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Tonospheric data relating to the heiéht anﬁ
incidence of Sporadic~E (ES) has been conszidered
for a nunber of stations, the nornal paraneter
used heing the percentage incidence of Es‘greamer
than a certain specified frequency. Variations in this
incidence have beesn studied on a diurnal and seasonal
rasils, with respect to megnetic activity, and for
different levels of solar activity as represented
by the IGY (1357/58) and INSY (1964/65) periods.

The behaviour of Es in th: auroral region
has “Heen excnined in detail both in relation to
occurrences of all types of ES and those types which
occur soecifically at high latitudes. 4n ES auroral
zone has been defined and its properties deternincd
in relation to diurnal, scasoncl, solar cycle
and ncgnetic sctivity changes.

The behaviour of the critical frequency and
equivalent height of B, leyers has deen interpreted in
terits of = two zone nodel containing a diffuse anda
discrete zone, The properties of the two zones and of
the Es'layers are related to the energy of the
precipitated electrons.,

Rocket and satellite neasurenents of electron
cnergy spectra have seen used to calculate electron
density profiles as a function of latitude and reflection
heights conpared with those hased on ground based
observations. Reasonable agreement is obtained

netween the two petg of neasurenents.



The rhillips' Rule relating to the cumulative
distribution of ES has been found to apply to all the
stations considered at a frequency above the most probable
frequency. lTossible interpretations huve been given for
the gradient of the straight line obtoined with the
distribution and this gradient isg found to show & depend-
ence on latitude which is similar for quiet and disturbed
nognetic conditionse.

A study has also been made of differentitypes
of ES and their relationship to magnetic activity.
Evidence is given to suggest th.t the ch.unges in the
incidences of low type E, may be related to changes in
the magnetic field.

Chenges in the beheviour of‘cusp-—type‘Es
are considered to be related to the interaction of the
quict solar and disturbed polar current systems. It
hcs also been found thoet the superposition of low and
high type Es hos & magnetic dependence which is very

gimilar to thet of flat type.



CLArTER T

INTRODUCTICL

The vertical incidence ionospheric~sounder (Ionosonde)
has been used for many years for the collection of
sporadic~D data in termus of the parameters of height,
critical frequency and type. These are observed con-
tinuously on an hourly basis in various parts of the
world. In the International Geophysical Year (July57-
Dec.58) the number of such stations increased greatly
but some of them were latef closed down following the
completion of the IGY programme. There is thus a large
quantity of data relating to sporadic-E (i.e. its fre-
quency; height and type) in existence for the IGY and for
subsequent years., This data is published with the
various parameters at hourly intervals and has been used
in the present work. |

Hecent developments in rocket experiments have pro-
vided detailed iniormation about the electron concentrat-
ion in, and the height of, sporadic-E layers. Prior
to the IGY some analysis had been made of vertical
incidence sporadic~f data on a world-wide basis,e.g.
Phillips (1947), Matsushita (1953), Prechner (1955) and
CBmith (1957). The first three authors confined their
studies to the variation of certain ES characteristics
with latitude. SBmith (1957), however, examined vertical
incidence data on a geographical rather than a latitude
basis for the period 1948-54 with a world-wide dis-
tribution of stations.

.—1—'] e



Following the IGY, with its enormous quantity of
data, most workers h:ove restricted their studies o
particular characteristics of gporadic-F ani limited to
a zone or Go a specific type of sporadic~i. lMore
general studies with the IGY data have been undertalken
by Leighton, Bhapley and Smith (1962) and baksensa
(1964,65) who considered the sporadic~I édata on &
world wide geographical and latitude basis respectively.
The relationchin between gporacic~E and magnetic
activity at v rious stations, combinations oif stations
and without regard to the diiferent types of ES has
been examined by several workers, e.g. Smith (1957),
Thomas (1962), Bellchambers and riggott (1962), mingh
(1963), Gocharova (1964), Boiisena (1964), Yien-liien
(1965), Huang (1966),0vezgl dyyey and Ustamina (1966),
Taieb (1966), Shvarb and Anreyeva (1967), Chawdhery
and Guha (1967), Morgan (1967) and Closs (1967).

The various types of Es have been analysed geparately
by Leighton et al (1962), Bellchambers &nd Iirgott (ﬂ%GE},
lotaGgia and Jani (1967) and Shaef.er (1967). Little
work hes been done on the variation of the heiyght of the
B, layer and the only workers to bave considered thig
asnect in detail are Cladcen (1962) end Uguti (19€3).

The evidence for the dependence of the occurrence of

i, on the sclar cycle is conflicting and difisrent
results have been obtained by Chedwick (1962), Thomas
(1962), Das Gupta and litra (1962), Mitra and Das Gupta
(1963), Bossolasco and Elena (1963) ond more recently

by Weddy and Matsushita (1968) for tempercte latitude

E,. The results of ueady and Matsushita ace expliined
in general by the windshear fheory of formation of ES

Y
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‘The temperate lutitude zone E_ has been theomiically
studied by uwhitehead (1961, ©62), Axford (13961, 63),
Storey and Herse (1963) end Hines (1964) with various
wodifications of the windshear theory.

In acdition to these authors' work, extensive
appraisals oi the existing knowlecdge of cnd iniormation
on ., are gpiven in itadio science (1966) and the Colorado
Conlerence on the couse and structure of ﬁs (1968).
Apart from the above works, ES data has been snalysed
by a number of workers in relation to various specific
problems, such as the survey of E by Thomss and Swmith

(1959); the relative day and night occurrence of E

by Smith (1957) and Saksena (1965); the effect of
ionospheric cturrent systems on Es by Mabsushita (1955,
1966) and Beynon (1959); the efTect of blankoting I
on high freguency absorption by Beynon and Jones (196§8);
problems associated with midlatitude b by Cole (1966);
the dependence‘of.fOEs on the magnitude of absorption

by Kirblay (1967); continuous reflection from E_ by

Chernsheva (1967) and Ovezgel'dyyev (1967).

1e2 Furposc of the present investigation

In the present study it was proposed to exemine
the vertical incidence B data on a geographical end on
a latitudinal basis. The stationsg used in this anelysis
were dlstributed over a wide range of labitude and
longitude and were chosen to represent the polar,
auroral, high temperate latitude, low temperate latitude
and equatorial zones. Bastern, Western and Intermediate

zones have also been studied on a longitudinal basis.

-5.-



The basic data employed in this anelysie is for years
of maxiuum solar activity 1957-58 (IGY) and of minimum
solar getivity 1964-65 (1:8Y). In some cases continuous
dota has been used between 1957 and 1967, while in a few
cases, where the data was nov available foxr I{SY, that
for the periods 1963-64 or 1953%-54 hag buen gubstituvoed.
An attempt has been mede to comperce tThe occurrence
of sporadic-~E in the eastern and western longitude zonecs
during sunspot maximum and sunspot minimum years and also
auring the five Internatiocnal megnetically guicet and

disturbed days in each month. In some ceaes The

A
4

occurrence of By

has been examined for different degrces
of magnetic activity rather then by considering the two
extremes of low «md high magnetic activity as reprssented
by thye guiet and disturbed deysd.

The diurnal variation of the height od ﬁhﬁ‘ﬁﬁ 1aJef
hes also been examined at high latitudes both as a
function of letitude and of magnetic amctivity.

The boundaries of the auroral zone have been
determined for sunspot maximum end minimum years by
comparing the occurrence of ES on disturbed days to
that on quiet days, This gives a pronounced elfiect
over the auroral zone since the dspendence of s, on

magnetic activity is positive inside the auroral zone
but negative on the aljacent polar and high temperate
latitude regions.

The various types of E have also been examined

arately for certain of the temperate and aurcral

zone stations.



1.2 Formavion of sporadic-IL

1.2.1  Bolar Corpuscles

It is recognized that golar corpugcing ars regpons—
ible ior much oi the sporadic-¥ ionizabtlion in the
auroral zone. fsppleton et al (19%7) first showed
that suroral E$ is pusivively correlated with magnetic
activity weile bnecht (1952, 1956) and Heppner et al
(1952) have obtaincd a correlatioa between Es activity
endl the various aurorsl forms. If the common ceause
of aurorsce znd magnetic cctivity is cunsidered to be
corpuscular radiation from the sun, it maey be accepted
that most of the zuroral zone ES is Que to these solar
corpuscles.

It was shown by Ltormer that charged particles
approaching the esrth would be guided by its magnetic
ficld towards the polar regions and would arrive there
along spiral lines curling towards the pole. He also
showed that thouse spirals would curl 1in opposite
directions for positively and negabtively charged partcicles.
Hapg et al (1959) and Thomas (19G0) have shown that,
at uny instant, sgporadic E activity teunds to be concentrat-
ed along spirals vwhich are closely similar to Btormcr
precipitation spirals for negatively charged particles.
It would thus eppear that electrons are precipitated ok
high latitudes at about 100 km. hoight and can be
rcgarded as the source of aurcral zone gporadic-k
ionization.

Ivanov-tholodmi and Lazarev (19606) have found that

o i o .
a flux of about 40qu eleotruns/Cm“secﬁ with an elociron



energy of 3IC Kev is necessary for the formation of an
Es leyer at a height of 1% km, with the heizht of the
laycer depending upon the encigy of the clectrons and
incressing with decreasing electron energy fox the
same flux.

More recently, Feldstein (1963%, 1966) hes showvm
that the auroral region should be consgidewed in bterms
ol an oval rather than a more goncral zonc. The
contre of t.is ovel is slipghtly displaced from the
geomagnetic polec and always lies on the nizht side of
the polar region, Consequently, as the earth rotates
sbout its axis, tais oval exnibits a diurnal oscillcetion

A,

in its position with ruspect to the esrth. fHence, &8

S A

op,.0sed to the previous ides of a gtabtion having a
fixed position with regard to the old auroral zone,

it muy now, &ccording to Teldstein, move into and out

o

of the curoral oval during the c.urse of the day.

3,

with this approaclk 1t is no longer nccessary to describe

-t

auroral zone Eg phenomena in terms of the spiral

patterns referred to above.

1.3.2 vinushear theory of temporate latitude Es

The development of windshear thsory provided the
first real insight into the understending of temperate
zone sporadic-E. The original sugzestion for the
possible effect of windshear wes made by bungey (1956,
1959) and Heisler and uwhitehead (1960) later found a
relationship between the occurrence of sporadic~x

(fOES P2 5 Mc/s) ané the horizontal component of the

carth's magnetic field (H). In conjunction with this

- B -



horizontal componémt of the earth's iicld, it was
shown by Whitehead (1960, 1961) that thic thuory could
oifer an explanation for bhe high Asiatic aud low
gouth African occurrc¢nce of dyy since in these arecas
H ig slightly greater ond less respectively then
simple uipole model would predict.,

Phe theory indicates thot a wid-latitude sporadic-i
laycr is rformed by a vertical shear in the Hagt-west
component of the horizontal wind in the E-region.

Wwhen combined with the howizontal component of the
carth's megnetic field, o horizontel wind in the
neutial gas of the L~region of the ionosphore can move
the ilonization in an upward and downward direction
below and above, respectively, the maximum shear level,
thereby causing a concentration of ionization to occur.

The correlation Letween The occurrence of sporadic—i
and tho horizontal component of the carth's magnetic
field holds over the whole of the temperate latibude
zone by day but does not do s0 at night.

The simple theory predictud thet the minigmum in
electron density should be wvery much less than the
ambient ond that the electron density profilc should
tend towards a cusp shape neer the peak of the Eénl&yarg
In practice, these predictions are mot found to be True
and it has been sugrested that tids Gisagreement can be
ovorcome by heving at least two tynes of positive ion
present, each having o different recombination
coctiiicient.

It hac also been pointed out by Axford and Cuanold



(1966€) and shitehead (1966) thet the windshear theory
would resultc in a relatively greater concentration of
slowly rccombining specics, such as metallic iong,

in the layer.

It is now gencrally agrecd that the sporadic-i
layers in temperste latitude zones are produced by a
windshear mechanisn and. awve principelly composcd of
long lived mctallic ioas, except possibly ot higher
altitudes where moleculsr ions may be involved.

Johnson (1968) has discusgsed the planar ion-trap
and racio-frequcency ilon mass spectromebor results from
two Aerobco rocket flights that traversed sporadic-i
cvents sbove Whitesends, Now fexico, in January 1966
and August 15067, Ion mass spectra were takcn when
the rocket was within an unusually dense ES event
and showed the layer to be composed of atomic imctallic
iong of Lodium, Magnesium, Silicon, Calcium snd Iron
with Magnesium being the dominant ion detected in the
mass spectira. Reither Nitric oxide mor molecular
oxysen ions were obscrved within the layer. In the
woaker 5 loyer only Magnesium, Calcium aud Iron icus
werc dotected in the pealk density rogion of this
wealier layer.

Narcisi (196¢8) nas observed an Bg-layer with Iron,
Magnesium ané Celcium lous present bubt no nitric

teor shower. lMeballic

0]
o

oxide on the day followin;, a m

ions wore also detected inm B _-laycrs during other
) &

flights at sunrise and sunset from JFlorida and Auriay

the 1966 solar eclipse above Brazil.

- 8 -



These results huve been interpreted as indicating
The action of ¢ mechanism which maintcins metallic ion
ionization throughout the night. All rocket ﬁ@a@
grectrometer flights thirouph o events have detected
metallic ioneg within the S layer but the presonce of
metallic ions dovs not neccssarily indicate an ES
cventb,

Using equations firet derived by Axford end
Cunnold (1966) and subject to certain assumpbiouns,
Reddy and tiatsushita (1968) derived the followiug
eguation for the neutral windshear (U/) Lilving rise

to the obscrved E_-layer:
=2

/dau Vi _ A5y
U/ =gy = ~‘"§if@55*13a ny (1= ,n;) (1)

where v = bho ion collision frequency;

w. = the ion gyro-frequency;

=

is the dip angle

is the reccmbination cocfiicient;

o

n, is the pecak electron density of the
E . regiong
and n, is the average anbicnt ionization density
in the E region.

Reddy and Rao (1908) have shown that the peak
ionizetion dinsity in an E layoer ig fairly accuratuly
represcnted by the blounketing freguency (fbﬁ%} and
thus

=B a0 o A2 :
m = 1.24 x W (£50 : (2)
The average ambient ionization density n in the

I région will be proportional to the pesk lonizstion

*



in the E region i.c.

n, OC 8 (£ E)° ( (%)

Where § is an arbitrarily chosen constant and

represents that fraction of the peak B region electron

density which is equal to n, and is here taken to be 45

Thus equation (1) for the windshear can be writhen

as
-/ kv, , _ 2 2 Lol 4]
U F- - 1 ; 23 , 1 o N
( wi' rJoke J_j O (1bb5 1 -8 (TE J
\ 8 , b s

where k = 1.24 x 107
and beS is in cycles/sec,

This equation was used by Reddy snd lMatsushita bto
calculate the windshcar responsible for By and it was
found that a positive correlation existed between noon
windshears and solar activity for all the teuperate
latitude stabions used in their analysis, A gimilar
correlation with solar activity was found for the noon
value of bes andl also for the occurrence of ES &t

higher frequencies il.ce beé:; 4.0 me/s.

1.3.3 lonospheric Currents

It has becn recognized for many years that the
amplitude of the variation in the horizontal component
of the geomagnctic ficld, H, at Huancayo is unusually
large (Chapman and Bartels, 1940), This enhancement
in the variation of H occurs near the magnetic equetor
and is centred on a narrow zone. This zone arises
from a strong eastward electric current during daylight
hours, which has bcen called the equatorial electrojet

(Chapman, 1951).



Matsushita (1951) first found a corrclation betwceen
this particular type of B, (equatorial) and the flow
of the ¢aytime easbward current at B-region heiphts.
Rawer (195%) and Smith (1953) have also pointed oub
that this curiyent could act as an energy source for
the production ond maintemance of ionization inhomo-—
gendbies which then serve as scabtering sources and
give risce to equatorial-typc Es' This would then
cxplain the correlation between the deytime equatorial=-
type sporadic-E observed at Huancayo and the overhead
current flowing around the meagnetic equator.  The
diurnal wvariations for both are found to be the sane
and show similar day-to-day changes.

The efiects on sporadic-k of the ionosphcoric

current system, 5. have been discussed by Matsushita

q
(1955, 1966) who has also sugrested that the tidal wind
estimatcd from the solar (Sq) and lunzr (1) ionospheric
current systems may play a fole in forming the E-V
windshear which produces B . The lunar current

gystem slso has some effect on Es neer the magnotic
cguator, The ES disappearance at Huancayo, according
to Matsushita (1957), is causcd by a westward lunar
current which opposes the eastward electrojet. This
tneory has also been supported by Bhargava and

Subrahmonyam (1960) for Kodaikanal, an equatorial

station.

Tedo4 Thundcrstorms

Wilson (1925) sugested that thundorstorms might be a



source of ilonizetion in the upper atmosphere before any
experimental observation of sporadic-E had been made.
Appleton and Noismith (4955) treated the conducting
ionosphercas a cabhode and a thunder cloud s an anode
and suggested, through the snelogy with a wvacuum tube,
that ion production would be a maximum around 7 km.
below the conducting layer.

watcliffe and White (19%4) and Isted (1954) in
sngland, Colwell (19%24) znd Mimmo (1934) in thc United
States end Bhar anG Shysm (1937), Chattergee (1553) and
Mitra and Kunéa (1954) in India have all considcred the
possibility of thundcrstorms as possible energy sources
of sporadic-ki.  Appleton, Naismith wnd Inzrem (1937) and
Best, Iarmer and ratcliffe (1938) in Englené hove found
no correlation after moking various corrections in the
previous work, while Lirby and Judson (1935) have found
no correlation in the United States.

Indian scientists have long favoured thunderstorms
as an ultimatc ecnergy source due to an apparcntly good
cy-to-day correspondence in India. No evidence for
the thunderstorm theory”w§s‘found by Berkner and iells

(19

and strong but non-blanketing F_ as observed at Watherco
© 8

037) when they comparcd the incidence of blankcting

with that observed at Huancayec. As thundcrstorms are
much more freguent at Huancayo this appeared to demonstrate
that thundcrstorms could not play an importent part in

the production of sbrong‘Esu Howover, the weak,
non-blanketing type of X which is a regular day-time

phcnomenon was not then included as a form of Eéd Also,



thé rclation botween the occurrence of E_ <nd thunier~
storms is not convincing clsewhere othor than in Tndia.
There is, nevertheless, a need for a re-cxaminabion
of the role of thunderstorms, if only as occasionol
sourcos of Es, in that they represcnt o pogsible source
of gravity waves (Layzer, 1967). These waves might
thon, when propoguted upwards in the I region, produce
the ionization “inhomor enebivs which appo.r as particl

sBpovradic~li,

1255 Metcors

For many years, meteors have been considored as
the primary sources of Ego Unusual ES wes observed
during meteor showers by Mitra, oyem and Ghosh (1934)
in India, Skellet (19%5) in the United States an
Appleton and Naismith (1947) in ngland. In perticulor,
Appl.ton ond Naismith demonstrated that, during an
intense moeteor shower, meteors can procuce Ly
Naismith (1954) found that the metcors arc associabed
. with weal &, while Gmith (1957) showed that the
diurn.l and seasonal varviations of "y-type" sporadic-B
are ass.cisted with sporadic mceteors.
Lotadia (1958) found & positive effect of mebteor
showers on ﬁs as obsgerved in sporadic-E iouization
at Ahmcgabad and Yemasawa but Kotadia and Jaul (1567)
detected no change in the occurrence of Eé in middle
latitude stations in Europe daring an anomalous increase
in the rate of redar mcbeor counts during 196%. . On

the contrary, the low type of E_ wes found to be less



frequent during this period of hiph meteor activity.

wright (196?), however, found g positive correlation

between f_Eﬁ and the meteor flux effectively averaszed
over periods of days around the time of occurrence of
the most prominent mcbeor showers.

While there may bu a reolationship between meteors
and sporadic-ii the cvideunce so far is not conclusive
end it is probeble that in eny case ouly a certain
type or types of sporedic-E will be related to meteor

activity.

14 Choice of the parameter for measuring sporacic-—id

In this study sporadic-IL data has becn considered
for a number of stations from the MNorth polu to the
equator during sunspot maximum, sunspot minimum and
intermcdiate years and distributed over a wide ronge
of longitudes. The data from the tables oi ioﬁs,
B and h/ﬁs have been taken for the variation in tho
occurrence and height of sporedic-~E.

The usec of fbﬁs os a peramcter rather thaﬁufEs
or £ E_ was first suggested by Metsushita (1966).
Recently Reddy and Rao (1968) and Reddy (1968) have
concludced, after simultaneous obscrvations of mid-
latitude sporadic—~E by rockets and ionsondes, theb

f‘Eé is & botber puramcter as for as a measure of the

ko

elecctron concentration in a sporadice-id layer is

concerned.  However, Reddy (1968) has pointed oub

that the use of fE, or f 1  rather then £y E  is more
& 0”8 b

appropriate and advantageous in cervain types of

-



studies, while fES has been used very eficectively by
smith (1$57) to demonsbratec many basic morphological
features in the occurwence of sporadic-ii. There is
no doubt that fES o1 foEs is a very useful‘Es paraneber
as an indicator of sporacdic~E occurrence Jnd o8 an
approximahe indicotor of relative Eﬂ intensity. Bince
the occurrence of and height of sporadic—i have been
examined in thig anelysis, the porameter foEs rather
than £ % has bcen choscne.
bs

In eddition to this, sporadic-B has been considered

in &ll latitude zones rather than Jjust in the Temperabe

ZONe s The strong corrvelation between the chonges in

o

‘fﬁs né chonges in H, the horizontal component of the

geomagnetic field, found by lorgan (1966) suz .ests that
fEs iz agein an effective paramever for studying certein

aspects of the auroral ionosphere. Botisfactory usc

of fOEs has 2lso been mede for studying the correlation

between the occurrence of vearious types of By and

magnetic activity at Halley Bay by Bellchambers and
Piggott (1962) znd between low type sporadic-i and

radar mebteor counts by kotedia .nd Jani (1966).  Thus

the study of the occurrence of various types of &

8
and its relation to magnetic activity, even at temperete
latitudes,will nobbe affvcted by the choice of f E

rather than fbﬂﬁ

It was noted that,fb@s valucs tend to be much
lower than foEé ond o make a detailed morphological

study of sporadic-l using the scaled values of £,Eg

¥
-5
A
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rather difficult, cspecially since the night-time
values of bes sre very often lewer than 1.0 Me/s
which is normally about the lower irequency limit

of most ionosondes. Adéitionally, meny of the
night-time £ values in the 1.0 to 1.6 lc/s range
are usually lost owing to interference by the bLroad-
cost bands and so any study of night-time f,E  deata
collected by these ionosondes will not be very
rcliable,

Similarly, low day-time values of f Dy woich

b
are usually less thon f E by about 1.0 Me/s or morec,
occur commonly at mony temperate latitude stations
during winter and these are likely to be partly lost
at thosc stations where fmin'valucs are high.

