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Abstract

We analyzed the dynamics of global electron content (GEC) for the period 1998–2005 and compared the estimated GEC with vari-
ations of the 10.7-cm solar radio emission and with and with GEC values obtained with IRI-2001. We found a strong resemblance
between the curves’ shapes for the experimental and modeled GEC: strong semiannual variations are discernible in these series and both
curves tend to increase the absolute GEC value during the period of maximum of solar activity. However, there are some significant
distinctions, such as absence of 27-day fluctuations in the series of GEC computed by the IRI-2001. On the contrary, observational
GEC reflects well dynamics of solar activity: 27-day variations of GEC are very similar to the ones of the index F10.7, but GEC under-
goes a lagging of about of 30–60 h as compared to value of the F10.7 index. The relative amplitude of 27-day variations decreases from
8% at the rising and falling solar activity to 2% at the period of its maximum.
� 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

It is known that conditions of the Earth’s ionosphere are
determined mainly by solar radiation within a wide range
of wavelengths (Akasofu and Chapman, 1972; Hargreaves,
1979). Plenty of studies have been devoted to the investiga-
tion of variations of ionospheric parameters with solar
activity (Balan et al., 1996; Jakowski et al., 1991, 2002;
Kane et al., 1995; Liu et al., 2006; Ping et al., 2004; Stankov
and Jakowski, 2006). Moreover, some attempts have been
made to solve the inverse problem, i.e. to calculate solar
flux characteristics from ionosphere observational data
(Beynon and Brown, 1959; Nusinov, 2004). However, the
main problem is in fact that observational tools provide
information about the ionosphere changes around an area
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of observations, whereas globally there might be significant
distinctions.

Recently, the global behavior of the major ionospheric
parameters has been studied (Ping et al., 2004; Stankov
and Jakowski, 2006). Besides, a new approach for studying
of Sun–Earth connection was proposed for the first time by
Afraimovich et al. (2006a,b). This approach lies in calcula-
tion of global electron content which is equal to the total
number of electrons in the near space environment (from
the ground up to 20,200 km). The method and the software
of GEC estimation were developed at the Institute of Solar-
Terrestrial Physics SB RAS. The main advantage of this
approach is in the disappearance of local features of iono-
sphere and in determining of dynamics of global character-
istics. Such new application of experimental data can be
quite expedient for corrections of different ionosphere
models that are widely used for ionosphere studying as well
as for providing of effective satellite and ground-based
radio system operating.
rved.
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The objectives of this research are to analyze dynamics
of global electron content during the 1998–2005 and to
compare the observational GEC with IRI-2001 modeled
GEC values and with solar activity parameters.

2. General information about the experiment: Calculation of
GEC

2.1. Global ionosphere maps of total electron content

We have calculated GEC using global ionosphere maps
(GIM) of vertical total electron content (TEC) generated
on the basis of data from International GPS receivers net-
work (Mannucci et al., 1998; Schaer et al., 1998). Nowa-
days, global TEC maps are calculated at several scientific
centers: Geodetic Survey Division of Natural Resources
Canada (EMRG) [http://www.nrcan-rncan.gc.ca/], Center
for Orbit Determination in Europe, University of Berne,
Switzerland (CODG) [http://www.cx.unibe.ch/], Jet Pro-
pulsion Laboratory of California Institute of Technology
(JPLG) [http://www.jpl.nasa.gov/] and Grup Universitat
Politecnica de Catalunya (UPCG) [http://www.upc.es/],
European Space Agency Group (ESAG). In our
paper we used data of JPLG and in the case of lack of
JPLG data we used CODG data with the corresponding
correction.

