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Abstract: The Earth’s ionosphere experiences forcing from above and below and varies in different
periods. We analyzed the dynamics of the ionospheric global and regional electron contents (GEC
and REC) in solar cycles 23/24 (SC23/SC24) and the first part of solar cycle 25 (SC25). We considered
several methodological issues for GEC calculations and created a tool to compute GEC and made it
available through SIMuRG (System for Ionosphere Monitoring and Research from GNSS). The paper
shows the asymmetry of GEC dynamics in different solar cycles. The mid-latitude summer evening
anomaly disrupted the diurnal REC variation in the Siberian region under solar minima. The mean
GEC showed similar dependence on the F10.7 index in SC25 and SC23/SC24. The difference in solar
cycles could prevent reliable forecasting for GEC for the next solar cycle. Our model, based on a
neural network, could predict GEC dynamics in SC25 accurately when we input the F10.7 index.

Keywords: ionosphere; global electron content; regional electron content; solar cycle

1. Introduction

The ionosphere has significant impacts on radio wave propagation and correspond-
ingly on radar, navigation, and communication systems. Many articles have been devoted
to studying the Earth’s ionosphere. The Earth’s ionosphere experiences forcing from above
and below and varies in different periods. Scientists have investigated regional and local
ionospheric processes to create ionospheric models and new ionospheric peculiarities.

Global navigation satellite systems (GNSS) provide global ionospheric maps (GIM) of
total electron content (TEC) [1,2]. The GIM were used to study the ionospheric response to
magnetic storms [3,4], ionospheric anomalies [5], sudden stratospheric warmings [6], etc.
To analyze the general ionospheric pattern, Afraimovich et al. [7] suggested a technique
to calculate the global electron content (GEC)—the total number of electrons in the whole
ionosphere—and the regional electron content (REC)—over a territory. The technique is
based on GIM and currently allows study of the general ionospheric dynamics during more
than two solar cycles (1998–2023, solar cycles 23–25).

We built on works by Afraimovich et al. [7] using a bigger dataset (1998–2023) and
analyzed global electron content and regional electron content in several regions, based on
GIM TEC produced by the CODE (http://www.cx.unibe.ch, accessed on 1 August 2023).
We studied REC in Siberia (50–55◦ N, 105–110◦ E), Europe (50–55◦ N, 15–20◦ E), Japan
(35–40◦ N,135–140◦ E), Canada (50–55◦ N, −105–−100◦ E), and Australia (−40–−35◦ N,
135–140◦ E). The variations in REC and GEC were analyzed, including annual, semi-annual,
and 27-day variations. The main aim was to reveal peculiarities in solar cycle 25 compared
to previous solar cycles (herein we use the notation SC23, SC24, and SC25 for corresponding
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solar cycles). Our motivation was to reveal GEC and REC dynamics linked to hemisphere
asymmetry and region asymmetry, to find region-to-region or region-to-world asymmetry.

2. Materials and Methods

Several centers produce global ionospheric maps [8], including JPL, CODE, UPC,
CAS, etc. The GIM ingest GNSS data (pseudo range and phase TEC) to obtain total
electron content maps. The GIM contain absolute vertical TEC values worldwide (latitude:
−87.5–87.5◦, longitude: 0–360◦) with 2.5 × 5◦ spatial resolution and 2 h–15 min temporal
resolution. We used the final GIM product of CODE (CODG) that is based on the spherical
harmonic expansion of TEC spatial distribution [2]. CODG involves the Sun’s geomagnetic
reference frame and the modified single layer model to obtain vertical TEC values. CODG
GIM had 2 h time resolution before 19 November 2014, and 1 h after.

The GIM are freely available through the NASA CDDIS archive (ftp://cddisa.gsfc.
nasa.gov/pub/gps/products/ionex/, accessed on 1 August 2023). We used the SIMuRG
system (https://simurg.space, accessed on 1 August 2023) [9] to collect the data and
perform calculations. The SIMuRG provides GEC calculations for main GIM products
(IGSG, CODG, EMRG, ESAG, JPLG, UPCG, CASG, WHUG), rapid products (UQRG),
and model products (C1PG, IRI-2016). The number of products for GIM calculations can
be changed.

In the pioneer papers, Afraimovich et al. [7,10] calculated GEC and REC by summing
TEC values, Ii, in each cell (over the set of GIM cells), multiplied by the GIM cell area, Si

G = ∑i Si Ii, (1)

Afraimovich et al. [7,10] used the area at the sea level and indicated that in the absolute
value, it could result in a 20% error against electron density integration, but should provide
correct variations. If the GEC is used for model correction when you make calculations in a
uniform way, the error will disappear.

Earlier, Schaer [2] introduced the very same parameter—the global number of iono-
spheric electrons—for the peculiar case of GIMs based on spherical harmonics’ (SH) expan-
sion within a single thin layer. In this case, mean vertical TEC for global TEC distribution
can be represented as a zero-order SH coefficient, C00, given the proper normalization, and
thus it is possible to estimate GEC from C00 using a simple relation:

G = 4π(RE + H)2C00, (2)

where RE is the Earth’s radius and H is the shell height used in the GIM model.
Schaer’s definition [2] is mathematically correct for single shell GIMs based on SH

(CODE, WHU, ESA) and differs from Afraimovich et al.’s [7] definition by a factor of
(RE + H)2/RE

2. This is one of the reasons why GEC computed according to [7,10] is typically
underestimated, which was noted by Gulyaeva and Veselovsky [11]. Gulyaeva et al. [12]
used 450 km altitude; this altitude is indicated in GIM and should correspond to the
model involved.

