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Abstract. The analysis of thef oF2 ionosonde data ac-
quired at mid and high latitudes reveals a general decreas-
ing of the F2 plasma frequency over more than two solar cy-
cles, showing steeper trends over the high latitude stations
and, in particular, over Antarctica. A careful analysis of the
f oF2 hourly data, opportunely catalogued in different levels
of magneto-ionospheric conditions, highlights the role of the
geomagnetic activity in the secular change of the ionosphere
and confirms the latitudinal dependence of the trends. These
results suggest interesting relations with some recent findings
on the rapid decrease of some important physical and statisti-
cal quantities related to the geomagnetic field over the whole
globe and mainly in Antarctica. In this paper we discuss the
possibility of a connection between the ionospheric trends
and a possible imminent geomagnetic reversal or excursion.

Keywords. Ionosphere (Polar ionosphere) – Geomagnetism
and paleomagnetism (Time variations, secular and long term)
– Radio science (Nonlinear phenomena)

1 Introduction

Long term changes of the middle-upper atmosphere and the
role of their natural and anthropogenic causes have been re-
cently reviewed by Lastovicka (2005) and Bremer (2005).
In the past few years several authors focused their investiga-
tions on the geomagnetic activity as the primary natural rea-
son of the ionospheric observed trends (see, e.g., Danilov,
2001; Mikhailov and Marin, 2000). Contemporary, long-
term changes of the geomagnetic activity were deeply inves-
tigated by analysing the secular behaviour of the most pop-
ular and long-life geomagnetic indices, mainly aa and Ap
(Clilverd et al., 1998; Lockwood and Stamper, 1999; Cliver
and Ling, 2002; Richardson et al., 2002; Gulyaeva, 2002;
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Clilverd et al., 2005; Mursula and Martini, 2006). The re-
sults indicate a possible increase of the geomagnetic activity
during the XX century but the matter is quite debated: Clil-
verd and his co-authors (1998) indicate an enhancement in
the number of magnetic storms; Gulyaeva (2002) find a low-
ering in the occurrence of the aa index quiet condition; Cliver
and Ling (2002) claimed that only during the first half of the
XX century the aa index shows an increasing trend. Recently
Clilverd et al. (2005) and Musula and Martini (2006) investi-
gated again the long-term change of the aa index through the
use of a new tool introduced by Svalgaard et al. (2004): the
IHV (Inter Hour Variability) index. It is defined as an aver-
age of the six absolute differences of the successive hourly
values of the H component between 19:00 and 01:00 local
time (LT) and its use allows the reproduction and verification
of the aa index, otherwise impossible as the original mea-
surements do not exist in digital format. Since the hourly
values of the measured magnetic field are available in digi-
tal format in the World Data Centers for several stations, the
IHV index can be easily calculated and adopted to measure
the centennial change of the geomagnetic activity. Clilverd
et al. (2005) and Mursula and Martini (2006) quantified the
long-term increase of the geomagnetic activity discussing the
role of the changes in the external conditions and in the sec-
ular decrease of the geomagnetic moment. The weakening
of the Earth’s magnetic dipole is the protagonist of several
papers (e.g. Gubbins et al., 2006; De Santis et al., 2004).
These works are mainly devoted to the investigation of the
typical time scale associated to a possible reversal (or excur-
sion) of the Earth’s magnetic field. In their paper Rajaram
et al. (2002) found a rapid decrease in total magnetic field
over a large part of Antarctica pointing out this is as a region
of possible reverse magnetic flux. These intriguing findings
are confirmed by a recent analysis (De Santis, 2007) show-
ing that the geomagnetic field over Antarctica is decreasing
faster than on global scale.
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Table 1. The ionospheric observatories under investigation.

