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Abstract

In this paper, we present nighttime thermospheric meridional winds at Indian low latitude station namely Hyderabad during March–
May 2013 derived using (a) h’F method and (b) hpF2 method based on ionosondes. The estimation of meridional winds using h’F
method employs the basic principle that the vertical drift at magnetic equator is purely due to ExB drift, while for a station slightly away
from magnetic equator, meridional wind also contributes for the vertical drift in addition to diffusion along the field lines. Assuming the
EXB drifts are the same at both the locations, the vertical drift contribution is subtracted from the equatorial vertical drifts and then
meridional winds are derived, whereas in hpF2 method, winds are derived using the SERVO theory. The winds so derived are compared
with HWM07 wind model. The comparison suggests that magnitude of winds derived using h’F method are in better agreement with
HWM07 model than hpF2 derived winds where their polarities are better comparable to HWM07 model than hpF2 method. The poor
agreement of hpF2 method could be due to uncertainties involved in estimating various ionospheric parameters. Also the winds derived
using h’F method showed signatures of the well known phenomenon of Midnight Temperature Maximum (MTM). Based on these
results, we suggest that h’F method is better suited for meridional wind estimates over low latitudes than hpF2 method. Accordingly,
we further investigated the role of thermospheric meridional winds in equatorial spread F (ESF) occurrence. Our results suggest that
equatorward winds along with post sunset height increase could enhance the Rayleigh Taylor (RT) instability growth rate and thereby
leading to the generation of ESF/scintillations. The Superposed Epoch Analysis (SEA) technique has been applied to understand the
general trend of h’F and meridional winds around the ESF onset time. The study showed reduction in poleward winds, half an hour
prior to the onset of ESF. Hence indicating the role of meridional winds in the generation of plasma irregularities/scintillations in addi-
tion to post sunset height rise.
� 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The equatorial Thermosphere–Ionosphere act as a cou-
pled system, whereby an interactive coupling between
plasma and neutrals exists. As a result, it helps in trans-
porting energy and momentum throughout the system. It
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is well known that neutral winds and electric fields controls
the distribution of plasma density in the E and F regions.
The thermospheric neutral winds, i.e., zonal wind, through
the dynamo process results in the generation of electric
fields during the post sunset hours leading to various phe-
nomena in the evening equatorial and low latitude iono-
sphere; meridional component of neutral wind, being
parallel to the magnetic field lines will cause changes in
the F layer heights. It is well known that during post sunset

http://dx.doi.org/10.1016/j.asr.2016.04.009
mailto:ssripathi.iig@gmail.com
http://dx.doi.org/10.1016/j.asr.2016.04.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asr.2016.04.009&domain=pdf


S. Sreekumar, S. Sripathi / Advances in Space Research 58 (2016) 92–107 93
period, considerable variations in the upward plasma drifts
and thermospheric neutral winds occurs as a day to day,
seasonal, solar flux and magnetic activity related variabili-
ties (Fejer, 1991). Hence the meridional neutral winds plays
a significant role in causing the variabilities associated with
the different processes in the ionosphere and their study can
lead to the understanding of various coupling processes
between thermosphere and ionosphere system.

The importance of ESF studies and their variabilities
have been closely associated with the global communica-
tion and navigation systems. Scintillations are the direct
result of plasma density depletions which can cause
tremendous impact on radio signals passing through the
ionosphere. Subsequently, the prediction of ESF/scintilla-
tion occurence is of great significance and it can be easier,
if the causative factors of its day to day variabilities are
thoroughly understood. This marks the importance of
knowledge of meridional winds and their variations in
the F region heights since they are one of the major con-
tributors to the day to day variabilities of ESF.

Several researchers have reported the estimation of
meridional winds using different techniques. Ground based
optical techniques were used, in which the direct measure-
ments of airglow emissions at ionospheric heights
(Meriwether et al., 1973; Sipler et al., 1983; Sahai et al.,
1992) were obtained. Although they can provide both zonal
as well as meridional wind components to a good accuracy,
their availability is limited to some stations. Further, the
observation using Fabry Perot Interferometer (FPI) is lim-
ited to nighttime measurements. One of the old, indirect
technique is the meridional wind estimation from ion veloc-
ity measurements using Incoherent Scatter Radars (ISR)
(Salah and Holt, 1974; Biondi et al., 1988; Harper, 1973;
Burnside et al., 1983). However, the difficulty in wind mea-
surements using this technique is again the fewer number of
ISR’s worldwide. Another indirect method is the estima-
tion of meridional winds using ionospheric F-region height
parameters scaled from ionograms recorded by ground-
based ionosondes (Bittencourt and Sahai, 1978;
Titheridge, 1995; Buonsanto et al., 1997; Liu et al., 2003).
In Indian sector, using h’F data (Murthy et al., 1990)
reported a method deriving night time thermospheric
meridional winds. Using rocket experiments of Barium
and Strontium cloud releases at SHAR, the method was
further validated by Sekar and Sridharan (1992). One of
the important method, SERVO Method which serves the
purpose of description of the F2 peak behaviour has been
developed by Rishbeth (1967). Since the meridional winds
affect the movement of F2 peak, a further modification
of this method by Rishbeth et al. (1978) and Ganguly
et al. (1980) has been widely used by various researchers.
For the low latitudes, some reports regarding the estima-
tion of winds and variation in F2 peak has been obtained
by Sridharan et al. (1991) and Gurubaran and Sridharan
(1993) etc. While at mid latitudes, Miller et al. (1986),
Medeiros et al. (1997) and Muella et al. (2008) have shown
the wind variations using the parameters like hmF2, hpF2
etc. Nevertheless, some uncertainities can exist in iono-
sonde estimation of winds, the method is simpler than
direct measurements and there are quite large number of
ionosonde networks available throughout the world.

Meridional winds thus estimated using variety of instru-
ments can be used in understanding the implications of
variability of the well known phenomenon, namely Equa-
torial Spread F (ESF). As we know, the evening equato-
rial–low latitude ionosphere is unstable to density
perturbations. This along with Rayleigh Taylor (RT) insta-
bility develops density irregularities which covers the scale
sizes from centimetres to hundreds of kilometres leading to
the phenomenon of Equatorial Spread F (ESF). ESF
shows variability in season, local time, geographical loca-
tion, solar activity etc as reported by various authors
(Sastri et al., 1979; Fejer and Kelley, 1980; Rastogi, 1980;
Abdu et al., 1981; Aarons, 1993; Sultan, 1996; Basu and
Coppi, 1999; Huang et al., 2002). However, it exhibits
day to day variability as well. Though enough advances
has made in understanding the day to day variability of
ESF, still it remains as a continuing puzzle. Some of the
drivers of these variabilities include PRE electric field,
meridional/transequatorial neutral winds and gravity
waves acting as seed perturbations.

