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Abstract. A detailed analysis of thef oF2 data at the
Sverdlovsk station is performed to answer the question:
whether the long-term trends of the F2-layer parameter de-
tected recently are mainly due to the long-term changes in
geomagnetic activity during the recent decades. Two meth-
ods to derive trends independent of geomagnetic activity are
developed. It is found that both methods agree well and give
a relative nongeomagnetic trend of about−0.0015 per year
(or an absolute nongeomagnetic trend of about−0.015 MHz
per year). The close relation off oF2 toAp found by several
authors is mainly due to a high correlation between thef oF2
deviations from the regression line and year-to-year changes
in theAp index rather than to systematic long-term changes
of Ap as has been suggested earlier.

Key words. Ionosphere (ionospheric distances; modeling
and forecasting)

1 Introduction

Studies of the long-term changes (trends) in the parameters
of the upper atmosphere and ionosphere are currently very
popular. Several groups of authors (Bencze et al., 1998; Bre-
mer, 1996, 1998, 2001; Danilov and Mikhailov, 1998, 1999,
2001; Givishvily and Leshchenko, 1993, 1994; Jarvis et al.,
1998; Marin et al., 2001; Mikhailov and Marin 2000, 2001;
Ulich and Turunen, 1997; Ulich et al., 1997; Upadhyay and
Mahajan, 1998) studied trends of the F2-layer parameters,
hmF2 andf oF2. The results of these studies differ signif-
icantly by the methods of trend identification used and the
results obtained. To analyze and review all of these studies
is not the goal of this paper; rather, this paper is aimed at
a discussion of the relatively recent problem of the relation
between the F2 parameter trends and geomagnetic activity.

Danilov and Mikhailov (1998, 1999) were the first to at-
tract attention to the fact that the trends of the critical fre-
quencyf oF2 obtained at different stations demonstrate a de-
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pendence on the station geomagnetic latitude8, decreasing
with a decrease in8. This was an important starting point of
the concept that the trends observed are related to the changes
in geomagnetic activity during the recent decades. Mikhailov
and Marin (2000) demonstrated that the annual mean devia-
tions δ f oF2 from the regression line in terms of the solar
activity index R12 correlate well with the geomagnetic index
Ap. The observed values ofδf oF2 repeat the time behaviour
of Ap: they decrease until approximately 1965 and then in-
crease in the 1965–1991 period.

Danilov and Mikhailov (1998, 1999, 2001) and Mikhailov
and Marin (2000, 2001) noted that the relativef oF2 trends,
k, obtained demonstrate seasonal and (especially) diurnal
variations, which indicate a realization mechanism of the
relation found between theAp and δ f oF2 trends. It was
suggested (Danilov, 2000; Danilov and Mikhailov 2001,
Mikhailov and Marin, 2000, 2001) that thef oF2 trends ob-
served during the recent decades are caused by the posi-
tive trends (an increase) in the number (and/or intensity) of
ionospheric disturbances (negative phases of the so-called
ionospheric storms accompanying, as a rule, geomagnetic
storms). Based on the experimental data analysis, corre-
sponding trends of these ionospheric storms were derived
(Sergeenko and Kuleshova, 1994; Sergeenko and Givishvili,
1997).

Danilov and Mikhailov (2001) studied in detail the prob-
lem of the relations of thef oF2 trends to geomagnetic activ-
ity based on the data of two Southern Hemisphere stations,
Argentine Islands and Port Stanley. The most important con-
clusion was that the correlation coefficients betweenδ f oF2
andAp are maximum and significant in the very hours of the
day when the occurrence of the negative phase of an iono-
spheric storm is most probable. Thus, the concept was born
that all (or, at least, the majority) of the F2-layer parameter
trends detected in the recent publications are a manifestation
of the trend (the increase) of geomagnetic activity from the
mid-sixties to the beginning of the 1990s (this period covers
most of the time intervals for which thef oF2 data for many
stations were analyzed).
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Taking into account the above cited papers, the impact of
the geomagnetic activity changes (to describe these we use
here the anual mean value ofAp) on the observed trends of
f oF2 seems undoubted. However, the relative significance
of geomagnetic activity and ionospheric storms against other
drivers in inducing observed trends off oF2 andhmF2 is not
yet clear. The question is not answered, as to whether there
are long-term changes (trends) in the F2 layer not related to
Ap variations. To avoid taking extra responsibility, we will
call them simple “nongeomagnetic” trends, though probably
these trends, if they do exist, have the anthropogenic origin.

There are several reasons for the possible existence of non-
geomagnetic trends. First of all, there are widely known
publications from the beginning of the 1990s (Rishbeth and
Roble, 1992; Rishbeth, 1990) which evaluated expected
changes in the upper atmosphere and ionosphere due to the
increase in the amount of greenhouse gases. Second, dur-
ing the 1990s, a lot of publications appeared (see e.g. the
review by Danilov, 1997) indicating strong trends in the up-
per mesosphere and lower thermosphere parameters (first of
all, the temperature). If even the moderate estimates of the
effect are correct, one may hardly expect that there would be
no response to these trends at F2-region heights. And third,
last but not least, during the recent decade, publications ap-
peared (see e.g. the monograph by Adushkin et al., 2000) de-
scribing a huge amount of admixtures released into the upper
atmosphere in the course of launching and operating various
space vehicles. Evidently, due to the small neutral gas den-
sity, the upper atmosphere is very vulnerable and there may
be observed anthropogenic contaminations (and so anthro-
pogenic trends) different, and probably stronger, than those
in the lower atmosphere.

