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Abstract

Using hourly monthly-median measured values from nine long-standing ionospheric sounding stations with
data sets extending over several decades, best-fit empirical relationships are established for M (3000) F, with
different solar and ionospheric indices representative of state of the solar cycle. The statistical analysis shows
that there is no difference in the degree of correlation in using one index over another. Comparisons are also
made with similar relationships for monthly median f,F, determined from the corresponding measurement
data sets and the degree of correlation between the two ionospheric parameters is established.

Key words ionospherf; — solar-cycle dependence — Bradley, 1994) using different solar and iono-
long-term prediction spheric indices (ITU-R, 1990; Bradley, 1993a).
To be useful to operational telecommunication
predictions the correlation with index must be
high, values of the index must be accurately
predictable and readily available. Kouris and
Nissopoulos (1994) have shown that there is
little improvement in correlation for the differ-
ent indices and best fit is established with a
parabolic dependence. Thus, retention of a de-
pendence on Rj,, the 12-monthly smoothed
sunspot number, is advocated, especially in
view of its widespread predictability and avail-
ability (Kouris er al., 1993). On the other hand,
similar analyses for the propagation factor
M3000)F, have received relatively limited
treatment assuming merely that the same form

. f d lies. , it
the solar-cycle variation of monthly median of dependence applies. However, it has been

S . . shown recently, that there exist some substan-

J;OQ};ZZ.(BI'?" ]_)ormglclA anti Z%iem, 119998; ’ SK".ane, tial differences in their respective changes with
1992, l\gllglls.lan 1 gggag'. Ogrt9s’  al 113191133: solar activity (Kouris, 1995) and some limited
- MiIKnatlov, ’ 12 et at., ’ results have been reported in a couple of pre-
liminary studies (Bradley, 1993b, 1994: Kouris

1. Introduction

It is well established that the morphology of
the F-region and the various processes, which
can produce its electron density variations are
complex and sophisticated. Thus, presentations
of the variations of its electron density and
hence of its critical frequency £, F, or any other
characteristic parameters cannot be derived
from theoretical considerations which only
take account of production by photoionization
but through the statistical analysis of past mea-
surements.

Many research-workers have investigated

et al., 1994).
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Furthermore, the correlations between the
monthly median values of f, F;, and M (3000) F,
for a given month, hour and location in the dif-
ferent years are investigated.

2. Data and analysis

In this work hourly monthly-median values
of fo F, and M (3000) F, are examined. The data
used are those measured at nine European sta-
tions: Moscow (55.5°N, 37.3°E), Kaliningrad
(54.7°N, 20.6°E), Juliusruh (54.6°N, 13.4°E),
Slough (51.5°N, 0.6°W), Dourbes (50.1°N,
4.6°E), Lannion (48.4°N, 3.5°W), Poitiers
(46.6°N, 0.3°E), Grocka (44.8°N, 20.5°E) and
Rome (41.8°N, 12.5°E) with long periods of
available data. The M(3000)F, values are
compared with the corresponding 12-month
running mean values of each of the following
indices of state of the solar-cycle: the sunspot
number R, the solar flux at 10.7 cm ®, the
Australian T index (IPSD, 1968) and the iono-
spheric index IF, (Minnis and Bazzard, 1959).
The analysis is carried out for each hour of a
given month at each station over a period of
two solar cycles almost for all stations exam-
ined.

In the present statistical study consistent
with the earlier analyses (Kouris and Agatho-
nikos, 1992; Kouris and Nissopoulos, 1994)
the following curvilinear regressions of higher-
order terms are investigated

(M (3000) F,)" = ag + a, X + a, X*+ a; X* (2.1

and

(M (3000) F,)" =
2.2)

=by+by foF,+b, (ﬁ)Fz)2+b3 (fon)3

where n =1, 2, 3 or 4 and X is the appropriate
solar-cycle index under study. The egs. (2.1)
and (2.2) are fitted by the method of least
squares to the observed data of each hour of a
given month at each location. For each model
of observed data described by the egs. (2.1)
and (2.2) the hierarchy of regressions
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(M (3000) F,)" =ag+a; X 2.3)

(M (3000) F,)" =ag+a, X +a,X? (2.4)

