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1, INTRQDUCTION

1.1« The low latitude region

The low latitude D ard E-regions have strong geographic
control while the F region has strong electromagretic
copntrols. It is therefore rot umisual to describe low latitude
ionospheric pherpmera in terms of both geographic ard magmetic
latitudes (or geogmagnetic latitudes). The latter are more commonly
used thap the former because most distinguishing features of the
low latitude ionospheric phepomena such as the equatorial apomaly
equatorial sporadic E, spread F ard F-region irregularities etc.
{see sectlons 2«3, 3¢ and 3.2), are influerced by electric fleld
per se or/ard electromagnetic forces. Figure 1 illustrates the
relative positions of the geographic, magnetic dip ard geomagnetic
dip equators. The magretlc dip equator refers to the earthts real
magretic field while the geomagretic dip equator refiers to the
dipole representation of the earth's magretic fleld. The magretic
dip I is related to the magretic latitude by the equation:

tan 1 = & «2tand (1)

where £ apd H are the vertical ard horizoptal components of the

real field, Equation (1) 1s also valid for the geomagnetic dip
angle, the geomaanetic latitude @I ard the correspording dipole
fleld vertical ard horizontal components. The latitude ¢ ard

the geomagretic longitude _A_ ¢ are given in terms of geographic
latitude ¢f- ard longitude X (by Davies, 1965) as :

sin £ = sind8ind + cospcos $ cos ([ =p ) (2)
'15 o To o
: cos ¢sin (=)
sinp ' = ¢ AN (3

cos;%'

where d’( ard ~ _ are the geographic latitude ard longitude of the

north dipole pole (¢ = .3N, N = 291,0°E)s It is seepn from
r©1ge ! that che three equatuls do rot coircide, reitner do their

ColEESp wmimg cabituces (a5 1licictated in Fiy. 2 for sagretic ..
asogra~hic latitudes). Tt js cansidered praamatic {n the course of

thera Tasbnrac ba ranard the 1w latitude ionospheric reqion as that



lying within about magretic dip I = + 35° (see Fig. 2) as practi-
cally all the distinguishing features of the low latitude ioposphere
are fourd within this region. It should nonetheless be emphasized

that these bourdaries are rot sharp ard may deperd rp solar et citv, soono

longitude. Table 1 gives an irdication of various low latitude ionos—
pheric stations, lylng within dip T = + 35°\, A krowledge of the low
latitunde earth's magnetic field, the equatorial electrcocjet and the
assoclated electric field is basic to the urderstarding of the low
latitude ionosphere ard these toplecs are discussed briefiy below,

1.2« The earth's magnetic field

The total magpetic intensity F of the earth's magretic field
is given by:

F = & + H are cna ™ {4)

The vertical comporent Z is positive dowrwards amd the horizontal
component H is further specified by the porthward compopent Xy
eastward ccmponent Y ard the argle of declimatiopm D between H
ard the geographic north. As such,

2 2 2
H = X + Y e .ne (XY ) (5)
tan D= Y/x sse “ew LY ] (6)
Figure 3 shows the world map of F in Gauss, In terms of the magretic
: 4 -
flux depsity By, 100G = 1 Wm 2. It is seen that the magnitude of P

on the magnetic dip equator is about half that at the poles; the eguato-
rial value of F also increases from about 0.29G over Peru to about 0.39G

over Irdia with an intermediote value of about 0.32G over Migeria. The

rate of change of magnetic dip angle with lotitude also varies from about
1.9 over Peru to 2,5 over Irdia, (Gupta, 1973) with an intermediate value
of 2.4 over Nigeria (Onwumechilli, 1967}. These may cause longitudipal

differences in some iorospheric phenomenas The total field F at low
latitudes is mainly horizontal ard approximately rorthward « Tt should
be rmoted that F decreases as the cube of the distarce from the earth's

centre,

Magretic field variations are known to be superimposed on the
Mmain field. These variations ace asiriaad 15 paet Lo Lnberpal origin
arislmy from current imluced in the eart’ amd rripzioally to external
origin arisiny from currents flowing in the ioposohere, particularly in

the E regivne

1.3. Equatorial electrojet

The equatorial electrojet 1s an intense current flowing in the
E region of the equatorial iorosphere in a marrow latitudipal belt,
centred about the magretlic equator, It is regarded as part of the
worldwide jonospheric E-region current kpown as the 59 (quiet dally
variation) current system. JTomospheric currents have been explalped
by the atmospheric dynamo theory. According to this theory, electrons
ard ions driven by reutral wird across the earth's magnpetic field,
constitute a moving corductor, which in the presepce of the earth's
magretic main field, gererates an irduced e.m.f, The currept set
up passes through a narrow belt cantred about the magnetic equator
where conductivity ig very  high thereby giving rise to a belt of
enhanced current flow known as the equatorial electrojet. The
horizontal current is containped within an iorospheric sheet, As
current flow perperdicular to the boundaries is iphibited,
pelarisation charges appear on the bourdaries such that the currept
divergence relatlon (div j = 0) is satisfied where J 1s the current
density. The polarisation charges modify existing corductivity ard
electric field ard the resulting horizontal current density j =G E,
where &~ 1is a corductivity tensor given by:

5 -/ % Sy

=" y

(n

so that:
jl = uxx EX * ';-y Ey

jY =-C¥Y_ Ex + Oy’_; EY (8)

In equations (7) amrd (8), Z is in the vertical upward direction,
the earth's magpetic maln field is 1n xy plame making angle T with
ox (i.e. X is southward positive apd y is eastward positive)}.

o - Co oy (9
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where -5; i8 the compopent of the corductivity parallel to the magnetic
field B ard is krewn as the direct or lopgitudinal corductivity,

.:.;' is the component parallel to the electric field E but
perperdicular to B and it is kpown as the transverse or Pedersen

conductivity while 0‘2' is the comporent perperdicular to both

E apd B and ia known as the Hall corductivity. The expression for

d;‘. "‘I_' -fz' are given 1ip the apperdix. At the magnetic equatar
IO i
is known as the Cowling copductivity., Fligure 43 shows model

%". u_l’. -5‘ar¢:l q; as a function of height for the equatorial
situation, based on the vertical profiles of positive lon composition

shown as Fig. 4be The expressions for the various types of colliaion
frequencies are also glven in the appersiix. It is seen from Fig. 4a

that a is much greater than either J’é’ or ﬂ;’. ard that 0';15
confihad to a limited helght range with its peak value at about
100km; also '-"3' is greater thag :3'5 or a{‘near 100km. The ephancement

of ~=f3 is what gives rise to the epharced current density assoclated

with the equatorial electrojet. Figure 5 compares measured current
density with measured electron density and computed 0;'. The vertical
profiles of 0'3"ard the currept density ] are simllar in shape

though the peak of ‘1 occurs at a higher altitude,

».
In the region of lnterest, w, » V¥, Y, >¥s o5z '-‘:é " "i2ine.

1 8
where 'e’ wi are slectron apd iop gyrofrequercies respectively,
Ve, \)1, electron ard ion collision frequencies, LY iopic mass ard
No? electron density. This suggests that current density in the
electrojet will be stronger where the malp magretic field B 1is
weaker. Theory further predicts a half width of about 3° in latitude

(Baker apd Martyn 1953).

Experimentaiiy, the mailn characteristics or the equatortal
electrojet have been deduced from the magnctic flield chamges it
produces on the groum (Fige. 6} or as detectedb by rocket borne
magnetometers. The experimeptal results obtainped have largely
cunrirmeq pasic ceorevicas predictionss Tie ejuatorlai etecirojet

occupies a helght rapge of about 90«130km (sirger et .l., 1951;

Orpumechilli, 1959 a,b), a latitudinal belt of about 60Ckm (Egedal,
1947, 1948; Davis et al. 1967), ard has a peak cutrent density of the
order of 10> An > {Davis et al., 1967). These features are illustrated
in Pig. 7« An asysmmetry about the dip equator is also exhibjted in
Pig. 7. The electrojet intensity ard width vary with longitude,

being stromgest ard widest over Peru where B i8 lowest apd weakest
ard parrowest over Irdia where B is highest (Rastogi, 1962; Gupta,
1%71). The longitude variation in the width may also be due
partially to the lopgitude variation in the rate of change of I with
latitude, There is a high day-to-day variability in the electrojet
intensity (Ogbuehi apd Opwumechilli, 1964; Hutton, 1967; Kare,
1974), ard also in the width of the belt {Ogbuechi apd Opwumechilii,
1964; Davis et al., 1967; Burrows, 1970}, while the current axis
itself may urdergo seasopal movements (Price amd wilkins, 1951;
Opwumechilli, 1959a ard b;)e The intensity has equinoctial peaks

on the average,

The equatorial electrojet mormally flows eastward during the
daytime but on some occasions it reverses its direction and flows
westwards; the reversal has been called the counter
electrojet phencmeron (Gouln ard Mayaud, 1967) Counter electrojet
often occurs during early morning ard (or) the aftermpon (Hutton
ard Oyinloye, 1970; Fambitakoye et al. 1973) ard it has been
reparted that on the yearly average, the occurrerce is about 63
in the morning (6-Bhr.}, 14% in the afterpoon (14-18hr.) and about
1 per year at poon~(Rastogi, 1974). There is a tepdency for a higher
occurrerce during low than durinpg high solar activity (Hutton amd
Oyinloye, 1970). The counter electrojet pheromeron has ot been
satisfactorily explainped.

In contrast to the daytime electrojet, only a very small
lomospheric current, opposite in direction to the eastward daytime
current has been detected at might (Davis et al., 1967). Meridional
currents flowlng between 100 ard 200km at about 380Ckm from the
electrojet axis have been reported alsc. (Musmann ard Seiler, 1978).

1.4. Electric flelds

The total electric field E 1s made up of two comporents, the
polariecation rield €& .nd tne dypamo induced field u x B such that:

F = L &+ U x B 1)



Near the magretic equator, the contribution of the irduced field to

the total E-region horizontal fleld is regligible as both U ard B

are pearly horizontal. The horizontal electric field Ey associated
with the equatorial electrojet is therefore primarily the polarization
field; at the magretic equator Ii:y - j/ o;y where complete iphibition
of vertical current flow is assumed., Harlzontal electric field in
the electrojet region has been deduced from the extensive measureme rit
of the horizontal velocity of a certain type of electron irregularities
known as the type II irregularities which are also assoclated with
equatorial sporadic E traces on vertical ipciderce ionograms. The
irreqularities are embedded in the electrojet and thelr veloclity Ve

is approximately propartiomal to the electric field Ey. From the
amlysis of radar echoes returned from the irregularities at Jicarmaca
the relation Ey = =6 x ‘10—6 ve (volts per llevtre) was fourd

(Balsley ard Wocdman, 1971)s The composite velocities (and hence
electric field) for the perlod 1967 — 1970 is shown as Fig, 8

(Balsley ard Woodman, 1971; Balsley, 1973). The velocity {(electric
field) is westward (eastward) during the daytime ard eastward (westward)
during the nighttime; the morning reversal occurs between about O6hr
ard 08hr ard the evening reversal occurs between about 1%hr ard 21hre
There is the post~sunset peak particularly durirg the equnoctial

period ard there is also a high day-to-day variability. The electric
fleld attalns a value of up to O.5mV m-l. Estimate of the daytime
electric field has also been made for Tbadan from the measurement of
electron drift velocity of the electrojet irregularities using the
spaced receiver technique, (Oyinloye ard Akiprimisi, 1976). The results
are as shown in Fig. 9; the relationship Ey = —2.9Ve x ‘106 vm—1 was
chtaired suggesting a lorngitude effect, Day-to-day variability has
also been fourd in the electric fleld {e.g. see Flg. 8), just as has
been observed in the electrojet itself, Theory suggests that such
variability can be lipnked with variability in the peutral wipds {e.qge
Richmord, 1973a, b; Fanlbitakoye et. al. 1976), amd Fig. 10
11lustrate obtaipmble similarity in the time variations of infersel
electric field at Jicarmaca ard peutral wirds at Thumba ard Ibadan
{Oyinloye ard Orplaja, 1978}.