To develop a method to reveal nongeomagnetic trends in
f oF2 on the background of the variations of this parameter
with geomagnetic activity, the data onf oF2 measured at the
Sverdlovsk station were analyzed in detail. The choice of this
station was due to several reasons: the station is located at
middle geographic and geomagnetic latitudes (ϕ = 56.7◦ N
and8 = 48.4◦ N), is known for its reliable measurements,
fits well the picture of the geomagnetic activity impact cre-
ated in the papers described above, and finally, the period
of observations available (1948–1994) is convenient for the
analysis, because it includes periods of both decreasing and
increasing geomagnetic activity (see below). Variations in
the annual mean value ofAp for the entire period considered
are shown in Table 1. One can see that the first 15–17 years of
the period are characterized by a systematic decrease inAp

with time, whereas the last 20–25 years fall on a systematic
increase inAp, which has already been mentioned above.

In order to look forf oF2 nongeomagnetic trends, the en-
tire period from 1948 to 1994 was split to 18 running in-
tervals, each 30 years long: 1948–1977, 1949–1978, 1950–
1979 . . . 1965–1994. For obvious reasons, the variations in
Ap within each interval were different and changed from a
decrease inAp with time during the early intervals to an in-
crease inAp during the later intervals. Figure 1 shows the
different character of theAp variations within various inter-

Fig. 1. Variation of the annual mean value ofAp during: (a) the
first 30-year interval 1948–1977, two intervals in the middle of the
period considered(b) 1954–1977 and(c) 1958–1987, and(d) the
last interval 1965–1994.

vals of the period considered. Panel (A) corresponds to the
1948–1987 interval, typical for the early intervals, whenAp

decreased with time. Panels (B) and (C) correspond to the
1954–1983 and 1958–1987 intervals, which are typical for 7
intervals when the systematic change inAp within intervals
was small. Panel (D) corresponds to the 1965–1994 interval,
typical for the later intervals whenAp increased with time.

To describe theAp changes in each 30-year interval, we
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Table 1. The annual mean values of theAp index for the years considered in this paper

Year 1948 1949 1950 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963
Ap 15.4 15.4 18.0 22.3 21.2 15.6 11.1 11.3 18.1 20.1 19.3 21.4 23.7 14.4 12.3 12.7

Year 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979
Ap 10.0 7.8 10.3 12.0 13.5 11.4 11.9 11.3 12.6 17.1 19.6 14.0 12.9 11.9 16.9 14.5

Year 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994
Ap 11.1 16.3 22.5 18.6 18.8 13.8 12.6 10.9 12.7 19.4 16.3 23.4 16.6 15.0 18.2

used the coefficientk(Ap) of theAp linear regression within
the interval considered:Ap(X) = Ap(X1)+k(Ap)(X−X1),
whereX1 is the first year of the interval in question andX is
the current year. Actually,k(Ap) is merely the slope of the
linear approximation of theAp value (lines in Fig. 1) plotted
versus the years of the given interval.

It should be evident from the statements above that the
values ofk(Ap) are negative for the early intervals, mani-
festing the tendency ofAp to decrease, and positive for the
later intervals whenAp increases with time. Quantitatively,
this fact is well illustrated by Table 2. Below we will see how
the trends inf oF2 observed for each interval,k(obs), change
with changes ink(Ap).

We consider here the relative trendsδf oF2 which are devi-
ations of the observedf oF2 from the model (a third-degree
polynomial in terms of the smoothed solar activity index).
The method has been proposed by Danilov and Mikhailov
(1998) and then used in further publications on revealing
trends and looking for their relation to geomagnetic activity
(Danilov and Mikhailov, 1999, 2001; Mikhailov and Marin,
2000, 2001). For a more detailed description of the method
and details of thek(obs) variations observed (with geomag-
netic latitude, local time etc.), we refer the readers to the pub-
lications indicated. We only note here that, as it has been
shown in the above indicated papers, since the diurnal be-
haviour ofk(obs) is more pronounced than the seasonal one
(the latter fact may be due to the use of smoothed values of
f oF2 to findδ f oF2), we consider below the annual mean
values ofδ f oF2 for various LT moments.

The only methodical difference of this paper from the pa-
pers mentioned above is that in this case, we did not use
the sunspot number R12, but rather the E81 index based on
the observations of the solar UV radiation, proposed by To-
biska et al. (2000). From general considerations one would
expect this index to be more pertinent for describing iono-
spheric variations, though the monthly mean values of E81
(r > 0.95) correlate well with the monthly mean values of
R; therefore, the change in the solar index could not influ-
ence significantly the results of this paper.

2 Method I

Now we consider in detail how the slopek(obs) is deter-
mined as the trendδ f oF2 is formed. Evidently, if there is no
systematic (longer than one cycle of solar activity) change in
Ap, theAp influence onf oF2, and nongeomagnetic trends,
then thef oF2 deviations from the model would have been of
a random character and on the whole, the values ofδ f oF2
would have been located along a horizontal line with some
scatter caused by the measurement errors. In reality, as it
is described in detail in the papers mentioned, theδ f oF2
are located along some line (since a linear approximation of
δ f oF2 is considered) having a slope which isk(obs).

