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CHAIN OF STATIONS RECORDING VHF IONOSPHERIC SCINTILLTIONS
ON 244MHz FROM FLEETSAT (73°) AS ORGANISED BY 116
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1t ia shown that the equatorisl range spread-F is due 1o scaticring of radio waves from a serics. of kvels of large plases
. J

density grad and that the eq ial freg
irregutarivies to higher heights. The spread-F at tropscal &

y spread is the decay process of the range spread fullowing the Efing of the

iz due 10 the of sdditional offvertical k-f

\races {rom the putches of irreguiarities drifling from the equatoniast region ulong the |¢rnnupeti: liekd lines. The range amd
frequency spread at iropecal leuitudes are just difTerest manifestulions of sddivonsl nogram (races over the normal one. The
Py ’ N .

occusrences of equatorial und low latitude spread are i

11h T
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daytime fountain of the plasma causing tropical maaime of F2 ceitical frequencies.

1 Intyoduction

Scattering of the radio wawes from the-region of the
ionosphere was detecied during the very carly stages of
ionospheric rescarch ' . The scattering of radio waves
from the F-regiun of the ionosphere, at low latitudes,
was first detected by Booker and Wells®. They
described ionograms at Huancayo showing diffuse
echoes from the F-region received continuously at
mght over & wide range of frequency and virtual
height. The phenomenon was seen between 1900 and
2000 hrs LT and was preceded by a marked rise of 100
km or more in the height of ihe F-region. Meek® was
the first 10 use the term ‘spread’ echoes 1o describe
diffuse ionograms at high latitudes. He found that
during these events 8 main part of the echo was
reasonably steady and the spread part was very
variable and suggested the spread echoes to be due 10
reflections from non-zenith directions. Osborne®
described the phenomenon of spread-F echoes at the
equatorial station, Singipore, to be similar in nature 1o
that at Huancsyo. He noted that on several occasions
echoes from several distinct layer heights were
simultaneously obiained at low frequencies although a
ciean single reflection was present a1 higher
[requencies.

The characterisiics of equatorial spread-F have been
described by a serics of pupers on spread-F st Ibadan
{dip 6'N). The spread-F occurrence was maximum
around midnight with an indication of pre-sunrise
secondary maximum" . The development of spread-F
at Ibadan couid be categorized into two classes, viz. (i)
ionograms with no signs of group reiardation at all.
with 2 number of stratifications widespread in both
height and (requency, usually occusring between 1900
#nd 2200 hrs and (ii) ionograms with group retardation
visible, but widespread particularly st higher
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frequencies with no stratifications. uswally occurring
from 2300 hrs LT onward. The layer trace was seen 10
double before the development of spread echoes
suggesting the occutrence of reflectiors from s layer
tily which developed just before the occurrence of
spread-F7.

1 Data

Chandra and Rastogi® described thecharacieristics
of spresd-F echoes at Thumba (magnetic dip 0.6 S).
They clearly defined the equatorial spreading as falling
inlo two categories, viz. (i) range sprexding when the
diffuseness is principally along the horizontal part of
the A'-ftrace giving rise 10 the ambiguity in &~ f but the
critical frequencies are clearly idenafied. and (i)
frequency spreading when the spreading is maximum
at frequencics close to the penetratien frequencies
causing ambiguitics in the identification of £,F2 while
the trace is clear and sharp a1 lower frequencies. The
two kinds of equatorial spread-F were shown to have
different temporal variations and geomagnetic storm
eflects. Effective studies of range and fequency types
of spread-t at Huancayo have been published by
Rustogi and Vyas™'", Rastogi*' "'*. Fastogi eral '*
and Chandra ¢t al.'®

Comparng the vertical incidence ionograms at
Huancayo and the wertical drifts at Jicamarca,
Rastogi'’ showed that a strong peak it the casiward
electric field 1o the easiward direction during any time
of the night is followed by the generation of range 1ype
of spread-F configurations 1n  the ionograms,
Rastogi'? showed that the conditions r the swrt of
equatvrial spread-1° are (1) the existence of wrong
plasma densily gradients, (i) the existence of eastward
clectric field and (iii) the continuation of the above Iwo
conditions for aboul an hour or . Rastogi'*
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suggesied that the first sceding of the spread
irregularitics at the cquatorial ionosphere in the
evening hours occurs due to a gradient drift instability
at any height between the E and F layers wherever a
large plasma density gradient exisis. Later, the
imegularitics extend upwards throughout the F-region
due to the buoyancy effects through Rayleigh-Taylor
instabilily mechanism.

In Fig. 1 arc shown some typical ionograms of
cqualtorial spread-F 1o clezrly define the differences in
the characteristics of spread-F at an equatorial and at
non-equatorial (tropical) station. Fig. 1{a) shows the
ionogram at the initial stage of the range spread-F.

Note that the normal ¥-f traces are clearly

distinguishable within the diffused echoes and the
critical frequencies are clearly defined. The scatter
echoes are a1 & virtual height lower than the minimum
virtual height of the normal A™f irace and the scatter
trace does not show any group retardation effects, i.c.
the increase of virtual height with increasing frequency
of the exploring radio wave. The spread echoes,
instead of being uniformly scattered on the ionogram

Start of Range type equotomal Spreod -F
15 Oec 1984 iy L7
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Fig. 1 Typical inaograms st the equatorial station

Huancayo thowing (a) il stage of range type of

equatorial spread-F, (hilully developed sLuge of mnge

type of equstoriat spread. b and {c) frequency type of
equulorial spresd-F

are concentrated at a number of layers. The ionoagram
in Fig. I(b) is an example of intcnee, fully developed
stage of range equatorial spread when scacter is
extended aver a large amounit of frequency and height
scale. Still, within this area a number of traces are
distinctly distinguishable, csch of which shows
complete absence of group retasdation suggesting
multiple levels of scattering either at the base or within
the F-layer. Fig. l{c) shows a case of equatorial
frequency spreed-F. Here the htight range of
scattering increases uniformly with the frequency of
the radio wave. At lower frequencies the scattering is
too small and the minimum vertical heights are clearly
seen Al all frequencies. it is to be noted that the
individual echoes are randomly distributed on the
ionogram and do not show & tendency to fall on any
definite &'-f wrace suggesting that these echoes are due
to weak scatter by irregularities within the, F-inyer,
simply sdding echoes with range higher than the
minimuta virtual height for any particular frequency.
It wilt be shown later that even though the 1erms range
and frequency spread, are used for tropical spread-F
the characteristics of the spread from these two regions
are different.

Probably the most exiensive study of the non-
equatorial spread-F has been done by the Australian
scientists, especially at Brisbane. Gipps er ol.!” have
found that the diffuseness on the ionograms first
&ppears in the form of clouds comesponding to
frequencies above the critical frequencies and a3 the
irregular clouds of jons gradually descend they
produce scuttering from lower heights and frequencies.
The second type of spread shows apparent reflecting
regions at slightly different heights and with difTerent
critical frequencies. The classifications of ‘range
spreading’ and "frequency spreading’ were first used in
a series of papers describing 1he spread-F  at
Brisbane'"'*. Runge spread manifests itself as a
multiplicity of discrete F-region traces, all of chosely
similar range frequency characteristics. In the case of
frequency spread, the widening of #'-f wraces neas the
critical frequency is sometimes resolved into & number
of fairly distinct upward sweeping truces.

Bowman®® has categorized the characteristics of
tropical spread-F (a1 Brisbaire) into four broad 1vpes
which are redrawn in Fig. 2. The spread-F at Brishane
makes itsell manifest on ionosonde records by
additional traces which are generally similar (o the
main /'f trace but with critical frequencies which may
be greater than or lesser than that of the main trace.
Observation of these satellite traces at the lower
ftequency end of the ionograms where retardation can
be neglecied indicate, at certain times. ranges more
than 10 km greater than the true ramge of the muin
echo. This type is classified us range spreading. At
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Resalved Frequency Spread

\

Unresolvad Fraquency Spresd

\:

Resolved Range Spread

Rarge (Vrtual heght) —

&

Unresolved Range Spresd

\

Frequenty ——s
Fig. 2—Typical types of speead-F sl mon-
equaioriml {iropwcal) latiude  station,
Brisbape 1

other periods, the true range of the satelite echo is little
greaser than the main trace but the critical frequencies
are different: this configuration i classified [T
frequency spreac. Other ionograms exhibit diffuse
traces which on critical examination suggesi that these
configurstions are the result from satellite traces so
close in true rasge or critical Irequency thet the
resolution of the equipment is insuficient (o separate
them. It is conversent (o classif; ¥ spreading into further
w0 grovps ‘resolved’ and ‘unresolved”.

3 Amlysis

Now we shall interpret some of actual ionograms
recorded a1 dufTerent tropical latitude stations. In Fig.
3 are reproduced ionograms &t s tropical latitude
ststion, Grand Bahama, showing the broad
character-stics of the spread-F. The ionogram in Fig,
Xa) shows &-f traces with broadening only for
frequencies close to /,F2 and f F2 and with both o and
¥ traces ure well resolved; this would be classified as
weak frequency spread. Fig. Xb) shows sn ionogram
with no spreading at lower frequencies (less than 2

. ﬁ_._ v A . ' e I Rl

930 111 .
2315 hrs ;
[ g
— . ts}
- WEAK FREO SPREADS
i
|
1S hs
-+
: FREQUENCT SPREADf] th

KH

200 Ll Rawet spaiancy

HEA D I

2 I 4L 5 6 TMHr

Fig. 3--Typical ionograme st tropicsl

Tatitade “sation. Grand Buhama showing
different 1ypes of spread-F

Fig. 4 -longorams at Brisbane on 31 May
1548 showin 8 the charactetistics of tropical
tpread-F

MHz) whereas there is complete spreading for
frequencics in the range 3.5 to 5.3 MHz. Even within
the diffused echoes it is easy to trace out some of the
individual &-f teaces. This would be classified s
‘tropical frequency spread'“and.is different from the
charucteristics of equatorial frequency spread where
the echoes are completely randomly distributed. Fig.
Xc) shows the ionogram which distinctly is a
composite of & number of individual A'-f traces with
different minimum virtual heights and penctration
frequencies. Thisionogram, ciassified as tropical range
spread, again differs from the equatorial range spread
in that individual traces within the spread arca do show
the effects of group retardation.
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Now we examine the characteristics and the dive-
lopment of the spread-F af u few tropical stations.

To begin with in Fig. 4 are shown the ionogs at
Brisbane afier Fig. 4 of a paper by Bowman?'. The
ionograms for 0200 and 0210 hrs LT show some
spreading close to critical frequencies. The ionograms
for 0220 and 0230 hrs LT indicate further a sateilite
trace to the main trace and thus spreading has
extended to a lower frequency. The ionograms at 0240
and 0250 hrs LT show & number of &'-f traces almost
paraliet to each other and each of them shows group
retardation effects. This type of range spread is
distinctly differen) from the equatorial range spread
shown in Fig. I(b).

In Fig. 5 are shown 1wo spread-F ionograms s
another tropical latitude station, viz. Bogota. Fig. Sa)
represents the frequency type of spread-F. There is
very little spreading below 2 MHz and there is cxtreme
spreading between 2 and 4 MHz. 1t is interesting 1o
note that, even within the spread-F, individual &'-f
Iraces can be easily identified. Fig. Xb) representing
‘range spread-F’ is again a mosaic of a number of
ndividual A'-f traces such that both the penetration
frequency as well as minimum virtual heights are not
the same.

In Fig. 6 are shown the ionograms a1 Bogota for the
period 1800 10 2130 hrs LT on 7 Dec. 1954. The
ionagram for 1800 hrs LT shows clear A'-f irace with
very distinct critical frequencies of o und x
components. In the ionogram (or 1830 hrs LT one can
see some additional iraces on frequencies close to the
critical frequencics. At 1915 hrs LT two paralie] &'-f
traces are seen with different 4'F and £,F2. At 1945 and
2000 hrs LT, sirong range spread can be seen with &
number of individual & -f wraces embedded within the
spread.

