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Abstract A comprehensive investigation of spread F irregularities over the Indian sector has been carried
out using VHF radar and ionosonde observations. Two different categories of spread F observations, one
where the onset of the range spread F (RSF) was concurrent with the peak h′F (category 1) and another where
the RSF onset happened ~90min after the peak h′F time (category 2), are presented. RSF in category 2 was
preceded by the presence of oblique echoes in ionograms, indicating the irregularity genesis westward of
Sriharikota. The average peak h′F in category 1 was ~30 km higher than that in category 2 indicating the
presence of standing large-scale wave structure (LSWS). Occurrence of the blanketing Es during 19:30 to
20:30 Indian Standard Time in category 1 (category 2) was 0% (>50%). Model computation is also carried
out to further substantiate the observational results. Model computation indicates that zonal variation of
low-latitude Es can generate zonal modulation in the F layer height rise. It is found that the modulation of the
F layer height, linked with the low-latitude Es, assists the equatorial spread F onset by modifying both the
growth rate of the collisional Rayleigh-Taylor (R-T) instability and also its efficiency. A predominant presence
of low-latitude Es has been observed, but the increase in the F layer height and the R-T instability growth in
the evening hours will maximize with complete absence of low-latitude Es. A new mechanism for the
generation of LSWS and its implications on R-T instability is discussed.

1. Introduction

Equatorial spread F (ESF) has been a subject of extensive scientific research, worldwide, for over seven dec-
ades. Still it has not been fully resolved. The most puzzling aspect of the ESF is its day-to-day variability.
Prediction of the ESF on a day-to-day basis has been and still continues to be a challenge for the researchers.
ESF is broadly characterized into two types, the bottomside/bottom-type spread F and the topside spread F
[Woodman and LaHoz, 1976; Hysell and Burcham, 1998]. The bottomside/bottom-type spread F is associated
with the ionospheric irregularities confined to the bottomside F region, and it does not affect the satellite-
based navigation and communication, while the topside spread F is associated with the generation of
equatorial plasma bubbles (EPBs), which could have an altitudinal (latitudinal) extent of more than a
thousand kilometers (±15°) [Hysell et al., 1990]. EPBs are generated due to plasma interchange process at
the bottom of the F layer [Zalesak and Ossakow, 1980]. Topside spread F can significantly influence the
availability and also the accuracy of satellite-based navigation systems. Topside spread F is often preceded
by the bottom-type spread F [Hysell et al., 2004].

Various investigations have revealed the presence of large-scale longitudinal modulation of the ESF [eg.,
Kelley et al., 1981; Tsunoda, 1983]. It has been found that the equatorial plasma bubble does not occur con-
tinuously but has a longitudinal modulation much greater than the longitudinal dimension of an individual
bubble [Tsunoda et al., 2011; Tulasi Ram et al., 2012; Li et al., 2013; Tulasi Ram et al., 2014; Tsunoda, 2015; Li
et al., 2016]. This longitudinal modulation has been found to be related with the large-scale wave structure
(LSWS) found in the evening F layer. Studies have established the LSWS as one of the important precursors
for the generation of the EPB. One of the interesting facts about the LSWS is the absence of a significant long-
itudinal propagation [Tsunoda and Ecklund, 2007; Joshi et al., 2015]. LSWS evolves as standing wave with
insignificant zonal propagation. Plasma bubbles usually occur at the crest and the westward face of the
large-scale upwelling [Tsunoda, 1983]. Wind-driven cross field instability has been accounted for the bubble
initiation on the westward wall of the large-scale upwelling by Tsunoda [1983]. That being the case, the LSWS
turns out to be an important if not the only precondition for the onset of the ESF. LSWS has been studied
using a variety of tools which includes coherent scatter radar [e.g., Tsunoda and Ecklund, 2007], incoherent
scatter radar [Tsunoda and White, 1981], ionosonde [Tsunoda, 2008, 2009; Lynn et al., 2011; Li et al., 2012],
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and satellite in situ [Huang et al., 2013] and beaconmeasurements [Thampi et al., 2009]. Satellite traces as well
as multireflected echo traces in the ionogram have been considered as important indicators of the LSWS,
while there have also been some studies which have highlighted the appearance of LSWS in the airglow
instruments with no satellite trace being observed in the ionosonde [Patra et al., 2013].

While a lot of studies have highlighted the presence of a longitudinal modulation in the occurrence of the
ESF, still not much is known about the cause of such features. Two of the important issues that need to be
further resolved are the following: (1) what is the mechanism for the generation of the large-scale waves
and thus the longitudinal variation of the ESF and (2) what is the role of such large-scale waves in the gen-
eration of the plasma bubbles and the onset of the ESF?

This paper presents two different categories of spread F events observed using an ionosonde, one where the
onset of spread F is concurrent with the peak h′F (category 1) and another where the spread F onset hap-
pened after more than an hour with respect to the peak h′F time (category 2). Considering the genesis of
the EPB to happen at or before the time of the F layer attaining the peak height, late onset of ESF indicates
the genesis of the EPB to have happened at a western longitude (considering eastward drifting ionosphere).
This aspect will be discussed in details in the paper. It will be shown that the peak h′F is significantly higher in
category 1 than in category 2, which indicates a possible presence of LSWS. Based on model computation, a
new mechanism for the generation of LSWS and its implication on the growth of the Rayleigh-Taylor (R-T)
instability will be proposed.

