
Bulgarian Academy of Sciences ISSN 1311-753X

2004, Vol. 30, 1-4. 

Special issue:

Papers presented at European Geosciences Union (EGU) 
1st General Assembly, Nice, 26-30 April 2004

Guest Editors: Dr. Bruno Zolesi and Dr. Ljiliana Cander

The issue was supported by Ministry of Education and Science of
Bulgaria - National Science Fund

CONTENTS

 

 

INCLUDING THE GALLAGHER PLASMASPHERIC MODEL IN THE
NEQUICK IONOSPHERIC MODEL
M. Cueto, P. Coisson, S. M. Radicella, L. Ciraolo, M. Herraiz .......................3

STORM-TIME CHANGES IN IONOSPHERIC TEC DURING THE DIS-
TURBANCES ON THE NOVEMBER 5-7, 2001 STORM
A. Krankowski, I.I. Shagimuratov, L.W. Baran, G.A. Yakimova, 
A.V. Radievsky ..................................................................................................10

COMBINED ASSIMILATION OF GPS BASED TEC DATA 
FROM CHAMP AND SAC-C FOR IONOSPHERE/PLASMASPHERE
IMAGING
S. Heise, N. Jakowski .......................................................................................23

THE WITHIN THE HOUR VARIABILITY IN TEC: 
SOME PRELIMINARY RESULTS
K. V. Polimeris, V. Romano, S.S. Kouris, B. Zolesi ........................................32



IONOSPHERIC SCINTILLATION OBSERVED DURING 
OCTOBER 2003 STORM 
B. Forte ...............................................................................................................40

THE NEW AIS-INGV IONOSONDE AT ITALIAN ANTARCTIC
OBSERVATORY
V. Romano, J. B. Arokiasamy, F. Doumaz, M. Pezzopane, U. Sciacca, 
E. Zuccheretti ....................................................................................................47

FORECASTING GPS TEC USING THE NEURAL NETWORK 
TECHNIQUE "A Further Demonstration"
E. Tulunay, Y. Tulunay, E.T. Senalp, Lj.R. Cander ..................................... 53

SUPPLEMENT............................................................................................... 57



3
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Abstract. The NeQuick ionospheric electron density model has a very
simple topside formulation which allows to take into account the electron
content up to 20000 km. In the present work Gallagher model has been
used in connection with NeQuick to provide a more realistic representa-
tion of the electron concentration distribution in the plasmasphere. Elec-
tron density profiles and TEC values obtained by NeQuick alone and by
NeQuick+Gallagher have been compared. ISIS-2 topside sounder profi-
les have been used for comparison of electron density at 1300 km. In ad-
dition, GPS vertical TEC values obtained from data of the San Fernando
IGS station (36.46 N, 353.79 E) have been compared with the NeQuick
and NeQuick+Gallagher vertical TEC values.

Keywords: ionosphere, plasmasphere, electron density, total electron
content

1. Introduction

The NeQuick model is one of the three electron density models develo-
ped at the Abdus Salam ICTP in Trieste and the Institute for Meteorology
and Geophysics in Graz (Hoccheger et al., 2000; Radicella and Leitinger,
2001). All three are based on the DGR "profiler" concept (Di Giovanni and
Radicella, 1990) further developed by Radicella and Zhang (1995) and cal-
culate electron density values as a function of solar activity, month, UT,
height and geographic coordinates. The "quick calculation" model NeQuick
uses a simple formulation for the topside F layer, which is essentially a semi-
Epstein layer with a thickness parameter which increases linearly with height.
A NeQuick model demo version is available online on the website
http://arpl.ictp.trieste.it/. 

The Gallagher model (Gallagher et al., 1988) has been used in connec-
tion with NeQuick to search a more realistic representation of the electron
concentration distribution in the plasmasphere. 
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The Gallagher model is an empirical model of plasmaspheric low energy
plasma consisting of H+. It was developed from a data base derived from
measurements taken by the Retarding Ion Mass Spectrometer, RIMS (Chap-
pell et al., 1981), on the Dynamics Explorer 1 satellite and represents the pla-
smasphere from 0 to 12 hours magnetic local time. The Gallagher pla-
smaspheric model calculates electron density values as a function of the day
of the year, UT, height and geographic coordinates.

2. Comparison with ISIS2 electron densities

In order to study the behavior of NeQuick and Gallagher models at pla-

Cueto et al.:Including the Gallagher plasmaspheric model in the NeQuick model

Fig. 1. Differences between NeQuick and ISIS2 (grey points) and between 
Gallagher and ISIS2 electron density values (black points) as a function 

of modified dip latitude at 1300 km.
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smaspheric heights, NeQuick and Gallagher electron density values have be-
en compared with those derived from measurements taken by the ISIS2 sa-
tellite at 1300 km. The ISIS 2 satellite was designed and operated jointly by
USA and Canada to investigate the topside ionosphere using remote sensing
and in-situ instruments (Bilitza, 2003). All ISIS2 data are archived at the Na-
tional Space Science Data Centre and are available online on NSSDC's ano-
nymous ftp site (ftp://nssdcftp.gsfc.nasa.gov/spacecraft_data). 

The selected electron density values correspond to 1972-1983. All data
are day-time ones (between 6:00 and 20:00 LT) and between ±40o modified
dip latitude. The modified dip latitude μ , introduced by Rawer (1963), is de-
fined as:

tan μ =I/ cos ϕ (1)

I being the true magnetic dip in the ionosphere (usually at 300 km). In the
equatorial zone the lines of constant μ are practically identical to those of
magnetic inclination I, but with increasing latitude they deviate and come ne-
arer to those of constant geographic latitude ϕ, and the poles are identical to
the geographical ones.  

In this comparison the NeQuick model is driven by the daily 10.7 cm so-
lar radio flux values to obtain from ITU-R (former CCIR, Bilitza et al., 1993)
global coefficients the foF2 and M3000 ionospheric characteristics. Differen-
ces between modelled and experimental values have been calculated after
subdividing data according to their modified dip latitude. 

Results for the modified dip latitude range ±40o at intervals of 10 degre-
es are shown in Figure 1. 

The spread of the electron density differences at 1300 km between Gal-
lagher and ISIS2 are smaller than those obtained with the NeQuick model for
all intervals. This result confirms the importance of including a more realistic
representation of the electron concentration distribution of the plasmasphere
in the NeQuick model. 

3. Transition region used

In order to connect the NeQuick vertical profile to the Gallagher model,
a transition region has been used. The transition region between the NeQuick
based region (from the earth surface to a height hi above the F2 electron den-
sity peak height) and the Gallagher region (from 1300 km up) should verify
that the profile shape is well reproduced, without gradient discontinuities in
the function and in its first derivative. Consequently it is necessary to choose
a transition function,  f3 (h), which verifies

f3 (hi)=NeQ(hi)
f3 (1300)=Gal(1300) (2)
f3' (hi)=NeQ'(hi)
f3' (1300)=Gal'(1300)

where hi is the lower height of the transition region, NeQ(hi) is the
NeQuick density at hi, Gal(1300) is the Gallagher density at 1300 km height,

Cueto et al.:Including the Gallagher plasmaspheric model in the NeQuick model
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NeQ'(hi) is the NeQuick model slope at hi and Gal'(1300) is the Gallagher
slope at 1300 km height. The value of hi is not the same for all case: it should
verify that NeQ(hi) is higher than Gal(1300) to provide a well reproduced
transition region shape. Consequently, hi has been selected as the height
(above the F2 electron density peak height) where the electron density is equ-
al to 0.75Nmax, with Nmax the F2 peak electron density. Another essential
condition that the selected function should fulfil is that the transition region
does not show any density increase with height, which would have no phys-
ical meaning. 

From all the candidates considered, the function that fits what we need
is a function of the type: 

(3)

where h is height and a, b, c and d are four coefficients which will be fi-
xed solving the equation system given by (2).

An example of NeQuick and NeQuick+Gallagher electron density profi-
les is given in Figure 2 (a bilogarithmic scale is used to show clearly the dif-
ferences between both profiles). 

4. Vertical TEC comparison

NeQuick and NeQuick+Gallagher vertical total electron content (vTEC)

Cueto et al.:Including the Gallagher plasmaspheric model in the NeQuick model

Fig. 2. Example of NeQuick and NeQuick+Gallagher electron density 
profile using a bilogarithmic scale for July 1996 at 6:00 UT and geographic
coordinates (40.0oS,354oE). Solid line: NeQuick+Gallagher electron density

profile; Dashed line: NeQuick electron density profile. hi is the altitude 
where the two curves depart from each other (350 km in this case).

f3(h)=a
b    c    d
h    h2 h3++ +
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values between 0-20000 km height for a geographic longitude of 354o (which
approximately corresponds to that of the San Fernando IGS station, Spain)
at geographic latitude intervals of 10o have been calculated. Four months (Ja-
nuary, April, July and October, which represent the four seasons) and two
hours (0:00 and 12:00 UT) of 1996 (a year of low solar activity) have been
considered. Results for the geographic range ±60o are shown in Figure 3. The
latitude of the magnetic equator for a geographic longitude of 354o is 10.79o S.

The behavior in January, July and October is similar at 12:00 UT, with
the NeQuick model alone providing lower values than the NeQuick + Gal-
lagher at low latitudes but very close values at middle latitudes. There are lit-
tle differences in April and only in the Northern equatorial anomaly region is
shown a value of NeQuick + Gallagher 5 TEC units below the NeQuick
alone.

Differences between both models in April and July are similar at 0:00 UT:
again the NeQuick model alone provides lower values than the NeQuick +
Gallagher at low latitudes. Values of vTEC at middle latitudes are very close.
The behavior of NeQuick and NeQuick+Gallagher models is similar in Ja-
nuary and October, showing smaller vTEC differences between both models
than those obtained at 12:00. 

5. Comparison with GPS vertical values from San Fernando IGS sta-
tion

GPS vTEC values from San Fernando IGS (International GPS Service)

Cueto et al.:Including the Gallagher plasmaspheric model in the NeQuick model

Fig. 3. vTEC differences between NeQuick and NeQuick+Gallagher between 
0-20000 km for a geographic longitude of 354o as a function of geographic latitude.

Black points: results at 12:00 UT; Grey points: results at 00:00 UT. Upper row: January
1996 (left) and July 1996 (right); Lower row: April 1996 (left) and October 1996 (right).
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station (36.46 N, 353.79 E) between 0-20000 km height have been compared
with those obtained with NeQuick and NeQuick+Gallagher.

In order to calculate GPS vTEC of San Fernando IGS station, the fol-
lowing procedure has been carried out:

- GPS data for the requested period were downloaded from the IGS
archive.

- Differential phase delays (DPDs) and differential group delays (DGDs)
were computed.

- DPDs were leveled to DGDs in order to consider one constant bias for
each station and satellite.

- A single-day, single-station solution was calculated based on the fol-
lowing assumptions: a) Ionosphere was assumed to be a thin shell at a height
of 400 km; b) Slant TECs were mapped to vTECs by sec(χ) (χ being the an-
gle between the ray GPS satellite-IGS station and the local vertical in the pi-
ercing point between the ray itself and the shell); and c) vTEC on the shell
was assumed to be described by a polynomial in local time and Rawer's mo-
dified dip latitude at the piercing point.

Eight quiet days of 1996 (11 and 21 of April, 1, 11 and 21 of July, 1, 11
and 21 of October) have been selected, and vTEC every 10 minutes for each
day has been calculated. Results for 11 of July and 21 of October are shown
in Figure 4. 

