sanae, their respective Htr.F(O) values being 6.0 

I~c/s and 5 .. 8 Nc/s. At 0200 hours the peak moves further east, suggesting 

that the p.e~f. decreases in the early morning hours. A decrease in ~illF(O) 
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is thE?.vefqre ~ be 13~egted ~~ a?o\li; ;t.?Q9.E! !tP.ere the p!e.:f. reaches ~ 

rn3.nilpum. ~SJ is GQnf;i.:r;med "Qy- the valuE:l fc;>r C~pl:?el.l. Isl~1d l-l):P..Qh 

decreases from 5.2 r:c/s at 0000 to 4.4 Mc/s at 0400 hourso 

On the other hand the solar zenith angle is increasing with a 

corresponding increase in UV radiation. Together 1ri th the decrease in 

heating this results in an increase in MUF(O) from 5. 7 Nc/s at 0200 to 

6.0 Mc/s at 0400 at Hall ey Bay, whereas at Sanae the p.e.f. is still large 

enough to suppress an equal increase (in this case 5o4 Mc/s to 5.5 Mc/s) 

by heating the atmosphere. At 0600 , however, the p.e.f. must become so 

small that it can only supplement the normal ionization at the point of 

maximum precipitation. In this case the curve resembles a typical northern 

hemisphere curve where corpuscular effects are very much less pronounced. 

This implies trmt the p.a.f. diurnal variation in summer must be different 

from that in -vTinter. This causes an increase in f 
0
F 2 at Sanae at 0600, 

which then reaches a maximum at oroo. Halley Bay (27°·vl), on the other hand, 

lies a little too far to the west to experience this increase and f
0
F2 

decreases at 0600. This entire phenomenon r esults in maxima .at Halley Bay 

at midnight and 0400 hours c.nd at approximately 0000 for Sanae. T'.nese 

observations are entirely in agreement with Bellch~bers and Piggott (1960) 

and Baker and Gledhill (1964). 

At 0800 hours the p.e.f. presumably begins to increase Qlld the 

peak just to the east of the Anomaly begins to appear, as in the case 

of '"inter. The valley at Halley Bay is a little puzzling at this stage 
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as it does not appear to fit the theory. HO\·rever, it is possible that 

a strong diurnal variation in the injected flux may shift the region of 
of minimum B. 

maximum precipitation itself further to the west/ For example, if the 

extreme case is considered in uhich the injection of fresh electrons 

is restricted to that half of the globe lying opposite to Sanae - Halley 

Bay, it 'vould be expected that most of the flux would be lost before 

minimum B is reached. 'Ihus if a strong diurnal variation of this nature 

does exist, Halley Bay vlould experience greater precipitation than Sanae. 

According to l·1.R. Torr's model, the entire electron flux is wiped out by 

the time minimum B is reached. Since precipitation increases very 

rapidly from about 40°W, in the absence of replenishm.ent, large quanti ties 

of flux 1-fould be lViped out to the west of minimum B. 1his '~ould make 

the heating predominant to the west. 1fnat is left Clf the flux 'rould then 

be lost within the last fevT degrees of longitude before minimum B. 

This would probably only be sufficient to enhance existing ionization. 

'Ihe point is that the change over from heating tG enhanced ionization 

v~uld be extremely sharp. The above is entirely consistent with the valley 

at Halley .aay and the sharp rise to a maximum at Sanae at 0800 hours. 

At 1000 hours fcF
2 

decreases at both Halley Bay and Sanae and 

means that the p.e.f. is increasing again. It does not seem correct that 

the valley shouJ.d start as far to the \'lest as CRPL data indicate. 
(27°'YT) 

A minimum at Halley Bay/'ld th a sharper rise to the >test would be nore 
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consistant \'lith the CHF theory, It seems probable that in calculating 

these data CBPL must have interpolated across L space, which could be 

dsleading because at lower L the minimum would occur further to the 

west. Once reliable ionospheric observations are available for locations 

along constant L, these problems will be much easier to solve,. 

The diurnal variation of liDF(O) 1-Tas detennined at locations lying 

30° apart on L =4 by reading off the values at the times given in 

Figure 20. The results are shown in Figure 22. The morning maxima at 

0 • 
Sanae and Halley Bay are clearly observable. At 60 W and 90 \'l the 

maxima occur at midnight, while at 120'\·1 there are two peaks, one at 

1000 and the other at 2000 hours. Further west the behaviour becomes 

the normal diurnal type. This happens because to the east of the :..nomaly 

the movement of the peak in !~UF( 0) is roughly in phase with the diurnal 

variation. At midnight the peak lies close to the lJlomaly and the east-

ern stations remain unaffected. \'lith the approach of midday., the peak 

moves over to the eastern side to enhance normal ionization, working 

in phase with the sun. 

This theory does not offer an explanation of similar phenomena 

at the South Pole. It is likely that the time of occurrence of max:ima 

in f
0

F
2 

is directly related to diurnal variations in charged particle 

flux, being quite independent of the buildup caused by the radiation 

belts. 

Figures 23 and 24 are similar pl~ts of the longitudinal and 
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~'IGURE 22. 

Summer diurnal variation of NlJF( 0) along 

L = 4 in the southern hemi ophere. 
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FIGURE 23. 

Longitudinal variation of MUF( 0) along L = 2 

in summer i n the southern hemisphere. 
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FIGURE 24. 

Summer diurnal variati on of I.ffiF(O ) al ong 

L = 2 i n the southern :1emisphere. 
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diurnal v.:l.riations of MUlt,(O) at 1 = 2 for summer. These will not be 

discussed in detail, us the general f eatures nre so similar to t~e 

L :: 4 case, ind.ic.::tting that the srune explanation will apply there. In 

particular, the diurnal bemviour at Port Lockroy and Deception Island 

can now be understood. 

It is most remarkable that the South African stations, Johannesburg 

lie in the region '\'There corpuscular effects w·ork in phase with diurnal 

variations, (the behaviour nt about 1 = 1. 5 is similar to that a t L = 2) 

0 0 
whereas at a mere 45 to 60 further west, the behaviour is entirely 

different. 

Tho next question is why is this phenomenon not observed in winter. 

The anm·rer to this is that there Clre no ionospher e st:J.tions at locations 

where unusucl behaviour of this type occurs during winter. Referring to 

Figures 2l and 2J, it can be seen that the peak nt 0000 hours lies at 

60°\v in summer, in comparison to 12::>
0

\-1 in 1d.ntor. In this case the penk 

is too far west to o.ffect Scmne and Halley Bo.y. From the shift of the peaks 

0 
in Figure 21, the region around 12::> lv would be expected to show the 

most unusual beh.:l.viour. At 12::> 
0

E where the peak is directly in phase rli th 

tl1e sun at midday, f
0

F
2 

reaches its highest value on the L = 4 shell. 

figure 25 represents the longitudinal variation of MU.F(O) in winter 

for L = 2, ond Figures 26 81d 27, the .winter diurn.:ll vm-io.tions for both 

L ::c 2 and 4 respectively. The latter two diagrnns illustrate the 

conclusions drawn above. 
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Winter l ongitudinal vari ati on of NUF( O) along 

1 ~ 2 in the southern hemispher eo 
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ll"'IGURE 26. 

Winter diurnal var iat ion of MUF(O) along 1 = 2 

in the southern hemisphere,~) 
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FIGURE 27. 

\'linter diurnal variation of ~IDF(O) along 

L = 4 in the southern hemi sphereo 
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It therefore seems that the rapid change over f:rcm typical 

winter te . typical summer behaviour at the equinoxes (Balter and Gledhill, 

1964) is directly related to seasonal changes in both the dynamics of 

particles in the radiation belt and atmospheric properties. 

The morning maximum in f
0

F
2 

at Antarctic stations near the Weddell 

Sea is a pronounced example of an effect that occurs to a lesser degree 

in other regions as well. According to present i<mization theories, 

( Rishbeth and Garriott, 1964) the maxima in f e F 
2 

should occur at a 

time ~ later than noon, where p is the attachment coefficient. However, 

the times at which these maxima actually do occur show little systematic 

behaviour, varying from before t4 after noon. Variatisns f>f this nature 

have been reviewed by \vrigbt(l962). The typical F2 behaviour is illus­

trated in F.i.gurea 22, 24, 26 and 27. These effects can be explained 

using the arguments CJf this section and there can be little doubt at this 

stage that they are due to the bombardment of the upper atmosphere by 

electrons. 

4.4 ·the F Region Winter Anomaly. 

At most localities the F
2 

ion density around midday is greatest 

in winter and least in summer, contrary to what would be expected from 

simple Chapman theory. 

It has been hypothesized that the lm·Ter ion density in summer 

is due to accumulated heating and expansion of the F2 layer, which 
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causes the ions to be dispersed over grea.tf:!r height. 'ltlo:rkera have 

estimated that ~he increased summer radiation, which is assumed to 

produce the higher temperatures, is insufficient to heat the atmosphere 

to this extent (Rishbeth, 1964)and remain puzzled as to why this 

increased radiation does not produce the expected higher ionization •. 

Until 1963 there had been little basis for deciding whether the winter 

densities are anomalously high er whether the summer densities are 

anomalously low. vlrl.ght (1963) showed that the electron content (per 

CI1i
2 column) below the peak of the F

2 
layer was larger in winter than in 

summer. He found that the electron content was practically independent 

•f latitude in winter at zero solar zenith angle, whereas there was a 

noticeable decrease with latitude in summer. ~~m this he concluded that 

summer llas the anomalous season. 

His explanation of this phenomenon involved an increase in the 

loss rate due to a seasonal change in atmospheric composition. He. 

maintained that this could be achieved by an increase in the ratio of 

molecular nitrogen (N
2

) to atomic oxygen (0). This would mean that 

(1) more radiation would be absorbed from the incident nux 

without contributing to the electron content (see Part g) 

(2) the partial loss rate depending on tre reaction 0++ N
2 

->­

NO+ t N would increase. 

Although it is quite reasonable to suppose that \<I right' a theory is 

correct, it is possible that this is a secondary effect and that the 

fl:)j ••••• 
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primary cause of the anomalous behaviour is an enhancement of winter 

ionization and a redistribution of summer ionization due to electron 

bombardment of the atmosphere. In other words the winter values are 

anomalously high and the summer ones anomalously lo"'• &>me of the summer 

ionization '\>TOuld naturally be carried above the peak of the F 
2 

layer. 

This aspect '1'1ill be examined in Part 11. 

Because the combined effects of corpuscular and solar radiation 

on the atmosphere are not understood at this stage, it is not possible 

to prove the above conclusively. A plausible theory can horrever, be 

developed to explain this phenomenon on the basis of the previous obsel.'­

vations and deductions. Since the winter anomaly is easier to explain 

for the northern hemisphere, this 'I'Till be discussed first. 

~The Northern Hemisphere. 

Let us consider the case where the injection of fresh electrons 

into the radiation belts is independent of season. Seasonal and diurnal. 

changes in the atmospheric properties 'I'Tould introduce corresponding 

variations in the trapped and precipitated flux which would be more 

pronounced over the anomal.y. It is logical to expect a small increase 

in p.e.f. in the northern hemisphere in summer, because of increased 

atmospheric expansion (see Part 1!). Since the extent of precipitation 

over the anomaly is dependent on the buildup of trapped flux on passage 

through the northern hemisphere, the accumulated loss of flux in this 
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hemisphere Should produce a decrease in precipitation in the southern 

hemisphere in winter. The reverse effect would not be as pronounced 

for the northern hemisphere, as precipitation is practically independ-

ent of t he buildup in trapped flux there. 

Similarly, diurnal variations in p. e.f. should te expected over 

the anomaly (which is in agreement with Armstrong's observations, (1965)). 

~s suggests that :t-1.R.Torr1s model could be improved by introducing a 

diurnal variation in the criterion defining trapped and precipitated 

flux. 

It has been verified by an analysis of Alouette data that there 

is a small seasonal variation in p.e.f. in the northern hemisphere 

which makes precipitation greater in summer than in winter, The northern 

hemisphere values of p.e.f. for 1 = 2 and 4 shovm in figure 14 lie very 

close to the winter midnight CHF (1.3 X l04electrons/czl/sec.). Since 

Injun 3 observations were made during April to July, 1963, they repres-

ent northern hemisphere summer conditions. (The v1ay in which these 

values were calculated is described in Appendix 3. )b"':rom Armstrong's 

observations, the overall midnight medians on the shells 1:::4 and 2 

3 4 ~ 
are 9.9 X 10 and 1.2 X 10 elect:rons/antfsec. respectively, as compared 

with 5.6 X 104 and 1.4 X 104 respectively for midday. At midnight in 

summer the values lie below the winter CHF and the F region ionization 

should be enhanced. At midday the atmosphere is hotter, the CHF lower, 

and the flux is higher than the midnight CHF, indicating that heating 
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should be the predominant effect. In winter not only is the flux 

lower, but the atmosphere is oooler and the CHF higherthan in sUI!llll.er 

for both night and day. At night therefore, the p.e.f. will lie much 

further below the CHF, and the l'Tinter MUF(O) values should be much 

lower than the summer values. During the day the p.e.f. in winter should 

be close to the CRF and should enhance the day-time ionization, whereas 

in summer the midday p.e.f~ is well above the CHF and redistribution 

of ionization should be predominant. It is also quite likely that the 

midday heating will bring about the change in atmospheric composition 

suggested by Wright (1963). 

Figure 28 shows the northern hemisphere variation of MUF(O) at 

midday and midnight for both winter and summer f or the shell L= 2, 

where the diurnal variation is even less pronounced than on L = 4. The 

curves show that at midnight the summer values are higher than the winter 

ones, whereas at midday the reverse wccurs. It is interesting to note 

that in summer at midnight, there is a distinct increase in ionization 

at about 150°E which corresponds well with the maximum in p.e.f. in 

Figure 14. At midday on the other hand, there is a marlced decrease over 

the same region which strongly supports the above theory. It is puzzling 

how·ever, that in winter the maximum occurs at about 300°E and the 

increase in p.e.f. at 150°E t o 180°E appears to have no effect at all. 
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FIGURE 28. 

\!linter Anomaly: Northern Hemisphere longitudinal 

variation of MUF(O) for 1::: 2 at midnight and midday 

in summer a."l.d winter. 
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~ The Southern Hemisphere. 

figure 29 show·s the longitudinal variation of MUF( 0) in the 

southern hemisphere for both winter and summer. In this case the winter 

anomaly is very much less pronounced than in the case of the northern 

hemisphere. The reason for this is that the heating effect persists 

over a large range of longitude there, even in winter, due to the 

Southern Radiation Anomaly. In summer at midday the p.e.f. lies well 

above the midnight winter value of the CHF (1.3 X l04electrons/cm
2
/sec.) 

at all lengi tudes. For example the values shown in figure 14 must be 

increased by the factor 5.5 X 104/ 1.4 X 104 (see Section 4.3) to 

obtain midday values of p.e.f. The lm·rest value of p.e.f, on the L=-4 

shell at 150°E at midday, is 4.3 X l04electrons/cm
2
/sec. It ther efore 

seems certain that the peaks in :t-lUF(O) during the day in summer do not 

represent an increase in ionization due to electron influx, but rather 

a decrease in the redistribution of ionization where the p.e.f. is 

lowest. 

The fact that both the winter and summer peaks lie at approximately 

the same· longitude, indicates that even in winter , at midday, the p.e.f. 

does not f!P below the CHF anywhere on 1=4. If, for example, the p.e.f. 

decreased by a factor of 3 from summer to 1ri.nter, the lowest value of 

flux at 150°E would be approximately equal to the winter midnight 

value of the rnF. This should place both the winter and summer peaks 

in NUF(O) at the longitude of the lm·Test value of p.e.f. on L= 4, viz. 
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FIGURE 29o 

Wi nt er .Anomaly: longi-tudinal variation of IIDF(O) 

on L ~ 4 during winter and summer, for 1000, 1200, 1400 

and 1600 hourso 
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0 0 
between about 100 E and 26) E. 

The actual peaks shown in Figure 29, however, lie between 90•E 

and l00°E. T'ne only stations lying in the region in question are 

Kerguelen (70.zl'E, L=- 4.8) and Campbell Island (169.15
3 E, 1=4.0). 

The values of MUF( 0) sho'l'm for these stations in Figure 29 for December, 

1963 are 6.7 Mc/s and 6.5 Me/a respectively. The actual median value 

of f
0

F
2 

-T- fH/2 at Campbell Island rias 6.2 Mc/s. Since there were no 

data available for Kerguelen in 1963, the values f or December, 1959 

were compared for the two stations toestimate the relative variation. 

In this case the median values of fxF
2 

at each of these station were 

7.2 Me/a and 7.0 Mc/S respectively. 

There is, therefore, no experimental eVidence for the sharp peaks 

shown in Figure 29 at 90°E to 100°E. Neither is there any experimental 

evidence to shm., that MUF(O) decreases before 200°E. In fact the actual 

values of fxF
2 

at Kerguelen and Campbell Island are more consistent with 

0 0 
a broad peak from 70 E to at least 170 E. 

¥1hether the l\'i.nter values of NUF(O) are greater than the summer 

ones '\'Tould depend on the extent to which the p.e.f. enhanced or redia-

tributed the ionization in the southern hemisphere. A quantitative 

analysis of these phenomena has already been started and very much 

better est~ates of the combined effects of p,e.f. and solar radiation 

ldll be available shortly e 
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.1.:2.. Discussion. 

Since this study of the effects of corpuscular bombardment of 

th~ atmosphere over the Southern Radiation .Anomaly began, several 

publications have appeared which support the conclusions drawn here. 

The theoretically deduced buildup and loss of electrons (r-1.R. Torr, 1965) 

on which many of the results depend, has been strongly supported by 
et cl. 

satellite measurements (l'lilliams and Kohl, 1965) o Sharp/(1965) presented 

results,obtained from satellites,of trapped and precipitated electron 

intensities and 0f the concentration of positive ions in the F region 

of the ionosphere. The results showed beyond doubt that electron bcmb-

ardment makes a contribution to the ionizaticn of the F region ~ver the 

South Atlantic, both by day and night. This contribution is thought to 

be comparable in magnitude w.i th that of X - rays and ultra - violet 

light from the sun. These results confinn our observations and lead 

one to believe that the missing factor in the theory of the ionosphere 

has been found. 

The concept of the necessity of a corpuscular source of energy 

to explain unusual F region behaviour is not new. Several I'TO:rlcers have 

suggested that such a mechanism could play an important part in 

governing the behaviour of the ionosphere. In particular, Bellchambers 

and Piggott (1960), .Baker and Gledhill (1964) and Coroni ti .:md.:.Pvntldorf 

(1959) suggested that corpuscular bombardment of the atmosphere may 

be responsible for the unusual summer behaviour at Antarctic stations 
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near the Weddell Sea. 

Very convincing evidence supporting the results presented in the 

last two chapters are the deductions of Harris and Priester (19623.). They 

found that the absorption of solar extreme ultra - violet (EUV) could 

not explain the observed diurnal variation of atmospheric density and 

temperature, since it yielded a maximum of these properties at about 

1700 hours local time instead of 1400 hours where it is observed. If 

the EUV is ~djusted to eive the observed average temperatures, the diur­

nal variation in density is too large compared \'Ti th the observed ampli­

tude. Also, comparison of the required NUV flux with the measurements 

made by Hinteregger (1962), sh'n-Ted that ar. extremely high efficiency 

of conversion of EUV to heat was required. Harris and Priester therefore 

concluded that it was necessary to ha~re another source of heating 

\·Thich has a maximum at 0900 hours local time at a flux of 1 erg/cm
2 
/sec., 

and postulated the existence of a corpuscular source of energy. 

All these observations and deducti~ns are consistent. It is to 

be expected that the corpuscular energy source predicted by Harris and 

Priester should produce readily observable geophysical effects, \-lhich 

would vary with the corresponding diurnal and seasonal variations in 

flux. 

In this thesis only the bare features indicating the link be~Teen 

particle influx and unsolved F region phenomena have been outlined. 

Very strong evidence has been presented, suggesting that the answer to 
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the unusual sunnner behaviour of the F region in the South Atlantic has 

been found. This in turn led to the understa.YJ.ding of several F reg::on 

peculiarities. In particular, a possible explanation of the well known 

ionosphere winter anomaly has been put forward. If the suggested long­

i tudinal variations of f 
0 

F 
2 

are confim.ed, much improved charts for 

radio forecasting can be envisaged. 

Requirements for future research involve extensive data on the 

diurnal, seasonal and solar cyclic variations of both the energy sources. 

It is possible that the diurnal variation ef the corpuscular heat source 

may change in shape and position during the course of the solar cycle. 

From the theoretical point of vie\'r, the most immediate requirement 

is the inclusion of the corpuscular source of energy in the theory of 

layer formation. As a first step in this field, I intend to investigate 

the effect of temperature changes on the behaviour of the ionosphere. 

T.bis is dealt with in Fd.rt n. However, since no account has yet been 

given of the morphology of the disturbances we have studied, the first 

chapter in Part 11 is devoted to this important topic. 
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CHAPTER 5. 

IONOSPHBRIC DISTURBANCES. 

5.1 Introduction .. 

In the early stages of the research, it was tho~1t that the 

ionospheric disturbances dealt with in previous chapters were similar 

to the Sudden Ionospheric Disturbances or SID's, (Gledhill and Torr, 

1965). In dealing with this newly discovered phenomenon, certain 

confusion arose in likening these events to kno~m eccurrences. Fbr 

convenience, the type of disturbances studied here will be called 

' Nagneto - Ionospheric Disturbances' or MID's. 

Ionospheric disturbances have been divided into tl;o t:c.in cl~sses! 

(i) disturbances that take place in the low·er ionosphere 

(ii) F-region storms. 

The main effect of (i) is enhancement of ionization, observable 

on ionograms t'-8 o..n iDQrease in f . • The effect of (ii) may be summarized 
ID.J.n 

as follows; at high latitudes there is a marked decrease in f 
0 

F 
2

, 

while at low latitudes, an increase in electron density is very common 

and a decrease rather rare, occurring only during a severe stormo MID's 

would therefore fall into both these categories. 

Fbr purposes of clarification, some of the properties of 1-JD' s 

will be outlined and then the existing knmiledge of i.d. 1 s and their 

causes will be briefly reviewed for comparison. 
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hl Magneto - Ionospheric Disturbances. 

A detailed study of latitudinal, lcngi tudinal, seasonal and diur-

nal variations will be carried out in future research. Most of the 

available information has been obtained from the statistical analyses 

of the randomly chosen two hour periods used to estimate the frequency 

of occurrence of i.d.'s. 

In the case of Sanae, the 28 12 hour plots centered on the times 

of a high electron influx were examined. A typical ¥J.!D at Sana~ invol-

ved an increase of about 2 f·Ic/s in f . with corresponding deviations 
Illl.n 

of about 100 km and 1.5 Jllc/s from the respective medians of h 1F
2 

and 

f
0
F

2
• 'fhe most striking feature of a typical Sanae f'IID is intense 

enhancement of D region ionization. In 25 of the 28 cases examined, a 

blackout was observed to have occurred sometime during the 12 hour 

period. High values of fmin were observed in the remaining three. h 1 F 
2 

'\'Tas disturbed in 20 cases and f 
0 

F 
2 

in 17. In no case was there a distur-

bance in f 
0 

F 
2 

without an accompanying one in h' F 
2
• 'lhe average duration 

of a ~UD is about 9 hours, although in one case the only variation 

observed was a single t hourly record of a blackout. The vast JUajori ty 

of disturbances involved decreases in f
0

F
2 

and increases in h 1 F
2

• With 

the exc~tion of the 4 total blackouts, only 11 of the remaining 24 

events were accompanied by local geomagnetic activity. The extent to 

which !·.iiD' s are accompanied by related geophysical phenomena will be 

ascertained in future research. 
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In order to obtain. a rough idea of latitudinal effects, average 

features of MID 1 s at Sanae were compared with those at . Cape Tmm. 

46 randomly chosen two-hour periods, which satisfied the distu.r-

bance criterion, ltere examined for Cape To~m. In this case f 
0 

F 
2 

was 

the most disturbed as opposed to f . at Sanae. A typical disturbance 
lllJ.Il 

involved about 0.4 Mc/s increase in f . and/or deviations of about 
lllJ.Il 

1. 3 r:'lc/ s and 50 km from the respective medians of f 
0 

F 
2 

and h 1 :H' 
2

• Unlik~ 

Sanae, simultaneous changes in the 3 parameters occurred very much less 

frequently. f . was disturbed on 23 occasions and 16 of these were 
lllJ.Il 

accompanied by disturbances in the F region. f 
0 

F 
2 

and h 1 F 
2 

were distur­

bed in 28 and 21 cases respectively, of which only 10 occurred simul-

taneously. The most common variation in f
0

F
2 

was an increase l·rhich 

occurred in 16 of the 28 occasions. An increase I'Tas also most common 

in h 1 F
2

, a decrease being observed in only 4 cases. 

A fairly high correlation of NID ' s at Cape Town with geomagnetic 

activity can be expected, since the geomagnetic observatory at Hermanus 

(70 miles east of Cape Town) is well knmm for the unusually large 

number of magnetic bays observed there. This correlation lrill be perform-

ed in the near future. 

MID's at Sanae are a very much more severe type of disturbance 

than those at Cape Tolm and the variations are more consistent. 

Hell outside the anomaly, there is very little difference in I•UD's 

at high and low latitudes. f . is very much less affected and both 
nun 
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f
0

F
2 

and h'F
2 

usually increase. Out of 28 disturbed 2-hour periods at 

Dourbcs, for eXllDple , f . was affected on only 2 occasions. no decrenses 
mn 

in h 1F2 were observed. T,ypicnl deviations of f
0

F2 and h 1F2 fron the 

nedia.ns t~ere of the order of 0.5 Mc/s and 35 kr.l. 

MID 1 s were f ound to occur equally often both during the night and day. 

Geogr.:1phically they occur at all sites lying below the outer r ndintion belt 

(and probably the inner one as vell). Thvir effect on the ionosphere is 

readily observable in the Lonthly nedians of f
0

F
2 

at all stations within 

t his region. They therefore fom part of the regular behaviour of the 

ionosphere and appenr to be responsible for the unusual characteristics 

of the F
2 

region. 

The na.in characteristics of I1ID' s are sur:JUerised in Table 15. 

The question naturally arises whether the E-layer is also affected. 

Values of f E for Sanae w·ere exar.U.ned at the tin~:>s of the 28 events listed 
0 

in Chapter 1. It was f ound that on ev~ry occasion on which f E night have 
0 

been observed, f . lay above the expect~:;d frequency r .:mge of f E. 
mn o 

Generally, f E was e. vory difficult pnr&.H.:lter to rend. Measureuents were 
0 ' 

groa.tly influenced or uade i wpossible by oi ther deviati ve or non-deviative 

absorption. For this reason no detn.iled nn.alysis of f
0

E was attenptcd 1 

although indications are that it nust be affected by the disturbances. 

The height of the E-layer (when observable), however, does not show· any 

unusual variations. 

At Cape Town f E is readily observable and can be easily neasuredo 
0 

A cursory inspection of i onosphere data for Cape Town showed a higher 

frequency of occurrence of stratifications, interuediate layers and night 

E during periods satisfying the D and F disturbance criterion. f
0

F
1 

at 

Snnae, on the other hand, appoo.r s to behave non:clly, even during the 

D and F region disturbances. These are aspects which will hove t o be 

investigated in future research as they uay provid.J ir.1pcrtant inforoation 

on the energy of the incurring particles. 
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TABLE 15. 

PHENOft[t;CN SID PCA AURORAL MID 

GEOMAGNETIC Independent Independent Nearly always Accompanied 
ACTIVITY of of accompanied by for about 

by 50% of the 
time 

DURATION From minutes Days Minutes to ldi nutes to 
to several days several 
hours hours 

DIURNAL Occurs on 1 y Marked Yes According to 
VARIATIONS on the day- this analysis 

1 ight side - yes; 
of the according to 
earth past analyses 

- no 

ASSOCIATED Directly Directly Indirectly Indirectly 
VII TH SOLAR 
FLARES 

GEOGRAPHICAL Global on Polar cap Auroral At sites 
DISTRIBUTION daylight regions zone lying below 

side the radiation 
belts 

CAUSE I - 10 X Sub 1 Fresh' Electrons 
X-rays relativistic high energy precipitated 

protons electrons from the 
radiation belts 

D REGION OR 0 region D region Both, but Both 
F REGION 

I 
mainly 0 

DISTURBANCE region 
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5.3 Lower Ionosphere Disturbonces. 