2. Observational Data

The study presented in this paper has been carried out, utilizing the VHF radar and ionosonde observations
from Gadanki (13.5°N, 79.2°E, 6.5°N magnetic latitude) and Sriharikota (13.7°N, 80.1°E, 6.7°N magnetic lati-
tude), respectively. Both Gadanki and Sriharikota are low-latitude stations in India, separated by 100 km.
VHF radar located at Gadanki has been used to observe the nature of the F region irregularity and to compare
it with spread F observation over Sriharikota. Observations made during the equinox period have only been
considered for the study.

3. Results and Discussion
3.1. Coordinated VHF Radar and Ionosonde Observations of F Region Irregularities

Figures 1a and 1b show the height-time-SNR (HTS) plot of Gadanki VHF radar observation on 28 March 2003
and 26 March 2003, respectively. On both the nights, radar plumes indicating the occurrence of EPBs were
observed. Dashed purple curve in the plots indicates the sunset terminator. On 28 March the radar plumes
were observed close to the F region sunset time with no irregularities observed between 20:30 IST and
22:00 IST (here IST stands for Indian Standard Time UT+ 5:30). Between 22:00 IST and 23:00 IST some radar
echoes were detected which were confined between the height range 250 to 300 km. Radar observation
on 26March differed significantly with the former in the sense that the radar plumewas not observed around
the F region sunset time. The HTS plot for 26 March shows the observation of radar plume at ~21:30 IST.

Figure 1. Height-time-SNR map of Gadanki VHF radar on (a) 28 March 2003 and (b) 26 March 2003.
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However, bottomside radar echoes were seen between 19:30 IST and 20:30 IST. Bottomside radar echoes
differ from the radar plumes and remain confined to the bottom of the F region.

The ionogram data recorded over Sriharikota on 28 and 26 March 2003 are indicated in Figures 2a and 2b,
respectively. On 28 March the range spread F (RSF) appeared in the ionogram at 19:45 IST and persisted
for about an hour. It must be mentioned here that unlike the vertically elongated radar plumes, spread F hap-
pens because of the oblique arrival of the high-frequency (HF) echoes. Thus, if the irregularities are present in
the F region over the ionosonde location, oblique echoes will cause the F trace to spread. Ionograms
recorded on 26 March indicate bottomside spread F (BSSF) in the postsunset hours, with clean ionogram
recorded at 20:45 IST. BSSF differs from the RSF and is identified by the spread in the bottom edge of the
F trace. This indicates its linkage with the presence of plasma density discontinuities in the bottom of the
F layer. RSF was seen in the ionogram recorded at 21:45 IST, close to the time radar plume that was observed
by the Gadanki VHF radar (Figure 1b). An interesting aspect of the ionograms data is the echoes observed
at greater range than the main F trace prior to the RSF. These echoes observed in the ionograms recorded
at 21:15 and 21:30 IST are indicated with red arrows in Figure 2b. Range separation between these echoes
and the F trace is lesser in the ionogram recorded at 21:30 IST than at 21:15 IST. This indicates that these
echoes have come from reflectors located in the oblique direction, which finally arrived overhead at
21:45 IST to cause RSF. This provides us the clue that the EPBs on 26 March were not freshly generated
over Sriharikota but drifted from a westward location. In the mid solar activity conditions the eastward
drift of the ionospheric irregularities is usually in the range of 80 to 100m/s [Fejer et al., 2005]. As iono-
sonde has a very large beam width (> 60°), it is perhaps possible to observe the F region irregularities

Figure 2. Ionogram data recorded on (a) 28 March 2003 and (b) 26 March 2003.

Journal of Geophysical Research: Space Physics 10.1002/2016JA022659

JOSHI LSWS AND LOW-LATITUDE ES 3



much before it arrives overhead. Recently, Lynn et al. [2011] have developed the ionogram range-time
analysis technique to estimate the zonal eastward drift in the F region considering the oblique echoes.
However, the exact longitude of the F region irregularities in case of oblique echoes cannot be defined
as the ionosonde measures the virtual range (and not the real range) and also the HF waves will not travel
a straight path (due to refraction). In a simple estimation, with a beam width of >60°, ionosonde will be
able to observe the presence of irregularities at F region altitudes >150 km off zenith. As the coordinated
VHF radar and ionosonde data are limited, a detailed case study of the two categories has been carried
out utilizing the ionosonde data alone.

3.2. Detailed Cases Study Based on Sriharikota Ionosonde Data
3.2.1. Ionosonde Observation on 11 and 17 March 2003
One more example each of category 1 and category 2 spread F observation over Sriharikota is shown in
Figure 3. Figures 3a and 3b present ionograms recorded on 11 March 2003 and 17 March 2003, respectively.
On 11 March the onset of the RSF happened at 20:00 IST concurrent with the peak h′F time, and this case
belongs to category 1 observation. Ionograms recorded on 17 March indicate delayed onset of RSF. RSF
appeared in the ionogram at 21:45 IST (significantly delayed in comparison with 11 March). Prior to the onset
of the RSF oblique echoes were recorded at higher range, indicated with red arrows in Figure 3b at 21:15 IST
and 21:30 IST. The range separation between the main F trace and the oblique echo was lesser at 21:30 IST
than at 21:15 IST. This indicates that the reflector (or cluster of reflectors) was drifting eastward and arrived
overhead at 21:45 IST, resulting in the onset of RSF. Another important aspect seen in Figure 3b is the predo-
minant presence of the blanketing-type sporadic E (Es).