NeQuick+Gallagher vTEC values tend to be slightly closer to the expe-
rimental ones than the NeQuick model in all cases. Differences between both
models are very small (no higher than 2 TECu). This is consistent with the
fact that San Fernando IGS station is located at mid-latitude: differences
between vTEC values for those latitudes are not expected to be higher than
2.5 TECu (see the previous section). 

In this comparison the NeQuick and NeQuick+Gallagher models are dri-
ven by the daily 10.7 cm solar radio flux values to obtain from ITU-R global
coefficients the foF2 and M3000 ionospheric characteristics. Differences
between modelled and GPS vTEC values are supposed to decrease if experi-
mental f0F2 and M3000 values are used as input in both models. A further
comparison between theoretical and GPS vertical TEC values using foF2 and

Fig. 4. NeQuick (dotted-dashed line), NeQuick+Gallagher (dashed line) and GPS
(dotted line) vTEC values as a function of Universal Time for San Fernando 

IGS station, July 11th 1996 (left panel) and October 21st 1996 (right panel).

Cueto et al.:Including the Gallagher plasmaspheric model in the NeQuick model
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M3000 peak values obtained from experimental ionograms will be done to
clarify the point.

6. Conclusions

The comparison between NeQuick and NeQuick+ Gallagher density and
vertical TEC values has shown that:

1. The spread of the electron density differences at 1300 km between Gal-
lagher and ISIS2 are smaller than those obtained with the NeQuick model. It
is important to point out that in this comparison the NeQuick model is dri-
ven by the daily 10.7 cm solar radio flux values to obtain from ITU-R global
coefficients the foF2 and M3000 ionospheric characteristics. A further analy-
sis using ISIS2 NmF2 and hmF2 values will be done to verify the results
shown in this work. 

2. The latitudinal variation of the vTEC differences (NeQuick+Gal-
lagher)-NeQuick depends on the selected month and UT. It is worth noticing
that 1996 is a year of low solar activity. Differences for high solar activity are
expected to be higher than those shown here.

3. NeQuick+Gallagher vTEC values are higher than NeQuick vTEC va-
lues for low latitudes, indicating a plasmaspheric contribution at those latitu-
des not properly shown by NeQuick.

5. Comparisons of NeQuick and NeQuick+Gallagher with experimental
vTEC in San Fernando, a mid-latitude station, show that NeQuick+Gal-
lagher vTEC tends to be slightly closer to the experimental values than the
NeQuick model. A further comparison between theoretical and GPS vertical
TEC values using foF2 and M3000 peak values from ionosondes will be done
to verify these results.

7. References

Bilitza D., K. Rawer, L. Bossy, T. Gulyaeva, 1993. International Reference Ionosphe-
re - past, present and future: I. electron density. Adv. Space Res., 13, No 3, 3-13.

Bilitza D., B. Reinisch, R. Benson, J. Grebowsky, N. Papitashvili, X. Huang, W. Schar
and K. Hills, 2003. Online database of satellite sounder and insitu measurements covering
two solar cycles. Adv. Space Res., 31 (3), 769-774.

Chappell, C. R., S. A. Fields, C. R. Bauher, J. H. Hoffmann, W. B. Hanson, W. W.
Wright, H. D. Hammack, G. R. Carignan and A. F. Nagy, 1981. The retarding ion mass
spectrometer on Dynamics Explorer-A. Space Csi. Instrum., 5, 477-491.

Di Giovanni, G. and S. M. Radicella, 1990. An analytical model of the electron den-
sity profile in the ionosphere. Adv. Space Res., 10, No 11, 27-30.

Gallagher, D. L., P. D. Craven and R. H. Comfort, 1988. An empirical model of the
Earth?s plasmasphere, Adv. Space Res., 8, No 8, 15-24. 

Hochegger, G., B. Nava, S. Radicella and R. Leitinger, 2000. A family of ionospheric
models for different uses. Phys. Chem. Earth (C), 25, No 4, 307-310.

Radicella, S. M. and Man-Lian Zhang, 1995. The improved DGR analytical model of
electron density height profile and total electron content in the ionosphere. Annali di Ge-
ofisica, 38, No 1, 35-41. 

Radicella, S. M. and R. Leitinger, 2001. The evolution of the DGR approach to mo-
del electron density profiles. Adv. Space Res., 27, No 1, 35-40.

Rawer, K., 1963. Meteorological and astronomical influences on radio wave propaga-
tion. Ed. B. Landmark, Academy Press, New York.

Cueto et al.:Including the Gallagher plasmaspheric model in the NeQuick model



10
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Abstract. This paper presents the response of the ionospheric total elec-
tron content over Europe to the severe storm on November 5-7, 2001 (Σ
Kp = 54). Spatial and temporal changes in TEC we analyzed on the basis
of TEC maps. The maps were compiled using GPS measurements from
70 - 90 stations of the International GPS Service (IGS) / EUREF
Permanent Network (EPN). Our estimation technique provided TEC
maps with 15 min intervals and spatial resolution of 150 - 300 km. 
One of the features of the developing winter storm over Europe was a
positive effect observed at night, at its early stage. This positive effect was
recorded only at latitudes higher than 50N. TEC enhancements exceeded
150% relative to a quiet day. The strong enhancement of TEC was prob-
ably connected with particle precipitation. 
A long-lasting negative perturbation was registered in the daytime on
November 6 and 7, 2001. The depression of TEC reached 70 - 100%.
TEC maps showed that the spatial distribution of TEC underwent dra-
matic variations. In the ionosphere large- and medium-scale structures,
including both increases and decreases in TEC, develop during the storm.
TEC maps were used for an analysis of the dynamics of latitude profiles.
The latitude dependence of TEC is significantly modified during a storm.
The latitudinal profiles very well represent the dynamics of a mean ionos-
pheric trough (MIT). During the storm the trough was displayed at a lat-
itude of about 48N.

Key words: ionosphere, TEC, geomagnetic storms, GPS.

1. Introduction

Geomagnetic storms include a competition of many different and inter-
acting processes in the magnetosphere-ionosphere-thermosphere system.
These complex phenomena need comprehensive measurements of ionospher-
ic parameters on a global scale. Until now, the analysis of ionospheric storms
was mainly based on ionosonde data and TEC measurements, using the

Bulgarian Geophysical Journal, 2004, Vol. 30, 1-4
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Faraday effect on the signals of geostationary satellites. During the storm
ionosonde measurements at high latitudes often cannot provide complete
information about the state of the ionosphere. In contrast to them, Global
Positioning System (GPS) observations enable TEC measurements in most
conditions. Today the International GPS Service (IGS) / EUREF Permanent
Network (EPN) is broader and denser than the ionosonde one. Recently GPS
measurements were used to study the storms in November 1994 (Ho et al.,
1996), on 18-19 October 1995 (Lu et al., 1998), in January 1997 (Ho et al.,
1998; Jakowski et al., 1999; Lu et al., 2001), in November 1997 (Baran et al.,
2001) in September 1999 (Shagimuratov et al., 2002) and in March-April
2001 (Krankowski et. al., 2005).

This paper presents an analysis of the TEC behavior over the European
sector during the severe storm on November 5-7, 2001.

2. Data and method of TEC estimation

GPS observations collected at IGS/EPN were used to create TEC maps.
More than 80 stations were included in the analysis of the response of TEC
to a geomagnetic storm.

While estimating TEC from GPS observations, the ionosphere was
approximated by a spherical shell at a fixed height of 400 km above the
Earth's surface. The simple geometric factor was used to convert the slant
TEC into a vertical one (Mannucci et al., 1998; Wanninger et al., 1994;
Wilson et al, 1995). High-precision phase measurements were used while pro-
cessing. The phase ambiguities were removed by fitting phase measurements
to the code data collected along an individual satellite pass. After pre-pro-
cessing the phase measurements contained an instrumental bias only (Baran
et al, 1997; Coco et al, 1991; Wilson and Mannucci, 1993). The biases were
determined for each station using GPS measurements of all satellite passes
over a given site in a 24-hour period. The diurnal variations of TEC over a
site and the biases for all satellites were estimated simultaneously. At all sta-
tions, before the technique had been run, the instrumental biases were
removed in all satellite passes. Using this procedure an absolute line of sight
TEC for all satellite-receiver paths was calculated.

In order to obtain the spatial and temporal variation of TEC and to cre-
ate TEC maps the measurements were fitted to a spherical harmonic expan-
sion in a geographic latitude (Φ) and longitude (Θ). The spherical harmonic
expansion was truncated to the order and degree of 16. The accuracy of TEC
maps depends on spatial gaps in TEC data (Mannucci et al., 1998). The large
number of GPS stations in Europe provides a good coverage for GPS data
and enable to get high-accuracy TEC maps with an error at a level of 1 - 3
TECU (Baran and Shagimuratov, 1998; Wanninger et al., 1994; Wilson et al,
1995; Zarroa and Sardon, 1996). The coverage is a very adequate shell and
yields a reasonable surface harmonic fit, providing TEC maps with a spatial
resolution of 100-300 km and a time resolution of 15 min.

In order to determine the ionospheric deviations during the storm the per-
centage change of storm-time TEC relative to TEC maps for quiet conditions
was computed. To obtain the quiet time conditions (quiet day) we averaged
5 previously magnetically quiet days of TEC measurements.  The maps over
Europe in this case were produced every 15 minutes. To discuss the storm

Krankowski et al.: Storm-time changes in Ionospheric Tec During the Disturb. ...
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behavior in detail, various temporal and TEC latitudinal profiles were
obtained from GPS maps.

3. Geomagnetic conditions

An intensive geomagnetic storm took place on November 5 - 7, 2001. The
main phase of the storm started about 00 UT on November 6. The Dst index
reached its minimum value - 270 nT at 03 UT on November 6 (Figure 1.)
Simultaneously the Kp index amounted to 9 and ΣKp~54. The recovery
phase took place after 15:00 UT on November 8, when Dst slowly returned
to its regular level.

4. Results of observations and discussion

4.1. Storm-time dynamics of diurnal variations of TEC

A general idea of storm development can be got from day-by-day diurnal
variations of TEC. The evaluation of diurnal variations of TEC at different
latitudes during the storm of November 5 - 8 2001 is presented in Figure 2. It
shows the variations of TEC over individual European stations at a latitude
range from 40o N (down) to 70o N (top) around a longitude of 20o E.

At auroral and subauroral stations (Tromsoe - TROM, Kiruna - KIRU,
Vilhelmina - VIL0, Vaasa - VAAS), as well as at the mid-latitude station of
Onsala (ONSA), a surge of TEC enhancement were detected in diurnal vari-
ations before the main phase of the storm (Figure 2). In the auroral region
the night enhancement of TEC was more pronounced. The amplitude of the
surge decreased towards lower latitudes. Time delays of the surge of lower
latitude stations relative to high latitude ones can be easily recognized in
Figure 2.

It is a well-known fact that the occurrence of geomagnetic storms in the
ionosphere depends on the season (Fuller-Rowell et al., 1996). An ionospher-
ic storm usually consists of a positive phase (enhancement of electron densi-
ty relative to quiet conditions) and a negative phase (depression of electron
density) (Lastovicka, 2002; Lu et al., 2001 and Tsagouri et al., 2000). At mid-
dle latitudes the negative phase is more pronounced in summer in opposition
to the winter positive phase. The storm-time auroral energy input results in
traveling ionospheric disturbances (TIDs) during the storm onset, and dis-
turbed global wind circulation (Forster et al., 1999). At mid-latitudes the pos-
itive effect can be attributed to TID (Prolss, 1993). The velocity of large-scale

Fig.1. Variations of Kp and Dst index during 4 - 8 November 2001.