These have been divided into t'l'ro ty-pes; 

(i) the SID (ii) polar blackouts. 

The discovery of a new type of polar blackout during the IGY 

(Bail,, 1957; 1959; Shapley and Knecht, 1958), led t o the separation 
·'\ 

of (ii) into a further ti-To classes, viz. auror31 zone blackouts and polar 

cap absorption (PCA), (Obayashi, 1959; Reid and Collins, 1959). 

5.3.1 The Sudden Ionospheric Disturbance. 

The basic characteristic of a SID (discovered in 1930 by ~dgel and 

rediscovered in 1935 by Dellinger) were described clearly f or the first 

tine by Dellinger in 1937. These involve the practically sio.ul taneous 

beginning (within 1 to 3 ninutes) of a geooagnetic crotchet, change in 

earth current potentiD.l and ionospheric fadeout. These lsst fron o. few 

oinutes t o several hours, with the occurrences of greater intensity 

producing eff ect s of longer duration (Dellinger, 1937). SID's usually 

occur on a global scale on the daylight side. They are Cllways associated 

>vi th solar flares, although on nost occasions t he reverse docs not hold 

(see, for exruJpl B, Dodson et al, 1956). 

All ionospheric eff ects we:re explainnble by enhanced ionization 

in the D region. Nurwrous papers appeared at this tine describing 

various ways of observing the enhanced ionization in the l ower 

i onosphere ond extensive surveys of the subject have been oade by \varwick 

(1963) and FriedL.an (1963). 

A distinct feature of tl•e SID is that it is seldou acconpanied 

by any appreciable eff ect in the F region. However, on a fm'l occasions, 

narked increases in the electron density of the F2 lnyer have been 

reported in the literature (Dieuinger, 1950; Shapley and Knecht, 1959; 

Knecht and McDuffi e , 1962) . The solar flares in these cases were 

distinguished frou others in thQt they were known to be associated with 

intense coSDic ray increases at sea level. 
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As effects such as occurrence on:!..y or. daylight side were incon­

sistent "li. th theories of corpuscular ionization, it "ras generally 

believed that an excess of UV radiation (Lyman Q() increased the 

ionization of the D region. How-ever the real cause has since been found 

to be X- rays in the 1 - 10 9.. range (Tousey et al, 1951; Byram et al, 

1956; .l!"'ri.edman et al , 1958; Chubb et al, 1960 a, b). X -ray fluxes 

atove a certain level uere observed only in the presence of solar 

activity and above a certain higher level, only when ionospheric effects 

were observed. 

5. ;. 2 Polar Bl.ack~uta: Polar Cap Absorption and Auroral Zone Blackouts. 

The PCA is appaiCntly associated neither with geomagnetic disturb­

ances nor aurorae, but occurs afte!' a large solar flare. 'Ibis type of 

disturbance is clearly distinguishable from that of the SID, since it 

covers only the polar cap region and o:f'ten continues for several days. 

It reveals a strong diurnal variation, being more intense during the 

day than during the night. 

The general nature of the PCA event has been firmly established 

in the past few years (Hill, 1960; Chapman, 1960; 1 einbach and Reid, 

1960; <X>llins et al, 1961; Jelly, 1962; Hakura and Goh, 1961) . It is 

now accepted that the PCA is caused by enhanced ionization in the 

lower ionosphere, due to incoming cosmic ray p:ro-'cons .. The event usually 

precec;lo_q a geomagnetic stonn, rThich is in turn accompanied by auroral 
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zone blackouts and F region disturbances (Meek, 1953). 

In the pre-SC period, the PCA is confined within geomagnetic 

latitudes of about 60°(precipitation of solar protons confined by 

the geomagnetic field, Obayashi, 1959; 1961; Rothwell, 1959). During 

the geomagnetic storm the blackout extends toward lower latitudes, 

being enhanced by auroral type absorption, and decays gradually after 

two or three days, independently of the geomagnetic activity. 

Auroral Zone Blackouts are due to a temporary formation of a 

strong absorbing region in the lo'ltTer ionosphere, near the auroral zone. 

The occurrence is correlated with aurorae and local geomagnetic 

disturbances. Ionospheric absorption is very variable in time and may 

last for periods of minutes or hours. 

Of the i.d. 's discussed, !liD's are most similar to the auroral type 

of disturbance. Both involve variations in the D and F regions. The 

particles responsible for auroral disturbances are thought to be 

energetic electrons of 20 to 100 kev. (Winckler, 1962; Brown et al, 1961; 

MclhTain, 1960). 0 'Brien (1964) refuted the idea that these were dumped 

from the radiation belts, advocating strongly that they were fresh 

electrons having their origin in the solar ;.Tind. 

Hence it seems likely that MID's result from the drift of these 

particles in L space, whereas auroral disturbances are caused by the 

initial influx near the trapping boundary. Thus one 'ltTOuld expect auroral 

i.d.'s to correlate more closely 'ltrith geomagnetic activity, (Campbell 

and Leinbach, 1961). 75/ ••••• 
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~ F - Region Disturbances. 

The most striking of the F region diGturbance.s are thosl;' 

associated with geomagnetic stoma and are called 'ionospheric stonns'. 

Many important systematic average features of ionospheric stonns 

have been obtained from statistical studies (Apple ton and Piggott, 1952; 

Martyn, 1953; Obayashi, 1952, 1954; l>iatsushi ta, 1953, 1959; Sinno, 1953, 

1954, 1955; Lewis andMclntosh, 1953; Nagata, 1954; Sato, 1956, 1957). 

Variations in the·N(h) profile during geomagnetic storms occur 

above 100 km and seldom below this level. The variation of the sub-peak 

total electron content· behaves in a way similar to the peak electron 

density in the F 
2 

layer i.e. during a stonn i "'!; decreases at middle 

latitudes and increases at lo'I'T· lati tudes. In summer and at the equinoxes 

the decrease of electron density occurs at levels higher than 180 ~ 

In winter an increase is predominant above ~0 km and a slight decrease 

be1ovT this level. The peak height and semi- thiclmess of the F layer 

during a storm generally increases both in summer and in winter, 

although an occasional decrease may appear in winter. 

Satellite information on the total electron content up to 1000km 

appears to show a variation similar to that of the peak electron content 

during a stonn (Garriott, 1960; Yeh and Swenson, 1961). Carpenter (1962) 

presented evidence from a whistler analysis to sho;., that the depression 

in whistler delays during geomagnetic storms may be interpreted as a 
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substantial loss in electron density in the magnetosphere. If these 

observations are correct, it means that ionospheric stonn changes at 

middle and high latitudes represent real removal of ionizatif'n at all 

levels above 2CO km to greater heights beyond the i!>nosphere. At lower 
· scatter 

latitudes evidence is reported by Bowles (1962), from incoherent/ radio 

soundings at Lima, Peru, that the electron density at all levels above 

400 km shovTs an increase during a geomagnetic stonn. 

It is generally believed that no appreciable simultaneous effect 

in the F
2 

region is associated with most solar flares. Recently Thomas 

and Venables (1966) have shm-m that at middle latitudes, major F region 

disturbances are associated with the main phase of the magnetic stonn 

and not with the sudden coin!!lencement. The start and initial fonn of the 

i.d. at any station is governed by the local time onset of the main 

phase. ~1hen this occurs during the night, an immediate depression of 

f 
0 

F 
2 

occurs. When it happens during the day there is either an increase 

or no change in f 
0 

F 
2

, follot-fed by a decrease during the evening. 

It is possible that 1-1hatever mechanism is responsible for thes.e 

variations may also influence the behaviour of lLID' s. 

2:..2, Theories of Ionospheric Disturbances. 

5 .. 5.1 The Lo\>~er Ionosphere. 

In the case of l('wer ionosphere disturbances, theoretical comp-

utations of electron density profiles have been made on the basis of 
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data of the solar proton spectrum and of appropriate atmospheric models 

by Bailey (1959), Bro'im and Weir (1961) and Reid (1961). Rees (1963), 

Gledhill and van Booyen (1963) and ~iaeda (1965) performed similar calo­

ul.ations for high energy electrons incident on the atmosphere. The 

resul. ts of these workers show that the radio absorption produced by the 

calculated ionization is in fair agreement with observation. An exten­

sion of this work to MID's will be done in future research. 

5 .. 5 .. 2 The F Region. 

Of greater interest at this stage, in view of the resul. ts discussed 

in the last t\-To chapters, are theories of the cause of the decreases 

and increases in electron density and height that have been observed 

during F region storms. Although no completely satisfactory theory of 

F
2 

ionospheric storms has yet appeared, there have been several promis­

ing attempts. 

Two main theories have been proposed in the past. One is based on 

the electrodynamic drift motion of electrons and the other attributes 

the changes to electron loss rate enhanced by thennal effects in the 

F region. Martyn (1953) suggested that vertical dr.!.ft motions of elec­

trons would play an important role in the large diurnal part of the 

changes in the F 
2 

layer. This vertical drift would resul. t from the in­

teraction of the geomagnetic field and the electrostatic field associa­

ted 'iii th currents flowing in the ionosphere during a storm. ihis theory 

78/ ••••• 



- 78-

was later developed by Maeda (1955), Hirano (1955) and Sato (1957). 

'lhe electric field in the dynamo region is estimated from the observed 

geomagnetic Ds variations, which in turn interact wi. th the geomagnetic 

field and drive the drift motions of electrons in the F region. The 

ionospheric continuity equation is then solved using the estimated drift 

velocities and the assumed atmospheric model of electron production and 

loss rates. The results obtained by Sato and Haeda (1959) give reason­

able agreement behreen the calculated and observed variations of Ds at 

middle and lm-1 latitudes, although the effect of diffusion is neglected 

in their computation. In support of thi3 drift theory, an analysis made 

by Rishbeth (1963) in~cates that, at middle latitude stations, geomag­

netic storms which produce opposite changes ofF region density variation 

also have diff'erent phases in local magnetic Ds variations. 

Although the drift theory seems promising, it has some difficult­

ies .. The height distribution of electron loss rate assumed by Sato and 

Maeda is different from that which is now accepted from observations. 

Using the lmown decreasing electron loss rate 1·Ti th height, Yonezawa 

(1958), Bishbeth and Ba.ITOn(l960) showed that the upward drift yields 

an increase in the peak electron density as vrell as its height and, 

conversely, the downvrard drift yields a decrease of density and of its 

height. This result suggests that the typical effect of storms, show­

ing a decrease of the peak electron density accompanied by an increase 

in its height, cannot be explained by drift theory alone. 
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In recent yeors it bns becone evident trot the ter:.perature in the 

F region increases considerably during geoD.agnetic storos. Frau 

obse~ations of sntelli te drag, Jacchin (1961) and Groves (1961) inferred 

thnt there is c. general heating of the .:>..t:.1osphere fron 200 to 700 lru 

during a geor.~agnetic storu .. Yonezawn (1963) and IJiatuurn (1963) hnve 

developed theories 1~hich explain stonJ variations in ten:s of an entire 

teuper.:1ture change in the F 
2 

regiono In his theory, Yonezawa has shown 

that the rote of cheuiccl reactions in the charge exchange process is 

sensitive to tecpernture change. Thus the rate of electron loss is 

enhanced ~s the teuperature increases and this results in the reduction 

of the peak electron density. l!lntuura sho1•red that the w.ain processes 

which control electron density variations during storus are predocincntly 

those of loss c:md ClDbipohr diffusion. He calculated the tenperature 

dependence of these terns, solving the continuity equation n~erico.lly 

end concluded that the electron loss and diffusion rntes change 

appreciably and only suall ch:mges in teL~pernture nre required to 

account for the observed electron density variationso 

Thus there nre good re::J.Sons to believe trot ch~ges produced by 

geoo.agnetic storns in the F region are probably due to n coubinntion 

of photocheni.cal changes, heating of the o:·.:tuosphere ,md electron:cgnetic 

nover..;.ents. The nain difference between the various types of ionospheric 
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disturbances is the nature of the heat source. These would include 

(1) heat conduction from the hot solar plasma surrounding the 

earth (Chapman, 1957); 

(2) heating by hydromagnetic waves passing through the 

ionosphere (.Dessler, 1959; .Akasof'u, 1960; r-1atuura, 1963) 

(3) Joule heating dissipation of Ds currents (Cole, 1962) 

and (4) the impinging of charged particles- protons and auroral 

and trapped electrons, the latter being responsible for ~UD's. 
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CHAPTER 6 

THE THEDRY OF LAYER FORMAT.rQIIT ~.liTH A HYPERBOLIC TEMPERATURE FUNCTION 

6.1 Introduction. 

Throughout this thesis, reasons have been given for believing that 

the variations found in MID's can be explained by temperature changes in 

the ionosphere. Besides the work done on stonn variations, several workers 

have investigated the effect of diurnal temperature changes on the electron 

density distribution in the F region .of the ionosphere. Garriott and 

Rishbeth ( 1963) discussed the effect of tem_perature on the electron 

densities at fixed 'reduced heights' in the F
2 

region. They introduced 

temperature dependencies of production, loss and diffusion into the 

continuity equation. By comparing the fonn of the modified continuity 

equation with the initial equation, they deduced that, for the assumptions 

made, the electron density at fixed reduced heights varies as T-t. Their 

approach, ·hot-Tever, does not readily predict the change in the height of 

maximum electron density, hmF 
2

• 

Several attempts have been made to solve the continuity equation. 

In most cases, ho;.rever, the treatment is restricted to the isothermal case, 

or the case where the temperature is allowed to vary linearly with height. 

Yoneza;.ra (1956, 1958) obtained analytical solutions for one particular 

case under daytime equilibrium condi tiona. Rishbeth and Barron ( 1960), 

Glidden and Kendall (196o) and Rishbeth (1964) have investigated the time 

dependent variations in the ionosphere. Bowhill (1962) obtained explicit 
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solutions of the continuity equation for various models. Recent work 

along similar lines has been done by Somayajulu (1964, 1966), Geisler 

and Bo•,rhill ( 1965) and Chandra and Rangaswamy ( 1966) • 

1:li th present day information on the actual temperature distribution 

in the atmos-phere, it is possible to extend the 1'rork of these researchers 

by using a more realistic function to represent the temperature. In this 

analysis, the temperature dependence of the production, loss and diffus-

ion terms in the continuity equation is investigated 1.1-sing a nevr 

temperature function. The main aim of the investigation is not to 

develop a new theory of layer formation, but merely to estimate whether 

the observed variations in hiD 1 s can be caused by temperature changes • 

.An attempt is made to estimate actual temperature changes that take place 

at Halley Bay and Sanae during NID' s from the ionograms recorded there. 

6. 2 .The Continuity Equation. 

The variation of electron density in the ionosphere i s expressed 

by the continuity equation 

6 a : q - L - d (NV) (1) 
~t ~h 

";There !ii is the electron density, 

V is ~he effective velocity of the electron gas, 
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q is the production rate, 1 is the loss rate. q and 1 may be determined 

by a sui table choice of solar ionizing radiation, atmospheric model, 

ionizati~n and absorption cross-sections and rate coefficients of 

chemical processes. For the present it will be assumed that the main 

part of V comes from the velocity of ambipolar diffusiono 

2A2 The Production Rate. 

According to current ideas (Hinteregger and Watanabe, 1963) the 

production and ionization in the F region is believed to be due to the 

photoionization of atomic ozygen ( 0) by solar EUV radiation. Although 

the photoionization cross-sections for molecular nitrogen are large, 

(see Table 16), the removal process is so rapid that the contribution 

to the electron density is negligible. This fact was clearly shmm by 

Nicolet and Swider in 1963. From Rishbeth and Garriott (1964), the 

production rate q is given by 

q e.:£_ IoC>). 

/\ 

where I is the intensity (in photons/cm
2
/sec.) beyond the atmosphere ·.:o 

of the ionizing radiation of wavelength A, n(o) is the concentration 
th constituent 

of atomic o:xygen, n . is the concentration of the i atmospheric/, 
~ 

his the height, s 1 (o) A is the ionization cross-section of 0 for · 

radiation of wavelength)\ , s .A i is the absorption cross-section of 

the i th atmospheric constituent for radiation of wavelength 1\ , 
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Ch "X_ is the Chapman function vrhich, to a first approximation, 

~ 0 where "'/.,. is the solar 
can be replaced by secl( for ll - 75 . · 

' zenith angle. 

Subscript i refers to summation over the absorption constituents and 

subscript )\ refers to summation over the range of w·avelengths which 

ionize the atmospheric constituents. Ionization due to corpuscular influx 

will be neglected at this stage. 

6.3.1 Values of the Absorption and Photoionization Cross - sections. 

Publications on absorption and photoionization cross - sections 

have been revievred by vleissler, (1956) and ilatanabe (1958). Theoretically 

deduced results have been published by Dalgarno and Parld.nson (1960). 

Combining the results of these '\·TOrkers with their ovm, \rfatanabe and 

Hinteregger (1962) drevr up a list of photoionization and absorption cross-

· sections for the range applicable to the E, F
1 

and F
2 

regions. Those 

applicable to the F 
2 

region have been selected from these which are 

sho\"m in Table 16. 

According to Rishbeth and Garriott (1964) the absorption of one 

photon of ionization produces one ion pair for most of the UV spectrum. 

6.).2 Solar Ultraviolet Intensities. 

Recently major advances have been made in the measurement of solar 

UV intensities. Violet and Rense ( 1959), Hinteregger ( 1960), Tousey ( 1961) 

and \iatanabe (1960) and their co-workers have closed the major observa-
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TABLE 16 

SOLAR SPECTRAL INTElmiTIES AT NOBI•1AL TIWIDENCE, (PHOTONS/CI·l?SEC) X 10-8 

AND ABOORPTION AND PHO'IOIOJ.'OJ:ZATION CROS8-SECTION8~ (2Jti_x 10-18 
r 

,A s 1(0) s(o2) s'(02) s(N2) s'(N ) 2 I 

1025.7 1.7 1.0 26 

1000-1027 1.2, 1.8 0.9,1.1 15 

989.8 2.2 1.8 0.4 5 

977.0 3.7 3 0.8 30 

972.5 X> 25 200 10 

949.7 5.6 5 1.9 5 

911-1000 7.4 6 0.4 to 40 37 

850-911 3 11 9 0.4 to 40 95 

796-850 3.5 11 9 0.4 to 40 25 

700-796 5 18 15 11, 19, 37 9, 15, 30 50 

600-700 10 18 15 11, 19, 37 9, 15, 30 47 

584.3 13 18 15 19 15 29 

500-600 15 18 15 11, 19, 37 9, 15, X> X> 

400-500 11 18 15 11, 19, 37 9, 15, 30 24 

303.8 10 17 15 10 9 43 

300-400 10 16 15 11, 19 9, 17 29 

230-300 9 15 13 9 8 31 

170-230 7 11 10 6 5 33 

110-170 2.8 5 5 1.8 1.8 3.5 

80-110 1.1 2 2 0.5 0.5 2.4 

60-00 0.5 1 1 0.25 0.25 1.8 

30-60 0.25 0.5 0.5 0.12 0.12 1.5 

20-30 0.06 0.1 0.1 loO 1.0 0.12 

10-20 0.3 o •. 6 0.6 0.3 Oo3 0.02 
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tional gap in the solar UV spectrum 100 - 1100 i. 'Ihe solax spectral 

intensities for a relatively quiet sun listed by these workers are used 

in the calculations that follow. 

6o4 An Expression for the Number Densities of the Atmospheric Constituents. 

From Rishbeth and Garriott ( 1964), the partial pressure of the i th 

constituent at reduced height z. for that constituent in an atmosphere 
J. 

which is in hydrostatic equilibrium, but vrhich has an arbitrary 

temperature profile, is given by 
-z. 

J. 
p.:: p .e 

J. OJ. 

where p is the pressure at the reference level h and 
0 0 

h ,. 
z. -

h ( 
~ - H. J. 

OJ J. 

where H. is the scale height of the i th constituent, defined by 
J. 

vrhere T is the temperature, 

H:: ~ 
i m.g 

l. 

m. is the molecular mass of the i th constituent, 
J. 

g is the acceleration due to gravity, given by 

r h + ~l2 
g = go l.h o + ~ J 

i'There g
0 

is the value of g at h
0 

and ~ ia the earth's radius, 

k is Boltzmann 1 s constant. 

'Ihese equations hold for the vrhole atmosphere if m. is the mean 
l. 

.(3) 

(4) 

(5) 
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molecular mass. They also apply to each constituent separately in a 

mixture in diffusive equilibrium, if p, p , z, H and m refer to this 
0 

constituent only. 

From the ideal gas la1<1, the number density n. of the i th consti t­
J. 

uent in a mixture in ~ffusive equilibrium is given by 

n . = Pi 

Substituting for p. from equation 
J. -z _ p .e i __ 
n. - ~oJ.=---
l. kT 

where we have used the ~act that 

refers to conditions at h • 
0 

2 kT 

(3), 
-z 

T n .e i 
...2. OJ. 

T 

n = poi . _, 
OJ. 

kTo 
1·1here subscript o 

(6) 

(7) 

It now only remains to introduce a function for the temperature 

that will allow the expression for z (equation 4) to be integrated. 

~ A Hyperbolic Temperature Function. 

The actual temperature distribution in the upper atmosphere is 

determined by the absorption of solar energy and by heat transfer. The 

energy balance has been studied by Harris and Priester (1962a)., T'ney 

solved the relevant equations by numerical integration and compared the 

results l·Ti th time dependent models derived from satellite density data. 

Their results are published (Harris and Priester, 1962b) in the form of 
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tables of a number of atmospheric parameters including temperature at 

various heightso It is clear from these tables that the temperature is 

neither constant nor a linearly increasing function with height. 

Temperature profiles drawn from Harris and Priester data show an 

obvious resemblance to rectangular hyperbolas and exponential curves 
l 

of the fonn 

K' 
T:A' -- (h-B') 

T =A- Ke-Bh 

(8) 

(9) 

where A,A',B,B',K and K' are constants, different for each profile. 

An attempt '\'las made to fit equations of this type to selected curves 

from the Harris and Priester data and also to various CIRA models (CIRA, 

1965) which represent more recent data. A typical example is shown in 

Figure 30. Here the curve represents CIRA model 2 at 1200 hours and the 

constants in equations 8 and 9 have the values. 

A = 1053°K 

B' = 77.5km B = 0.01535 km-l 

0 
K' = 42,125 K km K = 4467°K 

The nns error was 12.4°K and 5.4°K respectively. The fit is seen to 

be reasonably good in the case of both equations. It '\'Tas found that 

equation 9 al1·1ays yielded a better fit than equation 8. However, on 

substitution into equation 4, equation 8 yields an expression which 

can be explicitly integrated, whereas equation 9 does not. 
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FIGURE 30. 

A typical example of how exponential and hyperbolic 

functions can be used to represent the temperature in the 

atmosphere. The actual temperature distribution given 

here is taken from t he CIRA model 2 atmosphere at 1200 

hour so 
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Therefore equation 8 1·ras used in the work reported here. 

The \'mrk of Kallman - Bijl and Sibley (1964) indicates that in the 

region of 100 km the number densities of o, 0
2 

and N
2 

remain fairly con­

stant throught the day. Since Harris and Priester assume a fixed temper-

ature of T :::;; 355°K at a datum l evel of h : 120 km, it is convenient 
0 0 

to also adopt this as a fixed reference level in the present investigation. 

If these values are introduced, equation 8 becomes 

T- T . - (T . - T) (h -b) 
-o;., ~ 0 0 (10) 

(h - b) 

where T=is the asymtotic or exospheric temperature. This may be regarded 

as a ~vo parameter equation which could give a much better fit to 

actual conditions Lll the upper atmosphere than the linear gradient v1hich 

also has ~w parameters. 

Substituting equations 5 and 10 into equation 4 and integrating 

(this is done in Appendix 4), an expression is obtained for z, 

A 
z:h-P 

+ -'E 
T Bln T.;l h - d - C 

P. +- h 'E 

\'There .A, B, C and d are constants given by 

A: -a(b + Rv) 
..... 

(~Ll ~ + d) 

B : a( d - T, . .c, b) 

( T""R,. t d.) 2 
l!i 
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C : A + Bln T . "h - d 

(h0 t ~) ~ ~ ~ 
2 

where a :: mg (h +- R.) _o o E 
k 

and k' :: (T - T ) (h -b) 
oO 0 0 

(14) 

(15) 

(16) 

(17) 

The principal loss of electrons in the F region is believed to be 

J. 
through a two stage process involving atomic oxygen ions. The 0' ions 

are lost by a tt-ro stage process (Bates and Nicolet, 1960) ~ 

0~ XY ' -r.,.+ + 0 + --j .iU. (Ion exchange) (18) 
.L 11 II 

vv-<- ' v y 
JU. + e --1 .. ~ 4 (Dissociative recombination) 

(19) 

In the upper part of the F region the loss rate is determined by process 

(18) 1-:hich leads to the linear loss :::ate 

1 :p.N 

where 13 = ,) n(n) 

and fS is t..11e reaction rate of (18). 

( 20) 

(21) 

Since in this region the neutral constituents are in diffusive 

equilibrium, from equation ( 7) 

= ~- n (XY)T e-z(XY) 
(} 0 0 

(22) 

T 
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The molecular species 'XI may be 0
2 

or N
2 

(Bates and Nicolet, 1960). 

In general, vrhen both are important, (3, may be written as 
I 

(23) 

where'() 
1 

and O 2 are the ion-atom interchange reaction rates in the 

reactions 

and 

I 

0.,. + 0 
2 
-'-

NO' + 0 

4 
0~ f e' __ __, 0 + 0 

.J.. 
NO' t e'--)N t 0 

(24) 

(25) 

In the lol'ler F region a non-linear loss function is more appropriate. 

This may be 1·rri tten as 1 = d.. !3 N2 

{3 tv<N 
where ~is the recombination coefficient. 

(26) 

According to St·ti.der (1965) and Donahue (1966), the ratio >f1/ ({ 
2 

~ O.l.At F region levels n(N
2
)/n(o

2
) ~ 10, which suggests that the t1m 

tenns on the right hand side of equation (23) are approx:i.mately equal. 

Since the scale heights of 0
2 

and N
2 

are fairly close, some workers 

uri te t> as (Zl) 

The temperature dep~dence of both (5
1 

and Q'
2 

is subject to con­

siderable uncertainty. Swider (1963, 1965) and Bates and Nicolet (1960) 

believe that (5 is rather insensitive to temperature. Donahue (1966) 

has perfonned laboratory experiments on reaction rates and maintains 

that, if anything, both D 
1 

and()2 must decrease vTi th temperature. 

Somayajulu (1966), on the other hand, has perfonned calculations using 

equation (27), which show that when ()' is independent of T, the observed 
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decrease in N F cannot be accounted for by typical increases in 
m 2 

temperature that occur during stonns (Ja.cchia, 1959, 19601 1963; Grovef) 

1960; Jacchia and Slowey, 1962, 1963). In his treatment, Somayajulu allows 

the temperature to increase linearly to a height of about 200 km, 

whereafter Tis kept constant. He points out that Swider's (1963, 1965) 

conclusions are based on the experimental detenninations of j3 deduced 

by Nisbet and Quinn (1963) from ionospheric observations and warns that 

one has to be very cautious in using ionospheric detenninations of p 
to estimate the temperature dependence of ({, as this may be 

contaminated by factors which are not accurately knol'ln. 

He found that v-rhen o' l'las represented by 

3000 
j_-0 : t T2e T 

0 

(~) 

(from theoretical considerations of Swider, (1963)) a decrease in NmF
2 

was obtained, although this was still not large enough to account for 

the observed variations. 

There is experimental evidence, however, which strongly suggests 

that reactions (24) and (25) are each important over different height 

ranges. The products of reactions (24) and (25) are formed .in an excited 

state and may subsequently emit radiation (llishbeth and Garriott, 1964). 

