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ABSTRACT

This paper presents a new empirical model for predicting the daily mean ionospheric Total Electron Content (TEC) at a given lat-
itude from only one solar index as input. For the development of the model we take advantage of the availability of 15 years of
global GNSS-based TEC information and solar indices (Sunspot Number, F10.7 and derived F10.7P) including the 23rd solar
cycle. Among all the tests, our preferred ionospheric climatological model to predict daily mean TEC presents yearly median dif-
ferences with observed values of 1.4 ± 0.9 TECu (11.5 ± 2.9% for the relative differences) with no significant degradation during
the different phases of the solar cycle. To realize this empirical model we used a least-square adjustment with (1) a combination of
linear, annual and semi-annual terms between the TEC and F10.7P; (2) a discretization with respect to the phases of the solar cycle.
The main differences between the modelled and the observed TEC occur during identified geomagnetic storms: the maximum dif-
ferences (�3.2 ± 1.5 TECu) and relative differences (�19.6 ± 15.0%) occur one day after the storm onset. The typical time to
retrieve the pre-storm conditions is 3–4 days after the onset. These results show a global picture of the effect of extreme Space
Weather events on the Earth’s upper atmosphere.
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Introduction

An increasing demand on a better modelling and understanding
of the behaviour of the ionosphere-plasmasphere system is
required by the scientific community which uses electromag-
netic wave signals passing through this system. This is particu-
larly the case for GNSS (Global Navigation Satellite Systems,
e.g., GPS, GLONASS, GALILEO . . .) were the Total Electron
Content (TEC) between the ground receivers and the satellites
is one of the main error sources for positioning applications,
especially for single frequency users. Consequently, one of
the future challenges of the Space Weather community is to pre-
dict the Earth’s ionospheric-plasmaspheric TEC in response to
variations of the solar activity and geomagnetic storm events.
Note that in the present paper, we will use for more simplicity
the term ionospheric TEC instead of ionospheric-plasmaspheric
TEC.

Many studies and models concerning the ionospheric state
during quiet and geomagnetic storm periods were based on
long-term ionosonde data (e.g., Rishbeth 1998; Tsagouri et al.
2000) for different latitudes and solar activity levels. These
studies, which are based on data up to the peak of the F2 layer,
describe the variation of the maximum electron density of the
F2 layer (NmF2) at different locations, solar activity and geo-
magnetic conditions. The main conclusion is that the variation
of the peak of the electron density is mainly driven by (1) the
photo-ionization of the neutral atmosphere by solar extreme
ultraviolet (EUV) radiation, (2) the neutral composition i.e.,
the atomic to molecules ratio (especially [O]/[N2]) and (3)

many secondary phenomena (e.g., neutral waves propagating
from below, thermospheric winds, E · B drift). The relative
importance of the driving mechanisms depends strongly on
the latitude of the observation point and the level of the geo-
magnetic activity. One of the remarkable applications of all
these studies is the realization and improvement of the empiri-
cal International Reference Ionospheric (IRI) model (e.g.,
Bilitza 2001; Bilitza et al. 2011) which is now widely used in
different scientific areas. The IRI model permits, among other
things, the reconstruction of the electron density profiles up
to plasmaspheric heights and the TEC prediction. However,
many studies compared the TEC derived from IRI and GNSS
and show systematic bias in the IRI-TEC (e.g., Kenpankho
et al. 2011; Orús et al. 2002). These discrepancies are inter-
preted by the lack of knowledge of the upper part of the iono-
sphere (e.g., Iwamoto et al. 2002) and lead to a focus on the
improvement of the topside ionospheric models in IRI (Bilitza
et al. 2006). To address this problem, GNSS technique is
becoming a key tool to add information on the ionospheric
TEC from 60 km to 20,000 km (mean altitude of the satellites)
on a global scale. Therefore, the IRI community is planning to
incorporate the GNSS-based TEC estimations to address TEC
bias (Bilitza et al. 2011). At this stage, the main question is
how to incorporate such GNSS-based TEC to constrain iono-
spheric empirical models.