The “=reglcn electric field is kpovr to be cuvpled to the P-reqlon
through the highly corducting magretic fileld lipes (with verv high
values of O’;). This is illustrated by Fig. 11 which shows a

single day comparison between E~ apd F- drift velocities. A high
degree of correlation between E-region horizontal drift veloclty amd
P-region vertical drift velocity ( Ex} ) at Jicarmaca is evident,

The hourly varliations of the seaso%al values of the F=region

vertical drift shown as Fig, 12 (Woodman, 197C) also exhibit striking
temporal correlation with E-region horizontal drift of Flg. Bs The
vertical velocities are upward during the day with typical values of
the order of 20m/s , correspording to east-west electric fields of the
order of 0O.5mV/m; the night velocities ae downwards but with the same
order of magnitude as during the day. while the velocities are
approximately height indeperdent in the 300-400km range, they show a
high day-to~day varlability at any orme time. The post=sunset rise

in the value is evident in Fig. 12,

Comprehensive reviews on the equatorial electrojet have been
given by Orwumechilli (1967) ard Forbes (198l}.

1.5 Low latitude iopospheric measurements

Table 1 gives an irdication of ionospheric measurements updertaken
at low latitude stations. Of the stations 1isted, about 75% have
operated the vertical irclderce ionosorde at one time or the other;
about 15% have had lonospheric scintillation ard total electron content
recordings from satellltes, about 10%, vertical inclderce A1l absorption
measurement, ionospheric drifts and radio noise and fewer than 10%
for other types of meagurements, The figures for the stations currently
operating are much lower. Fot inpstance only four of the stations are
listed in the WDC €1 cataloque of ionespheric vertical soumding data
as having contributed ionogram data during the period Jamuary 1985 to
December 1988, It is also doubtful if any station is currently making
noise measurements while field strength measurements are rare,

Thas, while vertical incidence ilonosorde data have been accumulated over
the years, other types of measuremepts are few ard current measurements
are fewer still. Nevertheless the incoherent scatter operation

at Jicarmaca ampn rocket measurements in irdia apd Peru are worth
mentioning as thev have contributed a lot to low latitude lorospheric

data aml uplersta;dinga



-8 - - -

o Table 1 (contd)
TABLE 1: LW LATITULE TONOSPHERIC STATIONS WITHIN _;DIP 10

STATION Geographic Mag Type of
Lat. Loge dip. Cbservation
STATION Geographic Maqg Type of
Lat.  Lorg. dipp tbservation sColombo o 80E -6 B1 B7 B14
Ibada 07N O4E -06 B1 +B6 B7 B10 B14
T;lnnrg!;et g%: gﬁg 232 ?;1 B7 18 110 * i amaribo 06n 554 1 B
hma a 238 13(" 33 : +Lagos 0bN O3E =07 B9
Kourou 22N 13E B2 Legon{Accra} 06N QoW =107 B8 +B11 B14
*Bangul Dgn %49!2 335 B1 B7
flogota 05H W ! B1
HorgKong 22N 1148 30 B1 Bunia 02N o€ =21 81
Macau a2 114 30 B1 *s5igapore 01N 1045 -18 B1 B2 B7 B1O B14
Bombay 19N 73E 24 B1 Nairobl o1s I7E -26 B1 +B6
waltair 18N |3 20 +B6 B10 Lwiro 025 29 -29 B1 B7
Hollardia 023 141E 21 B1
Vanipo 03s 141 =23 Bl
Hydarabad 175 78E 19 Bl +B11 Kinshasha=Binza 045 15E -35 n1
*Talara 058 81w 13 B1
*Baguio 16N 121E 18 81 Natal 065 35w 07 B1 +B11
*Chiclayo 07s 80w 10 Bl
Dakar 1N 1™ 17 B1 *Chimbote 095 199 06 B1
vascensiop Islapd 085 14w 33 B2 B6 B11
+ADcon 125 ™ 01 +B10 +B11 Bi12
Manila 158 121E 14 B1 +B11 Huarcayo 125 75 01 B1 BB +B11 B12
Bangkok 14N 101E 10 B1 Lima 125 T B2
+Bangalore 13N T8E +B11 Jicarmaca 125 T 01 B1 +B3 B10 B12
Madras 13I8 80E 09 Bl *Juliaca 155 704 =04 B1
+Guam 12§ 147 +B11 *La Paz 165 66w 05 B1
Kare 12y 05E B2 Ilo 17s T 07 B1
Ougadougou 12N 01w 06 A1, B2 Tahi t1 185 149w =30 B1
*Diibouti 11N 43E 06 B1 La Quiaca 22s 66W =15 81
+Ootacamurd 11N T7E 04 +B6 San Jose 23s 46w -24 +B6 BB +B11 +B13 B!
Tiruchirapalll 11n T9E o4 B1 *sao Paulo 23s 46w -24 B1 B14
Togo 11N OE o2 81 Tucuman 27s &5W -22 B1 +B6 +B11 4+B13
zaria 11N 7E 0 +B1 +B6 Buenos Alres s 58W -32 B1
Kodaikarral ple 7E o2 B1 Except for items marked +, source is World Data Centre C1 (WDC C1} 28th
+Adis Ababa O9N 3% o0 143 +86 Catalogue of data issued March 1984, Rutherford Appleton Laboratory
Fort- Englam. Items marked + are obtaiped from a variety of sources,
Archa mbault Q9N 18E 03 Bl
Altair n9n 167F i Asterik * ipdicates that the station has clozed down its vertical
Thumba O9N 77E -1 B1
incidence lomosorde.
+Ilorin 08N O4E 03 A1 B9

*Trivardrcun NBN =02 81
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APPLNDIX
Table 1 {contd) ——

Corductivity Equations

Types of Observation:

p1 Iorosphere vertical sourdings Direct corductivity oo— s Pedersen corductivity «J_’l ard Hall corducti-
B2 Topside sourdings vity ‘);are glven by the following equations: '
B3 Inccherent scatter sourdings

B4 Oblique irciderce sourndings R ny 2

Bé Total electron, content - satellite beacons % - ( A * » VE) €

B7  Absorption = method A1 (Pulse echo)

B8 Absorption - method A2 (riometer)

BS  Absorption — method A3 (CW field strength) o . |Me vi L V¢ ] &?
B10 lorospheric drifts 1 "e ve Viuti mi vi V: +wi

B11l Jonospheric scintillations from beacon satellites

B13 whistlers apd VLF emissions n, v, ‘\’e n LRI :’ 2
B14 Atmospheric radic roise. 0‘2_ = me"’ . vi +w2) - Tu';vi' (?1:5 €

where € 1is the electronic charge, m, ny Ms8 ard rumber density
respectively,

¥, w, collision frequercy ard gyrofrequercy respectively,
ard subscripts e and i stard for electron ard ion respectively,

Collision Frequercies

Expressions for lon-neutral collision frequencies in MKS units are given
by Richmord (2972) ac:

VYin = i (1,07 L1+ 108 | 0,7) (1/500) 015

+ o.sol o ]rr/soo‘l"o"19 }10'22 H.I/B

L - wOal7
Vo = { 1.08 | n, | (T/500)
0.37
+ 2,02 [02 ] ¢1/500)
+ 0610 Jer/5007" ] 162 w sm
- ) o.m0 In, ] (1/500) 02

Vi,

¥

116 [ o, ] (1/500)*%

+ n.89 ) 0 1 t1/5000°+ % }10_22 w./B
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subscripts 1, 2, ard 3 refer to no', 02‘r and o' respectively.
The sjuare bracket [ 1 denotes rumber density of reutral
particles, T is the temperature; W, the gyrofrequercy ard B
the earth's magnetic field,

The electromneutral collision frequercies as given by Richmord
{1972) ard corrected by Gagrepain et al {1977} are:

V2

: : 0.95
20 = a1 [n, 1 (x/300)

s 295 | 0,1 ('relsoo)o""9

b
- 0.85 - 26
+ 1,09 Loltr 300 .]10 w/B

where subscript e refers to electrons while the electron lon
collision frequercy is given by nlcolet (1953) as
Ve s " (e (£59.0

© -
+ 4.8 log,, (T/ [=1 )]10'61'3/2

MKSunlts.

Eletron-ion collisions are megligible in the lower E region but vei
becomes comparable with \)en above about 140km,
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Figure Captions Fig. 9.

Location of the geographic, geomaqnetic amd dip equators.
(After Gupta, 1973).

World map of magrnetic dip angle I {After Cain ard Neilon, 1963).

World map of total magnetic intensity F (After Cain ard Nellon,
1963) «
(a) vertical profiles of direct ( &), Pedersen ( ,;)'
Hall ( C’;) ard Cowling corductivities urder noontime,
equatorial equipox amd average solar corditions
(After Forbes apd Lirmdzen, 1976).

Fig.10.

{(b) vertical profiles of positive ion composition for roontime
equatorial equinpax corditions and average solar activitya.
(After Forbes, 1975).

Comparison of computed vertical profiles of f;

measured eastward current densities }

ch‘ll-

"’; with

and electron concentrations

—
and <

Fi
N, for a . 12,

el., 1972).

rocket flights over Thumba (After Subbsraya et

variation of the daily rapge of the grourd nerthward magretic
component with latitude from the mean equator midway between
the dip ard geographic equators on interpatiomal quliet days
during September apd October 1958. (After Ogbuenl arxd
Ormumechilli, 1965).

Crosg-sectional profile of the equatorial electrojet obtalped
from nlne rocket flights off the coast of Peru ln 1965,
normalized to yleld AH = 100Y at Huancayo.
Circles irdicate locations of data points used to obtain
the contours of current density in mlcroamps per square
meter, The right-hard portions of the contours are dasghed
to imdicate upcertainty associated with the relative lack
of data from this portion of the diagram {(after Davis et al.,
1957) .

Composite of type I1 drift velocities obtained at Jicarmaca

during the period 1967 - 1970 (After Balsley, 1973).
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observed westward velosity of
(b)
mean sastward electric fleld Ey, (c) computed correspordirg

Daytime variations of {(a)
Esq. irregularities at Ibadan, computed correspording
helght integrated current density, J and (d) observed
magretic field deviation AH at Ibadan, The variations
are for the pericd 18 - 22 October. 1966. (After

ovinloye ard Akirrimisl, 1976},

Hourly varilation of the eastward components of E~reglon
velocitles at (a) TIbadan (b) Thumba apd (c) Jicarwaca)
(a)} apd (b) are for peutral wirds while (¢) is for
type I1 electrojet irregularities. (after Oylnloye ard
Oompolaja, 1978).

Singleday comparison between E region (horizontal) drifts
ard F region {(vertical) drift velocities at Jicarmaca far
March 5, 1968, {(after Balsley, 1973).

