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Abstract

In this paper, we present the seasonal variation of nighttime thermospheric meridional winds over Hyderabad as derived using dual
ionosonde observations located at Tirunelveli (8.7�N, 77.7�E, Dip Lat = 0.3�N), an equatorial station and Hyderabad (17.38�N, 78.45�E,
Dip Lat = 12�N), a low latitude station, respectively, over the period of April-December 2013 using h’F data as discussed in (Sreekumar
and Sripathi, 2016). The calculated winds has been compared with HWM14 wind model. The results show that trends of the derived
winds from the ionosonde h’F data matches well with model wind near to midnight hours in all the seasons. However, some dissimilar-
ities were observed during early night hours. Especially, the poleward winds during early night hours for different seasons were not well
reproduced by the model. Later, the study is extended to understand the role of meridional winds in causing the variability of ESF occur-
rence vis a vis h’F. The histogram analysis of h’F vs wind values just before ESF onset reveals that the most probable combination of
wind and h’F on the ESF days are centered around 350 km and 50 m/s. Additionally, we also performed Superposed Epoch Analysis
(SEA) based on longer and shorter duration ESF events. The analysis reveals the distinct differences in the longer and shorter duration
ESF events of Summer and Autumn equinox where the values of h’F as well as meridional winds where such that a steep change in reduc-
tion of poleward winds prior to ESF onset supported the longer duration ESF events in both seasons. However, this steep reduction is
not so significant for the shorter duration ESF events indicating that meridional winds could play a crucial role in extending the spread F
durations in longer duration events. The observations clearly demonstrate the reduction of poleward wind velocities during vernal equi-
nox as compared to Autumn equinox, where larger poleward winds were present around ESF onset times. These observations are con-
sistent with the equinoctial asymmetry as seen during year 2013 where more number of ESF occurrences were observed during vernal
equinox as compared to Autumn equinox. Additionally on seasonal basis, analysis of the significance of meridional wind magnitudes
during scintillation and non scintillation days were performed. The result suggests that non scintillation days were characterized with
larger poleward wind magnitudes than scintillation days during vernal equinox and summer season. However, such a trend was not seen
in the Autumn equinox season. This might indicate the possible role of poleward meridional wind in reducing the number of scintillation
occurences during this season in addition to weakening of PRE height.
� 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The evening equatorial ionosphere is a platform for the
generation of various electrodynamical processses in the
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equatorial F region. One among them is the phenomenon
of equatorial spread F(ESF) which is characterized by den-
sity irregularities. These irregularities are believed to dras-
tically affect the radio commmunication and navigation
systems. Day to day variabilities of ESF is still a major
concern in ionospheric research. The basic generation
mechanism of ESF is due to the action of Rayleigh Taylor
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(RT) instability operating under certain conditions. These
favourable condition occurs during the post sunset hours.
However, various other background parameters like acce-
laration due to gravity, plasma density gradient scale
length, F region base height h’F, ion-neutral collision fre-
quency and gravity waves have a major say in enhancing
the growth rate of RT instability. During the post sunset
hours, under the action of recombination and due to the
enhancement of eastward electric fields (PRE) through F
region dynamo process, the F layer will be raised to higher
altitudes. This corresponds to a region of lesser ion neutral
collision frequency values and thereby RT instability can
operate efficiently. Hence, all these processes contribute
to ESF generation. Further, the eastward zonal wind in
the presence of a westward density gradient and vertically
downward wind in the presence of an upward density gra-
dient are also equally important in the ESF development.

However, to trigger RT instability, seeding is required in
the bottomside of the F region. Using Jicamarca radar
maps, Kelley et al. (1981) reported that gravity waves act
as seed perturbations. More recently, Manju et al. (2016)
reported that the amplitude of the gravity wave seed per-
turbation is a very critical parameter which decides
whether or not ESF would occur on a given day. However,
Kudeki et al. (2007) concluded that equatorial post-sunset
bubble generation should not be critically dependent on
gravity-wave seeding – instead the critical factor seems to
be the eastward wind. Chum et al. (2016) studied the hor-
izontal velocities of spread F structures seen by multipoint
continous Doppler sounding over Tucuman, Northern
Argentina and over Taiwan. They attributed the observed
oblique Spread Structures(OSS) to the equatorial/low lati-
tude spread F and roughly eastward propagation in both
Tucuman and Taiwan. Further, using ionosonde data from
two stations in Brazillian sector, de Abreu et al. (2014b)
and de Abreu et al. (2014a) discussed the role of planetary
waves(PW) in affecting the day to day variability of ESF.
They concluded that, in the F region day to day variations,
signatures of PWs with several day periods were present.
This suggests the modification of PRE by PWs and thereby
causing the generation of medium and large scale
irregularities.

The interrelation among various factors assisting/sup-
pressing ESF has been mentioned in Abdu (2005). One
among the candidates is the thermospheric meridional/
trans-equatorial winds and their role(positive/negative
influences) in causing the day to day variability of ESF
as mentioned in the previous papers (Maruyama, 1988;
Sultan, 1996; Devasia et al., 2002; Abdu et al., 2006;
Huba and Krall, 2013). Maruyama (1988) showed that
poleward meridional winds can push the ionization down
to the E region and thereby stabilize the ionosphere. This
lead to an enhancement in the E region conductivity,
thereby reducing the F region dynamo and PRE develop-
ment. Thus eventually reducing the F region height rise.
While, equatorward meridional winds can raise the F layer
to higher altitudes. The effect of large poleward winds is
that they can move the F layer to lower altitudes, where
ionization loss due to recombination is more prominent.
Using ionosonde data from SHAR and Trivandrum,
Krishna Murthy et al. (1990) adopted a method to obtain
the nighttime thermospheric meridional winds over SHAR.
The method has been later validated by Sekar and
Sridharan (1992) using high-altitude vapour releases from
SHAR. Further, using this method, relationship between
h’F vs meridional winds on the occurence of ESF has been
reported by Devasia et al. (2002). They reported that for
the equinoctial period, equatorward winds are a must for
the occurence of ESF, when h’F is less than 300 km. Also,
Jyoti et al. (2004) concluded that, for lower F layer heights
over Trivandrum, equatorward winds could contribute to
bottomside spread F. Maruyama et al. (2009) reported,
using numerical simulations of plasma bubble develop-
ment, included trans equatorial wind effects which sug-
gested that, on changing the wind velocity from 10 to
40 m/s, the growth time of bubble also reduced to half.