Dec 64-0030 g LT

= e Sl R

77 Dac 64-004S W3 1T gm
m
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b} i
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Fig. 3 Frequency and tsnge 1ype of

spread-F a1 Bogota showing owerlapping
W-F iraces

-~ 1

[
Fig. 6 lonograms a1 Bogota on 7 Dec. 1934 showing the
developmeni of runge spresd at sropical Iatitudes
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Fig. T--looograms ai Pasama showing the tropical rangs type
. spread-F

In Fig. 7 aro shown two spread-F jonograms st
another tropical latitude siation, Panama. |t can be
seen that the spread-F st the western zone station,
Panama, is also the result of number of A'-ftraces with
different ¥'F and critical frequencies, each trace
showing group retardation similar to that in the first
order F-layer trace.

In Fig. 8 are shown the development of tropical
spread-F at Grand Bahama on 28-29 Dec. 1964. At
2300hrs LT there are no signs of spreading on the | x F
or 2 x F traces. At 2315 hrs LT extra traces are seen on
| x F wrace specially near the ctiticat frequencies while
2x F trace is still clear. At 2330 hrs LT strong range
splittings with a number of muhtiple traces are scen on
| x F trace while the 2 x F trace is still clear with critical
frequencics clearly defined. At 2345 hrs LT spread
traces are seen on 2 x F trace 100 and at 0000 hrs LT,
range splittings are scen on both the first as well as
second order iraces. 1 is to be noted that there is no Es
trace visible and 30 these multiple wraces cannol be
interpreted in terms of M or N echoes due to reflections
between Es and F luyers.

During 1962, extensive ionospheric instrumentation
was established in the central Pacific anea. A iotal of
twelve vertical incidence ionosondes and seventeen
oblique incidence ionosondes were operated in an area
of 2800 kmn in radius centering on the mignelic equator
at 173 W longitude. Lomax?! has described the
occurrence of spread-F at these stations on 27 Oct.
1962. Here we describe the characieristics of spresd-F
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L some typical stations on one particular day. First in
Fig. 9 arc shown the contours of F2-region criticsl
frequency, £,F2, a1 0600 hrs UT using the daw fromall
the stations operating in the region. In Fig. 9 one can
sec the maximum of /,F2 both in the northern and
southern regions with low values of £,F2 along the
magnetic equator, From the contours shown one can
identify that Canton (lar. 5°5) and Kwajalein (lat. § 'N)
are equatorial stations, Paimyra (dip. lai. T°N)
occupies the region of maximum /,F2, Samoa (dip. lat.
14°5) is just outside the F2 anomaly crest and French
Frigate Shoals (dip. 24"N) is well outside the F2-region
anomaly. The disiribution of these statioas covered
time zoncs of an interval of 2 br. Some selected spread-
F tecords at these stations are reproduced in Fig. 10.
The spread-F at Kwajakin was typical of equatorial
range type, the diffuseness being primary at low
frequency end of the ionogram. At Canton, the first
sign of spread was indicated by a sirong obligue echo
at virtual range of 400 km at 1832 hes LT. Fifteen
minutes later, stroag spreading was evident on both
the main as well a3 on the oblique traces. This process
continued to develop with time. At Palmyra, where the
value of £F2 was large (about 13 MH2), the spread-F
siarted with a scatiered type on the oblique echo. [t is
1o be noted that there are no Es reflections and the
satellite F-trace cannot be interpreted as M or N 1ype
of echoes between F and Es layers. Later development
of spread-F at Palmyra consisted of & series of paraliel
¥-f waces (ypical of non-equatorial range spread
discussed earlier in this paper. A1 Samoa 100, the
oblique returns were obtained as virtual ranges of 380
to 400 km: later multiple ranges of scatiered echoes
with minimum range decreasing with time was noticed.
At French Frigate Shoals, the main | xF and 2xF
traces were aiways clear but strong scattered traces
were observed in between. Further as seen in the
ionogram for 192] hrs LT, the scattered trace had
much higher critical frequencies than that of the main
trace indicating that the scuttering (spread-F) was due
entirely 10 olf-vertical returns, und irregularitics were
nat present vertically above the station. No spread was
recorded at the stations Mauii, Rarotonga or
Tongatipu which were well outside the F2-anomaly
cresis.

As the stations were spread over aboul 45° longilude
equivalent to the 3-hr time difference. the analyses of
the stations had to be simplified by interchanging the .
lime and longitude and the problem reduced 10 1wo
dimensions, viz. the local time and the distance of the
station from the magnetic equator. With this
assumplion the onsel times of spread-F at all the
stations were noted and indicated in Fig. £.2.17 of the
paper by Lomax?*. He had alse drawn & diagram
(Fig. 1.2.18) giving the peroentage occurrence of
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and the percentage occurrence of the topside s1pread F ;ilh the

distance of the station from the magnetic equator

topside spread-F

based on the study by Calvert and
Schmid*®. Both thes diagrams are combined in Fig.
1. The zero per cent curve for topside spread-F may
be interpreted 4s representing the onset time of the
carliest oceurring case of spread-F, during the period
covered in the data. Higher percentage curves are
believed to describe onset time versus Jztitude of
subscquenily occurring cases. As the spread-¥ once
initiated may continue for several hours, in the time
inlcrval between the 207, and 407, conlours, it is
unlikely that any of those spread-F represented on 20,

occurrence figure will change. The same day, therefore,
is represented in the 40% curves, and the 20%
difference represents the onset of tpread-F o3 an
additional 20% of the days. Thus the family of
OCCUTTENCE CUrves is represeniative of & family of enset
curves. Then it is clear from Fig. 11 that the iaitia]
onsct spread-F is a strong function of the distance from
the equator. The bottomside spread-F starts a1 the
magnetic equator around 1820 hrs LT and is defayed
by about 20 min at a distance of 1000 km from the
equator; at a distance of 2000 km, the spread-F occuns
4t 1930 hrs LT, about 1 hr after ity onset at theequator,
and the onset is further delayed by | hr at a distanee of
3000 km from the equator. Chandra and Rastogi®*
have shown that the equatorial spread-F at the stat ons
Huancayo, Ibadan, Dijibouti or Kodaikanal aceury

* most frequently before midnight during maximum

sunspot years and around midnight during minimum
sunspot years. At ‘s tropical latitude staLon,
Ahmedabad, the spread-F is most frequent after
midaight during low sunspol years®, Similar remits
were found at Nairobi®®. At & low latitude staton,
Baguio, the peak occurrence of spread-F was aroand
2100hrs LT during 1956-58 thigh sunspot) and arownd
O0M0hss LT during the low sunspot periods 19535337,
These results based on statistical analyses of leng
period data indicate that spread-F is most frequent ata
later hour of the night as its distance from the equmor
it increased.
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ﬂlaehul:eenlmodnemorkorionosphfic
stations in India from the magnetic equalor 1o a
Inttude weil beyond the peak of equatorial F2-region
anemaly. During 1965 four aulomatic onosondes
we'e operating in India at Kodaikanal (equatorial
sta ion), Hyderabad (within F2-anomaly  region),
Ahmedabad (at the anomaly peak latitude) and at
Dehi (well-outside the anomaly region). The
ocaurrence of the spread-F were noted at these stations
anc in Fig. 12 the percentage occurrence of the spread
echoes vergus time has been shown for these stations.
The peak of spread-F occurrence at Kodaikanal
(geogr. Iat. 10°N) during 1965 was around 0000 hrs LT
while at the low [atitude station Hyderabad (lat. 1 7°N)
the peak occurrence was around 0200 hrs LT and the
peac value was slighlly decreased. The peak
occarrence at Ahmedabad (la1. 23" N) was around 0230
hrs LT and st Dethi (lat. 28°N) it was around 0330 hrs
LT I is also 10 be noted that the frequency of
oocarrence of the spread-F decreases slightly with
incraasing distance from the magnetic equator besides
the systematic shift of the time of occurrence,

McNicol and Bowman?® examined the ionograms
at sations between the magnetic equitor and the
latitasde 50° for the month of Januvary 1956 for the
occLrence of nighttime spread-F satellites, recorded
s dcrete extra traces of range greater than the main
F-region echo on ionograms, These characteristics
represent what is now designated as range type of non-
equatorial spread-F. They found that the cocurrence
of range spread showed as a very irregular Function of
geographic latitude. However, in terms of Promagnetic
Intitudes the data were quite regularly distributed and
the shenomenon was found to be most common
betwaen the latitudes of 20° and 45°. The irregularities

region of F2-anomaly crest which experiences the
Largest share of the plasma difTusion from the equator
slong the lines of force. It is to be noted that the F2-
snomaly is a daytime phenomenon and spread-F is a
nighttime phenomenon. The comparison is not made
10 show the association between the two. However, a
similarity between the latitudinal variations of the two
phenomena indicates some similar mechanism for
both, which will be explained later. The statistical
studies of the spread-F data obtained from IGY
stations had shown the existence of a bell of enhanced
occurrence frequency around the magnetic cqua-
tor'* . In Fig. 14 arc plotted some of the
phenomena which are associated with the magnetic
equator, viz., the equatorial electrojet depicted by the
daily ran, of geomagnetic H field (after
Oowumechilli*’}. the F2 equatorial anomaly depicted
by the /,F2 (after Rastogi**), the bottomside spread
after Shimazaki’® snd the topside spread-F
occurrence  after Calvert and  Schmid??. The
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data sre replotted in Fig. 13 against the magnetic dip
angle of the siation. The latitudinal varistions of
noomtime f,F2 during the periods 1953-54 and 1957-58
(afier Rastogi®®) are also included in Fig. 13 10 show
the F-region anomaly, It is very clear that the multipie
A'-f t-noes type of spread-F is not seen at the region
¢lose to the equator and is most common around the
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RASTOGI: TROPICAL SPREAD-F

equatorial ckctrojet is confined 10 +5° dip and s &
duytime phenomenon. Another ionospheric pheno-
menon very similar in latitudinal variation is the
occurrence of ¢ type of equatorial sporadic-E layer
during the daytime. The F2-anomaly shows itself by
the depression of F2-layer critical frequency over the
magnelic equator and (wo maxima at regions arcund
I5'N and 15 § dip lutitudes. The width of the F2-
anomaly is much larger than that of the equatorial
elecirojet. Its explanation is given in terms of
equatorial plasma fountain in which the plasma in the
F-region over the magnetic equator is lifted upwards

surface and the frequency spreading as the decay
product of the range spreading,

Bowman'" has concluded that sawellite traces are an
integral part of the spread-F phenomenon. He has also
shown thatdirections of arrival for diffuse echoes and
the westward movement of the spread-F are virtually
the same as has been found for nighitime TIDs'®. He
suggested that the diffuse mature of some of the
specular refleciions may be due to scattering by small
scale structures which are also present.

Bowman and Dunne’ swdied the zenith and
azimuth angles of the spread-F  echoes using

due 10 the casiward eleciric field and on reachi g
higher regions. the plusma diffuses along the lines of
force giving rise 10 4 concentration of plasma around
157 dip latitudes. It is interesting 10 note that the width
of the spread-F beh corresponds 1o that of F2-region
anomaly and not to the width of the electrojet. This
suggests that the Jow latitude spread-F has in it some
dynamig feawres similar to those- of daytime
equatorial plasma fountain.

Rustogi®' hus stressed that the primary parameter
for the post-sunset generation of speead-F in the
equatorial regions is the horizontal electric field in the
F-region which has 10 be eastward 10 produce the
spread-F irregularities. Rastogi'? further suggested
that the initial seeding of the irregularities in the
equatorial ionosphere during the nighttime hours is
due to the gradient drift instability mechanism. In the
presence of favourable conditions these irregularities
develup throughout the F-layer by Rayleigh-Taylor
instability mechanism.

It is suggested here that these irregularities, when
raised high up in \he equatorial latitudes, diffuse
northward and southward along the lines of force in a
fashion similar to the diffusion of cquatorial plasma
along the lincs of force during the daytime.
Approaching a wropical latitude station. these
irregularitics are seen as a ripplc or a wave on a regular
plasma disiribution and are detected as sarellite 1races
over the normal ¥'.f ionogram traces. This idea
explains the fact that at middle latitude the spread-F is
just seen at the higher frequency end and later it
extends 1o lower frequencies. The occurrence of
spread-F being delayed at increasing distance from the
equator is again analogous (o the occurrence of the
forenoon peak of £,F2 at » later time at a station avay
from the equator?® .