Krankowski et al.: Storm-time changes in Ionospheric Tec During the Disturb. ...
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traveling disturbances can reach 400-700 m/s (Jakowski et al., 1999; Baran et
al., 2001). The speed of the discussed surge of TEC enhancement was less
than 100 m/s. The observed TEC enhancement and displacement of the surge
can be probably attributed to auroral particle precipitations and expansion of
the auroral oval to lower latitudes in the driven phase of the geomagnetic
storm.

Considerable changes in the diurnal variations of TEC were observed on
November 6. A significant depression of the daytime TEC (a strong negative
effect) took place during the storm. The effect was observed at all latitudes
discussed, reaching the maximum value at high latitudes. During the storm
the daytime level of TEC was comparable with the night TEC. TEC depres-
sion was also recorded on the second day of the storm.

Under quiet day conditions, at auroral and subauroral stations, the diur-
nal variations of TEC were very similarly to variations at mid-latitude sta-
tions. It is evident that the main role in producing ionization at auroral and
subauroral region during quiet conditions was played by solar radiation.
During the storm, dynamic processes dominated in generating diurnal varia-

Krankowski et al.: Storm-time changes in Ionospheric Tec During the Disturb. ...

Fig.2. Diurnal variations of TEC at different latitudes during storm 
of 5 - 8 November 2001
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tions.
It is interesting that during the storm, at high-latitude stations, the change

from the daytime to night TEC started earlier than on the previous day. The
reasons for the above effect are probably perturbations in Dst variations
around the noon on November 6, during the recovery stage of the storm
(Figure 1).

After midnight and in the morning hours on November 6/7 short-time
perturbations describing the surge of TEC enhancement could be seen
(Figure 2). The perturbations were observed at all latitudes (down to 36N).
The maximum of TEC enhancement was simultaneously detected at all lati-
tudes (without a time delay). On the previous and following quiet days this
effect was not observed. Such an effect can be caused by the penetration of
an electric field associated with substorms to middle and low latitudes
(Shiokawa et al., 2000; Pi et al., 2000).

4.2. Spatial and temporal changes of TEC during a storm over Europe.

The dynamics of the spatial distribution of TEC over Europe was ana-
lyzed on the basis of TEC maps. We used differential TEC maps to study the
storm-time changes of ionospheric TEC. These maps present the percentage
deviation of TEC relative to quiet day - TEC*:

ΔTEC= (TEC − TEC*)/ TEC* % (1)

To obtain TEC of quiet day we used mean values from previous magnet-
ically quiet days. Figures 3 present TEC maps for Europe, for November 5,

Krankowski et al.: Storm-time changes in Ionospheric Tec During the Disturb. ...

Fig.3a. The differential TEC maps over Europe for 5 November 2001
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6 and 7, 2001.
Night TEC enhancement appeared after 19 UT on November 5, over all

Europe. The enhancement was observed as a narrow band located at a lati-
tude of about 68N, indicating an auroral oval of particle precipitations. In the
following hours the enhancement of TEC expanded and moved down
towards lower latitudes. The relative enhancement of TEC reached 100-
150% with respect to the quiet days. The positive effect took place until 48oN,
but only in the western part of Europe. Thus, the response of TEC to the geo-
magnetic storm showed a local time dependence.

The strong relative enhancement of TEC caused both the precipitation
and spatial migration of the main ionospheric trough during the disturbances.
Over the storm the trough minimum shifted to the equator. At the same time
the auroral oval expanded to lower latitudes. 

The negative effect with a depression of TEC began in the eastern part of
Europe after 05UT on November 6, to cover all Europe. The TEC depres-
sion was observed at all latitudes. The maximal effect took place in the auro-
ral and subauroral ionosphere during the daytime on November 6 and 7. The

Krankowski et al.: Storm-time changes in Ionospheric Tec During the Disturb. ...

Fig.3b. The differential TEC maps over Europe for 6 November 2001.
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depression of TEC makes up 50-70% at mid-latitudes and more than 100%
in subauroral regions.

TEC maps show regional features of storm development. The unusual
large-scale structures (wave-like depletion and increase in TEC) can be seen
at 04-07 UT over Europe on November 7. The effect may be attributed to the
storm-disturbed thermospheric winds. The occurrence of the mid-latitude
ionospheric trough is presented on TEC maps in the afternoon.

During the storm the intensive TEC fluctuations developed in the iono-
sphere. Inhomogeneous structures were more pronounced in the auroral/sub-
auroral ionosphere. The intensive irregularities were found even at middle
latitudes.

Figure 4 presents TEC variations along the traces of a single satellite
(PRN 14) on a quiet and disturbed day - November 5 and 6 (ΣKp ~ 54),
observed at different European stations. Since GPS satellites are in 12-side-
real-hour orbits, the constellation repeats for consecutive days, except for the
fact that the satellite arrived 4 min earlier each day.  

The analyses of TEC variations for individual satellite passes show that
during the driven phase of the storm, different scale irregularities developed
in the ionosphere. Figure 4 shows that during the storm large- and medium-
scale irregularities caused deep fluctuations of TEC at mid-latitude stations:
Lamkowko - LAMA (53N) and Wroclaw - WROC (51N). The behavior of
TEC at stations spaced out at 300-500 km was also different. It is evident that
the spatial correlation of TEC deteriorated during the storm. As shown in the
next section, during the November storm the ionospheric trough was

Krankowski et al.: Storm-time changes in Ionospheric Tec During the Disturb. ...

Fig.3c. The differential TEC maps over Europe for 7 November 2001.
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observed below a latitude of about 48oN. Ionospheric irregularities can be
often observed around the trough where electron density gradients are signif-
icantly increased.  This information is useful for GPS users because the hor-
izontal ionospheric gradients can lower ambiguity resolution and affect the
accuracy of GPS positioning (Wanninger, 1993; Krankowski et al., 2002).

4.3. Latitudinal variations of TEC

We used the latitude profiles obtained from TEC maps at a fixed longi-
tude for an analysis of latitudinal TEC variations. Figure 5a presents the vari-
ations of the latitudinal profiles over Europe at the 20 oE longitude for geo-
graphic latitudes from 40 oN to 75 oN on a quiet day of November 5, 2001.
During a quiet day the profiles show a steady slope. TEC was virtually not
varied in the daytime in the latitude range examined. During the storm the
latitudinal profiles were highly modified. The latitudinal gradients were dif-
ferent when compared with quiet conditions (Figures 5a and 5b).

The strong TEC enhancement at high latitudes was clearly recognized in
the evening of November 5. The enhancement reached the factor 3-4 relative
to mid-latitudes. Night enhancements of TEC are often observed in

Krankowski et al.: Storm-time changes in Ionospheric Tec During the Disturb. ...

Fig 4. Temporal TEC variations along individual satellite passes for PRN 14 observed
at  different stations on quiet (blue) and disturbed (red) day.
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Fig 5a. Latitudinal TEC profiles for 5 November 2001 over Europe at longitude 20 E

Fig 5b. Latitudinal TEC profiles for 6 November 2001 over Europe at longitude 20 E.

Krankowski et al.: Storm-time changes in Ionospheric Tec During the Disturb. ...
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November GPS data, but the maximum of TEC enhancement occurred at lat-
itudes higher than 70N. Usually it does not exceed the factor 1.5-2.0. The
maximum of TEC enhancement occurred at lower latitudes and displaced in
time to the equator (Figure 5a). As already mentioned, this effect can be
attributed to particle precipitation and the expansion of the auroral oval to
lower latitudes.

After midnight on November 6/7, the latitudinal TEC profiles showed a
striking structure recognized as the mid-latitude ionospheric trough
(Wielgosz at al., 2004).  The trough was shifted in time and in the morning
reached a latitude of 48N. The polar wall of the trough became more pro-
nounced. The ratio of the minimum TEC level to the polar wall value was 2-
3. At 01-04UT on November 6, a trough-like structure was also seen at high-
er latitudes (near 70N). This structure was probably a high-latitude trough.
(Werner and Prolss, 1997).

In the day-time, during the negative phase of the storm, latitudinal gradi-
ents increased. The TEC decreased towards higher latitudes. It shows that the
depression of ionization during the storm was more significant at higher lati-
tudes. After 15UT the latitudinal profiles again represented a trough-like
structure.

On the second day of the storm the latitudinal TEC variations were sim-
ilar to the previous day, i.e. November 6. We discussed the day-time TEC
increase in relation to the previous day at lower latitudes, but at higher lati-
tudes the low level of TEC was maintained. After the noon the profiles rep-
resented a mid-latitude trough with a sharp polar wall. The dynamics of the

Fig 5c. Latitudinal TEC profiles for 7 November 2001 over Europe at longitude 20 E.
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trough at 14-23 UT is well described by these profiles. During this period, the
trough was detected from 70N to 58N.

5. Conclusion

Using observations based on the worldwide GPS network, we found the
following morphological features of the TEC behavior on a global scale
(European sector) during the storm of November 5, 6, 7, 2001: 

1) The storm began with a short-time positive phase. The maximum of the
positive effect took place in the auroral and subauroral ionosphere. The
strong - relative to quiet conditions - enhancement of TEC (~150%) at high
latitudes can be attributed to such processes as: particle precipitations, auro-
ral oval expansion, as well as storm-time migration of the ionospheric trough.

2) A long-lasting negative effect took place during the daytime on
November 6 and 7, 2001. The TEC depression reached 60-70%. 

3) The high deviation of TEC relative to quiet conditions gave rise to the
displacement of the main ionospheric through, which was recognized after
midnight on November 6 around a latitude of 50N.  

4) During the storm intensive large-scale irregularities were observed
even at mid-latitudes in the ionosphere.

5) The regional features of the response of the ionosphere to geomagnet-
ic storms are clearly visible.

We previously analyzed a storm of November 22, 1997 (Baran et al.,
2001). This storm was less intensive (Dst ~130nT) and took place near solar
minimum in contrast to the storm discussed in this paper (Dst~270nT),
which occurred at solar maximum. Both storms started about at the some
time. It is quite interesting that the response of the ionosphere to storms was
completely different.  In contrast to the above-described storm, the previous
one was characterized by a strong long-lasting positive effect at middle/low
latitudes. Further, detailed investigations of the response of the ionosphere to
similar geomagnetic storms are needed and will be carried out in the future.

The behaviors described here are definitely not new in the literature, and
should have been expected. Nevertheless, we stress here that they have been
found by using GPS-TEC data downloadable as Rinex files. In principle, one
should be quite aware of how far the Rinex file data are from being a physi-
cal measure of the "real" total electron contents (Mannucci et al., 1998:
Wilson and Mannucci, 1993; Coco et al, 1991). Despite this problems relat-
ed in principle to the use of GPS TEC data, the results found here are very
sensible. 

This is a strong and encouraging indication: indeed, our findings seem to
indicate that physically sensible observations on the ionospheric response to
storms can be extracted irrespectively of how calibrated are the TEC data
used.
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Abstract. Space based GPS observations onboard LEO satellites provide
a valuable new data source for ionospheric remote sensing. The paper
deals with application of GPS navigation measurements from CHAMP
and SAC-C for reconstruction of 3d electron density distributions of the
upper ionosphere and plasmasphere by assimilation of link related TEC
measurements into an initial model prediction. We describe data process-
ing and retrieval technique. Reconstruction results for selected assimila-
tion examples are presented. We validate our results with CHAMP
Langmuir Probe data and compare reconstructions based on data from
only one and from both satellites.

