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STATEMENT

The work presented in this thesis was carried out
by the author at the Physical Research Laboratory (PRL),

Ahmedabad under the guidance of Prof.R.Raghavarao.

The sounding of the topside ionosphere by means of
satellites is one of the established\teéhniques for studying
the F2 region and the topside ionosphere. An experimental set
up hase been established at PFRL for redeiving the télémetry data
from the ISIS (International Satellites for IOnospheric Studies)
satellites at 136.08 and 136.59 MHz frequencies. The 136.08 MHz
telemetry signal contains the video data (in the FM modeljof the
ionospheric squnder experiment, in the range of 0.1 to 20 MHz
frequency, on board the ISIS satellites. The topside sounder
data are retrieved from the telemetry signal and :ecorded on
a magnetic tape. The data signalé"are later processed through
a locally bullt signal analysing unit to produce the ionogréms

on 35 mm £ilm.

The location of Ahmedabad (+18°.6 aip latitude,
72°.3 E geog.longitude) is suitable for studying the low
latitude ionospheric phenomena, for example the equatorial
andmaly. The establishment of a satellite telemetry station
at Thumba'(~OO.3 dip latitude, 760.9E gebg.longitud@)

provides the much needed information about the F2 region on
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the southern side of the magnetic equator where there is no

ground station in the Indian zone.

The author has actively participated in the .recor-
ding as well as reproducing the topside data. The reduction
of the topside ionogram data to N(h) profiles was carried out
by the author by using the IBM 360 Computer at PRL. The
present thesis describes the results obtained from the topside
sounder data recorded at PRL, Ahmedabad during 1972-1975.

The study‘concerns the equatorial ionospheric phenomena: the
ionisation ledge, the ionisation and the neutral anomalées,

the electrojet, the spread F, and their interrelationship.
A Chapterwise break up of the thesis is as follows:-

Chapter I
The first chapter describes the present knowledge
of the equatorial ionosphere. The composition and the dyna-

mical processes in the ioncsphere are briefly discussed.

A brief description of the earlier work on the
equatorial ionisation anomaly, especially its behaviour in
sunspot minimum and maximum periods, is presented. The
dynamical interaction of the ionisation anomaly with the
neutral atmosphere, through the ion drag force, is known to
produce a similar anomaly in the neutral temperature and

density at the F2 region altitudes known as 'neutral anomaly".
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The neutral ancmaly in turn modifies the distribution of
‘ionisation through partial inhibition of the diffusion of
plasma that is lifted up at the magnetic equator due to the
EXB force, thus leading to the formation of the ionisation
ledge. The high crest to trough ratio of the ionisation ano-
maly in the forenoon hours in solar minimum period helps to
build up the neutral anomaly and consequently the ionisation

ledge.

Chapter 11

~

Two ionospheric phenomena occurring at the eguatorial

magnetic latitudes and caused by the eastward electric field (E)
interacting with the horizontal magnetic field (E) of the earth,
are: (1) the ionisation anomaly in the F region extending into
the topside iohospheré and (2) the electrojet in the E region.
Both these phénomena are understood to be caused by the E X B
force on the plasma. In the E region, only the electrdns move
under the influence of this force giving rise to an upward

Hall polarisation electric field that in turn causes the
eastward electrojet current. In the F region, however, both

the electrons and‘the ions drift upWard under the ihfluence

of the E X’Qlforce and the subsequent plasma diffusioh along
" the mégnetic field lines creates the crests of ionisation on

either side of the magnetic equator. The correlation between
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‘the two phenomena has been investigated by a number of

authors using different parameters for representing the
electrojet and the ionisation anomaly Strengths. A discussion
of the earlier work is given and a new method of analysis, that
takes into account the time }ntegrated,st;ength of the electro-
jet intensity, isvéhown to exhibit better correlation between
the two phenomena than obtained by other,workers; It is shown
that this method of approach shown here for evaluating the
~electrojet strength provides more clear insight in understanding
the basic process responsible for the formation of ionisation

anomaly.

Chapter IITI-

Thelqbsenvations,and interpretations of ledge for- -
matiqn‘in\the’topside ionosphere by earlier authors are criti-
cally discuésed in view of several new characteristics revealed
by our observations on the ledge formation. A brief discussion
of the new mechanism for the formation ledge, due to
Raghavarao and Sivaraman (1974), 4is given. The mechanism
invokes the présemce of neutral anomaly in the neutral tempe-—
rature and density. A method for calculating the neutral |
anomaly is described and the anomaly in the neutral atomic
oxygen is calculateid on a few occasions. The diurnal variation
of the'neutral anomaly appears to be similar to the observed

diurnal behaviour of the ionisation anocmaly.



Chapter 1V

The procedure for delineating the spatial structure
of ionisation ledge is described. It is seen that the structures
during equinoxes are symmetric in their latitude‘extent in the
two‘hemispheree around tﬁe magnetic equator. However, during
solstices the spatial structures are physically shifted to the
winter hemisphere. These observations reveal the presence of
neutral wind across the magnetic equator from Summer to winter
hemisphere. The magnitudes of these wiﬁds are calculated
from the excess length of the ledge in the winter hemisphere
over that in the summer hemisphere. The wind magnitﬁdes
obtained in this manner represent average winds and are found
to be of the same order as hypothesised for explaining the
observed solstice asymmetry of the ionisation anomaly crests
(in the topside as well as bottomside ionosphere) in the

numerical simulations by various workers.

Chapter V

The occurrence and intensity distribution of more
than 200 ledge occurrences (during 1972-75) when plotted
against lunar age, shows two broad peaks around 0300 and
1500 hours lunar age. This behaviour is explained on the basis
of modulation of the diurnal Sg electric field {(due to solar

tide) by the semidiurnal L electric field (due to lunar tide).
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The modulatidn enhances the electric field in the forenoon
hoﬁrsrfor'the above lunar ageé. The cffect of the enhancement
in the'electric field is to create strong ionisation anomaly
afbdnd the noon hours by Which time the neutral flow reversés

its direction of motion from west to east at F region altitudes.

HThé.ioﬁ drég force thus pecomes effectiﬁe around ﬁdon and the
existence&of strong ioﬁisation anomaly provides résiétamce to-
neutral flow in proportion to the ionisation density, leading
to the formation of neutral anomaly. The occurrence of ledge
is thus~related to the strength of the ionisation anomaly by‘
the time the neutral wind reverses its direction around noon..
The modulation of L field at Q3OO and 1500 lunar ages, on
Sq field is shown to provide the explanation for the observed

regsults.

Chapter VI

The results of comparison of the occurrence of
two phenomena in the equatorial ionosphere, (1) the ionisation
ledge in the topside ionosphere and (2) the counter electrojet
in the E.region/are presented. About 170 ionisation ledge
observations on magnetically undisturﬁéd days when’cmnpared
with the diurnal variation of ([sHT ZQHA>,[3HT and /NH, are
indréments from the night time base level in the horizontal
components of earth's magnetic field at Trivandruﬁ and Alibag

respectively. during the days of ledge observation, reveal that



the counter electrojet, either partial or full, during the

atternoon hours occurred on 70 per cent of these days. The
other morphological features which the ionisation ledge exhibits
ape:ﬁ(l)_more frequent occurrence in solar minimum thaﬂ solar
‘maximum period, (2) two maxima in the occurrence and inténsity
distribution around 0300 and 1500 hours lunar age, (3) tendency
to occur on a series of days in succession and (4) Qccﬁrrencg .
in a narrow longitude belt on certain occasions. The cthbéf?f‘
_electrojet was known to exhibit the same morphological features

in its occurrence, as shown by a number of authors.

All these similarities in the morphological feétufés,
of both ledge and counter electrojet together with the high
correlation (70%) in their occurrence on a day to day basis‘
indicate that the two phenomena could have been caused by the
same source. As neutral anomaly is now known to be the cause
for the ionisation ledge formation, it is suggested that‘the
same anomaly might also cause the counter electrojet ét the
at the E region heights. A brief description of the mechanism‘
for causing the counter electrojet by the vertical winds,
in @ narrow region (+ 2° dip latitude) on either side of the
magnetic equator, generated by the pressure bulges associated
with the neutral anomaly crest formations (around + 15° dip
latitudes), on the basis of the work of Raghavarao (1976) is

given.
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Chapter VII

Analysis of topside ionograms for the year 1969,
obtained from ISIS-1 satellite, reveals the presence of spread F
below the satellite altitude on a number of nighttime passes.
The minimum range of the spread F echoes from the satellite
altitude delineates the'upper boundary of spread F irregulari-
ties across the latitudes around the magnetic equator. When
the spread F is fully developed, the boundary is found to be
aligned to a particular geomagnetic field line. In the early
- part of the night, when the spread F is in the formative stage
the boundary is, héwever, found to be non field aligned. On
this basis it is suggested that the origin of spread F could

be due to a disturbance in the neutral atmosphere.

The source of the disturbance is identified as the
internal atmospheric gravity waves which are likely to be
generated by the neutral pressure bulges associated with
intense ionisation anomaly formation in the premidnight hours

of solar maximum period.

Thus the present thesis provides the observational
évidenc@lfor the dynamical interaetion’between the ionisation
anomaly and the neutral atmosphere at the F region altitudes,
which leads to the geomagnetic control of the neutral atmosphere,

- resulting in the formation of the neutral anomaly.
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The consequences of the excess pressure bulges associated with

the neutral anomaly have a significant role in producing the
counter electrojet in the E region and in triggering‘the

drregularities in the F region responsible for spread F

phenomenon .
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CHAPTER-T

MORPHOLOGY AND DYNAMICS OF THE UPPER ATMOSPHERE

I.1 INTRODUCTION

In this chapter the composition and processes
occurring in the earth's upper atmosphere are described.
The upper atmosphere consists of neutral as well as charged
species of gases. The behaviour of tﬁé neutrals as well és the
charged particles is different in different height regions of
the atmosphere aﬁd thus provides means to classify the wvariocus

altitude ranges.

One of the schemes to classify the various altitude
ranges is based on the variation of the neutral temperature with
height. The temperatﬁfé (2 300°K at the surface of the earth)
declines rapidly with altitude to a value of about ZOOOK/at
about 20 km altitude. The region in which the decfease'taﬁés
place is called the 'troposphere' and the region of minimum
temperature is termed as the ‘tropopause'. After the tropopause
level the temperature rises through the ‘stratosphere' until
the ‘stratopause' is reached at about 50 km altitude. After
the stratopause the‘gas temperature declines through the
'mesosprere' to a minimum value (of about 150°K) at the '‘meso-.
pause"level at abouf 80-85 km altitude. Above the mesopause
level‘the neutral temperature increases in the 'thérmOSphere'
and reaches a nearly constant value above 400 km. The constant
’valug of the neutral temperature in. the uppermost levels of

the atmosphere is called the "exospheric temperature".
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The mean free path of the neutral gas particles is large
at the exosphefic altitudes and therefore these particles follow
. pallistic trajectories under the influence of gravity alone.
The concept of isotropic pressure and temperature based on the

collisional interactions of the particles is not wvalid and, in

fact, the fluid dynamics is no longer applicable in the exosphere.

Another method to classify various altitude ranges
in the upper atmosphere is based on the behaviour of the charged
particles. The charged particles (viz. free electrons and ions)
are produced mainly by the action of the ionising radiations
of the sun on the neutrallgases in the atmosphere. The ionisa-
tion distributed into various layers, therefore, provides

another means of categorizing the various altitude ranges.

The lowest of the ionospheric regions is’the D region
between 60-90 km altitude. The‘altitude region 90-140 km is |
termed as the B rcgion and that above 140 km altitude is t@rmea
as the I' region. The F layer usually splits into two layers |
during daytime; the F1 and the F2 layer, which merge into a
single layer during the nighttime. The maximum ionisation
‘density occurs in the F2 peak, the height of which varies
between 250~450 km depending on place, time of day, sunspot
cycle andvmagnetic activity. The ionisation density deor@ases
gradually above the F2 peak altitude. The ionosphere is

broadly classified into the 'bottomside' and the 'topside'.

\
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':"This division is based on the radio wave sounding for studying
the various ionised layers. The 'bottomside' ionospherc upto
the F2 peak is amenable to exploration from the ground based
“ionosondes and hence the name. The 'topside' ionosphere cannot
- be investigated from the groundbased ionosonde because the

underlying bottomside ionosphere shields the topside ionosphere.

.2 COMPOSITION AND PROCESSES

The averege daytime composition of neutral and ionised
'cohstituents in the altitude range 80-1000 km for sunspot minimum
activity condition is shown in Fig. 1.1 (after C.Y. Johnson, 1969} .
The ion and neutral composition distribution below 250 km are
from two daytime rocket measurements ébove White Sands, New
Mexico (32°N geog. lat,., 106°W longs . Distributions above 250 km

are from satellite measurements. The helium distribution is

from a nighttime measurement. The bars show the variation of the
respective neutral constituents within the atmosphere due to
latitudinal, diurnal and storm effects. The figure very well
demonstrates the preponderance of neutral gases over ionic
constituents in the upper atmosphere. .In the topside ionosphere
e . . + . + o . .
the predominant ion is O with He as minor constituent. The
. + + Y aEe w4
transition from O to H ion occurs around 950 km altitude and
above this altitude HT remains the dominant ion.
The D region ionisation is produced mainly due to
the photoionisation of molecular oxygen and molecular nitrogen

by Solan\X rays in the wavelength rarige 1-10 £ and also due to
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the phbtoionisation of nitric oxide by solar Lyman alpha
radiation (1216 R). ‘The free electrons and ions thus produced
are lost through the dissociative recombination reaction

wt v e =% + Y | - — - - - (1)

o o e e * * ;
where XY ' is the ionised molecule and X and ¥ are atoms in

excited state. In the E region (90-140 km) the ionisation is

mainly produéed by the photoionisation of molecular oxygen and

molecular nitrogen by the EUV in the range 911-1027 K. A small

contribution comes from the X rays in the wavelength range

10-170 &, The loss of ionisation in the B region is also

through the dissociate recombination scheme shown in edq.(l).

The lower boundary of the F region is usually taken
%o be around 140 km altitude. The chief neutral constituents
in the altitude range 150-600 km are atomic oxygen (0) and
molecular nitrogen (Nz). The source of ionisation is solar UV
radiation in the range of wavelengths 200 2 upto 911 B (the
latter wavelcngth being the ioniéation limit of atqmic oxygen).
The production of the F region ionisation results mainly through
the photoionisation of atomic oxygen, although, at high latitudes
energetic pérticle precipitation also plays an important role.
The free.electrons are lost through a two stage @rocess, ViZa
(a) formation of molecular ions by ion-atom interchange and (b)
dissociative recombination. If X2 denotes either 02 or N2, the
loss scheme may be written as

ot 4 x, —>» xot 4 x

x0" v e —> X 4+ O
\
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It is well known (e.g. Ratcliff, 1956) that the above
@rocesses lead to a loss rate of electrons approximating in the
form L =c>(__N2 in the lower F region and L = Cﬁ N higher up,
N represents the electron concentration. The change over from
the quadratic rate of loss of electrons in the lower F region
to a linear loss rate higher up takes place at a transition
level where

o N = (3

v

The transition defined above is shown to cause the occasional
splitting of F region into Fl and F2 regions during midday

hours (Ratcliff, 1956).

Above the Fl layer, the loss rate is linear and
hence the electron concentration increases rapidly towards
the F2 peak. The formation of the pcak is because of two
competing processes (1) the recombination, decreasing exponentially
with éltitude and (2) the plasma diffusion, increasing exponent-
ially with altitude. The FZ peak occurs at a level where
diffusion and loss are of comparable importance, i.e. where
fﬁ/\J D / H2 whgre D represents the diffusion coefficient.
ét the peak and‘H is the plasma scale height (Rishbeth and
Barron, 1960) . (g~l and H® / D are usually referred to as
the chemical and ghe diffusion time constant respectively.
At the peak, the electron concentration is. given by
Noo=q. / E)m'(the subscript 'm' refers to the peak) just as

m
. it would be in the absence of diffusion. Well above the F2
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peak the plasma assumes a diffusive equilibrium distribution,

with a plasma scale height Hb (Rishbeth, 1968) given by

-~ d (InNTp) =1 =m g
dh Hp 2 kT

where my is mean ion mass, g is acceleration due to earth's

gravity, k is the Boltzmann constant and Tp = Te + Ti . If it

’

is assumed that the plasma temperature, Tp , 1s independent
of altitude, the electron concentration decreasesexponentially

with height in the form exp ( —h/Hb).

Fig. 1.2 gives a series of profiles of electron and
ion temperatures in the F region obtained by Farley et al.
(1967) by means of Jicamarca incoherent scatter radar for low
solar and magnetic activity conditions. It is observed that
during daytime T_>> T, below 300-350 km alti tude (i.e, near
h .xF2 level);the difference T, - T;is 1000°K at 200-220 km.
In the uppermost levels, Te = Ti implying good thermal contact
between electrons and ions and also the electron (or ion)
temperature attains a nearly constant value with altitude.

In this isothermal region the charged particle temperature is
much higher than the neutral gas temperature. At sunset the
eleétrdn,temperature peak in the lower F region disappears
rapidly with time and the ions and electrons reach equilibrium.
The time constant for heat exchange between the electrons and
ions in the F region is a few seconds and therefore Te - Ti

drops to zero as the heat source disappears° At night the
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_ ionosphere is observed to be isothermal, with Te = Ti. After
an initial fairly rapid decrease after sunset (of about 200°K),

the temperature decreases much more s'lowly throughout the night.

The médel behaviour of F region in terms of production,
;oss and diffusion does not explain a number of 'anbmalies’
. of ionisation both at low and high latitudes. The word 'ano-
maly' was initially used to describe a particular feature which
does not fit with the idea of the layer formation predicted by
ﬁhe simple Chapman theory (Chapman, 1931) obeyed by E and Fl
layers. For instance, the simple Chapman theory predicts that

the maximum electron concentration(Nm XFZ) at any location

a
should be higher during Summef than‘during winter, beéause of
its dependencé on the solaf zenith angle. However, it was
found (e;g° Thomas et al. 1958) that the noon Noaxf? at the
same location tecnds to be greater in winter than in summer,
This behaviour cannot be explained by the Chapman theory

and is called as the “seaéonal anomaly". .The anomaly in the
latitudinal distribution of the F region ionisation, the
equatorial anomaly, is relevant to the present study. The
edquatorial anomaly, first discovered by Appleton (1946), refers

to the distributfon of Nmasz revealing a minimum (trough)

at the magnetic equator with a prominent crest on either side

at about + 157 dip latitude. The simple Chapman‘theory

predicts the ionisation density to be maximum at the location

of the subsolar latitude, decreasing smoothly on either side.
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The existence of these anomalies reveals thét the

' distribution of ionisation in the low latitude F region 1is
controlled by dynamical processes rather than the static processes
‘>éf photoionisation-and recombination. The dynamical effects are
brought about mainly by (1) the electric fields (2) the neutral
winds and (3) the waves. These effects are briefly described

below.

1) The electric ficlds:

The equatorial anomaly in the F2 region was
explained by Martyn (1947) by invoking the vertical drift of the
ionisation at the magre tic equator caused by the daytime ecast-
ward electric field. The electric fieclds are generated by the
dynamo actién in the E region of the ionosphere and communicated
to higher altitudes along the geomagnetic field lines. A number

of workers (e.g. Matsushita, 1969; Tarpley 1970) have estimated

the electric fields generated by the action of solar and lunar
tidal winds. The calculated magnitudes range from one.to few
millivolt/m. The electric fields are communicated to F region
altitudes along the equipotential geomagnetic:field lines.
Direct measurements of electric fields iq the upper B and F
regions have beeg made by barium releases but they are limited
to twilight hours oniyo The vertical drift velocity of plasma
by the incoherent scatter technique has been measurcd at
equatorial station Jicamarca (e.g. Balsley and Woodman, 1969).
The F region vertical drift velocity at Jicamarca has been

interpreted as E X'Q_drif£ caused by the E-W electric field
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 associated with the electrojétu Balsley and Woodman (1969)
showed that the F region vertical velocity shows good correlation
with the E-W velocity of the E region irregularities embedded in
the electrojet. The vertical F region velocities at Jicamarca
during daytime are upward with values M\J 20 m/s (corresponding
to an E-W electrié‘field Nt 0.5 mv/m) and downward at night
with comparable magnitude (Woodman, 1970). Thus the incoherent
Scatter observations appear to support Martyn's theory of
anomaly formation, which invokes the electrodynamic 1lifting
of the F region plasma at the equator.

In the equatorial F region, vertical lifting of the
ionisation by the e lectric fields is shown to be more important
than the neutral winds in controlling the diurnal variation of

foF2 and Ny F2 (e.g. Sterling et al. 1969).

2) Neutral winds:

Ionospheric F layer is much influenced by

~vertical plasma motion; the height of the F2 peak

(hmaxF2) increases by upward plasma motion . Rishbeth (1oe )

has shown that if a vertical drift W is imposed on the plasma
/ _

in the F region then the height of the peak is shifted by an

amount [}hm given by
AN o~ H,% / D(n )
- “m 1 m

where Hi is the ionisation scale height, and D(hm) is the plasma

diffusion coefficient at the altitude of the peak. Collisions
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‘between neutral particles and ions cause the plasma to be driven
along the geomagnetic field lines at a speed equal to the
component of the wind velocity in that direction. A horizontal
- wind velocity U in the magnetic meridian produces a vertical
drift, W = U sin I Cos I (King and Kohl, 1965) at a location

where the dip angle is'I'.

It is mentioned earlier that the behaviour of the
equatorial F region is controlled by the electrodynamic proce-
sses. However, the neutral winds substantially modify the
distribution of ionisation. For example, it is necesary
to invoke the cross equatorial winds blowing from summer to
winter hemisphere to explain the solstice asymmetry of the
equatorial ionisation anomaly (e.g. Bramley and Young, 1968).
The "super cooling'" of nighttime plasma in the equatorial
topside ionASphere observed by Hanson et al. (1973) has also
been explained by invoking the cross equatorial winds: (Bailey
et al. 1973). Thus it is clear that the neutral wiﬁds play an
important role in the dynamics of the equatorial F region.

There are fe& dirgct methods of measuring neutral winds
at F region altitudes. A number of wind models have been
proposed on the basis of the pressure differences at F region
. heights inferred from the satellite drag data. In the initial
models (e.g. Kohl and King,1967), the winds were computed by
using Jacchia (1965) model atmosphere pressure variations and
a fixed profile for the electron density distribution for all

latitudes and local times. Recently, more elaborate -
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calculations for the estimation of winds, with better atmos-
pheric pressure models (Jacchia, 1970, 1971), realistic ioni-
sation density profiles and also including non-linear terms

in the equation of motion (Blum and Harris, 1975a,b) have been

made .

Neutral winds have been inferred from incoherent
scatter observations at midlatitude stations. The velocity
with which the F region plasma,.diffuses downward along the
magnetic field line is measured by this technique. The
electron density and the ion and electron temperatures as a
function of height are also measured, from which the pressure
variations i; the plasma and hence the expected diffusion
velocity is calculéted. Any difference between the measured
and the ca%culated diffusion velocity of plasma is attributed
to the action of neutral winds (Evans, 1972).  The wind
magnitude obtained erm this method is in agreement with the
general wind pattern calculated from the static model atmos-

pheres of Jachia. /

3) Wave phenomena in F region:

A number of wave‘phenomena has been found in the
lower thérmosphere from observations on the deformation of
meteor trails;~chemical releases by means of rockets, and
incoherent scatter observations of plasma temperature and

horizontal ionisation drifts in the E region.
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The stratification of the atmosphere in the presence
of gravity causes a parcel of air that is displaced in height
to be subjected to a restoring force known as the buoyancy
force. This restoring force causes oscillations with a character-
istic frequency (the Brunt-Vaisala frequency) with a period
/10 min in the thermosphere. Waves with the periods longer
than the Brunt-Vaisala period are known as the internal
atmospheric gravity waves and those‘with shorter periods are
known as acoustic gravity waves. The internal atmospheric
gravity waves are transverse waves except near acoustic limit.
Their smaller scale sizes and shorter periods render them less
affected by the curvature of the earth and the coriolis force

but somewhat more dependent on the acceleration due to gravity.
\

The basic equations governing the propagation of
gravity waves in the atmosphere are given by Hines (1960).
The asymptotic relation which applies to the parameters that

describes these waves is giéen by
/\- Y~ UL xnoo ,/C_\

e

Az U Ty

where /\x_and‘ >\Z are the horizontal and the vertical wave-

lengths, u and u, are the velocitd es, f? is the wave period
and '(é is the Brunt-Vaisala period. #s jf is greater than
fjg for internal atmospheric gravity waves, Uk') U, and

The amplitude of the internal atmospheric gravity

waves increases exponentially with altitude. This behaviour

can be interpreted in terms of energy flux, since the increase
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'in amplitude just compehsates for the upwérd decrease of atmos=
pheric density in maintaining the flux constant (Hines, 1960) .
However, the dissipative processes namely kinematic viscosity,
thermal conduction and ion drag, damp the wave amplitudes in

the thermosphere. Yeh et al;'(l975) have discussed the relative
importance of these three processes with altitude for different
wavelengths. They conclude that the dissipative forces of
viscosity and thermal conduction have strong control on the
waves beyond 300 km altitude. The dissipation due to ion drag
is complex. The ion drag force (because of its dependence on
ion number density) is large during daytime. They show that
the ion drag #ill compete with viscosity and thermal conduction
in daytime and will not be important in night when the ionisation
density is low. Waves with a frequency aboﬁe 1072 rad/s
(corresponding to Brunt-Vaisala period of about 10 min) and

3

below about 2 x 107> rad/s (period about 60 min) will be filtered

out in the thermosphere by damping.

Another mechanism which affects the propagation of
gravity waves is their reflection at a thermal barrier (Hines,
1960) . Temperature fluctuations in the stratosphere and
mesosphere reflect the long wavelengths of gravity waves

propagating upwards from the tropospheric level.

The origin of internal atmospheric waves remains
uncertain. Weather disturbances in the tropospheric and
stratospheric regions and non-linear tidal wave interaction

appear to provide the most likely sources in the lower atmosphercs.
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As the waves propagate upward, some of the energy is partially
reflected. The dominant modes that escape reflectjon attain
maximun amplitude in the E region. At higher altitudes the
energy is dissipated by thermal conduction, kinematic viscosity
and ion drag. By the time the waves reach the F region only a
minor portion (in the long wavelength range) of the original

spectrum remains.

The'amplitudes of gravity waves in the F region are
nevertheless large, for there is Continual increase of amplitude
with height in all modes free from severe dissipation. Some of
the wave cenergy reaches the F region does so, only after suffer-
ing a partial ducting a£ the stratosphere - mesosphere level
due to the varying témperature. The ducted energy can be
carried over very great distances with little loss. The other
source of gravity waves is the supersonic motion of the earth's
terminator with respect to the neufral atmosphere at altitudes
upto about 200 km (Beer, 1973). The condition for generation
of a shock wave by the terminator as given by Cole (1974)
is

Vo, + V

- o \
. g > Vg ‘ (3)

where V., = speed of terminator with respect to the rotating

T

earth coordinate frame, VnE = wind speed, positive towards east,

and VS

F region altitudes and thus the supersonic terminator launches

= speed of sound. VnE'may be as large as 200 m/s at

gravity waves directly at F region altitudes. Beer (1973)



~1.15-~

assumed the atmosphere to be rotating with the earth and so

has restricted the possibility of generation internal gravity
waves to altitudes less than 100. km. However, Cole's (1974)
works shows that with modest winds the shock conditibn,can exist

upto the altitudes of the dynamo region.

Blumen and Hendl (1969) proposed that the joule
heating of the neutral atmosphere caused by the dissipation of
the current flowing in the auroral arc as the source of
gravity waves. Chimonas and Hines (1970) compared’tﬁe cffectiven
ness of this mechanism with the Lorentz coupling (due to J X B
force) of the auroral electrojet to the neutrals via collisions.
From their study it appears probable that both mechanisms can

contribute to the generation of gravity waves.

The internal atmospheric gravity waves affect the
ionisation through the collisions between the charged and the
neutral‘particles and also from the changes induced by the
gravity waves in the production as well as loss rate of
ionisation (Hboke, 1968) . The former process is‘dominant in
F2 region.where the component of the neutral velocity parallel
to the magre tic field moves the ions through collisional
interacfion, In the lower regions (E and F1) the main effect
of the gravity waves is to modify the production as well as
the loss rate of ionisation. The change in the photoionisation
rate occurs because of changes in the local valucs of 1) the

neutral gas number density and 2) the ionising radiation flux.
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vHowever, more recent work (Anandarao, 1976) shows that the
electrodynamic effect W X B , where W represents the gravity
wave wind velocity, could also be important at the E region
heights. Fluctuations in the F ragion electron and ion
temperatures have also been observed and are attributed td

gravity waves (ec.g. Klostermeyer, 1972).

In conclusion, the plasma density distribution at F
region altitudes is strongly influenced by the neutral motions

in the meridional plane. &t low latitudes the electromagnetic

drift in addition to the meridional winds controls the distri-

butiocn of the ionisation.

I.3 THE EQUATORIAL IONISATION ANOMALY AND ITS INTERACT ION

WITH NEUTRAL ATMOSPHERE

I,3.1 BACK GROUND

The equatorial anomaly in the F region of the
ionosphere was first reportedbby Appleton (1946) and is subse=
quently studied by many workers. The initial results showed th@y
existence of two crests on either side of the magnetic equator
around ilSO dip latitude with t he trough occurring at the
ﬁagnetic equator. The study of anomaly required the knowledge
of electron concentration over a wide range of latitudes and
hence analysis of a large amount of ionogram data. For this
reéason, the initial studies were made by using the plot of
the critical frequency, foF2, of the F2 layer at different

latitudes.
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Croom et al. (1959) obtained the latitudinal distri-
bution of electron concentration at fixed altitudes from the
bottomside ionograms by evaluating the altitude distribution
of the electron concentration, known as N{h) profiles. They
showed that the anomaly extends from about 180 km upto the
hmaxF2 altitude. The field alignment of the anomaly peaks in
the bottomside ionosphere is also evident from their work.