The hourly wvoluces of bes for the equatorial
station Huancayo show thot the blanketing Ifrequency
occurs predominaently within 0.2 ~ 0.% Mc/s of £.E,
with few cexcoptions, and the apperent blanketing in
this casu aprears to result from a combination of
deviative absorption near f E ond intense scattering
irom the ilonizetion inhomogencbies produced by the
clectrojet.

In the present study a comparison of ﬁhe follouing
ogpects of sporadic-L hes been made, viz: 1its occurr-
ence on guiet end disturbed days cnd as a funciion of
solar activity for stations at complemontary long-

itudes. Miis type of study will not be affected

- choogine £ B or 3
by choosing f I o

*

rotner than beS o8 far as

the occurrence of sporadie~L is concerned. The



height varietion of sporadic-E will of course, be
independent of whether deé or bes is chosen and so
for this paramcter the question does not arisc.

Many workers have suprested that it ig cifficult
to coupare the frequency occurrence of Es at ¢iffcrent

statilong because the number and top frequency of 1D
) 5D

obscrvations depends largely on the eguipment charact-
eristices andm the interpreteation of the ionograms
by the obscrver.

However, Chasovitin snd Solchatova (1963) and
Chosovitin (1966) have shown that for all types of
Es the dependence is inveriably weak, even for
considcerable changes in thce cquipment perometers.
As far os the interpretation of bthe ionograms is cone~
corned, the obscrver is in cny case nob the same &ll
the time at « porticular station. The qualifiecations
referied to chbove, it moy be noted, refer bzsically
to a period when there was 1itile uniformity cmongst
ionogondes and thuir power oubput wag oiten burely
sufficient to distinguish the echo from tae backzround
noiscs

If, in fact, there were any uojor errois of
intérpretntionmﬂue to the obscrver b any one staticn
these would become apporent during the onalysis in
relation to the behoaviour of the same purumcter et
adjocent stotions. In practice no such obviously
anomalous behaviour hug been encountcréc. Thus,

boaring in mind these possible uncertainties in the



data, the various comparisons between stationg have
been made but on no occasion hes it been felt that
they heve been affected by the quality or wvalidity

oi the doba.

1.5 The vorious symbols used in the deta

In order to calculate the percentage occurrence
of sporadic-E, the symbels B snd 8, i.e. observations
were not possible because of & blackoub und noiseé

uvspectively, worc not considerced and similarly for
the symbol C wiich meons thot the observotions were
not possible becouse of a non ionospheric reeson.
However, the symbols E, whun obscrvations were not
possible becrusce of the lowsr ifrequency limit of tho
ionosonde, and G, wien reflections were not possible
duc to o thin ionization layer, hove boen taken as
obgervatbions. The other numerical valuus, toguther
with the symbols k and G, have been bazen cs btotal
obscrvations and the percentoge occurrence of sooradic-i
calculated by considering the numbur of OCCUITTNCeS
ebove some limiting frequency e.g. £8, 2 % Mc/s,

5 Mc/s and 7 Me/s ete.

Tor the individual types of B the percentage
occurrence has beun calculated by considcring the
number of occasions when thot perticular type
occurrcd in rclotion to the total number of obsurv=
ations. In order to determine the frequency

=

depenaence of the occurrence of B the number of



occurrvnces for ecach helf megacyele freguuncy (fOEm)
! )

ranse hove been plotted ogoinst the contral freguency.

1.6 ileduction of data

In order to avoid undue cowglexity in The sbu

dy
oL Eg it ie hiphly desirable to reduce the raw deta

to certuin spueific conditions or ilorma such as guieb
pnagnetic conditionsg or constont solor zetivity cte.
This roduction has becn cone in the prescnt work by
considering only the five Internotional magnetically
guiot and disturbed days for each month.

Recently Yicn-Nien (419565) hes sugrestcd that in
ordcer to selcect culet ¢nd disturbed duys some liniting
value of kpshould be baken for saclr month. In such
¢ division the number of quicet and disturbed deys
will not, in gencrcl, be equal in o given month.

For some studics whuere «n equal cmount of dota is
nceeaed for a comparison in a riven period, G.ge. the
frequoncy distribution of occurrence of sporadic-E,
this sclection ox days provents o volid conpardison
from being made. For this reason vhe ebove five

days have been taken os the basic period for comparison
in +this analysis.

When analysing the occurrence of svoradic-E with
kp thig division of the data into two groups hos not
b@en done and each day hus been classificd seporately

according to the mean voluc of kp on that day.

- 19 -



1.7 Typeg of sporadic-D Trieos

B )

The mort commonly Gccurring‘ﬂs trrces are of
the flet (£), low (1), cusp (c¢) :nd high (h) typos
in temperate latitudes. whey ove summorized bolow.
flat - An ﬁﬁ troce which shows no approecizble
inecircase of height with f{ircequencys The troce is
wsually roletively solid at wost latitudes. This
clagssilication is only used at night sincc
arporently flab ﬁa traces cbscrved during the
doy tiwe cre clessificd eccoring to thicir virtuel
or 1. L:fi{.ﬂ ’I(LB

low = i flot ¥, trace ot or below vhe norwal E

=

height, viz: b,

[

leyer mininum virbtucl heighta Thisz is only used
in the doy tiwes {fige 1(5)

cusp =~ Ln E_ troce shoving a relatively symmcetrical
cusp ot or bulow the w region eritical freguency
(foﬁ)a This is usunlly continuous with the
normcl § loyer troee cxeepb that when devictive
cbsorpbior is large, port or 1l of the cusp may

be missing. Thie type is 2lse found in the day

time only. §fi‘-fg "‘1(02
high = An B, trace showing = discontinuiby in height with

1

the normol E loyoer trece at or sbove fOEq The
cusp is not symmetvical, the lowfrocucncy cond

lying clearly «bove the high fregquency cond of

a5

the normal B trace. This again is used only in

the day dPime. ‘:;hfiﬁu ’](C-a

e

- 20 e
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In wddition to vhese types auroral (o), retardation

(r) and slant (s, s, occur but ouly roruly in bumpurate
latitudce, Bowever, ot higher lobituces bhose ty.o8
oceur commonly in additvion to the norwsl flob, low,
cusp and ni h typus,
curoral - An B patbern hoving o well Gefine . flat
or gradually ricing lower wepe with siratiiicd ana
Giliuse braces present above. Thege pometimes
cxbend over & nundrcd kilometers oi wmore of Lvho
virtucl hoight ronge. {?ig, ﬂgcj
ret rdation- .n u, Ur.ce which is non-ul mkobing

over port or ell of its Iwccuency ringe onG which

P

shows on iuncrease in virtual holght &v the hiph
freguency wnd gimilar in epsecicnce to group
retardation. This is cigtin-uishod 2% proscub
from grovp robirunbion by the lack of group wotopd-

ation in tha F-rupilcon tr.ces ol corresponding
i

Lz squeneics, [I

siont - Ao I turoece which riscs steadily with

frequency. Thig type usuxlly omersws from enothewm

-

normally cloussificd suparatily.

ey,

5 " o) 1‘1‘,.\‘, .,
By layer which 1

A

At wish latitudcs it asually starts to risc from

a horizontel ©_ lracu, 1, h or f,ab fruquoncius

vhich grectly cucecd the loyor cribical freguency
(¢o5. cbout 6.0 Lic/s) whoreas, et low latitudes,

it riscs drom cquntorial Type g ab freguencies

necr the m-rorion critical ixcg@encgz’Lfi 1(e)

and 1 (iﬂ



At ecuuatorial latitudes there is, in eddaition to
the slant type of B o ¢ifforent ond localized

equatoricl (q) type of Eg-

Louatorial -~ Mhis trace is completely transperent
without any multiple reflection snd is found ¢uring

the doy time only with a very high frequency

'figoﬂﬁﬁgl

A nore detailed discussion of the clagsification
of ionograrn echoes and intervretaion is given in
URSI Handbook of ionogran interpratation gnd reduction

(Piggot and Rawer, 1961)
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ClisrTIR 2

BLORADIC-E AT CUMELEINTARY ST TTLNY

2.1  Introduction

Gmith (1957) has conducted an enalysis of the
occurrence of By (fE3:>5Mc/s) atvvarious stations in
the temperate latitude zone and portrayed the results
by means of contour maps. He noted that the longitudinsl
variation was not apparent when yearly data were consid-—
ered but on teking data for 1948-54 found thet sporadic-E
was more frequent at eastern as compared to western
stations. 4 similar global anclysis has been done
for 1958 by Leighton, Shepley and Smith (1962). The
contour mcps show that the intense B, zone is bounded
between>ﬂ7OOE‘and,500E at high latitudes in the ncrthern
hemisphere. At lower latitudes another intense ES zone
exists with boundaries at 1WO°E and 7OOW, approximately,
in the summer and ecuinoxes. However, in winter, it
moves towards the southern hemisphere. It is of interest
to compare the occurrence of By at pairse of stations,
eround the intense L zones, with the same geomagnetic
lotitude but with a longitude difrerence of about 180°
i.es complementary stations. Jor this purpose seven
such peirs of stations have been compared during sunspot

moximum énd minimum yeers at high and low latitudes.

Data for the IGY and I¢SY has been used for the

analysis of the following stations. In order tHo have

-23 -



an equal amount of data for both periods the IuSY
data has been taken between July, 1964 to(December,
1965 ¢ The stations have been divided into arbitrary
western and eastern zones and are referred to as such
in the texbt. The positions of these stations are

given in fig.2.71 and Table 2.4

TeBLE 2.7

¢ el M s Nk et AKAND  Amms fee. o oo F o e
Ko oy e A S et o i

Tagtern Western

Station Geomog. Geographic Station Geomng. Geographic

Lgt e '8:‘3 Go Lo ng ij:C - G 85 ¢ Lgng .
Heiss™ . . Resolute” N b

Isiond 70.G 8U.6  1i58.0 Bay 82.9  74.7 wW94.9

Point : : e
Barrow 68.4 7.1 1i156.8 Tromso 67.2 69.7 I19.u
rrovid- L s N

ence Bey 58.7 64.4 uw173.3 Uppsala  58.6  59.8 ¥17.6.

sdal 47 .3 51.9 W176.7 -Blough 54,3  54.5 WdG.6
MAsat  29.5 39,7 B40.1 Puertot  30.0 8.5 W67.2
Taipei 13,7  25.G 1121.5 %ééﬁta 15.9 b6 W7k
Koda i- Huon- , o

konal C.6  MW.2 E77.% ecayo ~“0.6 =121 W75.5

* TQBY data for Heiss Island was not available,so
the data bebween July 1963 and December 1964 has
been used instead.

+No comparison has been made for this pair of stations
in the I(SY since no data was available for Puerto
Rico. . |

- 24 -
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Relative Occurrence of E

g

Mt s s o - Y - WA s 2

60°E 180° - 60%W 60°%

Fig.2.2: Longitudinal distribution of Es occurrence



2.5 Poler Stations

Heiss Islunc and .tesclute Bay

The diurnal and seasonal variations of the
occurvence of sporadic-i on quiet days for Heiss Island,
as an eastern station, are compared wibth iesolute Bay,
as the cor.esponaing western stetion, during the IGY in
fig.2.%. It will be noticed that the percentage
oceurrence of sporadic-I (faﬁsz rie/s) is greater at
desolute Bay as compared to Héias Island up to 11600
hrs whereas the situation reverses aiter 1600 hrs till
midnight ror all the seasons, 4 similaxr situation
between Heisg Island and ilesolute Bay is found for

P

gunspot mininum years (£ig.2.3%)a However, the dif

£
erence in the occurrence of between the two stetions
reduces up to 1600 hrg end increasecs afterwards as
compared to IGY during the summer and equinoxes.

The freguency distribution of spcradic-&
auriag IGY (fig.2.8) slbows a greater occurience of ES
at Heiss Island as comparcd to kesolute Bay in the
lower frecuency range and less in the highsr frecucncy
ranze (des‘>5°5 Me/s). This agrecs with Leighton eb
al (1962) who showed that i, was more frequent (f ¥ »5lc/s)
in the North smerican portion then in the Sibericn portion
during 1958, However, the frequency distribution during
sunspot minimum yeawrs (fig.2.8) shows a greater ccéurra
ence of sporadic-f£ at Heiss Island than at Resolute Bay
over virtually the whole of the frequency range.

iPhis shows a reduction in the occurrence of gporadic-—E
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at Hesolute Bay relative to that of Heiss Island in
the years of sunspot minimum years as compared o
Leighton ot al (1962) for 1958, the year of sunspot
MaxXimume. A possible rcason for this chonge may be
related to the position of vUne magnetic pole.

It is well established that tacre is a movemeantb

of the dip-pole and its position has been measured as

followsg:
IT‘-:I-BIVE, 2 o 2
Year Geogruphic Geographic
Latitude Longitude
1900 71.2° ¥ 96.9%
1930 72,6° 1 99.0"W
1950% 74;20 N 1064y
1955* 4 ,6° § GG 470
1960 75.4° W 1ce 7%
1965 95.5° N 404 0%

*These positions are found by interpolation.

These positions have been plotted in fig. 2.4
torether with that of ilesolute Poy and it will be
secen that Resolute Day is closest to the dip-pole
about 1955 snd that before and after this period its
separation incredses.

If the occurrence ol Es‘is to & certain extent
dependent upon the position of the dip-pole, as
sugiesteda by Bellchaﬁbera ond Piggott (1960) since

the location of the E_ zone in the Canadian side is
L« 3
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cousced by the position of the magnetic wole in that
reglon, then a change in the occurrence of £, before
and after 1055 might be expectod. A decrease in
the occur.ence of Es wos found by Thomues (1962) when
he anclysed duta taken between 1950 and 1958 for
Kesolute Baye is such, he pointed out the negative
correlation betweer. fhe occurrence Of‘Eé end solar
activity because the maximum occurrence was found in
the year of low sunspot activity 1955 as compered to
a minimum occurrence in the years of high sunspot
activity = 1950 and 1958. However, in the present
study tne overall occurrcuce of B (fOES$~§‘Hc/s}
has been found to inercaszse by 17 with sunspot
activity when data has been analysed for 1957-58 and
for 19565-64, years of high and low sunspot activity
respoctively.  Thus at idesolnbe Lay a decresge in
the occurrence of E with increasing solor achivity
is obzervod in one solur eycle (1350-57) while an
increase is observed in the succeeding helf solar
cyele (1957-65).

L tentative and qualitative explanation of
this anomalous behaviour can be accordingly made by
ascribing this increase and Gecrease in the occurrence
of ES before and aiter 1955 to the movement of the
dip-pole relative to Resolute Bay. It should be
stressed thet this is only a gualitative explanation
since the magnitude of the decrease from 1957-58

£0 1963~64, i.e. 17w, is rather more than would

- 27 -



seem probable from the obscrved movement of the dip=-pole.
A similar explanation may be applied to
Heiss Is, which is ulso a polar cap station like
itesolube Pay, where by contrast an increase in the
Es incidence is observed from 1957-58 to 1963-64,
In Chupter 5 it is shown that there is & contraction
of the auroral zouc between soler maximum and minimum
conuitions. Conscquently, since Heiss Island is
on the cdge of the polar cap in the ICY, it may
change to an auroral pogitvion in 1963-64, If such =
change did occur then the number of occurrences on
guiet and aisturbed days should decrease and increase
respectively from 1957~58 to 1963-64 on gccount of
this apparent change of position. Purthermore,
Heiss Is. is situated necar tho trough in Es oGCuUrrence
which is nearly opposite to the enhanced Uanadisn zone
and hence ony movement of the pole should produce a
movement of this btrough. In 1963-64 the guiet day
occurrence, which shoulc Gecrease due te the auroral
position, is in fact slightiy increascd and this is
laryely ascribed to a movement oi the trough. On
disturbed days, however, the presence of the trough
is of much less importance than the auroral position
and a very pronounced increase in the ES occurrence
is obsecrved i.e. 1425 (£.E > 3 Me/s).  Lgnin,
therefore, it would seem that the movement of the

, X e i Ay o G
dip-pole has an effect on The lnciaence of L.



2.4  high Latitude stations

Point Darrow and Tromsod

The diuvrnal and seasonal variuations of occurreuce
of gporadic-l tor roint Barrow and Tronsd (fig.2.5)
show that ES is more frecquent at the western station
duwring sumnmer in the IGY, During the equinoxeés the
variacion remsing much the same os in sunmer except
for a reversal between GACL and VU0 hrg.,  This
reversal is ulgo repeated throughout most of the
winter day. The overall seasonal variation shows a
consistently greater incldence et Yromso voan at roint
Barrow, aoncrt froum a siort early worning nmeriou. In
gunspot minimum years the occurrence of sporadic~E is
found to be higher at the eastern station, roint Barrow,
for most of the early morning hours in all the seasons.
puring other winter hours at Uromstd the incidence is
wreater then that at Yoint Darrow but in the other
seasons there is no significont difference between
the two stations (£ig.£.5). The overal.l seascnal

variation this time shows & consistently greater

-

neidence st roint Barrow apart irom a short peiiod
around noon. It is Ffound after examining the freguency
distribution during the IGY (fig.2.8) that the occurrence
of sporadic-IL is more frequent ab Point Barrow only

at the higher frequencies, i.e. sfter 6 lc/s wheres,

!

at lower frequencies, the occurrence of ES is greater

9]

at the complementary station, Promso, in the wesbtern
Z0ONe. During IwSY (fig.2.8) the occurrence of

sporadic~E at Loint Barrow is found ©0 generally exceed

o
O
|
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that at Uromsd. Ihe vccurrence of L is thus higher

at the eastern stetion as compared to thet at the wesbern
station for nigh frequencies in sunspot moximum end
minimun yeors. »t lower frecuencies, however, the
situation remeins the same in sunspot minimum FEOrs,

but in sunspot naximum rears the situabtion is ecszentially
reversed with morc ES‘&t Tromsd. According to

Leighton et al (1962), ot lhese longitudesg in 1958

the relative east znd west occurrence of sporadic-k

(£0E51> 5 Mc/s) is similor and agrees with the results

&
[a

for sunspot maximum years. Insofar s the szituation

(O]

when fOES;; % Me/s 1s concerned, there is a greater
incidence at Tromst during IGY but little significant
difierence on average in I(hY.  However, waen the

total incidence of ES is cousidered; i.e. the irequency

of a,pearance, there would seem to be a more ginificant

chenre in IGY, in that there is a greater incicence

at Tromsd wheieas in I SY the situation is veversed.

trovidence Day end Uppsala

During IGY, the occurwvence of ES is found to be
very much less at the eastern station, rrovicence Bey,
as compered to th.ot at the corresponding western
station, Uppsala, for all the seasons and for all
hours of the dey.(fig.2.6). In sunspot minimum years,
however, the incidence at Uppsala only cxceeds Thatb
at rrovidence Bay during the period approximately
between 08CU hrs and 1300 hrs and then only by a small

amount. TFor all other hours of the day the iacidence

- 30 -
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at wsrovidence Bay is greater than that at Uopsela and
this epplies to ell the gensons (fig.2.6)

The frequency distribution during IGY shows more
Ly et Uppsala for the entive frequency vaonge. 1In
IusY bthe difierence bebween Uppsela and Providence
bay becomes almost zero ot freguencies above 3 FMe/s,
but below this Irequency the incidcence remains higher

at Uppsala bthan at rrovidence Bay (fig.2.9),

Adulk and Slough

In the IGY the i incidence is found to be greater
at Slough, the western gtation, than at the complement-
ary eastern station, Adek, during winter doytime and
slightly less during sumaer daytime. For the night
hours the only significant dif.erence is the greoter
incidence in winter ot Adak then thet at Slough since,
for the ovhor seasons, the incidence figures for |
Ldak are subject to considerable uncertuinity due to
the large number of occasions when blackouts were
prosent (iigec«7). The total mumber of occurrences
are founé to be more at Slough as compared to .dak
on an onnual breis. In I4SY the diurnal variation
(fig.2.7) shows that the percentage occurrence of I
igs more at .dak as compared to Slough for all the
nours of the day except between 10LO and 13UC hrs in
winter, 090G and 15uU hrs in the equinoxes and 1300
and 1600 hrs in summer, where the incidence of E

i3 more at Blough. Phe overall dncidecnce tends To

be greater ot adak thao slough except over the noon
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period. One feature of the IGY and Ir 8BY resulbs

hag been found in that there is a close similacity in
the seagonal changes. It is obsorved th:it the relative
diffcrence between the occurrence of Eﬁ at Slough and
ddak decrevnses from winter to equinoxes then to summer
during the daytinc. In fact, the difference in the
incidence of Es between Slough and Adak is positive

in winter .nd boeomes slightly negative in summer.

the frequency distribution during ICGY shows thatb
the number of occurrences for foFsﬁwé-ﬂc/s at Blough
is greoter than that at sdok, while ¢uring I.5Y
there is little difterence between them (£ig.2.9).

This situation is also observed when the average
diurnal variecion of %total occurrence is coisidcered.

At high letitudes the approximate longitudinel
veriation in ‘the occurrence of ES ig given by curve 1
in fig. 2.2 for stations at a common geographic latitude
of 650 N. Pris has been Gerived from the contour maps
tiven by Leighton et al (1962,. The data actually
relates to the equinoxes and so is representative of
the mean annual bcehaviour theroby allowing a comparison
of the annual results to be made.

If the occurience of Eé is, to a certain extent,
dependent on the position of the dip-pole (as is
supested by RQesolute Day), then the occurrence of %
will Cdecrcase from IGY to IGSY in the intense ES zZone
i.e. in the Canadien sector and will increase in the

complementary zone on the other side of the pole.
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This distribution of ES occuryence is shown by curve 2
when the meridicnal component of the movement of the
dip-pele i considered. If the westward or zonnl
component of the dip-polce is considered then the
distribution shown by curve 2 would be shifted towards
the lelt hond side «ud will be shown by curve 3. On
comparing curves 41 and %, which rcpresent the longitudinal
digstribution of Es in IGY and IGLY respectively, it
will be observed thuet a smell increase will occur at
stations near A whilc there will be a larger decrease
a2t complementary stations ncar B.

In the present enalvsis & swall increase in the
occurrence of I (fOES > % Me/s) of 9%, 5% znd 6% at
Point Basrow, Providence Bay ond Adek respectively
hos been found from IGY Yo ICSY on quiet doys. On
disturbed days also there is an increasc of 6w at both
Point Berrow and .dak but a decrease of 364 at Frovid-
ence baya. This anomalous decrease in the occuricnce
of ES, as against the increase which might be expected,
is causcd by the coniraction of the auroral zone from
IGY to IuSY changing the nature of ¥rrovidence Bay from
a wholly ocuroral stetion in IGY to & marginal euroral-
temperate lotitude one in IGSY end so is not, in fact,
a contradictory result. These three stations are
situated near A At tine complementery stations near
B, large Georeases have becn found, viz. 28p at Wromsd,
66% at Uppsala @nd 24w at slough from IGY to IwSY on

quiet days. On é¢isturbed Gnys the figures become



33y 755 and 20Ci. resuectively. It would thus appear

that there hes becn an effective movement of the

intense L zone in the Canadian sector from IGY to

I 5Y which is not so wuch directly related to the

chans,e in solar nctivity but rather is reluoted to the

movement of the dip-pole. There may, of course, be

a solcr activity eflect but so far there is no available

evidence irom other fiellus, such as riometer meas.rements,

particle precipitation or flux observations waich would

provide support ior a preferential longitudinel movement.
~Bein, vhile the zonal movement of the dip-pole

1ls in the same sense and compatible with that of the

intense li, zone, its E-W movement between 1957 and 1365

is only about 2o. The intense &g zone, however, rempires

an -w movement of some degrees to explain the observed

changes in Es Qccurrence. Thue, while there is a

superficiul relation between the movement of the Gip-pole

and the intense’Es zone, the magnitude of this relative

change iwplies that the precise link between Them has

yet %o be determined.