Reaction (24) results in an emission of 5577i green lines and reaction 

( 25) in 6300/6364i red lines. Night-time rocket experiments (Heppner and 

Meredith, 1958; Tousey, 1958) have sho1-m that nearly all red emission 

originates above 150 km and green emission below this height. This was 
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taken as evidence that reaction (25) is more important in the F region. 

Therefore, in this investigation, B rd.ll be given by 

(29) 

in which the temperature dependence of { 1 will be examined. The method 

of approach is to formulate an expression for ~ based on the fact that 

reaction (25) appears to be bimolecular .. From Hughes (1961), ?{ 1 can 

then be written as 
(30) 

where '() 
0 

is a constant, E is the activation energy (a constant), and 

k is Boltzmann's constant. 

Fehsenfeld, Schmeltekopf and Ferguson (1965) have measured the 

reaction rate of (25) at 300°K and the value of ((
1 

has been settled at 

(3 .. 0 t 1) X 10-
12cm3 /sec. Therefore, from equation (30) 

__.!.. 

0 
0 

= 3 .. 0 X 10-12e ;()Ok: (31) 

J ;oo 
substituting back into equation (;o) 

E {. 1 - 1) 
({

1 
= 1.7 X lo-13Ttek' ~ T (32) 

A1 though it would be a better approach to do the sqme thing for 

'6 
2

, this "'Tould involve yet another unknown (the activation energy for 

reaction ( 24)) , which would make the situation even more speculative. 

In view of the.experimental evidence given above, the first approach 

seems to be the most reasonable. The results obtained using this method 

will be compared with those obtained using equation (23)with '()'
1 

and 
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({ 
2 

constants. In this case it is quite un.1.ecessary to exclude reaction 

(24). 

The currently accepted value for 't{
2 

(Donahue, 1966) is 

4.0 X l0-
11cm3/sec. 

6o 7 The Diffusion Tenn. 

Shimazaki (1957) has shown that, i f it is assumed that the electron, 

ion and neutral gas temperatures are the same, the velocity due to ambi-

polar diffusion can be given approximately as 

V = -D sin2I \.-1. ;'JN + 
, l~ o h 

(33) 

where D is the diffusion coefficient given by Chapman and Cowling (1960) 

to a first approximation for a system of two gases consisting of rigid 

spheres of diameters 0~ and G
2

, as _ 

D = 3 -l-kT(~ t m2)~ t 
8 ~2 2 TT m..m2 1'' 12n .L _ , 

(34) 

'1-There n = ~ + n
2

, the sum of the individual number densities of the ·tt-ro 

gases and o-12 is the collision diameter gi van by 6 12 = ¥ <5'
1 

f G
2
). 

Case (1). 

Dalgarno (1958a,b,l96l,l964) has suggested that the diffusion of 

atomic oxygen ions co+) through the atomic oxygen gas (o) is appropriate 

for the F region. 
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~ ~ m2 = m(O) 

n = n(O) 

Therefore, D= bTt 
n 

b= ~~( k )'" 
71 m(O) 

where 

and H= ...1.... 
c 
a 

c - .~ -a k 
where 

and /1 = ifii(o~)/m(o) = t 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 

The factor sin2I represents the fact that diffusion of electrons 

and ions can only take place parallel to magnetic lines of force. 

Case (2). 

There is also the possibility of D being the diffusion coefficient 

of 0+ in the neutral gas (Shimazaki, 1957). Although this should be dealt 

vdth as a system of four gases, for simplicity we 8hall write: 

n:£ n. 
i J. 

~ = m(o+) 

/ID.n . 
m2 =7 .2:...1. 

--:-n 
J. 

95/ ••••• 

(42) 

(43) 

(44) 



(45) 

(46) 

where subscript i refers to summation over the neutral atmospheric con-

sti tuents. Both these possibilities will be considered in the numerical 

analysis that is conducted later. 

l·lul ti plying equation ( 33) by N and differentiating (Appendix 5) , 

where 

uhere 

a) Case (1) 

R=[.L~T + ~( 0a 
I T 0 h T 

;- 1 .1D J­
D ,jh 

+ 1 J­H(o) 

H(O) is the scale height of atomic oxygen. 

~ R (T_~- T )(h -b) 
c)h 

..... 0 0 

(h - b)
2 

d2T -2(T. -T )(h -b) ::. L>l 0 0 

~h2 
(h- b) 3 

(47) 

(48) 

l.:)D(' dT /'(T )\\ 
-T D ~h d h ;. H J 

(49) 

(50) 

(51) 

(52) 

96/ ••••• 
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where 

= [ 1 I 
2bm2. 

l·rhere 

-96-

dJi = k ( dT - ! _h) 
Jh mg \ c)h g dh 

~­dh -
_.=gg_ 

(h + ~) 

- 1 - 2 

m ::. z-ni + 1 
<m.n. m(O) c:::- J. l. 

~m.n. -5n./H. 
c- l. l.V l. J. 

( ~ n. )2 
J. 

(53) 

(54) 

(55) 

(56) 

(57) 

(58) 

(59) 

Zbli_n.m.) 
l. J. 

(60) 

(61) 

(62) 

(63) 

(64) 
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~(~_\,~~: ! f dT - 'lU \ 
d. Jh g) g lc)h g<)h) 
~ are given by equations (54) and (51) • 

£.&.The Continuity Equation in a New Form. 

Substituting equation ( 47) 

q-~ N- D sin"' Ca ~ 
\_dh2 

into (l), we obtain 

.i.. R d N J. G 'N] = '-1 dh 

(65) 

(66) 

The time dependent solution of equation 66 is very complicated. 

However, the treatment can be simplified considerably by investigating 

the case where ~ ~ = 0 • .Although this will restrict the analysis to 

daytime equilibrium conditions, we will still be able to assess the 

effect of temperature change on the F region electron density 

distribution. Under these conditions, equation 66 may be wri. tten as 

d~ 
dh2 

where G = G' + _f->;...__ 

and If= 
q ---· 

\ 

R.fU!. + GN - vl =0 + dh 
(67) 

(68) 

(69) 

Equation 67 is a second order differential equation which can be solved 

numerically. 
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CHAPTER 7. 

N'ill-iERICAL OOLU'l'ION OF 'iliE (X)NTINUITY EQUATION 

Ll Outline of the Investigation. 

Initially the main aim of this investigation was to find values 

of Toe> and b in the temperature function which would yield N(h) profiles 

similar to those observed at Halley Bay and Sanae during both disturbed 

and quiet day conditions. However, in doing this the difficulty arose 

of assigning values to some of the quanti ties used in the expressions 

derived in the previous chapter. The true values of several of these 
, 

are uncertain. The quantities in question include IQ() I s(o), si, To, 

n
0
(0), n

0
(o2), n

0
(N2), ?3 , and D. 

Therefore in this investigation the treatment has been restricted 

to an assesment of the importance of temperature change on the F 
2 

region 

electron density distribution. The method of approach will be to solve 

the continuity equation numerically for a variety of values of Tei) and 

b in the temperature function, to estimate the extent to rThich changes 

in temperature affect the electron density distribution. 

~..fi th the exception of p and D, it appears W'llikely that any of 

the remaining quantities can change sufficiently during KID' s to account 

for the observed variations. Although it seems certain that the temper--

ature and number densities at the datum level wHl change during ~ITD' s, 

this '\'Tould not be expected to be as nearly pronounced as at higher 

l evels (Kallman - Bijl and Sibley, 1964; Nicolet, 1961) 
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It is reasonable to suppose that variations in Ioa are due to 

solar cyclic changes and that these will be proportional to the lOcm 

flux which varies by a factor of about 3.5 over a solar cycle. The best 

available information to date on the absorption and ionization cross-

sections are the data of Watanabe and Hinteregger (1962). 

In the case of ~ , the calculations are perfonned with ~l and 

>{ 
2 

initially independent of T, and then again for several values of 

.L 
E. 'lhe approximate temperature dependence of D, namely D ·.-x. T2

, is 

regarded as reliable. In this case the constant of proportionality 

is varied. The values of the constants used in the calculation are given 

in Appendix 6o 

~ §tarting Conditions for the Calculation. 

Equation ( 67) may nol'r be used to compute the F 
2 

region electron 

density for specific values of the parameters involved. The Runge Kutta 

method (Romanelli, 1960) was chosen as a suitable means to perfonn the 

numerical integrationo This method requires starting values for the 

calculation, in this case N
0 

and ~ ~) , where the subscript o refers to 

a level at \'Thich these ho quanti ties c&e known. During the trial calculc>..-

tions .. the integration was started where N is given approximately by 
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N - 9. - (3 
(70) 

i.e. at that height at which both loss due to the quadratic loss la'I'T 

(IX N2
) and transport due to diffusion are unimportant. The starting 

height \'las chosen as 230 lan. The calculations showed, hol'rever1 that 

even at this h eight the loss rate cannot be given to within ± 10% by 

equation (20). Equation (67) must therefore be changed to 

d ~ + R~ N + G1N + 1 ( ()( ~ N
2

) - \tl = 0 

J h 2 0 h D sin 2r d. N + ~ / 
(71) 

which cannot be easily solved by lmol'm methods. The following approach 

was therefore developed. According to Hirsh (1959), if the ionosphere 

is in the steady state, the electron density may be given by 

(72) 

at heights where diffusion is unimportant. 

Equation ( 71) can be ,.,ri tten as 

~ ~~ = -Rd N' - G'N 1 
- ~ ' N ' t 1'1 (73) 

dh2 c)h 

\'There ~ 1 is an effective value for the attachment coefficient in the 

region where the loss rate is not truly linear. Then ~ 1 is given by 

. (j f = 1 I 0\ {5 N" . \ (74) 

I D sin2r\O( N" + P) 
where initially N1 1 is given by equation (72). N' is the value of N 
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that -vrill be obtained solving equation (73) rmder these conditions. 

At any particular height the actual electron density N would be given by 

or 

N = (q- ~) r- ·1 + / 1 + 
2 ~ L \ 

N(h) = N' (h) ± 4 N(h) 

where ~ represents the quantity d (NV) • 
dh 

(75) 

(76) 

Consider tte two extreme cases where (1) a(L.:::::. ~~ and (2) ~ ~ <:::CI<( 

In case (1) equations (72) and (75) respectively become 

N'' = N = J q~ ~ 
and in case (2) N'' = q q - A_ N = -1 

13 ~ 

If ~ is negative N' 1 L... N in both cases. 

If ~ is positive N'' .> N in both cases. 

O( N'' 
For cases (1) and (2) equation (74) reduces to p"' = and 

D sin~ 

(77) 

(78) 

(79) 

(80) 

respectively.In case (2) equation (67) is appropriate 

for the situation at hand, since N11 is not involved and N ~ N' . In 

case ( 1) if N 1 t .::::.. N, B'~ 0\N , and if N' •) lJ, ~~·.) o(N • 
l D sin2I D sin'J: 

. . 
The effect of this on the solution of equation (73) can be rmderstood 

by examining the Runge Kutta method of integration. 

The basic principle of the Runge Kutta integration can be outlined 

as follows, although the actual approach is more refined, being designed 
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to approximate the Taylor series., Given the starting values of N and 
. 0 

(
d N \ , (.d £N \ can be calculated from equation ( 73), where the subscript 

ohJc 'dhi), 
referg to the step number in the integrationo 

I . .,_ . \ 

I d ~' \ = -R ( d N \ - G 'N - B 'N ~ tv . . l 2 J oldh}, o o \O o o 0h /1 ;0 

(PN.'') = (~ N) + ~h/ )~~ . 
"'ohA \_Jh)o (jh~ 

and 

and Ni = N0 t L'>h~~] 
If (0, I L~. (84), / d ;;.~ > (~ \ 

r J> S.:LNJ.~ \ d h% . d h2/1 

• • ( d N 1
\ /(

1JN) 
\ d h )1 <:) h 1 

as here G', R and q are positive. 
0 0 

Similarly, if (3'> ~N, then 
I )> .Q.N..l..I. 

(81) 

(82) 

(83) 

(85) 

(86) 

(87) 

(88) 

Improved values for P' and N' can be obtained by using an iterative 

approach. For example, having calculated l'Jl' a better value for (3' can 

be obtained by replacing N11 by N' in equation (74) and repeating the 

calculation. If initially N]_ > N1_.> N:L', \- P' L o( ~ Nl , .] 

Dsin I( o( N1 f f3 ) 
I 
l.--

~re make 

p· = (89) 
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A new value can then be calculated for Nl using the value of !3 ' 
calculated from equation (89). Similarly (~' is recalculated using the 

ne\'1 value of NJ.. This time 

and 

N' L. N, 1-

p., I / ;.._· _o(_~_N.::....l -­

r ~ . D ~in2r (.XN1 + p) 
This process is continued until the value calculated for NJ. 

remains constant and is equal to N
1

• In practice the starting values 

N 
0 

and (-~ ~ )
0 

were calculated from equation ( 72) . at a height where the 

contribution due to diffusion was small. ( Appendix 7). 

Since it is a straightfonrard matter to calculate 1i using equation 

( 72), the computation l'l'as started at the datum level. As the production 

of electrons due to photoionization of o
2 

has not been included in this 

treatment, the values of N only beco~e realistic in the F
1 

region. 

Should the necessity arise, it ~vould be a simple matter to include this 

in the calculation. Exclusion of this factor does not affect the results 

for the It' region, as values of N can be calcu+ated exactly for any spec-

ific height from equation (72). 

~Presentation and Discussion of Results. 

Tb illustrate the change in the electron density distribution, 

some sample N(h) profiles lvere calculated using equation ( 71) and the 

technique discussed previously. The computations were done on I~l 1620 

a~d 704 computers for selected values of T,~ and b and for three values 

(:Bertran listin::.; g~ven in Appendix 7) 104/ ••••• 
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of y._ o Values of IoO appliCable to the 6-month period under study 

were usedo The calculations "tTere done for '({ both (1) independent of T 

and (2) dependent on T. In case (1) 1 ~ was given by equation (23) using 

v v \/ -12 3; D:mahue's values of 
0 1 

and 
0 2

, i.e. () 
1 

= 4 X 10 em sec and 

y _ -11 3/ .N -8 3/ O 
2 

- 4 X 10 em se~o v'\ "iTas taken to be 6 X 10 em sec. The results 

for case (1) are shown in Figure 31 where the three curves in each block 

v 0 0 0 
represent 1'- = 0 , 60 and 00 • In cases where only 2 curves are shown, 

the one for X = a:> 0 
has been omitted. The values of T <>O and b are sho"fm. 

The most striking effect noticeable is the obvious sensitivity of 

the shape of the profiles to temperature change. The curves are very 

sensitive to changes in Tor'> , an increase of 400°K decreasing N by 
- max 

a factor of 2 to 3. At low temperatures ( T.:x::. = 800°K) the shapes of the 

curves are particularly sensitive to changes in the shape of the T(h) 

profile, the more rectangular the hyperbola, the greater the heating 

effect. FOr example, at T.:>U = 000°K, a change in b from 50 km to 90 km, 

which increases T at 150 km by about 100°K, decreases N by a factor 
max 

of 1. 5 to 2. The actual values of the various quanti ties calculated are 

shown in Tables 17 to 20 for some values of T0 ,; and b for ·x = o. 

The effect of temperature change on the individual tenns, production, 

loss and diffusion and their importance in governing the shape of the 

N(h) profile will be discussed later. 

The temperature increase appears to have very little corresponding 

effect on the F
1 

region, "I'Thich is consistent with observatione These 

results are also consistent with those of }iatuura (1963) who found that 

only small changes in T 105/ ••••• 



FIGURE 31 .. 

Calculated N(h) profiles for l) independent of 

temperature for various values of ToO and b. 'I'he three 

curves in each block are for 1.- = 0°, 60° and 00°. In 

cases where only two curves are shown, the one for "j.. 

= 00~ has been omitted. The temperature profile is 

also shown. The upper horizontal scale should be labelled 

ELECTRON DENSITY X lo-5, ELECTRONS/GM3• 
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TABLE 17 

F:coc 800. B= 90.0 SECCHI = 1.0000 £ .. 3.00£-14 GAM .. 4.0E-12 FAG= 1.00 ALPHA .. 6.0£-08 DIP ANGLE~ 63.13 DEGREES DELTA H= 4.00 

HT TEMP Z-0 H-0 N(O) N(02) N(N2) 0 REAC RIJE N· BET Q OIFSN LOSS 

120 355 0.00 19 7 .60£+10 1.20£+11 5.80£+11 2.11E-+D8 4.00E-12 8 .18E-+D3 2.82E-+DO 4 0 4 
128 448 .36 24 4.1 9E+10 ~.61E+10 2.44E+II 4.30E-+D8 4.00£-12 2.88E-+D4 2.82E-+DO 49 0 49 
136 509 .66 28 2. 72£+10 2.22£+10 1.26£+11 7.05E-+D8 4.00£-12 5.53E-+D4 1.39E-+DO 183 0 183 
144 552 .93 30 1.91£+10 1.18£+10 7.25£+10 1.04E-+D9 4.00E-12 8.25E-+D4 7,65£-01 406 0 406 
152 584 1.18 32 1.40£+10 6.77£1{)9 4.39£+10 t.46E-+D9 4.00E-12 1.05£-+DS 4.46£-01 660 0 660 
160 609 1.42 33 1.06£+10 4.01£+09 2.76£+1 0 1.98£+09 4.00£-12 1.21E-+D5 2.71£-01 862 0 862 
168 628 1.66 35 8 .14E-+D9 2.44£+09 I. 78£+10 2.62£=09 4.00£-12 1. 29E-+D5 f.69E-01 968 0 968 
176 644 1.88 36 6.34E+D9 1.51E-+D9 I .17E+10 3.41 E-+D9 4.00E-12 1.32E-+D5 I .07£-01 981 0 981 
184 657 2.10 36 4.99E-+D9 9,60E-t08 7.83E-t09 4 .38£1{)9 4.00£-12 1.31[-!05 6.97E-02 928 0 928 
192 669 2.32 37 3 .96E-t09 6.14£+08 5.29E-t09 5.57£1{)9 4.00E-12 1.27E-+D5 4.57E-02 838 0 838 
200 678 2.53 38 3.16E+D9 3.97£+08 3.60E-+D9 7 .0"E-t09 4.00E-12 I • 23E-+D5 3.03£-02 734 0 734 
208 686 2.73 38 2.53E-+D9 2. 58E-+D8 2.47E-t09 8.80E-t09 4.00£-12 1.1 9E-t05 2.02£-02 630 0 630 
216 694 2.94 39 2.04£+09 1.69E-+D8 1. 71E-t09 1.09£+10 4.00£-12 I ,J 5E-+D5 1.36E-02 533 0 533 
224 700 3.14 39 1.65E+D9 1.12£+08 1.18£+09 1.36E+I0 4.00£-12 1.13E-t05 9.24£-03 447 0 447 
232 705 3.34 40 1.34E-t09 7.46E-t07 8.30E-t08 1.68E+I0 4.00£-12 t.1 3E-t05 6.30E-03 373 0 373 
240 711 3.54 40 1.09E-+D9 4.98£1{)7 5.82£+08 2.07£+10 4.00£-12 I .1 6E-+D5 4.32£-03 310 0 310 
248 715 3.74 40 8.93E-t08 3.34E-+D7 4.10E+D8 2.55£+10 4.00E-12 1.2tE-+D5 2.97£-03 257 0 257 
256 719 3.93 41 7.30E-t08 2.25E-+D7 2.89£+08 3.12£+10 4.00£-12 1.30£+05 2.05£-03 212 0 212 
264 723 4.13 41 5. 99E-+D8 1.52E-+D7 2.05E-t08 3.82£+10 4,00£-12 1.43£1{)5 1.43£-03 176 0 176 
272 726 4.32 41 4.92E-t08 I .03E-+D7 1.46E-+D8 4 . 67£+10 4.00£-12 I ,61E-+D5 9 .9~£ ... 04 145 0 145 
280 729 4.51 42 4.05E-+D8 7 .OOE-+D6 I .04E-+D8 5.68£+10 4.00£-12 I .83E-t05 6.97£-04 120 0 120 
288 732 4.70 42 3.33E-t08 4. 77£1{)6 7.45E-+D7 6.91£+10 4.00E-12 2.11 E-t05 4.89£-04 99 0 99 
296 735 4.89 42 2.75E-+D8 3.26E-+D6 5.33E-+D7 8.39£+10 4.00£-12 2.45E-+D5 3.44£-04 82 0 82 
304 737 5.07 42 2. 27E-+D8 2.23E-t06 3.83E-+D7 I.O IE+II 4.00E-12 2.85E-+D5 2.42£-04 68 0 68 
312 739 5.26 43 1.88£-+DB I. 53E-+D6 2. 75E-+D7 1.23E+II 4.00£-12 3,33E-+D5 1.71£-04 56 0 56 
320 741 5.45 43 1.56E-+D8 I .05E-+D6 1.98E-t07 1.48£+11 4.00£-12 3. 71E-+D5 1.21£-04 47 -2 45 
328 743 5. 63 43 1.29E-+D8 7 .30E-+D5 1.43E-Hl7 I, 7YE+II ~.OOE-12 3.94E-t05 8.66£-05 39 -5 34 
336 745 5.81 43 1.08E-+D8 5 .05£-+{)5 1.03E-t07 2. 16E+II 4.00E-12 4.06E-t05 6.1 7£-05 32 -7 25 
344 747 6.00 43 8 .94E-+D7 3.49E-+D5 7.53E-+D6 2.60£+11 4.00£-12 4 .09E-+D5 4.41E-05 27 -9 18 
352 749 6. 18 44 7 .44E-+D7 2.42E-+D5 5.46E-t06 3.13E+II 4.00E-12 4 .05£-+{)5 3.15£-05 22 -9 12 
360 750 6.36 44 6.19E+D7 1.68E-+D5 3.97£-!06 3. 77E+II ~ .OOE- 12 3.97E+D5 2.26£-05 18 -9 8 



TABLE 16 

Tcx:> .. 1200. B= 5D.O SECCHic I.DDOO E= - I.OOE- 13 GAM= 4.0£-12 FAC= 1.00 A[PHh= 6.0£-08 DIP ANGLE= 63. 13 DEGREES DELTA H= 4.00 

HT TEhf Z-0 H-0 N(O) N(D2) N(N2) 0 REAC RATE N BET Q DIFSN LOSS 

120 355 D.DO 19 7 .60E+I0 1.2DE+II 5.60£+11 2.11 E-+06 4.00E-12 6 . I 6£-+03 7. 12£-+0D 4 0 4 
128 441 .36 24 4.23E+ID 4.64E+ID 2.45£+11 4 . 22£-+08 4.00£- 12 2. 94E-+04 2.84£-+00 52 0 52 
136 512 . 66 28 2.69£+1 0 2.18E+ID 1.23£+11 7 .15£-+{)6 4.DOE-12 5,59E-t04 1.37£-+0D 187 D 187 
144 57D .93 31 1.85E+ID 1. 14E+ID 6.99E+10 1.09E.-+09 4.DOE-12 8.14£-+{)4 7.aBE-OI 395 D 395 
152 620 1.17 34 1.33E+ID 6.50£-+09 4.21£+10 1.58£-+09 4.00E-12 1.0 I E-+05 4.28E-OI 612 0 612 
160 662 1.40 36 I.OOE+IO 3.88£-+09 2.66E+10 2.19£-+09 4.00£-12 1.15£-+05 2.61E-01 773 0 773 
168 698 1.61 36 7.68£...09 2.41 £..09 1. 74E+l0 2.93£..09 4.00[-12 1.21£..05 1.66E-O I 854 0 854 
176 730 1.81 40 6.0 I E-+09 1. 54E-+09 1.17E+10 3 .83£-+09 4.00£-12 1.23E-tD5 1.08E-01 863 0 863 
184 758 2.00 42 4.77E-tD9 1.0 I E-+09 8.08E-t{)9 4. 91E-tD9 4.00E-12 1.22E-+05 7 .ZBE-02 823 0 823 
192 783 2.19 43 3 .84E-+09 6.78£-+08 5.65£-!{)9 6.20E-tD9 4 .OOE-12 1.20E-tD5 4.97£-02 756 0 756 
200 805 2.37 . 45 3 .12E-t{)9 4. 61£-!{)8 4.02£-+09 7. 74E+D9 4.00£- 12 I . 16E.-t05 3,45E-02 678 0 678 
208 625 2.54 46 2.56E-tD9 3.17E-+08 2.89E-tD9 9.55E-tD9 4.00E-12 1. 12E-t05 2.42£-02 598 0 598 
216 843 2.71 47 2. 11 E-+09 2.21E-tD8 2.1DE-tD9 1.16E+ID 4.00E-12 !.09E-tD5 I. 72E-02 522 0 522 
224 86D 2.88 48 I • 76£-+09 1.55£-+08 1.54£409 1.42£+10 4.0DE-12 I.D6E-tD5 1.24£-02 452 0 452 
232 875 3.04 49 1.47E-+09 1.10£408 1. 14E-tD9 1.71E+ID 4.DOE-12 1.05£405 8.99E-03 390 D 390 
240 888 3.20 50 I .23E-t09 7.92£-+07 8.50E-tD8 2.05£+10 4.DOE- 12 1.04E-tD5 6.57£-03 336 0 336 
248 901 3.35 51 1.04E-+09 5.71E-+07 6.37E-tD8 2.45£+10 4.00£-12 I .05E-t05 4.83£-03 289 0 289 
256 912 3.51 52 B.BOE-+08 4. 14£407 4.80£-+{)8 2.92E+10 4.00£- 12 1.07E-tD5 3. 57£-03 248 0 248 
264 923 3.66 53 7.47E-tD8 3.02£+07 3.63E-tD8 3.46E+10 4.00£-12 1.12E-tD5 2.66£-03 213 0 213 
272 933 3.81 53 6.36£+08 2.21E-tD7 2.76E-tD8 4.09£+10 4.00£-12 1.18E-tD5 1.99£-03 184 0 184 
280 942 3.96 54 5.43£-+08 1.63£407 2.11 E-+08 4.81£+10 4.00E-12 1.26£405 I .49E-03 158 0 158 
288 951 4.10 54 4.65E-tD8 1.20£-+07 1. 62£-+08 5.65E+10 4.00£-12 1.37£-+05 1.13£-03 136 0 136 
296 959 4.25 55 3 .99£-+08 8. 96£-+06 1.24£-+08 6.61£+10 4.00£-12 I. 50E-+D5 8.58£-04 117 0 117 
304 967 4.39 56 3.43£-+08 6.67£..06 9.64E-t07 7. 72£+10 4.00£-12 I .66E-+D5 6.52£-04 101 0 101 
312 974 4.53 56 2.95E.-+08 4.99E-tD6 7.47Eio7 8.99£+10 4.00£-12 1.84£-+05 4.98£-04 88 0 88 
320 980 4.67 57 2.55£-!{)8 3. 74£406 5 .80E-tD7 I.04E+II 4.00£-12 2 .05£-+05 3.81E-04 76 0 76 
328 987 4.81 57 2.20£~8 2.81E-tD6 4.51E+D7 1.21E+II 4.00E-12 2.29E-tD5 2.93£-04 66 0 66 
336 993 4.95 58 1.91£408 2.12E-t06 3.52£-+07 1.40E+II 4.00£-12 2 . 57£-+05 2.26£-04 57 0 57 
344 998 5.09 58 1.65£-+08 1.60£406 2. 76£407 1.62E+II 4.00£-12 2.60£405 1. 74£-04 49 -I 48 
352 1004 5.22 59 1.43£408 1.21£406 2.16E-t{)7 1.87E+I I 4.00E-12 2. 96E-t05 1.35£-04 43 -3 39 
360 1009 5.36 59 1.25£-+08 9.26£-!{)5 1. 70£-+07 2.16E+I I 4.00E-12 3.07E405 1.05E-04 37 -5 31 



TABLE 19 

Teo., 1200. B= 90.0 SECCH I.. 1.0000 E=I.OCE-13 GAM= ~.OE-12 FAC= 1.00 ALPHA= 6.0E-08 DIP ANGLE= 63.13 DEGREES DELTA H= 4.00 