Figure 3. Ionogram data recorded on (a) 11 March 2003 and (b) 17 March 2003.
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3.2.2. h′F and the Nature of Ionogram Observation: Detailed Case Study
The height of the F layer plays the dominant role in the genesis of EPB. Due to the prereversal enhancement
of zonal eastward electric field, the height of the F layer increases in the postsunset hours. Height variation of
the F layer for the two categories of spread F observations has also been examined and is presented in
Figure 4. Figures 4a–4c (Figures 4d–4f) present the h′F corresponding to category 1 (category 2) spread F
observations. Figures 4a and 4b present the h′F over Sriharikota on 28 March 2003 and 11 March 2003,
respectively. Here the color of the dot indicates the nature of the corresponding ionogram. Black, red, and
pink indicate clear F trace, range spread F, and frequency spread F, respectively. Blue dot indicates that a clear
F trace was seen in the ionogram along with the oblique echoes seen at a higher range. Cyan indicates the
presence of bottomside spread F. h′F corresponding to the two category 2 spread F observations presented
earlier in Figures 2b and 3b, i.e., 26 March 2003 and 17 March 2003, is shown in Figures 4d and 4e, respec-
tively. Looking at the color of the dots, one can find that on 28 and 11 March (category 1), the onset of the
RSF happened at the peak h′F time, whereas on 26 and 17 March the onset of RSF happened more than
1.5 h after the peak h′F time. Another interesting aspect is the height rise itself. The peak h′F was recorded
more than 350 km on 28 and 11 March, while the peak h′F was somewhat less on 27 and 17 March.

A detailed case study has been carried out comprising all the cases in 2003 where the onset of RSF happened
at or before the peak h′F time. A comparison of these cases has been made with all the cases where the onset
of the RSF took place more than 90min after the peak h′F time. Ionosonde observations during equinox
months in 2003 have only been considered for this detailed case study. Figures 4c and 4f present the h′F cor-
responding to the entire category 1 and category 2 observations, respectively. Here again, the color of the
dots indicates the nature of the ionogram. Important points that can be noted here are the following: (a) peak
h′F in category 1 is significantly larger than that in category 2 and (b) the onset of the RSF in category 2 is
preceded by the presence of the oblique echoes in the ionograms. RSF in category 1 can also be seen to
end with the presence of oblique echoes as indicated by blue dots. Plausibly, the irregularities in this case
have drifted eastward away from the field of view of the ionosonde. This implies that the F region

Figure 4. h′F corresponding to (a–c) category 1 and (d–f) category 2 cases. Color of the dots is used to indicate the nature of
the ionogram.
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irregularities do not occur in continuation in all longitudes and its manifestation in terms of RSF in the iono-
grams will depend on whether the irregularities are present overhead or not. The genesis of EPBs in the cate-
gory 1 has occurred in the close vicinity of the Sriharikota longitude, while the EPBs in category 2 have
migrated over Sriharikota from a westward longitude. One can see that the h′F in the category 2 at the time
of the onset of the RSF is mostly ~250 to 270 km (even though the peak h′F in category 2 is mostly>300 km).
h′F ~250 to 270 km is much less than the minimum threshold height ~290 km reported earlier by Joshi et al.
[2013b] for the genesis of the EPB to happen. This further implies that the EPBs in the category 2 have
occurred in a westward longitude at an earlier local time (when F layer was at a higher height, plausibly peak
h′F time) and drifted eastward to be overhead Sriharikota at the RSF onset time. This can be explained con-
sidering the presence of the large-scale wave structures. It is known that the EPBs are generated in the vicinity
of the crest of the LSWS [Tsunoda, 1983]. In category 1 the crest of the LSWS was possibly located over
Sriharikota where the genesis of the EPBs happened. On the other hand, in category 2 it was the trough of
the LSWS that was located over Sriharikota, with crest located at a westward longitude where the genesis
of the EPBs happened. This aspect is further corroborated by the fact that the average peak h′F in category
1 was ~30 kmmore than that in category 2. The average peak h′F in category 1 was ~342 km, and its standard
deviation was 19.8 km, while the average peak h′F in category 2 was ~310 km, and its standard deviation was
19.6 km. LSWS has been known to evolve as a standing wave with insignificant zonal propagation [Tsunoda
and Ecklund, 2007]; thus, in its presence the F layer height rise is expected to be more intense over the crest
region than over the trough.
3.2.3. Low-Latitude Es Observation
The height of the F layer and the low-latitude E region conductivity are the two important factors that deter-
mine the instability of the F layer. While higher F layer enhances the growth of the collisional R-T instability,
conducting E regions can suppress the genesis of the EPB by short circuiting the F region polarization electric
field [Stephan et al., 2002]. Recently, Joshi et al. [2013a, 2013b] have reported that the presence of the
blanketing-type Es in the low latitudes can suppress the genesis of the EPBs and plays an important role in
explaining the day-to-day variability of the ESF. Also, the low-latitude E region conductivity has been known
to influence the evening electrodynamics related with the prereversal enhancement (PRE). It thus makes
sense to look at the low-latitude Es conditions in the two different categories of spread F observations.
Figure 5 presents the low-latitude Es parameters observed by the Shriharikota ionosonde in the two different
categories. Here Figures 5a–5d present the top frequency of the Es (ftEs), blanketing frequency of Es (fbEs),
height of Es (h′E), and occurrence (%) of blanketing Es or Esb, respectively, in category 1 cases. Figures 5e–5h
present the similar Es parameters but for category 2 cases. The most visible difference in the Es parameters
in the two categories is the absence of the blanketing-type Es during 19:30 IST to 20:30 IST in category 1 cases.
Complete disappearance of fbEs values can be seen during this period in Figure 5b. Such disappearance of fbEs
values cannot be seen in Figure 5f.

