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[1] The evolution of large‐scale (few kilometers), medium‐scale (few hundreds of
meters), and small‐scale (meters) size plasma density irregularities in the postsunset
equatorial F region, in the context of characteristic GPS total electron content (GTEC)
variations, are reported from Indian longitudes. The ionograms and GTEC from a
GPS receiver installed as a part of the GPS Aided Geo Augmentation Network (GAGAN)
project for satellite‐based navigation are obtained from an equatorial station at Trivandrum
(8.5°N, 76.91°E, dip latitude 0.5°N). The variations in the GTEC with respect to TEC
are considered to represent the seed perturbations for the plasma instability that results in
the equatorial spread F (ESF) irregularities and are treated as a perturbation factor (P).
The VHF radar at Gadanki (13.5°N, 79.17°E, dip latitude 6.4°N) provided the small‐scale
structures of ESF. The background thermospheric conditions that affect the growth of the
plasma instability through ion‐neutral collision frequency (nin) are estimated using the
F region base height (h′F)and the representative scale height of the neutral atmosphere
and are represented by a growth factor (G). The present case study reveals a close
coupling between the background ionospheric conditions and the baseline perturbations in
deciding the evolutionary phases of ESF. It has been shown that although large‐scale
(kilometer scale) irregularities are formed without any constraints when the background
ionospheric‐thermospheric conditions are favorable in the presence of fluctuations in
GTEC, consistently, the medium‐scale and small‐scale irregularities show remarkable
similarity with the variations in the product of the perturbation and growth factors.
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1. Introduction

[2] The phenomenon of equatorial spread F (ESF) refers
to, in the classical sense, the generation of plasma density
irregularities spanning a wide range of scale sizes, from
hundreds of kilometers to centimeters, in the postsunset
equatorial F region. Very intense studies spanning over
6 decades, both experimental and theoretical have revealed
the complexity of the phenomenon. It is widely accepted
now, that it is a nonlinear plasma instability processes,
primarily driven by the Rayleigh‐Taylor (R‐T) instability
paving way for a hierarchy of instabilities, finally culmi-
nating in the generation of the wide ranging scale sizes of
density irregularities referred above. This multidimensional
phenomenon manifests in different ways, namely, as airglow
intensity bite outs (scale sizes of hundreds of kilometers),
spread in the F region echoes as seen in the ionograms

(kilometers), VHF and UHF scintillation of satellite to Earth
communication signals (hundreds of meters) and plumes in
the range‐time‐intensity (RTI) map of the backscatter
echoes from coherent back scatter radars (meter to centi-
meter depending on the probing frequency). In addition, in
situ measurements, whether by a satellite or by means of
sounding rockets, see them as “plasma bubbles” or
“ionization holes.” The plasma density irregularities asso-
ciated with this phenomenon having a generic name of ESF,
cause disruptions in the satellite to ground communication
link and degrade the navigation signals. Since ESF shows
large spatial (latitudinal and longitudinal) and temporal
variability (day to day, seasonal, solar cycle), with our
increasing dependence on satellite‐based systems both for
communication and navigation, understanding to what
extent the latter would be affected by the former becomes
imperative. The present paper attempts to address several of
these aspects through case studies.
[3] The equatorial F region base undergoes a steep rise in

altitude in the postsunset hours referred to prereversal
enhancement (PRE). Further, because of the lack of ionizing
solar radiation, the E region decays fast. As a consequence,
one is left with a very steep plasma density gradient in the
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bottomside F region which itself is lifted to great heights
because of the PRE. Such a steep altitudinal gradient makes
the situation analogous to a heavier fluid being supported by
a lighter fluid in the presence of gravity. The situation is
highly unstable. In the presence of any density perturbation
in the bottomside ionosphere, the perturbation would grow
in amplitude leading to the classical R‐T instability. Any
small perturbation in the form of depletion would grow
through the F region nonlinearly, as a bubble or as a density
depleted region extending to the topside of ionosphere up to
an altitude where the density inside the depletion (bubble)
and outside were the same. This means that eventually the
bubble would loose its identity. As the instability grows
with time, the resultant large‐scale irregularities provide the
basic conditions for the secondary instabilities to operate
resulting in the generation of the wide spectrum of irregu-
larities referred to earlier.
[4] A simplistic expression for the linear growth rate of

the primary R‐T instability can be given as [Haerendel,
1973; Ossakow et al., 1979]

