Available online at www.sciencedirect.com

. . ADVANCES IN
4 CrossMark SC|enceD|reCt SPACE
&N RESEARCH
ELSEVIER Advances in Space Research 60 (2017) 999-1014 (a COSPAR publication)

www.elsevier.com/locate/asr

Equinoctial asymmetry in ionosphere over Indian region during
2006-2013 using COSMIC measurements

st a,* b b
Malini Aggarwal “*, Ananna Bardhan”, D.K. Sharma
# Indian Institute of Geomagnetism, New Panvel, Mumbai, India
® Department of Physics, Manav Rachna University, Faridabad, India

Received 6 November 2016; received in revised form 2 May 2017; accepted 18 May 2017
Available online 25 May 2017

Abstract

In this study, the ionospheric equinoctial asymmetry (EA, defined as different ionospheric behaviour in the two equinoxes) is inves-
tigated in the maximum electron density (NmF2) and the corresponding altitude (hmF2) over the Indian region (~5-30° N geog. lat., 60—
100° E geog. long.) during quiet geomagnetic conditions (Ap < 20) and varying phase of solar activity (2006-2013, F10.7 ~65-192 sfu)
using COSMIC observations. Both NmF2 and hmF2 exhibited strong solar-activity dependence and which increased with the increase in
solar activity throughout the day. We found EA in NmF2 is not just a daytime phenomenon but also occurs in morning and nighttime
during high solar-activity. The EA in NmF2 over equatorial-low latitude is found solar-dependant in nighttime and morning (weaker/
stronger in low-/high-solar activity) whereas stronger/weaker in noontime in low-/high-solar activity years (higher NmF2 in vernal in
2007-2009, 2013) respectively. Whereas for hmF2, EA is stronger in nighttime and weaker in morning for all years over both equatorial
and low-latitudinal regions and weaker/moderate in low-/high-solar activity for noontime respectively. We found F10.7P and Dst index
in the equinoxes playing a dominant role throughout the day and the chemical compositions (O, N, and neutral mass densities) also a
responsible factor for the EA in NmF2 and hmF2 in the morning and nighttime respectively.
© 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction F2 (>150 km) represents the maximum electron density

and is a region of significant interest for radio propagation,

The earth’s ionosphere is the ionized region of the upper
atmosphere where sufficient number of free electrons exist
to significantly affect the propagation of radio waves. The
ionosphere can be affected by a variety of disturbances
including, for example, solar disturbances, geomagnetic
storms, severe weather, volcanoes, and earthquakes which
can affect a variety of ground-based and space-borne tech-
nological systems (e.g. Davies, 1990; Hargreaves, 1995;
Feynman and Gabriel, 2000; Aggarwal et al., 2012, 2013;
Aggarwal, 2015). The uppermost region of ionosphere:
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exhibiting a variable characteristics and hence making it
the most anomalous and a difficult region to predict. Iono-
spheric variability or deviation from climatological means
is considered a permanent feature of the ionosphere which
varies with local time, day-to-day, season and solar activi-
ties respectively (eg. Zhang and Holt, 2008; Sharma et al.,
2005; Aggarwal et al., 2007). Under extreme geophysical
conditions, sudden ionospheric changes may even cause
serious threat to communication and navigation systems
(Basu et al., 2002). As a result, a proper understanding of
ionospheric variability such as, characteristics, causative
processes, and prediction has become important for the
aeronomy scientific community.
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In terms of theory of Chapman (1931), which is based
on the electron densities varying regularly with solar zenith
angles in the ionosphere, the F2 region is anomalous in
many ways and three major anomalies: seasonal, semi-
annual and equinoctial asymmetry (EA) have been known
to exist. The seasonal anomaly is the maximum/minimum
electron densities in the winter/summer solstice respectively
being contrary to the solar zenith angle variation (Croom
et al., 1960) and has been inferred in terms of the thermo-
spheric composition change caused by the prevailing
upwelling/downwelling of molecular/atomic rich air in
the summer/winter hemisphere respectively (e.g.,
Richards and Torr, 1986; Fuller-Rowell et al., 1988S;
Rishbeth et al., 2000; Pavlov and Pavlova, 2005). The
semi-annual variability is the higher electron densities
around the equinoxes and lower in solstices (Titheridge,
1973) and is caused by the variations of the neutral circula-
tion in the thermosphere-ionosphere system which changes
the ratio between atomic oxygen and molecular nitrogen
concentrations (O/N,) (Rishbeth et al., 2000). The
annual/semiannual components in daytime electron den-
sity (Ne) for low solar activity in 200-560 km altitude exhi-
bits a distinct latitudinal and altitudinal dependences and
wave-like longitudinal structure (Liu et al., 2009). The third
anomaly is the equinoctial asymmetry (EA), where solar
zenith angle and solar activity conditions are almost similar
in both vernal and autumn equinoxes, still differences exist
in the ionospheric behaviour in the two equinoxes (Balan
et al., 1998; Bailey et al., 2000; Kawamura et al., 2002;
Chen et al., 2009; Aggarwal et al., 2012; Bardhan et al.,
2014). The EA may be considered as a manifestation of
the annual variation and occurs when the annual phase
drastically shifts from the solstices (Liu et al., 2010a).
The cause of the EA is believed as the effect of different
parameters such as unequal solar flux, neutral composition
such as [O)/[N,], electric fields, and thermospheric neutral
wind velocities (Balan et al., 2000; Kawamura et al.,
2002; Liu et al., 2003; Maruyama et al., 2009; Ren et al.,
2011; Aggarwal et al., 2012). As extensive studies are
mainly focused on the understanding of the physical pro-
cesses of the annual and semiannual components but lesser
towards the EA phenomenon, hence our interest here is to
explore more the ionospheric EA using ionospheric param-
eters over equatorial-low latitude respectively.

Some of the results on ionospheric EA have been
reported by the previous investigators using various iono-
spheric parameters. Da Rosa et al. (1973) using daily mean
of TEC over Stanford (37.4°N, 122.2°W) between 1964 and
1971 found a higher peak for vernal than autumn during
high as well as moderate solar activity period. Wan et al.
(2008) observed EA in longitudinal wave number 4 struc-
tures; the wave is found to be stronger in northern autumn
than in vernal. Balan et al. (1998) using MU radar found
altitudinal dependence of EA being stronger at higher alti-
tude. They found electron density (Ne) at lower/higher alti-
tudes (lower/higher than ionospheric peak) to be slightly
higher/lower in autumn than vernal respectively and Ne