It should be noted that the scatter in the results from
the various models used by the scientific groups, is on the
order of 20–50% (http://www.vlba.nrao.edu/memos/sci/
gps_ion/node3.html). The differences are the result of dif-
ferent assumed vertical profiles and perhaps different
allotment of delay to instrumental effects and ionosphere.
Besides, the receiver networks used are not always the
same. However, despite different methods for the abso-
lute vertical TEC reconstruction, the general idea is
based on fitting of the optimal parameters of a selected
model of the vertical electron density distribution
(N(h)-profile). For such model values of the expected
ionosphere correction to the distance to a satellite are
calculated for real visual angles to satellite. Then calcu-
lated correction values are compared with measured ones
and this process is repeated for different ionosphere mod-
els of N(h)-profile parameters till the minimal discrep-
ancy is achieved. These minimal RMS values are
presented in GIM output files. Then, for the ‘‘optimal’’
N(h)-profile the ‘‘vertical’’ TEC is calculated as averaged
value of ‘‘vertical’’ TEC I(t) for the corresponding ele-
mentary GIM cell.

The GIM are available from Internet site of the NASA’s
Crustal Dynamics Data Information System (ftp://cdd-
isa.gsfc.nasa.gov/pub/gps/products/ionex/) in standard
IONEX format; the files contain data of the vertical TEC
for the entire globe. The size of the elementary GIM cell
is 5� of longitude and 2.5� of latitude. For each moment
of time the vertical TEC values Ii,j can be obtained from
2-h time resolution IONEX files, where i and j indices are
the numbers of a certain GIM cell.
2.2. Method of global electron content calculation

GEC is estimated using data of GIM by summation of
the vertical TEC values Ii,j multiplied by a cell’s area Si,j

over all GIM cells (Afraimovich et al., 2006a,b):

GðtÞ ¼
X

I i;j � Si;j ð1Þ

We suggest a unit for GEC estimation is GECU that is
equal to 1032 (Afraimovich et al., 2006a).

We calculated number of electrons for each GIM cell
using formula (1) within a tube of a constant diameter,
i.e. spherical divergence is not taken into account. The cor-
responding systematic error of GEC estimation depends on
the form of the electron density profile and reaches �10–
15%. However, this factor influences mainly the absolute
value of GEC, but not the form or character of GEC
variations.

If estimations of TEC in each GIM cell are independent
(as the first approximation, it can be accepted) then the rel-
ative error of GEC estimation is defined as

g ¼ rGEC

mGEC

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
S2

i;jr
2
i;j

q
P

Si;jI i;j
; ð2Þ

where rGEC, mGEC, ri,j – GEC RMS, mean GEC, TEC
RMS in GIM cell (i,j), respectively. If Si,j = S, r2

ij ¼ r2,
Iij = I then relative error will be equal to g ¼ r=ðI ffiffiffi

n
p Þ,

where n = 5184 – the number of GIM cells.
We have calculated the relative error of GEC estima-

tions using (2) for several days of 2003 and 2004. Accord-
ing to our calculations, the relative error of GEC
estimations does not exceed 0.3% and the error for GEC
estimation is about 0.002–0.004 GECU. However, the val-
ues of TEC and TEC RMS in each GIM cell are not inde-
pendent because in many cells there are no GPS sites and it
is necessary to approximate the TEC values, then. So the
error of GEC estimation is a little more significant. Never-
theless, it is less noticeable than that of the calculation of
the vertical TEC for each GIM cell (about 10–20% –
Mannucci et al., 1998; Schaer et al., 1998).

The high accuracy of GEC estimation allows us to carry
out the detailed comparison between experimental and IRI
modeled GEC series (see Section 3 and Table 1).

2.3. Modeling of GEC by the International Reference

Ionosphere 2001 (IRI-2001)

Modeled GEC values were estimated using the well-
known and widely used international empirical model
International Reference Ionosphere (Bilitza, 2001; http://
IRI.gsfc.nasa.gov). This model was recommended by the
International Telecommunication Union ITU-R (ITU,
2004), as a suitable method for TEC estimations. The main
parameter in the case of TEC calculation by the IRI-2001 is
the upper height for electron density profile integration
hmax. It turned out that at the upper height
hmax = 20,000 km GEC values are overestimated for more
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Table 1
Results of comparison between GEC-IRI and experimental GEC values

N Year Time window, days (G �M)/G (%) RMS (%)