HT TEMP Z-0 H-0 N(O) N(02) N(N2) 0 REAC RATE N BET Q DIFSN LOSS 

120 355 o.oo 19 7.60E+I0 1.20£+11 5.80£+11 2.11 E+08 4.00E-12 8.18E-t03 7 .12£-tOO 4 0 4 
128 532 .32 29 3.65E+I0 4.15E+10 2.17E+II 5.39E-t08 4.00£- 12 2.39£-+04 2.53£-+DO 34 0 l4 
136 648 .57 35 2.34£+10 2.09£+10 1.16E+I I 9.25£-+{)8 4 .OOE- 12 4 .07E-t04 1.30£-tOO 99 0 99 
144 730 .78 40 1.69£+10 1.27.£+10 7.17E+I0 1.36£-+{)9 4.00£-12 5.71£+04 7. 76£-0 I 194 0 194 
152 791 .97 43 1.29£+10 7. 71E+09 4. 75£+10 1.85£+09 4,00£-12 7.22£+04 4.99£-01 310 0 310 
160 837 1.14 46 1.02E+I0 5.12£+09 3.29£+10 2.41£-+09 4.00£-12 8 . 50£+0~ 3.36£-01 427 0 427 
168 875 1.31 48 8.27£+09 3.50£-+{)9 2.35E+I0 3.04£-+09 4.00£-12 9.49£+04 2.34£-01 528 0 528 
176 905 1.47 50 6.BIE-+D9 2. 45£-+09 1.71£+10 3. 76£+10 4.00£-12 1.0 I E-!D5 1.66£-01 601 0 601 
184 930 1.63 52 5.67£-+{)9 I. 75£-+09 1.27£+10 4 .58E-t09 4.00£-12 1.06£-+{)5 1.20£-0 I 643 0 643 
192 951 1. 78 53 4. 76E-+D9 1.26£+09 9.52£-+09 5.52£-+09 4.00E-12 I.OBE-+05 8.87£-02 657 0 657 
200 969 1.93 54 4.03£-+{)9 9.22£+08 7.21E-+D9 6.58£-+{)9 4.00£-12 1.09£+05 6.57£-02 648 0 648 
208 985 2.07 55 3.43£+09 6.79E-t08 5.50£+09 7.79£+09 4.00£-12 1.08£+05 4.92E-02 622 0 622 
216 998 2.21 56 2. 93E-t09 5.03£+08 4.23£+09 9.18£+09 4.00£-12 1.06£+05 3. 70£-02 585 0 585 
224 1010 2.36 57 2.52£+09 3.75£-+DB 3.26£-+{)9 1.07E+10 4.00£-12 1.05£+05 2.81£-02 542 0 542 
232 1021 2.49 58 2.17£-+09 2.81 E-+08 2.53£-+09 1.25E+1 0 4.00£-12 1.03E+05 2.14E-02 496 0 496 
240 1031 2.63 58 1.87£+09 2.12£+08 1.97£+09 l.46E+10 4.00£-12 1.01£+05 1.63£-02 450 0 450 
248 1039 2.77 59 1.62£+09 1.60£+08 1.54E-t09 1.69£+10 4.00£-12 9.99£+04 1.26£-02 405 0 405 
256 1047 2.90 59 1.41 £+09 1.21£+08 1.21£+09 1.95£+10 4.00£-12 9.87£+04 9.73£-03 363 0 363 
264 1054 3.03 60 1.22£-+{)9 9.28£+07 9.55E+OB 2.25E+10 4.00£-12 9.82£+04 7.53E-03 325 0 325 
272 1060 3.16 61 1.06E+09 7 .09E-t07 7 . 54E+OB 2.59E+10 4.00E-12 9.84£-+04 5.85E-03 289 0 289 
280 1066 3.30 61 9.32£+08 5.43£-+{)7 5.97£-+DB 2.98£+10 4.00E-12 9.94£-+04 4.56E-03 257 0 257 
288 1071 3.42 61 8.15£+08 4.16£+07 4.73£+08 3.42£+10 4.00£-12 I.OIE-+05 3.56£-03 228 0 228 
296 1076 3.55 62 7.13E-tD8 3.20£-tD? 3.76E+OB 3.92E+I0 4.00E-12 1.04£+05 2.78£-03 202 0 202 
304 1081 3.68 62 6.25£+08 2.47E-tD7 2.99E+08 4.48£+10 4.00E-12 1.09E-+D5 2.18E-03 178 0 178 
312 1085 3.81 63 5ABE-t08 1.91£+07 2.38E-tD8 5.12E+I0 4.00E-12 I .1 5E+05 I. 72£-03 158 0 158 
320 1089 3.93 63 1t .81 £-+DB 1.48E+07 I • 90E-+DB 5,84E+I0 4.00£-12 1.22E-tD5 1.35£-03 140 0 140 
328 1093 4.06 63 4.23E-tDB 1. 14E-tD7 I .52E-tD8 6.65E+10 4.00£-12 1.31 E-+05 1.07£-03 123 0 123 
336 1096 4.18 64 3.72E-+D8 8.9!E+06 I .22E+08 7 .57E+10 4.00E-12 I .42£-+{)5 8.46£-04 109 0 109 
344 1100 4.31 64 3.28E-+DB 6.93E-tD6 9.81 E-+D7 8.61E+10 4.00E-12 1.52E-tD5 6.70£-04 96 -2 95 
352 1103 4.43 65 2.89£-tDB 5.40E-t06 7.88£-+{)7 9. 79E+I0 4.00£-12 1.58£+05 5.31£-04 85 -5 80 
360 1106 4.55 65 2.55£-+DB 4.21E-tD6 6.34£-+{)7 1.11£+11 4.00£- 12 I. 63E-tD5 4.22£-04 75 -9 66 



TABLE 20 

Too= 1600, Be 50.0 SECCHI= 1.0000 E= -I.OOE-1 3 GAM= 4.0E-12 FACe 1.00 ALPHA~ 5.0£-08 DIP ANGLE= 63. 13 DEGREES DELTA H= 4.00 

HT TEMP Z-0 H-0 N(O) N(02) N(N2) D REt\C RATE N BET Q DIFSN LOSS 

120 355 o.oo 19 7.60[+10 1.20[+11 5.80E+II 2.11 E-RJ8 4.DOE-12 8 . 18E-RJ3 7 .12E-RJO 4 0 4 
128 482 .34 26 3,94E+10 4.39[+10 2.31E+II 4. 74E-t08 4.00[-12 2.68E-t04 2.68E-RJO 43 0 43 
136 586 .61 32 2.47E+I0 2.1 0[+10 1.18E+II 8.34[-1{)8 4.00[-12 4. 73E-t04 1.31 E+OO 134 0 134 
144 672 .84 37 1.71E+10 1.15E+IO 6.91E+10 1.28E-RJ9 4.00E-12 6.62E-t04 7.39E-01 262 0 262 
152 745 1.05 41 1.25[+10 6.95[-1{)9 4.37[+10 1.84E-t09 4.00E-12 8 .I 9E-+04 4. 53E-01 398 0 398 
160 807 1.23 44 9.68E-H>9 4.43E-+09 2.91E+10 2.50[-+09 4.00E- 12 9.35[-+04 2. 93E-01 515 0 515 
168 861 1.41 48 7.64[-+09 2.94E-+09 2.02E+I0 3 .27E,Q9 4.00E-12 1.01Ei05 !.,98£-01 597 0 597 
176 908 1.57 50 6.1 6E-Rl9 2.02E-H>9 1.44E+10 4 . 16E-+09 4.00E-12 I.OSE-+05 1.38[-01 640 0 640 
184 949 1.72 53 5.05£-+09 I .42E-RJ9 1.05E+10 5 . 19E-+09 4.00E-12 1.07E-tD5 9.90[-02 652 0 652 
192 986 1.87 55 i.20E-H>9 I.OIE-+09 7 .85~-tD9 6.37E-+09 4.00E-12 1.07E-RJ5 7.21E-02 639 0 639 
200 1019 2.01 57 3.52E-+09 7.42E-RJ8 5.92E-+09 7.71E-tD9 4 .OOE- 12 1.06E-+05 5.34£-02 610 0 610 
208 1048 2.15 59 2.9BE-RJ9 5,48E-tD8 4.53E-+09 9.23[-+09 4.00E-12 I .05E-RJ5 4 .OOE-02 5?2 0 572 
216 1075 2.28 60 2.55E+09 4 .09E-RJ8 3.49E+09 I.09E+10 4.00E-12 1.02[-+05 3.03E-02 528 0 528 
224 1099 2.41 62 2.1 9E+09 3 .09E-+08 2. 72E-+09 1.29E+10 4.00E-12 I.OOE-05 2.32E-02 484 0 484 
232 1121 2.54 63 1.89E-+09 2.35E+08 2. 13E-+09 1.50E+I0 4.00E- 12 9.87E-+04 I. 79E-02 Ho 0 440 
240 1141 2,66 65 1.64E-t09 1.80E-+08 1.69E+09 1. 75E+I0 4.00E-12 9.69E+04 1.39E-02 398 0 398 
248 1159 2. 78 66 1.43E-+09 1.38[+08 1.34E-tD9 2.03E+I0 4.00E- 12 9.55[-+04 I.09E-02 359 0 359 
256 1176 2.90 57 1.25[-+09 1.07E-+09 1.07E-t09 2.33[+10 4.00E-12 9.45E,04 8.60E-03 322 0 322 
264 II 92 3.02 68 1.09E+09 8.39E-+07 8.62[-+08 2.68[+10 4.00E- 12 9.40E-t04 6.80E-03 290 0 290 
272 1207 3.14 69 9.64E-+08 6.57E-H>7 6. 95E-tOB 3.07E+I0 4.00E-12 9.41E-i04 5.41 E-03 260 0 260 
280 1221 3.25 70 8. 50E-+08 5. 17E-H>7 5. 62E-t06 3.50E+I0 4.00E-12 9.!,9E+04 4.32[-03 233 0 233 
288 1233 3.36 71 7.52[-+08 4.08E+07 4.57E-tD8 3.9BE+10 4.00E-12 9.65£+04 3.46E-03 209 0 209 
296 1245 3.48 72 6.66E-+08 3.23E-t07 3.72[-+08 1.51E+l0 4.00E-12 9.89E-H>4 2.78E-03 167 0 187 
304 1256 3.59 73 5.91E-+08 2. 57E-+07 3 .04E-+08 5.11[+10 4.00E- 12 1.02E-H>5 2.24£-03 168 0 168 
312 1267 3.70 73 5.26E+06 2.05[-+07 2.49E-t08 5. 77E+10 4.00E-12 1.06E-t05 I.BIE-03 150 0 150 
320 1277 3.80 74 4.68E+OO 1.64E-t07 2.04E-t08 6.50E+I0 4.00E- 12 I. IIE+05 I .47E-03 135 0 135 
328 1286 3.91 75 4 .1 8E-+08 1. 31E-t07 1.68E-t08 7.31 E+IO 4.00E-12 1.1 8E-t05 !.20E-03 121 0 121 
336 1295 4.02 75 3.73E-t08 1.05E+07 1.39E+08 8.21E+10 4.00E-12 1.25E-t05 9.80E-04 109 0 109 
344 1303 4.12 76 3.34E+08 8.52E+08 1. 15E-+08 9.21[+10 4.00[-12 1.32[-+05 8.01E-04 98 - I 96 
352 1311 4.22 77 2.99E-t08 6 .88E-t06 9. 53E+07 1.03E+I I 4. 00E- 12 I .37E-+05 6.56[-04 88 -4 83 
360 1318 4.33 77 2, 68E-+08 5.56E+06 7. 91E-t07 1.15[+11 4.00E-12 1.41E+5 5~93[...()4 79 -7 71 
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were required to produce the observed storm variations. The curves for 

T = 1600°K sho11 clearly the ionospheric G condition, typical of dis~ 
C..'O 

bed conditions l'l'hen the F 
2 

electron density lies either below or very 

close to that of the .F
1 

layer • 

.An interesting feature is the appearance of a valley between the 

F
1 

and F
2 

layers. It was found that the valley disappeared \'lhen :-:(became 

-8 3>/ equal to 9 X 10 t:m sec. The results of these calculations have not been 

displayed, as the main features are essentially the same as those given. 

Decreasing,)( made the valley even more pronounced. 

'!'he results obtained here appear to be directly contradictory to 

those of Somayajulu (1966) 1rho found that for typical stonn increases 

in T of about 400°K (Jacchia, 1959, 1960, 1963; Groves, 1961; Jacchia and 

Slowey, 1962, 1963), one could not account for the observed variations 

in electron density if (\ is independent of T. The approach he used vtas 

considerably simpler than that adopted here. 

'I'here i s one aspect of the profiles sho•m here that is inconsistent 

1<Ti th observation. The temperature values given in the l!IRA (1965) model 

atmospheres for the period in <luestion sho,., that To::> should be of the 

order of 1400°K at midday, 1000°K at midnight and 1200°1{ in the morning. 

Typical quiet and distur!)ed day profiles are sho~m in I!'igure )5 for 

Halley Bay and Sanae for 0700 hours in summer, l·rhen ~ ~~ ::\.. 0 for 

those stations. It is clear tha t for these values of T::,0 and I .... Q- , the 

computed values of n are far too lo'\tT. This phenomenon can be attrib-
max 

106/ ...... 



FIGURE 32. 

calculated el ectron density profiles for 't 
dependent on T for various values of ToO , b and E. 

The three curves in each bloCk, from l eft to right, 

-14 -13 are for E = 0, -5 X 10 and -1 X 10 ergs. In 

cases where only two curves are shown, the one for 

E = 0 has been omi ttedo 
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uted to the fact that the values of p shown in Tables 17 to 20 are too 

high,. This view is supported by the results of Ratcliffe et al. ( 1956), 

Van Zandt et al,. (196C) and Norton et al. (1964). However, the values 

for O 
1 

and ~2 used in the calculation have been accepted as correct 

(Donahue, 1966) and a change cannot be justified,. 

However, Donahue had suggested that a decrease rather than an 

increase in ({ vri th increase in T would be more consistent vri th his 

deductions. During the trial calculations, it was discovered that for 

certain values of E, >j' does in fact decrease wi t4 temperature when 

equation ( 32) is used. Figure 32 shows the results obtained when this 

possibility was investigated. The three curves shown in each block 

( ) -14 -13 
represent from left to right E = 0, -5 X 10 and -1 X 10 ergs 

for X. = 0. (In cases 1o1here only 2 curves are shovm, the one for E = 
1 

0 has been omitted.) The case where E = 0 represents Q .:><_ rfi,. The values 

of {3 corresponding to these values of E and the values of ToO and b 

shown, are given in Tables 21 and 22o These tables shovr that (i) for 

E -? -1 X lo-
13

ergs, 0 always decreases vrith temperature; (ii) forE~ 

-5 X lo-14ergs, () decreases uith temperature in the height range 120 

to 140 km and then increases for ~ ~ 1200°K and b-?!- 90 km. The valuee 
.. :(l 

of f obtained in case (i) are of the same order of magnitude as those 

of Ratcliffe e"t al. (1956) and Van Zandt et alo (1960). Furthennore, 

the N(h) profiles obtained using this approach bear a much better 

0 
resemblance to the observed curves for T.::X:> ~ 1200 K and for the values 

107/ ••••• 



.!!'IGURE 33., 

Typical observed quiet and disturbed day N(h) 

profiles at Sanae and Halley .Bay at 0700 hours in 

summer-o 





TABLE 21. 

REACT I ON RATE IS X 1012, E IS X 1013• 

A.,8oo B=50 E-! ~0 A=800 B=gO E=-1.0 A.,.t200B=50 E=-1.0 A=I200B=-90 E=-1.0 A=I600B=50 E=-1.0 A=I600B=90 E=-1.0 

HT TEMP REAC BET TE/f REAC BET TE!f REAC BET TEMP REAC BET TEMP REAC QET TEhiP REhC BET 
RATE RATE RATE RATE RATE RATE 

120 355 2.99 1.73E-t00 355 2.99 1. 73E-t00 355 2.99 1.73E-t00 355 2.99 I. 73E-t00 355 2.99 1.73£-+00 355 2.99 1. ?3E..DO 
128 400 2.52 6.60E-01 448 2.19 5.36£-01 441 2.23 5.50E-O I 532 1.85 4.04E-O I 482 2.03 4.71E-01 617 1.65 3.27£-0 I 
136 437 2.25 2.95£-01 509 1.93 2.44£-0 I 512 1.92 2.39E-01 648 1.60 1.87£-0 I 586 I. 71 2.03£-01 788 1.45 1.56E-OI 
144 ~68 2.09 1.46£-01 552 I. 79 1.30£-0 I 570 1. 75 1.22£-01 730 1.50 1.07E-O I 672 1.57 1.08£-0 I 908 1.38 9.57£-02 
152 494 1.98 7.78E-02 584 I. 72 7.58£-02 620 1.65 6.96E-02 791 1.45 6.89E-02 745 1. 48 6.51E-02 997 . 34 6.52E-02 
160 516 1.90 4.34E-02 609 1.67 4.63E-02 662 1.58 4.22£-02 837 I. 41 4.67£-02 807 1. 43 4. 19£-02 !066 .32 4.71E-02 
168 536 1.84 2.51£-02 628 1. 63 2.92E-02 698 1.53 2.68£-02 875 1.39 3. 28E-02 861 1.40 2.84E-02 11 21 .31 3.53£-02 
176 552 1.79 1.49£-02 644 1.61 1.89£-02 730 1.50 I. 76E-02 905 1.38 2.37£-02 908 1.38 1.99£-02 I 165 .31 2.71E-02 
104 567 1.76 9. 14£-03 657 1.59 1.24£-02 758 1.47 1.19E-02 930 1.37 I. 74£-02 949 1.36 1.44£-02 1202 .30 2.12£-02 
192 580 1.73 5.68£-03 669 1.57 8.34E-03 783 1. 45 8.24E-03 951 1.36 1.29£-02 986 1.35 1.06£-02 1233 .30 1.6BE-02 
200 592 1.70 3.59£-03 678 1.56 5.63E-03 805 1.44 5.79E-03 969 1. 35 9. 79£-03 1019 1.34 7 .95E-03 1260 .30 1.34£-02 
208 602 1.68 2.30£-03 686 1.55 3.84£-03 825 1.42 4. 12£-03 985 1.35 7.44E-03 1048 1.33 6.04£-03 1283 .30 1.08£-02 
216 612 1.66 1.48£-03 694 1.54 2.64E-03 843 1.41 2.97£-03 998 1.34 5. 79E-03 1075 1.32 4. 64£-03 1303 .29 8.82E-03 
224 620 1.65 9.74£-04 700 1.53 1.82£-03 860 1. 40 2. 17£-03 1010 1. 34 4 .39E-03 1099 1.32 3.60E-03 1321 .29 7.20£-03 
232 628 1.63 6.42£-04 705 1.53 1.27£-03 875 1.39 1.59£-03 1021 1.34 3.40£-03 1121 1.31 2.82£-03 1336 .29 5. 91E-03 
240 636 I .62 4.27£-04 711 1.52 8.88£-04 888 1.39 1. 18£-03 103 1 1.33 2.64E-03 1141 J .31 2.22£-03 1351 .29 4.87E-03 
248 642 1.61 2.86E-04 71 5 1.51 6. 23E-04 901 1.38 8 .82E-04 1039 1.33 2.06£-03 1159 1.31 j . 76E-03 1363 1.29 4.02£-03 
256 648 1.60 1.92E-04 719 1. 51 4.39E-04 912 1.37 6.62£-04 1047 1.33 1.62E-03 1176 1.31 1.40£-03 1375 1.29 3.33£-03 
264 654 1.59 1.30£-04 723 1.51 3.10E-04 923 1.37 5.00£-04 1054 1.33 1.27£-03 1192 1.30 1. 12£-03 1385 1.29 2.77£-03 
272 659 1.58 8.90£-05 726 1.50 2.20£-04 933 1.37 3.79E-04 1060 1.33 I.OOE-03 1207 1.30 9.08£-04 1394 1.29 2.31£-03 
280 661 1.58 6.09E-05 729 1.50 1.56E-04 942 1.36 2.89E-04 1066 1.32 7 .93E-04 1221 1.30 7 .3';E-04 140:1 1.29 1.93£-03 
288 669 1. 57 4.19E-05 732 1.50 I.I IE-04 951 1.36 2.21E-04 1071 1.32 6.29E-04 1233 1.30 5.96£-04 14 11 1. 29 1.61E-03 
296 673 1.57 2.89E-05 735 1.49 8.00E-05 959 1.36 1.69E-04 1076 1.32 4.99£-04 1215 1.30 4.85£-04 1418 1.29 1.35£-03 
304 677 1.56 2.00E-05 737 1.49 5.73£-05 967 1.35 1.30E-04 lOBI 1.32 3.97E-04 1256 1.30 3.96£-04 1425 1.29 1.13E-03 
312 681 1.56 1.39E-05 739 1. 49 4.12E-05 974 1.35 I.OIE-04 1085 1.32 3. 16E-04 1267 1.30 3.24£-04 1431 1.29 9.57£-04 
no 684 1.55 9. 73E-06 741 1.49 2.96£-05 980 1.35 7.85£-05 1089 1.32 2.52£-04 1277 1.30 2.66E-04 1437 1. 29 8.06E-04 
328 687 1.55 6.81E-06 743 1.49 2.14E-05 987 1.35 6.10E-05 1093 1.32 2.02E-04 1286 1.30 2. 19E-04 1443 1. 29 6.80E-04 
336 691 1.54 4.78E-06 745 1.48 1.53£-05 993 1.3~ 4.76£-05 1096 1.32 1.61E-04 1295 1.29 1.80£-04 1448 1. 29 5.74£-04 
344 69~ 1.54 3.36£-06 747 1. 48 1.12E-05 998 1.34 3.72£-05 1100 1.32 1.29£-04 1303 1.29 1.49£-04 1452 1.29 4 .85E-04 
352 696 1 .5~ 2.37E-06 749 1.48 8. 12£-06 1004 1.34 2. 91E-05 1103 1.32 1.04£-04 1311 1.29 1.23E-04 1457 1.29 4. 11E-04 
360 699 1.53 1.68£-06 750 1.48 5.90E-06 1009 1.34 2.28£-05 1106 1.32 8.38E-05 1318 1.29 1.02£-04 1461 1.29 3.48£-04 



TABLE 22. 

REACTION RATE IS X 1012, E IS x 1ol3• 

A=800 Ba90 E-5.0 Aoi20QB=5Q E=-5 .0 A: I200B=ro E=-5 .0 A=I600B-=50 E=-5 .0 

HT TEMP REAC BET TEMP REAC BET TEhf REAC BET TEtf REAC BET 
RATE RATE RATE RATE 

120 355 3.60 2.09E-+DO 355 3.60 2.09E-+DO 355 3.60 2.09E..OO 355 3.60 2.09E-t00 
128 448 3.27 8.00E-01 HI 3.29 8. 10E-Ol 532 3. 14 6.84E-01 482 3.21 7.44E-01 
136 509 3.17 4.01E-01 512 3.16 3.94E-01 648 3.07 3.58E-01 586 3.10 3.67E-01 
144 552 3.12 2.26E-O I 570 3. 11 2.17E-01 no 3.06 2. 19E-OI 672 3.06 2. 12E-OI 
152 584 3. 10 1.36E-01 620 3.08 1.29E-01 791 3.06 I .45E-OI 745 3.06 1.33E-01 
160 609 3.08 8. 54E-02 662 3.07 8. 17E-02 837 3.07 I.OI E-01 807 3.07 8.96£-02 
168 628 3.08 5.50E-02 698 3.06 5.34£-02 875 3.08 7.26E-02 861 3.08 6.24£-02 
176 644 3.07 3.61£-02 730 3,06 3.59£-02 905 3.09 5.31£-02 908 3. 10 4.48£-02 
[84 657 3.07 2.40£-02 758 3.0t 2.47£-02 930 3. 10 3.95£-02 949 3. 11 3.28£-02 
192 669 3.06 1.62£-02 783 3.06 1.73£-02 951 3. 11 2.97£-02 986 3.13 2.45E-02 
200 678 3.06 I. IOE-02 805 3.07 1.23E-02 969 3,12 2.25E-02 1019 3. 1; 1.86£-02 
208 686 3.06 7.58£-03 825 3.07 8.90E-03 985 3. 13 1. 72E-02 1048 3. 15 1.43£-02 
216 694 3.0& 5.24E-03 843 3.18 6.48E-03 998 3.13 1.32£-02 1075 3. 17 I. IOE-02 
224 700 3.06 3. 64£-03 860 3.08 4. 76E-03 1010 3. 1 i 1.02E-02 1099 3.18 8.67£-03 
232 705 3.06 2.54E-03 875 3.08 3.52£-03 1021 3. 14 7.98£-03 1121 3. 19 6.83E-03 
240 711 3.06 I. 78£-03 888 3.09 2.63E-03 1031 3. 15 6.22E-03 11 41 3.20 5.41E-03 
248 715 3.06 1.25E-03 901 3.09 1.97E-03 1039 3. 15 ; .87£-03 1159 3.21 4.31E-03 
256 719 3.06 8.88E-04 912 3.10 1.49£-03 1047 3. 15 3.83£-03 1176 3.22 3.46£-03 
264 723 3.06 6.29£-04 923 3. 10 1. 13£-03 1054 3. 16 3.02E-03 1192 3.23 2. 78E-03 
272 726 3.06 4.47£-04 933 3. 10 8.61E-04 1060 3.1 6 2.38£-03 1207 3.23 2.25£-03 
280 729 3.06 3.1 9E-04 942 3. 11 6.58£-04 1066 3.1 6 1.89£-03 1221 3.24 1.82£-03 
288 732 3.06 2.28£-04 951 3.1 1 5.05£-04 1071 3.1 6 1.50E-03 1233 3.25 1. 48£-03 
296 735 3.06 1.63£-04 959 3. 11 3.89£-04 1076 3.1 7 1. 19£-03 1245 3.25 1.21£-03 
304 737 3.06 1.17E-'J4 967 3. 12 3.01E-04 lOBI 3. 17 9.50£-04 1256 3.26 9.93£-04 
312 739 3.06 B .45£-05 974 3. 12 2.33£-04 1085 3.17 7.58E-04 1267 3.27 8 .1 5E-04 
320 741 3.06 6.09£-05 98J 3. 12 I.BIE-04 1089 3.1 7 6.06£-04 1277 3. 27 6.71£-04 
328 743 3.06 4 .40E-05 987 3.1 3 1.41£-04 1093 3. 17 4.85£-04 1286 3.28 5.53£-04 
336 745 3.06 3. 18E-05 993 3. 13 I.I OE-04 1096 3.18 3.89E-04 1295 3.28 4.57£-04 
344 747 3.06 2.30E-05 998 3. 13 8.65E-05 1100 3. 18 3. 12E-04 1303 3.29 3. 78E-04 
352 749 3.06 1.67£-05 1004 3. 13 6. 79£-05 1103 3. 18 2.51E-04 1311 3.29 3. 14E-04 
360 750 3.06 1.21E-05 1009 3. 14 5.34£-05 1106 3.18 2.02E-04 1318 3.30 2.61£-04 
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of I given in Table 16. In fact it was po3sible to find values for 
::>0 

T ;() and b which gave reasonably good fits to observed U(h) profiles. 

A typical example is shown in ~gure 34. ToO = l200°K and b = 90 km, 

and the observed profile represents a typical evening quiet day profile 

at Sanae. The very high values of N in ln.gure 32 for T . .-. = 000°K can 
max -"J 

be attributed to the fact that these conditions apply to sunspot minimum 

when I .;;(.) is lower than that used hereo 

Again it is obvious that these profiles are highly sensitive to 

temperature change • .An increase of 150°K at heights of 150 Ian l'ri thout 

any corresponding change in T(.)() reduces :Nmax by a factor of about 1.5. 

The figures for the diffusion rate shown in Tables 17 to 20 show 

that this only ·becomes i mportant nei!ll' the peak of the layer, where it 

determines the height of N • Comparison of the values for diffusion 
max 

shmm in Table 17 where T._)l) :: 800°K, with those in Table 20 where 

To0 = 1600°K, shorTS that the rat e of diffusion is practically insensitive 

to large changes in temperature. Hence the height of N is also rather 
max 

insensitive to increases in T, requiring increases of the order of 

800°K in T to produce a noticeable change. It seems likely, however, 

that since the layer tends toward the ionospheric G condition when T 

is increased from 1200°K to 1600°K, that the virtual heiBbt of the 

layer may increas e considerably. ~1is would be even more pronounced in 

cases where there is a valley between the F
1 

and F 
2 

layers. 

