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Abstract The nature and extent of the irregularities causing L-band nighttime scintillations at a
group of five stations Dibrugarh (27.5°N, 95°E, 43° dip), Kohima (25.6°N, 94.1°E, 39° dip), Aizawl (23.7°N, 92.8°E,
36° dip), Port Blair (11.6°N, 92.7°E, 9° dip), and Cocos Islands (12.2°S, 96.8°E, 43° dip) from the northern low
midlatitudes to southern midlatitudes along 95°E meridian is investigated. Global Navigation Satellite
System/Global Positioning System/ionosonde measurements during the equinoctial months of 2015–2016
have been utilized. The northernmost station Dibrugarh and the southernmost station Cocos Islands are
magnetically conjugate. Scintillations occur more frequently around the equatorial ionization anomaly crest
where the background charge density (total electron content crest-to-trough ratio) plays an important
role. It is also observed that L-band scintillations around this sector decrease considerably from equinoctial
months of 2015 to equinoctial months of 2016. The anomalous El Niño-Southern Oscillation and
quasi-biennial oscillation recorded during the 2015–2016 winter might have contributed partly to the
suppression of irregularities (and hence scintillations) in the succeeding equinox. Strong pre-midnight
scintillations when triggered by equatorial spread F occur simultaneously at all stations. The zonal/vertical
drift velocities of irregularities estimated from the time delay of occurrence of scintillations decrease from
postsunset to midnight hours. On the other hand, simultaneous sporadic E and post-midnight
scintillations occur over Dibrugarh and Cocos Islands in the absence of scintillations at the equator. Azimuthal
position of post-midnight scintillations at these two locations suggests that they are the manifestation
of a frontal structure of sporadic E.

1. Introduction

The ionospheric irregularities in electron density over the equator during postsunset are generated in the
bottom side of the F layer due to the Rayleigh-Taylor instability mechanism. The unstable Rayleigh-Taylor
allows the formation of plasma bubbles (large density depletions), which can penetrate into the topside iono-
sphere and produce irregularities with dimensions of few centimeters to few kilometers (Kelley, 2009). These
bubbles then map along the geomagnetic field lines from equatorial regions to the low latitudes and peaks
around the ionization anomaly crests. The higher the altitude of plasma irregularities, the larger is the latitu-
dinal coverage. When radio frequency signal passes through such irregularities, fluctuation occurs in the
phase and amplitude of the signal, which is known as scintillation. The presence of a strong scintillation
may lead to loss of lock of the signals with the ground-based receiver. To mitigate these effects on
satellite-based navigation, comprehensive study of ionospheric scintillations is still important, at least from
regions where such studies have not been undertaken earlier.

A plasma bubble can occupy several degrees of latitudes and longitudes in the course of its evolution (Kelley,
2009). The rise of plasma bubbles and their alignment along magnetic field is one of the major causes of the
occurrence of scintillations in off equatorial regions. Further, the occurrence of scintillations depends on the
background charge density. The highest electron density on Earth is obtained in the equatorial ionization
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anomaly (EIA) region, which may initiate intense scintillation activities both in phase and in amplitude
(Chatterjee & Chakraborty, 2013, and references therein). Somayajulu et al. (1984), Dabas and Reddy
(1986), and Rama Rao et al. (2006) studied the latitudinal coverage of scintillations within the Indian zone
for limited periods. These studies were centered on and around 77°E. Chatterjee and Chakraborty (2013) stu-
died the fine structure patterns of spatial and temporal variations of the occurrence of scintillations over
three locations at ~1° latitudinal separations near the northern crest of EIA along 88°E.

As the plasma bubbles and associated irregularities rise in the equatorial ionosphere, the low-latitude limits
of the plasma bubbles move away from the equator in such a way that the upper height limit of the irregula-
rities gives the latitudinal limit of the irregularities (Abdu et al., 1983). As a result, along the poleward drift of
the bubbles, a time delay is expected in the onset of scintillations over a low-latitude station with respect to
that over an equatorial station situated in the same magnetic meridian. This time delay depends on the time
in which plasma bubbles rise upward from the bottom-side F region over an equatorial station to the peak of
the field lines that meets the peak of the F region over the low-latitude station. During their evolution the
irregularities are known to drift eastward with finite velocity (Bagiya et al., 2015). Drift velocity of irregularities
provides the underlyingmechanism of ionosphere and includes the generation and dynamic of irregularities.
The characterization of the zonal/vertical velocity of the irregularities including the background condition is
necessary to arrive at a reasonable forecasting technique. The irregularity drift velocity can be computed
from scintillation measurements using appropriate satellite-receiver geometry. The drift velocity of irregula-
rities has been estimated by using Globsl Positioning System (GPS) receivers from the time delay of scintilla-
tion events (Kil et al., 2002).

In the absence of equatorial irregularities (spread F), sporadic E (Es) plays an important role in the occurrence of
nighttime scintillations. Rastogi and Iyer (1976) obtained a very good correlation between occurrence of strong
blanketing type of Es and scintillations over a low-latitude station Ahmedabad (23.0°N, 72.6°E). Chandra et al.
(1979) at Ootacamund (11.4°N, 76.7°E) found few cases of nighttime scintillations associated with Es. Rastogi
(1983) from ATS-6 (Application Technology Satellite-6) geostationary satellite observations at Huancayo
(12.1°S, 75.2°W) found that strong equatorial radio wave scintillations during nighttime are sometimes caused
by multiple scattering between different levels of large plasma density gradients in the E region producing
blanketing-type Es. While gradient drift instability explains the concept of equatorial Es, the mechanism
responsible for the formation of midlatitude Es is most likely due to a vertical shear in the horizontal east-west
wind (Whitehead, 1989). Krishna Murthy et al. (1998) attributed the presence of equatorial small scale E- region
irregularities to the presence of steep vertical electron density gradients which are necessary for the growth of
gradient drift instabilities.

