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Regular radio soundings of the ionosphere over Ahmedabad were started in 1953 and several studies describe the various
features of the ionosphere close to the equatorial ionization anomaly crest. Finer characteristics of the spread F echoes could
not be studied earlier due to the very wide pulse of the transmitter. The characteristics of the spread F at Ahmedabad are
described in the present paper using the recordings of recently installed Digisonde during June - July 2012. The spread F
echoes at Ahmedabad are not due to the in situ produced irregularities as at an equatorial station Thumba. The spread F
echoes at Ahmedabad during the June solstices of 2012 are due to reflection (not scattering) from the off-vertical direction
that produce multiple traces from off-vertical direction overlapping over the main (vertical) h'-f trace, sometimes giving an
appearance of diffuse echoes near the critical frequencies. Presence of medium scale traveling ionospheric disturbances
(TIDs) could be apossihility to account for such off-vertical reflections.
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1 Introduction
The ionosphere at low latitudes is characterized by
several distinct features.

1.1 Equatorial ionization anomaly

The first ionospheric sounder near the magnetic
equator in the world was established a Huancayo,
Peru in 1931. Berkner & Wells' observed abnormal
daily variation of the critical frequency of the F-layer,
foF2, with a bite out around noon and maxima in the
morning and afternoon. Appleton? showed that when
the noon values of foF2 are plotted as a function of
latitude, a pronounced trough centred at the magnetic
equator with crests at 15° - 20° north and south are
observed. This was called as Appleton F-region
Anomaly, now commonly referred to as Equatoria
lonization Anomaly (EIA).

1.2 Equatorial electrojet

Chapman®  reported abnormally large daily
variations of the horizontal component of the
geomagnetic field H at Huancayo and other stations
close to the magnetic equator and interpreted it as an
intense eastward flowing electric current in the
dayside E-region of the ionosphere within +3° dip
latitude over the magnetic equator and called it
Equatorial Electrojet (EEJ). Baker & Martyn®

suggested that the magnetic field H being orthogonal
to the eastward dynamo atmospheric electric field, an
upward Hall polarization field gives rise to an
abnormally large eastward effective (Cowling)
conductivity, as the cause of EEJ. They also showed
that the Hall field leaks away along the inclined
magnetic field lines beyond 3° latitude from the dip
equator.

1.3 Equatorial Spread F

Booker & Wells® noted that following the rapid rise
of the F2 layer after sunset by 100 km or more at
Huancayo (dip, 0.6°N), diffuse and scattered echoes
are recorded in the ionograms, which is now called
Equatorial Spread F (ESF). Osborne® reported similar
rise of the F-layer followed by spread F at an off
equatorial station Singapore (dip lat 9°S). Lyon et al.’
described the equatoria type of spread F at Ibadan
(dip 8°S). Rastogi et al.® have described the
occurrence of equatorial type of spread F at Kwajalein
(dip 9°N) during a magnetic storm.

The first ionospheric sounder over the magnetic
equator in India was established at Thumba Rocket
Launching Station in 1964 by Physica Research
Laboratory. The general features of the ionosphere
a Thumba (8.5°N, 77.0°E, and inclination 0.8 ° N)
were described by Chandra & Rastogi®. Features
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of spread F over Thumba during the years 1965-67
are described by Chandra& Rastogi™®. They identified
two clearly different types of ESF: (i) the first starting
at post sunset period consisting of a number of
horizontal layers of scattering in the base or at the
lower levels of the F-region giving rise to an
ambiguity in finding the range, named Range ESF;
and (ii) frequency spread occurring during the post
midnight hours, with maximum spreading close
to the critical frequencies causing an ambiguity in
determining foF2. Chandra & Rastogi* from a study
of spread F over a solar cycle at Kodaikanal showed
that spread F was more frequent during pre-midnight
hours of equinoxes during high sunspot years while
during low sunspot years, it was most frequent during
post midnight hours of June solstice. Further, while
the occurrence of spread F is inhibited during
geomagnetic disturbed days during high sunspot
years, it shows an increase during the post midnight
period of disturbed days during June solstice of low
sunspot years.