Compusite vertical iorpspheric drifts observed at Jicarmaca
for different seasons during the period 1968-197C. {After
woodman, 1970). Dotted lines corresperd to periods with kp 2 5.
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PROPAGATION PlIYSiCS, FEBRUARY 6-24, 1989

LOW LATITUDE IONUSPHERIC PHENOMENA - ELECTRON
CONCENTRATION AND IONCSPHERIC IRREGULARITIES.
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DEPARTHMENIT OF PHYSICS
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2.1. D Reglon

The D reglon of the lorosphere occuples a height range of about
S0w80km. The major sources of ionlzation under quiet corditions are
the solar Lymap - 8lpha lire (102.6mm), 3~dpm X rays, 0.1 - im X rays
apd galatic cosmic rays (Retmasiri, 1977). Ly =-gi ionlzes NO and
is most sffective betwean ahout 62 apd @5km (Ratmasiri, 1977), 1t is
the domimant source of electroms ip the 76-85km altitude range
(Gpamalingam, 1974); 3 « 4mm X rays; lenising N, ard 02 becoms the
most impertant above about 85km while galactic cosmic rays become the
most important below about 62km {(Ratpasirl, 1977). Urder quiet
corditions, 0s1 = 1.0 pm X rays are only a mipor source with the
production furction vanishing completely below about 70km, though
upder disturbed copditions, their iopization could domipate the entire
D reglon with values sometimes increaslpg by more than 100 fold.
X-rays increase from sunspot minimm tc sunspot maximum; Ly - is
rearly copstart with solar activity but NO increases with sclar activity
while cosmic rays decrsase with solar activity. In affect electron
copcentration is expected te ipcrease with sclar activity in the upper
D region apd decreasa with ipcreasing sclar activity in the lower D
region, the solar activity reversal in N. belng below about 70km (Mitra
ard Rows, 1974). A gradual loss of solar coptrol in the diurpal
variations of electron corcentfation is aleo expected balow about Tokm
(Mitra and Rows, 1974).

Direct measurements of the properties of the I reglon are scarce
ard only a few rocket msamiremants, made primarily in Peru and India,
are avallable for the low latitude regions

Figure 1 shows a mass plot of the electron densities obtainpsd
from twelve dgytime rocket experiments corducted at Thumba durinpg the
the period 1966 to 1978 (subbaraya et al., 1983, 1985), The diagram shows
an electron density of about 10 per o at 60ikm increasing gradually
to about 250 per cc at 70lm apd having a value of about 500-600 per cc
in the altitude region of 75-8B0km. There is a sharp ipcrease ip slope
at about 82 km, beyord which the electron density increases rapidly
with altitude, attmining a value of about 1.0 x 10‘ electrons per cc
at about 90km. Figures 2a=d which display rocket measurements of
electron ard positive ion density altitude distributions over

-2 -
Thumba on March 19, 1970 illustrate some interesting features of the
equatorlal De-region (Akin et al. 15972). Figures 2a ard 2b show that
positive lona could be significantly larger than electrons at altitudes
below 75km thereby irndicating a high (negative ion/electron) density
ratio for this helght region during the daytime; a stesp gradient of
electron density above 85km is evident in all the figures while Pig. 2d
irdicates a diurnal asymmetry g that a nuch larger change is observed
between % = 50° ard 28° (in the eerving) than between X = 26°
ard 48° (1n the afternpon) below 100 km; also solar control of the region
with higher values of electron density for lower values of% is
consistently exhibited for the height ramge 70 —~ 90im.

Sometimes, attempts are made to deduce information on the properties
of the D reqion from HF absorption measurement. Pigures 3,ada ard 5
1llustrate diurpal, seascpal apd solar—cycle variations in equatorial
vertical incldence ienospheric absorption on 2.2 MHz, In the diurnal
variation, there is a delay of 20-30 minutes between the time of wminlmum
solar zenith angle i ard the time of maximum absorption which gives
rise to a diurpal asymmetry such that absorption for a given value of f
is greater in the afternoon than in the mornirg. The seasonal variation
is seml-annual with equnoctial peaks ard there are uptsually low
values of absorption duripg the Jupe solstial months of May, June
ard July. The solar-cycle variation shows an lpcrease with sclar
activity. Wwhile variations ip collision frequercies may contribute to
the cbserved diurnal ard seasomal varilations, similar variations in
electron density in the D region above 70km arpd the lower E-reglon are
malnly responsible Yor the diurpal asymmetry (Fig.2) apt the observed seasopal
varlation {Fig. 4a and b). Also, the solar cycle varlation can be
attributed to a similar variation in electron density in view of the
fact that collision frequepcies for heights below about 100km are
irdeperdent of solar activity (Thrane ard Piggott, 1966). A major
differerce between the observed absorption in the equatorial reglion
ard in the middle latitudes is in respect of the 'winter anowmaly®
which refers to greatly erhanpced absorption on some days in wirnter
relative to summer values, It is present in middle latitude absorption
(Thomas, 1962) but absent in equatorial absorption (Diemecnger et al., 1967).
This is evident in the seasoral patterns of the latitudipal variation in
the 2.2MHz absorption (Fig. 6) which is irdeperdent of season for dip



angles |I\< 20° whereas there ia winter ephancement at greater dips,
Midlatitude winter anomaly is attributed to ephanced O-region

electron density ard it is associated with stratospheric warming ard
mesospharic circulation (Shapley ard Beyron, 1965; Rose et al., 1972). On
the other hand, seasoral variation of absorption in the ejuatorial regions
13 ot associated with either tesmperature charges in lower atmosphers or
wirds variation in the meteor somm (Oylnloye, 1978).

2.2, ® won

The [ raglon occuples a height range of about 90 ~ 150 km.
Typical equatorial E~region slectron density profile nsar roon 1s also
1llustrated by *ig. 1. Electron density Ny ircreasea from a value of
about 1.0 x 10%m~? at 90km to 1.5 x 10°cm~? at about 110km ard
then further ircreases very slowly with altitude reaching a value of
about 2.7 x 10°ce > at 160km, There is very little day-to-day variabllity
in E reglon electron density profiles ayd over distarces 0-150km from the
magretic equator (Alkin ard Blumle, 1968). Figure 6 illustrates the
situation at nlghttime, There is absence of lonisation at altltudes
belew B5km, rapid rise in electron density in the altltude range of
85 to 95km reachipg values of about 1000 electrons per cc aroung 95km
ayd the exigterce of proppunced structures in the proflles, in form of
layers of ionisation on many of the occasions (Subbaraya et al., 1983, 1985),
The daytime electron concentration is about an order of magnl tude
higher than that of the nighttime. While the daytime ionisation may be
attributed to photochemical processes, the nighttime structures
represent redistribution of the ambient ionlsation due to dynamical

processes.

The daytime maximum ionisation u-!: ard the correspording height
h-!: have Egen ltudi;d sxtensively fron‘-j:;omgram (Fig. 8), N-E -
1,24 x 107" x {fok)" where MmE is inm , foE 18 in Hz ard 1t is the
g-region O-wave critical frequency or the maximum frequancy of the
ordipary wave that can be reflected from the E reglon at vertical
ircidence.

- -

The varlation with time t of NmE satisfles the equation:

d(NeE}
;"‘f - q_ cosn - o u.-nnz. (1)

where qa, 1c the maximum electron production rate per uplt volume for
overhead sum (e 0), ard ol i Whe recombinpation coefficlent assumed
constant. If the layer corpditioms are completely statlopary:

q

(N'F)z - -i—- cosol, (2)

or (fOE)‘ = K cos (3
q

K o =2 1 (4

A (1.24 x 1605)%

ard cosA- = 8in *sin b cus* cos & coswat {5)

where ¢ is the geographic latitude, § , the solar declimation, wt

the local hour apgle. Prom the above equations, it is seen that the
variations of NmE: or fok will deperd on solar activity, season, time of ti
day ard latitude.

On a ghobal basis the deperderce of %!: on solar activity has been
given in terms of sunspot mumber R by Muggleton (1971) ass

NE o (foE)? o€ (1 + 0.00334R). (6

ard in terms of solar radlo-roise flux 5 (in unlts of 10"~
by Kouris (1971} as:

()’ (£oE)* o€ (1 + 0.cON5). N

Flgure 8 illustrates the lopg-term varlation of (fu!:)2 with S anrd R at a
low latitude statione

rPor the diurnal cbservation, it has been fourd that the expression:

(foE)‘d. (cos'x,)P (8)

fitc the data. Kouris apl Muggleton (1973a) have fourd that for stations
within the latitude zone of about 12° on either side of the Equator,
p = 1.31 which differs slightly but systematically from the overall
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averaged value of 1.20 for other stations in the troplcal region ard in
the middle latltudes.

The seascpal varlation can be obtained by studylng (foE)‘ at
seyeral statiops upder corditions of constant solar activity, cos ard
Sur~Earth distapce., Kouris ard Muggleton (1973b) have plotted a parameter
A which is the monthly value of (fo!:)‘, rormalized to X, = O ard S5 =0
to give the seasonal variation. (Figd0 ). The parameter A can also
be expressed by the function:

A - B (c:osyb-mon)m (9

where the latitude varlations of B apd m are shown as Flgs11aard p
respectively, The seasopal variatlons are deperdent on both latitude
ard lorgltude. Apart from the fact that the parameter B Iincreases
towards the equator, it is striking from Fig.10 apd equatién (9)
coupled with Flgs.11a ard B that seasonal varlation in FoE or NmE: is
rot significant at the low latitude stations. However where seasonal
variation is fourd, the value of A 1s much less in local summer than in
local winter in both hemispheres, a result that 1s called the Appleton
E-layer seasopal armprmaly. There 1s also the interestirg aspect that
the seasomal varlation may be lipked with that of the sq—current system
(Kouris ard Muggleton 1973b). For instance Fig. 11 shows an ephancement
of m in the rorthern hemisphere over that for a glven latitude in the
soutkern hemisphere ard the zome cenptred on the meridian 75 W exihibits
the lowest equatorial value of m, Correspordingly, currept intensity
of the »1. current system for equimpctial months apd the yearly

average has been fourd to be about 1.2 times larger in the northern
than in the southern hemisphere apd the intensity of the equatorial
electrolet is greatest in the Amerlcan zore. Arguments have been
advapced that the seasomal changes could be explained by changes in the
E-region vertical drift velocity ard its qradient, caused by seasopal

varlation in the S5q current systems

In general, foE is well represented globally by the prediction
formula of Muggleton (1975} given in the form

(fc:El)4 = CDEF (10)

- h -

where C, D, E, ard F represept resprctively the factors for solar
activity, season, latitude ard time of day. Equation (10) is a composite
form of equations (7) (8) ard (9)s In particular, the equatlons

3 0.65

NmE: = 1.46 x ‘10‘1‘1 (1 + 0.0091R)* (cos ) (11)

fOE = 3.55 (1 4 0.009TR)¥ (cos 0°315 (12)

given by Aremu ard Oyinloye (1988), predicts foE ard NE for equatorial
stations within|{geographic latitude)| s 12° with a high degree of
accuracy better than 5%. (Fig. 12).

The height hmE correspording to foE can be estimated from the
expression cbtalned for the middle latitudes by Piggott ard Thrape (1966)
ard glven as:

hme = ho + 7.5 1p (sec %) (13

where hmE is in km ard ho = 105km and 108km for high ard low solar
activities respectively. A comparisop with experimental data for low

latitude stations indicates that equation (13) 1s also applicable to low
latitude stations.