4 Discussion

King** has suggesied that spread-F echoes are not
due to partial reflection from small irregularities but
are rather due to wtal refllection from a large titled
surface of ionization. He also considered range
spreading to be due to steps or ridges in the iso-ionic

directional de at Brisb They d d that
spread-F occurvence on some ocasions was associnted
with tongues of ionization which extended some tens
of kilometres below the normal level of the F2-dayer.
Departures from spatially uniform sirglow emissions
have been detected at low latitmdes. Inter-tropical arcs
of enhanced 6300 A Ol are maximum in the rogions
roughly coinciding with the tropical peaks of Appleton
anomaly in F2layer critical frequencies*® . Smaller
scale airglow structures of 6300 A intensity having a
dimension of about 500 km have also been detected .
Less frequently, highly structured north-south aligned
ridges on fingers of enhanced 6300 A emission have
been observed.

Weber er al.*2, have shown the existence of north-
south aligned deplctions in regions of decreased
intensity in the 6300 A O1 nirglow using an all sky
imaging photometer imstalled in the Airborne
lonospheric Observatory at the AFGL. These
depletions have cast-west dimensions from 50 10 200
km with fine siructures a2 small as 2.5 km and often
larger than (200 km north-south. Simultancous
ionosonde measurements showed that the depletiona
were accompanied by strong soreand-F*42.

Sobral ef al.*? studying simettaneous observations
of the 6300 A Ol emission intemity and the ionosonde
records ai low latitudes, detected wavelike structures
propagating polewsrd at an average speed of 240 £ 70
m/sec. These disturbances had wavelengths of a few
hundred kilometres and were associaied with spread-F
in the ionagrems. They suggested that the poleward
propegating asirglow disturbances observed over
Cachacira Paulista conld be the manifestation of
vertical propagation of piasma bubbles over the
magnetic equator. In s laler publication, Sobrai eral
showed that the airglow disturbances had north-to-
south and west-Lo-east velocity components during the
pre-midnight period and almost all these disturbances
were accompanied by strong range type spread-F in
the ionograms. The most importans result of their
study was that an ofien observed feature of the
meridional profile of the airglow intensity was the
propagating disturbances superimposed on otherwise
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rather slowly =urying spatial gradicnts, and that these
disturbances were caused by comresponding distur-
bances in theclectron density rather than by the height
changes in the F-region,

Thus there arc ample evidences that at tropical
latitudes one gets disturbances in the electron density
over the smoownly varying latitudinal component, and
that these mewe away (rom the equator.

One of the other manifestations of the spread-F
irregutarities is the scintiflation of radio waves from a
satclhite received on the ground. Rastogi*? has shown
that it is the rar ge lype of spread-F with multipie layers
of scatering inche F-region which produces cquatorial
radio wave scintillation. Scimillations at tropical
latitudes are mlso associated with range type of
spread** .

Using a lasge array of receivers, McDougall*” has
studied the Jatribution of nighttime irregularitics
which produce scintillations a1 midiatitudes. The
iwrcgularities were found 0 occur prefercntially ncar
the F-region ienization peak, are aligned along the
eurth’s magnetic fickd and appear to extend from toplo
Sotiom of the F-region.

§ Conclmia 3

The spread-F irregularities are first generated sl the
base of the F-megion over the magnetic squator as a
aross-ficld ins:maility due to the action of an castward
dectric fickd an a large plasma gradient at the base of
nightme F-regoon. Thesc irregularities are later lified
upward over -he equatorial regions by the buoyancy
eflects associased with Rayleigh-Taylor instability
mechamism. T o gives rite 1o the following sequence of
traces on an equatorial ionogram. viz. first, range
spread al lower frequencies and heighis close to h_F
secord, filling sp of a large height range and also
frequency extent with spread echoes: later a
transformation of range spread 1o frequency type of
spread. and Cnally, the decay of spreading at
equatorial regions. This process, though =&t its
maximum ever the magnetic equator, may exist to &
lesser degres ove & reasonably wide belt of sayt 0 of
the cquator. Having lified up, the putches of
irregularitics drst north and south along the lines of
earth’s magneic ficld in # process similar 10 the
daytime fountinn of equatorial F-layer plasma and
produce extta iraces in the ionograms at tropical
latitudes. With the progress of time, the region of F-
region irregulari es widens in its latitudinal extent and
At a particuar teopical latitude. extends from the F2-
luyer peak o lewer heights changing the character of
tropical spread from frequency type 1o range 1ype
spread. Thus e spread-F phenomenon over the
whole widtt of £20° from the magnetic equator is a
single complex series of events starting at the base of F-

12

layer at the equator duc 10 the easiward cleciric field,
generully afier sunset peniod, or during cenain
disturbed periods of the night when normal westward
tlectric field is reversed castward.
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On the cquatorial spread F

R G RASTOGI :
Physical Resarch Laboratory, Ahmedabad 390 009

MY recsived 14 Docomber 1977; revisod |9 Apeil 1978

Abstract. The post-sunset maximum in victual beight of the Fregion near the magnetic

q1 i assaciared with the | rise of the whole F region from the base le ihe
height of peak ionisation with litike change in 1he wemni-thickness of 1he layer. Thas
rise of F region is accentuated on days with large cvening peak in the vestical drify
velocity o the horizonial electric ficd in the Freg::. The range type of equatorial
spread F first occurs only if the F region drilt ve 'yumu'mu'uutzml upvearda
&fler sunset but the maximum intensity of spread F occurs when the drift velocitics are
low or even downwards.  The nnm“mm r3t AppCars al or belowol‘lle base 0” the

type of £ docs X

setm 10 be & necessary ition for the generation of oq

K lp-d-f: o) Fregion; Kregion icregularities,
1. Inireduction

The carly obscrvations of spread F a1 equatorial stations—Huancayo by Booker and
Wells (1938) and Singapore by Osborne (1952) had suggesied that the phenomenon
is correlnted with the marked rise in the height of the Fregion between 1800 and 2000
LT. Similur comelations were Ister found between the wemporal variation of the
virtual height of the Flayer and the occurrence of spread F at the ofher equatorial
stations Kodaikana) (Bhargsva 1958), Ibadaa (Lyon 1 af 1971) and Thumbe (Chandra
snd Rastogi 1972).

The data from large number of stations operating during IGY hed revealed a vry
high probability of occurrence of spread F at equatorial Intitudes (Shimazeki 1959;
Wright 1959; Singleton 1960). It was also moted that the Iatitudinal plots of the
Percentage occurinice of spread F showed sigaificantly bess scatier rgrinet dip Jati-
tude than agsinst geomagnetic dipole or grographic latitude. The equatorial bl
of spread F was shawn 1o be associated with similar belt of high value of virtwal

concentration of equatorisl electrojet during the night time,
.With Ithe uee of powerful VHF radar at Jicamarca, the profiles of electron densay
yn!lhgl;hahvebeneumpuwdinmimomm:nnfwnlmmmw

dminyonthepidofmlhci;htmloqlt‘nuhn been published by Farley
(ID“)MbyMcCImnd(ID‘IO). mwmmhmrm

20\
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¥(F), have also been measured through the Doppler shift of the backscattered
echoes.  Woodman (1970) has described the result of these measurements ower Lhe
period 1968-70. On certain days both the eleciron density contour and the vertical
drift velocity are available (Woodman sand La Hoz 1976).

'lhmntplpermplmtheommmonmod F s seem on the VHF back-
scatter records at Jicamarca with the spread F configuration on the jonograms st
Huancayo. Some of the dais used in 1he present analysis have been kindly provided
to the suthor by Dr R F Woodman, It is to be noted that the two acts of data are
not from identically the same location and hence no comparison of short period
variations is attempted heve.

I.Vlll'l'ullﬁ-qu!-mmhmmhlhm
boars

ﬂupoﬂmetrhcofllnfmionhlhen generally inferred from the increase of
the minimum virtual height of the F Iayer, A'F, because this porameter is casily
available for most of the ionospheric siations jn their daia bulletins. Lyon ot of
(1961} compared the variations of &'F and h,F (irue height of maximum electron
deasily as determined by Kelso method) st [badan and found that the variat ions of
N F avc very similar to that of A_F during the period 1700-2000 LT. As there are large
longitudinal differences in the characteristics of equatorial spread F, it was considered
Recessary to siudy the variation of Flayer parsmeters in the American 20me for com-
parison with the Jicamarca date. In figure | are shown the daily varistions of #'F
M Heancuyo ss taken from routine tsbulations as well a1 of hF and y ¥

800 HUANCAYO a_,
450 =00~ March 1961
-t Apell 1981
00 - Helght mxmml'hn
hL B o a
E 300
Min. virtwal hei
250 I L ayg g
Wr
-
% 'y Semi- thickness
ym F
) i 1 1 1 1

0O 9 06 09 12 13 1 21 M
Locol time (75" W) N

Figers 1. Dl riations of minimum virtusl height of F reglon (A'F), height of

maximum mJu':n density in the ¥ region (A, #) and the sernithickness of the &
i idﬁ‘.::'d 'mudmﬁﬂh post-sunset pariod without No.n“;

bl b Musch

arae changs (n yaf ot tne she oo
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On the equatoriul spread ¥ H?

(semi-thickness of the Jayer) us derived from full N-A computations by Sudden’s
matrix method for two months March and April 196},
The minimum virtual height, &' F, shows u very flul minimum around midduy houns

and a flat peak around sunrise and 2 prominent peak slier sunset. The ¥ F stans

increwsing even after 1500 LT, reaches a muximum value ot 1900-2000 LT wnad

slowly decreuses till about midnighl, the total incrense of & F being more than 100 k.

The A F shows a very sharp peak around sunrise which is due 10 the generation of
fresh ionisation at higher heights, it again starts increasing alter 1400 LT und reaches
# peak between 1900 and 2000 LT. The varistions of &'F and b F 2re very similir
during the aficrnoon and evening hours, The semi-thickness y,F is maximum =t
1000 LT and stowly decreases from 1000 LT ill the next sunrise.  Thus it is 1o be
voncluded that there is & genuine uplilting of the F region over the megnetic cqurtor
a1 & whole during the sunset period without any lurge change in the thickness of (ke
layer. Rishbcth (1971) has suggested that this rise in the height of the F region m
the cvening hours is primarily caused by an eastward electric ficld. Schieldge ef of
(1973) huve suggested this occasionul increare of the electric field as due 1o the polrai-
zation charges which tend to build up in regions where the conductivity hes » stror g

horizontal gradient.