1 1998–2005 365 �1.5 5.0
2 1999 81 �1.4 4.3
3 2000 81 �1.3 7.0
4 2001 81 �1.6 10.7
5 2002 81 3.6 10.0
6 2003 81 �7.1 5.7
7 2004 81 �6.1 3.4
8 2005 81 �8.6 5.6
9 1999 10 �1.98 10.5

10 2000 10 �1.98 11.0
11 2001 10 �2.81 15.1
12 2002 10 2,88 13.7
13 2003 10 �7.8 11.0
14 2004 10 �6.5 8.6
15 2005 10 �9.3 9.2
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than six times. This overestimation is related to the fact
that the IRI electron density profile is close to the real ion-
osphere profile only up to the height 1500 km and it
becomes almost constant above 1500 km (Coisson and
Radicella, 2004, 2005). The value hmax = 2000 km results
in the minimum absolute difference between the experimen-
tal and IRI modeled GEC dependencies. Therefore, all
GEC estimations performed by the IRI-2001 were made
for hmax = 2000 km (Afraimovich et al., 2006b).

In a new version of IRI the correction term of the top-
side density profile for the current IRI model will be
included, as proposed by D. Bilitza (2004). Furthermore,
NeQuick electron density topside will be included in the
new IRI as an option for topside electron density calcula-
tions (Coisson et al., 2005). Apparently, it is very interest-
ing to compare our results also with Parameterized
Ionospheric Model (PIM; www.cpi.com) or the Global
Core Plasma Model (GCPM; Gallagher et al., 1988), but
this is a subject of future investigations.

GEC-IRI values M(t) were calculated in two stages.
First, IRI TEC values were calculated throughout the
globe in latitude-longitude mesh points with step 5� along
the longitude and 2.5� along the latitude during all time
period with a step of 2 h. Then, the derived TEC values
were integrated according to the formula (1).

2.4. Changes of solar activity

In general, solar activity level can be determined by sev-
eral parameters characterizing solar irradiance and space
weather near the Earth (for example, http://www.space-
wx.com). Here we compared our experimental data with
F10.7 solar activity index F(t), which is equal to the solar
radiation flux on the wavelength 10.7 cm in s.f.u. units
(10�22 Wm�2 Hz�1), and daily value of sunspot number
Rsn(t).

We smoothed G(t), F(t) and M(t) series with the time
window of 10 days. Diurnal variations appear to be aver-
aged and, therefore, significant effects of quick GEC
changes cannot be distinguished (such as geomagnetic dis-
turbances). These processes are the topics of a special
study.

3. Experimental and modeled GEC changes from 1998 to

2005

In our investigation we have studied GEC alterations
due to solar activity changes within a part of the 23rd
solar cycle (1998–2005). For this period of time GEC
value G(t) varied from 0.8 to 3.2 GECU (Fig. 1a, black
thick curve).

We calculated GEC-IRI values M(t) using the IRI-2001
and we found a strong resemblance to the form of the
experimental GEC curve for the period from 1998 to
2005 (Fig. 1b, black thick curve) but M(t) has smaller abso-
lute values of GEC (from 1 to 2.7 GECU). Besides, there
are no 27-day variations in the series of M(t), i.e. IRI-
2001 does not take into account rotation of the Sun.

It can be noticed that G(t) and M(t) are characterized by
significant semi-annual variations with maximum relative
amplitude about 10% during the rising and falling parts
of the solar activity period and up to 30% during the period
of maximum (Fig. 1a and b). Maximums of dependencies
are in equinoctial months.

We compared G(t) series with solar activity index F10.7
that is equal to the 10.7-cm solar radio flux F(t) (Fig. 1c)
and we found good agreement between these variations.
Resemblance between G(t), M(t) and F(t) is more obvious
for smoothed by one-year time window dependencies
(Fig. 1d).