Comparing the modified range time intensity
(MRTI) records of 50 MHz radar backscatter echoes
at Jicamarca with the vertical incidence ionograms at
Huancayo, Rastogi*? showed that the range spread
F is very efficient for back scattering of VHF radio
waves. On the other hand, the frequency type of
spread F does not seem to produce strong echoes.
It was suggested that the range type of spread F is due
to the scattering of radio waves from irregularities
with structures as small as 3 m situated below or at
the base of the F-region. The frequency type of spread
F was suggested to be due to scattering from
irregularities situated around the region of peak
ionization density. Later, Rastogi*® showed that the
multiple layer of scattering in range spread F in
Huancayo ionograms corresponded very closely to the
levels of strong gradient of ionization in the
corresponding MRTI records at Jicamarca.

Plasma density irregularities covering a wide range
of scale sizes, extending from hundreds of km to a
fraction of a meter are associated with the
phenomenon of ESF. The generalized Rayleigh-
Taylor ingtability (RTI), that includes the el ectric field
and neutral winds along with gravitational term, is
considered to be the primary process for the
generation of intermediate scale irregularities. Large
scale plasma depletions, thus, generated rise fast to
cover entire F-region including topside. Steep plasma
density gradients, then, provide seat for the generation
of small-scale irregularities'. Eastward electric field

gives rise to gradient drift instability (GDI) under
upward plasma density gradients besides raising the
F-layer to higher atitudes where growth rate due to
gravitational term is higher. Depending upon the
atitude to which plasma depletions reach, the N-S
extent of the field aligned irregularities (FAI) is seen.
The belt of equatorial spread-F as observed from VHF
scintillation in the Indian region is shown to be solar
cycle and seasonal dependent. It is widest during high
sunspot years and narrowest during low sunspot years
and seasonally widest during equinoxes™.
1.4 Tropical spread F

Comparatively, little attention had been pad
towards the study of spread F at latitudes near the
crest of the equatoria ionization anomaly. An
automatic ionospheric recorder was instaled at
Ahmedabad (23.0°N, 72.4°E, dip 33.4°N) in March
1953. The ionosonde had relatively low power
transmitter and consequently, a wide pulse of radio
waves were utilized to get enough return echo power.
Rastogi & Kulkarni®® described the characteristics of
the spread F at Ahmedabad covering a solar cycle.
The spread F was more frequent during equinoxes of
high sunspot years and during J solstice of low
sunspot years. The occurrences of spread F at other
low latitude stations outside the equatorial latitudes
have been reported at Taipei (Huang & Yeh') and
Nairobi (Skinner & Kelleher'®). The characteristics
of the mid latitude spread F at Brisbane was
described by Bowman™. Spread F occured mainly
after midnight and consisted of series of traces
overlapping the first order h’ - trace. Rastogi®® studied
the data from a number of vertical incidence and
oblique incidence ionosondes operated in an area
of 2800 km in radius centering on the magnetic
equator at 173°W longitude during the high altitude
nuclear exploration experiment in October 1962. It
was shown that the spread F at tropical latitudes
consist of multiple h'-f traces from off-vertica
ionization bubbles overlapping on the first overhead
h'-f trace. The time of peak occurrence of spread F
at alow latitude station Kodaikanal was 0000 hrsIST,
at Hyderabad, located between the dip equator and
anomaly crest region, it was 0200 hrs IST and at
Ahmedabad it was 0300 hrs IST. Thus, the progress
of spread F at low latitudes was analogous to the
development of daytime EIA. Chandra et al.*
compared the occurrence of range type and frequency
types spread F at anomaly crest regions in India
(Ahmedabad) and Brazil (Cachoeira Paulista).
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2 Observations

The features of the F-layer over Thumba, a station
near the magnetic equator in India, for the period
1965-67 have been reported by Chandra & Rastogi®.
Here, mainly the seasonal mean daily variations of the
critical frequency of the F2 layer (foF2), height of the
base of F layer, F and the height of the peak
ionization, hpF2 for a low (1965) and a medium
(1967) sunspot years during the summer season
(May-August) are discussed.

