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1.  Introduction

Users of satellite navigation and satellite
communication systems need to assess and
monitor ionospheric effects which may degrade
their performance. Empirical ionospheric mod-
els predict only monthly mean ionospheric con-
ditions (Bilitza, 1999) and such that have been
successful for planning HF terrestrial systems.
For Earth-space communication and navigation
systems, day-to-day and hour-to-hour variabili-
ty should be necessarily taken into account.
Since ionospheric effects exhibit great temporal
and spatial variation meaningful predictions
should have statistical character (Rawer, 1993).

Total Electron Content (TEC) is an important
ionospheric parameter for satellite navigation and
satellite communication systems and a detailed
study of its behaviour and especially of its vari-

ability from day-to-day, hour-to-hour and within-
the-hour is essential. In the present preliminary
work first we compare monthly-median values of
TEC and (foF2)2 and subsequently their hourly
daily values are considered, since both monthly-
median and daily values are involved in the defi-
nition of ionospheric variability (Kouris and Fo-
tiadis, 2002). Indeed, the variability of the re-
ferred ionospheric parameters is evaluated from
the variation, from day-to-day or hour-to-hour, of
the relative deviation of the hourly daily value
with respect to the corresponding monthly-medi-
an value, i.e. from the variation of the relative de-
viations dX:

dX
X

X X
m

d m
=

-
(1.1)

where Xd stands for the hourly daily value and
Xm for the corresponding monthly-median of
each ionospheric parameter. Then, we calculate
and compare the upper and lower quartiles of
the variability in TEC, in the F-region critical
frequency foF2 and in Nmax, the maximum elec-
tron density. It is known (Anderson and Fuller-
Rowell, 1999) that TEC has a diurnal variation
by a factor of 10 and the same is true for Nmax,
proportional to (foF2)2. Thus, it is expected that
TEC and Nmax should vary to some extent in a
very similar way from hour-to-hour.
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Abstract
Investigation of the relationship between TEC and (foF2)2 shows that although they are highly correlated, a «hys-
teresis» effect exists between them. The slab thickness is greater before than after mid-day for equal cosχ val-
ues. Moreover, a comparison of the calculated upper and lower quartiles of variability in TEC, foF2 and Nmax,
respectively shows that the variability of TEC lies between those of foF2 and Nmax depending on the level of so-
lar activity.
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2.  Data and analyses

In this work we use TEC data obtained ob-
serving the Faraday rotation affecting the signals
from geostasionary satellites and measured at Flo-
rence (Italy) from 1976 to 1982 and 1989 to 1991,
and also TEC data measured at Matera (40°N,
16°E), Italy, from signals transmitted from GPS
satellites during the years 1993 to 1999. Moreover,
we use corresponding foF2 measurements made at
Rome (41.8°N, 12.5°E) during the same periods.

First we compare hourly monthly-median
TEC with corresponding monthly-median
(foF2)2 values. Consecutively we examine their
hourly daily values from hour-to-hour and at a
fixed hour from day-to-day. 

Next, we evaluate the relative deviations of
TEC, (foF2)2 and foF2, respectively at each hour
of each day/month/year and consider their vari-
ations in time. Then, we calculate quartile lev-
els of variability at each hour/month/year and
compare corresponding levels.

It is known that TEC is defined as the inte-
gral with height, h, of the ionospheric electron
density N(h), i.e.

)(N h dhTEC
h

0
= # (2.2)

Besides, the ratio between TEC and the maxi-
mum electron density Nmax

N
TEC

max
=x (2.3)

defines the slab thickness which can be considered
as an effective breadth of the ionosphere, depend-
ing on the actual shape of the profile (Spalla and
Ciraolo, 1994). In terms of foF2 eq. (2.3) is written

. ( )TEC f F1 2410 2o
6 2

= x
-

(2.4)

where TEC is measured in TEC units (1016

electrons m–2), foF2 in MHz and τ in meters
(Davies, 1990).

3.  Results and discussion

The present study may be divided into two
parts: a comparative study between TEC and
foF2 values and a corresponding study between

the variability in TEC and that in foF2. Al-
though this investigation aims to the latter item,
it is important to start it from the diurnal varia-
tion of these two ionospheric characteristics.

3.1. Comparison of TEC and foF2 values

A linear correlation analysis of the monthly-
median TEC and (foF2)2 values of each month
of a given year shows that the correlation coef-
ficients are very high and usually much higher
than 0.80, with the lower values during summer
months. This is true whether Faraday rotation
TEC data or GPS data are used (fig. 1). A sim-
ilar population of correlation coefficients is
found when hourly daily values measured in a
given day/month/year are correlated (fig. 2). On
the contrary, when hourly daily TEC and (foF2)2

values measured at a given hour in each day of
a given month/year are correlated, the correla-
tion coefficients are found to be lower (fig. 3)
than in the previous two cases of monthly-me-
dian and diurnal values. This result might sug-
gest that the variations from hour-to-hour in
TEC and Nmax have a greater degree of similar-
ity than those from day-to-day. Thus, from this
analysis it can be stated that the correlation be-
tween TEC measurements and (foF2)2 values is
very high, especially when diurnal (monthly
median or daily) values are correlated. 