The seasonal behaviour of meridional neutral winds
were reported by Hari and Murthy (1995). Recently,
Madhav Haridas et al. (2013) has studied the seasonal
and solar activity variations of threshold height needed
for ESF occurence irrespective of the polarity of the merid-
ional winds. However, this study was carried out for non
ESF days of disturbed periods. As far as Indian sector is
concerned, not many reports are in the literature which
brings out the impact of meridional winds vs h’F on spread
F generation, particularly covering all seasons. Hence our
attempt in understanding of the same can be helpful in giv-
ing some insight into the problem of ESF variabilities.

Present study evolves as an extension of our previous
work (Sreekumar and Sripathi, 2016) which was focussed
on the estimation and comparison of meridional winds as
well as their role in ESF development/suppression, during
vernal equinox (March-April) season during the year 2013.
However, the contribution of h’F and meridional wind
towards the day to day variabilities in ESF generation dur-
ing other seasons also needs to be evaluated. Hence the pre-
sent work deals with an attempt to understand how the
factors such as h’F and meridional winds affect the ESF
generation/suppression during different seasons. In this
regard, as a supportive analysis, Superposed Epoch Analy-
sis(SEA) technique has been perfomed. Further various
aspects regarding the importance of h’F and meridional
winds in the development of ESF irregularities/scintilla-
tions has been carried out. The details of the study will
be discussed in the subsequent sections.

2. Data and methods of analysis

The meridional wind estimations used in this study
involves the use of the method mentioned in Krishna
Murthy et al. (1990). The main essence of this method is
as follows: At night time, the vertical drift at the equator
will be only due to electrodynamic drift (EXB drift), but
for stations slightly away from the equator, the vertical
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drift will be affected by diffusion along the field lines as well
as due to meridional winds. In this method, we have
derived the night time thermospheric meridional winds
over Hyderabad using h’F values obtained from two
ionosondes. One is located in the equatorial region Tirunel-
veli (8.73�N, 77.7�E, Dip Lat = 0.3�N) and other station,
Hyderabad (17.38�N, 78.45�E, Dip Lat = 12�N) which is
slightly away from the equator. Hereafter, the equatorial
station, Tirunelveli is denoted as TIR, whereas the low lat-
itude station, Hyderabad is denoted as HYD. Thus merid-
ional winds are having significant influence over low
latitude stations and their influence depends on the dip
angle (inclinaton angle), ‘I’ of the region. i.e., low latitude
station should have higher dip latitude value which comes
in the range of 8–15� will be sufficient for meridional wind
influence to be noted (Krishna Murthy et al., 1990). Hence
Hyderabad station is suitable for estimating winds using
this method. The h’F values from the ionograms over
TIR and HYD has been scaled for 4 and 4.5 MHz frequen-
cies. Hence the errors can be minimized at these lower fre-
quencies. This has been done so as to reduce the error in
further calculations. The time resolution of the h’F data
of both stations are of ten minutes. It is to be noted that
data analyzed in this study is restricted only to geomagnet-
ically quiet days. To serve the purpose, we have selected the
quiet days with a criterion of Ap index <15.

The basic equations used in the estimation of meridional
winds are as follows: The time rate of change of virtual
height of F layer, i.e., Vertical drift velocity

V o ¼ dðh0F Þ
dt

ð1Þ

The vertical drift,dðh
0F Þ
dt has been obtained for two frequen-

cies 4 and 4.5 MHz for each stations. The electrodynamic
drift at Tirunelveli(TIR) and Hyderabad (HYD) is denoted
as V T and V H

V T ¼ V oT � boTHoT ð2Þ
V H ¼ V oH � boHHoH ð3Þ
V oT and V oH denotes the vertical drift at TIR and HYD
and boT and boH are the effective chemical loss coefficients
(attachment coefficient) at TIR and HYD. The ionization
scale heights, HoT and HoH , obtained at the heights of
reflection at 4 and 4.5 MHz has been considered for both
stations. It is assumed that E X B drift is the same over
both stations, TIR and HYD. As the stations are not lar-
gely seperated, this assumption is valid. Hence according
to this, any change in the electric field E, with dip in the
region covering the two stations are omitted. Also, further
the difference in longitude between the two stations is <1�.
This implies that both stations are located on the same
meridian, which thereby ensures that any change in V T

and V H within this longitude value at the same local time
is neglected.

Additionally, when h’F is at lower altitudes, the term boT

and boH represent the apparent effects in the vertical drift
velocity due to chemical loss. Hence, as mentioned by
Bittencourt and Abdu (1981), 300 km is used as threshold
height to calculate such apparent velocities in V T and V H .
The terms boT and boH are obtained from the following
equation

b ¼ K1ðN 2Þ þ K2ðO2Þ ð4Þ
where b represents the effective chemical loss coefficients.
K1 and K2 are the temperature dependent reaction rates
involving N 2 and O2. ðN 2Þ and ðO2Þ represents the number
densities of N 2 and O2, respectively, which are obtained
from MSIS-E-90 model. Both K1 and K2 are obtained from
Anderson and Rusch (1980) and given as:

K1 ¼ 2 � 10�11 � T n

300

� ��1=2

ð5Þ

K2 ¼ 1 � 10�10 ð6Þ
and are expressed in cm3/s. T n is the neutral temperature as
obtained from MSIS-E-90 model.

The Ionization Scale height, H is given as,

H ¼ 1

N
� dN
dH

� ��1

ð7Þ

where N is the background electron density.
The horizontal component of the thermospheric neutral

wind aligned with the geomagnetic field is given as Um. i.e.,

Um ¼ 2
V T cos I � V H

sin 2I

� �
� W D tan I ð8Þ

Here the meridional winds, Um are estimated over HYD
station. I denotes the inclination angle. H is Ionization
Scale height. W D is the plasma diffusion drift term is given
by Rishbeth et al. (1978) and can be obtained from the ver-
tical plasma drift velocity at F2 peak as,

V zm ¼ W � g
mm

� �
sin2 I ¼ W � Dm

2H

� �
sin2 I ð9Þ

Here, W is the vertical plasma drift applied to the layer by
wind/electric field. D is the plasma diffusion coefficient
given by

Dm ¼ 2gH ð10Þ
Hence, on rearrangement,

W D tan I ¼ g
min

tanðIÞ ð11Þ

g and min denotes the acceleration due to gravity and ion
neutral collision frequency respectively. Here min is obtained
from Banks and Kockarts (1973) and is given as,

min ¼ 2:6� 10�9 � ðN 2Þ � sqrt
aO N2

l1

� �
þ ðO2Þ

� sqrt
aO O2

l2

� �
þ ðOÞ � sqrt

aO O

l3

� �
ð12Þ

aO N 2; aO O2 and aO O denotes the polarizability of
O N 2;O O2 and O O respectively. l1; l2 and l3 represents
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the reduced masses of O+ and N 2, O+ and O2 and O+ and
O.