If the changes inδ f oF2 were determined by the influence
of geomagnetic activity only, then the slopek(obs) would
have been equal to eithera1k(Ap) (if there is a direct rela-
tion betweenAp and f oF2, i.e.f oF2 grows withAp) or
−a1k(Ap) (if there is an inverse relation betweenAp and
f oF2). We will come to thea1 coefficient below.

As an example, Table 2 shows thek(obs) values for
10:00 LT for all 30-year intervals. Since theAp andδf oF2
values have different absolute values, one obtain different by
absolute valuek(Ap) andk(obs). The problem of looking
for thea1 coefficient, which makes it possible to use jointly
k(Ap) and k(obs), will be considered further. Just for the
convenience of comparison of the time behaviour ofk(obs)
and k(Ap), we present in Table 2 the value ofk(Ap)/100
(that means that we arbitrarily tooka1 = 0.01) which, by its
absolute value, has the same order ask(obs).

Table 2 clearly demonstrates that the time behaviour (from
one 30-year interval to another) of thek(obs) andk(Ap) val-
ues differs considerably. Thek(obs) is negative (with a rela-
tively small change in the absolute value) for all the intervals
considered, whereask(Ap) is negative for the first 11 inter-
vals, with the absolute values changing by more than an order
of magnitude from the 1948–1977 interval to the 1953–1982
and 1958–1987 intervals. For the intervals after 1959,k(Ap)

is positive, with the absolute value changing again by an or-
der of magnitude from the 1959–1988 interval to the latest 4
intervals.

The above indicated difference in the behaviour ofk(obs)
andk(Ap) from one 30-year interval to another is observed
to a greater or lesser degree than for the other LT moments.
The existence of such a strong difference does not allow us
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Table 2. Thek values (Sverdlovsk, 10:00 LT)

Time k(Ap) k(Ap)/100 k(obs) k(tr) for variousa1 values
Intervals 0.0010 0.0017 0.0020

1948–77 −0.191 −0.00191 −0.00128 −0.00147 −0.00160 −0.00166
1949–78 −0.175 −0.00175 −0.00120 −0.00138 −0.00150 −0.00156
1950–79 −0.176 −0.00176 −0.00086 −0.00104 −0.00116 −0.00122
1951–80 −0.180 −0.00180 −0.00001 −0.00019 −0.00032 −0.00037
1952–81 −0.118 −0.00118 −0.00054 −0.00066 −0.00074 −0.00078
1953–82 −0.020 −0.00020 −0.00075 −0.00067 −0.00078 −0.00079
1954–83 0.013 0.00013 −0.00083 −0.00082 −0.00081 −0.00081
1955–84 0.014 0.00014 −0.00134 −0.00133 −0.00132 −0.00132
1956–85 −0.018 −0.00018 −0.00139 −0.00141 −0.00142 −0.00143
1957–86 −0.013 −0.00013 −0.00145 −0.00146 −0.00147 −0.00147
1958–87 −0.020 −0.00020 −0.00130 −0.00132 −0.00133 −0.00134
1959–88 0.019 0.00019 −0.00120 −0.00118 −0.00117 −0.00116
1960–89 0.101 0.00101 −0.00151 −0.00141 −0.00134 −0.00131
1961–90 0.179 0.00179 −0.00173 −0.00155 −0.00143 −0.00137
1962–91 0.243 0.00243 −0.00159 −0.00135 −0.00118 −0.00111
1963–92 0.244 0.00244 −0.00143 −0.00119 −0.00102 −0.00095
1964–93 0.235 0.00235 −0.00147 −0.00123 −0.00107 −0.00099
1965–94 0.228 0.00228 −0.00139 −0.00116 −0.00100 −0.00093

r
[
k(tr), k(Ap)

]
−0.343 −0.038 0.107

k(tr, ave1) −0.00116 −0.00115 −0.00114
σ 0.00035 0.00034 0.00033

to consider the observed variations inδ f oF2 with time (i.e.
k(obs)) as a result of the variations inAp only and it encour-
ages us to assume that there is some other component that
contributes tok(obs) and is independent ofAp. This com-
ponent is the very trend independent ofAp, we are searching
for in this paper.

Now we consider the relation betweenk(Ap), k(obs) and
the nongeomagnetic trendk(tr) that we are looking for. If, as
we have assumed in the beginning, there are no other factors
influencing the long-term variations inf oF2 (the solar activ-
ity impact we have taken into account determiningδ f oF2),
the change inδ f oF2, k(obs), observed within each 30-year
interval should be determined only byk(Ap) andk(tr). The
formulae relating these three parameters would be different
in the cases when an increase inAp leads to a decrease or
increase inf oF2, i.e. when the correlation coefficientr be-
tweenAp andδf oF2 is negative or positive, respectively. For
the majority of the LT moments,r(δ f oF2,Ap) < 0. This
fact is a principal argument in favor of the negative phases
of ionospheric storms as a primary mechanism of the real-
ization of theAp change influence on thef oF2 trends (see
above).r(Ap, δ f oF2) has a small positive value only during
a short LT interval around 16:00–18:00 LT.