The launching of the polar orbiting satellite Aloue-

tte-1 in 1962, having an onboard topside sounder, greatly

helped in detailed study of the anomaly. King et al. (1964)

and Lockwood and Nelms (1964) showed that the anomaly cxtends
beyond the peak of the F2 layer into the topside ionosphere
upto the éltitudes 1000-1200 km. Polar orbiting satellites are
especially suitable for studying the anomaly because of wide

range of latitude coverage at the same local time. For instance,

Alouette~l moving in a circular path at 1000 km altitude having
orbital inclination of 80° covers a latitude range of +80° to
-BOO%in each of its orbit. During a pass of the satellite at
a lo& latitude station the longitude of the subsatellite point
changes by less than 5° and the local time by about 20 minutes.
Therefore, this eliminates any longitudinal effects that could

not be avoided in the case of bottomside data as the location

of different stations are widely separated in longitude.

King et al. (1964) and Eccles and King (1969)

presented latitudinal distribution of electron concentration,

at a serjes of fixed altitudes on several occasions and
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at different local times, obtained from Alouette-l topside
sounder data. The results show that the peaks of the anomaly
at different heights fall on a magnetic field line, usually

referred to as the "anomaly field line".

Fig. 1.3(a,b) shows a typical plot for representing
the anomaly obtained by means of ISIS-2 satellite topside
gounder data recorded at Ahmedabad on Jan. 18, 1974 at 1250 hf
LT at a mean longitude of 68°E. The ISIS-2 is a polar orbiting
satellite of inc¢lination 880, with the result that the’change
of its longitude during the pass at a low latitude station
(e.g. Ahmedabad) is about 2° and hence the change in local time
of the pass of about 8 minutes. The local time and the
longitude for a particular pass in the work desecribed in this

thesis cefer to the position of the satellite when it is

nearly‘overhead to the observing station.

Fig. 1.3(a) shows the latitudinal distribution of
electron concentration at a number of fixed altitudes in the
topside. Fig. 1.3(b) shows the latitudinal variation of the
altitude of various consStant electron concentrations. The
anomaly peaks in Fig. 1.3(a,b) ére field aligned, in this case
two magnetic field lines with their equatorial heights'about
1000 km and 900 kin are seen to pass through the summer and
the winter peaks respectively. . The anomaly shows the solstice
asymmetry, the summer peak of electron concentration at any‘

altitude being ©f higher strength than the corresponding

winter peak (Fig. 1.3a).
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Fig. 1.3(b) reveals that the height at which a’
particular electron concentration occurs is higher in the

summer hemisphere than in the winter hemisphere.

In iiterature both the WOrds 'érest' and 'peak' are
’used to denote the regions of high electron concentration on
either side of the magnetic equator. However, in this thésis
the author ﬁas used the word 'crest' to denote the maximum
electron concentration enhéncements on either side of the
magnaetic equator at the hmaxF2 altitude. At all other altitudés
the word ‘peak! wouid denote the regions of high eléctron

concentration on either side of the magnetic equator.

A comparison of Fig.l.3(a) with Fig.l.3(b) revealé‘v
that the former representation of anomaly p:ovides more
resolution at‘the lower altitudes in the topside ionosphere.
Fig.1.3(b) provides more resolution near the top of the anoméiy,
field line. In order to ascertain the magnitude of the anomaly
strength, the representation shown in Fig.l.3(a) is often used
for the reason that one can directly obtain the strength of the
anomaly (denoted by 35) at any altitude, by calculating the ratio
of electron concentration at the peak to that at the trough
(denoted by R). Some authors use the dip latitude5¢ , of the
crest to denote the anomaly strength. However, most of the
workers in this field represent the anomaly strength at any
altitude by the product of the ratio R with @ , the dip
latitude of theanomaly peak at that altitude. A detailed

discussion of this point is given in Sec. II.2 of Chapter 2.
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I.3.2 MORPHOLOGICAL FEATURES OF THE EQUATORIAL ANOMALY '

The equatorial ionisation anomaly, henceforth
~denoted by 'IA' for brevity, has been found to depend strdngly
‘on solar activity, 1ongitudé, season and magnetiC'activity.
Appleton (1954), H. Maeda (1955) and Rastogi (1959 ) studied
the diurnal development of anomaly during sunspot minimum periéd. 
Rastogi showed the diurnal variation of IA during ﬁhe eguinox
months of 1953-1954 by using the published foF2 data from a
worldwide network of ionosondes in the northern hemisﬁhere.

He found that the anomaly crest begins to develop close to

the dip equator around 0900 hr LT and thenafter the cres£
moves to higher latitudes rapidly with time. The maximum
development of the anomaly occurs around 1400 hr LT; the
loéation of the’érest being around 15° dip latitude, After the
maximum development the e¢rest begins to loose its prominence
and moves towards the équator. The anomaly disappears around

2100 hr LT,

A causative mechanism for»the anomaly was first
suggested by Mitra (1946). He proposed that the ionisation
produced near the equator would diffuse along magnetic
field lian causing enhancement on the'north and south of
the magnetic équator. However, low electron production rates
in fhe upper F region led a number of authors (e.g. Hirono
and Maeda, 1954) to speculate that the origin of such

particles might arise from electrodynamic lifting near the
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 equator (Martyn,Al947) rather than from direct solar ionisation.
~ This "fountain effect" was discuased quantitatively by Duncan

(1960) and later by several authors.

On the thepretical side a number of authors (e.g.
 rB:amley and Peart, 1965; Hanson and Moffett, 1966} attempted
~to explain the anomaly by solving the steady state éontinuity
eduation for electrons in the F2 region. The equatién of
continuity for the electron concentrétion (N) in gencral

takes the form

~
N = g - L = div (Ny)
Y
in which the terms on the right-hand side stand for production,
loss and.diverging movement of ionisation respectively. The
electron velocity 'v' is the vector sum of vy, and v,
-
where the subscripts refer to directions parallelor perpendi-
cular to a magnetic field line. The component Y is
dominated by diffusion under the gravity (Chandra and Goldberg,

1964) and y, is caused by the E X B force (being upwards

1
during daytime) at the equatorial latitudes. The steady state
analysis ( ON/ Ot = 0) of Bramley and Young and Hanson and
Moffett, mentioned above, showed that an upward drift (z‘ )

™~/ 20 m/s is éufficient to produce the observed crest to
trough ratio of the anomaly. Subsequently a number of

authors obtained time dependent solution of the continuity
equation, . following the method gi&en by Baxter and Kendal

(1968) . Sterling et al. (1969), D.N. Anderson (1973) and

Sivaraman et al. (1976) have attempted to explain several
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Rastogi (1966) compared the diurnal developmeﬁt of

the anomaly in sunspot minimum (Smin) and sunspot maximum

x) epochs. Fig. 1.4 reproduced from his paper cle arly
'shows that the diurnal development of the anomaly in the two
epochs i§ differentf Although the time at which the anomély
first develops is the same (viz. 1000 hr) in i and Sméx .
~the strength of the anomaly (as given by the crest to trough
ratio of foF2) is significantly higher in the forenoon and'éaﬁiy
afternoon hours in Smin»than Smax epoch. Also the’time at | ‘
which the anomaly attains its maximum development is differenﬁj
in the two epochs; being around 2000 hr in Smax and 1400 hr
in Smin + The anomaly disappears after 2000 hr in Smin whi le i
it persists until O3CO hr in Smax + Although, Rastogi's work:
reveals many a deﬁail of the diurnal development of the anomaly,
the data used by him was obtained at a number of stations
widely distributed in longitude. To the extent the anbmaly
development shows longitudinal differences (e.g. Eccles
and King, 1969) the conclusions regarding the time develoémenp
could be different from those mentioned above on the basis of

his work.

Brown (1973) studied the diurnal development of
anomaly by means of the foF2 data obtéingd from a chain of
ground based 1onosondes located in a narrow longitude zone
during IQSY (1964-65) and IGY (1957-J8) Fig. 1.5 reproduced
from his work shows the diurnal developm ent of anomaly at

three hours 1000, 1200 and 1400 LT for the two epochs.
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' ,The foF2 data used in his study was obtained at 75°E longitudé,

with a maximum longitude spread of about 15°. Tt is scen that

 the position of the anomaly crest shifts poleward with time for

| the IQSY period, in agreement with ‘Rastogi's (1966) work. However,
-fﬁhe crests at 1000, 1200 and 1400 hm;remalnv approx1mately
stationary in position for the ICY period, thus dlfferlng with

Rastogi's findings corresponding to S ax period (Fig. 1.4).

The rosults of crest to trough ratio 1nferred from
the work of Rastogi (1966) and Brown (1973) are summarlspd in

Tablu 1 (aftbr Sivaraman, 1974).

IABLE 1

Local time ’smax(1959) Smin(1964)'
1000 1.37 (1.20) »2.01 (2.20)"
1200 2.04 (1.71) | 2.61 (3.32)
1400 - 1.85 (1.64) 2.18 (3.38)
1600 1.81 l1.58
1800 2.1 1.15
2000 3.9 1.14

2200 2.64 -

.._.____,__...._._.._._.__....._.__.._...__._.._..._...._..___.__.........._._.,...___.__..___.____._._._,..........___.—._—.._.—-.._

The values given within the brackets are from the

foF2 plots by Brown (1973) for epochs 1957~58 and 1964-65.
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"The paramater R denotes the crest to trough ratio of blectron

IA
'conccntratlon and thbrefora(R In 1) x 100 denotes the percentage
eénhancement of ionisation at the anomaly crest. It is dlear
from the table that the anomaly stréngth upto 14OOAhr LT is
‘higher in Smin period Fhan in Smax period; after 1400'hr'the‘
anomaly strength in Smin decreases rapidly with time and
collapses éfter 2000 hr. . The anomaly development in S x Pe criod
occurs in a different mahner. The initial increase in its
strength by noon hour is followed by a small -decrease in}thé
afternoon hours. In the late evening hours around 2000 LT,
however, the anomaly strength goes up and reaches about‘EOO%
excess at the crest. This feature of enhancement of the anomaly
has been explained by Huang (1974) on the basis of the post-
sunset enhancemént of the vertical upward drift velocity
observeq'at equatorial station Jicamarca in Smax period
(Woodman, 1970). The postsunset enhancement of'the vertical
drlft velocity is observed conspicuously in Smax period. On

the basis of the observations (Huang, 1960) that the post-
sunset peak of foF2 at the station Taipei (19° dip latitude)

is less prominent and less frequent in low sunspot years,

Huang (1974) suggests that the sunset peak of drift velocity

‘also becomes small with decrease in the solar activity.

Raghavarao and Sivaraman (1975) explain the higher

strength of IA in Smin'period on the basis of higher diffusion
c] i i ariod. The ambi a

of the plasma in Smin than in Smax pcr;od he ambipolar

:diffusion velocity of the plasma parallel to the magnetic field
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is given by (e.g. Rishbeth and Garriott, 1969, p.146)

V., =, -D (1 daN = « % Sin I )
i a = - .
T N ds

 Where Da denotes the‘ambipolar plasmé diffusion coefficient;

. H, the scale height of the neutral density and N, the electron

concentration. 's' denotes the distance along a magnetic field
line in terms of the scale height, H, and I denotes the dip .
angle. Thus W! varies directly as the ambipolar diffusion |

coefficient Dy and inversely as the scale height H. The ambi -

polar diffusion coefficient D, is given by (Rishbeth, 1966)

! 1
: . ) "2
D = 6.9 x 1018 T 4+ T, T
a n(o) L 1 .
Ti ! 1000

where n(0) is the concentration of neutral atomic oxygen; Te ’
T; and T refer to temperature of electron, ion and neutral
particles reSpectively. Therefore, the plasma diffusion is
inverseiy proportional to the concentration of neutral ét@mic
oxygen. The noon values of Da amd neutral temperatﬁre Tn'

at 300 km altitude are given in Table 2 (after Rishbeth and

Garriott, 1969 p. 171).
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TLBLE 2

Parameter Smin SI Units Ratlo(Sm / S ax)
D_ ' 7 2 lolocm2 sec™t % 3.5
T, 900 1700 oK 0.53

The ambipolar diffusion velocity is about 7 times
higher in S .,  than S due to its dependence on the ratio

: min max

of D and H (the latter varies directly as the neutral temperature

Tn)' The higher diffusion velocity of plasma enhances the

"fountain effect" by increasing the supply of ionisation that

is responsible for forming stronger IA peaks at the noon hour

S Lo ) L]
of min &% compared to Smax

Recently, Sivaraman et al. (1976) solved the time
dependent continuity equation of electrons in the equatorial
Y2 region. Their results show that the IA forms at 0800 hr LT‘

in S

min Period and 1000 hr in Smdx

[t

period. They cbnfirm the
result previously obtained (Raghavaraoénd Sivaraman, 1975) on
the basis.of preliminary calculations that the crest to trough
ratio of e lectron concentration is higher in the forenoon

a

hours of S ., +than 8
min ha max *

D.N. anderson (1973) suggested that the solar cycle

variation of the IA could have been caused by different

o Slile) 1Y o C i 1 N 210 S . =y .
comm ncumrnﬁ times of the upward drift in Smax and min epochs
He suggested that the commencement time of the upward drift

should be progreéssively later with increasing solar activity,
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in order to account for late development IA in Smax period.
However, there is no experimental evidence to support this

argument.

A striking feature ndticed on the topside ionograms
. recordel at equatorial stations is the appearan¢e.of 'V' shaped
Cusp on occasion on both the ordinary and the extfaorﬂinary
echo traces. The cusp formation is associated with excess
electron concentration, known as 'ledge' of ionisation,-thét"
',occurs in a certain altitule range of the topside ionosphere
(King et al. 1964; Lockwood and Nelms, 1964). The phenomenon
is found to occur more frequently in Smin than Smax period
(Van Zandt et.al. 1972). Raghavarao and Sivaraman (1974,
1975) examined the phenomenon in more deﬁails and proposed a
new mechanism for the ledge formation which'explained satis=
factorily its more frequent occurrence in Smin period than

S eriod.
max p 1

I.3.3 INTERACTION OF TIONISATION ANOMALY WITH THE

NEUTRAL ATMOSPHERE

Chandra and Goldberg (1964) postulated that
the ion drag force, which the ions exert.on the neutrals duce
to collisions, would distort the hydrostatic distribution

of the neutral atmosphere thus, lealing to geomagnetic control

of the neutralatmosphere at the F region heights. Such a
geomagnetic control of the neutrals was first reported by

Philbrick and McIssac (1970), They obgerved a minimum near




the magnetic equator in the distribution of neutral constituents

N, , O, O2 and NO at about 400 km altitude by means of OV3_g

satellite. Hedin and Mayr (1973) observed two maxima with’a
minimum in be ctween, in the dlstrlbutlon ot N and 0 at 450 km
"altltujb around 1700 LT at a number of longitudes. The minima
at various longitules occur at the magnetic equator thus
revealing the control of the geomagnetic field. Fig, lhéﬁcg
reproduced from their work shows the anomaly in the dlstrlbutlon

of N, on September 22, 1969 at 1700 hr 1T at 450 km altltudL.A .

2
They Ssolved the quasi-three dlmen81onal energy and contlnulty
€quation for neutrals taking into account the ion drag force

on the neutrals and could explain their observations.

It is well known that the neutral motions in the F
region are governed by the iop drag force (e.g, King and Kohl
1965) . The force due to ion drag in the eagt-west direction
is given as |

P o= L - :
" N )/in (Ux Vix)

n

where )én is the ion neutral collision frequency, n is the ney-
tral density (of atomic oxygen in the F region) and Vix

aﬁd Uk are the ion and the neutral velocities in the eastward
(x) direction. &t the F region altitudes ))in/h + the number
of collisions per second an oxygen ion makes with one oxygen
atom, is nearly constant with altitude (being about 7 x lo-lo)
and therefore the ion drag force is proportional to 1) the inpnp
number density and 2) the differential velocity between the

ions and the neutrals. If the ionisation densitv (N} wmwrs
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constant in the low latitude region around the magnetic
equator, the ion drag force to the extent of its dependence

on N would also be constant with latitude. However,’the
 higher electron concentration at the latitudes of the ionisation
. anomaly crest than at the magnetic equator, would inhibit the
neutral flow (from dayside to the nightside) more ét the
latitudesof anomaly crest than at the trough. This would

lead to retention of the kinetic energy of the neutrals at the
anomaly crest latitudeé, thus leading to higher exospheric
temperatures and hence the higher neutral densities at the
creststhan at the trough. Thié process therefore leads to
geomagnetic control in the latitudinal distribution of
neutrals, similar to that observed in the ionisatioﬁ. The
distribution of neutrals at the F region altitudes would

also show the anomaly, henceforth called as the neutral anomaly

(NA) .

In aldition, to the ion drag of the ionisation
anomaly on the neutral motion basced on the effect caused by
N alone, Raghavarao and Sivaraman (1975) discussed the .effect
of the term (Uk - Vix) in the expression for the ion drag.
It is known that the ion motions’ are westward throughout
the day (e.g. Woodman, 1972) whercas the neutral motion is
westward in the forenoon hours and eastward in the aftoernoon
"hours, aé given by the wind models based én the Jacchia's
models of the neutral atmosphere. The reversal of the zonal

motion of the neutrals occurs around 1300 hr LT as given by
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the latest wind model of Blum and Harris (1975). The ion drag
force becomes significant one or two hours before the neutral
wind reversal time'when the neutral speed becomes minimum,

and hence the (UX - ViX) term is large. Therefore, the presence
of a strong ionisation anomaly, around noon hours, which

imposes higher drag force on the neutral motion at the latitudes
of the anomaly crest than at the latitude of the trough

(i.e. equator) would assist the formation of NA.

The ambipolar diffusion coeffiéient of the plasma,
Da . because of its inverse relationship with the neutral
concentration, would be reduced due to presence of the NA
crests along the ionisation anomaly field line. This léads
to reduction in the ambipolar diffusion velocity, W' ..
because of its direct dependence on the ambipolér diffusion

coefficient. The partial inhibition of diffusion caused by

the presence of the NA would céuse accretion of the plasma
near the top of the magnetic field line, thus causing the
ionisation ledge (Raghavarao and Sivaraman, 1974). Raghavarao
and Sivaraman (1975) and Sivaraman et al. (1976) have shown
that the NA formation woul:l occur more frequently in Smin
(due to strong IA formation in the forenoon hours) than
Smax period. On this basis they have explained more frequent

occurrence of the ionisation ledge in the topside ionosphere

in S ., period than S period,
= min P° I Phax PerL J
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I.4 DEFINITION OF THE PROBLEM

The main topic of the thesis is on understanding
the phenomenon of ledge formation in the topside ionosphere.,
A number of its morphological features, e.g. the lunar age depen-
dence, correlation in the day to day occurrence of £he ledge
and the counter electrojet (in the equatorial E region) are
discussed in detail in the Chapters 5 and 6. The origin of the
counter electrojet phenomenon is still puzzling1 On the basis
of observational features presented in Chapter 6 it is suggested
that the neutral anomaly i s responsible for causing the counter

electrojet event.

The stuly of the spatial distribution of ledge
intensity discussed in the Chapter 4 provides much needled evidence
for the existence of cross equatorial winis at the F region:
altitudes. Therefore, the study presented here is importént
anid provides many a useful information on the dynamical
iﬁteractiom of the bottomside anl the topside jonosphere.

This will also be helpful in the clear unlerstanding of the
dynamics of ledge fommation, counter electrojet and the

Cross equatorial winds in the F region of the ionosphere.,




CHAPTER -~ II

CORRELATION BETWEEN THE IONISATION ANOMALY STRENGTH AND THE

ELECTROJET STRENGTH

IL1  INTRODUCTION

Two ionospheric phenomena occurring at the
equatorial magnetic latitudes are 1) the ionisation anomaly
and 2) the eleétrojet. The equatorial ionisation anomaly
is the name given to a feature of the iatitudinal distribution
of electron concentration in the F-region showing two well
defined peaks at 15-20° dip latitudes with a prominent trough
at the magnetic equator. The anomaly was discovered in the
latitudinal distribution of foF?2 by Appleton (1946). King et al,
(1964), and Eccles and King (1969) found the phenomenon to

extend into the topside ionosphere as well.

The equatorial electrojet is a strong eastward
current in the E-region (at about 100 km altitude) within
a narrow zone of + 3¢ dip latitude during the daylight hdufs
(Chapman, 1951, 1956). fhe strong electrojet current is
shown to be responsible for the observed large diurnal
range of the geomagnetic H field at stétiohs near ghe nmagnetic

equator.(Egedal 1947, 1948; Pramanik and Hariharan 1953) .

The common cause for the existence of both the
ionisation anomaly and the electrojet is understood to be
the eastward electric field (E) which interacts with

approximately horizontal magnetic field (B) and exerts EXB
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fofce on the plasma. In the F~region as well as the topside
ionosphere, the ién and the electron gyrofrequencies are
greater than their respective collision frequencies with the
neutral particles with the result that ions and electrons
drift together with the Hall drift velocity, (E X g)/Bz.

The plasma thus 1lifted up, diffuses downward along the earth's
magnetic field lines giving rise to the peaks of anomaly

on either side of the equator (Martyn, 1947; Rastogi, 1959 ;
Duncan, 1960) ., This process termed as "Martyn's Fountain
Theory" explains satisfactorily most of the observed features
of the ionisation anomaly (Bramley and Peart, 1965; Hanson

and Moffett, 1966).

In the E-region, around ‘100 km altitude, the electron
gyrofrequency greatly exceeds the electron-neutral collision
fregquency but the ion gyrofrequency is less than the jon-
neutral collision frequency. Under these circumstances the
electrons move under the influence of E X B force whereas the
ions remain unaffected, For a location at a dip anéle
I 4 5° the vertical Hall currents are greatly inhibited,
and more so at the magnetic equator (I = 0). The inhibition
of vertical Hall currént leads to vertical Hall polarisation
electric field whichis ¢ 2/ 61 (<L 30 at 100 km altitude at
the equator; Sugiura and Cain, 1966) times the primary east-
ward electric field (E),% 1 and® 2 are the Pedersen and the

Hall conductivities respectively. More recently
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- Anandarao et al. (1975) have shown observationally that the

kS

vertical polarisation electric field is{&f& ds/ gcri dg)
times the primary electric field, where&as'is the line element
along the earth's magnetic field line. The vertical polari-
sation electric field interacting with the northward horizontal
B field produces westward motion of the electrons causing the
eastward electrojet current. The current ds given by

J':(YB. E, where C 3 = ﬁfg}/éfi + cTi) is termed as the
"Cowling conductivity", which greatly exceeds the Pedersen
conductivity (01) in the equatorial E region (Baker and
Martyn, 1952, 1953). From the above description it is |
apparent that the electric field is the cause for the
ionisation anomaly in the F region/topside and the electrojet
in the E region. One would naturally expect a close relation

between the phenomena caused by the same agency.

IT.2 SUMMARY OF EARLIER WORK

The close relation between the electrojet current
and the F2 layer ionisation near the magnetic equator was
pointed out by Rastogi (1963, 1965). He showed that at an
equatorial station the seasonal, the latitudinal and the
solar cycle variations in the amplitude of lunar tidal
variations in the foF2 and the geomagnetic H field are
very similar to each other and the phases between the two
are almost opposite in all the cases. Thus an increase of the
electrojet current strength causes a decrease of the F2Z layer

ionisation at the magnetic equator and vice versa.
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A quantitative relationship between the two phenomena
was first shown by Dunford (1967). He argued that if the
Martyn's fountain effect were the cause for the ionisation
anomaly, there should be some relationship between the anomaly
and the current in the E region (at which level the electric
field is impressed). Dunford normalised the published foF2
data at 1300 hr. LT for different stations in the Asian zone
by the respective monthly mean foF2 at the same local time.

He plotted the normalised foF2 data against the maximum

daily range of H field (/\H) at equatorial station. At
Trivandrum (equatorial station) the foF2 showed decreasing
trend with iﬁcrease in the maximum range of [ﬁf%?(sﬁffix rot
represents "Trivandrum"), whereas the foF2 at stations Delhi
and Ahmedabad (stations near the anomaly crest) showed increas~
ing trend with increase in maximum daily range of ﬁ;HT.
Dunford estimated the eastward electric ficld from +the
magnetic range ﬁ;H at the equatorial station and concluded
that the higher the vertical (E X B) drift over the magnetic
equator the lower the values of foF2 over the magnetic

equator and-the higher the values of foF2 at the anomaly creét,

in agreement with Martyn's concept of anomaly formation.

Dunford defined a parameter S, given by S = W X D
to represent the anomalystrength at a fixed altitude (450 km)
in the ionosphere. The parameter W denotes the separation

between the latitudes of the anomaly peak and the trough.
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 The parameter D repreSEHts (Np - Nt)/Nt ; where Np and Nt

are the electron concentrations at the anomaly peak and
‘trough respectively. The parameters W and.D are called

the 'width' and the ‘'depth' of the anomaly, and the quantity

S is called the "anomaly product". The quantities used for
calculating W and D were obtained from latitudinal distri-
bution of electron concentration atl450 km altitude obtained
from Alouette ~ 1 topside sounder data. Dunford found that
the latitudinal structure as well as the crest to trough

ratio of the anomaly shows large variations. On some days,

D is small while W is large and vice versa. The parameter S
minimizes the effect of these variations and hence is a better
meaéure of the anomaly strength instead of cither W or D
separately. He showed that the anomaly product S obtained on
é number of days shows linear relationship with magnetic range.

at equatorial station Muntinlupa.

Mao Fu Wu (1970) presented a few individual examples
of anomaly formation using Alouette-l satellite data recorded
at equatorial station Huancayo and compared the strength
éf anomaly with the maximum amplitude of the A}H field

at Huancayo. She found that the days on which the maximum
range of A;Hiat Huancayo is large, the anomaly develops

prominently and vice versa.
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Rastogi and Rajaram (1971) showed that'f9F2 ét the
equatorial station Kodaikanal decreases while foF2 at Ahmedabad
‘incfeases steadily with the increase of equatorial eiéctrdjét
Stfength estimated by the difference in the maximum daily range
;'OfZBJH at equatorial station Trivandrum and that at ﬁhe low

latitude station Alibag.

The work of Mao Fu Wu and Rastogi and Rajaram
supplemented Dunford's work and provided support to the

Martyn's fountain theory of ionisation anomaly formation.

Rush and Richmond (1973) made quantitative investi-
‘gation of the relationship between the anomaly stfength and.
the electrojet strength using the publiéhed foF2 data fox:
American, African, Indian, and Japanese sectors for the
year 1958, They defined six parameters for representing
anomaly strength: Rg 'QBQ . Ry X(?N , RS ; Q>S and Ry X(?S .
"The parameters are calculated from. the latitgdinal distribution
profiles of foF2. The parameter R denotes the crest to
trough ratio of electron corcentration and (p denotes the
latitude of the anomaly crest., The suffixes 'N' and 'S’
denote the 'northern' and the ‘southern' crest of the
canomaly respectively. The parameter ¢ is same as the
parameter W of Dunford (1967) and R is related to the

parameter D as R = (1 + D),
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Rush and Richmond compared the anomaly strength S

 with the maximum midday electrojet strength defined by two
parameters,lx HI andzﬁsﬂll . The parameter//\HI was defined

s

_ ' H
ZEHI H10,+ Qﬂgl + 2H, + Hig o Hoo + Hyq + H02 + Hyn o+ Hoy ot
~ 6 : 6

aaaaaa (1)
where Hlo P Hll —————— . 3aY Hi represents the average value

of H between 1 and (i + 1) hr LT at an equatorial station.
[ﬁ;HII was obtained by subtracting similar *ﬁxHI at a low
"’latitude station outside the influence of electrojet belt
from theZE,HI at the equatoriél station as calculated by using

eq.(1) . ZXHI and ﬁﬁﬁHI represent the midday electrojet

I
strength. According to these authorszCAHII represents the
midday electrojet strength more closely than L}PH:especially

during magnetically disturbed period.

Rush and Richmond calculated correlation coefficients
betwéem the midday electrojet strength and the anomaly strength‘
and showed tlmt the correlation coefficients tend to maximise
in the early afternoon between 1300-1600 hr LT. They pointed
out that this time interval is about 2-3 hours after the mean
local time at which the midday electrojet strength is
calculated and thus this result is consistent with the results.

obtained by solving the continuity equation for electrons in

the F2 region (Sterling et al. 1969; Anderson, 1973), showing
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the response of the anomaly to lag about 2-3 hrs behind the
¢ﬁanges in the electric field. Fig. 2.1 reproduced from
ﬁ‘ their work shows the diurnal variation of the correlation
lséOefficient between the six anomaly paraméteré and the electro-
‘:jét parameter f;HI for the American sector for Oct. 1958.

 It is seen from the figure that the correlation coefficients

decrease in the evening hours and become insignificant after
2000 hr LT. It is also seen that the correlation coefficients

~ decrease steeply between 1400 and 1200 hr LT. At 1200 hr,

the correlation coefficients of the electrojet strength with
7  the anomaly parameters C?N and 435 show negative valués;

with the anomaly products (RN X ¢>N) and (RS xcps) the corre-
~ lation coefficients are nearly zero. From the trend of thé

'variation of the correlation coefficients with local time

we conclude that the correlation of the anomaly streﬁgth

with the midday electrojet strength prior to 1200 hr‘LT

would either be zero or negative.