The study also presents Superposed Epoch Analysis
(SEA), a technique which consists of sorting data into dif-
ferent categories and comparing their means. The method
is also known as compositing. The main principle of the
technique is that on averaging the data in a proper way,
in relation to the event, the event signal will be remained.
Also, all other influences will undergo averaging. i.e., in
brief, the data sequence can be broken into different sets
of equal duration and all the sets can be made to super-
pose. As a first step, the data is categorized with equal
durations and then mean of each section is obtained. Thus
for a sufficient data, common response to an event should
emerge in the form of average. However, the noise in the
data will be cancelling out. The technique is commonly
used for identifying the behaviour of geomagnetic storms.

In the present study, for each ESF event, we divide the
category of both meridional wind and h’F into ten minute
duration prior to and after 1 hr of the ESF onset. The ESF
onset on each day is considered as time = 0. Therefore,
estimated wind and h’F values are categorized into an hour
before and after the ESF onset including the onset. Hence
in this case, a total of 13 classifications will be emerging.
Eventually, once these categorization is done, the mean
of each category is obtained and this averaged value under
each category will be shown in the figures. Hence this anal-
ysis helps to understand h’F and wind variations within
that particular period of ESF onset, before an hour and
after an hour to the onset. This analysis is useful in inter-
preting the meridional wind and h’F variations around
the time of ESF onset and can be valuable in evaluating
the plausible importance of each of the parameter dis-
cussed in contributing to ESF generation.

2.1. GPS scintillation data

Often, electron density irregularities in the ionospheric
region results in degradation of the radio wave signals
causing fluctuations in amplitude and phase of the signal
received at the reciever. In order to measure the amplitude
scinillations, S4 index is a widely used parameter which is
obtained as the normalized standard deviation of the inten-
sity of the recieved signal power. In our study, we use GPS
L band (L1 frequency at 1.57542 GHz) amplitude scintilla-
tion data as obtained from Tirunelveli (equatorial station)
for studying GPS scintillations and its duration. Only those
events, whose duration is above 0.5 hr were considered as
scintillation days, while duration lesser than this value were
considered as non scintillation days.

2.2. HWM14 model

The meridional neutral winds obtained in the present
study is compared with the new Horizontal Wind Model
14 (HWM 14) (Drob et al., 2015). The model is an
improved version of older models like HWM93 and
HWM 07 and provides an improved observationally based,
time-dependent, global empirical specification of the upper
atmospheric general circulation patterns and migrating
tides. HWM provides a reliable reference for the validation
of general circulation models. While there are lesser
changes incorporated in the HWM14 model for lower alti-
tudes, significant improvements are made in the upper ther-
mosphere portion (above 120 km).

3. Observations and results

In this work, we present and discuss the analysis of asso-
ciation of h’F/meridional wind during spread F vs non
spread F days during the year 2013. We have considered
Summer (May-Aug), Autumn equinox (Sep-Oct) and win-
ter (Nov-Dec) months for the study. Due to data gap, we
have not considered January-February months. For com-
parison purposes, we will be using some data from Vernal
equinox (Apr). The results of which have been presented
previously in our companion paper (Sreekumar and
Sripathi, 2016). By convention, meridional wind directions
in the northern hemisphere are positive for poleward
(northward) winds and negative for equatorward (south-
ward) winds. Further, the average values of solar flux
(for the days considered here) for Vernal equinox, Summer,
Autumn equinox and Winter are 119.3, 117.2, 102.4, 146.1
Solar Flux Unit (SFU), respectively for the year 2013.

3.1. Seasonal variation of night time meridional winds using

h’F data method

Here, we present a few examples of meridional wind
variation on ESF and non ESF days from each season.
In Fig. 1, we present typical examples of meridional wind
variations during ESF (panel (a)) and non ESF (panel
(b)) days during Summer season. Panel (a) in Fig. 1 gives
the h’F (km), vertical drift (m/s) and meridional wind
(Um, m/s) variation for May 29–30, 2013 a spread F day
(Ap = 1). Blue and red horizontal bars in the upper panel
of the figure indicates the spread F duration over TIR
and HYD respectively. Bottom panel shows the h’F values
at TIR and HYD in blue and red colour curves respec-
tively, the middle panel gives the vertical drift, dh’F/dt
for both stations. Top panel gives meridional winds esti-
mated over HYD as derived from h’F data at the two sta-
tions (TIR and HYD), by including necessary corrections
for plasma diffusion and chemical recombination.

Initially, it is evident that the h’F values at both stations
are well below 300 km. However, after �1930 LT, h’F at
HYD reaches �305 km. h’F at TIR is still below 300 km.
The wind variations are such that the poleward wind in
the early evening period reaches a maximum at 1840 LT,
begins to reduce and temporarily reaches the largest equa-
torward velocities by 1930 LT. The ESF over TIR started
at 1920 LT and continued till 2230 LT, followed by the
occurence at 0200–0500 LT. A steep change from poleward
to equatorward velocities is seen at 1900 LT. The winds



Fig. 1. The top figure is a case study showing the variation of h’F (bottom panel), dh’F/dt (middle panel) and meridional wind (top panel) for May 29–30,
2013 (Ap = 1, Spread F day); The bottom figure is for May15–16, 2013 (Ap = 8), Non Spread F day.
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were equatorward from 1900 to 2000 LT. The winds were
predominantly equatorward from 2100 LT onwards. It
can be also seen that spread F was absent over HYD dur-
ing the whole period.

Panel (b) in Fig. 1 shows the h’F, vertical drift and wind
variation for May 15–16, 2013, a non spread F day
(Ap = 8). Although the overall wind pattern remained
more or less same as in the previous case, one can notice
that poleward wind velocity reaches a local maximum by
1900 LT. Further, the reduction in poleward wind values
occur which is not so prominent (less steep) as compared
to the previous case. h’F values at TIR around the period
almost reaches 300 km by 1900 LT unlike the previous one.
However, spread F is seen to be absent over both the sta-
tions. The wind directions were predominantly equator-
ward from 2120 LT till 0300 LT and became poleward
thereafter.