Hence, out of the many factors controlling the onset,
development and variabilities of ESF, meridional/transe-
quatorial winds are those which have significant role to
be played in either assisting/suppressing them in a day to
day basis. So, the estimation and further observations of
these winds over F region heights can resolve the problem
of day to day variability of ESF, Equatorial Ionization
Anomaly (EIA) etc. Recent study by Huba and Krall
(2013), using NRL 3D equatorial spread F code SAMI3/
ESF shows that it is not necessary that meridional winds
cause a stabilizing effect on ESF onset, rather they can have
destabilizing response. They mentioned the effect as a func-
tion of latitude, ie., a positive gradient wind profile as a
function of latitude results in a stabilizing influence on
the generalized RT instability; while that with a negative
gradient leads to a destabilizing effect. The polarity of the
wind is an important parameter controlling the height of
F layer especially in the low-mid latitudes, where the elec-
tric field impact is considered to be less significant, unlike
equatorial latitudes. Poleward wind would inhibit ESF by
pushing the F-region ionization to lower altitudes along
the magnetic field lines, which would enhance the
E-region conductivities and, hence, loading the F-region
dynamo field and inhibiting the uplift of the F-layer
(Maruyama, 1988; Mendillo et al., 1992). Using the NRL
SAMI3 code, (Krall et al., 2009) showed that for a suffi-
ciently large constant meridional wind of the order of
60 m/s, RT instability and hence ESF can be stabilized.
The importance of polarity of wind in terms of the critical
height of the F layer has been reported by Devasia et al.
(2002) during a study on March–April period of 1998
which suggests that when h’F is less than a critical height
of 300 km, equatorward wind is necessary for bottomside
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spread F generation. Likewise the meridional wind control
on ESF onset, scintillations are also affected by the polar-
ity/magnitude of meridional winds.

Present study deals with the estimations of the night
time thermospheric meridional winds during the equinoc-
tial months (March–April) of the year 2013. The winds
were estimated using ionosonde height parameters, like
h’F and hpF2, obtained from observations in the equato-
rial station of Tirunelveli (TIR) and in the low latitude
station of Hyderabad (HYD), both in the Indian region.
The uniqueness in our study is that Superposed Epoch
Analysis (SEA) technique has been applied to understand
the general behaviour of winds. SEA, regarding its applica-
tion to obtain the effect of meridional winds on ESF
control/generation has been rarely reported earlier. So
far, MLT region winds (Singer et al., 1994) and geomag-
netic storm studies (Yokoyama and Kamide, 1997;
Hutchinson et al., 2011) are the areas mainly dealt with this
method. Although, h’F vs meridional wind analysis for
ESF has been obtained in previous studies, we further
extend the study by including the ESF/scintillation dura-
tions, which will give further insight into their association
with meridional winds. In brief, the present study focuses
on the meridional wind estimation, its comparison with
another method and HWM07 model as well as an attempt
to understand its role in causing variabilities to ESF.

2. Data and methods of analysis

2.1. h’F method for obtaining meridional winds

In this method, we have derived the night time thermo-
spheric meridional winds over Hyderabad using h’F values
obtained from two ionosondes. One is located in the equa-
torial region Tirunelveli (8.73�N, 77.7�E, Dip Lat = 0.3�S)
and other station, Hyderabad (17.38�N, 78.45�E, Dip
Lat = 12�N) is slightly away from the equator. Hereafter,
Fig. 1. Geographical map of the iono
the equatorial station, Tirunelveli is denoted as TIR,
whereas the low latitude station, Hyderabad is denoted as
HYD. Fig. 1 shows the geographical map of the locations
of ionosonde stations. Here we adopt the method devel-
oped by Murthy et al. (1990). Principle behind the method
is that at night time, the vertical drift at the equator will be
only due to electrodynamic drift (EXB drift), but for
stations slightly away from equator the vertical drift will
be affected by diffusion along the field lines as well as due
to meridional winds. Thus meridional winds are having sig-
nificant influence over low latitude stations and their influ-
ence depends on the dip angle (inclination angle), ‘I’ of the
region.ie., low latitude station should have higher dip lati-
tude value which comes in the range of 8–15� will be suffi-
cient for meridional wind influence to be noted (Murthy
et al., 1990). Hence Hyderabad station is suitable for esti-
mating winds using this method. A geographical map of
the ionosonde locations used in the investigation is shown
in Fig. 1.

Coming to data analysis part, we have considered
approximately 18 and 20 days from March and April,
respectively to serve the purpose of simultaneity of data
from both stations. The h’F values from the ionograms
over TIR and HYD has been scaled for 4 and
4.5 MHz frequencies. This has been done so as to reduce
the error in further calculations. While former station
data had a time resolution of 10 min, latter had 20 min
time resolution. In order to understand the geomagnetic
disturbances, for the magnetic Ap index >15 was consid-
ered here as disturbed days. Some case studies for the
three months of March, April and May are undertaken.
March and April h’F values are of twenty minutes and
ten minutes time resolution, respectively. The meridional
wind directions by convention in the northern
hemisphere are considered to be positive for poleward
(northward) direction and negative for equatorward
(southward).
sonde stations used in the study.
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The basic equations governing the estimation of winds
are: Vertical drift velocity, given as the time rate of change
of virtual height of F layer

V o ¼ dðh0F Þ
dt

ð1Þ

The vertical drift, dðh0F 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) are
denoted as V T and V H

V T ¼ V oT � boTHoT ð2Þ
V H ¼ V oH � boHHoH ð3Þ
where V oT and V oH denotes the vertical drift at TIR and
HYD and boT and boH are the effective chemical loss coef-
ficients (attachment coefficient) at TIR and HYD. 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 calcu-
late 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 are the number densi-
ties 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 both of which 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. In order to
obtain HoT and HoH , the heights of reflection at 4 and
4.5 MHz has been considered for both stations.

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

W D is the plasma diffusion drift term as given by Rishbeth
et al. (1978) and can be obtained from the vertical plasma
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. g is the accelaration due to gravity. m
denotes the ion-neutral collision frequency. 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
the reduced masses of O+ and N 2, O+ and O2 and O+
and O.
2.2. hpF2 method-an adaptation of servo model

This method provides a description of conditions at the
F2 peak by providing the effect of meridional neutral winds
on them. It is mentioned earlier that the polarity of winds
has a significant part to play in causing the F peak varia-
tions. This method is mainly based on the SERVO method
developed by Rishbeth et al. (1978). The main principle
involved in the method is as described: The night time F2
peak will be at a stationary level ‘hs’, where the loss rate
due to recombination of plasma equals the rate of plasma
diffusion. This is the case in the absence of any external
forcing on the ionization vertical drift and the stationary
height is given by,

bs ¼
kDs sin

2ðIÞ
2H 2ðkac� 1Þ ð13Þ

k is the ratio of molecular to atomic masses, i.e., the loss
scale height factor, I refers to the dip angle (inclination
angle) of the low latitude station. a is the layer shape factor
and c is the empirical constant that helps in adjusting the
loss and transport of plasma at F2 peak height. Ds is
the ambipolar plasma diffusion coefficient that apply to
the height hs. Atomic Oxygen scale height at F2 peak is
given by,

H ¼ 0:058T n ð14Þ
T n denotes the neutral temperature.

Chemical loss coefficient that apply to the stationary
height hs is given by,

bs ¼ K1ðN 2Þ þ K2ðO2Þ ð15Þ
Ds ¼ RðT i þ T eÞ=ð16K1½O� þ 28K2½N2�Þ ð16Þ
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Here Ds is obtained from Rishbeth and Edwards (1989). R
is the universal gas constant. T i and T e are ion and electron
temperatures, respectively. During night time, it is assumed
that T i ¼ T e ¼ T n.