The beginning of the 23rd solar cycle coincided with the
start of the catalogue of global ionospheric TEC maps based
on GNSS data. Consequently, the 23rd solar cycle (1996–
2008) is the first full solar cycle ever having both observed solar
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indices and GNSS-based TEC measurements. Several studies
described the climatological patterns of the TEC (e.g., mean
daily TEC at a given band of latitude) and determined the lin-
ear, annual and semi-annual components of the ionospheric
TEC response with respect to solar indices for a complete solar
cycle. These studies highlighted, on a global scale, different pat-
terns (linearity, saturation and amplification) of the TEC with
respect to solar indices (e.g., Liu & Chen 2009; Liu et al.
2009). In parallel, an empirical model constrained by long-term
GNSS-based data has been proposed (Jakowski et al. 2011) to
describe the TEC behaviour in response to solar EUV. The
model is in good accordance with the observed TEC
(0.3 ± 7.5 TECu) but there is a systematic non-negligible bias
especially in the southern hemisphere (latitude < �50 �S) dur-
ing high solar activity. Moreover, this model has not been tested
during storm conditions.

The present paper aims at establishing the basis to model
the climatological behaviours of the TEC on a global scale
and to quantify its variations during geomagnetic storms. Our
study takes advantage of the new double data set (solar indices
and GNSS-based TEC, Sect. 1) during the entire 23rd solar
cycle in order (1) to develop an empirical ionospheric climato-
logical model to predict the mean daily TEC at a given latitude
taking only one solar index as input and (2) to analyse the var-
iation of the TEC during identified geomagnetic storm events.
Our climatological TEC model is based on the quantification
and interpretation of linear and nonlinear relations with solar
indices (Sect. 2). Then we compare the modelled TEC and
GNSS-based TEC for different latitudes (Sect. 3), and finally
describe the behaviour of our model during identified geomag-
netic storms for the period 1998–2005 (Sect. 4).

1. Data sets

1.1. Ionospheric data

The Centre for Orbit Determination in Europe (CODE) analysis
centre uses ground-based GNSS (Global Navigation Satellite
Systems, e.g., GPS, GLONASS, Galileo) observations from
more than 250 globally distributed GNSS stations to routinely
generate Global Ionospheric Maps (GIMs, e.g., Schaer et al.
1998). The GIMs are provided as daily files containing global
ionospheric TEC (from �87.5� to 87.5� of latitude and �180�
to 180� of longitude) estimated each 2 h on a 2.5� · 5� (lati-
tude/longitude) grid since 1995 (Fig. 1). Nowadays, the TEC
from CODE is modelled in a solar-geomagnetic reference frame
using a spherical harmonics expansion up to degree and order
15 and piece-wise linear functions for representation in the time
domain. Then the GIMs for a given day are the result of a 3-day
combination solving for 9472 TEC parameters (37 h over 3
days · 256 grid points). Since 1995, the GIMs characteristics
evolved with an increase of the GNSS ground network, of
the number of satellites used, and of the sampling rate (Table 1).
An ionospheric single thin layer hypothesis is used to express
the TEC at a given altitude (typically at 400–450 km, i.e.,
above the F region of the ionosphere). TEC GIMs are
expressed in TEC units (1 TECu = 1016 e�/m2) and have a
standard deviation ranging from 0.7 to 6.0 TECu and an
announced accuracy of the order of 2–8 TECu. Consequently,
GIMs are a good indicator of the ionospheric activity and give
the opportunity to study the global climatological behaviour of
the TEC over a complete solar cycle.

In this paper, we used the GIMs from the CODE for the per-
iod 1995–2009 enclosing the entire 23rd solar cycle. Figure 2

(bottom) presents the Global Daily Mean TEC (GDM-TEC)
extracted from the GIMs during the entire period. GDM-TEC
corresponds to the mean value from ~62 200 TEC values (73
(long.) · 71 (lat.) · 12 h) of the daily GIMs files, without tak-
ing into account any specific weighting. The minimum GDM-
TEC is 5.4 TECu and occurs during minimal solar activity in
1996 while a maximum of 54.2 TECu is observed during max-
imal activity in 2001.

1.2. Solar data

1.2.1. The daily sunspot number

The daily Sunspot Number (SN) provides the longest record of
solar activity (available since 1818). It constitutes the main ref-
erence solar index, representing the recurrence of intense mag-
netic loops visible on the Sun’s surface. Presently, the derived
International SN (Fig. 2, middle) is distributed by the Solar
Influences Data Centre (SIDC, Vanlommel et al. 2005). This
index is based on a statistical processing of the data from a
worldwide network of 86 observatories from 29 countries
(Clette et al. 2007).