Figure 2 illustrates the situation whenr(Ap, δ f oF2)< 0.
For both theAp points andδ f oF2 points, a linear approxi-
mation is used. It is obvious that, if there was no other influ-
ence onk(obs) except that of magnetic activity, thena1k(Ap)

andk(obs) should coincide. We remind ourselves thata1 is a

scaling coefficient (the same for all the 30-year intervals for
the given LT) which makes possible a comparison of both
slopes in codimensional units. If there exists a trend inde-
pendent ofAp (in Fig. 2, it is shown as negative), then the
line k(obs) would go below the−a1k(Ap) line by thek(tr)

value.
Thus, the formula relating all three values is simple:

k(obs) = −a1k(Ap) + k(tr), (1)

or:

k(tr) = k(obs) + a1k(Ap) . (2)

Evidently, formulae (1) and (2) stay correct under any signs
of the initial valuesk(Ap) andk(obs). It is only required that
the conditionr(Ap, δ f oF2) < 0 be fulfilled.

Whenr(Ap, ëf oF2) > 0 (i.e. under positive relation be-
tweenAp andf oF2), the terma1k(Ap) in Eq. (1) changes
sign (for the case of simplicity, we take thea1 coefficient to
be positive always). In this case,

k(obs) = a1k(Ap) + k(tr) (3)

and

k(tr) = k(obs) − a1k(Ap) . (4)

Formulae (2) and (4) give us the first method to findk(tr)

from the observed values ofk(obs) for the given 30-year in-
terval and the known values ofk(Ap), if we know the value
of a1.
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Fig. 2. The relation between the slope of various lines at the nega-
tive relation betweenδ f oF2 andAp.

The value ofa1 is determined by two factors: scaling
and physical. The scaling factor is due to different scales
of the initial values ofAp andδ f oF2. The physical factor
depends on how a change inAp, say, by a factor of two,
changes (depletes ifr(Ap, δ f oF2) < 0 and enhances if
r(Ap, δ f oF2) > 0) δ f oF2. Evidently, the resulting change
should not be obligatory by a factor of two, but may be by a
factor of 1.5, by 30%, by 10% etc. For our consideration here
it is important only that such a relation (negative or positive)
betweenAp andδ f oF2 does exist.

Therefore, one cannot find thea1 coefficient indepen-
dently based only on physical considerations. We have found
the only way to determinea1 which is the following. For ev-
ery LT moment we have split (as it has been described above)
the entire observational period (1948–1994) into eighteen
30-year intervals. For each of these intervals we calculate
step-by-step thek(tr) values using formulae (2) or (4) and
various values ofa1 (however, the same for all the 30-year
intervals) and choose the value ofa1 that provides the lowest
correlation betweenk(tr) for each 30-year interval and the
correspondingk(Ap). The value ofk(tr) obtained for this
value ofa1 is the very trend we are looking for. We remind
ourselves that we are looking for a nongeomagnetic trend, i.e.
the trend which is not related to the changes inAp. One can
see in Table 2 that the value ofk(Ap) changes dramatically
from the early intervals to the later and even changes sign.
If, nevertheless, the correlation coefficientr[k(tr), k(Ap)]

taken over all 18 lines of Table 2 is small (close to zero),
then we may believe that we have found the value ofk(tr)

that does not depend on magnetic activity.
The right-hand part of Table 2 shows an example of var-

ious k(tr) obtained from the initial values ofk(obs) and

k(Ap) (shown in the left-hand part of Table 2) if different
values ofa1 (three columns) are used. At the bottom of each
column, the correlation coefficientr[k(tr), k(Ap)], the value
of k(tr, ave1) averaged over all 18 lines of the column and the
corresponding standard deviationσ of the k(tr, ave1) value
obtained are shown. It is worth noting that, since in this paper
we use various levels of averaging, we use the designations
k(tr, ave1), k(tr, ave2) and so on. In the case under consider-
ation,k(tr, ave1) means averaging over all eighteen 30-year
intervals for fixed LT.

Table 2 shows that thek(tr, ave1) values obtained weakly
depend on thea1 value and so possible uncertainty in the
a1 determination would not influence significantly the final
conclusion on the nongeomagnetic trend value. This state-
ment is true for other LT moments as well. The close to zero
value of the correlation coefficientr[k(tr), k(Ap)] is reached
in Table 2 ata1 = 0.0017. The corresponding values of
k(tr, ave1) andσ are - 0.00115 and 0.00038, respectively. It
is important that with thisa1 value we also obtain a close to
zero correlation coefficient ofk(tr) with time (with the year
of the middle of each interval C). For example, for the col-
umn a1 = 0.0017, ther[k(tr), C] correlation coefficient is
−0.05. For other LT moments this coefficient is also small,
so the trend found from the conditionr[k(tr), k(Ap)] = 0
has no significant changes with time within the period under
consideration (1948–1994).

Thus, the method considered (we will call it Method I)
makes it possible to obtain for the 30-year intervals consid-
ered the values ofk(tr) that correlate neither with theAp

trend for the given interval, nor with time (the year of the
interval middle). Obviously, it is the very nongeomagnetic
trend that we are looking for in this paper.

3 Method II

To check our system on the whole and Method I in particular,
we now consider a different method ofk(tr) determination
for the same eighteen 30-year intervals. The method is as
follows. We are able to add to the observed values ofδ f oF2
within the given 30-year interval some trend1k such that the
correlation coefficient betweenδ f oF2 andAp within the in-
terval was maximum by the magnitude, i.e. that we turn the
line k(obs) by some angle1k, achieving the maximum cor-
relation coefficient between the values of(δ f oF2+1k) and
Ap. We have already noted above that the correlation coef-
ficient would be maximum when the resulting line coincides
with a2k(Ap), if there is a positive relation betweenf oF2
andAp, and with−a2k(Ap), if the relation is negative. Fig-
ure 3 illustrates the latter case. Therefore:

k(obs) + 1k = −a2k(Ap). (5)

If the relation off oF2 to Ap is positive, a similar formula
would be:

k(obs) + 1k = a2k(Ap). (6)
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Fig. 3. Determination of the1k value at the negative relation be-
tweenδ f oF2 andAp.

