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Abstract We examined the seasonal and solar flux dependence of the occurrence of freshly generated
intermediate scale (100 m to few km) equatorial spread F (ESF) irregularities during magnetically quiet
(Q) and disturbed (D) periods. We utilized long-term (1992–2006 and 2013–2015) amplitude scintillation
data on a 251 MHz signal recorded at Tirunelveli (dip lat. 1.5∘N ). Also, ionosonde data (1990–2003)
recorded at Trivandrum (dip lat. 0.5∘N) are used. The presence of fresh ESF (F-ESF) is identified using the
maximum cross-correlation between intensity variations recorded by two spaced receivers on a magnetic
east-west baseline. We find distinct differences in the seasonal and solar flux dependence of the usual
postsunset (<22 LT) generation of F-ESF on both Q- and D-days. Interesting feature is that F-ESF linked
moderate–strong scintillations are more prevalent on D-days as compared to Q-days in both early
(18–22 LT) and later (>22 LT) phase of evolution of the irregularities. It directly hints toward the difference in
the spatial structuring (spatial scales) of F-ESF on D-days as compared to Q-days. On D-days, the occurrence
of F-ESF is more likely around midnight and early-morning hours in all seasons. Whereas on Q-days, the
postmidnight F-ESF is found to occur mainly during solstices of low solar activity. The possible sources for
the generation of F-ESF around midnight on Q-days of solstices during low solar activity are examined. We
also find that perturbation electric field linked with F-ESF on D-days sustains for longer time, which results
in longer durations of the active phase of equatorial plasma bubbles.

1. Introduction

In the postsunset hours, equatorial ionospheric F-region moves to higher altitude through the mechanism
called as prereversal enhancement (PRE), where usual daytime eastward electric field is enhanced before
turning westward. At this time, both decrease in ionization due to cutoff of solar radiation and dissociative
recombination results in sharp vertical density gradients at the bottomside of F-region. These are favorable
conditions for the growth of Rayleigh Taylor (RT) plasma instability, which leads to the formation of elec-
tron density irregularities referred to equatorial spread F (ESF). Other secondary instabilities grow on these
large-scale structures to give rise to small scale irregularities. As a consequence, the ESF irregularities cover
a broad spectrum starting from hundreds of kilometers down to few centimeters. Although these ambient
favorable conditions are present everyday in the postsunset hours, the generation of ESF irregularities is not
seen on every day due to variation in amplitudes and scale size of the seed perturbation (Sekar et al., 1995).
Such seed or triggering perturbations are sometimes provided by gravity waves (Hysell et al., 1990; Krall et al.,
2013), by spatially varying electric fields (C.-S. Huang & Kelley, 1996), or by large-scale wave structures on the
bottomside of F-region (Joshi et al., 2015; Tsunoda, 2012). A radio wave signal undergoes phase and amplitude
scintillations while traversing through such irregular medium of varying refractive index (Yeh & Liu, 1982).
Sometimes, a VHF signal can be completely degraded due to the presence of fast moving intermediate scale
(100 m to few km) irregularities. Hence, information of characteristics of ESF irregularities is crucial for radio
communication and navigation systems.

Equatorial plasma bubbles (EPBs) and dynamics of associated ESF irregularities of different spatial scales are
being studied for the last few decades. But its study still forms an important element of ionospheric research
due to the uncertainties involved in the day-to-day prediction of occurrence of these EPBs. Several studies
have demonstrated that parameters like postsunset height of F-layer, ambient eastward electric field, ambient
magnetic field, horizontal conductivity gradients in the E-region, vertical density gradient at the bottomside
of F-region, neutral wind speed, ion-neural collision frequency, and alignment of sunset terminator with mag-
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netic meridian play an important role in the generation of the ESF irregularities (Abdu et al., 2008; Basu et al.,
1996; Bhattacharyya, 2004; Patra et al., 1997; Tsunoda, 1985). Climatological models for the ionospheric zonal
and vertical plasma drifts were proposed using Jicamarca radar observations (Fejer et al., 2008), which pro-
vides information about the equatorial electric field. The occurrence of the EPBs varies with solar flux, seasons,
geomagnetic activity, longitude, and latitude (Burke et al., 2004; Nishioka et al., 2008; Sahai et al., 2000; J. Smith
& Heelis, 2017). Li et al. (2008) have shown that vertical (E × B) drift associated with PRE is likely to be respon-
sible for the global large-scale variations in the longitudinal distribution of evening equatorial ionospheric
anomaly enhancement and plasma bubbles occurrence rates. Studies have demonstrated that on disturbed
(D) days, a disturbance dynamo (DD) electric field (Blanc & Richmond, 1980), promptly penetrated (PP) electric
field (Kikuchi et al., 2000, 2008), or combination of DD and PP electric fields affects the dynamics of F-region
(Kakad et al., 2011; N. Maruyama et al., 2005). Apart from usual postsunset generation, fresh development of
EPBs is often encountered in the postmidnight hours on the D-days (Kakad et al., 2007). The seasonal and
solar flux dependence of these magnetic activity linked F-EPBs is not studied so far. There are reports of mid-
night EPBs even on quiet (Q) days particularly during summer solstice of low solar activity period (Ajith et al.,
2016; Chakrabarty et al., 2014; Niranjan et al., 2003), but the mechanism responsible for their generation needs
further in-depth understanding.