STATION GEOGRAPHIC GEOMAGNETIC PERIOD
CO-ORDINATES CO-ORDINATES UNDER

INVESTIGATION

Lycksele 64.6◦ N 18.8◦ E 62.5◦ N 111.7◦ E 1957–1998
Juliusruh 54.6◦ N 13.4◦ E 54.3◦ N 99.7◦ E 1974–1998
Slough 51.5◦ N 359.4◦ E 54.0◦ N 84.4◦ E 1957–1998
Rome 41.8◦ N 12.5◦ E 42.3◦ N 93.2◦ E 1976–1998
Boulder 40.0◦ N 254.7◦ E 48.9◦ N 318.7◦ E 1960–1998
Mawson 67.6◦ S 62.9◦ E 73.3◦ S 105.1◦ E 1962–1998

The geomagnetic control on F2 layer is well known and
the possible positive trend of the geomagnetic activity could
be connected with the ionospheric trends already found (Bre-
mer, 1992; Mikhailov and Marin, 2000; Alfonsi et al., 2002).
To contribute to this general discussion, it could be useful
to consider different scientific tools to investigate the long-
term geomagnetic effect on the ionosphere. In this frame,
after the papers by De Franceschi et al. (2002) and Alfonsi
et al. (2002), a new approach to isolate thef oF2 data cor-
responding to quiet magnetic condition is proposed to in-
vestigate its secular behaviour. The original tool here used
is termed MACap (Magnetic Activity Catalogue for iono-
spheric applications) and it has been introduced to character-
ize the impact of the magnetic disturbance on the ionosphere
(De Franceschi et al., 1999). Its adoption in this work should
allow a better reproduction of the non-linear relationship be-
tween thef oF2 andap variations.

This paper is organized as follows: the method of the data
selection and processing is described in Sect. 2; the results
are shown and discussed in Sect. 3 in the light of the recent
findings on the possible imminent reversal or excursion of the
geomagnetic field whose effects are so evident over Antarc-
tica; the conclusions are reported in Sect. 4.

2 Method

The f oF2 data here analysed have been acquired by some
ionospheric stations located at mid and high latitude regions
along more than two solar cycles (Table 1). The method
adopted to analyse thef oF2 data was derived from Bre-
mer (1992) and has been successively used by several au-
thors (see, e.g., Lastovicka et al., 2006). The main steps of
our data selection and processing are the followings:

a) Selection of the “full-weight”f oF2 hourly data, i.e. not
accompanied by qualifying letters:

After the encouraging results obtained in our previous work
(Alfonsi et al., 2002) we continue to adopt this criterion to
eliminate possible sources of error, due to physical phenom-

ena and/or to technical problems, that could influence the
final results. For this aim we have considered only those
hourly f oF2 data that are not accompanied by qualifier let-
ters (Piggott and Rawer, 1972; Ulich et al., 2003).

b) Selection of thef oF2 hourly data corresponding to quiet
magnetic condition (MACap=0):

We have tried to remove the magnetic influences from the
f oF2 measurements by selecting only those data corre-
sponding to quiet magneto-ionospheric conditions. To do
that we have used a new tool, termed MACap, introduced
to reproduce the non-linear relationship between the mag-
netic disturbance, indicated by theap index, and its impact
on the ionosphere, indicated by thef oF2 (De Franceschi et
al., 1999). Wrenn (1987) and then other authors (Perrone and
De Franceschi, 1999; Perrone et al., 2001) have shown that
the correlation between geomagnetic indices and ionospheric
parameters improves when the time-series accumulation of
the magnetic index is used instead of the index apart. In the
case ofap index its time-series accumulation reads:

ap (τ) = (1 − τ)
[
ap0 + (τ ) ap−1 + (τ )2 ap−2 + . . .

]
(1)

being ap a tree-hours index,ap−1, ap−2, etc., related to
the previous three hours, six hours and so on, andτ a per-
sistence factor, ranged between 0 and 1, corresponding to
the response-recovery time of the ionosphere to magnetic
perturbations (for details see Wrenn, 1987; Perrone and De
Franceschi, 1999). After some investigations based onf oF2
data from mid latitude (Wu and Wilkinson, 1995) and high
latitude (Perrone and De Franceschi, 1999) stations, the cor-
relation analysis shows better results ifτ is equal to 0.8,
corresponding to a response time of the ionosphere of about
15 h. On the basis ofap(0.8), i.e.ap(τ) according to Eq. (1)
with τ=0.8, De Franceschi et al. (1999) have characterized
the magnetic activity impact on the ionosphere by intro-
ducing MACap(0.8) (Magnetic Activity Catalogue for iono-
spheric applications), hereafter simply MACap, defined ac-
cording to four levels ofap(0.8) values, as reported in Ta-
ble 2.
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Table 2. Correspondence between theap(0.8) values and four lev-
els of magnetic activity defining the MACap.