Key words: ionosphere, plasmasphere, CHAMP, SAC-C, GPS.

1. Introduction

Dual frequency GPS observations are well proved and widely used for
ionospheric monitoring. Information on the link related total electron content
(TEC) can easily be derived from differential GPS phase measurements due
to the frequency dependent ionospheric impact on radio signals. Beside the
well-established GPS ground receiver networks, the installed GPS receivers
on board of LEO (Low Earth Orbiting) satellites like CHAMP and SAC-C
provide a valuable data source for ionospheric remote sensing and tomogra-
phy. Both the CHAMP and SAC-C satellites permanently track several GPS
satellites using dedicated zenith looking antennas for precise orbit determina-
tion (Fig. 1). These 0.1 Hz sampled dual frequency navigation measurements
provide valuable information on the ionization state of the upper ionosphere
and plasmasphere up to GPS altitudes on a global scale. After preprocessing
and calibration link related TEC measurements are derived from the GPS
navigation observations. Three-dimensional electron density information for
the upper ionosphere and plasmasphere is retrieved by assimilating these
TEC data into the Parameterized Ionospheric Model (PIM).

In specific periods CHAMP and SAC-C circle the earth in nearly the
same orbit plane due to their different orbit properties. We focus on these
constellations, which are of special interest for the combined assimilation of

Bulgarian Geophysical Journal, 2004, Vol. 30, 1-4



24

TEC measurements from both satellites.
In this paper we briefly describe data processing and retrieval technique

for the reconstruction of ionospheric and plasmaspheric electron density dis-
tributions by assimilation of link related TEC measurements from CHAMP
and SAC-C. Reconstruction results for selected assimilation examples are
presented by means of two-dimensional slices along the respective
CHAMP/SAC-C orbit plane. Using electron density measurements from the
CHAMP Langmuir Probe we validate our reconstruction results along the
CHAMP path and discuss the impact of the TEC measurements from SAC-
C on the reconstruction result at CHAMP orbit altitudes.

2. Observation scenario and data processing

Both CHAMP and SAC-C circle the earth in nearly polar orbits tracking
several GPS satellites using dedicated zenith looking antennas (Fig. 1). The
orbit time differs slightly (about 93 and 97 minutes) due to the different alti-
tudes of CHAMP (about 400 km) and SAC-C (about 700 km). But while the
SAC-C orbit is sun synchronous and therefore fixed in local time, the
CHAMP orbit plane moves slowly through all local time sectors. Thus, there
are periods when both satellites circle the earth in nearly the same orbit plane
but at different altitudes. These periods are of special interest for the com-
bined assimilation of CHAMP/SAC-C TEC data. In this paper we focus on
periods when the angles between both orbit planes were less than 15∞ (Fig.
2). The following days of 2002 have been selected accordingly for our inves-
tigations: 30-47, 163-176 and 293-309.

The processing system applied for this study represents a multi satellite

Fig. 1. Scenario of GPS navigation measurements onboard CHAMP and SAC-C.
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extension of that which has originally been developed for the retrieval of 3-d
electron density information using only CHAMP GPS data (e.g. Heise et al.,
2002). The data processing basically consists of 3 parts (Fig.3): preprocess-
ing, calibration and assimilation. Main inputs are CHAMP/SAC-C navigation
measurements and orbit data from GPS and both LEO satellites. The prepro-
cessing includes a GPS data quality check concerning outliers and cycle slips
(according to Blewitt, 1990). Furthermore, we derive relative TEC from
pseudorange-leveled differential carrier phases and allocate orbit information
to each measured GPS transmitter - LEO receiver link. This link related TEC
has to be calibrated for differential code biases (DCB) during the next pro-
cessing step. A model assisted approach involving the known DCB of GPS is
applied to estimate the DCB of CHAMP and SAC-C. Three-dimensional
electron density information is retrieved by assimilating the integral TEC
data into the Parameterized Ionospheric Model (PIM, Daniell et al., 1995).

Heise and Jakowski: Combined Assimilation of GPS Based TEC Date from ...

Fig. 2. Angle between CHAMP and SAC-C orbit plane for 2002.

Fig. 3. Scheme of data flow and processing for reconstruction of electron density 
distributions from CHAMP and SAC-C GPS navigation measurements
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3. Derivation and assimilation of GPS TEC data

To calculate the link related TEC we use differential GPS carrier (L1 -
L2) and code (P2 - P1) phase measurements and work finally with pseudor-
ange-leveled carrier phase differences. Absolute TEC values along the
numerous radio links are estimated after calibrating the instrumental differ-
ential code biases (DCB) of each LEO receiver - GPS transmitter combina-
tion in a separate way. During this calibration procedure we estimate only the
LEO DCBs and use the GPS DCBs from GPS ground station network bias
solutions (e.g. Sardon, 1994). To estimate the LEO DCB (zenith antenna) a
model assisted technique has been developed which takes advantage of the
known GPS biases and comparatively low TEC above Low Earth Orbiter
(LEO) altitudes in polar regions and during nighttime intervals. We assume
a good average agreement between model and real ionization state under
these conditions. Thus, LEO DCB is estimated by the average difference of
(uncalibrated) link related TEC measurements and corresponding modelled
TEC values. For assistance the Parameterized Ionospheric Model (PIM) is
used. Applying this method we derived a reliable bias solution for the
CHAMP receiver (Fig. 4, upper panel) varying within a spread RMS below
1 TECU for the year 2002. The SAC-C receiver DCB (Fig. 4, lower panel)
could be derived comparatively stable.

The three dimensional electron density distribution is reconstructed by
assimilating TEC measurements into the ionospheric/plasmaspheric model
PIM which includes also the Gallagher model (Gallagher et al., 1988) of the
plasmasphere. For this purpose, PIM is discretized on a global voxel structure

Heise and Jakowski: Combined Assimilation of GPS Based TEC Date from ...

Fig. 4. Differential code bias estimation for the year 2002 concerning GPS navigation
measurements onboard CHAMP (upper panel) and SAC-C (lower panel).
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(Fig. 5) which covers the ionosphere and plasmasphere up to GPS altitudes.
For each reconstruction we apply about 7000 CHAMP/SAC-C TEC meas-
urements from 93-minute time intervals (one CHAMP revolution). The
ionospheric/plasmaspheric system is considered to be stationary over this
period. With respect to large scale changes in topside ionosphere/plasmas-
phere electron density distribution, this assumption appears applicable in
most cases. The assimilation method is based on an iterative algorithm (e.g.
Heise et al., 2002) which adapts the initial model assumption to the TEC
measurements by applying multiplicative modifications, according to the
widely used Multiplicative Algebraic Reconstruction Technique (MART, e.g.
Kunitsyn et al., 2003). These modifications are determined by the ratio
between the link related TEC measurements and the corresponding TEC val-
ues derived from the voxel structure after each iteration step. The validity of
the resulting reconstruction depends of course on the data coverage and the
initial model. Nevertheless, we obtain a physically reasonable reconstruction
which represents at least an improvement over the initial model assumption.

Heise and Jakowski: Combined Assimilation of GPS Based TEC Date from ...

Fig. 5. Voxel structure (meridional slice) for assimilation of link related TEC data into
an ionospheric model (e.g. PIM).
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4. Results and validation

The assimilation result is a global 3-dimensional electron density distribu-
tion, covering the region between CHAMP and GPS orbit altitudes. The
strongest assimilation impact is obviously found in the region near the
CHAMP/SAC-C orbit plane while other areas of the voxel structure give the
pure initial model, completely unaffected by the assimilation process. Thus,
to present assimilation results we consider 2-dimensional slices with respect
to the common CHAMP/SAC-C orbit plane. The left panel of Fig. 6 shows
such a slice for a selected assimilation example and gives an impression of the
reconstructed electron density distribution near the orbit plane (from around
22:30 LT in the East to 10:30 LT in the West). Beside the clear difference
between day- and nighttime ionosphere and plasmasphere, Fig. 6 (left panel)
reveals a considerably increased electron density in the nighttime northern
hemisphere plasmapause region. This is also clearly visible in the right panel
of Fig. 6 which shows the percentage deviation of the assimilation result from
the initial model assumption. The remarkable deviation in the plasmapause
region can be considered as an assimilation correction of the initial (PIM)
plasmapause position. In this context it is interesting to compare the assimi-
lation result shown in Fig. 6 with the corresponding reconstruction based on
CHAMP TEC data only. This is shown in Fig. 7 (left panel) and reveals sig-
nificant differences to the combined CHAMP/SAC-C reconstruction in the
plasmasphere region. Fig. 7 (right panel) indicates that this difference is not
caused by an absence of data coverage (given in link related TEC measure-
ments per voxel). Thus, we could conclude that TEC data from SAC-C hold
additional information on the plasmaspheric electron density distribution
which are not covered by the CHAMP TEC measurements. This can be
explained by the different orbit altitudes. While the integral TEC measure-
ments from CHAMP are obviously dominated by the rather high electron
densities of the lower topside ionosphere this is not the case for SAC-C which
circles the earth far above the ionospheric electron peak densities. On the
other hand, CHAMP and SAC-C data have not been measured at the same
time (about 20 minutes time delay at 60∞ N, nighttime sector). Thus, the dif-
ferences between pure CHAMP and combined CHAMP/SAC-C results
could be caused by a rapid change in the plasmaspheric electron density dis-
tribution.

The in situ electron density measurements from the CHAMP Langmuir
Probe (LP) provide a unique data source to validate the assimilation results
along the CHAMP path and to investigate the impact of the SAC-C TEC
data on the reconstruction result at CHAMP orbit altitudes. Of course these
data are not sufficient to validate the entire reconstruction result. But system-
atic errors in the derived electron density along the CHAMP path allow the
identification of general deficiencies resulting in systematic errors of the
reconstructed electron density above the CHAMP orbit height. Fig. 8 shows
comparisons between LP on the one hand and CHAMP/SAC-C assimilation,
pure CHAMP assimilation and PIM on the other hand (left panel: global
comparison and right panel: low latitudes only). The comparison between
PIM, assimilation and LP reveals a significant improvement over the initial
model by the assimilation. Nevertheless, it has to be noticed that the assimi-
lation results tend to underestimate the in situ measurements. But Fig. 8
shows a noticeable improvement of the pure CHAMP assimilation by addi-
tional use of SAC-C data. Showing a similar RMS agreement, the mean
absolute deviation (ΔABS) of the pure CHAMP reconstruction is significant-

Heise and Jakowski: Combined Assimilation of GPS Based TEC Date from ...
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ly higher than for the combined CHAMP/SAC-C assimilation. Furthermore,
comparison between left and right panel of Fig. 8 reveals general difficulties
in modeling the equatorial ionosphere.

Beside the comparisons along the CHAMP path, pure SAC-C reconstruc-
tions can be compared with corresponding CHAMP results and PIM to vali-
date pure CHAMP assimilation results at SAC-C altitudes. Fig. 9 (left panel)
reveals a much better agreement between SAC-C and CHAMP results than
between SAC-C and PIM. Thus, the assimilation of CHAMP TEC data sig-
nificantly improves the performance of the initial model at SAC-C orbit alti-
tudes. On the other hand, Fig. 9 (right panel) shows the comparison of com-
bined CHAMP/SAC-C reconstructions with corresponding pure CHAMP
results and PIM along the SAC-C path. The differences between pure
CHAMP and combined CHAMP/SAC-C assimilation reveal the impact of
the SAC-C data.