The main temperature effect revealed by the present investigation 

is an increase in the thiclmess of the F
2 

layer and a decrease in N F
2 max • 

108/ ••••• 



FIGURE 34o 

Observed and calculated N(h) profiles for 1700 

hours at Sanae where the \'/'atanabe and Hinteregger (1962) 

values of IoO and CIH.A. values of Td» have been used. 
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·.fue fact that small changes in T at heights of about 150km produce a 

noticeable decrease in i;max , 'l'rithout affecting- the F
1 

region, suggests 

that the heating takes place mainly near this height. In this event the 

particles involved should have energies of the order of 1 - 10 kev. 

(Hees, 1963). ~t seems possible therefore that the flux of electrons 

\'Ti th E ? 40 kev, is probably responsible for the D reeion enhanced 

ionization, and that the main heating flux consists of lower energy 

particles 1-rhich vary in intensity in the same vray in space and time. 

1.:.1 Factors Responsible for the Decrease in Electron Density. 

7 .. 4.1. 'lbe Di ffusion Rate. 

T'.ae resu~ts c;iven in Tables 17 to 20 shm·T that the diffusion rate 

is of the order of 10 electrons/crtt /sec. ~"herefore diffusion only 

becomes important when production and loss are of comparable magnitude. 

Consider the cases where (l) 'f,::>J= 000°K, b = 90 km and (2) T
0

->= 1600°K 

and b = 50 km. In case ( l) diffusion becomes increasingly important 

at heights above 320 lan, as the production and loss rates are small at 

these hei&"lts for values of T shol<m. In case (2), hmv-ever, both produc-

tion and loss have increased considerably due to upvTard expansion of the 

atmosphere. Diffusion on the other hand is smaller, as the diffusion 

(o) 
coefficient is inversely proportional to n l-rhich increases more r apidly 

·" 1 (o) 

than T2 at heights above 300 km. For example at 3c.D km n increases by a 
. ~ 

j_ 

factor of 3 from case (1) to case ( 2) v1hereas T2 only increases by a 

109/ ••••• 



- 109 -

factor of lo3o Thus the shape of the layer is controlled largely by 

production and loss at high temperatures. It was found that even when 

the diffusion coefficient was increased by a factor of 2, the production 

and loss terms were still dominant. Therefore it was decided to abandon 

the original aim of a detailed investigation of the effect of changes in 

the diffusion coefficient on the F region electron density distribution. 

7.4.2. The Loss Rate. 

The results given in Table 21 show that o' (labelled REAC RATE) 

is most sensitive to temperature in the region T = 300°K to 400°K. For 

* example,(l); '6 decreases from 4 X l0-
12 

at 300°K to 2.5 X lo-
12

cm3/sec 

at 400°K. The decrease from 700°K to 1400°K is much smaller, viz. 1.5 

X lo-12 to 1.3 X lo-
12

cm3/sec. (2); consider cases (1) and (2) of the 

previous section again. At 32J km n(N
2

) increases by a factor of 

approximately 10 from case (1) to (2). This results in an increase of 

an order of magnitude in the attachment coefficient (3 1 as p = 6 n(N
2
). 

The diffusion coefficient, on the other hand, decreases by a f a ctor 

of 2. Therefore it is not the temperature dependence of the reaction 

rate that is responsible for the sensitivity of [$ to temperature, but 
I 

rather the temperature dependence of the number densitieso 

* See Section 6o6o In t he actual calculations 'j was taken to be 

4.0 X l0-
12

cm3/sec. (Donahue, 1966) and not 3.0 X l0-
12

cm3/sec. as 

given in equation ~ at 300°K. 

110/ ••••• 
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It is evident that similar results could be obtained for N if 't{ 

were made a constant and about 3.5 to 4 times lower than the currently 

accepted laboratory tested value. It is therefore concluded that 

either D is dependent on T in a way similar to that presented here, 

or that it is a constant >-lith a value 3 to 4 times lower than the 

currently accepted one. 

The main conclusion drawn is that the temperature dependence of 

neither the diffusion coefficient nor the reaction rate is vital to 

the explanation of the observed variations in electron density that 

occur during IUD' s. It is evident that the changes in q and L with 

increase in T are due to change in atmospheric composition with 

expansion of the neutral gaseso 

7 .. 4.3 .. The Production Rate. 

The conclusions drawn above can be most readily demonstrated 

>-lith the production rate in which the only temperature dependent 

quantities are the number densities. Figure 35 shows production rate 

profiles for a variety of values of ToO and b for f... =- 45°, 60°, 75° 

0 and 00 • The rows illustrate the dependence of q on T for constant 

values of b and the columns for constant values of ToO • 

These curves show that as T increases, the height of maximum 

production (h~ax) increases and the maximum production rate decreases. 

Fbr example, if we consider cases (1) and (2) of Section 7.4.1 again, 

at a height of 320 km q increases from 47 to 135 electrons/cm3/sec. 

111/oo••o 



FIGURE 35 .. 

This illus trates the effect of temperature 

change on the production rate for Y.,. = 45°, 60°, 

75° and 00°. The last line of the horizontal label 

should read ' •••. IN ELECTRONS PER CC PER SECOND ••• ' 