The comparison between TEC and (foF2)2

values illustrates that there exists a marked hys-
teresis-like effect. In other words, this investi-
gation shows that there are two different values
of TEC (or foF2) for a given value of foF2 (or
TEC). This arises when monthly-median TEC
values obtained either from observing the Fara-
day rotation or from GPS measurements are
compared with corresponding (foF2)2 values
(fig. 1). The same effect is also observed when
hourly daily values of these two parameters are
examined (fig. 2). From these figures it is evi-
dent that for a given value of TEC the afternoon
value of foF2 is higher than the morning one
and viceversa for the TEC values. Although the
diurnal anomaly of maximum electron density
is well known (Ratcliffe, 1960), the hysteresis-
like effect between TEC and Nmax produces new
evidence of the fact. 
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On the other hand, it is to be noted that this
is not verified in the case that hourly daily TEC
and (foF2)2 values from one day to the next that
is, values measured at a given hour in each day
of a given month/year are compared. In this
case there is no evidence of any «hysteresis» ef-
fect, as can be easily seen from the plots of fig.
3 where as an example values of TEC and
(foF2)2 measured at noon and at 16.00 h are
plotted against each other. These results lead to

the conclusion that the «hysteresis-like» effect
found when TEC and Nmax values are com-
pared, is clearly a diurnal phenomenon rightly
called diurnal anomaly.

Now, if we consider two nearly equal cosχ
values (with χ the solar zenith angle) one during
morning hours and the other in the afternoon, it is
found that the corresponding TEC values are near-
ly equal, but it is not so for the foF2 values. Indeed,
the maximum electron densities Nmax result to be

Fig.  3.  Linear correlation between TEC Faraday rotation (left), GPS (right) and (foF2)2 hourly daily values at
some selected months/years, at given hours (12.00 or 16.00 h).˙
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greater in the afternoon than in the morning hours;
on the other hand the slab thickness (eq. (2.3)) is
found to be greater before than after mid-day and
that it happens whether monthly-median or hourly
daily values are considered (figs. 4 and 5, respec-
tively). These findings may be explained as caused
by changes during the course of the day in the
chemistry and dynamics of the atmosphere at the
heights of the ionosphere, and changes in the elec-
tron production and recombination, so that the im-
pact on electron density concentration at the
height of maximum is different before and after
mid-day. We should however note that these find-
ings refer to limited data. Thus, further studies are
needed using more data measurements made at
different locations in order to make definite state-
ments. In figs. 4 and 5 it is also evident the pre-
dawn slab thickness peak. To note that the peak is
nearly always present wheter monthly median or
hourly daily values are considered.

3.2.  Comparison between the variability 
in TEC and that in foF2

The purpose of this preliminary investiga-
tion is to assess the variability of the available
TEC values and compare it with the variabili-
ty from day-to-day of the corresponding foF2
values, as well as with the variability of the
maximum electron density values. Thus, for
each one of the three parameters, respectively
the relative deviation of each hourly daily val-
ue from its corresponding monthly-median
value is calculated according to eq. (1.1).
Then, the upper and lower quartiles are evalu-
ated for each hour in each month/year. It can
be seen from the plots of figs. 6 and 7 that the
variability in TEC for 75% of the time in each
month is between 0.10 and 0.20 (in absolute
value) of the monthly-median value, for low or
medium solar activity, but at months/years of
high solar activity the variability (quartiles) in
TEC is greater than 0.20 of the monthly medi-
an value with higher values during the night-
time. Moreover, during disturbed months as
for instance February 1978 or October 1989
(fig. 6), the variability in TEC could be greater
than that in Nmax. This perhaps means that dis-
turbances affect the topside more than the bot-

tomside of the ionosphere. However, this state-
ment needs to be further investigated.

The comparison of the lower and/or upper
quartile of the variability in TEC, foF2 and
(foF2)2 points out that the variability from
day-to-day of the TEC values lies between
the variability of foF2 and that of (foF2)2, be-
ing close to the levels of foF2 variability at
months/years of low or medium solar activity
(figs. 6 and 7), and close to the levels of
(foF2)2 variability during months/years of
high solar activity (fig. 6). It should be noted
that the variability exhibits its greater values
mostly during night-time hours, when dis-
turbed conditions usually prevail. However,
these studies on variability should be further
promoted using values measured at different
locations and years to confirm the above-
mentioned results.

4.  Conclusions

The analysis of TEC and  (foF2)2 values
shows that there exists a high correlation be-
tween these two ionospheric characteristics,
with correlation coefficients usually greater
than 0.80. It is also found that a «hysteresis-
like» effect exists between TEC and (foF2)2,
when monthly-median values of a given month
or hourly-daily values measured in a given day
are compared. 

As a result the slab thickness given by eq.
(2.3) is found to be greater before than after
mid-day. This confirms the already known diur-
nal anomaly of Nmax. 

The statistically calculated quartiles of vari-
ability in each hour/month/ year of the three pa-
rameters TEC, foF2 and (foF2)2 show that the
variability of TEC from day-to-day is close to
that of foF2 during periods of low/medium so-
lar activity whereas at periods of high solar ac-
tivity the variability of TEC overlaps with that
of (foF2)2.
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