Heise and Jakowski: Combined Assimilation of GPS Based TEC Date from ...

Fig. 6. Meridional slices in the CHAMP orbit plane 
(along 233∞ E, local time 22:30), assimilation example for October 27, 2002, 

Begin of assimilation: 06:13 UT, duration: 93 minutes. Left panel: Reconstruction 
of the ionospheric/plasmaspheric electron density distribution after the assimilation

of TEC data from CHAMP and SAC-C (full CHAMP revolution). Right panel:
Percentage deviation of the assimilation result from the initial model (PIM).

Fig. 7. Meridional slices in the CHAMP orbit plane, same assimilation example 
as shown in Fig. 6 but using only CHAMP TEC data. Left panel: Reconstruction 

of the ionospheric/plasmaspheric electron density distribution. 
Right panel: Corresponding data coverage
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5. Conclusions

GPS receivers on board LEO satellites are a powerful data source for
imaging large scale structures of the ionosphere and plasmasphere on a glob-
al scale. The assimilation of link related TEC data from CHAMP and SAC-
C provides an estimation of the electron density distributions of the upper
ionosphere and plasmasphere. The validation with Langmuir Probe measure-
ments indicates a noticeable improvement over pure CHAMP reconstruction
results by the additional assimilation of link related TEC measurements from
SAC-C. The comparison of pure SAC-C reconstructions with corresponding

Heise and Jakowski: Combined Assimilation of GPS Based TEC Date from ...

Fig. 8. Electron density comparisons for 2002, days of the year 36-47, 166-176, 293-309.
Absolute deviations between CHAMP Langmuir Probe (LP) 

and: CHAMP/SAC-C assimilation, pure CHAMP assimilation and PIM. 
Left panel: global comparison. Right panel: low latitudes only 

(0∞ till 30∞ latitude, both hemispheres).

Fig. 9. Electron density comparisons along SAC-C path for 2002, days of the year
36-47, 166-176, 293-309. Left panel: Absolute deviation between pure CHAMP 
and SAC-C assimilation and between PIM and SAC-C assimilation. Right panel:
Same as left panel but CHAMP/SAC-C in place of pure SAC-C assimilation.
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CHAMP results and PIM shows significant improvements over the initial
model at SAC-C orbit altitudes produced by the assimilation of CHAMP
TEC data. Further improvement of assimilation results can be expected from
additional link related TEC measurements (e.g. GRACE) and more accurate
initial model assumptions.
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Abstract. Using 10-minutes TEC daily data measured at Matera (Italy)
the within-the-hour variability in TEC is investigated. It is found that this
type of variability is negligible except at sunrise and sometimes at sunset
where it reaches values as 0.20 higher or lower over the corresponding
standard hourly value.

Key words: Total Electron Content, ionospheric variability.  

Introduction

Day-to-day and hour-to-hour variability are permanent features of the
ionospheric F-region (Kouris and Fotiadis, 2002). Moreover, variations of the
critical frequency foF2 in the time interval of an hour have been reported in
different papers (Kouris et al., 2000; Fotiadis et al., 2001; Zolesi et al., 2001).
In these papers it was pointed out that an ionospheric variability of about
10% in the time interval of an hour is always present. In Fig. 1 the deciles of
variability in foF2 from hourly daily data and from measurements made every
10 minutes at Rome are reported. It is clear from this Figure that an estima-
tion error of 10% to 20% and even higher might occur when predictions are
based on hourly daily data.

In the present work we consider TEC data measured at Matera
(Geographic Coordinates: 40.7∞ N; 16.6∞ E) every 10-minutes during the
years 1996 to 2000 and also 5-minutes measurements of foF2 made at Rome
(41.9∞ N; 12.5∞ E)  during nearly the same period. To investigate the within-
the-hour variability in TEC, the 10-minutes relative deviations (Fotiadis et al.,
2001) in each time interval of an hour (half an hour before and after each
exact hour) of each day/month/year are calculated using the expression:

(1) 

where dTEC is the 10-minute relative deviation, TEC10 is the measured value
of TEC every 10-minutes and TEC is the hourly daily measured value. A sim-
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dTEC=
TEC10 - TEC

TEC
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ilar expression is used to calculate the dfoF2 variability within-the-hour of
foF2.

We want to note that there are used relative deviations in the inter-
val of an hour with respect to the corresponding hourly daily value in order
to remove the regular daily variation and to avoid any effect of the variabili-
ty from hour-to-hour on the results of the analysis; thus consider the totality
of relative deviations as a whole.  

Results and discussion

This investigation points out that the within-the-hour variability in TEC
has a different behaviour than that in foF2. It can be assumed that there is no
essential variability in TEC in the time interval of an hour. This is clear from
Fig.2 where the deciles (upper and lower) of the variability in TEC from
hourly daily measurements and from measurements made every 10-minutes
are reported. Comparison of Figs.1 and 2 shows clearly the difference. We
have to note that the deciles have been counted from the relative deviations
of the daily, hourly or 10-minutes measurements, respectively and are calcu-
lated accordingly using the expressions:

(2)  

(3) 

where TEC is the hourly daily value, TECm the corresponding monthly
median, and TEC10 is the 10-min. daily value and TEC10m is the correspon-
ding monthly median value.

Fig.3a shows the 10-minutes relative deviations calculated using
eq.(1) from measurements made on the 4 and 14 December 1997. For com-
parison in Fig.3b the 10-min. relative deviations of foF2 of the same days are
reported. It is evident that in the case of foF2 there is a substantial variabili-
ty in the time interval of an hour whereas the within-the-hour variability in
TEC is practically negligible apart during sunrise and sunset. It seems that
these variations of dTEC in Fig.3a are simple due to the nearly linear
increase or decrease of TEC during its diurnal normal variation, that is at
sunrise and sunset; then the relative deviations may reach values up to around
0.20.

In Figs.4a and 4b there are illustrated similar plots of dTEC and
dfoF2 and the same  in Figs.5a and 5b. These plots confirm the above state-
ment. We want to note that the variability in TEC is not always present dur-
ing sunset. These preliminary results should be further confirmed, using more
data. The behaviour of TEC during disturbed periods should also be studied.

Polimeris et al.:The Within the Hour Varibility in TEC: Some Preliminary Resilts 
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Conclusions

The within-the-hour variability in foF2 is usually about 10% of the corre-
sponding hourly daily value, except at sunrise and sunset or during disturbed
periods where variability values such as 30 or 40% may be reached. On the
contrary the within-the-hour variability in TEC is negligible, except at sunrise
and often at sunset.

Polimeris et al.:The Within the Hour Varibility in TEC: Some Preliminary Resilts 

Fig. 1. Deciles of variability in foF2 (Rome) from hourly daily measurements
(black) and from measurements every 10-minutes (red).
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Polimeris et al.:The Within the Hour Varibility in TEC: Some Preliminary Resilts 

Fig. 2. Deciles of variability in TEC (Matera) from hourly daily data (black) 
and TEC-data measured every 10-minutes (red).
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Fig. 3a. Variability within-the-hour of TEC from 10-min. 
measurements using eq. (1).

Fig. 3b. Variability within-the-hour of foF2 from 10-min. measurements.

Polimeris et al.:The Within the Hour Varibility in TEC: Some Preliminary Resilts 
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Polimeris et al.:The Within the Hour Varibility in TEC: Some Preliminary Resilts 

Fig.4a.  Variability within-the-hour of TEC from 10-min. 
measurements using eq. (1).

Fig. 4b. Variability within-the-hour of foF2 from 10-min. measurements.
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Fig.5a. Variability within-the-hour of TEC from 10-min. 
measurements using eq. (1).

Fig.5b. Variability within-the-hour of foF2 from 10-min. measurements

Polimeris et al.:The Within the Hour Varibility in TEC: Some Preliminary Resilts 
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Abstract. Rapid fluctuations in the amplitude and phase of radio waves
propagating through the ionosphere may be caused by small-scale plasma
density irregularities. Ionospheric scintillation events have been observed
on signals from GPS satellites during successive phases of October 2003
storm. Those observations have been made by means of a commercial
single frequency GPS receiver, suitably operated in order to carry out the
measurements of those fluctuations caused by small-scale electron densi-
ty irregularities. The relationship between scintillation and TEC fluctua-
tions is also investigated by means of dual frequency  data from a close
geodetic receiver. Structures of enhanced electron density have been
observed during occurrence of scintillation and high TEC fluctuations
events. Phase scintillation is characterized by means of a recently new
proposed estimator, which provides a more robust information than clas-
sical phase scintillation index against data detrending effects.

Key words: radiowaves scintillation, TEC fluctuations, GPS scintillation
monitors, auroral oval, magnetic storm.

1. Introduction

Experimental measurements over the last 3 decades have shown that plas-
ma irregularities producing transionospheric signal fading are mainly located
at F layer heights. The irregularities are located mainly at altitudes between
250 and 500 km, with peak of occurrence around 400±50 km of altitude. In-
situ measurements have also shown the possibility of irregularities existing at
altitudes of 1000 km as well as at E layer heights (Aarons, 1982). 

Boundary and auroral blobs have been observed inside or on the equator-
ward edge of the auroral ova (Tsunoda, 19888; Vickrey et al., 1980). Auroral
blobs seem to be produced by non-uniform particle precipitation in the auro-
ral oval, while boundary blobs seem to be locally created but patches convect-
ing through the nightside auroral oval and around toward the dusk
(Robinson, 1985). Small scale plasma density features travel and form
embedded into these large scale plasma density irregularities; they are able to
produce scintillation on radio waves propagating through the ionospheric
medium (Basu et al., 1985; Aarons and Allen, 1971; Martin and Aarons,
1977; Kersley et al., 1988a; Kersley et al., 1989; Kersley et al., 1988b; Pryse
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et al., 1996). 
An irregularity oval is usually associated with the auroral oval. Such an

irregularity oval takes into account the region of plasma irregularities onset
and it is a modification of the auroral oval with the irregularity oval present-
ing an intensity or strength parameter describing the irregularities. Both the
auroral and irregularity ovals expand equatorward and polarward with
increasing magnetic activity. The irregularity oval shrinks in intensity and
area, and moves to high latitudes during long periods of both low and mag-
netic activity and low solar flux (Aarons and Kersley, 1995; Aarons, 1997).
The small scale electron density irregularities forming in the irregularity oval
can be responsible for radio wave scintillation even at L-band. 

GPS scintillation monitors represent a suitable tool for monitoring ionos-
pheric scintillations occurring on GPS satellites signals (Van Dierendonck et
al., 1993; Beach and Kintner, 1999; Ganguly et al., 2004). On the basis of the
results achieved by measurements conducted by using the Ionospheric
Scintillation Monitor (ISM) (Van Dierendonck et al., 1993), it is a common
and accepted opinion the fact that at high latitudes, GPS scintillation moni-
tors (and consequently GPS receivers) observe high phase scintillation in
presence of low intensity scintillation (Doherty et al., 2000; Pi et al., 2001).
This is actually in contrast with what is expected at auroral latitudes on the
basis of beacon polar orbiting scintillation indices, due to field-aligned sheet-
like plasma density irregularities (Rino and Matthew, 1980). This is also in
contrast with what it is expected at auroral latitudes for GPS ray paths and
scintillation indices measured through GPS signals, where there is no clear
and generic control of scintillation indices, due to the fact that the GPS ray
paths alignement with L-shell seem difficult to occur (Forte and Radicella,
2004). 

