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Abstract

We present the results of study on the variations of ionospheric total electron content (TEC) by using global, hemispheric, and regio-
nal electron contents computed from the global ionospheric maps (GIMs) for the period from 1999 to 2020. For a low and moderate
solar activity, the global and regional electron contents vary linearly with solar 10.7 cm radio flux and EUV flux. While a saturation
effect in the electron content verses EUV and F10.7 is found during the high solar activity periods at all regions, the maximum effect
is observed at low-latitudes followed by high and mid-latitudes region. The extent of saturation effect is more pronounced for F10.7
as compared to EUV. A wavelet transform is applied to global and hemispheric electron contents to examine the relative strength of
different variations. The semi-annual variations dominate in the northern hemisphere, whereas annual variations dominate in the south-
ern counterpart. The amplitude of annual variations in southern hemisphere is found to be higher than northern counterpart at all lat-
itudes. This asymmetry in the amplitude of annual variation is maximum at low-latitudes, followed by mid and high-latitudes,
respectively. The semi-annual variations are in-phase in both hemisphere and follow the solar cycle. The northern hemisphere depicts
relatively large amplitude of semi-annual variations and exhibit the maximum effect at high-latitudes.
� 2022 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The ionosphere is an ionized part of the Earth’s upper
atmosphere, formed by absorption of extreme ultraviolet
radiations (EUV). Space weather activities such as coronal
mass ejection (CME), solar flares and tides in the lower
atmosphere also contribute to the variability of ionosphere
(Rishbeth, 1998; Rishbeth, 2006). The ionospheric plasma
density exhibits several periodic variations like diurnal,
https://doi.org/10.1016/j.asr.2022.07.029
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27-days, seasonal and solar cycle. Furthermore, the iono-
sphere also exhibits anomalous behavior, deviating from
the predictions of Chapman ionization theory. The promi-
nent anomalies include winter anomaly, equatorial anom-
aly, annual and semi-annual anomalies (Rishbeth, 1998).

Annual anomaly, otherwise known as the annual asym-
metry or annual variation, refers to the higher (approxi-
mately 30%) plasma densities near December solstice
than near June solstice (Rishbeth and Müller-Wodarg,
2006). The mechanism for annual variation is not properly
understood and listed as one of the top scientific challenges
in the ionospheric research (Rishbeth, 2007). Berkner and
al., Climatology of global, hemispheric and regional electron content
, https://doi.org/10.1016/j.asr.2022.07.029
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Wells (1938) first reported the annual asymmetry and later
studies by Rishbeth and Müller-Wodarg (2006) ionosondes
measurements and Mendillo et al. (2005) via GPS-TEC
analysis. Later, Zeng et al., (2008) investigated the features
of annual variation using the COSMIC radio occultation
technique and compared the results with TIEGCM model.
They showed that the annual asymmetry varies strongly
with local time and longitude. Rishbeth and Müller-
Wodarg (2006) performed the model simulation of annual
asymmetry using coupled thermosphere ionosphere plas-
masphere electrodynamics (CTIPe) model. The said model
provides much lower magnitude of the annual asymmetry
as compared to observational data. This indicates that sev-
eral other ionizing sources need to be taken into account.
Dang et al. (2017) performed numerical simulations of
the annual asymmetry using NCAR-TIEGCM model and
found that such annual variation is mainly dependent on
the distance between Sun and Earth through photochemi-
cal process. The winter anomaly refers to daytime plasma
density higher in winter than summer during same solar
activity (Torr and Torr, 1973; Zou et al., 2000, Burns
et al. 2014).