Coming to the height migration of the Es in the two categories indicated in Figures 5c and 5g, Es height can be
seen to be ~100 km. Later in the night after ~21:00 IST, the height of the Es can be seen descending from
~140 km. Formation and migration of descending Es layers are known to be controlled by the semidiurnal
and terdiurnal tidal forcing. Thus, the observation of the descending nature of the Es layer highlights the
important role played by the neutral wind system (tides and gravity wave winds) in its formation at low lati-
tudes. Figures 5d and 5h, which show the occurrence (%) of the blanketing Es in the two categories, indicate
the nature of the Es in the two categories to be different. In category 1 cases (Figure 5d) the occurrence of the
Esb was zero during 19:30 IST to 20:30 IST period. In category 2 cases (Figure 5h) the Esb occurrence was more
than 50% during the same period. It must be mentioned here that 19:30 IST to 20:30 IST is usually the time of
the F layer attaining the peak height due to the PRE and also the time of the genesis of the EPB. Possibly, the
occurrence of the Esb over Sriharikota during that period in category 2 cases resulted in the suppression of
the EPB genesis over Sriharikota longitude by short circuiting the polarization electric field [Stephan et al.,
2002; Joshi et al., 2013a, 2013b]. Spatial observation of low-latitude Es could not be made with the current
observational setup used for the investigation. Earlier investigations, however, have revealed large spatial
variation of low-latitude Es. Raizada and Sinha [2000] have found large variation in the Es conditions in ascent
and decent measurements of plasma density in a rocket experiment from Sriharikota, carried out to investi-
gate the spread F irregularities. Such difference in the upleg and downleg measurement can be attributed to
the spatial variation of Es.
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There also exists limitation in the observation of the Es using the ionosonde. The range resolution of the
ionosonde is ~3 km which is insufficient to characterize the height profile of Es layers. Also, the
scattering/reflection from plasma irregularities at off vertical angles will mix with the vertically reflected sig-
nals, making it difficult to derive Es profile (Es just appears as a slab in the ionograms). As the reflection occurs
from the bottomside, ionosonde cannot provide measurements of the topside profile of the Es. Thus, the use-
ful Es parameters observed with an ionosonde are ftEs, fbEs, and h′E. Es has been characterized based on
these parameters only. Joshi et al. [2013a, 2013b], based on a detailed investigation on the linkage between
the low-latitude Es and the genesis of the EPB, hypothesized the blanketing frequency of the Es to be a better
indicator (than the top frequency of Es) of the presence of conducting Es layer capable of short circuiting the
F region electric filed. As far as the top frequency of the Es (ftEs) is concerned, it represents the peak plasma
density of the plasma patches located anywhere in the ionosonde’s field of view, which are capable of
reflecting/scattering the radio waves. However, the blanketing frequency (fbEs) indicates the background
peak plasma density of the Es layer. Radio wave frequencies below blanketing frequency will not be able
to penetrate up in the ionosphere. As far as the conductivity of the Es layer is concerned, it is considered
to depend on the background plasma density of the Es layer rather than on the peak plasma density of the
plasma patches. Modeling investigation on the generation of LSWS linked with the spatial undulation of
low-latitude Es is presented next.

Figure 5. (a) ftEs, (b) fbEs, (c) h′E, and (d) occurrence of blanketing Es for category 1 observations. (e) ftEs, (f) fbEs, (g) h′E, and
(h) occurrence of blanketing Es for category 2 observations.
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3.3. Model Computation of the Longitudinal Undulation in the F Layer Height Rise

Vertical electric field in the equatorial F region during the postsunset period is controlled by the neutral wind-
driven F region dynamo. Simplified expression for the vertical electric field can be written as [Kelley, 2009]

EZ ¼ �UB
ΣPF

ΣPF þ ΣPE
(1)

where EZ is the vertical F region electric field over equator, U is the zonal thermospheric wind, B is the Earth’s

magnetic field, and ΣPF

ΣPFþΣPE
is the ratio of the F region field line integrated Pedersen conductivity to total

field line integrated Pedersen conductivity (i.e., F region+ E region). During the daytime E region field line
integrated Pedersen conductivity is quite large in comparison to the F region, so the vertical field during
the daytime originates in the E region. As the Sun sets and the production of photoionization in the E region
ceases, E region field line integrated Pedersen conductivity decreases. Now the large eastward zonal wind in
the F region becomes the primary driver of the vertical F region field as in equation (1).