exceeded by 100% in vernal than autumn at higher alti-
tudes. The field-aligned and field-perpendicular plasma
velocities in the ionosphere and neutral wind and composi-
tions in the thermosphere were found different in the equi-
noxes. The meridional component of the daytime poleward
wind velocity derived from the field-parallel plasma veloc-
ity and O/N, from the MSIS model were found weaker in
March than September equinox. Using Hinotori satellite
(~600 km) measurements, Bailey et al. (2000) reported
asymmetry in topside Ne at low latitudes to be hemispheric
dependent (higher Ne in March/September in Northern/
Southern hemisphere) and became more pronounced with
increasing latitude in both hemispheres respectively. They
suggested the mechanism to be the north-south imbalance
of the thermosphere and ionosphere at the equinoxes due
to slow response of the thermosphere arising from the
effects of the global thermospheric circulation as found
using CTIP model. According to Kawamura et al. (2002),
the neutral wind velocities in the two equinoxes are found
to be highly unequal or asymmetric, the direct effect of the
neutral wind occurred through the changes in ionospheric
height was opposite to the indirect effect of the wind which
occurred through the changes in thermospheric composi-
tion. This caused a stronger EA in the ionosphere with
Ne near and above the ionospheric peak being much stron-
ger in March compared to September equinox, by over
100%. The asymmetry in the wind velocity is accounted
for a weak asymmetry observed in the thermospheric com-
position and suggested the EA in the neutral wind velocity
as due to the differences in the momentum/energy being
transmitted from lower to upper atmosphere through tides
and waves. The ionospheric parameters also changes in
accordance with solar cycle variations (Aggarwal et al.,
2007; Chen and Liu, 2010). During solar minimum period,
Liu et al. (2010a) using COSMIC radio occultation,
TOPEX, Jason-1, GPS and ionosonde measurements
reported higher difference in equinoctial TEC and NmF2
(peak electron density) in low latitudes in both the hemi-
spheres but lesser significant differences at the higher lati-
tudes. They also found EA in hmF2 at low-latitudes
indicating the difference in the neutral winds at the low lat-
itudes in the equinoxes. Using TEC and ionosonde NmF2
data, Chen et al. (2012) found solar activity dependence,
with increase in solar activity, EA of noontime NmF2
increased in mid-latitudes but decreased at low-latitudes,
whereas EA in TEC increased at all latitudes. Recent
observations by Liu et al. (2011) of the mean NmF2
around 1300 LT of the COSMIC measurements found
higher NmF2 in March than in September equinox, and
the EA was strongest over equatorial anomaly crest
(~geog. 10-15°N) regions during year 2008-2009 respec-
tively. Recent observations of EA over Indian sub-
continent also have been reported by Aggarwal et al.
(2012) and Bardhan et al. (2014). Aggarwal et al. (2012)
during solar minimum period over Indian anomaly regions
found strength of noontime equatorial ionization anomaly
(Ic) exhibiting EA in GPS-TEC measurements with slightly
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higher values in spring (~50 TECU) than autumn equinox
(~48 TECU). Bardhan et al. (2014) using SROSS C2 satel-
lite measurements (~500 km altitude) found strong EA in
ionospheric plasma temperatures (electron, Te and ion,
Ti) during early morning and daytime which decreases with
increase in solar activity and disappearance/weaker EA
existed during the nighttime in low/high solar activity
respectively. Similar to Te and Ti, a decrease in EA in
atomic oxygen ion densities (O™) with solar activity during
daytime is found. Considering, EA as a stronger phe-
nomenon in low-latitudes, we focused our study on the
characteristics of EA over equatorial and low latitude
regions of Indian subcontinent using significant iono-
spheric parameters: maximum electron density (NmF2)
and the corresponding altitude (hmF2) during geomagnetic
quiet time during different levels of solar activity and to
investigate whether EA is only a noontime phenomenon.
For this, we obtained the NmF2 and hmF2 from COSMIC
measurements over Indian region using complete 8 years of
data during mission period for varying solar activity. Here
the Section 2 gives the data used with Results and Discus-
sion in Section 3 and summary in section 4 respectively.

2. Data used

To examine the prevailing background conditions dur-
ing the study period, the daily solar flux index: F10.7 and
geomagnetic indices: Kp (3-hourly), Dst (hourly) and Ap
(daily) are obtained from OMNI website along with the
daily solar EUV fluxes in both 26-34 nm and 0.1-50 nm
energy bands from the SEM instrument aboard SOHO
satellite (Judge et al., 1998, http://www.usc.edu/dept/
space_science/) respectively. The F10.7 index (in terms of
solar flux units, 1 sfu = 10~2> W/m?/Hz) is based on mea-
surements of the solar radio emission at the 10.7 cm wave-
length, and has been widely used in past as a proxy of solar
extreme ultraviolet (EUV) and lyman-o irradiances
(Richards et al., 1994a; Tobiska et al., 2000). We consid-
ered a solar proxy, F10.7P = (F10.7 + F10.7A)/2, where
F10.7A is the 81-day mean of daily F10.7 and F10.7P is
believed to be a better proxy in a statistical sense as repre-
sents the intensity of solar EUV fluxes fairly well (Liu et al.,
2006). As the electron production in ionosphere is maxi-
mum by the solar wavelength 0.1-50 nm which also pro-
duces O" (Richards et al., 1994a,b), hence this EUV
band is considered a good indicator and is used hereafter.
The existing background neutral atmosphere: O, O,, N,
number densities, O/N,, O/O, ratios of number densities
and total mass densities have been obtained using empirical
MSISE-00 model (http://ccme.gsfc.nasa.gov/modelweb/at-
mos/nrlmsise00.html).

For the ionospheric measurements, COSMIC (Constel-
lation observing system for meteorology, lonosphere and
Climate/Formosat-3) satellite measurements (6 microsatel-
lites, circular orbit, ~512 km altitude and 72° inclination)
are obtained using radio occultation (RO) payload. Later,
the satellite altitude was raised to ~700-800 km

respectively. The RO technique has the advantages of limb
sounding geometry, global coverage, and high vertical res-
olution in comparison with traditional ionospheric moni-
toring methods. The COSMIC RO measurements and
products were obtained using the COSMIC Data Analysis
and Archive Center (CDAAC, http://cdaac-www.cosmic.
ucar.edu/cdaac/index.html) and we used the second level
data “ionprf” files which includes information about iono-
spheric electron density profiles (EDPs). At CDAAC, the
ionospheric electron density profiles are retrieved by using
the Abel inversion technique from TEC along LEO-GPS
rays (Schreiner et al., 1999; Syndergaard et al., 2006).
The Abel inversion is used with several assumptions/
approximations such as (i) straight line signal propagation,
(i1) spherical symmetry of electron density profiles, (iii) cir-
cular satellite orbits, and (iv) first-order estimation of the
electron density at the top (Kuo et al., 2004; Syndergaard
et al., 2006). Among all the assumptions, the considered
main source of inversion error is the spherical symmetry
approximation in the horizontal direction (Tsai et al.,
2001; Tsai and Tsai, 2004; Liu et al., 2010; Yue et al.,
2010). Meanwhile, several studies examined the accuracy
of the retrieved GPS/MET electron density profiles and
found that the spherical symmetry assumption required
for the Abel inversion introduces errors (Schreiner et al.,
1999; Tsai et al., 2001; Tsai and Tsai, 2004). An error anal-
ysis obtained by Yue et al. (2010) on comparing the COS-
MIC electron densities (Ne) profiles with the NeQuick
model found that the Abel inversion method introduces
significant errors in the electron densities in low-latitude
region. The assumption of spherical symmetry is not ful-
filled at low latitudes where Ne exhibits strong horizontal
gradients whereas small errors are observed for all altitudes
at mid- and high-latitudes. The relative standard deviations
of the differences between the determined and true values
were 16% and 15% for NmF2, and 2% for hmF2 during
both nighttime and daytime, respectively indicating a good
agreement of the determined values of NmF2 and hmF2
but degrading at the lower altitudes. To avoid much error,
we analyzed the data manually for some orbits to fix and
removed the bad data points for electron density profiles
with large, irregular spikes and data gaps. The data set
includes about 2000-2500 vertical electron density profiles
spread over globally in 1 day. Considering these factors for
our study of interest, we determined the maximum electron
density (NmF2) and the corresponding altitude (hmF?2)
from each occultation orbit for equinoxes over nearly
Indian sector (~5-30°N geog. latitude and ~60-100° E
geog. longitude) respectively. The data has been grouped
in the two equinoxes: vernal and autumn. For vernal, March
and April months and for autumn, September and October
months have been considered for each year respectively.