2.3. E Region

(a) Ejquatorial anomaly

A distinct feature of the FP-reglon at low latitudes is the equatorial
anomaly which is the latitude variation of F-reglon electron corcentration
with a trough ceptred about the geomignetic equator ard with peaks
appearing at about magnetic latitude * 15° - 200. The apomaly first
appears in the morning ard this could be as early as 10 hr,, becomes
presifnent late in the aftermpon or towards supset ard decays about midnight
{Lyon ard Thomas, 1963; Rastogl, 1959b; Walker ard Chan 1976). The exact
time of appearance, the development of the aromaly, the time of decay
ard eventual disappeararnce deperd on solar activity (Rush et al., 1969}
ard lopgitude. There is also conslderable variablility on a day-to-day
basis (Vila, 1971; Rush et al., 1972). Studies of electron depsity at
fixed heights below {(Croom et 21.y9959) apd above (King et al., 1964,
1967) the F2 peak have shown that the anomaly can be foupd within a
heisht range of about 160-800 km, *hough there is a terdency for the
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arpmaly to get parrower as altitude increases or during magpetic storm,
The main features of the equatorial apomaly are illustrated in Fige 13.
The epharcement of electron concentration in the northern heml sphere
over that in the southerns hemlsphere 1s worth potinge

Tt 4is believed that the apomaly 1s due to a “fountain effect®
caused by the electrodynamic vertical 1ifting of the plasma over the
equator which then diffuses along fleld lirms to subtropical latitudes.
The two effects lead to the cbgerved ®trough® ard “crest® of lopizatlone
It has beepn theoretlcally demonstrated by Hanson ard Moffett (1966} that
an upward vertical drift of the order of 10 ns~ ! could be adequate to
produce both the depth of trough ROyF2) . /(NF2) o 2)fard latitude
of the maxisum value of MmF2 (Fig. 14). The fountain effect that would
result from a vertical drift of 10 ms~ ' for supspot maximim corditions
is 11lustrated by Fig. 15. Conversely, a dowrward drift leads to an
»iverted fouptain® effect whereby fonlzation from higher latitude fiows
up the fileld lines amd is eventually recombined at low latitudes 1n the
peak formed ngar the equator.

(b) Temporal veriations
The characteristic frequercy foFl for the F1 region fits well the
Chapman model ard foFl can be expressed as @

n
foll = fs cos W for A & Ry (14)

where 1s the maximum solar zenlth argle for which foF1 is observed

ard bcth f apd n are empirically derivable parameters which depend on
geonagnetic latitude ' apd solar activity {(Ducharme et al., 1871, thap 5%
1971). FPor equatorial stations foFl may be obtalped, with an accuracy bettec/
from (14) ard the relationship given by Arem {1987} as:

fs - 4,438 + 0,00418* + 0.0077R {(15a)

ard n = 0,085 + 0.002§' + O.O0R (15b)

The characteristic frequercy fOFZ 15 the most important factor for
radio propagation by lonospheric reflection ard 1t determires the maximum
usable frequercy. Its diurpal ard seasonal variations at low latitudes
are ipfluenced by the egatorial apomaly resulting in large departures
from varlatlons predicted by a Chapman modiela
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The peak 1n the diurnpal variation foFE occurs cutside local noons
A single pre—poon peak occurrlng typlcally between ©8 apd 10 hr is
common. At supspot mipimum two peaks are common,ore occurring bafore
oon ard the other in the afterpoon thereby glving rise to a roon
bite—out instead of a noon peak {(Olatunji, 1966; Adenivl, 1980)., It
has also been fourd that on about 10 percent of tha time during
sunspot maximmn, midnight mediaw s of £ F2 at low latitude stations
are equal or greater thap corrsspowiisy roon values (Awe, 1975). Large
local time variations of f°r2 aspecially during suncise hours have
been obperved at low-latitude stations. Lakshmi et al. (1980) have
reported npormalized percenfage changes in for2 that were sometimes
higher than 300 percent at 5.00 a.m. for Kodaikanal {Geomagretic
Latitude 0.5°N) during low solar activity compared with changes
of about 50 percent for Brisbape (Geomagretlc lati tude 35.7%3).

{Fig. 16). The charges have been fourd to ghadually decreass with
increasing geomagnetic latitude reaching very marginal values at latitude
of about 30° ard above, ‘

Anomalous seasonal variakions 1n f°F2 have also been observed at low
latitude statlions. Using midnlght median f°r2 data for Ibadan for about
two solar cycles (1954-1973), Awe {1980} has fourd that values of ffo!Q
at midnight are mich lower during Jume solstice {Local summer) than
December solstice (Local winter) as shown in Flg. 17. For noon for2,
the seasopal apomaly is favoured at sunspot maximum but pot at sunspot
mipimum (Lyon, 1965). It is unlikely that the anpomaly is consistently
present 1n the daytine f F2 for statiors .within about 10 magretic
latitude of the magpetic equator {Olatunji, 1967).

Such a complex variation in the F2 reglop does not readily lerd
1tself to a simple representation in terms of cos . Instead, severgl
attempts have been made to represent the variations by a variety of
mathematical functions of varylng degrees of complexity {Jones ard Gallet,
1963 , 1962; Yoperewa, 1971; Chiu, 1975). 1Ip order to obtaln forz apd
hmF2, resort is usually made to numerical maps of the parameters fol‘2
ard the propagation factor for a distance of 400Ckm, M{4000)F2, that are
presepted in CCIR reports (1993) for solar irdex valuas “12 w 0 apd 100,
for each month ard for different univeral times. The variation of
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£ F2 with sunspot number for R, £ 100 c.ur be represented approximately
o
by a lipear relationship between R‘12 ard foFZ. For R12‘7 100, the
relationship can be extrapolated to give:
- - -f ) R (16)
f°F2 f°+0 '()‘l(f.100 o) 12

where £ 1is the value of f F2 for R
[ o 12

for R‘12 = 100. Similar relationships are applicable to hmF2. For

exanple, using the annual values of for'2 and hm§? averaged over 09,

=0 ard f100 i1s the value of foF2

12 ard 15 hr for the years 1952-1964, Lyon (1965) has obtained for
Ibadan the empirical relations:

£ F2 = 6.96(1 + 850 x 16-3R) Mz (17)
hMF? = 325(1 + 2406 x 10 “RYkm (18)

where the unsmoothed sunpspot number R £ 100.
fong-term arnd seasonal variations of hmfF2 for Ibét_ilgn are shown in Fig. 17.
More gererally, 2, can be estima rom > formila given by

Bradley ard Duderey (1973):

hmF2 - — 2490 96k (19)
M(3000)F2 + M
with 0.096(R, ,~ 25)
Av 2238 , (20
X""ic‘ 150

where x = fOFEIfOE or 1.7, whichever is the larger. M(3000)F2 1s
related to M(4000)F2 by the equation g

M(4000)F2 = 1.1 x M(3000)F2 (21)

Za%s Total FElectron Content

Total elcolummar electron content (TEC) has beepn estimuted
maiply from measurements of Faraday rotatior which applies up to
altitudes of about 1000 =2000 km ercompassing the major portion
of the ionosphere. TEC for this altitude range is usually dercted
by NI to distimuish 1t from TEC measured to the height of
qgeostatiormary satellite which 1s depoted by M. Very high values
of NI in the world occur in the low l.ititude region with the highest

values occurring at the crest of the eguatorial apomalye. This is
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easlly seen by consldering the latitudipal values at a given longltude
in Filg. 18, Flgure 18 further ipdicates that ™ at low latitudes is

of the order of ‘107 el/mz.

Measurements of NI at low latitudes have been reported by ssveral
authors, for instance by Skinner (1966) ard Olatunii (1967) in Nigeria,
Hupter ard Webster (1966) in Kemya, Gripolizzi et al. (1978) amd Ortiz de
Mler ard Ezquer (1987) in South America ard Somayajulu (1983) in India.
In geperal, the dlurmal and seasomal varlations are simllar to those ip
tmF2, Near the equator, the daytime maximm vyjue occurs in the
afternoon apd 1t is of the order of 2 x ‘10"T el/ru2 close to sunspot
minimum corditions. Measurements at Ibadan {dip 6°s) by Olatunji

{1967) 1llustrate the diurmal pattern during lew solar activity

(Fig. 19), and the top side/bottom side electron content ratio for

LY which deperds on time of the day with a maxir.ltn of about 3.5 occuring
about 03 h ard a minimum of about 0.4 occurring/about 06 h. The seasomal
variation of M is semi-annual with equinoctial-peaks ard a mipimum in
local summer, N also exhibits the equatorial apomaly sich that rear
the peak of the arpmaly, the daytime maximm value is about twice that
observed rear the trough (Ma and Walker, 1983). Figure 20 which shows
the diurnal and seasonal variations of N for Ascension Islard
(Geographic 88 14°N ard mag dip 31%5), illustrates the patterns mear
the aromaly crest for sunspot maximum corditions. Maximum walues

17 el/mz, there are
alsoc post sunset very high values and high day-to~day variability as

during the day could reach values as high as 12 x 10

well, On the average, equirpctial values ar%rht_ii%h%l; than solstial
values, Similar results have been reported bysAlder ard Ezquer

{1987} for Tucuman which is near the crest“%f-the arcmaly in South
Amerleca, Several features of the diurpal {seasonal variations in NI

can be explained by corresponding features of the equatorial electrojet
strengths the day-to-day variability during the solar minimum copditions
(Klobuchar, 1983), the post sunset high values (Arderson ard Klobuchar,
1983) amd the latitude of the crest of the amomaly which is wide on
days of strong ~lectrojet ard absent on lays of o elactrojet or

counter electroiet (Rao ot al,, 1983)

The variation of ”I with solar activity 1s of the type

N. =

T My 1+ al(s-b)) (22)
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where 5 1s the smoothed 10.7cm solar flux. N is the value of Ny at S = Db
ard & apd b are constqnts. Usually the value of b & 70 apl BO have been
used aam N o deperd on season, latitude apd longltude., Equation
(22) 1is illustrated by the results obtalnped at Thadan by Crwukwe (1973}
over 11~16 hr, which are described by the following equations:

spring np = 2.78(1 + 0.026(5 - 80)) X 10Y’ m-':
Autumn N = 2.68(1+ 0.21(s - 8O)) x 107 n
Summer N = 2.17(1 + 0.019 (5 —80)) x 10'7 w2
Winter N = 2.15(1 + 0,028 (5 - 80)) x 107 w2 2»

rig. 21 shows recent measurements of Ny during a sunspot mipimum
period (October 1975 - Jarmary 1976) at Ootacamund (dip &%) in Imdia
(Dorelly et al., 1979). The measurements were made using the Earth-
space signal time delay technidque (Davies, 1982).

The differerce:
NP =N - N (24)

is regarded as the total electron content Np in the protomosphere.

A comparigson of Fig. 21 with Fig. 19 suggests that N, ard Ny have similar
diurpal variations. As suspected, Lf the variations on N, are due to
those in “‘I' 1t 1s pot unplikely that Np is essentially ipdeperdent

of the hours of the day at low latitudes similar to what has been

fourd at middle latitudes. It is however not reliable to estimate

Np at low latitudes from Fige 21 ard 19 as the two results refer

to different seasons ard longitudes and the measurements at Ootacamurd

were for slant pathse

3, IONOSPHERIC IRREGULARITIES

Prominent lonospheric irreqularitles at low latitudes are those
assoclated with sporadic E ard spread F abserved on vertical inclderce
ionograms (Fig. 8).

3.1 Sporadic E ard E region Irreqularities

Sporadlc E refers to abpormal E-reglon lonisation, typically in
excess of the rormal values ard 1t ls an entlrely different phepomenon
from the pormal E-region ionisation which is jolntly controlled by the
Lntensity of emissions of solar ultra=violet 1light apd sun's &enlth
distance (Appleton apd Nalsmith, 19237, 1940). Sporadic E traces on
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lonograms are considered as trapnsparent when reflections from geatar
altitudes are cbtained in addition to those from the associated t-teglon
irregularities (Fig. 8)s Such traces are indicative of the presance of
blebs of ionisation or fluctuations im slectron density vhich are enly &
fa perceptages over the sublent losisatios. On the othar hepl, speredic
£ traces are considered as blagheéiasg when reflectiess from greater
altitudes are "blarketad® off Gligs 8). They are typically imiicative of
the preserce of a thia layer of loplsation which is wuch esharced ever tha
anblent.