To make more detailed comparison between experimen-
tal G(t) and IRI modeled M(t) series we estimated the mean
relative deviation [G(t) �M(t)]/G(t) for all the years under
consideration (Table 1). As one can see, the relative differ-
ence between G(t) and M(t) variations exceeds the differ-
ence between series during 1998–2005 smoothed by the
one-year time window (line 1). The same conclusion is
about seasonal variations G(t) and M(t) (lines 2–8). So
the mean relative difference [G(t) �M(t)]/G(t) increases to
the end of 23rd cycle and reaches 9.3% (2005). However
RMS [G(t) �M(t)]/G(t) is maximum for the period of solar
activity maximum: 15.1% (2001) and 13.7% (2002). Thus,
the relative difference and RMS between GEC-IRI and
experimental GEC series increase as smoothing time win-
dow decreases. Mainly this reflects the fact that IRI is a
median model of the ionosphere and does not take into
account day-to-day variations of the ionosphere parame-
ters (e.g. 27-day variations).

4. Day and night values of GEC

For better understanding of physical mechanisms of the
ionosphere dynamics it is of interest to estimate day Gd and
night Gn values of GEC. To calculate Gd and Gn we carry
out summation (1) only for those GIM cells that are
located inside or outside the solar terminator border.

http://www.cpi.com
http://www.spacewx.com
http://www.spacewx.com


Fig. 1. (a) Experimental GEC variations G(t) (black thick curve); (b) GEC, modeled by the IRI-2001 M(t); (c) the 10.7-cm solar radio emission; (d)
smoothed with the 365-day time window dependencies of F(t), M(t), G(t). Gray thick and black thin curves show day and night values of G(t) (a) and M(t)
(b).
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Fig. 1a presents Gd(t) and Gn(t) values of the lighted and
darken sides of the Earth (light gray and black thin curves).
Fig. 1b shows the same dependencies for modeled by the
IRI 2001 values Md(t) and Mn(t). One can see that the
experimental and modeled dependencies of GEC for the
day and night sides of the Earth are very similar. Both
day and night GEC dependencies have semiannual varia-
tions and differ from each other only by a constant value
(by 0.5–2.0 GECU depending on the level of solar activity).

For more detailed comparison with IRI 2001 calcula-
tions we determined a ratio R = Gd/Gn of GEC for the
lighted and darken sides of the Earth, for both G(t) and
M(t). Fig. 2 illustrates difference between experimental
and model values of R(t) within the time scale of 1 year
for the 1999 (a), 2001 (b) and 2003 (c).

It turned out that R(t) ratios are effected by seasonal
variations: the maximum of R ratio values were observed
during the periods of solstice (in winter and summer) and
minimum in the equinoxes. We have obtained such sea-
sonal dependence for both experimental G(t) and IRI
M(t) data.

The observed effect may be caused by the fact that the
ionosphere has a number of anomalies and asymmetries
which have not been well investigated yet. Rishbeth and
Muller-Wodarg (2006) and Mendillo et al. (2005) described
in detail the global asymmetry of the ionospheric F2-layer
showing ‘‘more ionosphere’’ in January than in July.
Rishbeth and Muller-Wodarg (2006) emphasized that the
F2-layer annual asymmetry between January and July is
typically 30% while the asymmetry of ion production due
to the annual variation of the Sun-Earth distance is only
around 7%. Therefore, the observed seasonal dependence
due to inclination of the axis of the equator, affects the
ratio of dayside and nightside ionization values.

It is obvious that the values of R(t) for modeled GEC
are greater than for the experimental one, i.e. IRI produces



Fig. 2. Ratio R(t) of the day and night values for GEC (black curves) and
for modeled GEC (dotted curves) for the 1999, 2001, 2003.

Fig. 3. (a) Relative amplitude of 27-day variations of G(t) and F(t),
filtered in the time period range 20–40 days; (b) G(t) and F(t) variations,
smoothed with the 10-days time window.
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significantly overestimated nighttime GEC. Besides, depen-
dencies R(t) for G(t) and M(t) are not phased, i.e. peaks in
R(t) for experimental GEC differ in time from peaks for
M(t) and there is also time difference for the minimal values
of R(t) (Fig. 2).
5. 27-day variations of GEC. Comparison with F10.7