K1 ¼ 0:93 � T n

1000

� �0:37

� 10�16 m3 s�1 ð17Þ

K2 ¼ 3:9 � 10�16 m3 s�1 ð18Þ
Here K1 and K2 are obtained from Gurubaran and
Sridharan (1993).

As time elapses, electric field/neutral wind can cause
vertical drift of ionization and in effect, it will result in
the indulgence of vertical ionization drift due to these
two factors too. Thus, in the presence of electric fields
and neutral winds, the above case will be governed by the
servo equation by Rishbeth et al. (1978). i.e., the peak
height hm will approach exponentially towards the non zero
drift equilibrium level at a rate determined by diffusion and
loss in the stationary level.i.e., Hence the SERVO equation
is given as:

V p ¼ H
dZm

dt
þ Ds sin

2ðIÞ
2H 2

eZm � e�kZm
� �� �

ð19Þ

Here Zm is the reduced height of F2 peak height, V p is the
vertical plasma drift. In the presence of electric fields/neu-
tral winds, V p can be also written as,

V p ¼ V E cosðIÞ þ Um cosðIÞ sinðIÞ ð20Þ
Here V p � V H and V E is the component of ion drift

velocity perpendicular to the Earth’s magnetic field. It is
obtained as the ratio of eastward electric field, E and mag-
netic field, B. i.e.,

V E ¼ E
B
¼ dðhpF 2Þ

dt
� bH ð21Þ

Here V E � V T , since electric fields are important in the
equatorial regions.

By equating (19) and (20), meridional neutral wind Um

can be obtained. i.e.,

Um ¼ dZm

dt
H

cosðIÞsinðIÞ �
DssinðIÞ
2HcosðIÞ e�kZm � eZm

� �� E
B

sinðIÞ
ð22Þ

Previously mentioned two ionosonde stations are
employed in this method too for obtaining hpF2 values.
dZm
dt in the Eq. (22) is calculated at every 10 min interval,

where the reduced height, Zm is obtained by,

Zm ¼ ðhpF 2� hsÞ
H

ð23Þ

In Eq. (22), hpF2 is referring to the one at low latitude
station. H refers to the Atomic Oxygen scale height given
by Fagundes et al. (1997) H ¼ 0:058 � T n; T n is the neutral
temperature at hpF2 height which can be obtained from
MSISE 90 model. The values of hs are obtained at each
heights from 100–750 km and this occur at the point where
left hand side and right hand side of the balance equation
given in the Eq. (13). As mentioned in the previous method,
in the above expressions also, the neutral temperature T n

and neutral number densities of N 2;O2 and Oþ are
obtained from MSISE 90 model.
2.3. HWM07 Model-the empirical model for meridional

winds

HWM07 is an empirical model which provides the hor-
izontal neutral wind in the upper thermosphere (Hedin
et al., 1991). The model uses wind data from AE-E and
DE 2 satellites and provides the zonal and meridional
winds for the latitude, longitude time and Ap index speci-
fied. In this study, we have attempted to compare the
results of winds estimated using h’F and hpF2 methods
with the HWM07 model winds for the equinoctial months.
2.4. Superposed Epoch Analysis (SEA) method

Superposed Epoch Analysis is a powerful tool which
consists of sorting data into different categories and com-
paring means for them. The process can be also termed
as compositing. The main principle is that on averaging
the data in a proper way in relation to the event. The event
signal will retain and all other influences will undergo aver-
aging. i.e.,in brief, we can say that the data sequence can be
broken to different sets of equal duration and all the sets
can be made to superpose. Execution of the SEA technique
involves several steps. 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, while noise
in the data will be cancelled out. Superposed Epoch Anal-
ysis has been a very useful technique 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 (since time resolution is ten min) prior to and
after 1hour of the ESF onset. The ESF onset on each
day is considered as ‘0’. Then, 1 h prior to and after the
onset has been considered. 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 and for all the
ESF days. Finally, 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
analysis 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
analyzing the meridional wind and h’F variations around
the time of ESF onset and can be valuable in evaluating
the plausible importance of each parameter contributing
to ESF generation. Here for March case, since h’F and
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wind values are of twenty minute resolution, we will have
�60,-40,-20 etc epochs defining the 1 h prior interval of
ESF event. The ESF onset is taken to be as Zero. Similarly,
one hour after the ESF onset is taken as +20, +40, +60 etc.

2.5. 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 receiver. In order to measure the amplitude
scintillations, S4 index is a widely used parameter which is
obtained as the normalized standard deviation of the inten-
sity of the received signal power. In our study, we concen-
trate on the GPS L band (L1 frequency at 1.57542 GHz)
amplitude scintillation data and from the S4 index and
scintillation duration. Only those events were considered
as scintillation days whose duration is above 0.5 h, while
duration lesser than this value are considered as non scin-
tillation days. Since the period under study is equinoctial
months, we have majority of them as scintillation days,
while a few are obtained as non scintillation days.

3. Observations and results

3.1. Estimation of night time meridional winds using h’F

method-some case studies

Present section describes the observations and results of
the study in detail. Fig. 2(a) shows the h’F, vertical drift
and wind variation for March 13–14, 2013 a spread F
day, which is quiet (Ap value = 3). The blue and red
horizontal bars in the upper panel of the figure indicates
Fig. 2. (a) A case study showing the variation of h’F (bottom panel),
dh’F/dt (middle panel) and the meridional wind (top panel) for March 13–
14, 2013 (Ap = 3, Quiet day, Spread F day); (b) for March 17–18(Ap = 72,
disturbed day, Non Spread F day).
the spread F duration over TIR and HYD respectively.
The bottom panel shows the h’F values at TIR and
HYD in blue and red colour curves respectively, the middle
panel gives the vertical drift, dh’F/dt for both stations. Top
panel gives meridional winds estimated over HYD as
derived from h’F data at the two stations (TIR and
HYD), by including necessary corrections for plasma
diffusion and chemical recombination. The spread F over
TIR started at 19:20LT and continued till 02:00LT over
TIR. Poleward wind decays since 18:00LT, reaching its
lowest value at 19:20LT and reaching an equatorward
value of about �50 m/s at 20:45LT. h’F at TIR was at
300 km by 18:50LT, which thereafter starts increasing
and reaches a maximum of 410 km at 19:30LT. Spread F
at HYD occured at 19:40LT and lasted till 5:00LT. We
can notice that h’F at HYD has not reached beyond
300 km. A descent in the h’F at both stations are visible
after 00:00LT. Correspondingly, there is no poleward
reversal of winds. The meridional wind after reaching the
equatorward peak at 21:00LT, reverses to poleward and
stays there till 22:30LT. Afterwards, it was seen to remain
in equatorward direction with a comparatively more equa-
torward value of �150 m/s around 00:00LT. This equator-
ward sustenance of wind lasted for 5 h.