The value of foF2, during 1965 or 1967, decreases
from midnight to a minimum around 0500 hrs IST,
close to the sunrise at F-region of the ionosphere.
With decreasing solar zenith angle after sunrise, foF2
starts increasing rapidly till 0800-0900 hrs IST. With
increasing electric field E over the equator (and hence
EEJ strength), the hpF2 also increases causing a
cessation of the increase of foF2 resulting in bite out
(depression) around 1100 hrs IST. Later, it increases
again but after 1700 hrs IST due to increasing solar
zenith angle foF2 starts decreasing throughout the
evening and night time hours. The most significant
difference in the daily variation of foF2 with season
found was that the noon bite out is most predominant
during equinoxes, less in summer and almost absent
in winter. Further, the presence of the post sunset
peak is evident during equinoxes of 1967.

The height of the base of the F-layer remains fairly
constant during day time. It showed a small bump
around sunrise due to the start of fresh ionization at
higher heights and later, it continues to decrease till
midday hours. With decreasing solar zenith angle,
it increases and a clear maximum is seen around
2000 hrs IST. This post sunset peak was broad and
weak in 1965 than in 1967. The post sunset peak in
h'F was most predominant during equinoxes and least
in summer and the peak was much stronger in 1967
than in 1965.

The height of the peak of the F-layer decreased
slowly after midnight till 0500 hrs IST and started
increasing with a broad maximum around midday,
after which it started decreasing but showed a
secondary sharp and large peak around 2000 hrs IST
in 1967. The rapid increase of both h'F and hpF2 in
the post sunset period is due to the uplift of the
F-layer dueto the pre-reversal electric field.

Some examples of range and frequency spread F at
Thumba are shown in Fig. 1. The top two ionograms
(2100 hrs IST on 21 January 2004 and 0215 hrs IST
on 11 February 2004) show range type eguatorial
spread F where the scattering layers are at different

fixed levels of the ionosphere. These are the scattering
from very sharp gradients of the ionization separate
from the ionization profile of the F2 layer. The two
lower ionograms (0215 hrs IST on 12 February 2004
and 0045 hrs IST on 8 January 2005) show frequency
type equatorial spread F wherein the range of the
diffuse echoes increase with increasing frequency. It
is to be noted that the bottom limit of the scatter is
identical with the uniform first order p’-f reflection
trace of the F2 layer. Hence, there are longer
wavelength irregularitiesinside the F2 layer.

With the installation of Digisonde at Ahmedabad in
June 2012, excellent ionograms have been recorded
with fine resolution between adjacent traces and a
need was felt to study the characteristics of spread F
a Ahmedabad with the Digisonde records. This
paper describes the characteristic of spread F at
Ahmedabad during June - July 2012. The month
of July was a geomagnetic quiet period except for
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Fig. 1 — lonograms at Thumba showing the range type of spread
F (aand b); and the frequency type of spread F (c and d)



180 INDIAN JRADIO & SPACE PHY S, DECEMBER 2015

the days 14-16 July 2012 when K indices were 6.
The monthly mean Ap index was 14.37 for July 2012.
The monthly mean value of the sunspot number
was 66.

The mean diurnal variations of the height of the
base of F region h'F, height of the peak ionization
density in the F2 layer hpF2, critical frequency of the
F2 layer foF2 and the frequency of occurrence of
spread F for June - July 2012 at Ahmedabad are
shown in Fig. 2. Both h'F and hpF2 start increasing
after sunset reaching a maximum around 0100 hrs
IST and 0300 hrs IST, respectively. The variation of
foF2 shows a sharp decrease, two hours after sunset
and later assumes only a gradual decrease throughout
the night. It is to be noted that the peak occurrence of
spread F at Ahmedabad does not occur after sunset
like in Thumba but reaches a peak well after midnight
corresponding to therise of h'F and hpF2.