In Fig. 2, we present typical examples of meridional
wind variations during ESF (panel (a)) and non ESF (panel
(b)) days during Autumn equinox season. Panel (a) in
Fig. 2 depicts the meridional winds estimated during
September 13–14, 2013 (Ap = 9). The equatorward wind
at 1800 LT, turns poleward with maximum poleward
velocities reached at 1900 LT. This was followed by a
reduction in poleward wind velocities and reached equator-
ward for a shortwhile. By 2000 LT, wind turn poleward for
about an hour. After 2100 LT, the wind remained equator-
ward. h’F at TIR was �350 km. ESF at TIR started by
1930 LT and remained till 0400 LT. HYD spread F got ini-
tiated by 2220 LT.

Panel (b) in Fig. 2 represents a non spread F day, Sep 3–
4, 2013 (Ap = 6). Winds were poleward from 1800 to
1910 LT. However, the poleward velocities reduced after
1830 LT. Steep change in poleward to equatorward wind
is less visible. i.e.,the reversal to equatorward values were
slower than the earlier case. It is observed that ESF was
absent on this day. The wind reaching an equatorward
minimum at �0000 LT, afterwards started to increase the
equatorward velocities.

In Fig. 3, we present typical examples of meridional
wind variations during ESF (panel (a)) and non ESF (panel
(b)) days during Winter season. Panel (a) in Fig. 3 denotes
the winds estimated during December 29–30, 2013
(Ap = 4). Wind velocities were predominantly poleward
from 1830 to 0010 LT. The local maximum of poleward
velocity was reached at 1840 LT. Although slight reduction
in poleward wind amplitudes occur at 1850 LT, thereby
reaching an amplitude of �80 m/s. The ESF began at
TIR by 1900 LT and sustained till 0300 LT. HYD spread
F started by 1950 LT and was of short duration. h’F value
was 400 km at 1900 LT. Accordingly, vertical drift values
were �40 m/s around that time. Further increase in pole-
ward values was seen by 2130 LT. At 0000 LT, the direc-
tions were reversed to equatorward for a short while. It



Fig. 2. The top figure is a case study showing the variation of h’F (bottom panel), dh’F/dt (middle panel) and meridional wind (top panel) for September
13–14, 2013 (Ap = 9, Spread F day); (b) The bottom figure is for September 3–4, 2013 (Ap = 6, Non Spread F day).
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can be understood that, h’F value of �400 km by 1900 LT,
as well as the reduction of poleward wind velocities just
before ESF onset might have assisted in ESF formation
in this case.

Panel (b) in Fig. 3 shows another case on December 6–7,
2013, a non spread F day. The h’F values were 360 km by
1900 LT. Wind values were consistently poleward during
the post sunset hours till 2030 LT. By 1940 LT, poleward
wind values reduced. For a shortwhile, wind became equa-
torward at 2100 LT. At 2200 LT, wind became poleward
for a while, followed by equatorward turning. Afterwards,
it remained equatorward for two hours followed by pole-
ward velocities at 0100 LT.

3.2. Winds obtained from h’F data method vs HWM14

model

Fig. 4 shows the mean meridional winds (Um) over HYD
derived using (a) HMM14 model and (b) h’F method dur-
ing Apr-Dec 2013. It is seen that the wind magnitudes
obtained using both method and model show significant
differences. However, the equatorward trend of Um during
the late night hours is evident from both (a) and (b). This is
consistent in all the seasons except for some differences
during winter season. However, to understand the genera-
tion/day to day variability of ESF, the study mainly
focuses on the early night hours during these seasons. Dur-
ing 1800–2000 LT period, the vernal equinox season is seen
to have HWM14 winds mainly poleward with lesser magni-
tudes. h’F method also gives poleward winds, with compar-
atively greater poleward wind magnitudes. During Summer
months, h’F derived winds are characterized by equator-
ward to poleward transition during post sunset hours, con-
trary to that the model winds are poleward to equatorward
during these hours. The increased poleward magnitudes
during 1900–2100 LT for Jun-Aug is not reproduced well
in the model. Contrary to that, equatorward winds are seen
in the model wind. During Sep-Oct, h’F derived winds are
having reversals from poleward to equatorward direction
for Oct cases, while Sep data shows an equatorward to
poleward reversal. Morever, during post sunset hours, the
poleward magnitudes are comparatively larger for Oct
case. HWM14 model winds do not show this difference
during Sep months. Instead, they are reversing from pole-
ward to equatorward values unlike h’F wind. During Oct
period, the higher poleward values are seen in the early
half, which is reproduced well in model case. However,
with lesser wind values compared to h’F case. Also, their
reduction to equatorward direction occurs slightly late
than in other seasons. During winter, we could not include
more number of days due to lack of simultaneous data at
both stations. However, winter season wind seems to have
higher poleward values both in model and derived one.
Higher values being in the case of h’F derived wind. A
major difference in the wind pattern during Oct and Nov
is the higher poleward wind values during 2100–2300 LT



Fig. 3. (a) A case study showing the variation of h’F (bottom panel) dh’F/dt (middle panel) and the meridional wind (top panel) for December 29–30,
2013 (Ap = 4, spread F day); (b) for December 6–7 (Ap = 3, Non spread F day).

Fig. 4. (a) Winds during ESF days obtained using HWM14 model for the
season from April-December. (b) The winds derived using h’F data.
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which is not reproduced in the model winds. Hence it is evi-
dent that both similarities as well as dissimilarities can be
inferred from model and h’F derived wind.

Fig. 5(a)–(c) shows the mean values of wind derived
using h’F data for ESF days during Summer (May-Jun-
Jul-Aug, denoted as MJJA), Autumn equinox (Sep-Oct
or SO) and Winter period (Nov- Dec or ND) respectively.
The individual days used for each seasons are shown in
light blue colour, whereas the average values and standard
deviations are denoted in red colour. During MJJA,
although, the poleward wind magnitudes are reduced by
1930 LT, the wind values are poleward in the pre midnight
hours till 2100 LT. After 2100 LT, wind became equator-
ward and remained so. Likewise, the average wind values
for September-October shows mainly poleward values till
2200 LT. The mean wind values during Nov-Dec shows
predominantly poleward magnitudes with comparatively
larger values. Additionally, the wind values show clear
oscillations throughout the period. After 0130 LT, wind
became equatorward.