A comprehensive review of speradic £ has bosn given by Pejer and
Kelley (1980), There are thres majer sporadic I semwss characterised by
Broadly different properties of Es. Thase are equaterial sems whichk is
coptrad on the magpatic squater amd sbeut t € dip on beth sides (Kmecht
amd McBuffe, 1962; Matsushita 1933; wright amd Mibberd, 1967), the
auroral soss which axtesds beyowd sbout 6¢° gecmagmetic latitele amd the
temperate zops which is foup! between the equaterial amd surecal Bonss.

In the sureral mops, speradic £ is mainly & plght-time escurresce
apd would appsar to erigimate from sithar the sureral slectrejet or the
precipitation of particles. As sparadic K in the squaterial aml tespecata
sepas are those that are of direct iptarest te lew latituies,ws fucther
consideration will be given to the aureral Eops.

sporadic E stwiies in the equaterial regien have bosn mpds frem
tonpsomle measuresents, radar msasurensmts on 16.25, 49,92 apd 145,25 W=
at Jicarwaca (o.g; Bewles ot al., 1962, 1962; Bowles sl c-h.‘lgmzl
Cehan apd Bowles, 1967; Balsley apd Farley, 1971; Pejer ot al.,/1976)
asd on 7o3, 14.2, 21,3, 29.0 at Mdis Ababa (Crochet, 1977} mamise
am! Crochet, 1977} as well as frem rocket measuremewts in Tamba (Frakash
et al., 1970, 1971a, 1971b) ard Punta Lobos ix Perw (PMfaff ot al., 1985)
TIeposepie measurements provide ipformation on mecphelegy} cadar measuLene:
on accarste determipation ef haight of raturpad schees, thresheld valocit
copiitions, wave mmber (or irreqularity) spectss, relative acho power
{(atc) while rocket measucements provide additiomslly, igpfermation on the
irceqularities in the E-~region electron density profiles.

In the equatorial Soms, daytime eccurrence of spersdic-§ is
predominantly of the aquatorial type (Es-q) though a few other types
including blanketing Is may be foupd. Es=q is trapspareskt sa vertical -
ipcidence ionograms. From lerogram studies copducted for Sowth Amaricaa
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gtations {Bardyopadhyay ard Montes, 1963) ard nlgerlian Stations (Oyinloye,
1969) 1t 1s fourd that near the equator, ES — q is pearly always present
over several hours ceptred about meon. On the contrary, a minimum may be
observed around midday for stations with dip angles greater than 6° (Fig.
22). Though there is no significance seasonal variatlon in the occurrerce
frequency, there is a tenderncy of equinoctial peaks for stations close to
dip equator and solstil peaks for stations a few degrees from it.

A strong assoclation also exists between equatorial sporadic E
irreqularities ard the equatorial electrojet; these occupy about the same
altitude region apd latitudipal belt, they exhibit similar temporal
variations (Fig. 23), and a reversal of the equatorlal electrojet terds
to glve rise to a disappeararce of equatorial sporadic E. The observation
by Glraldez et al. (1981) that the width of equatorial sporadic E belt
varies slightly with season is a consequence of the fact that the width
of the electrojet itself urdergoes temporal variations, it is minimum arourd
roon (Agu and Opmumechili, 1581), it tends to be wider during summer
solstice than the equinoctlal months (Orsumechili ard Ogbuechi, 1367} ard
during low than high solar activity (Agu ard Orwumechili, 1981).

Radar studies have shown that equatorial sporadic £ irregularities
are ipdeed embedded iy the equatorial electfojet apd form part of the
equatorial electrojet irregularities which are found both during the day-
time ard nighttime, The irreqularities are fleld aligned In the sense
that correlation distance 1s much greater along the uﬁgmtic field than
across it and they are aspect sensitlve in the sense that echoes are
observed only when the wave vector is rearly perperdicular to the
earth's magnetic fleld Radar echces are typically gepsrated bhetween
93 ard 113 lm during daytime with the power profile peaking at about
103 Im. while the eche region exterds over a wider range of altitudes
(from 90 0~ 130 km) during nighttime than it doas during daytime (Fig. 24).

The electrojet irregularities have beasn classifled ipto twe types
according to the limsar instability process responsible for their
geppration (Balsley, 1969). The type 1 irreqularities are thought t"1%),
due to a two—stream plasma instability (Bupeman, 1963; Farley, 1963/ The
plasma becomes unstable apd the irreqularities are geperated when the
component of the relative electror—ion drift welocity in the directlon of
the wave exceeds the lopacoustic velocity Cs (which 1is about 360 m/s in
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the electrojet region)e The phasze velocity of the wave is irdeperdent
of the zenith apgle but ircreases with decreasing wavelength, slightly

at VHF and significantly at HF. The type 1 irregularities are associated
with strong electrojet ard they domlnate the small scale irreqularities
down to 1m wavelength sizes., The type 2 irreqularities are considered

to be due to a gradiept drift inpstability (Maeda et al., 1963; Rogister
ard DtAngelo, 1970) which gererates modes at wavelengths greater than
about 10m. The gradient drift instability operates in & plasma with a
gradient in lonlzation density and with different electropn armd ion drifts
perperdicular to the density gradient. In the electrojet reglon the

di fferent drifts occur sirce the lons are collision domipated while the
electrons move through an essentially collislonless magnetized plasma.
Deperding on the time of cbservation, electron density gradient of a
glven sign promotes the gergration of the type 2 irregularities while
gradient of the opposite sign iphibits them, In the daytime when the
horizontal electric field is eastwards, the vertical Hall polarization
fleld which is set up in the presernce of the earth's magnetic field

is upwards ard the cordition for the gemrati%of type 2 irreqularitkes
1s that the electron density height gradient/positive. In the nighttime
when the horlzontal electric fleld is westwards, the vertical Hall
polarization fleld 1s dowmwards apd the corditlon for the geperation 6f
type 2 irregularities is that the electron depsity height gradient be
negative. This is 1llustrated by Figs 25 ard 26. Durirg an evenlng twilight
flight over Thumba (Flight 10.13 at 1856h IST on February 2, 1968), type
2 irreqularities were cbserved in the positive electron density gradients
whereas during a near midnight flight (Flight 20.08 at 2300h IST on
August 29, 1968), the irreqularities were observed in the regative
electron density gradlents (Prakash et al., 1971b). The gradient instability
1s also krown as the cross field ipstability., The type 2 irreqularities
are observed at weak electrojet relative to the electrojet stergth

for the type 1 irregularities. They therefore occur regularly at pight
except during counter electrojet conditions. Type 2 irreqularities

are observed at very small electron drift velocities apd herce must

need only very small threshold electron drift velocitles, 1f any at all,
for thelr generation. The average phase velocity of the irreqularities
1z smaller than the lop-acoustic velocity and 1t 1s proporatioml to
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the sine of the zepith angle — a fact which suggests that the type 2
irregularities move with the electrojet drift velocity. Type 2
irregularities are assoclated with equatorial sporadic E (Es - 9q)
on ionograms,.

irreqularity sizes observed during the daytime are different from
those observed during the nighttime. During daytime flights over Thumba
(Flights nNike Apache 10,37 ard 10.38 at 10,40h IST and 11.10h IST
respectively on Jaruary 28, 1971.) , large scale irregularities in
electrop density in the scale sizes 30 - 150m ard with amplitudes of about
10% were limited to the 87 - 98 km height region while oply small scale
irregularities in the scale slzes 1-15m with peak irreqularity amplitude
of about 1% were cbserved about 100km (Fig. 27). The daytime peak 1-15m
irvegularity amplitude occured at about 10Skm (Prakash et al., 1971a).
On tha other hami the large scale irregularities with scale slzes 30 - 15Cm
of 5~30% span the height range of about 90 — 130km at night. (Fig. 26},
Sporadic E traces on lopograms, corresponding to the type 2 electrojet
irregularities are tranpsparente.

The occurrence frequercy of blanketing Es in the equatorial belt
15 much less than at temperate latitude and it decreases rapldly as the
dip equator is approached, Krecht ard Mcduffie (1962) noted that in South
America, blanketing sporadic E was at last fifteen times less prevalept
at two locations within 2.5° of the dip equator than at stations having
dips of 59 or more ard this led them to corclude that the occurrence of
blanketing Es 1s iphibited close to the dip equator. This pattern of
latitude variation 18 evident in the diurral curves for the occurrence
of daytime blanketing Es (Fig. 28) obtained by Oylnloye (1971} for
equatorial stations. The occurrence frequercy terds towards peak values
in the evening ard it is consistently a maximum for all stations durlng
equinoctial periods ard a miplsum during the June solstice while it
ircreases with decreasing solar activity (Oyinloye, 1969). The monthly
mean hourly occurrence probablility p of blanketing Es €or DES 7 fo
at equatorial stations has been fourd by Oyinloye {1973) to satisfy the
logarithmic relation:

2
logp = ~——p—2 (25)

where f2 amd 'f1 are copstants for a glven location and time. The

correspording mean blapketing frequercy Is then glven by:

R = € s (26}
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The values of the plasma frequercy above which occurrerce probability is
less thap ore percent are about 7 Mz and 3 MHz during the day ard nighttim
respectively. These values are pot strorgly deperdent on solar activity.

Though the mechanism for gererating blanketing sporadic E in the
equatorial reglon 1s obscure, it seems that corditions which iphibit the
occurrence of equatorial type sporadic E terd to fawour the occurrence of
blarketing sporadic E in the reglon (Oyinloye, 1969}. As such, blapketirg
Es occurs often durlpg the counter electrojet pheromeron (Hutton ard
Oyinloye, 1970) ard the presence of sporadic E in the electron—density
profile over Thumba duripg counter electrojet corditions is illustrated
in Pige. 29.

In the temperate zope, sporadic E 1s characterized by a summer
maximm. Its occurrence probability, based on the Es top frequercy foEs a
observed on lonograms has been studied extensively (Saith 1957; smith, 1978
ard occurrepce probability curves are contained in Annex I to recomme rdati
514-I of CCIR (1986). Intense Sporadic E in the temperate zone is
often assoclated with a thin layer ot})‘geéf‘\{?‘l;le in rocket measurements of
E-region electron density (Smlth d i 1972) ard the theory of a wind-
shear mechanism for its production (Dungey, 1959; Axford, 1963) has
gaimed wide acceptarce.

More recently, Giraldez (1980) has proposed a prediction formula
for fbEs which is fourd to give a good fit to observed fbEs data for
geographic latitude 20° to 40° in both hemispheres. According to his
formila:

MEs(MZ) = 1.8680 (1 + 1.7374 x 10°R)

x (cosX—)o'zs 2n

2
x exp Cliatj -4 {msmo.n

52,26°

ard 2 1
COS ‘A ¢ COS 1\/) + T

= 150.0°( cosx -

where R apd " are supspot npumber and solar Zenlth angle respectively.

Oytnloye (1973) has found that equations {25) apd (26) fit the
cbserved data for Port Stanley which is in the temperate zone. It will be
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interesting to compare with the observed, the values of fbEg predicted
by equations (25) ard (26) on one hard ard equation (27) on the other
hard for stations in the temperate zore.