Lower atmospheric tidal variations like El Niño-Southern Oscillation (ENSO) and quasi-biennial oscillation
(QBO) create the perturbations in the mesosphere and lower thermosphere (Gurubaran et al., 2005;
Lieberman et al., 2007). The large-scale convective systems due to ENSO stimulate the broadband atmospheric
waves such as Rossby, Kelvin, and gravity waves through the release of latent heat and large-scale distribution
of water vapor in the tropics (Baldwin et al., 2001; Dunkerton & Delisi, 1997). The ENSO controls the
stratospheric QBO through the interaction of the broadband atmospheric waves (Newman et al., 2016). As
the thermosphere is closely coupled with the ionosphere, the effects of these meteorological phenomena
on the ionosphere have been reported by many researchers. Chen (1992) noticed the relation of day-to-day
variability of EIA near the northern crest with QBO, which implied that apart from solar or geomagnetic activity,
the day-to-day variability of EIAmay be ascribed to lower atmospheric disturbances also. He found that day-to-
day variability of EIA increased in the easterly phase of QBO, whereas it decreased in the westerly phase of
QBO. Kane (1995) observed the oscillations of ionospheric parameters such as foE, foF2, and hmF2 with a period
of ~ 28 months over Juliusruh (54.6°N, 13.4°E), which were the consequences of the stratospheric QBO.
Pedatella and Forbes (2009) found the ENSO phenomenon as the source of interannual variability in the iono-
spheric wave number 4. Chang et al. (2018) studied the E region scintillations from FORMOSAT-3/COSMIC
(Constellation Observing System for Meteorology, Ionosphere and Climate) measurements during
2007–2014 and found that the ENSO can modulate the vertically propagating atmospheric tides that in turn
alter the lower thermospheric wind shears and thus affect the formation of Es.

Somayajulu et al. (1984) and Dabas and Reddy (1986, 1990) from very high frequency (VHF) scintillation stu-
dies along 75°E during the solar maximum period of 1980 found that nighttime scintillations in the anomaly
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crest and beyond occurs only in the presence of equatorial F region irregu-
larities. Rama Rao et al. (2006) obtained similar results at L-band during
2004–2005. Nighttime L-band scintillations have been found to occur fre-
quently during the ascending half of solar cycle 24 at the low midlatitude
location, Dibrugarh (Dutta et al., 2018) with maximum occurrence in the
equinoxes. It has been reported that the nighttime scintillations that occur
at Dibrugarh may or may not be of equatorial origin. Moreover, differences
in respect of seeding of F region irregularities have been reported
between 95°E and 75°E longitude sectors during a geomagnetic storm
(Kalita et al., 2016). Therefore, the primary aim of this study is to examine
the extent of the equatorial scintillations as well as to investigate the
occurrence characteristics and mechanism of off-equatorial (midlatitude)
scintillations at L-band (1.575 GHz) in both the Northern and Southern
Hemispheres at around 95°E during the equinoctial months from 2015 to
2016. The vertical and zonal drift velocities of irregularities are estimated
using single-station/multiple-satellite and multiple-station/single-satellite
configuration over Aizawl (23.7°N, 92.7°E), Kohima (25.6°N, 94.1°E), and
Dibrugarh (27.5°N, 95°E) when equatorial scintillations are present. On
the other hand, the simultaneous occurrences of nighttime scintillations
and Es over Dibrugarh and Cocos Islands (two magnetically conjugate
stations) in the absence of equatorial scintillations is also studied.

2. Data and Methodology

Figure 1 shows the geographical locations of the stations used in this study. The scintillation data for the chain
of stations from equatorial to low midlatitude during equinoctial months of April 2015 to April 2016 has been
investigated. L1 (1,575.42 MHz), L2 (1,227.60 MHz), and L5 (1,176.45 MHz) have been simultaneously recorded
from three stations Aizawl (23.7°N, 92.7°E, 36° dip), Kohima (25.6°N, 94.1°E, 39° dip), and Dibrugarh (27.5°N, 95°E,
43° dip) by using NovAtel GPStation-6 receivers since March 2015. In this paper, we use L1 signal for our
observations. Over 60 s at 50-Hz sampling rate, 3000 phase and amplitude data are recorded, and the ampli-
tude scintillation index S4 is computed at 60-s intervals. The total S4 index (S4T) including ambient noise is
defined as the standard deviation of detrended signal intensity normalized by its mean value (Yeh & Liu, 1982):

S4T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
I2 � I2

I2

s
(1)

The corrected S4 is calculated following Dubey et al. (2006) as

S4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S24T � S24cor

q
(2)

where S4cor is the correction for ambient noise.

The International GPS Service (IGS) scintillation data at 15-min interval is taken from website ftp://cddis.gsfc.
nasa.gov/pub/gps/data/daily/ for Port Blair (11.6°N, 92.7°E, 9° dip) and Cocos Islands (12.2°S, 96.8°E, 43° dip).
The ionosonde data for Bac Lieu (9.3°N, 105.5°E) are taken from Southeast Asia Low-latitude Ionospheric
Network (SEALION) which is operated by the National Institute of Information and Communication
Technology, Japan (http://seg-web.nict.go.jp/sealion/; Maruyama et al., 2007, 2009). The ionograms over
Cocos Islands are obtained from Australian Ionogram Viewer (http://www.sws.bom.gov.au/HF_Systems/1/3).