ap(0.8) LEVELS DEFINITION MACap(τ=0.8)
INTERVAL LIMITS OF MAGNETIC CORRESPONDING

CONDITION LEVELS

0<ap(0.8)≤7 Quiet 0
7<ap(0.8)≤20 Slightly Disturbed 1
20<ap(0.8)≤32 Moderately Disturbed 2

ap(0.8)>32 Severely Disturbed 3

The importance of MACap stands in its efficiency in repro-
ducing the impact of the geomagnetic activity on the iono-
sphere and, in particular, on the F2 layer plasma frequency
(De Franceschi et al., 2002).

We have used the 0 level of MACap, i.e. the quiet magnetic
condition (Table 2), as selecting criterion to isolate the hourly
f oF2 data not affected by magnetic perturbation.

c) Re-calculation of the foF2 medians on the data obtained
after a) and b):

The f oF2 medians are re-calculated on the basis of the
hourly values obtained after the application of the pointsa)
and b). To compute the medians at least 5 values, corre-
sponding to the same hour of the same month and of the same
year, are necessary.

d) Application of a (R,R2) regression model to remove the
solar influence from thef oF2 observations:

f oF2h,m,y (mod) = ah,m + bh,m · Rm,y + ch,m · R2
m,y (2)

A regression model, given by Eq. (2) is derived from experi-
mental monthly median valuesf oF2h,m,y(exp) (according
to pointc)) for a given hour,h, month,m, and year,y; Rm,y is
the R12 sunspot number for a given month, m and year, y and
the coefficientsah,m, bh,m andch,m are obtained according to
the least squared method.

This regression is adopted to reproduce thef oF2 varia-
tion due to solar cycle effect and, consequently, should be
useful to remove this effect from the observations.

e) Calculation of the residual of foF2:

Thef oF2 residuals are obtained by subtractingf oF2(mod)
from f oF2(exp):

1f oF2h,m,y = f oF2h,m,y (exp) − f oF2h,m,y (mod) (3)

Table 3. Total f oF2 trend rates (Df oF2) obtained along more
than two solar cycles of observations made by mid and high lati-
tude ionospheric stations (in red) and their respective yearly trend
rates (df oF2). Both the quantities are referred to quiet magnetic
conditions.

STATION Df oF2 ±1Df oF2 df oF2 ±1df oF2
(MHz) (MHz/year)

Lycksele −0.10±0.10 −0.002±0.002
Juliusruh −0.11±0.11 −0.004±0.004
Slough −0.15±0.15 −0.003±0.003
Rome −0.20±0.12 −0.009±0.005
Boulder −0.17±0.14 −0.004±0.003
Mawson −0.18±0.13 −0.005±0.004

f) Evaluation of the long-term trend of1foF2 and its error:

On the base of the yearly means of thef oF2 residuals
(Eq. 3) the long-term trend is derived as theby of the lin-
ear relationship:

1f oF2y = ay + by · (Yb − Y ) (4)

where1f oF2y is the yearly mean of the1f oF2h,m,y ; ay

andby are regression coefficients;Yb andY are the beginning
year and each year of the data series considered, respectively.
The by coefficient gives thef oF2 yearly trend rate. The
total trend rateDf 0F2, is obtained by multiplyingby for
the length of the data series considered. The error on the
trend rate is simply given by the standard deviation onby

(for details see Alfonsi et al., 2002).

3 Results and discussion

The results obtained after the analysis described above indi-
cate a general decrease of the F2 plasma frequency under
quiet magneto-ionospheric conditions (Fig. 1). The nega-
tive trend ratesDf 0F2 over the entire period under inves-
tigation (Table 1) are reported in the second column of Ta-
ble 3. To avoid any confusion due to the different length of
the data series considered, the yearly trend ratesdf oF2 (in
MHz/year) are listed in the last column of the same table.
For sake of comparison in Table 4 are reported the maximum
and minimum trends obtained in our previous works, through
the analysis off oF2 hourly and monthly median data from
mid and high latitude stations carried out without any con-
sideration of magneto-ionospheric conditions (Alfonsi et al.,
2001, 2002). The range of the trend rates expressed by the
maximum and minimum values reported in Table 4 is due to
the different regression models adopted (Alfonsi et al., 2001,
2002). Similarly to Table 3, the maximum and minimum val-
ues of the yearly trend ratesdf oF2 (in MHz/year) are listed
in the last column.
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Table 4. Maximum and minimumf oF2 trend rates (max-minDf oF2) obtained along more than two solar cycles of observations made by
mid and high latitude ionospheric stations (in red) and their respective yearly trend rates (max-mindf oF2). Both the quantities are referred
to all the magnetic conditions and are obtained with the use of different regression models (adapted from Alfonsi et al., 2001, 2002).