2.5 Low Latitude Stations

Akita and PuertQ:Riqg

The ainrnal variation of occurrence of sporadic-i
is found teo be significantly more at Akita, en eastern
station, @s compared to Puerto Rico, the complementary
western zone station during the IGY summer Morning.
(fig.2.1G). For the remaining summer hours the

difference is not pronounced and in the equinoxes and
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winter months the incidence at Puerto iice ig greater
than ot Akita. The situation is similar to thet
Cescribed by bmith (1957) for castern and western

zone sbavions dQuring summer and winter.

Taipei cnd Logota

At lower temperate latitudes also the diurnal
verievion of sporadic-k is found to be consistently
greater during summer at an eastern stution, Taipei,
as compared to its complementary station, Bogota,
during sunspot maximum and sunspot minimum years (fig.2s2),
Thig difference decreases seasonally until in winbter
the Taipei incidence only exceels that ot Bogota for
a relatively short noon period, apain during both IGY
end I..8Y. This agrees with the temperate zone mups
" of oaith (1957) for summer snd winter.

48 There is a seasonal change in the relative
occurrence of Es at Akite and Fuerto-rico, the frequency
distributions for summer and winber have been plotted
separately. It will be seen that in summer ES ig more
frequent at Akita than iuerto Rico for most of the
freguency range while, in winter, it is completely
reversed except for the very low frequency end (fig.2.11).
It will be noted that there is more E, at ikita than
tuerto Rico in bthe lower freguency range in both seasons.
Now iAkita and Fuerto Rico have almost the sanme geo-

magnetic latitude (29.5°N0 and 30°F respectively) but

/%

- he Pt I “7‘ O E
difier greatly in geographic latitude (397447i and

) v o4O i T
18°31/N pespectively) i.e. by almost 21" with Fuerto

- 35 -
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Rico being nearer to the tropic of Cancer than ukita.
Thus the average ambient ionization density (n@) of the
L~layer at Fuerto Rico will be greatver than that at
akita.

Ready wnd Metsushita (1768) heve shown thot a small
windshear can procuce detectable ES when the eambient
electron density (no) is small but the same windsheear
will not produce a detectable Eﬁ-layer.for lerge
values of n, provided that there is a certain threshold
or critical value of . below whick it will not be
detected by the system. dince n, is sumaller at tkita
than at Fuerto uwico in all geasons, a small windshear
at skita produces detectable i in all =seasons, but
the same windshear will consequently not produce

detectable ¥ at Puerto itico where n_ 1is always larger.

a O
Thus a more frequent occurience of E_ in the lower
3

frequency ranpge may be expected abt Alidta in both summer
snd winter.

A eimilar welstive seasonel change in E_ occurrence
~»

[0

has been noted at Taipei and Dogota and the freuency
distributions for these stations are shown in fig.2.11
for 1GY and IUSY. ES is found to be welablvely more
frequent at Taipei in the high frequency range during
the summer of IGY but less frequent at the low frequency
end in both summer and winter. The high frequency
range shows & reversal in winter. This different
behaviour at the high ana low frequency eunds of the

scale is repeated in IGHY and so is not a purely

- %6 -



random situation. By analogy with the results ot
Akita enc Puerto J«ico these changes can be ¢ualitatively
explained. Taipel and Bogota also have nearly the
same geonagnetic latitude (13.7°N anc 15.9%% respectively)
Jbut about the seme diffevence in geopraphic latitudes
(2502/m and. 4038/H respectively) as Akita and Puerbo
Rico. In this case, however, Taipei, an eastern
station is nearer to the %ropic of Cancer and hence
the ambient ionization density (no) at Taipei is preater
than at Dogola in summer. Thug small windshears
should produce reletively more detectable ES at Bogota
than at Taipei since n is smaller &t Bogobs.
according to this explanation one would expect
more ES in the low frecuency range at faipei in winter
because the averase n, is smaller at this station
relative to Bogots. Thig result is not in fact found
in either IGY or IyiY. It must be presumed, therefore,
that since Taipei is only Jjust outside the tropic the
ambient electron density is insufficiently less than
that at Bogota for the threshold criterion to applys
&% skita, however, which is 150 to the north of Taipeil
and where the low frecguency reversal effect does
take'placé)it would appear that a has decrcased enough
for the threshold limit‘to be reeched.
In order to explain the difference in the seasonal
occurrence in the higher frequency range, & comparison
has been made between Fokubunji end Grand Babhama of

the windshears deduced by Reddy aud Mateushita (1968).

- ) .



These stations have been chosen as representative of
low temperatec letitude conditions in the eastern and
western zoues respectively (kokubunji, adita and Taiped
arve all at higher latitudes than Their complementary
stations Grand Bahama, Fuerto Rico and Bogoty and sc

meaningiul comparisons can be made betweon them. )

T.BLE 2.%
U/ (m/sec/lkm )

Year - 58 59 60 G4 62 63 o4
Station

R 8 A, e ol A

Lokubungi 9G G3 76 62 o7 ! 50
Grand Bahama - 60 €1 47 52 57 52 45

NG 3 37 29 10 A0 9 5
Pable 2.3 above sghows the mean noon July windsinears
dedvced from those authors' results and 1t will be
noticed that the values at Kokubunji are cousistently
creater than those at Grand DBahema, but that the
difference decroascs steadily from IGY to IGY.
These figures suggest that the windshears in the eastern
zone are permenently greaster than those in the western
zone. &t hipgh frequencies, therefore, where the

-y

windshear theory of kg predicts that the B occurrence
increases with the magnitude of the windshear, it
might be expected that in summer there will be a
relatively greater occurrence of B, in the eastern

ZONGC Fig. 2.711 shows that for akita and ruerto



«ico in IGY and for Taipei ond Bogots in IGY and

Te3Y this is indeed the situation.

TABLE 2.4
U/ (n/scc/km)

- o mm—e B s - e ey —

.Yoar - 58 59 &0 67 62 63 G4
Station

Lokubungi 38 40 33 30 44 %4 22
Grand Bahama 34 30 33 3% 38 35 35

N4 410 o -3 43 4 .13

. e > i i FEPS g PSRN (03 e oot h BN A KARW G A ek, byn oAt i e

The mean noon BPecember windshear values are given
in table 2.4. It ieg immediately apparent that the
larpe differences evident in summer do not occur in
winter. In IGY the windshear values are slichtly
greater at Lokubunji than those ot Grand Bahama, the
difference falling to zero and then becoming slightly
negative in IGSY. There is thus a very large seasonal
chanre in the windsheer at Kokubunji and a relatively
small one at Grand Bahama. This ig reflected in
the winter occurience of Eé where it will be sesn that
at the high frequency end, the E  ogourrences at
Paipei and skita have actually fallen below those at
Puerto Hico and Dogota respectively in all the three
cases showh.

It may also be noted that the IQSY winter, waen
the ecastern zone windshear is actually less than that

in the wesbtern zouec, is also the period when there is

- 39 -



more ES in Ghewstern relative to the castern zone
then at any other time,.

This comparison between the high frequency Es
occurrcncasd sugests that the greater seasonel chenges
in the costern sector and the apparent reversal in the
relative occurrence in summer and winter betweon castern
and western zones 18 closely related to vhe tendency
for greater windshears to occur in the esastern zonc.
whilc 1t is true thet the horizoutal component of
thic earth's field is olso qreatver in the sastern zone,
thig factor by itsclf would not produce any seasonal
or rclative east to west changes.

It will be noted that there is a decrease in
the occurrence of the most probable frequency at Akita
and Fuerto dico from summer to winter with a converse
situation &t Taipei and Dogota., This is not a physical
efrect and is due to the fact that, in orccy to compare
the frequency distiibutions ac any two stations, the
periods for which dava is included must be identical,
Yhe absolutc levels of the cigtribution from season
to peason are therefore not significant for Taipel
and Bogota where smoll gaps existed in the published

data.

2.6 Iquatorial Stations

kodroikanal and Huancayo

At equeboriual stabions, the giurnal variation
(f E_3 3Mc/s) shows consistently more sporadic—E
0TS

at Huancayo, a western station, as compared to the




complementary station, kodaikenal, during nizhtbime

in «ll scasons and in both sunspot maximum and minimum
guors (lig.£.1%).  During the daytime for IGY the
frequency oi occurienco ig very high for both stations
end, what dificrences there avre, are go small as to be
barcly significant. Ihe consistently higher leovel of
nighttime occurrences at Huancayo has already been
commented upon ond there is no similar daytime sbuction.
There does, howevoer, appéar to be & small seasonal
¢ffect in thot in winter the incidence ot Huancayo

is slishtly more while in suwmcer the tendency is for
the situution to reversc, In view of the difiercince
in the width oi the electrojet betwecn eastern and
western hemispheres (Rao, 1964) this smull chan e is
not of preet significance.

Since both Huancayo anc hodeikanal are equsboriul

totions it misht be expected that they cic both

L}

aficcted to the sane ciicet Dy chances in soler activitye.
It will be seen from fig.2.1% though thet there is
actunlly a .reater decrease at hodailkenal from maximum
to minimum solar activity. isome indiecation of the
latitucinel cxbent of the dectroject hes been given by
Gates (1959) and by kotadia (1962) for maximum and
ninimum so6lar activity conditions. This has bscn

used to consbtruct f£ig.2.14bwhich shows The occurience

of Eg ss g Tunction of megnetic dip for maximum and
minimun solar activity, ond also shows the pogition

of Huencayo and hodaikaneal.
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It is clecar thot at Huoncayo there will be only
o swmall deercease in the occuriyence of Es while at
Kodaikanal there will be an apparently preater decraase
fwvom 1GY to IW3Y. It is also worth noting that at
tarotonga g o equatorial type ES wiis observed in
IGY bubt not during ICSY, again indicabing the reduction
in the width of clouctrojet with decreasing solar
activity (Kerblay and Karochkine, 1966).

The frequency distribution shows more sporadic—E
at hodaikanal asbove 9.0 Mc/s during both 1957-58
and 1964-65 whereas very much more Es ig found at

Huencayo at lower frequencies (fig.2.14).
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CHAPIUR 3

SPORADIC~-1 DURING SUNSPOT MaXIMUM uND oUNNsrOT
MINTMUM YiBARS

3.1 Introduction

The relationship between sporadic-¥ and solar
activity has been studied by many workers. Mitra
anG Das Gupta (1962, 196%) found a positive correlation
between noon foES values and the occurrence of sporadic-E
(fOESj>5 Mc/s) at most of the stafions examined.
Chadwick (1961) obtcined a negative correlation between
the occurrence of L and solar activity et Feairbanks,
washington and huancayo representing auroral, temperate
and equatorial stations respectively. Thomas (1962)
found a negative corvelation at Resolute Bay, Daker
Lake and Churchill and a positive one at .finnipeg.

More recently, weddy and Matsushita (1968)
showed that a positive correlation existed between
solar activity and the blanketing frequency (bes} end
the occurvence of Es for'beS;;QOO Mc/s but below this
freyuency a negative correlation was observed at
temperate latitudes. They studied this relationship
by dividing the day into six periods of four hours each.
In order to have a complete picture, the diurnal and
seasonal variation of the occurrence of ES has been
compared from pole to equator during years of maximum
and minimum solar activity. TFor the same period
comparisons have also been made of the freguency
distributions ané latitudinel variation of sporadic-~E

in the present study.
- 4% =



The Gata used ic the same as in Chaopter 2 except thet
fuerto Rico hes been omitted due to the absence of

1Q5Y data.,

5. delationship bebween B ené goler activity

The diurnal variation of occurrence (fOESB'ﬁhG/S)
for iiesolute Eay, 2 polar station, sihows (£fig.3.1) that
MS is founua to be more frequent during sunspot maximum
years in the equinoxes between GLLL hrs snd 1800 hrs
and in winter between 1100 hrs and 1800 hirs whercas,
in the remaining period, it is moie frequent in sunspot
mininum years. There is no significant diiference
in the occurrence of By during summer for 1457-58 and
1963-64.  The irequency distribution of sporadic-E
(fig:3.%) shows a greater occurrence in sunspot maximum
thon in minimum years over most of the frecuency range
considered.

For Heiss Island the ciurnal variation in
summer and equinoxes (fig.%.1) shows a negative
corielation with svlar activity and also between 180y
hrs and 0200 hrs in winbter. Phere is no significent
difference in the remaining winter period. The
frequency distribution for Heiss Island (fig.3.3)
shows a greater occurrence of Eﬁ in sunspot minimun
then maximum years for all frequencies greater than
2.5 Me/s

The diurnal variation of occurrence ifor Point
Barrow shows (fig.3.2) a very clesr negative correletion
with soler activity Guring summer throughout the cay.

In the eguinoxes the correlation eftectively remains

- 4l o
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but at a much rcduced level relative to thot in summer.
bDuring winter the diurnal variction Goes not show any
apparent corvelation. I% will be noticed that in the
frequency distribution (fig.%.3) the occur:encos ere
very much more ouring sunspot minimum than during maximum
Years. Lowvever, the difiervence is barely detectable
at the higher frequencies because of a paucity of data
in this range.

Lt TromsG the diurnal veriation (fig.%.2)
shows a negative correlation in winter for all hours
of the day apart from the period 00-0400 hrs, between
the occurrence of B and solar activity. This negetbive
correlation occurs in summer during daybtime hours only
while in the equinoxes what correlation there is, is
positive. It will be noted that the negative correlation
in winter differs from the overall correlation which is
positive, this is probably not physically significant
since the raw dsta sample for I(SY is exceedingly small
and thus the error in the points on the graph will be
very large. 'Too much importance, therefore, is uot
attached to this negative relationship. £1though Tromso
ig strictly an auroral station the frequency distribution
of the occurrence of ES (fig.%.3) is nevertheless typical
of that of many temperate latitude stations. The
number of occurrences are found to be greater after
3.5Mc/s auring sunspot maximum yeais, while below tihis
frequency the distribution tends to be reversed. This
"Crossover' freguency above anc below which the

correlation with solar activity is positive and negative



respectively varies only slightly between temperate
latitude stations. Mitra and Das Gupta (1S63) found an
overall positive correlution with solar activity during
noon, The only other statiun &t higher latitudes
cousidered by these authors was [foint Larrow snd this
sheowed no correlation at noon for the occurrence of
Es (foEsfk 5.0 Mc/s).

At Providence Bay the diurnal variation of Es
ocecurrence (fig{§°4} shows no strong evidence ior a
solar activity dependence. During; the period 0U7+1500
hrs in summer and winter the dependence 1s negative and
positive respectively but at other periods there is no
significent difference, apart from a negative one during
the equinox night. The freguency Gistribution is similar
to that at Tromso with & positive and negative corzelation
above and below 5.5 Mc/s (£ig.3.6)-

In contrast with all the stations which have
been examined here, the diurnal varietion <& Uppsala is

k.

remarkable for not only exhibiving a consistently strong
positive correlation for ell bours of the day, but also
for the seasonal consistency (fig 3.4). The strength
of the soler depencence is surprising in that stetions
at only slightly different latitutes exhibit nothing
like the gsame consistency of Uppsala. is might be
expected, the frequency distribution also shows a very
strong dependence, particularly at the hiph frequency
end of the range, withﬂa crosgsover frequency slightly

lower than the two previous stations at 2.5 lMc/s (£ig.3.6).
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£% Blough a regular diurnal variation in the
E, occurrence (fig.3.5) has been found in all seasons
for sunspot maximum and minimum yoars. In summer
between LUBLU wnd 1600 hrs and in the equinoxes between
0900 and 130 hrs more ES is found during sunspot minimum
years. At all other times and during winter there is
a positive dependence on solar activity. The frequency
distribution at Slough (figz.3.6) is similar to thut
already described with a crossover frecuency of 3.5 lic/s
for quict anc disturbed days.

At idak, the relatively regular diurnal variation
is found to be siwilar bto thet ab Slough (fig.%.5).

Again there is a daytime period between 080C and 1500
hrs in summer and between 1000 and 1400 hrs in the
equinoxcs when a negative solar activity depencence
exists but, in winter, the dependence is entirely
positive. In the remaining period in summer and
equinoxes the dependence tends to be positive but is
rather variable.

The frequency distribution at adek is normal
and much as would be expected by comparison with other
stations at similer latitudes (fiy.3.6). During
solar minimum conditions, however, the distribution
below 3.0 Mc/s is anomalous end quite at variance with
the other stations. AL frequencies greater than 3.5MNc/s
there is no significant Gifference between the solar
meximum and solar minimum graphs. Below 3.5 lic/s

the distribution shows no sizn of reaching a peak and



keeps increasing towards the lowest frequency at which
observations were made.

If the seasonal frequency distributions
(fig.3.9) arc cxomined though, very real changes arc
observed. The summer distribution is similar to what
would be expected in that there is a maximum with a
crossover frequcncy at 4.0 he/s. In the equinoxes the
maximum hes larsely disappeared giving a plabcau region
while, in winter, a steacy monotonic incresse towesrds
zero frequoency is obscerved. It is more probable,
therefore, that tuig anomalous resultant frequency
distribution (fig.3.9) is a consequence of the cquinox
and winter values. If the threshold frequency for
Adak, thereforc, is low then & high ncgative coryelation
will be obscrved Gue to the dominating effect of the
equinoxes ant winter.

The diurnal variation at Akita (fig.%.7) shows
more prolonged periods of negative corrclation between
the occurrcence of ES and solar activity than at 3lough
or Adak viz., summer between 0800 and 1700 hrs, eguinoxes
between 070G and 1500 hrs and in winter betwcen G900
and 1400 hours. These periods correspond asproximately
to the changes in the time of sunrise and sunset between
summcr and winter. At other timcs of the day the
corrclation is precominantly positive. By sunalogy
with the results found at Adsk, Slough and Tromsd a
cross-over ircquency in the frequency distribution

(fig.3.9) can be identified at 4.0 Mc/s for quiet and
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disturbed conditions, there being a strong negative

Pl

correlation for frequencies less than this value.
4t greater frequencics any corrclation is hidden by
random fluctuetions.

he fluctuations in the diurnal variation
curves (fig.3.8) for Bopota largely conceal any possible
rolation between the occurrence of Es anG golar activity.
A winter period between 080U and 1700 hrs and, in the
equilnoxes, one between 0800 anc 1500 hrs are the only
occasions when a sustaincd relationchip is apperent.
At all other times no appreciable difirecrence can be
observed. “"he frequency distribution (fig.%.9) again
inc¢icatves a crossover frequency of 4.0 Mc/s for quiet
end. disturbed conditions with a ncegative corrclation

between the occurrence of E and solar activity below

this valuc. At higher frequencies there is no significant

difference between solar meximum and minimum conditions
in the occurrence of ESU

Unlike other tempcrate latitude stations,
Teipei shows more sporadic-E during the night hours of
summer &t solar minimum as compared to solar maximum
conditions (fig.3.8). Tor other seasons there is no
significent differcnce in the occurrence of L apaxt
from a winter dey~time period between‘0900 and. 1500
hrs when the occurrence is found to be more in sunspot
pinimum years. 4t Taipei, like other tempeirate
latitude stations, the frequency distribution (fig.3.9)

shows a necgative correlation between the occurrence of
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Es and sunspot activity below 4.0 Mc/s and a positive
one between 4.C and 6.0 Me/s.

£ negobive corrclation between the occurrence
of gporadic-E and solar achtivity has been found at the
high letitude stations of Heiss Island and Point Barrow
and no sipgnificant corrclation =t Providence Day and at
Adalr. However, this negative correletion has not becn
found at Resolute Bay, Uppsala, Tromsd or Slough in the
present analysis since, on the contrary, a gositive
correlation is observed. Lis the discussion in the
previous chapter has indicated, there was a relative
increase in the occurrcence of Es irom sunspot maximum
to minimum years for all the stations in thc ecstern
zone as comparcd to those in the western zone. It is
suggested that the opposite modes of behaviour are due
to a change in the position of the north dip-pole from
sunspot maximum to minimum ycars towards the northwest.
Thus this necgative correlation st Helss Island and
Point Barrow and the gero corrclation at Providence
Bay and Acak bebween the occurrence of Es and solar
activity at these easturn stations might reasonably
hceve been expected.

In this enalysis the occurrcnce of sgporadic~E
has been examined during 1957-58 (sunspot maximg) and
196465 (sunspot minima} firom fQES data and a ncgative
correlation between the occurrence of sporadic-E and
solar activity has been found at lower frequencies at

all temporate latitudes. This agrees with the analysis
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of Reddy and Matsushita (1968) who examined f ES deta

b
from 1958 to 1965 in a diffcerent manncr for tempcrate
latitudes and for which an cxplanaticn has been offered.
The negative corrclation ot lower freguencics ariscs

from small windshcars, e.g. ay = 5m/sec/km which can

d[
procduce detcectable ES when ambient Li-region ionization
n /Il
my

(n ) 18 small and with - during low sunspot

o \no’mm
a-tivity, but cannot proauce detccbublo h Guring high

sunspot activity when \( and 1, is larger.

/ min
Therefore, cven if the smaller windshears have no

eppreciable solar cycle variation, the smeller fO s
values resulting from these small shears will show a

marked negative varistion with solsr activity.

3.3 Liguatorial stations

At hodaikanal, which is an ogquatorial station,
there is a small but significant change in the diurnal
variation of ES occurrence between suvlar maximum and
ninimum counditions (fig.%.1). In all scasons there
is an increasc in cccurrcnce during the late aftcernoon
for solar meximum conditions. This is not eccompanicd
by s corresponding early morning change when no appreciable
diffcronce is observed. During the night-time hours
the incidonce is very slight for all solor counditions
and little can be said about this period. The frequency
distribution for Kodsikanal has been plottced in terms
of one rather than half Mc/s intervals on account of

the irregular distribution (flg N2) s Phe result is
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very different from that at any other latitude in that
there is a tendency for a bimodal distribution to be
present with a small pcak at about 3lMc/e and a larger
and broader peak in the range 9.0 to 12.0 Me/s. The
two peaks are a consequcnce of the data covering a
twenty~four hour period, since, as has been shown
(Sakscna, 1965), the 3lic/s peak is a night event while
the large high frequoncy peak relates to the day-time
poriod. It should be pointed out also that this large
change in behaviour from day to night does not occur
at other latitudes and the frequency distributions for
the temperatc and auroral stations considered earlier
in this chapter, which also cover twenty-four hour
puriods, are not mislcading in the scence that Kodaikanal
might bec. When total occurrences greatcr than 3.0Mc/s
arc considered it is not immediately obvious from bthe
distribution whether there is any correlation with
solar sctivity and this is reflccted in the fact that
there is only & small difference in the diurnal curve
for IGY and IOBY.