3. Frequeacy sad ramge types of spresd ¥

We next compare in figure 2 the daily varistions of the occurrence of range and
frequency types of apread F and that of ' F at Buancsyo for differext seasons of the

1961
TIT LT LELELELEL IIIII"I'I'II‘
D~ Monihy
300 | Summer
40
2501 h'l—‘)/ 20
- 200 o
€ E- Months
- - 40 &
L
* 2501 '"'7/ 203
£ 200 0
K] J- Months
= Winter
'g 40
2%
seer /] =3
200 e ¥
[ Yaorly ’ 20
20 b 20
200 1% 0
[FEE D

o 03 06 09
Local thna 73°W

Figurs 2. Daily variatiom of the occurnence of * range * wml * frequency * types of
spresd F compared with1be daily variations of &' F at Huancayo lnnllﬂuqlu:.m
of the yeat.  Mote that the post-sunset spread F sssociuated with the large tise of &'F
in the range type and not the frequency type.

s ‘GM ! L YV |

year, . The year l%l.mchonntonhmmwhuhuuthu
tions of N'F were discontinued for later years. It is clearly seen tlnt‘uthh:::ln:
iumsem of NFia prmh;‘al:' Huancayo during any of the seasony, - /¢ :
oocurrence prol 'yofeiﬂurtypnof:prudﬂl‘uqmyo{
relurh-bly low during J-months (winter) even though the evening m':‘r'?}{rx
much dalfer?n: during this season &s compared with other acasons, Thus the sea-
sonsl variation of e'ilhu types of equatorial spread F is similar with & peak sround
December aad & minimum around July. Nocturnally the frequency type of spread
# occurs most commonly around midaight hours. The probability of the occurrence
of mage type of spread F increases rapidly shortly sfier sunset and reaches & peak
arosud 2000 LT. From these features, it can be conchuded that it is the range type
a_nd not the frequency 1ype of spread F which is directly associated with the evening
rise of the Fregion, The routine monthly iopospheric data bulletios denote the
occurreace of spread ¥ based on the criterion as to what extent the spreadness muakes
;h m&n‘m:ltf.ﬂ umﬂrﬂtain, ‘The results based on the study of spread ¥ occurrences
Tom ine monthly jonospheric bulleting w i i i
miwﬁ:? o ric ould be highly bissed in favour of
a re 3 we compare the occurrence of read at Huancayo wi
region v'emul drilt velocity st Jicamarca dm'in;::em:er moaths of 1938—6:“]:}:“;.
be muoned that in the F region the vertical drift velocity is directly related to east-
west electric ficld, a velocity of 40 mfs upwards corresponds 10 an castward clectrie
field of about | mV/m. The veriical drift, V,(F), decreased steadily with time in the
ll'lemooq hours followed by a relatively sharp peak at about 1830 LT and reversed
it_l direction downward at about 1930 LT: it remsined downward throughout the
night and reversed to upward direction 'sround sunrite. The onset of range type of
spread F occurs when the Fregion drifts are upward, i.e. when the electric fiekds are
eastward but the peak occurrence frequency of the spread F occurs about an hour

hmmwM1ﬁu,mru¢QMﬂ g5t reversed downward, |
By R .'.'.I.,. .
i—' I. . Vo e
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We now compare the characteristics of the spread Fat Huancayo jonograms in rela-

tion 10 the electron density contours apd the vertical F segion drifis 82 Jicamarca, -

In figure 4 arc shown the iso-electron density contours snd vertical F region drift
velocity at Jicamarca on 2-3 Ootober 1970 compared with fhe jonograms a1 Huancayo.
The iso-cleciron density contour st the base of the F region s seen 10 increase even
during the aficrnoon hours but the overall increase of the beight of contours up 1o
the height Agg, started a¢ about 1730 LT and the peak height was reached at 1930
LY. The F region drift had » #at peak around midday, decreased to almost zero
value around 1530 LT, and again increased to form & sharp peak st |345 LT, reversed
its direction at 1930 LT and remained negative (downward) during the whole night.
mwi.wumbythvul?pdn bptween 1900 and 2115 LT anly in the
tower portions of the P region.  The isoionic contours were clear below jyy, indi-
miuthuhq!ndonwthhightdpukehumdemlydidm have the
irregularities responsible for, VHE backescatteying. “The' lonogram at' 1700 LT
showed the Erq, Es-c and the normal Fregion traces. A1 1800 LT 1he Er-g hrd dis-
sppeared, Erc had risen 10 175 km, snd the F region had also gone up in height,

AL 1315 LT the cusp type Es wag clearly present a1 200 km indicating the presence of.

large N-h gradieut at 200 km, Al 1830 LT the fnia F bad greatly seduced but the
preseace of low leve) ionisation was indicated by the group rewrdation i F inyer
traces. MIWCNIMLThiﬁmnltwmmmﬁdduwthcm
of large horisontal mi:millhilnionicmfminthel’um {Rastogi 1959),
The first indication of spresd F way seen in the lower frequency portion of the F

" region trace at 1900 LT. At 1915 LT and 2015 LT the spread ¥ had increased in

intensity. It is interesting 1o note that the F region critical frequencics were cleatly
seen cven in the presence of intense range spread a1 2015 LT, At 20100 LT the inten-
sity of spread F had diminished and it disappeared by 2200 LY. This example shows
merud!mmhwhhmdurcﬁﬂulfnqm Further, the
eccurrence of rangs spread ‘mwamumﬁmmwm
teen in the VHP radar. .
Wcmwwhﬂnnhlemmummmuaiwmm
durhuhcmofnwymmmd?onn-nmhulﬂl. Tt is seen
prnmdhauﬁumhfmnhhnunoﬂhmimmkhrmiol
vertical drifiy. mlnﬁo_aw'nudminmnuulon;umrmiondﬁnm
ummmmmuorwmmuummormemmwv..
W&kmmmlwmm&pkmulmLTwmw
m&uinmlwhnkmﬁmwﬁhwnﬁrmdfmmthmwmonuebcum
MW(N‘)WMVHFM'MSLTmMgmw
mmouthiﬂlﬂmmdnmporﬁonoﬂ’ﬂmhlhpdiwnibhinﬁaﬁn‘
normal electron desily varintion with height. At 2000 LT the ionogram shows
complete spread with no tion in the traces; there arc & number of hari- |
zontal traces at alightly different heighis. These conditiony continued up to 2200 LT
“Wler which 1ha sjircad F gradually decrepsed in intenaity. - The YHF radar echoes
indicated spread Fthroughout the eatire height of the Fregion from 193010 2200 LT,
It i to be noted that the onset of pread P was when the ¥, was upwards although
s poatinued even later when the ¥, Jad reversed dowpwards. Thus i I sgain seen
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Ppost-sunser periods on 14-15 May 1969, and oq 21-22 May 1968 and on both these
days V.(F)mmﬂdenﬂyhiﬂlmadmm On 28-29 May 1968 and

secn afier 1900 LT, On 30-3) May 1963, RO evening peak of F,(F) was evident
lndnomﬂmmimmmt. 0n3-4Jml96|lnd4—$Junel%s
strong peaks in V.(ﬂllmﬂrlﬂermunfdbmdbylhommor
pread F.

m figure § (afier MCC!I-;I‘ # ol 1970). The isoclectron density contours showed
icreasing height afier about 1700 LT with the peak around 2000-2100 LT, The
VHF radar indicated spread echoes from 1945 to 2300 LT It is interesting 10 note

hat thenim;uluitiammby VHFndaroulymlulwuhlfofunFreﬁon.
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of spread F. Nolpm:}l"nslnnin\' F when the ionogram showed strong

frequency type of & d

126 R G Rastogi

the spread F was sexn only in e lower half of the Fregion. The ionograms did not
show any spread Fat 1845 LT while at 1915 LT & few scatier echoes were seen at
lewer frequencies and the critical frequeacics were quite clear. A¢ 1930 LT spread F
had extendod up 10 the critical frequencies and discrete layens of irregularity were
evident.  After 2200 LT the character of spread had changed into frequency type.
Serong frequency spread can be scen on the ionogram a1 2315 LT. The spread F
conditioa extended up to about 0230 LT. It is to be noted that the VHF radar did
net indicite spread F during these periods of sirong frequency spread.

We show in figure 10 an example of VHF spread when the #f ionosonde did not
show any spread a1 all. The isoionic contours over Jicamarca for 25 June 1969 indi-

wuwredﬁgnalnwhichmybcidutiﬁednmdbymndﬂ

7, Discmalon

The occurtence of equatorial spread F during the evening hours when the £ region
i rising rapidly had prompied many workers to associate the spread Fwith the move-
ment or with the height of the Inyer.

Osborne (1952) suggested that A'Freached the maximum value at the time of sunset

mesha and Wright (1966) reporied that the onset of spread Fat Ibadan occurs ut the
time of peak 4'F and is preceded by the satellite traces, The model suggesied by
them assumes the presence of irregularities above a ceriain height in (he Fregion snd
the spread F iy seen when the Flayer rises above this threshold height. Rao (1966)
had shown that &'F a1t Husncayo has to cross 8 threshold value of sbout 400 km for
the production of spread F.  He used the published monthly /,F, deta bulletins and
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imam. e ‘b;e-"b’ Noie that the VHF spread
t Hus W01 bar 1964. thaty
?mmnnmﬁwn?ﬁmrmm_mwwnmtmd
spesad F. No?uudrw-ninvul'mﬂ- - stcong fre
1ype of spewad F,

1 R G Rasiogi

rilenlbmetbj;lhmﬂxoldl!i‘m,llunlheonulofspmdi‘lhouldillnﬁmon
higher frequencies and then praduully to lower lrequencics, but 1he case is just oppo~
site to this. Furely et uf (1970) also suggested thut there js threshold sltitude
above which the bottom of the £ layer has to rise before the irmegularities are generat-

™t heighis significunly lower than the base of the F region and only afierwards mixes
up with the main F region due to downward movements of the layer or possibly
upward movement of Lhe irregularity itself,

Booku(lQ“)wulhﬂmwmmuMlheirnmhrhhmpomibkrmm«d
F was below the base of F layer. Hemwdnhnthmmdrmthiompm
iulunolhsforwudmtmin;ofHFMiommbylmmriumenbetmlhe
Frcginnmdthe;roundpmhblyanhheigmolllotmandwdn.tlutthncmnh
not directly decectable with 1he conventional ionosondes. Cohen and Bowles (1961)
sudying the transequatorisl forward scatiering of 50 MHz signal in Peru during
1GY concluded that the range spread designaled by them as the cqualorisl spread F
results from scattering by thin sheets of irvegularities situated at about the botiom of
the Fhmorumuchulwkmbelwitallhmqhuﬁmthcmmin]hmm
occur up 10 heighta of 450 ki of move.

McNioolﬂd(lDSﬁ)wmbincdlheVeﬂhliommmuhibmewithnmﬁnu
recordings of spaced (95 km apart) transmitters, phase-path recordings and the direo-
lionofminlonhechouandwndudedlhulhem‘etmormudikduto
the number of individua| traces which are not resolved.

Bowmn{lmh.b)eombinin;lheouiquwunh;lhkmmdloopdhmim
Mudmmmkalimphrkwunﬁmdmmlmmnthmﬂk
laritics responsible for the spread Fat Brishane are ripples of considerable cxtent with
wawlength varying from 20 10 over 100 km. King (1970) has suggesied that range
lpmdiluuudhytoulubctjondnd.ionvuduelolhp‘uaynrlmor
ridpinlhiwionicnufwiuh!wginn. Qmmm(l%l)hwexplliwd
mmydqmmmmrmmummwofpnhln&cﬁm
from a single irregularity moving hriznnuuyudiﬂ'etenlh:i;huwithmpeﬂloihe
Fregion. mhmdclsutibummoflhfumdmwfconﬁurnion
lorefmionndmudnionimpoudonthrndiommbﬂhiomcphaenlhq
trave] to and fro from the position of scatteting.

Booker (I%l)huwumndthcexiuinl of holes in the ionosphere 10 eaplain the
hotiomside spread F. Inside each hole the clectron density is lower than that of the
smbicnt jonosphere. When these holes are averhead the #ation, the pumber of
enciration frequencies would be observed giving risc 10 number of cusps on
e ionogram at the samc vinudhei;m:ivin;rhemlhefuquencytpMcon-
guration on the ionogrums. Holes sl a distance from the station would show up
at greater virtual heights and would be generally at a lower critical frequency than
Mm&m.ﬁﬁuﬁwlormpwumnﬂumtionmwwmm,

Rastogi and Woodman (1977a) by comparing the ionograms at Huancayo with
=orresponding MRTI records of VHF radar at Jicamarca bave showa that 1he range
type of spread Fis very eficient for back-scattering of the VHF radio waves. On the
mmmmqmzmﬁwrm@gmmm Later
lmﬁmwm(lm)bymmwin‘mwicdfushndﬁmm
hﬂu?ﬂ?hﬁwmnd-rﬂlhmmmdlhmhlhcidemhmmn
Hmw.thanmdlbrmbnmwmtswpdﬁw
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1999 {upward) valuc during any time of the night is followed by the generation of range
23 June, type of spread F configuration oa the ionograms with & delay of half to one hour,
CAMARCA Thus it is scen that the essential condition for the generation of range spread at the

equatorial latitudes is firstly that the nighitime condition is not recessary but only
the post-sunset period is necessary and sccondly the eistence of eastward electric
fiefd.

800

E
* The rocket flights during the nighttime bours st cquatorial latitudes have shown
very large positive as well as negative electron density gradienis at heights below the
P region (Aikin and Blumle 1968; Prakash et o/ 1970; Kelley et al 1976; Morse et ol
1977).