STATION f oF2 ANALYSED max-minDf oF2 max-mindf oF2
(MHz) (MHz/year)

Lycksele Hourly −0.26÷0.10 −0.006÷0.002
Juliusruh Hourly −0.11 −0.005
Slough Hourly −0.11÷−0.06 −0.003÷−0.001
Rome Hourly −0.15÷−0.03 −0.007÷−0.001
Boulder Hourly −0.17 −0.004
Terre Adelie Monthly Medians −0.47÷−0.16 −0.014÷−0.005
Mawson Hourly −0.45÷−0.18 −0.012÷−0.005

Monthly Medians −0.82÷−0.50 −0.022÷−0.014
Syowa Monthly Medians −0.92÷−0.22 0.028÷−0.007

 Fig. 1. Yearlyf oF2 residuals (1f oF2y) for each ionospheric sta-
tion considered.

The comparison between Tables 3 and 4 confirms a
strongest trend over Antarctica and highlights the crucial role
of the geomagnetic activity in the trend estimate at high lati-

tudes. In fact, Lycksele and, above all, Mawson show signif-
icant differences when the magnetic condition is taken into
account. Unfortunately Terre Adelie and Syowa do not have
hourly data complete with qualifying and descriptive letters
for the period under investigation, so it is not possible to treat
their observations as described in Sect. 1, stepa.

From our findings a question comes up: why are thef oF2
long-term trends are always stronger over Antarctica? The
suspicion is that a deep investigation of thef oF2 changes
at high latitudes of the southern hemisphere could reveal an
important influence of the regional variation of the geomag-
netic field. The reason of this suspicion is suggested in a
paper by De Santis et al. (2004) dedicated to the analysis of
certain statistical quantities, such as the Information Content
I (t) (Shannon, 1948), of the Earth’s magnetic field. Among
all considered quantities, they evaluate the mean square value
of the geomagnetic field over the whole globe, as given by the
spherical harmonics expansion of the geomagnetic potential
V (Lowes, 1966; De Santis et al., 1995):

〈
B2(t)

〉
=

1

4π

π∫
0

2π∫
0

B2(θ, λ, t) sinθdθdλ =

N∑
n=1

(n + 1)

n∑
m=0

(gm
n )2

+(hm
n )2 (5)

in which θ , λ and t are colatitude, longitude and time, re-
spectively;gm

n , hm
n are the Gauss coefficients of the spher-

ical harmonic expansion of the geomagnetic potentialV ,
such asB=-grad V ; m, n are the spherical harmonics or-
der and degree, respectively. Extrapolating linearly the be-
haviour of<B2> from 1900 to 2000, as given by the global
model IGRF (Macmillan and Maus, 2005), De Santis and
co-authors (2004) estimate that its zero value will occur by
around 1000 years.

Starting from the assumption that each region of the Earth
surface contributes differently to<B2> (Eq. 5), De Santis

Ann. Geophys., 26, 1173–1179, 2008 www.ann-geophys.net/26/1173/2008/



L. Alfonsi et al.: Geomagnetic and ionospheric data analysis over Antarctica 1177

(2007) chooses a spherical cap of a model valid for the
Antarctic region below 60◦ S (i.e. a cap centered at the south
geographic pole with a maximal co-latitude20=30◦), the so-
called Antarctic Reference Model (ARM; De Santis et al.,
2002; Gaya-Piqúe et al., 2006). In this way it is possible to
extrapolate the behavior of

〈
B2(t)