The semi-annual variation refers to higher plasma den-
sity at equinox than solstice. Many theories have been pro-
posed to explain the semi-annual anomaly as reviewed by
Rishbeth (1998). Cortie (1912) proposed that solar wind
speed is high near equinox as compared to solstice and this
may be origin of semi-annual variation. Thermometric
spoon mechanism was suggested to explain these varia-
tions, which indicated that inter-hemispheric circulation
in solstices plays a key role in the mixing of major plasma
species. Later, Rishbeth et al. (2000) gave a detailed discus-
sion of the said subject and role of other mechanisms in
explaining the semi-annual variation. Enhanced reconnec-
tion between interplanetary and Earth’s magnetic fields
during the equinox season as compared to solstice is
another mechanism possible for semi-annual variation
(Russell and McPherron, 1973). McIntosh (1959) and
Bartels (1932) proposed a Kelvin-Helmoltz type instability
which is maximum at equinox. Zhao et al. (2007) studied
the various characteristics of semi-annual variation using
the global ionospheric maps (GIMs) and TIMED-GUVI
based O/N2 data. They also pointed out the role of thermo-
spheric wind and electric fields for explaining the semi-
annual variation. Currently, a worldwide network of dual
frequency GPS receivers (https://igs.org/network/) is used
to monitor the ionosphere, study its global and regional
features (Unnikrishnan et al., 2002; Wu et al., 2004;
Zhao et al., 2007). In the present work, we have computed
the global and hemispheric electron content (Afraimovich
et al., 2006; Ratovsky et al., 2020) using UPC-UQRG
GIMs from 1998 to 2020. The regional electron content
(REC) has also been computed at different latitudinal
zones, namely low-latitudes (0�–30�), mid-latitudes (30�–
60�) and high-latitudes (60�–87.5�). Finally, features of
annual and semi-annual variation are investigated by
applying the band-pass filters.
2

Rest of the articles is organized as follows: section 2
describes the data sets and methodology employed in this
work. The results are presented in the section 3 while sec-
tion 4 describes the discussion of our results. The conclu-
sions are summarized in the section 5.
2. Data sets and data processing

2.1. Data sets

We have used global ionospheric maps (GIMs) as pro-
vided by UMPC to extract vertical total electron content
(vTEC). These maps have a spatial resolution of 2.5� along
latitude and 5.0� along longitude with temporal resolution
of 15 min. Hence, there are 72x72 = 5140 data points in
each GIM map, called a GIM cell. Fig. 1 depicts an exam-
ple of receiver locations listed in the header information of
the UQRG-IONEX file of 2014-01-01. Although the distri-
bution of GPS stations is sparse in the southern hemisphere
as compared to the northern counterpart (Fig. 1). How-
ever, during the geomagnetically quiet-days the perfor-
mance of UPC-UQRG GIMs over the oceans
(particularly in the southern hemisphere) shows a good
agreement with satellite measurements (Jee et al., 2010;
Liu et al., 2021). Hence, it provides a possibility to perform
our statistical analysis for various features of the iono-
sphere using GIMs. We used GIM data of solar cycles 23
(SC-23) and 24 (SC-24). Solar cycle 24 is the smallest solar
cycle since 1957. The year 2008 has the smallest solar activ-
ity, and the year 2009 has the smallest magnetic activity in
the last one century (Zerbo et al., 2012). The period
between 2006 and 2008 is known as deep solar minimum.
Different phases of solar cycles 23 and 24 are depicted in
Table 1. The solar EUV fluxes in range 0.1–50 nm are con-
tinuously measured by the Solar EUV Monitor (SEM)
spectrometer aboard the Solar Heliospheric Observatory
(SOHO) since 1996 (Judge et al.,1998). Monthly averaged
EUV flux and F10.7 index have been used in this work
to find their correlation with electron content variations.
2.2. Data processing

To understand variation in ionospheric electron density
the global electron content (GEC), hemispheric electron
content (HEC) and regional electron content (REC) are
computed. Here, GEC, HEC and REC are, respectively,
the number of electrons in the whole ionosphere, hemi-
sphere and at specific latitudinal regions. All of these
parameters are measured in the units of GECU such
1GECU = 1032 electrons. The HEC is calculated by multi-
plying vTEC value of each GIM cell Ip;q with correspond-
ing area Ap;q and then summing over the entire
hemisphere (Afraimovich et al., 2006, Ratovsky et al.,
2020), i.e.

HEC ¼
X

p;q
Ip;qAp;q ð1Þ

https://igs.org/network/


Fig. 1. GNSS receiver stations used for the UPC-UQRG ionospheric maps of 2014-01-01.

Table 1
Characteristics of solar cycles 23 and 24.