It is suggested that the range type ofspmdi’&moewnlllhhuofi'u;ion
during any part of tbe night when there exists a seep electron density gradient and
provided that the horizontal elcctric field is eastward, The [requency spread is the
ister development of the range spread,

Thus it is scen that besides finding out a suitable theory for the genesation of
spread F irregularities, interpretation of spread F ionograms is not unique and
needs detailed study using simultaneously different techniques. The recent launching
of EQUION rocket from Peru js a welcome effort in this direction (Morse ¢t of

191,
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N hr 75'w 8. Conclasions

- NCAY (1) The spread P associsted with the post-sunset uplifiing of the P region is the
't_‘s)'? - o2 ﬁ . . * range * type showing spread st lower frequency regions of the ionograms with clear

critical frequencies. (2) ‘The vertical drift velocity in the F region over the equator
has an cvening peak around 1800 LT. The onset of the ‘range ' spread P ocours

i

i

e

s d '!’o'?ﬂﬂ around the period of peak upward velocity and most of the development of spread
—1 1] H Foccurs Iater when the Fregion drifts are decreasing or even dowowards. (3) Spread
v | ol . ET 134 echoes in YHF back-scatter records are seen during the period of occurrence of
— -1 “range’ spread Fon the ionograms. (4) The presence of frequency type of spresd
iad | 7 .1&’,3 1 F on the ionograms does not cause spread in VHF echoes. (5) Range spread is
——— —_— absent on deys with no evening peak of ¥ region drift velocity and is present in the
1 e e g 011 <venings with large pesk of drift velocity. (6) The range spread oocurs only at
regions below or at the base of the Fregion and extends to within the F Tegion gra-

anio

dually with time. (7} The threshold of the F region height above which only the
spread F occurs scems to be unienable.  The more necessary condition for the genc-
ration of range spread is the large vertical drift velocity in the evening hours,

4 ?..l
) h #l-i
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: STHRE e k : mnd ather colleagues for providing their data which has enabled this study. Thanks
3 iy T arc ahso duc to the US Academy of Sciences for the Arthur L Dsy Grant No. 30 for
= S ToMH, 2 5 10 e consolidated study of the cquatorial ionosphere as investigated by different ex-
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Spread F in equatorial fonograms associated with reversal
of horizontal F region electric field

by
R.G.RASTOGI
Physical Research Laboratory, Ahmedabad 380009, Indla

R.F. WOODMAN"®
Max-Plank-Sostitut fur Aeronomie, D-3411 Katlenburg-Linidsu 3, FRG. '

ABSTRACT. -mmmm'rmummwb;m VHF back satter redsr &t Jicamarce an the vertical incidence

mﬂn\uun.lthunludﬂ-urcmdof:heFnﬁnmh!drmnnmmw,rnmw-nvm
olmnuaufolowdiymwmﬂafmtmnpvdmemmumwm,Mmldehyafml[wou
howr. It is suggested that the reversol to & strong castward electric fleld is o ial comfiti producing Renge type of tqua-
torist syesad F a1 late timet of the night when no spresd F has occwrred serly.

n-umudam«nmrmmmwumawm VHF & JFicomarca ot d'Tonogrem.
e d'incidence verticale & Husnceyo, & montrd gu'une inversion de la dérive verticele de la région F d une valewr positive (vers ie
hout) 4 tour moment pendent s mnlt ext sulvl par it génbration de configurations du type Range du spread F dens lew ionogrammy,
svee un rerend dune demihewe & uwe Mewre. On siggére que ce renversement d'un chemp fectrique fort very 'est et une condi-

tion e pour la producth duwrmmldurypcmmdhﬁudchmlfbrwu'mnmudfml'mmu
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Introduction

Even the earliest observations of equatorial spread
F by Booker snd Wells (1938) at Huancayo and by Os-
bomne (1952) at Singapore had shown that the minimon
virtusl height of the F region (W'F) incicased rapidly
after yunset reaching & maximum betwesn 1900 and
£ 2000 T; after reaching its maximum height, diffused
echo pattern was seen over & wide range of height and
frequency. Later, the occurrence of tpread 7 at other
equatoriat stations Thadan, Kodaikanal and Thumba wa
shown to be cluiely associated with the post-sunset tise
of the minimum virtusl height of the F region, A'F
(Bhargava, 1958; Lyon et ai., 1961 ; Chandra and Ras-
togi, 1972a).

Recently Rastogl (1977) has studied the occurrence
of spresd F at Huancayo in relation to the vertical F
region drift velocity as computed from the doppler shift
of VHF back scatter echoes at Jicamarca. Firstly il was
+shown that the Range spresd occuns following the gene-

tal upward rising of the whole of the F region as evidenc-

ed by the increase of the height of the F, pesk as well
s the base. Tt was siso shown that on days when the ver-
tical drift ¥, shows a large increase before the revenal of
its direction in the evening, the rise of the F region is
very ptominent and strong spread F is observed in the
jonograms. Thus, the post-uniet occurrence of spread F
is shown to be clostly associated with the large peak of
¥, and large height rise of the F region. -

Examining crilically the ionograms at the equatorisl
station Thumba, Chandra and Rastogi (1972s) had
shown that the equatorial spread F is of two distinctly
different types : (i) Range spread F which occurs mainly
in the pre-midnight period snd is well correlated with
the post-sunset incresse of &' F and (i) Frequency spread
F which usually occurs in the post-midnight peried and
which has no dependence on h'F variation. Sastri and
Murthy (1975) too showed that the spread F ot Kodai-
anal is of Range type during the pre-midnight period

_and nf Frequency type during the post-midnight period.

In this paper, we discuss u rather little described phe-
nomenon, i.e. the sudden onset of Range ty ¢ of equsto-

2 'RG. RASTOGI AND R¥. WOODMAN

rial spread F & +ight time petiod other than that ssocia-
ted with post sapset changes in the F region based on
the Huancaya icnograms. To sasess the possible changes
In the clectris Teld in the F region dusing such rents,
the memsurenemts of the vertical drifts in the F wegion,
V., (F). st licwrearcs sre also studied during these events,
Fejer et al. (1976) have suggested 1 close connection
between s rev=raed electric field during the night and the
onset of spread F in VIIF back-scatter records.

Results

In Figure B are shown the whole year aversge noctur.
nal variation of Range and Frequency spread F st Huan-
cayo during the moderately solar activity period 1972, [t
Is seen that the onset of Range spread occurs at 1845 LT
and the frequescy of occurrence of Range spresd in-
cremes very mpidly 10 a value of more than SO0% of
time at 2000 LI, Afier about 2030 LT, the occurrence
of Range spre_d continues to decrease with time till the
sunrise. The F-aquency type of spread hss a very broad
pesk occurrerze of about 30 % of tme around mid-
night hours,

In Figure 2 e shown the v:ristions of vertical Fre-
gion drift at Bcamarca (V,) compared with the geoma-
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pretic H field at buancayo and Trivandrum and the
D, (1" values on 9-10 August 1972, SR and S5 indicate
the times of local sunrise and sunsed respectively. Some
ionograms at Huancayo on 9-10 August 1972 are repto.
duced in Figure 3. There had occurred a SC type of gea-
magnetic storm on 8 August 1972 st 1854 LT and at
1937 LT and thus the period under study was & sirom
recovery period and is evid d by paratively high
D,,(H) values being higher than — 50 v, The ¥, (F)had
reversed (rom upward (o downward ss ususl st sbout
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A few ionograms at Huancayo on the might of 9-10 August 1977
Note the nonnal occurrence of Rauge type of spresd F al
2030 LT snd ita decay by 2130 LT. The sedden onset of
loqlgadlg 2t 0200 LT is associated w2 the teversal of ¥y 1t

»

Fig- 2
The vardations of vertics F replon drilt (¥;) at Jicamarca and ¥
rmmmic horizontal held () ot Husncayo and Teiv,

Ln.}m on 9-10 August 1972, Nokz the reversal of ¥, xi 0100
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+845 LT and had a small positive pesk immediately afier
sumet. ¥, (F) remained negative (downwrrd) till about
midnight but had turned again positive at 0100 LT and
remained so for a couple of hours. There were no signi-
ficant disturbances in the 4 lieid at Huancaye or at Tri-
vandrum during this period ; the three hourly K, value
wat around 3 between 0000 snd 0400 LT. Examining
the lonograms in Figure 3 one finds normal Range
spread F at 2030 LT and 2100 LT which vanished in

subsequent records. Perfectly clear A'F traces were re-

corded st 2130 LT till 0000 LT, At 0100 LT some sa-
tellite echoes are seen over the finst order h'F trace
and at 0200 LT strong scatter echoes mic secen slong
with the &' F trace. A1 0230 LT these diffuse echoes had
clewly developed into Range type spread F. It is slso to
be noted that A'F had continuously increased from
sbout 210 km at 0000 LT to 300 km at 0230 LT. By
0330 LT the spread F had extended upto the maximum
frequency ranpe. At 0500 LT multiple spread F layers
wir evidenced. The spread ¥ disappesred by 0600 LT.
It is clear that the onsct of Range spread F at 0200 LT
and upto 0515 LT was associated with the sbnormal
reversal of the ¥, (F) between 0100 and 0400 LT.

We now present another case where ¥, (F) had been
negative in (ke afiernoon hours due to the counter equa-
Lonial elecirojet and this condition continued for a few

.- hours after sunset. In Figure 4 are reproduced V, (F) st
camarca, H feld ot Huancayo snd Trivandrum and

D, (H) values on 13-14 May 1975, while s3ome of the
jonograms for the same day at Huancayo are reproduced

in Figure 5. A SC tvpe of geomagnetic storm was evident

in Trivandrum magnetogram at 1900 UT (1400 75°
WMT) but no evidence of the same could be seen in
Huancayo magnetogram. However, this was immediately
followed by the occurrence of & counter equatorial elec-
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trojet starting at 1500 LT. The drift remained negative
til 2100 LT. But just after 2100 LT V, (F) becama posi-
tive and remained 3o upto 2230 LY. The D, (H) valuea
were slightly positive till 1900 LT alter which it became
negative but still wesk heing about — 20 v. Thus the pe-
tivd of abnormal reversal of V;{F) at night was during
the main phas of a mild storm. Examining U iono-
grams in Figure 5 one wes a compleic absence of soread
F condition which is usually scen afier sunset period.
Orty st about 2130 LT & salcilite ec’ o was seen and
Range spresd F sppeared at 2145 LT, By 2200 LT the
pread F condition was exicaded uplo she whole rangs
to frequencies reflected frem the F region. It is to be no-
ted that the height of the F region did not show any -
gnificant rise during this period. Thus the absence of eve-
ning peak of ¥, ha! inhibited the occurrencs of spread
F and the late onset of spread F was sssacisted with the
reversal of ¥, st2100 LT,

We next present s case when a sudden onset of Range
spread occurred in the post midnight haurs. In Figure 6
are presented the variations on 30-31 August 1960 of
V,(F) st Jicamarca compared with corres, -unding varia-
tions of i/ at Huancayo and st Trivandrum and of
D, (H) valret, while 2 few ionograms are reproduced in
Figure 7. This was & lairly quict day with very low
D, (H) values although a weak SC in B was evident in
both the Trivandrum and Huancayo ionograms. The
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The varistions of wemical F regson drift (Fy) al Nesmaics and the
gromagnetic v Eild st Husncayo snd Trivandrum o 30-31

Anigutt 1970, ~ute the reversal of F;{F) a1 0400 LT sbout
two hours before sunrise,

Fp {F) had shos~ nice pesk at about 1830 LT which
was lollowed b=« Lirong spread F condition which had
vanizhed by 2100 LT. Around 0400 LT V, had suddenly
became positive snd remained s0 even upto 0800 LT.
This sudden rexemal of ¥, seems (o have caused intens
pread F comdaien st 0515 LT which continued sven
after layer sunrine at 0545 LT.

We now premat a cuse of sudden onsel of spread Fat
Huaicayo durimg & rather geomagentically disturbed
night [oBowing & GC type of storm. In Figure § are
thown the varations of the following parameters on
15-06 May 19 : (i) V,(F), () ¥ field at Huancayo,
{iis) i field e ﬁmdmm and {iv) D, (H) values, while
same ionograns at Huancayo asre npmdneed in Fi-
pure 9. The ¥, had reversed its direction at sunset snd
rewained negatwa till 2200 LT. For less than an hour
between 2200 LT and 2245 LT, ¥, was positive but very
small of the order of 5 m/s. At about 0330 LT the ¥,
had become signdicantly positive and it remained pon-
tive ¢+en uplo suarise and later on. The ionograms did
not show any spead echoes upto 0430 LT and sirong
Rarige spread F sarted at 0445 LT and continued to be
present even amer the sun had regenrated the new F
laye: ionizstion. after suntise.