We feel that the choice of the electrojet parameter,
the midday electrojet strength, taken for comparison with the
anomaly strength at all hours of the day by theiauthors
mentioned above, is not proper. The equatorial anomaly develops
‘usually around 08-10 hr LT and thercafter its strength o
increases with timé until about 1400 hr LT in sunspot minimum
period and until 2000 hr LT in‘sunspot maximum period

(Rastogi, 1966). The crest to trough ratio of eclectron
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concentration as well as the dip latitude of the crest
 increase continuously;although not monotonically, from the
time the anomaly first appears until its maximum development.
The continuous build-up of the anomaly suggests that its
strength aﬁ any particular time should depend upon the time-

integrated strength of the electric field starting from the

time (eround sunrise)when the electric field reverses from
westward to castward direction. The diurnal variation of the

electrojet current strength, as revealed by the daily variation

of equatorial /\NH field,is caused by the diurnal variation
of‘the E region electron concentration as well as the
electric field. The electron concentration the equatorial

E region varies as Coso'33pﬁ (Krishnamurthy énd Sengupta,..
1972), where ?C denotes the solar zenith angle, from which

it is apparent that the diurnal variation profile of electron
concentration does not change appreciably from one day to the
other. Howev@r, the diurnal variation profile of the
equatorial H field reveals substantial day'to day changes which
cannot be attributed to electron concentration aloné. This
suggests that the E region electric field varies differently
on different days in order to account for the observed day

to day changes in the daily variation profile of the edqua-
torial H field. The time integrated area of the /\H curve,
although gives the integrated product of the electric field

and the electron comcentration, it essentially represents the
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integrated electric field only, on ﬁhe basis of above
Margﬁments. The results presented in the following pages
suppoft our chdice of the integrated clectric field in the

¢lectrojet for comparing with the anocmaly strength.

. The work of Rastogi and Rajaram (1971), Rush and
Richmond (1973) and Chandra and Rastogi (1974) shows that the
difference of /N H field between an equatorial station

"(say Trivandrum, ~O?3 diplatitude) and a low latitude station
just outside the effect‘of the electrojet (say Alibag, +120.9

'_dip latitude) is a better measure of the electrojet current

as compared to Zk H field at Trivandrum only. The ZL H field
at Trivandrum represents the combined effect of the Sqg
b'current, the electpojet current and the magnetospheric current.
‘The.magnetOSpheric contribution toe /\ H is negligible on
magnetically quiet days. ThelﬁkH field at Alibag is caused
; by the Sqg current and the magnetospheric current. As Alibag
is not too far away from Trivandrum, the Sg contribution to
the/\ H field can be taken approximately the same at both
the stations, on the basis of the latitudinal profile of the
Sq given by Onwumechilli (1967). The magnetospheric

contribution to /\ H field is very nearly the same at both
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the stations (Kane, 1973b). The subtraction of Alibag
A H from Trivandrum /\ H removes the magnetospheric.
as well as the Sq contribution and thus ( A Hp = OH,),
where suffixes 'T' and 'A' denote Trivandrum and Alibag
respectively, represents the contribution of only the

electrojet current on quiet as well as disturbed days.

IT.3 DATA ANALYSIS AND RESULTS

We correlate the observed anomaly strength on a
particular day with the electrojet Strength‘represented in
two ways : 1) the area under the Z>.HT curve measured from
the time when the H field rises above the nighttime base level
upto the time of anomaly observation, and 2) the area under the
(‘£5HT - LLHA) curve measured in the same manner as for the
[;HT éurve. In addition, we study the correlation between
the anomaly strength and the midday ranges of /\H and
(VAN Ho, ﬁsH ) curvos, these two parameters being same as
A\ H and A Ho respectively of Rush and Richmond (1973) .
The parameter 5 (= R X’QD) taken to Fepresent the anomaly
strength in the presént study is the same parameter as used
by Rush and Richmond. For the present study R is evaluated
at 600 km altitude. The choice of 600 km altitude (rather
than the hmax F2 altitude teken by Rush and Richmond) is
made on the basis that the latitudinal profiles of electron
concentration are available at this altitude for all the

116 passes of ISIS-1 and 2 satellites used in this study.



To obtain latitudinal distribution of electron concentration

at hmaXszaltitude it is necessary to have good quality
ionograms, on which the echo traces are seen upto the penetra%
tion frequencies, throughout the entire duratién of a Sétellite’

pass.

The parameters defined above for represenﬁing the
anomaly and the electrojet strengths are illustrated in
Fig. 2.2(a,b). Fig.2.2(a) gives the constant height plot
obtained from an ISIS-2 pass, showing ionisation anomaly at
1330 hr LT on &pril 20, 1972. The values of the electron
concentration at the anomaly peak at 600 km altitude and that

at the trough are 1.30 x 10%m™ and 6.60 x J,C)Sc)mw'3

respectively.
The crest to trough ratio (R) of electron concentration is
1.97. The dip latitude of the anomaly peak at 600 km altitude

isvl4.OO and the trough being at the magnetic equator,

L
@} = 14.0°. The anomaly strength S ( = R x CP ) is 27,6.

Fig. 2.2(b) gives the diurnal variation of
JS>HT and (lﬁkHT - KXHA) curves on April 20, 1972. The
nighttime base levels, represented by[SHT = O and
(ZE\HT -‘KSHA) = 0, have been obtained by the method followed
by Rush and Richmond. The two vertical arrows CD and IJ |
mark th» time of anomaly ol iervation on Aﬁ HT and
([lfﬁr ~Z§LHA> curves resepctively. The areas ABCDEA and

GHIJKG under the /\ H_, and ( /NHy, -/A\H,) curves respectively,

T : 3

taken to represent'the electrojet strength in the present
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study are denoted by XA and YA respectively. The maximum
~ ranges of the daily variation profiles of,ﬁ;HT and
(N Hy - /AH,) , given by the lengths of the arrows BE and
 HK, are denoted by XR and YR respectively. It may be noted

. . . o : \
that the symbols 'X' and 'Y' represent /[ H, and ( LSPH?-ZSJ%A)
respectively. The subscripts 'A' and 'R' denote “area upto
1‘the time of ahomaly observation" and "maximum range"

respectively of the daily variation profile of either'X'or'Y.

Most of the ionisation anomaly data used in the

present study is selected from the ISIS satellite passes
‘recorded at Ahmedabad during the equlnoctlal months
(March-April and September-October) of 1972 1974. During
equinox period the two peaks of ionisation anomaly at any
altitude arc of equal strength and also equally distant
(in latitude) from the magnetic equator, hence any one of the
two peaks can be taken for evaluating the anomaly strength.
Puring the solstice period, however, the summer peak of the
anomaly at any altitude in the topside ionosphere is of
higher strength than the correspoﬁding winter peak. The -
satellite passes recorded at Ahmedabad usually cover only
the northern peak of the anomaly. Thus the anomaly strength
would be overestimated if evaluated from the northern peak
during local summer and would be underestimated if the

same peak 15 taken during local winter months.




Magnetically disturbed days (A 15) are omitted
_ from the present study for the reason that the anomaly is
'shown to be either depleted or enhanced (Sato, 1968;

Raghavarao and Sivaraman, 1973) because of storm induced

- changes in the electric field or in the neutral comp051tlon

(namely the Oj}/ (N jratlo at the F region wltltudes,

L
Prolss and Von Zahn, 1974) . The storm-time equatorward wind
(50 m/s) has also been suggested as a possible cause for

the observed changes in the ionisation anomaly (Burge et al.

1973) . The storm induced changes in the anomaly are therefore

not due to the changes in the electrojet and hence it was
considered desirable to confine the scope of the present

correlative study of the two phenomena to quiet days only.

The anomaly data is grouped in hourly interval
between 1000-1600 hr LT, the upper limit of the time
interval as 1600 hr is due to the absence of sufficient
number of anomaly data after this local time during the

period under study.

The cdrrelation coefficients between the anomaly
and the electrojet parameters are calculated by the method
of linear correlation (e.g. Young, 1962, p 126). The
standard error ( 8 ) in the correlation coefficient ( r )
is given as
%)

g = (1 - r . (n -1 )7
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where 'n' represents the number of pair of data points on

which the corrcelation is based (Fisher and Yates, 1957; p 3).

Three representative plots of the correlation between
the anomaly and the electrojet are shown in Fig. 2.3 (I - III).
Each one of the plots is divided into parts (a), (b), (c),
and (d) showing the correlation of the anomaly strength‘S with .
the four electrojet parameters XA, YA' XR and YR respectively.
The straight lines drawn through the data points in parts (a)
and (b) are regression lines obtained by the least square
fitting. |

Referring to Fig. 2.3 (I - III), at 1000 LT the
correlation coefficients between the anomaly parameter S
‘and the electrojet parameters X, and Y, are (0.83 + 0,09)
and (0.89 + 0.06) respectively, whereas the correlation
Foefficients between S and the parameters XR and YR are
(0.48 + 0.21) and (0.52 4+ 0.20) respectively. At 1400 LT
the correlation coefficients of the anomaly with the
eiectrojet parameters ¥, and Y, are (0.90 + 0.04) and
(0.94 + 0.03) respectively, whereas with the electrojet
parameters XR and YR the correlation céeffici@nts are
(0.78 + 0.09) and (6.82 + 0.07) respectively. At 1600 LT,
the correlation coefficients between S and the electrojet
parameters X,, Y,, X, and Yp (0.83 + 0.08), (0.90 + 0.05),

R
(0.65 + 0.15) and (0,71 + 0,13) respectively.
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However, it should be pointed out that small number
of data points (average being about 16) for each individual
hour makes the correlation less significant especially when
it is low. For instance, corre8ponding to 16 pairs of

independent data points the 95% significance level of the

correlation coefficient, as given by Fisher and Yates (1957,
Table VII), is about 0.47. This means that any value of 'r!
greater than 0.47 can be taken asvsignificant correlation.
In order to ascertain whether the-time integrated area of
the electrojet strength is really a better parameter fdr
comparing with the anomaly strength, we combine the data for
three forenoon heurs 1000, 1100 and 1200 LT. The total
number of data points for these three hours is 49. From
Fisher and Yates' table,>the 95% significance level of the
correlation coefficient for n = 50 is 0.27. Fig. 2.3 (IV)
shows that the correlation coefficients of the anomaly strength

Al R R
(0.89 + 0.03), (0.94 + 0.,02), (0.39 + 0,12) and (0.41 + 0.12)

S with the electrojet parameters XA' Y X_ and Y_ are

respectively. These values are above the statistically
significanf value of the correlation coefficient (0.27).

The high correlation of the anomaly with the electrojet
parameters X, and Y, and low correlation with parameters

XR and YR substantiates our suggestion that the time-
integrated electrojet strength rather than its instantaneous
midday strength should be compared With the observed anomaly

strength at any local time.
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Fig. 2.4 shows the diurnal
variation of the correlation coefficient of S with Xﬁ, YA'
Xh and YR in the curves marked 1a', 'b;, el and 'd' respect-
ively. The comparison of 'a' with 'b' shows that the
integrated electrojet s?rength, XA, shows higher cofrelation,
at any hour between 1000-1600 LT, than the maximum electrojet

range, Xp. Similarly the parameter Y, Shows higher correlation

than YR with the anomaly strength S, as apparent by comparing

i

the curve 'c¢' with 'd'. It may be recalled that the
parameters XR and YR are the same as the parameters;ﬁ>HI
andZESHII of Rush and Richmond (1973). The daily variation
of the correlation coefficient obtained by téking these
parameters of the electrojet, shown by the curves 'b' and
td', reveal low correlation especially in thg forenoon hours
similar to their results (reproduced in Fig.2.l for the

parameter"lliﬁl).

i !

' It is also interesting to note from curves 'a

and ‘'c! of Fig. 2.4 that the correlation coefficient

remains fairly constant (in the range 0.80 - 0.96) between
the local times 1000-1600 hr, whereas the curves 'b' and 'ad‘
reveal that the correlation varies appreciably (in‘the range
0.48 - 0.82) with time. This further shows that it is
physically more méaningful to compare the time-integrated

electrojet strength with the anomaly strength. Out of the

and YA; the latter: shows consistently

two parameters XA
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higher correlation with the anomaly strength than the former,

as is apparent by comparing the curve '

a' with 'c¢'. This
confirms the suggestion of earlier workers that the difference

of the /\H field between the equatorial and a low latitude

station just outside the electrojet belt should give a better
estimate of the electrojet strength at any time than the /N H

field at the equatorial station alone.

IT.4 CONCLUSIONS AND DISCUSSION

We have shown that the time integrated area of the
/\H field at equatorial station (A Hp) and the difference
in the A H field at an equatorial station and a non-equatorial
station ( AH, - AH) correlate very well with the anomaly
strength at any hour of the day. This can be understood in
terms of the 'fountain theory' of the ionisation anomaly
forthation. The equatorial anomaly Strength at any hour
depends on the time integrated strength of the eastward
electric field upto that hour rather than jusg the instantaneous

midday value of the electric field.

Out of the two methods followed by the author for
representing the electrojet strength, by the areas under the
daily variation of ﬁ;HT curve and the (lﬁxHT‘-ﬁgHA) curve,
the latter shows higher correlation at any local time with
the anomaly strength. This suggests that the clectric field
in the electrojet is more closely related to the parameter
‘The electric field in

( AH -'ABHA) rather than to/\ H

i

T T°



the E-rcgion has been estimated by various authors (e.g.
Dunford, 1967; Tarpley and Balsley, 1972; Krishnamurthy

 ,and Sengupta, 1972) using the /\H field at the equatorial
;‘station only. However, our results confi:m the suggestion
Hfof the earlier workers that the difference in theLﬁ(H field
~at an equatorial station and that at a low latitude station

is a batter parameﬁer for evaluating the electric field in the
electrojet, and hence this guantity should be taken for
evaluating the electric field in the electrojet region from

the observed geomagnetic H field variations.




CHAPTER -~ IIT

OBSERVATIONS AND INTERPRETATIONS OF LEDGE FORMATiON‘

IIT.1 INTRODUCTION

In this chapter the author descfibes some new
features of the jonisation ledge in the equatorial topside
ionosphere as revealed by the ISIS-1 and 2 satellite topside
sounder data recorded at Ahmedabad. The ionisation ledge.
manifests itself in the form of a 'V' shaped cusp on the

echo traces on the topside ionograms, similar to those

observed on the bottomside ionograms corresponding to’the

'F1' ledge.

The ledge is found to be present on more than:
200 days between 1100 and 2200 hrs LT during the period
1972~75. The time at which the ledge is usually present is
around 1200 hr. However, on rare occasions the ledge is present

around 1000 hr LT.

i

King et al. (1964) and Lockwood and Nelms (1964)
observed the ionisation ledge in the topside ionosphere,
by means of Aloubtte 1 satellite, in the Asian zone (105 E)
and the Amcrlwan zone (75°W) respectively. These authors
showed that fho plcqencc of tho ledge is revealed throuqh
cusp formations on the topside ionograms. Subsequently,'

Rishbeth et al. (1966), Rush et al. (1969) and Van Zandt

et al, (1972) studied this phenomenon. Although the ledge

has been investigated for over a decade, there was no
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mechanism which coﬁld explain its‘va:ious observational

features satisfactorily. Raghavarao and Sivaraman (1974),i
henceforth referred to as RSl,,prbﬁsseﬁ a new m§¢h%nism for

the ledge formation by invokihg the presence’of’the;neut:al'
anomaly (NA), Simiiar to the equatorial"ionisation'anbmaly (IA);.
The observational evidence for the neutral anomaly,aﬁ,the

F region altitude was provided by Hedin and Mayr (1973) by,means,
of the mass spectrometer on-board 0G0-6 satellite. SubSequent'
work by Raghavarao and Sivaraman (1975) , henceforth referred
to as 'RS2', showed that the mechanism proposed by them is

consistent with many of the observed features of the ledgé‘f

In this chapter the author presents a number of
new features of the ionisation ledge. A brief description
of the observational features and the interpretations of the
ledge by the earlier workers is presented in view of hiS own

observations.
4

III.2 OBSERVATIONAL FEATURES OF THE IONISATION. LEDGE

Fig. 3.1(a) shows a tdpside ionogram obtained from
the ISIS-2 satellite pass on March 19, 1974 at 14.54.07 U.T.
at 80°.9E longitude (local time,ZOlS'hff. The presencé of
‘the cusps on the‘brdihary (0) and extféOrdinary (X)\eého
trace 418 apparent; the cusp tip frequencies being 1.40 and
l.éO MHZ respectively. The apparent range (p“), of the X
traée is read at 0.05 MHz interval in the frequency range

1.30-3.0 MHz, during which the apparent range changes
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steeply with frequency. In the frequency range 3.0-7.0 Mth
the change in the apparent range of the X echo is small and

”therefore it is read at 0.5 MHz frequency interval.

The reduction of the =} ~f data ﬁs done by the
“parabolic-in log N" method given by Jackson (1969). The
method gives fairly accurate N(h) profiles corresponding;to
the ionograms showing cusp formation, provided the p'~f data
are read at sufficiently close frequency intefvalSa  This 
method has been adopted by RS1 and RS2 forkcomputing the
N(h) profiles from the ionograms showing cusp formations.
The computed N(h) profile corresponding to the ionogram
in Fig.3.1(a) is shown in Fig. 3.1(b). The enhancement of .
electron concentration in the altitude range 970-~1220 km is
apparent. The dashed portion of the N(h) profilé répresents

the normal profile of ionisation that would have been obtained

in the absence of the ledge by assuming the diffusive

equilibfium in the topside ionosphere (e.g. Bauer, 1969).

This procedure has been adopted on the basis of the work

presented in RS1 and RS2, The tip of the vertical arrow
#wdenotes the true height corresponding to the frequency of

the cusp tip on the‘kvtrace; The excess percentage electron

concentration in the ledge with respect to the dashed profile

is calculated at each 10 km altitude interval, The horizontal

arrow denotes the altitude (1110 km) at which thé excess

ionisation in the ledge is maximum (19%). It may be noted
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that the ledge occurs above the ion transition (O+,~'H~)
altitude, the latter bulng seen as broad curvature of the N(h)

profile around 800 km altitude.

Fig. 3.2(a) shows an ionogram obtained fromvah
ISIS-1 satellite pass on May 8, 1973 at 10.55;31’UTvat 65°E
longitude (1704 hr LT), sﬁéwing cusp forﬁaﬁiqn'bnfthé 0 and the
X echo ﬁraces.v The cusps are less prominent than those shown
in Fig.3.1(a). The N(nh) profile computed from the X echo
trace of Fig.3.2(a) is shown in Plj. 3.2(b) . The maximum
excess electron concentration in the ledge is 13% at 875}0n 
altitude. The ot - gt transition is estimated to be around

750 ¥m altitude from the shape of the N(h) profile.

Fig. 3.3 shows the N(h) profile computed from an _
ionogram obtained on May 24, 1974 at 10.55.31 UT at 65°E
longitude (approximate LT 1515 hr) with prominent cusp formation,
The excess electron concentration in the ledgL is 42% at 520 km
altitude. » The ledge in this case occurs between the F2
peak (npt seen) and the o't - gt transition altitude, the latter

estimated to be around 700 km.

It._may be‘noted that the ledge shown in Fig. 3.3,
which is nearest to the F?2 peak, of the three examples shown
in Figs. 3.1 - 3.3, is the strongest. The higher intensity
of the ledge when it occurs near the hmaxFQ altitude is
probably significant, as'ﬁhis behaviour is found to be true

on a number of occasions of the ledge formation around midday
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hours. The N(h) profiles presented in Fig. 3.4 showing
ionisation ledges at different local times also reveal this

feature (at 10.0 and 10.7 hrs LT) when the ledge occurs nearest

" to the altitude of the F2 peak.

The field alignment of the ledge was noted by
King et al. (1964) as well as Lockwood and Nelms (1964).
These authors computed the true heights corresponding to the
frequency of cusp tips on successive lonograms obtained during
individual satellite passes and found that these altitudes lie
on a magnétic field line, henceforth referred to as ‘'cusp- ‘
tip field line". 'These authors found that the cusp-tip field
line is coincident with the anomaly field line. The diurnal
behaviour of the IA itself is, however, seen to be differemt
in the Asian and the 2American =zones, on the basis of the
examples presented by King et al. and Lockwood and Nelms

for the same year (1962).

King et al. showed that the IA usually develoﬁs
around 1000 hr LT; The height of the top of the anomaly field -
line increases until about 1500 hr and then decreases with .
local time until the IA collapses around 2200 hr LT. The
magnetic field line passing through the cuspmtip‘altitudes
(being coincident with the anomaly field line) also shows |
the same diurnal behaviour as the anomaly field line. They
presented (in Fig. 40 of their paper) the cusp-tip field

lines on four occasions at 1545, 1930, 2030 and 2045 hrs LT,
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which shows that the altitude of the top of the field line

decreases with increasing time.

Lockwood and Nelms <l964> however, observed the
_diurnal behaviours of the IA and the ledge in the American zone
to be different than that in thevAsian zone shown by King et al,
The diurnal development of IA as well as the ledge, according to
Lockwood and Nelms, depends upon the mégnetic‘activity.f On
quiet days (Kp.(; 2" the IA formed around liOO hr and

persisted uﬁtil about 2200 hr LT, The anomaly moved to

higher magnetic field lines with increasing local time. The:
location of the ledge was found to be oﬁ the anomaly field

line and therefore the altitude variaticnof the iedge followed
the same diurnal behaviour as that of the IA. On disturbed
days (Kb Vs 2+5,however, the IA as well as the ledge

was not observed until 1730 hr LT. The ledge was located on’

the anomaly field line and the altitude of the top of the

field line increased’with local time between 1730 and 2200 hrs.
Thus the movement of the ledge to the higher field lines until
about 2200 hr LT in the American zone is strikingly different

thén the behaviour observed by King ‘et al. in the Asian zone.

On the basis of the ledge observations revealing
its prescnce between 1730 and 2200 hrs LT, Lockwood and Nelmé
suggested that the longitudinal extent of the ledge is about
70° centered near 2000 hr LT. The observed increase in the

height of the ledge at the equator with'increasing time of
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day, reveals that the ledge exists along higher field lines

at 2200 hr than at 1730 hr LT. On the basis of these featuﬁeé;
they suggested: "the ledge defines a surface or sheil of
“ionisation whose north-south locus is a magnetic field line
'and whose east-west locus is a series of field lines that

reach successively higher field lines'.

Rishbeth et al. (1966) also investigated the ledge
formation in the topside ionosphere by using Alouette-l iono-
gram data in the /merican zone. They found that the ledge
occurs in the altitude region dominated by the light ions;

Het ana HT,

Van Zandt et al. (1972) observed enhancement in thé
electron concentration on the N(h) profiles obtained by means'
of the incoherent scatﬁer radar at the equatorial station,
Jicamarca. Fig. 3.4 reproduced from their work shoWs the
diurnal development of the ionisation ledge on a single day
in the year 1964. This example is perhaps the only one
reported in literature regarding the diurnal developmeh£ of
the ledge on a single day. The ledge is seen to form at
10.0 hr near the hmasz altitude subsequently moving up with
time until 13.1 hr, and then onwards maintains itself at

nearly constant altitude until 16.1 hr.
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Van Zandt et al. also presented the solar cycle
variations of the ledge in the Asian zone on Alouctte-l
ionograms. Fig. 3.5 reproduced from their work shows the
occurrence frequency of the cusps at different local hours
for the years 1964 and 1968 (low and higher sunspot years
respectively). The figure gives the copies of the ionogram
echo traces at different local hours; 9-14 hrsin the upper
half and 15-20 hrsin the lower half part. For each houf, the
number of passes with usable ionograms and the number 6f ‘
bpasses with ledges (the iatter written inside the paréntheses)
are mentioned. 1In 1964, the ledge is first observed betwéen
10 hr and 11 hr LT and is seen to be present until 2000 hr
LT. In 1968 the'ledge first forms between 11 hr and 12 hr LT,
the occurrence decreases after 1500 hr LT and it disappears
after sunset. Van Zandt et al. state‘that the difference in
diurnal behaviour of the ledge does not necessarily indicate
that the causative mechanism of the ledge is different in thé
two epochs. However, they mention that the absence of the ledge
after’sunset in the high sunspot year 1968 is probably

significant.

Raghavarao and Sivaraman (1974, 1975) investigated
the phenomeénon of ledge formation in the topside ionosphere
by means of the ISIS-1 and 2 topside data recorded at
Ahmedabad during 1972-73 re#ealing prominent cusp formation
on the ionograms. They calculated the excess percentage
electron concentrations in the ledgq from the N(h) prdfiles

obtained in a satellite pass and showed that the altitudes of
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: ledge maxima at different latitudes lie on a magnetic field
line, henceforth referred to as the "ledge field liﬁe“.

By definition, the "ledge field line" would be higher than
the "cusp-tip field line" by the altitude equal to half the
vertical extent of the ledge on the N(h) profile at the

magnetic equator.

Fig. 3.6, reproduced from RS1, shows the\lafituw
dinal plot of constant electron concentration in the topside
ionosphere, from an ISIS-2 pass'on Oct. 6, 1972 at 1240 hr
(70° EMT). The 'squares' denote the location of the ledge
maxima and the magnetic field line passing through these
is seen to be the same as the anomaly field line. The open
circles denote the true heights corresponding to the frequency
of the cusp tips at various latitudes. The apex of the cusp+
tip field line is about 90 km lower than the anomaly field line.
This observation thus differs from that of King et al. (1964)
which showed the cusp tip field line to be coincident with

the anomaly field line.

Fig. 3.7, repfoduced from RS2, shows’the constant
electron concentration plot obtained from an ISIS-2 pass
on Oct. 7, 1973 at 2040 hr (77° EMT). The equatorial heights
of the ledge fielu line and the cusp-tip field line are 1075 km
and 960 km respectively. The presence of the ionisation

anomaly is doubtful. If at all it occurs, the crest to trough
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ratio of electron concentration is very small and magnetic field
line with its equatorial height as 585 km would be the anomaiy
field line. Thus the work of Raghavarao and Sivaraman.shows‘
that £he ionisation ledge can be present at the premidnight
hour, even though the IA becomes very weak. This result

differs from that presented by King et al. (1964) and Lockwood
anl Nelms (1964) which showed the ionisation ledge to be

associated with intense IA formation only.

Fig. 3.8 shows the constant height plot on March
19,11974 at 2015 hr corresponding to the ledge observation
shown in’Fig. 3.1(a,b) . The electron concentration at any
altitulde is maximum at the magnetic equator thus showing the
absence of IA. This result supplements the result of RS2
(shown in Fig. 3.7) in that the ledge could be present in the

premidnight hours when the IA completely disappears.

The daily variation of the altitudes of the top of:
the lelge field line and the corresponding anomaly field line
are shown in Fig. 3.9(a) anl 3.9 (b) respectively, in which
a pair of corresponding data points represents the observations
on one day. The altitules of the two field lines are
estimated from the same satellite pass in the manner
illustreted in Figs.3.6 and 3.7. The error in estimating
the altitule of the ledge field line is, about 425 km and is
due to the subjectivity in delineating the magnetic fiecld

line due to the scatter of the ledge maxima points.
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- The subjectivity in lelineating the altitude of the anomaly
field line is about +25 km when the anomaly is strong (i.e.
the peaks are well defined, e.g. shown in Fig. 3.6). However,
in the evening hours, when the anomaly is very weak (e.g. Fig.
3.7) the subjective error in delineating the field line, due
to the poorly definel peaks, could be upto +50 km. The
comparison of the corresponding data points of Fig. 3.9(a)
and 3.9(b) reveals that the two field lines are the same

until about 1530 hr LT. The pair of data points at 1600 hr LT
shows that the ledge field line is higher than the anomaly
field line by about 100 km. &fter 1600 hr, the difference in
the equatorial heights of the two field lines increases with

time. The top of the ledge field line goes up in altitude

between 1700-2100 hrs LT, after the slight dip between 1600
and 1700 hrs. However, the altitude of the anomaly field line
decreases rapidly with time :due to the decay of the anomaly

in the evening hours.

The diurnal variation of the altitule of the ledge
field liﬁe, shown in Fig. 3.9(a), differs from the result of
King et al. (1964) mentioned earlier. waever, the daily
variation of the altitule of the anomaly field line shown
in Fig. 3.9(b) is consistent with the observations of King et al,
showing that the anomaly field line altitude increasesuntil

about 1500 hr LT and decreases smoothly in the evening hours.
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A

The diurnal variation of the top of the ledge field line: shown
in Fig. 3.9(a) is consistent with the result of Lockwood and

Nelms described earlier.

Fig. 3.9(a,b) reveals a very interesting feature of
the ionisation ledges viz., until about 1530 hr LT the ionisation
ledge seems to be coupled to the anomaly field line. Around‘

1600 hr LT, however, the ledge detaches itself from the IA and
moves onto higher magnetic field lines with increasing locél\
time. In the‘evening hours, although, the IA collapsesy the‘

ledge remains virtually unaffected.

IIT.3 SOME NEW FEATURES OF THE IONISATION LEDGE

The author now presents some interesting morphological
features of the ionisation ledges observed in the longitude
zone 50° - 100°E covered by the ISIS-1 and 2 passes recorded

at Ahmedabad.

1) The ledge formation is observed on the satellite
passes recorded around midday when the IA 1s fairly well
developed. Fig. 3.10(a,b,c) illustrates this point. The
figure shows the latitudinal distribution of electron
concentration at conStant altitudes bn three consecutive
days, Oct. 12-14, 1972, obtained from the ISIS-2 satellite
data. Fig. 3.10(a) shows that on Oct. 12, the IA is not
formel at 1209 hr LT. None of the ionograms for  this pass

shows cusp formation. On Oct. 13, the constant height plot
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shown in Fig. 3.10(b) reveals the presence of prominently
developed anomaly peaks at 1205 hr LT. The ionograms corres-—
ponding to this pass show cusp formation; the maximum eXceés
electron conceniration in the ledge being about 13%. Fig.
3.10(c) shows that thé IA is very weakly developed on Oct.l4d
at 1203 hr LT. The ionograms obtained during this pass do
not show cusp formation. From these examples it is apparent
that the ledge formation necessitates the presence offwell
developed IA peaks around midday hours. The significance of
this feature is discuésed in the Sec. III.4 in view of the
explanation of the ledge proposed by Raghavarao and Sivaraman

(1974) .