Phase Years of SC-23 Years of SC-24

Increasing 1997 to 1999 2009 to 2011
Maximum 2000–2002 2012–2014
Decreasing 2003 to 2005 2015 to 2018
Minimum 2006 to 2008 Deep solar minimum 2019 to 2020
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Here p and q denote, respectively the geographic latitude
and longitude of a particular GIM cell. For northern hemi-
spheric electron content (HECN), p ranges from 0� to 87.5�
and for southern hemispheric electron content (HECS)
p = -87.5� to 0� whereas q = –180� to +180� during both
cases. The GEC is computed by summing the HEC, i.e.,
GEC = HECN + HECS. Whereas the REC at low, mid
and high-latitudes is computed by limiting the p (Eq. (1))
to 0�–30�, 30�–60� and 60�–87.5�, respectively.

Monthly averaged values of electron contents are evalu-
ated by using five quietest days of each month. A morlet
wavelet transform has been applied to GEC and HEC to
analyze strength of different oscillations (Rösch and
Schmidbauer, 2016). The annual variations in electron con-
tent have a period of 12 months, whereas semi-annual vari-
ations correspond to oscillations with 6 months periodicity.
A finite impulse response band-pass filter has been
employed to separate such variations. The upper and lower
frequency bound for annual (semi-annual) variations were
1/11 (1/6.5) months and 1/13 (1/5.5) months, respectively.

3. Results

3.1. The GEC, HEC and REC variation

Fig. 2(a) presents the average monthly GEC, in Fig. 2(b)
we have shown the HEC at northern (red) and southern
3

hemisphere (black), Fig. 2 (c) presents yearly averaged dif-
ferences in the hemispheric electric content and Fig. 2(d)
depicts the respective SSN (in blue) with F 10.7 (in red)
superimposed on it, from the year 1999 to 2020. The
GEC has a maximum value of 3.3410 GECU in the month
of October 2001 and a minimum 0.4515 GECU in July
2009. The values of GEC are in agreement with finding
of Astafyeva et al. (2007). During the SC-23, however,
the GEC is in general relatively higher than during the
SC-24, and in particular, the maximum GEC is greater
by 34%. The HECN shows a maximum value of 1.687
GECU in March 2002, whereas the respective value south-
ern hemisphere observed in October 2001 is 1.704 GECU.
Fig. 2(c) indicates that yearly averaged HEC is high in
northern hemisphere for all years except 2011, where
almost equal electron contents are found in both hemi-
spheres. The R (SSN) showed two peaks during the SC-
23 maximum with peak values of 256 and 249, respectively
in July 2000 and September 2001. For the cycle 24 it
reaches a maximum value of 160 in February 2014.
Fig. 3(a) presents REC at high-latitudes (60:87.5) from
1999 to 2020 in both hemispheres, it shows two peaks cor-
responding to solar cycle maximum. The REC values at
high latitudes are much smaller than mid and low-
latitudes. Moreover the hemispheric differences are higher
during the maximum phase of a solar cycle than during
the minimum phase. During December 2011, the REC in
the southern high-latitudes is about 334% higher than
northern counterpart. Fig. 3(b) is similar to Fig. 3(a) but
for the mid-latitudes. Fig. 3(c) presents regional electron
content at low-latitudes (0:30) in the northern (red) and
southern hemisphere (blue) from 1999 to 2020. It can be
observed that REC shows two peaks corresponding to
solar maximum with maximum of 1.085 GECU (1.102



Fig. 2. a) Global electron content in GECU from January 1999 to December 2020 b) Hemispheric electron content in northern hemisphere (red) and
southern hemisphere (black) from 1999 to 2020 c) Difference in yearly averaged hemispheric electron content d) Solar radio flux F10.7 (in red) and Sun
spot number, R (in blue) from 1999 to 2020.

Fig. 3. a) Regional electron content at northern (in red) and southern (in black) high-latitudes from 1999 to 2020. b) Same as Fig. 3 (a) but for mid-
latitudes c) same as Fig. 3(a) but for low-latitudes.
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GECU) and 0.8301 GECU (0.8160 GECU) in the northern
(southern) hemisphere during the months of October 2001
and March 2014, respectively.