(M (3000) F,)" =ag+a; X +a,X>+a:X> (2.5
or

(MBO00)F,y)' =bo+ b, f, F,  (2.6)

(M (3000) F,)" = by + by fyFy + by (fyF,)? (2.7)

(M (3000) F, )" =
(2.8)

=by+ by foF,+b, (foF2)2 + b, (fon)3

is tested to see whether the coefficients a, and
as or by and b; of the non-linear terms differ
significantly from zero. The criteria and the
statistical tests to assess the relative merits of
the various models are those used also in the
JoF, statistical investigation (Kouris and Nis-
sopoulos, 1994), where it is found that the
variation of fyF, with each of the solar-cycle
index under study is described by a second-
degree relation.

3. The dependence of M (3000)F, on solar
activity

The statistical analysis shows that the coef-
ficient a3 in eq. (2.5) is not significant at the
5% level. Indeed, less than 10 regressions out
of 100 required a third-order term for all in-
dices considered here. Furthermore, the usual
test of significance of the difference of two
correlation coefficients has shown that the cor-
relation coefficients evaluated using the third-
order models were not higher than those ob-
tained- when the linear or the quadratic equa-
tions (with n = 1, 2, 3, 4) were fitted to the
measured data.

The tests of significance at the 5% level
(Student’s test and F-test) for the coefficient a,
in eq. (2.4) show that the relation with n = 1
gives the best fit to for all indices. The coeffi-
cient a, of the second-order term is signifi-
cantly different from zero in about 1/5 of the
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regressions in the case of n = 1 as can be seen
from table I, where the percentage of non-lin-
ear regressions giving improved correlation
over the total of 2592 (24 h x 12 months x 9
stations) cases for each of the models and each
of the considered indices is reported. However,
it is to be noted that although there is a need
for the second-order term in more than 20 re-
gressions out of 100 in the case of the model
with n = 1, it does not follow the same pattern
in each station and for each index (figs. 1 and
2), unlike what happens in the case of fyF,
(Kouris and Nissopoulos, 1994). Analyses of
M (3000) F, data for other stations and indices
are given elsewhere (Kouris ef al., 1994)
where the obtained results are similar to those
of figs. 1 and 2.

Further, to assess whether the linear eq.
(2.3) or the second-degree eq. (2.4) with n = 1
gives the highest correlation coefficient, the
same data for each hour of each month at each
station are fitted to eqgs. (2.3) and (2.4), respec-

tively. Table II shows the overall combined
correlation coefficients for the linear and the
quadratic regression, respectively and for each
index used, together with the standard errors of
the combined correlation coefficients resulting
from a total of 2592 correlation coefficients.
An inspection of the results reported in table
IT reveals that there is no significant difference
between the correlation coefficients of the lin-
ear and the quadratic model, and that for all the
considered indices of solar activity. Neverthe-
less, the usual test of significance of the differ-
ence of two correlation coefficients was ap-
plied to each pair of r’s reported in table II.
These tests confirmed that virtually there is no
significant difference between the correlation
coefficients although the second-degree rela-
tion gives slightly higher correlation coeffi-
cient. Therefore, from all the results obtained
from the statistical analysis it is concluded
there is no significant advantage in using the
quadratic relation over the linear, and retention

Table L. Percentage of sets of data requiring a second-order regression at the 5% significance level.

Index
Model R (O] T IF,
n=1 20 24 21 23
n= 25 26 25 30
n=3 41 40 42 48
n= 53 51 56 56

Table II. Overall combined correlation coefficients, r, for the linear and the quadratic relations and the dif-

ferent indices. Data from nine stations.

Index Relation Linear Quadratic
X = R12 r 0.87 089
rxse 0.869 - 0.874 0.888 - 0.892
X =, r 0.87 0.89
r*se 0.869 - 0.873 0.889 - 0.894
X=Tp, r 0.87 0.89
rtse 0.869 - 0.874 0.889 - 0.893
X =1IF,, r 0.87 0.89
rts.e 0.867 - 0.872 0.888 - 0.892
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Ry, (top panel) and

, respectively. + Stands for a, different from zero and positive, — for a, different from

zero and negative, and O for a, equal to zero. Data from Slough.