3. Results and discussion

Fig. 1 represents the variability of daily solar fluxes:
F10.7, EUV (26-34 nm and 0.1-50 nm) and geomagnetic
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indices: Ap during the year 2006-2013 respectively. The
day-to-day variability of F10.7 ranged from 65 to 192 sfu
and EUV flux exhibited trend similar to F10.7 ranging
between 1.67 x 10" ph/cm?/s and 9.95 x 10'° ph/cm?/s in
0.1-50 nm respectively. The similar trend is followed in
26-34 nm but with lower flux than 0.1-50 nm respectively.
The annual F10.7 was slightly higher in year 2006 (~80 sfu)
than 2007-2009 (~69-73 sfu) and then increases from 2010
to 2013 (~80-122 sfu) and we considered period as low
solar activity (LSA) during 2006-2010 and high solar activ-
ity (HSA) in 2011-2013 with highest values in 2013 respec-
tively. The daily Ap indices were high on some days (upto
~94) indicating the geomagnetic disturbed period on a few
days (Fig. 1(b)). The dashed-line represents a separation
line (Ap =20) above which are the disturbed days and
below represents the quiet days (low Ap <20) and the
quiet days are only considered in our further study. The
last panel in Fig. 1 represents the number of quiet days (left
y-axis) for which the data has been incorporated and the
averaged F10.7P (right y-axis) during each equinox of the
year respectively. The number of days of data availability
is higher (~55) in each equinox for all years except the ver-
nal, 2006 (~5 days) as the COSMIC was launched in mid
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of month April, 2006. The averaged F10.7P (Fig. 1(c)) var-
ied between 67 and 140 sfu during the equinoxes of 2006—
2013 and is highest (~140 sfu) in autumn, 2011 respec-
tively. The F10.7P is slightly higher in vernal equinox than
autumn during 2006-2008 and 2013 but values are slightly
higher in other years in autumn. And hence the difference
between the two equinoxes in each year is negligible during
LSA and HSA period but is higher during years 2011 and
2013 respectively. However, the differences of yearly aver-
aged ionospheric parameters in vernal and autumn should
not be significantly affected by the variations in solar activ-
ity as the difference in F10.7P between the two equinoxes is
lesser (higher/lower in vernal in LSA/HSA).

To illustrate the method used to obtain the NmF2 and
hmF?2 values, we represented in Fig. 2, an example of COS-
MIC observations for the considered Indian longitude sec-
tor on two quiet days (vernal: 18 Apr 2007, first row and
autumn: 1 Sep 2007, second row) having similar EUV
fluxes (~1.95 x 10'® ph/cm?/s) respectively. The orbital
occultation paths for different UT (shown by filled-
coloured symbol) for each COSMIC satellites (17 orbits
on 18 April and 20 on 1 Sep) are shown in the left panels
(Fig. 2(a) and (d)) respectively. The electron densities
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Fig. 2. Representation of COSMIC observations as an example on vernal (18 Apr 2007, first row) and autumn (1 Sep 2007, second row) day respectively.
Shows the (a) COSMIC occultation orbital paths over Indian longitude sector, (b) electron density profiles varying with altitude and (c) electron density
varying with latitude on a quiet day of 18 Apr 2007 in vernal equinox. (Second row) Same as first row but for 1 Sep 2007 respectively. The legend (A) is for
18 Apr and (B) for 1 Sep 2007 representing the pass-time (UT) of the COSMIC satellite respectively.

varying with altitude (electron density profiles, EDPs) for
each orbit is shown in the middle panel from which the
peak electron density, NmF2 and the corresponding alti-
tude, hmF2 are obtained for each orbit (Fig. 2
(b) and (e)). The latitudinal variation of the electron den-
sity for the orbits are shown in the last column (Fig. 2
(¢) and (f)). We observed the hmF2 varying around
~200-300 km altitude on vernal (Fig. 2(b)) and ~250-
350 km on autumn day (Fig. 2(e)) respectively. The maxi-
mum value of NmF2 is ~1.5%10° cm™® and
~1.0 " 10°cm > as found from the different orbits on 18
April 2007 and 1 Sep 2007 respectively. We found here
noticeable differences in the equinoxes for NmF2 and
hmF?2 values which in general is also a function of the local
time and latitude respectively.

3.1. Variability of NmF2 parameter in equinoxes

As the ionospheric behaviour over equatorial and low-
latitude region is different, we separated the ionospheric
parameters for equatorial (geog. ~5°-10°N) and low-
latitude (geog. ~10°-30°N) respectively. The quantitative
day-to-day variability of ionospheric parameters is defined
by the coefficient of variability (CV) statistically as

cv (%) A%* 100 (1)

Here the CV for NmF2/hmF2 describes the extent of
spread of standard-deviation (o) of hourly NmF2/hmF2
from the hourly mean (M) for the entire data set (Bilitza
et al., 2004).

Fig. 3 represents the diurnal variability of hourly mean
NmF2 and CV for the equatorial (Fig. 3(a) and (b)) and
low-latitude (Fig. 3(c) and (d)) during each year for both
vernal and autumn equinox respectively. The NmF2 at a
location is actually the integrated effect of production
(mainly controlled by solar radiation), loss (charge
exchange with neutrals) and transport processes (domi-
nated by equatorial fountain effect). The NmF2 is lowest
throughout the nighttime which start increasing in early
morning during sunrise when the photoelectron production
also initiates and becomes a maximum in noontime and
then decreases in nighttime as a result of competitive effects
of absence of photo-ionization and occurrence of higher
recombination rate of electrons with neutrals and ions.
The NmF2 increases with rising solar activity (2006—
2013), a higher increase is observed throughout the day
from year 2006 (peak in noontime ~1 x 10°cm™) to
2013 (noontime ~1.5 x 10® cm ™) with lesser differences
in both equinoxes during nighttime but more in daytime
respectively.