The results at the othor equatorial station
Huanceyo are quelitetively very similar to those at
Kodaikanal, The late afterncon increase and no carly
morning change in IGY is again obscrved but the night-
time incidence is, however, very much greater than at
Ko¢aikanal (fig.3.11). The frequency distribution has
a much more pronounced bimodal ferm than that at
Kodaikansl with the low frequcncy, .3 to 4 Mc/s peak,

ggain rclating to night-time (fig.3.12)
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The frequency distribution dous, nevertheless,
show a decrcase in the most probable frequency with
decreasing seler activity.  The most striking feature
is the reduction in the most probable frequency for both
high ond low frequency modes from maximum to minimum
solar activity. This indicates a clear dependence
of the day and night modes on solur activity. What
is also noticeable is the close similarity between the
distributions for quiet and disturbed days in IGY and
aguin for ICGSY.  The two sets of dets for quiet and
disturbed days arc cemplcetely indepencent of each
other and hence the close agreement butween the two
distributions for two solar conditions indicates that
a valid physical intcerpretation can be placed on the

rcesulte.

5.4 Seaso,.al Varistions

‘fhe frequency distribubica for summer and
winter has been comparced during IGY sad TosY for four
temperate latitude stations. In winter Ez is found to
be more frequent than in summer in the lower Ireguency
renge at Slough ond rdak (fig.3.13) during both IGY
and IU.8Y. Over the same frequency range at wkita
and Taipei, which are typically representative of low
letitude temperatc stations, Es‘i& more frequent during
the ToSY only (fig.3.13). At the higher frequencies,
howe: 21, the incidence of Ba‘is greater in summer

relative to winter for all the cases considercd.

Matsushita and Reddy (1967) have suggested thet there
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is a dependence of the maximum ionization in ES layvers
on the¢ maximum background ionization in the & regione.
ledady and Matsushita (1968) also sugpested that the
negative correlation with solar ectivity, which
occurrcd at low frequencies, ariscs from small windshears
which can producc dutectable ES when N, the ambiont
ionization, is small i.c. in low solar activity, but
cannot prouuce doetoctable ES whon n, is larger during
hipgh solar activity. This has been confirmed in tho
present study using fOES data by computing the froquency
Cistributicn of By for IGY and I¢SY.  Bince the ambient
ionization is smaller in winter then in summer, the
small windshcars (U/na 5 m/sce/kn) can produce dotect-
able BS in winter but the seme wvaluc of windshear will

not be able to produce detectable ES in summer when o

is larger. 'Thus the sporadic-~E in thc lower froequency
rangc at these sbtations should be more in wintcer then
in summer. At the higher temperate latitude of
Slough and idak, such a éistribution has been obtained
for both high and low soler activity wherceas, at the
lower temperate latitudes, ukita and Taipel, this
distribution is only obscrved in low solar activity.
During high solar activity at skita and Taipci the
embicnt ionization in wintcer is appercently not small
enough, as comparcd to its summecr value, to produce
detectable Es’ Hence there is little difference in
the incidence of & between winter and summer in the

low frequcncy range at these stations.



From tubles 2.3% and 2.4 it will be noticed
that highcer windchears occur in summer then in winter
for both stations. Thus the more froequent occurrence
of high frequency i in summer follows dircctly from
this. This cifect has been found for all the stations
considered herc i.c. Slough, Adak, Akita and Taipei.

Additionally, of coursc, the ambient E-region
¢lectron density is greater in summer then in winter
and this fuctor by itscelf will result in tho most
probable frequency being incrcased from winter to

summer.

3.5 Latitudinal Varigtion

The solar activity dependonce of ES as a
function of latitude has also been examincd by using
tho freguency distributions which have already boen
derived. From such a distribution the most prebable
valuce of foEs can be measured and these hove been
plotted as & {function of latitude in fig.3.14 for IGY
and I¢5Ye.  The error bars relate to that frequency
spread which has an occurrcncce probability of 8Cw of
the most probable frequencye.

The southuern hemisphere velues during IGY
arc based on dabta given by Saksena (1964) and also
rclate to & twenty-four hour period. in 3.4 shows
that the most probable value decreascs from the equator,
where the veluus ars anomelously high, due to the
cleetrojot during the day time, through a plateau~like

rcgion in the low temperate latitudcs to a trough in
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the euroral zone ond then increascs agfain towards the
polar cap in IGY. In IQSY the general features remain
the samc cxcept that the high letitude trough eappeors
to be displaced by a few degrees towards the cguator.
While the auroral zone proper moves polowards, it is
not characterized by ony unusual most probable valuc.
Thus, since all the Es betweun therc and thecoquator is
primexrily of the windshcar type ond it is known that
both windshear and f I decrease from IGY to IGSY, ubis
togethor with the lack of caange in the most probable
value of foEs in thc polar and auroral region makes
such a movemcnt of the trough quite feasible.

It is cleer that thore is a distinct increase
in the most probable value over the range of latitudus
from cquator to at least 60° North botwecn I0,8Y and
IGY. This positive depcndence ou solar ectivity is
far more distinct than that found by using pccurrence
valucs.  The magnitbude of the change, cbout 1.0 he/s,
is in fzet very similar to that observed in noon fOE
velucs. Thig positive corrvclation has beon suggested
in a difforent way by othcer workers, Das Gupta and
Mitra (1962), Mitra and Das Gupta (1963) using occurr-
ence probabilitics and hedéy and hatsushita (1968)
using both occurrence probabiliticvs and average
freguency.

These approaches, including that in the
present work, suffcr from the disadventage thab if

the data sample tends to becume small the results will
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be unrcliable, With the most probable freguency,
though, cven a small dota ssmplc allows this guansity
to be determincd with reasovnable accuracy. Apart from
the cquatorial stotions there is a small reduction in
the most probable frcquency from day to aight at =21l
othcer stations.

The pointe in fig.3.14 thue refer to data
over a twenty-four hour period. The equatorial wvalucs,
however, have bucn separated into doy end night-time
ones on account of tho excecvdingly large change.

This lerge chonge, of coursc, is responsible for tho
bimodnl distributions for Hucncayo and kodaikennl shown
in fig. %.12.

The latitudinel voriation in the noon
oceurrcnce of Es‘for foEs = % le/s and 5 lic/s is
shown in fig.%.15 for IGY and I(BY. The rcesults for
the equinoxces are given since summer and wintoer show
no noticeable differecnce in behaviour. It is immod-
iately obvious that in temperate latitudes a negotive
correlation with solar activity exists for fOES;; 3 Mc/s
whercas there is a positive correlation for f E_ Z 5 Me/s.

This change from a positive to mnegative
dependence is mislcading for it is not a physically
meaningful result. Some idec as to how this situation
ariscs is given by the following excmples.

Fig.%.16 shows two frequency distributions

on gquiet dcys for IGY end IiSY as being represcntative
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of typical temperote lotitude stations. It is clear
that if the oceurrcnce probability for ell fregquencics
greater than a certain frequency volue ig the paramcter
being used, then for all freguencics greater than fc
there will bo a greater occurrcnce probability for

IGY than ITwoY. Yhisis simply because the occurience

probability is the arca undcr the curve. For o
frecgucency slishtly lcss than fG the dependence on
solar oetivity will still be positive but less than
for frequenciuvs slightly greater than fcn Clearly
alsoy as thoe frequency is further reduced, so also
will the dependoence be reduccd until a frequency f/
will be rceached where there is no dependconce i.c. the
arcas under the two curves arc equal. For frequoncices
less then f/ the area under the IyusY curve will be
greater then that under the IGY curve ond thus a
negetive dependence will existe.

The differcnce between occurrence probabilitics
in IGY ond IGSY has been calculated for a number of
different frequencics and normelized to the IGY
OCCUTTENCT 10w

(No. of occurrence in IGY - No. of occurrence
in TusY) > £

- — — x 100%
(Wo. of occurcence in IGY) > 5

Fig. %.14(a) shows A for Slough on quict
days and the change from negative to positive dcpend-
ence is readily apparcnt. The actual frequency dis-

tributions to which this graph refers arc shown in
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fig. 3.6. iefervnece to £ig.3.7(2) for the annual
diurnal curve shows o fairly coansistent positive
relationship for frcquoncics greoter than 3 Mc/s.
rhig is in agrocmeat with fig. 3.17(a). Figs 3.7(2)
and 3.17(a) both refcr to twenty-four hour periods
wherees T£ig.3.15(2) roefers to the noon poriod and
ot T By > 3 Me/s a ncgotive relationship is obscrved
in fig.%.5 in summcr and equinoxcs. If fig.3.17
had bcen plotted for the noon period it would have
been displaced to the right on account of the most
proboble frcguency being hipgher and A at 3lMe/s would
heve boon slightly negative. This would then be in
agreement with the results of fig. %.15(a). In fig.
%3.15(b) for s> 5 Mc/s there is a positive rclation~
ship as indicated by fig.3.17(a). & sccond cxamplc
in £ig.%.17(b) shows A for qguict days at akita
again for & twenty-four hour period. The minimum
in the curve at 5 Mc/s is due to the rether irrcgular
decrcasc in the high frequency range of the distrib-
ution curve (£ig.%.10). The cross-Qver iregquency
f/ is higher then at Slough since Akita is at a
lower latitude. Comparison with figs 3.15(a) and
3.15(b) for foEsif % lc/s and > 5 Mc/s shows that
the relationship is negutive and positive respectivelye.
If allowance is m=zde for a small horizontal shift of
the curve 2b to relate to the noon puriod, thoe above
observations are sccen to agroee.

Thus thce sign of the dependence of the

occurrence probability on soler activity with frequency
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can be fairly sinply explaincd in terme of a decrcaso
in the wost probable velue i.e. o sideways shift of
the frcequency distritution curve. Since foEs is
closely related to By which is in turn closcly
reloted to £0E~ the solar activity dependence of E.
in tomporate latitudes can be qualitatively accounted
For.

One factor which is necessary ior the
above explanation to hold is thet the number of
occurrcnces of thie most probable frecquency (fm)

ghall incrcase a8 fm ducreases with solar activity.
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4.1 Introductiin

appleton et al (1937) tirst studied L, in
the auroral zone and found a positive correlation
between asuroral sporédic-i and magnetic activity.
omith (1957) also found a positive correletion at
an esuroral station but & negative one in hizh temperate
latitudes between the oicurrence of ﬁs anG magnetic
activity in the Northern hemisphere. A similar
result for the gouthern hemisphere was observed by
Saksena (1964) torether with a negative correlation
in the southern polear cap. Thou.s (1962) shoued
that there wes a positive correleation between the
occurience of ES and. magnetic activity at various
northern hemisphere auroral stebions and & netative
correlation at the poler station with e difierent

gpproach.

Positive correlations in the low temperate
latitude zone have been claimed by Singh (196%) for
one stution and Yien-Nien (19€5) Ifor a number of

stations. It is thus of some interest to study
the occurrence of sporadic-E during sunspot maximuu
and sunspot ninimum years in order to find the
difference between the two for quiet and ¢isturbed
days.

A number of stations. from the pole to the
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equator, especially those stations near the upper and
lower boundaries of the northern auroral zone, have
been studied. The result of this work gave rige to
the idea of & possible movement of the auroral zone
from sunspot maximum to sunspot minimum years and
that the apparent correlation between the occurrence
of Es and magnetic activity at Low tenperate letitudes
depends on different conditions such as solar activity,
the season and the type of E,.  For this work a
number of stations additional to those in Chapter 2
have been used.

4.2 The Diurnal and Seasonel variation of the

occurrence of sporadic-E on guiet and disturbed

days.
The diurnel variations have been drawn in
figs #.1 = 4.14 for the percentage occurrence of I

(£ By > 3 Mc/s). At Resolute bay (fig .4.1) the

S

percentage occurrence of Es in IGY is generally
greater on guiet as compared to disturbed days for
most hours of the day in all seasous, apart for a
period between 0600 and 1800 hrs in summer where
the situation reverses. During sunspot minimum
years the percentage occurience of Es is again
found %o be more on quiet than disturbed days in
all seasons and for all hours of the day with only
a minor exception during summer midday.

Fletcher's Ice Island (fig.4.2) during

the IGY shows a strong negative dependence of the
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occurrence of E_ on magnetic activity for all hours
of the day in all seasons.

In the years of minimum sunspot activity
at Heiss Island (fig.4.3 ) a clear positive corwel-
ation is observed in all the sSeasons apart from &
period in the late evening i.e. between 20-~2200,
18-0U and 18--2300 hrs in summer, equinox snd winter
respectively. During these periods there is a
very clecr negative dependence on magnetic activity.
There is an almost identical situation during IGY
with this late evening reversal in the magnetic
¢cmendence.

The principal difierences lie in the
enhanced positive daytime dependence in IGSY end
the slightly greater nerative dependence at night
in IGY. It will also be observed thot while there
is & trend towards a positive magnetic dependence
in the IGY it is not nearly so pronounced as during
the IwsY.

4t both Resolute Bay and Fletcher's Ice
Island the occurrence of E, on gulet and disturbed
days in IGY and IGSY exhibits feetures characteristic
of polar stations and similar to those described by
Thomas (1662) and Seksena (1964) using different
methods.

Lt Heise Island the situation changes from
IGY to I(SY. The greater occurrence of Es on

disturbed days for much of the time suggests that
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the station was well within the auroral zone in
sunspot minimum years but the absence of any
significant difference between quiet and disturbed
days suggests that the station lay only on the
edge of it in sunspot meximum yeears.

' Point Barrow and Tromso ({igs 4.4 and 4.5),
both of which are within the aurorsl zone, show
more frequent ES during disturbed conditions for
the IGY and IGSY for all hours of the day. Thisg
applies to all scasons, the only consistent departure
being for a short period centred around noon in
summer when the relation becomes zero or negative.

At Frovidence Bay :fig.4.6) in IGY there
is more ES on disturbed days than on guiet days for
most hours of the day, &part from the period between
OTuG and 1500 hrs in suamer, wacen the relative
occurrence reverses. During sunspot minimum years,
however, this pronounced differcnce bebtween quict
and disturbec Jdays hes effectively vanished.  The
higher occurrence of Eé in disturbed conditions thus
suggests thet this station was well within the
auroral zone in the IGY but was on the edge of it in
the IGoY. Thig is the reverse of the situation
which was observed at Heiss Island on the northern
side of the aurorsl zone. There is, thereciore,
a possibility that the sporadic~E auroral zone may
hRave moved between sunspot maximum and sunspot

minimum yeers towards the pole.
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The occurrence of ES at Uppsala (fig.4.7)
is found to be generally grester on quiet as compared
to disturbed days in all zcasons of the IGY and
IGEY throughout the day, but the difference between
quiet and disturbed days is not very signiiicant
in IGSY winter. This station is at only a slightly
lower latitude than Irovidence Bay and it does not
show the different magnetic behaviour between
sunspot maximun and minimum years that is evident
at the latter station. The varictions at Uppsala
are, in fact, more similar teo those of a high
temperate latitude station.

Slough (fig.4.8) which ig also &« high
temperate lotitude station, again shows slightly
more frequent Es on guiet as compaied to disturbed
days for most hours of the day and in &all seasons.
This applies to the IGY and IGSY but, in the latter
period, the diiference between guiet and disturbed
days appcars to be smaller. The negative relation-
ship tends to remain in the night--time hours but
the data sample is so small as to meke any comparigon
of doubtful wvalue.

The diurnal end seasonal variations duriag
the IGY and IQSY at adak (fig.4.9) do not show any
significent diffcrences between the quiet and
disturbed day incidence of Eso This result is
somewhat unexpected since, as a high btemperate

latitude station, it would be expected to show a
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slight negative dependence on magnetic activity.

It can only be concluded that the random fluctuations
from hour to hour are sufficient to conceal any such
dcpendence or relation. The raw data itself
containg no obvious anomalies, but it might be noted
that the frequency distribution in IQSY shows an
abnormally large number of occurrcnces at the low
frequency end and this may, perhaps, have some
influence on the IQLY diurnal curve.

In ordcr to explain the apparcntly irregular
behaviour in the diurnal variation of Es occurrence
cen magnetically quict ond disturbed days, an abtenpt
has beeon made to interpret this behaviour in terms
of short ané long term movemcnts of the auroral zone.

The menncr in which this hcs been done will
be described in Chapter 5 but fig. 5.7 shows the
diurnal variction for the northern and sovuthern
boundarics of thce sporadic-I auroral zonce for the
sunner and the winter scasons during IGY and IGSY.
The positions of the stations considered in this
analysis are also indicated on the diagram and the
stotion latitude has been mcasurcd in terms of the
nunber of geomagnetic degrecs éaway from the mean
visual curorcl zonc. It should be noted that most
of the high latitude stations have becn uscd to
produce this diggrem, which is thus a meen represent-
ative curve, end will now be compared with the

results for cach individual stotion.
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The diagram is not cn independent result
but provides a check on the intcrnel consistency
of the¢ date for cach station, In this section the
sunncr and winter scasons only are considered, since
they represent the extreme positions, while the
equinoxes arc only intermedicte positions.

¥ig., 5.7 shows clearly that both the northern
znd southern boundaries of the spovadic-E aurorcl
zono are a4t a higher latitude at noon than &t midnight
and that they arce in general at a higher letitude in
ItSY than in IGY,

In figs 4.1-4.8, when the disturbed day
curve is above or below the quiet dey curve, the
ratio (k) of the occurrcnce on Gisturbed to thet on
quiet days will be greater or less than unity
respeetively. Th¢ boundaries of the sporadic-—E
aurcral zone arce defincd as thosc latitudes where
this ratio is unity. Thus points above the upper
boundary i.e. in the polar cap and below The lower
boundery, i.e¢. in high ﬁempermte latitudes, will
have = roatic lcss than unity, while those between
the two boundories, i.t. in the suroral zons, will
have @ ratio which is grecter than unity.

The position of icsolute Bay suggests that
this station was -necr. the auroral zone during thoe
IGY and- I+SY conlyw - The baly timé wken &h auroral
effect hag been observed.in the ES,Occurrence'is'

around IGY summer noq (Fig41). In the IGY summer
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night-time and throughout the winter dey in the IGY,
this station is completely outside the auroral zonc.
This agrees with the quiet day occurrcnces being
greater than those on disturbed deys. In IC8Y

the samu reasoning applics and the lack of any
dependence of Es occurrcnces on magnetic activity
around summer noon is to be c¢xpcceted il the position
of Resoclute Doy is on the edge of the auroral zonu.

The Fletcher's Ice Island stetion was cn a
drifting floc during the IGY and so its position
can only be defined as within the renge 80-8%°N
(geogrephic latitude). Even with this limitation
the station is seen to be always above the upper
boundary in IGY.  Bimilarly the quiet day Eg
cceurrence is greater thoan that on disturbed days
in both summcr and winter sc that this station wos
always in the polar zone in the IGY (fig.4.2).

The results at Heiss Isglend show that thore
is o discrepancy between the diurnal curve and f£ige.5.7
In IGY winter the disturbed day occurrcence is greater
and loss than the quict day onc at noon end at night
respectively, with the night diffcrence being greater
than at noon. This situation is what would be
expected from fig.>5.7. In sunmer, a greater disturbed
day occurrence would be expceeted at noon, changing
to o smaller one at night. The diurnsl curve of
Es (fig.4.3) shows thct, wuile the lattor feabure

is obscrved, the situation at noon is not in agrccment
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in that at and before noon the quict day occurrence
is predominant while only in the afternoon docs it
become less thonm the disturbed dey onc. While there
is no apperent cxplanction for this disereponcy

it might be notcd that the 1100-13LG point, which if
increascd to >4 would remove the discrepancy, is
based on 2 very small number of disturbed day
occurrences and so is statistically unreliable.

In the IQSY the summer variaticn is simpler
than in IGY in that k » 1 throughout the day time
period, although only marginally so during the
morning, whilc at night k is only on avcrage <1.
During wintcr k becomes very large in the day time,
suggcsting that the stotion is now located more
towaras tone centre of the aurcral zone and noct on
the edge as in summer, while at night k <1.

Point Barrow and Tromso, which are about
1° apart in latitude, show similer diurnal changes,
the ussential fcatures of each station boing tho
same (figs 4.4 ond 4.5). At Point Barrow in summor
k is a minimum around noon, being about one in IGY
and much luss then one +n IgSY corresponding to & position
near the edge of or boundary of the auroral and high
tempurate latitude rcgions.

During the morning and afternoon k increcscs
above onu and then Quring the night returns towards
one again. This corresponds in fig.5.7 to passage

seross the auroral zone towards its northern boundary
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at about midnight. During.winter in both IGY and
IGS8Y k is greater than onc throughout the whole of
the day but tends towards onc at midnight, agzin
corru.sponding to a position on the upper boundary
of the zone.

Tromsd, in summer, cxhibits «n almost
identical variation to that at Point Borrow with k
in I« SY buing much less then one. In both IGY
and IGSY it increascs above onc in the morning and
afternoon and then rcturns to one at midnight.
Winter also shows k to be onc at midnight and midday
with greater values in the morning and afternoon.

It will be scen from fig.5.7 thot it is
only around midnight that Providence Bay is situated
necr the southern edge of the sporaodic-E euroral
Z01E o At 81l other times of tho day it is below
the zonc. During summer, thercfore, k should bc
lcss than onv apart from a short poricd ccntred on
midnight when it will be cqual to or slightly greobter
than once. This bchaviour is basically observed
with k grcatcer than one for a period ncar midnight
in IGY and for a period after midnight in IQSY. The
minimum valuc of k which would be expected ncar noon
is obscrved in IGY bubt is not so apparent in IGHY.
In IQSY wintcr the diurnal variation is confused
and connot readily be interproted but im IGY winbter
night, when Providencc Bay is forthest ingide the
auroral zone, very large volues of k arc obscrved.
(fig.4.6).

- 70 =



According to fig.5.7 th: only time when
Uppsela should be an auroral station is again a short
period around midnight. At 2ll other times it
should bihave o8 a high temperate latitudo station
with k < 1. On a diurnal basis (fig.4.7) this
i8 goenerally cbscrved with the minimum valuces of k.
at or ncar noon cnd valucs tending to onc towards
nidnight. There 1s also a tendeney for k to be
greater than once in IGY wintoer midnight but in I0EY,
whon Uppsala should be some digtonce south of the Iower
boundary, k actunlly becomes zuro.

Slough should bc purmancntly south of tho
aurcorcl zone with k being congistently (1. During
the IGY this is in fact obscrved, while during IQSY
sunmer kK is marginally €1 but during winter the nunber
of occurrvnces is rclatively smzll ond no siganificant
aifferences can be obscrved (fig.4.8).