An explanation to sistematic observation of high phase scintillation
against low intensity scintillation at high latitudes through commercial GPS
scintillation monitors, has been provided on the basis of erroneous raw data
detrending, characterized by fixed boundary conditions not suitable for track-
ing the actual ground diffraction pattern (Forte and Radicella, 2002). 

The measurements presented here have been carried out by means of an
independent commercial GPS receiver and scintillation activity has been
characterized by means of typical S4 index and a new estimator for phase
scintillation. The results clearly show the ability of such a technique of track-
ing saturating levels of scintillation both in phase and intensity, in contrast
with accepted opinion in the community, e.g. (Doherty et al., 2000). 

2. The experiment

A single frequency JNS100 Javad receiver has been used in order to
measure raw data from GPS signals. The receiver has 50 channels, all in view:
it is able to track L1 GPS signals, INMARSAT signals, SBAS corrections and
GLONASS satellites, as well. It is characterized by low signal power tracking
(down to 30 dB-Hz) fast acquisition and re-acquisition, up to 30 g's dynamic,
advanced multipath mitigation, 10 cm code phase and 0.1 mm carrier phase
precision in differential modes. It is connected to a normal PC by means of
four high speed (115.2 Kbps) standard RS232 serial ports. It allows to record
satellite positions, receiver position, C/A code pseudorange, L1 carrier phase,

Forte: Inospheric Scintillation Observed During October 2003 Storm
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Doppler, and C/No at sampling rates up to 100 Hz. 
The experiment has been installed at the Sodankyla Geophysical

Observatory (University of Oulu) and it is running since June 2003. The
antenna has been placed on top of a tower 10 m tall, in order to avoid as
much as possible, multipath from the ground or from obstacles on the ground.
An elevation mask of 10o is also applied to the measurements as an addition-
al protection against ground multipath. Raw L1 carrier phase and C/No are
recorded at 20 Hz sampling rate. For the particular observation site this was
a good tradeoff between data storage capability and spectral resolution of the
phenomena under investigation. In the present experiment it has been
observed that a higher sampling rate was redundant, because the noise level
is reached at a Nyquist frequency of 10 Hz, already. 

The scintillation indices presented here have been computed after a raw
data detrending based on a 0.3 Hz cut-off frequency. This value and a fixed
detrending boundary condition do not affect S4 and the new phase scintilla-
tion estimator index (Forte, 2005). The new phase scintillation estimator is
defined as the 1-min. standard deviation of phase rate of change, given by:

(1)

where φ is the detrended phase component at high fluctuations frequen-
cies, and ðφ / ðt has zero mean. 

S4 is defined as (Briggs and Parkin, 1963):

(2)

where I is the signal strength indicator and <.> denotes mean values. The
signal strength indicator used in the present experiment is the signal-to-noise
density in ratio-Hz S/No (C/No= 10 log {S/No}) (Forte, 2005). The S4 values
are also corrected for ambient noise.

Forte: Inospheric Scintillation Observed During October 2003 Storm

Fig. 1. Dst index during October 2003, as released by Kyoto University
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Results and Discussion

The data presented here have been collected during the severe storm
occurred at the end of October 2003. That event was characterized by a solar
flare on 28-Oct.-2003, around 11 UT, which enhanced ionization levels in the
daytime sector. Then, perturbations on the magnetic field developed leading
to Dst index decreasing, up to -400 nT (Fig. 1). The main phase occurred on
October 29, with a successive magnetic perturbation occurred in the first
recovery phase, due to a new strong particle precipitation event. 

At auroral latitudes, the onset of patchy structures with small scale elec-
tron density fluctuations has been observed essentially during the night
between October 30 and 31. Some of those structures seem to be created
locally by particle precipitation, while others have travelled in an antisunward
direction through the polar cap. 

Fig. 2 shows a particular case referring to PRN03 being tracked during
30-Oct.-2003, during different time intervals. Fig. 2a shows scintillation

indices: blue curve for S4 index and green curve for the new phase scintilla-
tion estimator in rad/sec. Fig. 2b shows Total Electron Content (TEC) fluc-
tuations in L1 range equivalent (m/min) and elevation angle for PRN03.
Increasing of scintillation activity is observed around 21 LT in presence of
TEC fluctuations enhancement (from 0.5 to 1.3 m/min, in absolute values),
while elevation angle exceeds 65o . This is a typical case of small scale irreg-
ularities embedded into larger scale features and traveling with them.  S4 val-
ues around 0.7 (strong scintillation regime) and  Sφ up to 2.8 rad/sec imply
the presence of strong electron density fluctuations, corresponding to the
patchy structure traveling above the observing site during those hours.

Another case of interest is shown in Fig. 3. Fig. 3a shows scintillation
indices  S4 and  Sφ for PRN15, while Fig. 3b shows TEC fluctuations and ele-
vation angles for the same satellite. Again, scintillation activity increasing (S4

Forte: Inospheric Scintillation Observed During October 2003 Storm

Fig. 2. (a) S4 scintillation index (blue curve) and  Sφ phase scintillation index (i.e.,
phase variation) in rad/sec (green curve) for PRN03, during 30-Oct.-2003; (b) TEC

f;luctuations in L1 range equivalent (blue curve) in m/min and elevation angle (green
dots) for PRN03, during 30-Oct.-2003.
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up to 0.6 and Sφ up to 2.8 rad/sec) corresponds to TEC fluctuations enhance-
ments (up to 1.5 m/min). The structures observed in Fig. 2 and 3 seem very
similar and probably is the same structure being traversed by PRN03 and
PRN15 ray paths from a common azimuthal sector.

Another satellite observing the same structure, but in a different way, is
shown in Fig. 4. Here, scintillation indices and TEC fluctuations seem to indi-
cate a clear transition from strong to weak and again to strong electron den-
sity perturbations, during the transit of satellite PRN23.

Forte: Inospheric Scintillation Observed During October 2003 Storm

Fig. 3. (a) S4 scintillation index (blue curve) and Sφ phase scintillation index 
(i.e., phase variation) in rad/sec (green curve) for PRN15, during 30-Oct.-2003; 

(b) TEC f;luctuations in L1 range equivalent (blue curve) in m/min and elevation
angle (green dots) for PRN03, during 30-Oct.-2003.

Fig. 4. (a) S4 scintillation index (blue curve) and Sφ phase scintillation index 
(i.e., phase variation) in rad/sec (green curve) for PRN23, during 30-Oct.-2003; 

(b) TEC f;luctuations in L1 range equivalent (blue curve) in m/min and elevation
angle (green dots) for PRN03, during 30-Oct.-2003.
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The cases shown by Fig. 2, 3, and 4 are just representative cases among
those observed during that event at the observing site of Sodankyla. Contrary
to what is expected from the literature, there is no evidence of "phase with-
out amplitude" scintillation events. Scintillation activity enhancement is
observed on both intensity scintillation index S4 and "new" phase scintillation
index Sφ , which are able to capture small scale plasma density irregularities
effects on L band spread spectrum signals, like those broadcast by GPS satel-
lites.

The effect of erroneous data detrending, responsible for high phase scin-
tillation against low intensity scintillation at high latitudes, specially when
using ISM equipment (Van Diererendock et al., 1993), seems not appearing
in the present experiment. Such an effect has been overcome by using S4 and
Sφ as scintillation indices, which are not critically sensitive to detrending
boundary conditions, like the classical phase scintillation index σφ (i.e., 1-min.
standard deviation of high frequency component of received phase) (Forte,
2004).

It should be noted that the receiver used in such an experiment did not
lose the signal even when measuring strong to saturating scintillation events.
This confirms that the equipment used is suitable for tracking strong events,
while widely deployed ISMs seems to be not able to observe S4 values above
0.3÷ 0.4, e.g. (Doherty, 2000).

3. Conclusions

Ionospheric scintillation measurements have been performed at an auro-
ral observing site like Sodankyla, Northern Europe. Scintillation activity at L
band has been monitored during the magnetic storm occurred at the end of
October 2003, by using radio signals broadcast by GPS satellites. Scintillation
activity has been characterized by the usual intensity scintillation index S4 and
by a suggested new phase scintillation index Sφ . The choice is due to the fact
that both  S4 and Sφ seem relatively unaffected by detrending boundary con-
ditions. When using S4 and classical σφ , indeed, fixed detrending boundary
conditions lead to misleading data interpretation, as it happens with ISMs
which measure, somehow sistematically, high phase scintillation with low
intensity scintillation at high latitudes.

Small scale plasma density fluctuations, able to produce radio wave scin-
tillation at L band, have been observed mainly during the night between
October 30 and 31, in the European nocturnal oval. These small scale elec-
tron density irregularities seem to be embedded within larger scale structures
and to travel with them, since an increase of scintillation activity always cor-
responds to TEC fluctuations enhancements.

Those large scale features are probably produced both locally and trav-
eled across the polar cap. The experimental equipment used here seems to be
suitable for tracking strong scintillation regimes, since it does not show any
loss of lock, even in presence of strong to saturating S4 values.
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Abstract. The Italian Ionospheric Antarctic Observatory of Terra Nova
Bay (74.70S, 164.11E) was recently equipped with the AIS-INGV
ionosonde developed at the Istituto Nazionale di Geofisica e
Vulcanologia (INGV), Rome, (Italy). This paper aims to describe briefly
which are the main characteristics of the instrument and show the good
quality and reliability of the recorded ionograms.

Key words: ionosonde, antarctic ionospheric observatory, ionospheric
data, vertical soundings.

1. Introduction

AIS-INGV (Advanced Ionospheric Sounder) is the digital low-power
pulse-compressed ionosonde recently developed at the Istituto Nazionale di
Geofisica e Vulcanologia (INGV), Rome, (Italy). The advanced HF-radar
techniques employed permit the reduction of the transmitted power, weight,
size, power consumption, hardware complexity and to have an excellent reli-
ability.

Bulgarian Geophysical Journal, 2004, Vol. 30, 1-4

Fig.1. Geographical location of the Italian Antarctic Base
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This ionosonde was installed at the Italian Ionospheric Antarctic
Observatory of Terra Nova Bay (74.70∞S, 164.11∞E) (Fig. 1).

In spite of the hard environmental conditions the ionosonde is capable of
working without human intervention: sounding scheduling, device settings
and data management are controlled remotely. For Space Weather applica-
tions the new ionosonde will continue to contribute to ionospheric data bases
at high latitudes, with great improvement with respect to the past as for the
on-line data availability, remote control and sounding reliability. In this work
the new features of the Ionospheric Observatory are presented and the first
results (ionograms and characteristics) are briefly discussed.

2. Main characteristics of the AIS-INGV

The aim of this new digital ionosonde (AIS-INGV) is to fulfill the request
to have a simple and easy system to sound the ionosphere. To do this we
designed a system in which the most advanced HF radar techniques have
been employed (Skolnik, 1981; Skolnik,1990).

The result is the reduction of the transmitted power and, consequently,
weight, size, power consumption and hardware complexity. These aims are
appreciable in a harsh environment where a large amount of energy is not
available at low cost. Nevertheless using low power techniques implies a large
number of integrations which might be affected by quickly varying ionospher-
ic conditions typical at high latitudes.