3.3. Salient features of meridional winds/h’F on ESF vs non

ESF days

Fig. 6 gives the temporal variation of mean winds during
ESF vs non ESF days during 2013 obtained using h’F
method. Fig. 6(a) denotes ESF days during Apr-Dec. Since
there were no non ESF days in other months, only May-
Sep and Dec is considered for non ESF case. The white
portion during Apr, Oct and Nov indicates absence of
non ESF cases. It is seen from Fig. 6(a) that the average
pattern of wind during Apr is such that although the wind
is poleward by 1900 LT, afterwards its reduction occured.
However Sep cases show that winds reduced their equator-
ward velocities before 1900 LT and by 1900 LT became
poleward. However, a slight difference is found during
October. The winds were poleward before 1900 LT and



Fig. 5. Seasonal average of meridional wind on ESF days for the year 2013 (a) for May-August(MJJA), (b) for September-October(SO) and (c)
November-December(ND). All the ESF days are shown in light blue curves, thick red line gives the average value of wind, Standard deviations are also
shown along with them. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Plot showing the mean wind values on (a) ESF vs (b) Non ESF
days for all the months considered.

Fig. 7. Plot showing the mean values of h’F at Tirunelveli(TIR) on (a)
ESF and (b) Non ESF days.
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their poleward magnitudes reduced just after 1900 LT.
During Nov-Dec, winds were strongly poleward by
1900 LT. May-Jun-Jul-Aug seasons were having equator-
ward velocities during early sunset hours, however, with
a clear poleward wind turning by 1900 LT. Analysis of
non ESF cases are presented in Fig. 6(b). Here, considering
MJJA season, presence of strong poleward wind magni-
tudes around 2000–2200 followed by equatorward wind
velocities are noted. During Sep, increase in poleward wind
magnitudes by 1900 LT is noted. Also, it is evident that
during Dec, large poleward wind magnitudes are present
around 1900 LT.

Fig. 7 presents the mean value of h’F at TIR for (a) ESF
vs (b) non ESF days. During ESF days, around 1800–
1900 LT, Apr, Oct and Nov-Dec season have higher values
of h’F. In addition, the peak value of h’F occurs earlier in
Nov. Further on comparing Apr and Sep equinox period,
maximum h’F reaches early for Sep cases. The summer sol-
stice from May-Aug shows lower h’F values during 1800–
1900 LT. However, after 1900 LT, May and August are
having higher h’F values. During non ESF days (as shown
in (b)), while May-Jul have low values of h’F during post
sunset hours, Aug-Sep and Dec shows comparatively
higher h’F values around the same period. A comparison
of ESF vs non ESF days, show that higher values of h’F
are clearly evident during ESF days than non ESF days
of Apr, Sep-Oct and Nov-Dec.

Fig. 8 gives the mean h’F at HYD during ESF (a) and
non ESF day (b) for the different seasons considered. The
main difference in this figure is the comparatively higher
h’F values near to the midnight hours of May-August dur-
ing both cases (a) and (b). Further, this h’F value is larger
in ESF cases than in non ESF Case. It is seen that the dif-
ferences between ESF and non ESF case during the month
of Sep is such that around 2300–2400 LT, the h’F values
are higher for ESF than non ESF events.



Fig. 9. Histogram plot of h’F vs meridional winds just before ESF onset.

Fig. 10. Mean FoF2 ratio on (a) ESF Days and (b) Non ESF Days.
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Fig. 9 shows the histogram plot of h’F vs meridional
wind, just before ESF onset during all the seasons. This
represents the probability of events occuring under specific
conditions. Colour bar indicates the No. of events. It can
be seen that majority of the events are centered around
wind values of 50 m/s and h’F values of 350 km. Also,
some interesting cases of exceptions are also obtained.
i.e., A few events were such that the wind values are equa-
torward, while h’F values were less than 300 km. At the
same time, other few events were also seen such that winds
were highly poleward, but the h’F values were above
300 km. In between there comes the section in which both
meridional wind and h’F contributions are both important
for the ESF generation.

Fig. 10 shows the mean value of foF2 crest to trough
ratio obtained as foF2(HYD)/foF2(TIR), during (a) ESF
days and (b) non ESF days. The white portion in the figure
represents the absence of non spread F days during the per-
iod considered. Upon considering May-Sep period in both
contours, one can observe that FoF2 ratio during ESF
days are higher than those on non ESF days. Especially,
June, Aug and Sep shows this clear distinction features.
i.e., at 1900 LT period, average crest to trough value on
ESF cases on July is �1.1, while it is �1 during non ESF
case. However, the difference is not so large. Similarly, near
to 1900 LT hours, Sep seasons shows larger foF2 ratio of
�1.1 than the case �1 in non ESF days. Further, during
Sep also such an enhancement in FoF2 ratio is clearly evi-
dent in ESF than on non ESF case. Although there are
slight increase in ESF than non ESF days, the difference
is not so significant.

Figs. 11 and 12 depicts the Superposed Epoch Analysis
(SEA) carried out on ESF days with a classification of
short duration (less than or equal to 5 hr) and long dura-
tion (>5 hr) for summer and Autumn equinox seasons
respectively. Here the winds shown are over HYD, and
h’F is estimated over TIR. Due to the limited number of
short duration ESF days, this technique is not applied
for other seasons. However the long duration cases studied
on the same showed steep reduction in poleward values of
Fig. 8. Plot showing the mean values of h’F at Hyderabad(HYD) on (a)
ESF and (b) Non ESF days.
wind. The details of this technique is already discussed in
previous section. Zero marks the ESF onset time and hence
before and after ‘zero’ denotes the time before and after the
onset. Interestingly, we could note that the longer duration
events were characterized by higher h’F values when com-
pared to short duration events. i.e., maximum h’F value
reached on ESF days on an average were 380 km and devi-
ations include them to be greater than 400 km. In contrast,
the average maximum h’F on short duration events were
320 km and the deviations can go up to 360 km. Similarly,
the meridional wind velocities on longer duration ESF days
were such that a steep reduction in poleward values can be
seen, while on the shorter duration cases, there is no steep
change in reduction of poleward values. This is one of the
unique result of the study.