For Q- and D-days, we are not only interested in the occurrence EPBs but we are also keen to know the level of
degradation caused to incoming radio signal by these F-EPBs, which is closely related to the strength and spa-
tial scales of the ESF irregularities (Bhattacharyya et al., 2017). Through simulation, Keskinen et al. (2006) have
demonstrated that the evolution of EPBs are considerably different during Q- and D-days. The structuring of
EPBs in the postsunset hours during magnetically active periods was found to be significantly different result-
ing in severe amplitude scintillations on VHF signal (Kakad et al., 2016). This was attributed to the disturbed
time modulation of ambient eastward electric field that resulted in very large upward vertical drifts, which
influenced the growth and evolution of RT plasma instability. Also, when the perturbation electric field asso-
ciated with RT instability is strong enough then it can affect the structuring and dynamics of EPBs. However,
so far the duration of such active phases of EPBs are not explored.

In the present study, we have used long-term amplitude scintillation observations to investigate the seasonal
and solar flux dependence of the occurrence of F-EPBs during both Q- and D-days. We estimate the duration
of F-EPBs, which is linked to the active perturbation electric field of RT plasma instability. The possible sources
responsible for the midnight fresh generation of EPBs on Q-days are discussed using long-term ionosonde
observations and climatological models for electric field. A theoretical model is used to understand the dis-
tribution of S4 index, a measure of strength of scintillation, on ground during Q- and D-days. The data used
and analysis technique are discussed in section 2. Identification of F-ESF is described in section 3. Results are
explained in section 4. The present work is discussed in section 5 and summarized in section 6.

2. Observations and Analysis Technique

We used amplitude scintillation data for a 251-MHz signal transmitted from a geostationary satellite and
recorded by two spaced receivers aligned in the magnetic east-west direction at the dip equatorial sta-
tion Tirunelveli (8.7∘N, 77.8∘E, dip latitude 1.5∘N) during 1992–2006 and 2013–2015. Geostationary satellite
FLEETSAT (73∘E) during 1992–2000, UFO2 (71.2∘E) during 2000–2006, and UFO10 (72.4∘E) during 2013–2015
were transmitting this radio signal. The sampling intervals of scintillation data were 0.1 s (0.05 s) before (after)
2013. Spaced receivers are separated by a distance of 540 m. Although we have used scintillation observa-
tions during 1992–2006 and 2013–2015, the experiment was not running in a continuous mode throughout
this period. Figure 1 shows the variation of 10.7 cm adjusted solar flux Φs (red line) superimposed with the
days with scintillations (black circles) and the time intervals of nonfunctioning of the experiment (blue line).
It may be noted that we have fairly good observations during solar cycle 23 that covers both low (Φs <120)
and high (Φs >180) solar flux periods. Overall, the amplitude scintillations were seen on 1,403 days. The solar
flux data are taken from NGDC NOAA. In addition, we used ionosonde data recorded at nearby dip equa-
torial station Trivandrum (77∘E, 8.5∘N, dip 0.5∘N) during the period of 1990–2003 that contributed overall
127 months of observations. We have scaled the ionosonde observations to get the base height of F-layer
(h′F). The ionosonde data are available at the sampling interval of 15 or 5 min. The VHF scintillation exper-
iment is operated by IIG, India, and the ionosonde is operated by the SPL, India. To get estimates of the
ambient electric fields at Tirunelveli, we used the real-time model of the ionospheric electric fields proposed
by Manoj and Maus (2012) and it is available at http://geomag.org/models/PPEFM/RealtimeEF.html. We also
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Figure 1. Solar flux variation for the period of 1992–2016 is shown with the
days, which encountered amplitude scintillations (black circles) at the dip
equatorial station Tirunelveli. The upper and lower black dotted lines
indicate the solar flux 120 and 180, respectively. These are the limiting
values that are chosen to separate the scintillation observations into
different bins based on solar flux.

used HWM2014, NRLMSIS00, and IRI2016 models to retrieve information
about the ambient neutral winds, ion-neutral collision frequency, and
ionospheric parameters.

We identified the Q- and D-days using midlatitude Kp index provided by
WDC, Kyoto. Generally, if 3-hourly Kp index exceeds 3+ or daily

∑
Kp> 24

then that interval or day is treated as magnetically disturbed. Occasionally,
it can happen that the magnetic disturbance starts later during the day and
for such days the resultant

∑
Kp might be less than 24. But, the magnetic

activity is in place for such days. In addition, earlier studies have witnessed
a delayed effect of magnetic activity in low-latitude ionosphere, which
is linked with the modulation of electric field and composition changes
driven by the DD. So we have adopted the following criteria to separate Q-
and D-days; if

∑
Kp for a given day or its preceding day is greater than 24

or average Kp during 00–09 or 12–24 hr UT greater than 3+ then that day
is treated as magnetically disturbed.

Spaced receivers scintillation technique is in use from many years to deci-
pher the dynamics of EPBs (Bhattacharyya et al., 1989; Ledvina et al.,
2004; Valladares et al., 1996). We used the full cross-correlation technique
introduced by Briggs (1984) to analyze these amplitude scintillations. The
space-time correlation function is assumed to have following form,

CI(x, t) = f ((x − V0t)2 + V2
c t2). (1)

Here f is a monotonically decreasing function of its argument S = ((x−V0t)2+V2
c t2)with f (0)=1. V0 is the aver-

age drift speed of scintillation pattern along the baseline of the receivers in the receivers plane. Vc is referred to
as the random velocity, a measure of random changes in the irregularity characteristics. The technique gives
S4, CI(x0, tm), V0, and Vc, which are computed for every 3 min. S4 index is defined as the standard deviation
of the normalized intensity variations of the received signal and it is a measure of strength of scintillations.
CI(x0, tm) is the maximum cross-correlation between intensity variations recorded by the two receivers, which
occurred at time lag tm. We have computed V0 and VC only when CI(x0, tm) ≥0.5, as the assumed functional
form of f in equation (1) is valid only if signals from two receivers are well correlated. This technique is used to
retrieve meaningful information only if the scintillations are well above the noise level, that is, S4 ≥0.15. This
technique and its application to spaced receiver observations are elaborated in Bhattacharyya et al. (1989).

