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Abstract 
This work presents some new findings in terms of the 
vertical propagation speeds of gravity waves in the daytime 
as possible precursors to the ESF.  These findings have  
resulted from a new approach of analyzing the radiowave 
reflections from the ionosphere to obtain the information of 
gravity waves in the daytime. Also, the typical horizontal 
gravity wave scale sizes in the daytime that could 
potentially offer the required perturbation for the ESF 
generation are also presented. 
 
1. Introduction 
 
The upper atmosphere over the low and equatorial latitudes 
is a host to several complex, and intricately 
interwoven/coupled phenomena. The development of 
plasma irregularities in the nighttime F-region of the 
equatorial ionosphere, known as the equatorial Spread-F 
(ESF), is one such phenomenon, which is known to be the 
result of the electrodynamical coupling between the 
ionosphere-thermosphere-system in the magnetic 
equatorial regions. These equatorial plasma irregularities 
span seven orders of magnitudes in scale-sizes (from a few 
hundred kilometers to a few centimeters) and adversely 
affect the trans-ionospheric radio-wave communications. 
Investigations of this phenomenon using various datasets 
have received considerable attention over the past decades 
due to advancements in technology. Results from 
numerous ground-based, rocket-borne, and satellite-borne 
instruments have enriched our understanding of the 
temporal and spatial extents of this magnificent 
phenomenon. 
 
Although there is a broad understanding on the generation 
mechanism of ESF and its occurrence morphology, there 
exists an uncertainty in its day-to-day occurrence.  
Morphologically, it is known that there are seasons when 
the ESF is more likely to occur.  These are the durations 
when the solar terminator aligns closely with the magnetic 
declination angle [Abdu et al., 1981; Tsunoda, 1985].  As 
the magnetic declination angles are different at different 
longitudes, this alignment occurs in different months in 
different longitudes.  Such alignment enables simultaneous 

sunset in both the hemispheres and therefore assists in the 
sustenance of the F-region electric fields thereby 
contributing to the growth of the plasma instability, if 
generated on that night. It is also shown that there are 
seasons when the ESF is less likely to occur [Maruyama 
and Matuuraa, 1984].  These are non-equinoctial seasons, 
when trans-equatorial winds are known to move the plasma 
to highly conducting E-region in the opposite hemisphere 
and thereby inhibiting the growth of the plasma 
irregularities . Both these conditions combinedly give rise 
to ‘ESF seasons’ for a given longitude when, statistically, 
the occurrence has been recorded to be more during 
northern winters in Atlantic longitudes, northern summers 
in Pacific longitudes and during equinoxes at Indian and 
South American longitudes. Even in this so-called ‘ESF 
season’ during which the ionospheric conditions on 
different days are nearly identical, the occurrence of ESF 
cannot be predicted.   
 
Even though, it is now known that varied combinations of 
background electron density gradients, eastward electric 
fields, vertical winds, eastward winds in presence of 
westward gradients, and meridional winds play important 
roles in the day-to-day variability of the ESF, it has 
remained a challenge to predict its occurrence. At the same 
time, it is extremely important to be able to predict its 
occurrence, since it affects the radio-wave communications 
and navigation systems in a wide range of frequencies. In 
fact, the day-to-day variability in the occurrence of ESF 
irregularities is one of the key missing links in our 
understanding of the upper atmosphere. This work presents 
some new findings in terms of the vertical propagation 
speeds of gravity waves in the daytime as possible 
precursors to the ESF.  These findings have  resulted from 
a new approach of analyzing the radiowave reflections 
from the ionosphere to obtain the information of gravity 
waves in the daytime. This methodology to derive gravity 
waves will also be discussed.  Also, the typical horizontal 
gravity wave scale sizes that could offer the required 
perturbation for the ESF generation are also presented.  
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2. Relation between the daytime and 
nighttime upper atmospheric phenomena 

 
The eastward electric field in the daytime gives rise to the 
vertical drift of plasma over the magnetic equator, which 
deposit plasma away from the magnetic equator on either 
side to form ionization crests, which is referred to as the 
Equatorial ionization anomaly (EIA) [Anderson, 1981; 
Raghavarao et al., 1988]. These crests in ionization form 
the sources for neutral temperature and wind anomaly 
(ETWA) with substantial vertically upward winds over the 
crests and downward winds over the trough at the magnetic 
equator [Raghavarao et al., 1991, 1993]. All these 
phenomena occur in the daytime. It has been observed by 
different experiments that the strong development of EIA 
precedes the occurrence of the ESF irregularities 
[Raghavarao et al., 1988, Sridharan et al., 1994, Mendillo 
et al., 2001; Valladares et al., 2001], which is a major 
Space-Weather event that occurs even during geomagnetic 
quiet days.   
 
Several works focused on the background ionospheric 
conditions just before the ESF onset time. These include 
the variation in the base height of ionospheric F-layer on 
the days with and without the presence of ESF. It was 
shown that assistance of meridional winds was required in 
some cases.  There were works which showed that if the F-
region height was greater than 300 km, then ESF occurred 
irrespective of the directions of meridional winds [Devasia 
et al., 2002]. There have also been studies which 
parameterized the values of h’F for ESF occurrence for 
different solar flux levels [Tulasi Ram et al. 2007].  
 