1.2.2. F10.7 solar flux

The integrated emission from the solar disc at 2800 MHz
(10.7 cm wavelength called F10.7) is recorded routinely since
1947 (Covington 1969). The F10.7 is expressed in Solar Flux
Units (1 SFU = 10�22 Wm�2 Hz�1). In this study, we used
the daily F10.7 estimated from the radio telescope in Penticton,
British Columbia. Two sets of fluxes are used (Fig. 2, top): the
F10.7 and the F10.7P. The F10.7P is the new proxy which bet-
ter represents the solar EUV fluxes in a statistical sense (Liu
et al. 2006; Liu & Chen 2009). In our study, the F10.7P is com-
puted using the mean of daily F10.7 of the day of interest and
its average over the previous 81 days (F10.7A) as

F10:7P ¼ F10:7þ F10:7A

2
:

The previous 81-day length was chosen to develop our cli-
matological ionospheric model (see Sect. 2) as it ensures to stay
in a forecast approach. In the following section, we investigate
the linear correlations between GDM-TEC and SN, F10.7 and
F10.7P solar indices for different cases and then develop our
own empirical model based on these results.

Fig. 1. Global TEC map in TECu from CODE GIMs at 12:00 UT,
June 30, 2010 or Day Of Year (DOY) 181. The black triangles
represent the GNSS stations (253 sites in 2010) used to model the
ionosphere. White lines are the geomagnetic coordinates (dipole
model) from IGRF11 (Finlay et al. 2010).
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2. Modelling the TEC climatological variations

As it is well known, the solar activity variation contains a reg-
ular component with a period of about 11 years, due to the 11-
year sunspot cycle, a component which has a quasi-period of
about a year and irregular fluctuations with periods of less than
a month. The 11-year periodicity in the intensity of the solar
irradiance is clearly seen in long-term ionospheric data records
and is also clearly observed in the GDM-TEC time series
(Fig. 2). Therefore ionospheric models (e.g., Bilitza et al.
2011; Jakowski et al. 2011) rely very often on solar indices
to reproduce these long-term variations. By taking advantage
of this experience, we attempt to investigate the response of
the GDM-TEC to variations of the solar activity.

Figure 3 presents the scatter plots of the GDM-TEC versus
the SN (Fig. 3, left), the F10.7 (Fig. 3, middle) and the F10.7P
(Fig. 3, right). Inspection of these scatter plots shows a clear
dispersion in GDM-TEC versus SN, reflecting a non-linear rela-
tion between the SN and GMD-TEC especially for high levels
of solar activity. Consequently, a linear regression can only
describe roughly the solar dependency of the GDM-TEC
with respect to SN. Saturation effects at high SN are very

well-known features of the dependence of NmF2 on SN (e.g.,
Belehaki et al. 2000). As we observed the same patterns in
our results we confirm a similar response of the GDM-TEC
and NmF2 with respect to the SN. Additionally, previous stud-
ies aiming at developing ionospheric indices showed dissatis-
faction between the SN and the ionospheric characteristics
(Mikhailov & Mikhailov 1995a, 1995b; Secan & Wilkinson
1997; Bilitza 2001; Tsagouri et al. 2009). A better correlation
is found for F10.7 (R = 0.91) but the maximum linear correla-
tion R = 0.94 is obtained between the GDM-TEC and the
F10.7P index (Fig. 3, right). Consequently, we argue that the
F10.7P index has the potential to model satisfactorily at first
order the ionospheric TEC variation under linear dependency.
This possibility will therefore be investigated further.

Next, we investigated the latitudinal dependence of the cor-
relation between the TEC and the F10.7P. We determined the
Latitudinal Daily Mean TEC values (LDM-TEC) extracted
from the GIMs. We took into account the values from a band
of 20� around the given latitude to determine the observed daily
LDM-TEC each 10� of latitude between N80� and S80�. The
correlations between LDM-TEC and F10.7P are then investi-
gated in terms of different coordinate systems used to express

Table 1. Evolution of the CODE GIMs characteristics used in this study.