To compensate the power reduction a 16 bit complementary phase code
is employed (Golay, 1961) together with pulse-compression and a phase
coherent integration, giving the possibility to investigate the ionosphere with
a power of 200W only. The ionosonde is completely programmable and the
data acquisition, control, storage and on-line processing are supported by a
PC (Zuccheretti et al., 2003; Bianchi et al., 2003; Arokiasamy et al., 2002).

3. Installation and configuration

Since 1991, the Italian Antarctic Observatory at Mario Zucchelli Station
(MZS) has run hourly soundings during the austral summer. In 1995 obser-
vations were extended to the whole year, even though it is always difficult to
obtain long and complete data series in such hard environmental conditions.

At the end of 2003 the analog IPS42 ionosonde was substituted by the
new AIS-INGV digital ionosonde.

Fig.2. Three examples of soundings with a good quality of the trace. a) Ionogram
in which the ordinary and the extraordinary rays are clearly visible. b) Ionogram charac-
terized by spread-F echoes. c) Triple splitting of the trace (Z ray, ordinary and extraor-

dinary rays) which can often distinguish ionograms recorded at high latitudes.)

Romano et al.: The New AIS-INGV Ionosonde at Italian Antarctic Observatory
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In Fig. 2 three examples of good quality ionogram recorded by AIS-
INGV are shown.

Like other recent ionospheric sounders, the AIS-INGV ionosonde is built
around a Personal Compuetr (PC), which comprises the most important part.
This allows the system to send ionograms through the Internet and makes
remote control possible.

To better understand the problems and solutions for a such remote sta-
tion it is important to review the organization of the observatory. The

ionosonde and its PC are stored in a small container close to the antennas
and distant from the populated base, MZS (Fig. 3).

In particular the ionosonde PC is connected through an HDSL (High bit
rate Digital Subscriber Line) to the MZS local network, which is linked to the
world via satellite link (Fig. 4). As a consequence data can be automatically
sent to a server that makes ionograms available on demand by INGV where
data are scaled and results are spread worldwide.

Fig.3. The Italian Antarctic ionospheric observatory.

Fig.4. Diagram showing the AIS-INGV ionosonde data flow.

Romano et al.: The New AIS-INGV Ionosonde at Italian Antarctic Observatory
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4. First statistical analysis

After installing the system a lot of work was spent determining the opti-
mum operational parameters for the system. Particularly sensitivity; the num-
ber of integrations and the noise rejection filters were adjusted according to
the local Antarctic environment. Good settings are confirmed by the quality
of observed ionograms. We have considered 3401 ionograms acquired in
about 130 days from 7th November 2003 to 29th March 2004. A simple sta-
tistical analysis was performed to confirm the correct operation of the instru-
ment. In particular we divided the total number of ionograms into three cat-
egories: good quality ionograms in which exact parameters can be derived;
poor quality ionograms in which it is necessary to add auxiliary letters to the
scaled value and soundings without any kind of trace. In this last category
blank ionograms are due to ionospheric absorption, as was confirmed by ref-
erence to other nearby ionospheric observatories (Scott Base and Casey).

The results are shown in Fig. 5 in which more than 70% of total number
of ionograms collected were good quality ionograms and only 8% of cases are
due to poor system sensitivity.

5. A good agreement between different instruments

The presence of different instruments dealing with the ionosphere at the
Antarctic observatory offers the possibility of validating results from one
instrument with data coming from another.

One such case is the absence of ionograms due either to ionospheric
absorption or to an improper working of the ionosonde. Variation from a
normal behaviour can be due to the ionospheric absorption (Hunsucker,
1991). Two riometers have been installed at MZS since 1993. The riometer
is a well-known instrument able to measure the relative opacity of the iono-
sphere (Romano et al., 2002).

In Fig. 6 the complete sequence of ionograms for 26th February 2004 is
shown for two ionospheric absorption events.

At that time two ionosonde soundings per hour were performed, at
minute 0 and minute 30, having a total number of 48 ionograms for each day.

The correspondence between the ionograms showing missing echoes and
the absorption events is clear.

Fig.5. Simple statistical analysis of the ionogram quality.

Romano et al.: The New AIS-INGV Ionosonde at Italian Antarctic Observatory
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6. Conclusions and future developments

Results obtained during these first months operation demonstrate that a
low-power pulse-compressed ionosonde based on modern radar techniques is
suitable for polar ionospheric observations.

In fact the large number of ionograms acquired exhibits well-separated
traces from which most of conventional ionospheric parameters can be
scaled.

Nevertheless several improvements are necessary for a remote,
unmanned observatory like MZS.

First of all, future efforts will be devoted to make the system more robust

Fig.6. Qualitative comparison between the cosmic noise curve and ionograms
recorded respectively by a 30 MHz riometer and by AIS-INGV ionosonde on 26th

February 2004.

Romano et al.: The New AIS-INGV Ionosonde at Italian Antarctic Observatory
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and reliable. Particularly system redundancy is required as well as automatic
recording of system state parameters such as: temperature, main signals
amplitude, matching between the transmitting antenna and the power ampli-
fier.

Another important future aim is to increase the contribution to Space
Weather by making scaled parameters from ionograms available in real time.
The development of an appropriate automatic scaling program for high lati-
tudes, derived from Autoscala software (Scotto and Pezzopane, 2003), is
planned for the future.
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Abstract. The use of the Middle East Technical University Neural
Networks (METU-NN) technique to forecast 10 minute values of the
total electron content (TEC), one hour ahead, during high solar activity
in the current solar cycle has been demonstrated. Being a data based
approach, the METU-NN is trained with the total electron content data
evaluated from GPS measurements at Chilbolton (51.8o N; 1.26o W)
receiving station for January and February 2000 and 2001. An independ-
ent validation data set of the GPS-TEC values for Hailsham (50.9o N;
0.3o E) receiving station for the selected months in 2002 is used as an
additional validation to forecast the TEC values one hour in advance.

Key words: Total Electron Content, forecast, Neural Networks, near
Earth space, disturbed space weather

1. Introduction

Near-Earth space systems including the ionospheric processes are nonlin-
ear and time varying. Previously it has been demonstrated that Neural
Network (NN) based systems are promising in modeling the ionospheric
processes (Williscroft and Poole, 1996), (Altinay et al., 1997), (Cander et al.,
1998), (Wintoft and Cander, 1999), (Wintoft and Cander, 2000), (McKinnell
and Poole, 2000), (Francis et al., 2000), (Tulunay Y. et al., 2001), (Tulunay
Y. et al., 2004b), (McKinnell and Poole, 2004).

NN models are especially promising in forecasting applications under dis-
turbed conditions (Tulunay E. et al., 2004) (Stamper et al., 2004). The
METU-NN Model was operated in the RAL for forecasting the TEC values
1 hour in advance within the short-term scientific mission of the COST271
Action in July 2002 (COST271 WG 4 STM, 2002).

In this work, a further demonstration of the use of the NN technique for

Bulgarian Geophysical Journal, 2004, Vol. 30, 1-4
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forecasting GPS TEC during high solar activity in the current solar cycle has
been made.

METU-NN models are designed and trained with significant inputs
(Tulunay Y. et al., 2004a). In this work, the basic inputs for the model are the
temporal inputs, the present TEC value, and its past values up to two hours.
In addition, the training, test and validation data are selected so that they
contain data from years with similar Sunspot Number values. Thus, the model
contains intrinsic information about the solar activity. The METU-NN archi-
tecture has one input layer, one hidden layer with the neurons and one out-
put layer. Levenberg-Marquardt Backpropagation Algorithm is used in train-
ing the METU-NN models. Then this trained NN is used to forecast the TEC
values 1 hour in advance.

This paper outlines the forecast of TEC and preparation of data. It
explains the artificial neural network models as a data based approach for
forecasting ionospheric processes, gives the results with error tables, cross
correlation coefficients and scatter diagrams, and discusses the generalized
and fast learning and operation of the METU-NN.

2. Preparation of data

TEC data in 10-minute intervals evaluated from GPS measurements at
Chilbolton (51.8o N; 1.26o W) receiving station are used for the training, test
and validation within the development mode of the METU neural network.
The data from selected months in the years 2000 and 2001 are used in the
development.

In the operational use, another validation has been performed on an inde-
pendent validation data set so that the forecast of TEC values for Hailsham
(50.9o N; 0.3o E) GPS receiving station for selected months in 2002 are made.

Table 1 summarizes the selected train, test and validation time intervals 

In this work the chosen years correspond to similar solar activity. High
solar activity times period, i.e. years with similar and high sunspot number
values, are selected as train, test and validation years.

3. Construction of the Neural Network based model

The development mode of the METU-NN model consists of "training
phase" and "test phase" (Tulunay Y. et al., 2004a). Data sets of the same
month but for different years are used for the training and validation phases
within the development of the model as shown in Table 1.

 Year Month 
Train 2000 Jan and Feb  

Test and validation in the development procedure  2001 Jan and Feb  
Validation in the operational use  2002 Jan and Feb  

 

Table 1.  Selection of the time periods for the input data

Tulunay et al.: Forecasting GPS TEC Usinh the Neural Network Technique ...
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Training with a significant and large input database is important in fore-
cast operations. To take advantage of the fast training and applicability with
large databases, the "Levenberg-Marquardt Backpropagation" algorithm is
used within the training and construction of the METU-NN model. While
backpropagation is a steepest descent algorithm, the Levenberg-Marquardt
algorithm is an approximation to Newton's method (Hagan and Menhaj,
1994). Newton's method is faster in terms of computation time and more
accurate near an error minimum. The Newton's method modification to the
steepest descent algorithm, and random initialisations of the model parame-
ters provide the model parameters to reach near global optimum values in the
training. To avoid memorization, the validation data are used and the model
parameters are recorded when the gradient of the error in the validation
phase of the development procedure becomes near zero. To avoid getting
stuck in local minima, after the model parameters are recorded the training
is continued and it is terminated if the error is an increasing sequence.
Otherwise the training is not terminated till the gradient of the error becomes
near zero again. Thus, the model parameters are optimized and fixed at the
end of the construction procedure. Next, in the operation mode, independent
validation data are used for the performance analysis. The errors are calcu-
lated, point-by-point, to measure the performance of the METU-NN.

The 8 inputs used for the METU neural network are as follows:
1. The present value of the TEC: f(k),
2. First Difference

Δ1(k) =  f(k) - f(k-60) (1)

3. Second Difference

Δ2(k)= 1(k) -  1 (k-60) (2)

4. Relative Difference

RΔ(k) = Δ1(k) / f(k) (3)

5. Cosine component of the minute, m, of the day

Cm = -Cos(2.π.m / 1440) (4)

6. Sine component of the minute of the day

Sm = Sin(2.π.m / 1440) (5)

7. Cosine component of the day, d, of the year

Cd = -Cos(2.π.d / 366) (6)

8. Sine component of the day of the year

Sd = Sin(2.π.d / 366) (7)

Tulunay et al.: Forecasting GPS TEC Usinh the Neural Network Technique ...
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where f(k) is the value of the TEC at the time instant k in minutes. TEC
values in 10-minute intervals are used. The output is the value of the forecast

TEC to be observed 60 minutes later, i.e. f(k+60). The minus signs in the
cosine components have no relevance for the network. They provide graphi-
cal and visual insight to the designers and researchers for the temporal inputs.

Among the various NN structures the optimum configuration is found to
be the one with 6 hidden neurons in one hidden layer. Consequently, there
are 8 inputs, 6 hidden neurons and 1 output in the feed-forward structure.
The architecture of the METU-NN model is shown in Figure 1. 