Following Dutta et al. (2018), the scintillations are considered as weak for 0.2 ≤ S4 ≤ 0.3, moderate for
0.2 ≤ S4 ≤ 0.3, and strong for S4 ≥ 0.4. To avoid the multipath effect, the elevation ≥30° only is taken into
account. Moreover, lock time greater than 240 s is considered to allow the receiver’s filter to get stabilized.
To investigate the simultaneous occurrences of scintillations and Es over Dibrugarh, ionograms recorded
by a collocated Canadian Advanced Digital Ionosonde are used. It is automated, and ionograms are recorded
uninterruptedly at an interval of 10 or 15 min.

Figure 1. Locations of the stations used in this study.
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Two geostationary satellites GSAT, Geostationary Satellite-8 (PRN, Pseudo Random Number 127) at 55°E and
GSAT-10 (PRN 128) at 83°E operating as a part of the Indian satellite-based augmentation system are used to
estimate the magnitude and direction of irregularity drift velocity. Table 1 depicts the latitudes and longi-
tudes of GSAT-8 and GSAT-10 at the altitude of an ionospheric pierce point (IPP) over Aizawl, Kohima, and
Dibrugarh from which the distances between the ionospheric intersection points of signal paths at altitude
350 km from the two geostationary satellites are computed as 274, 286, and 294 km, respectively.
Moreover, the distances between Aizawl and Kohima at the height of IPP (350 km) are calculated as 217
and 228 km for PRNs 127 and 128, respectively. Similarly, these distances between Kohima and Dibrugarh
are 205 and 210 km, respectively.

The eastward zonal drift velocity of irregularities is computed as the ratio of the distance between the two
intersection points of signal paths at IPP to the time delay between the identical maxima of temporal varia-
tion of S4 with respect to satellites PRN 127 and PRN 128. The irregularities at equatorial latitudes drift verti-
cally upwards and aligned along the field lines towards higher latitudes. The delay in occurrence of
scintillations over two stations at different latitudes (from lower to higher) as observed by a single satellite
gives the vertical drift velocity of irregularities. This can be calculated as the ratio of the distance between
any two stations at IPP to the time lag between the identical maxima of temporal variations of S4 for either
PRN 127 or PRN 128. To determine the eastward velocity, the time delay is calculated through cross-
correlation function between two peaks of S4 time series as monitored by PRNs 127 and 128 over a single
station (Unnikrishnan et al., 2017). The vertical velocity can be determined through the same process but over
two stations simultaneously as observed by either PRN 127 or PRN 128.

Cross-correlation is a measure of resemblances of two series as a function of displacement (lag in case of time
series) of one relative to the other. Let Xi and Yi be the two time series with i = 1, 2, 3,…, N� j and j = 0, 1, 2, 3,
…, J; then the cross correlation function between the two series at a lag of j is defined as

RXY jð Þ ¼ ∑i X i � X
0� �

Yi þ j � Y
0� �

√ ∑i Xi � X
0� �2n o

√ ∑i Yiþj � Y
0� �2n o (3)

where X
0
and Y

0
are the mean values of Xi and Yi, respectively. The highest value of cross-correlation for the

peak values of S4 in the two data series as well as the corresponding lag of time is calculated. Time lag gives
the difference in time between the two peaks of S4 as observed by PRN 127 and PRN 128. The time shift of
one bubble when it enters the line of sight of PRN 127 and PRN 128 gives the time lag that can be used to
determine the velocity of plasma bubble for that event. Sometimes, when two major structures of irregula-
rities pass through the line of sight of the two PRNs simultaneously, two peaks in the cross correlation plot
may appear. In that case the time lag for the peak with greater value is considered (Unnikrishnan et al., 2017).

3. Results and Discussions
3.1. Monthly Variations of Percentage Occurrence of Scintillations Over the Series of Stations

Figure 2a presents the monthly variations of percentage occurrence of scintillations over Port Blair, Aizawl,
Kohima, and Dibrugarh, a series of stations from equatorial to low midlatitudes in the Northern Hemisphere,
and Cocos Islands, in the Southern Hemisphere, during equinoctial months from April 2015 to April 2016 for
L1 signal. Dibrugarh and Cocos Islands are magnetically conjugate locations, and both are located in the
transition zone between low latitude and midlatitude. In our study, percentage occurrence is calculated as
the ratio of the total number of minutes for which scintillations occur to the total time of observations

Table 1
Coordinates of Ionospheric Pierce Points (IPPs) Over Aizawl, Kohima, and Dibrugarh for GSAT-8 and GSAT-10

Location

GSAT-8 (PRN 127) GSAT-10 (PRN 128)

Azimuth Elevation Latitude (IPP; °N) Longitude (IPP; °E) Azimuth Elevation Latitude (IPP; °N) Longitude (IPP; °E)