Period

Beginning (YYYY-DDD) End (YYYY-DDD) Time span (year) VTEC maps type Stations Satellites

1995-001 1997-032 2.09 1 map at 12:00 UT 50–86 ~24 ?
1997-033 1997-054 0.06 Each 2 h (12 maps) + RMS 72–92 24–25
1997-055 1998-086 0.09 1 map at 12:00 UT 42–99 24–27
1998-087 1998-098 0.03 Each 2 h (12 maps) 76–80 27–27
1998-099 2009-275 12.48 Each 2 h (12 maps) + RMS 73–261 25–36

Fig. 2. Ionospheric and solar data during the 23rd solar cycle. (a) Global Daily Mean Total Electron Content (GDM-VTEC) in TECu extracted
from CODE GIMs. (b) Sunspot Number as delivered by SIDC. (c) Daily F10.7 flux from Penticton radio telescope observations (red) and
derived F10.7P (blue).
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the ionospheric LDM-TEC, and in terms of different Earth’s
seasons and different phases of solar cycle.

As the plasma transport is organized mainly in geomagnetic
coordinates (e.g., Klobuchar 1987), the relation between the
LDM-TEC and the F10.7P is plotted as a function of both
the geomagnetic and geographic latitudes. The geomagnetic
coordinates were obtained using the IGRF11 model (Finlay
et al. 2010) and a dipole approximation of the geomagnetic
field. One transformation per year was performed between
the geographic and geomagnetic coordinates as the variations
in the geomagnetic field are negligible for shorter time scales.
The results (Fig. 4) show that the linear correlation between
the LDM-TEC and the F10.7P does not significantly change
depending on the coordinate system, except for latitudes close
to 30� S. At this latitude, the South Atlantic Magnetic Anomaly
leads to complex phenomena in the equatorial ionospheric elec-
trodynamics as well as unusual effects on the E and F layer den-
sities (e.g., Abdu et al. 2005) even under magnetically quiet
periods. We will therefore use the LDM-TEC expressed in geo-
magnetic coordinates for our study.

The maximum linear correlation between LDM-TEC/
F10.7P (R = 0.93) is observed at latitudes of N10� and N20�.
The high linear correlation at these latitudes may be considered
as evidence for no saturation effects. This is in contradiction
with previous work which showed saturation and/or amplifica-
tion effects for both NmF2 and TEC versus F10.7 and F10.7P
(e.g., Liu et al. 2006; Liu & Chen 2009). In fact, the decrease of
linear relation between LDM-TEC and F10.7P at high latitudes
can be interpreted as an increase of non-linear effects, which
will be identified later as annual and semi-annual dependencies.
Additionally, a dichotomy can be identified with a lower corre-
lation in Southern hemisphere (R = 0.84 ± 0.06) than in the
Northern hemisphere (R = 0.90 ± 0.04), which might be due
to the effect of thermospheric meridional winds which are
stronger in the Northern than in the Southern hemisphere. This
effect can lead to significant differences in the NmF2 seasonal
anomaly with respect to the hemisphere as already shown from
long-term ionosonde data (Rishbeth 1998; Ma et al. 2009).

To study the TEC response to the relative position and ori-
entation of the Earth/Sun system, the correlations between
LDM-TEC and F10.7P are independently investigated for
spring, summer, autumn and winter seasons of the Northern
hemisphere (Fig. 5). The maximum linear correlation
(R = 0.97) is close to S30� latitude during the winter while
the minimum (R = 0.76) occurs during summer period close
to the South Pole. However, there is no clear pattern in the
different curves except for the hemispheric dichotomy already
discussed previously.

Fig. 3. Global Daily Mean Total Electron Content (GDM-TEC) versus the daily solar indices during the 23rd solar cycle. The figures show the
typical data sets generally used to estimate the linear correlation coefficient between GDM-TEC and (a) daily Sunspot Number, (b) daily F10.7
and (c) F10.7P. Also given is the linear correlation coefficients R between the GMD-TEC and solar indices.

Fig. 4. Latitudinal dependency of the LDM-TEC/F10.7P linear
correlation depending on the coordinate system used to express the
LDM-TEC.

Fig. 5. Latitudinal dependency of the LDM-TEC/F10.7P linear
correlation as a function of the seasons in the Northern hemisphere.
The numbers enclosed in brackets correspond to the time period
expressed as the day of year used for each season.