The gencral agreemcnt botween the diurnel
variations at the individual stetions and the
compositu diurnel verietion of the sporadic-BE
curoral zonc in fig.5.7 hes been summarized in

Tablce 4.1.
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TABLE 4.1

Station 1 Sunmor Wintcr  , Summer | Winter
_ IGY ) IGY . __”_1 by ‘ IL5Y
Noon . Mid- ‘Noon . Mid- " 'Noon ; Mid- .Noon  Mid-|
i ] ' ‘Night ; . pight, it . night . might
i ‘ { : ) S Py
 Resolute ! o+ P A L B
Bay f P ¥ f % 0o ':ﬂ X —i{X. eix (= X
i r X : ; 1 :
C qo e A '
» Flcetcher's o ~ ‘ X = iy | I ‘
| Island ‘ | | | d R ?
Hoiss SRR x ' b o : | '
| ¢ ‘ - - b+ 1 x - - X0 Y ox
' Islond o x %+ X0 . X0 }
- | o P [ % ! t g
' Point + X 4+ x4 okl . ORI
BArTouW i r R~ iX ‘,‘ X+ «X o 4+ X
| - | o SR
‘ Tromso H x # P+ x 01 x (-lx|+ 'x +x §+‘ x|
| Providened - 1 x ﬂ+i £+ (o P i} :
L + : ) X [T . - &
Bay % : T D % [ ~ A P X
. ! : 1 i ! | - !
. N ,, K SR A R ’
iUppsala = F o+ X |- 1X p o x e X;— X r“& - X
. . - | . ‘“‘ . 1 ‘ , i i » ‘ ‘:J a
 Slough J" e o o el St b R S R
, i - SRR O S M e i -
Tn this tablc noon and midnight rofoer o
o , Lo |
three--hour periods contred around thesce times. The

+ ond - signs rcpresent volues of kK D 1 and 5 1
respectively and o indicates that k is cqual to 1.
Ringed signs are thosc in which k is only slightly
diffcrunt from oncs An x in the sdjoining column
indicatus agroement between an individual station
and the compositec curve.

It is clcar from the table that overall
this is good and implics that a sclf-consistont
¢xplanation haos beon obtained.  Thus, in the light
of the above discussion, most of the epparcently
irregulor chonges in tho giurnal variation of ES

occurrcnce on magneticelly quict ~nd disturbed days
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can bu vxplainced. The modcl reuguires thot the
sporadic-E oaurvral zonc itsclf hcos 2 diurnel movemont
with o minimum lotitude ebout midnight end a high
lotitude limit about noon cnd the overall ogrocumont
butwoeen obscrvations and model is entisfacory in vicw
of the¢ non-uniform distribution ol the stetiong with
lotitude ond the relitively small number of stetions
availlable to determine the bounderics of this curoral
ZONC e

At the low tcmpoerote latitude station,
Akita, a scasoncl chonge has boen noticed in the
rclationship between the ocourrunce of By ond
nognetic activity during the IGY (£ige4.10). A
snall negotive dependence hes been found for most
of thce twenty-four hour period c¢f the summer months
ond a slightly larger positive depeondence for the
cquinvux munths at @1l hours of the doy. Mo significont
diffcrunce has been found in the occurrence of ES
on quict and disturbed days in wintor nor in my
scason in IGSY.

Pucrto Rico docs not show any relation
between the occurrence of Es and megnetie aetivity
in any secson during the IGY (fig.4.2).

4%t o lower latitude, Bogota shows morc
frequont Es in the summscer ond cquinox on disturbed
days as comparud to quict days for most of the day
during both sunspot meximum and pinimum yoars (fig &4.11) .

Howover, in wintcr months, the occurrcnco of Eg
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exhibits a negontive dependence on moagnetic activity
during IgsY and nonc ot all during IGY.

At Taipci no significant variations orc
obscrvud for c¢ither the IGY or the ISY epnrt fron
e. small positive ond ncgative dependence Quring the
forcnovn nmd afternoon respectively in the TiSY
cquinox (fig.4.12).

The above depundences can be provisiunclly
accountued for in toerms of tﬁu'varyingvprodominances
of the various typus of Eg which have differcent
relationships with magnetic cetivity. These will
be considercd in morce detoil in Chaptor 6.

At both the cquetorinl stations Kodaikenol
end Huencayo (figs 4.1% and 4.14), the diurncl
variotion shows a very high incidonco of.ES auring
daytine in all scasons for both quivt and disturbed
dcys, which tends to be onc hundred porccnt for
much of the timu. A slight but significant ncgotive

depundence is obscrved during the IGY end IGSY.
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4.3  Y¥requency distribution of B,

s

The frequency distributions as a function
of guiet and disburbed magnetic conditioans have been
plotted in figs 4.15~4.18. The distributions
discussed here represent data teken over all hours
of the day and all seasons of the years considered.
The distributions are thus averages over all hours
and seasons and the comparison made should be
comparcd with the overall behaviour of the stations
in the previous section.

At Resgolute Bay, TMletcher's Ice Island and
Heiss Island the ES occurrence is found to be greater
on quict days as compared to disturbed days for
most of the Irequency range in the IGY.  During
IgsY the frequency distribution at Rtesolute Bay is
similar to that in IGY but at feiss Island the
opposite effecct is observed (fig.4.15).

At this stavion the Es occurrence is more
frequent on disturbed days rather then quiet days
throughout the whole of the freguency range. This
beheviour is characteristic of that found in the
auroral zone and similar to that found for the
auroral stations observed below. This approach
provides additional evicence for regarding Belss
Island as & station on the edge of the auroral zone
or just inside the polar cap in sunspot maximum
ycars but inside the auroral zonc during sunspotb

minimum years. This change in magnetic activity
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behaviour thus agoin suggests that there is a
movement of the euroral sporadic-E zone from sunspob
maximum to sunspot minimum conditions.
At Tromso and Point Barrow the freguency
distribution shows that Es is mure frequent in
disturbed than in gquiet conditions during both the
IGY and IubY for all the frequency range above
3.0 Fie/s. below this frequency the situstion is
confused and en interpretation is Gifficult but
this is of little consequence ag the important
range is ab higher rather than at lower frequencies (fig41€)
This is the disvribution to bec expected for auroral
stations having a positive depenCence and a similar
result is obtelucd for Providence Bay in the IGY in fig4.17 ,
During the I46Y, however, Providence Bay (fig.4.17)
shows & graater,Es incidence on guict deys which,
as has becn noted, is the beheaviour expected of a
high temperate latituce station. It is aguin
concluded, therefore, thot in contrast to the situation
at Heiss Island, Providence Bay hos, Oon average, an
aurorel zmone location during the IGY but a high
temperate latitude one during the IySY, apain lending
support for an auroral zone movcment.
At Uppsala and bBlough the distribution on
ouiet days is greater than thet on disturbed days
throughout most of the fregucncy range during the
IGY. In IQSY the same effect is observed but the

difference botween quict and disturbed days is not
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so great (figs.4.17 ond 4.18).
J ‘ (fig.4.18)

The frequency distribution for Adek, however,
which is at a lower letitude than Slough, shows no
significent difference between the quiet and disturbed
day occurrcnces, which is to be cxpected as one moves
towards mid latitudes. As at ALdsk, 711 the low
temperate latitude and cquatoricl stations show no
significent diffcrence between the occurrence of Es
on qguict and disturbed days and so indicate the lack
of any depundence of Es on magnetic activity. bince
the distributions provide no useful information, they
are not shown herc.

4.4  Cumulative distribution of E

Using the frequency distribution of scecbticn
4,3 the cunulcetive distribution of L with a
logarithnic ordinate has been drawn during conditions
of maximum and minimum solar activity for a number
of stations from the equator to the north pole.
Linear relationships are obtaincd at ell stations
betwcen the frequency (fQES) and the percentage
occurrence of Es exceeding it for all frequencies
which are greater than the most probable freguency
(fpﬁ? at that particular station. For high and
teﬁperate latitude stations prS lies in the range
of 2 - 5 Mc/s but, for the two equatorizl stations
Kodaikanal and Huancayo, prs is approximately 11
Mc/s and 9 Mc/s respcctively and so the straight

lines are only obtained at the extreme cnd of the
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frequency rangc.

It is thus to be¢ noted thet Puillips' Rule
(thillips', 1947), which statcs that the E, cumulotive
distribution is lincor, is only valid above prS but
is then applicably to all stations. Providcd thaot
this condition is fulfillcd this lincor relationship
is truc for mognetically quict and disturbed deys
for differont conditions of sclar activity, for
different scasons cnd for differcnt times of the deys

The cumulative distributions for 15 stations
in IGY and 13 stations in IQSY cre¢ basically similar
with no obviously distinguishing foaturcs. for
this reason only threce stabions are hore given as
cxemplos (£ig.4.19)

a) Quict and disturb.d days in IQBY ot Huancayo.

b) Summer and winter quict days in IuSY at Akita

c) Quiut and disturbed deys in IGY at Heiss
Island.

Whilc the changes in the graph betwein
guict and disturbed conditions for summer ond wintor
arc rclatively smcll, the most ghriking featurce in
the graphs shown is the sharp change at about
7.5 Mc/s at Huancayo. This froquuncy, &s will bo
suven from fig.3.411 correspends to the dsy time valuc
of £ E . If night volues alone arc considered,

iy
whcn.prS £211 to about 3.0 Mc/s, then this bend in
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the distribution disappears and a singlc straight
line is obbained (Sakscne, 1965).

The Phillips' Rulc has been applied by
Smith (1957) to Washingbon and Slough for doy time
and night tinc. The criterion employed by Bnith
for asscesing the incidcence of E, was the probability
of fOES cxceeding 3.0 Mc/s. Since this is approximately
cqual to fPES at thesce stations, Saith found a linear
relationsbip. Similarly, Yien-Nien (1965) with
the same limiting frequency has also found the
same results.

Both of the above authors infer that their
results are valid for frequcneics excecding 3.0 Mc/=.
This figure is taken from that quoted originally by
Phillips (1947) and ascribed to the blanketing effect
of the normal E-repion. However, consideration of
the distributions at equatorial stations and at other
latitudes shows that the frequency above which
Phillips' wule opplies is governcd not so much by
the blanketing effect of the E-vegion as by tne
most probable frequency of occurrence of Es‘ This
frequency, ag is clearly seen from the equatorizl
rosults, can be markedly different from 3.0 le/s.

It may be concluded, thercfore, that Fhillips' Rule
is applicable above the most probable f E_ at any
place under eny conditions.

The cumulﬂtivezdistributicn PoSsSesses an.
advontage over those analyses which consider the

occurrence of ES greater than a particular frequency,
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(which is invariably roguired), in that the lincer part
of the distribution c¢liminates the random fluctuctions
which inuvitably occur in the raw data. Equally it
has a disadvanbtagoe as uscd in the present work in

that it only provides the occurvence of B, greater thon
a given frcguuncy as a percontege of the number of
occasions on-which EQ is obscrved ond not as a percentIge
of all thu occosionsg when obscrvations of Es Were
possiblu, The lattor guentity is, of courscy the form
required for communication proediction purposcs and the
rusults given herv oxce only qualitatively suitablo

for such n purposcs

4,5 Letitudinel variation

Of the various paramvntors associatced
with thoe cunulative distribution the most obvious
is that of the gradiont of the lincar part of the
distribution above prS’ This grodiont has bown
mceasurcd for all the stotions considercd and plotted
against geomagnetic latitude.  This has been done
for quict cnd disturbed days during sunspot maximum
oend ninimum ycars cnd also for quict days in summer
and wintcr during sunspot minimum only.

These veriations are shown in fig.4.20



from which it will be scen that there is a cloear
and systematic change with latitude. The lincar
crts of the cumulative distributicn hive, on a
very approximate basis, a comuon oripgin on the
probability axis. It then follows that the stecper
the linc¢ the lower will be the probability of o
occurring above a given frequency. The plot of
gradient acainst latitude may conscquently be intcr-
preted as a very rough approximation to the latitude
variation of the incidencc of ki, above a given
irequency. It may thus be regarded us conparceble
to fig.3.15 which rcelates to thc noon equinox
values only.

It should be stressed that this comparison
is wholly qualitative end in no secnse cuantitative,
In particuler, fig.2." shows the equatorial stations
as having a very high occurrence while the gradient
has a large negative value caused, as has bcen
indicated above, by the high values of prs at these
stations. In this case the interprctation of the
gradient given here will be misleading.

Despite those misleading equacorial values
the curves in figJh.2. show a bread maximum at about
EUG and a much steepcr pcak at 7001 while the
latter can be identified with the aurcrsl and polar
region, the mid latitude peak is not sc readily
understood.

There is an albernative interpretation
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which can be placed on the gradient in terms of the
distribution with {requency of the individual ES
values. This interprotation is restricted to the
frequencies greater than prs since, beclow this

value, both the cumulative and thoe freguincy distrib-
utlons arc confuscd and irrcgulor. For volucs above
prs’ therefore, the greater their rate of decreasc
with increusing frequency the greater will be the
gradicnt of the cumulative distribution. Cunversely,
the slower the rate of decrcase i.e. more frecucnt
high values of Es,’the smeller would be the gradient.
The gradient can then be regarded as a meosure of

the mean deviation of the individual Eg values from

f B

plg? being inversely dependcat upon it.

On a siuple gqualitative counsideration a
large deviation, which corregponds to a small gradicnt
and to relatively frequent high valucs of E,, might
reasonably be expected to be associated with high
wind velocities. Llthough global information on
high altitude winds is limitoed, it is known that
there i1s @ strong zonal component occurring at aboutb
100 kn and centred at about BOQ'N in summer and
with a deercasing intensity at higher and lower
latitudes. In winter this component dccreases in
altitude to about 7Ckn and has a greatly reduced
intensity at 100 km (Batten, 1961) .

Fig. 4.20 shows the latitudinal distribution

for summer and winter from which it would appear



that The meximum is at about BOONIin gummer and
slightly reduced in winber. It is just possible
that this maximum in the gradient-latitude curve
may be produccd by the high zonal wind componcnt
which flows at about 3C”N. It will bs nobed that
in fig.4.20 the point corresponding to tho winbter
gredient at Bogota has been ignored in drawing the
CUPVGC o This is because as shoown ia Chapter 2
the scosonal varietions at Taipei (Geomagnetic
Lat. 45.70N} ané Bogota (Geomagnetic Lat. 16) are
in opposite scnse and if Bogota had boen included
the curve would have cxhibited a spurious moxinum
at about 16°N Geomagnetic Tat.  Examination of
fig.4.20 suggests that, with the limited range of
stations available, there is little chunge in either
the position and magnituce of the high and mid~
latitude maxime betweon quict and disturbed conditions
or between moximum end minimum solar cctivity.

The cumulative distribution may also be
usced to determine the percentage of Es exceeding a
given frequency or, alternatively, thot minimum
frequency required for a given percentage incidence
of B - These arc, fundamentally, differvnt woys
of expressing the same results. Figs 4.21 and 4.22
show the percentage of Es exceeding 5 and 7 lic/s
and the frequencies nceessary to produce 10 and 30
percentage incidence of the total occurrence of L
for quict and disturbed conditions during IGY and
IGSY .
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As far as magnetic octivity is concorncd the
frequency or percuntage, a8 the casc may bu, is gencrally
greater on disturbed deoys but this should not be taken
as indicating a positive magnetic dependonce since
the figurcs rcelote to the percentole of ﬁs obscrvat-
ions, rother than to the botal number of obsvrvations
on qui.t and disturbed doys scepnratily. Noither
should thuy be confuscd with the D/G rotio waich rofirs
to the tutel numbor of occurrcences on disturbed Goys
to thosc on duict days.

There is, in thesc diagrams, o shoarply defincd
ropid increasce in the occurrence and the froguency at
cbout 67°N and also cn indicatiun of = pleteau or
maximum at about 3G°N (which pursists cven if tho

o4

Bopgota point is ignored). With the linited number of
stations usud in the presvnt study it is not possiblu
to define this lattur region and so ne dinvestipobion
of the uxtent of, firstly, its reolity cnd, scconcly,
its bohaviour con be made.

The latitudincl variation of the ratio of the
numbecr of cccurrencces of sporadic-E on disturbed days
to whose¢ on guict deys is shown in fig.4.23. At low
gemporate lotitudes this ratio is found to be slightly
more than onc for most of the stations between 45ON cnd
BEON geomegnuetic latitude during sunspot maximum yuors,
but is rather lcss thon onc during sunspot ninimum years.

This negative relationship butween the occurr-
cneco of sporadic-E and megnetic activity during IGSY
and the positive one during IGY arc found when all

the various types of ES in all scosons arc tokoen

toguther. In Chapter 6, which considers cach type of ES
- 84 - "
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individually, it is shown that thoese positive and negativoe

correlations depend on the type of ES end its relotive
occurrcnce at different times of the day and in diffcrent

scasons.
&t higher latitudes, this ratio is found to

be much greater than one for 1l the stations between
60° and 70° geomagnetic latitucc. There is bhus a
strong positive corrclation between the occurienco
of sporadic-i end mognetic activity in this latitudc
renge. LAt stations within the polar cep and ob
high temperate lotitudes the corrclation wugpain rceverts
to a ncgative one.

However, it was noted that at g few stations
Just north of‘?OON and just below 60°N goomagnutic
lotitude, this rotio is less than one in sunspot
maximun years and morc than one in sunspot minimum
yeors ondg vice-versa rcspectively. In other words,
according to these few stetions at the upper boundary
of the clussical auroral zonc, sporadic-E is negatively
correlated with magnetic activity in sunspot maximum
and positively corrclatced in sunspot minimum years
with o similar effeet teking place at the lower boundarys

This feature suggestcd a more detailed study
in the aurorsl region of the occurrence of ES on
quict and disturbed days.

An attempt has thus been mede, in the noxt
chapter, %o sce whether these changes in behaviour
at the cdge of the auroral zone provide any insight
into the formation of the ES auroral zone and any

temporal changes which may occur there.



CHAPTER 5

SPORADIC-E IN THEL AURORAL ZONE

5.1 Introduction

In the previous chapter it hcs been seen that
when the parameter k, the ratio of the number of
occurrences greater than a given fregjuency on
disturbed days to those on quiet days, is plotted
against geomagnetic latitude, there is a distinct
increase in the auroral zone. The values do not show
a smooth variation with geomagnetic latitude nor do
they exhibit the well-defined maximum in or near the
auroral gzone, which might be anticipated during either
golar maximum or minimum conditions.

While the auroral zone behaviour of Es has been
eramined in greater debtail using k, this approach has
also heen found to possess certain disadvantages and
consequently an alternative approach has also een
employed. This and the following chapter, therefore,
contain two methods of examining the auroral zone
behaviour of E_, each method possessing certain merits
of its own.

The use of k means thet data can ve used from
all the stations, thereby providing comprehensive
spatial coverage and enabling a reasonable appreciation
of the E$ auroral zons to be obtained simply and without

the danger of the data sample becoming too small.



The use of k presumes that there is no movement

of the zone with magnetic activity. Consequently,

this method gives no indication of any fine structure

of the auroral zone, such as the presence of discrete

and diffuse events, to which further reference will be
made in section 6.4 Purther, as that section will show,
any veriation in k will arise primerily from the discrete
events and, in the light of thisg latter feature, the
interpretation of the results provided by k is not
straight forward.

The alternative approach is tOuexamineﬂEs
in terms of thoss types which occur specifically in
the auroral zone, namely auroral, retardation and
slont types. This imposes gevere restrictions,
however, on tie information which can be obtained for &
study of the auroral zone, only three Zuropean, six
Rusgian and no Americon stations reporting Es data
clagsified by types during the IGY. [IThere has
gsubsequently been a small increazse in this type of
date.

Thisg method, however, does provide strong
evidence of the fine structure of E_ in the auroral
gone. It is zlso found thet during winter arénaand‘s-
types predominate strongly over - 1~ Ir and c~types
and thus any results obtained from this period are
comparable with those obtained from the use of all
types of Es’ Such a comparison cannot be made during

the summer and equinoxes.

- 87 L



5.2 Latitudinal varizction of the parameter k

With this approach a plot of k against
geomagnetic latitude for gll the available data
results in the scattered distribution shown in
fig. 4.23., Replacement of geomagnetic latitude by
magnetic dip produces only a marginal reduction in
the degree of scatter.

In order to obtain a physically more meaningful
variation of k, an alternative parameter for measuring
the position of a station was required. This uses the
mean visual auroral zone (Feldstein, 1960) and the
position of the station relative to this zone was found
by messuring its departure from the nearest point of
the zone in terms of _eomagnetic latitude.

Since the centre of this zone is displaced
from the geomagnetic pole, stations witi: the same
geomagnetic latitude will not, in general, be the
same number of degrees from this mean auroral =zone.

In figs 5.1 and 5.2, k has been plotted
against this latitude difference (49¥) for a number
of high latitude stations and it is immediately
clear that a much smoother variation is obtained than
with either geomagnetic latitude or magnetic dip.

The values of k in figs 5.1 and 5.2 are twenty-
four hour average values over the whole of

IGY and IQSY and are given for £ B > 3 Mc/s

and fOES 2;5 Mc/s. In all the cases a reasonably
well-defined peak is observed which lies between 2°
and 5° south of FPeldstein's auroral zone.

- 88 -
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The polar diagram in fig. 5.3 shows the
averzge value of k for all the high latitude stations
in IGY, The solid line A4 is the approximate locus
of the maximun value of k as a function of longitude
and thus represents the resion of mazimum‘Es auroral
activity. The two dotted lines B and C correspond
to values of k egual to one and thus represent the
nmean upper and lower houndaries of the zone.

Curve D is the mean visual zone and is seen to be
aheout 50 noxrth of the ES zone and concentric with i%.
In order to provi.e slightly more uniform coverage thse
valuer of k for some stations have seen derived fron
data given 9y Thomas (1952).

The position of the Es auroral zone in ILSY
is given in figzg. 5.4. Althoﬁgh not so c¢learly defined
as during IGY it would appear to have moved to
& high:r latitude, while there is a definite poleward
novsnent ol the upver boundary.

This movement may be de.onntrated nore
effectively oy plotting (kIQSY‘~ kIC—Y)‘ for each
station (fig. 5.5). At lower latitudes this quentity
is negative while, at higher latitudes, the difference
secomes positive indicating a poleward movement of
the Es‘amroral,zone.

A nmore detailed examination of the position of
the B, auroral zone has been made by dividing the day
into three-hour periods (23-01, 02-04, 05-07, 06-10,
11-12, 14-16, 17-19 cnd 20-22 IT) and calculating the

- 89 -
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average value ol k during each of these periods for
each station. Th: latitude variation in terms of
and as a function of local time is given in fig. 5.6
for the summer period of IJSY. It is clear thab
there is o strong diurnal variation im k with the
R
result that there is a pronounced pedk whichfﬁa;"a
minimum latitude at asbout local midnight and which
moves northwards to a maximum latitude at about local
noon.

Similar plots have Deen obtained for ithe three
other periods viz: Winter INSY, summer IGY and winter IGY.
In all these three periods very sinilar veriastions in k
are ongserved, the only differencesheing detailed ones
in the position and magnitude of the peak in k. It is
thus clear that there is a relatively large diurnal
moveinent in the position of the region with values of
kX, i.e. the ES auroral éone, with an average latitude
movenent of abdout 9°.