Aizawl 242.50 39.90 21.95 89.43 203.10 60.30 22.03 92.09
Kohima 241.99 37.65 23.66 90.46 204.38 57.70 23.77 93.27
Dibrugarh 241.19 36.01 25.39 91.16 204.62 55.51 25.51 94.09
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following Dutta et al. (2018). The occurrences of scintillations at Port Blair are obtained as 13%, 8%, 14%, 4%,
and 5% for April, September, and October 2015 andMarch and April 2016, respectively. These occurrences are
37%, 9%, 29%, 12%, and 4% at Aizawl; 10%, 9%, 13%, 7%, and 6% at Kohima; 9%, 10%, 7%, 9%, and 8% at
Dibrugarh; and 7%, 9%, 7%, 3%, and 5% at Cocos Island, respectively. The average occurrence of
scintillations for all equinoctial months is 9%, 18%, 9%, 8%, and 6% at Port Blair, Aizawl, Kohima, Dibrugarh,
and Cocos Islands, respectively, among which the highest is at Aizawl. On the other hand, occurrences at
Port Blair (an equatorial station), Kohima, Dibrugarh (the stations at the northern edge of EIA), and Cocos
Islands (a station inside and outside of southern EIA with geomagnetic latitude 21.6°S) are less than that at
Aizawl. The background charge density plays an important role in the occurrence of scintillations. The local
time variation of average vertical total electron current (TEC) over Port Blair, Aizawl, Kohima, Dibrugarh, and
Cocos Islands is shown for April and October 2015 in Figure 2b. The plot shows the maximum vertical TEC
over Aizawl and steep gradient around this location. Kil et al. (2002) observed low occurrence of
scintillations (with no strong scintillation) over Sao Luis (2.3°S, 44.0°W), a station at the magnetic equator,
whereas high occurrence of strong scintillations over Cachoeira Paulista (22.4°S, 45°W), a station at EIA.
Chatterjee and Chakraborty (2013) investigated the hourly percentage occurrence of scintillations over a
chain of stations (BOK, Bokkhali, 21.6°N, 88.2°E; RPMC, Raja Peary Mohan College, 22.7°N, 88.4°E; and KNC,
Krishnath College, 24.1°N, 88.3°E) in the same longitude and smaller latitudinal separation ~1° during
equinoctial months of 2011. They noticed the highest occurrence of strong scintillations over BOK at the
anomaly crest, while the lowest occurrence over KNC at the edge of EIA.

The average occurrences of scintillations in the equinoctial months of 2015 are 12%, 25%, 10%, 8%, and 8%
over Port Blair, Aizawl, Kohima, Dibrugarh, and Cocos Islands, while those in the equinoctial months of 2016
are 4%, 8%, 6%, 8%, and 4%, respectively. Except Dibrugarh over the rest of the stations, the occurrence per-
centages decrease in 2016. Lesser value of solar activity (as shown in Figure 2a) may be one of the factors for
this decrement.

Further examination of Figure 2a also shows a substantial reduction in the occurrence of scintillations
between April 2015 and April 2016. It may be mentioned that the crest-to-trough ratio (CTR) of the EIA

Figure 2. (a) Monthly variation of percentage occurrence of nighttime L-band scintillations measured over Port Blair,
Aizawl, Kohima, Dibrugarh, and Cocos Islands during equinoctial months from April 2015 to March 2016 and (b) plot of
average vertical total electron current (AVTEC) with local time over four stations in the Northern Hemisphere for April and
October 2015. TECU = total electron current unit.
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also plays an important role in the formation of equatorial F region irregularities and hence scintillations.
Valladares et al. (2004) have observed that equatorial scintillations occur when the CTR is above 2 even
when the equatorial F layer peak is below 500 km. The present observation shows that the TEC-CTR values
in pre-midnight hours of April 2015 is as high as ~3 when the equatorial scintillations are noticed, whereas
the CTR ratio in April 2016 pre-midnight hours is below 1, and no scintillation has been observed. This
reduction in the occurrence of equatorial scintillations between April 2015 and April 2016 may therefore
be partly attributed to the observed difference in CTR between April 2015 and April 2016.

During 2015–2016 winters a rapid and anomalous change in QBO was observed (Newman et al., 2016). In this
anomaly of QBO, upward westerly winds are developed at 40 hPa accompanied by easterly winds. This
upward displacement of the westerly phase cut off the downward propagation of the easterly phase,

Figure 3. Representative examples of simultaneous occurrences of scintillations from northern low midlatitude
(Dibrugarh) to southern midlatitude (Cocos Islands) on (a) 7 April and (b) 19 October 2015.
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resulting in the shortest easterly phase at 10 hPa, which has been never observed before. The equinoctial
months of 2015 lie in the easterly phase of QBO, whereas the equinoctial months of 2016 lie in the
westerly phase. The observed reduction in the occurrence of scintillations from the equinoctial months of
2015 (April, September, and October) to the equinoctial months of March and April 2016 may be
attributed partly to the effect of the anomalous QBO in the intervening period.

3.2. Latitudinal Extent of Equatorial Scintillations

The postsunset scintillation phenomenon at around the EIA crest is mainly due to the electron density irre-
gularities near the magnetic equator (Dabas & Reddy, 1986; Somayajulu et al., 1984). To determine the exten-
sion of equatorial irregularities in either direction, the nights in which scintillations are observed
simultaneously at the equator and other stations are first identified. Simultaneous scintillations occur at
the stations from Cocos Islands to Dibrugarh on 36 nights during this period. Figures 3a and 3b represent
two typical examples of simultaneous occurrences of scintillations on 7 April and 19 October 2015.In both
figures the strong scintillations occur during 19:00–00:00 LT, that is, from postsunset to midnight.

Figure 4. Occurrence of spread F over the equatorial station Bac Lieu (9.3°N, 105.5°E) concurrent to the scintillation events
shown in Figure 3.
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Simultaneous equatorial spread F (ESF) is observed on these occasions at the dip equatorial station Bac Lieu
(9.3°N, 105.5°E; Figure 4). Examination of ionograms over Bac Lieu during these events reveal that the base
height of the F layer remains above 350 km.