Fig. 13 gives a picture of the mean winds during scintil-
lation vs non scintillation days during (a) Vernal equinox
(b) Summer and (c) Autumn equinox. The blue and red
curve shows the scintillation and non scintillation days
respectively. Corresponding standard deviations are shown
along with it. Fig. 13(a) has been reproduced from the pre-
vious companion paper. During vernal equinox, around
1900 LT, poleward wind velocities increase for non scintil-
lation days. In contrast, reduction in poleward magnitudes



Fig. 11. h’F vs meridional wind an hour before and after ESF onset (a)
For Summer long duration ESF events and (b) For Summer short
duration ESF events. Fig. 12. h’F vs meridional wind an hour before and after ESF onset (a)

For Autumn equinox long duration ESF events and (b) For Autumn
equinox short duration ESF events.
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occur for scintillation days. During MJJA, the poleward
winds increase for non scintillation days around 1900 LT;
while the poleward winds reach maximum and start
decreasing for scintillation days around 1900 LT. Also,
the figure shows that during both seasons, higher poleward
wind velocities are observed on non scintillation cases, as
compared to scintillation days. However during SO, at post
sunset hours, around 1900 LT, although poleward wind
velocities are visible on non scintillation days, they are
smaller than on scintillation days.
4. Discussions

Present study deals with the analysis of the characteris-
tics of meridional wind and h’F during ESF and non ESF
days. As a part of the study, we compared the winds esti-
mated using h’F data with the recent HWM14 model.
Comparison of derived winds and HWM14 winds shows
that both are best matched near the late night hours during
ESF days. It is observed that, near post midnight hours,
where the prominence of equatorward velocities are noted,
the model reproduced the calculated winds very well. How-
ever considering the early night hours, during the seasons,
many similarities as well discrepancies were obtained. The
important point to note is the differences in wind magni-
tudes from both results suggest that calculated winds were
having higher magnitudes than the model wind. According
to seasonwise classification, although higher in magnitudes,
in both cases early night (1800–1900 LT) winds are largely
poleward during Oct-Nov period. The increase in poleward
values at 2000–2300 LT during the same season is however
not reproduced by the model wind. Similarly, poleward
values during early night hours (1900–2100 LT) of Jun-
Aug is not showing similarities with model wind. While
comparing model and calculated winds, the similarities/dis-
similarities during different seasons have been reported by
a few of the previous workers. A recent study by Haridas
et al. (2016) report that equatorward nature of winds dur-
ing summer and poleward winds during winter is repro-
duced well by HWM model. However, in the calculated
winds, the errors can occur from differences in obtaining
the h’F values as well as due to errors from diffusion term.
Also, the neutral temperature values obtained from MSISE
model could also be a source of error and hence the recom-
bination coefficient b.

Regarding the seasonal variation of meridional/transe-
quatorial winds, it is noteworthy to mention some of the
previous studies. The meridional winds over a low latitude
station, SHAR were estimated by Hari and Murthy (1995)



Fig. 13. Mean wind vs time for scintillation vs non scintillation days
during(a) Vernal equinox, (b) Summer and (c) Autumn equinox 2013. Blue
curve denotes the scintillation days and red denotes the non scintillation
days. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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using h’F method from ionosondes located at Trivandrum
(equatorial station) and SHAR. They brought out various
features of winds during different seasons during non ESF
days. They pointed out that value of poleward wind in the
early night hours is greatest in winter and least in summer,
with equinox wind values being moderate. During a study
using the African sector (Ouagadougou), Oyekola (2009)
observed that in the evening hours, northward transequa-
torial wind is larger within the December solstice, moderate
in equinoxes and weaker during June solstice. Our results
are in accordance with these works.

Further, more recently, during non ESF days, Haridas
et al. (2016) investigated the seasonal behaviour of winds
during low and high solar activity periods. The seasonal
study of vertical winds has been done by Liu et al. (2003)
using ionosondes located over Wuhan, China. Further-
more, using ionosonde network of three stations over south
east Asia (Maruyama et al., 2008), estimated the thermo-
spheric meridional winds and suggested that the amplitude
of the higher order variations was prominent in the winter
months of northern hemisphere. This was attributed to the
pressure bulge associated with the Midnight Temperature
Maximum (MTM). A part of present work includes the
comparison of meridional winds during different seasons
for ESF as well as non ESF days. Prominent poleward
velocities are found in all seasons during non ESF days
than ESF cases. Winter (Dec) is showing larger poleward
wind magnitudes than other seasons with non ESF days
is observed to have larger poleward values. During summer
(MJJA), there is larger poleward wind values during 2000–
2200 LT.

However, on correlating the wind values with h’F vari-
ations over TIR (Fig. 7) for corresponding seasons during
ESF and non ESF days reveal interesting features. It is
observed that during Winter (Nov), although increase in
poleward wind is evident over the season, the increased
h’F values over TIR might be associated with presence of
ESF during the season. Similarly, Autumn equinox(Sep-
Oct) seasons, though not largely poleward as compared
to winter months, still shows prominent poleward magni-
tudes around 1900 LT. Again, increased h’F values are
clearly visible over the period as compared to May-Jul.
During Summer(May-Jul), during early night hours h’F
values are lesser and poleward wind magnitudes are seen
during 1900 LT. However, Summer season is believed to
have more post midnight occurences of ESF unlike other
seasons. Hence, it is seen from the Figs. 6 and 7 that there
is an increment in h’F values near midnight hours associ-
ated with equatorward wind magnitudes around the same
period during ESF days. This might suggest an increase
in RT instability as the height is increased which means
the F layer is taken to higher altitudes, thus favouring
RT instability and generation of irregularities. Contrary
to that, although there is equatorward wind present over
the midnight hours, non ESF Days are not seen to have
an increment in h’F and hence this possibly imply the
absence of ESF during those events. Due to the lack of
non ESF events during April, the comparison of the same
is not presented here. Similarly, Sep-Oct and Nov-Dec sea-
sons have very few non ESF days obtained in the study due
to data gap and disturbed conditions. However, analyzing
a very few non ESF events vs ESF during Sep indicates that
around 1900 LT, poleward wind values are larger during
non ESF than ESF events. Although the h’F values are
nearly �300 km and 350 km for non ESF vs ESF cases
respectively, the strong polewards winds during non ESF
cases on Sep compared to ESF cases might reveal the
absence of ESF on those days.