2) Two consecutive passes of the polar orbiting
satellites ISIS-1l and ISIS-2, differing in U.T. by 2 hours,
occur at two longitules about 30° apart and hence the local
time of‘the two passes is neérly the same. It is interesting
to compare the occurrence and intensity of the ledge at two i

ldngitudes 30° apart at the same local time.,.

Fig. 3.11 shows two N(h) profiles, markeld A ani B,
obtained from two consecutive passes of ISIS-2 on Oct. 5, 1972.
These two passes at 0721 UT at 80°E longitude (pass 07007)
an the next pass at 0917 UT at 51°E longitude (pass 07008)
are at nearly the same local time, 1245 hr. The two N(h)
profil@s A anl B showing the presence of the ledge are computed

from two ionograms at nearly the same dip latitule (70) at




PLge s Llem

A
5 OCT. 5, 1972
A-80E LONG,
" B-51"E LONG.
- . L.T 1245
E P
-
DT *5S
il )
a A
¥
=  DIP LAT.
Mok . 500~
= » 7.3
},...
boose
u N7.0
ot Lot o L
io* i0® 10

ELECTRON DENSITY (ELEGC/cm3)

Two §{h) profiles (marked A and B) showing ledges of
lonieation on OQut. 5, 1972 abt 1245 by LT shtained from
two aongecubive ISIS-2 passes 07007 and 07008 vewpe

Gﬁ.wrl_?a



07.25.11 and 09.18.32 hrs UT respectively. The maximum excess
electron concentrations in the ledge  on the profiles A and B

are 17% and 13% respectively.

The latitudinal distribution of electron concentration
at constant heights for the passes 07007 and 07008 is shown in
Fig. 3.12(a,b) . The comparison of Fig.3.12(a) with 3.12(b)

- shows that the crest to trough ratio of electron concentration

\at any altitude, revealing the IA strength, is higher at

the longitude 80°E (of pass 07007) than that at the corresponding
altitude for the longitude 51°E (of pass 07008). The comparison
‘of the ledge strengths at the two longitudes with the
corresponding IA strength leéﬂs to the conclusion that the
strength of the ionisation ledge is proportional to the IA
strength arounid noon hours. It should, -however, be mentioned
that the linear relationship between the strengths of the

ledge and the IA, in view of the result presented in Fig.
3.9(a@b), is true only around midday hours. The more

important feature revealed by these observations is that

the ionisation ledge‘as well as the IA are present at two
closeby lohgitﬁdes with different intensities at the same

local time.

Fig. 3.13 shows two N(h) profiles, marked A and B,
at about 3O dip latitude obtained from two consecutive ISIS-2
passes 16901 and 16902 respectively, recorded on Nov. 25,

1974. The passes 16901 and 16902 werétrecorded at 0645 UT
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(94°E longitule) and 0840 UT (GSOE‘longitude) respectively.

The local time for both the passes is about 1300 hr. The
ionograms corresponding to the pass 16901 show cusp formation
whereas none of the ionograms corresponding to the pass 16902
shows cusp formation. The profile '4A' shows the‘présence of
the ionisation ledge, with maximum intensity 13% at 860 km
altitude. The profile 'B' derived from a normal ionogram shows
a smooth decrease of electron concentration in the topside

ionosphere.

Fig. 3.14(a,b) shows the latitulinal distribution of
'electron concentration at various fixed altitudes obtained from
the passes 16901 and 16902 respectively. It is apparent from
this figure that the IA is prominently developed at 94OE
longitude at 1300 hr LT and is not developed at 6BOE longitude

at the same local time.

The observations presentel in Figs. 3.11 - 3,14
are very interesting in that they bring out two new features

of the ionisation ledge as well as the ionisation anomaly.

a) They occur, on occasion, in a narrow longituile
zone as revealed by the examples presented in Fig. 3.13 and
3.14. Both are present at 94°E longitude and absent at 65°E

longituile.



_ véyeaynsedies aoagy PR TogeT 9eeSed ZgIRY SU3 RIS .
POTTRIGO SEPIITIIR UMW 1B WTRIGESIUON TIL0TE JO WTINGISTD [RUIPMTRY  <H{9wyrreg-Bu

30N41iv 4id

o+ G2 + Oi+ O -~
' H K] i R i

+82 =047 81 =dy - T ¥ T T .m T

&

fa]
b
-]
e
!:::
i
i
w~
g
[om}

Lo

(]
&3

3 §9 ONOT {0$BO L'N) SOSI1™1 $/6!'CZ AON - 3 se ol BT 81 Edy
m F .P5 ONOCT {SY90 LN 00K 1T #46! 52 AON

. o m ) .
i : , PN .
.(.Qmw: " . m.. i 4/./ i

3 ;i Hoz: B

8 AN “t 0

- i i

£ [ =

i i 2

2 [ =

4 -y ! <

= &

‘ — -
N -

WHW —

-og m e g

o m

~ (@

¥ S
Yﬂx.p ......vm.»r»m

- ~ing

..Lﬁ\www »“._.\W..nw ) o mn
N l”“\:tl.\\., T Er J\..mv

.{f)l




"‘3 .1-6"'

b) They occur at the longitudles 80°E and 51°E but
with different strengths, as seen from the examples in Figs.

3.11 and 3.12.

It may be notel that the features (a) and (b) have
“been reported in the counter-electrojet phenomenon iﬁ the
E region (Gouin and Mayaud, 1967; Kane 1973CQ.  ; Rastogirl973&g.'
1974 ). It should also be mentioned that these features |
of the IA have not beén reported in literature so far. i

3) It is found that the ledge‘usually bEcUrs oh a
sequence of days in succession although there are some exceptions.
An evidence for its occurrence on a sequence of days is presented
in Fig. 3.15, The figure shows the épatial distribution of
excess electron concentration in the ledge on 5 days.between
Oct. 4-9, 1972 obtained by means of ISIS-2 satellite. On
Oct. 8, the ionogram data are not good'due to local interferénqé
caused by noise. However, cusp formations are scen on the |
ionograms. The contours represent excess percentage electrom
concentrations in the ledge over the ambient level, the
outermost contour represents 0% excess ionisation and thus
delineates the boundary of the_ledge. The inner contours
represent excess concentration$ in increasing steps of 5%
on Oct. 4-7 and in steps of 10% on Oét. 9. The dashed lines
represent the earth's magnetic field lines. The position of
the magnetic equator is approximately at 9 geographic

latitule for the longitude zone 60° ~:900E.
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It may be noted that the ledge on Oct. 9, 1972
is the lowest in altitule and the highest in intensity, of
the sequence of observations shown in Fig. 3.15. The indiviﬂual
N{(h) profiles at different latitudes from which the spatial
structure on Oct. 9 is obtained, reveal that the ledge occurs

* - B transition altitule. This observation

below the O
supports the conclusion stated in Sec., 3.2 that the ledge.
is more intense when it occurs near the F2 layer peak than‘
in the case when it occurs higher up. An explanation for

this behaviour of the ledge is given in Sec. III.4 on the basis

of the mechanism proposed by RS1,

The spatial structures of the ledge (such as shown
in Fig. 3.15) are described in Chapter 4. It is shown that the
spatial distribution of the ledge intensity reveals some
interesting~features of the interaction between the ionised

and the neutral atmosphere at the F region altitudes.

TIT.4 INTERPRETATIONS OF THE IONISATION LEDGE

King et al. (1964) considered the ionisation ledge
as a natural manifestation of the presence of the IA on the
N(h) distribution in the topside ionosphere, According to
these authors, the presence of IA, having enhanced ionisation
concentration along the anomaly field line, would reveal
a distortion on the N(h) profiles when the column investigated
intersects the enhanced arch of ionisation on which the

anomaly peaks lie. In particular, at the locations where the
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 peaks of the IA occur along the anomaly field line, the topside
nseunder will experience more ionisation than at other locaﬁiohs.
- Thus, according to the explanation of Kincg et al., the excess
k*ionisation in the ledge at a particular location is just that

associlated with the relevant anomaly peak.

The explanation offered by King et al. could explain
one of the features by which the ledge manifests itseif on the
ionograms, namely, the cusps usually occur at the‘lowest:
frequency bvér the magnetic equator and at progressively higher
frequencies towards either crest of IA. However, the following
features of the ionisation ledge cannot be explained on the

basis of their explanation.

1) The formation of IA is almost an everyday pheno-
menon but the ledge is not observed on all the occasions when

the anomaly is present.

2) If the explanation of King et al. were correct,
there should be no ledge formation at the magnetic equator Where
the t:outhof the IA occurs. However, King et al. did observe
the ledge at the magnetic equator. Our observations of the
spatial distribution of the ledge intensity shown in Fig. 3.15
ant a number of spatial structures shown in Chapter 4, reveal
that the ledge is always present at the magnetic equator.

In fact, on most occasions in the equinoctial period, the
ledge at or near the equator is found to be stronger than

at the latitules of the IA crest. For instance, on all the
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five océasions during Oct. 72 preseﬁteﬂ in Fig. 3.15, thé ledge
maxima occur within_i 10 jatitude ofkthe magnetic equator,

; _whereas the anomaly crests occur farther away. More specifically,
on Oct. 6, 1972 the ledge maxima occur within iZO geographic
latitudle (il.So dip lat.) of the magnetic equator (at 90 geoq .
lat.) as seen from Fig. 3.i5. The dip latitule of the northern
érest of’tha anomaly on the same day is founid to occur aﬁf \

about 18° dip latitule, as apparent from Fig. 3.6,

(3) According to the mechanism of King et al.,
the magnetic field line passing through the ledge should be
the same as the anomaly field line, and also that the ledge
should not be observed when the IA is absent. However, the
observations presented in Fig. 3.9(a,b) reveal that the ledge
field line is distinctly higher than the anomaly field line
after 1600 hr LT. Figs. 3.7 and 3.8 reveal that the ledge is

present even though the IA is either very weak or absent.

Lockwood and Nelms (1964) studied the ledge formation
in the American zone using Alouette-l1 fonograms. The location
of the ledge was found to be along the anomaly field line.

They found that the ledge developed earlier on magnetically
quiet days than on disturbed days. A dqualitative inter-
pretation of the ledge was suggested by Lockwood and Nelms

on the basis of their observations in the following manner.
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The upward movement of ionisation caused by the castward
clectric field produces an increased concentration (dome)

over the magnetic equator. This process starts after sunrise
‘and continues until mid-afternocon. In the afternoon, the upward
drift is reduced and the ionisation begins to fall, first

along the low and then along successively higher field lines.
The redistribution of ionisation along a particular field line
causes the contours of fixed electron concentration to’appear
flat below and dome shaped above the field line (e.g. see

Fig. 3.6). The apparent excess ionisation above the field

line is observed as the ledge.

The explanation of Lockwood and Nelms can be best
summarised in the following sSentences reproduced from their
paper : "The redistribution of ionisation below the field line
leaves an apparent excess of ionisation above, causing the
field-aligned ledge observed by the topside sounder. The
ledge represents the transition between elevated ionisation

at higher heights and redistributed ionisation below".

AThe explanation of Lockwood and Nelms for the ledge
formation is similar to that of King et al. (1964), except
that they describe it by the physical process responsible
for giving rise to an apparent excess ionisation along the
anomaly field line. Hence the same discrepancies, which are
pointed out for King et al;‘s explanation also arise for the

mechanism of Lockwood and Nelms.
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‘Rishbeth et al. (1966) also investigated the phenomenon

of the ledge formation from the Alouette-l satellite data for
the American zone. They noted that the ledge occurred in the
altitude region dominated by light ions, He+ and H+. They
derived the vertical distribution profiles of the ions, O+, Het
and H+, by assuming the diffusive equiiibrium in the topside
ionosphere. Their results showed that the ledge in the
electron concentration profile occurs at the altitude where the
ion transition ot - He+ occurs. On the basis of their results,

Rishbeth et al. suggested that the ionisation ledge at the

equator is merely a menifestation of the He+ profile,

Recently Bauer and Hartle (1974) showed that the F2
ledge in the ionosphere of Veﬁus occurs at the altitude where

+

. C +
the ion transition, O - He , takes placc.

&Although, the author agrecs with the importance of
the role of ion transition in causing the ionisation ledgé;
the suggestion of Rishbeth et al. (1966) that the ledge in the
earth's to?side ionosphere is due to of - Het transition is not
consistent with the following facts and features of the

ionisation ledge:

1) It is now known that He' is a minor constituent
at the equator in the altitude range 600-1000 km during daytime,
as shown by Farley et al. (1967) by means of Jicamarca back-
scatter radar. The mass Spectrometer measurements (Taylor,

1971) also showed that in the low latitude region He+ is a
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minor ion in the afternoon hour. Thus, the ion transition of .
‘He+ considered by Rishbeth et al. is now known to be O — HT

transition. Therefore, we would compare the diurnal variation
of the altituWe of the ledge with the 5bserved daily variation

of the of - m' transition altitude, in the subsequent discussion.

2) The latitudinal variation of the O' = H' ion
transition height, derived by Titheride (1976) from Alouette-1
electron density profiles, shows that the transition heiéht is\
practically constant within 1300 geomagnéetic latitude and
increases with increasing latitude on either side. The lati-
tudinal variation of the ledge (e.g. shown in Figs. 3.6 and 3.7)
follows a magnetic field line very precisely. Thus the lati-
tudinal variations of the ion transition height and the altitude
of the ledge are different, indicating that the two are really

uncorrelated.,

3) The diurnal variation of the ion transition
altitude; as given by Farley et al. (1967) at the equator
and Titheridge (1976) for the low latitudes, shows that these
heights are lower in the evening and the premidnight hours
than duriﬁg daytime. The diurnal behaviour of the ion
- transition height at the equator cannot thus explain the local
time variation of the altitude of the ionisation ledge at the
equator, given in Fig. 3.9(a), which shows that the ledge occurs

at higher altitudes in the evening than during daytime hours.
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Van Zandt et al. (1972) sought an explanation for
_the ledge format{}n by a pulse-like sudden enhancement on the
diurnal variation of the eastward electric field to produce
corresponding increase in the upward E X B drift of ionisation
at the magnetic equafor. They solved the continuity equation
with an enhanced vertical drift, from 12.5 m/s at 08 hr to

50 m/s at 09 hr LT followed by a symmetrical decrease. In
that manner they could generate a ledge at 10.4 hr LT by

the numerical simulation. However, they pointed out that 
there is no experimental evidence of such a spike in the
vertical drift velocity at Jicamarca in the morning hours on
the day when the ledge of ionisation is observed. There is no
a priori physical reasoning to expect such large changes in'
the electric field in the morning hours in solar -minimum
period when the ionisation ledges are observed. However,

the most serious problem with a mechanism involving a pulse
type transient causative source, would be to explain the | ;
maintenance (against diffusion) of the ledge throughout the
day in the topside ionosphere, where the diffusion time constant

( = H2/D,'as defined in Chapter 1) is a few seconds only.

Raghavarao and Sivaraman (1974) proposed a new
mechanism for the 1edge formation by invoking the presence of
an equatorial anomaly in the distribution of the neutrals
(atomic oxygen and molecular nitrogen) similar to that observed
in the ionisation. They suggested that the existence of the

NA would partially inhibit the ambipolar diffusion of plasma
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that is lifted at the F region altitules at the magnetic equator
due to the E X B force. The partial inhibition of the plasma
diffusion would thus cause é"pile—up‘ of the ionisation near
the top of magﬁetic field line passing through the NA crests,

thus leading to the formation of ledge.

The experimental e&idence for the presence of the
NA and the physical process for the ledge formation are
discussed in Chapter 1. It is also mentioned there that the
NA formation bn a particular day requires the presence of
strong IA around noon hours at which time the differential
motion boetwecen the ions and the neutrals starts becoming
significant, thus causing the neutral motion to be subjected
to a large ion drag force. We now examine the above argu-
ments for éxplaining the NA and hence the ledge formation

on Oct. 6, 1972 at 1240 hr LT (Shown in Fig. 3.15).

Fig. 3.16 shows the latitudinal distribution of
electron concentration on Oct. 6, 1972 at 1240 hr at a number
of fixed altitudes obtained from the same pass from which the
ledge structure is delincated. The contours show the presence
of well developed IA; the crest to troughbratio of electron
concentration (at the h__ F2 level) being 1.711. From the
electron concentration contcur at a fixed height, the excess
percentage concentration at each 2°.5 latitude over the valué
at the magnetic equator is calculated. In this manner the

excess percentage electron concentrations associated with

1
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_the anomaly peaks are calculated for each of the constant height
 contours and from these values the altitudes where the excess
géoncentrations are 20%, and in steps of 20% thercafter, are
interpolated for each one of the latitudes mentioned above.
These contours are shown in Fig. 3.17; the outefmdst_being

20% and increasing in steps of 20% towards the centre, the
maximum value being 170%. The dashed portions of the contours
are drawn on the basis of thé field aligned behaviour of the

IA in the bottomside ionospheré (Croom et al. 1959). The
contours on the southern side of the magnetic equator (denoted
by m.e.) are drawn by the assumed symmetry of the IA in the two
hemispheres during the equinoctial period. Thﬁs Fig. 3.17
essentially gives the distribution of the excess ionisation
associated with the IA peaks in the F region and the topside
ionosphere. Such intense ionisation crest formations on either
silde of the magnetic équator would offer higher resistance to
the zonal motion of the neutrals from the dayside to the
nightside, thus retaining their kinetic ¢nergy leading to
higher exospheric temperature at the latitudes of the IA

crests than at the magnetic equator, as shown by Hedin and
.}Mayr (1973) . The higher exospheric temperatures at the
latitudes of the IA crests would give fise to higher
concentration of the neutrals at the F region altitudes,
characterising the NA. This‘process of NA formation i8S
described in Ehapter 1. The method to calculate the anomaly

in the neutral concentration is described in Sec. IIIL.5.
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- The calculated magnitudes of the anomaly at the hmaxF2 altitude
on Oct. 6, 1972 at 1240 hr LT are 12.5% in the neutral tempera-

ture and, 91.6% and 37.6% in N, and O concentrations respectively,

It is also mentioned in Chapter 1 that the NA
formation would occur more frequently in sunspot minimum (Smin)'
than in sunspot maximum (Smax) period, due to higher crest to
trough ratio of electron concentration in the IA during forenoon
hours of Smin period. Qn this basis Raghavarao and Sivaraman
(1975) explained the more frequent occurrence of the ledgé
in Smin pericd. The IA during Smin pefiod, however, starts
weakening after 1400 hr and disappears around 2000 hr LT

(Rastogi, 1966). Thus it appears that the IA would not be

able to maintain the NA in the evening hours during Smin

period. The observations presented in Fig. 3.9(a,b), however,
suggest that the ledge in the evening and prémidnight hours

is maintained at a higher field line than the IA field line.
Raghavarao anil Sivaraman (1975) 5uggested that the maintenance
of the leldge at a higher magnetic field line than the anomaly
field line in the premidnight period could be @Xpiained on

the basis of the equatorward winds generated due to the excess
pressure bulges, characterising the NA, on either side of the
magnetic equator. The magnitudes of the pfessure bulges is

calculated by Raghavarao (1976) and is shown in Fig. 6.9
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of Chapter 6. The equatorwardiwind velocities, as shown by
the horizontal arrows in Fig. 6.9, at about 10-15° dip latitudes
ﬂWbuld help in maintaining the ionisation ledge against

‘diffusion in the evening period.

The work of Lindzen (1967) shows that the ion drag
is also govérned>by the vertical distribution of plasma density
and the height h__ F2 of the layer peak. Lindzen solved,thé

:equation of motion of the neutrals by considering the east-—
West pressure acceleration and included the‘effects of

inertia and ion drag. Fig. 3.18(a) reproduced from his work
shows four N(h) distributions N1, N2, N3 and N4. The distri-
butions Nl and N2 have the same NmaXFZ as well as hmaxFZ.

The two ionisation distributions N3 and N4 have the same

hmaXFZ, which is about 200 km lower than that of the distribu-

tion N1 or N2. The Nmasz for the profile N3 is about 5 times

higher than that of the profile N4. Fig. 3.18(b) shows the

diurnal velocity oscillation of the zonal wind with the ion

- drags corresponding to the N(h) distributions N1, N2, N3 and
N4 and also in the absence of the ion drag (shown by D = 0).
A compariéon of the profiles N1 and N2 of the Velocity

oscillation with the corresponding ionisation distribution

in Fig. 3.18(a) brings out an interesting result that the
oscillation of the zonal wind not only depends upon the
N .. F2 but also on, 1) the altitude at which the maximum

occurs and 2) the shape of the N(h) distribution. In the

absence of the ion drag, D = 0, the zonal wind has large
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amplitude which increases with altitude. However, in the

. présence of the ion drag the amplitude of the wind oscillation
,ﬂecreases; the maximum decrease being near the hmasz level for
individual distributions. The decrease in the wind amplitude
is more for the ionization distribution N3 having the lower

h P2 anl the sharper profile than the distribution N2,

Lindzen's work is of relevance for explaining the

maintenance of the NA until the premidnight hours even  though
the IA becomes very weak (ér even collapses) around 2000 hr LT
in Smin period. The’electron concentration below the F2

peak decreases rapidly with time after the sunset, causing

the N(h) profile to become sharp in the evening hours.

Rastogi (1971) showed that the haxte level is higher (by
about 100 km) at the latitude of IA crest than at the magnetic
equator until 2100 hr LT. Under these circumstances, following
Lindzen's Work, the neutral wind oscillation amplitude will be
reduced more at the locations of the IA crests than at the
trough. The retention of the kinetic energy per unit volume

( = %f v?) of the neutrals would be more at the location of

the IA crests where the mass density,ﬁ , 1is higher, by

virtue of the lower value of hmﬂxFZ’ than at the trough.

This process would help to maintain the NA in the premidnight

hours even though the IA collapses.
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It should be mentioned that Raghavarao and Sivaraman
(1974, 1975) considerel the NA formation because of the ion
drag effect of the IA on the neutral motion. However, the

neutral density peaks in the low latitude region could exist

due. to other reasons as well. A.D. Aﬁjerson (1973>; for example;
has shown latitudinal plots of neutral mass density at 406 km
altitude, obtained from the Lockheed microphone density

gauge cuboard the 0GO-6 satellite, on four successive days,

Sept. 27-30, 1969, at 1600 hr LT. The Kp index on these

four occasions was O, 4+, 6 and 8 respectively. It is seen
from Anderson's work (Fig. 1 of his paper) that marked density
variation occurs at low latitudes during geomagnetic storms.
The avérage density from 10°N to ZOON_geomagnetic latitude is
over twice as great for’Kp = 8 than for Kp =0 . Thg density
distribution for Kp = 8 showed three peaks between léb - 35?5 lat.;
for Kp = 4+, a sharp peak around 15°N was observed. Although»
the magnetic field alignment of these peaks was not examined .
by Aﬁderson, the density minima occurred near the geomagnetic
equator, indicating that the peaks would probably be field
alignel. Such field aligned peaks of neutral density in the
F~région would partially inhibit the plasma diffusion,

leading to the ionisation ledge formation on maggétiéally
disturbed days. The ledge observed on Jan. 8, 1975 at 0945

hr LT (the spatial structure shown in Fig. 4.4”in Chapter 4)
could be due to the effect of the disturbance in causing the”™

NA. The day is magnetically disturbed, the Kp value being 4




corresponding to the period of the ledge observation. The
occurrcnce of the ledge on this day at 0945 hr LT is one of
the rare occasions showing its formation before 1200 hr LT in

the present study.
X 2z

The higher intensity of the ionisation ledge when
it occurs‘lower in altitule around the midday hours, can be
explainel on the basis of the mechanism proposed by Raghavarao
and Sivaraman in the following manner. |

During the midday hours altitule of the top of the
I field line is low anl therefore the NA would form very
strongly due to more effectiveness of the ion drag in controlling
the zonal flow of the neutrals, on the basis of the work of
Lindzen described above. The ambipolar diffusion of ionisation
lifted up at the magnetic equator duc to the E X B force, would
be inhibited more due to the presence of strong NA crests,
Thus the ledge, during midday hours, being located on the
same field line which passes through the strong NA crests,

would be of higher strength.

T1T.5 CALCULATION OF NEUTRAL ANOMALY FROM IONISATION ANOMALY

We now describe a method to calculate the neutral
anomaly, based on the work of Hedin and Mayr (1973). Thesc
authors solved the energy and continuity ecuations for neutrals
taking intce account the ion drag force. They obtainad the
latitudinal Jdistribution of neutral temperature for a given

distribution of NmaXFZ. The computed latitulinal exospheric
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temperature profile shows enhancement in the neutral temperature
at the IA crest, in proportion to the excess electron concen-

tration at the crest with respect to that at the trough.

Fig. 3.19 reproiuced from the work of Hedin and Mayr shows the
amplitule of the diurnal temperature variation, (T17- TO6) / T
(hercafter referrel to as “temperature amplitule"), as a

function of 1ip latitule: T17 and T6 are the neutral temperatures

-at 1700 anid 0600 hrs LT and Tav is the average diurnal temper-

ature. The two curves A and B showing the temperature

amplitule correspond to the @lectron density distributions

& and B respectively. It is easy to see that the excess
temperature amplitude at any latitude over that at the equator
is linearly proportional to the excess electron concentratiocon

at that latitulde over that at the magnetic equator. In

other words, if Tp and‘TO represent the value of the temperature
amplitude, (T17 - T6) / T , ¢ at a latitude L and the equator
respectively and if NL and NO denote the electron concentrations
at the latitude L and the equator, then (T - TO) / Ty should
be linearly related to (NL - NO) / N, . This is shown in

Fig. 3.20 in which the solid and the dashed line show the
linear relationship between the rising and the falling portions

respectively of the two curves A in Fig. 3.19.

The procedure for calculating the neutral anomaly
strength is illustrated below for the case Oct. €, 1972.
The value of (N - NO) / Ny on this Jday at 1240 hr LT,

as calculated from the constant height plot at nﬂaXFz
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altitude in Fig. 3.16,is 1.711; NL andl Nb represent the

electron concentrations at the IA crest and the trough
respectively. The 10.7 cm solar flux is 98 units on Oct. 6

anl the day is magnetically quiet, the value of Ap being 2.
Using Jacchia (1970) moilel, the calculated values of the
neutral temperature at the hmaXFZ altitude at the équator

(350 km in this case) at 0600 and 1240 hrs LT are 789.3%K

and 983.6°K respectively. The value of the average temperature,
T,, - on this day is 866.9°K. By making use of the linear
relationship between the parameters (v~ Nb) / Ny and

(T, - TO) / To,9iven by the solid line in Fig. 3.20, the value
of ﬁhe neutral temperature at the IA crest corresponding  to the,

value (NL - NO) / NO equal to 1.711 can be calculated in the

following way :
' o
Torest = 0+37 x 1.711 x (983.6 - 783.,9) + 983.6 = 1106.6°K

where 0.37 is the slope of the solid straight line in Fig. 3,20,
Thus the excess temperature at the latitulde of the IA crest

with respect to that at the trough is (1106.6 - 983,.6) x 100=12.5%,

The excess concentrations of N2 and O at the IA crest over

their respective walues at the trough, calculated from the
Jacchia (1970) mplel corresponding to the exospheric temperature
1106.6°K at the crest, are 91.6% and 37.64 respectively.

1t may be notel that these calculated values of neutral

anomaly strength in N2 and O are considerably higher than

4
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their respective observed values (25% and 11%) by Hedin and
Mayr (1973) on Sept. 22, 1969 during sunspot maximum period.,
The calculated magnitudes of the NA on Oct. 6, 1972 confirm

the preliminary calculations of RS2 which show that. the NA

is expected to form more prominently in Smin as compared to

the Smax periods.

In a similar manner as descibed above for Oct. 6,

1972, the magnitudes of the NA are calculated on a number of

days ,{on which the ionisation leldge is present) at djifferent
local times, from the experimentally observed values of the
electron concentrations at the IA crest and thé trough, by
means of the ISIS satellite data recorded at Ahmedabad.

Fig. 3.21 shows the plot of the calculated anomaly in atomic
oxygen (the continuous curve joining the open circles) against
local time. The number of data points is rather small, due

to the fact that the calculation of the NA necessitates the
iatitudinal distribution of electron concentration at the
hmaxFZ altitude, that in turn requires good quality ionograms
throughout the pass duration (and especially at the latitude of
the IA crest and the trough) on which the X and O echoes are
seen upto the penetration frequencies. The NA is seen to
maximise aroundl 1400 LT; this behaviopr being same as that

of the IA in Smin period.



The solid points in Fig. 3.21 represent the obsecrved
maximum excess percentage ionisation in the ledge. The diurnal
behaviour of the ledge is seen as a decrease in its intensity
during the afternoon hours anl an increase during the evening
hours. Raghavarao et al. (1976Wproposed an explanation for
this on the basis that the meridional winds generated By the NA
in the lower thermosphere (as shown in Fig. 6.9 of Chapter 6)
decrease the eastward electric field in dip latitude region

O

o 40 - 127 on both sides of the equator. The effective

, ¥
eastward field communicated to 150 km and upto 600 km would
then be reducel and hence the supply of ionisation to the ledge

is weakened when the NA ridge is strongest.

III.6 DISCUSSION AND CONCLUSION

We have presented a number of new features of the
jonisation ledge in the longitude zone .50°E - 100°E. The
observations of earlier workers are also presented and the
explanations put forth by them are critically discussed in . view
of our own observations. It is found that the mechanism
of the ledge formation proposed by Raghavarao and Sivaraman
(1974), which invokes the presence of the neutral anomaly,

explains many of its observed features.

A method to calculate‘the strength of the anomaly
in the neutral temperature as well as the constituents N2 and .0,
is described. It is shown that the strength of the NA in

sunspot minimum period is much higher than that observed
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experimentally by Hedin and Mayr (1973) for thec solar maximum
period. Thus the occurrence of the ledge during sunspét minimum
period is explainable on the basis of the mechanism proposed‘by
Raghavarao and Sivaraman which invokes the presence of the
neutral anomaly. The observation of the ledge and the ionisation
anomaly in a narrow longitude zone, dn occasion, reveals that
the ion drag, caused by the ionisation anomaly, acting over a
limited longitude zone can effectively quench the neutral

motion thereby causing the neutral anomaly in the limited

longitucde zone.