The actuel latitﬁdinal extent of this Es
auroral region has been determined by measuring
the two latitudes (24) at which k becomes equal to
one for each period of time in fig. 5.6. While
this choice is somewhat arbitrary it does represent
the latitude ot which the relationship between ES
and magnetic activity changes from beiang a negative
to a positive one and vice-versa. These upper and
lower poundaries have been plotied separately as a
function of local time in fiz. 5.7(a) for summer and

winter in IGY and INSY.
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While the diurnal variations in this figure
are rather irre;ular, it is nevertheless apparent thet
thers is o definite poleward movement from IGY to
INSY of the lower boundary which also indicastes that,
for a siven sovlar activity, the winter position is
lowe. than that in swamer. The general variation
for the upper boundary is similar but the above
scasonzl and solsr activity changes are not so well
pronounced.

An alternative meansg of determining the
boundaries of the Es auroral belt is to plot the
diurnal veriation of k¥ for each individual station,
for which some typical examples are shown in fig. 5.8.
FProm these individual plots of k the time or times
at which kX becomes equal to one are found and then
plotted as a function ofzbﬁm This represents the time
gt which the boundar:y of the auroral helt is passing
overhcad of the station in a north- or south->ound
direction., From the resulting distribution of points
smooth curves are drawn to define the upper and lower
boundarics of the ES auroral belt. These are given
in fig. 5.7(b) for the same conditions as in fig. 5.7(a).

With this approach snmoother diurnal variations
are obtained and there is clear evidence for a
poleward movement from IGY to IQSY and for the winter
voundaries to he lower than those in suwmmer,

The incidsnce of Es at aurorzl stations in

relstion to varying degrees of magnetic activity can
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now ve seen to follow directly from the diurnal
motion of the auroral ielt and the exsmples in fig.
5.8 illustrate this.

At Fletcher's Ice Island, fig. 5.8(a), it will
re obgerved that, apart from a short period at local
noon, k is much less than one throurhout the whole
of the day. Conparison with fig. 5.7 of the aovement
of the upper boundary of the auroral helt for IGY
summer shows that, at local noon, thisg station is very
nearly situated on the edre of the auroral beltb,
corresponding to k = 1. Tor the remeinder of the day
it is situated well inside the polar region accounting
for the low observed volues of k.

At Godhavn (fig. 5.8L) the auroral belt passecs
over the station for the middle of the day giving k>»1
while, for the remaining period, it is situated in the
polar rezion with k<1.

In fig. 5.8(e¢), which is for Baker Lake in
I0SY winter, k is equal to or greater than one through-
out the day apart from a short period near local
midnight when k falls slightly Jjelow one. This implies
that the station is almost entirely within the auroral
selt and comparison with the avpropriate curve in fig.
5.7 shows that this is so.

For the above threessations the diurnal
variation is simple with a single maximua in k at
midday. In f£ig. 5.8(d), which is for Narsarssuak

in I2SY sumier, howsver, thers is a striking change in



the diurn.l variaotion of k in that +two maxima are
oasserved at 0600 and 1800 hrs local time. At
midnight kX falls o unity while at midday it falls
to less than one. DBy refercnce to fiz. 5.7 the two
maxima can be interproted in terms of the central and
mout intensc p.rt of the auroral belt passing north-
ward over Harsarssuak in the morning and southward
azain in the cvening. Also, the midnight value

of k=1 corresponds to a position on the boundary
between the auroral and polar regions while the
values of k {1 at midday correspond to Narsarssuak
heing a high temperate latitude gtation, since the
lower edge of the auroral belt has actually gone to
a latitudc higher than that of the station.

The twoe eurves given for Lycksele for IuSY
summer in fig. 5.8(e) and IQSY winter in fig. 5.8(f)
are provided to illustrate the seasonal movement of
the auroral belt. From fig. 5.7 it will be observed
that the equatorward boundary of the helt is at a
lower latitude in winter than in summer. Consequently,
a station such as Lycksele will be in the auroral
region for a longer period of night and also will
be approached more closely by the centre of the belt.
Both these Teatures are observed in fige 5.8(e)
and 5.8(f) in that k is greator than one for a longer
period in winter and also reaches higher valucs.

It will be noted that k falls only slightly below one

- 93 -



during winter as compared to its much lower values -
in summer. The two peaks evident at Narsarssuak

have also approached each other and coalesced so that
it can be inferred thet the centre of the auroral belt
does not extend to a lowcr latitude than that of
Lycksecle.

The diurnal variation of k at Uppsala for
IGY winter (fig. 5.8g) way be rcgarded as the reverse
of that at Fletcher's Ice Island. In this case k 1
during the wholc of the day, corresponding to a high
temperate lotitude pogition, apart from a single value
greater than one at midnight. This, as will bt seen
from fig. 5.7, is when the southern edge of the belb
wriefly extends down to the latitule of Uppsala.

The aYovu exsmples have been selected to show
how the model (fig. 5.7) agrecs with thc observed
nagnetic dependence of Es' While the Jdiuvnal
variations of k for all the other stations during
sumney and winter in both IGY and IQSY do not agrec
in prccise detail on all occasions with the model,
they do provide, when considered collectively, the above
internally consistent results.

The variation of k at Narsarssusk, as describaed
above, shows that thelstation behaves as a high
temperate latitude one at widday and very nearly as a
polar one at midnight. The possibility exists, therefore,
that a station at a sliehtly higher latitude might

hbehave as a high temperate and a polar one within one day.
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In fact, as fig. 5.7 shows, there is only one occasion
when the lower latitude limit of the upper boundary at
nidnight hecomes equal to or less than the hisgh
latitude limit of the lower boundary at midday. This is
in IQSY summer in fig. 5.7(a).

The region of overlap, however, is cone in which
no station =zxists and hence the possibhility of a
station bechaving in a cyclic fashion of polar,
auroral, high temperate, auroral and polar could not be
established. The group of stations Tromso, Reykjavik,
Narsarssusk and Point Barrow situsted within a 1°
interval of & dand approaching this condition on
occgsions did not in practice reach it.

The two approaches used above to show the
diurnal movement of the Es auroral belt, i.e. the
latitude variation of k at a fixed time or the time
variation of k¥ at a fixed station, should lead to the
sane result since they employ tho same basic data.

The corresponding curves in fig. 5.7(a) and 5.7(b)
should thus be gimilar. As will be scen, insofar os
the scasonal and solar activity changes are ecncerned,
the relative changes in beth the diagrams are closely
comparshle for the lower boundary. For the upper
boundary the comparison is not so good, principally
because only a few stations werc available to define it.
While the division of the data into three-hour periods
rcduces the size of eoch sample and therevy increases

the statistical error of each point, if the data is
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averaged over a twenty-four hour period it is still
possivble to olserve the seasonal movement of the belt.

Fig. 5.9 sghows the latitude variation of k
for June-July and Dce.--Jan. for solar mexinum and
minimum conditions. There is a clcar scasonal
movement for £ T 3 3 Mo/s and Y 5 lle/s of sonme
2 -~ 3° in a poleward direction from winter to summer.
Thuse two frequencies are givenm hecause for the 3 He/s
level the IGY curve shows little evidence of a peak
in k and in all cuses the 3 lic/s variation of k
shows a lowcr peak value than for 5 lMc/s.

There is one major difference in the above
two methods for {inding the voundaries of the ES
auroral pelt. When using the individual latitude
plots, &as in figz. 5.5, the location of the most
intensge inner part of the belt, where the incidence
of Es will be a maximum, can be readily rcaéd off from
the graphs. This has jeen done for sunmer and winter
in IGY and IXSY and fig. 5.10 ghows the diurnal
movement of the most intense part of the belt for
these periods. As with fig., 5,7 it will again be
obszrved that this region is at a lower latitude in
winter than in summer in IGY and IQ3Y.

This diurnal variation is not so readily
detecrmined when the method using the diurnal variation
of k is adopbed. In this case it is only possinle
to find the centre of the belt when it passes dircctly
over a stetion and such @ passage can only ne identified

unamoiguously when two separate maximes in k are
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ooserved, as in fig. 5.8(d) where the centre can be

se.n to have passed over in a northward direction

at 0600 and in a southward direction at 1800 ILT.

An exeanple of the tincs of the overhead passage

of this centre for IQSY summer is given in fig. 5.11.
Altnough there ig consgiderable uncertainty

in cach point duc to the division of the datea into

threo-hour intervals, they nevertheless form a

roasonably consistent pattern. The gbsence of

points around midnight and noon arises from the

coalescence of the morning and afternoon maxima

for, as they approach clogcly together, they cannot ve

resolved. It ig then not possible to say whether

the centre is passing overhead or whether one is

gimply ohserving the single maximun in k which will

be obtained for zll the stations above and below

the midday and midnight latitudc limits, respectively,

of the diurnzl variation of the centre,

5.3 Diurnal and scasonal movenents of the auroral

The middey to midnight movement of the upper
and lower boundaries, as shown in fig. 5.7, clearly
varies from winter to summer and from IGY to INBY,
but has an approximate chonge of 8 ~=9°.

Thig diurnal movement of the belt implies that
the former simple classification of stations into
polar, auroral and high temperatc latitudc types

neaeds to be modified., While this reconsideration



has also been suggested by Akasafu (1957), it has
proved difficult to define the polar cap region due
to the paucity of wisual auroral observations around
midday. With the Es auroral gzone measurenents,
however, this may readily be done and a diagran which
illustrates this is given in fig. 5.12. The two pairs
of curves B, B/, and C, C/:represont the upper and
lower boundarics of the belt during IGY summer
and for two opposing solar positions. The shaded
area lying inside curve D ig the "truc" polar cap
within which all stations will exhibit polar bhehaviour.
Between curves A and D stations will behave in a
nanner which will vary between polar, auroral
and high temperate latitude forms, apart from the area
bounded by curves E and E/, In the region E'E/ all
stations will behave throughout the day as aurorsl and
thus it may be regarded as the true auroral zone.
Curve E corresponds to thu upper or nidday position
of the lowcr boundary and.E/ to the lower or midnight
1linit of the upper boundary, as may be scen in fig. 5.7.
The region between curves D and E/ contains
stations where behaviour will vary botween poler and
auroral, whilc those between E and A will similarily
be of the auroral and high temperate latitude types.
A represents the extreme lower limit of the lower
boundary and so all stations beyond A will be of the
high temperate latitude variety.

It thus follows that the polar cap is a
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rclatively suall arca while true auroral stations
only ocuur in tho narrow range B E/, These con-
siderations relate to the situation in onc season
" and for a Tixed solar activity only. As has becn shown,
there will be small changes with the seas ams and for
differnet levels of solar activity in the position and
width of the auroral belt and in the low latitude limit
D oY the polar cap region.

While the zbove applies only to the Es and
not to the visusl aurcral zone, there is g well
cstablished diurnal movenment of the visual belt.
The relative positions of the two may thus be compared,
but only a few valucs for the movement of the visual
auroral oval are available duc to the lack of visual
observations during the middle of the day. The most
comprehensive ascessment of the IGY measurements
by Feldstein (1963) gives an average movement over
the whole of the IGY of 909 which compares well with
the figure of 8% obtained from fig., 5.7, and
averaged over summer and winter. Obscrvations for a
single winter night by Davis (1961) give a movement
betwoen 1800 and 0100 LT of 7° while the movement basecd
on a large number of obscrvations gives 6° betwesn 1700
and 0100 local tims (Davis, 1962).

The curve given by Feldstein, and referred to in
gection 5.1, for the visual auroral zone relates to the
average position of the centre of the zone around

hours of darkncss. Reference to fig. 5.10 shows
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that for the nighttine hours the average position
of the centre of the E, auroral zonc is 1° to 4°
south of the visual belt, depending on scason and
solar activity.

5.4 The effcet of golar activity on the novoemcnt

on the aguroral beltb

The solar cycle variation in the Es auroral
oval is quite pronounced and, although there arc
minor differcnces betwe.n corresponding curves in
figs 5.7(a) and 5.7(b), the ovarall novements are
vasically the seme. No single unijuc -igure can be
given for the solar cyclc movement, since it depends
to somc oxtent ow the time of day, but for the lower
houndary a figure of aporoximately 2% in a polcwerG
dircetion from IGY to IQSY can ho given when averaged
over tho day for both summer and winter.

The ecentre of the zone (fiz. 5.10) also shows
a movement of about 2° in summer snd a slightly greater
onc in winter. The diurnal movement of the upper
boundary is morc variable than that of the lowcr one
and the solar actvity movement is not so well prenounced,
giving an average movement which is somewhat less
than 2°.

& siniler figure of 2° is also observed from
fig. 5.1 where tho data is averaged over a twenty-four
hour period and applies to hoth the 3 and 5 lic/s

_ . - N ~0
distributions. This poleward movement of about 2

for the ES oval compares closely with a value of
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1 - 1.5% deduced by Starkov and Feldstein (1967) for
the southern or midnight position of the centre of the
visual auroral zonc.

It will clso be noted from figs 5.1 and 5.7
that thore is no significant change in the overall
width of the ovalsg, a result which has also 2cen Found
for the visual auroral zone by Starkov and Feldstein (inid.
The similar nmovements of the centre of the visual and
ES auroral zonoes rofcrred to ahove contrast with
the visual zonc resulbs gquoted by Davis (1962) which,
although shuwing a 1° 40 2° poleward movement of the
southern boundary, show no evidcence for any movement
of the centre of the oval. This is a sonewhet
uncxpected result gincce there is & well established short
torm equator-ward movement of the centre of the zone
by a feow degrees during a magnetic storm. llovements of
the plasmapause from an L~ shcell of 2 or 3 during
disturbed periods to L = 5 or 6 during gquiet poriods
have also heen odscrved {(Carventer, 1963). This is
particularly rclovant since the projection of the shell
with I = 4 onto the surface of the carth falls very
closely on the 15% visual auroral isochasm. Thus, since
the change in solar activity from IGY to IQSY corresponds
40 a reduction in the average level of the magnetic
activity, an accompanying movement of the plasnapause
and hence of the auroral oval would be anticipeted.

It might he noted that from the scale of the

diagram given by Davis a displacement of the centre
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by 1 to 1#° would ne harcly detectahle while the INSY
curve is terminated only 3° on the polcward sidc

of th. centre. On the evidenec, therefore, it would
appear that there ig a poleward movencnt of bhoth ES
and visual auroral helts from solar meximum to solar

minimwi conditions.
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CHAPTER 6

i

VARTATION OF a~, »& a-typo  SPORADIC-E IN

THE AURORAL ZOWR

6.1 Introduction

fu alternative approach to the problem of the
incidoence of Eé at high latitudes ig t9 consider the
behaviour of thosc types cnly of B which occur
gpecifically at surcoral latitudes. These are auroral (a),
rotardation (r) and slant (g) which are quite gistinctive
and not rcadily confuscd with the h;jlﬁ f-and .g¢types.

The numbor of high latitude stations which classify
their B, data is, however, small and during the IGY
the only stations which reported types were Liruna,
Sodenkyla and Lulea and six Russioan gtations. The
letter were distributed over a wide range of longtitude
and rgis: provloms of interpretation whon considored
with three closely spaccd Furopcan stations. The
additional Buropcan stations Tronso, Lycksele and
Uppsala commcnecd ES fype classification in 1959,
Sinee a-, r— and s-typecs occur predominently during
winter, data from sll tho ahove availablc stations
has becn used to study Es bechaviour during the winter
of 1957/58, 1959/60 and 1904/65. Additional data is

availavle from 1966 for College, Narsarssusk and

Godhavn and this has also been uscd for winter 1966/67.
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6,2 Divrnal variation of a-, r—- and s-types E

o

The six RBuropuan stations have becn used o
examine the diurnal variation within a narrow zone
of longitude. Heiss Island has also heen included,
although 1% is some 30° of lonzitude away, since
without it therc would be z complete lack of data
on the polar side of the auroral zone. Tigs 6.1
and 5.2 show threc—hour runhing averagea for the
percentage oecurrence of a~, r- and s-types during
the winter period for 1959/60 and 1964/65.

In 1959/60 the variations at Uposala and
Lyckgele arc similar when the maxima on Cisturbed
days are gt 2100 LT and a much smallcr maxinum
incidcnee on guict days is displeccd lotur in the
night. At Uppsala, it may bc noted, the guiet day
incidence is so low that it may be inferred that
this station lies either insidc or outside the
auroral zonce according to the intensity of magnetic
activity.

As with the above pair of stations the disturbed
days mexime at Lulca and Sodankyla preceed those for
quiet conditicns.

At Kiruna ond Tr.mso broad platccux for Hoth
quiet and disturbed conditions arc observed with
epproximstely 90% occurrcnce, In the three degrecs of
latitude sctween Trouso and Heiss Island there is
a very pronounced change and no &-, r— or s-type

Eq is onscrved at Heiss Island under any geomagnotic

®2
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conditivns. The polar houndary of the oval mus
therefore lie in the narrow region setween Heiss
Island and Tromso.

In 1954/65 (fig., 6.2) therc is no B, at
Uppsala under uny magnotic conditions and at Lycksele,
Lulca aznd Sodankyla the incidence is greatly rcduccd.
At Tromso and Kiruna the neximua lovels of occurrence
arc little changed,; but the broad maxima are now
considerably reduccd in duration. The converse
applics at Heiss Island where a rolatively high
level of ES is ooscrved., All these changes, and
especially the appearance and disappearesnce of E.a
at Heiss Islend and Uppsala respectively, provide
clear evidence for a poloward movement of the aurcral
ES oval, as determined by a~, r— and s-types, betwecn
1959/60 .nd 1964/65,

This wmovenent of the oval may also be shown
by necans of the technigue used to construct fig. 5.10
by considering the timc of moximum oceurrence as
a function of goomagnetic latitude. These timces are
shown in fiz., 6.3 for guiet and digturoced conditions
during 1959/50 and 1964/65. The cquatorwcerd novement
from guiet to disturbed conditions is evident together
with the poleward movement from 1959/60 to 1964/65.

By removing the restrictioan on the loagltude
ronge it is pogsible to include data from the
Russian staticns >y using the parameterz;waydefined

in section 5.2 and fig. 6.4 shows the time of maxinun
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occur-ence as a fuaction of Adusing all the available
data. The use of this additional data confirms the
obscrvations made from fiy. 6.4 with regard to the

changes asgociated with solar and magnetic activities.

6.3 Latitudinal variation of £ E_

30 far in this work thoe offcet of mognetic
activity has been investigated by selceting the two
groups of days corresponding to quict and disturbed
conditions. This hus the disadvantage that only
twe levels of activity arc studied and that the
average magnetic activity on the seleeted gquiet days
in 1964/65 will b loss than that on the corresponding
sroup of days inm 1957/58 and 1959/60 duc to the incrcase
in thc overall level of disturhance.

To overcone thig ambiguity in the results the
varietion of &-, r- ond s-—-type Es has »een exanined
as o function of the planetary magnetic activity index
(Kp).

The data from the six asove Eurcpcan stations
tugether with that for Heiss Island has Jesn used
t0 ecaoleulate thz mean vélues of fOES (f;ﬁs)
during the period 00-03 and 06-09 LT for values of K,
ranging from Kp‘a 0 t@'Kp;; 5. The resulting variation
of T;ﬁs with latitude for cach value of Kp‘is shown
in figs 6.5(a) and 6.5(») for winter 1959/60 and
winter 1964/65. Considerin: first the variation
in fig. 6.5(a) for 00-03LT at KP = 0, £ E, shows
little variation with latitude having values of

approximately 3.2 lc/s.
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AS'KP incrosses so a region of increascd £ E
3

appears at high latitudes until KPTZ,S when a well—
defin.d moximum oxists contred at about 65°. The
shape of these varistions suggests that for szO

a maxinwa T;ES may well exist, but at a latitudc
heyond that for which data is available. The most

inportant difference bhetween the curves for 00-~-03LT

and 056~09LT in fix. 6.5(a) is that for the latter

period a maximun in‘foﬁs is observed for all valucs

of Kp and maintains a constont latitude, i.e. vnlike
the 00~03LT rosults, the position of the fgﬁs‘maximum
during 006-09LT is indopendent of magnetic activity.

Although data from Heiss Isliend has recn examined
in this Figure, only three vccurrences of these types of
E, were o3g.rved throughout the whol: period. These
points have not been plotted sines, from tho statistical
stundpoint, they have little or no significance.

The curves in fig. 6.5(b), which arc for winter
1964/65, rcpeat the behaviour shown in fig. 6.5(a)
for 00-03LT with a maxinum in ?;ES which moves
progressively eguatorward assKPyinereasos.

Thare is no obvious peak for 06~09LT corresponding
to thet in 1959/60 and, as was cvident from fig. 6.2,
tha incidence of Es at Lulea, Lycksele and Uppsala is so
grently reduccd thst no dats is available for some
values of K.

4.

Bgually therc arc a large number of occurrences
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at Heiss Island. Thore is evidence, nevertheless, of
a moximum developing at a latitude > 70° and dependent
N Kp’

To aeccentuate an aspect which has alrcady been
ovserved in more goncral terms, the points in fig. ©.5
hove been replotted in fig. 6.6 to comparc the valucs
of TEES for the same valuc of vaand local time
out for different phasce of the svlar cycle. The
poleward movement from maxinun to mininum solar
aetivity is cloarly cvident for 00-03LT. The period
06-09LT alsu suggests a similar movement Hut this may
be coincidental in thot the fixed letitude meximum
in 1964/65 is not so apparent.

f,

Bars xiving the root mean square (r.m.s.)
deviation for each point are shown in figs 6.5
and 6.6. They have heen specifically ineludcd
here in order thet the maxima >nd the relative movenents
of cach pair of curves wmight bhe identified as heing
statiptically significant. The r.m.s. deviations
are such that in all cocses the obscrvations above are
clearly sigpificant. (sec also Appendix II),

/s

6.4 Diurnal and latitudinal variation of h

s
Exomination of h/ﬁs data also reveals certain

ginilar features when considering a-, r— and s-type

E . The diurnal curves are given in figs 6.7, 6.8 and 6.9

for winter 1959/60, 1954/65 and 1966/67. Tha salient

feature of these curves is a2 distinct pre-midnight

maximum height on quiet days. Some curves, i.e. Tromso,

1959/60, 1966/67; Lycksele, 1959/60 and Kiruna 196.4/65,
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1966/57, show a second mexinum in the morning while,
in other curves, the pattorn although suggested is
not readily apparent. It will also be odscrved that
the main peak tends t9 ocecur later in tinme as latitude
deecrcases.

Both thege features might be interpreted in
terms of the overhead polcward and eguatorward
movenent of the auroral oval, analogceous to that
descrined for k in scetion 5.3,

These diurnal curves, clthough lackin; in
consistency ond possessing a consideranle degrec of
scatter, when used to construct a letitude variation
of h/ES for 16-06LT rosult nevertheless in a fairly
congistent picturse., These arc shown in figs 6,10
and 6.11l. Only iscoluted E_ is found etween OF
and 15LT for all stations,

Due Lo the different number of stations for
cacli of the threc periods c¢onsidered, together with
the total assence of ES under som¢ conditions, the
most comprehensive set of curves occurs for 1966/67.