3. Identification of Freshly Generated ESF Irregularities

When we look into the occurrence of EPBs and attribute their generation to local ambient ionospheric condi-
tions one has to be cautious because the observed EPBs might be locally generated or drifted in from some
other location. Both drifted and freshly generated ESF can produce amplitude and phase scintillations on
radio signal traversing through them. It is an important aspect, which was addressed by Bhattacharyya et al.
(2002, 2001). The maximum cross-correlation between intensity variations recorded by two spaced receivers
is used to identify the presence of locally generated or F-ESF. Later, this method was adopted in many other
studies (Bhattacharyya et al., 2003; Engavale et al., 2005; Kakad et al., 2007; Kakad, Nayak, et al., 2012). In case
of radar observations, the maximum spectral width can be used to identify F-EPBs (Tiwari et al., 2006). Using
radar observations, an attempt was made to identify the drifted and evolutionary type EPBs by tracking their
evolution in the field of view of radar (Ajith et al., 2016).

In the present study, we have identified amplitude scintillation intervals that are associated with F-ESF irreg-
ularities for both Q- and D-days. This is done in order to ensure that the ESF irregularity statistics presented
here represent the active EPBs. In such study, the identification of F-ESF irregularities is an important task.
We have used the parameter CI(x0, tm) to identify the periods of F-ESF on both Q- and D-days. In Figure 2,
we have given four examples to illustrate the periods of F-ESF. Figure 2 shows the local time variation of
maximum cross-correlation CI(x0, tm) for 2 September 2001, 27 September 2001, 14 November 2015, and 11
August 2015, along with their corresponding monthly quiet time pattern in the background. Here blue dots
represent the local time variation of CI(x0, tm) for all quiet days of corresponding month when scintillations
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Figure 2. Shows local time variation of maximum cross-correlation between intensity variations recorded by two spaced
receivers, that is, CI(x0, tm) for two D-days (upper panel) and two Q-days (lower panels) shown by red asterisks,
superimposed on their monthly quiet time variation (blue asterisk). The horizontal dotted line drawn in each panel
represents the CI(x0, tm) =0.7. The periods with CI(x0, tm) ≤0.7 are used to identify the fresh generation of equatorial
spread F irregularities. D-day = disturbed day; Q-day = quiet day.

are present. Local time variation of CI(x0, tm) for the 4 days, which are chosen as examples to demonstrate
the occurrence of F-ESF even after 22 LT on some D- and Q-days, are shown by red dots. In Figures 2a and 2c,
we have a small population of blue dots as year 2015 is low solar activity period and we have few days with
scintillations in August and September 2015. It is evident that during the early phase of evolution of EPBs in
the postsunset hours, CI(x0, tm) values tend to be lower due to perturbation electric field associated with RT
plasma instability. This suggests that random changes take place in the drift velocity of ESF irregularities due
to this perturbation electric field during this phase. But, in the later phase (>22 LT) when this perturbation
electric field decays considerably, the signals from two receivers have good correlation. Occasionally, lower
values of CI(x0, tm) are encountered even after 22 LT, which indicates the fresh generation of ESF during other
times as well. This feature is used as a proxy to identify the periods of F-ESF. For each day, scintillation peri-
ods with CI(x0, tm) ≤ 0.7 are considered as the intervals of F-ESF. By, adopting this method, we compiled the
database for Q- and D-days, which is analyzed further to retrieve the seasonal and solar flux dependence of
these F-ESF.

4. Results

The present study is focused on the occurrence of F-ESF, durations of their active phases, and their role in
controlling the strength of scintillations during Q- and D-days. Overall, amplitude scintillations were observed
on 397 D-days and 1,006 Q-day. The results obtained from the data are presented in following subsections.

4.1. Local Time Distribution of F-ESF and Strength of Scintillations
The local time variations of percentage occurrence of F-ESF on (a) Q-days and (b) D-days are shown in Figure 3.
On Q-days the F-ESF irregularities are dominantly (≈85%) observed in the postsunset hours (18–22 LT), which
is the most favorable time of occurrence of EPBs. Whereas on D-days, the F-ESF is prevalent (≈55%) even after
22 LT. The postsunset occurrence of F-ESF on D-days may have some contribution from usual postsunset EPBs,
if PRE is unaffected by the magnetic disturbance. If we compare Q- and D-days, we find that the postmidnight
occurrence of F-ESF is more likely on D-days as compared to Q-days. This tendency is in general agreement
with the earlier studies (Abdu et al., 2003; Kakad et al., 2007; Li et al., 2010) and attributed to the westward to
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Figure 3. Local time variations of percentage occurrence of F-ESF irregularities for (a) Q-days and (b) D-days. For each
category the sum of the percentages shown by each bar adds to 100%, that is, n = 4n770 (n = 3,160) intervals of 3 min
for Q-days (D-days). F-ESF = fresh equatorial spread F; Q-days = quiet days; D-days = disturbed days.

eastward reversal of ambient electric field around midnight due to DD electric fields (Fejer & Scherliess, 1997;
C.-M. Huang et al., 2005; Richmond et al., 2003). The eastward electric field raises F-layer to higher altitude,
where collision frequency of ions is smaller, which can contribute to the growth of RT instability positively,
resulting in the generation of F-ESF. As discussed earlier, we are looking at the F-ESF, that is, scintillations asso-
ciated with CI(x0, tm) ≤ 0.7. The total number of 3-min intervals contributing to F-ESF are 4,770 and 3,162 for
Q- and D-days, respectively. This is an interesting feature because number of D-days are much less compared
to Q-days. But still the duration of scintillation events associated with F-ESF are nearly comparable for both
Q- and D-days. It suggests that the F-ESF duration is longer on D-days. This feature is discussed in detail in
section 4.2.