Afraimovich’s definition of GEC is more common nowadays since it is simple and
allows using different GIM even when we do not know SH coefficients. Schaer’s approach
needs modifications to be applied for multi-shell GIM models (like JPL [13]), tomographic-
based approaches (like UPC [14]), or composite IGS GIM [1].

Some alteration to the initial Afraimovich formulation is advisable to make absolute
GEC values consistent with Schaer’s approach and the results of other models. At the same
time, this inconsistency does not affect GEC variations. As for absolute values, one should
take special caution to make and use GEC calculations in a uniform (self-consistent) way to
avoid possible errors, as well as clearly state the estimation method and type of GIM used
in the analysis.

ftp://cddisa.gsfc.nasa.gov/pub/gps/products/ionex/
ftp://cddisa.gsfc.nasa.gov/pub/gps/products/ionex/
https://simurg.space
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As of now, the SIMuRG system provides the possibility to estimate GEC from different
types of GIMs both according to the initial Afraimovich definition and taking into account
a correction factor to be consistent with Schaer’s definition.

To overcome a problem, one can use global (or regional) mean TEC [15]. Because the
factor (RE + H)2/RE

2 is common for all GIM cells, it contributes the same in the mean TEC
value for different regions. This also allows direct comparison of the ionospheric dynamics
in different regions—in this way, the region size does not influence the values. To calculate
the global mean TEC, one can use different approaches. The first is to average TEC in GIM

〈I〉 = 1
N

N

∑
i=1

Ii (3)

where N is the number of TEC values in GIM (5112) or in the studied region. The
global mean TEC unit is the same as those for TEC—TECU (total electron content unit;
1 TECU = 1016 m−2).

The other approach to calculating the global/regional mean TEC is to take into account
the weighting factor Si/S (Si is the area of a cell, S = ∑i Si): the area of a GIM cell Si is
the biggest at the equator and decays towards higher latitudes. Introducing the weighting
factor allowed us to compare different regions taking into account different areas covered
by the same number of GIM cells.

〈I〉 = ∑i
Si
S

Ii, (4)

This approach allowed us to obtain just the parameter C00 for GIM based on SH
expansion (see above).

Figure 1 shows calculation of the REC based on (4). When a user chose a region
(light violet rectangle on the TEC maps), the REC inside the region was calculated using
(4). Each global ionospheric map (see the left column) provides a dot (see light violet
dots on the right panel) on the REC dynamics. The REC features daily dynamics: equa-
torial anomaly manifests as stronger during daytime and lighted-enhanced ionosphere
increased REC in the day. We could also expect daily variations in GEC due to longitudinal
asymmetry [16].

In the third approach (for global electron content, not regional), we expanded GIM
into spherical harmonics and used the zero order harmonic coefficient of TEC expansion.

Sometimes it is not easy to understand which approach is used in an article. For
example, Hocke [15] and Liu et al. [17] do not show the formula but talk about a simple
transformation from GEC to global mean TEC (this indirectly points out that (4) was used).

Using (3) is possible, but is less accurate. Figure 2a shows the dynamics of GEC based
on (4) and (3) by red and blue curves, respectively. The curves qualitatively agree for GEC
(Figure 2a), but have a bias. When we ignore the fact that the equatorial cells are larger
than high-latitude ones, we underestimate mean TEC (TEC at the equator is higher and has
greater weight). The difference between (4) and (3) is

∆〈I〉 = ∑i

(
Si
S
− 1

N

)
Ii, (5)

Figure 2b shows the REC dynamics in Siberia. Since we used a few GIM cells for
calculations, computations using Formulae (3) and (4) were quite similar and the values
were almost the same. Figure 2c shows the difference between the weighted mean (4) and
just mean (3) ∆〈I〉 for both the entire world (black dots) and Siberia (orange dots). For
REC in Siberia, the difference was small—less than 0.4 TECU at the solar maximum (less
than TEC estimation error). For GEC at the solar maximum, the difference reached up to
12 TECU, which is quite significant.
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For our study, we used the weighted mean (4) to calculate GEC and REC (we pre-
served these names keeping in mind the simple transformation between the number of 
electrons and mean TEC). 

We used the Butterworth filter with a passband of 200–500 days for annual variations, 
100–300 days for semi-annual variations, and 20–40 days for 27-day variations. In the fig-
ures, <dI> means GEC/REC variations. 

We also provided routine treatment of GEC and REC in the SIMuRG (https://si-
murg.space/gec, accessed on 10 October 2023) so researchers could benefit from having 
such data for their studies. The SIMuRG provides GEC according to Afraimovich [7,10] 
and Gulyaeva [12] as well as global mean TEC (4). 