It is worth noting that, in spite of the visual similarity of
Methods I and II and formulae (3), (4), (5), and (6), the val-
ues ofa1 and a2 are significantly different. Thea2 value
is merely a coefficient equalizing the scales in whichk for
δ f oF2 andAp is counted, whereas thea1 value includes this
coefficient and (it has been noted above) the coefficient indi-
cating how the value ofδ f oF2 changes for the given change
in Ap. The latter coefficient, due to obvious reasons, is less
than unity, soa1 should be less thana2. Below we will show
examples supporting this statement and show how the val-
ues ofa1 anda2 obtained by the two methods agree between
themselves.

Figure 4 shows examples of variations ofr[(δ f oF2 +
1k), Ap] versus1k in the vicinity of the maximum ofr.
One can see thatr changes smoothly, the maximum is well
pronounced, and thus, the value of1k in each case may be
determined fairly reliably.

Combining Eq. (3) with Eq. (5) and Eq. (4) with Eq. (6),
we obtain:

−k(tr) = 1k + (a2 − a1)k(Ap) (7)

for r(Ap, δ f oF2)< 0 and

−k(tr) = 1k − (a2 − a1)k(Ap) (8)

for r(Ap, δ f oF2)> 0. Formulae (7) and (8) are the basis of
Method II.

In the same way as in Method I, there is only one possibil-
ity in Method II to find the value of(a2 −a1). It is to find the
value ofa2−a1 (the same for all the 30-year intervals for the
given LT) which provides the minimum correlation between
thek(tr) obtained andAp changes from one 30-year interval
to another, i.e.r[k(tr), k(Ap)] = 0.

Fig. 4. Variations of ther[k(tr), k(Ap)] value as a function of1k

in the vicinity of ther[k(tr), k(Ap)] maximum.

Table 3. The correlation coefficientr[(k(obs) + 1k), k(Ap)] for
various LT moments

LT 00 02 04 06 08 10 22
r −0.954 −0.996 −0.997 −0.997 −0.994 −0.974 −0.980

Table 4. Values ofk(tr) andσ for various LT moments

LT Method I Method II Average
k(tr, ave1) σ k(tr, ave1) σ k(tr, ave2)

00 −0.00132 0.00047 −0.00173 0.00117 −0.00152
02 −0.00099 0.00045 −0.00115 0.00065 −0.00107
04 −0.00123 0.00042 −0.00141 0.00059 −0.00132
06 −0.00130 0.00048 −0.00116 0.00048 −0.00123
08 −0.00168 0.00042 −0.00177 0.00049 −0.00173
10 −0.00115 0.00034 −0.00152 0.00062 −0.00133
22 −0.00121 0.00051 −0.00155 0.00092 −0.00138

Calculatingk(tr) by Method II we have an additional
method of control. In this method we add to the observed
δ f oF2 values the corresponding values1k, achieving the
maximum correlation between the (δ f oF2+1k) values ob-
tained andAp. We expect that the slopek(obs) + 1k ob-
tained coincides with−a2k(Ap), if the correlation between
δf oF2 andAp is negative, and witha2k(Ap), if it is positive.
If this is true, the correlation coefficient between the values
k(obs) + 1k and a2k(Ap) should be high. Actually, one
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Table 5. The values of the correlation coefficientr(δf oF2,Ap) for various LT moments (r(1) 1948–1994;r(2) 1953–1988)

LT 22 00 02 04 06 08 10 12 14 16 18 20
r(1) −0.22 −0.33 −0.39 −0.41 −0.34 −0.42 −0.35 −0.13 −0.08 0.10 0.05 −0.03
r(2) −0.19 −0.35 −0.37 −0.42 −0.53 −0.55 −0.40 −0.08 −0.04 0.13 0.05 −0.03

Table 6. The correlation coefficientr(δf oF2,Ap) for four LT moments for seven 30-year intervals with low values of thek(Ap) magnitude

int 1953–82 1954–83 1955–84 1956–85 1957–86 1958–87 1959–88

02LT −0.340 −0.345 −0.344 −0.327 −0.349 −0.419 −0.449
08LT −0.493 −0.518 −0.570 −0.531 −0.526 −0.581 −0.629
20LT −0.009 0.009 −0.025 0.008 0.001 −0.086 −0.113
14LT −0.006 0.022 −0.052 −0.017 −0.019 −0.079 −0.112

can see in Table 3 that the value ofr[(k(obs) + 1k), k(Ap)]

for all LT moments for which Method II was used exceeds
0.95 and in many cases is almost equal to unity. This con-
firms the fact, that in reaching the maximum absolute value
of the r[(δ f oF2+1k), Ap] correlation coefficient, we actu-
ally “turn” the observed linek(obs) to the slope almost coin-
ciding witha2k(Ap).