a represents ToO o 



•- eoo 
3:20 

2eo!\ 
240 

200 ~ 
• I 

•=BB 

teo V.~d::;;::::::::::::---

2 .. 0 

200 

teo 

320 

280 

200 

teo 

I 
I 
I 
i 
I 
I 

i 

~~~~~~~~~~~~~~~~~~~~~~~J 300 aoo goo 
1400 200 1400 200 1400 

VERTICAL SCALE : HEIGHT IN KMS. HORIZONTAL SCALE : UPF-ER, PRODUCTION RATE 
IN ELECTRONS PER 00 PER SECOND. LOWER. TEMPERATURE IN DEGREES KELVIN. 



- 111-

This increase in the pro~uction rate with temperature must be due to 

change in atmospheric composition, as the number densities are the only 

temperature dependent tenne in equation (2)o This is obviously due to 

redistribution of the gas with expansion over a more lridespread area. 

Therefore, the result is an overall increase in production at altitudes 

above h~ax and a decrease below this heigh to The magnitude of the changes 

involved make it certain that the temperature dependence of q must have 

a profound effect on the resulting electron density distribution. 

~ Case (2l_of Section 6.7. 

It was found that no significant changes occurred when the 

calculations were repeated using the alternative expression for the 

diffusion rate in Section 6.7. The approach was abandoned after trial 

calculations, as the involved equations only complicated the analysis 

further without yielding significant results. 

L.E_ The Effect of a Vertical Drift Velocity on the Electron Density 

Distributiono 

.An analysis has been started in which the effects of a vertical 

drift velocity on the electron density distribution are investigated. 

As a preliminary assesment, a rather arbitrary expression given by 

Yonezawa (1958) was used to represent the vertical drift of electrons, 

vrhere m is a parameter. 

V = V exp 
0 

m( z - z ) 
0 

H 
(~) 

The preliminary results obtained indicated that an upYrard drift 

ll2/o o vo• 
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increased botl'l N and h(N ) and vice versa, as was found by 
max mar' 

Yonezawa. It was possible to find values for V and m in equation (90) 
0 

which gave a much better fit near the peak of the curves shown in 

fiqure 34o These results, however, have not been taken seriously, but 

constitute the beginning of another avenue of research. 

1£1 Conclusions. 

It has been shown that temperature changes have a remarkable 

effect on the electron density distribution in the F region of the 

ionosphere ... It is certain from this analysis that changes in T of 

about 200°K at heights of about 150 km can easily account for the typical 

decreases in f 
0 

F 
2 

observed during IUD' s. Whether energy required to 

produce increases in temperature of this magnitude could be supplied 

by electron influx is uncertain at present. It has been established that 

an i.d. always occurs when the p.e.f. is equal to or exceeds 2..3 X 104 

electrons/cm
2
/sec. This suggests that the energy input from electron 

influx must be large enough to cause the disturbances. If their energies 

are about 50 kev, the energy influx is about 2 X l0-3ergs/cm2/sec, which 

is about o.co5 of that from the uv flux (\vatanabe and Hinteregger, 1962). 

Therefore, it is difficult to understand hOlt such a large effect could 

be produced by such a small increase in the total energy flux. This is 

a problem which will have to be investigated in the future. 

It has also been sho1-m that it is unlikely tha t either diffusion 

or the temperature dependence of the reaction rate are responsible for 

113/ ...... 
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the observed decreases in f
0

F
2

o The evidence strongly indicates that the 

variations in f
0

F
2 

are due to changes in atmospheric composition because 

of the temperature dependence of the number densities. This dependence 

is most evident in the loss and production rates, making these the 

dominant factors controlling the behaviour of the ionosphere. The results 

also suggest that either the accepted value for ?f is too high or that 

() must decrease with temperature. 

7 .,8 Future Work. 

Work to be done in the immediate future will involve inclusion of 

a corpuscular source of ionization in the production rate and an estimation 

of the heat input and temperature rise to be expected from typical . 

observed p.e.f. intensities. This will be done using an approach based 

on that of Gledhill and van Rooyen (1963) and Rees (1963) for comparison 

\-Ti th results of the type discussed above. Attention will also be given to 

resolving the present uncertainty in the reaction rate. 

J;n attempt will then be made to calculate the diurnal and seasonal 

variations of f
0

F
2 

at locations along the L shells investigated in Part lo 

The main objective of the research will be to explain the day-time 

longitudinal variations of f
0

F
2 

observed along L shells of the outer 

radiation belt. Particular emphasis will be laid on estimating the 

reliability of CRPL data in regions far removed from ionospheric stations, 

vli th the view of producing better .charts for radio prediction services. 

It is hoped that facilities will be available for the experimental 

confirmation of these calculations. 
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.APPENDiu_. 

FOR1.RAN LISTING 

* F ANDIW806 

C PRECIPIT~T£0 AND TRAPPED ELECTRGN FLUX gT L .. 2, 3 AND 4 

DIMENSION LONGN(l80) , KUT (360), ~SUMl'36p), .IS(J ~Oh U(36b) ,LOST(360) 

DIMENSION CUT(360) 

627 FORM/.T(J2) 

623 FORIMT(I4,F4.1,F5. 3) 

625 FORM!lT(I2) 

638 FORMAT(45H PRECIPIT/.TEO AND TRAPPED PROTCN FLUX AT L=, F3 .0///) 

99 FGRMiiT(62H SOUTHERN HEMISPHERE NORTHERN HEMISPHERE PRECIPITiiTED 

T R~PPED/52H LONG PITCH f,NGLE LONG P ITCf, A~GLE N-H S-H) 

87 FORMAT(3X,I4, 5XF5. 1,7X 14,5X, F5 . 1,3X,F5.2,2X,F5.2,2X,F7.2) 

READ 625, KKK 

DO 190 IJJ~l,KKK 

READ 627,1DG 

624 FCRtMT(45H PRECIPITI~TED ;:NO TRf,PPED ELECTRON FLUX kT L=, F3.0///) 

KaJ 8 

h1a) 

DO 111 N•l, 10 

READ 79,(LONGN(J), J=M,K) 

M .. K+1 

111 K .. K+18 

bj..J 

K-14 

DO 211 N .. 1,25 

115/ ••••• 



READ 901,(CUT(J),J=M,K) 

M=K+I 

211 K=K+14 

901 FORr.~T (14F5.3) 

902 FCRMAT (IOF5.3) 

READ 902,(CUT(J),J=351,360) 

READ 623.LGNGS,EL,BIOO 

79 FORMAT (1814) 

IF(IOG) 639,639,640 

63~ PRINT 624,El 

GO TO 641 

640 PRINT 638,EL 

641 PRINT 99 

LX=900 

I .. J 

DO 900 J=1,360 

IF(CUT(J)-100)746,746,747 

746 KUT(J)-900 

CUT(J) .. 9QO 

GO TC ~00 
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747 CUT(J) .. J800.*ATAN(SQRT(B100/CUT(J))/SQRT(l.-B100/CUT(J)))/3.1416 

KUT(J) .. t:UT(J) 

BCUT,KUT(J) 

IF (CUT ( J)-(BCUT -+D .5) )900, 900,812 

812 KUT(J) =KUT(J)+l 

900 CONT I NUE 

Q(J 360 J=2,360,2 

IF(KUT(J)-KUT(J-1))8,360,360 

8 MB=KUT (J) 
116/ ••••• 



KUT(J}-KUT(J-1) 

re(l)...J 

KUT (J...l} -MB 

r- 1+1 

360 CONT lNUE 

lGA-( .. J 

LOST(l )-KUT(l} 

LSUM(l)-LX-KUT(l) 

MAX-KUT(l) 

LA-1 

DO 180 J-21'360 

IF(KUT(J}-KUT(J-1)}11112 

1 LSUM(J}~UT(J)+LSUM(J-1} 

LOST ( J}-KUT ( J} 

GO TO 170 

2 IF(KUT(J}-MAX}l2,1~114 

H MAX-KUT ( J) 

LA-J 

lSUM(J).(lJ,...KUT (J))• J 

GO TO 1000 

lZ IF(KUT(J)-KUT(J-.2J)500~500,21 

500 LSUM(J)-LSUM(J-2}~~UT(J})*2 

GO TO 1000 

Z1 K·1 

00 4 [ -LA.,J,2 

IF(KUT(J}-KUT( [))31314 

3 IA(K}-[ 

~+1 

4 CONTINUE 

- 116-
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N=IA(K-2) 

LSUM(J)=LSUM(N)+(LX-KUT(J)*(J-N) 

1000 LOST(J)=LSUM(J-I)+LX-LSUM(J) 

170 CONTINUE 

180 CONTINUE 

DO 86 I=I,IGA 

J=B( I) 

MB=LOST(J) 

LOST(J)=LOST(J-1) 

86 LOST(J-1 ).,~e 

DO 190 J .. 2,36012 

K=.J/2 

LcJ-1 

IF(IDG)628,628,629 

628 LONGS=LONGS+2 

IF(LONGS-360)31 11 212,31 I 

629 LONGScLONGS-2 

I F(LONGS)31 1 ,331,311 

331 LONGS=360 

GO Tu 311 

212 LONGS=O 

311 CONTI NUE 

CCUT=LOST(J) 

BLOST .. cuT(J)/ I 0. 

CCUT =CCUT /900. 

CUTT=LOST{J-1) 

ALOSTcCUT(J-J)/10. 

CUTT =CUTT /900. 

SU hj,LSU M( J) 

- 117 -
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SU lr!oSU Ill/ 900 • --
PRINT 87 I LONGS ,ALOST I L(;NG(K) ,BLOST ,CCUT ,CUTT ,SUM 

190 CGNT I NUE 

END 

--ooOoo-

• hPP E NDIX 2 .. 

PRECIPITATED AND TRAPPED ELECTRCN FLUX AT L = 2 PRECI PIT i.TEU AND TR,:,PPEO PROTON FLUX AT L c 2 

SH SGUTHERN HEM I SPHERE 
NH NORTHERN HEMISPHERE 

CPA CRITICAL PITCH ANGLE 
PEF = PRECIPI ThTED ELECTRON FLUX 
TEF TRAPPEL ELECTRON FLUX 

SH SH SH NH NH NH TEF SH SH SH NH NH NH TEF LONG CPA PEF L(,I;G CPA PEF LONG CPA PEF LONG CPA PEF 

352 90 .0 1.41 327 53 .0 .59 0.00 358 90.0 1.40 358 53.2 .59 0.00 
354 90 .0 I .40 329 53. 1 . 59 0.00 356 90 .0 I .40 355 53 .2 .59 0.00 
356 90 .0 1.40 331 53.2 . 59 o.oo 354 90 .0 I .40 352 53 . 1 .59 0.00 
358 90.0 .40 333 53.2 .59 0.00 352 90.0 1.41 350 53 .0 ,59 0.00 

0 86.5 .33 335 53.3 .59 .07 350 86.5 1.33 347 52.9 , 58 .07 
2 85. 1 .30 338 53 .4 . 59 . 18 348 85 .1 I .30 344 52.9 . 58 . 18 
4 83. 1 .25 340 53.4 . 59 .33 346 84.0 1.28 342 52.7 .58 .31 
6 82.3 .23 342 53 .4 . 59 . 50 344 82 .3 1.24 340 52.5 ,58 .48 
8 81 .0 .20 344 53 .5 . 59 . 70 342 80.4 1.20 338 52.4 .58 .69 

10 80 .4 . 19 347 53 .4 ,59 .91 340 78 .7 1. 17 335 52 .2 . 58 .94 
12 79.2 . 16 350 53.4 . 59 1. 15 338 77.3 1. 14 333 5. 19 .57 1.22 
14 77.8 . 13 352 53.4 .59 1.42 336 75 .7 1. 10 331 51.9 .57 1.54 
16 76.5 . II 355 53.3 .59 1. 72 334 74.3 1.07 329 51.7 . 57 1.88 
18 75.7 .09 358 53.2 . 59 2.03 332 73.0 1.05 327 51 .5 . 57 2.26 
20 75.0 .07 360 53.1 .59 2.37 330 71 .8 1.02 325 51.5 . 57 2.66 
22 74.0 .05 2 52.9 .58 2.72 328 71 .0 1.00 323 51.4 .57 3.08 
24 73 .0 .03 4 52. 9 . 58 3.10 .326 69.7 .98 321 51.2 . 57 3.53 
26 72.4 .02 8 52.6 . 58 3.49 324 68 .8 .96 319 51 .2 ,56 4.00 
28 71.5 .00 10 52.4 .58 3.90 322 67.9 .94 318 51.1 . 56 4.49 
30 71 .0 .99 12 52.4 , 58 4. 32 320 67.0 .92 316 51 .0 .56 5.00 
32 70.2 .98 15 52.2 . 58 4.75 318 66.2 .90 314 50 .9 . 56 5.53 
34 69.7 .97 17 52.0 ~57 5.20 316 65 .3 .88 313 50 .8 . 56 6.08 
36 68 .8 ,95 20 51.9 . 57 5. 67 314 6't .4 .86 312 50 .6 .56 6.65 
38 68 .1 .94 22 51.7 . 57 6. 16 312 63.5 .85 310 50 .5 . 56 7.23 
40 67.5 .92 24 51 .5 .57 6.66 310 62.9 .83 309 50 .5 . 56 7. 83 
42 66.6 .91 27 51 .4 . 57 7. 18 308 62. 1 .82 308 50.3 . 56 8.45 
44 65.7 .89 30 51 .1 .56 7.72 306 61 .5 .81 307 50.2 . 55 9.08 
46 64.9 .88 32 50.7 .56 8. 27 304 61 .0 .79 306 50. 1 . 55 9. 73 
48 64 .1 .86 35 50 .2 .55 8.85 302 60.3 • 78 305 50.0 . 55 10.39 
50 63 .1 .84 37 50.0 . 55 9.44 300 59.6 .76 403 50.0 . 55 I 1.06 
52 62.3 .83 40 49.6 . 55 10.06 298 59.1 .75 304 49.9 ,55 II . 75 
54 61.4 .81 42 49.4 .54 10.70 296 58 .6 .74 303 49.7 .55 12.45 
56 60.7 .80 43 49.3 .54 11 .35 294 58 .2 .74 302 49.7 .55 13.15 
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SH SH SH NH NH NH TEF SH SH SH NH NH NH TEF LGNG CPA PEF LOf~G CPA PtF LONG CPA PEF LuNG CPA PEF 

58 59.9 .78 45 49.1 .54 12.02 292 57.9 .73 301 49.6 .55 13 .86 
60 59.2 .77 47 48.9 .54 12.70 290 57.4 .72 '300 49.6 .55 14.59 
62 58.2 .75 50 48.4 . 53 13.40 288 57 .I .71 299 49.5 .55 15.32 
64 57.3 .73 52 48.1 .53 14.13 286 56.7 .71 298 49.3 .54 16.06 
66 56.3 .72 53 48.0 .53 14.88 284 56.2 .70 297 49.2 .54 16.80 
68 55.5 .70 55 47.8 .53 15.64 282 55.9 . 69 296 49.1 .54 17.56 
70 54.5 .68 57 47.5 .52 16.43 280 55 .5 .68 296 49.0 .54 18.33 
72 53.6 .66 59 47.3 . 52 17.?4 278 55.2 . 68 295 48.9 .54 19.10 
74 52.8 .65 61 47.0 . 52 18.07 276 54.8 .67 294 48.8 .54 19.88 
76 52.0 .63 63 46.7 . 52 18. 91 274 54.4 . 66 293 48 .7 .54 20.68 
78 51.3 .62 65 46.6 .51 19.77 272 54.0 .66 292 48.5 .54 21.47 
80 50.7 . 61 68 46.3 .51 20.64 270 53 .7 . 65 292 48.5 . 53 22.28 
82 50.1 . 60 70 46.1 .51 21.52 268 53.5 . 65 291 48 .4 .53 23.09 
84 49.6 .59 72 46.0 .51 22.42 266 53.0 .64 290 48.3 . 54 23.91 
86 49.2 .58 74 45.8 .so 23 .33 264 52.6 .63 289 48.3 . 53 24.74 
88 48.7 . 57 77 45.6 .50 24 .24 262 52.4 .62 288 48.2 .53 25.57 
90 48.2 .56 80 45.4 .so 25. 17 260 52.0 .62 287 48.1 .53 26.42 
92 47.8 .55 82 45.2 .50 26.11 258 51.8 .61 286 48.0 .52 27.26 
94 47.3 .55 84 45.1 .50 27.06 256 51 .5 .61 285 47.8 .53 28. 12 
96 ~7 .o .54 87 44.8 .49 28.01 254 5.1.2 .60 284 47.8 .53 28.98 
98 46.7 . 54 90 44 .7 .49 28. 97 252 50.8 .60 282 47.6 .53 29.85 

100 46.4 . 53 93 44.6 .49 29.94 250 50.6 .59 281 47.6 .52 30.72 
102 46.1 . 53 96 44.5 .49 30.91 248 50.3 .59 280 47.6 . 52 31 .60 
104 45.8 . 52 99 44.4 .49 31 .89 246 50.1 . 58 279 47.5 . 52 32.49 
106 45.6 . 52 102 44.4 .49 32.88 244 49.8 . 58 278 47.5 .52 33.38 
108 45.3 .51 104 44.3 .49 33.87 242 49.6 .57 277 47.5 .52 34.28 
110 45.2 .51 107 44.4 .49 34.86 240 49.4 .57 276 47 .5 .52 35 .18 
112 45.0 .50 110 44.4 . 49 35.86 238 49.3 .56 274 47.5 .52 36.08 
114 44.8 .50 113 44.5 .49 36.87 236 49.1 .56 272 47.5 .52 36.99 
116 44.6 .49 116 44.6 .49 37.87 234 48.9 .55 271 47.5 .52 37.90 
118 44.6 .49 118 44.7 .50 38.88 232 48 .7 . 55 270 47.5 .52 38.82 
120 44 .5 .49 121 44.9 .51 39.87 230 48.5 . 55 268 47.6 . 52 39.74 
122 44.4 .49 124 45. 1 . 53 40.84 228 47.7 .53 267 47.6 . 53 40.68 
124 44.4 . 49 126 45.4 .54 41 .80 226 47.5 .52 265 47.7 .53 41.62 
126 44 .3 .49 128 45.6 . 58 42.72 224 47.3 .52 264 47.8 .53 42.55 
128 44.3 . 49 131 46.0 .60 43.62 .222 47.3 .52 263 47.8 .54 43.48 
130 H.3 .49 133 46.3 .62 44.51 220 47.8 .53 261 48.0 .54 44.41 
132 44 .3 .49 135 46.6 . 64 45.37 218 47.6 .53 260 48.1 . 55 45.33 
134 44.4 .49 138 46.9 • 70 46.17 216 47.6 . 52 258 48 .3 .57 46.23 
136 44.4 .49 140 47.2 .64 47.03 214 47.5 ~52 256 48.4 .56 47.14 
138 44.5 .49 143 . 47.6 .75 47.78 212 47.5 .52 255 48.6 . 58 48.02 
140 44.5 .49 146 47.9 .72 48.56 210 47.4 .52 254 48 .7 .60 48.89 
142 44.6 . 49 149 48.3 .80 49.26 208 47.3 . 52 252 48.9 .61 49.75 
144 44 .6 .49 152 48.7 .89 49.88 206 47.3 .52 251 49.1 . 59 50.62 
146 44.7 .49 154 49.1 .78 50.59 204 47.2 .52 249 49.3 . 64 51.46 
148 44.8 . 49 157 49.4 .80 51 . 29 202 47.2 . 52 248 49.4 . 61 52.32 
!50 44.9 . 50 159 49.6 .81 5!.97 200 47 .I . 52 246 49.6 .71 53.08 
152 45.1 • 50 162 50.0 .83 52.64 198 47 .o .52 244 49.8 .68 53.88 
154 45.2 .50 166 50.5 1.01 53 .12 196 47.0 .52 242 50.0 .64 54.71 
!56 45.3 .50 169 51.0 1.04 53 .57 !94 46.9 . 52 240 50.1 .70 55 .48 
158 45.4 . 50 172 51.3 .98 54.08 192 46.8 .52 238 50.3 • 71 56.24 
160 45.5 .so 175 51.6 .91 54 .66 190 46.7 .52 236 50.5 .66 57.06 
162 45.6 .50 178 51.9 .83 55.32 188 46.6 .51 234 50.7 .74 57.80 
164 45.7 .50 lBO 52.0 .84 55.97 186 46.6 .51 232 50.8 . 68 58.60 
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SH SH SH NH NH NH SH SH SH NH NH . NH 
TEF LONG CPA PEF LONG CPI\ PEF H.F LONGN CP!i PEF LONG CPA PEF 

166 45.8 .50 183 52. t .75 56.71 184 46.5 .51 230 50.9 .76 59.32 
168 45.8 . 51 186 52.2 .65 57.55 182 46.4 .51 228 51 . I .69 60.10 
170 45.9 .51 189 52.1 .64 58.39 180 46.3 .51 226 51.2 .70 60.88 
172 46.0 .51 192 52.0 .64 59.23 178 46.2 . 51 224 51.3 .79 61.57 
174 46 .1 .51 195 51.7 .63 60 .08 176 46.2 .51 222 51.5 .71 62 .34 
!76 46.2 ... 51 198 5(.5 .63 60.93 174 46.1 .51 220 51.7 .91 62.92 
178 46.2 .51 201 51 .3 . 62 61.79 172 46.0 . 51 217 52.0 .93 63.47 
180 46.3 .51 203 51.2 .62 62.65 170 45 .9 .51 215 52. 1 .74 64.21 
182 46.4 .51 206 51 . 1 . 61 63.52 168 45.8 .51 212 52.2 .65 65.05 
184 46.5 .51 208 50.9 .61 64.38 166 45.8 .50 210 52. 1 . 65 65.89 
186 46.6 .51 210 50.8 .61 65.26 164 45.7 .so 208 52.0 .• 65 66.74 
188 46.6 .51 212 50.7 .60 66. 13 162 45.6 . 50 206 51.9 . 64 67.58 
190 46.7 .52 215 50.5 .60 67.01 160 45.5 .so 203 51 .6 .64 68.43 
192 46.8 .52 217 50.3 .59 67.89 158 45.4 . 50 201 51 .3 .63 69. 29 
194 46.9 . . 52 220 50.1 .59 68.77 156 45.3 .50 198 51.0 .62 70.16 
196 47.0 .52 222 50.0 .58 69. 66 154 45.2 .50 195 50 .5 .61 71.04 
198 47 .o .52 224 49.8 .58 70.55 152 45 .1 .50 192 50.0 . 61 71.92 
200 47 . I .52 226 49.6 .58 71.45 150 44 .9 . 50 189 49.6 .60 72.82 
202 47.2 . 52 228 49.4 .57 72.35 148 44 .8 .49 186 49,4 .59 73.72 
204 47.2 .52 230 49.3 .57 73 .25 146 44.7 . 49 183 49.1 .59 74.63 
206 47.3 .52 232 49.1 .56 74. 16 144 44.6 . 49 180 48 .7 .58 75.55 
208 47.3 .52 234 48.9 .56 75 .07 142 44.6 .49 178 48.3 .57 76.47 
210 47.4 .52 236 48.7 . 55 75.99 140 44.5 .49 75 47.9 .56 77.41 
212 47 .s .52 238 48.6 .55 76. 91 138 H.5 .49 72 47.6 .56 78.35 
214 47.5 .52 240 48 .4 .54 77.83 136 44 .4 .49 69 47.2 .55 79.30 
216 47.6 .52 242 48.3 . 54 78.76 134 44.4 .49 66 46.9 .55 80.26 
218 47.6 . 53 244 48.1 . 53 79. 69 132 44.3 . 49 62 46.6 .54 81 .22 
220 47.8 . 53 246 48.0 . 53 80.62 130 44.3 .49 59 46.3 .53 82.19 
222 47.3 . 52 248 47.8 .53 81.56 128 44.3 .49 57 46.0 .52 83.17 
224 47.3 .52 249 47.8 .53 82.50 126 44.3 .49 54 45.6 .52 84.16 
226 4 7.5 . 52 251 47.7 ,53 83.44 124 44.4 .49 52 45 .4 .51 85.15 
228 47.7 .53 .252 47.6 . 53 84.37 122 44.4 .49 49 45.1 . 51 86.1 4 
230 48.5 . 65 254 47.6 .52 85.19 120 44.5 .49 46 44 .9 .50 87.14 
232 48.7 . 60 255 47.5 .52 86.06 118 44.6 . 49 43 44 .7 .50 88.15 
234 48 .9 .58 256 47.5 .52 86.95 116 44.6 .49 140 44 .6 . 49 89. 16 
236 49.1 .62 258 47.5 .52 87.80 11 4 44 .8 .50 138 44 .5 .49 90.16 
238 49.3 .63 260 47.5 .52 88.63 112 45.0 . 53 135 44.4 .49 91.13 
240 49.4 .61 261 47.5 .52 89. 49 110 45.2 .53 133 44.4 .49 92.10 
242 49.6 .71 263 47.5 .52 90.25 108 45.3 .53 131 44 .3 .49 93.08 
244 49.8 .67 264 47.5 .52 91 .05 106 45.6 . 56 128 44.4 .49 94.02 
246 50.1 .75 265 47.5 .52 91.77 104 45.8 . 59 126 44 .4 .49 94.93 
248 50.3 .71 267 47.6 . 52 92.53 102 46.1 . 61 124 44 .5 .49 95.82 
250 50.6 .79 268 47.6 .52 93 .20 100 46.4 . 63 121 44 .6 .49 96.69 
252 50.8 .74 270 47.6 .53 93 .93 98 46.7 .61 liB 44.7 . 49 97.58 
254 51.2 .84 271 47.8 . 53 94.56 96 47 .o .66 116 44 .8 .49 98 .41 
256 51 .5 .86 272 47.8 . 53 95.1 6 94 47.3 . 73 113 45.1 .50 99.18 
258 51 .8 .89 274 48.0 .53 95 .73 92 47.8 .75 110 45.2 .50 99.92 
260 52.0 .91 276 48.1 .53 96.29 90 48.2 ~84 107 45.4 .so 100.57 
262 52.4 1.14 277 48.2 . 53 96. 61 88 48.7 .81 104 45.6 .so 101.24 
264 52.6 1.26 278 48.3 .53 96.81 86 49.2 .90 102 45 .8 .so 101.83 
266 53 .0 1.49 279 48.3 . 53 96.78 84 49.6 .94 99 46.0 . 51 102. 37 
268 53.5 1.51 280 48.4 .53 96.73 82 50.1 .98 96 46.1 .51 102.88 
270 53.7 1.31 281 48.5 .53 96.88 80 50.7 1.0 I 93 46.3 .51 103.34 
272 54 .0 1.32 282 48.5 . 54 97 .0 I 78 51.3 1.22 90 46.6 .51 103.60 
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SH SH SH NH NH NH TEF SH SH SH NH NH NH TEF LONG CPA PEF LONG CPA PEF LONG CPA PEF LONG CPA PEF 

274 54.4 1.34 284 48.7 .54 97.12 76 52.0 1.28 87 46.7 .52 103. 79 
276 54,8 1.58 285 48.8 .54 96.99 74 52.8 2.00 84 47.0 .52 103.27 
278 55.2 1.60 286 48.9 .54 96.84 72 53.6 2.38 82 47.3 .52 102.36 
280 55.5 1.38 287 49.0 . 54 96.91 70 54.5 2.69 80 47.5 .52 101 . 14 
282 55.9 1.64 288 49.1 .54 96.72 68 55.5 3.01 77 47.8 .53 99.60 
284 56.2 1.66 289 49.2 .54 96.50 66 56.3 2.87 74 48.0 .53 98. 19 
286 56.7 1.93 290 49.3 .54 96.02 64 57.3 2.95 72 48 .1 .53 96.70 
288 57 . I 1.45 291 49.5 . 55 96.0! 62 58.2 3.29 70 48 .4 .53 94.87 
290 57.4 1. 72 292 49.6 .55 95.74 . 60 59.2 3.39 68 48.9 .54 92 .93 
292 57.9 1. 74 292 49 .6 . 55 95 .44 58 59.9 2.39 65 49.1 .54 91 .99 
294 58.2 1.76 293 49.7 .55 95.12 56 60 .7 2.97 63 49.3 .54 90 .46 
296 58.6 1.52 294 49.7 .55 95.04 54 61 .4 2.75 61 49.4 .54 89. 16 
298 59.1 2.07 295 49.9 .55 94 .41 52 62 .3 3.37 59 49.6 .55 87.24 
300 59.6 2.09 296 50 .0 .55 93 .76 50 63.1 3. 14 57 50.0 .55 85.54 
302 60.3 2.67 296 50.0 . 55 92.53 48 64 .1 3. 78 55 50.2 . 55 83.20 
304 61.0 2.71 297 50.1 . 55 91 .25 46 64 .9 3.55 53 50.7 .56 81 .08 
306 61 .5 2.48 298 50.2 .55 90.21 44 65.7 3.00 52 51 .1 .56 79.51 
308 62.1 2.51 299 50.3 . 56 89.14 42 66.6 3.96 50 51.4 .57 76.97 
310 62.9 3. 13 300 50.5 .56 87.44 40 67.5 3.40 47 51.5 .57 74 .99 
312 63 .5 2.59 301 50.5 .56 86.29 38 68. 1 3.14 45 51 .7 .57 73.28 
314 64 .4 3.22 302 50.6 .56 84 .50 36 68.8 2.85 43 51 .9 .57 71 ,84 
316 65.3 3.57 303 50.8 .56 82.36 34 69 .7 4.19 42 52.0 . 57 69.07 
318 66.2 3.94 304 50.9 . 56 79.86 32 70.2 2.61 40 52.2 .58 67.87 
320 67.0 3.36 304 51 .0 .56 77.90 30 71.0 3.62 37 52.4 .58 65.66 
322 67.9 3.43 305 51.1 .56 75.90 28 71.5 2. 67 35 52 .4 .58 64 .40 
324 68 .8 3.81 306 51.2 . 56 73.51 26 72.4 4.05 32 52.6 .58 61 .76 
326 69.7 4.20 307 51 .2 .57 70.74 24 73 .0 3.07 30 52.9 .58 60. 10 
326 71.0 5.27 306 51 .4 .57 66.00 22 74 .0 4. 15 27 52.9 .58 57.35 
330 71.8 3.69 309 51 .5 .57 64 .62 20 75.0 4.55 24 53.1 .59 54.20 
332 73.0 5.11 310 51.5 .57 60.93 18 75.7 3.90 22 53.2 .59 51.71 
334 74.3 5. 21 312 51.7 .57 57. 14 16 76.5 3.95 20 53.3 .59 49.16 
336 75.7 6.35 313 51 .9 .57 52.21 14 77.8 5.43 17 53.4 .59 45.13 
338 77.3 6.84 314 51 .9 .57 46. 78 12 79.2 6. 61 15 53 .4 .59 39.92 
340 78 .7 6.23 316 52.2 .58 41.97 10 80.4 5.22 12 53.4 .59 36. 10 
342 80 .4 7.05 318 52.4 .58 36.32 8 81 .0 3.43 10 53.5 .59 34.08 
344 82.3 8.70 319 52.5 .58 29.04 6 82.3 6.46 8 53.4 .59 29.02 
346 84 .0 7.72 321 52.7 .58 22 .73 4 83 . 1 4.27 4 53.4 .59 26.15 
348 85.1 5.51 323 52.9 .58 18 .63 2 85.1 8.92 2 53.4 .59 18.€3 
350 86. 5 6.74 325 52.9 .58 13.29 360 86.5 6.74 360 53 .3 .59 13.29 

PRECIPITATED AND TRAPPED ELECTRON FLUX AT L c 3 PRECIPITATED AND TRAPPED PROTON FLUX AT L = 3 

18 90.0 1.35 348 58.0 . 64 o.oo 356 90.0 1.35 356 57.7 .64 o.oo 
20 90.0 1.35 350 58.1 ,64 0.00 354 90.0 1.35 354 57.8 .64 o.oo 
22 90.0 1.35 352 57.9 . 64 0.00 352 90.0 1.35 352 57.9 .54 o.oo 
24 90.0 1.35 354 57.8 .64 o.oo 350 90.0 1.35 350 58. 1 .64 o.oo 
26 90.0 1.35 356 57.7 .64 o.oo 348 90.0 1.35 348 58.0 .64 o.oo 
28 86.8 1.28 358 57.6 .64 .07 346 86.8 1.28 347 57.9 .64 .07 
30 84. 5 1.24 360 57.5 . 64 . 19 344 85.5 ~ .25 345 57.9 .64 .1 7 
32 83.7 1.22 2 57.5 .64 .33 342 65.5 1. 25 344 57.9 .64 . 27 
34 82.9 1.20 5 57.4 .63 .48 340 83.7 1. 21 342 57.8 .64 .41 
36 81.1 1.16 8 57.3 .63 .68 338 82.9 1.20 340 57.7 .64 .56 
38 79.6 1.13 12 57.2 .63 .91 336 82.3 1.18 339 57.6 . 64 • 73 