The intensity of scintillations over the three northern locations as seen in Figure 3 is greater than that over Port
Blair. Scintillations at and around the EIA crest are due to the small-scale irregularities and larger electron den-
sities, which create large electron density gradients (Rama Rao et al., 2006). At the anomaly crest region the
accumulated charge density in the F layer transported from the equator is high. This results in large electron
density gradients and causes strong scintillations at L-band signals. On the other hand, the smaller occurrence
and lower intensity of scintillations at the equatorial station Port Blair may be due to lower electron density,
large-scale irregularities, and low electron density gradient (Rama Rao et al., 2006; Valladares et al., 2004).
Moreover, the intensity of scintillations depends on the depth of TEC depletions (Valladares et al., 2004). TEC
depletions are the manifestation of plasma depletions (bubbles). Small-scale irregularities are generated by
the steep gradients on the edges of the depletions as the bubbles rise to a greater height (Costa & Kelley, 1976).
Figure 5 gives two examples of simultaneous occurrences of scintillations and TEC depletions (in TEC unit
[TECU], 1 TECU = 1016 electrons/m2) over Aizawl (around the northern crest of EIA) and Port Blair (near the

Figure 5. Correlation between intensity of scintillations and depth of total electron current (TEC) depletions over Aizawl
and Port Blair shows that stronger scintillations at Aizawl (equatorial ionization anomaly crest) is associated with larger
depth of TEC depletions. VTEC = vertical TEC.
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equator). In Figure 5a TEC depletion over Aizawl is ~ 40 TECU, whereas over Port Blair it is ~20 TECU. The
corresponding maximum S4 values are 0.6 and 0.3, respectively. Similarly, in Figure 5b TEC depletions over
Aizawl and Port Blair are ~35 and ~26 TECU and the corresponding maximum S4 values are 1 and 0.4,
respectively. Thus, in the region around the EIA crest, intense scintillations are associated with deeper TEC
depletions. Valladares et al. (2004) studied the simultaneous occurrences of scintillations and TEC depletions
over a series of stations from the equator to the anomaly crests in both the Northern and Southern
Hemispheres and obtained that the TEC depletion is small in the equator and large in the anomaly crests.
They also noticed less intense and more intense scintillations in the equator and anomaly crest regions,
respectively. Rama Rao et al. (2006) observed the strongest scintillations (>10 dB) at the EIA region and weak
scintillations (3 to 6 dB) with no strong scintillations at the equatorial station. They also studied the spatial
gradient of TEC with latitude (ΔTEC/Δ Latitude) at the edge of plasma bubbles and found that the ratio
varies from 10 to 40, which produce the favorable conditions for the generation of the small-scale irregularities.

The pre-midnight and post-midnight percentage occurrences of scintillations over Dibrugarh, Kohima,
Aizawl, Port Blair and Cocos Islands are displayed in Figure 6a. Occurrences during pre-midnight hours are

Figure 6. (a) The percentage occurrence of pre-midnight and post-midnight scintillations and (b) the spatial distribution (azimuth-elevation) of percentage
occurrence of scintillations over Dibrugarh, Kohima, Aizawl, Port Blair, and Cocos Islands separately.
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74%, 64%, 98%, 74% and 60% over Dibrugarh, Kohima, Aizawl, Port Blair and Cocos Islands, respectively,
whereas during post-midnight these occurrences drop to 26%, 36%, 2%, 26% and 40%, respectively. Thus,
pre-midnight maximum is noticed over all five locations for the days affected by ESF.

Figure 6b shows the percentage occurrence of scintillations in various parts of the sky over Dibrugarh,
Kohima, Aizawl, Port Blair and Cocos Islands in azimuth-elevation coordinates during the study period. The
range of elevation is from 0° to 90° with interval 30° and that of azimuth is from 0° to 360° clockwise with
interval 30°. Azimuth 0° represents north. The percentage occurrence along a particular direction is calculated
here as the ratio between the time for which scintillations occur along that direction to the total time for
which scintillations occur in that period. Over Port Blair the occurrence is higher (61%) in the northern sector
of the sky, while over Aizawl, Kohima, and Dibrugarh a higher value of occurrence is observed in the southern

Figure 8. (a, b) Typical examples of simultaneous occurrences of post-midnight scintillations and sporadic E over Cocos
Islands on 7–8 April and 30–31 October 2015.

Figure 7. The spatial distribution of percentage occurrence of scintillations in azimuth-elevation coordinates only for Cocos
Islands in the Southern Hemisphere.
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sector (77%, 59%, and 98%, respectively) of the sky. The maximum occurrences over Aizawl, Kohima, and
Dibrugarh are seen in the range of 120° < Azimuth < 210° with elevation range 30° < Elevation < 60°.
Very few scintillations occur in the range 60° < Elevation < 90°. This implies that the latitudinal ranges of
the maximum occurrence of scintillations over Aizawl, Kohima, and Dibrugarh are 18.2°N–22.6°N,
21.1°N–24.6°N, and 22.1°N–26.5°N, respectively. The corresponding longitudinal ranges are 90.3°E–97.2°E,
92°E–98.5°E, and 92.4°E–99.6°E, respectively. The elevation range for the maximum occurrence of
scintillations over Port Blair is the same, that is, 30° to 60°, while the azimuth range is 300° to 30°, which gives
latitudinal range 12°N–16°N and longitudinal range 89°E–95°E. The occurrence preferences of scintillations
indicate that the irregularities drift along field lines from equatorial latitude to higher latitudes and cause

Figure 9. (a) The delay in occurrences of strong scintillations as noticed by PRNs 127 and 128 over Dibrugarh, Kohima, and
Aizawl on 7 April and 28 October (single-station/multisatellite technique) and (b) corresponding cross-correlation
functions against time lag for the delay of occurrence of scintillations.
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Figure 10. The delay in occurrences of strong scintillations and corresponding cross-correlation functions as observed simultaneously from (a) Kohima and
Dibrugarh by PRN 127 and PRN 128 on 7 April 2015 and (b) over Aizawl and Kohima on 28 October (multistation/single-satellite technique).
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scintillations away from the equator to the EIA crest region and beyond. Similar results were reported by
Deng et al. (2013) over Guangzhou (23.16°N, 113.34°E) and by Huang et al. (2014) over Shenzhen (22.59°N,
113.97°E), two stations located at the northern crest of EIA in southern China. Deng et al. (2013) noticed
maximum occurrence within 25°–50° elevation and 120°–210° azimuth in the south sector of the station.
Similarly, Huang et al. (2014) obtained the highest occurrence in low elevation and in the azimuth range
135°–270°, which was also the south sector to the station. Because the equatorial F layer irregularities drift
along the field lines, the higher the altitudes of plasma bubbles over the equator, the larger is the latitudinal
extent of irregularities.