�g ¼ 1

L

g

�in
; ð1Þ

where nin is the ion‐neutral collision frequency, g is the
acceleration due to gravity, and L is the ambient plasma
density scale length, which is inversely proportional to the
plasma density gradient dn0/dz and is given by L = [ 1n0(

dn0
dz )]

−1.
[5] Though the role of electric fields, zonal winds in the

presence of zonal gradients, and vertical winds has been
very well established by earlier workers [Hanson et al.,
1986; Sekar and Raghavarao, 1987; Sekar and Kelley,
1998] in augmenting the primary R‐T process, in the present
exercise, we restrict ourselves only to the primary process
and attempt to account for the primary factors only, as the
purpose here is to investigate the various manifestations of
the phenomenon on a given day rather than its day to day
variability. In spite of the above restriction, it emerges that
most of the observed variability could still be explained
conceptually. The case study pertains to the equinoctial
period of low solar activity when generally the base of the
F region is expected to reach nearly the same altitude levels
during postsunset hours. As would be seen in section 4, the
F region base reached ∼300 km on all the four occasions in
the postsunset hours. This would imply that the plasma scale
length L would nearly be the same for all the cases. The
other parameter would be the ion‐neutral collision frequency
nin, the variability of which could be accounted for through
h′F variations. The perturbation grows nonlinearly essen-
tially because of the altitude variations of nin.
[6] As a phenomenon, the gross variability of ESF has

been fairly understood but for its day to day variability
making its prediction rather difficult. Several attempts have
been made in the literature taking our understanding closer
toward deterministic prediction [Raghavarao et al., 1988;
Sridharan et al., 1994; Valladares et al., 2001; Mendillo
et al., 2001; Devasia et al., 2002; Anderson et al., 2004;
Thampi et al., 2006; Sreeja et al., 2009]. It is established
now that large‐scale wave structure (LSWS) most often
precedes the ESF phenomenon [Tsunoda, 2005, 2008, 2009;
Thampi et al., 2009; Tsunoda et al., 2010]. Recently, Tsunoda
[2010a, 2010b] reported the possible lower atmospheric

seeding for the ESF during solstices. It is important for us to
have a comprehensive understanding of the various con-
trolling factors to be able to eventually predict the phe-
nomenon that too with minimum inputs on the background
conditions so as to reach observational/operational deter-
ministic forecasting capability. Though this would be our
ultimate aim, in the present exercise, we restrict ourselves
only to the evolutionary phases of the phenomenon with
regard to large, medium and small‐scale irregularities in the
light of GPS total electron content (GTEC) variability.

2. Data Presentation

[7] The present case study has been carried out on four
distinctly different ESF events during the equinoctial
months (February–March) of 2007, a low solar activity
period. Simultaneous measurements through ionograms,
GTEC, L band scintillations on the GPS signals and RTI
maps using the Indian MST radar operated in the iono-
spheric mode have been considered in the study. The digital
ionosonde (KEL make, Model IPS‐42) located at Trivan-
drum (8.5°N, 76.91°E, dip latitude 0.5°N) is used to monitor
the basic ionospheric structure and also to monitor the
movement of the base of the F region (h′F) in the postsunset
hours. The ESF initiation which is usually seen first in the
ionosonde, indicates the evolution of kilometer‐scale size
irregularities. The dual‐frequency GPS Ionospheric Scintil-
lation and TEC Monitor (GISTM) system GSV 4000B
colocated in Trivandrum as a part of the GPS Aided Geo
Augmentation (GAGAN) project, mainly for the purpose of
satellite‐based navigation, provides the GTEC values in
addition to the scintillation index (S4) for the L band GPS
signals at an interval of 30 s. Both the GTEC variations and
the S4 index are considered in the present study. The RTI
maps are constructed using the coherent back scatter echoes
from the field aligned irregularities, using the Indian MST
radar located in Gadanki (13.5°N, 79.17°E, dip latitude
6.4°N) operated at 53 MHz with a power aperture product of
3 × 1010 Wm2 and with a typical antenna beam width of 3°.
The Indian MST radar when operated in the ionospheric
mode (tilted northward by ∼15° from zenith) scans the beam
perpendicular to the geomagnetic field lines and enables the
investigation of the phenomena dealing with field aligned
irregularities [Rao et al., 1995]. The RTI maps give us clues
on the evolution of the 3 m irregularities.