 
Figure 1. Illustration of REC calculation. Left column shows TEC distribution for 06:00 UT, 1 January 
2003; 10:00 UT, 1 January 2008; 14:00 UT, 1 January 2015; 18:00 UT, 1 January 2020. The region for 
REC is shown by light violet rectangle. On the right panel, the bold dots show corresponding REC, 
while black dots show general REC dynamics. 

Figure 1. Illustration of REC calculation. Left column shows TEC distribution for 06:00 UT, 1 January
2003; 10:00 UT, 1 January 2008; 14:00 UT, 1 January 2015; 18:00 UT, 1 January 2020. The region for
REC is shown by light violet rectangle. On the right panel, the bold dots show corresponding REC,
while black dots show general REC dynamics.

For our study, we used the weighted mean (4) to calculate GEC and REC (we pre-
served these names keeping in mind the simple transformation between the number of
electrons and mean TEC).
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Figure 2. Comparison between the mean and weighted mean TEC: (a) the weighted mean (red dots) 
and mean (blue dots) TEC throughout the world; (b) the weighted mean TEC in Siberia (red dots); 
(c) the difference between the weighted mean and the mean TEC throughout the world (black dots) 
and in Siberia (orange dots). 

3. GEC and REC in Solar Cycles 23–25 
Figure 3 illustrates the REC dynamics in Siberia, Europe, and Japan, as well as GEC 

from 1998 to 2023. The thick blue line represents REC data for Siberia; the thin black line, 
for Europe; the thick gray line, for Japan; the thick black line, for the world, (GEC); the red 
line, for Canada; and the green line for Australia. In panels (a) and (b), the series are 
smoothed with a 10-day window to remove diurnal variations; in panel (c), with an 81-
day window (to remove diurnal and 27-day variations); in panel (d), with a 365-day win-
dow (to reveal general 11-year dynamics). Light blue dots on the background of panel d) 
represent the F10.7 index (10.7 cm solar radio flux). 

Figure 2. Comparison between the mean and weighted mean TEC: (a) the weighted mean (red dots)
and mean (blue dots) TEC throughout the world; (b) the weighted mean TEC in Siberia (red dots);
(c) the difference between the weighted mean and the mean TEC throughout the world (black dots)
and in Siberia (orange dots).

We used the Butterworth filter with a passband of 200–500 days for annual variations,
100–300 days for semi-annual variations, and 20–40 days for 27-day variations. In the
figures, <dI> means GEC/REC variations.

We also provided routine treatment of GEC and REC in the SIMuRG (https://simurg.
space/gec, accessed on 10 October 2023) so researchers could benefit from having such
data for their studies. The SIMuRG provides GEC according to Afraimovich [7,10] and
Gulyaeva [12] as well as global mean TEC (4).

3. GEC and REC in Solar Cycles 23–25

Figure 3 illustrates the REC dynamics in Siberia, Europe, and Japan, as well as GEC
from 1998 to 2023. The thick blue line represents REC data for Siberia; the thin black line,
for Europe; the thick gray line, for Japan; the thick black line, for the world, (GEC); the
red line, for Canada; and the green line for Australia. In panels (a) and (b), the series are
smoothed with a 10-day window to remove diurnal variations; in panel (c), with an 81-day
window (to remove diurnal and 27-day variations); in panel (d), with a 365-day window (to
reveal general 11-year dynamics). Light blue dots on the background of panel d) represent
the F10.7 index (10.7 cm solar radio flux).

https://simurg.space/gec
https://simurg.space/gec
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Figure 3. Dynamics of REC in Siberia (blue curve), Europe (thin black curve), Japan (thick gray 
curve), Canada (red curve), Australia (green curve), and GEC (thick black curve) from 1998 to 2023. 
In panels (a,b), the series are smoothed with a 10-day window; in panels (c,d) with an 81-day win-
dow and a 365-day window, respectively. Light blue dots on the background of panel (d) represent 
the F10.7 index. 

Figure 3. Dynamics of REC in Siberia (blue curve), Europe (thin black curve), Japan (thick gray
curve), Canada (red curve), Australia (green curve), and GEC (thick black curve) from 1998 to 2023.
In panels (a,b), the series are smoothed with a 10-day window; in panels (c,d) with an 81-day window
and a 365-day window, respectively. Light blue dots on the background of panel (d) represent the
F10.7 index.

A significant “noise” in data in Figure 3a,b is caused by 27-day variations. The GEC
and REC dynamics display annual and semi-annual variations, along with the general
11-year variation describing the solar cycle with solar maximum in 2002. At the same time,
the REC in Japan reached higher values in 2000 than those in 2002.

Long-term dynamics of REC and GEC (Figure 3d) reflect the dynamics of solar radio
emission (the F10.7 index, blue dots): during SC23, having maxima in 2002 and 2000 with a
local minimum in 2001, a significant decrease after 2002 with minima in 2008–2009; during
SC24, maxima in 2012 and 2014 with a local minimum in 2013, and a decrease after 2004
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with minima in 2019–2020. GEC seems to not to have reached the first maximum in SC25
still. Nevertheless, the current smoothed GEC in SC25 exceeds both maxima in SC24 and
tends to have the magnitude of the first maximum of SC23.