Finally we smsent the case of Range spread at a
night with highy geomagnetic disturbed condition. The
varistioms of purameters ¥, al Jicamarca, i al Huan-
cayo and m Timandrum and D (1) n]ues on 1314
Sepsember 197- xre showa v Figure 10, while some of
the onograms st Huancayo are reproduced in Figure 11,
A SC type of gramagnetic stonn had starded on 13 Sep-
tember ot 1240 JT (ur 0740 LT). The K, values wers
xcaptionally High on this day, the t value of
8 being recorded between 2200 LT and 0100 LT. The
D, uH) veluey wars more than — 100 7 during the pe-
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HUANCAYO -
I-AUG. 1970

i n
1y ¥

A low lonogrems st Huancayo om 1t 1970 sthowing sud-
den onsst of the Range umgamumsum
ind with the reveissl of ¥ al LT.

ricd, Large fuctustions in ¥, (F) were noted both
during the vaytime as well a5 dusing the nightlime. The
¥, (F} was negative during the evening hours but Le-
came significantly positive st 2315 LT with the peak
value of + 30 m/s. The ionogcams at Huancayo indica-
ted some satellite traces at 000 LT followed by s strong
Range spread at 0015 LT and on subsequent records.
The equatorial spread F s suppesed to be 3 por
sunset phenomenon smociated with the rapid rise
the F region. Due 10 this basic fact many theories hav.
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been suprested on the basis of changes that oceur during
runset periods.

Martyn (1959) suggested the amplification of weak
iregularities in the F region due to i movement
~~=weard against the smbicnt ionization. The driving me.-
aism t~ mave the irregutarities relative to the am-
bient ionization is proposed to be vertical drift driven
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by east-west electrostatic field. Calvert ( 1163) suggested
the contraction of the neutral aimotphere dus to ity
cooling by downward thermal conduction after sunse:
83 the source of setting up instability in the ifonosphere
timilar to that caused by the electrostatic field. This
theory cannot sccount for the onset of the irregulari-
ties late in the night when the temperature distribution
has been stabiized. The theory most switable for the
generation of spread F should take into sccount the ne-
cessity of having strong easiward electric field in the
F region heights,

Woodman and La Hoz (1976) have classified the
spread F observed by the Jicamarcs radar on the basie
of their spectrum and dynamics of the backscalies
cchnes. They have also suggested different mechanisms
for these different types of spread F irregularities. Morse
i al. (1977) have suggested 2 pradient drift instability
= responsible for the late and sudden appesrance of
strong echoes in the Jicam+rca radsr after a reversal in
the electric field. The evidence presented here supports
the idea that s gradient drift instability is responsible
for the fate onset of the spread F, The gradient being
positive in the lower side of the F region, the castward
electric field (d d by the upward velociy d
by th- radar) causes the generation of rregularitiey
through the gradient drifl instability mechaniam,

Contrary to the existing understanding that the geo-
magnetic stonns inhibit the Range spread F {Lyon et
o, 1958, 1961 ; Rangaswami and Kapasi, {963 H
Chandra and Rastogi, 19724, b) is has been shown that
even slrong geomagnetic storms can generate Range
spresd F. Future statistics should differentiate the cor-
relation betwsen the early (19-20h) and fage Range
<pread F and magnetic storms,
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Some jorogramy o on 1314 197,
wing Range iyp~ of tprend F. September 1972 sho-
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On the occurrence of equatorial spread-F in the evening hours
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INDIAN INSTITUTE OF GEOMAGNETIM, COLABA, BoMBAY 400 003, INDiA

(Received in final form 26 Februory 1986)

Abstract— By comparing clectron drift velocitics al Jicamarca with corresponding ionograms and YHF
radio cintidlation records at Huancayo it has been shown thai the day-to-day variability in the occursence of
equaiorial spread-F irregularitics in the post-sunset period depends critically on the Lme of reversal of the Sq
electric field. The field reversal before sunsci does nat produce any spread-F in the cvening hours, waile the
continuation of the day-time clectric field for & couple of hours after sunset at normal srengthisa favourable

condition for generating spread-F.

I INTRODAUCTION

Interest in stidies of equatorial spread-F has increased
almost explosively in recent years with the availability
of VHF backacatter echo power maps from Jicamarca,
with the development of theoretical simulation of the
irregularities and with the rapid growth of satellite
communications. Thus spread-F, first identified on the
routine vertical incidence ioncgrams of Huancayo, is
now studied by VHF backacatter ochoes, satellite
radiowave scintiflations, airglow depletion cells, in situ
satcllite measurements, ctc. Rastoor (1980) has shown
that the occurrence of post-suaset, mnge-type spread-
F at Huancayo shows a very consistent and strong
scasonal variation, with maximum around the
December solstice and minimum around the June
solstice during any of the years of the solar cycie. It was
shown that reversal of the electric field during the June
solstice occurs in general at about the same time as
sunset at F-region heights (1915 LT) and that spread-
F irregularities do not get sufficient time to develap.
During the December solstice the electric field reverses
at about 2115 LT, while F-region sunset occurs at
about 2000 LT and thus enough time is provided for
the irregularities to develop and produce spread-F
echocs on the ionograms. Nevertheless the question is
asked why on some evenings the spread-F occurs very
strongly and on others it does not? The present paper
is an attempt 1o understand this problem and provide
some definite suggestions,

The data utilised are horizontal drift velocities from
the Jicamarca VHF backscatier mdar, vertical
incidence ionograms at Huancayo and VHF radio
wave amplitude scintillations at Huancayo. BaLsiey
(1969) showed that the eloctron drift velocity (V,,

ms™") measured by the Jicamarca VHF backscatier
mdar may be ‘used to estimate a value for the
horizontal eloctric field responsible for the drift, using
the expression

E, = —088+10°*V,(Vm~').

WOODMAN (1970) presented a large amount of data on
vertical drift velocities in the F-region over Jicamarca
and suggested that vertical drifis can s taken as a
measure of the horizontal electric field (1 mv m™?
corresponds to approximately 40 m s ~!). BALSLEY and
WoobMAN (1969) had earlier shown that there was &
good correlation betwees horizontal drift velocities
in the E-region and vertical F-region velocities at
Jicamarca. Thus a vertical upward or horizontal
wesiward velocity corresponds o an eastward electric
ficld chanacteristic of day-lime conditions, while a
vertical downward or herizontal castward velocity
corresponds to a westward electric field characteristic
of night-time conditions. These facts ase the basis of
the discussion in the present paper.

L SOME CASE STUDIES

Figure 1(a) shows comparisons between horizontal
E-region drifts at Jicamarca and £plots at Huancayo
for the period 1200 LT on 14 March 1o 0800 LT on 16
March 1968. It will be seen in Fig. 1(a) that on the
evening of 14 March the day-time positive drifts had
decreased 10 2ero before 1900 LT, approximately at
the time when the E-region critical frequency
decreased below | MHz Thus the E-region had
already reversed to the night-time condition even
around the sunset period. No spread-F was observed
on the ionogram on the night of 14-15 March and
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exch 15 min value of JoF ; was clearly identifiable. On
the evening of 15 March foE had decreased below ?
M Hz at 1845 LT, but the E-region drifts were around
400-500 m 3~ even up to 1930 LT and only
reversed to the night-time condition after 2000 LT.
Tae ioncsphere was thus subjected to an eastward
electric field for at feast | b after sunset, Strong range
spread did occur on the evening of 15 March,

Referring to Fig. 1(b) it is seen that on the evening of
M December 1967 the E-layer had disappeared by 1900
L7, but strong positive drifts continyed even up to
2030 LT. Strong range spread-F started at 1930 LT
and continued the whole night. On 20 Decemnber the
E-region drifts had decreased 1o zero, even in the
aferncon at 1300 LT, and remained so until about
2290 LT, and it is to be noted that no spread-F was
obeerved in the evening hours. Thus during the evening
hoars no eastward electric fields were present in the
iorosphere and no spread-F was generated. It will be
no ed that between 2230 and 2330 LT the drifts had
become strongly positive and were associated with
streng spread-F during the night starting at 2200 LT.
Events of this kind have been reported by Rastogiand
Waopman (1978).

In Fig. 2 we compare vertical drifts at Jicamarca
wit1 YHF scintillation records and ionograms on two
sets of days, 11-12 and 20-21 March 1975, it is seen
tha on 20-21 March the vertical drifts had reversed at
abaut 1300 LT. No sign of spread-F was observed on

the ionogram (reproduced here) and no scintillations
were observed on signals from the ATS-6 beacon
satellite on 140 or 137 MH2 received at Huancayo.
Thus sn carly reversal of vertical drift was assoCiated
with & complete absence of F. -region irregularities in
the evening hours. On 11 March 1975 the vertical
drifts were strongly positive in the evening hours up 1o
1900 LT and reversed to night-time conditions only at
about 1930 LT. The ionograms indicate satellite traces
a1 1945 LT and strong range spread-F at later times.
The radio beacon signals on 137 and 140 MHz from
ATS-6 to Huancayo had aimost saturated
scintillations on the evening of 1112 March, Thus a
strong and late reversal of F-region vertical drift
appears to be very conducive 1o the generation of
spread-F irregularities,

Figure 3 compares variations of vertical drifis at
Jicamarca with the ionograms and VHF scintillations
recorded at Huancayo on 20-21and 2[-22 May 1975,
It is seen that on 21-22 May the drifts had reversed
from positive values during day-time to night-time
values even before 1800 LT and remained so during
the rest of the night. No scintillations on 137 or 360
MHz beacons from ATS-6 1o Huancayo were
observed on the night of 21-22 May and no spread-F
was observed on ionograms recorded at 2000, 2200
and 2300 LT at Huancayo. On 20 May the valyes of
vertical drifts were slightly negative during 16001700
LT, but had become positive before sunset gnd

ss [ 20-21Mar.1975
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0
0 famea-aerpmsococoootooiie

| 1

[Radia Scintitiations at Huancaye
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20} qm
0 20
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Fig. 2. (a) Comparison of vertical F-region el

drifts at Ji

ATS-6 signals at Huancayo on

with the amplitude scintiliations of
11-12 and 20-21 March 1975,



690 R. G. Rastoci
HUANCAYO
20 March1975 11 March 1975
1900LT T 191511
- =
2000 u 1930 )
a
2100 1945 ‘ I;
—.E— o= -
2200 | 2030 _
I - T ¥

e PR "..‘l
~1 =
2300 : Km 2%15 :

r = 5 00— :

- 430 0538 4 '
+“"'_

{- 100

2 3 4 567 MHz 23 kSl_’:?HHz&
Fig. 2. {b} Some of the ionograms at Huancayo on 11'and 20 March 1975, .

reversed to night-time conditions only after gbout
2000 LT. Strong scintillations were seen on the 137
and 360 MHz signals from ATS-6 to Huancayo during
that night and strong spread-F was also observed on
the ionograms at Huancayo. The ionograms
reproduced here also show that the spread-F was of
the range type, with scattering layers at a number of
aliiludes occurring simultaneously. This case also
confirms that an castward electric field in the post-
sunset hours is a necessary condition for the
gencration of spread-F in the equatorial ionosphere.

During the vertical electron drift velocity mode of

operation of the Jicamarca radar, the quality of the
echo has also been monitored by the operators and
any F-region irregularities which they observed have
been recorded &s spread-F. Using thess drift and
spread-F data, both made by the Jicamarca radar,
FARLEY et al. (1970) have made an extensive study of
equatonial spread-F and found thal thesc irregularities
<an be gencrated anywhere in the F-region, no matter
with what velocity the region is moving, Quite a large
sct of vertical drilt plots are available in the paper by
FARLEY et al. (1970) and by WoODMAN (1970) and the
ionograms for the days for which this drift data is given

Fig. 3. (s) Comparson of vertical F-region electron

Equatorial spread-F in the evening hours
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LT. and in 2l four cases strong spread-F and
scintillarions were observed.