4 Comparison of two methods

The values ofk(tr, ave1) obtained for various LT moments
by the two methods are shown in Table 4. The standard de-
viationsσ are also shown. The last column of Table 4 shows
the values ofk(tr, ave2) averaged for the given LT over two
methods. Table 4 shows that all values ofk(tr) obtained by
the two methods are negative and their magnitude exceeds
0.001. Theσ value do not exceed one-half ofk(tr) and in the
majority of cases, it is about one-third of this value. The av-
eraged valuesk(tr, ave2) obtained for various LT moments of
the period considered do not differ significantly from one an-
other and lie within the interval from−0.00116 to−0.00173,
indicating no pronounced dependence on LT.

One can see from Table 4 that both methods in question
have not been applied to all moments of the day, but only
to the interval 22:00–10:00 LT. It is due to the following.
Method I and Method II are based on withdrawing the ef-
fect of long-term variations related to geomagnetic activity.
To perform such withdrawing reliably, one needs the rela-
tion of the initial values ofδ f oF2 andAp to be well pro-
nounced, i.e. the correlation coefficientr(δ f oF2,Ap) should
be stable by its sign and high enough by the magnitude.
Danilov and Mikhailov (1999, 2001) showed that the value
of r(δ f oF2,Ap) depends on local time and is maximum in
the nighttime and morning hours and minimum in the day-
time and afternoon hours. This behaviour ofr(δ f oF2,Ap)

is caused evidently by the features of the manifestation of the

ionospheric storm negative phases at middle latitudes (for
more details, see Danilov and Mikhailov, 2001; Mikhailov
and Marin, 2000).

Table 5 shows the values ofr(δ f oF2,Ap) taken for the en-
tire period considered (1948–1994) and for the period 1953–
1988 when there is almost no systematic behaviour ofAp

over the years (see above) and the value ofr(δ f oF2,Ap)

manifests pure correlation between the deviations off oF2
andAp from their mean values. Although Table 5 shows that
there are no principal differences in these two coefficients,
the r values for 1953–1988 seem to be more representative
for this study.

Comparing Tables 4 and 5, one can see that the methods
of seekingk(tr) discussed in this paper were successfully ap-
plied to the interval 22:00–10:00 LT, during which the value
r(δ f oF2,Ap) at least does not decrease below 0.2 by mag-
nitude and mainly exceeds 0.3–0.5. In the interval 12:00–
20:00 LT, the values ofr(δ f oF2,Ap) are mainly less than
0.1 by magnitude, change sign from one LT moment to an-
other, and are insignificant. The methods developed in this
paper cannot be applied to this LT interval.

We will not go into details of the above fact and merely
mention that at such low correlation coefficients, it is diffi-
cult to separate the components ofδ f oF2 caused by the ge-
omagnetic activity influence and nongeomagnetic trend. In
this case, the values ofr(δ f oF2,Ap) for particular 30-year
intervals we use in both methods are not only small by mag-
nitude, but change their signs, thus making it impossible to
determine thea1 anda2 values.

To illustrate the difference in behaviour ofr(δ f oF2,Ap)

we show in Table 6 variations of this coefficient for two
moments from the 22:00–10:00 LT period and two moments
from the 12:00–20;00 LT period. Thus, both methods pro-
posed have limitations and can be applied only in the LT pe-
riod when there is a stable correlation betweenδ f oF2 and
Ap, andr(δ f oF2,Ap) does not change sign from one 30-
year interval to another.
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Table 7. Coefficientsa1 anda2 calculated for various LT moments

LT a2 a1 (a2 − a1) (a2 − a1)F

00 0.0302 0.0003 0.0299 0.0251
02 0.0266 < 0.00001 0.0266 0.0266
04 0.0218 0.0012 0.0206 0.0222
06 0.0169 0.0005 0.0164 0.0165
08 0.0157 0.0040 0.0117 0.0115
10 0.0187 0.0017 0.0170 0.0160
22 0.0323 0.0002 0.0321 0.0320

Let us now come back to thea1 anda2 coefficients ob-
tained by various methods. We determinea1 in Method I.
In Method II, we obtain the residual(a2 − a1) (see above
formulae (7) and (8)). Moreover, taking the ratio[k(obs) +

1k]/k(Ap) we are able (as it has been mentioned above, see
also Table 3) to finda2. If now we compare independently
determined valuesa1, a2 and(a2 − a1), we would be able to
estimate the internal agreement of the entire scheme consid-
ered in this paper.

The values of these coefficients are shown in Table 7. Here
thea1 values are obtained in Method I by formula (2);a2 val-
ues are determined from the[k(obs)+1k]/k(Ap) ratio, and
the value of(a2 − a1) in the fourth column is merely the
residual of the two previous columns. The value of(a2 − a1)

is determined in Method II by formula (7). By comparing
the two right-hand columns in Table 7, one can see that the
values of the coefficientsa1, a2, and(a2 − a1), determined
completely independently, agree fairly well. It should be
noted that thea2 coefficient, which (as we have noted above)
is determined only by the ratio of scales ofδ f oF2 andAp,
changes with LT relatively weakly (less than by a factor of 2).
At the same time, thea1 coefficient is (as we have predicted
above) much smaller thana2 and changes much stronger; the
changes evidently manifesting a different efficiency of the
impact ofAp changes on variations ofδ f oF2 at different LT
moments. It is worth emphasizing that the highest values of
a1 are obtained for 06:00–10:00 LT when one should expect
the strongest manifestation of negative phases of ionospheric
storms at the Sverdlovsk latitude.