variations

As it was mentioned above, GEC has 27-day variations
related to the Sun rotation. Fig. 3 shows time dependencies
of relative amplitude of 27-day variations for G(t) and F(t).
GEC variations were calculated for each day within the
interval from 17.00 to 21.00 UT. Then these data series
were filtered within the period range from 20 to 40 days
and normalized on background values of the G(t) and
F(t), respectively. Relative amplitudes of 27-day variations
of G(t) and F(t) are shown on Fig. 3a: dG/G(t) – thick
curve; dF/F(t) - thin curve. Fig. 3b presents G(t) variations
(thick curve) and F10.7 variations (thin curve), smoothed
with the 10-day time window (for the year 2003). Correla-
tion analysis for all data from 1998 to 2005 shows high
resemblance between 27-day variations of the G(t) and
F(t) (maximum correlation coefficient is more than 0.8).

We found that 27-day GEC variations lag for 1.5–2.5
days after the corresponding F10.7 variations (Fig. 3a). It
is known that response of the ionosphere to changes of
the ultraviolet radiation flux is determined by the lag time
and the recombination time constants, which is about 1 h
(Bryunelli and Namgaladze, 1988; Namgaladze et al.,
1991). The founded lag of the 27-day GEC variations rela-
tive to corresponding alterations of the F10.7 flux can be
caused by significantly greater time constants that charac-
terize processes in the thermosphere as GEC variations
are caused not only by changes of the solar ionizing radia-
tion but the processes in the thermosphere as well. As solar
radiation flux increases, ionizing the ionosphere and heat-
ing the thermosphere, both the temperature and the total
density of the atmosphere increase, and the speed and
direction of the neutral wind change (Bryunelli and Nam-
galadze, 1988). It is also necessary to take into account that
time scales of the electron content variations in the Earth’s
plasmasphere change within the time range from 2 to 5
days (Hargreaves, 1979). However, the detailed analysis
of the mechanisms responsible for the found lag of the
27-day GEC variations relative to the corresponding
changes of the F10.7 flux is a more difficult problem, its
solution expects the use of physical models of the iono-
sphere, for example (Namgaladze et al., 1991).

Fig. 4 presents the envelope of 27-day variations of GEC
(G27(t), thick curves) and of 10.7-cm solar radiation flux
(F27(t), thin curves) during the period 1998–2005,
smoothed by 365-day time window (a) and 81-day window
(b). To estimate the envelope of 27-day variations ampli-
tude we squared the dependence dG/G(t) and, then, we
smoothed the envelope of [dG(t)/G(t)]2. One can see from
Fig. 4 that maximal deviation of the relative amplitude
G27(t) decreases from 8% at the rising and falling solar
activity to 2% at the period of its maximum. But 27-day
variations amplitude of the F10.7 can reach 14% (Fig. 4a,
thin curve). Thus, such dependence shows dynamics of
powerful active formations on the Sun surface (Mordvinov
and Plyusnina, 2001; Mordvinov and Willson, 2003).



Fig. 4. The envelope of 27-day variations G27(t) of GEC and F27(t) of
the 10.7-cm solar radio emission smoothed with time window of 365 days
(a) and of 81 days (b).
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6. Conclusion

Global electron content is a new ionosphere parameter
that reflects changes of solar activity; its absolute value var-
ied from 0.8 GECU at the minimum of solar activity to 3.2
GECU at the maximum (in the 1998–2005). GEC data ser-
ies G(t) contain 27-day variations that are very similar to
the ones of the index F10.7 F(t); however, G(t) lags in time
for 1.5–2.5 days from F(t).

IRI-2001 sufficiently well and adequately reflects changes
of the global ionosphere, showing semi-annual and 11-year
variations. However, the modeled data M(t) have some sig-
nificant distinctions from the observational ones, such as
overestimation of M(t) values for the night side of the Earth
and absence of 27-day variations in M(t) series.

The data presented in our paper are of considerable
interest for the reconstruction of solar radiation character-
istics from the ionosphere observational data and for
studying of the ionization processes caused by solar ultra-
violet radiation. Besides, our results are important for cal-
ibration and correction of ionosphere models.
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