Some typical isolated examples of spread F
ionograms at Ahmedabad are shown in Fig. 3. The
ionogram (1) at 2100 hrs IST on 16 July 2012 shows
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Fig. 2 — Mean diurna variations of foF2, hpF2, h'F and the
percentage occurrence of spread F over Ahmedabad during
June - July 2012

the ordinary (red) and extraordinary (green) traces
clearly separated. Some off-vertical echoes (blue)
are seen in the second order reflection trace not
corresponding to any first order trace. Week sporadic
E trace at 100 km is also present. The ionogram (2) at
0215 hrsIST on 28 July 2012 shows clearly separated
ordinary, extraordinary and off-vertical traces
overlapping on the first order traces. It is to be noted
that the off-vertical h'F is larger than the h'F of the
main first order trace. The ionogram (3) taken 7.5
minutes later than ionogram (2) again shows the three
types of traces. The ionogram (4) at 0100 hrs IST on
26 July 2012 shows some diffuse echoes with no
doubling of multiple traces indicating the presence of
irregularities in the overhead ionosphere. Sporadic E
is also present. The ionogram (5) at 0300 hrs IST on
20 July 2012 shows a broader diffuse first order trace
with clear second order traces separated. Presence of
sporadic E is also seen. The ionogram (6) at 0500 hrs
IST on 25 July 2012 shows clearly the vertical and off
vertical closely separated traces. Sporadic E with
three multiples is aso present. The ionograms (7) at
0400 hrs IST on 28 July 2012 and (8) at 0115 hrs IST
on 11 July 2012 show in time spread F some what
resembling to the frequency type equatorial spread F.
Strong sporadic E is aso observed in the ionograms (8).

The ionograms on 1 July 2012 are reproduced
in Fig. 4 showing the development of echoes
overlapping on first order p’'-f trace. The ionogram on
2000 hrs IST show very clear ordinary (red) and
extraordinary (green) components of the first order
overhead echoes. Second multiple and third multiple
echoes are also seen. An additional (blue) trace from
off vertica is also seen above the second multiple
even though there is no off vertical trace for first
order echo. A faint trace of sporadic E is also seen
a 100 km. The ionogram on 2015 hrs IST show
very clear ordinary (red) and extraordinary (green)
components of the first order overhead echoes.
Second multiple and faint third multiple echoes are
also seen. There is additional blue trace from off
vertical trace over the second multiple. In subsequent
ionograms, a number of echoes from off-vertical are
seen. At 2100 hrs IST extra traces are very clearly
resolved and by 2107 hrs IST, the ionosphere is
practically normal. This example shows that the range
spread at Ahmedabad can be temporary for a period
of less than an hour. It must be noted that sporadic E
is present over this period of an hour and with
multiple echoes at times.
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lonograms on 28 July 2012 are shown in Fig. 5
wherein the additional traces can transform into bush
type of spread F. The ionograms at 0237 hrs IST does
not show any off vertical reflection but second
reflection of the off vertical reflection is seen above
the second reflection trace. At 0245 hrs IST off
vertical reflection is clearly seen. The separation in
range of the vertica and off vertica reflections
narrows with time and transform into frequency type
spread F (0337 hrs IST). Later, the separation
between vertical and off vertica reflections increases
(0330 hrs IST). Figure 6 shows short period changes
in the character of spread F echoes at Ahmedabad
recorded between 1745 and 1837 hrs IST on 5 July
2012. During this evening period, the separation
between vertical and off vertica traces is quite large.
Sporadic E is aso seen during this period. Further, the
onset of spread F over Ahmedabad in the early
evening can not be of equatorial spread F origin.
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3 Spread F and Night airglow