On the other hand, almost equal occurrence (48% and 52%, respectively)
is noticed in the northern and southern regions of the sky over Cocos
Islands, which is a deviation from the earlier results reported in the
Southern Hemisphere. Ezquer et al. (2003) found maximum occurrence
in the north-east and north-west sectors of the sky over Tucuman
(26.9°S, 294.6°E; geomagnetic latitude 15.5°S). The spatial distribution
over Cocos Islands is shown separately for pre-midnight and post-
midnight periods in Figure 7. It is noticed that the occurrence is higher
(78%) in the northern sector of the sky during pre-midnight hours,
whereas it is higher (81%) in the southern sector of the sky during
post-midnight hours with maximum in south-west. No post-midnight
ESF is observed over Bac Lieu in this period. In addition to the effect
of equatorial irregularities, the effect of Es is noticed during post-
midnight period over Cocos Islands. Figure 8 shows two typical exam-
ples of simultaneous occurrences of post-midnight scintillations and Es
on 7 April and 30 October 2015. On 7 April, the post-midnight scintilla-
tion is moderate (~0.3), while on 30 October it is strong (~1.2). Equatorial

Figure 11. Delay of scintillations observed for the signals from GSAT-8 (PRN 127) and GSAT-10 (PRN 128) on (a) 6–7 April
and (b) 24–25 October 2015 at Aizawl. The downward arrow bars represent the delay between the similar patches.

Figure 12. Eastward drift velocities with local time over Aizawl. The solid line
is the exponential fit through the data points.
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irregularities as seen from Figures 3, 4, and 6a cause scintillations particularly from postsunset to midnight
hours. Thus, the scintillations over Cocos Islands during the pre-midnight period are the manifestation of
equatorial irregularities (ESF), whereas during post-midnight it may be attributed to Es.

3.3. Estimation of Drift Velocity of Irregularities

The drift velocity of nighttime irregularities is computed by using cross-correlation tool. The data for cross-
correlation function greater than 0.7 are considered following Kil et al. (2002). For overall observations the
cross-correlation function is found to be in the range 0.7–0.9. Figure 9a illustrates the delay in occurrence
of strong S4 as noticed by PRNs 127 and 128 over Dibrugarh, Kohima, and Aizawl on 7 April and 28
October 2015, respectively (single-station/multisatellite technique). The corresponding cross-correlation
functions are plotted in Figure 9b with maximum value 0.9 in every case. The single peak of the cross-
correlation index in each figure indicates the passage of the same irregularity or bubble through the line
of sight of PRN 127 and PRN 128. The corresponding time lag of the peak cross-correlation is calculated,
and the zonal drift velocity of the irregularities is computed. Similar computations are performed for
11 days. The time lags vary from 23 to 87 min at an average of 50 min. On the other hand, the delay
in occurrence of strong scintillations is observed by either PRN 127 or PRN 128 separately over two sta-
tions at ~1° longitudinal separation (multistation/single-satellite technique). The delay in occurrence over
Kohima and Dibrugarh and their corresponding cross-correlation functions as noted by PRN 127 and PRN
128 separately on 7 April 2015 are depicted in Figure 10a. Likewise, the delay in occurrence and their cor-
responding cross-correlation functions on 28 October 2015 over Aizawl and Kohima are shown in
Figure 10b. In all the figures, the peak value of the cross-correlation function lies in the range 0.8–0.9.
Six days over Aizawl-Kohima and 4 days over Kohima-Dibrugarh (total 10 days) are examined. The delay

Figure 13. Occurrences of strong scintillations over Port Blair (11.6°N, 92.7°E) and Bac Lieu (9.3°N, 105.5°E) as observed by
Global Positioning System satellites on 19–20 and 26–27 October 2015.
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in occurrence varies from 17 to 57 min at an average of 33 min. From this delay, the plasma bubble rise
velocity (or vertical drift velocity of irregularities) over the magnetic equator is calculated. The temporal
variations of S4 index for PRN 127 and PRN 128 on 6 April and 24 October 2015 over Aizawl are shown in
Figures 11a and 11b, respectively. The time delay between the patches of scintillations as observed by
PRN 127 and PRN 128 is clearly visible. On 6 April 2015, five scintillation patches are visible during
20:30–01:30 LT, while on 24 October 2015, two scintillation patches are visible during 19:08–21:40 LT. The
increasing gap between the pair of arrows signifies the increase in time lag between the similar patches as
obtained by PRN 127 and PRN 128 with local time. These imply the decreasing trend of drift velocity with
local time. Taking all such events into account, the values of zonal drift velocities are calculated and
plotted against local time over Aizawl (Figure 12). The velocity decreases with time exponentially with
correlation coefficient �0.63.The zonal drift velocity of irregularities over Aizawl is found to decrease on
average from 153 m/s near postsunset to 61 m/s at midnight with maximum 217 m/s at around 19:08 LT.

After sunset the zonal eastward electric field drives the growths of plasma instabilities (Fejer et al., 1999). This
field is mapped along the magnetic lines of force. Thus, the plasma moves with neutral wind along the flux
tube. However, at low latitude, the electric fields are generated in both E and F layers by the neutral winds
(Haerendel & Eccles, 1992). After sunset the electric field is enhanced, and then it decreases with time due
to the reduction of neutral wind velocity (Terra et al., 2004), which results in a decrease of irregularity
drift velocity.