5 Discussion

Thus, by using the two methods proposed above, we deter-
mined the values of the systematic trend off oF2 for 1948–
1994. The principal feature of this trend is that it does not
depend on the character of time changes in geomagnetic ac-
tivity k(Ap). For example, one can see from Table 2 that
for three intervals that differ by theAp behaviour:Ap de-
creases (1959–1979,k(Ap) = −0.176), Ap almost does
not change (1959–1988,k(Ap) = 0.019), andAp increases
(1962–1991,k(Ap) = 0.243), one obtains approximately the
same trend (k(tr) ∼ 0.00117). That is what makes it possi-

ble to consider the trend derived as the nongeomagnetic trend
to search for, which this paper is aimed to.

Reasonable agreement between thek(tr, ave2) obtained
for each LT by both methods proposed may be considered as
a confirmation of the correctness and internal agreement of
the entire scheme considered and the accepted description of
the relation between the observed valuesk(obs), the charac-
ter of theAp time variationsk(Ap), and the nongeomagnetic
trendk(tr) that we were looking for. The agreement between
the coefficientsa1,a2, anda2 − a1 determined independently
also presents such a confirmation.

All the above said leads to a conclusion that the nongeo-
magnetic trend derived for the 22:00–10:00 LT period is (if
we average the values ofk(tr, ave2) over LT) k(tr, ave3) =

−0.00146. Since the method used (for details, see Danilov
and Mikhailov, 1998, 1999) gives a relative trend (i.e. the
relative change in the parameter analyzed per year), in order
to obtain the absolute trend, one should multiply the relative
trend value by the annual mean value of the parameter. In our
case, it isf oF2 and we may accept for an approximate eval-
uationf oF2 (annual mean) = 10 MHz. In this case, the value
k(tr, ave3) = −0.0015 per year corresponds to the absolute
trend of about−0.015 MHz per year.

The question as to whether there is a diurnal variation of
the nongeomagnetic trend is not yet finally solved. Within
the LT interval, when the methods proposed are applicable,
no systematic dependence ofk(tr, ave2) on LT is seen. This
made it possible to average thek(tr, ave2) values to obtain
k(tr, ave3) = −0.0015, which may be considered as a daily
mean value of the nongeomagnetic trend at the Sverdlovsk
station. The presence of a considerable LT interval in which
the proposed methods cannot be applied leaves the question
of the nongeomagnetic trend diurnal variations open. How-
ever, with the data from the Irkutsk station briefly considered
below, one may think that (contrary to geomagnetic trends)
there is no significant diurnal variation of the nongeomag-
netic trend. This fact may be important for answering the
question: long-term trends of which atmospheric parame-
ters (pressure, temperature, composition, dynamics) cause
the f oF2 trends derived in this paper? It is obvious only
that such a parameter should be the one that influencesf oF2
at night (and probably is weak in the daytime). In detail, the
problem of the possible nature of the nongeomagnetic trend
should be considered after application of the proposed meth-
ods to the data of many ionospheric stations of the global
network, which is the subject of another study.

It is worth drawing attention to one fact which is not re-
lated directly to the search of nongeomagnetic trends, but
rather helps to understand better how the correlation of
δ f oF2 with geomagnetic activity is realized. One might
have thought that the major input to this correlation is pro-
vided by a similarity of the slopes of theδ f oF2 andAp re-
gression lines for the time interval considered. However, it is
not the case.

Table 6 shows that for the 02:00 and 08:00 LT moments,
even in the 30-year intervals within which the general ten-
dency ofAp variation is small (k(Ap) by magnitude is be-
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Fig. 5. Variations ofAp (top panel) andδ f oF2 for three stations for
the 1958–1987 period. (the values ofk(obs) for Irkutsk, Leningrad,
and Salekhard are -0.0011, -0.0014, and -0.0013 per year, respec-
tively)

low 0.02), a high (with the correlation coefficient in some
moments reaching 0.7) correlation between the deviations of
δ f oF2 from the regression lines andAp is observed.

Evidently (taking into account the absence of a significant
k(Ap) slope within the 7 intervals in question), the high cor-
relation coefficient is provided by high correlation of the de-
viations ofδ f oF2 from the regression model withAp, or, to
be exact, with the deviations of theAp value for each year
from the regression line (of the type shown in Fig. 1) for
each 30-year interval. Figure 1 shows that these deviations
are large enough independent of whether there is or there is
not a systematicAp change (increase or fall) within the given
interval.

The fact described above shows that the correlation of the
deviations of the annual mean values off oF2 andAp from
corresponding regression lines plays a much larger role in
the relation off oF2 trends toAp found in several papers
(Danilov and Mikhailov, 1999, 2001; Mikhailov and Marin,
2000, 2001) than long-term systematic changes inAp (for
example, a systematic increase inAp from 1965 to 1961
mentioned above).

Figure 5 provides a visual example of the situation, when
there is almost no trend in Ap for the 30-year interval cho-
sen (1958–1987) but there exist pronounced and statistically
significant trends in foF2 at various stations. Coming back
to the Introduction, Fig. 5 provides a reason for looking for
nongeomagnetic trends, because one for this particular inter-
val can not obtain the high and statistically significant values
of k(obs), derived for many stations.

