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Abstract. We put forward a method of separating 
the geomagnetic activity contribution to the F2-layer 
critical frequency median, foF2med, at middle latitudes. It 
is based on the analysis of δfoF2, which is the ratio 
foF2med/foF2q in percent, where foF2q is the F2-layer crit-
ical frequency for quiet conditions. The quantities foF2q 
and δfoF2 depend on solar and geomagnetic activity 
respectively. These dependences are taken into account 
using indices F12 (annual average solar radio emission 
flux at 10.7 cm) and Apm (monthly average Ap index), 
thus facilitating the use of this method for forecasting 
foF2med. With this method, from Slough station (51.5° N, 
0.6° W) data for midday and midnight for 1954 to 1995 
we have found that at midnight the δfoF2 dependence on 

Apm is significant at the 95 % confidence level for equi-
noxes and summer. For midday, this dependence is less 
pronounced and is significant only from April to July. 
At equinoxes and summer, an Apm increase causes a 
δfoF2 decrease. For midnight, this feature is more pro-
nounced than for midday. This regularity is also valid 
for annual average Apm and δfoF2. 

 
Keywords: midlatitude ionosphere, F2 layer, critical 

frequency, median, geomagnetic activity, regularity. 
 
 
 

 
 

INTRODUCTION 
The average monthly median of the F2-layer critical 

frequency foF2med is considered to be an optimal charac-
teristic of the F2-layer critical frequency for long-term 
ionospheric forecasting [Zolesi, Cander, 2014]. For ex-
ample, the basic version of the international reference 
ionosphere IRI gives exactly foF2med [Bilitza et al., 
2014]. The dependence of foF2med on solar activity is 
taken into account in all known ionospheric models, 
including IRI, through solar activity indices or effective 
ionospheric indices. An effective ionospheric index is 
determined from experimental values of foF2med so as to 
minimize the error of foF2med by replacing the normal 
solar activity index with the ionospheric index [Liu et 
al., 1983; Caruana, 1990; Mikhailov, Mikhailov, 1995]. 
This replacement often allows us to improve the accura-
cy of the foF2med prediction for a particular station [Liu 
et al., 1983; Caruana, 1990; Mikhailov, Mikhailov, 
1995]. This advantage of the effective ionospheric index 
is explained by the fact that foF2med variations with solar 
activity cycle depend not only on the level of this activi-
ty, but also on a number of other factors, including ge-
omagnetic activity, which are implicitly taken into ac-
count in the ionospheric index.  

The explicit dependence of foF2med on geomagnetic 
activity has been analyzed only in several works and 
was based on the search for the dependence of foF2med 
on monthly average Ap index Apm [Sole, 1998] or annu-
al average Ap index Ap12 [Xu et al., 2008 ]. Moreover, 
the dependence on geomagnetic activity was considered 

in the analysis of long-term variations in foF2med 
[Bremer, 1998; Laštovička et al., 2006; Mielich, 
Bremer, 2013]. The said works assumed linear or non-
linear dependences of foF2med on solar and geomagnetic 
activity indices. 

However, there may be another approach to esti-
mating the contribution of geomagnetic activity to 
foF2med. It is based on the analysis of the dependence 
of foF2med/foF2q on geomagnetic activity, where foF2q is 
the F2-layer critical frequency for quiet conditions, 
which is dependent on solar activity and independent 
of geomagnetic activity. This allows us to suppose that 
the ratio foF2med/foF2q depends only on geomagnetic 
activity for fixed month and universal time. A similar 
approach was used to analyze effects of geomagnetic 
storms in relative changes of the F2-layer critical fre-
quency or maximum concentration of this layer 
[Pietrella, Perrone, 2008; Pietrella, 2012; Deminov et 
al., 2015]. 

The main purpose of our work is to assess, for the 
first time, the feasibility of using this approach to iden-
tify the contribution of geomagnetic activity to foF2med. 
We try to maintain the prognostic orientation of foF2 
med by accounting for the solar and geomagnetic activi-
ty indices, for which a long-term forecast is possible. 
Below are the results obtained by analyzing data from 
the ionospheric station Slough (51.5° N, 0.6° W) for 
local noon and midnight for 1954–1995. We present 
the method of separating the geomagnetic activity con-
tribution to foF2med, the results of the analysis of this 
contribution, discussion and main conclusions. 

https://e.mail.ru/compose/?mailto=mailto%3ademinov@izmiran.ru
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METHOD 
At the first stage, it is necessary to construct an em-

pirical model of the F2-layer critical frequency for quiet 
conditions – the foF2q model. This model is represented as  

foF2q=c0+c1F12+c2F2
12  (1) 

with a set of coefficients cj (j=0, 1, 2) for each hour of 
UT with an hourly discreteness and for every month of 
the year (M=1 is January, M=12 is December), where 
F12 is the annual average (centered on a given month) 
solar radio emission flux at a wavelength of 10.7 cm.  