The hemispheric differences in yearly averaged regional
electron content for high, mid and low-latitudes is pre-
sented in Fig. 4a, 4b and 4c, respectively. The northern
high latitude is found to have higher electron content as
compared to southern counterpart for all years except dur-
ing the period 2011–2013 and 2019. The mid-latitude
region also exhibits higher electron content in the northern
4

hemisphere for all years except for the period 2011–2013
and 2003. Contrary to high and mid-latitude regions, the
northern low-latitude exhibits higher electron content for
all years. The intensity of hemispheric asymmetry at low-
latitude follows the solar cycle and depicts two peaks cor-
responding to maximum of solar cycles 23 and 24,
respectively.

A wavelet transform is applied to global and hemi-
spheric electron contents and its power spectrum is dis-
played in Fig. 5: from top to bottom we present GEC,



Fig. 4. Hemispheric difference in yearly averaged regional electron content for a) low b) Mid and c) High-latitudes region from 1999 to 2020.
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HECN and HECS, respectively. Power spectrum highlights
various common features during the considered interval.
The first characteristic is the increase in the strength of
periods between 5 months to 7 months corresponding to
semi-annual variations. A second characteristic is evident
increase in the power of periods between 11 month and
13 months corresponding to annual oscillations around
the maximum phase of solar cycles 23 and 24. We also
observe the oscillations with 32-month periodicity whose
power is intensified around the solar maximum. The power
spectrum of GEC reveals that annual and semi-annual
component during the maximum phase of SC-23 is stron-
ger than corresponding phase of SC-24. Another interest-
ing feature revealed by power spectrum is semi-annual
variation is most dominating component in the northern
hemisphere whereas annual variation dominates in the
southern counterpart.

3.2. Morphology of annual variations

In the previous section, it has been found that annual
variations are one of the main oscillations in the GEC
and HEC data. The present section provides a detailed
analysis of annual variation in each hemisphere at different
latitudinal zones. To quantify the amplitude of the annual
variations a band pass filter is applied to HEC and the
results are presented in Fig. 6a, orderly for northern (red)
and southern hemispheres (blue) for the period 1999 to
2020. The annual variation in the northern hemisphere is
relatively weaker than southern counterpart and do not fol-
low the solar cycle trend exactly as they do for the southern
hemisphere. Furthermore, the annual variation in the
northern hemisphere gets stronger during the years 2010
5

to 2015. Whereas these variation in the southern hemi-
sphere follow the solar cycle trends. There are two periods
of strong annual variation in the southern hemisphere cor-
responding to maximum of 23rd and 24th solar cycles. The
maximum amplitude of annual variation in the southern
hemisphere found 0.3539 GECU in the month of Dec
2002 whereas in the northern hemisphere it was 0.0822
GECU in May 2012. The maximum amplitude of annual
variations in the northern hemisphere is about 76% lower
than southern counterpart. The amplitude of annual varia-
tion in the southern hemisphere reaches to a minimum
value (about 0.1234 GECU) in 2009 whereas northern
counterpart depicts a minimum value (about 0.0158
GECU) of annual variations in the month of May 2004.
For the period 2000 to 2004 the annual variation in the
southern hemisphere is relatively strong as compared to
the corresponding values for years 2012 to 2016. The
annual variations in both hemispheres are found to be
out of phase. The maxima of such variations in the north-
ern (southern) hemisphere are observed in June (Decem-
ber), whereas minima are observed in the month of
December (June). This indicates that the annual variations
as shown in Fig. 6 (a) correspond to regular annual varia-
tions in agreement with Chapman’s theory (Chapman,
1931). To further investigate the features of annual varia-
tions, we have computed December to June ratio of
monthly averaged electron content for GEC and HEC
and results are presented in the Fig. 7. The ratio corre-
sponds to winter anomaly (regular annual variations) if
greater (less) than unity in the northern (southern) hemi-
sphere. Fig. 7(a) indicates that GEC(Dec)/GEC(June) is
maximum (1.8) in the year 2011 whereas corresponding
minimum value (0.93) occurs in the year 2015. The Dec(lo-



Fig. 5. Wavelet power spectrum of GEC (top), HECN (middle) and HECS (bottom) from 1999 to 2020.