Fig. 2(b) shows the h’F, vertical drift and wind variation
for March 17–18, 2013, a non spread F day, which is a
disturbed day too (Ap = 72). Out of the days analyzed, this
was the only day with non occurence of ESF in March. It
can be noticed that the poleward winds decreased and
reached equatorward by 19:00LT associating which the
h’F crossed 350 km. It is important to note that here spread
F is absent over both stations. In this particular case,
absence of spread F can be due to the effect of geomagnetic
activity. Around 19:00LT, the h’F value at TIR is well
above 300 km, where as HYD h’F level is lesser than that.
The drift values are nearly 20 m/s for both stations.
Though the wind turned equatorward sligtly by 19:00LT,
no spread F is observed in both stations. Since this day
being a highly disturbed day too, it is difficult to differenti-
ate the effects of wind and geomagnetic activity influence.
But larger poleward wind amplitude of about 150 m/s is
seen by 20:00LT and equatorward magnitude of the order
of 160 m/s are observed by 22:10LT. At 22:20LT, wind
reversed back to poleward direction with maximum value
of 150 m/s occurring at 2:00LT and thereafter a reversal
to poleward again. It is obvious that this day, in compar-
ison with spread F day showed larger poleward wind mag-
nitudes before and after midnight. The decrease in h’F
values at HYD are evident at the time of poleward reversal
of meridional winds.

Fig. 3(a) shows the meridional winds estimated during
April 21–22, 2013, an ESF day with Ap = 2. The poleward
wind magnitudes seems to be increasing since 18:00LT till
20:10LT. Its decay (equatorward turning) started by
20:20LT. While considering the case of h’F, it has reached
300 km at 18:50LT and a maximum of 410Km at 20:50LT.
The Spread F over TIR started by 20:40LT, existed till



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 April 21–22,
2013 (Ap = 2, Quiet day, spread F day); (b) for April24–25, 2013
(Ap = 24, disturbed day, Non spread F day).

Fig. 4. (a) A case study showing the variation of h’F (bottom panel) dh’F/
dt (middle panel) and the meridional wind (top panel) for May 23–24,
2013 (Ap = 8, Quiet day, spread F day); (b) for May 15–16 (Ap = 8, Non
spread F day).
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2:10LT and continued after a break of one hour till
05:30LT. HYD station didnot show spread F. h’F at
HYD around the period is seen to be well below 300 km.
It is clear that once the wind starts turning equatorward,
it consequently raised h’F and this might have contributed
to the onset of ESF on this day. The corresponding vertical
drift was 25 m/s. From 21:00LT to 01:00LT, it remained
equatorward. Equatorward peak was reached at 01:00LT
with a magnitude >200 m/s. Poleward reversal occured
around 01:00LT, but its magnitude remained within nega-
tive values. This equatorward values remained till 03:30LT
afterwards, it took a clear poleward turn. The F layer
descent at HYD is observed from h’F values in association
with poleward reversal of the wind.

Fig. 3(b) shows a non ESF day of April 24–25, 2013, a
disturbed day, with Ap = 24. In this case, unlike previous
non ESF DAY, the h’F values at both TIR and HYD
remained well below the level of 300 km. After 20:30 LT
only, TIR h’F values increased beyond 300 km. While the
meridional wind values were equatorward till 19:00LT,
afterwards it reduced in magnitude and reached the maxi-
mum poleward magnitude of 190 m/s by 21:00LT. This
behaviour of the meridional wind seems to be similar with
the previous case study of non ESF day. After 22:00LT,
wind remained equatorward throughout the night, though
there is a slight poleward reversal (reduction in equator-
ward values) by 01:00LT which is associated with this
reduction, F layer descent is seen in h’F values of HYD
as well as TIR and this behaviour is quite different from
the case of disturbed day on March.

While the above case studies show the h’f and wind vari-
ations during Equinoctial months, it will be interesting to
look into wind variations of the Summer month. With
regard to this, we have analyzed the h’F data for May
2013 too. Fig. 4(a) is a case study on May 23–24, 2013 with
Ap = 8. The meridional winds showed a double peak struc-
ture in this case. Poleward wind values started to decrease
from 19:30LT onwards. h’F values were above 300 km
after 19:00LT and its peak (350 km) reached by 20:00LT
only. The wind reached equatorward by 21:30LT. Vertical
drift values are 30 m/s for TIR at the instant. The spread F
at TIR started at 19:40LT and remained till 23:50LT.
Spread F is seen at HYD from 02:00LT onwards which
sustained 3 h. At 23:30LT, wind became equatorward com-
pletely with a maximum value of 159 m/s, afterwards its
direction reverses at 00:00LT. After 01:00LT, again the
wind remained equatorward only. It is clearly seen that
the wind pattern in May is different from equinoctial
months with a sustained equatorward velocity in the post
midnight period. HYD station is having an increase in
h’F values thereafter when compared to TIR h’F values.

Fig. 4(b) is for May 15–16, 2013, a non spread F day
(Ap = 8). Here till 20:00LT, h’F at TIR remained less than
300 km, until 19:50LT. From 18:20 to 19:30LT, wind was
poleward, after a slight decrease in poleward magnitude,
it again increased and remained till 21:00LT. The h’F at
TIR just reached 300 km. h’F at HYD was below
300 km. After 21:30LT, the poleward wind reversed to
equatorward and sustained as it is till 03:00LT, afterwards
it gained strength in poleward direction. It is also seen that
well associated with the poleward reversal is seen the F
layer descent in HYD. The two cases in May thus showed
a consistent trend of sustained equatorward winds till
03:00LT. Also, it can be noticed that the MTM effect,
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i.e., the poleward reversal of winds after midnight is not
present or even if it is there it shows a delayed effect.
3.2. Comparison of meridional winds derived using h’F values

with hpF2 values (SERVO method) and HWM07 model

Fig. 5(a) and (b) depicts the comparison of two methods
and the HWM07 model for March and April 2013 for the
quiet ESF days respectively. The bottom panel gives the
winds estimated from h’f values; middle one is for hpF2
values and top one shows the HWM07 winds. In the bot-
tom panel, light blue curves show 15 days for which winds
are estimated, with mean wind in black colour and corre-
sponding standard deviation is also included. Middle and
top panels also follows the same, except for mean winds
and standard deviation are plotted in red colour and dark
blue colour respectively. During March, mean wind for h’F
method clearly shows a decreasing poleward pattern till
20:00LT. Afterwards, a slight increase in poleward direc-
tion is seen till 21:40LT, with a reversal to equatorward.
Between 23:00LT and 24:00LT, a clear poleward reversal
is seen in the figure. While in the hpF2 method, though
winds are equatorward before 22:00LT, it increases to pole-
ward afterwards. As expected, the HWM wind variations
are comparatively smoother, in such a way that a reduction
in poleward magnitude and hence followed by an equator-
ward peak at 24:00LT, which afterwards undergo a pole-
ward reversal similar to the h’F method. Although HWM
wind values are lower than the derived wind values, it is
evident that h’F method shows similarity to HWM07
Fig. 5. Comparison of the meridional winds derived using h’F and hpF2
data along with HWM07 model for the two equinoctial months (a) March
and (b) April 2013, the mean wind and standard deviation is shown in
black, red and blue colour respectively. (For interpretation of the
references to colour in this figure caption, the reader is referred to the
web version of this article.)
model winds in comparing them. The equatorward peak
in the early night hours and poleward peak in the post mid-
night hours are slightly delayed for hpF2 derived winds,
where as the peaks are almost matching in other two meth-
ods. Further the standard deviations associated with the
HWM07 model is lesser than other two methods. On com-
paring hpF2 derived winds, h’F winds seems to have lesser
standard deviation.