REC in Siberia varies over a wide range from 3 to 47 TECU. Maximum values, corre-
sponding to the maximum F10.7 index, were observed in winter 2002. The GEC exceeds
the REC in Europe and Siberia. This fact is expected, as near-equatorial regions with high
TEC values contribute to GEC but not to European and Siberian RECs.

The smoothed REC in Siberia slightly exceeds that in Europe. In SC23, the difference
between them reached ~6–8 TECU, whereas the difference decreases to almost zero in SC24
and SC25. REC in Japan is also higher compared with Europe and Siberia.

Figure 3c shows well-pronounced annual (period ~365 days) and semi-annual varia-
tions (period ~180 days). To estimate the magnitude of these variations, we removed trends
and variations of different bands. In Figure 4, annual and semi-annual variations are shown
in panels (a), (b) and (c), (d), respectively. We used the Butterworth filter with a passband
of 200–500 days (for annual variations) and 100–300 days (for semi-annual variations). The
thick blue line represents data on REC variations for Siberia. Panels (a), (c), and (b), (d)
show data for different regions.

The amplitude of annual REC variations at solar maximum in Japan exceeded that
in Siberia. They were fairly similar when solar activity went down and at solar minimum.
Annual REC variations (Figure 4b) in Europe and Siberia were almost the same. Maxi-
mums of annual REC variations in Siberia were observed in summer, near the summer
solstice (this was also true for Japan and Europe). The amplitude of annual REC vari-
ations in Siberia gradually decreased from ~6 TECU at solar maxima to 1.5–2 TECU at
solar minima.

In 2000–2002, maxima of the annual variations were displaced considerably from
summer months. In summer 2002, minimum annual REC variations were observed. In
2000 and 2001, maximum annual REC variations were observed in spring. Amplitude of
annual REC variations in Siberia in 2000 was about 7 TECU. The phase of annual variations
deviated in 2010 and in 2014.

Annual REC variations in Siberia (and other regions of the northern hemisphere) and
annual GEC variations were half-period phase-shifted (Figure 4a,b). Maximum annual
GEC variations were observed in winter as well as for the Australian region. This implies
that the Southern Hemisphere makes an essential contribution to annual variations. At
solar maximum, the amplitude of annual GEC variations is comparable to that of REC
variations for all the regions. However, the situation changed after the solar maximum
in 2003, when the amplitude of annual GEC variations decreased more than amplitude
of annual REC variations. It reflects opposite (half-period shifted) annual variations in
different hemispheres, so they partially cancelled each other out.

We see the strongest modulation of annual variation due to the solar cycle for GEC.
The modulation is taken as the ratio of annual variation amplitudes on solar cycle max-
imum and solar cycle minimum. For REC, modulation is smaller: the amplitude of an-
nual variation did not depend on the phase of the solar cycle as much as GEC variation
amplitude did.

The amplitude of the semi-annual REC variations (Figure 4c,d) peaked at solar maxima
and decreased abruptly at solar minima. The semi-annual REC and GEC variations were in
phase. The maximum of semi-annual variations fell on the equinox; the minimum was on
the solstice.

In 2000, the amplitude of semi-annual REC variations in Siberia was about 9.5 TECU;
in 2002, about 8.5 TECU; from 2004 to 2010, less than 2 TECU. The amplitude of semi-
annual GEC variations exceeded that of semi-annual REC variations in Siberia. In 2000, the
amplitude of GEC variations was about 12 TECU, whereas it was no more than 1–2 TECU
from 2004 to 2009. Semi-annual REC variations in Japan were similar to GEC variations.
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Figure 4. Annual (a,b) and semi-annual (c,d) REC variations in Siberia, Japan, Europe, Australia,
Canada, and GEC variations.

We recorded an increase in semi-annual REC/GEC variation amplitude after 2021.
However, the amplitude still did not reach that of SC24.

The modulation of semi-annual variations by solar cycle seemed to be stronger than
that of annual variations, which is evident from the comparison of left and right panels of
Figure 4.

Figure 5a presents 27-day REC variations in Siberia (we show only part of the full
interval, from 2008 to 2018, to distinguish peculiarities). The gray curve depicts a 27-day
variation envelope. Figures 4c and 5b show 27-day variation envelopes: (b) Europe (thick
gray curve), Siberia (thick blue curve); (c) Australia (green curve) and GEC (thick black
curve); (d) Canada (red), and Japan (thick gray curve). The amplitude of 27-day variations
is modulated. The strongest modulation occurred at a period of ~6 months, though there
were harmonics of higher frequencies. At solstices, we observed minimum amplitudes of
variations; at equinoxes, maximum amplitudes of variations. The maximum amplitude of
27-day variations was in 2001 (6 TECU in Siberia and 7 TECU in Japan). At solar minimum,
the amplitude of 27-day variations was from 0.5 to 2 TECU.

The amplitude of 27-day GEC variations (Figure 5c) from 1998 to 1999 and from
2003 to 2005 exceeded the amplitude of 27-day REC variations in Australia, but not in
Siberia/Europe (Figure 5c). These parameters were almost the same for the period from
2000 to 2001.