Fig. 6. a) Annual variation in the hemispheric electron content, red presents the north and blue corresponds to southern hemisphere b) Semi-annual
variation in the hemispheric electron content, red presents the north and blue corresponds to southern hemisphere.
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cal winter)/June (local summer) ratio for northern hemi-
sphere is presented in Fig. 7(b), it indicates that ratio
remain less than unity except during the years 2001 and
6

2011 where it was slightly higher than unity (1.097 and
1.037). On the other hand, in the southern hemisphere
(Fig. 7(c)) Dec(local summer)/Jun (local winter) ratio



Fig. 7. a) December to June ratio of GEC from 1999 to 2020 b) same as Fig. 7(a) but for HECN c) same as Fig. 7(a) but for HECS.
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remain greater than unity for all years with the maximum
(minimum) ratio observed the year 2011 (2007) having val-
ues of 3.2(1.5), respectively.

The annual variations at high, mid and low-latitudes are
extracted using a band pass filter and presented in Fig. 8(a),
8(b) and 8(c) respectively. On each panel red line corre-
sponds to northern latitudinal region whereas blue presents
the southern counterpart. There are several interesting fea-
tures revealed by latitudinal distribution of annual varia-
tion. The annual variations in southern hemisphere at all
latitudinal zone follows the solar cycle. The amplitude of
annual variations in southern latitudinal zone is higher
than corresponding northern region during the considered
period. We also note that hemispheric asymmetry, in
amplitude of annual variations, decreases from low to
high-latitudes. The maximum amplitude of annual varia-
tions in the southern regions is 340%, 140% and 114%
higher than that of corresponding northern region for
low, mid and high-latitudes, respectively. The annual vari-
ations at mid and high-latitudes are out of phase in both
hemispheres for all years. At low-latitudes, from 2000 to
2005, the northern region annual variations are in phase
with southern counterpart and reveals the existence of win-
ter anomaly in northern hemisphere during the period.
However, we do not find any annual variation in the north-
ern low-latitude region from 2006 to 2007.
3.3. Morphology of semi-annual variations

As indicated by wavelet power spectrum, there is
increase in power of semi-annual periods (about 6 month
periodicity) around solar maximum. The present section
7

is aimed to present the morphology of semi-annual varia-
tion in both hemispheres at different latitudinal regions.
Fig. 6b presents the semi-annual variations extracted using
band-pass filter for northern (in red) and southern (in blue)
hemisphere. The amplitude of semi-annual variations is in-
phase in both hemispheres and intensified around the max-
imum phase of SC-23 and SC-24. The semi-annual varia-
tion in the northern hemisphere is higher than southern
counterpart and this effect is enhanced around the maxi-
mum phase of solar cycle 23. The maximum amplitude of
semi-annual variation in the norther hemisphere (April
2001) is about 10% higher than the corresponding maxi-
mum of southern hemisphere. The maximum amplitude
of annual variation is about 70% lower in northern hemi-
sphere than maximum amplitude of semi-annual variation
in the southern counterpart. This corresponds well to
wavelet power spectrum (Fig. 5) which highlights that
annual variation dominates in the southern hemisphere
whereas semi-annual component dominates in the northern
counterpart. Similar to annual variation, semi-annual com-
ponent is further investigated at high, mid and low-
latitudes as depicted in Fig. 9a, 9b and 9c, respectively.
The hemisphere asymmetry in the amplitude of semi-
annual is maximum at high-latitudes (30% high in northern
part), followed by mid-latitudes (17% high in northern
part) and minimum at low-latitudes (8% high in northern
part). There were no semi-annual variations from August
2007 to March 2009 at high-latitudes. During the deep
solar minimum, the amplitude of semi-annual component
has reduced, however this reduction is maximum for
high-latitudes, followed by mid and low-latitudes,
respectively.



Fig. 8. a) Annual variations at northern (in red) and southern (in blue) high latitude region from 1999 to 2020 b) same as Fig. 8 (a) but for mid-latitudes c)
same as Fig. 8 (a) but for low-latitudes.