Now in order to examine the distribution of strength of scintillations caused due to these F-ESF, we divided
observations into three categories based on S4 index such that (i) 0.15 ≤ S4 < 0.5, (ii)0.5 ≤ S4 < 1, and
(iii) S4 ≥ 1, respectively, indicate weak, moderate–strong, and saturated scintillations. The percentage occur-
rence of F-ESF for these categories are compared for Q- and D-days during (a) early (18–22 LT) and (b) later
(>22 LT) phases of the evolution of these irregularities, in Figure 4. It is clearly evident that the occurrence
of moderate–strong scintillations is considerably higher for F-ESF triggered on D-days during both early
and later phases, which is marked by dotted rectangular box. It means that F-ESF irregularities generated
on D-days can cause more degradation to the radio signal passing through them. This feature directly hints
toward the difference in the spatial structuring of F-ESF on D-days as compared to Q-days, which may be
attributed to difference in ambient ionospheric conditions. In other words, the altitudinal extent of the irreg-
ularities over the dip equator, the irregularity power spectrum, and density perturbations are expected to be
different for F-ESF generated on Q-days and D-days. A study carried out by Keskinen et al. (2006) support this
possibility as considerable difference in the evolution of postsunset EPBs is noticed in their computer simu-
lation on D-days. So we have further explored this discrepancy with the help of a theoretical model, which is
explained in section 5.2.

4.2. Duration of Active Phase of ESF
The ESF irregularities keep evolving from the time of their generation till their decay. The characteristics of ESF
irregularities change rapidly when the perturbation electric field associated with plasma instability is signifi-
cant to influence their dynamics. This is manifested in the quiet time mass plot of CI(x0, tm), shown in Figure 2
(blue color). In the postsunset hours, when the ESF irregularities are generated, values of CI(x0, tm) are found
to be lower as compared to the later phase. As discussed in section 3, such tendency clearly indicates that
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Figure 4. The percentage occurrence of F-ESF associated scintillations having different strengths, namely (i) weak,
0.15 ≤ S4 < 0.5; (ii) moderate–strong, 0.5 ≤ S4 < 1; and (iii) saturated, S4 ≥ 1, are plotted for (a) early phase, 18–22 LT,
and (b) later phase, >22 LT, of evolution of ESF irregularities occurring on both Q-days (blue bars) and D-days (red bars).
S4 index is a measure of strength of amplitude scintillations. For early (18–22 LT) and later (>22 LT) phases separately,
the sum of the percentages shown by each bar adds to 100%. It means the blue (Q-days) and the red (D-days) bars will
add to 100% in both upper and lower panels. F-ESF = fresh equatorial spread F; Q-days = quiet days; D-days = disturbed
days.

the characteristics of the ESF irregularities are changing faster during their initial phase of development after
initiation of the RT plasma instability. However, in the later phase (>22 LT) the ESF irregularity characteris-
tics vary slowly due to weakening of perturbation electric field that results in higher values of CI(x0, tm). Thus,
the duration of F-ESF can be considered as the measure of active phase of the ESF irregularities, where the
perturbation electric field is alive.

We estimated the duration of F-ESF using td = Np × 3, where Np indicates the number of 3-min interval with
CI(x0, tm) ≤ 0.7 for a given day. Here td is expressed in minutes. The percentage of days having td in different
ranges are shown in Figure 5 for (a) early phase (18–22 LT) and (b) later phase (>22 LT) on Q-days and D-days.
The number of days in each category are mentioned on respective bars. In general, the duration of F-ESF is
found to be significantly longer on D-days as compared to Q-days in both early and later phases. On Q-days
90–92% of F-ESF events have durations of 9–60 min, during both early and later phases. Only approximately
8–10% of the F-ESF events on Q-days have durations of 60–120 min. Whereas, on D-days approximately
16–29% of F-ESF events are found to be active for durations of 60–120 min. The duration of F-ESF is even
longer than 120 min on about 10% of D-days.

As discussed earlier, F-ESF duration can be associated with the active perturbation electric field of the RT
plasma instability. Thus, it implies that the perturbation electric field linked with the RT plasma instability
sustains for longer durations on D-days as compared to Q-days. The strength, time variation, and survival of
the perturbation electric field is controlled by both growth and decay mechanisms involved in the evolving
plasma instability and temporal variation of the ambient ionosphere. In the growth phase the perturbation
electric field associated with the instability is expected to get modified. The growth time of RT plasma insta-
bility is nearly 10–60 min (Kelley et al., 1979; Yokoyama, 2017), which is of the same order as that of F-ESF
durations reported here for the early phase. It is known that the ambient electric field is a key parameter that
plays an important role in the initial linear growth of RT plasma instability (Kelley et al., 1981). Thus, the pres-
ence of substantial perturbation electric field for longer durations on D-days is attributed to the magnetic
activity linked ambient ionospheric electric fields.
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Figure 5. Percentage of Q- and D-days having duration of F-ESF in the range of (i) 9 ≤ td < 60, (ii) 60 ≤ td < 120, and
(iii)td ≥ 120 are shown here for both (a) early phase, 18–22 LT, and (b) later phase, >22 LT, of evolution of ESF
irregularities. The duration of F-ESF represent the active phase of equatorial plasma bubbles, where the perturbation
electric field associated with Rayleigh Taylor plasma instability is alive. On D-days, the duration of F-ESF is found to be
longer as compared to Q-days. For early (18–22 LT) and later (>22 LT) phase separately, the sum of the percentages of
number of days with different td shown by each bar adds to 100%. It means the blue (Q-days) and the red (D-days) bars
will each add up to 100% in both upper and lower panels. F-ESF = fresh equatorial spread F; Q-days = quiet days;
D-days = disturbed days.