During the evening hours, there exists a westward gradient in the conductivity in the low-latitude E region.
Hence, there exists a zonal divergence in the hall current in the low-latitude E region, being produced by the
field line mapping of the F region vertical field. The divergence of the current will produce the charge pileup
given by equation (2)

∇ :JH ¼ � ∂q
∂t

(2)

where JH is the hall current density and q is the charge. The negative sign in the equation signifies that the
charge pileup will produce electric field to oppose the divergence in the source current. Under steady state
the divergence will be zero. Thus, the amount of divergence in the hall current will decide the magnitude of
the electric field generated. The current density is related to the electric field as (Ohm’s law)

J ¼ σE (3)

Thus, under steady state equation (2) can be written as

∇JH ¼ �∇ σPEð Þ (4)

where σP is the Pedersen conductivity. This can be understood as under steady state, Pedersen current will
flow in the E region (driven also by the electric field generated by the charge pileup due to the divergence
of the Hall current) to make the overall current divergence free. For such Pedersen current to flow, enhanced
electric field must set in. Considering only the current density and Pedersen conductivity variation in zonal
direction, we get

∂JHx
∂x

¼ �σP
∂Ex
∂x

� Ex
∂σP
∂x

(5)

Simplifying for ∂Ex, we get

∂Ex ¼ � ∂JHx
σP

� Ex
∂σP
σP

(6)

Here ∂Ex is the additional zonal electric field generated in the E region to make the current divergence free,
and Ex is the existing zonal electric field. It can be understood from equation (6) that if the conductivity
gradient (Hall as well as Pedersen conductivity) is westward (eastward), ∂Ex will be positive (negative). This
generated electric field can map along the field line to the F region and add up to the zonal field. Farley
et al. [1986] considered the divergence of the hall current in the low-latitude E region as the main reason
behind the prereversal enhancement (PRE) of zonal electric field and the postsunset height rise of the F layer.
Gradient in the hall conductivity, however, need not be uniform due to the presence of the Es. If that is the
case, the postsunset height rise will show longitudinal variation. This aspect has been investigated using
the model computation.
3.3.1. Electron Densities in the E Region During the Evening Hours
Figure 6a shows the electron densities in the low-latitude E region based on IRI model, in the postsunset per-
iod. At the reference point (0 km distance) the local time is 1800 h, while 2000 km east of it has a local time of
1912 h. This is due to the fact that sunset traverses from east to west and covers 2000 km in about 1 h and
12min. One can notice a westward electron density gradient that exists during the evening hours. IRI model,
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however, does not include the Es characteristics. The postsunset time peak electron densities owing to the
metallic ion layers (nighttime Es) observed using the ionosonde were found to be much larger than the
one based on the IRI model. Various reports have indicated the presence of variable metallic ion layers with
large plasma densities during the postsunset periods [e.g., Earle et al., 2000]. For the investigation require-
ment, hypothetical metallic ion layer as shown in Figure 6b has also been assumed to exist in the E region.
Here the metallic ion layer is assumed to be uniform across the 2000 km east-west stretch. This, however,
may not be the case always due to the action of the gravity wave-induced convergence. Therefore, in the
model, metallic ion layer has been redistributed in the form of 500 km scale hypothetical Es patches as shown
in Figure 6c. Metallic ion layer has been redistributed in such a way that total metallic ion content in
Figures 6b and 6c remains the same. Basically, themetallic ion layer-related ionization has been redistributed.
Also, the Es patches have been assumed to be stationary with negligible zonal propagation. Figure 6d shows
the combined E region electron densities that will exist if the electron densities in Figures 6a and 6c are added
up. Figure 6d is basically the aggregate of Figures 6a and 6c. The peak electron density of Es presented in
Figure 6c is ~5× 1010m�3, which corresponds to a plasma frequency of ~2MHz. One can note that the Es
blanketing frequency in Figure 5 is also mostly 2–2.5MHz. Thus, the electron densities of the Es considered
in the model are in accordance with the observations. It must be mentioned here that the formation of
patchy/nonpatchy Es at nonequatorial latitudes is controlled by transport and convergence of plasma due
to the action of tidal and gravity wave winds [Mathews and Bekeny, 1979; Carter and Forbes, 1999]. Several
investigations have revealed the presence of metallic ion layers during the nighttime having significant peak
plasma density (even comparable to that in the daytime) [e.g., Earle et al., 2000; Bishop and Earle, 2003; Roddy
et al., 2007]. Variability of metallic ion layers has been found to depend on the tidal and gravity wave wind
variability. The E region presented in Figure 6 has been subjected to the F region wind-driven vertical electric
field in the model computation to investigate the postsunset height rise of the F layer.
3.3.2. Computing the F Layer Height Rise
For the model computations presented in this paper, the plasma densities in the E and F regions have been
considered in accordance with the IRI model. NRLMSISE00 model [Picone et al., 2002] has been used to derive

Figure 6. Low-latitude E region considered in the model computation. (a) E region based on IRI model. (b) Hypothetical
nighttime Es layer slab. (c) Large-scale Es patches generated by redistributing the Es slab of Figure 6b. (d) Aggregate of
the ionization shown in Figures 6a and 6c. For details, refer to the text.
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the thermospheric density profile. Thermospheric density profile has been used to derive the ion-neutral
collision frequency. Pedersen conductivity has been calculated using the plasma density and collision
frequency. Eastward neutral wind of 200m s�1 has been assumed to exist in the F region. Farley et al.
[1986] have also assumed the eastward thermospheric neutral wind to be 200m/s in their simulation of
F layer height rise. The zeroth-order F region zonal electric field, due to the charge pileup at dusk terminator,
has been assumed to be 0.4mV/m (eastward) at 18:00 IST, which reduced gradually to �1mV/m (westward)
at 19:12 IST. Hence, the electric field due to the background charge pileup at dusk sector has been assumed
to be predominantly westward oriented, while the electric field produced due to the divergence of the hall
current in the conjugate E regions has an eastward value. The sum of the two provides the total electric field
which comes out to be eastward.