The METU-NN indices in Figure 1 are as follows: pj: jth input to the
METU-NN; ol

i : ith output of the lth layer; bl
i : ith neuron's bias of the lth layer;

wl
ij : weight from neuron j of the l-1th layer to neuron i in the lth layer;  f l :

transfer function of the lth layer; xl
i : sum of the weighted inputs or net out-

put of neuron i of lth layer.

4. Results

In the operation mode, forecast of the TEC values 60 minutes in advance
is performed for the validation data set in 10-minute intervals. Then cross
correlations of observed and forecast TEC values are calculated. Also the
root mean square, normalized and absolute error values are calculated. The
analysis and results of the TEC forecast, which are shown in Table 2, cover
the time interval between January and February 2002 for the Hailsham
receiving station.

Figure 2 shows the TEC values versus the order of data points in January
and February 2002. The 1-hour advance forecast values of the TEC in a solid
line are superimposed on the observed GPS-TEC values (dashed line).

Fig. 1. Architecture of the METU Neural Network model.

Tulunay et al.: Forecasting GPS TEC Usinh the Neural Network Technique ...
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Figure 3 is the scatter diagram of the forecast and observed TEC values
for January and February 2002.

The cross correlation coefficient between the observed and forecast TEC
values is 0.9943 and the deviations from the best-fit line in the scatter diagram
are small. The lower bound 0.9941, and the upper bound 0.9946 are the 95%
confidence limits, i.e. the level of significance is α=0.05 (Spiegel et al., 2000).
Consequently, the METU-NN model learned the shape of the inherent non-
linearities. Also the fitted line has a slope close to 45  and it passes through
the origin. As a result the forecasting errors are small and the neural network
system reached the correct operating point.

To illustrate how the model can perform two solar events, which took
place outside of the training period, were considered. That is, the Coronal
Mass Ejection (CME) events of January the 4th and February the 12th of

Root Mean Square Error (TECU)  2.6122 
Normalized Error  0.0789 

Absolute Error (TECU)  1.7810 
Cross Correlation Coefficient  0.9943 

 

Table 2. Error Table

Fig. 2.  Observed GPS TEC results (dotted), 1 hour ahead Forecast 
(solid) TEC values for the whole time of validation period: 

January-February 2002 for Hailsham.

Tulunay et al.: Forecasting GPS TEC Usinh the Neural Network Technique ...
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Fig. 3. 1 hour ahead Forecast TEC values versus Observed GPS TEC results (dots)
with the linear fit line for the whole time of validation period: 

January-February 2002 for Hailsham.

Fig. 4. Observed GPS TEC results for disturbed solar-terrestrial conditions
(dotted), and 1 hour ahead Forecast (solid) TEC values for the enlarged section

of the time of validation period: 4-9 January 2002.

Tulunay et al.: Forecasting GPS TEC Usinh the Neural Network Technique ...
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2002 are two major solar events that occurred within the time interval of the
validation data. Large Angle and Spectrometric Coronagraph Experiment
(LASCO) and the Solar and Heliospheric Observatory (SOHO) Extreme
ultraviolet Imaging Telescope (EIT) observed a full halo CME on 4 January
2002 (LASCO, 2002). It had an earthward component so that it looks rough-
ly like a halo or ring around the Sun. Also EIT and LASCO observed anoth-
er CME on 12 February 2002 (LASCO, 2002). 

Figures 4 and 5 are enlarged sections of the data points shown in Figure
2, i.e. the diurnal variations of the observed, and forecast TEC values during
4-9 January 2002 and 12-15 February 2002 respectively.

In Figures 2, 3, and in the enlarged sections of Figure 2, i.e. Figures 4 and
5, it can be observed that the performance of forecasting the GPS-TEC val-
ues by using the METU-NN model is high.

5. Conclusions

Forecasting of the TEC values, especially in disturbed space weather con-
ditions, is crucial for communication, radar and navigation systems employ-
ing HF radio waves to cope with the effects of the unpredictable variability
of ionospheric parameters.

In this work forecasting of an ionospheric-plasmaspheric process, the
TEC variation, was made 1 hour in advance by using neural network based

Tulunay et al.: Forecasting GPS TEC Usinh the Neural Network Technique ...
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and 1 hour ahead Forecast (solid) TEC values for the enlarged section 

of the time of validation period: 12-15 February 2002.
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METU-NN model. In the training phase, the model learned the shape of the
complex nonlinearities in the process and the METU-NN parameters
reached the values for the correct operating point of the system.

As a general conclusion, it is shown that properly constructed neural net-
work based systems, trained and tested with properly organized data, are
promising in modeling the complex nonlinear processes, such as the TEC
variation. 

Summarizing, the main contributions of this work are as follows:
1) Organization of representable data for teaching complex processes, 
2) Neural network based identification of a highly complex nonlinear

process such as the TEC variation, and 
3) General demonstration of the learning capability by calculating cross

correlations and reaching a proper operating point by calculating errors.
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In Memoriam

SOPHIA KONYAROVA - KLEVTSOVA 
1942 - 2004

Almost an year has passed since the decease of our Editorial Secretary (ES)
Sophia Konyarova Klevtsova, whom everybody knew and called just Sonia.
She was a devoted and loved colleague, working at the Geophysical Institute
since 1968, after graduating the Sofia University. When English language was
not that popular in Bulgaria, Sonia started teaching specialized English clas-
ses for many our scientist. She also cooperated for the establishment of va-
luable contacts between Bulgarian scientists and their colleagues from abro-
ad.  
During all these years she was recognized as a popular interpreter, translator
and editor of scientific publications. Her colleagues and friends at the Ge-
ophysical institute will always remember her with love. She was always che-
erful, warm-hearted and helped us a lot in our work. She translated, edited
and prepared all articles that had to be published in English with utmost ca-
re to the smallest detail. 
As a very sociable person, she was also a wanted organizer of scientific fo-
rums in Earth Science. As an ES, her efforts were recognized in the prepara-
tion of the Bulgarian Geophysical Journal, which added to the popularization
of the Bulgarian Geophysical science. 
She never forgot her colleagues and friends from near and distant countries,
with whom she kept good correspondence and contacts.
Let us remember Sonia with love!

From her colleagues
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Fig.1. Variations of Kp and Dst index during 4 - 8 November 2001.

Fig.3a. The differential TEC maps over Europe for 5 November 2001

Krankowski et al.: Storm-time changes in Ionospheric Tec During the Disturb. ...
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Fig.3b. The differential TEC maps over Europe for 6 November 2001.

Fig.3c. The differential TEC maps over Europe for 7 November 2001.

Krankowski et al.: Storm-time changes in Ionospheric Tec During the Disturb. ...
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Fig 4. Temporal TEC variations along individual satellite passes for PRN 14 observed
at  different stations on quiet (blue) and disturbed (red) day.

Krankowski et al.: Storm-time changes in Ionospheric Tec During the Disturb. ...
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Fig. 1. Scenario of GPS navigation measurements onboard CHAMP and SAC-C.

Heise and Jakowski: Combined Assimilation of GPS Based TEC Date from ...

Fig. 3. Scheme of data flow and processing for reconstruction of electron density 
distributions from CHAMP and SAC-C GPS navigation measurements
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Fig. 6. Meridional slices in the CHAMP orbit plane 
(along 233∞ E, local time 22:30), assimilation example for October 27, 2002, 

Begin of assimilation: 06:13 UT, duration: 93 minutes. Left panel: Reconstruction 
of the ionospheric/plasmaspheric electron density distribution after the assimilation

of TEC data from CHAMP and SAC-C (full CHAMP revolution). Right panel:
Percentage deviation of the assimilation result from the initial model (PIM).

Fig. 7. Meridional slices in the CHAMP orbit plane, same assimilation example 
as shown in Fig. 6 but using only CHAMP TEC data. Left panel: Reconstruction 

of the ionospheric/plasmaspheric electron density distribution. 
Right panel: Corresponding data coverage

Heise and Jakowski: Combined Assimilation of GPS Based TEC Date from ...
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Fig. 8. Electron density comparisons for 2002, days of the year 36-47, 166-176, 293-309.
Absolute deviations between CHAMP Langmuir Probe (LP) 

and: CHAMP/SAC-C assimilation, pure CHAMP assimilation and PIM. 
Left panel: global comparison. Right panel: low latitudes only 

(0∞ till 30∞ latitude, both hemispheres).

Fig. 9. Electron density comparisons along SAC-C path for 2002, days of the year
36-47, 166-176, 293-309. Left panel: Absolute deviation between pure CHAMP 
and SAC-C assimilation and between PIM and SAC-C assimilation. Right panel:
Same as left panel but CHAMP/SAC-C in place of pure SAC-C assimilation.

Heise and Jakowski: Combined Assimilation of GPS Based TEC Date from ...\
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Polimeris et al.:The Within the Hour Varibility in TEC: Some Preliminary Resilts 

Fig. 1. Deciles of variability in foF2 (Rome) from hourly daily measurements
(black) and from measurements every 10-minutes (red).
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Fig. 2. Deciles of variability in TEC (Matera) from hourly daily data (black) 
and TEC-data measured every 10-minutes (red).

Polimeris et al.:The Within the Hour Varibility in TEC: Some Preliminary Resilts 
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Fig. 3a. Variability within-the-hour of TEC from 10-min. 
measurements using eq. (1).

Fig. 3b. Variability within-the-hour of foF2 from 10-min. measurements.

Polimeris et al.:The Within the Hour Varibility in TEC: Some Preliminary Resilts 
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Polimeris et al.:The Within the Hour Varibility in TEC: Some Preliminary Resilts 

Fig.4a.  Variability within-the-hour of TEC from 10-min. 
measurements using eq. (1).

Fig. 4b. Variability within-the-hour of foF2 from 10-min. measurements.
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Fig.5a. Variability within-the-hour of TEC from 10-min. 
measurements using eq. (1).

Fig.5b. Variability within-the-hour of foF2 from 10-min. measurements

Polimeris et al.:The Within the Hour Varibility in TEC: Some Preliminary Resilts 



78

Forte: Inospheric Scintillation Observed During October 2003 Storm

Fig. 2. (a) S4 scintillation index (blue curve) and  Sφ phase scintillation index (i.e.,
phase variation) in rad/sec (green curve) for PRN03, during 30-Oct.-2003; (b) TEC

f;luctuations in L1 range equivalent (blue curve) in m/min and elevation angle (green
dots) for PRN03, during 30-Oct.-2003.

Fig. 1. Dst index during October 2003, as released by Kyoto University

Fig. 3. (a) S4 scintillation index (blue curve) and Sφ phase scintillation index 
(i.e., phase variation) in rad/sec (green curve) for PRN15, during 30-Oct.-2003; 

(b) TEC f;luctuations in L1 range equivalent (blue curve) in m/min and elevation
angle (green dots) for PRN03, during 30-Oct.-2003.
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Fig. 4. (a) S4 scintillation index (blue curve) and Sφ phase scintillation index 
(i.e., phase variation) in rad/sec (green curve) for PRN23, during 30-Oct.-2003; 

(b) TEC f;luctuations in L1 range equivalent (blue curve) in m/min and elevation
angle (green dots) for PRN03, during 30-Oct.-2003.

Forte: Inospheric Scintillation Observed During October 2003 Storm
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Fig.1. Geographical location of the Italian Antarctic Base

Fig.3. The Italian Antarctic ionospheric observatory.

Romano et al.: The New AIS-INGV Ionosonde at Italian Antarctic Observatory

Fig.4. Diagram showing the AIS-INGV ionosonde data flow.
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