Plasma depletions have been detected by in situ
measurements of electron density or the total electron
content measurements. Optical signatures of the
plasma depletions have been monitored by night
airglow measurements using scanning photometers or
imaging al sky camera. The plasma depletions in the
night time ionosphere manifest as dark bands of
reduced intensity in all sky airglow images, associated
with the plasma depletion®. Several al sky imaging
experiments have been conducted using 630.0 nm,
7744 nm and 557.7 mm airglow emission®®. The
depletions extend from equatorial regions to lower
and middle latitudes (pole ward extensions). The N-S
and E-W extent, the degree of the plasma depletions
and its zonal velocity can be estimated from the
airglow pictures. Sahai et al.** and Pimenta et al.”
have described the features of plasma depletions and
their zonal drift in the Brazilian sector. Sobral et al.®
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Fig. 5— lonograms over Ahmedabad on 28 July 2012 showing the multiple traces transforming into a bush type of spread F
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Fig. 6 — lonograms at Ahmedabad on 05 July 2012 showing the devel opment of bush type of spread F

have described the climatology of the plasma bubble
over Brazil based on 22 years of airglow studies using
scanning airglow photometers and complemented
by air glow imagers for few years. In the Indian
region extensive measurements have been made®” .
However, most of the observations in the Indian
region are restricted to December solstices or
equinoxes as rainy season during June solstices
does not permit optical observations. Sales et al.*
conducted a multiple instrument observations at the
southern crest region of the equatorial ionization
anomaly with CCD enhanced dll-sky imaging
photometer together with a Digisonde sounder
operated as Doppler interferometer to locate
individual scattering sources in the ionosphere. They
found that the individua spread F traces in the
ionograms were separated by hundred of kilometer
off the vertica. Rajesh et al.”® have reported
simultaneous airglow and ionospheric observations
from Kavalur (10.8°N, 79.2°E, dip 8.37) in India.

4 Discussion
The occurrences of spread F at equatorial and low
latitudes are considered to be the manifestation of a

single phenomenon. After sunset, rapid recombination
of ionization at lower layer of the F-layer create a
large vertical gradient of ionization at the base of the
F-layer. If the normal day time dynamo electric
field remains eastward for some time after sunset,
the F layer experiences a rapid rise. The eastward
electric field acting on the plasma gradient generates
gradient drift irregularities at the base of the F-layer.
The growth rate of the Rayleigh Taylor instability
aso increases with adtitude and these plasma
depletions rise up within the F-layer. Later, with the
reversa of the electric field to the night time
westward direction the F-layer starts coming down
with the irregularities embedded in it. Rastogi*
suggested a phenomenon of spread F as a fountain
of plasma irregularities in the night similar to
the phenomenon of day time equatoria ionization
anomaly. During the high sunspot years, the post-
sunset rise of F-layer at equatorial stationsislarge and
the depleted regions map to anomaly crest region and
even beyond. However, the post sunset height rise of
the F-layer is not enough during the low and medium
sunspot years and the high occurrence of spread F
near anomaly crest region during June solstices
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cannot be explained by the field-aligned mapping
of the plasma depletions. One of the possible
mechanisms suggested is the role of traveling
ionospheric disturbances (T1Ds) as used to explain the
mid-latitude spread-F by Bowman®®. Other possibility
suggested is the local generation of the irregularities.
Candido et al.* studied the occurrence of spread F
over Cachoeira Paulista, a low latitude station in
Brazil in the midnight - post midnight during June
solstice under geomagnetic quiet conditions and
found inverse relation between the spread F
occurrence and the sunspot number. Airglow imaging
showed absence of plasma bubbles and presence
of TIDs. F-layer dynamics and plasma densities
suggested spread F likely to be associated with
ionospheric disturbances caused primarily by TIDs
originating from mid latitudes. In a recent study,
Upadhyaya & Gupta® reported spread F occurrence
over Delhi, a station beyond the anomaly crest region
in India for the years 2001-2007. Maximum
occurrence was found to be in June solstices for all
the years and an inverse relationship was seen
with sunspot number. Occurrence of spread F over
Ahmedabad and Kodaikanal was also shown to be
higher during low sunspot years for June solstices.
Das et al.* studied scintillation from a network of
GPS dtations in the anomaly crest region in India
during September 2011, April 2012 and September
2012. Post midnight scintillation was possibly
associated with the interaction of TIDs from the mid
latitudes to equator contrary to the evening hours
when such movement are from equator to crest
region. Zhang et al.* studied GPS scintillation and
spread F from ionograms over Sanya, a low latitude
station in China for the period December 2011 -
November 2012. During June solstice, irregularities
do not appear until late night. Absence of
irregularities in the post sunset period is likely due to
small pre-reversa electric field. Spread F during June
solstice was suggested to be associated with the
frequently observed sporadic-E and the medium scale
TIDs (MSTIDs) could play an important role in
triggering spread F. Haldoupis et al.* found a precise
relation between spread F and patchy sporadic-E and
concluded that enhanced electric field set up in
unstable sporadic-E could easily map to F-region and
trigger spread F. This is considered to work at low
latitudes as well. Patra et al.*” proposed that Es layer
might be the energy source of RTI and GDI producing
the post midnight field-aligned irregularities.