During April, it is seen that the mean meridional wind
derived from h’F values are directed poleward in the early
evening hours from 18:00LT to 19:00LT. Further, pole-
ward wind magnitude is reduced until 21:30LT. An equa-
torward turning clearly occurs both in magnitude and
direction by 22:00LT. After the midnight, a clear poleward
reversal of the wind occurs at 01:00LT with a poleward
peak near 03:00LT. hpF2 derived winds have an equator-
ward peak in the pre midnight hours at 19:00LT. There-
after they exhibit a poleward pattern only unlike the
HWM and h’F derived winds. h’F derived winds have an
equatorward peak 23:30LT, thereafter which follows a
poleward direction with peak around 02:30LT which
almost coincides with HWM model winds. Thus in general,
it can be seen that h’F derived winds through their direc-
tions are consistent well with HWM07 model winds.

At this point, we would like to discuss qualitatively
about the errors that could have come in the meridional
wind estimations. Since scaling of ionograms during spread
F is tedious task, extreme care has been taken in the same.
Still, there is scope of error which can be due to error in
scaling hpF2 variations as well as h’F during spread F
times. Hence uncertainities in h’F can affect the vertical
drift terms. During spread F times, the uncertainity in
h’F can go up to ±15–20 m/s and this can lead to an uncer-
tainity in the estimated meridional winds to be �±40–
50 m/s. Although the h’F data method and hpF2 method
are carried out at different altitudes, due to the reason that
there are not much effect of vertical gradients in these
winds, there would not be much differences in both meth-
ods in regard to this. Further, the neutral temperature
and densities obtained from MSISE 90 model also can
bring in some part of errors which we have not calculated
separately. Gurubaran and Sridharan (1993) suggested that
differences can exist in the spectroscopically determined
neutral temperatures and temperatures obtained using
MSISE-90 model, which thereby can alter the measured
wind values. Since these thermospheric neutral parameters
are involved in the ion-neutral collision frequency and loss
coefficient terms (parameter Tn, through K1 and K2 terms
and directly through neutral densities of N2 and O2) there
by producing uncertainities in them and correspondingly in
estimated wind values.

Using hpF2 data method, the main possible error source
can be uncertainities in hpF2 and hs and hence there can be
differences in the reduced height term, Zm. This non linear
terms are absent in h’F method. Scaling errors in hpF2 dur-
ing spread F times can cause uncertainities in these terms.
Further the errors in hs could arise from the balance
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equation which involves some of the important terms like
Ds and bs. We know that these terms further include
parameters like neutral temperature and densities which
are obtained from MSISE 90. In addition to that, uncer-
tainities in Tn can lead to differences in K1 and K2 as well
as in Atomic Oxygen scale height terms. Another impor-
tant difference factor for winds estimated using both meth-
ods include the presence of the terms e z and e�kz which
denotes the time constants due to ionization loss and
recombination effects. It is clear that these constants differ
with height and they are included in the method using
hpF2 and omitted in h’F one. This extra term may cause
further variations in winds estimated using hpF2 data.

During a comparative study using the methods by h’F
and hpF2 datas in the Brazilian sector, Muella et al.
(2008) showed that during spread F days, meridional winds
calculated from hpF2 data may lead to errors of about
59 m/s, while those with h’F may produce errors of about
69 m/s. Also, they suggest that winds estimated for h’F
method was calculated over a station with dip angle of
32�, where the effects of electric field are not much impor-
tant when compared to effects of other factors like merid-
ional wind, diffusion etc. Present study is carried out at a
more near equatorial station with dip angle 23�. This might
give comparatively better winds values using h’F data.

Thus overall, it can be seen that the number of input
parameters used in the wind estimations using hpF2 data
is comparatively larger than those using h’F method. This
might be the reason by which we could see a better agree-
ment of winds estimated from h’F data rather than hpF2
data.

Fig. 6 indicates the mean value of winds during May,
2013 which is given in dark blue colour along with their
standard deviation. Here, mean winds are calculated for
h’F method only. The wind magnitudes are comparatively
lesser during the May season. Most of the days showed a
consistent feature of equatorward wind especially in the
post midnight sections. During 18:00LT–19:10LT, the
winds are clearly poleward with a maximum value of mean
wind reaching about 50 m/s. After 19:10LT, poleward
velocity reduced and continued until 21:00LT. This was
followed by equatorward turning, with equatorward maxi-
mum being �50 m/s at 23:10LT. Thereafter, the equator-
ward values reduced, still within the equatorward polarity
Fig. 6. h’F method plot for May is given along with the mean wind and
standard deviation.
values-a striking feature observed in majority of cases
analyzed in the month of May. Here the poleward reversal
is not evident.
3.3. Superposed Epoch Analysis study of h’F and meridional
winds during the equinoctial period

In this section of SEA technique, winds derived from
h’F method has been used. Method of superposing has
been described in the data and methods section. The
bottom panel in Fig. 7(a) represents the superposed wind
values for March, where as top panel of the same refer to
corresponding h’F values. From the figures, we can infer
that at zero epoch, i.e., at ESF onset the wind poleward
wind values are beginning to reduce, though it is not reach-
ing completely equatorward (negative) values. At the same
epoch (at ESF onset), h’F almost reaches a maximum.
Although a clear maximum occurs ten minutes after that.
In the case of meridional wind, larger scales makes the
slight poleward reduction to be hardly visible. This slight
reduction in the poleward wind magnitude occurs for
approximately 40 min. Afterwards an increase in poleward
direction takes place. Regarding h’F values, they reach a
mean value of peak at approximately 390 km. Although
just before that, meridional wind turns slightly poleward,
but its effect doesn’t seem to be affecting much. Fig. 7(b)
shows the same exercise done for April months. The April
month is having a better resolution of 10 min. Rest of the
description remains the same. It can be seen that h’F peak
time was similar in March as well as April months,
whereas, in April month a clear reduction in the poleward
magnitude is visible since 30 min prior to ESF onset which
Fig. 7. Superposed Epoch Analysis applied (SEA) for the h’F and
meridional winds during (a) March and (b) April 2013. Here the time
interval of one hour before and after the ESF onset has been considered.
Standard deviations are also shown in the corresponding plots.
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afterwards also undergone further reduction till an hour
after ESF onset. Considering h’F values, it can be seen that
the mean value of the peak h’F reaches as high as 440 km.
In this month, it is clear that the equatorward reversal
(reduction in poleward magnitudes) suggests their assis-
tance in raising the h’F values to higher levels. Thus the
application of this technique can bring in general pattern
of thermospheric meridional winds as well as h’F.
Fig. 9. (a) Scatter plot of the meridional wind values vs h’F values at TIR
just before ESF onset corresponding to each of the ESF cases of March–
April, 2013. Blue dots correspond to the events on the days scintillation
was absent, whereas red dots denotes the days scintillation was present. (b)
same as in panel(a), but classified on the basis of duration of scintillation.
(For interpretation of the references to colour in this figure caption, the
reader is referred to the web version of this article.)
3.4. h’F vs meridional winds for ESF/GPS scintillation events

Fig. 8 represents the h’F vs meridional wind values for
March and April months, taken just before ESF onset. In
the present study, we consider the polarity of the winds just
before the onset of ESF in the ionograms and not later
than that and hence the corresponding uncertainties are
at their minimum. We have divided the ESF duration into
4–8 h and 9–12 h which is represented by blue and red dots
respectively. As in our study there are only two points
which fell under equatorward (�ve) polarity, but here we
still consider wind values up to 50 m/s as lesser poleward
magnitude which can affect the height rise and conse-
quently ESF. It is seen that just before ESF onset, lesser
duration events have meridional wind values in highly
poleward directions mainly. For longer durations, merid-
ional wind values range from equatorward to poleward
wind values. Apart from that, if we observe keenly without
separating on the basis of duration of events (only h’F vs
wind values), another interesting pattern also emerges,
i.e., as the poleward wind magnitudes increases, h’F at
TIR can be seen reducing, although there exists some
outliers.