CHAPTER =TIV

TONISATION LEDGE - A TRACER FOR

THE CROS5S EQUATORIAL WIND

V.l INTRODUCTION

In this chapter the author describes a method for
delineating the "“spatial structure" of the ionisation ledge.
The spatial structure gives the distribution of the excess
ionisation characterising the ledge. These are found to be
aligned to the magnetic field lines of the earth and thﬁs

appear as arch-shaped over the magnetic equator.

Tt is found that the latitudinal extents of the
ledge structure in the two hemispheres around the magnetic
equator, are equal during the equinoctial period. In the

: solstitial period, however, the ledge length in the'winter
hemisphere is found to be longer than that iﬁ the summer
hemisphere revealing that the ledge is bodily shifted into

' the winter hemisphere. The bodily displacement of the ledge
into the winter hemisphere provides an evidence for the existence
of the cross-equatorial wind from summer to winter hemisphere.
The average speeds of the winds-calculated from the displace-
ment of the ledge at different local times are in the range
30-80 m/s and thus agree with the theoretical values shown
to be required for explaining the observed solstice asymmetry

of the equatorial ionisation anomaly.
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IV .2 METHOD FOR OBTAINING SPATIAL STRUCTURE OF THE LEDGE

Fig. 4.1(a) gives a sequence of ionograms obtained
by means of ISIS-2 satellite on March 19, 1974 at 80°E mean
longitude (mean local time of the pass 2015 hr). The ionograms
are obtained at intervals of approximately 28 seconds during
which the dip and the geographic latitudes of the satellite
position changed by about 1°.8 ana 1°.5 respectively. The
ionograms, with the exception of the last cne (at +15?8 dip
lat.), show prominent cusp formation. The cusp gradually
grows in prominence from the beginning of thé northbound pass
until the satellite crosses the equator and thereafter gradua-
It may also be noted that the frequency at which the cusp
tip occurs in either X or O trace undergoes a systematic .change;’
being’the lowest for the cusp occurring at the magnetic equétorv

and increases gradually on either side.

Fig. 4.1(b) shows the sequence of N(h) profiles
computed from the ionograms shown in Fig. 4.1(a). The vertical
arrow on each profile shows the leer boundary of the ledge,
being the true height corresponding to the frequency of the
t cusp tip on the X trace. The excess percentage electron
% concentration is calculated at each 10 km interval in the
altitude range of the upper and the lower boundary of the
ledge on the individual N(h) profiles. The two altitudes
where the excess concentrations are 5%, 10%, 15% etc. (in

. steps of 5%) which occur on either side of the maximum of
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the ledge are interpolated from eaéh'one of the N(h) profiles.
These altitudes are plotted on an altitude~versus gecgraphic
latitude diagram on which the earth's magnetic field lines

are also drawn. The altitudes corresponding to the same excess
percentage concentration at various latitudes are joined by a
smooth curve, which represents the "intensity contour" of the
ledge. The contour diagram obtained from the N(h) profiles of
Fig. 4.1(b) is shown in Fig. 4.1(c). The outermost contour,
representing the zero percent excess ionisation gives the

vertical and the latitudinal boundary of the ledge.

The uncertainty in determining the vertical boundary
of the ledge structure is about +10 km when the ledge is
prominent (as defined in Chapter 3). However, when the
ledge is weak, its vertical boundary cannot be ascertained
very accurately; the error being typically about +20 km .

The cxtremity of the latitudinal boundary of. the spatial struct-
ure in either hemisphere is obtainea by closing the outermost
contour midway between tha latitudes of two successive N(h)
profiles, one showing the ledge and the other showing no

ledge formation. From the N(h) profiles shown in Fig. 4.1(b),
it may be noted that the profile at 14.0 dip latitude (21°.0
geog. lat.) shows the ledge while the profilefat 15°.8 dip

latitude (22°.5 geog. lat.) does not show the ledge.
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In the absence of an ion0grém betwéen the above two latitudesj
it 18 reasonable to assume that the ledge could have dis-
’ appeared midway between the two latitudes and on this basis the
outermost contour in Fig. 4.1(c) is'symmetrically closed at
14°,9 dip latitude (21°.7 geog. lat,). In the same mannecr,
the extremity of the ledgé boundary on the soutﬁern side of
the magnetic equator is at —110.6 dip latitude (-1°.0 geog.
lat.); midway between -10°.8 dip latitude (-0°.2 geog. lat.)
and -12°.6 dip latitude (-1°,7 geog. lat.). The accuracy in
delineating the latitudinal extent of the ledge in either
hemisphere is estimated to be about one fourth of the latitude
interval between the successive ionograms; in this case
it is about 0°.4 geog. latitude. The vertical extent of the
ledge (at the magnetic equator) is about 225 km and its total

0.5

horizontal extent is 23°.2 latitude (about 3000 km), 10
on the northern side and 120.7 on the southern side of the
magnetic equator. The latitudinal extent of the spatial

structure measured from the magnoetic equator in either hemi-

sphere will henceforth be called as the "ledge length".

For the reason that the contour plot of the intensity,
such as one shown in Fig. 4.1(c) represents the horizontal
and the vertical extent of the ionisation ledge, we will
henceforth refer to such a plot as ‘'spatial structure'

of the ionisation ledge.
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The accuracy in delineating the vertical boundary
of the spatial structure is approximately same for the I3IS-1
as well as the ISIS-2 satellite data. However, the accufacy
in delinéating the latitudinal boundary is different for the
two satellites (because of the difference in their orbital

parameters), as discussed below.

The nomal mode of the sounder sweep (covering 0.1
to 20.0 MHz frequency range) requires about 11 seconds in
case of ISIS-2 and 15 seconds in case of ISIS-l satellite.
The extended sweep mdde (covering 0.1 to 20.0 MHz frequency
range) requires about 17 and 25 seconds respectively for
ISIS-2 and 1 satellites. Following the transmitter sweep,
the fixed frequency Souﬁdimg (on any one of the five preselected
frequencies) occurs either for about 3 seconds duration
(corresponding to the sweep flv-back) or else for the sa;e
time duration as that of the sounder frame (a frame denotes
the sweep plus the fly-back). The different modes of the sweep
and fixed frequency transmissions yield one to five ionograms
in each one minute interval of the satellite pass. The
geographic latitude covered by the ISIS-2 satellite in one
minute of its orbit is about 3°.2. The ISIS-1 covers
approximately 2° latitude while the satellite is near the
apogee and 4° 1atitude near the perigee. Thus the
latitudinal interval between the successive ionograms depends
upon the mode of operation of the sognder transmitter as well

as on the_orbit of the satellite. For plotting the spatial
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struéture, however, only thoée passés of ISIS-1 and 2 are
considered for which at least one ionogram is available for
cach 1° - 1°.5 of latitude. The closer the latitude interval -
between two successive ionograms, the higher is the accuracy
in delineating the latitudinal boundary of the ledge spatial

structure.

V.3 DETECTION OF CROSS—-EQUATORIAL WINDS

The spatial structures of the ionisation ledges are
found to be symmetric in their latitudinal extent in the two
hemispheres around the magnetic equator during the equinoctial
months, This is‘apparent from the spatial structures on
Oct. 6-7 and Oct. 9, 1972 around noon hour presented in
Fig. 3.15 of Chapter 3. A typical example showing the same
feature in the evening pcriod is presented in Fig. 4.2(a)
which is obtained by mcans of an ISIS-2 pass on Oct. 21, 1973
at 1934 hr (73° EMT). 'The ledge length on eithoer side of
the magnetic equator is 120,5 latitude. The electron
concéntration contours at fixed altitudes in the topside
ionosphere revealing the presence of ionisation anomaly (IA)
are shown in Fig. 4.2(b). It is seen that the two peaks
of the IA are of equal strength at any altitude. The
symmetry of the IA during equinoctial monthS has been
explained by Bramley and Young (1968) by hypothesising that

the cross-equatorial winds are absent during this period.
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Fig. 4.3(a) shows the Spétial structure of the
ionisation ledge obtained from an 1818-2 pass on November 2,
1973 at 1842 hr (87° EMT). The ledge lengths are 3°.5 and
12° latitude in the summer and winter hemispheres respectively,
thus giving 8°.5 latitudinal displacement of the ledge into
the winter hemisphere. Fig. 4.3(b) gives the latitudinal

distribution of electron concentration at fixed altitudes

obtained from the same satellite pass from which the ledge

structure in Fig. 4.3(a) is delineated. The asymmetry of the

IA peaks in the two hemispheres is clearly apparent in Fig.
4.3(b); the summer peak (at the southern dip latitudes)
of the anomaly at any altitude is higher in strength than

the corresponding winter peak.

The scolstice asymmetry of the IA at the F2 layer
altitude, first reported by Iyon and Thomas (1963), shows the
winter crest of the anomaly to be stronger than the summer
crest.  Subsequently, King et al. (1964) found the solstice
asymmetry to ocqur in the topside ionosphere as well, with the
sense of the asymmetry being reversed with respect to that

in bottomside,

The explanation for the solstice asymmetry was
attempﬁed by many workers (e.g. Hanson and Moffett, 1966;
Bramley and Young, 1968) by solving the steady state continuity
cquation for the electrons in the F2 region. Hanson and

Moffett showed that a transequatorial wind of 60 m/s can
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produce 15% interhemisphere as&mmétry in the electron

concentration at the IA crests (at the hméx F2 altitule).

Bramley and Young considered the effect of.Suéh factors

as asymmetrical production rates of ionisation, asymmetricai

electrodynamic drifts and different atmospheric coﬁditibms

(in particular the neutral temperature) in the summer and

‘the winter hemispheres, as possible causes for the solstice

asymmetry of the IA. However, none of the above factors could

explain the observed magnitude of the asymmetry. These

authors then invoked the presence of the winds blowing

from summer to winter hemisphere across the magnetic equator

and showed that such winds in the range 40-80 m/s produce

the asymmetric IA peaks (at the hmaXFZ altitude as well as

in the topside) in quantitative agreement with the observations.
In addition to the solstice asymmetry of the In,

there are some othoer phenomena occurring in the F regipn/

topside ionosphere which have been explained by invoking the

presence of the cross-equatorial winds. A brief description

of these phenomena is given below.

The asymmetrical disﬁributions of 0I (6300 R) night
airglow emission‘by means of 0GO-6 satellite (Chandra et al.
1973) as well as of the Mg II (2796-2803 R)dayglow emission
observed by means of TD1-A satellite (Gerard and Monfils,
1974), with higher intensities occurring on the wintoer side

of the magnetic equator, were explained on the basis of the
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winds assumed to be blowing from sunmer to winter hemisphere.
Such a wind raises the hmasz in the summer hemisphere and

lowers the hhaxFZ in the winter hemisphere (as shown in Sec. I.2,
v T »

Chapter 1), thereby giving rise to the asymmetric distribution

of the airglow emission rates in the two hemispheres.

Hanson et al. (1973), by means of retarding potential
analyser data from 0GO-6 satellite, presented evidence that
on occasion the nighttime plasma temperatures at 800-1000 km
altitude range in the vicinity of the magnetic equator are
below the expected neutral gas temperature. The minima in
electron and ion temperatures occur at 3-4° latitude on the
summer side of the equator. Bailey et al. (1973) explained
this 'super cooling' on the basis éf the inter-hemisphere
transport of plasma caused by summer to winter wind across
the magnetic equator, producing expansion cooling of the plasma
when it is moved upwards along the magnetic field lines in

the summcer hoemisphere.

"Recent satellite maeasurement of the neutral helium
concentration (Reber, 1975) revealing higher concentration
in the winter hemisphere than in the summer hemisphere,
is also attributed to the presence of the wind
across the equator, transporting the neutral helium from

summer to winter hemisphere.
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The phenomena mentioned above were explained by
invoking the presence of cross-equatorial winds. However,
there is no evidence to show the existence of such winds.

The observations presented in Figs. 3.15, 4.2(a) and 4.2(b) provide

observational evidence for the absence of the cross—edquatorial
wind during equinoctial period and for its presence during

the solstitial period; as discussed beloww.

A neutral wind U moves the ionisation along a
g magnetic field line with the velocity component (U . B) E/ﬂ3%:
where B represents the earth's magnetic induction. Thus
the cross=—-equatorial wind U blowing from the summer to
winter hemisphére, would disturb the initial symmetry of the
"cloud" of the excess ionisation characterising the ledge
If the excess lodge length A L is attributed to the effect

of the wind, opgrative for time interval At,we have

AL :,’Q)&) Bl x At = U cos L x AT (1)
ITar

B

wherein it is taken that the cross equatorial wind magnitude
'"U'is at the Doyt 2 3ltitude, and’ I'represents dip angle
corresponding to'the location wher& the ledge field line

(as defined in Chapter 3) interseats the h__ F2 altitude

a
in the summer hemisphere. In ordgr to obtain the magnitude
of the cross equatorial wind from eqg.(l), it is necessary
to know the gime interval, /\ t, for which the wind is

operative in causing the observed shift, N L, of the spatial

atrict+nre o
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No observational cvidence has been reported in

literature regarding the diurnal variation in addition to

the possible day to day variation of the cross equatorial wind.

in the abscnce of any information on the time of the day at
- which significant croés equatorial wind starts blowing, we

. reckon it to be effective at 1100 hr LT on the basis of the

following cexamples on the hemispherical displacement of the

ledge structures.

Figs. 4.4 and 4.5 show the ledge spatial structure
/ .
on Jan. 8, 1975 and Feb. 4, 1974 at 0945 hr and 1130 hr LT

N

respectively, obtained by means of ISIS-2 satellite. The
spatial structure in Fig. 4.4 shows that the ledge is nearly
symmetric around the magnetic equator at 0945 hr whereas the

spatial structure in Fig. 4.5 shows that the ledge length is

1°.5 more in the winter hemisphere than that in the swmnér
hemisphere at 1130 hr LT. Fig. 4.6, showing the spatial
structure of the ledge observed on Jan. 18, 1974 by means

of ISIS~2 satellite, reveals that the structure is displaced
about 39 1latitude into the winter hemisphere at 1250 hr LT.
On'the basis of the examples shown in Fig$, 4.4 - 4.6 and

a number of other observations (not shown here) in solstice

© Jatitudinal shift of the ledge

period revealing 29 - 3
structure between 1200 - 1300 hr LT, we reckon the time
at which the cross-c¢quatorial wind becomes significant, to be

around 1100 hr LT.
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With the above assumption regardiﬁg the starting
time of the cross—équatorial wind, its magnitude can be
calculatéd from eq. (1). On substituting A L = 8°.5 latitude,
At = 7.7 hrs and I = 36° for the ledge observation on
Nov. 2, at 1842 hr LT shown in Fig. 4.3(a), one obtains
the magnitude of the cross equatorial wind as 49 m/s, where 1°
geographic latitude has been taken as 130 km in the altitude
region of the ledge. The wind speed thus obtained from the
hemispherical displacement of ledge structure is of the same
~order as invoked by various authors to.explain the observed

solstice asymmetry of the IA.

We now present some more examples showing the
displacement of the ledge into the winter hemisphere during

solstitial months.

Fig. 4.7 shows the spatial structure of the
ionisation ledge obtained from an ISIS-1 satellite at 1612 hr
(70°EMT) on May 19, 1973 (northern summer). The extremitics
of the latitudinal boundaries of the spatial structure
in the two hemiSpheres are at -3°.0 and +17°.0 latitudes,
thus giving the ledge lengths as 12° and 8° in the winter and
the summer hemisphere respectively. The wind magnitude
obtained from eq.(l), on substituting the observed values

of the parameters A L, At and I, is 35 m/s.
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Fig.v4.8 gives the ledge spatial structure on
Dec. 7, 1973 at 1558 hr (87° EMT) obtained from an ISIS-2
paés. The ledge structurc is almost completely displaced into
the winter hemisphere. The magnitude of the cross-equatorial

O

wind corresponding to the ledge displacement AL =9".5

latitude into the winter hemisphere, is found to be 71 m/s.

The spatial structures shown in Figs. 4.3 - 4,8 are
typical of more than 50 examples, in which the ledge structure
is found to be shifted into the winter hemisphere with no |
notable exception. It may be appropriate to point out that
on rare occasions during equinoctial period also, the ledge
is found to show small hemispherical‘displacements. An
example of this kind is the spatial structure shown in
Fig. 4.1(c) on March 19, 1974 at 2015 hr LT, in which the
ledge length is 2° moré on the northern side of the magnetic
equator than that on the southern side. The magnitude of the
cross—equatcrial wind calculatéd on this day, from eq.(l),
is found to be about 9 m/s, which is much smaller than those
found during solstitial perjod. Thus, it is likely that the
cross—-equatorial winds, small in magnitude though, might be

present on occasion during equinoctial period.

Tt should be mentioncd that the magnitude of the
cross—-equatorial wind, as obtained from the~hcmispherical
shift of the ledge structure, represents the average wind
prevailing betWeén the time of the day at which significant

cross—equatorial wind starts bloWing'and the time at which

- - . - -
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The assumption regarding the time of the day at
whiéh significant cross—equatoriél wind starts is perhaps the
most critical in obtaining the wind speeds from the observed
ledge displacements. It must be admitted that the starting
hour for the wind has been estimated in the present work on
the basié of scanty data of the ledge during the forenoon
hours on different days having different magnctic activity
conditions. It is likely that the starting hour of the wind
has a day to day variatibn even‘on guiet days. The situation
on magnetiéally'disturbed days may be quite different and

such days should be considered scparately.

To ascertain how seriously the reckoning of the
starting hour of the cross-equatorial wind affects its
magnitude calculated from the ledge displacement, we fecalculate
the wind speeds on two of the occasions presented above by
assuming the cross—equatorial wind to be operative at
ldOO hr LT rather than at 1100 hr LT assumed previousiy. For
the ledge observation on Nov. 2, 1973 at 1842 hr LT, shown
in Fig. 4.3(a), the new value of the parameter,t, by
taking the starting hour of the wind at 1000 hr LT, is 8.7 héﬁrs.
With this valye of /%t, the magnitude of the wind, as | |
estimated from eqg.(l) is 44 m/s against the value 49 m/s
obtained previously. For the ledge observation on Jan.l8,
1974 at 1250 hr 1T, shown in Fig. 4.6, the assumed starting

time 1000 hy of the wind gives its magnitude as 47 m/s
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against 73 m/s obtained earlie:. From these two examples
it is appaerent that the evaluation of the cross—-equatorial
wind from the hemispherical displacement of the ledge, dcpends
rather critically on the starting hour of the wind especially

if the ledge observation is made in the early afternoon hours.

However, if one makes the cbservations of the ledge
at close intervals nf time on a single day, by mcans of two
or more polar orbiting satellites, the starting timé of the
cross—equatorial wind can be ascertained fairly accurately
and also the actual wind magnitudes at different local hours

can be estimated,

It is interesﬁing to compare the obsefved ledge
diéplacementiﬁxL with the corresponding magnitude of the
solstice asymmetry of the IA. We take the paramcter R, the
ratio of ¢lectron corc entration at the summer peak and that
at tﬁe winter peak at a fixed altitude in the topside ionosphere
as a measure of the solstice asymmetry of the IA, on the
basis of the work of Bramley and Young (1968) as discussed
below.

Fig. 4.9 reproduced from Bramley and Young, sShows
the latitudinal distribution of electron concentration at the
Qnasz altitude and at three fixed altitudes in the topside
(denoted by 2 = 4, 5 and 6; where 2 denotes the altitude abovae

ho  F2 level in units of the electron density scale height) .

[wi



The parameter V represents the cross-—-equatorial wind; V = 1
unit means wind speed of 4 m/s. It is apparent from Fig. 4.9
that the two anomaly peaks at any altitude for V = O arevof
equal strength. For V = 10, the anomaly peaks are asymmetric,
the summer peaké being.of higher strength than the correspond-
ing winter peaks in the topside ionosphere. For V = 20 the
asymmctry in the anomaly peaks in the topside. ionosphere is
seen to be more pronounced than for V = 10. For example,

at the altitde 2 ='4 the ratios of electroh concentration
at the summer peak to that at the winter peak (denoted by R>,:
are 1,098 and 1.155 for V = 10 and V = 20 respectively.

Thus the asymmetry of the ionisation anomaly becomes more

pronounced for the higher cross-equatorial wind magnitude.

We have shown that the parameter /\L representing the
ledge displacement into the winter hemisphere is a measure of
the cfoss equatorial wind. Fig. 4.10 shows a plot of AN\L
against R, whefe the two parameters have been evaluated
from the same satellite pass. R as defined above has. been
evaluated at 500 km altitude. The number of data points
at the origin of the coordinates is five and thus the total
number of data points is sixteen. The high correlation
coefficient (0.92 + 0.04) obtained between the ledge displace-
ment and the degree of solétice asymmetry of the ionisation
anomaly providgs further confirmation that the cross—-equatorial
wind velocities are megsured by the hemispherical displacement

of the ledge structure.
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V.4 DISCUSSION AND CONCLUSION

The asymmetric ionisation anomaly (IA) peaks during
solstice period, with the winter cres£ being of higher strength
than the summer crest, would produce the corresponiihg asymmetry
in the neutral anomaly (Ni). This can be scen from the process

of the Na formation described in Sec. I.3.3 of Chapter 1.

Ls the NA crest of higher magnitule forms on the
winter silerthan on the summer side of the magnetic equator,.
the inhibition of plasma 1iffusion velocity along the field
line passing through the crest becomes more severe in the
winter hemisphere in proportion to the higher NA crest strength
(sce Sec. T.3.2 of Chapter 1 for ambipolar plasma diffusion).

It appea:s that the magnetic field line tube containing the
wintor NA crest is heateld up more than the field tube

containing the summer crest, of Coursa, cach one in relation

to its average hemispherical temperature. The plasma lifted

up by the E X B force over the equator upto the ledge field

line would then accrue essentially on the winter»side to form
the displaced ledge as evidenced by the examplesvpresented in
this chapter. To the extent that the asymmetry in the IA crest
formation is dependent on the wind magnitude and its duration,
the asymmetry of the spatial structure of the ledge would also
be proportional to the wind magnitude and its duration. The
dependence of the NA strength on the strength of IA is discussed
in detail in Sec. III.5 of Chapter 3. Hence it is the average
cross equatorial wind magnitude that is inferred from the

asymmetrical distribution of the‘ledge spatial structures.
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The author is wary about the limitation. of the
assumption regarding the local time at which significant cross
equatorial wind starts. It is possible that the starting time

is different on different days.

Although, the method of calculation adopted for the
average wind may leave the impression on one that the ledge
asymmetry is due to the shift of thé ledge contours by the wind
into the winter hemisphere; the purpose is essentially to
evaluate the average wind. The physical process involved is
that the wind causes the asymmetry in the Ia which in turn
causes asymmetry in heating the magnetic £lux tube (during the
time of NA formation) that results in higher concentration of
ledge strength and also the longer length on the winter side
as the asymmetry in the NA is expected to increase with the

duration of the wind.

In conclusion, the spatial distribution of the ledge
intensity provides observational evidence for the existence of
the crose equatorial winds at the F region altitudes during
solstitial period. The magnitude of the wind has been
estimated from the observed displacement of the ledge into
the winter hemisphere by making certain assumptions (based
on our observations) regarding the local time of the day

at which the wind becomes significant, The estimated
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magnitudes of the cross equatorial wind are of the same
order as required by theory to account for the observed
solstice asymmetry of the ionisation anomaly. ©On this basis
Raghavarao et.al. (1976 b) proposed that the lonisation ledge
is a tracer for the cross equatorial winds at F region

altitudes.




CHAPTER-=-V

LUNAR EFFECT ON THE IONISATION LEDGES

V.l INTRODUCTION

Matsushita and Tarpley (1970) have discussed the
electrostatic field distribution in the E region by examining
dynamo actions due to various solar and lunar tidal modes.

The equation governing the ionospheric dynamo action resulting

in the current j is given by

i =\ (¥ x B + E)

-

where ﬂgfjis the electrical conductiyity tensor, v is the
neutral wind velocity, B is the main magnetic field of the
earth and E is the electrostatic field. The wind field

is primarily produced by the tidal forces due to the sun and

the moon.

Matsushita (1969) and Tarpley (1970a,b) computed
the current systems by taking the wind field corrasponding
to various modes of solar and lunar tides. It was shown that
lthe solar diurnal (1, -1) tidal mode (mainly due to the solar .
heat input to the lower atmosphere) and the 1unap semidiurnal
(2, 2) tidal mode{mainly due to gravitational attraction
of the moon) satisfactorily explain the experimentally
deduced Sq and L variations in the geomagnetic H field,

denoted by Sq(H) and L(H) respectively, on the ground.
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i
These authors also calculated the electric fields S and L

corresponding to the solar (1, -1) and lunar (2, 2) tidal
modes respectively. They showed that at low latitudes both
the S and the L electrostatic fields are mainly in the east-
west direction, with very small north-south cémponent. The

S electric field has a magnitude of about 1 millivolt/m and
is directed eastward during dayliggt hours and westward at
night. The change of direction occurs around the sunrise and
sunset times. The L field is semidiurnal with maximum
amplitude of about 0.2 millivolt/m. The vertical E X B
drift of the plasma in the equatorial F-region, due to the ele~-
ctric field. generated in the dynamo region énd communicated
up along the earth's magnetic field lines, would be about..

30 m/s and 6#m/s for S and L fields respectively (assuming B

field as 0.3 gauss).

Rastogi (1961) found that the amplitude of the lunar
tide in midday foF2 is abnormally large within a narrow belt
around the magnetic equator. He showed that the amplitude
of the predominant semi-monthly component of‘the lunar
variation in foF2, when plotted against magnctic latitude
has peaks at the equator and at about i2OO latitude. The
phase distribution shows a sharp 6 hr shift in lunar time at
about ilOo latitude. Later studies by Rastogi (1963, 1965)
and Rush et al. (1968) showed that the lunar tidal variations

in the F2 regién vary with both latitude as well as solar time,
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Anderson et al. (1973) and more recently Abur-Robb and
Dunford (1975) have made theoretical evaluation of the lunar

tidal variations in the F2 layer by solving the time dependent

continuity equation for the electrons by including the vertical
drift due to the S as well as the (S + L) electric field in
the divergence term. The results obtained by thesé authors
showed good agreement with the obéervations of Rastogi and

Rush et al. mentioned above.

Tn this chapter the author presents the effect of the
moon on the occurrence and the intensity of the ionisation

ledges in the equatorial topside ionosphere.

V.2 PARAMETERS OF THE LUNAR VARIATIONS IN THE IONOSPHERE

According to the phase law of lunar daily variation
L(X) in any ionospheric parameter X, can be satisfactorily
represented by the sum of four harmonic terms as (Chapman and

Bartels, 1940 p. 248)

n
. | W _ O PR ) T
Lix)= ) Cp ST HM=-2) V4 x| - - —-(1)
R A L - A
where Cn and oy denote the amplitude constants and the

N e
V) , the lunar age and 7 ,

phase constants respectively. )

the lunar time are defined as follows.

The lunar age 2} ig defined as the position of the
moon with respect to the mean sun and is reckoned either in
angular measure or in hours (15° = 1 hr). The age of the
moon completes a full cycle of 24 hours in the course of a

synodic month; the value )j = 0 (or 24) hr refers to the



new moon and }/: 12 hr corresponds to the full moon. The
value of )/ increases by about 0.8 hr in the course of a mean
solar day. The values of )/ on individual days for the years
1850-2050 have been computed by Sugiura and Fanselau (1966) .
Some authors use the parameter lunar phase,/LL , which is

related to the lunar age )/ as /LL = 24 - ) .

The lunar time T is defined in anology with the mean
solar time, t, Just as t is counted in 24 solar hours from
midnight to midnight, T is reckoned as zero for the lower
transit of the mean moon and increases by 24 lunar hours
up to the next lower transit. A mean lunar day edquals

R 50.47™, The parameters t, T and )/

1.03505 solar days or 24
are related as

t:—c+\)/ _.._,‘—-—-(2).

On substituting for 2/ from eq.(2) into eq.(1),

one obtains
+ —- ‘
» (XJ = Z Ch Sim % (-2t +2 T+ C\ 7 3 .- (3)

e |

It is apparent from eq.(3) that the lunar semi-
diurnal (n = 2) component does not depend on solar time.
The other components (n £ 2) arise from solar modulation
of the lunar gemidiurnal oscillation. When eq.{(3) is
averaged in 'solar time, all the terms except the lunar

semidiurnal component vanish. The solar modulation of L
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is caused by local time variations in atmospheric and
ionospheric parameters that, in turn, modify either the

lunar tide or the resulting electromagnetic variations.

V.3 RESULTS AND INTERPRETATION

The ISIS satellite data recorded at Ahmedabad
during the period Feb.1972 - Mar. 1975 in the local time
range iOOO - 2200 hr have been examined by the author for
the presence of the ledge. During this period the ledge is
found to be present on 216 days out of 577 days examined on

which the data are available in the above local time randge€.

In Fig. 5.1, the histogram shown by short dashes
gives the number of days on which the ionogram data are
examined for the ledge formation for each lunar age ( )/).

Tt is seen that the average number of days is about 24 at

any lunar age, except at )/= 4‘and 8 hr for which the numberé
are 20 and 21 respectively. The histogram shown by the

solid line gives the distribution of the number of ledge
occurrences. Two broad peaks in the occurrence of the ledges,

around 01-05 hr and 13-15 hr lunar age, are apparent.

The depression in the ledge occurrence distribution at )/ = 4 hr

is probably due to the smaller number of data samples
available for this lunar age and therefore we reckon the

first peak to extend between 01-05 hr lunar ages.
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The average intensity distribution of the ledge
is shown by the smooth curve drawn with long dashes and
reveals two more defined peaks (than the occurrence distri-
bution) around 01-03 and 14-15 hr lunar ages. The average
intensity of the ledge is obtained by taking the. arithmatic

mean of the individual intensities for each lunar age.