Over equator (Fig. 3(a)), the vernal NmF2 increases
rapidly in morning, peaks earlier (~1 h) and then decreases
faster in the evening than in the autumn equinox indicating
a faster response in vernal of the electron-production in the
morning and recombination in the evening respectively.
The noontime peak in NmF2 shows a clear solar activity
dependence, being highest in HSA period (2011-2013)
for both the equinoxes and regions respectively. On com-
paring the NmF2 values over equatorial and low-latitude
regions, we found lesser difference in nighttime during all
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solar activity periods and noontime in LSA (2007-2010)
but NmF2 is higher in noontime over low-latitude than
equatorial region during HSA period indicating an
existence of stronger equatorial ionization anomaly (EIA)
during HSA period respectively. This is in agreement to
Huang and Cheng (1996) of a stronger EIA in TEC in
Asian sector during high solar activity period. The EIA
phenomenon exhibiting a minima in electron density
(Ne) near the dip equator and the two maximas in low-
latitude on both side of the equator has been attributed
to a fountain effect mainly driven by the large-scale
eastward electric field at low latitudes (e.g., Abdu et al.,
1990; Rishbeth, 2000). An evening enhancement
(1800-1900 LT) in NmF2 is observed over equator during
HSA (2011-2013) and over low-latitude during 2009-2013
and a post-midnight enhancement (0000-0300 LT) over
both the regions during 2010-2013 respectively. This

enhancement occurs due to the pre-reversal enhancement
(PRE) of eastward electric field which at times occurs
during sunset and then the plasma is lifted upward by
EXB drift where loss rate also reduces. According to
Abdu et al. (2010), the PRE variabilities can arise from
various sources: (1) upward propagating planetary waves
(Abdu et al., 2006), (2) prompt penetrating and
disturbance dynamo electric fields (Abdu, 1997; Fejer
and Scherliess, 1997), (3) disturbance winds during
magnetic storms (Abdu et al., 1995) and (4) variability in
the solar flux (F10.7) (Fejer et al., 1991; Batista et al.,
1996). As our study period is during geomagnetic quiet
period, only solar flux control and upward propagating
planetary waves of the PRE is of particular interest as it
also effects the ambient ionospheric and thermospheric
parameters that directly or indirectly contributes in the
generation of the PRE.
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The hourly CV in NmF2 during equinoxes (Fig. 3
(b) and (d)) is lower (<40% for equatorial, <50% for
low-latitude) during daytime but higher in nighttime and
early morning hours (upto 90% for equatorial, 75% for
low-latitude) irrespective of the solar activity respectively.
The day-to-day variability in NmF2 at equatorial-low lat-
itudes may be attributed to the daily changes in the sun’s
EUV flux, equatorial electrojet (EEJ) and the dynamics
of the neutral winds (Rama Rao et al., 2006). The variabil-
ity of mean NmF2 (or fOF2) during sunrise and sunset is
due to the steep eclectron density gradients caused by the
onset and turn-off of solar radiation (Bilitza et al., 2004;
Chuo and Lee, 2008) and overlay of the ionospheric F-
region irregularities (spread F) on the background electron
densities as suggested by Woodman and La Hoz (1976).
For American and European sector, Ezquer and Mosert
(2007) found a higher fOF2 variability during low solar
activity than in high-solar activity and was larger by night
than day which is also in agreement to our COSMIC obser-
vations for the Indian sector but for NmF2 in both the
solar activities. Similar results were revealed using fOF2
by Akala et al. (2010) during nighttime over Southeast
Asian sector. Aravindan and lyer (1990) for low solar
activity over low-latitude stations also found lower vari-
ability in ionospheric electron content (IEC) (10-25%) in
daytime and higher (30-40%) in nighttime for all consid-
ered stations with lowest (<15%) variability at equatorial
region which increased to 26% near the crest of equatorial
anomaly during daytime. We also found a slight higher
variability for low-latitude than equatorial regions using
COSMIC observations.

The last panel (Fig. 3(e)) represents the equinoctial
asymmetry (EA, defined as different behaviour in the equi-
noxes) in NmF2 characterized as the difference of hourly
vernal and autumn NmF2 (positive/negative values corre-
sponding to higher/lower values in vernal than autumn
equinox) respectively. As the data availability is lesser in
vernal for year 2006, hence nothing can be said about
the EA for year 2006. For both the latitudinal regions,
the difference in the two equinoxes during nighttime
(2000-0300 LT) is lower (upto ~2.0 x 10° cm ™) in LSA
indicating a weaker EA in nighttime during LSA but the
difference increases during HSA representing a stronger
EA. Similar behaviour is observed during morning hours
(0400-0800 LT) for both the regions and solar activities
respectively. The noontime NmF2 (1200-1500 LT) over
both the regions is higher in vernal in year 2007-2009
and 2013 and slightly-/very-higher in year 2010,
2012/2011 in autumn respectively. This indicates a stron-
ger noontime EA during LSA period than HSA respec-
tively and is recognized as slightly higher solar activity
(F10.7 and EUV flux) in vernal in year 2006-2008 and
2013 leading to a higher production of electrons (higher
NmF2) in vernal in these years (Fig. 1(a)). The EA in
NmF2 during noontime is found stronger over low-
latitude than equator from our observations which is in
agreement to Liu et al., (2011).

3.2. Variability of hmF2 parameter in equinoxes

To understand the ionospheric behaviour in equinoxes,
another important ionospheric parameter: altitude corre-
sponding to NmF2, hmF2 is investigated which also pro-
vides the useful information from which the meridional
winds may be deduced for understanding the background
ionosphere and also for assessing the thermospheric gen-
eral circulation models (e.g. Miller et al., 1986, 1997).
The general diurnal trend of hmF2 over equatorial
(Fig. 4(a)) and low latitudes (Fig. 4(c)) exhibits two max-
ima (noontime and evening/midnight) and two minima
(early-morning and before-evening (~1700 LT)/before-
midnight (~2200 LT)) and with a higher height over the
equator throughout the day for both the equinoxes. The
F2 layer rises gradually during morning (from ~0700 LT)
onwards when photo-electron production also initiates,
and a noontime peak occurs around 1400 LT after which
the F-layer comes down to lower altitudes, reaching a min-
imum around evening hours (~1700-1900 LT). The hmF2
varied from ~220 to 500 km and ~215 to 355 km over
the equator and low latitude throughout the day during
2006-2013 respectively. This higher variability in altitude
at equatorial-low latitude is expected as the F-region gets
elevated to higher altitudes at the equator due to stronger
EEJ in the equinoxes and hence the increased EXB drift
uplifts the plasma layer to higher altitudes. The noontime
hmF?2 represents a clear solar-activity dependence where
hmF2 increased from ~320 to ~400km and ~275 to
~350 km over equatorial and low latitude during year
2006-2013 respectively. Similar observations were found
by Rama Rao et al. (2006) using ionosonde measurements
for a very high solar activity year (cycle: 23, F10.7 ~181
sfu) of March 2001 over Indian region and found noontime
hpF2 (~hmF2) to be much higher (~450 km) at equatorial
region than at and beyond the anomaly crest regions
(~325-450 km) owing to the higher F10.7 respectively.