3. gpread F ard F region irreqularities

Ionosorde observation of spread F was first reported by Booker apd
Wells (1938). It appears on vertical incidence lonograms as diffuse
echoes from the F region. Two types have been identified (Calvart
ard Cohen, 1961; Cohen apd Bowles, 1961). Tt is known as the rarge type
1f echo-spread occurs at the lower erd of the F trace but a cleanp reflection
is fourd at the higher frequerCy; sometimes, echoes are received at low
frequencies from several distipct layer heights simultaneously. Tt is
the frequency type if the echo spread occurs rear the P-layer critical
frequency and the trace is cleanp at low frequencies. Both types of
spread F are illustrated on the lonograms for Ibadam (Fig.B) ard Huarcaye
(Flg. 30). 1In Fig. 8e , the bottom of the F layer is ipdicated by the
flat part of the F race at the lower frequency ard its altitude is glven
approximately by h*F which is the mininum virtual height of the F trace.

In the vicinity of the magretic equator, the onset of spread F is
usually assoclated with the post-sunset rise in the helght of the F layer
{Csborne, 1952; Wright, 1959; Lyon et al., 1961}. Figure 31 illustrates
the association of percentage occurrerce of spread F at Singapore with
both h'F ard its rate of imcrease with time. The eTuatorial belt in
spread F lles approximately between 20° north apd south of the magnetic
equater (Fig. 32) ard is maruiy always present near the magretic equator
between 20h apd 05h during/ days with a peak in intensity anpd frequency
of occurrerce arourd 2000 - 2100 local time (Lyon et al., 1960, 1961},
From a retwork of low-latitude ionospheric stations in Ipdia, it has beep
fourd by Rastogl (1983) that during 1965 the peak in the nocturpal
occurrence of spread F was arourd 0000h at Kodalkanal {Geoqgraphic lat, IDON) ’
0200h at Hyderabad {Geoqraphic lat 17° N), 0230h at Ahmedabad (Geographic
lat 23° N} ard 0330h at Delhi {Geographic lat. 28° N} thereby suggesting a
poleward movement of spread P (Fig. 33).

As seen from Figs. 7 ard 30 the echoes for the rampge type spread F
come from a wlde range of altitude. Further ionosorde studies have shown
that the range type spread F is predominant between the nost-supset ard
midnight periods, ard is more common fn high solar epochs with
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equipoctial maxima (Skinner ard Kelleher, 1971; Chardra ard Rastogl,
1972; Rastogi, 1980). Other techpnlques have also beep applied to the
study of spread F. These include. radar back scatter at HF (Clemesha
1964; Kelley et al., 1986), VHr(Kelleher and skinner, 1971; McClure ard
Woodman, 1972; Woodman and LaHoz, 1976) and UHF (Tsumpda et al., 1982)
rocket measurements {Szuszczowicz et al., 1980; Kelley et al., 1986) ard
in-situ satellite measurements (Hanson ard Saratani, 1973; Dyson et al.,
1974; McClure et al., 1977; Dyson ard Benson, 1978; Aarons et al., 1980).
Apart from geperally confirming lonosonde spread F results, these
studies give insight into the pature and cause of the equatorial spread
F irregularities. Premidnight radar echoes at HF, VHF ard UHF are
assoclated with the range type spread F on iorpgrams, The echoes are
predomimant in the post-sunset to midnight period with equipoctial maxima
ard solstal minima and there is a tendency to receive more echoes from
the west than the east (Clemesha, 1964; Kelleher apd Skinmar, 1971;
Balsley et alj, 1972). It has in fact been demonstrated by Rastogi
(1984) that the altitudes of strong echoes from the SOMiz Jicarmaca radar
show excellent correspordence with the altitudes of range spread F on
Huancayo lomoqrams (Flg, 34a) whereas radar echoes do rot accompany
frequercy spread F on lomograms. (Fig. 34b}. From the modified ranged-
time-intensity radar (MRTI) plot (Fig. 34a) ard di:gital back scatter
power maps {Flg. 35) of spread P echoes, 1t has been foupd that spread

F can occur at altitudes as low as 200km ard as high as 1000 km (Woodman
ard LaHoz, 1976; Kelley et al, 1986). Thus spread F canp occur below, at
or above the altitude of peak electron density, that is in regions of
positive,zerc or magative delectron density. The associated equatorial
spread F irreqularities have scale slzes ranging from some few centimetres
to humireds of kllometres (Fejer and Kellay, 1980; Kelley, 1985)

ard several orders of magpttude in the spectral intepsity In = (Gn/n)2

of the plasma fluctuations. I is wave number () deperdent such that
the power spectrum may be represepted by In x k" where ny Lln this case
1s the power spectral ipdex. values of n from about 1 to 5 have been
reported, deperding on the size ard altitude locatlon of the irreqularities.
The values have ?ﬁqpﬂis&%s?ﬁﬁltrgps'e‘q%%al reviews(Fejer ard Kelley,

1980; Kelley, 1965./ Kelley et al., 1986). The irreqularities are strongly
field aligned (Cohen amd dowles, 1961; Kent ard Koster, 1967; Dyson ard
Benson, 1978}. They are also highly structured both in altitude
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{woodman ard LaHoz, 1976) ard horizontally (Tsunpda et ale, 1982) .

Figure 34 {llustrates the structuring in altitude. Ip this case, the
pherpsenon has as many as 15 layers or blobs separated into two well
definsd patches, one 1n the altitude rarge between 170 amd 450 km ard

the other in the altitude range petween 500 ard 600 km. {(Woodman

ard LaHoz, 1976)s ©On the other hamd, Fig. 36 1llustrates horizontal
structuring. In that Flgure, the scanning Altair radar was able to map
out several plumes ag well as large nodulation of hottomside density
(Tsuroda, 1983). The layer also seems tilted with lower heights on the
western thap eastern gides., Wave like bottom gtructures in the 200 -1000
im range in the east~west directlon have earlier been detected by

Rottger {1973) 1n his off—great=cicle propagation experiment. The
development ard the features of equatorial spread F irregularities vary
from night to night (wWoodman ard LaHoZ . 1976). ©n a night of weak

spread Fy such as that of March 26 1974 at Jicarmaca (Fig. 3T), the
phenomenon starts in a thin layer at the bottom of the F layer,

rises to an apogee ard then falls ip altitude as 1t decays while
paintaining the thin layer form throughout the night. Ona night of
strong spread F such as that of March 19 1974 at Jicarmeca (Mg; 38) the
pheppomenon starts as a thinp scattering layer at the bottom of the F layer,
then rlses and broadens, becomlng stronger; Just after the apogee

geries of bifurcations of the blobs of jonisation oocur ard as the

layer further decernds a large plume-like structure ocours between 2300 ard
2400h, capped witn a large diffuse region of irregularities with its peak
resching about 750km. The plume has a tilt to the right irdicatirmg

an east-west asymmetry {woodman ard LaHoZ, 1976). Arpther well developed
plume 1s that of March 6, 1583 at Jicarmaca (Fige. 15). The plume which
exterds to more than 1000km is preceded by a bi furcated form and a

sudMen ircrease in height. Plumes usually evolve from a thin layer of
bottom side irreqgularities. Evidence now aboupds that plumes on
backscatter radar maps are assoclated with reg'ons of plasma depletion

in the topside {orpsphere with biteuts of up to 3 orders of magnitude
{(McClure et al., 1977; Kelley et als., 1986); this is 11lustrated by

Flg. 39. Ien composition inside the biteouts has actually irdicated that
they originpated at altitudes below the F peak (Hanson ard Samatani, 1971;
McClure et al., 1977) ard then convects to the topside jorpsphere.
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Direct measurements of the plasma drift inside the depletions irdicate,
that with respect to the backgroursl, the plasma elther moves up
vertically or remains statlonary (McClure et al., 1977; Hapson ard
Bamgboye, 1984); the upward movement is usually assoclated with a
westward motion {(McClure et al., 1977) while meridiomal motions, as
shown in Fige. 40, have been fourd to be poleward (Hanson ard Bamgboye,
19684). FP-reglon irregularities often produce deep ard rapid fluctuations
of amplitudes ard phase, krpwn as scipntillations (Flg. 41)  VHF ard

GHz sigmls from satellites in thelr passages through the lonosphere.
Such scintillations often accompany plumes on Jicarmaca 3m radar back
scatter power maps. The scintillations are usually strong on the Giz
signals ard even saturated on VHF slgnals. Figure 42 compares features of
the Jicarmaca radar maps with the 5I ard s4I scintillation irdices of

1.7 Gtz satellite sigrals recelved at Ancon near Jicarmaca ard 1t is
seen that strong scintillationps are associated with the 'plumes'. The
scintillation 1rdex 1s given by Whitney et al., (1969) as:

P - P
max mi
ST = F—'—;'-n (28)
max + min
where p_.. ard Pt are the power {(dB) correspording to the third
highest peak ard the third deepest trough respectively within the same

15 mlp interval while 549 due to Briggs ard Parkin (1963) is defined as:

-2
s = ® - p 29
B

where p ard E are the power arf average power respectively. The plasma
depletions assoclated with tplumes*' have often been regarded as plasma
tbubbles® but there are also possibilities that the depletions or holes
do rpot plreh off as in the tbubblet picture but form wedge shaped reglons
of depleted depsity exterding into the bottom side (Fejer ard Kelley,
1980; Kelley et al, 1986). The rarge spread F assoclated irregularities
are usually ascribed to the geperalized collisionpal Rayleigh - Taylor
(GRT) 1lnstability {(Dungey, 1956;L6;§3E83F:1%916':rq981; Fejer amd Kelley,
1980; Kelley et al., 1981; Kelley 1985). The gereralized Raylelgh - Tayl
{nstability ipcorporates the roles of electric fleld ard peutral wirds in
destabillsing plasma ard the gravitational term. At the magretic equator,
the gravitational term is unstable, wherever the earth*s gravitational
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acceleration g has a component antiparallel to the plasma density
gradient ard the local limear growth rate is glven by

Yo = o/vL (30)

where is the lomcollision frequency apd L is the gradient scale
length (N(- 2 d2)™").  The electric fleld term is unstable when ExB
is parallel to n ard the local lipear growth rate is glven by

Yz - E/BL (31)

An eastward electric field seems important in destabllising the bottomside
F layer as in the commencement of Spread F (Fejer and Kelley, 1980), ard
as in the electric field reversals at night (Rastogl ard Woodman, 1978b).
The gravitatiopal term 1s considered Amportant.in the 'plume' processes
{Kelley et al., 1986), the westward tilt being explained by Ott (1978) ard
Burke et al. (1979) in terms of an effective gravitational force:

2' -g - ))_[;l. {32)

where is the iop-neutral collision frequency ard U 1s the peutral
wird velocity in the plasma frame. There are arguments 1n favour of
gravity waves being responsible for the seeding of large scale irregulari-
tles, about 20km or greater (Booker, 1979; Fejer ard Kelley, 1980; Kelley,
1981) and velocity shear playing an important role ig determining

plume spacings (Kelley et al., 1986).

The frequency type spread F ard associated F region irreqularities
have been less intensively studied. The frequercy type spread F is more
common between midnight ard suprise, Tt is also more common in sunspot
minimum in the Jure solstice months at wairobl, and Thumba but in the
December solstice months {n Huarcayo (Skinner ard Kelleher, 1971;
Chardra ard Rastogi, 1972), Rastogi, 1980}. A strong association
between frequercy type spread F ard . tches of irreqularities in the
bottom side F region known as bottomshde (Bss) irreqularities has been
reported (Valladares etal., 1983), Based on the analysis of the data
from the retarding potential analyzer (RPA) ard the lon drift meter
(IDM) on the Atmosphere Explorer satellites AE~C ard AE-E over 1977 - 1980,
they have fourd that the BSs irreqularities are inherently a nighttime
pheromena, occurring from after local sunset to about 6.00 a.m., with

peaks npear midnight apd a seasapal varliation, with maxima at the
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solstices; B7 per cent of the BSS events were fourd to occur between

the limit of = 1§ dip latitude and were pever seen at dip latitudes
greater than + 15° compared to other equaterial irreqularities fourd at
up to about + 200, BSS irregularities can coexist with *bubbles® or be
fourd on their owns Unlike the rapge spread F associated irregularities,
the BsSS irregularities could exterd over several thousard kilometres ip
the east-west direction and are associated with VHF but rot @iz
scintillations {(Basu ard Basu, 1985). It is also plausible that the
gergralized Raylelgh - Taylor instablility would explaip the Bss
irreqularities {Valladares et al., 1983).