We explain the observed dependence of the occurrence
and intensity of the ionisation ledge on the basis of
modulation of the diurnal solar electric field (S) by the
semidiurnal lunar electric field (L). For certain lunar
ages, L and S are in phase during the forenoon hours with
the result ﬁhat the resultant (S + L) electric field causes
strong ionization anomaly (1IA) formation around midday hours

that, in turn, helps in building up the neutral anomaly (NA) .,

The modulation of the S field by the L field for
three lunar ages, )/ = O, 4 and 8 hr, is given by Anderson ct
al. (1973), and is reproduccd in Fig. 5.2. The 5 and L
ficlds were computed from the geomagnetic H fiéld measured
at Huancayo and the horizontal drift velocity of electrons
at the E region altitude (by means of Jicamarca backscatter
radar) . Anderson et al. solved the time dependent continuity
equation for electrons in the F2 region. The continuity
equation was solved byiincluding the appropriate E X B
drifts corresponding to the electric fields S and (S + 1)

separately. By comparing the critical frequencies folF2,
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obtained from the solution of the continuity eduation corres-
ponding to the (s + L) field with those corresponding to the
S field, the lunar influence on the F2 layer was estimated.
Fig. 5.2 is divided into three parts corresponding to ) = 0,
4 and 8 hr and in each part there are two sets of curves.

The two curves in each lower set show the diurnal variation
of & and (8 + L) electric fiélds, represented by the dashed
and the continuous lines respectively, and the two curves in

the upper set represent the correspording computed foF2.

In the case 2/' = O hr, the (S + L) field is higher
than the S field between 0700 and 1215 hr LT. The midday
bite-out in foF2 becomes more pronounced corresﬁonding to
the (S + L) fiéld between 0830 and 1330 hr LT. It was shown
by Rastogi (1959 ) that the midday bite-out in the daily
variation of the foF2 near or at the dip equator is a |
manifestation of the strength of 'fountain effect' which
produces the IA. The ijonisation lifted up at the equator
during daytime, because of the E X B effect, diffuses down
the magnetic field lines thereby producing depletion at the
equator (and hence the reduction in equatorial foF2) and
enhancement at laE?fudes 15-20° away on either side of the
dip equator, Thus it is clear from Fig. 5.2 that the strength
of the IA, as depicted by the noon bite-out, for )}/ = O hr
is higher between 0830 hr and 1330 hr LT for the (5 + L)

field than for the 5 field.
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The condition for the NA formation, as discussed in
Chapter 1, is that strong IA should be present around midday
houré when the neutral speed is minimum before its reveral
from westward to eastward direction. For the case }/: O hr,
the lunar modulation causes enhancement of the IA strength
between 0830 and 1320 hr LT, and thus this lunar age should
be favourable for tha NA formation and hence for the ledge
formation, on the basis of the mechanism given by Raghavarao

and Sivaraman (1974).

For the case )/ = 4 hr, the (S + L) field is higher
thén the S field betwecen 1045 hr and 1600 hr LT as seen from
Fig. 5.2. The midday bite-out in foF2 is seen to be more
pronounced between 1300 hr and 1800 hr LT for the curve
corresponding to the (S + L) electric field than for the
curve corresponding to the S electric field. Thus the enhance-
ment of the IA for D/ = 4 hr occurs in the afternoon hours,
latér in local time than for 2/ = O hr. The lunar age
'l/ = 4 hr is also favourable for the neutral anomaly formation

on the basis of the arguments given for the case )/ = O hr.

From the lowermost part of Fig. 5.2 for the case
)/ = 8 hr, it is seen that the (S + L) field is lower than
the S field, thus revealing that the S and the L fields are

in opposite phase, during the local time interval 0830-1430 hrs.
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. The reduction in the electric fieid during the forenoon -hours
for )} = 8 hr causes'the midday bite—out to be less pronounced
between 1030 hr and 1600 hr LT, as is cvident by comparing

the foF2 daily variation profiles corresponding to the S5 and
the (S + L) fields. Thus the IA in the afternoon hours between
1030 and 1600 hr LT is reduced for L/ = 8 hr and as a result,
this lunar age would be less favourable for the NA formation

than 2} = O or 4 hr .

From the work of Andersbn et al. described above,
it is apparent that the jonospheric electric field produced
by the solar tide is modulated by the semidiurnal lunar tidal
electric field. The modulation occurs in such a way that the
period during which the two fields are in phase, shifts
progressively to later local times with the progress of lunar
age from 2/ = O hr to ‘)} = 8 hr. The period during which
the enhancement of the IA occurs, also shifts correspondingly
to later local times. For )/ = O hr, the I2 enhancement
occurs between 0830 hr and 1330 hr LT and thus this lunar age iS V
favourable for NA formation and hence for the ionisation
ledge formation. For )/ = 4 hr the enhancement of the IA
oéqurs between 1300 hr and 1800 hr LT. It is épparent from
Fig. 5.2 that the noon bite-out in the daily variation of
the foF2 curve corresponding to the (S + L) field for the
case )) = 4 hr is as prominent as that for the case

?/ = O hr thus indicating that the electron concentration
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enhancement at the crests of IA will be appfoximately same

for either of these lunar ages, although it occurs-at a

later local time for )/ = 4 hr. It may be recalled here that
the depression in the number of ledge occurrences for ) = 4 hr
as seen from Fig. 5.1 is an apparent effect caused by the
smaller number of satellite passes available for this lunar age.
However, the mean intensity of the ledge shows a significant
decrease at )/ = 4 hr and is probably real. For ) = 8 hr,
the IA strength decreases significantly during midday hours

and therefore this lunar age should be less favourable for the
NA énd hence the ledge formation. Indeed, Fig. 5.1 shows
minima in the occufrence as well as intensity of the ledge

for )/ = 8 hr.

Rastogi's work (1966) provides an observational
evidence for the enhancement of the IA around midday hours
for the lunar age 'l/ = 3 or 15 hr. Fig. 5.3 reproduced from
his work gives latitudinal distribution of midday foF?2 (averaged
between 10-14 hr LT), for two lunar phases ﬂ)v = 9 or 21 hr and
fJ» = 3 or 15 hr, obtained from a chain of ground based
ionosondes on either side of the magnetic equator. The
parameter /J- is related to the parameter )) as
M =(24 -} ). This figure clearly shows that the crests
of IA are of higher strength and the trough is deeper for
)} =15 or 3 nhr (/u. =9 or 21 hr) than for )/ = 21 or 09 hr
(AL. = 3 or 15 hr). For )/ = 15 or 3 hr, the ratios of

crest to trough value of f£oF2 (representing the IA strength)
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are 1.50 and 1.34 for the northern and the southern crests
respectively whereas for the case ‘}/ = 21 or 9 hr, the crest-
to- trough ratios for the two crests are 1,32 and 1.19.

Thus Rastogi's work confirms that the IA strength during

the midday hours is higher for )J = 03 or 15 hr than for

2'/} = 09 or 21 hr.

V.4 DISCUSSION AND CONCLUSION

The lunar age dependence of the occurrence as well
as intensity of the ionisation ledge is explained on the basis
of the modulation of the diurnal solar electric field by the
semidiurnal lunar electric field. The fact that a significant
number of ledges occur even for those positions of the moon
which seem to be unfavourable (on the basis of the work of
Anderson et al. 1973 and Rastogi, 1966), shows that the moon
has only a small modulating effect on this phenomenon caused
primarily due to the sun. The lunar modulation in the
occurrence as well as the intensity of the ionisation ledge
is about 25-30%, which is of the same order as the lunar
modulation in the 9 electric field around the noon hours,

as may be noted from Fig. 5.2,

It should be mentioned that the explanation of
the lunar effect on the ledges presented above is based on
the model S and L field variations., In general, the relative
magnitudes of these two electric fields could be different
on different days. It is indeed shown by Onwumechilli (1967,

p.448) that the mean Sq(H) as well as L(H) show considerable
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day to day variation. On usual days, the L(H) is about 10-30%
of the Sg(H). It is likely that the S field on the days around
the lunar age )} = 8 or 20 hr, for which the ledge occurrence
shows non-zero minima, might have been higher (or alternatively
the I field might have been lower) than on usual dayé, with

the result that the effect of the lunar electric field is
comparatively small. On this basis it is possible to explain
the formation of the ionisation ledges around the lunar age

8 or 20 hr.

It is interesting to note that the lunar age depen-—
dence of the counter—eiectrojet phenomenon in the E region
also reveals maxima around..)/ = 02-03 hr and 14-15 hr as
shown by the work of Sastry and Jayakar (1972) and Rastogi
(19750, ). On the basis of the similarity in the lunar age
dependencé of these two phenomena, together with the fact
that both the phenomena occur more predominantly in solar mi=
nimum Period than in solar maximum period, usually on a
sequence of days in succession; it was felt desirable
to make a comparative study of their occurrence on a day
to day basis. The results of this study are presented in

theé next chapter.



CHAPTER - VI

THE IONISATION LEDGE AND THE COUNTER ELECTROJET

vI.1l INTRODUCTION

In this chapter the author presents a comparative study
of the two phenomena : the ionisation ledge in the topside
ionosphere and the counter electrojet in the & region. The
similafities in the morphological features exhibited by the
two phenomena are pointed out in Chapters3 and 5. Both the
phenomena occur more frequently in sunspot minimum years,
usually in a sequence of successive days. Both reveal the same
lunar age dependence in their occurrence. On occasion both
the phenomena occur in a narrow longitude zone (o 300) and
exhibit different intensities when they occur Simulténeously
at two longitudes about 30° apart. On the basis of the above
gimilarities in the morphological features of the ledge
and the counter electrojet, it is desirable to compare the
occurrence of the ledge and the afternoon counter electrojet
on a day to day basis. The implications éfathese results
are discussed and the significant role of the F region dynamics
as a possible causative mechanism for the counter electrojet
phenomenon for which no satisfactory explanation exists so far,

i@ peinted out.

VI.2 MORPHOLOGICAL FEATURES OF THE COUNTER ELECTROJET

PHENOMENON

On a magnetically quiet day, the usual pattern of the
daily variation of the H component of the geomagnetic field

at an equatorial station consists of a steady increase in the



~5.2-

morning hours from about 0600 LT to about 1100-1200 LT followed

by a smooth drop to nighttime zero level by about 1800 LT

(Chapman and Bartels, 1940) . However, on occasion the diurnal
variation of the H field is found to deviate from its normal
behaviour. It is knoWn that the large diurnal variation in
the amplitude of H field at an equatorial station is caused by

a strong eastward current at the E-region altitudes called as

the equatorial electrojet (Chapman, 1951 ), described in
some detail in Sec. II.l, Chapter 2. Bartels and Johnston
(1940) found large fluctuation and decrease in the geomagnetic
horizontal (H) field daily variaﬁion at equatorial station
Huancayo on occasion during daytime hours of magnetically

quiet days. Gouin (1962) reported a considerable decrease

of H field at equatorial station Adis Ababa on certain days

around noon hours. Gouin and Mayaud (1967) found that the

decrease in the H component was accompanied by an increase in
the Z component. The phenomenon occurred more predominantly at
0700, 1200 and 1500 hrs. LT. Gouin and Mayaud examined the
global extent of the phenomenon and concluded that it is

due to the existence of a narrow current ribbon analogous to the

equatorial electrojet but in the reverse direction, and named

the phenomenon as '"counter electrojet". Subsequently, this
phenomenon was observed at other equations: Zaria and Ibadan
(Hutton and Oyinloye,i197o), Kodaikanal and Trivandrum
(Rastogi et al. 1971; Krishnamurthy and Sengupta, 1972;
Rastogi, 1972 ), and a number of equatorial stations in

American and African sectors (Kane, 1973Ch; Rastogi, 19740.).
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Another feature which is associated with the counter-
electrojet phenomenon is the éudden disappearance of g-type of
sporadic E (Es-q) at the equatorial stations. The Es-g occurr-
ence at the equatorial latitudes between 08 hr and 18 hr is a
fairly fegular phenomenon. However, on occasion Es-q disappears
suddenly in the afternoon hours (hereafter called as SDEs-q
event) and sometimes reappears for a short time before it
finally disappears in the evening Matsushita, 1957; Krishna-
murthy and Sengupta, 1971, 1972; Rastogi et al. 1971; Rastogi,
1972 ). The SDEs-g event is shown to be associated with ab-
normal depression in the H field at equatorial stations.
Rastogi et al. (1971) showed that the ionospherjc E and F
region horizontal drift velocity of electrons (as estimated
by means of £he spaced receiver technique) at the magnetic
equator feverses from westward to eastward direction simultane-
ously with the 5DEs-q eveﬁt and the depression the equatorial
H field. On the basis of these features, it was concluded by
Rastogi et al. that the SDEs-q is due to a temporary reversal
of the electrojet current which is caused by the imposition
of an additional electrostatic field opposite in direction
to that of the normal 3g electric field. Fambitakoye et al.
(1973) showed that the condition for SDEs-q event is not
necessarily th@iﬁkﬂ at the magnetic equator becoming negative
(relative to the nighttime zero level) but the latitudinal
profiles of /\NH and /N% getting reversed, On a normal
electrojet day at any local time during daylight hOUfSICﬁH

is maximum at equator (directly under the electrojet) and
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decreases on either side. The normal/\ Z variation shows
positive and neéative values onvthe southern and northern side
of the equator respectively;[},z at the equator itself being
zero. At the time of counter-electrojet the latitudinal
profilessof both/x H and_ﬁgz become reversed. Fambitakoye et
al. state that reversal in the latitudinal profiles of /\H
andngZ is better evidence for the occurrence of counter

electrojet than /N H becoming negative. Rastogi (1974 )

equator

has shown examples of SDES-g event when the latitudinal

profiles of /M H and /\ % show reversal, although /\ H field at
an equatorial station is significantly positive (i.e., above
the nighttime base level) . Such events are called as "Partial

counter electrojet" by Rastogi.

There is a marked effect of sunspot activity on the
occurrence of the counter electrojet, the largest number of
events occur in the sunspot minimum period (Gouin and Mayaud
1967; Hutton and Oyinloye 1970; Rastogi, 1973 cx.; 19746 ).

In addition; Hutton and Oyinloye found the phenomenon to occur
more frequently during times of low magnetic activity.
However, Kane (1973€ ) showed Ehat the counter electrojet
occurs even during disturbed days and that its existence-

can be inferred from the diurnal variation of the guantity

/M sd where SdI is defined as SdI = H

_____ Il
+ S

- H
equator non-ecgquator

‘handra ¢ Rast i And Rac i
non-equator  Chandra and Rastogi (1974 ) and Rastogi

(1975b ) showad that during disturbed periods the counter

electrojet can be identified from the daily variation of the
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arame AT = : . R i (1975 b
parameter (Ag“qequator /N Hnon—equator) astogi (197 ).
showed that the Es-q at Kodaikanal is absent precisely during
the same time when the difference of /N\H at Kodaikanal and

Loocra o

. 7 ' . / clola 1 e 2S;
that at Alibag, (_5 HKOD HALI> shows ncgwtlvovvalucs
even a slightly positive value of the above parameter gives rise
to fairly high values of foEs~-q (the highest frequency at which

Es-g is observed on the ionogram).

Gouin (1962) noted a remarkable depression of the H
field at Adis Ababa on two consecutive days around noon hours.
Rao and Rajarao (1963) reported that the H field, observed at
the equatorial stations Trivandrum and Annamalainagar, did not
show any noon depression on the same two days on which the
counter electrojet was reported at Adis Ababa by Gouin (1962).
It may be noted that the two stations Adis Ababa and Trivandrum
(geographic longitudes 39°E and 77°E respectively) are
separated by less than 3 hours in local time. Gouin and
Mayaud (1967) also noted the occurrence of counter electrojet
on some occasions in a restricted longitude range. Hutton and
Oyinloye (1970), however, make a mention of a private
communication with Mayaud in which the counter electrojet is
reported to have occurred over a wide range of longitudes
on the same day but with greatly varying amplitude at
different longitudes. Kane (19734 ) and Rastogi (1973,

1974 Q) presentcd a numnber of examples on the afteérnoon

counter electrojet occurring in a narrow longitude zone.




~-6.6-

Kane (1973 ) found an indication that the phenomenon is most
prominent in the American zone, analogous to the normal
equatorial electrojet which is known to have large amplitude
in the &merican zone (Rastogi, 1962). Rastogi (1974 0),
however, concluded that the evening counter electrojet events,
although less prominent, are more frequent in Indian zone
(where the electrojet current is weaker) than in the American

ZOone .

A very conspicuous feature of the afternoon counter -
electrojet phenomenon is its occurrence on a series of days
in succession at a partiéular equatorial station. This
behaviour was first reported by Hutton and Oyinloye (1970)
and later by Kane (1973Q) and Rastogi (1973Q, 19740Q.),

Fig. 6.1 reproduced from tie work of Kane (1973CA) clearly
bfings out both the featuresof the countor electrojet\phenomenai’
a) the occurrence on a sequence of days (Dec. 18-21, 1964) and
b) the‘narrow longitude range of its occurrence. The geo~
graphic longitudes of the three stations shown in Fig.. 641
are 75°W (Fuancayo), 39°E (Adis Ababa) and 77°E (Trivandrum)
The afternoon depression inZ§XSdI is seen on all the four
days at Huancayo, only two days at Addis Ababa and none of
the four days at Trivendrum. Thus, it is evident that the
phenomenon does not occur at all longitudes on a particular

day.



gﬁm
78
O O

(GAMMA)
o o

in
oG

ASdy

0,-/:::;\"}»‘..4%.

Mge todte  Flobs of bourdy veluew (UsTs) of
AMddle Ababa and Trdvandmm fop

2 o 12
HOURS (U.T)

{aftar Nane, 1975 a) '

45 84y at Hunoayo,
Dosvnber 18«21, 1984,




~6.7 =

SUMMARY OF THE EARLIER WORK ON COUNTER ELECTROJET

Bartels and Johnston (1940) suggested that the lunar
modulation of the geomagnetic H field, L(H), is enhanced in the
region of the equatorial electrojet similar to the enhancement
of the solar variation of the H field, Sq (H). They suggested
that L(H) is responsible for causing depressions in the H
field. On some occasions (later called as "Big L days' Ly
Onwumechilli, 1963) L(H) could be comparable to Sq(H) .
Onwumechilli. (1963, 1964) studied the modulétion of Sq(H) by
the L field and concluded that although the 'Big L days'.do
exist, the phases of Sq(H) and L(H) are found to be sometimes
parallel and sometimes anti -parallel. Onwumechilli and

‘Akasofu (1972) studied the days on which strong afternoon

depression in the H field occurred at Hipancayo and found that‘
the depressions occurred most frequently in the months around |
December when L(H) is known to be greatest at the magnetic
equator. However, they noted that the maximum depression

in the H field does not always occur at minimum of L(Hindicating

that the two are not really correlated.

Gouin and Mayaud (1967) suggested that the
moon has no effect on the counter electrojet, as they found
the phenomenon to occur at all times of the lunar day.
Hutton and Oyinloye (1970) found that the distribution of its
occurrence maximises around 0300 and 1500 lunar hours (thus
coinciding with the centres of the intervals during which

the L currents oppose the Sg currents), with two minima
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around 0800 and 2000 lunar hours. The fact that counter
electrojet occurred at all lunar hours, led Hutton and Oyinloye
to reach the same conclusion, as that of Gouin and Mayaud (1967),

that the moon has no effect on the counter electrojet.

Van Sabben (1968) concluded éhat the counter
electrojet is associated with the solar flare current system
but Hutton and Oyinloye found that on 14 occasions (out of 16)
of solar flares observed during 1963, none was accompanied by
any negative cffect on the equatorial magnetograms. Hutton
and Oyinloye also showed that the symmetric ring current
(Dstpart) cannot cause the observed magnitude of depression

in the afternoon.

Rastogi (1975€ ) described the SDEs-q events on
the bottomside ionograms (obtained at Kodaikanal) on quiet days
vis~a-vis the depressions iné};H at Trivandrum, Kodaikanal and
Annamalainagar (all stations within the belt of electrojet
) \\ - T D, )
current) , (Z”’HKOD —~§>HALI) and ﬁSSdI‘ He observed the

following three types of associations between these two

phenoména s

Type 1 = - Occasions when Es-g disappears in the

afternoon hours simultaneously with ﬁ>>HKOD and.AXSdI

beconing negative and the F-region horizontal drift is also
found to reverse at the same time from westward to eastward
direction. These observations indicate a reversal of the

ionospheric currents in the ©E region almost simultaneously
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with the SDEs-q évent.

Ezgg_g i= On some occasions, at the time of SDEs~qg
BVent;ZB.HVOD and ﬁdei show positive wvalues while the
N &

BRI e ™ - ,‘ 1 - \Y ] ) = + - (2
difference <‘A'HKQD ZB‘HALI) shows negative valuo.[ﬁsHKOD

becomes negative typically 30-45 minutes later than the

Es=q disappgarance time.

Iype 3 := On some occasions /N\NH at Trivandrum,
Kodaikanal and Annamalainagar shows a strong depression in
the aftornoon hours but does not become negative. The /\H

variation at slibag, which is outside the influence of the

5 P 5 . . . /\\
electrojet, remains normal; therefore (ZﬁiHKoD “Z*SHALI)
=] - “ ) f . s ;\ - § - <7 & Ta = 3 =y 1 y
as well as ([}»HTRI A”\HALI> curves show negative values

between the time interval when [\H field at equatorial staﬁions
shows depression . Es-q was found to be a gent on the
equatorial ionograms and the ionospheric drift at F region
was also reversed on such occassions. On the bhasis of such
observations of partial counter electrojet; Rastogi suggested
that there arc two bands of current; one the normal castward
electrojet current at an altitude of about 107 km and the
cother at about 100 km altitude where the irregularitiecs
causing the Bs-q are produced by the cross=field instability
in the B region plasma. The fact that [\\H at equatorial
stations raemain significantly above the nighttime base level
Was interpreted due to the normal electrojet current which
remains unaffected during the counter electrojet. The SDEs-q

event during the counter electrojet was suggested to be duc to
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the reversal of the electric field (and hence the electric
‘current) at 100 km level. The reverse current at 100 km alti-
tude produces the depression in the H field‘observed at the
ground. Rastogi also suggested that during strong counter
electrojet events, the westward current may extend over the

entire height range of the enhanced conductivity in the E

region over the magnetic equator.

Rastogi's hypothesis of "two current-layers" to
ekplain the observed counter electrojet effects can be best
summarised in the following sentences reproduced from his
@aper : "during the first type of counter electrojet, the
development of the westward current at 100 km is rather
rapid and it more than balances the normal curreéent at higher
level causing thz2 H field measured at ground to show a
depression. During the second type of counter electrojet,
the westward current at 100 km develops rather slowly such
that the H field observed at ground decreases to nighttime
level sometime éfter the disappéarance of Es~d. During the
third type of counter electrojet, westward current at 100 “km
is smaller in magnitude than the normal current at 107 km
and is not able to cause a depression of the H field at
ground below the nighttime level but the reversal of

electrostatic field causes the disappearance of the Es-q layer'.

Rastogi (1975€ ) suggested three different sources

for the three types of observed counter electrojet effects.
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The counter electrojet of Type 1, exemplifying abrupt changes
in the electrojet, have to be caused by sudden reversals of
the E region electrostatic field. Patel and Rastogi (1974)
had earlier associated the sudden disappearance of Es-g with
the reversal of the interplanetary magnetic field component A
Bz (z represents the direction perpendicular to the ecliptic
plane) from the southwérd to northward direction. The electric
field associated with thg solar wind interacting with Bz was
shown to be responsible for causing the sudden changes in thé
equatorial ionosphere. On the basis of above work, Rastogi
(1975C ) suggested that the first type of counter eléctrojet
i3 associated with thé reversal of the BZ component of the

interplanetary magnetic field.

- The counter electrojet of Type 2 which is
characterised by slow reversal of the electrojet is attributed
to the Junar current system on the basis of the fact that these
currents have comparatively large periodicitics. The control
of the moon on the occurrence of the counter electrojet was
clearly shown by Rastogi (19730, 1974b ). Rastogi (1975 Q)
had earlier suggested the moon to be the source for causing

the counter electrojet.

The counter electrojet of Type 3 which is
described as partial, is associated with relatively short
period of Es-q disappearance . Rastogi (1973 b) aiscussea

some events of Es-q disappearance at Huancayo and Kodaikanal

to be associated with DP, type of polar substorms.  The DP,



—-6,12-

fluctﬁations’are found oﬁ a world wide scale and are more
pronounced at the poles and at the equator as compared to
other latitudes. The current directions are shown to be
westward in the afternoon and eastward in the early morning
hours by Nishida et al. (1966). The third type of counter

electrojat was attributed to DP2 substorm currents.

It appears unlikely that the counter electrojet
phenomenon which occurs frequently during sunspot minimum
period on a sequence of days, sometimes on eight or ten days
in succession, should be caused by so many diverse mechanisms
as Suggested by Rastogi. However, the possibility that the
individual events of counter electrojet could be caused by
one or by the combined effect of the three mechanisms,

cannot be ruled out.

Satya Prakash et al. (1971, 1976) studied the beha-.
viour of the normal&countaer eleétrojetSby measuring the electron
density and irregularitices in the electron density by means of

rocket borne Langmuir probe.

For the normal electrojet, the irregularities dde
to crossfield instability in the range of scale sizes 1-300 m
with amplitudes of 10-20% of the ambient density for the
scale sizes ~30-300 m and 1-2% for theé scale sizes £ 15 m
are generated in 87-100 km region where the electron density
gradient (being upwards) is in the same direction as the

vertical polarisation field (Satya Prakash et al. 1971).
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The Langmuir probe current during the normal electrojet shows
saw-~tooth structures, which represent the steepening of the
waveforms in the vertical direction. The sawtooth structures
are characteristic of the normal electrojet (Satya Prakash

et al. 1971) and are interpreted as due to the nonlinear

behaviour of the crossfield instability.

During the rocket experiment on Aulgust 17, 1972 at
1532 hr (82°.5 EMT) which happened to be in the period of strong
counter electrojet, positive electron density gradient was
observed in the altitude range 86-94 km, with a sharp peak of
electron concentration at 94 km altitude. wavelike pertur-
bations with wavelengths upto 200 m and with amplitudes upto
15% of the ambient density were observed. However, the shapes
of Langmuir probe current waveforms did not appear like the
characteristic sawtooth structures of the normal electrojet
irregularities. On this baéis Satya Prakash et al. (1976)
concluded that the irregulafities in the region of positive
electron density gradient (below 94 km) are not due to

crossfield instability mechanism.

In the altitude region 94-98 km the electron
density showed a negative gradient and the irregularities
having characteristic sawtooth structures were observed, with
the direction of steepening downward, i.e. opposite to that
observed for the normal electrojet. The scale sizes of the
irregularities are a few tens of meters and the amplitudes are in

the range 5-10% of the ambient density. This observation
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shows that the electric field is reversed in the altitude range
94-98 km and also that the jonisation irregularities could be

present during counter electrojet.

VI.3 OBSERVATIONS AND RESULTS

The author has analysed the magnetic field (H component)‘
data of the Indian stations, Trivandrum (-0°.3 dip lat.) and
Alibag (+12°.9 dip lat.) on the days when the ledge was
observed in the topside ionosphere. The ISIS satellite top-
side..sounder data obtained at Ahmedabad during the period
February 1972 to Décember 1974 recofded the ledge occurrence
on 200 days, of which 168 days are magnetically undisturbed
(Ap<_ 15). We have considered magnetically undisturbed days
‘ only for the present study. For determining whether counter
electrojet on a particular day is present, the daily variation
of the parameters[}nﬂT,zﬁxHA and (ZSCHT *,ZXHA)'was plotted,
where /\ H represents the increment fr@n the nighttime base
level (drawn by using the method of Rush and Richmond, 1973)

in the H field and the suffixes 'T' and '4A' denote the

stations Trivandrum and &libag respectively. For the year
‘1972, the magnetic ficld data of Xodaikanal (+l.7o dip lat.)
a:e\glso available. The daily variation profiiesofgﬁlHK
andl ([}>HK ~Z};HA) also reveal the counter electrojet,

whera the subscript 'K' represents Kodaikanal.

The days on which A\ HT during afternoon hours

goes below the nighttime base level and ([}I@P-ZSHA)
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‘also becomes negative are called "full" counter electrojet

days. On certain days[}LHT in the afternoon does not go
negative but the difference ( ANH, - /NH,) is negative and

such days are classified either “partial" or "full" counter
electrojet depending on the strength of the negative depression.
A depression of 10 gamma or more below the night level is taken
as full counter electrojet. In addition, there are days on
which a small afternoon depression is observed in,ﬁ;HT and
hence (ZE.HT “stia) shows a significant depression without
crossing the nighttime base level,; such days are categorised as

partial counter electrojet'days°

Fig. 6.2(a,b,c) shows the evidence for simultaneous
occurrence of the ledge and the counter electrojet on Oct. 4,
1972; the part (a) gives the spatial structure of the |
ionisation ledge at 1250 hr (62° EMT), and the parts (b) and
(¢) give the evidence fof the counter electrojet. The part
(b) gives the diurnal variation of the /\ H field at Trivandrum,
Kodaikanal, Alibag and the difference (ZS.HT "Z>>HA) and
(ZﬁsHK _ZSXHA>° The daily variation profiles ofzﬁxﬂT as well
as[l.HK show prominent depression in the afternoon hours
going below the respective nighttime base levels. The daily
variation profiles of (/\H, -/\NH) as well as ( NH - AH)
show the afternoon depression more prominently; the hatcheq
portions denote the full counter electrojet; Fig. 6.2(c)

shows the latitudinal profiles of[l.H at various fixed hours,
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1000 -~ 1700 LT, obtainéd from the ?ublished hourly magnetic data
for the Indian stations Trivandrum, Kodaikanal, Annamalainagar,
Hyderabad, and Alibag; the geomagnetic latitudes for these
stations being -1.2, 0.6, 1.4, 7.6 and 9.5 degrees respectively.
The latitudinal profiles at 10, 11 and 12 hrs. show that the

[ﬁ H at the equatorial stations Trivandrum and Kodéikanal is
maximum and decreases steeply with increasing latitude. Such

a behaviour of the latitudinal profile of /\ H is expected for
normalvelectrojet current on theoretical grounds (e.g. Chapman,
11951 ) and is indeed obéerved° The latitudinal profiles at

13 and 14 hrs. are reversed; the equatorial stations. Trivandrum
and Kodaikanal showing lower value of,ﬁSHithan the non-equato-
rial station Alibag. Such reversals in the latitudinal

profile of[}LH has been shown to be associated with the

counter electrojet current by Fambitakoye et al. (1973).