3. Approach

[8] As mentioned earlier, the aim of the present work to
delineate the causative mechanisms that are responsible
for the sort of variability exhibited by the ESF phenom-
enon during its evolutionary phase. The variability has to
be necessarily dictated by the background ionospheric‐
thermospheric conditions like the F region base height, the
plasma scale length and the neutral atmospheric densities
that control the ion‐neutral collision frequencies at the base
height. But there is an inherent assumption that, the initial
perturbations are omnipresent. Though may be valid in a
general sense, the perturbation amplitudes and periods need
not be the same on all occasions and hence its variability
would also modulate the evolution of the ESF. A similar line
of thinking has been echoed by Tsunoda [2010a], who
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discussed the occurrence possibility of ESF in terms of the
probabilities of the presence of seed perturbations (PS) and
growth rate (PI) [e.g., McClure et al., 1998]. They had also
assumed that the probability of the presence of seed per-
turbations is always high [Maruyama and Matuura, 1984;
Tsunoda, 1985]. Tsunoda [2010a] highlighted the defi-
ciency in ascribing all the seasonal and longitudinal vari-
ability of ESF, solely to the growth rate and proceeded to
show the variations in the seed perturbations, possibly of
lower atmospheric origin, could have an independent control
on the phenomenon. Though logical, Tsunoda [2010a] is
still discussing the probabilities and addresses only the ESF
morphology. In our present exercise, we directly consider
the seed perturbations as they manifest, irrespective of their
origin and proceed to show how they could control the dif-
ferent evolutionary phases, in addition to the growth factor
that represents the background ionospheric‐thermospheric
conditions.
[9] One of the primary requisites set forth in the present

exercise is to be able to make use of the easily available
information and arrive at suitable parameters that would
represent the background conditions and also the perturba-
tion characteristics. For the background conditions the h′F
over Trivandrum is taken as one of the inputs. It is taken
that, in a given period, during quiet times, the h′F would
nearly be at the same level with comparable peak densities.
This would essentially decide the scale length in equation (1).
The neutral number density corresponding to different h′F
would then dictate nin. As the neutral densities decrease
exponentially with altitude, the growth rate of the instability
would increase nonlinearly with height. The higher h′F is,
the larger the growth rate will be and the smaller the cor-
responding nin will be. In order to make use of only h′F as
representative of the ionospheric‐thermospheric conditions
we have defined a dimensionless growth factor G given by

G ¼ exp
h′F � 275ð Þ

H
; ð2Þ

where H (km) is the neutral scale height (kT/mg), repre-
sentative of the solar epoch and season under consideration
and obtained from the MSIS model E‐90 (http://omniweb.
gsfc.nasa.gov/vitmo/miss_vitmo.html). As can be seen from
equation (2), in the present exercise the relative variation
of h′F with respect to a reference height of 275 km is
considered. The reference height is taken for this solar epoch
on the basis of the earlier results [Devasia et al., 2002],
which showed that when h′F was <275 km, ESF could not
be initiated without the additional help from external forcing
like neutral winds. As shown by Devasia et al. [2002], this
threshold height becomes critical only for the initiation of
ESF in ionograms and, once triggered, ESF continues in
spite of the base of the F region coming down to as low as
240 km. More details are given in section 5.
[10] Having formulated a parameter that would represent

the background conditions, the other important element
would be the perturbation factor. Since the whole exercise is
tuned toward L band communication and the GTEC mea-
surements, the GTEC values themselves are made use of in
the estimation of the perturbation factor. The relative vari-
ation (dTEC) with respect to the GTEC (i.e., dTEC/TEC),

another dimensionless parameter, is treated as the pertur-
bation factor P.
[11] The TEC data from a single satellite had been

detrended while estimating dTEC with the result, the per-
turbation factor P is equated to dTEC/TEC. The rationale for
using TEC which is a column integrated electron density
and the fluctuations in it, i.e., dTEC to be representative of
density perturbation in the base of the F region is discussed
in section 5. It could well be appreciated that both the
growth factor G and the perturbation factor P exert inde-
pendent control on the evolution of ESF, and it is construed
that the variability of the product PG would offer a better
explanation for the variability exhibited by ESF on different
days. The present case study demonstrates the utility of such
an approach.