Over the equator (Fig. 4(a)), the morning hmF?2 for both
equinoxes show a solar activity dependence where mini-
mum of hmF2 layer height (in early-morning) increases
with the increase in solar activity. The lower hmF2 during
early morning hours is due to the rapid production of ion-
ization in the lower F region during sunrise, the intensive
ionization begins resulting in the increased electron concen-
tration near the F2-peak at a rate which depends primarily
upon the production rate (see, e.g. Rishbeth and Garriott,
1969). However similar to early increase in vernal NmF2
over equator (Fig. 3(a)), the vernal hmF?2 layer also starts
rising prior than autumn hmF2 in the morning hours
(Fig. 4(a)). Another diurnal peak in hmF?2 is observed dur-
ing evening (in HSA, 2011-2013) and midnight in all years
(2006-13). The post-sunset rise in hmF2 is lower/higher
than noontime peak during LSA (2006-2010)/HSA
(2011-2013, upto ~500 km) respectively. This occurs due
to an enhanced vertical drift of F layer plasma produced
by the increased zonal electric field, known as the evening
pre-reversal enhancement (PRE) of electric field over the
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Fig. 4. Same as Figure-3 but for hmF2.

equator in the evening. In the evening as the rate of ion
production ceases, an upward drift causes an additional
uplift of the layer produced by a change in the direction
of the thermospheric winds and hence increases the
hmF2. During HSA, the uplift is even higher (upto
~500 km) as EXB is stronger leading to even higher
hmF2 than noontime. The PRE vertical drift strongly
depends on solar activity level and season and enhances
with solar activity, and the increase is found stronger in
equinoxes but weaker in summer (e.g., Fejer et al., 1991,
2008; Scherliess and Fejer, 1999). This increase in hmF2
is in accordance to the evening enhancement in NmF2
(Fig. 3). As the layer rises up, recombination rate decreases
and increases the NmF2. We also observed post-midnight
enhancement in hmF2 in all years which is a consequence
of an increase of the upward drifts produced by the merid-
ional winds in the neutral air (Hanson and Patterson, 1964;
Kohl and King, 1967). In general, the F region equatorial

electrodynamic plasma drifts are upward and westward
during the daytime and downward and eastward in the
nighttime having largest amplitudes around 0900 and
1100 LT (~25-30 m/s) (Scherliess and Fejer, 1999). The
drift exhibit morning and evening reversals from down-
ward nighttime to upward daytime and vice-versa in eve-
ning time respectively. During daytime, the temperature
and atomic oxygen density and loss coefficient, which is
proportional to the molecular component also increases,
resulting in higher hmF2; accordingly, the rise of hmF2
from morning to afternoon is also due to enhanced temper-
ature (Sethi et al., 2004). Over low-latitude (Fig. 4(c)), the
rate of rise of noontime hmF2 with the solar activity is
lower than over equator. A secondary enhancement in
hmF2 during midnight for all solar activities which is even
higher than noontime hmF2 for LSA but of similar height
for HSA is observed which is distinct from the equatorial
hmF2 variability. No post-sunset enhancement in hmF2
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is observed over low-latitude region. We found a trend
similar for both the equinoxes and regions but quantitative
differences do exist.

The hourly CV in hmF2 (Fig. 4(c) and (d)) over the
equator is higher in autumn (upto 22%) than vernal (upto
16%) during early morning and nighttime for both solar
activities, whereas for low-latitudes is lower (upto 15%)
in LSA but higher in HSA (25%) for both the equinoxes.
In noontime, higher variability (CV) is observed in autumn
(upto 20%) than vernal for both regions (~12% for equator
and 15% for low latitude) and solar activities except year
2011 where CV is higher (upto 25%) in vernal for low-
latitude respectively. The variability of hmF2 also gets
affected by the equatorial E x B drift, as well as by thermo-
spheric neutral winds. Sethi et al. (2004) for high solar
activity year, 2001-2002 from a station, Delhi (28.6°N,
77.2°E) also found a large diurnal and day-to-day variabil-
ity in ionosonde hmF2 during equinoxes which is in agree-
ment with our COSMIC observations.

The EA in hmF2 defined similar to EA in NmF2 for
both regions is represented in Fig. 4(e). During nighttime
(2000-0300 LT) over the equator, hmF2 is higher in vernal
for all years (upto ~70 km) except 2011 (vernal hmF2 is
lower) whereas for low-latitudes, lower/higher values are
observed in vernal during pre-midnight (2000-2300, upto
30 km)/post-midnight hours (0000-0300 LT, ~50 km) in
hmF?2 respectively indicating a stronger (over equator) to
moderate (over low-latitude) EA in nighttime for both
LSA and HSA respectively. During morning hours (0400-
0800 LT), a weaker asymmetry in hmF?2 is observed with
420 km difference over both the regions and solar activi-
ties. Whereas in noontime (1200-1500 LT), the difference
in both equinoxes is lesser in LSA for both the regions
whereas in HSA, vernal values are lower (upto 50 km
and ~140km in year 2011) over equator and higher
(~30 km) over low latitude indicating a moderate EA in
hmF2 for HSA in noontime respectively.

3.3. Relation of NmF2 and hmF2 with background conditions
in equinoxes

The ionization, recombination, and dynamic processes
are significant for the formation of ionospheric F2 peak
(e.g., Ivanov-Kholodny and Mikhailov, 1986; Rishbeth
and Garriott, 1969); as not just the changes in solar EUV
flux and X-ray radiations, but the neutral atmosphere
and dynamical processes are also important for the day-
time NmF2. As the neutral composition in the thermo-
sphere also has a strong influence on electron density
(Ne) in the upper ionosphere since the electron production
rate depends on the atomic oxygen densities, O, whereas
the loss on the molecular species N, and O, respectively.
Hence increase in O/N, and O/O, increases the equilibrium
electron density. Thus the existing background neutral con-
centrations in the equinoxes: O, O,, N, number densities,
O/N,, O/O, ratios and total mass densities in g/cm? is
obtained using MSISE-00 model at an altitude of mean

COSMIC hmF2 observations for nighttime (2000-0300
LT), morning (0400-0800 LT) and noontime (1200-1500
LT) using F10.7P values for each equinox over both equa-
torial and low-latitude (0° and 20° N geog.) and 77°E lon-
gitude respectively. The general diurnal trend of O, O,, N,
number densities and mass densities exhibits a minimum
during nighttime and increases in daytime (peak in noon-
time) whereas O/N, and O/O, exhibits a peak in morning
and a minimum in noontime to evening respectively. We
determined the association of ionospheric parameters
(NmF2 and hmF2) with various factors: solar (F10.7P,
EUV-1 (26-34nm), EUV-2 (0.1-50 nm)), geomagnetic
indices (Kp and Dst) and neutrals (O, O,, N, number den-
sities, O/N,, O/O, ratios and total mass densities) as repre-
sented in Fig. 5 respectively to understand the relation of
NmF2 and hmF2 with these factors.

We found (from Fig. 5(a)), an existence of a strong rela-
tion (0.8-1.0) of NmF2 with F10.7, EUV-1 and EUV-2
fluxes as expected (except being moderate in morning-
vernal NmF2 over equator) throughout the day for both
the equinoxes and regions (also from Fig. 3). For the whole
day, the geomagnetic Kp index is found unrelated (<0.35)
for both equinoxes whereas Dst is moderately anti-
correlated (~0.5-0.7) in autumn over both the regions indi-
cating a distinct role of hourly geomagnetic activity in the
EA. Though O density during nighttime is weakly corre-
lated with NmF2 but exhibited a different behaviour in
equinoxes (positive/negative for vernal over equatorial/
low-latitude and for autumn over low-latitude/equatorial
region). During morning and noontime, O is found inver-
sely moderate to strongly related (0.4-0.9) in both the equi-
noxes respectively. On the other hand, molecular
compositions (O,, N, and O/N,) in the morning and noon-
time are found to be strongly correlated with NmF2 for
both the equinoxes and regions whereas in nighttime are
moderately correlated with NmF2 except being indepen-
dant for equatorial-vernal (O,, N,, O/N,) and low-
latitude autumn (N,, O/N,) respectively (Note: O, and
N, are anti-correlated with NmF2 and O/N, is directly cor-
related throughout the day). The ratio O/O, is found to
associate moderate to strongly (0.64-0.96) with NmF2
throughout the day. The mass density very similar to O
densities exhibits strong relation with NmF2 during morn-
ing and noontime but weaker in nighttime with a reversed
relation observed in the equinoxes (direct-/anti-correlated
in vernal/autumn for equator and reversed for low-
latitude) respectively.