4.3. Seasonal and Solar Flux Variation of F-ESF
In this section we have examined the seasonal and solar flux dependence of the local time occurrence of F-ESF.
The postmidnight occurrence of F-ESF on D-days has been reported earlier (Bhattacharyya et al., 2002; Kakad
et al., 2007) but their seasonal and solar flux dependence is not studied. First, we have divided the F-ESF obser-
vations into three bins of solar flux, namely low (𝜙s ≤ 120), moderate (120 < 𝜙s ≤ 180), and high 𝜙s > 180.
Later, for each bin of solar flux, we separated F-ESF observations for different seasons like March–April (MA),
September–October (SO), November–February (NDJF), and May–August (MJJA). This analysis is carried out
separately for both Q- and D-days. Figures 6 and 7 show the local time occurrence of F-ESF for different sea-
sons for low, moderate, and high solar flux periods for Q- and D-days, respectively. We have overall 475 days,
609 days, and 319 days in low, moderate, and high solar flux categories, respectively. On Q-days, one can see
that the occurrence of F-ESF is most prevalent in the postsunset period (18–22 LT) in all seasons except for the
solstice of low solar activity periods. We find that in both solstices during the postmidnight hours (00–04 LT)
occurrence of F-ESF is considerable during low solar activity, which is marked by black rectangle. In addition,
on some occasions the early-morning (>04 LT) F-ESF is encountered during high solar activity period, which
is marked by red rectangle. A clear local time dependence of occurrence of F-ESF is revealed for the Q-days.
Particularly, for Q-days the F-ESF dominantly occur in the postsunset time, but in solstice months favorable
time of F-ESF is also found to be in the postmidnight hours during low solar activity. The midnight occur-
rence of ESF during local summer months has been reported in earlier studies (Sastri, 1999; J. M. Smith et al.,
2016). Niranjan et al. (2003) have reported ESF irregularities during both summer (May–August) and win-
ter (November–February) solstice using ionosonde observations from a low-latitude Indian station. In their
study the occurrence of midnight ESF was found to be smaller during winter (≈37%) as compared to summer
(≈63%). In all these studies no attempt was made to distinguish between freshly generated and drifted ESF
irregularities. Recently, Ajith et al. (2016) studied the evolving and drifted EPBs observed by equatorial atmo-
sphere radar (47 MHz) in Indonesia and found that the evolving EPBs, which may be considered as freshly
generated in the field of view of radar, are dominantly seen around midnight (≈01 LT) in June solstice of low

GURRAM ET AL. CHARACTERISTICS OF FRESHLY GENERATED ESF IRREGULARITIES 7716



Journal of Geophysical Research: Space Physics 10.1029/2018JA025705

Figure 6. Shows local time variation of percentage occurrence of F-ESF for different levels of solar flux, namely (i) low
Φs ≤ 120, (ii) moderate 120 < Φs ≤ 180, and (iii) high Φs > 180, and for different seasons MA, SO, MJJA, and NDJF for
quiet days. Black and red rectangular dotted boxes, respectively, represent the midnight (00–04 LT) and early-morning
(>04 LT) generation of F-ESF during low and high solar activity periods. The midnight F-ESF is observed more frequently
for solstice months of low solar activity. In each subplot, the addition of percentages shown by bars gives 100% and it
corresponds to total number of 3-min interval (i.e., n) mentioned in each subplot. F-ESF = fresh equatorial spread F;
MA = March–April; SO = September–October; NDJF = November–February; MJJA = May–August.

solar activity period 2010–2012, whereas such midnight EPBs are less frequent during December solstice. In
present study we find that the postmidnight (00–04 LT) occurrence F-ESF is comparable during both June
(≈36%) and December (≈26%) solstice of low solar activity.

For D-days the occurrence of F-ESF does not show clear season or solar flux dependence. Figure 7 indicates
that in general the magnetic activity linked generation of F-ESF is dominantly observed in the postmidnight
and early-morning hours. The magnetic activity linked DD and PP electric fields are the main sources for the
modulation of ionospheric electric fields on D-days. The strength and spatial distribution of these DD and
PP electric fields are governed by the start time, strength, and nature of magnetic activity and it varies with
each magnetic activity. Theoretical and simulation studies have shown that the DD electric field is eastward
around local midnight sector (C.-M. Huang et al., 2005; Richmond et al., 2003). C. M. Huang (2013) has shown
that the amplitude of DD electric field varies with solar flux and season, however its tendency to reverse from
west to east is seen around the local midnight hours. Thus, we can expect the presence of eastward electric
field on D-days around local midnight, which can assist the generation of F-ESF. However, the scenario can be
completely different if the DD electric field is modified by the presence of PP electric fields (N. Maruyama et al.,
2005). It is shown that the effects in low-latitude ionosphere in a given longitudinal sector can be different for
nearly similar storms starting at different times (Kakad et al., 2017).