J. Space Weather Space Clim. 3 (2013) A25

A25-p4



The latitudinal LDM-TEC and the F10.7P are now divided
into solar activity phases (Fig. 6) characterized by the smoothed
monthly SN (Clette et al. 2007) with: two solar minimum activ-
ity phases (1995–1997 and 2007–2009), two solar transition
activity phases (1997–2000 and 2002–2007) and one solar
maximum activity phase (2000–2002). Figure 7 shows that
the estimated linear correlations are clearly similar for the two
transitions as well as for the two minimum solar activity phases,
even if they are estimated completely independently.
Linear correlations are larger during solar transition activity
phases (R = 0.77 ± 0.10) and decrease during maximum
(R = 0.57 ± 0.07) and minimum (R = 0.34 ± 0.21) phases.
Moreover, a complete linear de-correlation is observed at
N50� during solar minimums. The hemispheric dichotomy is
predominant during the minimum solar phases and is coherent
during the two solar minimums. Consequently, different
patterns in the ionospheric TEC with respect to the solar activity
phases are to be taken into account. Afraimovich et al. (2008)
already mentioned a different shape of the temporal evolution
of the global TEC with respect to the solar activity phases.
The authors interpreted the different patterns of the global
TEC by the variation of the number and type of active regions
in the Sun’s atmosphere. Our results confirm that it is manda-
tory to consider different ionization responses with respect to
solar activity phases. This is particularly important when the
solar indices are used to model the ionospheric TEC.

Considering all these results we developed our model to
predict the LDM-TEC from the F10.7P data only, using a
least-squares approach. To minimize the differences between
the modelled and observed LDM-TEC, we considered (1) a
combination of linear, annual and semi-annual terms and (2)
a discretization with respect to the solar cycle phases as defined
previously. We obtained the equation below and used it to esti-
mate the LDM-TEC from the F10.7P for a given day (t), at a
given geomagnetic latitude (u) and solar cycle phase (sc):

LDM� TECðt;uÞ ¼ F10:7PðtÞ � Aðu; scÞ þ Bðu; scÞ
þ F10:7PðtÞ � ½Cðu; scÞ � sinð2ptÞ þ Dðu; scÞ � cosð2ptÞ�
þ F10:7PðtÞ � ½Eðu; scÞ � sinð4ptÞ þ Fðu; scÞ � cosð4ptÞ�;

with [A/B] the coefficients for the linear term, [C/D] for the
annual term and [E/F] for the semi-annual term. The linear
component reflects the high linear correlation between the
F10.7P and LDM-TEC studied previously while the annual
and semi-annual components reflect the variations in the

Sun-Earth distance (and solar zenith angle) and the changes
in the neutral composition (Zhang et al. 2005).

From the least-squares analysis, we determined 510 coeffi-
cients, corresponding to 6 coefficients for each of the 5 solar
cycle phases and each of the 17 latitude levels. The obtained
510 coefficients (Fig. 8) present, at first order, the same magni-
tude for the different phases of the solar cycle. Linear coeffi-
cient A is quasi-constant at a given latitude during the solar
cycle, while B shows an important disparity during the maxi-
mum solar activity. The hemispheric dichotomy is clear on
the two annual terms (C and D) with a significant increase in
the coefficients at high latitudes compared to low and equatorial
latitudes. This confirms that the decrease of linear correlation at
high latitudes between LDM-TEC and F10.7P (see Sect. 2 and
Fig. 4) is mainly due to the predominance of an annual (non-
linear) term. The semi-annual terms (E and F) affect mainly
the LDM-TEC at low latitudes. This is due the large variations
of the ratio [O]/[N2] at low latitude between summer and winter
(Bhuyan & Borah 2007). Contrary, the variation of this ratio
is less important at high latitudes. As the free electrons

Fig. 6. Sunspot number (SN) delivered by the SIDC. Grey dots: daily SN; blue dots: smoothed monthly SN. The coloured rectangles on the top
correspond to the different activity phases of the Sun considered: MIN1 and MIN2 for the two minimum activity phases; TRN1 and TRN2 for
the two transition activity phases; MAX for the maximum activity phase.

Fig. 7. Latitudinal dependency of the LDM-TEC/F10.7P linear
correlation with respect to the solar cycle phases. The colours
correspond of the different solar activity phases defined in Figure 6.