Similar to NmF2, hmF2 (Fig. 5(b)) for both the equi-
noxes is found to be strongly related with solar activity
indices throughout the day (except moderate in
noontime-vernal hmF2 over low-latitude) whereas Kp
and Dst is independant except the Dst in autumn (moder-
ate to strongly anti-related) for both the regions through-
out the day. During nighttime, though NmF2 shows a
weaker correlation with O densities, but the hmF2 moder-
ately correlates with O densities for equatorial-autumn and
low-latitude-vernal respectively. During other times of day
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Fig. 5. Representation of the correlations of (a) NmF?2 (first row) and (b) hmF2 (second row) with F10.7P, EUV-1 (26-34 nm), EUV-2 (0.1-50 nm), Kp,
Dst, O, O,, N3, O/N,, O/O, and total mass densities (m-den) over equatorial and low-latitude regions for both vernal and autumn equinoxes during
nighttime (2000-0300 LT), morning hours (0400-0800 LT) and noontime (1200-1500 LT) respectively.

(morning and noontime), hmF2 strongly correlates with O
densities similar to NmF2. The hmF?2 exhibits strong rela-
tionship with O,, O/O, and O/N, densities throughout the
day for both the equinoxes, whereas hmF?2 is independent
of N, and mass density in nighttime for equatorial-vernal
and low-latitude-autumn but is strongly related with
hmF?2 at other times of day and regions.

We found using COSMIC observations that both NmF2
and hmF2 over equatorial and low latitudinal regions
demonstrates the general diurnal trend during the equi-
noxes in agreement to the previous ground based iono-
sonde measurements over Indian sector (Rama Rao
et al., 2006; Sethi et al., 2004). Chu et al. (2010) on compar-
ing the NmF2/hmF2 values by COSMIC and ground-
based ionosondes found lower/higher values by COSMIC
than ionosondes and the discrepancy in NmF2 was found
latitude dependant, smaller in low and mid-latitudes but
larger in high-latitude region. Whereas Krankowski et al.
(2011) over European stations found COSMIC profiles to
be in good agreement with ionosonde profiles in general,
both in F2 layer, NmF2 and the bottomside profiles. Tsai
et al. (2001) examined the electron density profiles from
co-located GPS/MET and ionosonde measurements at
mid latitude and at the EIA region and found that the
GPS/MET overestimates foF2 at mid-latitude but underes-
timated in the EIA region. They suggested that an asymme-
try of the EIA most likely causes the Abel inversion to
systematically underestimate the electron density near the
F2-peak. Liu et al. (2010b) compared the NmF2 and
hmF2 using COSMIC and ground-based ionosonde

observations at equatorial station, Jicamarca (12°S, 283°
W) and found that in general COSMIC underestimated
the NmF2 and hmF2 values. Under the assumption of
the spherical symmetry which was not considered valid in
the pronounced EIA regions, they found that at the
geomagnetic equator the COSMIC overestimates NmF2
in the afternoon, underestimates the hmF2 in daytime,
and overestimates the electron density under the F2-peak
in daytime. On comparison of NmF2 and hmF2
ionospheric parameters at the equatorial latitude (Chu
et al., 2010) and low latitudes (Straus, 2007; Wu et al.,
2009) a better accuracy of RO measurements in NmF2
than hmF?2 is indicated. The discrepancy between them is
smaller in low- and mid-latitude and larger in high latitude
regions (Chu et al., 2010). Hu et al. (2014) reported a
decrease in the correlation between COSMIC and
ionosonde measurements at high solar activity but with a
higher correlation of NmF2/hmF2 during the nighttime/
daytime respectively. Recent studies by Kumar et al.
(2016) using different stations around the globe, found a
stronger correlations of ionosonde and COSMIC NmF2
measurements during the equinoxes over equatorial
(Jicamarca) and low-latitude station (Darwin) during
daytime (0.88 and 0.72) and nighttime (0.96 and 0.95)
respectively. Similar correlations for hmF?2 is found over
Jicamarca during the daytime (0.88) and nighttime (0.93)
respectively. Recent studies over an Indian station,
Dibrugarh (27.5°N, 95°E), Kalita and Bhuyan, 2017)
found the COSMIC and ionosonde measured bottom side
electron density profile are nearly same.
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One of the striking new feature of ionospheric observa-
tions found using COSMIC measurements is the occur-
rence of strong equinoctial asymmetries (EA) in peak
electron density (NmF2) in morning and nighttime in
HSA alongwith noontime in all years (stronger in LSA)
and the higher equinoctial differences in the corresponding
altitude (hmF2) in nighttime during both solar activities
and noontime in HSA over both latitudinal regions respec-
tively. The previous studies on EA were mainly based on
noontime features in electron densities (Ne), plasma tem-
peratures, TEC, field-parallel and perpendicular plasma
velocities and has been interpreted in terms of the corre-
sponding asymmetries in the solar flux, thermospheric
composition and neutral winds (for eg. Balan et al., 1997,
2000; Kawamura et al.,, 2002; Aggarwal et al., 2012;
Bardhan et al., 2014). In the equinoxes, the subsolar point
lies around the equator, where the eastward electrojet-
associated electric field is also often strongest. Hence the
fountain effect developed due to collocation of the peak
photoelectron abundance and the intense eastward electric
field region is also stronger (Wu et al., 2004). The iono-
spheric behaviour of EA in NmF2 is found similar over
both the latitudinal regions and EA existed in nighttime
and morning varying with solar activity (weaker/stronger
in LSA/HSA) respectively. This is because the difference
in F10.7P is lesser in the equinoxes during LSA but higher
in years 2011, 2013 (Fig. 1(c)) which produces the higher
and different electron densities in the noontime in the equi-
noxes and maintains the higher background in the night-
time and morning hours also in years 2011, 2013
respectively. In addition, Ren et al. (2011) found different
equatorial E x B vertical drift in the F2 peak region at
600 km which induces the EA of the Ne at low latitudes.
A higher E x B vertical drift in daytime will cause a stron-
ger fountain effect affecting changes in the latitudinal distri-
bution of the plasma density at low latitudes thereby
moving the plasma from the equator to the low-latitude
regions thereby the NmF2 decreases/increases over the
equator/low-latitude respectively. Hence difference in the
EXB vertical drift during equinoxes may also induce the
EA in NmF2 over equator and low-latitude respectively.
We found EA during noontime to be solar activity depen-
dant and is stronger in LSA and weaker in HSA years
(higher NmF2 in vernal for years 2007-2009 and 2013).
One of the factor of higher NmF?2 in vernal is because of
higher production rate of electrons as F10.7P is slightly
higher/lower in vernal in LSA (2006-2008)/HSA (2010
2012) than autumn except the year 2013 when F10.7P in
vernal is higher and year 2009 when it is similar in both
the equinoxes (Fig. 1(c)) respectively. The slightly higher
F10.7P in vernal introduces a stronger EA (in LSA and
2013 year) but the HSA years in which F10.7P is higher
in autumn, EA is not very strong (HSA) except year
2011. This indicates that factors other than F10.7P also
plays a significant role in EA in NmF2 during daytime like
equatorial electrojet (EEJ) and the neutral winds. Similar
observations were previously reported over Indian