Fig. 9. a) Semi-annual variations at northern (in red) and southern (in blue) high latitude region from 1999 to 2020 b) same as Fig. 9 (a) but for mid-
latitudes c) same as Fig. 9 (a) but for low-latitudes.
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3.4. The GEC, HEC and REC variation with F10.7 index

Fig. 10(a to i) show the scatter plots of the monthly
averaged electron content versus monthly averaged solar
radio flux F10.7. A quadratic fitting has been applied to
electron content globally and regionally at different lati-
tudes in each hemisphere, the corresponding fitting equa-
tion is shown on each subfigure in red bold fonts. Such
8

quadratic fitting has been suggested by many previous
studies (Gupta and Singh, 2001; Kouris et al., 1998; Liu
et al., 2004; Liu and Chen, 2009). In this regard, Liu and
Chen (2009) recommended that the quadratic regression
is an optimum choice while describing the effects of a solar
activity on ionosphere. The sign of quadratic term in fitting
equation describes the possible variation of electron con-
tent with increasing F10.7, i.e., a positive sign suggests



Fig. 10. Scatter plot of monthly averaged electron content versus solar radio flux F10.7 at a) globally b) in the northern hemisphere, c) southern
hemisphere d) northern low-latitudes e) southern low-latitudes f) northern mid-latitudes g) southern mid-latitudes h) northern high-latitudes i) southern
high-latitudes. On each figure curve and equation presents quadratic fitting where F in equation corresponds to F10.7. j) ratio of linear to quadratic term
of fitting at all regions.
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amplification and negative values correspond to saturation.
All results (Fig. 10(a to i)) show a linear increase in electron
content with rise in F10.7 in low solar activity region
(F10.7 <150) while for the high solar activity a saturation
effect is evident in all regions. This saturation is also con-
firmed by a negative sign of quadratic term in fitting equa-
tion at all respective latitudes. However, the extent of this
effect varies with latitudes and to quantify the extend
non-linearity at different regions, ratio of linear to quadra-
tic term (epsilon) is calculated and plotted in Fig. 10 (j).
Thus, the higher ratio corresponds to higher linearity in
variation and vice versa. Fig. 10(j) indicates that mid-
latitudes region of each hemisphere depicts a better linear
trend with F10.7, followed by high- and low-latitudes
regions, respectively. However, response of both hemi-
spheres is found to symmetric at all the sectors. Fig. 11 is
similar to Fig. 10 but for electron content and EUV (0.1–
50 nm) flux. It can be observed that electron content at dif-
ferent latitudes varies more linearly with EUV flux as com-
9

pared to F10.7 index. However, there is also a saturation
effect detected in the electron content at EUV flux. The
ratio of linear and quadratic term of fitting – as depicted
in Fig. 11(j) – have much higher values for EUV than
F10.7. This shows that saturation effect in EUV flux is
much low as compared to F10.7. Moreover, Fig. 11(j) also
shows that saturation effect in EUV is maximum at low-
latitude region and minimum at northern mid-latitude
region.SW.

4. Discussion

The GEC and HEC show that during the maximum of
solar cycle 23, the TEC is higher as compared to solar cycle
24. This corresponds well to the low solar activity of the
later solar cycle. This quadratic fitting shows that a linear
relationship between TEC verses EUV and F10.7 is valid
over the periods of low and moderate solar activity. A sig-
nificant saturation effect is found during the periods of high