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SH SH SH NH NH NH TEF SH SH SH NH NH NH TEF .b.!lli§_ CPA PEF .hQ!ill. CPA PEF LONG CPA PEF LGNG CPA PEF 

40 78.3 1.10 14 57.1 .63 1.17 334 80.1 1.14 337 57.5 .64 .95 
42 77.2 1.08 17 56.9 , 63 1.45 332 78 .7 1.11 335 57.4 .63 I .20 
44 75.8 1.05 20 56.6 .62 1.77 330 77.5 1.08 334 57.3 . 63 1.48 
46 74.6 1.03 22 56.4 .62 2.11 328 75.8 1.04 332 57.2 .63 1.79 
48 73.4 1.00 25 56.1 . 62 2.48 326 74 .6 1.02 331 57 .I .63 2.14 
50 71.9 .97 28 56.0 .62 2.88 324 73.4 1.00 329 56,9 ,63 2.50 
52 70.3 .94 30 55.7 .61 3. 31 322 72.4 .98 328 56.8 .63 2.89 
54 68.9 .91 32 55.4 .61 3.78 320 71 .4 .95 327 56.7 .63 3.30 
56 67.6 .89 35 54 .9 . 61 4.28 318 70 .3 . 93 325 56.5 .62 3.74 
58 66. 2 .86 37 54.7 .60 4.81 316 69.5 .91 324 56.4 .62 4.1 9 
60 65 .2 .84 40 54.3 .60 5.36 314 68.5 .89 323 56.3 .62 4.67 
62 64 .0 .82 42 54.0 .60 5.93 312 67.7 . 88 322 56.1 . 62 5.16 
64 62.8 .79 45 53.7 .59 6.54 310 67.2 .87 320 55.9 .62 5.67 
66 61 .6 .77 47 53.4 .59 7.16 308 66.7 .86 318 55.7 ,61 6. 19 
68 60.5 .. 75 50 53.0 .58 7.82 306 66.0 .85 317 55.6 .61 6.72 
70 59.5 .73 53 52,6 . 58 8.49 304 65.4 .83 316 55. 5 .61 7.26 
72 58.5 .72 56 52.3 .58 9. 19 302 64.6 .82 315 55 .3 . 61 7.83 
74 57.6 . 70 58 52.0 .57 9. 91 300 64 .0 .81 313 55.0 .61 8.40 
76 56.9 .68 60 51 .8 . 57 10.64 298 63.7 .80 312 54.9 .61 8. 98 
78 56.1 .67 63 51 .5 .57 11.40 296 63.0 .79 311 54,8 .60 9.58 
80 55.4 . 66 66 51.2 .57 12.16 294 62.6 .78 309 54 .. 5 .60 10. 19 
82 54.9 . 65 68 51.0 . • 56 12.94 292 62.1 .77 308 54 .4 .60 10.81 
84 54 .I .64 70 50.7 .56 13.74 290 61 .7 .77 307 54 . I . 60 11 .43 
86 53.5 . 62 72 50.6 .56 14 . 55 288 61.4 .76 305 53.9 .59 12.07 
88 53.0 .61 75 50.3 .56 15.37 286 60.9 .75 304 53.7 ,59 12.72 
90 52.5 . 61 78 50 .2 .55 16.20 284 60.6 ,75 303 53 .7 .59 13.37 
92 52.0 .60 81 50.0 .55 17.04 282 60.4 . 74 302 53.6 .59 14.02 
94 51.6 . 59 84 49.8 .55 17.89 280 60.1 .74 301 53 .4 .59 14.69 
96 51 .2 . 58 85 49.8 .55 18.75 278 59.8 .73 300 53.3 .59 15.36 
98 50.8 . 57 89 49.7 , 55 19. 62 276 59.6 .73 299 53 ,2 ,59 16.03 

100 50.5 . 57 92 49.7 ,55 20 .50 274 59.~ .73 293 53.1 .59 16.11 
102. 50.2 .56 94 49.7 . 55 21.38 272 59.1 .72 297 52.9 .58 17.40 
104 49.8 .55 97 49,7 .55 22.28 270 58.8 .71 297 52.9 .58 18.09 
106 49.~ .55 100 49.7 .55 23. 17 268 58.4 .71 296 52.8 .58 18.79 
108 49.1 . 54 103 49.7 .55 24.07 266 58.2 . 71 295 52.7 .58 I 9.49 
110 48.8 . 54 106 49.7 .56 24.96 264 58.0 • 70 294 52 .6 .58 20.20 
112 48.6 .54 109 49.8 .56 25.85 262 57.7 .70 293 52.5 ,58 20.92 
114 48.4 . 53 112 49.8 .58 26.73 260 57.4 .69 292 52.4 . 58 21.64 
116 48.2 .53 115 49.9 .58 27.61 258 57.3 .69 291 52.3 .58 22.37 
118 48.0 .53 118 50.0 .57 28.50 256 57.0 .68 291 52.3 .58 23.10 
120 47.9 .53 121 50.1 .59 29.36 254 56.7 .68 290 52.1 .58 23.84 
122 4 7.8 .53 123 50.2 .62 30.20 252 56.5 .67 289 52.0 . 67 24.58 
124 47.7 .53 126 50.3 ,58 31.09 250 56.2 .67 289 52.0 .57 25 .33 
126 4 7.6 ,53 129 50 .3 .61 31.94 248 56.0 .66 288 51.9 .57 26.09 
128 4 7.6 . 52 i3 1 50.4 .62 32.79 246 55.8 .66 287 51.8 .57 26.85 
130 4 7.6 . 52 134 50.5 .62 33.63 244 55. 5 .66 286 51 .7 .57 27. 61 
132 47.6 .52 137 50.7 .67 34. 43 242 55.3 .65 284 51.6 .57 28.38 
134 47.6 . 52 140 51 .0 .72 35.18 240 55 .1 .65 284 51.6 .57 29.16 
136 47,6 . 52 144 51 .4 • 74 35.91 238 51.9 .64 283 51 .5 .57 29.94 
138 47.6 .53 i47 51 .7 .81 36.57 236 54 .6 .64 282 51 .4 . 57 30.72 
140 47.7 .53 150 52.0 .78 37.26 234 54.4 .63 281 51.4 .57 31 . 51 
142 47.7 .53 153 52.5 .85 37.87 232 54.2 .63 280 51 .2 .57 32.31 
144 47.7 .53 157 53.0 .94 38 .39 230 54 .0 .63 279 51.2 . 56 33.11 
146 47.8 .53 161 53.3 .84 39.01 228 53 .8 .63 278 51.0 .56 33.91 
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SH SH SH NH NH NH TEF SH SH SH NH NH NM 
LONG CPA PEF 1illi§. CPil PEF LONG CPA .Err. LONG CPA PEF TEF 

148 47.8 .53 164 53.5 .85 39.62 226 53.6 .62 277 51.0 .56 34.72 
150 47.9 .53 168 53.9 .87 40.21 224 53.4 .62 276 50.9 .56 35.53 
152 47.9 .53 171 54.1 .89 40.79 222 53~ I . 61 275 50.8 .56 36.35 
154 48.0 .53 175 54.4 .91 41.34 220 53.0 . • 61 273 50.7 .56 37. 17 
156 48 .0 .53 178 54.5 . 75 42.05 218 52.8 . 61 271 50 .6 .56 38.00 
158 48. 1 .53 181 54 .5 . 67 42.84 216 52.5 .60 270 50.5 .56 38.83 
160 48 .1 .53 185 54.5 .67 43.62 214 52.3 .60 269 50.5 .56 39.66 
162 48 .2 .53 188 54.5 .67 H.41 212 52.2 .59 267 50.5 . 56 40.50 
164 48.3 .53 191 54.4 .67 45.20 210 52.0 .59 266 50.5 .56 41 .35 
166 48.4 . 53 194 54 .3 .66 45.99 208 51.7 .59 264 50.4 . 56 42.20 
168 ~8.5 .54 197 54 .2 .66 46.78 206 51.6 . 58 263 50.4 .56 43.05 
170 48 .6 . 54 199 54 .0 .66 4 7.58 204 51.4 . 58 261 50.4 .56 43.91 
172 48.7 .54 202 54 .0 .65 48.38 202 51.2 . 57 260 50 .4 . 56 44 .77 
174 48.8 .54 204 53.8 .65 49.18 200 51.0 . 57 258 50.4 . 56 45. 64 
176 48 .9 .54 206 53.7 .65 49.99 198 50.9 .57 252 50.4 . 56 46.50 
178 49.0 .54 209 53.7 .64 50.80 196 50.8 .56 255 50.5 .56 47.37 
180 49.1 .54 212 53.5 .64 51.60 194 50.7 . 56 253 50.5 .56 48 .24 
182 49.2 .54 214 53.4 .63 52.42 192 50.7 .56 252 50.5 .56 49. 12 
184 49.4 .54 216 53.2 .63 53.23 190 50.5 . 56 250 50.5 .56 49.99 
186 49.4 .55 218 53. 1 .63 54.05 188 50.5 .56 249 50.5 .56 50.87 
188 49.5 .55 220 53.0 .62 54.87 186 50 .4 .56 247 50.5 .56 51.74 
190 49.6 .55 222 52.8 .62 55.70 184 50.3 .56 246 50 .6 .56 52.62 
192 49.6 .55 224 52.6 .61 56.53 182 50.3 .55 242 50~7 .59 53.47 
194 ~9 . 7 .55 227 52.3 .61 57.36 180 50.2 . 55 242 50.8 .57 54.34 
196 49.7 .55 229 52.0 .60 58 .20 178 50.2 . 55 240 50 .9 . 61 55.1 7 
198 49.8 .55 231 51 .8 .59 59.05 176 50 .0 .55 239 51.0 .57 56.04 
200 49.8 .55 233 51.6 . 59 59.91 174 50.0 .55 237 51.2 . 63 56.84 
202 49.9 .55 235 51.4 .58 60 . 76 172 49.9 .55 235 51.4 .65 57.63 
20~ 50.0 .55 237 51.2 .58 61.63 170 49.8 .55 233 51.66 . 66 58e41 
206 50.0 .55 239 5! .0 . 57 62.49 160 49.8 .55 132 51.8 .68 59. 18 
208 50.2 .55 240 50.9 .57 63.36 166 49.7 .55 229 52.0 .74 59.88 
210 50.2 . 55 242 50.8 .57 64.23 164 49.7 .55 227 52 .3 . 77 60 .55 
212 50.3 . 55 242 50.7 . 57 65. 10 162 49.6 .55 224 52.6 . 79 61.21 
21 4 50.3 . 56 246 50.6 .56 65.98 160 49.6 .55 222 52.8 .75 6!.90 
216 50.4 . 56 247 50.5 . 56 66.85 !58 49.5 . 55 220 53 .0 . 69 62.66 
218 50.5 .56 249 50.5 .~6 67.73 156 49.4 . 55 218 53.1 .77 63.34 
220 50.5 .56 250 50.5 .56 68 . 60 154 49.4 .54 216 53~2 .7! 6~~08 
222 50.7 .57 252 50.5 .56 69.4 7 152 49.2 . 54 214 53 .4 .71 64.81 
224 50.7 . 57 253 50.5 .56 70.33 !50 49. 1 .54 212 53.5 .so 65.46 
226 50.8 . 56 255 50.5 .56 71 .20 148 49.0 . 54 209 53 .7 .73 66.18 
228 50.9 .61 256 50.4 .56 72.03 146 48 .9 . 54 206 53.7 .74 65.89 
230 5i .o .60 258 50.4 . 56 72.86 144 48.8 . 54 204 53.8 .74 67.61) 
232 51.2 .60 260 50~4 •• 56 73~70 142 46n7 .54 202 54 .0 .75 68,31 
234 51 .4 . 64 261 50.4 .56 74 .49 140 48.6 .54 199 54.0 .76 69.00 
236 51 .6 . 66 263 50.4 .56 75.27 138 48 .5 .54 197 54.2 .87 69. 59 
238 51 .7 .67 264 50.4 .56 76.03 136 48.4 . 53 194 54 .3 .66 70.39 
240 52.0 .68 266 50.5 .56 76.78 134 48.3 . 53 191 54.4 .89 70.96 
242 52.2 .69 267 50.5 .56 77.52 132 48 .2 . 53 188 54.5 .79 71 .63 
244 52.3 .70 269 50. 5 .56 78.25 130 48.1 .53 185 54 .5 .67 72.42 
246 52.5 .72 270 50.5 .56 78.97 128 48.1 .53 181 54 .5 .67 73.20 
248 52.8 .73 271 50.6 .56 79.67 126 48.0 .53 178 54.5 .67 73.99 
250 53.0 .74 273 50.7 .56 80.36 124 48.0 . 53 175 54.4 .67 74.78 
252 53.1 .76 275 50.8 .56 81 .04 122 47.9 .53 171 54.1 .67 75.57 
254 53.4 .77 276 50.9 .56 81 .70 120 47.9 ,53 168 53.9 .66 76.38 
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SH SH SH NH NH NH TEF SH SH SH NH NH NH TEF bONG CPA PEF LONG CPA PEF LONG CPA PEF LONG CPA PEF 

256 53 .. 6 • 78 277 51 .0 .56 82.34 118 47,8 .53 164 53.5 . 65 77.18 
258 53 .8 .89 278 5! .0 .56 82.88 116 47.8 .53 161 53.3 .65 78 .00 
260 54 .o .72 279 51.2 .56 83. 58 114 47.7 .53 157 53.0 . 64 78 .82 
262 54.2 .94 280 51 .2 .57 84.07 112 47.7 .53 153 52.5 .63 79.66 
264 54.4 • 74 281 51.4 .57 84 .75 110 47.7 .53 150 52.0 .62 80.50 
266 54 .6 1.07 262 51 .4 .57 85. 11 108 47.6 . 53 147 51.7 .62 81.35 
268 54.9 1.05 283 51.5 .57 85.48 106 47.6 .52 144 51 .4 .61 82.20 
270 55.1 1.06 284 51 .6 . 57 85.84 104 47.6 .52 140 51 .0 ,60 83.07 
272 55.3 1.07 285 51 .6 . 57 86. 19 102 47.6 .52 137 50.7 .60 83.94 
274 55.5 1.30 266 51 .7 ,57 86.31 100 47.6 .52 134 50.5 .59 84.82 
276 55.8 1.09 287 51 .8 .57 86.64 98 47.6 .52 131 50.4 , .59 85,69 
278 56.0 1. 10 288 51.9 .57 86 .. 95 96 47.6 . 53 129 50.3 . 59 86. 57 
280 56.2 1.34 289 52.0 .57 87.03 94 47.7 ,53 126 50.3 . 58 87.46 
282 56.5 1.35 289 52 .0 .57 87.09 92 47.8 ,53 123 50.2 . 58 86.34 
284 56.7 .90 290 52. 1 .58 87.60 90 47.9 .53 121 50. 1 ,58 89.22 
286 57.0 1.38 291 52.3 . 58 87.64 (8 48 .0 . 53 118 50.0 .57 90. 11 
288 57.3 1.39 291 52.3 .58 87.66 86 48.2 .53 115 49.9 .57 91 .00 
290 57.4 1. 17 292 52.4 .58 87.91 84 48.4 .53 112 49.8 .57 91 .89 
292 57.7 1.42 293 52.5 .58 87.90 82 48.6 .54 109 49.8 .56 92.79 
294 58.0 1.43 294 52. 6 ,58 87.88 80 48.8 .54 106 49.7 . 56 93.68 
296 58.2 1.20 295 52.7 .58 88.09' 78 49. 1 .54 103 49.7 .55 94 .58 
298 58.4 1.21 296 52.8 .58 88 .29 76 49.4 . 55 100 49,7 , 55 95 .47 
300 58.8 1.47 297 52.9 .58 88.23 74 49.8 .55 97 49.7 .55 96.36 
302 59.1 1.49 297 52.9 .58 88.15 72 50.2 . 62 94 49.7 .55 97.18 
304 59.4 1.50 298 53.1 .59 88 .05 70 50 .5 .64 92 49.7 . 55 97~98 
306 59.6 1.51 299 53.2 .59 87.94 68 50.8 .72 89 49.7 . 55 98. 71 
308 59.8 1.26 300 53.3 .59 88.08 66 51.2 .75 86 49.8 .55 99.40 
310 60.1 1.27 301 53.4 ,59 88 .22 64 51.6 .77 84 49.8 , 55 100.07 
312 60.4 1.82 302 53.6 .59 67.80 62 52.0 .80 81 50.0 .55 100.71 
314 60.6 1.29 303 53 .7 ,59 87.90 60 52.5 .89 78 50.2 . 55 101 .26 
316 60,9 1.30 304 53 .7 .59 88.00 58 53.0 .85 75 50.3 . 56 101.84 
318 61.4 2.1 5 305 53 .9 .59 87.24 56 53.5 1.02 72 50.6 .56 102.26 
320 61 .7 1.89 307 54 . 1 . 60 86.75 54 54.1 1.07 70 50.7 .56 102.62 
322 62. 1 1.91 308 54.4 . 60 86.23 52 54.9 1. 57 68 51.0 . 56 102.48 
324 62.6 2.22 309 54 .5 .60 85.40 50 55.4 1.93 66 51 .2 . 57 101.98 
326 63.0 1.95 311 54 .8 .60 84.84 48 56.1 2.21 63 51 .5 . 57 101.19 
328 63.7 2.86 312 54.9 .61 83 .37 46 56.9 2.28 60 51 .8 . 57 100.33 
330 64.0 1.69 313 55.0 .61 83.06 44 57.6 2.59 58 52.0 .57 99.16 
332 64 .6 2.62 315 55.3 .61 81.82 42 58.5 2. 93 56 52.3 . 58 97.64 
334 65.4 2.95 316 55,5 .61 80.25 40 59.5 3.30 53 52.6 .58 95.74 
336 66.0 2.99 317 55.6 .61 18. 63 38 60.5 3.42 50 53.0 .58 93.73 
338 66.7 2.72 318 55.7 .61 77.28 36 61.6 3.83 47 53.4 .59 9! .30 
340 67.2 2.75 320 55,9 .62 75 .91 34 62.8 3. 94 45 53.7 .59 88 .76 
342 67.7 2.46 322 56.1 .62 74.82 32 64.0 4.63 42 54.0 .60 85.53 
344 68.5 3.13 323 56.3 .62 73.06 30 65.2 4.46 40 54.3 .60 82.46 
346 69.5 4. 15 324 56.4 .62 70.28 28 66.2 3.62 37 54.7 .60 80. 23 
348 70.3 3.87 325 56.5 .62 67.77 26 67.6 5. 27 35 54.9 .61 76. 35 
350 7i .4 4.60 327 56.7 .63 64 . 54 24 68 .9 5.08 32 55.4 .61 72.65 
352 72.4 4.32 328 56,8 .63 61 .59 22 70.3 5.83 30 55.7 .61 68.20 
354 73.4 4.37 329 56.9 .63 58. 58 20 71.9 6.28 28 56.0 . 62 63.29 
356 74 .6 4.78 331 57· ' .63 55. 15 18 73.4 6.06 25 56. 1 . 62 58.60 
358 75.8 5,20 332 57.2 . 63 51 .31 16 74.6 4.79 22 56.4 . 62 55.18 

0 77.5 7.41 334 57.3 .63 45.26 14 75.8 5.21 20 56.6 .62 5!.34 
2 78.7 5.38 336 57.4 , 63 41.23 12 77.2 5.99 17 56.9 .63 46.70 

' 125/ ••••• 



- 125 -

SH SH SH NH NH NH TEF SH SH SH NH NH NH TEF LONG CPA PEF LONG CPA PEF LONG CPA PEF LONG CPA PEF 

4 80.1 5.82 337 57.5 .64 36.76 10 78.3 5.36 14 57 .I .53 42.70 
6 82.3 9.23 339 57.6 .64 28.89 8 79.6 5.80 12 57.2 .63 38.26 
8 82.9 3.78 340 57.7 .64 26.46 6 81.1 6.25 8 57.3 .63 33 .37 

10 83.7 3.83 342 57,8 .54 23.99 4 82.9 8.1 B 5 57.4 .53 26454 
12 85.5 8.07 344 57,9 .54 17.27 2 83.7 3.83 2 57.5 .54 24.07 
14 85.5 1. 25 345 57.9 .64 17.37 360 84.5 4.64 360 57.5 .64 20.79 
16 86.8 6.28 347 57.9 .64 12.44 358 86.8 9.70 358 57.6 .64 12.44 

PRECIPITATED AND TRAPPED ELECTRON FLUX AT L ~ 4 PRECIPITATED AND TRAPPED ELECTRON FLUX AT L = 4 

30 89.7 1.28 351 64.2 .71 o.oo 116 52.3 .58 116 56.2 .66 22.11 
32 89,0 1.26 353 64.2 .71 .02 118 52.0 .57 119 56.2 , 57 22.86 
34 88 .2 1.24 356 64 . 1 .71 .06 120 51.9 .57 122 56.2 ,67 23.61 
36 87.3 1.22 358 64.0 . 71 .12 122 51.9 ,57 126 56.2 . 67 24.36 
38 85.9 1.19 360 64.0 .71 .22 124 51.8 ,57 129 56.2 .67 25. II 
40 85.0 1.18 4 63.8 .70 .33 126 51.8 .57 133 56.2 .67 25.86 
42 83.7 1.15 7 63 ,7 .70 .47 128 51.8 . 57 136 56.2 ,67 26,62 
44 82.3 1.12 9 63.5 .70 .64 130 51.8 .57 140 56.2 .67 27,37 
46 80.6 1.08 12 63.3 .70 .85 132 51.7 .57 143 56.5 .eo 27.98 
48 78.3 1.03 14 63.2 • 70 I .II 134 51.7 . 57 146 56.7 .77 28,63 
50 77.6 1.02 17 62.8 .• 59 1.38 136 51.7 ,57 150 57 .I .89 29.17 
52 76.2 .99 20 62.6 . 69 1.69 138 51.7 ,57 154 57.6 .96 29.62 
54 75.0 .97 22 62.3 .69 2.02 140 51.7 .57 158 58.3 1.11 29,93 
56 73.5 .94 25 62.0 .68 2.39 142 51.8 .57 161 58.6 .90 30,45 
58 72.0 .91 28 61.7 .68 2.79 144 51.8 .57 165 58.4 .72 31.15 
60 70.8 .89 31 61 .3 .68 3.22 146 51 .9 ,57 168 58.2 .71 31.86 
62 69.5 ,86 33 61.0 ,67 3.67 148 51.9 .57 172 58,2 .71 32.56 
64 68.2 .84 36 60.6 .67 4.16 150 52.0 .57 175 58.5 .73 33.25 
66 67.8 .83 39 60.2 . 66 lt,65 152 52.1 . 57 179 59.0 1.03 33.63 
68 65.8 .eo 42 59.5 .66 ·s. 19 !54 52.2 .58 183 58.9 .72 34.32 
70 64.6 .78 45 58 .6 . 65 5,75 156 52.3 . 58 187 58.8 ,72 35.02 
72 63.7 .77 47 57.9 .64 6.34 158 52.4 .58 190 58.8 .72 35.71 
74 62.8 .76 50 57.2 . 63 6.94 160 52.4 ,58 193 58.9 . 73 36.40 
76 62.0 .74 53 56.8 ,63 7.56 162 52.5 .58 196 59.1 ,82 36.99 
78 61.2 • 73 56 56.6 .62 8.20 164 52.5 ,58 200 59.1 .73 37.68 
80 60.6 .72 59 56.4 .62 8.86 166 52.6 .58 203 58.9 . 72 38.37 
82 59.8 • 70 62 56.3 .62 9.53 168 52.7 .58 206 58.7 • 71 39.C6 
84 59.2 .69 65 56.2 .62 10.21 170 52.8 .58 210 58.4 . 71 39.77 
86 58,5 .67 68 56.2 .62 10.91 172 52.8 , 58 213 58.1 • 70 40.48 
88 57.9 . 66 71 56.2 . 62 11.62 174 52.9 .58 216 57.8 .59 41.19 
90 57.3 .64 74 56.2 .52 12.35 176 52.9 .58 220 57.3 . 68 41.92 
92 56.5 .63 77 56.2 ,52 13.10 178 53.D .58 221 57,2 .68 42.65 
94 55,4 . 51 80 56.2 .63 13.85 180 53.2 .59 222 57.0 .67 43.38 
96 54.2 . 60 83 56.2 . 54 14.60 182 53 .2 . 59 224 56.8 . 67 44.12 
98 53.5 .59 86 56.2 .65 15.35 184 53.3 . 59 226 56.5 . 66 44.86 

100 53.5 ,59 90 56.2 .65 16.10 186 53.3 .59 228 56.3 ,65 45.61 
102 53.5 .59 93 56.2 .65 16.85 188 53.4 .59 231 56.2 .65 46.36 
104 53.5 .59 96 56.2 .65 17.60 190 53.5 .59 233 56.2 .65 47 .II 
106 53.5 .59 99 56.2 .55 18.35 192 53.6 .59 235 56.2 ,55 47.86 
108 53.5 .59 102 56.2 .55 I 9.10 I 94 53.7 .59 237 56.2 . 65 48.62 
110 53.3 .59 106 56.2 .55 19.86 196 53.8 ,59 239 56.2 .65 49.37 
112 53 .I .59 109 56.2 .65 20.61 198 54,0 ,60 241 56.2 .64 50.12 
11 4 52.7 .58 112 56.2 :o-66 21.36 200 54.2 .60 243 56.2 .64 50.87 
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SH SH SH NH NH NH TEF SH SH SH NH NH NH TEF LONG CPA PEF LONG CPA PEF LUNG CPA PEF LuNG CPA PEF 

204 54.3 .60 247 56.2 .64 52.37 312 64.0 1.31 297 57.4 .63 75.66 
206 54.4 . 60 249 56.2 .64 53. 12 31~ 64.3 1.59 298 57.5 .63 75.43 
208 54.4 .60 250 56.2 .64 53 .87 316 64.5 1.33 299 57.6 ,64 75.45 
210 54.5 . 60 252 56.2 . 64 54.62 318 64 .8 1.62 299 57.7 .64 75.19 
212 54.5 .60 254 56.2 .64 55.38 320 65.1 1.63 300 57.9 .64 74 .91 
214 54.5 .60 256 56.2 . 64 56.13 322 65.5 1.93 301 58.0 ,64 74.33 
216 54.5 . 60 257 56.2 .64 56.88 324 65.8 1.66 301 58.0 .64 74.02 
218 54 .5 .60 259 56.2 .64 57.61 326 66.1 1.68 302 58.2 . 64 73 .69 
220 54.5 .60 260 56.2 .64 58.38 328 66.3 1. 40 303 58.3 .64 73.64 
222 54.6 . 60 262 56.2 .64 59.13 330 66.8 2.29 304 58.5 . 65 72.70 
224 54.7 .60 263 56.2 . 64 59.88 332 67.2 2.01 305 58.7 .65 72.04 
226 54.8 .60 265 56.2 • 64 60.63 334 67.5 1.73 306 58.9 .65 71.65 
228 54.9 .61 266 56.2 .63 61.38 336 68.0 2.34 307 59.0 .65 70.64 
230 55. 1 . 61 267 56.2 .63 62. 14 338 68 .3 I. 76 308 59.3 . 65 70.22 
232 55.3 .61 269 56.2 . 63 62.89 340 68.7 2.09 309 59.4 .66 69.46 
234 55.6 . 61 270 56.2 .63 63.64 342 69.1 2.10 310 59.6 .66 68.69 
236 55.9 .62 271 56.2 .62 64 .39 344 69.5 2.12 312 60.0 •• 66 67.90 
238 56.2 .62 272 56.2 .62 65 . 14 346 70.0 2.46 313 60.2 .66 66.77 
240 56.4 • 74 274 56.2 .62 65.77 348 70.2 1.52 314 60.5 .67 66.58 
242 56.5 .69 275 56.2 . 62 66.45 350 71.0 3.46 315 60.6 .67 64.43 
244 56.7 .76 276 56.2 .62 67.06 352 71.6 2.86 317 61.0 .67 62.90 
246 56.7 .63 277 56.2 . 62 67.80 354 72.3 3.22 318 61.2 .68 61.00 
248 56.6 .63 278 56.2 . 62 68.54 356 73.0 3.25 320 61 .5 . 68 59.06 
250 56.8 • 71 279 56.2 .62 69.20 358 74.0 2.,.£0 321 61.7 . 68 56.07 
252 57 .I .88 280 56.2 . 62 69.70 0 74.5 2.65 323 62.0 .68 54.72 
254 57.6 1.08 281 56.2 .62 69.99 2 75.3 3.70 324 62.2 . 69 52.32 
256 58,2 1.21 282 56.2 . 62 70.15 4 76.3 4.44 326 62.5 , 69 49. 18 
258 58.6 1.06 282 56.2 .62 70.46 6 77.2 4.1 5 328 62.7 .69 46.32 
260 58.7 . 78 283 56.2 .62 71 .06 8 77.4 I. 72 329 62.8 . 69 45.90 
262 58.9 . 89 284 56.2 .62 71 .54 10 79.4 8. 19 331 63.0 • 70 39.01 
264 59.0 .79 285 56,3 .62 72.12 12 80.5 5.04 333 63.3 • 70 35.26 
266 59.2 1.00 285 56.3 .62 72.50 14 81 .9 6.21 335 63.5 .70 30.34 
268 59.4 1.10 286 56.3 .62 72.77 16 83 .4 6.67 337 63 .7 .70 24.96 
270 59,5 . 90 287 56.4 .62 73.24 18 85.0 7.14 339 63.8 .70 I 9.10 
272 59,7 1. 11 287 56.4 .62 73.49 20 86.5 6.89 341 63.9 .71 13.50 
274 59.8 .91 288 56.5 .62 73.95 22 87.9 6.60 343 64.0 . 71 8. 18 
276 60.0 I .13 289 56.5 .62. 74.19 24 89.0 5,53 345 64.1 .71 3.94 
278 60.1 . 92 289 56.5 .62 74.64 26 89.8 4.43 347 64.2 .71 ,79 
280 60.3 1.15 290 56.6 .62 74 .86 28 90.0 2.08 349 64.2 .71 o.oo 
282 60,5 1.15 291 56.7 .63 75.07 
284 60.7 1.17 291 56.7 .63 75.27 
286 60.8 . 94 292 56.8 . 63 75. 69 
288 60.9 ,95 292 56.8 .53 76.10 
290 61.2 1.42 292 56.9 .63 76.04 
292 61.5 1.44 293 56.9 .63 75.96 
294 61.7 I .21 293 57.0 .63 76.11 
296 62.0 I .47 294 57.0 .63 76.01 
·298 62.4 1.74 294 57.0 .63 75.63 
300 62.7 1.50 294 57.0 .63 75.49 
302 62 .9 1.26 294 57 . I .63 75.59 
304 63. 1 1.27 295 57.2 .63 75. 68 
306 63.3 1.28 296 57.3 .63 75.76 
308 63.8 2.08 296 57.3 .63 75.04 
310 63 .8 .78 297 57.4 .63 75.62 
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PRECIPITATED AND TRAPPED ELECTRON FLUX AT L = 1.5 PRECIPITATED AND TRAPPED PROT ON FLUX AT L = 1.5 

SH SH SH NH NH NH TEF SH SH SH NH NH NH TEF 
LONG CPA PEF LONG CPA PEF LONG CPA PEF LONG CPA PEF 

332 90.0 1.40 318 53.6 .59 o.oo 330 90.0 .40 299 53,6 .59 o.oo 
334 90.0 1.40 320 53.6 ,59 o.oo 328 90.0 .40 298 53.6 ,59 0.00 
336 90.0 1.40 321 53.6 .59 o.oo 326 90 .0 .40 . 296 53.6 .59 o.oo 
338 90.0 1.40 323 53 .6 .59 o.oo 324 90.0 .40 295 53,6 .59 o.oo 
340 90.0 1.40 325 53.6 .59 0.00 322 90.0 .40 294 53.6 .59 o.oo 
342 90.0 I .40 326 53.6 .59 o.oe 320 90.0 .40 293 53 ,6 . 59 0.00 
344 84.9 1.29 327 53.5 .59 .II 318 84.9 .29 292 53.5 ,59 .II 
346 82.9 1.24 329 53.4 ,59 . 26 316 82.9 .24 291 53.5 ,59 .26 
348 81.3 1.21 331 53.3 ,59 .46 314 81 .3 .21 290 53.5 ,59 .46 
350 80.0 1.18 333 53.2 ,59 .68 312 79.4 .17 289 53.4 ,59 .69 
352 78.8 1.16 334 53.1 .59 .93 310 78.3 .14 288 53.4 ,59 .95 
354 77.3 1.12 336 52.9 .58 1.21 308 76.8 .II 287 53.3 .59 1.24 
356 76.0 1.10 338 52.7 ,58 1.52 306 76.0 .09 285 53.2 .59 1.56 
358 75.2 1.08 340 52.6 .58 1.85 304 74.4 .06 284 53.0 .58 1.90 

0 73.7 1.05 342 52.4 .58 2.21 302 73.0 .03 283 52 .9 .58 2.28 
2 72.7 1.03 344 52.2 .58 2.60 300 71.7 .oo 282 52.8 .58 2.68 
4 72.0 1.02 346 52,0 .57 2o99 298 70.5 .98 281 52.6 .58 3.12 
6 71 . I 1.00 348 51.9 .57 3.41 296 69.5 . 96 280 52.4 .58 3.57 
8 70.0 .98 350 51.7 .57 3.86 294 68.5 .94 278 52.4 .58 4.05 

10 69.5 .97 351 51.6 .57 4.31 292 67 .I .91 276 52.2 ,58 4.56 
12 68.7 .95 353 51.4 .57 4.78 290 66.0 .88 275 52.0 ,57 5.09 
14 68.0 .94 354 51.2 .57 5.27 288 65.2 .87 274 51.7 .57 5,64 
16 67 .5 .93 356 51 .0 .56 5.77 286 64.4 .85 273 51.5 ,57 6.21 
18 66.6 .91 358 50.9 .56 6.29 284 63.7 ,84 271 51.2 .57 6.80 
20 66,2 .90 I 50.7 .56 6.82 282 62.9 .83 270 50.9 .56 7.40 
22 65 .8 .90 5 50.6 ,56 7.35 280 62.3 ,82 268 50 .6 .56 8.01 
24 65.2 .88 10 50.4 ,56 7.90 278 61.6 .81 267 50.2 .55 8.64 
26 64.8 .88 14 50.2 ,55 8.46 276 61.0 .79 265 50.0 .55 9.28 
28 64.4 .87 16 50.1 .55 9.03 274 60.2 .78 264 49.8 .55 9.94 
30 64.2 .87 19 49.8 .55 9.60 272 59.7 .77 262 49.5 .55 10.62 
32 63.7 .86 21 49.6 .55 10. 19 270 59.1 .76 260 49.3 .54 I 1.30 
34 63.3 . 85 24 49.4 .54 10.78 268 58.6 .75 259 49.2 .54 12.00 
36 62.9 .85 26 49.2 .54 11.38 266 58.2 .74 257 49.0 . 54 12.71 
38 62.6 .84 28 46.9 .54 11.99 264 57.8 • 74 255 48.9 .54 13.42 
40 62 .3 .84 30 48.7 .54 12.60 262 57.3 .73 254 48 .8 .54 14.15 
42 61.9 .83 32 48.4 .53 13.23 260 56.8 .72 252 48.7 ,54 14.8G 
44 61 .5 .83 34 46.2 .53 13.86 258 56.3 .71 250 48.7 .54 15.63 
46 61.1 .82 36 46.0 .53 14.50 256 55.9 .70 248 48.6 ,54 16.39 
48 60.7 .81 38 47.8 .53 15.15 254 55.4 .59 246 48.5 . 54 17.16 
50 60.2 .81 40 47.6 .53 15.81 252 54.9 .68 244 48.4 .53 17.94 
52 59.7 .79 43 47.4 .52 16.48 250 54.5 .67 242 48.4 .53 18.72 
54 59.1 .79 45 47,2 .52 17.17 248 54.C .66 240 48.4 .53 19.~2 
56 58.3 .77 47 47.0 .52 17.87 246 53.6 . .65 238 48.5 • 54 20.33 
58 57.8 .76 49 46.8 .52 18.59 244 53.1 .64 235 48.5 .54 21.15 
60 57.0 .75 52 46.7 .51 19.32 242 52.6 . 63 233 48.6 .54 21.98 
62 56.2 .73 54 46.5 .51 20.07 240 52.3 .62 230 46.6 .54 22.82 
64 55.4 • 71 56 46.3 .51 20.83 236 51.9 .61 228 48.7 .54 23.66 
66 54.6 .70 58 46.1 .51 21.62 236 51.6 . 60 226 48.8 .54 24.52 
68 53.8 .68 60 45.9 . 51 22.42 234 51.2 .59 223 48.9 .54 25.38 
70 53.0 .66 62 45.7 .50 23.25 232 51.0 .58 221 49.0 .54 26.24 
72 52.3 . 65 63 45.5 . 50 24.08 230 50.7 .58 219 49.1 .54 27. 12 
74 51.6 .64 65 45.3 ,50 24. 94 228 50.6 .57 217 49.2 .54 27.99 
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SH SH SH NH NH NH TEF SH SH SH NH NH NH TEF LONG CPA PEF LONG CPA PEF LONG CPA PEF LONG CPA PEF 