Though a detailed analysis of the nongeomagnetic trends
at various stations is a matter of another publication, it is
worth giving an example of the application of the approach
proposed to another station. Since it has been shown above
that Methods I and II agree well and that they confirm the
correctness of the whole system relations betweenk(obs),
k(Ap), andk(tr), which is the basis for the entire consid-
eration, we used only Method I as a more simple and vis-
ible approach. The Irkutsk ionospheric station was chosen
(8= 41◦ N, ϕ = 52◦ N; 1949–1991). The results of the anal-
ysis are shown in Table 8. The Irkutsk station is much more
simple to analyze than the Sverdlovsk one. One can see from
Table 8 that there are two periods of the day when there a sta-
ble positive and negative correlation betweenδ f oF2 andAp

can be seen. As has been shown above, the presence of sta-
ble correlation is a necessary condition for using the methods
developed in this paper.

Thus, the nongeomagnetic trendk(tr) is reliably deter-
mined for 00:00–08:00 LT (r(δ f oF2,Ap) < 0, so Eq. 2 is
used) and 14:00–18:00 LT (r(δ f oF2,Ap) > 0, so Eq. 4 is
used). The intermediate transition periods 10:00–12:00 LT
and 20:00–22:00 LT are characterized by low values of
r(δ f oF2,Ap). What is more important during these LT is
the fact that thea1 coefficient changes sign from one 30-year
interval to another, and so it is impossible to obtaina1 and
k(tr). For the rest of the LT moments, bothk(tr) and a1
are determined quite reliably. The values ofk(tr) obtained
for the two LT periods (with positive and negative correlation
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Table 8. Determination of thef oF2 trend for the Irkutsk station

LT r(δf oF2,Ap) r
[
k(obs), k(Ap)

]
a1 r

[
k(tr), k(Ap)

]
k(tr, ave1) σ

00 −0.13 −0.19 0.0007 0.005 −0.00105 0.00047
02 −0.29 −0.55 0.002 0.012 −0.00125 0.00044
04 −0.41 −0.63 0.002 0.007 −0.00140 0.00036
06 −0.75 −0.53 0.0017 0.011 −0.00181 0.00034
08 −0.29 −0.50 0.002 −0.003 −0.00163 0.00045
10 −0.12 0.03 0.0001
12 0.03 0.35 −0.0012
14 0.13 0.46 −0.0015 0.008 −0.00110 0.00038
16 0.16 0.76 −0.0026 −0.010 −0.00109 0.00034
18 0.22 0.52 −0.0035 0.011 −0.00123 0.00038
20 0.07 0.54
22 0.02 −0.19

r
[
r(δf oF2,Ap), a1

]
= −0.90617 k(tr, ave2) = −0.00132

σ = 0.00028

betweenδ f oF2 andAp) all have negative signs and closed
magnitudes. The averaged value ofk(tr, ave2) over these pe-
riods is−0.00132, withσ = 0.00028. One can see that the
final values of the nongeomagnetic trends for two stations are
close to each other, though there is a difference in geomag-
netic latitudes.

Three features of the data in Table 8 should be noted. First,
the periods of positive and negative correlation ofδ f oF2
with Ap qualitatively agree with the current ideas on the peri-
ods of appearance of negative and positive phases of an iono-
spheric storm. Thus, the results obtained in no way deny the
hypothesis of magnetic activity trend influence on the result-
ing trend off oF2, but rather confirm it, providing at the same
time a proof that there is a nongeomagneic trend, contrary to
the geomagnetic trend showing no pronounced diurnal be-
haviour.

Second, in both cases (r(δ f oF2,Ap) positive and neg-
ative), a close to zero value of the correlation coefficient
r[k(tr), k(Ap)] is reached, demonstrating that the trend de-
rived is really independent ofAp.

Third, there is a very high correlation coefficient between
a1 andδ f oF2,Ap, confirming the suggestion formulated in
the beginning thata1 includes not only the scaling factor as
a2, but the effectiveness of the magnetic activity impact on
f oF2 at each particular LT hour.

6 Conclusions

The attempt to analyze in detail thef oF2 data at the
Sverdlovsk station during 1948–1994 in order to clarify the
question as to whether the trends found earlier (Danilov and
Mikhailov, 1999; Mikhailov and Marin, 2000) are caused
only by the long-term changes in geomagnetic activity, led
to the following results.

Two methods to look forf oF2 trendsk(tr) that demon-
strate no visual relation to the long-termAp-index behaviour,
are developed. Both independent methods for seeking non-
geomagnetic trends proposed in this paper give the results
that agree well between themselves.

The values of the nongeomagnetic trendk(tr, ave2) ob-
tained for the 22:00–10:00 LT period demonstrate no pro-
nounced dependence on the time of the day and make it pos-
sible to obtain an average valuek(tr, ave3) = −0.0015 per
year (or−0.015 MHz per year if we take the annual mean
valuef oF2 roughly equal to 10 MHz).

The methods developed here cannot be applied for the
12:00–20:00 LT interval when the correlation coefficient be-
tweenf oF2 andAp is small and it changes sign from one
30-year interval to another. Therefore, there is still no final
answer to the question as to whether there is or there is not a
diurnal variation of the nongeomagnetic trend.

An example of application of Method I to the data of an-
other station (Irkutsk) confirms all of the conclusions consid-
ered in detail for Sverdlovsk and gives the meanf oF2 trend
−0.00132, which is close to the result for Sverdlovsk.
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