N. Bergeot et al.: Influence of space weather on TEC during the 23rd solar cycle

A25-p5



production/recombination is related to this atomic/molecule
ratio, the low latitudes are more sensitive to semi-annual varia-
tions than the high latitudes. Consequently, our model of LMD-
TEC reconstruction from F10.7P reflects the general variations
of the ionospheric TEC: predominance of (1) the annual term at
high latitudes due to the solar zenith angle and (2) the semi-
annual term at low latitudes where the change of the ratio
[O]/[N2] plays an important role.

3. Test of the climatological model

The results of the modelled LDM-TEC are presented in Figure 9
for three different latitudes and show a good agreement with the
observations. For the entire period, the residuals are lower than
3 TECu for 87% of the days at high latitudes, 85% at mid-lat-
itudes and 77% at equatorial latitudes. The residuals larger than
3 TECu occurred during the solar maximum and transition
phases (50% and 47% respectively). Residuals are larger during
the solar maximum (4.3 ± 3.3 TECu) compared with the other
phases (1.7 ± 2.4 and 0.7 ± 1.1 TECu for transition and mini-
mum phases respectively). The standard deviation of the differ-
ences between the modelled and observed LMD-TEC (Fig. 10)
is lower than 3.4 TECu and is maximal at the geomagnetic
equator. Moreover, the mean standard deviation (2.5 ± 0.4
TECu) is significantly lower compared with the case where
we do not consider different phases in the solar cycle
(2.9 ± 0.4 TECu). This comforts us in our strategy which con-
sists in discretizing the modelling with respect to the solar cycle
phases.

We now investigated the differences (differences between
observed and modelled LMD-TEC) and the relative differences

(differences scaled by the observed LDM-TEC) during the
entire period 1995–2009. The median difference is 1.9 ± 0.9
TECu (Fig. 11, bottom) tending to be the greatest during max-
imum solar activity (in 2000) and decreasing as the latitude
increases. The median relative difference (Fig. 11, top) is
7.3 ± 2.0% and is free of solar cycle dependence while it
increases with latitude. The scatter plot between the observed
and modelled values (Fig. 12) shows that the residuals between
observed and modelled LDM-TEC are negligible with a stan-
dard deviation of 2.6 TECu. The linear correlation between
the model and the observations is R = 0.98, verifying that the
model is efficient and well adapted to estimate LDM-TEC at
latitudes between S80� and N80�.

For the entire period and for all latitudes, 97 outliers (~0.1%
of the data) were detected, considering as outliers the residuals
between the observed and modelled LDM-TEC greater than 15
TECu (Fig. 12, red dots). Only 13% of these outliers are due to
GIMs problems detected visually (e.g., abnormal high TEC val-
ues at polar latitudes during the entire day) or to unidentified
problems (no problem in the GIMs and no evident disturbed
periods). The remaining outliers (87%) are concordant with
the occurrence of 69 intense geomagnetic storm events. This
indicates that the large deviations between modelled and
observed LDM-TEC are mainly attributed to enhancements in
geomagnetic activity.

4. Effect of geomagnetic storms on the TEC

To analyse the effect of geomagnetic storms on LDM-TEC time
disturbances, we investigated the differences between our

Fig. 8. Linear (A, B), annual (C, D) and semi-annual (E, F) coefficients used to estimate the daily mean LDM-TEC from the F10.7P. Each
picture shows the estimated coefficient with respect to the geomagnetic latitude and the different solar cycle phases.
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climatological LDM-TEC model and the observations for the
69 storm onsets identified (Tsagouri & Belehaki 2008) during
the period 1998–2005 (Fig. 13). The onsets were determined
from the Interplanetary Magnetic Field (IMF) measurements

provided by the NASA Advanced Composition Explorer
(ACE) spacecraft situated at the Lagrangian point L1 (i.e., sit-
uated at ~1.5 · 106 km from the Earth). We stacked and esti-
mated the mean values of the differences between the
modelled and observed LDM-TEC (Fig. 14, top) and the mean
relative differences (i.e., scaled by the observed values, Fig. 14,
bottom) for the 20 days around each storm onset. Figure 14
demonstrates that the storms significantly affect the LDM-
TEC mainly at high latitudes, with a loss of ionization with
respect to the climatological model. The peak of the ionization
depletion is detected one day after the onset. The mean differ-
ence between the observed and modelled LDM-TEC at the
peak is �3.2 ± 1.5 TECu and becomes negligible 3–4 days
after the onset. The relative differences are of the order of
�19.6 ± 15.0% one day after the onset and normal values
are observed again 3–4 days after the onset. In general, the
LDM-TEC storm-time response is characterized by significant
(about 20% on average) reductions with respect to the climato-
logical variation observed globally with a peak within the first
day after the storm onset. The above pattern seems to follow the
expected scenario of the effect of a geomagnetic storm on the
ionosphere. Based on previous theories, the global scale feature
of the ionospheric perturbation on storm-time response is the
long-lived negative storm effect (Prolss 1993; Fuller-Rowell
et al. 1994; Tsagouri et al. 2000). However, a slight increase
in the LDM-TEC with respect to the model is observed at
low latitudes. This can be explained by positive storm effects
at mid and low latitudes due to a response to neutral wind activ-
ity and/or electric field penetration.