Figure 7a shows the height migration of the F layer over magnetic equator brought out by the model com-
putation, assuming the conjugate low-latitude E region to be similar to the one shown in Figure 6d. Here the F
region initial profile at 18:00 IST at the reference location (0 km) has been taken from the IRI model.
Subsequently, with time the peak plasma density and the density gradients above and below the peak have
been varied, also in accordance with the IRI model. This has been done in order to account for the loss of ioni-
zation due to the recombination process, which results in the reduction of the F region field line integrated
Pedersen conductivity. The height migration of the F layer has been calculated based on the eastward electric
field being generated due to the divergence of hall current in the low-latitude E regions. Figure 7a clearly
shows the large-scale zonal undulation in the height of the F layer. Figure 7b shows the height migration
of the F layer, when the phase of the Es patch in the low-latitude E region has been varied by 180°. In other
words, the location of the plasma density troughs and crests of Figure 6c has been interchanged. It must be
mentioned here that the low-latitude Es patch has been assumed to be stationary with negligible propaga-
tion. Hence, the model has produced the standing undulations in the F layer height.

So far, the conjugate E regions have been assumed to be similar, which may not be the case always.
Therefore, in the model computation, the conjugate E regions have been made dissimilar. While the E region

Figure 7. Height migration of the F layer in the model computation for five different E region scenarios. For details, refer to
the text.
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in one hemisphere has been assumed to be represented as shown in Figure 6d, in the other hemisphere the
E region is assumed to be the aggregate of Figures 6a and 6b. This means that in one hemisphere the Es has
been assumed to be in the form of spatially uniform slab as shown in Figure 6b, while in the other hemisphere
the Es has been assumed to be in the form of large patches. In other words, the field line integrated Pedersen
conductivity of the E region owing to the Es in one hemisphere has a zonal uniform moderate value, while in
the other hemisphere, it varies in a sinusoidal fashion from very low to quite high. The effect of such an
asymmetry in the conjugate E regions, on the height migration of the F layer, is shown in Figure 7c. It shows
a similar spatial undulation as in Figure 7a, but with reduced amplitude.

It is also important to see the effect on the height rise pattern of the F region when conjugate E regions are
symmetric with spatially uniform Es, i.e., the aggregate of Figures 6a and 6b. Such an example is presented in
Figure 7d. One can note that there is no spatial undulation in the F layer height in this case. Also, the height
rise of the F layer is quite less than in the case of Figure 7a. This is also due to the fact that the enhanced field line
integrated Pedersen conductivity of the E region reduces themagnitude of the F region vertical field, given by
equation (1). This in turn reduces the magnitude of the hall current in the low-latitude E region and hence its
divergence also. This aspect has been investigated previously by Fesen et al. [2000]. Fesen et al. [2000] based
on TIEGCMmodel investigations have found that the E region plasma density>3300–7500 el/cm3 ceases the
PRE development by short circuiting the F region dynamo.

Although the formation of Es in the low latitudes during the postsunset period is a common phenomenon,
its occurrence on every evening, however, is not guaranteed [Joshi et al., 2013a, 2013b]. Thus, it is important
to assess the postsunset height rise in the absence of any type of Es whatsoever. Figure 7e presents the
height migration of the F layer in the model simulation, when low-latitude E regions were represented by
Figure 6a (no Es whatsoever). It is interesting to find that the height rise of F layer is highly intense, as com-
pared to other scenarios discussed in Figures 7a–7d. Also, the large-scale undulation in the F layer height
is absent.

3.4. Implication on the R-T Instability

Growth rate of the R-T instability varies exponentially with the height of the F layer. This is because the ion-
neutral collision frequency decreases exponentially with height and the fact is that the growth rate of the R-T
instability is proportional to g/νin where g is the acceleration due to gravity and νin is ion-neutral collision
frequency. This being true, the effectiveness of the g/νin depends also on the ratio of the E and F region field
line integrated Pedersen conductivity [Stephan et al., 2002]. Joshi et al. [2013a] termed the ratio of F region
field line integrated Pedersen conductivity to the total field line integrated Pedersen conductivity as growth
efficiency, which theoretically varies between 0 and 1. In order to understand the impact of the large-scale
zonal undulations of the F layer height on the growth rate of the R-T instability, both growth efficiency
and g/νin have to be investigated for five different scenarios presented in Figure 7.

Green, red, blue, and purple curves in Figure 8a show the growth efficiencies ΣPF