4. Evolution of Various Phases of ESF
Irregularities

[12] In favorable ambient conditions, as the R‐T insta-
bility operates when there are density perturbations swing-
ing positive and negative, the negative swings would
become deeper as they grow through the F region, mani-
festing as plasma density depletions or bubbles. The steep
gradients associated with the wall of the bubbles are known
to support a hierarchy of instabilities that would cause
scintillations and manifest as plumes in the VHF radar.
While more details are given in section 5, it would suffice
here to state that since the P and G parameters defined
earlier have independent roles, their product has to be
compared and correlated with the evolution of the phe-
nomenon instead of the perturbation alone.
[13] Figure 1 depicts the evolution of different phases of

ESF on ionograms, L band scintillation, and also in the RTI
map, on 21 March 2007, a low solar activity, equinoctial
period. Figure 1a depicts the variation of h′F over Trivan-
drum with respect to local time (thin solid line) and the
estimated growth factor G as per equation (2) (dashed line).
The total duration of ESF on ionograms is shown by means
of a thick band at the top of Figure 1a. The base of the
F region reached a maximum of 300 km at ∼19:40 LT,
coincident with the triggering of ESF in ionograms and then
it slowly moved downward. One could also note the pres-
ence of large oscillatory features in h′F. Figure 1b depicts
the perturbation factor dTEC/TEC. There had been a loss of
data during 21:40–22:15 LT. The product of P and G is
shown in Figure 1c. The important point to be noted here is
that in the initial phases even though the perturbation is
smaller in amplitude (Figure 1b, ∼20:00 LT) it grows with
time with the negative swing having significantly larger
amplitudes as compared to the positive swing and it has a
tendency to show larger amplitudes without any change in
its temporal characteristics. This vindicates the earlier
statement that it is these initial triggers that develop into
bubbles. Figure 1d shows the L band scintillations over
Trivandrum; data combined from three satellites PRN 20,
23, and 25. Though these scintillations do not fall into
strong scintillation category, with S4 ranging only from 0.05
to 0.2, it does show significant variations. Figure 1e depicts
the plumes recorded by the Indian MST radar. The complex
nature of the plume evolution in the form of multiple plumes
could be clearly seen in this example. It is interesting to note
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that the negative swing in the product term (Figure 1c)
shows one to one correlation with the increase in S4 index
and also in the plume evolution. The fluctuations in the
product term in fact represents much larger‐scale irregular-
ities essentially providing the base for the generation of
medium‐scale (represented by S4) and smaller‐scale (3 m,
represented by the radar map) irregularities.
[14] As had been mentioned in the beginning the L band

scintillations represent irregularity scale sizes of the order of
several hundred meters. Another important observation is
the very low scintillation levels during 20:00–21:00 LT
while the ionosonde and the radar map show strong ESF
signatures and plumes. As per the understanding, when
irregularities at both the ends of the spectrum (i.e., large to
small scale) are present, its absence/weak presence in the
intermediate scale warrants an explanation. It has been
verified and shown below that, it is essentially due to the
ionospheric piercing point (IPP) of the satellite to ground

link, falling beyond the purview of the field line mapped
irregularities.
[15] Figure 2 depicts the corresponding latitude and

longitude positions of the IPP of the three satellites PRN
20, 23, and 25 with respect to Gadanki at different times
(Figure 2a) and also the variation of the maximum altitude
of the plumes as seen from Gadanki along with the projected
heights of the respective IPP along the field lines to Gadanki
latitudes (Figure 2b). Since the nature of scintillation over
Trivandrum and Gadanki are nearly the same, in order to put
things in proper perspective GPS observations by an indi-
vidual GPS receiver from Gadanki have been taken while
comparing the scintillation data with the radar. If the pro-
jected height in Figure 2b happened to be above the peak
altitude of the plume, then it would imply that the region of
the ionosphere through which the satellite to ground link
passes through would be devoid of irregularities. Figure 2a
also depicts the duration of L band scintillations through
crosses on the satellite track. It is worth noting that, the IPP