The ionospheric responses to geomagnetic storm effects
were modelled for ionospheric forecasting purposes (Tsagouri

Fig. 10. Standard deviation (1r) of the differences between the
modelled and the observed LDM-TEC with respect to the geomag-
netic latitude. Blue: when performing a least-squares adjustment
without considering any solar cycle phase. Red: when the least-
squares adjustment is performed for the different solar cycle phases.

Fig. 9. Modelled (in black) and observed (in red) LDM-TEC for different geomagnetic latitudes. Bottom: geomagnetic equator. Middle: mid-
latitude region. Top: polar region.
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& Belehaki 2008; Tsagouri et al. 2009). According to these
results, the geomagnetic storm onset follows the storm onset
at L1 point with a delay that ranges from 2 to 12 h, while
the ionospheric disturbances may last from 10 to 40 h depend-
ing on the local time of the observation point at the storm onset.
Of course, any new intensification of the geomagnetic activity
(e.g., successive storm events or storm events with multiple
onsets), results in new generated ionospheric disturbances. This

can lead to an extension of the disturbed period persistent up to
3 or 4 days or even more (Tsagouri et al. 2000). One other pos-
sibility for explaining the long-time effect of the storm on the
TEC depletion detected at mid-latitudes is given by Mendillo
(2006). In this paper, the author interpreted the persisting deple-
tion in TEC a few days after the onset by the contraction of the
plasmasphere. This contraction implies disturbances in the ther-
mosphere circulation and a chemical loss in the ionosphere and,

Fig. 11. Yearly errors (bottom) and relative errors (top) of the climatological LDM-TEC model with respect to the latitude (white to black). Also
represented are the yearly mean errors for the entire latitudes (blue).

Fig. 12. Scatter plot of the modelled and observed LDM-TEC. Red
points: differences greater than or equal to 15 TECu between
observed and modelled LDM-TEC.

Fig. 13. Number of intense geomagnetic storms for the period
1998–2005 based on Interplanetary Magnetic Field data collected
from ACE satellite (Tsagouri & Belehaki 2008).
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consequently, a decrease of TEC. To determine the best sce-
nario and draw conclusions on a physical/chemical explanation
of our observations, an accurate knowledge of the plasma-
sphere-ionosphere system is now of first importance especially
during geomagnetic storms.

Conclusions

We developed a new empirical model to predict the climatolog-
ical behaviour of the ionosphere at a global scale (S80�–N80�).
Our model allows the estimation of the daily mean TEC at a
given latitude from only the F10.7P parameter as input. To
develop our model we needed to take in consideration different
coefficients with respect to the solar cycle phases. The mean
standard deviation of this new model is 2.5 ± 0.4 TECu for
all latitudes over the entire period (1995–2009), better than
when no discretization between solar cycle phases is taken into
consideration. Consequently, empirical models developed to
predict the ionospheric TEC from solar indices should take into
account for different behaviours with respect to solar activity
phases. The main outliers between the observed and modelled
TEC correspond to geomagnetic storm events for the period
1998–2005. Geomagnetic storms affect mainly the daily TEC
in Polar Regions with a maximum decrease of ionization one
day after the onset (�3.2 ± 1.5 TECu in absolute and
�19.6 ± 15.0% in relative differences) returning to pre-storm
conditions values 3–4 days after. In the future, a better

understanding of the topside ionosphere and of the plasma-
sphere-ionosphere coupling during geomagnetic storm is essen-
tial to draw a general physical/chemical schema of the TEC
depletion persisting for a few days after the storm onset.
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