ΣPFþΣPE

� �
as a function of

magnetic field apex height over the equatorial F region at 19:12 IST, i.e., at 2000 km from the reference loca-
tion (0 km), corresponding to the scenarios presented in Figures 7a–7d, respectively. In Figure 8b, the black
curve shows the g/νin as a function of height, and green, red, blue, and purple stars indicate the F layer base
height at 19:12 IST, corresponding to the scenarios presented in Figures 7a–7d, respectively. The black circle
in Figure 8b indicates the F layer base height for the scenario presented in Figure 7e, whereas the growth
efficiency for the scenario presented in Figure 7e will be quite close to unity, i.e., 100% (due to the absence
of Es in the low latitudes). Thus, the scenario presented in the Figure 7e has the highest value of g/νin as well
as the highest growth efficiency. Among the scenarios, where low-latitude Es was present, the one presented
in Figure 7a has the highest value of growth efficiency and g/νin, as indicated in Figure 8 (green). The scenario
presented in Figure 7b is similar to that in Figure 7a, except for the fact that the locations of F layer height
crests and troughs are interchanged. Therefore, the red curve in Figure 8a and the red star in Figure 8b indi-
cate the growth efficiency and g/νin at the trough region of the large-scale wave structure. It can be noted
that the trough region has the minimum value in Figures 8a and 8b (red). Blue curve in Figure 8a and blue
star in Figure 8b indicate the growth efficiency and g/νin, respectively, corresponding to the scenario where
one hemisphere has spatially uniform Es slab while other has large-scale Es patches. These values are smaller
than those shown in green. Purple curve in Figure 8a and purple star in Figure 8b indicate the growth
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efficiency and g/νin, respectively, corresponding to the scenario where both the hemispheres are assumed to
have spatially uniform Es slab. These values are significantly smaller than those corresponding to the cases
with large-scale wave structures (i.e., green and blue curves).

Therefore, if the large-scale zonal undulation in the height of the F layer is being generated by Es in the low
latitude, it will influence the R-T instability by modifying both the growth efficiency and g/νin. However, the
growth of the R-T instability (in terms of growth efficiency and g/νin) will be highest when the Es in the low
latitudes are absent.

4. Discussion and Concluding Remarks

Two categories of spread F observations are discussed in this paper, category 1 where the onset of the RSF
was concurrent with the peak h′F and category 2 where the onset of the RSF happened more than 90min
after the peak h′F time. While the genesis of the EPB is likely to happen at or before the peak h′F time, its man-
ifestation in terms of the RSF will depend on whether the EPB is located overhead or not. RSF in the category 2
cases was preceded by the appearance of oblique echoes in the ionograms, whose range decreased with
time till it merged in the RSF. This indicates the eastward drift of the reflectors. This implies that EPBs in
category 2 were not freshly generated over Sriharikota. Also, the h′F at the time of the onset of RSF in category
2 cases was mostly in the range of 250–270 km, which is quiet less than the threshold height for the EPB gen-
esis reported earlier [Joshi et al., 2013b]. Thus, it has been argued that the genesis of the EPBs in category 2
cases also happened at peak h′F time over a western longitude and drifted eastward to be detected by the
ionosonde at RSF onset time. Yokoyama et al. [2004] based on comprehensive scanning EAR radar observa-
tion have also reported the EPB genesis time to be close to F region sunset (~19:30 LT). Interestingly, the peak
h′F in category 1 cases on average was ~30 km higher than that in the category 2 cases. This plausibly indi-
cates the presence of LSWS. Day-to-day variability of the F layer height rise is expected to show its influence
in the two categories alike. The standard deviations of the peak h′F in the two categories were nearly the
same ~19.5 km. However, the difference in the average peak h′F in the two categories was ~30 km. Nearly
similar standard deviation indicates that the intrinsic variability of PRE (day-to-day variability) in each cate-
gory was alike. However, the difference in the mean peak h′F in the two categories was much higher than
the standard deviation. This indicates that another factor (LSWS) was responsible for the difference in the
mean peak h′F in the two categories. This further indicates that the height difference in the two categories
was not linked with the day-to-day variability of the PRE. Characteristics of the low-latitude Es were found
to be significantly different in the two categories at peak h′F time (19:30 to 20:30 IST). Thus, it has been argued
that the spatial modulation of low-latitude Es can be a cause of the formation of LSWS through E-F region
coupling process.

Figure 8. (a) Green, red, blue, and purple curves represent ΣPF

ΣPFþΣPE
at the magnetic field apex over magnetic equator

at 19:12 LT for the F region model output presented in Figures 7a–7d, respectively. (b) Black curve indicates the g/νin
value as a function of height during the high solar activity period. Here green, red, blue, and purple stars indicate
the height of the F layer at 19:12 LT for the F region model output presented in Figures 7a–7d, respectively. The height
of the F layer at 19:12 LT for the F region model output presented in Figure 7e is indicated by black circle.
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Model computation also highlights the role of the low-latitude Es on the zonal pattern of the postsunset
height rise of the F layer. When the Es during the postsunset period was considered to be spatially uniform
and symmetrical at the conjugate low latitudes, it resulted in a spatially uniform, time-dependent postsunset
height rise in model computation. However, when the same ionization was redistributed in the form of zonal
patches of Es, the result was in the form of spatial undulations in the F layer height. The amplitude of this
undulation depends on the overall zonal gradient of the low-latitude Es conductivity. When the low-latitude
Es in conjugate hemispheres was assumed to be asymmetric, the undulation in the F region height had
smaller amplitude. Also, when the Es in the low latitudes were assumed to be absent, the height migration
of the F layer was remarkably intense.

In order to examine the role of the large-scale zonal undulation of the F layer height, on the growth rate of the
R-T instability, g/νin as well as the growth efficiency was evaluated. Owing to the low-latitude Es being the
subject of the discussion, the resulting large-scale undulation would influence the R-T instability by changing
the g/νin and also by modifying the growth efficiencies. The scenario in which low-latitude Es in the conjugate
hemispheres has been considered to be symmetrical in the form of large-scale patches, resulting large-scale
undulation of the F layer height in the model computation, has highest (lowest) values of both g/νin and
growth efficiency at the crest (trough) region, among the four different scenarios where Es were assumed
to be present in the low latitudes. Thus, merely the height rise associated with the large-scale undulation
of F layer height alone must not decide its impact on the R-T instability. Although the growth of the R-T
instability on a given night will depend greatly on the amplitude of the seed perturbation, assuming the
amplitude of the initial seed perturbation to be constant, case with no Es in the low latitudes will have the
highest growth. This will be followed by the case where the Es in the low latitudes is in the form of large-scale
patches and F layer displays large-scale height undulations, while the case with spatially uniform Es and no
large-scale undulation in the F layer height will have the least growth of the R-T instability. Thus, the mere
presence of the large-scale undulation in the F layer height must not dictate the formation of the ESF. In
the absence of low-latitude Es and with large postsunset height rise of the F layer, ESF can occur in the
absence of large-scale height undulation.