Fig. 9(a) represents h’F vs meridional wind values for
March and April 2013 which is further classified on the
basis of presence/absence of scintillations. In this case, only
those events were considered whose duration is above
0.5 h. The events with GPS scintillations present over
TIR is denoted by red dots, whereas the absence of GPS
scintillations is shown in blue dots. Although the number
Fig. 8. Scatter plot of the meridional wind values vs h’F values at TIR just
before ESF onset corresponding to each of the ESF cases of March and
April, 2013. Blue points correspond to the events with 4-8 h ESF duration
whereas red denotes the events with 9–12 h duration. (For interpretation
of the references to colour in this figure caption, the reader is referred to
the web version of this article.)
of scintillation days are limited to two only, a clear separa-
tion is seen such that during the absence of scintillations,
just before the ESF onset, winds are poleward in direction.
At the same time, in the case of GPS Scintillation present,
wind values range from equatorward to poleward
directions.

Fig. 9(b) classifies the h’F vs wind values in terms of 1 h
duration each for GPS scintillation days. Corresponding
colour legends are shown in the figure for each classifica-
tion of duration. Unlike the previous cases, this particular
classification doesnot show a clear cut result, but careful
observation shows that the lesser duration scintillation
events are more concentrated on the higher poleward mag-
nitudes. Similarly, as the scintillation duration increases,
poleward magnitude reduces or it even reaches the equator-
ward values. Upon reclassifying them into groups with
scintillation duration of 0–1, 1–2 and 2–3 h duration and
another section into 3–4, 4–5 and 5–6 h duration, the same
trend remains. i.e., the first section events are more concen-
trated only on the poleward magnitudes. The second
section events seems to range from equatorward to pole-
ward magnitudes. Although in both cases, a few points
deviate from this behaviour, the majority go in hand with
this pattern.

3.5. Meridional winds variations on scintillation vs non

scintillation days

Fig. 10 shows the mean wind variation on scintillation
vs non scintillation days of March 2013. Month of April
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was not having any scintillation events according to the
criteria we applied (mentioned before). The winds on scin-
tillation days are represented by blue curves, while those on
non scintillation days are given by red curves. Correspond-
ing standard deviation are also shown for further clarity.
On scintillation days, the meridional winds are having clear
reduction in poleward magnitudes, until 20:00LT. Then on,
a slight increase is visible for an hour. Later on, at
22:00LT, the wind turns equatorward and reaches a peak
of �98 m/s at approximately 23:30LT. At 00:00LT, equa-
torward wind reverses to poleward direction. On non scin-
tillation days, it is obvious that wind is poleward for the
time duration of 18:00–21:00LT. Upon reaching a maxi-
mum amplitude of approximately 120 m/s, it reverses to
equatorward direction at 21:30LT. Finally, the maximum
equatorward peak of 190 m/s is obtained at 00:30LT
followed by a poleward reversal. Comparison between
the scintillation vs non scintillation days indicates clearly
opposite pattern during the early night hours. Similarly,
the equatorward reversal of winds occurs earlier for scintil-
lation mean winds than non scintillation days. Hence,
equatorward peak is reached an hour early for scintillation
case. Correspondingly, poleward reversal occured earlier
for scintillation days than non scintillation days. Also,
equatorward peak value for non scintillation days is larger
than non scintillation mean wind.
4. Discussions

Present section includes a brief discussion of overall
results obtained in the study. Day to day studies reveal
the variation in wind pattern in association with ESF. First
case of ESF day in March clearly shows an equatorward
trend of winds (reducing poleward magnitudes) just before
ESF onset, though the reduction starts from 18:00LT
onwards. In this case, h’F was already well above
300 km. We are well aware that, the equatorward winds
have the ability to raise the h’F height levels. Biondi
et al. (1988) showed the night time meridional winds at
300 km which was equatorward most of the time. The
Fig. 10. Mean wind vs time for scintillation vs non scintillation days in
March 2013 is shown. Blue curve denotes the scintillation days and red
denotes the non scintillation days. (For interpretation of the references to
colour in this figure caption, the reader is referred to the web version of
this article.)
observation was made at Arequipa (geographic latitude
16.3�S, longitude 72.5�W) using airglow measurements
with Fabry Perot Interferometry technique (FPI). The role
of PRE in causing the increase in height of F region is also
a major part in the post sunset F region over TIR. Though
the h’F was at 300 km by 18LT, it will be suitable to sus-
pect that the reducing poleward winds might have a posi-
tive influence on the F layer. In this particular case, it is
evident that both h’F through PRE development and equa-
torward winds further assisting in raising it could be play-
ing a compromising role in the ESF generation. RT
instability is the main factor for the initiation of ESF with
sufficient background conditions. i.e., Once the F layer is
taken to higher altitudes above a critical level, RT instabil-
ity starts operating. Here it can be assumed that in addition
to PRE developed from F region dynamo process, the
equatorward wind might have further assisted the increase
in h’F. The presence of larger PRE effect and correspond-
ing increase in the height might have involved in the occur-
ence of spread F in the off equatorial station, HYD. The
analysis of the non ESF day revealed the presence of large
poleward winds around the usual ESF onset time.
Although an equatorward wind motion is seen prior to
that, the poleward surge of nearly 150 m/s was so sudden
that it might have prevented the ESF generation. It is to
be noted that the poleward turning of the wind was delayed
in the earlier event. Further, the absence of ESF might be
also due to the increased geomagnetic activity.

Another example in April shows a poleward pattern
which starts to reduce before the ESF onset. The spread
F is delayed by an hour compared to the previous ESF
day. Though the layer was well above 300 km, ESF at
TIR did not started suddenly, instead it started only after
the poleward wind started to reduce in magnitude. This is
a furthermore clear case of the wind effect which is more
dominant than assisting the h’F values. The large poleward
winds of approximately 110 m/s might have suppressed the
spread F occurence in HYD. Further, the lower E X B drift
and hence lower h’F values over TIR might have also had a
contribution in the absence of ESF over HYD. This can be
in accordance with the results of Abdu et al. (2006) and
Maruyama (1988) where they suggest that large poleward
winds can result in causing an asymmetric ionization
anomaly and subsequent increase of Flux Tube integrated
conductivity and hence a reduction in RT instability
growth rate and further inhibiting vertical growth of the
bubble. This controls/limits the latitudinal coverage of
plasma irregularities. Considering the non ESF day exam-
ple in the month, a large poleward wind of 160 m/s was ini-
tialized before 19:00LT. Correspondingly, the h’F values
are well below the threshold level mentioned by Devasia
et al. (2002). It points to the fact of a probably weaker F
region dynamo. Further the large poleward polarity of
wind might have further suppressed the h’F values. As a
preliminary observation, we suspect that this poleward
wind could have reduced the chances of non occurence of
ESF. As pointed in the previous example, one has to be
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cautious about the increased geomagnetic activity effect
too.