〉
θ0

over Antarctica, predict-
ing its zero value by around 340 years from now. In Fig. 2a
we show the temporal behaviour between 1900 and 2000 of
the global magnetic energy density,ε, (in mJ per m3) given
by (i.e. a cap centered at the south geographic pole with a
maximal co-latitude20=30◦):

ε =
1

2

< B2 >

µ0
(6)

Similarly in Fig. 2b is plotted the Antarctic contribution to
the magnetic energy densityεθ0, given by:

εθ0 =
1

2

< B2
θ0

>

µ0
(7)

where the decaying trend is more accentuated, providing an
even closer estimation ofεθ0=0 by 340 years. This confirms
that the present phenomenon of rapid geomagnetic field de-
cay is contributed more by the southern hemisphere (Gub-
bins, 1987; Gubbins et al., 2006; De Santis, 2007).

Which is the influence of the weakening of the magnetic
dipole on the long-term variation of the geomagnetic activ-
ity? Secular changes in the geomagnetic field influence the
ionospheric conductivity (Rishbeth, 1985, 1997), affecting
the magnetic signature at the ground. Consequently a pos-
sible reversal or excursion of the geomagnetic field should
be visible in the long term behaviour of the geomagnetic in-
dices, e.g.aa, accounting the ionospheric response to a de-
crease of the Earth’s magnetic dipole momentum. According
to some recent investigations (Clilverd et al., 2002, 2005) the
contribution of this decrease is practically negligible, while
for other authors (Mursula and Martini, 2006) this aspect
should be taken more into account. After the findings by
De Santis (2007) our next step will be to explore with more
details the possibility, analysingf oF2 data over a spheri-
cal cap including Antarctica. The application of the spheri-
cal harmonics expansion to thef oF2 data has been already
adopted to reconstruct the ionosphere on regional scale (De
Santis et al., 1992; De Franceschi et al., 1994). Following the
same approach, we should be able to investigate the present
and future behaviour of the F2 plasma frequency in the same
manner adopted by De Santis et al. (2004). Their method
should allow the confirmation of thef oF2 long-term trends
(if any), providing, at the same time, an estimate of their typ-
ical timescale.

4 Conclusions

In this paper we have analysed thef oF2 hourly data ac-
quired by mid and high latitude stations along more than two
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Fig. 2. (a) Global magnetic energy density;(b) Contribution of
Antarctica Region to the magnetic energy density.

solar cycles. We have re-calculated their medians on the base
of the reliability of the measurements, considering only those
values not accompanied by qualifying and descriptive letters,
and on a selection of the magneto-ionospheric conditions, as
given by the quiet level of the MACap catalogue. Our find-
ings can be summarised as follows:

1. Confirmation of a general decreasing trend of the F2
plasma frequency more evident over Antarctica, inde-
pendent of the length of the data series considered, high-
lighting a latitudinal effect.

2. Evidence of the crucial role played by the geomag-
netic activity influence on the observed trends as em-
phasized by the use of the magneto-ionospheric cat-
alogue MACap: under quiet magnetic conditions the
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ionospheric trends are smoothed, above all over Antarc-
tica.

3. Speculation on the possible correlation between the
ionospheric trends and the excursion (or reversal?) of
the geomagnetic field. Geomagnetic polarity transi-
tions, leading to a weakening of the magnetosphere
shield, could strongly affect high energetic particle
fluxes into the upper atmosphere.

Since the apparent correlation between the rapid decrease
of geomagnetic dipole and the strong ionospheric trend in
Antarctica, our next step will be the application of the spher-
ical cap harmonics analysis tof oF2 data. To achieve this
goal we will apply the concept of information contentI (t)

to the spherical cap harmonics coefficients, to look for simi-
larities between the time scales associated to the polar iono-
sphere and those associated to the geomagnetic reversal.

Taking into account that several mechanisms of anthro-
pogenic nature, such as the enhancement of the greenhouse
effect or the ozone depletion, or of natural origin, such as the
long-term increase of the geomagnetic activity due to inter-
nal or external forces, could influence the secular behaviour
of the ionosphere, our contribution to the scientific debate
on this subject can be summarized with an open question:
is there a connection between thef oF2 secular (stronger!)
trend over Antarctica and the corresponding local contribu-
tion to the imminent (340 years!) reversal or excursion given
by the southern hemisphere?
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