In order to understand the postsunset occurrence of F-ESF during both Q- and D-days, we estimated the over-
all percentage occurrence of F-ESF during 18–22 LT for different seasons during low, moderate, and high solar
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Figure 7. Shows local time variation of percentage occurrence of F-ESF for different levels of solar flux, namely (i) low
Φs ≤ 120, (ii) moderate 120 < Φs ≤ 180, and (iii) high Φs > 180, and for different seasons MA, SO, MJJA, and NDJF for
disturbed days. In each subplot, the addition of percentages shown by bars gives 100% and it corresponds to total
number of 3-min interval (i.e., n) mentioned in each subplot. F-ESF = fresh equatorial spread F; MA = March–April;
SO = September–October; NDJF = November–February; MJJA = May–August.

activity periods, which is depicted in Figure 8. Top and bottom panels, respectively, represents the F-ESF occur-
ring on Q- and D-days. Blue, black, and red colors represent low, moderate, and high solar activity periods,
respectively. For a given season and solar flux condition (i.e., low/moderate/high), we estimated the number
of 3-minute scintillation intervals of F-ESF (i.e., CI(x0, tm) ≤ 0.7) during 18–22 LT to obtain these percentages.
Each bar can attain a maximum of 100% if all scintillation events under that category have CI(x0, tm) ≤ 0.7, that
is, if the observed scintillation were caused entirely by locally generated irregularities. For each level of solar
flux, it is found that the postsunset occurrence of F-ESF is higher on Q-days as compared to D-days irrespec-
tive of the season. For Q-days, F-ESF is dominantly seen in the postsunset hours (18–22 LT), with occurrence
exceeding 80% for all seasons and solar flux levels except for solstice months of low solar activity. Whereas
for D-days, the F-ESF occurrence in the postsunset hours is smaller (<80%). It is because EPBs are generated
even after 22 LT due to ionospheric electric fields associated with magnetic activity. From Figure 8a, we under-
stand that on Q-days of low solar activity significant reduction in the usual generation of postsunset F-ESF
is noticed during solstice months as compared to equinoctial months, which is marked by black arrows. But
this reduction is much larger for summer as compared to winter. For summer solstice only 31% occurrence
of F-ESF is seen in the postsunset hours, which indicates that nearly 69% of F-ESF occurred in the later hours
during the night (>22 LT). For winter solstice the postsunset occurrence of F-ESF is found to be 64%, so nearly
36% occurrence of F-ESF is observed after 22 LT. In section 5 we discuss the possible sources for the midnight
F-ESF during both solstices. If we compare equinoctial months, the total occurrence of F-ESF in postsunset
hours during March–April (Vernal equinox) and September–October (Autumn equinox) is found to be 91%
and 86%, respectively, for moderate to high solar activity periods. For low solar activity periods, this tendency
is reversed, the total occurrence of F-ESF in postsunset hours during March–April (83%) is found to be lower as
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Figure 8. Total percentage occurrence of F-ESF during early phase (18–22 LT) for different seasons on (a) Q-days and (b)
D-days during low (blue), moderate (black), and high (red) solar activity periods. Horizontal dashed-dotted lines indicate
the percentage occurrence of 80%. Each bar corresponds to percentage occurrence of F-ESF for given season, solar flux
condition (i.e., low/moderate/high) during early phase (i.e., 18–22 LT). Each bar can attain maximum of 100% if intervals
with scintillations under that category have CI(x0, tm) ≤ 0.7. F-ESF = fresh equatorial spread F; Q-days = quiet days;
D-days = disturbed days; MA = March–April; SO = September–October; NDJF = November–February;
MJJA = May–August.

compared to September–October (89%). This difference in the percentage occurrence of F-ESF for equinoctial
months is not significant enough to attribute it to equinoctial asymmetry reported by Sripathi et al. (2011).

5. Discussion

In this section we discuss two observational features, (i) postmidnight occurrence of F-ESF during solstices
of low solar activity and (ii) larger occurrence of moderate–strong scintillations due to F-ESF occurring on
D-days as compared to Q-days.

5.1. Understanding Solstice Midnight F-ESF
It is known that height of F-region plays an important role in setting up a favorable ambient ionospheric con-
dition for the growth of RT plasma instability. The altitude of the F-region is controlled by the ambient electric
field through E⃗ × B⃗ vertical drifts. The results shown in previous subsection indicates two features, (i) F-ESF
generation around midnight and (ii) considerable decrease in usual postsunset occurrence of F-ESF during
summer solstice of low solar activity. In order to understand these tendencies, we examined the variation of
h′F from near by dip equatorial station Trivandrum using long-term ionosonde observations. The scaled val-
ues of h′F are separated into three categories based on the levels of solar flux and average virtual base height
of F-region is estimated for different seasons. The local time variation of average base height of F-region during
low solar activity (Φs ≤120) is shown in Figure 9a for different seasons. The standard deviation in the averaged
values of base height of F-region is in the range of 5–50 km. It is clearly evident that postsunset PRE is sup-
pressed during summer solstice with enhancement in F-region altitude around midnight. Such enhancement
in F-region altitude around midnight can aid the development of F-ESF, in the presence of appropriate trig-
gering source needed for the RT plasma instability. However, we do not see such midnight F-region height rise
for winter. We also looked into local time variation of ambient zonal ionospheric electric fields at Tirunelveli,
which are obtained from the real-time ionospheric model given by Manoj and Maus (2012). Figure 9b shows
the local time variation of zonal electric field (+ve eastward) for different seasons during low solar activity
(Φs ≤120). In Figure 9b it is noticed that although the zonal electric field is westward around midnight for the
both solstices and equinoctial months, the westward electric field is weaker for solstices compared to equinoc-
tial months. Based on the ionosonde observations in Figure 9a, where a clear midnight F-region height rise
is observed for the June solstice, one expects an eastward electric field around midnight, while the model
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Figure 9. Shows quiet time seasonal local time variation of (a) averaged values of h′F observed at Trivandrum and (ii)
ambient zonal electric field derived from real-time ionospheric model
(http://geomag.org/models/PPEFM/RealtimeEF.html) for low solar activity (Φs ≤ 120). The standard deviation in h′F is in
the range of 5–50 km. MA = March–April; SO = September–October; NDJF = November–February;
MJJA = May–August.

results fail to match these observations. But at least they show that around midnight of summer solstice the
westward electric field is the weakest compared to other seasons. Hence, even a weak source of eastward
electric field either from above or below the ionosphere is sufficient to reverse the polarity of zonal electric
field from westward to eastward around midnight of summer solstice in the Indian region.