Deapite the faet that h/Es is fregquently
regarded as neinyg most undependavlc, the quiet and
distursed deys curves for each two-hiour interval
show a high dcgrec of consistceney. TFor all hours
on disturbed days and 20-02LT on vuilet days a minimum
in h/Es is observed ot apout 65°. This nininum docs

not move between ruiet and disturbed conditions.
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There is also, on quiet doys, @ very broad

/s

minimum in hk g noving cquatorwards and polewards
before rmd after nidnicht respectively. On
disturhed days there is a sharper minimum evident fron
00 to O6LT with elight evidence for anm eguatorward
movenent hofore OOLT

In 1959/60 there is agein on disturded days
a mininum in h/ES at avout 62° which is indcpendent
of timc, together with o smeller minimum which has
lztitude of 65°, The guiet deys data is less and,
therc heing no B, ot Uppsala under these conditions,
tho resultin, incomplote curves only provid: an
indication of a fixcd minimum =zt about 627, Throughout
1964/65 dats for only four stations is availzple and
no conclusion can be drawn from the latitudinal curve.

6.5 Diffuse and discretc zone medel of the suroral

region and ite rolotionship with =-, r— ond s-type

sporadic-E

The schaviour described here whereby both fOES
and h/Es exhinit choracteristics which can be cither
independent of or a function of KP is appasrontly _
onamalous and is not parrllcl.d by any of the results
in the earlicr part of this chapter. It is possible,
however to interpret these results in terms of a model
involving a multiple zone structure of the auroral
region.

The gencral concept of this model was suggested



indcpendeﬁtlj 1y Piddin-ton {1965), on thc basis

of visual aurorsl dato, ond 5y Hzrtz ond Brice (1967),
usinz artificial satcellite nmeagurencnts of encrgetic
particle fluxes #=nd encryics end ground Hes:zd
obscrvations of the upper atnosvhere.

The Hartz ecnd Orice scheustic model is roproduced
here in fig. 6.12 and is non to ceonsist of two nain zonos.
The outer sonc nointains a constant lotitude throughout
thoe day, i.e. there is no eobscrvesle diurnal novement.
Iv exhinits clso, o8 postuloted sy Hartz and Srico,
no movenent when thore ig & ¢bhange in magnetic activity.
On =ccount of its rel:-tive insensitivity to all geo=
physical changes ond its continuoug cxistence, this
region is now referrced to as the Diffuse Zone.

The inner zone aas 2 pronounce; diurnal movement
fron ayout 667 at widnight to about 77° at midday.

Its position is also strongly dependent on megnotic
sctivity. DBDecause this zonc tends to be associsted
with individual events, so that tho diagram really
represents o gross overage of all observations, it is
referred to a3z the Discrete Zone.

The principal geophysical phenomena asscciated

with the diffus: zone are:-
(a) stable, nontle aurorac
(p) riometer ansorption
(c) continuous geomagnetic micropulsations
(d) hard guasi-constant balloon x-ray cvents
(e) melatively intense continuous fluxes of

electrons with energics of about 4CKeV or morc.
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The continuous evontg and the height at which
hey occur arc congistont with reletively hard electron
tluxes. Ty contrast, the evenits which lead to the
concept of ths discrcte zonc tend to be of a relatively
loegalized nature bHoth tanporarly and spotially and
include -

(a) sudden changes in thc riometer ahsorpiion

(b) holloon absourption of sudden, short—iuration

soft x-rays

(¢) soft electroa fluzes with individual

energics of ajout 1XeV and of limited
duraticn,

All these phenomcna are associacted with heights
greater than those portaining to the diffusc zone.
Unlike the diffuse mone and events agsocioted with it,
which arc elways prescnt, the discrete zons and its events
raise difficulty in the analysis because ideélly'a
single event should ve studicd in terms »F its
bechaviour in all the d¢iffercnt phencmena.

This, with the present availability of the deta
and oascrving stations, has only heen attempted for
a few single events. This has met with only limited
success due Lo the linmited spatial extent of the event
and the wide di-persion of the sources of the data.
Thus in this and &ll other current work the discrete
zone is treated in terms of an overall average of all

relevant data.
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The overall concept is thus one of = fixed,
steady outcer zone arising fron 3 hord eleetron flux
and a varichle, moving inner zone producsd Dy soft
clectr.n fluxes ond whogc position is stronzly
dependent on nagnetic activity.

In their original peper Harbz and Brice adducc
as evidenee for the diffuse zone behaviocur of intcense
sporadic—-E echoes. Howover, for both thoe instances
quoted, no information was aveilable on ES types and
thus the result used to support their conclusions
contained all known types of Es. In particular, data
was averaged for a whole yeor and tho known ﬁs types
agssocicted with high letitude are infresuent in summer.
This, as seen in the presont work, may lead to a
conlused interprectation and in th. diffusc casc noted
above doea du so. As will e shown, howgver, high
latitude types of Es 47 pruvide strong evidenes in
support of this zone model.

Rochet and satellite experiments hove now
nrovided much informetion on the distribution, encrgy
and flures of cncrgetic particles, but their means
of acquiring their energy hos not been completely
determinced.

The overall concent of the particles responsible
for the diffuse zone is one of hard electrons, i.e.
with energies greater than appreximately 20KeV and
having a steady and relatively flab spectrum,

The elcectrons are located just inside the magnetosphere
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and are in the -uter radiation Hc¢lt. Those elcctrons
which arc guasi~stably trapped, and therefore unadle to
conpletc a &rift cycle rizht arcund the earth, are
accclerated by the conveetive electric ficld in the
mognetosphere, as they drift around the carth on the
night side. They are then precipitatcd on the morning
pide with naximum energy around dawn.

After dawn the elcctric field will tend to
deerecase rather than increase the flux and sonc other
electron accelerating processes must do operative.

Such & prooeble source of eneryy may zrise from the flow
upwords olong the magnetic field linss from the
ionosphere into the mzgnebtosphere where a wave -
particle interaction will toke place duc to pitceh -
ansle scattering of the particles. The resulting

plosms wave nay then in turn acclerate other particlas.

Of the £flux and spectrum measurcnents that have been
taken there erce two features of considerable relevance.
Firstly, an effcective meosurcment of the flux of electrons
with & > 40KeV showg that the latitude of maximum flux
has 1little, if any, movement between low and high Kp
valucs, as shown in fig. 6.13., Secondly, day-tine |
neasurciments of soft and hard precipitsted electron
#luxes by O'Brien (1967) show the existence of two
geparate areas.

The hard electron zone is located at latitudes
some 6° higher than the soft electron one. By contrast,

at night, a single zone of electron precipitation
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is found when the soft clectren zone has noved to a
lower latitudc and appears to hove merged with
the hard electrons.

In the discrete zone the clectron spectrun is
found to be gofter, principelly in the range 1-10¥eV,
wut there is a high flux znd a high total cncrgy.

The region of precipitation is situatcd on the poleward
gide of the boundary of the magnetosphere proper.

In fiz. 6.15 perticles from the magnctoshenth can have
direct access into the polar cusps via the ncutral
points but will not have sufficient energy or large
encugh pitch-angle to we precinitated.

Thege polar cugps only cxist on the dey-side
and o8 the earth rotetes +the field lines strezn
backwards until those from the north and south polar
regions lie in approxinztely parrallcl but opposite
directions to each other along the plasma she.t
and are effectively open linecs. Within the plesna shest
will be & relatively thin neutral sheet between the
two opwosing magnetic fields. This will be the region
of potenticl instaebility and ions in the plasma sgheet
may, under certain circumstonces, acquire energy from
the magnotic field. This loss of encrgy from the
fiecld is compensated for by a “reconncction" of two
opposing magnetie field lines. |

The particles will now be on a closed field line
and will ultimatcly be precipiteted om the night-

gide of the carth,
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lfeasurcment of the spectrum of the procipitated
electrons shows the spectrum is harder by day then
by night (Sharp and Johnson, 1968a)and that at about
1KeV the spectrun goftons with incrcasing latitude
(Fritz and Gurnett, 1965; O'SBrien, 19653 Johnson
et al, 1966, 1907). Por elcctrons with encrzy less
than 40KeV the precipitated spectrum hardens with
increasing magnetic activity (Sharp and Johnson,
1968 a, b, ¢). It is in this region also that the
spectrum of aursral clectrons is found to be virtually
monognergetic.

The only physically conceivable mechanism which
could produce such a spoctrum is that of acccleration
by en electrostatic field. Such a ficld can only

exiast along the open magnetic ficld linces. These

[5¥)

electrons could not, thercfore, be procipitated from th
wuter rediation helt which eneconpasses closed ficld
lincs.

Examination of the gross festurcs of the diffusec
and discrete zcnes in fiz. 6.12 shows that around
nidnight both zones should have coalesced and that the
discrete zone should have its maximum intensity
at these hours. Between 06 and 09LT the two zones
have separated and the diffuse zone hes attaincd its

exinunm intensity. It is for this reasonm that
the periods 00-03 and 06-09LT were chosen for analysis
in section 6.3 with the results given in fig. 6.5.

While there would ho greator separation between 12-15LT
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the distrihution of gstatisns does not zllow representative
variativns 47 Je obtained over such a wide ronge of
latitude.

According bt the ¢iffuse = discrete zone
model any effeet rssocisted with the diffuse zone

should bw indcvendent of KP and it will be shserved

S

in fiz. 6.5 thet the position of the peck in T ¥

at 06-03LT docs not vary with Kp sut naintains o

congtont latitude at 64° to 65°.

During the period 00-03LT, howcver, a

nexiiun in £OE dis found to move eguatorwards o the

[

cxtont that, whercas for Kp = 0 the £ B, variation is

flat, for Kpjg 5 a well-defined mexinun is observed

: j =) 1 : ; et .
at 2h0ut 657, This cguatorwsrd wovement with Kp
is thus in agrecment with the other paramcters on

which the concept of a discrete zuhe 1s bascd,

-

.. the normciized auroral incidence as a function of
{(stringer and Belon, 1967).

"hage features are emphasized in fig~ 6,16
and 6.17 where the positions and valu.s of the masimunm

in T 7 arc plotted as a function of X for 00-03 end

,
oS P
6-09LT. The constant maximuwn value of ¥ E, of

(o)

3.3 ie/s at 06-0_LT, irrvespective of Kp’ indicates thet
the flux of hard cleectrons responsible for the diffuse
zone is esscntially constant whereas thcere is a

proncunced inerease in the soft clectron flux in the

. . L m - v -‘f‘““‘"!“'
discrote zone. The position of the maximun in £ B

hehavesin on enalogoous manner,
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This movenent of the discreteuEs‘zone ig such
thoat it cnly coincides with the diffuse zonc
for valucs of Kpj;‘4 (assuwiing thot on the basis of all
the other evidence the position of the diffuse B_ zonc

S|

does not change with tine). For Kp = 0 its position
nust huve moved chout 5° in a poleward dircction.
Thus, insofor as the idcalized represcntation in
Tig. 6.12 iz conccrned, it is concluded that the
discrete and diffuse E3 zoncs only coalesce around OOLT
for KP 274,

In fig6.5(n'=t 00-03LT the meximum in £ E
of increasing nagnitude and decrecasing latitude is
again found as Kp incrcascs. Comparced with the discrete
peak in 1953/60 its position is epproximatcely 19.2°
poleward of the latter as scen in fig. 6.6(a)
(¢f. a nevement of 1.5° in section $.4 for the visual
aurora).

For 06-09LT there is wvery little evidence
of a maxirwm in T T at a fixed latitude, inferring
thot the d@iffuse electron flux in 1964/65 was
significantly less than in 1959/60. There is evidence,
however, of a maximum at higher latitudes whoo
positi&n and mognitude varies with Kp‘and which might
thus be identificed with the mid-morning position
of th# discrete Es FZONC.

No data for 06-09LT are plotted in figs 6.16(h)
2nd 6.17(b) on account of the absence of a discernible
peak, but for 00--03LT wvarietions similar to thosae in

1959/60 arc observed.
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The £ EB_ data for 1959/60, although derived
from a snall number of stations, is novertheless
internally consistent and, ns hxs ocen shown, cap
readily be interpreted in terms of a two-zone model.

Theh/Eg data for the sone period, however,

3

docg not present such a simplce picture as scen in

figs 6.10. Herc it is not cloar whether, on account

of the small numbcr of g'ations within a limited

renge of latitude, the various maxine and minima

are in fact physically significent. It is casicr,

therefore, tu comsider the result for 1966/€7 (fiz. 6.11).
The nost prominent Terture is the minimum in h/Es

with a constant latitude at sbout 65° under both

quiet nnd disturbed conditions, which suggests 1ts

eorrespondence with the diffusc zone. The evidence

for a discrete zome is not ncarly so apparont, there

peing only on indiceantiocn of a high latitude minimun

at shout 74°-76° ot 1600LT cnd which moves south until

at 2207 thore is no ninimum asove 68%. A minimum

then reappears at OCLT and probably they moves polowards.
This description applics only to quiet conditions

and in wh. light of the foregoing discussion a minimui

in'h/ES should be evident under disturhed conditions

but displaced to a.loW“lﬁtitude'by,3o to 50. Apart

from & gharp chengoe ingh/Es vetween 67.2° o0 67.7°

during the poriod 00 to 06LT there is no clear

indicativn of such a variction.

The minimum volues in h/ES asgueiated with the
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diffusc zone are all lower than those associated with
the discrete zone. This would be expected if the

two zones are produced by hord and soft elcctrons
respectively. Apart from threo instances, all the
minima asgociated with the diffuse and discrete zoncs
cro higher on quict than on disturbced days, agnin
inplying spectral hardening. This is in cgrecaent

with the obscrvation of Shnrp and Johnson (1968~, b, c)
that the spectrum of precipitated electrons,

i.e. B £ 40KeV, hordens when K., increascs.

For 1959/60 anl 1964/65 the heights on
digturhed days erxce lower than those on quict days,
but the brood minimum in 1959/60 at about 62°-63°
is considcerably displaced from that in 1966/67.

The interpretotion of the minimum at 65O at
2200LT on quiet ond disturbed days corresponding to the
discrete zone must remain of a spceulative naturc
with the number of stations available.

There is again in 1954/65 @ mininun at ahout
66° for some hours dut it does not disploy the
constancy evident in 1966/67 and in torms of a discrete ~
diffuse zcene model the data from four stations

for 1964/65 does not admit of any dependeble conclusion.
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CHAPTER 7

THE RELATIOWSHIP BETWEERN r~, r— ond s— type

SPOUADIC-I AND THE TONIZATION PRODUCED BY

ELECTRON PRECTIPITATION

A
8 o
-

7.1 Derivetion of clectron density profile

The formation of auroral type ES takes place
as A rasult of the precipitati-n of charged pnrticlbﬁ
and thae consequent ionization of the neutral atong
and mnlecules. There heve becn many measurements of
chargcd particle fluxcs and densitics in the isnosphere
and mognotosphere by necns of rockets and srtificial
3 tellites. It should, therefore, ne pessibl- with thig
knowlodge to deternine the morphology of the behoviecur
of the Eé auroral ionization, once the vnrious
ionization paranetcrs hoave becn determinced. In this
section men~gurcenments of electron encrgy spectrs will be
used to calculate the ionization production roate as a
funetion of oltitude and then comprrison will be made
with the erleculated and cbscrved cnuivalent hoight of
reflecetion.

In practice, howover, despite the large nunber
of space observabtions, relatively few of them arc
suitahle for the calculation of ionization rates.

Since most of the ~uroral cffcets result from electren

rather than proton hombardment, only electron
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mensuronents will be discussced here. The most froquent
observetions result in the flux of clectrons as a
function of their encrgy, i.e. an encrgy spectrum to
which cither power or cxponential laws may be fitted.

The cnergy spectrum con ne of two typeé,
measuring cither the total numbor of clectrons whose
cnergy is grecter than n certain fixed encray,
i.c. EO, El’ Eg seseey Which i3 an integral spectrum,
or the numbcr of clcectrons within a number of very
norrow cnergy ronges. This latter is the differcential
spcetrum and is the form used for the construction of
ionization profiles. Other experinents measure
the total cnergy flux of all particles at various
fixed energies. In all these three typces of chscervation
it is neeessary thet thu cnergy range neasured shall
be appropriate to the ionizetion process responsible
for ES, i.c. between apout 0.5KeV and 40KeV under
normnal conditions.

& further paramcter which is ‘also importent
is the pitch angle or rangce of pitch angles over
which the flux is neasured, bocause this angle
determines, ot a given altitude, whether the celectrons
will either remain trapped or be precipitatced.
(See Appendix III).

Therce ig a constraint imposed upon the height
of measurcment also. Satellites with a useful
life-time cannot orbit below 300km while deductions

fron neasurenments made nbove 1000km involve a great

- 122 -



deal of uncertrinty when extreo-plotted to E—-region
heights. Finnlly, ocurorel region pheononcna vary so
ripidly with a small chnnge in latitude thot o single
cnergy spectrum is of limited valuc, A scrieg of
spectra covering a ronge of latitudes is rwuch to he
preferred, gincc, even if absolute valucs of the
height of ionization are uncertoin, relotive changos
should he of somc significance., The published cnergy
spectra only contein two exomples of spectre over a
range of l-~titudcs (Burch, 1970 and Fedorovs et al, 1971)
and all other spectra relate to isolnted single
measurcnents.

The first stage in the determinntion of the real
height of reflection is the convoersicn of the clectron
energy spectrum J (E) into an ionization profile g (h).
It hos becn shown by Rees (1963) that the ionization
rate g per unit incident electron flux F is given by

the expression:-

q _ Bo/ry Az 10y
F oF ion [RJH(I‘.‘I)R

where Eo = Initial cnoergy of the electron
Eion = Mecn cnergy loss per ion formed

n(l), Number of donsities of ionizenle

and = atoms or molcculcs at atmos-—

n(H)y  pheric depth z cnd R (in g/cn®)
rcspectively

]

ro = E-z the range (in atn~-cnm) at the
P "top of the atmosphere"

1

Mass density {(in g/cm3) at tho
lowest altitudc of penctration

P

A(z/R) -

Nornalized c¢nergy dissipation
distribution function

i}
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An expression for R hzs been given by Grun (1957)

in the forms--
R = 4.57 x 070 5 17

This expression can be used to calculate
the ionization rote as o function of heisht for different
values of B, ond for an isotropic angular distribution of
the clecetrons. Tor any given value of E, there will
be @ corresponding height (hm) where the ionization
production rete is a maximum. The results of Rces
hive seen used here to calculatc hm as a2 function of EQ
and the resulting dependence of hm on E, 1s shown
in fig. 7.1.

Also on the vasis of Rees' theory & curve
hos been constructed giving the variction of the
neximunm value of & ,_( _C_l_) as a function of

, r F/nox.

E, (fig.7.2). Thus for any experinental clectron
energy spectrun the flux at ony given value of
energy-EQ,is rend off hy .meons of fig, 7.2. The
nexinum ionization rate (qm) corresponding to a
perticuler energy Z, can now be found. From fig. 7.1
the height appropriate to Upax DAY slso bhe found,
By repeating this process for ench data point on the
encrgy spectrum the distrisution of ionizotion
production rote with heisht (k) may de drawn.

Por the present purpose it is the resulting
c¢lectron density profile ¥ (h) which is required.
Under normcl equilinhrium conditions g :d:NZ where o,

ig the recomdination coefliicient and hence the
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final ¥ (h) profile produced Hy the initinl spectrum
is obtained. A value nfok, = 10™7 cn&/s has hecn
token for this finnl conversion.

The M (h) obtrined by the arove method will

endle thy real height of reflection (h) at ony

given frequ-ncy to »we found., Normnl ioncspheric data,

however, only providestbe ceruivalent heiht of

reflection (h/), there jein: group retardation in E

cend D regions, and therofore cannot e conpared directly

with h. |
In prnetice the ionizction gradient produccd by

electron precipitation is sufficiently great ond

the D-lryer ionization density sufficiently smell for

the group retardation up to the reflection level to

be disrcgarded in the present work. This nay e shown

2y caleuloting h/ for two different ionizotion

profiles by nerns of numerical integration of the

expregsion:~
h/ ___dh
: il - KN
! g
a& \\{ f &

80.5 (c/s)° cn’

i

where K
N = elcctren density per cublc metre

and £ = frequency in < /s

i

The first N (h) profile used is one obtained
by Hechtly ¢t al (1969) from a rocket flight on
Novemper, 12, 1966 at a lotitude of 30% . Fig. 7.3(a)
shows the group retardation (h/ - h) as a function of
frequency.
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The second profile uscd was obtnined from
o rocket flighton June, 17, 1965 at a letitude of 38°W
by Sechrist et al (1969) and the corrcsponding results
are given in fig., 7.3(n).

The ionogpheric data for the stotions considered
in this chapter rarely contain a value of fmin
(i.e. the minimun frequency at which nny echo crn be
observed) which is less than 1.5 Mc/s. TFor such a
frejquency fig. 7.3 shows that the differcnce betwecn
the equivalent ond real height of reflection he
a mexinum valus: of 0.75 km. For higher freguencics
thig rapidly fazlls t2 much lower values. Such a
difference is luss thon the error in measuring l/
from =n ionogram. Thus foxr the purpos:is considered
in this work the differsace betweon h/ znd h may be
ruegarded as negligible.

It would c¢learly have been desirable to use
profiles appropriate to auroral latitudes “ut no
such reclevant results were available.

T.2 Comparison of clectron density profilc with

/

the arintion of h‘Es

The Aurora 1 satcellitce electron cncrgy spectra
obtoincd by Burch (1970) each consists of a six point
spectrum in the energy pass bands 0.096 - 0.163 KV,
0.150 - 0.820 XeV, 1.075 - 1.910 KeV, 1.7 - 8.6 KeV,
10.8 —~ 19.5 KeV ond 17.% = 100 KeV. Nine of these
gpcctra were obtaincd at various times and L-shell

positions ot an altitude of about 4,000 km on the
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night side of the carth. Tho lowest cnorgy band producces
little ionization clow 250 km and hes DHcen omitted.
Thi: £lux in onch of the five sands has becn
token as applying to the centre point of the Hand.
Thoe ionizotion rate and height for ecach energy band
has Decn used to construct N (h) profiles.

An average veluc of £ . - of 1.8 Mc/s has acen

n
trken which corresponds to an clectron density at
reflcetion of ¥ = 4 x 104 eloctrons/cm3. Thc real
hecight of reflection for these speetra is shown in
fig. 7.5. A minimum valuc of hB, -% 55° to 669 is
indicated and mry be regrnrded as significant.

Although the absolute accuracy of thoe dotectors
is no detuer than a fioctor of two the internal
consistency boetween each set of measurenents is
ncverticless high.

There iz olso an indication of a maximnum in

hE_ ot 67° to 38, Both the moxinum ond mininun

=2

may bs compared with those in fig. 6.11 which occur
at very closcly corresponding lotitudes. The
miniun hES dcduced here may thus be regarded as
representing the diffusc zune and associatcd with &
hard spectrun on account of the low valucs of h,
The average value @f‘Kp = 2 for the duration
of Burch's ncasurenients corresponds to an average
value of h/ESin fiz. 6.11 of 105 ku, This may be
compared with the mininum value of hE_ in fig. 7.5

of 105 km.
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A nunber of gpoetrr havo also beon ziven by
Fedorova et al (1971). Thesec werc obtained on the
'Cosmos 261' soatellite in winter 1968/69 at cltitudes
varying from 217 to 670 ki, N (h) profiles hove beon
cirlculated in the prescent work for coeh of the northern
hemisphere spoctra. The B (h) profilus ecleul~tod
frow the spectra are shewn in fig. 7.4 and the

rosulting voriation of hi_
*2

in fig. 7.5 for a velue

of £

in =1.56ilc/s. As with the previous mcasurcments

e minimum in hEs is observed ot 56° 4o 67°.