4. IONOSPHERIC DISTURBANCES AND STORMS
4.1, Genperal Consideration

The primary sources of ionization for the 'quiett ionbsphere is
radiation from the sun. In like manper, icnospheric disturbarces apd
storms are associated with occurrence of solar flares during ‘'active sup'
corditions. A flare is a sudden short-lived brightening of the solar
surface in the peighbourhood of a sunspot and is wost eagily observed in
the H 1light, = 656.,3m (Friedman, 1960). Flares may be classified
primarily as 1, 2 or 3 in order of its increasing size and importarce.
Average duration of class 1 flare 1s about 20 minutes while that of
class 3* 1s about 180 min. The occurrence of a flare is often
accompanled by sudden increase in the solar emission of radio waves,

X radiation apd ultraviolet radiation a5 well as the emission of
relativistic cosmic ray particles ard highly energetic particles. The
schematic diagram of Fig. 43 (Davies, 1965) clearly illustrates the
effects of solar emissions during a solar flare op the iorpsphere ard
the earthts magnetic field.

The epharnced electromagnetic radiation which travels with
the speed of light in free space gives rise to sudden epharced ionisation
in the D region leading to what is usually called *Suddep Ionospheric
Disturbances' or sIibD. These digturbances are usually observed only 1in
the sunlit hemisphere and may last between about 20 to 90 miputes., The
effects that may be listed upder SID are sudden short-wave fade out or
SWF of radio transmissions as a result of ephanced D region absorption,
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sudden cosaic poise strong absorption SNA, sudden phase aromalies or

$PA 1n the phase differernce between grourd and iomospheric waves of

very lorng waves reflected from the base of the toppsphere due to the
lowering of the altitude of the base, gudden enharcement of atmospherics or
SEA at 27 kHz ard magnetic crochet which is sudden ephancement of the
aarth's magnatic field associated with stropg flares, typically of

class 3 types.

The cosmic particles ard the gtreanm of epergetic particles from
the sun take about ) hr to several hours ard 20 to 40 hours
respectively to reach the earth (Davies, 1965) ard as such impose delayed
effects on the lorpsphere ard the earth's magnetic fleld. The delayed
disturbance of the lompsphere is called an lonospheric storm while the
accompanying disturbance of the magnetic fleld is called a magnetic
storme

whe D- ard F region but rot the E reglon are strongly effected
by lomospheric storma, puring an ionospheric storm, ipcomlng protons
produce visible aurora while very energetic electrons ionize the D
reglon ard herce cause lrpcrease in D region absorption which may
lead to total disappeararce of high frequercy signals in the polar regions,
a pheromenon known as polar blackout or PCAe worldwide, ionospheric
gtorm 1s most easxlly cbsarved in the F region. An {rcrease in the
height of the F layer is chsarved ard deperding on the latitude, an
increass or decreage in fof2 say be observed, From the statistical
average of the effects of 51 strorg storms ard 58 weak storms that
occurped over the period 1946 to 1955, Matsushita (1959} fourd that severe
depressions in NmF2 (ardd hence foF2) occurred in geomagnetic latitudes
of 45° ard higher, only mild depressions occurred in intermediate
latitudes while an ircrease occurred ip equatorial regions. The
detailed results are illustrated in Fig. 44,

A statistical relationship between supspot number R ard the rusber
of class of flares F is known to exist {Friedman, 1960}. This is given
as follows:

F = 0.044 R for Class 1
= 0.015R for class 2 (33)
= 0,002R for class 3
This relationship suggests that ionospheric gtorms would occur rarely
ard with a greater number during high solar activity. This is butressed

- 24 -

by the statistica given by Mitra (1962) ard shown as Table 1.

A magpetic storm is typically characterized by three phases which
are the inltlal phase (sometimes the sudden commercement), the main phase
ard the recovery phase (Fig. 45). Relative to a quiet day field variatiorn
the initial phase corresporrs to an increase in the horizontal comporent

H of the time variations in the sarth's magnetic field ard it occurs
gimiltapsously all over the world storm time is reckonpsd from the inpitial
phase. The main phase corresponds to a rapid and substantial decrease in

H ardd the recovery phase corresponds to a slow ipcrease in H back to
the quiet day value. A magnetic storm may last several daysy The degree
of a magnetic disturbance may be indicated by such magnetic ipdices as the
planetary 3=hour irdices kp, ard the dally values of the world wide
irdices Ap or cp' values of kp cange from °o to 9+, t:p from 0.0 to
2.0 ard Ap. given in positive integers, may be as high as 40 or more.
Low values of these ipdices represent quiet magretic corditions while
very high values represent magnetic storm corditions. Magretic storms
are ascribed to a complexity of disturbarce currents which are superimpose
on the rpormal queit currert system sq ard which are caused by fthe stream
of epergetic particles from the sun. These currents, which irclude the
disturbance charged flux current {(DCr) , the auroral electrojet and the
ring current, have been discusped in a review paper by Chapman  (1963.).

4.2, Low latitude Effects

Enharcement in short wave lonospheric absorption, assoclated with
sudden lopospheric disturbance or shortwave fade out has been repated
for equatorial stations both at vertical irciderce (skinner 1957,
Gnanalingam, 1974) and oblique ircidence (shamsi, 1986).
‘These are illustrated by Fig. 46, Op the cortrary
mo signlficant differerce has been fourd on the average values of fonosphe
absorption on magretically quiet ard disturbed days (Gnanalingam, 1974).

On the average, the E reglon is not affected by lorpspheric storme.
signlficant changes in NWE or foE that is assoclated with magretic
storms have been detected only on very rare occaslons. Adentyl (1980,
1987) compared hourly wonthly means of NmE for disturbed days at
Ibadan with kp 7 5 ard "p 226 with the average for the fiw most quiet
days over the period 1956 to 1966. NoO signlflcant differenca was fourd
between foE#on disturbed and quiet days over the low soclar activity
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period of 1962 - 1966. During the high solar activity period of 1956-1960

di ffererces were observed only on 19 occasions, 16 decreases ard 3 ipcreases

were observed on magnetically disturbed days relative to the quiet days
(Fige 47)+ The decreases occurred op storm days with maximum Kp rarging
from 60 to 9_ while maximum Kp on the days of the ipcrease rapged from
9_ to 9°.

Ionospheric storms have been most roticeable ip the F region. On
the averaqe, daytime values of f°F2 ard hmF2 or hF2 are higher during
disturbed than qulet days at equatorial stations resulting in the
disappearame of the noon bite=cut during strong magnetic storms; while
these effects are most prominment at high supspot pumber, they are present
during all phases of the solar cycle (Skinner apd wright, 195%; Kelleher,
1965; Olatunjl 1966). Though there are reports of both ipcreases
(skinner ard Wright, 1955; Kellher 1965) ard decreases (Olatunji,

1966) in night-time fQFZ on disturbed days relative to the correspording
value on quiet days, the ircreases occur more frequently (Adeniyi, 1986).
Adeniyl has further found that ugually, daytime and night—time ircreases
in foPZ are. associated with the main .t early part of recovery phase

of magnetic storms while daytime dacreases are assoclated with the initial
phase of storms (Fig4? ). The equatorial aromaly tends to get marrower
or dissapear during magnetic storms. Premidnight scintillation, which is
assoclated with range spread F, is also iphibited by magnetic activity.
The storm effects in the F layer can be explained primarily on the basis
of the E X B force. When the effective electric fleld is eastward, there
1s a vertical upward motiop of plasma which, leads to a drift of F reglon
lonisation away from the equator while the reverse occurs when the
effective electric field is westward, Thus when an eastward electric

fleld is ephanced during a magmetic storm, a decrease in F region iopnisation

results arourd the magnetic equator whereas an increase in F region
ionisation results when a westward electric field 1s enharced or an
eastward electric field is depressed, The postsunset rise in the F
layer will also be iphibited during the maip phase of a magpetic
storm thereby retarding the opset of the F region ramge spread F
irregularities that are primarily responsible for the premidnight
equatorial scinptillations.
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5. SUMMARY

The low latitude iorosphere is upder the ipfluence of three
major factors, geographic, geomagretic and the electrojet. The region
between about 70km  to the E region is primarily under geographic
control. The altitude of about 70km marks the revarsal height of solar
activity in electron density. Below this height, ionisation comes
primarily from cosmic radiation ard electron depsity ipcreases ag gsolar
activity decreases whereas above thig helight, ionisation comes primarily
from solar radiation amd electron density ipcreases with solar activity.
From about 70km to the E reglon, the diurgal varlation in electron density
has a maximum at about roon, though with a little asymmetry such that
the value of electrop density for a given value of Zenith anpgle 1is
greater in the afterpoon than in the morning. There 1s also little
day-to-day variablility ip the electron density.

The 1lnfluepce of the electrojet per se ig manpifest primarily in
the sporadic E irreqularities, The electrojet irreqularities are
embedded in the electrojet itself apdare co=located in space (altitude
ard width) with the electrojet ard have the same temporal variations
(diurpal, seasopal, solar—cycle or long term) with the electrojet.
They also exhibit high day-to-day variability. The other type of
sporadic E of importarce is the blarketing type which teyds to thriwe
urder corditions that iphibit the occurrerce of equatorial type
sporadic E. The electrojet ipfluence on sporadic E seems to be confined
to a region of about % 3 magretic latitudes beyord which the features
of midlatitude sporadic E creap ine

Geomagretic control takes over in the F region ard beyord. The
urderlying force 1s the E x B force. When the electric field is
eastward, there is an upward vertical movement of ionisation which thep
diffuses along the magnetic field lires, leading to cutward flow of
plasma from the region centred about the magretic equator and the
occurrerce of ionisation peaks about * 15° to 20° magretic latitude,
When the electric field is westward, there is a dowrward movement of
ionlsation and into the region centred about the magnetic equator. This
pheromenon accounts, in the main,for the F ~ region latitude distribution
of loplsation known as the equatorial aromaly, the appearance of a
trough in the diurpal variation of F region ionisation around noon ard

the increase {or decrease) ip F reglon ionisation during ionospheric
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storms. Spread F irregularities ard the occurrence of the assoclated
scintillations in VHF ard Gz satelllite sigrals are also i nfluenced

by the EX B force such that the latitude extent of both seem to

coipcide with that of the equatorial apomalye Arising from the high
day-to-day varlability in the electric field, correspording high
day-to-day variability is also observed in F-region pherpmena such

as the elsctron density, the development ard features of the

equatorial aromaly, equatorial spread F jrregularities ard scintillationse.