Fig. 11. Similar to Fig. 10 but for monthly averaged electron content verses EUV flux.
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solar activity and the extent of saturation is found to be
maximum for low-latitudes, followed by high and mid-
latitudes. The extent of saturation effect at high solar activ-
ity is more pronounced for F10.7 as compared to EUV
flux. This saturation effect in the ionospheric plasma den-
sity during the period of high solar activity is also reported
by many previous studies (Gupta and Singh, 2001; Balan
et al., 1994; Richards, 2001; Liu et al., 2006; Liu et al.,
2011, Yasyukevich et al., 2018). Balan et al. (1994) argued
that non-linear trend between EUV and F10.7 have caused
the observed saturation effect in TEC. Afraimovich et al.
(2008a) also reported the saturation in GEC with F10.7
index and EUV during high solar activity. Liu et al.
(2011) investigated the saturation effects using the regres-
sion model and found that equatorial ionization anomaly
crust shows clear features of saturation effect. This has also
10
been verified in our study that the deviation from linear
trends during high solar activity is more pronounced at
low-latitudes in agreement with Liu et al. (2011). It is not
well understood whether the saturation of ionospheric
plasma density actually exists, or it is the inabilities of dif-
ferent proxy indices (e.g., F10.7 and R) to represent solar
ionizing flux at high solar activity. Balan et al., (1994a,
1994b, 1996) reported that there is no saturation effect in
the ionospheric parameters (e.g., TEC and NmF2), and
the observed trends in plasma density at high solar activity
are due to the non-linear variation of EUV radiations
against F10.7. On the other hand, Liu et al., 2003 observed
the existence of saturation in foF2 against EUV flux having
a maximum effect at equatorial latitudes. The equatorial
ionization anomaly and pre-reversal enhancement (PRE)
are considered to be the main features responsible for the
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observed saturation at low latitudes, whereas at mid lati-
tudes it is caused by thermospheric composition and con-
centration changes (Liu et al., 2021; Liu et al., 2006). In
our work, we first found the correlation between electron
content and F10.7 cm index (Fig. 10), which indicate the
existence of non-linear variations at a high solar activity.
However, it is not conclusive if it is a saturation or an
inability of the F10.7 index. To further investigate, we have
evaluated the correlation between electron content and
EUV flux at different latitudes using a quadratic fitting
(Fig. 11). Our results indicate that the saturation effect also
exist for EUV flux (non-zero coefficient of quadratic term),
however its intensity is significantly reduced as compared
F10.7 counterpart. The higher electron content in the
northern latitudinal zones, as depicted in Fig. 4, can be
associated with stronger winter anomaly in the northern
hemisphere. Consequently, the yearly averaged electron
content generally remains higher in the northern hemi-
sphere with maximum effect at low latitudes. Moreover,
this hemispheric asymmetry follows the solar activity and
enhanced during the maximum phase of SC
(Yasyukevich et al., 2018). In Fig. 5, based on the period-
icity, we can easily recognize three main kinds of perturba-
tions: (1) annual, (2) semi-annual and (3) 32-month period
oscillations in GEC and HEC. The 32-month periodicity
variations can be associated with quasi-biennial oscillation
(QBO) (Tang et al., 2014), which are observed around the
maximum phase of SC 23 and 24. It is believed that these
oscillations as observed in ionosphere are associated with
different stratospheric phenomena (Baldwin et al., 2001).
The annual variation is most dominating oscillation in
southern hemisphere whereas semi-annual is most domi-
nating in the northern counterpart (Figs. 5 and 6). The
annual variations as presented in Fig. 6(a) show a solar
cycle dependence but with different phases: the southern
hemisphere depicts a maximum (minimum) value of such
variations – during the considered period – in the month
of December (June), these are the regular annual varia-
tions. However, the amplitude of these variations in the
northern hemisphere is much smaller than the southern
counterpart which might be due to winter anomaly and
annual asymmetry (Yasyukevich et al., 2018). Moreover,
the phase of annual variations (existence of maxima and
minima) in the northern hemisphere varies with solar activ-
ity. During the minimum phase of a SC, i.e., from 2005 to
2009 and 2017–2020, maxima occur in the months of May-
June, whereas minima is observed in Nov-Dec. This also
corresponds to the regular annual variations in the north-
ern hemisphere (Fig. 6a). While during the maximum phase
of SC, the phase of annual variations shifts towards the
months March-April and Sep-Oct corresponding to maxi-
mum and minimum values, respectively. This shift in the
phase of annual variation in the northern hemisphere can
be associated with the intensity of winter anomaly during
the maximum phase of a SC (Mikhailov and Perrone,
2011; Yasyukevich et al., 2018). The annual variation of
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ionospheric total electron content is much stronger in the
southern hemispheres for all latitudes (Figs. 6 and 8).
Afraimovich et al. (2008b) also reported about 1.7 times
higher annual variations in the southern hemisphere as
compared to northern counterpart. The northern hemi-
sphere is found to have higher electron content as com-
pared to southern counterpart for all years except during
2011, where electron contents have almost same value in
both hemispheres (Fig. 2c). The December to June ratio
of GEC is greater than unity for most of the years with
the maximum effect observed in 2011, followed by 2014
and 2001 as depicted in Fig. 7a. Furthermore, the winter
to summer ratio in the northern hemisphere also exceeds
unity in the year 2001 and 2011. This trend corresponds
to fact that winter anomaly in the northern hemisphere in
2001 and 2011 was strong enough to reverse the regular
annual variation. This hemispheric asymmetry in the
amplitude of annual variations is due to collective effects
of several physical phenomena. Firstly, the winter anomaly
is exceptionally more intense in the northern hemisphere
which depresses the regular annual variation in the north-
ern hemisphere (Mikhailov and Perrone, 2011;
Yasyukevich et al., 2018). Secondly, the effects of annual
asymmetry are in (out of) phase with regular annual varia-
tions in southern (northern) hemisphere. This effect causes
a further decrement (enhancement) in the regular annual
variation in northern (southern) hemisphere (Torr and
Torr, 1973; Zhao et al., 2007; Liu et al., 2009;
Yasyukevich et al., 2018). The observed asymmetry in the
amplitude of annual variation is maximum for the low-
latitudes region, followed by mid and high-latitudes
regions. At low-latitudes, from 2001 to 2006 the annual
variation in northern hemisphere becomes in phase with
southern counterpart, i.e. December solstice have higher
electron content than June solstice. The winter anomaly
during this period was strong enough to reverse the regular
annual variations. These results are consistent with the
finding of Pavlov and Pavlova (2012) where they reported
that intensity of winter anomaly increases from mid to
low-latitudes in the northern hemisphere.