Local generation of the irregularities is the other
possibility suggested for the spread F near anomaly
crest region and beyond. Otsuka et al.®® observed
equatorial plasma bubbles and MSTIDs from the
630 nm all sky airglow imager from Shigaraki in
Japan (dip 49°). Clear depletions were seen as
the plasma bubbles moved eastward. MSTIDs
moved southwestward and the airglow depletions
disappeared when plasma bubble encountered the
MSTIDs. It was suggested that the plasma
depletions could be filled with ambient rich plasma
that moved into depleted region by ExB drift
associated with MSTIDs indicating that MSTIDs
are associated with electric field fluctuations.
Yokoyama et al.* reported both equatoria and mid
latitude ingtabilities could be functioning in the
ionosphere over Kototabang, a low latitude station
(10.36° dip latitude). Mid latitude electric field
fluctuations associated with MSTIDs were observed
and simultaneous radar observations showed MSTID
like striation®*.

Nishioka et al.** from radar at Kototabang in
Indonesia and ionosonde at Chumphon in Thailand
showed that F-layer atitude increased half an hour
before FAI appeared a Kototabang. The velocity
from radar was found to be downward. The FAI were
frequent in the post midnight period of May-August.
Uplift of the F-layer enhances the RTI growth and this
uplift could be because of recombination or due to
trans-equatoria winds.

5 Conclusion

The appearance of off-vertical reflection like echo
traces in the ionograms observed during June solstices
of 2012 could possibly be due to the presence of
medium scale traveling ionospheric disturbances.
However, in many of the spread F examples shown
here sporadic E was aso present. It will be important
to have simultaneous digisonde, VHF radar and all
sky night airglow imaging observations to ascertain
the mechanisms operating under different seasons and
solar activity conditions.

Acknowledgement

One of the authors (RGR) has been a Senior
Honorary Scientist of Indian National Science
Academy during the course of study. Thanks are due
to Physical Research Laboratory for the facilities
during the study. Thanks are also due to Prof D
Pallamrgju for the Digisonde data at Ahmedabad.



RASTOGI & CHANDRA: SPREAD F AT TROPICAL LATITUDE STATIONSIN INDIA

References

1

10

11

12

13

14

15

16

17

18

19

20

Berkner L V & Wells H W, F region investigations at low
latitude, Terr Magn Atmos Electr (USA), 39 (1934) pp
315-330.

Appleton E V, Two anomadlies in the ionosphere, Nature
(UK), 157 (1946) pp 691.

Chapman S, The equatoria electrojet as detected from the
abnormal electric current distribution above Huancayo, Peru
and elsewhere, Arch Meterol Geophys Bioclimatol A,
Meteorol Geophys (Austria), A4 (1951) pp 368-390.

Baker W J G & Martyn D F, Electric currents in the
ionosphere 1: the conductivity, Philos Trans R Soc Lond A,
Math Phys Sci (UK), 246 (1953) pp 281-294.

Booker H G & WellsH W, Scattering of radio wavesin the F
region at the ionospheric, Terr Magn Atmos Electr (USA), 39
(1938) pp 215-230.

Osborne W, lonospheric behavior in the F2 region at
Singapore, J Atmos Terr Phys (UK), 2 (1952) pp 66-78.

Lyon A J, Skinner M J& Wright R W H, Equatorial spread F
at Ibadan Nigeria, J Atmos Terr Phys (UK), 21 (1961) pp
100-191.