Other than equinoctial months discussed, analysis dur-
ing May reveals a quite different nature of meridional
winds. The first difference noted being the reduction in
meridional wind amplitudes than the other months consid-
ered here. Although during 18–19:30LT, a predominant
poleward wind was present, the lesser magnitude of it
and subsequent turn to equatorward direction might have
indulged in assisting the h’F. A reduction in the poleward
magnitudes by 19:30LT marks the ESF onset for this sea-
son as well. After 22:00LT, the wind direction turned equa-
torward and remained equatorward for the post midnight
hours. The non ESF occurence on HYD indicates that
the poleward magnitude of the wind was comparatively les-
ser which might have negatively influenced the latitudinal
extension. Non ESF event example of May shows a double
peak in poleward direction in the early sunset hours. Being
a quiet day, it is easier than previous cases to verify the
effect of meridional wind. h’F lies below 300 km around
19:00LT. The poleward wind might have reduced the fur-
ther increase of h’F, which is already under the action of
a weak PRE. It seems that the enhanced poleward wind
could have caused the reduction in PRE. The variability
in the wind pattern could be attributed to the variation
in the upward propagating semi diurnal tides.

In the post midnight period of both March–April sea-
sons, there is a clear poleward reversal in wind seen in
between around 00:00–01:00LT which might indicate the
existence of Midnight Temperature Maximum. Using satel-
lite data, first in situ measurement of MTM was made by
Spencer et al. (1979) and reported that near local midnight,
there exists a recurrent neutral temperature enhancement
accompanied by a poleward surge in the meridional winds.
By making use of airglow emissions studied from the All
sky imager at Arequipa, Colerico et al. (1996) made the
first ground based MTM observations. They observed this
particular MTM signature as enhanced 6300Ao airglow
which apparently propagated from northeast to southwest
near local midnight. The role of MTM as a cause for the
post midnight poleward reversal of equatorward winds
has been discussed in some works over the Indian sector
(Sastri et al., 1994) in which they mention the midnight col-
lapse of F layer in association with poleward reversals of
neutral winds. Non ESF days for different seasons were
studied by Hari and Murthy (1995) and they concluded
that the stronger MTM at equinoxes are responsible for
the stronger poleward reversal of the winds during equi-
noxes. Thus the present study is in agreement with their
result and further, our results may be thus indirectly con-
firmed. However, based on a study from the hmF2 derived
meridional winds from Cachoeira Paulista, Batista et al.
(1997) suggested that MTM related effects on neutral winds
were not visible during equinoxes. The reversal of equator-
ward to poleward wind-signature of MTM is not visible in
the month of May and instead winds were predominantly
equatorward.
The comparison of winds derived using h’F values has
been carried out with hpF2 values (SERVO method) and
HWM07 model which reveals varying agreements as well
as disagreements. Both the equinoctial months clearly
shows a better agreement of h’F derived winds and
HWM07 model winds when compared to hpF2 derived
meridional winds. According to Murthy et al. (1990), the
error associated with the meridional wind on a non ESF
day would be ±25 m/s. For a spread F day, it can reach
up to ±40–50 m/s, since the uncertainty in the determina-
tion of h’F would be ±15–20 km. Present study obtains
the standard deviation of the meridional wind, it is obvious
that around spread F periods, error is slightly more. The
standard error is minimum for HWM derived winds. This
is in accordance with previous reports. Further the peaks in
the h’F wind was having good similarity with HWM07-
model. This is well noticed in the time of poleward wind
peak in between 02:00 and 03:00LT for both h’F and
HWM07 winds. It has been reported by Muella et al.
(2008) that h’F method works better for equinoctial peri-
ods due to not so high values of winds during equinoxes
leading to higher values of F region heights. However, their
work explains the winds estimated using a station of dip
angle 32�, whereas in the present study the winds were esti-
mated using a low latitude station with dip angle 23.53�.
This could have lead to the comparatively better wind
values using h’F data.

Hence, in our study, considering that h’F method works
better in comparison with other methods, we proceed to
understand how the meridional winds can affect/control
the ESF. The Superposed Epoch Analysis of meridional
winds and h’F during ESF days are obtained so as to
understand the general behaviour of winds an hour before
and after ESF onset which is a unique part of this study.
Using ground-based experimental data from the northern
hemisphere, works have been done using the method of
superposed epoch with an aim to investigate the influence
of geomagnetic disturbances on the wind field between
about 70 and 100 km. A better picture of the Superposed
Epoch Analysis is obtained from the meridional winds esti-
mated in the month of April. It is to be noticed that before
30 min of ESF onset, the winds started reducing its pole-
ward magnitude, at the same time the h’F was well beyond
a threshold level of 320 km. The same figure for March sea-
son meridional winds do not show a prominent reduction
in poleward winds as compared to the April ones, whereas
h’F values shows a similar behaviour to that of previous
case. However, by the time of ESF onset, winds started
slightly to reduce their poleward magnitudes which is not
so prominent as the April case. The important finding from
this particular method carried out on ESF days is that the
general behaviour of the winds and h’F is such that both
are equally contributing to the ESF generation process. It
appears that reduced poleward wind magnitudes (turning
to equatorward wind) has a positive influence on RT insta-
bility growth rate and hence ESF occurence.
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The long duration ESF/scintillation events can have a
tremendous impact on communication systems. In that
regard, knowledge of the factors contributing to it can be
also useful. Not many works have carried out on the polar-
ity/magnitude of meridional wind before ESF onset and
how they contribute to ESF duration. h’F vs meridional
wind velocity has been plotted in terms of ESF Duration
of 4-8 h (lesser duration) and 9–12 h (long duration) at
TIR. This particular classification enables to see how the
behaviour of wind affects the duration of ESF. Sreeja
et al. (2009) have studied the variation of the duration of
ESF during different geophysical conditions and they
reported that the estimation of the duration of ESF on a
day can be done by using geomagnetic Kp index and post
sunset vertical drift. In our study, we attempt to analyze
the importance of meridional wind before ESF onset in
the ESF duration. The main finding here is that majority
of the points for which ESF duration of 4-8 h (red dots)
are seen in the poleward magnitude, while the points for
which ESF duration of 9–12 h (blue dots) are concentrated
in the lesser poleward magnitudes as well as two points are
coming in the equatorward wind magnitudes. This con-
cludes that duration of ESF could be affected by the mag-
nitude of poleward/equatorward winds. The figure also
gives a clue about the relation between h’F at TIR and
meridional winds. Considering threshold height as a
parameter controlling the ESF day to day variability,
Devasia et al. (2002) reported that the ESF occurence pat-
tern can be modulated by converging/diverging meridional
winds, mainly equatorward wind have a significance when
h’F is below the threshold height for triggering RT instabil-
ity. They studied the need of a threshold height of 300 km,
below which equatorward plays an assisting role. Here, as a
matter of fact, due to lesser number of equatorward wind
points, we don’t fix a particular threshold height. How-
ever,one on keen observation can suggest a threshold
height of 320 km (in this study). Here, it can be reminded
that threshold height below which equatorward wind come
into picture can be varied according to solar flux values.
We have obtained a positive correlation of h’F just before
ESF onset with solar flux values (not shown here). Accord-
ing to solar flux values over the two months, it seems that it
is well correlating with the figures of moderate to high solar
flux values shown in Fig. 2 of Jyoti et al. (2004). However,
the present case is lacking more number of equatorward
winds. Thus it can be suggested that under the post sunset
electrodynamic drifts, the combined effect of higher base
heights and lower poleward winds might be contributing
to the ESF generation.