3. Experiments on daytime Gravity waves 

and their relation with ESF 
 
The Range time intensity maps from Jicamarca Incoherent 
scatter radar showed a wavelike feature, suggesting that the 
gravity waves could possibly provide the initial trigger for 
the instability to grow [Kelley et al., 1981].  In that regard 
several works focusing on the gravity waves in the daytime 
have been initiated using optical measurements at multiple 
wavelengths including one on-board high-altitude balloon 
[Laskar et al., 2013; 2015; Pallamraju et al., 2004, 2010, 
2013, 2014, 2016; Kumar et al., 2022] and significant 
understanding has been gained in terms of the two- and 
three-dimensional characterization of gravity waves in the 
daytime. Bi-directional mode experiments using large 
field-of-view optical measurement from an off-equatorial 
location, Hyderabad, revealed the presence of zonal scale 
sizes of around 200 km in the daytime and so have a great 
potential in relating their effect on the nighttime ESF 
generation. 
 
In a recent study [Saha et al., 2022], by carrying out wave 
number analyses for around 1300 all-sky images with 
nearly equal number of with and without the occurrence of 
equatorial plasma bubbles, it was found that, typically, the 
zonal scale sizes are in the range of 150-200 km and 250-
300 km (with a greater strength in the latter scale-size) on 

geomagnetic quiet nights without the presence of any 
plasma bubbles.  The scale sizes of gravity waves smaller 
than 250 km have been observed on almost all the times 
whenever the plasma bubbles were present, which 
correspond to the inter-bubble separation distance. As the 
bubble depletions over the magnetic equator most likely 
occur at the crest location of the gravity waves, the zonal 
distances between the bubbles, as seen in a location close 
to the magnetic equator can be assumed to represent the 
zonal scale sizes of gravity waves over the equator [Das et 
al., 2020]. Therefore, it is proposed that the gravity wave 
scale sizes smaller than 250 km in the zonal direction, if 
present, in the evening could potentially act as the triggers 
for the generation of plasma bubbles. 
 
4. A new approach of deriving gravity wave 

characteristics using radiowave technique  
 
As the optical measurements are hindered by the presence 
of clouds and during overcast skies during monsoon, a new 
approach using radiowave reflections from the ionosphere 
to derive gravity wave characteristics has been arrived at 
[Mandal et al., 2019]. It involves monitoring of variations 
in the heights of densities at a given frequency (isoelectron) 
as a function of time, and measuring their phase shifts, if 
any, to derive vertical propagation speeds of the gravity 
waves.  In this method, it is important to ensure that 
isoelectron density contours at different frequencies show 
the same gravity wave time period, and that there exists a 
downward phase shift in these fluctuations.  The product of 
the vertical phase speeds and gravity wave time period 
yields information on the vertical scale size of the gravity 
waves. This new approach has revealed several new and 
insightful results in terms of seasonal, solar flux, and 
geomagnetic dependent behavior of gravity waves [Mandal 
and Pallamraju, 2020; Mandal et al., 2020]. 
 
In the present work, the vertical propagation of gravity 
waves in daytime thermosphere has been systematically 
investigated using the digisonde data over the magnetic 
equator with a specific aim of exploring their behavior 
before the occurrence of ESF.  It was noted that the 
otherwise not so regular vertical propagation of gravity 
waves (they were shown to be existing only around 40% of 
occasions), seem to be existing on 85 % occasions on ESF 
days compared with only 50% of occasions for non-ESF 
days.  On the ESF days, the time periods, amplitudes, and 
vertical phase speeds of these daytime gravity waves range 
from 0.86 to 2.89 hr, 1 to 3.5 km, and 21.74 to 151.22 ms−1, 
respectively. These values for the non-ESF days are 1.5–
2.97 hr, 1–4 km, and 22.69–82.78 ms−1, respectively. It can 
be noted that the time periods and amplitudes of these 
daytime gravity waves are not so different on these days, 
but the vertical propagation speeds appear to be higher on 
the ESF days compared to the non-ESF days.  As the 
interest is in finding indicators of the occurrence of plasma 
irregularities much before their actual onset, we have 
selected the average of the vertical phase speed values of 
these gravity waves between 10 and 14 LT (<Cz>10-14LT).  It 
has been seen that for all the non-ESF days, the values of 
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<Cz>10-14LT are less than 80 ms−1, whereas, they are higher 
than 80 ms−1 for 8 out of 17 ESF days in which vertical 
propagation is seen.  It needs to be ascertained if the gravity 
waves seen in the neutral atmosphere do get communicated 
to the ionospheric F-region to form the triggers to ESF. To 
investigate this aspect, we have carried out time-series 
analyses of variations in the base height of the F-region 
(h’F) and multiplied their amplitude with the gravity wave 
vertical phase propagation speeds.  This quantity can be 
considered to represent the energy per unit mass integrated 
over one second (m2s−1) transferred by these upward 
propagating gravity waves to the ionosphere [Mandal et al., 
2022].   This quantity is much larger on the ESF days as 
compared to the non-ESF days. 
 
5. Conclusion 
 
This work reports on novel approach of obtaining the 
information on neutral gravity waves through radiowave 
technique.  By using this technique, it is revealed that on 
the days with ESF occurrence, the gravity wave phase 
speeds were larger (> 80 ms-1) well before (at around 12-
14 LT) the sunset time.  Whereas, on the non-ESF days, the 
presence of vertical propagation was infrequent, and when 
present, the speeds were smaller. Further, the product of the 
amplitude of the F-region oscillation and the vertical 
propagation speed of gravity wave was larger on the ESF 
days in comparison to the non-ESF days, which indicated 
a greater vertical displacement in energy. The gravity wave 
scale size smaller than 250 km has been found to be another 
indicator at the sunset time to be critical for the ESF onset. 
These factors that are present in the daytime could 
potentially form the precursors to the ESF occurrence in the 
nighttime.  
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