Rastogi R G, ChandraH, Condori L, Abdu M A, Reinisch B,
Tsunada R T, Prasad D SV V D, Pant T K & T Maruyama
T, Abnormally large magnetospheric electric field on 9
November 2004 and its effect on equatorial ionosphere
around the world, J Earth Sys Sci (India), 121 (2012) pp
1145-1161.

Chandra H & Rastogi R G, Genera features of the
ionosphere at Thumba, J Inst Electron Telecom Eng (India),
17 (1971) pp 202-216.

ChandraH & Rastogi R G, Spread F at magnetic equatorial
station Thumba, Ann Geophys (France), 28 (1972) pp 37-44.
ChandraH & Rastogi R G, Equatorial spread-F over a solar
cycle, Ann Geophys (France), 28 (1972) pp 709-716.

Rastogi R G, Study of equatoria ionospheric F region
irregularities by reflection back scatter transmission of radio
waves, Indian J Radio Space Phys, 13 (1984) pp 84-89.
Rastogi R G, VHF radio waves scattering due to range and
frequency types of equatoria spread F, J Atmos Terr Phys
(UK), 40 (1978) pp 485-491.

Haerendel G, Report - Theory of equatorial spread-F (Max
Planck Ingtitut fur Physic und Astrophysic, Garching,
Germany), 1974.

Banola S, MauryaR N & ChandraH, Solar and geomagnetic
activity control on equatoria VHF scintillations in the Indian
region, J Indian Geophys Union, 14 (2010) pp 195-209.
Rastogi R G & Kulkarni P P, Spread F echoes over
Ahmedabad over a solar cycle, Ann Geophys (France), 25
(1969) pp 577-587.

Huang Y N & Yeh C Y, On the occurrence of spread F and
the geomagnetic activity over Taipei, J Atmos Terr Phys
(UK), 32 (1970) pp 1765-1772.

Skinner N J& Kelleher R F, Studies of F region irregularities
at Nairobi from spread F on ionograms 1964-1970, Ann
Geophys (France), 27 (1971) pp 181-194.

Bowman, Movement of ionospheric irregularities and gravity
waves, J Atmos Terr Phys (UK), 30 (1968) pp 721-734.
Rastogi R G, Tropica spread F, Indian J Radio Space Phys,
12 (1983) pp 104-113.

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

185

Chandra H, Sharma Som, Abdu M A & Batistal S, Spread-F
at tropical latitudes in the Indian and American longitudes,
Adv Space Res (UK), 31 (2003), pp 717-723.

Weber E, Buchau R J, Ether EH & Mende S B, North south
aligned equatorial depletions, J Geophys Res (USA), 83
(1978), pp 712-716, doi: 10.1029/JA083iA02p00712.
Rohrabough R P, Hanson W B, Tindey B A, Cragin B L,
McClure J P & Broadfoot A L, Images of trans-equatorial
bubbles based on field aligned airglow observations from
Haleakalain 1984-1986, J Geophys Res (USA), 94 (1989) pp
6763-6770.

Sahal Y, Fagundes P R & Bittencourt J A, Trans-equatorial
F-region ionospheric plasma bubbles: Solar cycle effects, J
Atmos Sol-Terr Phys (UK), 62 (2000) pp 1377-1383.
Pimenta A A, Bittencourt JA, Fagundes P R, Sahai Y, Buriti
R A, Takahashi H & Taylor M J, lonospheric plasma bubble
zona drifts over the tropical region: A study using Ol 630
nm emission all-sky images, J Atmos Sol-Terr Phys (UK), 65
(2003) pp 1117-1126.

Sobral JH A, Abdu M A, Takahashi H,Taylor M J, dePaula
E R, Zamlutti C J, deAquino M G & Borba G L, lonospheric
plasma bubble climatology over Brazil based on 22 years
(1977-1998) of 630 nm airglow observations, J Atmos Sol-
Terr Phys (UK), 64 (2002) pp 1517-1524.