anomaly region using GPS-TEC observations during
daytime for solar minimum period by Aggarwal et al.
(2012). Their observations showed the strength of equato-
rial ionization anomaly (Ic) exhibiting an asymmetrical
semi-annual double peak with slightly higher amplitudes
in spring (~50 TECU) than in autumn equinox (~48
TECU) respectively. Similar results were also obtained by
Chakraborty and Hajra (2008) using TEC observations
over Indian station and suggested the neutral wind as
one cause which blows predominantly northward from
October to April month, leading to a higher TEC values
in vernal equinox. Unnikrishnan et al. (2002) from a
far-away low latitude station, Palehua (19°N, 206°E) found
opposite EAs in TEC between HSA and LSA with higher/
lower TEC in September than March equinox during
high-(year 1981)/low-(year 1984) solar activity and attribu-
ted it to the different solar activities in both equinoxes in a
year respectively. Their results are in agreement to our
observations where EA in NmF2 reverses with F10.7P,
higher F10.7P in low/high solar activity produces higher
NmF2 in vernal/autumn respectively. Chen et al. (2012)
found opposite relation of NmF2 and TEC with solar
activity and the NmF2/TEC decreases/increases with the
increase in solar activity and considered the different
ionospheric scale height in the equinoxes to be a cause
for it as revealed by Liu et al. (2007). The rate of increase
of ionospheric scale height with the solar P index is found
higher in March than September equinox over Arecibo.
This asymmetry in solar activity of the scale height
suppressed the equinoctial difference in NmF2 increased
rates which featured the higher increased rate in
September than March and resulted in higher increase of
TEC with P in March than in September equinox
respectively.

We found latitudinal differences in EA for hmF2 during
nighttime (2000-0300 LT), over equator a higher hmF?2
(upto ~70 km) in vernal for all years except 2011 whereas
over low-latitudes, the lower/higher F-layer in vernal than
noontime during pre-/post-midnight hours is observed. As
a result EA in nighttime hmF2 is found to be stronger/
moderate over equator/low-latitude respectively. For both
regions, a weaker EA in hmF2 is observed (420 km) in
morning hours but in noontime, a weaker EA in LSA
occurs with lower (~50 km, upto 140% in year 2011)/
higher (~30 km) over equator/low-latitude in vernal during
HSA respectively generating a stronger EA in hmF2 in
HSA during noontime. We observed different EA in
hmF2 over equator and low latitude throughout the day.
The influence of neutral winds on hmF2 is considered as
dependant on sin(21), where I is the geomagnetic dip (e.g.
Rishbeth, 1972). Ren et al. (2011) during 0900-1300 LT
found higher EXB plasma drift velocity (V1) in the equa-
torial F region at northern spring (March-April) than
autumn (September-October) and suggested the asymme-
try in MLT tides may play a significant role in the asymme-
try of equatorial VL. An EA existed for wave number 4
longitudinal structures of V.1 throughout the daytime
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and extended to the evening sector at autumn equinox,
while appearing mainly at noon and pre-noon at spring
equinox. They observed an asymmetry of the pre-reversal
enhancement (PRE) in sunset occurring with maximum
PRE velocity higher at autumn than at spring equinox in
the longitude range from 320° to 150°, and the opposite
occurred at other longitudes.

The EA in the ionosphere also involves the asymmetry
in the chemical and dynamical processes. The equinoctial
differences in hmF2 cannot fully explain EA in NmF2.
For example in noontime, the equinoctial difference of
hmF2 is weaker/moderate in LSA/HSA but the EA in
NmF2 is stronger/weaker in LSA/HSA respectively. The
asymmetry existing in neutral density may also contribute
to NmF2 as found by Liu et al. (2007) at 400 km and mass
densities were higher in March (about 7-10%) than in
September during high-solar activity (F10.7 =150 sfu)
where atomic oxygen dominated at the F2 layer altitudes.
As at the F2 peak altitude, both photochemical processes
and dynamics processes are significant hence the thermo-
spheric composition may also play an important role for
EA in NmF2. We found O/N, using the MSIS model more
or less different around March (higher) than around the
September (not shown as separate Figure) throughout the
day as previously also reported by Balan et al. (1997,
1998) and Aggarwal et al. (2012). So the potential equinoc-
tial difference in O/N, could also be one of a reason for the
EA of the NmF2 presented in this paper. The increased
neutral density (without O/N, changing) also results in
higher electron density (Ne) at low latitudes (Chen et al.,
2009) and hence the equinoctial differences of neutral den-
sity also affects the EA in the Ne. It is to be noted that the
EA in neutral density and Ne in EIA trough as well as crest
regions, enhances the EA induced by the difference of the
E x B vertical drift in one region (EIA trough or crest
region) while weakens it in the other region which also
causes the observed EA at low latitudes (Chen et al.,
2009). We examined the relation of the existing back-
ground neutral atmosphere (O, O,, N,, O/O,, O/N, and
mass densities) with the NmF2 and hmF2 as the existing
neutral composition of thermosphere may also play a role
in causing EA as previously reported by Dasgupta et al.
(1983). Sato et al. (1989) assumed ions as oxygen ions,
O" except in the region below 270 km altitude, where a
combination of O, NO", and O3 ions were assumed,
but the molecular ions becomes important only below
about 230 km altitude. Our COSMIC observations for
hmF?2 varies between 215 and 500 km throughout the day
(Fig. 4). In the morning, the F-layer comes down to lower
altitudes where contribution of neutrals may also be signif-
icant. The observed different behaviour in equinoxes may
not be only affected by the solar activity as the mean solar
activity indices (F10.7P) is nearly same (with slightly
higher/lower in LSA/HSA in vernal) in all years except
year 2013 (Fig. 1). Our observations exhibited a clear solar
activity dependence (both F10.7 and EUV) of NmF2
(strong correlation, 0.8-1.0) throughout the day for both

the equinoxes and latitudinal regions respectively (Figs. 3
and 5). These observations are also in agreement to the pre-
vious investigators. Oliver et al. (2008) also found the solar
activity dependence of NmF2 at mid latitudes as mainly
due to the change of solar EUV intensity and considered
secondarily due to the changes of neutral composition at
the base of the thermosphere. Liu et al. (2003) found a sat-
uration effect in the variation of NmF2 with solar EUV
flux and confirmed that it cannot only be attributed to
the nonlinear increase of EUV flux with F10.7 but the
dynamic processes and neutral atmosphere variability
should also play a significant role. During our study per-
iod, NmF?2 is found unrelated (<0.35) with Kp at all times
but moderate-inversely correlated (~0.5-0.7) with Dst in
autumn throughout the day (Fig. 5) indicating a stronger
role of hourly geomagnetic activity and electric fields in
the autumn equinoxes. Wu et al. (2004) also found strength
of crest (Ic) not well correlated with Kp index (r = 0.41)
but strongly associated with Dst index (r =0.72) during
the solar minimum near Taiwan and suggested Dst a more
suitable parameter for studying long-term ionospheric
dynamics around the EIA regions. Aggarwal et al. (2012)
also found a moderate relation of strength of ionization
anomaly crest, Ic with Dst (0.35) whereas no relation
existed with the Kp.