The second st of data illustrated in Fig. 4 are
exampics in which the drift had reversed 10 the night-
time condition comparatively early and in no casc was
spread-F observed on the ionograms at Huancayo.
However, VHF radar recorded spread-F on these
nights. RASTUGH (1978) has shown an example of
complete abseace of spread-F on the ionograms when
VHF sp-tad-F was noted on vertical rift records.
These VHF spread could be the weak itregularitics
well below the 1ermal ionosphere reported by Fartey
et al. (1970).

Thus it would appear that the day-to-day variability
in the occurrence of spread-F is dependent on the tlime
of reversal of the S electric field with respect to the
zime of sunset at jonospheric levels. If the reversal
precedes sunse- then there is no chance of spread-F
generation on that nighe. If, however, the electric field

spread-F generation. It may be mentioned that due to
the slow growth rate of itregularities in the F- -region
the electric ficld may have reversed slightly before the
irregularities have fully developed, 50 as 10 produce
their effects on the reflection, scatterorin transmission
of radio waves. Thus, just at the time of occurrence of
spread-F the electric fickd may be posilive or negative,
What is important is that the electric field should
remain eastward for about an hour after sunset, when
ionisation in the lower part of the region will have
disappeated leaving an F-layer with a sharp plasma
gradicnt at its base.
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(VHF S,F shaded \\\\\ and {d) on the normal incid

&

at H yo (HF S_F) shaded /////.

for Huancayo have been examined for the occurrence
of spread-F. In Fig. 4 are reproduced some of the drift
plots, together with the temporal occurrence of HF
spread (as observed on the Huancayo ionosonde),
VHF spread (as observed with the Jicamarca radar)
and VHF xcintillations (observed on satcllite signals
received at Huancayo). Examining these plots
individually, one finds that on 10-11 January and on
24-25 March 1969 there was a strong peak of vertical
drift between 1900 and 2000 LT, which reversed to
night-time conditions only around 2030 LT, well after
the layer sunset. On both evenings HF as well as VHF
spread was observed beginning at 1930 LT. The
amplitude acintillations were almost saturated up to
about 0200 LT. Thus there were excetlent correlations
between the Jicamarca vertical drift data, the
Huancayo ionosonde data and the Huancayo

amplitude scintillations data. On 8-9 May 1968 and
3-6 August 1969 the vertical drifts were strong in the
afternoon hours, but reversed to night-time conditions
earlier than 1900 LT. Sunset in the F-region d.ring
these months being around 1915-1930 LT, there was
insufficient time for irregularities to develop. Litle or
a0 HF spread or VHF madio scintillations were
observed on 8-9 May, but some VHF spread was
observed on 5-6 August. On 13-14 August and 9-10
September 1970 the drifts were again weak and
reversed very early in the evening hours. No spread-F
was observed on the ionograms, but some
scintitlations on YHF radio waves were observed. The
next four cases, for 10-11 September 1970 and 27-28
November, 28-29 November and 12-13 December
1968, are examples in which a large peak in the drift
was observed before its reversal around 2000-2100

remains castward (as in the day-time) for even an hour ﬁ,‘;"[’,;;",‘u',,";‘:';,":“.""" :‘3‘;? magacti ('; '""”md. by
#f 30 aftet sunset, then there is a very good chance of  India. o °f
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The modified rasge timse intensity (MRTI) records of 30 MH2 buc) eadar at % are compared with
aul veruica) imcich ooy at H yo snd the amplitude scintilations of VHF mdic waves from
y aalellite ATS-3 ived at t yo. The ahitudes of ranpe spread echoes is e iomogrmm, distinguished Trom

vhe victunl height of By ref schoes, correspoad very well with e altitudes of der maxima in -he intensity of scatur
echoes m VHF backscaiigr MRTI records. Thie suggests thal the range type of equarorial spread F echoes on the HF
ionogram as well as the back hoes of I L gn i the pla i i involve 1h procem which
the scatiesing by layers of sharp plasses denwity gradienl. The gemeration of post-suneet eveniay spress-F i inbibived during
events of the enrly reversal of the clectric fie'd. The iregularities sre groersied whes the F-region driks are wpward, is. the
horizonial electric fickd is castward, but may coatinue 10 grow even afier the deift it very kow or even reversed. The vertical

movement of U scatiering layers imay br independent of the general mowemenis of 1he maia F-layer.

1 Introduction

The first routine observation of the equatorial
ionosphere was started in 1933 by the establishment of
an automatic vertical incidence ionosphetic scunder at
Huancayo!, Due to the unique configurstion of
orthogonality between the northward magnetic field,
vertical plasma density gradient and the east-west
electric field over the magnetic equator, the equatorial
ionosphere has been found to be » region of host of
plasma irregularities and discontinuities snd these
were détecied 1o be present during both daytime? and
nighitime hours®. In ihe presence of Ihese
irregularities, the HF ionotonde records show large
amount of scatter echoes. During the daytime hours A'-
Jruce from the E-layer is generally obliterated due 10
scatter from the ¢ type of sporadic syer and during the
nighttime the F-region trace can be indistinguishable
among the scatter echoes from the spread-F.

The radio waves from artificial satcllites traversing
the equatorial ionesphere undergo changes of phase as
well as amplitude if these irregularities are present on
the intervening path. During the daytime hours, the
normal ¢ type of Es produce the fluctuations of the
radio beacons on VHF range up 1o about 1-2dB in the
American sector and aboul 56 dB in the Indian
secior® . Howevet. in the presence of blanketing type of
Es the scintillutions may exceed even 10-20 dB(Ref. 5.
During nighitime, strong scintillations are observed
around 2200 hrs LT with the peak-to-peak
fluctuations enceeding 20 dB. The nighifime equatorial
scintillations were shown to be associated with range-
type spread-F showing muitiple layers of scuttering
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with no group retaraation effects®. It has been found
that intense nighttime scintillatbon (exceeding 20 dB) of
VHF radic waves was observed when 1he ionograms
showed blaoketing Es simulaneously at different
heights”.

Farley et ol showed #at the fieki-aligned
irregularities associated witk cuatorial spread-F can
backscatter 50 MHz radio wawes such that the echoes
may atain & sirength of perhaps 107-10* times the
background thermal level. Fejer e al.® described the
modificd range time intensity (MRTD technique to
study the height variation of the backscatter power.

* The incoming signal is attenuaned by an amount that is

increased lincarly from 0 to 70dB in 30 sec and thus the
tegion corresponding to the strongest echoes persists
the longest in the film strip recording the echoes. The
techpique has been further developed producing

- digital power map showing the echo power variation

withaltitude as a function of time '? . [t has been shown
by Rastogi and Woodman'' that the range-type
spread-F is very efficient for £ backscatier of VHF
radio waves while the frequency spread does not seem
to produce strong YHF echoes. Air Force Geophysics

‘Laboratory, Bedford, Massachusctts, USA, in

coliaboration with the Institute Geophysico del Peru,
has been recording amplitude scintillations of VHF
radio beacons from geostationary saicllites at
Huancayo. An index of scintilation has been derived
from the records of amplitude according to the method
described by Whitney et al."?

In this paper the VHF backscatter records at
Jicamarcs are compated with the simultancous HF
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ionosonde records st Huancayo and with, the VHF
radio scintiliation observations st Huanayo.

1 Obuervation

In Fig. | are shown an excellent example of MRTI
record of VHF backscatier echoes at Jicamarca a1 2107
hirs LT and the ionogram at Huancayo at 2100 hrs LT
on 16 Apr. 1974. The variation of the scintillation
index of 137 MHz radio beacon from ATS-3 received
at Huarcayo is also shown in Fig. 1. The MRTI record
showed strong echo at 100 km and at a number of
altitudes between 200 and 400 km. The ionogram did
not show the normal p'.f trace and a fully developed
range-lype spread F was present, with strong echoes
returned from a number of altitudes. It is remarkable
to note that the altitudes of spread F inyers seen on the
ionogram and the altitudes of the strong echoes seen
on the MRTI records had excelient correspondence.
The VHF scintillations al those periods were satumted
with the index of 100%; . This shows that during a lully
developed stage of range spread, there are a number of
levels in the F region which strongly scatter radio
waves from 2 1o 50 MHz and these layers of
irregularities are wvery effectie for producing
acintiliations of the tudio waves traversing through the
ionosphere.

In Fig. 2 arc shown the MRTI records and the
corresponding ionograms on 25 Fune 1974. At 2030 hrs
LT and 2100 hrs LT strong range type of spread-F as
well asstrong VHF backscatter echoes were present at
300-400 km altitudes. At 2130 hrs LT the structure of
spread-F on the ionogram had transformed into the
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Fig. I--{a) MRTI record of $0 MHz backscatsr radio
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frequency type showing broad range of diffuséicatier ' Wy

and scattering from a definite altitude was 8ot soen. 3. 7
The corresponding VHF echoes on MRTI records
were weak. AL 2200 hra LT, (i) the spread-F wasclearof .
frequency type, (i) the record cleatly showed group 3
retardation efects, (jii) no multiple scattering layers o
were seen on the ionograms and {iv) Ihe corresponding
MRTI records did not show any VHF echoes. Itis thus i
scen that only those types of spread-F echoes which do -
not show group retardation are effective in producing -
VHF backscatter echoes. i

In Fig. 3 are shown the ionograms, MRTI records "
and the xcintillation index on 19 Nov. 1970. At 1900 i
brs LT the ionogram trace was clear withowt any
scatter echoes and high multiple echoes were sten .
suggesting an increase ib the height of the F-region
around that period, and satellite traces were recorded
due to off-vertical echoes. The MRTI records did not
show any scaiter echo and the scintillations were very .-,
low in magnitude. At 1930 hrs LT a scattering layer oy
had developed definitcly below the F-ayer whichitself ¥
was quite clear. The MRTI record shewed echoes and 720" -
the scintillation index of 137 MHz radio beacon had
increased to 60%. At 1945 hrs LT aod subsequent -0
periods the spread-F layer at the base of the F-layer (s .+
seen in the ionogram) grew stronger; HF backscatter . ;7.
echo on the MRTI record aso grew stronger and the o
xintilations grew almost 10 satumation level. The e
ionogram at 2200 hrs LT showed mu.tiple layers with 2
no group retardations; MRTI record indicated
multiple altitudes of strong echoes anc: the scintillation
index was 100%;.
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AN

15 A P e compers e deiopi il e
1, apeedd-F wrid the VHF scintilutions on 22 Mk 1974,

iuThe londgraim &1 1745 hés LT showed & strong Javer of
- ionizetion.at 150 kin inermediate between 15t ifd'F-

:i¥egions. AL.180C krs LT the critical frequency of the
& srmommal E-layer had decreased (o Jess than 2- Mz, but
<l ibilzaion Wensity of the @teriediane layer remained

X %, the same sltbough the height had incrersed o {70 k.

Lo 1830 hrs LT the beight of the intermediste fayer
<. incrmmsed 0 200 kew and strong spread typedoifoss had
‘fdewloped betieen 200 and 300 kin, while the Flayer
‘ \ﬂl’lkm clcr with miniftam virtval height pittion of
. /the traco extending to almow the hrwest fraquency end
_;prtlitiqmm idicating the absence of regularities
--w the mbin Flayer. At 1845 has LT vory oemsiicuous

Jipread echoes at 2 number of alitudes weli bélow the
‘E-region iid developed.. 1t taterestinng ftf ndite that
thecintiliafion index of the VHF radio beatim ut 1845
Iafbl:.T whasmore than 607 even when no spread echoes
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the scintilletion mcdex of 137 MHz ATS-3 radio
., . bescos st Huawcayo oo 22 Mar.|974

in the F-region were evident. These scintillations were
due to-irregularities situated al different levels in
betwean the E- and F-layers.

in Fig. 5 are shown the ionograms and the
corresponding MRTI records on 22 Mar. 1974, The
records at 1915 hrs LT clearly shows VHF scatter at 230
and 300 km corresponding to the spread-F echoes
below the F-region. At 1945 hrs LT the irregularities
had gone up and joined the F-region and the MRTI
record showed cchoes up to 350 km. The record of
2145 hes LT showed excellent correspondence in
altitude of VHF backscatter cchoes at 300, 375 and 400
km and the corresponding altitudes of the spread-F
echocs.