Figure 1. (a) F region base height variation after sunset over the equatorial station Trivandrum (8.5°N,
76.91°E, dip latitude 0.5°N) (solid line) on 21 March 2007 along with the temporal variation of the
growth factor (G) (dashed line). The solid bar at the top represents the duration of equatorial spread F
(ESF) on ionograms. (b) Temporal variation of the perturbation factor P (dTEC/TEC) over Trivandrum.
(c) Temporal variation of the product of P and G (PG). (d) Temporal variation of scintillation index S4
over Trivandrum. (e) Range‐time‐intensity (RTI) map showing the presence of ESF plumes at Gadanki
(13.5°N, 79.17°E, dip latitude 6.4°N) on 21 March 2007.
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trajectory of PRN 20 had been along a meridian (in this case
78°E) while that of PRN 25 had been centered around 17°N
latitude. PRN 23, on the other hand, had an ionospheric
projection varying both in latitude (18°N–10°N) and
longitude (77°E–80.5°E). As mentioned above, once the
projected height of the IPPs is less than the maximum height
of the plumes, it is construed that L band scintillations
would be recorded, as the satellite to ground signal has to
necessarily pass through the region of irregularities. Further,
when we compare ionosonde, TEC and scintillation data
from Trivandrum and the plumes as recorded from Gadanki
the geographical separation of these two stations should also
be taken into account.
[16] Since a phenomenon like ESF is local time dependent

and since there is a longitudinal difference of 2.1° between
these two stations, the Trivandrum TEC and scintillation
data have been shifted and advanced by 8 min, thus enabling
direct comparison with the temporal evolution of plumes
from Gadanki.
[17] Figure 3 depicts another example on 20 March 2007,

having distinctly different characteristic features. The panels
are similar to Figure 1. The h′F variations on this day had
been rather restricted. Though starting off ∼300 km in the

postsunset hours, it moved down to 260 km and remained
centered around this height for the rest of the observational
period. When it comes to the perturbations unlike the pre-
vious example, one notices large perturbation amplitude
(∼0.5) and longer period (∼45 min) to be present. ESF in
ionograms started at ∼19:45 LT and continued well beyond
23:00 LT. Similar to 21 March, on this day also, ESF in
ionograms persisted irrespective of their presence or absence
in the medium‐scale (L band scintillations) and small‐scale
(radar map) irregularities. The effective growth factor
(PG) shows one to one correlation with both the S4 index
(Figure 3d) and the evolution of the plumes. It is interesting
to note the exact coincidence of the negative swing or the
dips in the product of P and G with the enhanced scintil-
lation and plume activity. Even the finer structures of the
perturbation and the product factor term are seen to get truly
reflected both in the medium and small‐scale irregularities.
Beyond 22:00 LT though ionosonde data and S4 scintilla-
tion showed significant activity there was no associated
plume activity in the radar. This could most probably be due
to the conditions for the generation of smaller‐scale irreg-
ularities not being favorable beyond 22:00 LT. When one
concentrates on the scintillation from different satellites,

Figure 2. (a) Latitude‐longitude geometry of the ionospheric piercing points (IPPs) of the three satellites
PRN 20, 23, and 25 showing the scintillations over Gadanki on 21 March 2007. (b) Temporal variation of
the maximum height of the plumes as seen from Gadanki along with the projected height of the IPPs of
the above satellites to Gadanki latitude.
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namely, PRN 16, 20 and 25, one could notice a totally
different situation as compared to the previous example
corresponding to 21 March (Figures 1 and 2). Figure 4a
depicts the geographical projection of the IPP for the three
satellites recorded from Gadanki. Scintillation durations
marked by means of crosses on the ionospheric trajectories
of the IPPs reveal its patchy nature. This is further vindi-
cated through Figure 4b, which depicts the peak altitude of
the plumes along with the upward projection of the IPPs to
Gadanki latitudes. The grazing trajectory of PRN 20, a
short‐duration overlap for PRN 25 and PRN 16 substantiate
the patchy nature of the irregularities.
[18] Results from day 3 that corresponds to 22 March

2007 of the present analysis are depicted in Figure 5. Similar
to the previous two occasions, the h′F touched an apex value
of ∼300 km with concurrent triggering of ESF in ionograms.
With very small modulations of ∼90 min, most of the time
the h′F remained centered ∼260 km. The growth factor
estimated for this day is also depicted by means of a dashed
line. The interesting feature of this day is seen in the per-
turbation factor. Though the factor P was lying relatively
dormant, ∼22:00 LT large fluctuations were recorded con-
current with the plume development. The product factor that
attempts to properly account for the h′F variations, shows

significant amplitude perturbations. As in the previous
example, Figure 5d, which depicts the variations of S4
index, is seen to coincide with negative and downward
swings of the product term.
[19] Careful analysis does reveal very good match in the