Thus Fig. 6.2(b,c) confirms the occurrence of the aftsrnoon
counter electrojet on Cct. 4, 1972 on which the ionisation
ledge is observed at the local time shown by wvertical arrow

in Fig. 6.2(b). The latitudinal profile at 15 hr in ¥ig.6.2(c)
shows the [\ H profile recovering from the effect of the
reversed current and the profiles at 16 and 17 hrs show the

normal profiles for an eastward electrojet current.

Figs. 6.3(a,b,c), 6.4(a,b,c), 6.5(a,b,c) and
6.6(a,b,c) show the simultaneous occurrence of the ledge and
afternoon counter electrojet on Oct. 5, 6, 7 and 9 of the
year 1972 respectively in the same manner as shown in Fig.

6.2(a,b,c). On Oct. 5 the afternoon counter electroijet



(s}

e ol e

\ it e
o ‘1{,
Yol e
3 A
i ]
Vo BOU X
s -

s =7

e T T
] 3
& A 10

GEQG. 1 ATITUDE

DUTOBER 5,972 EKe 3 :‘%P*R LEDGE NT = 8.0 %
[ s St T A N A A R R A S (A S R A S R
i O ‘ " i}
- BEYTTTY N\ LEDGE OBSERWNON . s ,\ A
,

(&9

Py .
, o b FIRED sOuRS -
7N\ or 1 PN ;

jf' "' B N h \\, E

e
o
-

25 B GAMMA

L) o R T U o —
f} R Ly £} l@ e
e Ay - £y & s
PRI o, % - T
M\H}‘i v;'”‘ Nt e ——— R ot o 1 g b
W

AR "
X R R AN « O bt ti -
- \\\ - L L e

\ \ = i 6 15~

HaAM

b [ LMoy -
i Y/ S I S | 4
f K ‘\ . i Loomhonssabadhosssecdruseecbmeone
e B M 5 P
Sl N e = GEOMAGNETIC LATITUDE

(3
PR STV TSRO VR U UG FUUT SUUOY FOY SN W N8 Rt U 4 Lot bomde b
€300 (R il 2 1% 20 2

TIME {75 EMT 1

Bl 6.5 (8, by0) 1o Same an in Mg, 8.2(mb0) on October 5, 1972,



{a)

IN GARMA

RANGE

~ OCT. 6,1972. LONG. e~ LY. mc X 167 9%

o .u-““u,

GEOG, LATITUDE

CCTOBER 6,1972 §Kpﬂ3 AP*E LEDGE INT.=16.7 %

TIME (75° EMT)

(3)) e T £ SR S SR S R Nt R R | LA
I &M ) (c)
i T LEDGE OBuERVATION IR
! L - oM AT 1
i k g N FIXED HOURS -
L Iao ¥ -4 3 L\* .
o s » " ) 407
N i S N I i
C e A
O e -y = Q To
o PN \,\ - Q 3 ,..«r"' 1~
b SR — . u ] ettt 2
(e b Q 13
T8 -
[y ' Pl . 0 MW t‘ »
(aH,~ M ,--»7/ .
/ ] o—T e A 15 -
- [¢] 1
€l&HwaH)% \ o I
o Pt 5 O 40 M
= = .
€3 b et GEOMAGNETIC LATITUDE
Lernachinnnd [ 1 l Lo bt SR SR WO VY PR JE T U
Qo 04 (1] 12 16 20 24

Mg Geblaybyolie Smme as fin Plg. 8.2(8, by} on Ootobar 6, 1872



{(a)

~ 0CT.7,1972. LONG.BOTE = L.T.e1240. X 22:2 %
- - ®18:0 %

o
T i,

im.t
[T | boribdesdmmdmadond ] ¢

I
+10 +20
> GEOG. LATITUDE

OCTOBER 7.1972 ﬁKP”H&' Ap® 8 LEDGE INT. =222.2 % z

‘b’ T T 14 § T T T H T T ¥ T Y T T T T T A T T ¥ 1

L. he [ o
- o, — ’ {c)
i"\ T T 1 L) f T L1
AH LEDGE COBSERVATION y r AH AT 1
§ K 7 I~ FIXED HOURS :
L. . -  of
% . : AC T A -12e 1
o - \\ - - AGY
2 © 1/ P B <
. o ag 240 eer Bty 3, N . o ) e PPNt
& 1) ———— w: // \\““J/ ot T g o o “J
" S /“"'—"\ n o o, 3 J
% o HA“'""}?/ et . e g P ::,.
I VN [
| . B M )= ,—\ . O FrEates 51
L § .
L LAH e B 4 O | et e
[ L S
—— ey \ e 1 @ § I llf'
5 b S e . — Aot
o b s o \:&[‘fo".’ﬂ&ww,__, 5 0 +i0 N
PSUN SUNIES YIS IOVSIY SRS NUUE VOUUS JUPY TUUUN SOOI BN SOV | ISR YORUIE WUPON VOUE NNV SOOI DD 3 G&OMAGNET‘C LAT‘TWE
D 04 o8 ¥ 1% 20 24

TIME (75 EMT)

?igg‘ﬁiiﬁ{a, bys) i~ Beme ap in Flge 8. 2(8,by8) on Ostober 7, 1972,



(a)

~ DCT.9, 1972, LONG.70E Z LT.=1230 X 35'9 %

wte

GEQG. LATITUDE

OCYCRER 9,872 3K~ 8+ Aprui LEDGE INT. =359 %

{} LSRN A S S N MO M S} p (A A IS MM A B St SO HA RN TR BN SN

3 AHT~~-'~--?" {£)

] , DGE OBSERWTION § T T

. ;::.HKM.‘.‘#/% e GE ) 0™ AH AT ]

A / : I 07 . . FIXED HOURS |

L. - R 4
3 ! / A - — Iaox
& 0 —— #N/ N e A . ‘
é £ stz -»...:,..v o . N '\-......._,W\ (P ed - P A
z I Aty nt N 0 . 01
ST T \ {1 o L
o - . © 124
2o e I ——— o Nl
berg i | o 14, 44" I 14
o L Mg DM Y e , Yo

. ! g 1/ \ i o is::—wm.......,.‘ 15 4

M 7Y FEY. IS D e 4 (o] e 16 4

KT f iy . o T S —y by

o ~ . -a" d ‘Z’,:J 7 = 1 IS SO N ¥ Sk
i T // \ QW ] 5 0 TN

D R

o — s Y, ” ‘o
4 . N7 _ GEOMAGNETIC L ATITUDE
TR ORI SOV OV TN WY SUS NUN IONOY VOS WOU | RO TR S S I T
o Od 8 i 3 26 24

TIME (75° EMT)

 Fige GeBla;byo)i~ Seme as in Flg. ﬁm,{a,_;h,g) an Oobobap 8, 1972



-6.,17-

is 'partial' whereas on the other three days, Oct. 6, 7 and

9 it is 'full'. It is important to note that the daily
variation ofzﬁiHT as well as /\ H, on éll the five days (between
Oct. 4-9, 1972) after reaching a minimum value attains a
subsidiary maximum value before returning to the nighttime

base level. The daily variation of /A\H, curve also shows a
slight oscillatory behaviour during the counter electrojet
period. The daily variation profiles of (leyp—-lkHA) as well
as (ZB-HK -,ﬁ&HA) clearly show the oscillatory nature of the
counter electrojet. On Oct. 6, 1972 the minimum in ([}HT —ZXHA)
occurs at 1330 hr and the subsidiary maximum occurs at 1600 hr;
the difference between these two times, viz. 2.5 hours, may be
considered as the half period of the counter electrojet
phenomenon. The ([}HK - [5HA) daily variation profilc also
reveals the same half period as the (/\ Hp —[}\HAf profile.

The period of the operative mechanism which is responsible

for giving rise to the oscillatory behaviour of the counter
electrojet is thus 5 hours. On different days, the period of
the oscillatory nature of the counter electrojet is different;

being in the range of 4.0 - 6.5 hours on Oct. 4-9, 1972.

The observations presented above represent one of
the typical examples showing simultaneous occurrence of the
ledge and the counter electrojet on a series of days in
succession. The result of comparison on theé simultaneous
occurrence of the ledge and the counter electrojet on 168

magnetically undisturbed days of 1972-74 is shown in Table 1.




Table_i
¥ear No. of dayb No. of days showing
studled Full and Partlal C-EJ
1972 43 33
1973 70 53
1974 55 33
Sum
(1972 = 74) 168 119

il e e il Ll B D el A S e o s i e e

The countetr electrojet either partial or full occurs on 119
days out of 168 days and thus the correlation in the
occurrence of the two phenomena 18 about 70%. It should be
pointed out that the ledge observations are made in a wide range
of longitudes from 50° - 105°E whereas the occurrence of the
counter electrojot is examined at 75 °E (corresponding to mean
longitude of the stations Trivandrum, Kodaikanal and Alibag) .
In view of the limited longitude extent ( ~w30°) of both the
ledge and the counter electrojet phenomena, one should examine
their simultaneous occurrence at the same longitude. From
Table 1, it is seen that the counter electrojet is not present
on 49 days corresponding to the ledge observations in 1972-74,
An examination of the ledge observations on these 49 days
revealed that the observations are made at longitudes which
are more than the + 20° away from 75°E longitude at which the
counter electrojet is examined. It is 1ikely that the

longitudinal extent of the counter electrojet on occasion

s i i i s bt i ok s e o o e -
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, o} . .
is as narrow as 20 . If so, the correlation in the occurrence

would be greater than 70% obtained from Table 1.

The results presented above show that :
1) There is good correlation in the day to day

occurrence of ionisation ledge and counter electrojet.

2) Both the phenomena occur more frequently during
sunspot minimum period and also tend to occur on a series of

days in succession.

3) Both the phenomena occasionally occur in a
restricted longitude zone., The strengths of the ledge and
the counter electrojet show different amplitudes at different
longitudes when they are observed over a wide longitude range.
These features of the ledge are shown in Sec. ITII.3 of
Chapter 3 and those of the counter electrojet in the present

:chapter.

On the basis of these similaritics in:the
morphological features of the two phenomena it is suggested
by Raghavarao et al. (1976¢ ) and Raghavarao (1976) that both
the phenomena are caused by the same agency. #As the neutral
anomaly 1is now known to be the cause for the ledge formation
(Raghavarao and Sivaraman, 1974) it is suggested that the
same neutral anomaly is also responsible for causing the

reverse electrojet current.
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VI.4 A NEW MECHANISM QF THE COUNTER ELECTROJET

Raghavarao(1976) proposed a mechanism that can
explain the formation bf counter electrojet satisfactorily.
He showed that the excess pressure bulges, associated with
the neutral anomaly'(NA), set up internal atmospheric gravity
waves ¢iving rise to vertically‘upward wind in the narrow =zone
of + 2° 1atitude around the dip equator. A brief description
of this mechanism for eéxplaining the counter electrojet on

Oct. 6, 1972 (Fig. 6.4), is given below.

Fig. 6.7 gives the latitudinal distribution of
NmaxFZ (full line joining the openlcircles) and the computed
exospheric gas temperature (dot dash curve) in the manner
described in Sec. IIIL.5 of Chapter 3. By using Jacchia (1970)
model with the lower boundary at 90 km, the eXcess pressures
of neutrals is computed. Fig. 6.8 gives the latitudinal
distribution of pressure on one side of the magnetic equator
at fixed altitudes upto 200 km. The maximumn pressure bulge
occurs betwoen 100 to 160 km altitudes. The excess pressure
at a particular altitude is calculated at each latitude with
respect to the value at the magnetic equator. These pressure
contours are shown in Fig. 6.9,where 1 unit denotes 1.3 x 107>
dynes/cm2. The altitude is shown in.uhits‘of loglO(Po/P),
wﬁere Po is the gas pressure at 90 km and P at any altitude
above it. The maximum wvalue of the pressure, 100 units, .
occurs around 110 km. The horizgntalzarrows denote the force

term -1 dp___ that can generate winds.
Qo dx '
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In the altitude region above 200 km, the neutral
flow due to each ridge is essentially in the horizontal
direction with two cells of meridional wiﬁds; The call
centered around 10-11° dip latitude gives rise to equatorward
winds and the other ceﬁtered around 19-20° dip latitudes gives
rise to winds away from the equator. The wind speed and its
variation with altitude and latitude are controlled by the
pressure gradient force and the kinematic viscosity, (ﬁk/f );:
the former drives the winds while the latter opposes the wind
veloéity gradients. 'he ion drag force prevents downward

wind motions

In the lower part of the thermospherc where the ion
drag and kinemgtic viscosity terms are vary small, the excess
pressure ridges give rise to downward wind motion in addition
to the meridional wind cells. /As a consequence; the excess
pressure ridges are likely to sct up internal atmospherié
gravity waves, with a period of 5 hours relevant to the case
on Oct. 6, 1972. TheAneﬁtral winds would flow towards the
equator and downward iﬁ the latitude zone of 29.14° dip
latitude on both sides of the equator with maximum wind amplitude
around 10° dip latitude. In the narrow zone of +29 to -2°
dip latitudes vertically upwards winds are gencrated. For
a large scale gravity wave, characterised by periqdicity of
5 hours, (8 = 277 /17 = 3.5 x% lO"4 sec“l. The distance
between two pressure maxima is taken as one wavelength;

in this case being»3oo dip latitude which is equal to




3.3 x 10° m, where 1° latitude is taken as 110 km at about

. : ‘ , ! . L 26
100 km altitude. The wave number X ( = 2T/A,) is 1.9 x 10
n~Y. Hines (1960) has shown that corresponding to thcse wave

g .- ; . . =4
parameters a spectrum of vertical wave numb&rs from 10 m
~3 =l
to 10 m can exists

The generation of gravity waves in a non isothermal
atmosphere using WKB approximation is given by Einaudi and
Hines (1970). The condition for generation of gravity waves
requires o >~ (5 ) where the parameters « and (% are

defined as

B Uﬁi/(ﬁakx>

where H ( = 02/<“{%>j C being the velocity of sound) is the
neutral atmospheric scale height: g is the acceleration due
to gravity and f7/ is the ratio of specific heats ( = 1.4).
At, 110 km altitude the atmospheric parameters are : H = 12 km,

2 2 3

g = 9.5 ms"2 and therefore o = 3:19 x 107° and (5 = 6.79 x 107

These values of o and G> satisfy the condition oK P?‘(%
required for gravity wave generation. #s the scale height
as well as the sound velocity C increases with altitude,

the value of o calculated here is the smallest of a number

of values corresponding to higher altitudes.

The spatial pressure variation; however; 1S not
entirely sinusoidal but rathoer broad in latitudinal enhance-
‘ments on either side of the dip equator.: Feor the vertical

. : \ : ; . Lo .
wavelengths N although a spectrum i8 possible to exist,
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one wavelength is likely to be predominant than the others
under thé circumstances of the pressure distribution shown

in Figs. 6. and 6.9. In this particular case, for kx = 1.9 %

10"6, any value(s) of the vertical wavenumber k, from-about

-5 1

2 x 1072 to 107% 0™t is permissible at height above 100 km

corresponding to 5 hour wave periodicity. For‘;xzf 200 km,
k., is 3.14 x 107> m™1,

Applying the asymptotic relation between wavenumbers

kx , kZ and the wind components u, and u, as given by Hines

(1960), one obtains

K. Yy 3.14 x 107 16.5

If we put u, = 330 m/s, we obtain u, = 20 m/s. The asymptotic
relation is not however valid for such small values of kz and:

therefore u, is likely to be larger than 20 m/s. .

Altefnatively, it can be visualised that the wind

from the two excess pressure bulges, exerts its thrust down-
ward while building up the momentum of the meridional flow.
The column of Gir in between the pressure bulges is lifted

up and the vertical velocity could be as large as 40 -~ 50 m/s.
It may bg mentioned that Anandarao et al. (1976) and

Rieger (1974) found upward windlépeeds of 19, 6 and 14 m/s

at 93, 150 and 176 km altitudes respectively by barium

spot releases over the equatorial station Thumba (near

Trivandrum) during the evening twilight hours.
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Raghavarao (1976) examined the effect of upward neutral
wind on the vertical Hall polarisation electric field that
drives the e astward electrojet current. He took the equation
of motion for electrons and ions, neglecting their partial
pressure and gravity terms at the E region altitudes where the
neutral density is several orders of magnitude higher than the
daytime plasma density. The equations of motion of an electron

and an ion with these assumptions become

’“C’-CE*\_/_E»,X@_)—'WE’)% \fﬁ~k_:>:@ e e = == (1)
e(E+V *BY—m Y (vi-U)=0--- - - @

where E and B are electric and magnetic fields respectively,
Ve and Vi are the aiectroﬁ-and the ion velocities, m, and my
are the masses and l%i and -)jt are the collision frequencies
of an electron and an ion with the neutrals respectively

and U represents the neutral velocity. The ion electron

collisions are negligible at E region altitudes.

From t he eguations (1) and (2), one can obtain

Vé = X‘_ .
T e (X))~ U E YU
N2 ! <_~ — Ye & e =
oY% o Me
e (UX 2] e @
e'<~—“ © o
f o L - , ‘Q‘___
,\zb ""’ = A 2’\-_‘%_. E X{L1>'\’ e Y E -+ 2/’L _:)
41L+-yt LVV .~ : ™M ;




~6,25-

where Jfle = e B m and 421 = ¢ B/m, are the electron and the
2 ,

ion cyclotron frequencies respectively.

With a coordinate system x, vy, and z with x and y
pointing magnetic south and east respectively and z in the

upward direction, and assuming that V_, 24V, (i.e. no vertical

ez

current over thea mﬂgnetlc equator), the value of the vertical

electrostatic field is

- - N - _ TT - (5)
tz"iz-Eg‘ﬂfiE Ui. 3 —_— %_ - f U. . ?
T4 Ty KO+ L Ke +4

where cri and <75 are the Pedersen and the Hall conductivities
and are given by

5y = B L l<.§_‘+i) +K L/( KT+ j—)}
62 = == e/(‘<c+i>-'< /(K *H>J

with KL e ~Q—’L/)'-L and \<€ = “ILC-Z, / 7JQ

For the elcctrojet region (90-120 km) K<<l and g > 1,
and then eq.(5) can be simplified to

& + N ©otrr

(j"« ~
It is clear from eq.(6) that the upward wind UZ is © 2/ &1

(6)

(/2 30 at 100 km altitude) times more effective in reducing

the vertical polarisation field than the ecastward wind Uy .
If we assume that Ey = 1 mv/m, the magnitude of the
upward wind, required to reduce Ez to zero at the centre of

the electrojet region which is at 106 km in the Indian zone
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(Sastry, 1970), is E_/B - 1073/(0.38 x 107%) = 26.3 m/s,
(B = .38 gauss at 106 km corresponding to 80°E longitude).
Thus vertical wind speed of 26 m/s can annul the vertical
polarisation field driving the electrojet and velocities
UZ greater than 26.m/s can reverse the EZ field from upward
to downward direction thus resulting in the reversal of the

electrojet current. Eg.(6) can be interpreted physically in

the following way:

The vertical polarisation field in the E region
-is caused as a result of the condition that the electrons are
.magnetised whereas the ions are collisional (see Secw II:l,
Chapter 2) and therefore the E X B force due to primary eastward:
electric field moves the electfoﬁBand not the ions. _The vertical
wind UZ‘would move the ions as well, thus décreasing the Hall
polarisation electrostatic field. A strong vertical wind would
cause the ions to move faster than the E X B motion of electrons
thereby giving rise to a downward vertical polarisation field
that in turn gives rise to eastward motion of electrons because
of E X B force and hence the current in the westward direction =
the so called counter electrojet. The important criterion
for the counter electrojet ﬁo occur is that the IA crest
strength should attain a sufficient magnitude (> 150%) by
local noon hours when the zonal motion of the neutfals
reverses from west to e@ast and the ion drag force becomes

effective in producing the neutral anomaly.
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The above meéhanism explains the more frequent
occurrence of the afternocon countef @lectrojet in sunspot
minimun period on the basis of the more frequent occurrence
of the neutral anomaly in solar minimum period. The occurrence
of the counter electrojet on oécasion in a narrow longitude
zone can be explained on the basis that the pregsuré bulges on
either side of the magnetic equator associated with the neutral
anomaly also occur in a narrow longitude zone (as is evident
from the correlation of the counter électrojet with the
ionisation ledge). The upward winds in the narrow latitude

nge in the vicinity of the magnetic equator would be

[p]
i}

generated in the narrow longitude zone of the neutral anomaly.
On this basis the occurrence of the counter electrojet on

gcecasion in a limited longitude zone can be explained.

VvI.5 CONCLUSION

The present study brings out many new featurcs of
the counter electrojet phenomenon. The significantly high
correlation in the occurrence of the ionisation ledge and3fﬁ'
the counter electrojet points out thé dynamical interaction.
‘between the B and T regions. The explanation of the counter
electrojet on the basis of the vertical winds generated due

© dip

to the neutral anomaly in the narrow latitude zone of +2
latitude, provides a natural explanation of the morphological
features, e.g. its more frequent occurrence in sunspot minimum

period and occurrence in a narrow longitude zone on occasion.

These features of the counter electrojet cannot be explained
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CHAPTER = VII

SOME NEW FEATURES OF EQUATORIAL SPREAD-F

VII.1 INTRODUCTION

The term spread F describes a condition_eXisting
in the F region and topside ionosphere which gives rise to
diffuse echo traces on the ionograms. The phenomenon was: first
observed on the bottomside ionograms by Booker and Wells (1938)
and is being studied since then.r\Thé early work,op-spread F
consisted of an analysis of the bottomsidé ibhégféﬁéJSf‘£he
type shown in Fig. 7.1(a,b). The diffuse echoes, characteristic
of the spread F phenomenon, are thought to be caused by electrégm
density irregularities aligned to‘the earth's magnetickfield
lines. The field alignment of the irregularities, in the -
bottomside as well as topside, has been shown (e.g,’Calvett and.
Cohen, 1961; Calvert and Schmid , 1964). Lockwood and Petrie
(1963) by means of Alouette-1 ionograms, s howed that not dnly
the individual electron density irregularities but the whole
patch of irregularities is aligned to a geomagnetic field line,

when the spread F is formed below the satellite altitude.

In this chapter, the author pfesents evidence by
means of ISIS-~1 satellite to show that the upper boundary of
the spread F irregularities does not form along a magnetic field
line in the premidnight hours when the irregularities are

just developing.



RANGE (KM)

FREQUENCY (MHz)

Fim 7,1{m,b) 1= Eo’b’amal:m ..‘Lcm
on Dt
regpactl wig

sy recorded at Triv
ab 1855 bor aod 1850

andrm

by LY



e "7 o2~

VII.2 SUMMARY OF PREVIOUS WORK

VII.2.1 MORPHOLOGICAL FEATURES OF SPREAD F

The work of Singleton (1960) for the bottom-
side and Calvert and Schmid (1964) for the topside showed that
the spread F occurs at both high and low latitudes, With a minimum
probability of occurrence between 20° and 40° geomagnetic iatitude.
There is evidence of a statistical nature which suggests that
high and low latitude spread F are distinct phenomena.. For
example, in the equatorial region spread F is mainly a night-
time phenomenon but the high latitude spread F occurs both
during day and night (Shimazaki, 1959). The occurrence of
sprecad F at high latitudesis positively correlated but the
equatorial spread F is negatively correlated with magnetic
activity (Lyon et al., 1958). The high latitude spread F is

shown to be associated with particle precipitation (é"

Dysoni
and Winnigham, 1974) that is absent at the equatoriaiflatituéésg
These evidences suggest that the equatorial and the non-equa~i
torial spread F are two distinct phenomena. However, both
involve field aligned irregularities of electron density in
the F region but it seems likely that the irregularities are
produced’in different ways. We shall restrict the discuésiom to
the equatorial spread F which is pertinent to the preéént study.
The early work, reviewed by Herman (1966), consisted

mainly of analysis of bottomside ionograms. The launching of

the satellite, Alouette-l, yielded information about the
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occurrence and characteristics of séread F phenomenon in the
topside. 'The'range of irregularity scale sizes studied by the
ionosonde technique are in the range of 15-150 meters. A major
breakthtough in understanding the equatorial spread F phenomehoﬁ
came from the powerful VHF radar observations at.Jiéémarcé at

50 MHz operating frequency which detectswirregularities having
scale length )U’= 3 m. The radar also provides the measurement
of e;ectron concentration in the bottomside and topside just |
before and after the spréad,F. The doppler shift measurement
provides the information about the F layer vertical drift
velocity continuously with time, even when spread F irregulariu‘
ties are present. These observations, together with their
implications are presented in the review paper by Farley et al.

(1970) .

The main features of the spread F phenomenon observed
from the ionosonde (bottomside as well as topside) and the VHF

radar observations, are summarised below:

1) The equatorial spread F can be broadly classified
into three categories on the basis of its appearance on bottom-
side ionograms (McNicol et al., 1956; Chandra and Rastogi,

19724) .

a) When the diffuseness is mainly along the
horizontal part of the trace giving rise to ambiguity in
height but the critical frequencies are identifjable, the

spread F is called as 'range type". An example of this kind is
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the ionogram shown in Fig. 7.1(a). Range type spread isvmainly_:
a premidnight phenomenon occurring more frequently in high
sunspot years than in low sunspot years (Chandra and Rastogi,

1972b ),

b) When the echo spreading is maximum at higﬁe%
'frequencies causing ambiguity in identifying the lafef peﬁeﬁfé«
tion frequencies while the trace is comparatively cleérﬂaﬁd
sharp at lower frequencies, the spread F is called as "fréquencYL
type". At equatorial stations, frequency spreading occurs '
mostly during post midnight period. Frequency spreading is

also called as “temperate latitude" spread F by some'authofs
because of its resemblance to the commonly observed Sppead‘F‘

at midlatitudes,

c) On some occasions the spreading of éché‘fracesq
18 seen to be equally prominent in the entire fréquencyvfange‘
and is classified as "complecte Spfead F", Such spread F is
very intense, an example of which is the ionogram shown in

Fig. 7.1(b).

2) The spread F commences typically around 1900 hr
LT. Usually there is a bifurcation of the F region trace. on
the ionosondes which can extend into three or more "satellite
traces" before the onset of spread F (Lyon et al. 1961).
Fig. 7.1(a) shows the satecllite traces at the time when
spread F is just developing. In the evening hours the F layer
rises up with velocity typically about 30 m/s but occasionally

as large as 50-60 m/s (Farley et al. 1970). The upward velocitY,f
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is the\éum'Of"the true layer velocity caused by E X B effect
and the apparent velocity, due to the loss of bottomside
ionisation by recombination, which is less than 6 m/é.(Kfishné4
murthy et al., 1976) . Almost all the workers in this field
have associated the occurrence of equatorial spread F with the
postsunset rise of the F layer and with the vertical veiocity
of the layer. However, the results of Farley et al. (1970) |
and Krishnamurthy et al. (1976) clearly show that the first
appearance’of‘phghgpreadwF irregularities can occﬁf in an upward
as well as downward ﬁovingvlayer.v Farley et al. suggested
that the relation of the initial occurrence of spread F with
layer height appearé due to an altitude threshold for the bottom
of the F layer (hminE‘;aBOQ km), which implics that spread F
favours low neufral densities. The initial appearan¢e_of spread
'F on the bottomsidé ionograms. at the low frequeﬁcy end,éﬁggeéﬁs
that spread F favours low plasma densities asjwell. vHoweVer;
the radar observations of 3 m irregularity scalc sizes show
thgtwat times spread F’can appear nearly Simultaneously in the
bottomside as well as topside and on occasion the disturbed region
has been observed to extend from about 200 km to 800 km.
It is likely that the temporal as well as spatial development‘of>
spread F irregularities in differént scale sizés occurs
differently.

3) The spread F density irreéularities appear to
have low phase velocities masked by the motion of the back-

ground ionosphere, except during strong spread F conditions
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when tUrbulence may pléy a role (McClure and Woodman, 1972).
Recently Krishnamurthy et al. (1976), using phase path
measurements at 2.5 MHz frequency at equatorial station Thumba,
noted that different echoing regions in the spread F patch show
different motions, which are sometimes in opposite sense,

confirming the existence of turbulence in the spread F region.

VII.2.2 NATURE OF SPREAD F IRREGULARITIES

Eaflier observations indicated that thé spread F
irregularities are highly field aligned (i.e.,,'\’\n(<,>\n\”) :
For example, Cohen and Bowles (1961) estimated that irregula-
rities are~v 1l km in the direction of the magnetic field with
transverse dimension of v 10 m. Radar measurements set a
lower limit on ’AII/’Nt N 102 at /\\ = 3:m. ~In situ
rocket and satellite measurements of electron density or
electrostatic potential fluctuations unfortunately do noﬁ
determine either the ratio /\” /»W or the orientation of )\Lf
Recent electron and ion densify fluctuation measurements range
from 100 m to 5 km for irregularitics with density enhancements
in excess of a few percent of the background density (Kelley
and Carlson, 1974). Thus the transverse scale sizes observed
range from a few km ( )\L>>>fl , the ion Larmous radius)
down to a few meters ( )\.fé‘S%_ ) . Ionospheric irregulari-
ties'which cause radio wave ducting, observed on the topside
ionograms (Calvert and Schmid , 1964), have been observerdl by
rocket experiments (Knetch et al., 1961) and were found to be

about 2 km in cross section and extehding between 400-1000 km

T = &
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The ground based ionosonde provides the information
on the time development of spread F and especially the min imum
height at which the sprcad F occurs during the course of a
night. The topside sounder onboard the polar orbiting, Alouette
and ISIS satellites, gives the spatial developmeﬂ£ of the spread
F at the time of the satellite pass. It is possible té delineate
the upper boundary of the spread F irregularities when it occuré
pelow the satellite altitude. Lockwood and Petrie (1963) by
means of Alouettefl ionograms showed that the upper boundary
of spread F irregﬁlarities in the topside ionosphere is aligned

accurately to a geomagnetic field line.