In Figs & and 7 we compare the ionograms af
Huancayo, MRTI records at Jicamarca and the VHF
scintillatios at Huancayo on 24 Mar. 1974. The
ionogrash at 2000 hrs LT showed clearly the first and
second order reflection trace. Except for some random
signals sround the irace, no spread-F irregularities
scemed to be associated with the base of the F-layer,
There were some echoes in between the first and
second order iraces due 1o off-vertical irregularities,
The MRTI record showed some extrernely thin layer at
220 km at 2000 hrs LT and the scintillation index of
VHF beacon was zero. It may be mentioned that
MR records showed echoes at 100 km even when the
ionograms did not record the I:s reflections from the
same height. At 2015 hes LT spread-F irregularities
had developed at the base of the F-layer as well as at
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higher altitudes; MRTI record did not show any strong
echo region and scintillations were 100 weak (less than
102 or 1 dB). The ionogram at 2045 hry LT showed
strong spread-F irregularities at the base (250 km) of
the F-layer. AL 2100 hrs LT, the MRTI record showed
detintte Layers of buckscautering of VHF radiowave
trom different altitudes beiween 300 and 450 km and
the VHE radio scintillstions hud recorded to almost
saturation Jevel. At 2130 hes LT the MRTI record
showed another region of scatter at ahitudes of more
thun 600 km. .
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Fig. 3—Comparnon of the MRTI records
of 50 MHz buckscatser echoes ot Jicamarca
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In Fig. 8 are shown the comparison of MRT1
records and the ionograms on 15 and 16 Oct. 1970, in

- Fig. 9(a) are reproduced the temporal variation cf F-

region vertical deify at Jicamarca en 16-17 Oct. 970
and in Fig. 9(b) arc shown the temporal variatiors of
the scintillation index of 137 MHz radio beacon from
ATS-3 to Huancayo an certain days of October 1970,
On 15 Oct. 1970, sirong spread-F were recorded at
Huancayo in the eveniag hours up o 2215 hrs LT. The
Jicamarca MRTI records also showed strong echoes
from the F-layer during the corresponding pesiod. Gin
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Fig. 7-Compatieos of MITI recoeds of 30 MHz backecater
ochoss at Sicamerca and the scintillation index of 137 MH2 ATS-
3 iadio beacew 51 Hussrayo on 24 Mar |91

i
Fig. $--Comparisom of MRTI rcords of 30 MHz backacatier
wchoes at Juamarcs sad vertical incidence ionograme

o= . Hesscsyo om S and 16 Ocy 1970 .
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(a)

PO NCAMARER

Fig. 9—{a} Varisdion of the warticsl deilks a1 Jicamercs on 16
OcLIYM; sad (b} verintion of scintillstion imdex of 137 MHs
{ATS-3) rudin beacos ot Husaosyo during Oct 190

16 Oct. 1970 no Fregion echoes were observed on the
MRTI recosds; correspondingly the ionogmms at
Huancayo on 16 Oct. 1970 were exceptionally clear
devoid of any spread-F. The F-region drift indicated &
counler eleciroiet event (downward drilt during the
daytime) in the afiernoon hours followed by weak drift
cosresponding to weak borizoata) electric field in the
iomosphere and Inter early reversal of the drift at sunset
0 the nighttime dowaward direction. Rastogi®? has
shown thet the sintillations of VHF radio waves at
Humacayo ave » positive cornelation with solar
activity and seasonally October - February are the
months of strong VHF scintillations st Huancsyo.
Thus the month of October 1970 (mean Zurich sunspot
namber = B7) would be expected 10 be a period of
Imtmnee sciatillat:ons. Referring to Fig %(b) the percent
of time the winfillation index of VHF radio waves at
Huancayo exceeded the level of 80% was more than
507, between 2000 and 0000 hrs LT. The scintillation
index om 15 Ocwber was 1007 from 1913 hrs LT 1o
midnight. Absolusely 8o scintiliations were obeerved
st Husncayo on the might of 16-17 Oct. 1970. On the
next night of 17-18 Oct. 1970 the xcintillations were
moderate for some brief periods during ihe first part of
the night. These observations correspond very well
with the abeence of irregularities oo HF ionosonde and
on VHF backscatier radar on 16-17 Oct. 1970. This
abeence of isreguiarities was due (o weak electric field
in the afieracon and an carly reversal of the electric
field in the evening s shown by Jicamarca VHF F-
region drift obeervations. A sudden commencement
type of storm bad cocurred on 16tk October at 0917

hes UT (0437 hrs LT for Huancayo), and continued for
the next iwo 1o three days. The day 15 Oct. 1970 was
one of the ten quict days of the month and 16, 17 and
18 Oct. 1970 were included in the five disturbed days of
the month. The 4_index on 15 and 160c1. 1970 were,
respectively, 4 and 37, Thus, thesc obscrved features of
the F-region electric fiehd were the result of the
worldwide geomagnetic disturbance starting i the
early morning of the 16 Oct. 1970.

The abscnce of sufficient positive drifls or an
eastward electric fiekd pear the sunset period leading to
the abscnce of F-region irregularities is well displayed
in Fig. 10 which shows the F-region vertical drifis and
the VHF scistillation index on 2-3 and 3-4 Jan. 1975, 1t
is secn that although both on 2and 3 January counter-
tlectrojet occurred in the afternoon hours, yet on 2
Junuary there was & strong upwared drifi at sunset while
on 3 January the drift velocity remained downward
during the suneet period. The acintillations of VHF
signals were saturated during the post-evening hours
of 2 January and were practically abeent in the night of
34 Jan. 1975. This confirms tha1 s strong eastward
electric fiedd (vertical F-region drif)) is & necessary
condition 10 produce irregularitics causing the VHF
acintifiations in equatorial regions.

3 Comparioon of Haight Profile of Drift & Eche Power
with Lamagram :

Woodman'* has discumed the tchnique of
measuring vertical drifts in the F-region by measuriog
the Doppler shift of the incoherently backscatiered
achoes. The welocities are upward during day and
downward during night with {he magnitude of about
20 m/soc. The reversal times arc usually 1-2 hr aficr
sunset. McClure and Woodman'* have described the
scattering cross-section and vertical drift velocities of
the spread-F irregularities as a function of altitwde and
tims.

* +
*

T, Bt inn.n.- 1Y
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- ]
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Fig. 10— Varistion of the vertical

F-region drift at Jicassarce sad the

- sciatiliation index of 137 MH:z

(ATS-3} radio beacon st Heancayo
on 2-3 and 34 Jan 1975
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Hages. ln certain cases the movement of the in & series of papers by McNichol er of.'” and : ~ -
irregularities and the general F-layer may be both  Singleton'® A Rcw dimension to the equatorialspread ' i e baelea4-,
upwards and apparently the spread-F would remain F studies was provided by the forward scatier ' o o
only at the lower side of the F-layer leaving the critical propagation experiment in Peru during IGY. Cohen % A
frequency identifiable throughout the period of and Bowles'? found thai the trans-equatorial F-scarter X [
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In Fig. 12 are shown the development of spread-F equ;toﬁnl I:prud on "‘;““Tﬁ"’l"';‘i::'
activity at Huancayo on 4 May 1975. The ionogram at r m:::‘ :‘;hm::’:g; kr: ll:llow it som of ¢ has
1815hrs LT is & typical record around sunset. Between d.":i:_ sod the difh s the confea Bas “"imn -
1815 and 1930 brs LT the gradual uptifting of the F- . ld“:“"‘t equatorial & o e _ :
layer was very clear and minimum virvoal beight S TAX 17 trop m. . .
increased from 290 km at 1815 brs LT 10420 km a1 MENKcol &1 o, m““ .““d::"“'“t"'t“"";"" %t °lf_' ' o K1
1930 hws L. Decreasing slightly to 390 km by 2015 hre o Breoa o & e e Cxact aature o thecad
LT it rose iip again to abooi ™S00 km by 2115 hrs LT. m."m - Besies ‘:;2 28 m m: ;
The development of spread-F overhesd was preceded  OPHi a:,"";s“k': recards o signale !
by the occurrence of sateflite trace at 830 and 1845 hrs ::m:;wm:d o l"lllll_;- The '::nann tions :hu !
LT. Between 1900, and 1945 hry LT the spread-F PP it vad ’l'h""" o Soma ot u: d"'. ""m o ;
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main F-layer may be completely different, at the magnetic equator arise from: (he scaliering i the .
) vertical cast-west planc from thin, field-slgned
The radic wave of a particular frequency is reflected  irregularitics. Later obaervations of HF backscamer??
from the level of the ionosphere where the exploring  and VHF backscatter® frem the cquaterial sprend-F
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which depends on the demsity of ionization al that  Cohen?' . L CH W
level. The plasma frequency of the equatorial King*? suggested that the spread-F echoes are not rex. S TN I 3
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4 Dincussion echoes on the ionograms. This has revealed mulsiple
In the original Paper on equatorial spread-F at heighis of spread-F irvegularities, This would mear: the
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the base 1o the height of the peak ionization rises
during the post-evening hours with little change in the
semi-thickness of the layer. Lt was also stressed thata
strong peak in the vertical drift velocity (easiward
electric field) seems (0 be a necessary condition for the
peneration of equatorial spread-F. This idea was
further supporied when Rastogi and Woodman?®
showed that a reversal of F-region vertical drifi at
Jicamarca to positive (upward) value during any time
of the night is followed by the gencration of range type
of spread-F in the ionograms a1 Huancayo with a time
delay of 0.5-1 hr. Thus abnormal reversal of the electric
field 1o eastward direction is an cssential condition for
producing spread-F at lawe night when no spread-F
had occurred early during early pan of the night.
Rastogi*® suggested that the necessary conditions for
the generation of spread-F irregularitics are: (i) the
existence of region of strong plasma density gradient,
which is always present ai the base of the F-region at
night, (ii) the existence of eastward electric fickd in the
F-region, i.e. the continuation of normal daytime Sg
field even after the layer sunset, (iii) the continuance of
the sbove conditions for a period large enough for the
irregularities to grow suflicienily strong. The sceding
of the itregularities may thus be due 1o gradient
instability mechanism and later these irregularities
may develop throughout the F-layer or even above il
by Raykigh Taylor instability mechanism. The role of
castward electric field has been incorporated in the
development of imegulanities by the Rayleigh Taylor
mechanism by Anderson and Haerendel’' and by
Ossakow?? . It is recommended that a detniled study of
HF and YHF records due o spread-F would greatly
help in undersianding the equatorial F-region
irregularitics near the magnetic equator.

5 Concluslens

(i) During the condition of range equatorial spread-
F, the altitude of the scatiering layers observed on the
normal HF ionosonde (2-5 MHz) correspond
remarkably well with the kcvel of strong backscatiering
of VHF radio waves as observed o8 MRTI records.

(ii) The range spread-F echoes on the ionogram from
the base, inside or above the F-region do not show
group retardation effects; the virtual height is
independent of Irequency. .

(iii) the range spread-F echoes on the ionograms are
due to scattering process and not due to normal
reflection process.

(iv) Equatorial apread-F echoes are absent on the
nights with early reversal of F-region electric field.
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{v) The vertical movement of the genesal F-layer and
the immcgularity may be independent or ai tlimes
opposiie 10 each other.

The present work has been possible only due to
excellent sct of data coliected at the Huancayo and
Jicamarca obscrvatories of the Instituto Geofisico del
Peru. The ionospheric data have been supplied by the
World Data Centre for STP st Boulder through the
Arthur Day Grant No. 30 sanctioned to the author
jointly with A H Shapicy. Thanks arc alsodue to U S
National Research Council for the award for senior
research associateship to the author at the Air Force
Geophysics Laboratory, Beford, USA, where some of
the work was staried. Finally the author is happy (o
thank M Casaverde, R F Woodman, C Calderon, J
Allen, J A Xlobuchar and many other colleagues for

-assistance and discussion during the course of the

work. The rescarch at the Indian Instituie of
Geomagnetism is supported by the Ministry of
Tourism and Civil Aviation, Government of India.
The author is thankful to the referees for their
suggestions which have improved the presentation of
the matter.
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