fluctuations and the S4 variations. Figure 5 (bottom) reveals
a different pattern altogether. Though the evolution of the
two plumes including small‐scale modulations in them
correspond to fluctuations in the product term there are
certain differences with the L band scintillations. While the
presence of L band scintillation and absence of plumes
could be understood through the background conditions not
being favorable to the generation of small‐scale size irreg-
ularities; the absence of medium scale in the presence of
small scale has to be due to the geometry of the satellites, as
can be seen through Figures 6a and 6b. Figures 6a and 6b
depict the geographical position of the IPP and its varia-
tion with time for the three satellites PRN 19, 20, and 23 and
also the plume height along with the upward projection
along the field lines of the respective IPP of the satellites to
Gadanki latitude. In this example all the three satellites had
an ionospheric track along different meridians separated by
1° to 2°. The duration of the L band scintillations are also
shown right on the track similar to the earlier examples.

Figure 3. Same as Figure 1 but on 20 March 2007.
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From Figure 6b it can be noticed that all the three satellites
cross over the plume structure during 23:00‐00:45 LT.
However PRN 20 and 23, though show nearly overlapping
projected height, they are physically separated by ∼2° in
longitude. This is important while explaining the duration of
scintillations corresponding to them.
[20] The last event of the case study corresponds to an

event on 20 February 2007, wherein the ESF had a delayed
start, getting triggered ∼21:00 LT. Though the base height
h′F on this day also reached ∼300 km during postsunset
hours, ESF did not get triggered mainly because of weak
perturbations. However, during the course of the event the
perturbation grew in amplitude with the result that though
the h′F had slid down to ∼240 km, still ESF got triggered in
the ionosonde and lasted until postmidnight. Figure 7a
depicts the growth factor along with h′F and ESF duration.
The perturbation factor P depicted in Figure 7b shows
hardly any variation until 21:00 LT, beyond which it started
building up. From 22:30 LT to midnight significant fluc-
tuations are seen. The weighted perturbation factor repre-
sented by the product of P and G shown in Figure 7c more
or less tells the same story. The S4 variations in Figure 7d
corroborates the product term fairly well. Here too the
RTI map shows perfect coincidence with the negative swing
of the product term. Even the additional modulation in the
product term gets truly reflected in the plume evolution. As

the perturbations waned beyond midnight, the formation of
plumes stopped and only L band scintillation and ESF in
ionograms persisted. There is a gap in the data of S4 index
from 23:30 to 24:00 LT. In spite of it, the message gets
conveyed clearly. Figures 8a and 8b depict the coordinates
of IPP of PRN 16, 19, and 20 along with the plume height
and the projected heights similar to the earlier events. All
three PRNs had a meridional excursion with patchy scin-
tillations (Figure 8a). The IPP trajectories were separated in
longitude within 76°E–80°E. The plume peak height stayed
less than 440 km, and the upward projected IPPs were seen
to overlap the plumes during 22:30‐00:15 LT, substantiating
the earlier conclusions.

5. Discussion

[21] The present case study on distinctly different ESF
events highlights the relative role of the background
ionospheric‐thermospheric conditions and also the pertur-
bations in the plasma density in the various manifestations
of the phenomenon. It deals with the simple R‐T instability,
not considering the additional forcings like zonal and ver-
tical neutral winds and/or zonal electric fields in the pres-
ence of zonal gradients in the plasma density. During low
solar activity periods like the one under consideration,
the roles of the external forcings are expected to be less

Figure 4. Same as Figure 2 but for PRN 16, 25, and 20 on 20 March 2007.
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significant and this statement gets vindicated from the
present exercise also.
[22] Under normal circumstances during geomagnetically

quiet periods, the equinoctial months are more favorable for
ESF over Indian longitudes, while at the other longitudes
like Pacific (summer solstice) and American (winter solstice)
it shows a different annual pattern [Rastogi, 1980; Aarons,
1993; Subbarao and Krishnamurthy, 1994]. These differ-
ences are explained as due to the finite magnetic declination
[Abdu et al., 1992; Tsunoda, 1985] and the consequent dif-
ferences in the conjugate E region sunset. The loading of the
F region dynamo by the finite E region conductivity would
impede the equatorial F region reaching great heights thus
inhibiting the R‐T instability. Earlier workers on this topic
have highlighted this aspect [Maruyama, 1988; Mendillo
et al., 1992]. More recently, Tsunoda [2010a] has refined
the earlier understanding and has attempted to invoke the
possible variations in the seed perturbations in explaining
the longitudinal ESF morphology while at the same time
indicating the possible origin of these perturbations to be in
the lower atmosphere.
[23] Out of the four cases presented herein, though the