Another interesting feature to look into will be the
equinoctial asymmetry in the ESF occurences as well as
the asymmetry in winds. The year 2013 is observed to have
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more number of ESF cases during Vernal equinox as com-
pared to Autumn equinox cases. Our study indicates that
although h’F values are larger around 1900 LT, for these
cases during Sep-Oct, the presence of larger poleward
winds during these hours might suggest the absence of
ESF (Fig. 6(a) and Fig. 7(a)) and hence lesser No.of ESF
events during Sep-Oct as compared to Apr. Using the chain
of ionosondes situated near the magnetic conjugate points
at Chiang Mai, Thailand (18.8 �N, 98.9�E; 13.0� magnetic
latitude) and Kototabang, Indonesia (0.2�S, 100.3�E;
�10.0� magnetic latitude) and third station situated near
the magnetic equator at Chumphon, Thailand (10.7�N,
99.4�E; 3.3� magnetic latitude), Maruyama et al. (2009)
pointed out the equinoctial asymmetry in meridional
winds. They reported that northward meridional wind
was increased and values were larger at Sep equinox than
that of Mar equinox. Our study also shows the presence
of this feature, as we can see the increased poleward wind
magnitudes during Sep than Apr events. Hence, the larger
northward wind velocity and lesser ESF occurrence in
September as compared with March were consistent with
the results of Maruyama et al. (2009) and Maruyama and
Matuura (1984) which suggests the suppression of RT
instability by the trans equatorial winds. Additionally,
the equinoctial asymmetry in the scintillation occurrence
in the Indian sector has been examined by Sripathi et al.
(2011) and they suggested that asymmetry in electron den-
sity and meridional neutral winds as the possible reason for
equinoctial asymmetry.

Present study also suggests that the most probable com-
bination of wind and h’F on ESF days were centered
around 350 km and 50 m/s. A few events were noted under
the category such that even though the height was less, but
winds were equatorward which might have assisted spread
F generation. Likewise another type events were such that,
heights were high, but poleward winds were present. Here
the greater heights might have played a dominant role in
ESF generation. During the study from Indian sector,
Devasia et al. (2002) pointed out that polarity of the winds
does not affect ESF generation/suppression until and
unless the h’F < 300 km. i.e., when h’F < 300 km, equator-
ward winds are a must so as to have any influence on ESF.
Irrespective of the magnitude and direction of meridional
winds, the seasonal/magnetic activity dependence/solar
activity of critical height for the ESF occurence has been
mentioned in some of the earlier works (Jyoti et al., 2004;
Manju et al., 2007; Madhav Haridas et al., 2013). Also,
although mainly focussing on the disturbed days of low
and high solar active epochs, the seasonal and solar activity
variations of the threshold height on ESF occurrence irre-
spective of the meridional wind polarities are discussed by
Madhav Haridas et al. (2013). They suggested that signifi-
cant modulation of threshold height occurs by O/N 2

changes irrespective of season, solar activity or magnetic
activity. However, one of the early studies of effects of
meridional winds on ESF occurrence, was given by
Maruyama (1988). His study suggested that for a uniform,
trans equatorial meridional wind can enhance the field line
integrated conductivity and hence promote the reduction
of growth rate of generalized RT instability. Using Brazil-
ian sector data, Abdu et al. (2006) reported meridional
winds can negatively effect ESF development by reducing
the PRE and as a result direct suppression of the RT insta-
bility growth rate. However, using NRL 3D equatorial
spread F code SAMI3, Huba and Krall (2013) concluded
that a wind profile with a positive gradient may show a
negative influence on generalized RT instability, while wind
profile with a negative gradient can have a positive effect on
instability. During a study of numerical simulations of
plasma bubble developments, Maruyama et al. (2009)
included the transequatorial neutral wind effect and
reported that when the velocity of wind increased from
10 to 40 m/s, the growth time (e-folding time) of the bubble
was halved.

It is well known that RT instability acting in the bot-
tomside of F region is the basic mechanism for ESF gener-
ation. Growth rate of RT instability is understood to be
influenced by the asymmetry in Equatorial Ionization Ano-
maly (EIA) between the two hemispheres. It has been
reported by Maruyama and Matuura (1984) that transe-
quatorial winds cause redistibution of ionization with
respect to magnetic equator leading to asymmetries in the
crests of EIA. Raghavarao et al. (1993) suggested the for-
mation of a meridional circulation cell, as a result of the
upward winds over the anomaly crest region and down-
ward winds in the trough region. Consequently, the pres-
sure ridges formed on both sides of the equator due to
equatorial temperature and wind anomaly(ETWA) will
cause a circulation with the return flow situated in the
lower thermospheric regions. Further, the strong converg-
ing equatorward winds associated with the EIA, will cause
the generation of downward vertical winds over dip equa-
tor, hence increasing the possibilities of ESF generation.

As mentioned above, meridional/trans equatorial winds
can cause asymmetry in the EIA structure. The value of
FoF2 ratio between crest and trough regions can be consid-
ered as an indicator of EIA strength. Hence, in an attempt
to understand the behaviour of the meridional winds in
causing EIA asymmetry, the FoF2 ratio between HYD
and TIR is calculated for the different seasons considered
in the study. Interestingly, around 1800–1900 LT, an
enhancement in the FoF2 ½ðHYDÞ = ðTIRÞ] ratio was visible
over Jul, Aug and Sep-Oct periods on ESF days corre-
sponding to their counterparts on non ESF events.
Although the calculation shows that the difference between
ESF and non ESF cases were not very significant. The most
probable reason could be due to the large differences in dis-
tance between HYD and crest region. i.e, HYD is a station
far from the anomaly crest region. As a result of this, we
may not be able to see the enhancements in electron density
(FoF2 ratio) to a great extent as it would be over the crest
regions. However, for better understanding of the conse-
quences of EIA asymmetry by winds, one needs to use a
station as near to the crest of the anomaly. Raghavarao
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et al. (1988) reported that associated with vertical E X B
drift around dip equator, a strong trans equatorial wind
can result in a significant asymmetry in the northern and
southern EIA crest amplitudes especially during winter.
This can act as a condition less favourable for spread F ini-
tiation. In this study, it is clearly visible that during winter,
around 1900 LT period, there is an increment in the h’F
values over TIR as well as HYD.

Another important classification of present work is
based on the duration of ESF events. Hence, upon classify-
ing into longer and shorter duration ESF events during
Summer and Autumn equinox seasons, SEA is performed.
The results focus mainly just before and at ESF onset times
and indicate that longer duration ESF events were charac-
terized with steep reduction of poleward wind velocities.
Also, it is noticed that h’F values are also assisting this with
larger values. However short duration cases were observed
with characteristics that there is not much steep change in
reduction of poleward velocities. Further h’F values were
smaller compared to ESF cases. Based on a campaign data,
Sridharan et al. (2014) showed that when h’F at 1930 LT
was around 310 km, scintillations lasted for shorter dura-
tion, while in the cases for h’F was greater or lesser than
the above value, the duration was found to be more. They
attributed this to be due to the exponential increase of ion-
neutral collision frequency. The variation of the ESF dura-
tion during different geophysical conditions were studied
by Sreeja et al. (2009) and they reported that the estimation
of the duration of ESF on a day can be done by using geo-
magnetic Kp index and post sunset vertical drift.