76 51 .0 .63 67 45.2 .so 25.80 226 50.4 .57 21~ 49.5 . 55 28.87 
78 50.6 .62 69 44.9 .so 26.68 224 50.2 ~56 211 49.6 .55 29.76 
80 49.8 .60 71 44.7 .49 27.57 222 49.9 .55 209 49.8 .55 30.64 
82 49.2 .59 73 44.6 .49 28.48 220 49.7 .55 206 50.0 .56 31.53 
84 48.5 ,58 75 44.4 .49 29.40 218 49.5 .55 204 50.2 .57 32.41 
86 48.0 . 57 77 44.3 .49 30.33 216 49,2 .54 202 50.4 ,59 33.27 
88 n.6 .56 79 44.2 . 56 31 .27 214 49. 1 . 54 199 50.6 .60 34 .12 
90 47 .I .55 81 44. 1 . 49 32.2< 212 48.9 . 54 !96 50.7 .62 34.96 
92 46.7 ,55 84 44.0 .48 33 .18 210 48.8 . 54 194 50 .9 .61 35.80 
94 46.3 .54 86 43.9 ,48 34.15 208 48.7 ,54 !92 51 .I . 67 36.59 
96 46.1 .54 89 43,8 .48 35.12 206 48.5 ,54 189 51 .3 .66 37.38 
98 45.7 .53 91 43.7 .48 36,11 204 48.4 .53 !86 5!.5 .64 38.21 

100 45.5 ,52 94 43.7 .48 37.09 202 48.2 . 53 184 51 ,6 ,68 38.98 
!02 45.3 .52 97 43.7 .48 38.09 200 48.1 . 53 182 5!.8 .69 39. 75 
104 45.1 .51 99 43.7 .48 39.08 198 48.0 .53 180 52.0 .66 40.55 
106 44.9 .51 101 43.7 . 48 40.08 196 47.9 ,53 178 52.2 .72 4!.30 
108 44.8 .so 103 43 .8 ,48 4!.09 194 47.8 ,53 176 52.4 . 73 42.04 
110 44.7 .50 106 43.9 .48 42.09 192 47.7 . 53 173 52.4 .69 42.82 
11 2 44.6 , 50 108 44.0 .48 43.10 190 47.6 . 52 171 52.6 . 75 43-.53 
114 4-11.5 .49 110 44.1 ,49 44.11 !88 47.5 .52 169 52.8 .76 44.24 
116 44.4 .49 11 2 44.2 ,49 45.13 186 47.4 . 52 166 52.9 .71 45.00 
118 44.3 .49 114 44.4 .49 46.14 184 47.3 .52 !64 53.0 .65 45.82 
120 44.2 .so 116 44.5 ,50 47.14 182 47.2 .52 162 53.1 .72 46.57 
122 44.2 .49 119 44 .7 . 52 48 , I 2 180 47.0 .52 160 53.2 . 73 47.32 
12~ 44.1 .49 121 44.9 .54 49.08 178 47.0 ,52 !58 53.3 .73 48.06 
126 44.1 .49 124 45,2 ,55 50.03 176 46.8 .52 !56 53.4 • 74 48.80 
128 44.1 .49 126 45,4 .60 50.94 1?4 4~. 7 .52 !54 53.4 , 86. 49.!1! 
130 44.1 .49 128 45.6 . 55 51 .89 172 46.6 . 51 !52 53.4 ,66 50.43 
132 44.1 .49 130 45.9 .63 52.76 170 46,5 .51 149 53.5 . 75 5!.16 
134 44.1 .49 132 46.1 .65 53.62 168 46.3 .51 146 53.4 .67 51.97 
136 44.1 ,49 134 46.3 .63 54,50 !66 46.8 .52 143 53.3 .66 52.78 
138 44.1 . 49 137 46.5 .64 55.36 164 46.7 ,52 !40 53.1 .66 53.60 
140 44.1 . 49 140 46.8 . 65 56. 22 162 46.0 .51 137 52.9 .66 54.43 
142 44.2 .49 143 47.0 .66 57.07 160 45.9 .51 134 52.6 .66 55.26 
144 44.2 . 49 146 47.3 .73 57.84 !58 45.7 .so 132 52.3 .65 56.09 
146 44.4 . 49 149 47,6 .81 58 .53 156 45.6 .so 130 52. 1 .65 56.94 
148 44.5 .49 !52 48.0 .77 59.26 154 45.5 .50 128 51.7 ,64 57.78 
150 44.6 .49 154 48.3 .86 59.90 !52 45.4 .so 126 51.4 . 63 58 .64 
152 44.7 .49 !56 48.7 .so 60.60 !50 4~.3 ,50 124 50.9 . 62 59o5J 
!54 44.8 .49 !58 49.1 , 90 6! .20 148 45.2 .50 121 50,4 .61 60.39 
156 44.9 .50 160 49.5 1.01 61.69 146 45.1 .50 119 50.0 .61 61.28 
158 45.1 .50 162 50 .0 1.04 62.14 144 44.9 . 50 116 49.5 . 60 62.18 
160 45.2 .50 164 50.4 , 88 62.76 142 44.8 .49 114 49.1 .59 63.08 
162 45.3 . 50 166 50,9 1.08 63.16 140 44.7 .49 112 48.7 , 58 64.00 
164 45.4 .50 169 5!.4 1.12 63.54 138 44.6 .49 110 48.3 .58 64 .93 
166 45.5 .so 171 51.7 1 .0~ 63.98 136 44.5 .49 108 48,0 .57 65.86 
168 45.6 • 50 173 52.1 .96 64.51 134 44.4 .49 106 47.6 . 56 66.80 
170 45.7 .50 176 52.3 ,86 65.14 132 44.2 ,49 103 47.3 . 55 67.75 
172 45,9 .51 178 52.6 1.10 65 .52 130 44.2 .49 1-01 47.0 ,55 68.70 
174 46.0 . 51 180 52.9 1.00 66.00 128 44 .I .49 99 46.8 . 54 59.66 
176 46.7 .52 182 53.1 .77 66.70 126 44 .I .49 97 46.5 .54 70.63 
178 46.8 .52 184 53,3 .90 67.28 124 44 .I , 49 94 46.3 .54 71.60 
180 46.3 .51 186 53,4 ,79 67.97 122 44.1 .49 91 46. 1 .53 72.57 
182 46,5 . 51 189 53.5 . 79 68 .66 120 44.1 .49 89 45.9 . 53 73.55 
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SH SH SH NH NH NH TEF SH SH SH NH NH NH TEF LONG CPA PEF LONG CPA PEF LONG .!;EA. PEF illlli. CPA PEF -
184 46.6 .51 192 53.4 .66 69 .47 11 8 44.1 .49 86 45.6 .52 74.54 
186 46.7 .52 194 53.4 .66 70.28 116 44.1 .49 84 45.4 .52 75.53 
188 46.8 . 52 196 53.4 .66 71.10 114 44.1 .49 81 45.2 .51 76.52 
190 47 .o .52 199 53.3 .66 71.91 112 44.1 .49 79 44.9 .50 77.52 
192 47 .o .. 52 202 53.2 .66 72.73 110 ~4 .2 ,49 77 44.7 .50 78.53 
194 47.2 ,52 204 53.1 .65 73.55 108 44.2 .49 75 44.5 .50 79.54 
196 47.3 .52 206 53.0 .65 74.37 106 44.3 .49 73 H.4 .49 80. 55 
198 47.4 . 52 209 52.9 . 65 75.20 104 44.4 .49 71 44.2 .49 81 .56 
200 47.5 . 52 211 52.8 .64 76.02 102 44.5 .so 69 44.1 . 49 82.57 
202 47.6 . 52 214 52.6 .64 76.85 100 44.6 .50 67 44.0 .48 83.57 
204 47.7 .53 217 52.4 .63 77. 68 98 44.7 .51 65 43.9 .48 84.57 
206 47 .B . 53 219 52.4 ,63 78 .. 52 96 44 .8 .52 63 43.8 .48 85.56 
208 47.9 .53 221 52.2 .62 79.36 94 44.9 , 54 62 43.7 ,48 86. 52 
210 48.0 .53 223 52.0 .62 80 .20 92 45.1 .56 60 43.7 .48 87.47 
212 48 .1 .53 226 51.8 . 61 8! .05 90 45.3 . 54 58 43.7 ,48 88, 44 
214 48.2 .53 228 51.6 .61 81.90 88 45.5 .61 56 43.7 .48 89.34 
216 48.4 , 53 230 5! .5 .60 82. 76 86 45.7 . 60 54 43 .7 .48 90.25 
218 48.5 ,54 233 51 .3 .60 83.61 84 46.1 . 69 52 43.8 .48 91 .06 
220 48.7 .54 235 51.1 ,59 84.48 82 46.3 .63 49 43.9 .48 91 .94 
222 48.8 .54 238 50.9 .58 85 .34 80 46.7 . 75 47 44.0 .48 92.70 
224 48.9 .54 240 50.7 .58 86.22 78 47 .I .78 45 44.1 .49 9a.43 
226 49.1 .54 242 50.6 .57 87.09 76 47.6 .81 43 44.2 ,49 94.1 2 
228 49.2 .54 244 50.4 .57 87.97 74 48,0 .91 40 44.3 .49 94.72 
230 49.5 .55 246 50.2 . 55 88 .86 72 48 .5 .94 38 44.4 .49 95.28 
232 49.7 .55 248 50.0 .56 89.74 70 49.2 1.06 36 44.6 ,49 95 .72 
234 49.9 .55 250 49.8 .55 90 .63 68 49.8 1.10 34 44.7 .49 96.12 
236 50.2 . 57 252 49.6 .55 91.51 66 50 .6 1.33 32 44 .9 .50 96.28 
238 50.4 .58 254 49.5 . 55 92.37 64 51 .0 1.00 30 45.2 .50 96.78 
240 50.6 .60 255 49.2 .54 93 .22 62 51 .6 1.33 28 45.3 . 50 96.94 
242 50.7 .61 257 49.1 .54 94 .06 60 52.3 1. 28 26 45.5 . 50 97.14 
244 51.0 .63 259 49.0 .54 94.88 58 53.0 1.45 24 45.7 .50 97.18 
246 51.2 .67 260 48.9 .54 95.65 56 53.8 1.92 21 45.9 . 51 96.75 
248 51.6 • 70 262 48.8 . 54 96.41 54 54.6 2.42 19 46.1 .51 95.82 
250 51.9 .77 264 48.7 . 54 97.09 52 55.4 2. 71 16 46.3 .51 94 .59 
252 52.3 .76 265 48 .6 ,54 97.79 50 56.2 2.55 14 46.5 ,51 93 .52 
254 52.6 .76 267 48.6 ,54 98.40 48 57.0 2.61 10 46.7 .51 92.38 
256 53.1 ,88 268 48.5 .54 98.97 46 57.8 2.44 5 46.8 . 52 91.42 
258 53.6 1.1 6 270 48.5 .54 99.27 44 58.3 2.24 I 47.0 .52 90. 65 
260 54.0 1.51 271 48.4 ,53 99.22 42 59. 1 2.79 358 47.2 .52 89<-33 
262 54 .5 1.75 273 48.4 .53 98.93 40 59.7 2.07 356 47.4 .52 88.72 
264 54 .9 1.55 274 48.4 ,53 98.83 38 60.2 2.37 354 47.6 .53 87.82 
266 55.4 2.02 275 48.5 .54 98.27 36 60.7 1.87 353 48.2 .53 87.42 
268 55.9 1.60 276 48.6 .54 98.12 34 61 . 1 2. 16 351 48.0 .53 86.72. 
270 56,3 1.85 278 48.7 .54 97.72 32 61 .5 1. 64 350 48.2 .53 86.54 
272 56.8 I .88 280 48.7 . 54 97.29 30 61 .9 2.21 348 48.4 .53 85.79 
274 57.3 1.67 281 48 .8 ,54 97.07 28 62.3 1. 67 346 48.7 .54 85.57 
276 57.8 1.94 282 48.9 .54 96. 58 26 62.6 1. 98 344 48.6 .54 85.05 
278 58.2 1. 72 283 49.0 .54 96.31 24 62.9 I. 70 342 49.2 .54 84.80 
280 58,6 1. 74 284 49.2 . 54 96.02 22 63.3 I. 72 340 49.4 .54 84.52 
282 59.1 2.27 285 49.3 . 54 95.20 20 63.7 2.02 338 49.6 . 55 83 .94 
284 59.7 2,05 287 49.5 . 55 94 . 59 18 64.2 2.64 336 49.8 .55 82.74 
286 60.2 2.34 288 49.8 . 55 93.69 16 64 .4 1. 17 334 50.1 . 55 83.01 
288 61.0 2.65 289 50.0 .55 92.48 14 64 .8 2.09 333 50.2 .55 82.36 
290 61.6 2.71 290 50.2 .55 91.21 12 65.2 2.10 331 50.4 . 56 81.70 
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SH SH SH NH NH NH TEF SH SH SH NH NH NH 
lli. LUNG CPA PEF LONG CPA PEF LONG CPA PEF LONG CPA PEF 

292 62.3 2.48 291 50.6 .56 90.16 10 65 .8 2. 75 329 50.6 .56 80 .38 
294 62.9 2.61 292 50.9 .56 88.78 8 66.2 2.15 327 50.7 .56 79.66 
296 63. 7 2.87 293 51.2 . 57 87.34 6 66.6 2.49 326 51.0 . 56 78. 60 
298 64.4 2.93 294 51 .5 .57 85 .83 4 67.5 3.80 325 51.0 . 56 76.23 
300 65.2 3.30 295 51 .7 .57 83 .96 2 68 .0 2.23 323 51.2 .57 75.43 
302 66.0 3.36 296 52.0 .57 82.02 360 68.7 3.56 321 51.4 . 57 73.30 
304 67 . I 4,38 298 52.2 .58 79.05 358 69.5 3.27 320 51.6 .57 71.45 
306 68.5 5.45 299 52.4 .58 75.02 356 70.0 2.64 318 51.7 . 57 70.23 
308 69.5 4.24 300 52.4 .58 72.19 354 71.1 5.04 317 51.9 . 57 66.60 
310 70.5 4.66 301 52.6 . 58 68 .94 352 72.0 4.09 315 52.0 .57 63.94 
312 71.7 5.07 303 52 .8 .58 65.28 350 72.7 3.10 314 52.2 .58 62.25 
314 73.0 5.16 305 52.9 .58 61.52 348 73.7 4. 53 312 52.4 .58 59.13 
316 74.4 5.96 306 53.0 .58 56.97 346 75.2 6.37 310 52.6 . 58 54 .1 8 
318 76.0 6.76 307 53.2 .59 51 .61 344 76.0 3.94 308 52.7 .58 51.64 
320 76.8 4.35 308 53.3 . 59 48.66 342 77.3 5.81 307 52.9 .58 47.24 
322 78.3 6.24 310 53.4 .59 43.83 340 78.8 7.00 306 53. 1 . 59 41.64 
324 79.4 5.21 312 53.4 . 59 40.02 338 80.0 5.25 305 53.2 .59 37.79 
326 81.3 8. 29 314 53.5 . 59 33.1 3 336 81 .3 6.06 303 53.3 . 59 33.13 
328 82.9 7.29 315 53.5 . 59 27.24 334 82.9 7.29 301 53.4 .59 27 .24 
330 84;.9 9.32 317 53.5 . 59 19.33 332 84.9 9.32 300 53.5 .59 19.33 

APPEN~IX 3. 

Calculation of Northern HernisEhere Values of P.E. l<,. 
(the injected flux (~orr, 1965)) 

To estimate a mediaTl value for x/in the northern hemisphere, an 

average value of the fraction of x precipitated (Pa) in that hemisphere 

w·as calculated for each shell from all the p.e.f. results given in 

Appendix 2. If r:I is the median value of p.e. f. calculated from all the 

satellite observations made on a given shell, x was calculated from 
. . 

Pax = N or x = ~a· Having obtained a value for x, the actual median 

value of flux precipitated in each longitudinal section could be calcu-

lated using the fraction of x precipitated (Appendix 2) for that partie-

ular section. Having obtained a value for x by means of the above method, 

values of p.e.f. in the southern hemisphere could be calculated usinG 

the approach described in Section 2.6. 
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APPENDIX 4. 

h/dh 
z: I -

h j H 
kT 

0 

where H =-
mg 

-
k' T=T 

dJ h- b 

k 1 = ( T. - T ) (h - b) 
00 0 0 

- (~o + ~\ 2 
g- go\_h + ~) 

h . 

z ~ mg (h ;. ~)2 /. __ ___.dh~----
--2. o ~ (h J. ~)2(T -..J£:.... ) 

k hcf . -"' cx:s (h - b) 

h 
_ a .. /(p- b)dh 

- ~- (h + ~) 2(Toeh- d) 
0 

where a ::: mgo (h + R_) 2 
- o -E 
k 

d = k 1 + T.x. b 

This can be evaluated by standard forms! 

1 [ 1 = (ab 1 - a'b) (a~ bx) 

and 

(4.1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

(4. 7) 

(4.8) 

(4 .. 9) 

. 

f x dx • --,----~a ~---:-
2( b(ab' - a'b)(a + bx) 

\ 
- a I J.n /J?. I + b I~ l 

(ab' _ a'b)2 ~a 7 bx ~ (a -;- bx) a 1 + b' x) 
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'iThere A = -a( b + I~) 

(T-.,r..~ + d) 

B = a(d- T,::-.b) 

- 132 -

(T..o ~ + d)2 " 

c : ho \ ~ t B 1n ( T~:h~ ~ d ) 

(4.10) 

(4.11) 

(4.12) 

(4 .. 13) 
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_&PEND!~ 5. 

2 \.· - 1 :~N 1 :1 T ./f J 
V = -D sin I . N _) h t T ~ h + H ( 5 .1) 

L v 

••• J_ (NV) = - sin 
2r r l-N" D ;- nJ N 'I \-~ e) N + :h d T t /( l + 

Jh l.. dh dh ._ L_Nd h T d h H -~ 

DN r~1 ( ) N)
2 + :h d~ - L ( <h r + ~ a2T - /( d!i + ld/( -~ ~ (5.2) 

L N2 J h; N d h 2 T2 \.) h T d h 2 H2 0 h Hdh J J 

= -D sin
2
I ( c} ~ t d N [-i --) T +- X + l d D -~ ;- li ,--1 c) D ( clT 

( dh2 dh T dh H D ~ h _J T _ D d h .jh t 

(5.3) 

where: 

a) Case (1): 
.1. 

D = bT2 (n = n(o)) (5.4) 
n 

(1) ' \ ' 2...Q:b 1 -...' T ( 5.5) 
d h L 2nTt d h 

Since n = n T e - z( 0 ) 
....Q.J2. 

(5.6) 

T 

\ 

dn 
Jh 

- n T (
1 -Te-z(O)~ ·- e~z~~ ) 

_Q_Q_ dh lli 
2 J 

T 

(5. 7) 

( 
1 1 .) T) 

= -n R( 0) + T d h 
(5.8) 

where we have used the f act that 

Therefore substituting equation (5.8) into (5.5) 
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where H(O) is the scale height of atomic oxygen. 

( 2) T = TA" - (T(j.) - T )(h- b) 
"·.J·' 0 0 

(h- b) 

dT :: ( T<.o - T
0
)(h

0 
- b) 

dh 
(h - b)

2 

and d2T :: 
-2(TdJ - To)(ho - b) 

dh2 (h - b)3 

(4) j·t = t and 

b) Case (2): 

rn(o) 

(5.9) 

(5.10) 

(5.11) 

(5.12) 

(5.13) 

(5.14) 

( 5.15) 

(5.16) 

(5.17) 

( 5.18) 

(5.19) 
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~ 

<m.n . 
.:::::.. ~~ 

1 
m(o) 
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where m(O) is the mass of atomic oxygen and subscript i refers to 

summation over the three atmospheric constituents. 

, .., j fl'~T t 
+ 1 )~' t f < n:0 ..(~m. n. \T -=) h -H )( ~ ~ L'- J. J. ' 

. ') \ 2 1 
'- (;;.'m.n.) 

~· J. J. 

(5.20) 

(5.21) 

(5.22) 

(5.23) 

( 5. 24) 

( 5.25) 

using equation (5.8). 
r-
: L. / m.n. 

Therefore ~ m :: 1 \ Z ni 2_-~-1-
,.) h < n,m. \ i 
'::J ? J. J. • 

l j m.n. 
L. "-- J. J. 

I 
I 

......! 

Using equations (5.26), (5.23), (5.22) and (5.21) 

( 2) 
n~rp 

H = 2:.­
m g 

a 
, r:;; m.n. 

'1-mere m = ~ J. 1. 
a 

z._ni 

C:: n. < m.n. /H . 
.c_ J. ·<- ~ J. J. 

(.; m.n.) 2 
.£_. ~ ~ 

(5.29) 

(5.26) 

11 ) 

b 2 2m /n.m. 
~ J.J. 

(5.28) 
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Therefore 

_l(_l.')= 
\h\ I!l 

.=J , a 

' -L d ma 
m 2 j h 

a 

where d m a = d m given by equ.a. tion ( 5. 26) and 
d h dh 

~(!) = ~ (}; ··;1!) 
£-{ = !!!.{Ql 

/ 2m 
a 

m(O) ~m 
~ a 

2 ,j h 

(5.30) 

( 5.31) 

(5.32) 
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APPE...DL, 6. 

VALUES OF CO~~STANTS USED IN THE. CALCULATICNS: 

g - 946. 69 cm/sec
2

• o-

-16 I k ::::. 1 .. 38 x 10 er gs deg. K. 

( -23 
:qt N?) - 4. 64xl0 gms. 

m(02) 

m(O) 

n (N2) 
0 

= 5. 31xlo- 23 gms. 

- 23 = 2. 65xl0 gms. 

= 5. 00xlo
11 

molecules/cm
3• 

=. L-20:xl..0
11 

molecules/cm3• 

= 7.60xlo10 
molecules/cm3• 

= 355°K. 

n (02) 
0 

n (o) 
0 

T 
0 

h 
0 

- 1 20 kln. 

-8 6" -= 2 o.Oxl0 em. 

y - 11 3; u ~ "' 4.0xl0 em sec. 

v -12 3; u r = 4. 0xl0 co sec. 

0( -8 - 1 3 
~ 6 . 0xl0 soc • ~ • 
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APPEND IX 7 

FORTRAN LISTING 

C NUMERICAL SOLUTION OF THE IONOSPHERIC CONTINUITY EQUATION 

DIMENSION IAA(I 16),ANE(31),EN(3) ANS(31) ANT(31} 
DIMENSION EM(3),U I N(09),S(27) ,Z(J) ,END(3~ tHI(3) ,AA(4),BB(4),CC(4 ) 

101 FORMAT (3EI 1.4,3EB.I,E9.2/BE9.2/9EB.l/9EB.I/9EB.l/F7.4/F7.4/F7.4) 
7343 FORMAT(EB.l ) 

131 FORMAT (BE9.2/BE9.2/8E9.2/BE9.2/E9.2) 
1972 FORMAT~E9 .2tF6.3,2E I 0.3,F6.0,F5.0,E9.2) 
9103 FORMAT 25(/J) 
2316 FORMAT EI0.3fE9.2,2F5.0,F6.1) 
5612 FORMAT(II(/)J 
4964 FOR~AT(EB .I FS.O) 
102 FORMAT(I4,1~1 F5.2,F5.0,9E9.2,3F6.0) 
103 FORMAT (3H A=,F6.0,3H B=, F6.1,BH SECCHI=,F7.4,3H E=,E9.2,7H GAM= 

l,EB.1,6H FAC=,F5.2,1 5H VERTI CAL VEL=,F6. 1,4H EMc,F6.3,7H ALPHA= 
2E8 . 1) 

109 FORMAT (40X,IOHDIP ANGLE=F6.2,19H DEGREES DELTA H~F5 .2) 
104 FORMAT(56H HT TEr~P Z-0 H-0 N(O) N(02) N(N2) 0 

162HREAC RATE EXPT THEOR BET Q/BET Q DIFSN LOSS) 
1397 FORMAT(3 l3) 

READ 1 31 , (ANE(J) ,J=I,8),(ANE~J)~J-9,1e);(ANE(J),Jai7,24), (ANE(J) ,J 
1=25 31) 

7332 READ I OI ,{EM{L} ,Lai !3},. {ENQ(L} 1 L=1 ~3) !U I N(I) 1 {UIN{L) ,Lo2, 9} 1 (S{L} 1 
1La i 19) 1 (S(L),L~IO,I ~) ~{S(L) ,Lol 91 ?1) ,sf.CHI , HJ,OIP 

8174 REAu 1~72,ALPHA,FAC,EmM1VELlA70ElA,E READ 2316,DELE,GAM,BO,BsOO,uELB 
READ 1397,MEI 1 MA2tMB3 
READ 4964,DDN,TOPP 

71 I I FORMAT(F5.2) 
READ 7111 , CORR 
READ 7343, GAM02 
DIFFHT=(360.-TOPP)• I.E5 
00 6177 J=l,9 

6177 UIN(J)~IN(J)*CORR 
CONBO=BO 
CONA=A 
DO 2000 KEI=I , MEI 
EcE-+OELE 
A=CONA 
DO 2000 KA2=1,MA2 
A=A-+DELA 
BO=CONBO 
8300=80 
DO 2000 KB3=1 7MB3 
BOcBQ-+OELB 
B3QQ.,B300-+0ELB 
111=1 
PRINT 103,A,B07SECHI ,E,GMM,FAC,VEL,EMM,ALPHA 
PR INT 109,DIP7HJ 
PRINT 104 
CONDIP=OIP 
CONHJ=HJ 
H0oi.2E7 
H=112. E5 139/ ••••• 



RE=6.3783E8 
K66=0 
TOa355. 
DIPa(SINF(DIP*3.1415927/180.))**2 
8300=8300* I ,0£5 
80=80* 1.0£5 
81~(8300-80)/3.0£7 
TQP .. TOPP/HJ 
QDDcQ. 
QQ.,() 

II 6=8./HJ 
HJ.,HJ* I .0£5 
IPR .. I 
K=31 
AA!I )=.5 
AA 2 =1.-SQRTF(.S) 
AA 3 =I.+SQRTF(.5) 
AA14 .. 1./6. 
88 I .. 2. 
88 2 .. J. 
88(3 =1 .. 
88(4 .. 2. 
CC(I ... 5 
CC~2 aAA(2) 
CC 3 =AA(3) 
cc 4 =.5 
B~81*H+BO 
AK=(A-TO)* (HO* ( 1 .. -81 )-80) 
BID=I.-BJ 
BO=(TO-A)*(BID*HO-BO)-A*80 
AD<=A*BID 
K67..0 
IMAXaTOP+(DIFFHT*I.E-5-120.)/8.+1. 
DO I I :.J, I MAX 

507 IF(!l 1)1001,1001~506 
1001 IF(K67)1136 1136~1137 
I 136 IF(SENSE SWfTCH 1)4965,4963 
4963 OQH=O 

DO 5729 NB=I 3 
5729 HI(NB)=HI(NBJ*I.£5 

DO 821 N=l1 9 
1!1 .. 3*N 
SN I MI..S (M-2)*EN( I )/EM( I) 
SNIM2=S(M-I)*EN(2)/EM(2) 
SNIM3=S(M)*EN(3)/EM(3} 
SNIM4..SNIMI+SNIM2+SNIM3 

- 139 -

SN I M5=SN I MI/H I (I )+S NI M2/H I (2)+SNitr13/H I (3) 
OTEXPicSNIM4*(DTG-OT/GRAV}-SNIM5*T/GRAV 
DEXPcEXPF(~(SNIMI+SNih~+SNIM3)*T*I.38044E-16*SECHI/GRAV) 
DEXP2=+SECHI*1.38044E-16*0EXP*OTEXPJ 

821 OQH .. QQH-UIN(N)*EN(3)*(DEXP2+DEXP*(I./HI (3)+DT/T)} 
IF(SENSE SWITCH 2)7330,7331 

7330 OBET -(GAM"EN( I)* (OT /T +1./H I (I) )+GAh102*EN(2)* (OT /T+I./H I (2))) 
GO TO 7628 

7331 OBET=BET*((E/(T*T*I.38044E-16)-.5/T)*DT-!./HI(I)) 
7628 OQ8ETa(OQH*BEl-Q*08ET)/(2.*8£T**2) 

ONFN=2./SQRTF( 1.+4 .*BET**2/ (ALPHA*Q) )* (2. *BET*OBET /Q-(BET /Q)**2*0Q 
!H)/ALPHA 
ON=ANS (K+I) 
OO~QB£T*ON*2.*BET/Q+.5*Q/BET*ONFN 

4965 IPR=I 140/ ••••• 



ONaANS(l<+l) 
K67aJ 
K66al 
GO TO 1137 

506 IF(H-DIFFHT}II52,1300,J300 
1152 H..,fHB.E5 

K12Jcl 
GO TO 40 

1300 II leO 
GO TO 507 

1137 K123-=4 
40 DO 20 J .. I,K123 

IF (Ill) 151, 1269, 151 
1269 H .. H+HJ/4. 

151 T .. A-AK/ (H-8) 

-140-

DT aAK* ( 1.-81 )/ (H-8)**2 
DO 2 L=-1 3 
AKAP·EM(L)*946.69*6.4983E8**2/ 1.38044E-16 
GRAV .. 946.69*((RE+HO)/(RE+H)}**2 
HI (L) .. I.38044E- 16*T/ (EM(L)*GRAV) 
Ala-AKAP*(81D*RE+BO)/(RE*AO-BD) 
8 1-AKAP* (8 I 0*8D+AD*80)/ (RE*AD-80)**2 
CONS=AI/(RE+HO)+BI*LOGF((8D+AO*HO)/(RE+HO)) 
Z(L)~AI/(RE+H)+BI*LOGF({8D+AD*H)/(RE+H))-CONS 
QZ .. I./HI(L) 

2 EN(L) .. 355.*ENO(L)*EXPF(-Z(L))/T 
Q..() 
DO 5 N=l ,9 
hi=3*N 

5 Q=tMII N(N)*EN (3 )*EXPF ( -(S ( 111-2)*EN (I) /EM( I )-tS ( hH )*EN(2) /EM(2);.S (M) 
I*EN(3)/EM(3))*T*I.38044E-16*((H+6.3783E8)/6.4983E8)**2*SECHI/946.6 
29) 
C I ...SeOE I G"""SQRTF(! ,38044£-16/6&283185~ )/J2. 
iF(SENSE SWITCH 2)7327,.7328 

7327 8ET .. GAM*EN(l)+GAM02*EN(2) 
GAMA .. GAM 
GO TO 7329 

7328 GAMAc(GAM"EXPF(E/ ( 1.38044E-16*300.) )/SQRTF(300 .. ) )*SQRTF (T)*EXPF(-E 
I/(1.38044E-16*T)) 
BET-=GAMA*EN( I) 

7329 D..C I*SQRTF(T /EM(3) )*FAC/EN(3) 
OGRAVa-2.*GRAV/(H+RE) 
DTG .. (OT*GRAV-T*DGRAV}/GRAV**2 

99 I ANS ( K) .. (Q/ (2.*8ET) )* (1.-tSQRTF ( 1.-+4 .*8ET**2/ (ALPHA*Q))) 
GONE .. ALPHA*8ET*ANS(K)**2/(ALPHA*ANS(K)+BET} 
8ETO .. GONE/ANS(K) 
IF( I I 1)990 990,600 

990 00c0*(1.5*DT/T+I./HI(3)) 
RaOT/T+.5/HI (3}-t.00/0 
DDT =-2. * AK* ( 1.-81 )**2/ (H-8)**3 
DH13 .. f.38044E-16/EM(3)*DTG 
GOASH=(ODT-OT**2/T-.5*T/HI (3)**2*DHI3+DD/D*(DT+.5*T/HI(3)))/T 
OLDaDON 
OLDDN .. QN 

I 969 GaGDASH-tSETD/ (D*OIP) 
w .. Q/(O*DIP) 
DOONa-R*DON-G*DN+W 
DIFFio-OIP*D*(ODON+DON*R+DN*G)+BETO*ON-VEL*DON 
DOK-=ODON 
QON .. OON+HJ*k~(J)*(DDK-88(J)*QDO) 
OK .. QDN 
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O~ON-HIJ" AA (J)"' ( DK-RB {J)" QO) 
IF{t,BSF{(ANS(K) -DN)IDN)-.1 )1968(!968,1 967 

1967 BETDDALPHA*BET*DN/(ALPHA*DN+BETJ 
ANS(K}=DN 
DN,OLDDN 
DDN=OLD 
GO TO 1969 

1968 QDDaQDD+3.*AA(J)*(DDK-BB(J)*QDO)-CC(J)*ODK 
20 QD~QD+3.*AA(J)*(DK-88(J)*QD)-CC(J)*OK 

IF(IPR-IIG)Iz979 
9 I H·..j{" I.E-5 

ANS(K}..ON 
QB,Q/BET 
GONE=BETD*ON 
GO TO 716 

600 QB,SQRTF(Q/ALPHA) 
OIFFI=O 
I H=H* I.E-5 

716 ANT(K)=T 
IT=T 
HI (I ) .. HI (I)* I.E-5 
HI (2),.H I (2)* I.E-5 
HI(3)=HI(3)*I~E-5 
110 .. 111+1 
GO TO (717 718) I 10 

717 SU~Q-O!FFf-GON~ 
GO TO 994 

718 SU M-.0-GONE 
994 PRINT 1027 1H,IT,Z(3) 7HI(3) 7EN(3),EN(2) 7EN(I),D7GAMA7 ANE(K) 7ANS(K) 7 

!BET,QB7Q1DIFFI7GONE 
KaK-1 
IF( Ill )50075007 1 

500 IPR=O 
I IPR=IPR+I 

110 FORMAT (14799A I7 17AI) 
PRINT 9103 
DO I 0 I =1 7 116 

10 IAA (I)=O 
DO II 1=1 7 31 
IT =ANT( I) 

CHK.,ANT( I )120. 
JCHKaCHK 
JCHK=JCHK*20+1 0 
IF(IT-JCHK)21622,22 

21 IT=(IT-340)12 +I 
GO TO 23 

22 IT=(IT-340)120+2 
23 I Ah ( IT) =0300 

CHK .. ANE (I) I 1.0£3 
IEcCHK 
CHK=ANE (I) I I.OE4 
JCHK=CHK 
JCHK=JCHK* I 0+5 
IF(IE-JCHK)241 25,25 

24 IE= lEI 10+1 
GO TO 26 

25 IE=IEI10+2 
26 IAA(I£) .. 1400 

CHK=ANS( I )II.OE3 
12-CHK 
CHK=ANS(I}II .OE~ 

142/ ••••• 



~C~~:~~~K*I0+5 
IF(I2-JCHK}12,13,13 

12 12·12/10+1 
GO TO 3719 

13 12=12/10+2 
3719 IF(12)1926,!926,192B 
1926 12=2 

GO TO 14 
1928 IF( I 16-12)1929,141 14 
1929 l2cll6 

14 IF(12-IE)27t28,27 
27 IAA ( 12)"'1 OOu 

GO TO 29 
28 !AA(I2)=7000 
29 JHA .. 360-B* ( 1-1) 
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PRINT IIO,JHA,(IAA(J),Jal,ll6) 
IAA( ITl..O 
IAA(IE ...0 ~ 

II IAA( 12 ..() 
112 FORMAT (104X, 16HIIIIII I I Ill I IIII/14X1.106Hlllll I 111!222222222233333 

1333334444444444555555555566666606667r77?7'l777888B88888899999999990 
10000000001 II II I) 

113 FORMAT (4X,l16H ••••••••••••••••••••••••••••••••••••••••••••••••••• 
'··················~··············································' I 14 FORMAT (4Xfl 16H012345678901234567890!23456789012345678901234567890 
I 1234567890 234567890!23456789012345678901234567890123456789012345} 

115 FORMAT (70X,2H-5/50X,20HELECTRON DENSITY *10//) 
116 FORMAT (37X,B3H llllllllllllllllllllllllllllllllllllllll11111111112 

122222222222222222222222222222222) 
117 FORMAT (4Xt116H333444445555566666777778888899999000001 I I I 122222333 

13344444555~566666777778888899999000001 I 11 122222333334444455555666/ 
24X,I 16H45802468024680246802468024680246802468024680246802468024680 
32468024680246802468024680246802~6802468024680246802468024) 

liB FORMAT ( 4X
0

!16HOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
10000000000 000000000000000000000000000000000000000000000000000000) 

I 19 FORMAT (44X,29HTEMPERATURE IN DEGREES KELVIN////) 
PRI NT 112 
PRINT 113 
PRINT 114 
PRINT 115 
PRINT 116 
PRINT 117 
PRINT 118 
PRINT 119 
PRINT 5612 
OIP=CONDIP 
HJ .. CONHJ 
BO .. BO* I.E-5 
8300 .. 8300* I .E-5 

2000 CONTINUE 
IF(SENSE SWITCH 3)8174,8!75 

8175 IF(SENSE SWITCH 4)7350,7332 
7350 CONTI NUt 

END 
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