base of the F layer reached up to 300 km on all the days,

20 February 2007 had been different when it comes to ESF
initiation and sustenance in ionograms. On this day, ESF got
triggered 21:00 LT when the base of the F region had come
down to 240 km, only to continue until beyond midnight.
When the F region is below the threshold height where it
could become unstable, of course in the presence of initial
perturbations, one may have to look for additional forcings
assisting the primary driving force, namely, gravity. Sekar
and Raghavarao [1987] have demonstrated through non-
linear numerical simulations that vertically downward winds
could efficiently do the job. They had also stated that
∼300 km a downward wind of 20 m/s is as effective as
gravity itself. In spite of this basic understanding, getting a
clue on the threshold height is rather difficult. In this context
one of the results of Devasia et al. [2002] becomes relevant
wherein, they had demonstrated using ionospheric data that
there exists a threshold height for the F region to become
unstable without the help of any additional forcing which is
dependent, as expected, on season and solar activity [Jyoti
et al., 2004; Manju et al., 2007]. Going by their results it
is believed that on 20 February 2007 when ESF got trig-
gered in ionograms when the h′F was ∼240 km some
additional forcing must have been present. On the basis of

Figure 5. Same as Figure 1 but on 22 March 2007.
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the earlier results, the threshold height of 275 km for the
present study has been taken as a representative for this solar
epoch while evaluating the growth factor G. When the base
height is less than the threshold height the exponential
nature of G automatically takes it into account. The devia-
tions of the base height from the reference height with
respect to the scale height are considered. Since the neutral
densities and the resultant ion‐neutral collision frequency
decrease exponentially with height, the growth factor would
increase with height nonlinearly, i.e., exponentially. The
need for the definition of the growth factor G could be
appreciated by carefully analyzing the physical processes.
When the base of the F region is high, even perturbations of
small amplitude would grow faster and the converse would
happen when the F region moved down. Therefore when
one encounters perturbations of equal amplitude, the
movement of the F region would decide how fast the per-
turbation could grow. Since the evolution of the plasma
density irregularities is an outcome of the growth of the
initial perturbation, it becomes necessary to account for its
variability in order to understand the different phases of its
evolution. The concept of a growth factor G has been con-
ceived with the above in mind.
[24] Another important issue is the usage of TEC and its

variability as representative of the perturbations. Since

GTEC represents the total column integrated TEC while the
ESF is basically a F region phenomenon. Though the above
statement is in general true, it should also be kept in mind
that the GTEC is dominated by the F region electron
densities and that too by the densities in and around the
Nmax region, more so during magnetically quiet time. During
postsunset periods when the E region completely disappears
and the F region experiences prereversal enhancement, there
is a very steep gradient in the altitude profile of the electron
density. Going by the growth rate expression (equation (1)),
the growth rate gg is inversely proportional to the plasma
scale length L, which implies that the steeper the gradient is
(the smaller the plasma scale length), the faster the growth of
the instability will be. Ideally, one should take into account
the variations in L while investigating the evolutionary
phases of the RTI. However, since L would be dictated by
the effective recombination in the base of the F region and
also the Nmax, in a given season, solar epoch, and during
magnetically quiet periods, it is not expected to vary sig-
nificantly and it has been taken as more or less same for all
the cases under consideration. Under such circumstances
any fluctuation seen in the Nmax region would be felt in the
whole of the bottomside ionosphere including the regions of
the steepest gradient. Therefore the variability seen in GTEC
could be construed as representative of the fluctuation in the

Figure 6. Same as Figure 2 but for PRN 19, 23, and 20 on 22 March 2007.
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bottomside F region. While the perturbation factor provides
the initial seed, it is not necessary that all the time the
complete spectrum of irregularities starting from the large
extending to the smallest‐scale sizes need be generated.
Basu et al. [1978] had shown that during the generation
phase of equatorial irregularities in the evening hours, the
kilometer‐ and meter‐scale irregularities coexist, whereas in
the later phase, approximately an hour after the onset, the
meter‐scale irregularities decay while the large‐scale ones
continue to retain their high spectral intensities.
[25] In this context one of the recent studies carried out by