Ultimately, from application point of view, the day to
day variability of scintillations need to be carefully
addressed. Scintillations, with its sufficient intensity can
reduce the signal quality, thereby causing severe effects
on navigation and communication purposes. Strong ampli-
tude scintillations are produced as a result of largely irreg-
ular plasma. Since the understanding of day to day
variabilities of scintillations/ESF are of great importance,
it is important to know the factors affecting day to day
variabilities of them. Here, while analyzing the effect of
meridional wind on generation/suppression of scintillations
during different seasons, it is observed that the winds dur-
ing vernal equinox and summer months are such that dur-
ing non scintillation days, they were more poleward
(poleward magnitudes) were larger than scintillation days.
The trend is clearly evident in both of these seasons. How-
ever, it is noticed that, during autumn equinox season, such
an increase in poleward wind during non scintillation days
are not visible. In fact, around 1900 LT, the poleward mag-
nitudes are higher on scintillation days than non scintilla-
ton cases. The plausible reason for this might point to
the importance of h’F, more than meridional winds during
this particular season as can be inferred from Fig. 7.
Valladares et al. (2002) reported that the average merid-
ional wind measured either south or north of Arequipa
during mid evening hours on scintillation days are more
equatorward than those observed on the nights during no
scintillations. He also suggests that during winter solstice,
no difference in the meridional wind speeds was noted.
Our results are consistent with this particular finding, i.e.,
during vernal, autumn equinox and summer periods, scin-
tillation days are marked by a reduction in poleward wind
in the early night hours while non scintillation days show
an evident increase in the poleward magnitudes. Although
this is the case, it is observed that during Sep-Oct seasons,
the meridional wind transitions from poleward to equator-
ward are not so prominent and hence it can be stated that
h’F could be playing significant role in these occassions. As
seen from Fig. 7, the h’F values at TIR are quite high com-
pared to other seasons. This might indicate the importance
of h’F/PRE for ESF generation over these months. A study
by Muella et al. (2010) by using Brazilian stations, men-
tioned that larger poleward wind magnitudes can suppress
the Equatorial Plasma Bubble (EPB) development, by con-
trolling the flux tube integrated conductivities, which can
reduce the non linear growth of irregularities.

Present study focussed mainly on the importance of h’F/
meridional wind in causing variabilities in ESF over differ-
ent seasons. Other parameters, i.e., gravity waves, plane-
tary waves, field line integrated conductivities etc.
controlling the day to day variablities of ESF are not
included in this study. These factors should be also
included while considering the day to day variabilities.
Hence, the same will be covered as an aspect in our future
work. Additionally, at present we do not have wind mea-
surements from other instruments to validate our results.
However, in future depending on the availability of the
wind measurements, we would like to compare the iono-
sonde derived winds for validation purposes.

5. Conclusions

We studied the seasonal variation of meridional winds
during ESF/non ESF days for the year 2013 using dual
ionosonde stations over Indian longitude to understand
the role of meridional winds and h’F on the ESF occur-
ence. The main points emerged in the study are as follows:

(1) The comparision of h’F derived winds with that of
HWM14 wind model suggest that model winds show
similar trends as seen in the observations especially
the dominance of equatorward velocities in the late
night hours in all the seasons. However, there exists
some differences in the magnitude in all seasons
where model winds show lesser values as compared
to calculated winds.

(2) The seasonal variation of average nighttime thermo-
spheric meridional winds suggests that (a) Autumn
equinox have more poleward wind velocities than
vernal equinox during post sunset hours; However,
large temporal variations is noticed as compared to
other seasons. (b) Winter months is seen to have lar-
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ger poleward velocities during early night hours com-
pared to all other seasons. (c) However, Summer val-
ues being moderate between these two seasons.

(3) SEA obtained for long and short duration events dur-
ing Summer and Autumn equinox seasons show that
the during longer duration events, there was an
increase in h’F as well as steep change in the reduc-
tion of poleward wind values. The shorter duration
events were characterized with lesser h’F values as
well as less steep change in the reduction of poleward
wind velocities.

(4) During ESF days of vernal equinox, around ESF
onset times, winds reduce their poleward magnitudes,
thereby supporting ESF generation. This has been
assisted by an increase in h’F values. Presence of rel-
atively strong poleward winds during Autumn equi-
nox as compared to Vernal equinox is noticed
during ESF onset hours. This suggests that merid-
ional winds may be one of the factors that may be
causing equinoctial asymmetry wherein more number
of ESF events are seen during Vernal equinox. Differ-
ences in solar flux could be another factor to be con-
sidered while studying the equinoctial differences in
the wind. However during Summer (May-June-
July), during 2000–2200 LT, wind velocities ranging
from lesser poleward to equatorward can be noticed
for ESF events. h’F values were less during these
hours. However, non ESF days (May-Jul-Aug),
shows increased poleward wind magnitudes around
the period. During non ESF days, winds were more
poleward during 2000–2200 LT. This was also sup-
ported by less h’F values. Winter season has strong
poleward wind magnitudes than Autumn equinox
cases during ESF days around their onset times.
However, higher h’F values might have assisted the
ESF generation during this period. In addition,
although, h’F was high, stronger poleward velocities
on non ESF days compared to ESF days might have
resulted in ESF suppression.

(5) The FoF2 crest to trough ratio is seen slightly
enhanced during ESF days than on non ESF days
and the effect is seen to be more prominent during
Winter and Summer solstice periods.

(6) Further, the observations indicate most probable
combination of wind and h’F on ESF days are cen-
tered around 350 km and 50 m/s.

(7) Some case studies showed the presence of more equa-
torward winds, when lower PRE height is observed.
Similarly, for larger poleward magnitudes, higher
PRE height values might have conributed for ESF
generation.This indicates the role of meridional winds
on ESF occurrence during different PRE heights.

(8) Non scintillation days are characterized by the pres-
ence of larger poleward wind values during Vernal
equinox and summer seasons than scintillation days.
However, this trend is not visible during Autumn
equinox seasons, where it is seen that meridional
winds were poleward during both scintillation and
non scintillation days. This might indicate the possi-
ble role of poleward meridional winds in reducing
the number of scintillation occurences during this
season in addition to weak PRE height.
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