The amplitude of 27-day REC variations in Europe almost coincided with the ampli-
tude of variations in Siberia. The only exceptions were observed in 2002–2003, when the
amplitude of 27-day REC variations in Siberia far exceeded that in Europe and in 2013–2015,
when there was a small out-of-the-phase process. Compared with Siberia, 27-day variations
in Japan were more significant on average.

We should note that annual and 27-day variation amplitudes did not depend on solar
cycle intensity: 27-day variation amplitudes were close in SC23 and SC24.
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Figure 5. Envelope of 27-day variations. (a) 27-day variations (black line) and their envelope (gray 
lines) for Siberia; (b) upper envelope of 27-day REC variations in Siberia (blue curve) and Europe 
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Figure 5. Envelope of 27-day variations. (a) 27-day variations (black line) and their envelope (gray
lines) for Siberia; (b) upper envelope of 27-day REC variations in Siberia (blue curve) and Europe
(gray curve); (c) upper envelope of 27-day REC variations in Australia (green curve) and of REC
variations throughout the world (black curve), and envelope of the F10.7 index variations (magenta);
(d) upper envelope of 27-day REC variations in Japan (gray curve) and Canada (red curve).

To analyze diurnal TEC variations, we calculated their amplitude. We compared all
values for the chosen day and region with local time, which resulted in averaging the
values corresponding to the same local time over the chosen region. The average step was
1 h. The difference between the maximum and minimum values for the given day was
taken as the amplitude of diurnal TEC variations.

Figure 6 shows the dynamics of diurnal TEC variations’ amplitude. Note that “world”
amplitude does not mean “GEC” amplitude because all TECs were chosen in their local
time. Panel (a) illustrates the amplitude of diurnal TEC variations in Siberia (thick black
curve) and in Europe (gray curve); panel (b), the amplitude of diurnal TEC variations in
Japan (gray curve), and throughout the world (black curve).



Symmetry 2023, 15, 1940 10 of 21

Symmetry 2023, 15, 1940 10 of 22 
 

To analyze diurnal TEC variations, we calculated their amplitude. We compared all 
values for the chosen day and region with local time, which resulted in averaging the 
values corresponding to the same local time over the chosen region. The average step was 
1 h. The difference between the maximum and minimum values for the given day was 
taken as the amplitude of diurnal TEC variations. 

Figure 6 shows the dynamics of diurnal TEC variations’ amplitude. Note that 
“world” amplitude does not mean “GEC” amplitude because all TECs were chosen in 
their local time. Panel (a) illustrates the amplitude of diurnal TEC variations in Siberia 
(thick black curve) and in Europe (gray curve); panel (b), the amplitude of diurnal TEC 
variations in Japan (gray curve), and throughout the world (black curve). 

 
Figure 6. The amplitude of diurnal TEC variations in Siberia (panel (a), blue dots), Europe (panel 
(a), black dots), Japan (panel (b), blue dots), Canada (panel (c), red dots), Australia (panel (c), green 
dots), and throughout the world (panel (b), black dots). 
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and throughout the world (panel (b), black dots).

The amplitude of diurnal TEC variations was modulated by the annual and 11-year
harmonics, as well as by the semi-annual harmonics (to a lesser degree), unlike 27-day
variations (see Figure 5), showing the main contributors were semi-annual harmonics and
the presence of 11-year harmonics. Curves in Figure 6 resemble those in Figure 3. The
mean daily variation amplitude was higher than that of REC, except for the winters in 2000
and 2001, when these magnitudes were comparable. In January 2002, the amplitude of
diurnal REC variations in Siberia was ~75 TECU.

From 2004 to 2010, these magnitudes were from 1.5 to 30 TECU. By comparison, the
amplitude of diurnal TEC variations throughout the world over this period was from 7 to
41 TECU, in Europe, from 3 to 32 TECU, and in Japan, from 3 to 34 TECU (up to 75 TECU
in 2004).

Figure 7a,b illustrate dynamics of the daytime (12–13 LT) and nighttime (0–1 LT) REC,
respectively. Data series were averaged with a 3-day window to level the extreme events.
The black curve presents Siberia; blue dots, Europe. High REC values in Siberia appeared
on summer nights. This was most evident at the solar minimum when daytime REC values
were quite small. The diurnal variation may become anomalous, and daytime values may
become lower than nighttime ones.
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Figure 7. Daytime (a) and nighttime (b) REC in Siberia (black curve) and Europe (blue dots). Panels
(c–e) show the ratio of daytime to nighttime REC in Europe ((c), blue dots), Japan ((d), blue dots) and
Siberia ((c,d), black curves), Canada ((e), blue dots), and Australia ((e), black curve).

Daytime REC values in Europe and Siberia were almost the same (except for those
of summers in 2004–2010). Nighttime REC values in Siberia were much higher. This was
most evident in summer, when daytime values are smaller.
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To analyze disruption of diurnal variations, we used the ratio of daytime to
nighttime REC

R =
I13

I1
, (6)

where I13, I1 were REC at 12–13 LT and 0–1 LT, respectively.
At high solar activity, R in Siberia can reach 8 (Figure 7c) on certain winter days. Thin

black lines indicate R = 1, demonstrating when nighttime TEC values were higher than
daytime ones. Noteworthy is the fact that R in Siberia in summer has become less than
1 since 2004 (i.e., at solar minimum). This implies that there is a significant disruption of
diurnal variations in this region in summer.