It has been shown that trans-equatorial neutral wind plays an important role in the occurrence of ESF as it
can influence the postsunset PRE. A stronger poleward or weaker equatorward neutral wind suppress the
amplitude of PRE (Abdu et al., 2006). A stronger equatorward meridional wind pushes the ionization from
low-latitudes to equatorial-latitudes and raises the F-layer to higher altitudes over equatorial stations. It is
shown that meridional neutral winds converge toward equator around local midnight during summer months
of Northern Hemisphere (i.e., equatorward wind), which can assist the generation of F-ESF (T. Maruyama
et al., 2008; Sripathi, 2017). Studies have suggested that the local midnight temperature maximum and sud-
den stratospheric warming events assist the formation of F-ESF around local midnight in summer (Niranjan
et al., 2003; J. M. Smith et al., 2016). Both midnight temperature maximum and sudden stratospheric warming
events modulate the background neutral wind patterns. The altitudinal variation of meridional wind derived
from horizontal wind model for 1 day representing summer and winter solstice is shown in upper panels
of Figure 10 for low solar activity period (Φs = 86). These winds are estimated at 15∘N geographic latitude
and 77.8∘E geographic longitude. Positive values represent poleward winds. The black solid (dotted) line
represents the average meridional wind for the altitudes 200–250 km (250–300 km). It is noticed that the
meridional winds are equatorward (poleward) for summer (winter) solstice around midnight. It implies that
favorable neutral winds are not present at off-equatorial locations around local midnight during winter to
assist the generation of F-ESF. Further, to understand the difference in other ambient F-region parameters
affecting the linear growth of RT plasma instability, we examined the (i) ion-collision frequency (𝜈in), (ii) inverse
scale length L−1 = [ 1

n0

𝛿n
𝛿z
], and (iii) R factor, which is defined as [𝜈inL]−1. We used NRLMSIS00 and IRI2016 mod-

els to get these parameters for Tirunelveli and they are shown in second, third, and fourth panels of Figure 10.
The altitudinal and time resolutions for Figure 10 are 1 km and 6 min, respectively. The black dotted and solid
lines in each subplot of Figure 10, respectively, represent the average of corresponding parameter for the alti-
tudes 250–300 and 200–250 km. The linear growth rate of RT plasma instability is proportional to R factor. It
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Figure 10. Shows local time variation of meridional winds (+ve northward), ion-neutral collision frequencies 𝜈in , inverse
scale length L−1 = 1

n
𝛿n
𝛿z

, and parameter R = [𝜈inL]−1 for altitudes 190–350 km. Left-side (right-side) panels represent
typical conditions during summer (winter) solstice. These parameters are derived from HWM2014, IRI2016, and
NRLMSIS00 models for low solar activity period Φs=86. Meridional winds are obtained for a location in Northern
Hemisphere away from the observation station (geographic latitude 15∘N, geographic longitude 77.8∘E), whereas all
other parameters are obtained for Tirunelveli (geographic latitude 8.7∘N geographic longitude 77.8∘E). Solid and dotted
curves in each subplot, respectively, represent the average of that parameter for 200–250 and 250–300 km.

may be noted that R factor shows enhancement close to local midnight in summer and it can positively assist
the growth of RT plasma instability to generate ESF irregularities. On the other hand, R factor is only weakly
positive around local midnight during winter as compared to summer. So local ambient F-region parameters
around local midnight can positively support the generation of F-ESF in summer as compared to winter.

5.2. Difference in S4 Distribution: Theoretical Explanation
The strength of scintillation is measured in terms of S4 index and it is controlled by ambient ionospheric
parameters. A theoretical model suggests that the power spectral characteristics, density perturbations asso-
ciated with ESF irregularities, height, and thickness of irregular medium controls the phase fluctuations
imposed on radio signal and hence affects the distribution of S4 on ground (Engavale & Bhattacharyya, 2005).
In order to understand the difference in the S4 distribution, we used this theoretical model. It is a stationary
model that divides a thick irregularity layer into number of thin phase screens separated by diffraction layers,
and then the propagation of radio wave through this irregular medium is examined to get information about
the S4 in the receiver’s plane. The implementation of such multiple phase screens in the model is accomplished
by using Split step algorithm (Bhattacharyya & Yeh, 1988). This model has various input parameters like height
(Z), thickness (L), density perturbation (ΔN), power spectral slope (m), outer scale R0, and inner scale (r). We
considered thickness of irregularity layer as 50 km and height in the range of 300–600 km. It is known from in
situ observations that irregularities have a power law spectrum. Studies have reported that irregularity spec-
trum does evolve with time and affect the strength of scintillation (Costa & Basu, 2002). Kakad, Nayak, et al.
(2012) have reported that F-ESF irregularities producing weak scintillation (S4 ≤ 0.5) are mainly associated
with power spectral indices between 3 and 4. Thus, we took power spectral index to be m =3 and m =4 for the
intermediate scale irregularity spectrum. As we are examining intermediate scale F-ESF irregularities (100 m
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Figure 11. Shows variation of S4 index as a function of altitude for equatorial spread F irregularities having power
spectrum, that is, m =4 (upper panels) and m =3 (lower panels) and different percentage density perturbations (𝜎ΔN∕N).
The ambient plasma density is taken as 7 (b and d) and 10 MHz (a and c). The upper and lower horizontal
dashed-dotted lines represent the S4 = 1 and S4 = 0.5, respectively. The corresponding standard deviation of phase
fluctuations (in radian) imposed on the radio signal is mentioned in each subplot.

to few km), the outer scale for the power spectrum is taken as 5 km and inner scale considered as 50 m. The
ambient plasma frequency is taken as 10 and 7 MHz to represent high and low solar activity. We varied stan-
dard deviation of normalized density fluctuation (𝜎ΔN∕N) from 4% to 16% and estimated the S4 in receivers
plane.