The figure also reveals a special kind of pattern for dura-
tion of ESF and wind magnitudes. Keen observations point
out that longer duration events are bounded by equator-
ward to poleward values, especially if we are considering
a threshold for wind magnitudes approximately nearby
60 m/s, it is clear that majority of the long duration events
fall below this category. i.e., other than the two points
which are clearly equatorward, poleward magnitudes of
lesser values also seems to have a part in having the long
duration ones. In the case of short duration spread F
events, we can see no points are coming in the equatorward
magnitude region, instead they follow a trend such that les-
ser poleward magnitudes to higher poleward values. Again,
a threshold of 60 m/s if assumed from the figure, it is easily
observed that majority of the points for shorter duration
events can be categorized as residing above 60 m/s, which
can be considered as higher poleward magnitudes. In this
process, we tend to omit some outliers which are visible
in the figure. Thus on a broad way a relation of meridional
winds to ESF duration can be obtained, which to our
knowledge is not presented earlier.

It is well known that L-band scintillation occurrence is
largely controlled by the EPB occurrence. So the factors
which contribute to ESF day to day variabilities can
directly/indirectly affect scintillations too. When consider-
ing the case of L-band scintillations, the presence/absence
of scintillations has been tried to analyze using h’F Vs
meridional wind values which clearly indicates that the
events where GPS scintillation were absent are concen-
trated in the poleward magnitudes. The presence of GPS
scintillations and winds are such that they spread from
equatorward to poleward magnitude range. This study
has been limited to lesser number of non scintillation events
since equinoxes months are being studied. A similar kind of
classification as in the case of ESF cases are attempted for
the duration of GPS scintillations too. Broadly, it can be
observed that 0–1 to 2–3 h durations (lesser) comes in the
more poleward magnitudes. Though the argument is not
very clear in the case of higher duration events ranging
from 3–4 to 5–6 h duration scintillations. However, it can
be seen that higher duration events are range from equator-
ward to poleward wind magnitudes. Thus the nonlinear
development of plasma bubbles will be controlled by large
poleward winds as well as it can transport the low latitude
plasma to regions where recombination is dominant. Sub-
sequently, it can result in the reduction of plasma densities.
Hence correspondingly reduced strength and duration of
scintillations can be noticed.

Another noteworthy observation of the present study
can be considered in the case of wind patterns obtained
for mean scintillation vs non scintillation days. The scintil-
lation days are well separated from non scintillation days in
terms of magnitude/direction of winds between 18:00 and
20:00LT. Scintillation days are observed to have a clear
reduction in the poleward magnitudes around the afore-
mentioned time, whereas the mean winds for non scintilla-
tion days are seen to have a clear poleward turning/
increment in the poleward wind magnitude. This has signif-
icance in the view of presence/absence of GPS scintilla-
tions. During a study based on data collected at two
American stations between 1996 and 1998 during the equi-
noxes, Valladares et al. (2002) reported that the averaged
meridional wind measured either south or north of Are-
quipa during mid evening hours on scintillation days are
more equatorward than those observed on the nights
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during no scintillations. Our results are agreeing well with
this particular finding, i.e., scintillations days are marked
by an reduction in poleward wind in the early night hours
while non scintillation days shows an evident increase in
the poleward magnitudes. It seems to be unique observa-
tion from the Indian sector. During a study of numerical
simulations including transequatorial neutral wind effects,
Maruyama et al. (2009) suggested that, when the wind
velocity was increased from 10 to 40 m/s, corresponding
growth time of the plasma bubble was reduced. Thus the
larger values of meridional wind velocity and lesser proba-
bility of equatorial irregularities obtained in present work
is consistent with their study. A study by Muella et al.
(2010) over Brazilian stations mentioned that larger pole-
ward wind magnitudes can suppress the EPB development,
by controlling the flux tube integrated conductivities, which
can reduce the non linear growth of irregularities. The
point to note here is that their study considers the stations
over two hemispheres as in case of Maruyama et al. (2009).
Furthermore, the post midnight equatorward wind magni-
tudes are also larger for non scintillation days as compared
to scintillation days. This point is also in accordance with
the observations of Valladares et al. (2002). Thus in this
study, we attempt to understand the meridional wind
effects on the development of plasma irregularities keeping
in mind that the other factors causing day to day variabil-
ities like seed perturbations in the form of gravity waves/
other waves in the bottomside F region, variability in zonal
winds etc need to be also investigated. While present study
focuses on the meridional wind control on ESF during
equinoctial months, the understanding of the seasonal
behaviour of meridional winds are essential to gain further
knowledge of the ESF variations and subsequently to get
to know the complete plasma-neutral interactions in the
ionospheric region.

5. Conclusions

The present study broadly deals with estimation of
meridional winds by considering the h’F values as well as
hpF2 values from an equatorial station (TIR) and a low
latitude station (HYD) by using motivations from the
methods of Murthy et al. (1990) and Rishbeth et al.
(1978). Further these derived wind values were compared
with HWM07 model. Out of these derived winds, the aim
was to understand the effect of wind in affecting the ESF
onset/suppression. As a general method, using Superposed
Epoch Analysis, the behaviour of winds around the ESF
onset were studied. Additionally, the wind variations over
the month of May has been obtained which showed a
different behaviour. Various characteristics of the merid-
ional winds in terms of h’F and meridional wind velocities
have been explored for ESF as well as scintillation events.
Meridional wind pattern during March for scintillation and
non scintillation events showed remarkable deviations
from each other. To conclude, the gross features of the
study can be listed as:
(1) Night time meridional winds has been estimated
using h’F and hpF2 datas and further compared with
HWM07model. While hpF2 derived winds have shifts
in their peak, the directions are consistent for both h’F
and HWM derived winds, though magnitudes deviates
to a certain extent.
(2) In addition, the night time meridional winds during
May shows that the wind pattern has changed in such
a way that after midnight the wind is not turning to
poleward direction, instead they remain equatorward
only in most cases.
(3) Superposed Epoch Analysis done for March and
April gives the general behaviour of the meridional wind
and h’F before and after the ESF onset, which especially
for April months shows a clear reduction in poleward
wind around 20 min before the ESF onset and thereby
rise in h’F which could be attributed to occurence of
ESF on most of the days in April.
(4) h’F vs wind values duringMarch andApril in terms of
ESF duration indicates an interesting feature that for the
longer duration events,winds are mainly equatorward or
reduced magnitudes of poleward winds. For the shorter
duration events, winds are only in the highly poleward
values which could have reduced the spread F duration.
(5) The pattern of winds during scintillation days are
such that they are spread in range from equatorward
to poleward, while it is observed that winds are highly
poleward during non scintillation days.
(6) The mean winds derived during March for scintilla-
tion days and non scintillation days shows that before
ESF onset, winds turned equatorward (reduction in
the poleward wind) whereas on non scintillation days
and they are characterised by a clear poleward reversal
which could reveal the non occurence of scintillations
on the particular days.
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