As can be seen, R in Europe was close to 2 and varied slightly at the solar minimum.
There was a significant dynamic of the ratio of daytime to nighttime ionization in Siberia:
R varied from 0.25 to 6. The SC23/SC24 minimum differ from that in SC24/SC25: we did
not observe R < 1 for the last solar minima.

In Japan, we also observed a dramatic decrease in the ratio of daytime to nighttime
ionization during the summer months; they may have become comparable, but daytime
ionization was no less than that at nighttime (Figure 7d).

According to [10], GEC values are nonlinearly dependent on solar radio emission at
10.7 cm wavelength. Figure 8 compares GEC and REC in the rising phase of SC25 with
those of SC23 and SC24: we chose 3.5 years from the cycle beginning. We see that GEC
depends on the F10.7 index in the same way in SC25 and SC24/SC25: the SC25 fit (blue
line) is within the SC23/SC24 rise confidence interval (red dashed lines). The same is
true for REC in Japan and Australia. Significant differences between the solar cycles are
shown for Siberia, Europe, and Canada. We see that SC25 dependencies are more linear for
these regions.
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4. Discussion

Many factors influence global and regional ionospheric electron content. GEC and REC
are measures of plasma distribution, and plasma can be generated (neutral gas ionization),
lost (recombination to neutral gas), and transported. The driver of ionization is solar
radiation flux, which must meet particular gas species to produce ionized gas, so the
atmosphere composition is also responsible for the ionization/recombination rate. When
ionized gas (plasma) is transported to a region of higher/lower recombination, then its
gross amount will increase/decrease. Another mechanism that can result in the asymmetry
is the long-term trend in the neutral compositions [18,19].

Magnetic pole asymmetry influences GEC/REC asymmetries. The poles of the Earth
are very different: the North Pole is in an ocean surrounded by land, while the South Pole
is land surrounded by the oceans. This fact leads to the occurrence of sudden stratospheric
warmings (that also impact the ionosphere) [6] in the winter in the northern hemisphere,
but no comparable events occur in summer in the southern hemisphere. Since we are
considering plasma, on top of geographical asymmetry we have asymmetry of different
regions in terms of geomagnetic fields. The regions that look similar in terms of the
geographic latitude span they occupy (hence the amount of solar ionization radiation they
receive is similar, and plasma production is also the same) might be very different in terms
of geomagnetic latitude.

An important point is that the magnetic field is changing and the change influences the
different processes forming the Earth’s ionosphere [20], so this could result in a difference
in REC/GEC dynamics in SC23/SC24/SC25.

Magnetic field differences for these regions can cause rather different distributions of
plasma (that we study by means of GEC and REC) due to anisotropy: plasma can move
along magnetic field lines but not perpendicular to them. This is particularly true for
Siberia and Canada: the North magnetic pole is much closer to the latter. The peculiarities
in the magnetic field and neutral winds result in the mid-latitude summer evening anomaly
(MSEA) [21] and observed disruption (Figure 7) in the classical daily dynamics. Asymmetry
in MSEA could be connected with differences in neutral composition in SC23/SC24 and
SC24/SC25 solar minima. Most probably it is connected with a weaker vertical gradient of
composition (that produces asymmetry in winter-to-summer O/N2 [22]).

Global and regional electron content could be a proxy to study the asymmetry of the
plasma distribution and its temporal variations for different regions. The result shows that
in some bands, TEC variations are in phase for both the southern and northern hemispheres.
Figure 4 shows that semi-annual variations (period 180 days) are the same for regions in
both the northern and southern hemispheres. Semi-annual REC variations are also in phase
with GEC, so this allows us to conclude that there are no anomalous regions that show
different behavior.

The annual variations show different behavior. Southern regions (Australia) show
different behavior to northern ones (Siberia, Japan, etc.). What is more interesting is that
the GEC is in phase with annual variations of Australia’s REC, which tells us that the
Southern Hemisphere should contribute more to annual GEC variations than the Northern
Hemisphere. That confirms the findings of [10]. The occurrence of REC maxima for annual
variations, in the summer for the Northern Hemisphere region, seems to be as expected:
larger sun luminosity results in larger REC.