Earlier investigations on E-F region coupling processes pertaining to the evening ionosphere have considered
a different cause-effect sequence [Abdu et al., 2003; Carrasco et al., 2007; Batista et al., 2008]. Abdu et al. [2003]
have considered the sheared vertical PRE electric field mapping along the magnetic field lines to low-latitude
E regions as the cause of the Es disruption. Few other investigations have reported a different aspect of E-F
region coupling processes [Patra et al., 2004, 2005; Patra, 2008; Li et al., 2011]. Patra et al. [2004] first reported
that the electric field associated with the EPB in the growth phase can map along the magnetic field line to
low-latitude E region and cause the disappearance of low-latitude E region irregularities by stabilizing the
E region plasma. Observational results reported in this investigation somewhat differ from that reported by
Abdu et al. [2003]. First, a clear disruption of the ftEs values at peak h′F time (19:30 IST) is not seen in
Figure 5a. Abdu et al. [2003] have reported a complete disruption of ftEs coinciding with the peak h′F time.
Second, a sharp decline in the occurrence of the Esb can be seen much before the peak h′F time (between
18:00 IST and 19:00 IST) in Figure 5d. This indicates that the low-latitude Esb disruption was not caused by
the vertical PRE electric field; rather, the disappearance of Esb caused intense F layer height rise. Figure 5d
also indicates a reappearance of Esb at ~23:00 IST. If the formation/disappearance of the Esb is considered
to be controlled by the gravity wave wind, Esb disappearance (formation) will occur at the wind node
(antinode). Gradual resurgence of the Esb at ~23:00 IST possibly indicates that the antinode of the GW winds
in the E region has propagated over the observational site, i.e., Sriharikota. Likewise, the higher occurrence of
Esb at peak h′F time and its gradual decrease by 23:00 IST in Figure 5h possibly indicate that the GW winds in
the second category were out of phase in comparison with that in the first category.

In general, there exist two schools of thoughts on PRE-Es relationship. One considers the low-latitude E region
conductivity [Farley et al., 1986; Fesen et al., 2000; Stephan et al., 2002; Joshi et al., 2013a, 2013b], particularly Es
conductivity [Joshi et al., 2013a, 2013b, 2012], to determine themagnitude of PRE. The other considers the ion
Pedersen vertical drift in the low-latitude E region caused by the PRE electric field mapping as the cause of
the changes in the low-latitude Es structure. However, the issue that remains unexplained in the second is
the absence of the polarization electric field that would oppose the vertical ion Pedersen drift which causes
the Es structure to change. In order to further address the cause-effect relationship, spatial measurement of
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low-latitude Es will be required. If a significant spatial difference (of appropriate scale size) in the low-latitude
Es is observed much before the peak PRE time, it will indicate that the Es layer patches (which generates
LSWS) are not created by PRE electric field mapping. However, observational setup for appropriate spatial
measurement of low-latitude Es does not exists, particularly in the Indian sector.

Earlier investigations have regarded the spatially varying dynamo current due to neutral wind perturbations
in the F region, associated with the atmospheric gravity waves (AGWs), as the cause of the generation of
LSWS [Tsunoda et al., 2011; Tulasi Ram et al., 2012, 2014]. In those investigations, it was the vertical neutral
wind associated with the AGW that was considered the driver of the zonal undulation in the F layer height,
whereas the simulation results presented in this paper indicate that the LSWS could be generated by the spa-
tially varying F region dynamo linked with the spatial variation of the low-latitude E region conductivity,
through E-F coupling. Such spatial variation in the E region conductivity could be generated by the action
of AGW through the formation of Es. In the previous case, the role of LSWS is primarily in the form of the
growth rate of the collisional R-T instability, besides other factors like wind-driven cross field instability
[Tsunoda, 1983]. Also, the presence of LSWS has been regarded as the earliest manifestation of the presence
of the seed perturbation. However, if the source of the LSWS is in the E region conductivity, its role in the R-T

instability will also be in the form of the growth efficiency ΣPF

ΣPFþΣPE

� �
. Thus, the magnitude of the large-scale

zonal modulation of the F layer height and its effectiveness toward the onset of the R-T instability would
depend also on the magnitude of zonal modulation in the E region conductivity in conjugate low latitudes.
In this investigation the features of the blanketing Es in the ionosonde observations have been found to be
remarkably different in the two different categories of spread F events. The occurrence of Esb during 19:30 to
20:30 IST was 0% (>50%) in category 1 (category 2) cases. Although the computational results presented in
this paper indicate that the spatial variation of low-latitude Es densities can generate the large-scale spatial
undulation in the F layer height through E-F region coupling process, other mechanisms proposed for the
generation of the LSWS in previous investigations are not being completely ruled out.
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