The plot of S4 as a function of height of irregularity layer for power spectral indices m =4 and m =3 are shown
in Figure 11. The right-side panels are associated with lower ambient plasma density (plasma frequency fp = 7
MHz), whereas left-side panels correspond to higher ambient plasma density (fp = 10 MHz). It is noted that
larger density fluctuations impose larger phase perturbations on the incident radio signal and produce higher
S4. When ambient plasma density is smaller, that is, fp =7 MHz (Figures 11b and 11d), for same percentages of
density perturbation smaller values of S4 are produced as compared to the background of higher plasma den-
sity, that is fp =10 MHz (Figures 11a and 11c). It is clearly evident that for irregularities with shallower power
spectrum, m = 3S4 index does not exceed one. When density fluctuations are the same the higher height
of irregularity layer helps to produce stronger scintillations, but this altitudinal dependence tends to vanish
when S4 reaches values close to one. Now we understand that intermediate scale irregularities with larger
density fluctuations placed at higher altitudes in the presence of stronger ambient plasma density are likely
to produce more moderate to strong (0.5 ≤ S4 < 1) scintillations. It implies that intermediate scale irregu-
larities with larger density perturbations are available at higher altitudes to produce more moderate–strong
amplitude scintillations on the VHF signal during D-days. Although sometimes, the F-ESF is generated in the
postmidnight periods on Q-days as well but they are not producing more moderate–strong amplitude scin-
tillations. This can be attributed to the lower altitudinal extent of F-ESF on Q-days as compared to F-ESF on
D-days.
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6. Summary and Conclusion

The seasonal, solar flux, local time, global occurrence of EPBs are reported in many earlier studies. However,

in these studies no attempt was made to separate the locally generated and drifted ESF irregularities. In

the present study, we have investigated the occurrence and evolution of only F-ESF. We used the parame-

ter CI(x0, tm) to identify the periods of F-ESF on both Q- and D-days. We have studied seasonal and solar flux

dependence of the occurrence of F-ESF during both Q- and D-days using long-term spaced receiver scin-

tillation observations from Indian equatorial station Tirunelveli. As we are using VHF (251 MHz) amplitude

scintillations, we get information about intermediate scale 100 m to few kilometers ESF irregularities. Apart

from the occurrence of F-ESF, the degradation caused by these irregularities to incoming radio signal is also

examined by estimating the S4 index distribution in the receiver’s plane. The duration of F-ESF, which rep-

resents the active phase of locally generated ESF, is estimated. In other words, the duration of F-ESF gives

information about the life time of the perturbation electric field associated with the RT plasma instability,

which is responsible for the generation of these irregularities. Above mentioned two points, that is, (i) degra-

dation caused by F-ESF and (ii) duration of active phase of ESF, are the new aspects that we have investigated in

the present study. Various observational features of F-ESF, for different seasons, and solar flux, local time, quiet,

and disturbed conditions reported here, are examined using long-term ionosonde observations, real-time

ionospheric model (electric fields), and theoretical model (S4 index) for better understanding. Following are

the major conclusions drawn from the present study.

1. Distinct differences in the seasonal and solar flux dependence of the usual postsunset (18–22 LT) generation

of F-ESF on both Q- and D-days are noticed. On Q-days the occurrence of F-ESF is mainly confined in the

postsunset hours (≈85%). But on D-days the occurrence of F-ESF during early, 18–22 LT (≈45%), and later

phase, >22 LT (≈55%), are comparable.

2. On Q-days of low solar activity both solstices encountered significant reduction in the usual postsunset

occurrence. In summer the reduction is 54% and for winter it is 21% as compared to equinoctial months. It

is because the PRE is not strong during summer to raise the F-region to higher altitudes particularly during

low solar activity (Kakad, Tiwari, et al., 2012).

3. On Q-days the postmidnight F-ESF is seen mainly during solstices of low solar activity. The midnight F-ESF

observed during summer solstice of low solar activity period is attributed to the increase in F-region height,

however, such midnight F-region height rise is not seen for winter to support the generation of F-ESF around

midnight during this season. For both solstices the ambient zonal electric fields are found to be weakly

westward around midnight, so even smaller strength superposed eastward electric field from some other

source is sufficient to reverse the polarity of zonal electric fields from westward to eastward. We need further

investigation to understand the sources responsible for the generation of midnight F-ESF particularly during

winter solstice.

4. We found that F-ESF linked moderate–strong scintillations are dominant on D-days as compared to Q-days

in both early (18–22 LT) and later (>22 LT) periods. It has direct link to the structuring and evolution of

EPBs. Theoretical model suggests that the intermediate scale irregularities with strong density perturbations

situated at higher altitudes can cause more moderate–strong amplitude scintillations on D-days. Whereas

on Q-days, the postmidnight F-ESF do not have larger altitudinal extent to produce more moderate–strong

amplitude scintillations.

5. On magnetically D-days, the occurrence of F-ESF is likely around midnight and early-morning hours in all

seasons and this local time occurrence pattern is less significantly affected by the solar flux. A simulation

study by C. M. Huang (2013) suggests that strength of DD electric field changes with solar flux and seasons,

however its reversal from west to east occurs close to local midnight hours. Even with slightly weaker east-

ward DD electric field, F-region can be raised to higher altitudes around midnight as the westward ambient

ionospheric electric fields are also weaker around that time.

6. An important feature is that the perturbation electric field linked with the RT plasma instability, which

is responsible for the generation of fresh ESF irregularities, sustains for a longer duration on D-days as

compared to Q-days. It results in longer durations of the active phase of EPBs on D-days as compared to

Q-days.
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