T}, (bottom panel)

Fig. 1. Significance at the 5% level of the coefficient a, in eq. (2.4) with n = 1 and X

X
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level of the coefficient a, in eq. (2.4) with n = 1 and X
, respectively. + Stands for a, positive, — for a, negative and 0 for a, equal to zero. Data

T}, (bottom panel)

from Lannion.

Fig. 2. Significance at the 5%
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of a linear dependence of M (3000)F, with so-
lar activity is advocated, especially because of
the fact that the need for the second-order term
does not follow the same pattern in each sta-
tion and for each index.

4. The correlation between monthly median
M (3000)F, and f,F,

The correlation between the propagation
factor M(3000)F, and the critical frequency
foF,, using hourly monthly-median values from
the above-referred nine European stations is in-
vestigated. The curvilinear regressions of higher-
order terms given by eq. (2.2) are fitted by
the method of least squares to the monthly
median data of each hour in a given month of
each station. The results of the analysis indi-
cate that the coefficient b; in eq. (2.8) is not

significant at the 5% level. The same is valid
for the coefficient b, in eq. (2.7). Indeed, out of
a total number of 2592 (24 h x 12 months x 9
stations) curvilinear regressions for each model
(n=1, 2, 3, 4) less than 1/5 of them require a
second-order term in the case of n = 4 and less
than 1/6 in the case of n = 1. For example fig. 3
shows that the coefficient b, is significantly
different from zero in less than 16% of the re-
gressions examined for the model with n = 1 in
the case of data from Slough but it is still
much less when data from other locations are
used. Moreover, the condition b, different from
zero does not follow the same pattern in all
stations examined.

When the opposite correlation is investi-
gated, i.e. the relation

ﬁ)Fz =Co+ ClM(3000)F2 +Cy [M(3000)F2]2
“4.n
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Fig. 3. Significance at the 5% level of the coefficient b, in eq. (2.7) with n = 1. + Stands for b, different from
zero and positive, — for b, different from zero and negative, and 0 for b, equal to zero. Data from Slough.
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Table III. Combined correlation coefficients using
data from nine stations.

M 3000) F,/fyF, Linear Quadratic
r 0.85 0.87
r=se. 0.848 - 0.853 0.867 - 0.872

it is found that the coefficient of the second-
order term is significantly different from zero
at the 5% level in much fewer regressions
(about 7%) than when eq. (2.7) with n = 1 is
fitted to the data.

To test which value of n gives the highest
correlation coefficient, the same procedure de-
scribed in the previous paragraph is applied.
The result is that n = 1 is the best for the linear
and also for the quadratic relationship. Finally,
the comparison of the combined correlation co-
efficients (table III) reveals that the difference
in the degree of correlation between the vari-
ates M(3000) F, and f,F), in the linear eq. (2.6)
and the quadratic eq. (2.7) with n = 1 is not so
significant. This fact together with the results
when eq. (4.1) is applied and the fact that
b, # 0 does not follow the same pattern in ev-
ery station suggests that there is not much dif-
ference between the quadratic and the linear
law in this case. On the other hand, the degree
of correlation between these two variates is
rather satisfactory in comparison with the cor-
relation coefficients obtained when hourly
daily values of M(3000)F, and f,F, are con-
sidered (Kouris et al., 1998).

5. Conclusions

The statistical analysis of the variation of
the hourly monthly-median values of the prop-
agation factor M (3000)F, with each of the
most used indices of solar activity shows that
the first power of the measured M (3000)F, is
proportional to the intensity of the solar ioniz-
ing radiation. Moreover, it is shown that the
second-order relation gives only a slight im-
provement in the degree of correlation over the
linear. On the other hand, the need for the sec-
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ond-order term does not follow the same pat-
tern in each station and for each index. There-
fore, a retention of a linear dependence of
M (3000) F, with solar activity is advocated.
Furthermore, when hourly monthly-median
values of M(3000) F, are correlated with corre-
sponding f,F, values in a linear or second-or-
der relation there is little difference between
the correlation coefficients, being slightly
greater in the latter case. On the other hand,
the need for the second-order term in the re-
gressions examined (2592) is less than 15%
and is random from one location to another.
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