In order to study the time development of spread F
from topside sounder experiment one should have passes in close
succession from two or three polar orbiting satellites. Iﬁ
the absence of such data, the author has made use of the
characteristics of spread echoes observed on the bottbméide 
ionograms to ascertain whether a particular echo reveals
spread F in a developing or a well developed stage. These

characteristics are the following?

1) &n examination of the bottomside ionograms
given by Chandra and Rastogi (19720) at ﬁourly intervais at.
equatorial station, Thumba, reveals that the spread F commences
at the low frequency end ( 1-2 MHz) of the F region echo around
1900 hr LT. The high frequency end near the penetration
frequencies shows clean O and X echoes. The two ionograms

‘shown in Fig. 7.1(a,b) were obtained at Thumba on Oct. 25, 1967
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2t 15 min interval. The ionogram in Fig. 7.1(a) at 1835 hr LT
shows the starting of the spread F phenbmenon (the previous
ionogram at 1820 hr showed clean echo traces). The doubling

of echo trace, characteristic of the commencement of spread F
phenomenon on the bottomside ionograms (Lyon et al., 1961),

is clearly observed. The diffuse echoes appear below the main

trace although some scatter above is also seen.

Fig. 7.1(b) gives the ionogram at 1850 hr LT on
the same day and shows complete spreading. These examples
reveal thét the spread F develops at low frequencies showing
that the larger séale sizes (~100 m) are generated first;
within 15 minutes of the first appearance of spread echoes,
the irregularities of all the scale sizes in the range 25~-100 m
(corresponding to the frequency range of 1.5 - 6 MHz) are
formed. Another important feature which characterises the
spread F develqpment, as may be noted from Fig. 7.1(a), is that’
the spread echoes are observed below as well as above the |
normal 0 and X echoes, and also the 'clean' O and X traces are
seen through the spread echoes. This shows'thatlthe irregu-
larities are not very strong at the time when the ionogram is
recorded. In the ionogram of Fig. 7.1(b), however, the normal
0 and X traces are completely suppressed by the spread echoes
thus showing that the irregularities responsible for causing
the latter are strong enough to cause multiple scaﬁtering
of the probing radio waves so that no coherent ionospheric echo
returns to the sounder receiver. The topside ionograms on which

the spread echoes are very strong are also interpreted in the
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The above characteristics of the spread echoes
observed on the ionograms have been invoked by the author for
distinguishing the well developed spread F irregularities from

those just in the developing phase,

VII.2.3 THEORIES OF SPREAD F

Several theories have been proposed to explain
the formation of irregularities causing spread F. Some of the
imppftant theories are :
| i) The drift i;nstability theory (Martyn, 1959),
ii) The crossfield instability mechanism (Simon,
1963; Reid', 1968),
iii) The Rayleigh-Taylor instability mechénism
(Dungey, 1956; Balsley et al. 1972),
iv) the drift mode instability(Hudsonlgﬁd Keqﬁél,
1975; Chaturvedi and Kaw, 1976), and

v) The spatial resonance mechanism (Beer, 1974).

Farley et al. (1970) have criticised the theories
(1) and (ii) menﬁioned above, in view of their own observations
oh 3 m scale size spread F irregularities. Their observation
showing that the spread F occurs simultaneously in the bottomQ_
side and topside in the evening, hours, argues against the
Martyn's drift instability theory which requires upward drift
of ionisation for irregularity formation in the bottomside
and downward drift of ionisation for irregularity formation

in the topside ionosphere.
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The crossfield instability was first investigated by
Simon (1963) for laboratory plasma and later applied to the
ionospheric E region (Reid, 1968) where the Pedersen conductivity
is the largest. This instability relies on ion-neutral collisions
in an E X B field, and therefore it is much less effective at the
F region altitudes. Reid (1968) suggested that this difficulty
can be overcome if the instability is taken to be in the E region
at the latitﬁdes connected by the magnetic field lines to the
equatorial F region. However, the probleﬁgwith a mechanism
involving the coupling between the E and F regions is that
it is effective for anelengths?;3l km (Farley et al. 1970) and
therefore the 3 m scale size irregularities cannot be explained

by this mechanism.

Another important instabkility iﬁvoked for explaining  
the ‘equatorial spread ¥ irregularities is the Rayleigh—Taylor
(R-T) instability, also known as the gravitational instability.
The basiC‘requirement for R-T mode to be operative is the
presence of the electron density gradient antiparallel to g ,
the earth‘s\gravity. Dungey (1956) originally proposed the
collisionless limit of the R~T mode as a source of equatorial
spread F irregularities. Balsley et al. (1972) proposed that
the long wavelength end of the spread F spectrum can be attributed

to the collisional limit of the R-T instability which applies

—

for jon-neutral collision frequencies )471j2>> (9/91.>€ ;
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the collisionless R-T growth rate in a density gradient with
scale length L, = ( Z);n/n)_l . The R-T mode is not applicable
to the topside spread F phenomenoh because the primary density
gradient, being downwards, is in the same direction as the v
earth's gravity g and thus does not satisfy the basic require-

ment for the R-T mode to be operative.

However, the most serious problem with the cross-
field as well as the R-T instability, in their application to
the sprecad F phenomenon, is that these modes are not applicable
for irregularity scale sizes approaching the ion Larmor radius
(being ~» 20 m in the equatorial F region). Thus the 3 m scale
sizes observed by the Jicamarca radér cannot be explained by

these modes.

Hudson and Kennel (1975) showed that the spread F
irregularities below a few hundred meters (and yet AL;i?‘f( )
can be explained by collisional drift wave instability.
Earlier Hudson et al. (1973) proposed a two step mechanism
for the generation of scalc lengths )\L<<l f_ . Hudson et al.

~= J

argued that long wavelength irregularities provide density
gradients which in turn 'linearly' excite collisionless drift

Waves

The drift mode belongs to a class of instabilities
more generally known as the "uni&efsal instabilities". 1In
contrast to the crossfield and the R-T modes which require-
an additional destabilizing force (elgctric field and the

gravitational field respe@tive;y), the universal instabilities
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do not require any additionai driving force. The drift mode
instability consists of waves, travelling with electron dia-
magnetic’drift velocity (Chen, 1974, p. 196), which are desta-
bilized solely by the plasmaydensity gradient at short ‘
perpendicular wavelengths approaching the jon Larmor radius. The
collisional drift mode growth rate,jyc{jl/(ki Iﬁ),’where k.
represents the wavenumber parallel to the magnetic field,

exceeds the collisionless growth rate, (g/Ll.)% , for a

small enough density gradient scale length, PL. , at a given

perpendicular wavelength.

Hudson and Kennel (1975) showed that the collisional
- drift mode can grow on topside as well as bottomside density
gradients and thus this mode is applicable to the topside‘
spread F phenomenon as well (cf. R=T mode) . However, they
concluded that for the bottomside spread-F, both the RfT’and;

the drift modes can contribute to the total spectrum of

spread F irregularities, the drift mode peaking at shorter

perpendicular wavelengths.

‘Recently, Chaturvedi and Kaw (1976) showed that the
two step process invoked by Hudson et al. (1973) cannot give
rise to short wavelengths growing on long wavelength drift
waves, This is because of the fact that in a drift wave the
first order electron diamagnetic drift, which supports the
secondary drift mode; is absent. They suggested that a drift
wave can grow on the density gradients of a R~T mode or some

other mode. &As the long scale length irregularities increase
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in amplitude, the gradient associated with them becomes sharper.
When this gradient exceeds a criticai value, the long wa&elength
mode becomes unstable to collisional as well as collisionless

drift waves by a two step processs

The mechanism proposed by Chaturvedi and Kaw is
applicable to short and long wavelength spread F irregularities
in the bottomside ionosphere. HoWever, if appropriate primary
electron density gradients are present, the theory could be
applicable to the topside spread F phenomenon as well (Chaturvedi,

1976, Private Communication) .

Beer (1974) considered spread F as a multistage
process. The first stage in the production of spread F
occurs when the phase velocity of an atmospheric gravity wave
matches the E X B ionization drift velocity in the direction
of the wave's phase velocity, giving rise to the so called
"spatial resonance effect". The gravity waves invoked for
the spatial resonance mecﬁanism were assuned to be launched by
the equatorial electrojet. The physical mechanism leading to
the spatial resonance has been explained by Beer in the

following manner :

Atmospheric gravity waves are manifested by a
wavelike perturbation in the neutral gas density and tempera-
ture. Wavelike perturbations of the ionisation then occur
through collisions‘betwéen‘the charged particles and the
neutral particles and also from the changes induced by the

gravity waves in the loss rate of the ionisation. The
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loss coefficient (3 in the F region is temperature dependent
and thus the changes in the neutral temperature due to the
passage of the gravity wave modify the loss rate. Beer shows
that variations in the loss rate are far more effective in
perturbing the ionisation density in the F region than the
collisions with the neutral particles. The spatial resonance
occurs if the velocity of the jonisation irregularity has a
component which is the same as the phase velocity of the
gravity wave and in the same direction. Under such circumstandés*
the peaks of the ionisation perturbations will continue to étay
in the same position relative to the wave. The ionisation
perturbations will thus maintain the same phase relation to

the wave and as the process continues.the ionisation irregularity
will continue to grow. The presence of a number of enhanced
ionisation layers, one above the other, has been termed as
'pousse-cafe' effect. The spatial resonance cannot continue
indefinitely and it will cease when the charged particle

density of the ionisation irregularity has become so large that‘
the system becomes unstable. The instability which is applicable
er such a configuration is the collision dominated R-T insta-
bility. It is here that the instability is observed as spread

F on the jionograms.

The time ([ for the onset of instability after the

start of spatial resonance 1is given as

T=03 ndt-( E&Yn -1 _dnNC = 1____ @
K n.{ ( 9 ﬂoag‘;g kZU\‘x, (l"

provided
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Whére n and CS denote the ionisation density and the ioss‘rate,
C and U denote the velocity of sound the ionis ation irregulariﬁy
respectively; the subscripts"o‘ and '1! réf@r to the unperturbed
and the first order perturbed values of various parametors.
'x' and 'z' denote eastward and upward direction respectively
and kz denotes the real part of the complex vertical wavenumber

of the gravity wave,

The right hand inequality of (2) provides the lower
limit for the occurrence of spread F. The lowér limit of the
instability depends on the upward ionisation gradient at the
base of the ionosphere. However, since ('ﬁé)/in/g) attains
large values below 250 km, the lower limit will be close to
this altitude. In the topside ionosphere, where no—l dno/dz
is negative, there is an upper limit to the onset of

instability. This occurs when ( f%jyin/g) is so small as to
o

be negligible and

| L o
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Indeed, Beer's mechanism explains some of the
observed features of the equatorial spread F pheénomenon; in
particular the appearance of the "satellite traces" preceding
the spread F onset observed on the bottomside iqnpgrams.

A number of spatially resonant ionization irregularities
formed by the dominant atmosSpheric wave would produce the

observed splitting of the ionogram traces. Beer evaluated



eq.(l) between 240 and 700 km by taking the appropriate values

of the paramcters for the nighttime conditions and showed that
under the conditions encountered by Lyon et al. (1961), where
the satellite traces occurred between altitudes of 450 and 500 km,
the value of zf varies between 10 and 20 min. This is in agree-
ment with the observations of Lyon et al. (1961) that the time

of first appearance of spreading of echoes varies between O and

15 minutes.

However, the pasic assumptiondin Beer's work is that
the gravity waves required for producing the equatorial spread F
are launched by the equatorial electrojet. Chimonas (1970)
considered theoretically/the effecti&eness of the equatorial
electrojet in launching gravity waves and concluded that it is
not a very efficient source, He showed that the Lorentz,¢oupling,
of the electrojet current (J X B) on the neutrals is not very
significant. On exceptionally disturbed days, however, when
the joule heating caused by the current surges in the aelectro-
jet dominates over the Lorentz coupling, the electrojet can
launch gravity waves. The observed anticorrelation of cqua-
torial spread F with magnctic activity (e.g. Lyon et al. 1960),
however, argues against the role of the equatorial electrojet

in causing the spread F through spatial rcesonanceé mechanisme.

Beer's mechanism for spread ' is rather critically
dependent on the gravity waves required for producing the
irregularities through spatial resonance mechanism. Barlier,

Beer (1973) proposed that the supersonic motion of the earth's
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terminator generates gravity waves, but the expected“wesqurd
phase speecd of the wa&es so generated maﬁes them unlike%y
Léontenders for the productioh of spread F irregularities which
are in general observed to drift ecastwards (c.g. Farley et’al.:
1970) . The waves generated lower in the atmosphere, namely
those generated by the weather'disturbances in the trop08phere‘
are mostly reflected below the mesopause level due to the
negative temperature gradient in the mesosphere. Althoughkce:—
tain fraction of the wave energy leaks upward, it may not be
sufficient in strength to trigger or maintain spread F‘for a
considerable time. Thus the gravity waves relevant to the
ionospheric F region will have to be generated in the altitude

region above 100 km.

VII.3 = OBSERVATIONS AND THEIR IMPLICATIONS

A number of equatorial passes of I3IS~1 satellite
at various longitudes during premidnight hours have been
analysed to find out the presence of spread F and its boundary

in the topside ionosphere,

Fig.7.2 shows a sequence of ionograms obtained on
Feb. 11, 1969 at 03.37 UT at 86°E mean longitude (LT 2158 hr) .
The three ionograms between 03.37.34 UT to 03.38.57 UT are sSeen
to reveal a spread echo patch below the main X and O traces
near the starting frequencies of the traces. Oﬁ the basis
of the development of spread F on the bottomside ionograms

mentioned above, these three ionograms reveal developing spread F
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Flgs, 7.8t &mmemé of lonograme obtalned by mesns of ISIS-1
satellite on Feb, 11, 1989 at 2168 hr LT (B6°WMY)
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(After Calvert and Sehwid , 1964)
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The ionogram obtained at 63.39.56‘UT shows’thé spréad E
at the low frequency end of the tracé (the high frequency
end shows clcan echo) and thus reveals the irregularities in
a developing stage. The four ionograms between 03.40.,25 UT
and 03.41.53 UT show the spread echoes through which clean
0 and X echo traces are seen, revealing that the irrégularities
are just in developing stage on the basis of the earlier |
/discussion of the bottomside ionograms (Fig. 7.1). The tWO
‘ibnograms at 03.42.22 UT and 03.42.51 UT show conjugate duéﬁé@
echoes caused by the dwting of radio wave energy when the
satellite in inside a duct (Muldrew, 1963>  The sevengiOnogrémS\
be thPn 03.42.22 UT and 03. 45 19 UT show that Spread F 1rregu—

larltlcs extend upto the altltude of the swtplllte.

The last three ionograms in this pass between

ol

3.45.49 UT and 03.46.49 UT (the last one not shown in the
figure), reveal.spread F 'brushes' under the conditions of
fuliy developed spread F, as the normal ionospherid achoes are
completely suppressed by the spread echoes. The word 'brush'
will henceforth denote such spread F echoes, because of their

appearance like a painter's Dbrush.

™

The model for explaining the equatorial spread P
configuration on topside ionograms such as shown in Fig. 7.2
is given by‘Calvert and Schmid:  (1964) and is reproduced in
Fig. 7.3(a,b). The model is pbased on the aspect sensitive

scattering caused by thin (compared to the wavelength of the

probing radio wave) field aligned ionisation irregularities.
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The irregularities represént’slight deviations, either enhance-
ments or depletions, in‘the aﬁbiént ioniéation. The echées céuééd
by these irregularities are assumed to be the result of back-
scattering normal to their long dimension. In Fig. 7.3(a) |
the thick solid line oriented in the N=S and horizontal
direction shows the irregularity. Two ray paths from the
sounder to the irregularity are shown in the east-west plane.
The ray path 1 goes directly to the irregularity; raty path
2 reaches the irregularity after being reflected back upwards
by the ionosphere. The expected extraordinary echo confi—
gurations produced by these ray paths are sketbh@d in Fig.7:3(b).
Thosc for‘ordinary wave propagation will be similar. When the
satellite is at the magnetic equator the combination‘trace,
(1 + 2), corresponding to the arrival at the irregularity by one
© ray path and return to the sounder by the other éould also
appear. In general, when the spread F is well developed a
number of scattering irregularities are present thus giving
rise to spread F echo to be a superposition of traces like

those shown in Fig. 7.2(b).

Lockwood and Petrie (1963) showed that the true
height of the upper boundary of the spread echo (ifregularity)
in the portion of the trace where the boundary shows constant
depth below the satellite altitule, is the same as its
apparent depth, to within 15-20 km. They showed that this
upper boundary line, obtained as the true heights corresponding
to the minimum range of the spread echoes at different

latitudes, is field alicned. Thus the work of Lockwood and
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Petrie shows that the individual scattering irregularities as
well as the whole patch of irregularities causing the equa=-
torial spread F are aligned to a single line of force of the

carth's magnetic field.

However, an important point needs to be mentiohed
about the result of Lockwood and Petrie. Thé spread F echoes
" (shown in Fig.2 of their paper), from which the boundary line
of the irregularities was found field aligned, reveal well
developed spread echoes. The 0 and X ionospheric echo traces
are completely suppressed by the spread echoes. On the basis
of such observaticns, Calvert and Schmid (1964) inferred that
the irregularitiss are strong enougﬁ to cause multiple scattéring
of the probing radio waves sd that no coherent'ionospheric echo
returns to the sounder receiver. On the basis of thesé
charactcristics, the results of Lockwbod and Petrie suggest that
the upper boundary line of the fully developed spreaan

irregularities is aligned to a field line.

Fig. 7.4 gives the minimum rangevof the spreéd F
irregularities derived from ionograms of Fig, 7.2, on an
altitude versus latitude diagram. The smooth déshed
curves represent the geomagnetic fieid lines and the thick
line with the arrow indicates the path of the satellite.
Position of the satellite at each one minute interval 1is
indicated on the satellité path. The minimum range of the
spread P echoes below the satellite altitude are shown by

X's and the dashed line joining the crosses delineates the upper
J S ]
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?bo;ndary’of thQ sprgéd F.irrbOuldlltluS. The rcglon bplow this
boundary lln» is hatchul w1th brokpn llnus to show that sprewd F
occurs below this boundary° It is S‘“n that thp portwon of the
upper bbuﬁdary line betweehf+2‘.0~and -14°.,4 latitudes obbained
- by joining thp X's with a thick dot underncath COfreSpOndinO“
to the 1onogrﬂms optwcen 03 37 34 UT and O3. .41, 53 uT (1n Fig.
7. 2) revcallng the spread F in a devbloplnc stagp, shows p;oT’

minent: JLVl&thH from the field allgnment

In the region between,~l6o 2 lwtitude and —260.7‘
latitude (correspondlng to tho 1onograms butween 03 42 22 UT
an1 03.45.19 UT the spread F 1s prcspnt at the satblllt

altitude. The upper boundary line in that‘labltude zone is

necessarily*ﬁﬁoﬁéméhé‘satéilité éi%iﬁﬁ&e but could not be
determined from the ionograms, The letter 'C' denotes the
occurrence of conjugate ducted echoes. The portion of the

boundary linc between -26°,7 latitude and -31°,9 latitude,

corresponding to ionograms petween 03.45.19 UT and 03.46.49 UT
(the last ionogram noﬁ shown in Fig. 7.2) revealing weli’
developed sptead F, is seen to be accuratelyifield aligned.
Thus it is very cleariy seen that the upper bbundary line of
fully developed spread ¥ irregularities is field aligned
while the boundary of spread F in the developing phase re&eals
prominent deviation from the field aligned nature.

Fig. 7.5(a,b) shows a sequence of ionograms on

February 18, 1969 obtaineld on an ISIS~lksatellite pass at 1934

UT at 26°E longitude (2121 hr LTX. The five ionograms between
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19, 34 48 UT and 19. 37.10 UT are seen. to rGVual fully developgd

F
iy

sprecad F brush typp echm, the ﬁlnlﬁum rangc to thCSL GChOCo

giving the portion of the boundary llne between 23 2 latitude
and 15°.9 latitule corresponding to the above ionograms 1S seen
to be accurately field aligned. The four ionograms'between&?v
19.37.39 UT and 19.39.06 UT show conjugate ducted echoes ;
denoted by 'C' at the latitudes between 129.2 and 6°.6 in
Fig.7.5(b). The last three ionograms at 19 .39.35 UT, 19.40;65,UT
~ and 19.40.35 UT show developing spread F; the spread is scen .
~ft‘o occur at the low frequency end of the ionogram traces and
clean ionospheric echo traces are seen at the high fréqu@ncy end
of the 1onograms.‘ The minimum range to.theée Spread echoes
belqg 75 km, 200 km, and 300" km, s hown by crosses with a

o

hick a dot underneath, at 4.8 , 2°.9 , and 19,1 latitude

give the boundary line which is not field aligned.

Fig. 7.6 gives.the upper boundary line of spread F\
irregularities obtained from'thé I515-1 pass on Feb. 18, 1969
At 2144 UT at 6.5°W longitude (2121 hr LT), being in succession
to the pass shown in Fig.7.5. The two ionograms at 20.50.04
and 20.50.32 UT showed spread F brush type echoes which
roevealad the irregularities in developing phase at -2°
and -4°.5 latitule corresponding to these two ionograms. The
portion of the boundary line shows prominent deviation from
the fiéld alignment between thesc latitudes.

Fig. 7.7(a) shows twelve ionograms from a sequence

of twenty ionograms obtained from the ‘topside sounder data

e Ter TATA_1 satellite on February 20, 1969 at 20.48 UT at
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5°R longitude (local time 2112 hr)._ Eig.'7.7(b) shows the upper

poundary of spread F irreqularities derived from these ionograms .

The five ionograms between 20.50,36 UT and 20.52,31 UT show
spread F in a developing stage, the brushes are seen at low
frecuency end of the ionogram and clean O and X traces are

seen through the spread ¥, The portion of the boundary line

of the spread F irregularities obtained from the minimum range

of these five brush echoes, marked by crosses with dots under-

neath, at 13°.5 , 11°.6 , 9%.8 and 7°.9 latitude, shows
distinct non field alignment. The portion of the boundary
line between 200.3 and 15033 latituldes, obtained from‘the
ionograms between 20.48.42 UT and 20.50.08 UT, is nearly
field aligned. The las£ three ionograms between 20.53.00 UT
and 20.53.58 UT show well’developeﬂ spread F brushes aﬁd the
portion of the boundary line between 4°.3 and 00.8 latitude,
corresponding to these brushes is aligned‘accurately to the
magnotic field line with its equatorial’altitude as 950 km.
The,two’crosses marked at -0°.9 and -2°.8 latitude obtained
from spread F ionograms at 20.54,30 UT and 20.55.00 UT (not
shown in Fig.7.7<a) ), are also found to be onlthé same

magnetic field line.

Fig. 7.8(a) gives a series of 16 ionograms out of
21 ionograms obtained from the ISIS-1 pass on February 25,

1969 at 20.37 UT at 2°E mean longitude (local time 2050 hr)

and Fig.7 .8(b) ¢ives the boundary line of spread F irregularities

obtained from them. The five ionograms between 20.37.00 UT
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and 20 39 42 UT (out of whlch four are shown) glve the portlon
of the saruwd B bounlary between 30~.5 and 19 .2 latltu&e whlch

is ﬂlstlnctly non field aligned. Al] the rumalnlng 1onobrﬁms

from 20.40.10 UT to 20. 45 30.UT, LXCLpt the four ionograms
between 20 41 .37 and 20 43.03 UT for which the Sqtellltu 1
embcllud in the spruad F 1rregularlt1us anﬂ thercforc the

upper boundary cannot be ascartalned reveal falrly well d

Spread F brushes. The upper boundary of the spread F irregu
larities between 17° .5 and -1%.5 latitude, plotte& in Plg.? 8 (b)

is nearly field aligned.

The above five cxamplpb on Jays between Feb,11-25,
1969 rcvpal that Spreal F irregularitices while developing are

not aligned to a single geomagnetic field line.

None of Lhe cx1ot1ng thporles is able to explain the
behaviour of non flbld allCnud bounlary of spread F irregula~
rities at the tlme of their formatlon. The observations presented'
aﬁové Suggest that any mechanism that ihvokes a plasma insta=
bility wou 1d b% an unlikely contender in'triggering the spread F
phenomenon. This conclusion is based on thc fact that a plasmﬂ
1nsLﬂblllty generates flbld aligned boundary of the 1rrcgularity.
Je propose that the origin of spread F 1rrggulqr1t1es llpS in
a iluturbdncc in the neutral atmosphere. This would explain
the initial non fiell alignment of the spread F boundary,iine.
vSubsequently the disturbance might trigger a plasma ihétability

that in turn gives rise to field aligned boundiry line of

1rrccular1t1es whpn SprLad B 1s fully JGVploped.
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 Recen£ly'RagHEVarab%(1976)'prbpdéedpé new mechanism
for explaining the premidnight spread F during the solar
maximum (Sﬁax) period. The salient featurcs of his theory

are the following:

‘ During sunspot max1mum perloﬁ thc 1onlsatlonv1nomaly
(IA) attalnsymax1mum stLencth around 1900 ZOOO hrs LT; the
‘strencth 1nd1c3tci by the ﬁxéess percentage electron concentrq—
tion at the IA crest over that at the trough being abHﬁt édoi
300% (sée sec. I.3.2, Chaptpr 1), Thc spreqd F commencps around
the same hours. Tt is mentloned in Spc. VII.2 and VII.3, .
that the onset of +hc sprecJ F both in thu bottom51de and the
top51def0ccur5‘at lower frequéncieS'On the ionograms, revaaling
that the large  scale size irregularities (MU 100 m) are gene-
rated in the initial stages of sprcad F development. The»intense
Ta in the prmidnight”hodrs'diveS'riéé”tb strong neutral anomaly
(NA) during these hours. The éiééSélﬁfeésure bulges‘asstiétéd
with the Na, as shown in Fig.6.9 of Chapter 6, would tfiggéf A
grévity wave type perturbations, which would in turn introduce{
large scale vertical wavelengths and the corrésponding winds

as discussed in Sec.VI.4 of Chapter 6.

The neutral atmosphere contracts in the evening
hours due to the postsunset cooling. The broad pressure bulges
while collapsing due to the cooling can give rise to smallér
waveiengths'of gravity waves. The me rlollonal flow of the c¢as
woulﬂ then lead to‘accretions and deplét;onS'of ionisations

providing the “"Pousse-cafe" effect discussed by Beer (1974).
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vThus; Ra@havéra@’slmechanlém essentlally prov1des a SoulCé of
orav1ty waves in the equatorlal E and F regions to cause the
spread F through the Spatlal resonance mbchanlsm descrlbed‘ln
Sec. VII.2.3, The fact that the gravity waves have their

.origin iﬁ the'neutral atmosphere, would explaln the initial

non field alignment of the large scale size irregularitieé
generated by them. The Rayleigh-Taylor instability Wthh
follows the spatial resonance phenomencon would generate the

smﬂll Scale size irregularities for which the 1nJ1v11ual 1rre— “
gulwrltles as well as the boundary along which the irregularities

form, would lie along a magnetic field line.

The presenCG of-wave motions in the equatorial F
region during premidnight hours when the spread F was preseﬁﬁ
is provided by the work of Crochet (1972) and Nielson and
Crochet (1974) . These authors have shown that the 1nhomOQpne;~
ties in the postsunset I region lea1 to-a scatter like,prppagatioh\
of HE and VHF frequencies used in the transequatorial pro@afy
gation (TEP) experiments. Because of wide range of ifregu-"
larity scale Sizes and the plasma densities associated with them
in the equatorial ionosphere, the reflections can occur for as

high as 100 MHz freguency.,

The field aligned irregularities in the equatorial
ionosphere produce significant leﬁel of "off path" propagation
at high frequencies. The identification of off-path modesfis
based on delay measurements of pulsed signals and ﬂiruétion

£1nd1ng with thc hplp of highly dlractlve transmlttlng and

R DN
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the occurrence of equatorial spread F and thus the TEP technique
provides a means of investigating the occurrence of irrequlari-
ties over an extendeld area using only two stations located in

different hemispheres.

Fig. 7.9(a,b) reproluced from Nielson and Crochet
(1974) gives the contrast of‘sighal strength at 11.24 MHz fre-
quency on TEP path between'Valensole, France and Grahamstown,
South Africa onv9—1O March, 1970; the off path sgatter signal
shown by continuous curve in Fig.7;9(a) varies smoothly throughout
the periéd of observation and spreaﬁ F was found to be absent
on the bottomside ionograms obtained at equatorial station,
Ouagadougou. On March 13-14, 1970, iﬁ Fig.7.9(b),off-path
scatter signal‘shows fluctuations in the signalystrength between
2000-0200 GMT and the Oua§aﬂ§u§ou ionograms revealed the
presence of.spread F. The fluctuations in the signal strength
are interpreted as due to patches of irregularities moving in
the antenna pattern (Crochet, 1972). They reveal periodicities
of half an hour to 2 hours and thus Suggest the presence of the.
internal atmospheric gravity waves. Thus Fig.7.9(a,b) sh0ws‘the”
presence of such wave‘motions in the equatorial F region when

spread I is present.
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