Shi et al. [2011], where they investigated the occurrence
pattern of L band scintillation and strong range spread F in
ionograms, concluded that steep plasma density bite outs
initiated at the bottomside F region and extending deep into
the topside of the ionosphere would support the generation
of irregularities covering a wide spectrum of scale sizes,
manifesting as strong spread F in ionograms and also
L band scintillations. In fact, for a given initial perturbation
at the base of the F region, the Nmax would decide the
buoyancy force for the ionization bubble, and the back-
ground density at the perturbation level would dictate up to
which altitude the bubble would rise for a given electron
density profile. This would in turn enable the hierarchy of

instabilities resulting in the complete spectrum of irregu-
larities. If the conditions for the generation of smaller‐scale
sizes through secondary instabilities are not conducive then
the irregularity spectrum may get terminated somewhere
midway. The presence of L band scintillation in the absence
of plumes on occasion could be understood on the basis of
the above logic. On the other hand, when 3 m irregularities
are recorded, there has be simultaneous presence of large
and medium scale size irregularities. When simultaneous
scintillations are not recorded, then it has to be associated
with the viewing geometry. In this context, it should also be
kept in mind that the h′F on all the cases considered had
been reigning ∼250–260 km and has been supporting the
generation/sustenance of irregularities while the IPP is taken
unilaterally as 350 km. This difference, when projected
along the field lines might manifest as a marginal differ-
ence in the duration of the L band scintillations, between
Trivandrum and Gadanki.
[26] Rest of the arguments, treating the perturbation factor

which is the relative fluctuations of dTEC with respect to
TEC itself and the growth factor that represents the back-
ground ionospheric‐thermospheric conditions, as indepen-
dent factors in deciding the evolution of the medium and
small‐scale irregularities have been discussed earlier. An

Figure 7. Same as Figure 1 but on 20 February 2007.
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additional observation in all the four cases presented that
could be said to add credence to our present understanding
is as follows. When perturbations are present in a delicately
balanced F region, the negative swings of the density per-
turbation would grow nonlinearly and would shoot through
the F region because of the prevailing buoyancy.
[27] On the other hand, the positive swing would tend to

move down in height as the R‐T instability operates.
Depending upon the altitude and the background iono-
spheric density the depletion inside the bubble could even
reach 99%. On the other hand, because of the unfavorable
conditions the positive excursions grow only very margin-
ally. The net result would be significant amplitude increase
in the negative and no or marginal increase in the positive
swings of the perturbations. The above conceptual view of
the growth of the perturbations gets confirmed in all the four
cases dealt with in the present study.
[28] The important observation is while the rate of growth

of the instability is decided by the background conditions,
the way the irregularities manifest themselves in different
scale sizes, including their temporal variation is essentially
dictated by the initial perturbation. Since the evolution of
the phenomenon is hierarchical, i.e., from large‐scale to
medium‐ to small‐scale irregularities and is essentially a one
way process and when one notices very good correlation in
the temporal variation of the different scale sizes, in the
irregularity spectrum, then the main driving force has to

originate in the form of larger‐scale sizes. In present case it
is the perturbation factor P.
[29] The interesting results of the present case study

highlight the following. ESF is not some sort of an explosive
event when an initial trigger causes an instability which
grows nonlinearly more like a free running system. The
present study clearly demonstrates the constant linkage
between the background conditions and the perturbation,
continuously modulating and controlling the phenomenon
as it evolves. Once either the perturbations cease to exist or
the background ionosphere moves down so low where
collisions dominate, the first casualty is seen to be the small‐
scale irregularities followed by the medium‐scale sizes. The
present study also shows that the occurrence pattern of the
smaller and medium‐scale irregularities are closely linked to
the product of the perturbation and the growth factor. More
detailed studies based on the present results with a view to
reach operational and deterministic forecasting capability
are underway.

6. Conclusion

[30] The evolutionary pattern of different scale sizes of
plasma density irregularities associated with ESF have been
studied using GTEC data along with the basic data on the
F region heights in the postsunset hours and it has been
shown that it is very closely related to the fluctuations in the
TEC and also to the ion‐neutral collision frequency in the

Figure 8. Same as Figure 2 but for PRN 19, 20, and 16 on 20 February 2007.
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ionosphere and thermosphere. A growth factor has been
defined and this along with the perturbation factor has been
shown to reproduce the complete evolutionary pattern. Case
studies on distinctly different events have demonstrated that
if one gets a handle on the above two independent factors,
one could foresee the evolutionary pattern of the medium
and small‐scale irregularities associated with the ESF which
in turn is very vital for GPS‐based communication and
navigation.
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