The Morlet wavelets for GEC, REC, and F10.7 index (Figure 9) show that annual
and semi-annual variations are much more significant in the ionosphere than those in
the F10.7 index. We also see strong annual variations in solar minima for all RECs.
The semi-annual harmonics are absent in the F10.7 index spectra but exist in GEC and
REC spectra, which confirms the results shown in Figures 2–5, but visualizes them in a
different way.
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Wavelet coherence [23] of GEC with the F10.7 index (Figure 10) could be treated as a
localized correlation coefficient in time frequency space and reveal locally phase-locked
behavior of those variations, but not necessarily with high common power. We see almost
no correlation for semi-annual harmonics (as expected), but a significant correlation for
annual harmonics during solar maxima which rapidly decreases under solar minima. At
the same time, the relative phase angle between GEC and the F10.7 index variations differs
significantly (up to reversal) even for areas with high observed correlations. At the same
time, if those two series are really physically related, we would expect a consistent or
slowly varying phase lag. That justifies our conclusions on the prevailing atmospheric
rather than solar influence on GEC annual and semi-annual variability. In contrast, for
27-day variations, we observed both high correlations and slowly varying phase angles,
suggesting that for those periods the solar activity dominates in GEC variability.
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Figure 10. Wavelet coherence for F10.7 index and GEC spectra for 50–500 days (upper panel) and
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Figure 8 confirms the results of [24]: there are no significant trends in the global or
regional electron contents against solar activity. GEC dependence on F10.7 index is almost
the same for SC25 and for SC23/SC24.

Modulation of annual and semi-annual variations during the solar cycle is also not
symmetric: it is more pronounced for semi-annual variations than for annual ones. Figure 4
shows that maxima of semi-annual variations fall on equinoxes (spring, autumn) and min-
ima on solstices (summer, winter). This allows us to conclude that the Earth’s orientation
during the span of the year causes different plasma production rates, which are larger
as the sub-solar point is closer to the equator. While Earth revolves, it seems counter-
intuitive to see pronounced semi-annual variations; we would expect annual variations to
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be more pronounced. However, maxima of semi-annual variation in mid-latitude regions
for both Southern and Northern Hemispheres allows us to conclude that it is connected
with symmetric plasma production or transport. This also is in agreement with the fact that
neutral atmosphere density reaches its maximum values in March and October due to the
“thermospheric spoon” [25].

Afraimovich et al. [10] supposed that annual and semi-annual variations are too small
at solar minima. While this holds for semi-annual variation, annual variations show less
pronounced dependence of the amplitude on a solar cycle phase. The symmetry also breaks
during the span of the solar cycle. In 2000–2002, the maxima of the annual variations are
displaced considerably from summer months to spring. This is not expected, since Earth’s
rotation does not depend on the solar cycle, so it is a hint to study other effects; for example,
some kind of “memory” or “accumulation” effects when the energy is accumulated during
the solar cycle, leading to such a displacement. This accumulation could appear in the
atmosphere and reveal non-regular effects such as sudden stratospheric warmings [26].

Figure 11 confirms that annual variations of GEC and REC in regions in the Northern
Hemisphere are generally anti-phase, while GEC and REC in regions in the Southern
Hemisphere are generally in-phase. Semi-annual variations of GEC and REC in both
hemispheres are generally in-phase. This justifies the conclusion of the predominant role of
the Southern Hemisphere in GEC annual dynamics. Another feature revealed from these
plots is that as we come closer to the maximum of SC25, we begin to observe a noticeable
(up to π/2 absolute value) relative phase shift in annual variations of GEC and REC both
for the Northern Hemisphere (positive) and the Southern Hemisphere (negative), which
differs SC25 from previous SC24 and SC23.
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Chen et al. [27] revealed the difference in the lag of solar cycle (>1 year) variations in
extreme ultraviolet and GEC from those in short-term variations (<27 days); so different
processes could influence different parts of spectrums.

Afraimovich et al. [7] think that 27-day variations should be maximal at the rising
and falling of solar activity rather than at maximum and minimum. Our results show that
despite modulation effects, the maximal amplitude of 27-day variations appears on the
solar cycle maximum. We see some reduction in 2001 and in 2014—probably due to an
increase in modulation amplitude; however, we disagree with previous results on 27-day
variations. To the naked eye, the Sun could appear constant. However, it is dynamic
systems that could reveal different “power” during different solar cycles.

Figure 5 shows that intensities of 27-day variations are close in SC23 and SC24. This
means that the atmosphere dynamics should significantly influence the observed 27-day
GEC/REC variations, and probably more significantly than solar flux variations.

We note that the 27-day GEC variations amplitude is modulated by semi-annual
harmonic. The question is whether it is due to the changes in solar flux variations or due
to the atmosphere dynamics. The envelope of 27-day F10.7 index variations (Figure 5c)
also showed modulation that resembles a half-year. Modulation in GEC disagreed with
modulation in F10.7 index in the 24th solar maxima (2012–2013, 2015), but for some periods
amplitudes agreed. We suppose that at solar maxima, the neutral atmosphere influence is
more significant and can outweigh solar flux variation effects.

Some hypotheses exist about the relation of the ionospheric 27-day variations to the
~27 Moon cycle. Bertolucci et al. [28] (who also analyzed 1995–2013 GEC data) studied the
combined gravitational effect of the Sun and the Moon.

To check their hypothesis, we calculated maxima in GEC and F10.7 index spectra
within 22.5–37 days. Figure 12 shows the dependence of these values for GEC vs. ones
for F10.7 index. Most of the data are 24–30 days within gray curves—they show a linear
dependence of 27-day variations of GEC on those of F10.7 index. However, on the right
part, there is a statistically significant part of the data showing that 27-day GEC variations
do not depend on F10.7 index ones. That could be due to other reasons.
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The first reason is the problems/peculiarities in the GIM used for GEC calculation.
The second reason is the influence of atmospheric processes preventing solar variations’
impact. We do not think that it could be due to the Moon cycle, because the periods of GEC
variation differ (and differ from the Moon cycle).
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While we do not suggest any evidence proving or disproving that dark matter can
be a factor that influences the ionosphere/thermosphere state (as suggested in [28,29], we
hope our data can be involved not only in “traditional” ionospheric research and precise
navigation improving, but even in atypical research in the ionosphere physics field.