Within the linmits imposcd by the date the
agreement hetwoen thy latitude position of the minimun
v. . luc of hEé o deduced here from the resulis of Burch
cnd Fedorova et 21 ﬁndrflfés e nre rrdal g renronable.

N (h) rofiles heove been ealculnted fron

bt

other published spectra, i.e. Westerlund (1969),
Ogilvic (1968) ond Tvrns (1958). But of thesc only
thosc of Dvens provide informction which con be

/s
i:

dircctly rel-ted to ground boscd h ohservations.
Bvans hns given two spectra ohtained from

rockets lounchod fron Ft. Churchill (Geonog. Lat. 68.7QN)

into aurorae on separote occosions. One speetrun.

was obtained during tho quict phase of an aurora

2pd the other during the active asreak-up phase.

The two N (h) profiles corresponding to the spectra

arc shown in fig. 7.6 and, as would be cnticipated, a

greater value of N is observed during the intense

final phase. The profiles indicate that hES is
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approxinetely 5 km lower during the Hreak-up phese.

The approximcte valucs of ¥ during the quict

p
and bresk-up phrses were O and 2 rcesnectively.
Refercnce to the bcehaviour under quict and disturbcod
conditions at Collcge, which h~s the same latitude
ag Ft, Churchill, shows that h/ES ig some 10 -~ 20 knm
lower on disturboed days. The two changes in the heights
ocre clearly very different 2nd it may well be that
individual conprrisong of hig on scparate days

and under different mognetic conditions nay »e subject

to much uncertainty.
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8.1 Diurnol ond seosonel Variation

In view ol the aveilobility of wetsz wiich
provides the type of I_ preseut on a given occasion
the incidence oi the Es relative to megnetic ectivity
has been consicdered over < ronge of temperate lutitude
stutions four low, cusp &nd high types. The percentage
incidaence of each type of i relative to the toteal
nunber of observations has been calculuted foxr the five
guiet ¢nd disturbed days each montih and on an hourly
bisise Gince the low, cusp and high types are never
observed &t night the diurnal curves eifectively cover
the period from suniise to gunset.

The diurncl veariations for each type show 1o
creat difference from one station to the next and so
are not sihown herc. Instead the difference between
the percentoje occur.ences on disturbed and quiet
deys ‘SD(EB) has been found and is #iven for the
stations listed in Weable 8.1 below for IGY (fig.5.1)

end I.5Y (fig.C.2) during equinoxes (as examples).

Table l'w- © /‘

Station Slough Wakkanai akite hokubungi Yeme~ Taipei
o) 2On o Or,  H=Op saun o
Geomag.Lat. 54.3° K 357N 29.,5°N 257N 20.5"H 13.7 N8

Also indicated is the average differcuce between
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the quiet and disturbed day occurrence and this is
shown by the onpropriate dotted line. Negative values
for this line will thus incvicate an overall negative
wependence on magnetic activity, while for positive
valueg the converse will be true.

The individuel diurnel grophs exhibit, &t necrly
oll stations, a large degree of fluctuation, so that
in most cuses only a general conclusion is possible.
A very simple indication of the magnetic dependence
can be found by conegidering the number of occasions
thet the mean value is greater than % 4%, This is
an arbitrary level chosen because percentage differences
less then 4% ere probably not significant. The
difierence between the number of ocassions when the
mean value exceeds 444 and is less than -4,.(D) is

Liven in table 8.2.

Table &.2

Total number of 1 ¢ h

occasions 36 %6 36

4 My ~l 14 2% 24
+ 4 L £

- 4 18 5 6

D 1y +% 0

From this table it is evident thot low type E
has a significant negative dependence on magnetic
activity, cusp type @& slight positive one and high

type no significant dependence At all.
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There is, particularly with low type ES, a
sug.estion thot the morning .nd afternoon values tend
to be greater and less respectively then the mean.
value. This difference between the disturbed and
quiet day incidences effectively represents the magnetic
storm effect and this, as is well recognized, varies
with lotitude.

The most obvious parameter to be used is the
difference between the disturbed und guiet variation in
the geomagnetic field i.e. SD(H)Q This is given in
fig. S.%3(a) for a number of latitudes (Chopman ¢nd Bartels)
Alongside it is the equivalent variation of the
Gifference between the disturbed end guicet day
incidence of E_ i.e. SD(ES) for a single season, 1IGY
summer, and for the low type of‘Es, While no precise
one~to-one relationship between bD(ES) an&.éD(B)‘could
be cloimed, there is nevertheless g certain similerity
both in the diurnal and in the latitudinal behaviour
with a reversal between 510 and,56°‘g@omagnetic
latituue.

In other seasons the correspondence with SD(H)
is not so .apparent or even absent bub, equelly,
individual stations in the other seasons provide better
agreement with ED(H}G For cusp and high type Eg
there are single isolated instonces of stations having
similar veciations to tuose in fig.8.3(b) but in no
one season is thers such a correspondingly reasonable
agreement with SD(H)Q
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There is thus @ qualitetive similarity between
SD(ES) and SD(H) but further work is necessary before
eny formul relationship between them can be establiished.
When it is bovne in mind that the percentage variction
in 8 (H) relative to the mein field is of the order
of O.1w, a pronounced effect on ES would not normally
be expegﬁea4 The random fluctuations in ES, which
are unavoidable, might thus hide any SD(H) effect and
a more rcfined emalysis thon that used in the present

work will need to be sdopted.

£ o2 etitudinal Variation

The latitudinal variation cf each type of
sporadic~E has been considered seperately cnd is given
in fig. .4 in terme of k, as defined on page 86, for
ecch season in IGY and I 5Y. The only. form which
shows any ccnsistent varietion with latitude is the
low type for which k increases from high to low
latitudes in 5 out of 6 cases. It is olso, in
general, less thon one, i.e. negatively corweleted with
megnetic activity o8 indicited in the previous section.

e variation of cusp type in IGY in each of
the three seasons indicates a maximum velue of k
at 25" to‘ﬁoq Geomagnetic Latitudo. This econsigtent
feature in thiree independent gets of data would normally
wbe regerded s significant. In I.3Y, however, tuere
is some slipght indication of a maximum in summer but
o very irregular variation in the other two seasons.

The evidence for a mid-latitude peok in the magnetic
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dependence of k is thus not conclusive. There 18,
nevertncless, an overall tendency for k to be slightly
greater than one i.e. a £light positive dependence on
magnetic activity.

The high type of ES shows & most irregulsr

aviation with latitude with, possibly, a slight dccrease
in k with decrease in 1l titude. There is no obvious
preference for values of k greeter or less than one,

iwplying that the high type of E_ is unrelated to

[

changes in magnetic activity.

It is thus c¢lecr that any consideration of the
cvernll dependence of the incidence of L, on magnetic
activivy ond as a function of letitude will depend on
the relative componition of the total number of
oceurrences between low, cusp and high types.

In the light of the above results a preponderance
of low-~type will result in wvalues of k being less then
one while a large proportion of high type would result
in k& being equal to ones It will also be possible,
oy eourse, Icr o mixbure of high type, @ smell amount
of low type and a relatively large amount of cusp
type to result in o value of k cqual to ome.
Corsequently the smoll changes iﬁ k between IGY and
I.5Y7 ghown in fig.4.25 mey not be due to any profound
depencence on solar activity but simply to & change
in the relotive composition of high, low uand cusp

types.
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322 Variation of Cusp und Luroral type Eg with KE

The positive correlation of auroral zone &
with mognetic activity has been well established for
meny years, while hish temperate latitude E, is also
correlated, but to o lesser extent, negatively when all
Es types are considered collsetively. In this scction
the relative occur_ence of cusp type (C-type) over a
range of latitudes has been s%udied mainly for the
equinoxcs since, as shown in section d..7, there is
gome eviacnce for & positive dspendence of this type
on magnetic activity.  For th: auroral region the
incidence of muroral type Eg hes alsc been includod.

e C-type I data is for IutY equinoxes end
covers the range 19° to 54ON'Geomagnetic latitude.
The incidence of C-—type in auroral latitudes during
suminer hog also been included as an a@ppreciable amount
of C-type i is found to occur in =his seuson. The
incidence of a~type at auroral sbasions covers only
the winter of I.SY since little of it occurs iun the
other seasonss

The percentage incidence of C-trype as & function
of magnebic sctivity (Rp) is given in fig. 8.5(b).
Bach day is cheracterized by the mean value of RP
for that period end, unlike all the preceding analysis,
the Es‘@ata covers every day of the montkh. There is
a small but significant increase of C~Lype Eg with
K. for ¢ll temperate lotitude stations, However, at

e - , - R PR
some latitude greater than 54, a large cheange takes
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place and for kirunz and Iycksele & sharp decrcease in
C~type wikh KP is observead,

A3 is to be expected for tuese lest two stetions,
there is on almoslt equally sherp increase in a-type ES
with KP° This lotter feature is in accordance with
this type of Eﬁ being produced by solur corpuscular
precipitation, which incresses with magnetic storm
activitye.

The opposite behaviour of C-type in turoralso
latitudes 18 not in agreecment with corpuscular
eifects ana would seom to reguire a different explonat-
ion.

The general form cof the Sq current system
(eeg. Chopman :nd Bartels, 1%40C; Metsushite, 1960)
shows thot the current flows in an anti-clockwise
direction at e@ll latitudes in the Northern hcemisphere
during doy-time.  When & magnetic disturbance occurs,
ac¢ditional currents flow in the ionosphcre'at E-rezion
heights and are superimposed on the‘sq system. It
ig then found that the two currents flow in mainily
opposite directions at auroral latitudes but in the
gsome direction at high and mid-teuwperate latituces.
(afonina and Feldstein, 1969; Silsbee and Vestine, 1942)

This adcitional polar édisturbed current is very
strong and might be expected to largely counterect
the Sq system. Outside the aurcral zone, however,
the polar current is much reduced in emplitude and

would thus only slightly augmert the Sq current.



This interaction of the Sq and polar currents
secins to be closcly similor to %ho C~type varl tions
in £ig.€.5(b). At the ouroral stotions there is the
repid decreasc of C-type ES with K@ while, ot lower
lobitudes, there is ¢ much smeller incroase.  Thece
would thus seem to be voasuvnoble evidence for supposing
thot the bq current systemwy be &t leost responsible,
either directly or indirectly, for the occurrcncc of
Gutype‘ﬁs over the goomegnetic latitude range 13° to
650N considered herec,

If this is 80 then the moximum local time effcct
on C-~-type ES should occur when thc bg curient systen
is flowing perpendicularly to the earth's magnetic
field.

Heference to the Sq figld, os given by Chepman
wnd JSartels, shows thut in the equinoxes this occurs
et MU0 to 1M0L wocel tie 2nd again ot about 1830
Locel time.  Pig. R.5(a) shows the diurncl veliation
o1 U»type‘ﬂs for the equinoxes ond it is clear thub
there are two moxima in the occurrence, one abt wbout
1000 L.T. and the other at about 1700 L.T. There

is also a tunduncy for the evening peai to bg less

is also observed with the {5 current system.

4
54  Veriotion of flct, low &nd high type B with K

e

Wwor the temperate latitude stations the incidence
of flat (£), low (1) anc High (h) type E, hes Deen

considered for the eguinoxes.  The l- and h-types
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occur by day and f-type by night. For Liruna,
nowever, there is little 1 and h type in the
cquinoxes and hence summer has been usged; equeldly,
winter has been uscd for the f-type, the datoe in 211
casce beiny on 2 twenbty-four hour basis. ig.g.6
shiows the variution with hp‘forvflat, low «nd high
type Eso

At hiruna, an ourorszl station, it is found
thet 1 ond h-type are positively end negatively correl-
ebed with mognetic activity respectively. For the
other three stutions there is a tendency for l-type
to exhibit A negative depencence and h-type & positive
oney but the significance of these trends with the
present dota is limited. The £ type shows no simple
dependence on magnetic sctivity. If, however, btae
inciccnces of 1 éna b are combined then the resulbant
vuriction, «s ghown by the dotted lincs, shows a marked
resenblence to thoet of f-type for all the stations
couslderea herc.

Thus the almost bimodal distribubtion in f-Gype
can be regarded &8s cguivalent to a combinntion of
h and l-types. Since C-typc can clearly not occur
in the night in the absence of a visible E-~region &ni
since f-type is the¢ only form which can be classifiet
at temperate latitudes, this equivalence of £ and 1
plus h is not thercfore surprising.

Equally if 1 end h types have different signs
in their dependence on the magnebic activity, then f-

type is also not to be repgarded as a single type but as
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a combination of the two. The overall varistion
01 f-type will honce depend upon the relative
coumposgition of 1 ond h-types.

It will again be noticed that the dependence
of 1 und h~types ot hirunc ig opposite to that ob
temperatc lotitudes. vhile it might be thoupht
that thoe veriation of C-type, ag described above,
is similuer to h-typo the diurnzl variation of +the
Latoer form fox ¢11l stiatbions anu cll scegons is very
irregulaxr ~nd, in general, showslittle similority to
the double maxima cvistribution found with C-type.

8.5 Lbsorption by en inbenss Hs leyer rogulibing
in no ccaovs from higher ryers

O ORI

The symbol 'TA' used dn the tobles of the
eritical freguencics of the F2 loyer (fOFE) signirsics
that $he uncverlying LS loyer is sufificiently intense,
with & high cuitical freguency, to complutely obscure
11 higher loyurs.

During the IGY the aymbol 'A' only appears =t
hiph latitudec stations ond only these can be
considered for this period. In ILBY 'a' occurs
down to low latitudes und ellows e wider renge of
stcetions to be used.

The percentage océurrence of 'A' on five quiet
end five disturbed ddys for IGY and IgBY is piven
in fig. .7« The diurnal variations in IGY
clearly similar to the diurnal veriation of k

Gescribed in fig.5.8 and can be interpreted on a
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similay bosis. Passoge inbto the auroral zono results
in @ lerge incrcase in the number of precipitated
electrons ¢nd hence in the ionization density.

"This, in turn, mey be sufficient to blankcet
the upper layers and give rise to 'a'.  Thus ot
ilesolute Bay and Iaker Lake, which lie in the true
auroral zone arounc noon, bthe percentege occurreuce
of 'A' is high but falls to zero around midnight.

or the othur high latitude stations the lete
gvening and eavly morning peaks corcespond to the
passage of the centro of the auroral belt above the
station in South- and llorth-bound directions respect-
ively. ©On quict days the precipitation is presumably
ingufficicnt to create a strong blenketing E, leyer
and no 'A' symbols cre observed.

In IESY the high latitude stations behave in a
similor menncr dbut thers are also found to be signif-
icant varicetiong at lowsr lutitudes. #For the two
cxamples given, Slough trd Lelhi, there is an
appreciable occurrence of blenketing Esa If this
weré to be interpreted solely in terms of electron
precipitotion, it would bz a very surprising result,
particularly at the latituds of Delhi.

A possible explanation for this is thoet the

yariation in foﬂ from minimum to maximum solear

cctivity can be in the ratio of 1 to 2 or more.
The corresponding changes in the Es,critical
&)

frequencies fES, foEs or bea ere, howcvir, very

much lesse.
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Tals will then recsult in fOF2, during IGY, .
being on average well above the mean valucs of £E_
wnereas, in IwSY, foEE will ve greuatly recduced und
will fall to a welue much closer to thet of besf

dence the number of oceasions when beS exceeds

foFa‘may be correspondingly greeter in IQSY.
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SUMMARY. G THE COLCLUSICH

T e The Lengitudincl variation in the occurrence

of ES 2% high latitudes depends on the ,usition of

the dip-poley; the occurrence of Eﬁ increasing in bGhe
same sense asg the meridioncl and zoncl movement of the
¢ip-pole for a number of high latitude stutions.

Lo The pusitive correlation between the occurrence
of ES anG solar activity at western stetions and the
negative or zero correlotion ot castern stotions is coused
by the meridionnl movemcnt of the dip-pole towerds the
north “nd by the zoncl movement towords the west, i.e.
towards sostern stabions between IGY and IwisY.

3a At temperate lotitudes the occurrence of E

i

at low frequencies depends on the cmblent electron
density. Small windsheors can produce E, when the
cmbient electron density is smell but the some windshezrs
cannot produce debtectible Eg with o high embient electron
density-. This 1is observed when the secsons &nd years

of high ond low anbient elcctron density ere compared.
4. A comperison of pairs ol stetions situated

ot longitudes 160° apurt shows a rclative reversal in

the occurieuce of E_ between summer and winter at
tempernte latituues. The horizontal component of the
earth's magnetic ficld is considered to be responsible
for the greater occurrence in the eastern zone, when
compered with western zone stations. This is true

for summer and a reversel tokes place during winter.
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This reverasal can be accounted for by neans of the
windshear which also shows a sinilar behaviour.

5e The reduction in Eé ocuurence at Kodaikenal

ag conpared to Huancayo fromn IGY to IQSY is explained in
terits of decrcase in width of the electrojet in the
latter period. A positive correlation betwecn the rost
probable value of Esvand solar activity is observed at
these stations.

6. The behaviour of Es at high latitudes can bhe
interpreted in terns of two digtinet zones, nanely g
discrete and a diffuse zone.

T The overall correlation hetween the occurrence
of E_ and nognetic activity ot certain high latitude
stations changes sizn hetween IGY and INSY. This is
interpreted in terns of a novenent of the ES auroral zonec.
8. This novenent is sunjcet to div al, seasonal
and golar cycle variations.

9. Electron energy spectra converted to electron
density profilesg yield reflection heights which wvary
with latitude in a sinilar way to those obtained from
ground based measureiients.

10. The cuwiulative distribution of ES hes heen used
to show that the Phillips' Rule is applicable only

above the nost probable frequency, but to all stations
and for all tines. The gradient of this distribution
has a definite and pronounced latitudinal variation.

11. In tenperate latitudes a negative magnetic
dependence for low type Es occurrcnce and a slightly
positive one for cusp type E-S has been found. Changes
in 1-type Es occurrence are considered to he related
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to magnetlc field chonges.

12 . “he positive and ncgative dependenco
with magnoetic activity of C-trpe Es in tLemperate
and aurornl latitudes respectively can be expleined

in relction to the 5, &end ¢isturbed polar curient

g sten.
13 . The bimodal distribution of i-type B

s
with respect to magnetic activity mey be 1 orded as

3

the gupcrpodition of low and high Gypes.

P
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ototivng used for By debo

stution Gan F-,I‘f‘phlc} [T

G netic
Letituce
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APPEIDTT TT

Choice of liniting freguency and voeriotion in data

In the present work a congtont limiting frequency
has not wecn used throuszhout since a rigid adherence
to = fixed value ignores the distribution of and
nuiber of values in any one sanple of daba. The
optinun lildting fregquency is deteriuined by a subjective
Jucgeinent such that it is not so high that few vaolues
reaain in the final sanple nd preferably not so low
that every conceivoble value of ES is included,
irrespectvive of its type or asusociation. Tests of
different liniting frecuencies for different stations,
seazons, solar and nagnetic conditions were czrried out.
A ropresentative saaple for tha percentage occurrence
of B (£,B ) 5 He/s, £ B 3 3 lie/s and for all
frequencies) is given in fig. AII.1 for Lycksele
Jurinz winter 1959/60 for cuiet and distursed conditions.
There is clearly little difference between each of the
three criteria and sinilar results were ontainced for all
the other test scnples. The different absolute levels
of occurrcnce in the three sanples are of no conseguence
since for a given study, or dependence upon a given
parcricter, a conctont walue of liniting frequency has

heen chogen.

In general a liniting frequency of 3 He/s has

been adopted. The principal exception to this is the

=y i

study of different types of Qs when the nunver of values
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for £ B D 3 Tle/s would h.ve been snall., TFor this
analysis all occurrences of a particular tyne
have been considered in order to retain a statistically
significant saunle,

The convintional concedt of an error is not
applicable when applied to tho nuah 'r of occurrcaces
greater than o nredeternined frecuen.y and thus the

nornal error vars cannot he indicated on graphs.

When coneidering, for exanple, the diflerent levels

of ocecurrence on guiet and disturied days, the

s

significance of the separation uetween the curves is
difficult to assess. One approach to resclving this

=

Gifficulty is to Givide the data into two groups

usiny «lternate days and the nercentage occurrences

of each of the groups of dcrys cre then taken as the upyer
and lower 1linit of the "error par". An exXanple of this
di-ision is given in fig. AIT.1. It is cloar that

there is no imniguity detween ths culet and disturbed
days Hechaviour. Again gimiler results have been found
for other test sanples and consecuently "error bars"

are not included in the graphs presented in this work.
In those instances where the two curves reing conipared
are clogse together, due consideration has heen given

to this fact in the interpretation for those cases where
the internal consistency of the data is not by itself

aufficient.
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APPTNDIX III

Deteriinetion of pitch anels

The piteh owngle of a prrticle tropped in 2
eréiction belt, i.e. the angle between thoe direetion
of motion »f the particlc ond the guiding nngnetic field
line, will deternine the altitude ot which the porticle
nirrors or sounces bhack clong the s ne path.
Crlcul-tivns indicaote that if o porticlc will

pirror ot noout 100 kn then th. orobability & o

)

1,

collision is sufficiontly great for the porticls ¢

be rogarded asg precivitated. A knowlcedze of the

-

piteh mgle ot any given eltitude will, therefore,
determine whother the particls will be precipitatod
or pirror indefinitely. Ifaﬁl, Bl and ¢Czy B2
~rc the piteh angles nnd the wnognetice ficlds at two
points elong the guiding field lines respectively,
than it is well cstoblished that

.2

pin el 1 Bl

207 ST Rt - ——

sy =

s O
Sin“ea o B2

nt the mirror point of, = 90° and if the magnotic field

=4
.

at 100 kn is 3100 thep
1 B100

- 2 =
Siy B
Sin QCC

H
where dCC is the eritical pitch ongle for o mognotice

]

field By. Any porticle with o piteh ongle less than

oée will mirrer sclow 100 km ~nd so be precipitoted.
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For satellite and rocket ¢orgervations the
magmotic Ficld By ¢t the sitc of the nensurcitent
can e enleulntod rnd thus 53(3 deterained, This
his heen dune Zor the ncasurenoents roferrcd o in
scetion 7.1 nndqihc caleuloted For a particlc ot
an oenu tordal nosgition. Whe rosulting voriation
(ﬂ‘acg with the L-shell volue is given in £i:. AIII.1
and, provided the actept new cone of the detrot - r
is known, it nay be ve-dily deternined whether the
goserved prxticle Tluz rel~tes to trapped or

wrecipit:ted pirticles. Tor the Aureors 1 satellid

©

s e P PR R _— -
orhiting 2t },000 kn, aﬂc = 307°22" ¢t Lt = 6 which
comparaes with thoe anccoeptance cone of the dotector of
+ 307 @0 thet oll the detosted prrticles will be

“

procipitotoa.
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Critical pitch anglel(&b)H
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