The eastward drift velocity at the equator is estimated from the delay in occurrence of scintillations at Port
Blair and Bac Lieu for the events for which the zonal and vertical velocities have been calculated. Figure 13
depicts the eastward movement of irregularities from Port Blair to Bac Lieu as observed by GPS satellites
on 19 and 26 October 2015. The average eastward drift velocity computed from this observations is
~216 m/s at around 20:10 LT. On the other hand, the average drift velocity over Aizawl during 20:00–20:30
LT is found to be ~127 m/s. Thus, the zonal drift velocity is less around the EIA crest as compared to that over
the equator. This may be due to the higher drag in the crest region or due to different satellite
receiver configurations.

Figure 14. Delay of scintillations over Kohima with respect to Aizawl for the signals from GSAT-8 (PRN 127) and GSAT-10
(PRN 128) separately on 24 October 2015. The downward arrow bars represent the delay between the similar patches.
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Figure 14 represents the temporal variations of S4 index on 24 October 2015 over Aizawl and Kohima as
observed by PRN 127 and PRN 128 separately. The time delay in the onset of scintillations over Kohima with
respect to Aizawl at 1.4° longitudinal separation gives the vertical drift velocity of irregularities over the
equator. The vertical drift velocity estimated from the time delay in occurrence of scintillations between
Kohima and Aizawl decreases on average from 122m/s near postsunset to 62m/s at midnight withmaximum
value 164 m/s at 19:08 LT.

Somayajulu et al. (1984) observed a time delay ranging from 15 min to 4 hours in the onset of scintilla-
tions at Delhi (21°N magnetic latitude) with respect to the equatorial stations within geomagnetic latitude
12°N. This delay agreed with the time delay 30 min to 3 hours, which was estimated by taking the plasma
rise velocity in the range from 350 to 50 m/s. Dabas and Reddy (1986) estimated a time delay of ~7 to
30 min at Kurukshetra with respect to Delhi, which agreed with the time delay estimated as 6 to
40 min by taking the variation of vertical drift velocity of the bubbles from 350 to 50 m/s (Tsunoda &
White, 1981; Tsunoda et al., 1982).

Figure 15. Representative examples of occurrence of scintillations over Dibrugarh, Kohima, and Cocos Islands in the
absence of scintillation over Port Blair and Aizawl on (a) 9–10 September and (b) 16–17 October 2015.
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Afterward, the drift velocity was estimated by many researchers using the GPS receiver technique (Kil et al.,
2000, 2002; Liu et al., 2015; Muella et al., 2009; Otsuka et al., 2006). The apparent eastward drift velocity over
Cachoeira Paulista (22.4°S, 45.0°W) in Brazil was found to decrease from 200–150 m/s at 20:00 LT to
100–50 m/s at midnight (Kil et al., 2000). In addition to that, the latitudinal variation of eastward zonal drift
velocity from the equator to EIA was also noticed in Brazil (Kil et al., 2002). It decreased from 190 m/s at
20:00 LT to 150 m/s at 24:00 LT over Sao Luis (2.3°S, 44.0°W), a location at the magnetic equator, and
decreased from 165 m/s at 20:00 LT to 120 m/s at 24:00 LT over Cachoeira Paulista (22.4°S, 45.0°W), a station
at EIA. The drift velocity of plasma bubbles over Kototabang (0.2°S, 100.3°E), Indonesia, decreased from
~200 m/s at 20:00 LT to ~50 m/s at near midnight (Figure 4; Otsuka et al., 2006). Muella et al. (2009) noticed
the decay of irregularity drift velocity from ~120m/s at 19:30 LT to ~98m/s at 22:00 LT withmean ~102m/s in
equinox while from ~140 to ~135m/s with mean ~133m/s in December solstice over Sao Luis (2.3°S, 44.0°W).
The mean eastward velocity in equinoctial months was obtained as ~150 m/s at 21:00 LT and then decreased
to ~70 m/s at 01:00 LT over a Chinese low-latitude station Sanya (18.3°N, 109.6°E; Liu et al., 2015).

Figure 16. Absence of equatorial spread F at the equatorial station Bac Lieu (9.3°N, 105.5°E) during the scintillation events
shown in Figure 15.
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Bagiya et al. (2015) noticed the steady decrease of drift velocity with the progression of night by using GSAT-8
and GSAT-10 over Trivandrum (8.5°N, 76.9°E) and Tirunelveli (8.7°N, 77.8°E) during April 2013.They obtained
the decrease of velocity from 80 m/s at 20:30 LT to 50 m/s at 01:00 LT. By using the same set of geostationary
satellites, Unnikrishnan et al. (2017) estimated the range of eastward drift velocity 120–140 m/s over
Trivandrum (8.5°N, 76.9°E), Changanacherry (9.4°N, 76.6°E), and Hyderabad (17.5°N, 78.5°E), while over
Bangalore (13°N, 77.7°E) and Delhi (28.6°N, 77.2°E) these ranges were 120–160 and 80–100 m/s, respectively.
The drift velocities estimated over 95°E is well within the range of velocities measured at other
latitude/longitude sectors.

3.4. Scintillations Beyond the EIA Crest

During the period under report, moderate to strong scintillations are noted for 51 days over Dibrugarh,
Kohima, and Cocos Islands when there is no scintillation over Aizawl and Port Blair. Figures 15a and 15b give
two such typical examples of occurrences of scintillations over Dibrugarh, Kohima, and Cocos Islands on 9
September and 16 October 2015 when no ESF is noticed over equatorial station Bac Lieu (Figure 16). The base

height of the F region during these events remained around 250 km in
contrast to the height of 350 km in the days of ESF.