Figure 3 confirms that solar cycle 25 appears to exceed solar cycle 24, while before
we expected that it would be less pronounced. Moreover, taking into account solar
cycles 23–24, we could expect the next solar maxima in 2025–2026. Recent papers say
that solar cycle 25 will be a little weaker or comparable with solar cycle 24 [30]. Even
recent papers say that solar cycle 25 should be a little stronger than the previous one [31].
However, Figure 3 shows that solar cycle 25 is expected to be much higher than solar
cycle 24, and we could expect its intensity to be between that of SC23 and SC24—so it will
be a much stronger solar cycle that produces a much thicker ionosphere. Since the varia-
tions in the ionosphere depend on background, we expect stronger variations in electron
density, which could affect such technologies as navigation and radio communication that
work through the ionosphere.

Li et al. [32] created a linear storm-time model for the global electron content response.
The model requires quiet-time GEC to produce storm-time GEC variations, so it is important
to create a background GEC model. We created two neural network-based models for GEC.
Both models were fully connected neural networks. The models were taught by Adam
optimizer which minimized the root mean square error (RMSE).

We used the 1998–2020 dataset as a training test and performed validation on the same
datasets. It was not fully correct, but when we did not try to reach the best quality it was
appropriate. For the test set, we used the 2021–2023 dataset.

As inputs, both models (GEC-NN-F10.7-T and GEC-NN-T) used the sin and cos
functions of time. The frequencies of functions were chosen to fit characteristic periods: 27
days, 180 days, 365.25 days, and 11 years (4017.75 days). The first model (GEC-NN-F10.7-T)
additionally to the mentioned inputs (time information) involved the F10.7 index (so it
included the solar cycle). From Figure 8, we could expect that the first model would provide
good quality, while from Figure 3 (where we see different time dynamics) we could expect
that the second model would not provide the correct GEC dynamics.

We tried different network architectures. For NN-F10.7, a five-layer neural network
(10-10-10-10-1) had appropriate quality, while for GEC-NN-T, a two-layer neural network
(10-1) showed much less error.

The results are shown in Figure 13. We should note that the models reflected annual
and semi-annual variations. The model involving F10.7 index correctly reflected both the
increase in solar cycle and the difference in solar cycle and annual/semi-annual variations.
The MAE/RMSE were 2.7/3.5 TECU for the model involving F10.7 index, and 4.3/5.3
TECU for the model not involving F10.7 index.
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From Figure 13, we note that without F10.7 index, we underestimated the increase in
solar activity and real GEC data.

We took datasets for several solar cycles to cover various time scales: during the span
of a year, different regions encounter different conditions in terms of solar ionization flux.
Contrary solar cycles mean solar ionization changes and we expect scaling of the effects
that appear during the span of a year i.e., quantitative change instead of qualitative. If
different behavior is observed, it might be a hint to mechanisms that are not counted (or
involved indirectly and nonlinearly).

To check the GEC/REC technique more, we need a separate study for different al-
titudes, especially above F2. It is not possible with existing GIM. Using information at
different altitudes (that could be available using JPL algorithms) would make it possible
to perform such a study. It could be useful if GIM also keeps expansion parameters. We
are planning to implement this under the SIMuRG project for an algorithm suggested by
Padokhin et al. [33].

Our findings in the field of GEC/REC climatology agree with and validate the results
obtained in [7,10,34].

5. Conclusions

We performed an analysis of global and regional electron contents and provided a
system where users could access this data. Our analysis shows significant asymmetry of
GEC and REC dynamics in solar cycles.

The intensity of annual and semi-annual variations follow solar maxima and minima,
but the min–max ratio is more significant for semi-annual variations. The 27-day variations
in REC and GEC are modulated by semi-annual variations, and an 11-year solar cycle, but
do not depend on solar cycle intensity. We did not find a significant decrease in 27-day
variations’ amplitude in solar maxima, as suggested by other studies.

Annual, semi-annual, and 27-day REC variations in Siberia correlate well with those
in Europe. Such correspondence between RECs may be used to study the disruption of
“regularity” of REC variations (like we find for Siberia).

A significant disruption of diurnal REC variation in Siberia appears in summer
(MSEA), when solar activity goes down. The disproportion of this effect appeared in
solar minima of SC23/SC24 and SC24/SC25.

GEC and REC can be used in updating ionospheric models, so we hope that the
suggested data will be useful for the ionospheric community. We consider it extremely
important to involve the GEC and REC for ionospheric modeling to improve precise
navigation, radio location, and communication, and even such unusual fields for ionosphere
physicists as dark matter research [28].

The difference GEC/REC dynamics and variations in solar cycles prevent reliable
modeling for the next solar cycle and require regular updating of the ionosphere models.
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