The semi-annual variations are in phase in both hemi-
spheres and changes with solar cycle. The amplitude of
semi-annual variation in slightly higher in the northern
hemisphere, for the considered period, which is evident at
different latitudinal zones. This hemispheric difference in
the amplitude is minimum at low-latitudes (7%) and max-
imum at high-latitudes (30%). Rishbeth et al. (2000) and
Fuller-Rowell (1998) proposed that thermospheric spoon
effect is one of the main mechanisms for such observed
semi-annual variation. The solar heating is symmetric in
equinoxes and the turbulent mixing is relatively weaker
compared to that in solstices which causes higher O/N2 ra-
tio during equinox than during solstices. Symmetric phase
and amplitude of semi-annual variation in both hemi-
spheres at all latitudes suggest strong hemispheric electro-
dynamics coupling (Liu et al., 2009).
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5. Conclusion

We have studied the ionosphere electron content varia-
tion by analyzing the GIMs data from 1998 to 2020. In this
regard, features of global, hemispheric and regional elec-
tron contents in different latitudinal zones are considered.
The main findings are summarized as following:

1. The global and regional electron content varies linearly
with F10.7 and EUV under low solar activity. However,
during the high solar activity a non-linear effect in REC,
is observed at all latitudes with a maximum effect in low-
latitudes region.

2. The extent of non-linear of effect is more pronounced
for F10.7 index as compared to EUV flux.

3. During the peak of solar cycle 23, GEC is about 34%
higher than the peak of solar cycle 24, which corre-
sponds to a high EUV for the former cycle.

4. Wavelet power spectrum indicates the existence of
annual, semi-annual and 32-month periodicity varia-
tions during this period. Moreover, it has been found
that semi-annual variations mainly dominate in the
northern hemisphere whereas annual variations domi-
nate in southern counterpart.

5. The 32-month period oscillations are observable around
maximum phase of solar cycle and might be associated
with QBO of stratosphere.

6. The annual variation in electron content is much stron-
ger in the southern hemisphere and varies with phase of
a solar cycle. The northern hemisphere exhibits rela-
tively weak annual variation and varies weakly with
the solar cycle. The winter anomaly and annual asym-
metry reduces the amplitude of regular annual varia-
tions with the maximum effect at low-latitudes.

7. The hemispheric asymmetry in the amplitude of semi-
annual variations is maximum for low-latitudes, fol-
lowed by mid and high-latitudes, respectively.

8. The phase difference in annual variation, for both hemi-
spheres at all latitudes except at low-latitudes, have been
observed. The annual variation at northern low-latitude
becomes in-phase with southern counterpart from 2000
to 2005. This can be associated to existence of strong
winter anomaly that reveres the regular annual
variations.

9. The semiannual variation is symmetric in both hemi-
spheres and varies with solar cycle. The maximum
amplitude of annual variations in northern hemisphere
is about 30%, 16% and 8% higher than the correspond-
ing high, mid and low-latitudes of southern hemisphere,
respectively.
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