A commopn feature of the seasonal variation in low latitude
pheromena 1s the semianmial variation with equinpctial maxima. This is
fourd in the seasoml variation of short wave ionospheric absorption,
1rcidence of sporadic E, F-region ionisation, total electron contenty
the inciderce of range type spread F equatorial irreqularities
ard assoclated VHF ard GHZ acinptillationSe
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Table 1 pisturbapces List of Diagrams

Flg. 1 Mass plot of the electron densities obtalned from twelve
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5. Max S.Min.  Typical L‘;rﬂ path X” lEffEC 8 daytime rocket experiments conducted at Thumba during the
Duration  Phise hal period 1966 to 1978 (After Subbaraya et al., 1983, 1985).
- - 5 d|
SID 2/ week 2/year % hr 5-30 cec 1 to +5 db Fig. 2. D-reglon electron ard positive lon density altitude
distribution over Thumba on March 19, 1970 (After Alkin et
PCA 1/mo ] M 40 cec ale, 1972}).
storm 26/yr 22/yr days 10=20 cec 5-10db fade Fig. 3. Mean diurnal variation of absorption ard virtual height at
(Mag) Colombo on 15 urdisturbed days in the equimoctial months of
WA 20/yr 20/yr days usually 6=10db fade 1968, 1969, armd 1970. An asymmetry about local roon is
o phase evident 1n the variation. The vertical bars represent 95 per cent
advance conflderce limits (After Gpampalingam, 1974).
stratwarm  2/yr 2/yr week s urknown urk roWn Fig. 4. seasonal variation of absorption ard virtual height at Colombo

on different wave frequencies (a) durlng the high sunspot
y=ars, 1968-1970 and (b) during the low sunspot years,
1964-1965 (After Oyinloye, 1978).
. = in time
cec = Centicyclesi At lokz, 1 cec 1ms oo Fig. & Seasopal varlation of electron density at different heights
-~ 0.1 mile at Ibadan (a, b, ) ard (d) the geasonal variation of the
height shift, sH, that has to be applied to the mean annual
collision frequency profile appropriate to the equatorial region
to qive the monthly profiles. Negative SH implies higher
source Mitra (1982) collision frequencies than the mean and vice versa {After
Oyinloye, 1978).

Fig. 5. The solar-cycle varlation of mpon absorption at Colombo (After
Gpapalirgam, 1974).

Fig. 6. The normalized latitude variation T(I) of 2.2MHz noon
absorption with the value at Colombo belng 1.00. While there
is mo signlficant seasopal varlation at low latitudes, the
values of T(I) at middle ard high latitudes are higher during
winter months than equinoctical or summer months
{After Oylnloye, 1980).

Fig. 7« Electron density profiles obtained from (a) four plght time rocket
flights corducted at Thumba {(only ascent data shown) ard
{b) rocket flight copducted at Thumba on 29 august 1968 at
2230hr IST {After Subbaraya et al., 1983, 1985),

Fig, Ba Ibudan Tornograms showhng the special features of the low
latitude tonosphere.

Figae 9 Lopg=term variation of (‘ﬁcurr:)2 at Ibadan (After adenlyl, 1980}.

Flg. 10. Seasomal variation of A in equation (foE)4 = Alcos )P at
stations in the zore centred approximately on the s°c  meridian.
Data corrected for solar activity ard varying Ssur~Earth
distance (After Kouris amd Muggleton, 1973b).
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variation with geographic latitude of m in the equation
f\ai B(zoj:; " ym fog 5gation5 centred on the (1) 5% meridian,

on i
(11) 75°W meridian amd (i11) 150°E  meridian.

(b} vVariation with geogrgphic latitude of B in equation A =
B(cos )"', showing the oquatorial erhancement. Both

Fige.118°30d 11b are from Kourls ard Muggleton (1973b).

Comparison of predicted and observed values for foE for
Ouagadougou, observed foE, - - - - pradicted foE
using model by Aremu apd Oyinloye {(1988), predicted
fof using CCIR formula.

Equatorial anomaly in the F rejior in

(a) foF1 (after Rastogi, 1959a}

(b} 1mF2 at fixed heights below P> peak {after GCCroom et al. 1959},
(¢) NMF2 at fixed heights above F2 peak {After ¥ini et al., 17%67).

Calculated electroen comcentration coptours for ar upward equatorial
drift velocity of w_ = 10 ms~1 (a) supspot maximum corditions )

{ =M. E'eak—to—t?ough rotio of 1mF2 equals 1.55 ard (b) sunsvot
mi plmum cordi tions ( = 3)s Pruli-to=trough ratio of nmF2
equals 2.16; = (T + T,)/T, whore T, is lor temperature ard

T ir electron température. ~Both diagrams are from fanson ard

Morfett (1966).

Illustrating fouptaln effect, A vector plot of electron fluxes
that are associnted with the cleclron comcentratior profiles
shown in Fig. 14(a). Migretic field lipes are showr every
200xm, {After Hanson ard Moffett, 1966).

A comparison of down ircrease in foF2 at Kadaikimal {a low
latitude station) with that at Grisbape (A mid-latitude statlion)
(After Lakshmi et al., 1980)

seasomal and long=term varlationms ir (W)  Ibadan roon hmF2
(After Adeniyi, 1980), ard (b) Thadan widnight foF2
(After Awe, 1980}.

Co urs gf vertical total electron content TEC in unlts of
10 el/m column for 2000UT, March 1980 (after Klobuchar, 1983},

(a) Diurnpal variation of the Tarada, total electrcn eontent
obgerved at Ibadan May-Jupe 1967 ord

{b) Topside/bottcmside Faradar eloctron content ratio observed
at Ibadan, Hovember 1962 - Janu.ry 1963,

Noth diagrams are from Ol itunii {1967},

Monthly overplots of d%g.rana curves of total electren
contept in units of 10 el/m® for iscension Islard, May 1980-
Arril 1981 (After Klobuchor, 1981},

Diurpal variatiors of total elrctron contert NT at Ootacamupd,
Irmdia (After Dommlly ot al., 1979},

Fig. 22, Diurpal vatiations of Esq occurrence f{re jwepncy

L

- {a) in sSouth
American stations (After Bardyopadhay apd Montes, 1963) apd
(b) 1in Nigerian stations (After Oyinloye, 1969),

Flg. 23. Correlntion in the temporal variations of Es-q ard electrojet

poramcter-s,

Fig. 24.3 Echo hreight regiops of electrojet irrequl irities at Jicarmaca

from 18-19 February 1971 (after Fejer et al., 1975).

Fiqe 25. Type IT electrojet irreqularities observed 1t Thumba at

1856h, IST, on February 2, 1968, The irreqularities are seep
in the height regions 87 to 102 km and 134 to 138 km where the

electron density gradient i= 5
phreniy Q. n positive (After Prgkash et al.,

Fig. 26, TZPE II electrojet irreqularities observed at Thumba at 2300h
j]f.:T, o;-. Auqust, 29, 1968. The irregularitins are seen only . ’
n regions of negative electron denpsit d
Prakash et al., 1971b). Py gradient (After

F .

1g9. 27. :a) Percentane amplitude of type II electrojet irreqularities
n Jthe scaée sizes 1-15m, observed at Thumba at 1110, IsT
on Japuary 28, 1971 ard (b) corres i
o pan denﬂéy esnording extrapolated electrojet
{After Prakash et al., 197a).

Fiq. 28.

Fig. 29,

Fig. 30.

Fig. 31.

Fig. 32.

Fig. 13,

Fig. 34,

Diurmal varlation of occurrerce freweycy of Blarketing Es
at the equatorial statlons of Talara {Ta), Chiclayo (cCL)
Chimbote (€M), Huancayo (HU) , Juliaca (Wv), Ilorin (IL).
ard Tbadan (TB) (After Ovinloye, 1971),

Electron density profiles obtaiped at Thumba showipg the

Preserce of a blarketing sporadic E layer during counter electrom
Jet comditions (After Subbaraya et al._, 1983, 1985),

Illustrating (a) Frequercy type apd (b) rFange type sppead F op
Huancayo lonograms (After Booker ard Wells, 1938).

Illustrating the assoclation of inciderce of spread F with
r(‘a) seasonal rate of irmcrease of the F layer minimum virtual
elght h'F ard (b) post sunset rise In h*F (After Osbornpe, 1952).

The belt in equatorial spread F (After Lyon et al; 1960},

Nocturmal variatiopn of occurrerce of spread F at Indlan stations
averaged for the year 1965, with an imdication of poleward !
Movement in spread B (Rastoqgl, 1983),

Illustrating (a) correspondence in the occurrence of spread F
echoes on Jicarmaca 3m modified Cirge—time intensity plot

( T) wi th he Cange t £ 3 Hu m
MRT V. t Ype ::prewd F } ncay
on a ayo ionogra (After

{(b) the association of back scatter echoes of 50MIz radar at

Jlcarmaca with r > 5
) ange type spread F {After Rastogl ard Woodman,



ﬂg.

Fig.

Fige

Fige.

Flg.

Flg.'

Fige

Fig.

Fige

Fig.

Fig.

35.

37.

8.

39.

411.

42,

43,

44,

45,

47.

a

Illustrating the occurrerce of plumes on the 3m back scatter
power map of spread F at Jicarmaca. Note that spread F can
occur at altitude as low as about 200km ard as high as a‘out
1000km. ({(After Kelley, et al., 1986}.

Altair scanning radar map of irreqularities at 0.96m wavelength
in Kwajalein Islard in the South pPacifiec, 1llustrating

horizontal structurirg in spread F irreqularities ard an east=vest

asymmetry in the scattering region altitude (After Tsunoda,
1983).

The 3m back scatter power map of spread P at Jicarmaca,
illustrating a night of weak spread ¥ {After Woodman ard
LaHoz, 1976).

The 3m buck scatter power map of spread F at Jicarmaca, illu-
strating a night of stropg spread F (After Woodman ard
Lalioz, 1976).

Similtanpeous in situ plasma density amd scanning radar data
during equatorial spread F, illustrating the association of
plumes on back scatter radar maps over Altair with depletions
in ionksation (After Tsirpda et al., 1982}.

Illustrating the poleward movement of northesouth horizontal
ion motions in plasma bubbles in the npear equatorial
ionosphere (Aafter Hanson and Bamgboye, 1984} .

(a)  Amplitude scintillation of 40, 140 apd 360 MHz beacon
radio waves from ATS—6 satellite received at Ootacamurd
(After Rastogl et al., 1977).

{b) Amplitude scintillation of 1694MHZz radic waves from
geostationary satellite GOES 5 received at Ancon apd Their
Spectra from Fourler transform technique (FFT) (after

Basu et al., 1986).

Illustrating assoclation of plumes on the 3m Jicarmaca back
scatter power map of spread F with strong 1.76GH~ scintillatlion
at Ancon using (a) S.I. sciptillation ipdex (After Kelley et
al., 1986) armd (b) 54 scintillation irdex (After Basu et al.,
1986) .

The terrestrial effects of a solur flare (After Davies, 1965).

Storm time varlations of maximum clectron densities (F2)

in different latitudes.o t‘egm.aqrpti.c 1at_igudeg of the zoreg arg
as follwsa Zore 1, 60 =55 o 287 2, 55°=50"; zope 3, 50°-457;
zone 4, 45 -~ 40 ; zope 5, 40 =297 308e 6, 29 -20";

zone 7, 20%-9% ard zore 8, +9° to =9

Illustratipg the assocliation between a magretic armd lonospheric
storms s recorded at Tbadan (After adentiyl, 1986).

solur fl.re X-ray effect on HF absorptlon at (a) vertical
ircidence (After Gnanilingam, 1974) ard (b) oblifue irciderce
(After “hamsi, 1986).

Iorosphreric storm effect on the E reqgion at Ibadan (ifter

(ifter Matsushita, 1959).
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(o} 1BADAN, 0915, 9-7-98 {b) IBADAN, 0945, 21-6-58
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{d) IBADAN, 1930, 24-6-328
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(e) IBADAN,

:

h, Km
 — A T ——
2 3 4 5 6 TiMH:z
IBADAN IONOGRAMS SHOWING  — (o) CRITICAL FREQUENCIES,
(b) EQUATCRIAL SPORADIC E, (c) BLANKETING SPORADIC E,

(d}RANGE SPREAD F AND le) FREQUENCY SPREALC F.
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