SinhaH S S, MisraR N, ChandraH, Raizada Shikha, Dutt N
& Vyas G D, Multi-wavelength optica imaging of
ionospheric plasma depletions, Indian J Radio Space Phys,
25 (1996) pp 44-52.

Mukherjee G K, Carlo, Mahgjan S H & Patil P T, First
results of al-sky imaging from India, Earth Planet Space
(Japan), 50 (1998) pp 119-127.

Raesh P H, Liu Y J Snha H S S & Banerjee S B,
Appearance and extension of airglow depletions, J Geophys
Res (USA), 115 (2010), AO08318, doi: 10.1029/
2009JA014952.1010.

Sdes G J, Reinisch B W, Scali JL, Dozous C, Bullet T W,
Weber E J& Ning P, Spread F and the structure of equatorial
ionization depletions in the southern anomaly region,
J Geophys Res (USA), 101 (1996) pp 26819-26828.

Rastogi R G, Spread-F equatorial fountain of plasma
irregularities, Indian J Radio Space Phys, 18 (1989) pp
95-98.

Candido C M N, Batista| S, Becker-Guedes F, Abdu M A,
Sobral JH A & Takahashi H, Spread F occurrence over a
southern anomaly crest location in Brazil during June solstice
of solar minimum activity, J Geophys Res (USA), 116
(2011), A06316, doi: 10.1029/2010JA016734.

Upadhyaya A K & Gupta Sumedha, A statistical analysis of
occurrence characteristics of Spread-F irregularities over
Indian region, J Atmos Sol-Terr Phys (UK), 112 (2014) pp
1-9.

Das T, Paul K S & Paul A, Observation of ionospheric
irregularities around midnight and post-midnight near the
northern crest of the Equatorial lonization Anomaly in the
Indian longitude sector: Case studies, J Atmos Sol-Terr Phys
(UK), 121 (2014) pp 188-195.

Zhang Y, Wan W, Li G, Liu L, L. Hu L & Ning B,
A comparative study of GPS ionospheric scintillations
and ionogram spread-F over Sanya, Ann Geophys (France),
33 (2015) pp 1421-1430



186

36

37

38

39

INDIAN JRADIO & SPACE PHY S, DECEMBER 2015

Hadoupis C, Kelley M C, Hussey G & Shadimov S, Role of
unstable sporadic-E layers in the generation of mid-latitude
spread F, J Geophys Res (USA), 108, doi: 10.1029/
2003JA009956, 2003.

Patra A, Phanikumar D & Pant T, Gadanki radar
observations of F region field-aligned irregularities during
June solstice of solar minimum: First results and preliminary
analysis, J Geophys Res (USA), 114 (2009), A12305, doi:
10.1029/2009JA014437.

Otsuka Y, Shiokawa K & Ogawa T, Disappearance of
equatorial plasma bubble after interaction with mid-latitude
medium-scale traveling ionospheric disturbance, Geophys
Res Lett (USA), 39 (2012) L14105, doi: 10.1029/
2012GL052286.

Yokoyama T, Pfaff R, Roddy P, Yamamoto M & Otsuka Y,
On post midnight low-latitude ionospheric irregularities

40

41

during solar minimum: 2. C/NOFS observations and
comparisons with the Equatorial Atmosphere Radar,
J Geophys Res (USA), 116 (2011a), doi: 10.1029/
2011JA016798.

Yokoyama T, Yamamoto M, Otsuka Y, Nishioka M,
Tsugawa T, Watanabe S & Pfaff R, On post-midnight
low-latitude ionospheric irregularities during solar minimum,
minimum 1: Equatorial Atmosphere Radar and GPS-TEC
observations in Indonesia, J Geophys Res (USA), 116
(2011b), doi: 10.1029/2011JA016797.

Nishioka M, Otsuka Y, Shiokawa K, Tsugawa T, Effendy,
Supnithi P & Murata K T, On post-midnight field-aligned
irregularities observed with a 30.8-MHz radar at a low
latitude: Comparison with F-layer altitude near the
geomagnetic equator, J Geophys Res (USA), 117 (2012)
A08337, doi: 10.1029/2012JA017692.