During nighttime, we found EA to be weaker/stronger
in NmF2 during LSA/HSA and stronger in hmF2 for both
solar activities. The neutral densities (O, O,, N, and mass-
densities) are lower and the ratios (O/N, and O/O,) are
higher in vernal compared to autumn in nighttime exhibit-
ing EA in neutral compositions (not shown as separate Fig-
ure). The distinct correlation existed for neutrals (O, O,
N,, mass-densities and O/N,) with NmF2 and O, O,, N,
and mass-densities with hmF2 in the equinoxes during
nighttime which may play a role in the EA. During morn-
ing hours, similar behaviour of EA in NmF2 as in night-
time is observed but EA for morning hmF2 is weaker in
both solar activities. During noontime, EA in NmF2
existed in both solar activities (strong/weak in LSA/
HSA) and weak/strong in hmF2 during LSA/HSA respec-
tively. The different densities of O, O,, N, and mass density
varying with solar activity and a lower/higher in LSA/HSA
in vernal and reversed behaviour of O/O, in equinoxes is
observed. The O/N, is found to be high for all years in ver-
nal. Though all neutrals are strongly coupled to both
NmF2 and hmF2 in noontime and are not distinct in the
equinoxes indicating a minor role of neutrals and suggest
that other factors like F10.7P, EEJ, meridional winds being
a major contributor for noontime EA. Aggarwal et al.
(2012) found that all parameters (F10.7, EUV, Dst, EEJ,
O/N») plays a moderate role in EA in daytime anomaly
crest (Ic) for all seasons but the O/N, plays a major dom-
inant role in spring equinox during noontime. They found
that though EEJ and O/N, values were higher in autumn
but still the Ic was higher in spring and was due to a stron-
ger association of Ic with EEJ in spring (0.69) than autumn
(0.5) equinox respectively. We found stronger/moderate
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correlation of NmF2 with O/N, in vernal/autumn in
nighttime respectively (Fig. 5). The NmF2 is also found
to be strongly correlated with molecular densities O/O,
(0.64-0.96) but are not distinct in equinoxes throughout
the day. Overall, the correlations with other parameters
are also higher during vernal compared to autumn and
hence the contributions of neutrals cannot be ignored spe-
cially in the nighttime. Another possible reason for the EA
could be the thermospheric neutral winds which may also
transport the electron density to the EIA crest region,
depending upon the direction and strength of the wind.
However, since we do not have an estimate of thermo-
spheric winds, the proposed mechanism cannot be fully
validated, but is a possibility.

The asymmetry near the peak and above is considered
to be through the dynamical processes which involve
neutral winds and electric fields (Balan et al., 2000;
Aggarwal et al., 2012). During noontime/mid-nighttime
the F-layer is at higher/lower altitude (hmF2). Balan
et al. (1997, 2000) found the altitudinal dependence of
daytime (1000-1600 LT) electron density (Ne) being
higher/lower in September than March in lower/higher
altitudes respectively. The asymmetry in thermospheric
composition was accounted for the bottomside
ionosphere whereas the stronger EA (higher Ne in
March) near and above F-peak is accounted for the
weaker daytime poleward wind (at 300 km) in March
compared to September which resulted in a broader
ionosphere with a peak at higher higher/lower altitude
in March/September equinox respectively. This difference
in the neutral winds in the topside with minor contribu-
tion from the asymmetry in the plasma drifts were
accounted for the asymmetry in Ne at higher altitudes.
Similar observations were found by Kawamura et al.
(2002) and suggested the EA in the neutral wind
velocity to be due to the possible differences in the
momentum/energy being transmitted from lower to
upper atmosphere through tides and waves. Another
factor other than composition and wind velocity changes
is the equatorial fountain effect which also modifies the
ionization profile near the anomaly crest region.

4. Summary

The observed characteristics of ionospheric parameters:
NmF2 and hmF2 over Indian longitudinal sector (5-30° N
geog. lat., 60-100° E geog. long.) using COSMIC measure-
ments are summarized here:

NmF2:

(a) Diurnal trend exhibits a clear solar activity depen-
dence in noontime and an evening/post-midnight
enhancement for both regions and equinoxes
respectively.

(b) Day-to-day variability (CV) is lower during daytime
but higher in nighttime and early morning hours irre-
spective of solar activities.

(c) A weaker/stronger EA occurs during nighttime and
morning in LSA/HSA and stronger/weaker in noon-
time in low-/high-solar activity period respectively.

(d) The solar activity indices exhibits a strong positive
correlation with NmF2 throughout the day and
NmF?2 is independant of Kp in both equinoxes and
Dst in vernal over equatorial-low latitudes. The
NmF?2 is weakly related with O and mass densities
in nighttime but inversely moderate-strongly related
at other times of day. The molecular neutral densities:
0,, N, and O/N, are highly correlated with NmF2
for both equinoxes and regions throughout the day
(except nighttime over equator in vernal, O,, N,
and O/N, and low-latitude in autumn, N,, O/N,)
respectively. Whereas O/O, plays a significant role
throughout the day in NmF2.

hmF?2:

(a) Diurnal trend exhibits maxima (noontime, evening/
midnight) and minima (early-morning, before-
evening/before-midnight) with a strong solar-
activity dependence during morning and noontime
(higher over equator) and a secondary peak in eve-
ning/midnight occurs over equator during HSA/
LSA respectively.

(b) The CV over equator is higher during early morning
and nighttime in autumn for all years whereas over
low latitude, is lower/higher in LSA/HSA for both
the equinoxes and is higher in noontime-autumn
(except 2011) respectively.

(c) A stronger EA occurs in nighttime for all years and
weaker in morning over both regions with stronger
in HSA during noontime.

(d) The solar indices are strongly correlated for the whole
day and Kp and Dst plays no role in vernal but the
Dst strongly correlates in autumn. The hmF2
strongly anti-couples with O, N, and mass densities
throughout the day for both regions except a weak
relation for vernal over equator and autumn over
low-latitude in nighttime respectively. A strong rela-
tion is found of O, (inversely), O/N, and O/O,
(directly) throughout the day.

Some of our reported results using COSMIC observa-
tions are in agreement with previous findings using ground
based ionosonde measurements for the Indian longitudinal
sector. We found the EA in NmF2 is not just a daytime
phenomenon but also occurs in nighttime during the high
solar activity. The different equinoctial behaviour in
hmF?2 is also observed in nighttime for both solar activities
and in noontime during high solar activity respectively.
The results also give a viewpoint for the development of
model. Thus, although EA observed in the ionosphere
has been interpreted in terms of the combined effect of
the corresponding asymmetry in thermospheric composi-
tion and solar flux, the basic cause of the asymmetry in
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the ionosphere is unknown. It should be pointed out here
that this work of examining the ionospheric variability
using COSMIC during equinoxes is not enough to reveal
all the characteristics of ionospheric variability. Hence
more studies are planned for the near future using ground
and satellite based measurements.
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