Figure 17a displays the pre-midnight and post-midnight occurrences of
scintillations over Dibrugarh, Kohima, and Cocos Islands in the absence
of equatorial scintillations. It is evident from the figure that occurrences
are higher during post-midnight hours as compared to those in pre-
midnight hours, which is contrary to what is observed in the presence of
equatorial scintillations. The spatial distributions of percentage occur-
rences of scintillations in azimuth-elevation coordinates over Dibrugarh,
Kohima, and Cocos Islands for these days are shown in Figure 17b.
Maximum occurrences are noted in the south-east, north-east, and
south-west sectors of the sky over Dibrugarh, Kohima, and Cocos
Islands, respectively.

The occurrence of scintillations in a particular direction may be the conse-
quence of the frontal structure of Es. The Es layers tend to organize into
frontal structures with its phase fronts aligned along a particular

Figure 17. (a) The percentage occurrence of pre-midnight and post-midnight scintillations and (b) the spatial distribution
(azimuth-elevation) of scintillation occurrence over Dibrugarh, Kohima, and Cocos Islands in the absence of scintillation
over Port Blair and Aizawl.

Figure 18. Number of days in which off equatorial scintillation and sporadic
E (Es) occur simultaneously in comparison to total number of off equatorial
scintillation days.
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direction from northwest to southeast in the Northern Hemisphere and from northeast to southwest in the
Southern Hemisphere (Bowman, 1989; Goodwin & Summers, 1970; Sinno et al., 1965). The observations
also indicated that these structures drift perpendicularly to the structure front. To investigate the effect
of Es on scintillations, the occurrence of nighttime Es over Dibrugarh for the equinoctial months from
April 2015 to April 2016 is analyzed by using ionograms from a collocated ionosonde. Simultaneous
occurrences of Es and scintillations over Dibrugarh are noticed for 38 days out of 51 days when there is
no equatorial scintillation (Figure 18). Figures 19a and 19b represent two typical examples of
simultaneous occurrences of Es and scintillations over Dibrugarh and Cocos Islands. Thus, scintillations

Figure 19. Simultaneous occurrences of scintillations and sporadic E during nighttime over (a) Dibrugarh on 11–12 September and (b) Cocos Islands on 22–23
September 2015.
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over the stations at low midlatitudes of both hemispheres in the absence of equatorial scintillations are
mostly triggered by Es.

Chandra et al. (1979) examined nighttime VHF scintillations over Ootacamund (11.4°N, 76.7°E) and ionograms
at Kodaikakal (10.2°N, 77.5°E), on 4–5 November 1975. They found that the occurrence of scintillation is asso-
ciated with Es during 22:00–00:00 LT when no ESF was seen. Rastogi (1983) observed simultaneous occur-
rences of VHF scintillations and Es during 20:15–21:15 LT on 14 February 1975 and during 19:00–21:00 LT
on 7–8 March 1977 over Huancayo (12.1°S, 75.2°W) in the complete absence of spread F.

4. Conclusions

The spatial characteristics of nighttime ionospheric irregularities by using Global Navigation Satellite (GNSS)
scintillations (at L1 signal) have been investigated over a series of stations Port Blair (11.6°N, 92.7°E, 9° dip),
Aizawl (23.7°N, 92.8°E, 36° dip), Kohima (25.6°N, 94.1°E, 39° dip), and Dibrugarh (27.5°N, 95°E, 43° dip) from
the equator to low midlatitudes at around 95°E in the Northern Hemisphere and Cocos Islands (12.2°S,
96.8°E, 43° dip) in the Southern Hemisphere during equinoctial months from April 2015 to April 2016. The
results are summarized as follows:

Figure 19. (continued)
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1. Higher occurrence of scintillations in EIA crest is correlated with higher TEC and higher TEC-CTR.
2. Anomalous QBO recorded during the 2015–2016 winter might have partly contributed in the suppression

of scintillations in the equinoctial months of 2016.
3. Pre-midnight scintillations in all stations are attributed to equatorial irregularities.
4. The average zonal/vertical drift velocity of irregularities estimated from time delay of scintillations

decreases with passage of time at night. The eastward drift velocity decreases from postsunset with max-
imum at around 19:00 LT. The drift velocities estimated from the present observations are within the
range of velocities estimated earlier.

5. Post-midnight scintillations are generally associated with Es in the regions beyond the EIA crest.
Azimuthal positions of post-midnight scintillations reflect that they are the manifestations of the frontal
structure of Es.

Data

1. The scintillation data for L1 (1,575.42 MHz), L2 (1,227.60 MHz), and L5 (1,176.45 MHz) have been simulta-
neously recorded from three stations Aizawl (23.7°N, 92.7°E, 36° dip), Kohima (25.6°N, 94.1°E, 39° dip), and
Dibrugarh (27.5°N, 95°E, 43° dip) by using NovAtel GPStation-6 receivers.

2. The IGS scintillation data at 15-min interval is taken from website ftp://cddis.gsfc.nasa.gov/pub/gps/data/
daily/ for Port Blair (11.6°N, 92.7°E, 9° dip) and Cocos Island (12.2°S, 96.8°E, 43° dip).

3. The ionosonde data for Bac Lieu (9.3°N, 105.5°E) are taken from SEALION, which is operated by the
National Institute of Information and Communication Technology, Japan (http://seg-web.nict.go.jp/sea-
lion/).

4. The ionograms over Cocos Islands are obtained from Australian Ionogram Viewer (http://www.sws.bom.
gov.au/HF_Systems/1/3).

5. To investigate the simultaneous occurrences of scintillations and Es over Dibrugarh, ionograms recorded
by a collocated Canadian Advanced Digital Ionosonde are used. It is automated and ionograms are
recorded uninterruptedly at an interval of 10 or 15 min.
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Erratum

In the originally published version of this article, a co-author’s name was misspelled by the corresponding
author. The author’s name has been changed from “S. Sarmah” to “S. Sharma” and the present version
may be considered the version of record.
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