The coefficients cj of equation (1) for each fixed value 
of UT and M are determined from the dataset on foF2 (in 
our case, these are the hourly foF2 values obtained at 
Slough station in 1954–1995), from which the data that do 
not satisfy the condition  

ap(τ)<7 (2) 
are excluded, where ap(τ) is the weighted average of the 
geomagnetic activity ap index with a characteristic time 
T=14 hr or τ=exp(–3/T)≈0.8 [Wrenn, 1987]: 

ap(τ)=(1–τ)(ap0+ap–1τ+ap–2τ2+…),  (3) 
ap0, ap–1, etc. are the values of the ap index in a given, 
previous, etc. three-hour intervals. The ap indices are de-
termined with an interval of 3 hr, and τ=exp (–3/T) shows 
how much the contribution of the previous ap index value 
to ap(τ) decreases as compared to the given value in this 
three-hour interval. It is thus considered that the midlati-
tude ionosphere reacts to the change in geomagnetic activi-
ty as a low transmission filter, smoothing out the response 
of ionospheric parameters with a characteristic time T; and 
the response at every instant depends on the prehistory of 
geomagnetic activity variations. 

Along with the solar activity index F12, the index R12 – 
the relative number of sunspots averaged over 12 
months (centered on a given month) – is used in prob-
lems of long-term ionospheric forecasting [Zolesi, Can-
der, 2014]. The index F12 is more accurate than R12 for 
constructing the foF2 median [Deminov, 2016]. Note 
that to construct the empirical model of foF2q, more ac-
curate solar activity indices have also been used, includ-
ing daily values of the solar radio emission flux at 10.7 
cm [Deminov et al., 2009]. In this case, F12 is chosen 
because empirical model (1) can be used for the long-
term forecast of foF2q based on the F12 forecast. 

The index ap (τ) and its analogs were employed as 
indicators of the contribution of geomagnetic activity to 
thermospheric parameters [Picone et al., 2002] and foF2 
[Wrenn, Rodger, 1989; Shubin, Anakuliev 1995; Fuller-
Rowell et al., 2000; Kutiev, Muhtarov, 2001, 2003; 
Pietrella, Perrone, 2008; Pietrella, 2012; Deminov, 
Deminova, 2015; Deminov et al., 2015] during geo-
magnetic storms but not during substorms [Deminov et 
al., 2013]. In the above works, τ values vary from 0.7 to 
0.9, and τ≈0.8 we take corresponds to the average of 
these values. Criterion (2) for the quiet ionosphere is 
similar to that given in [Pietrella, Perrone, 2008; Demi-
nov et al., 2009; Pietrella, 2012]. This criterion seems to 
be the best compromise between the desire to exclude 
all magnetically disturbed periods from consideration 
and to retain a sufficiently large dataset on foF2q to ob-

tain reliable statistical estimates of coefficients in re-
gression equation (1). In this case, the number of foF2q 
values for calculating the coefficients of equation (1) 
varies from 215 to 395 for different months and hours of 
UT. 

Implementation of the first stage of this method 
yields empirical model (1) with known coefficients of 
the model. This allows us to determine foF2q values over 
this station for any universal time and month from the 
known F12 values. At the next stage, we should con-
struct an empirical model of the dependence of relative 
deviations of the F2-layer critical frequency median  

o med
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o q
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f
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  (4) 

on geomagnetic activity in percent. This model has the 
form of equation 

δfoF2=a0+a1Apm  (5) 
with a set of coefficients a0 and a1 for each hour of UT 
and month of year M, where Apm is the monthly average 
Ap index of geomagnetic activity. The coefficients a0 
and a1 in this equation for each fixed value of UT and M 
are determined from the dataset on foF2med from Slough 
for 1954–1995 (with known foF2q and Apm), with data 
that do not satisfy the condition 

Apm<32 (6) 
excluded. 

According to the Apm index array for 1954–1995, con-
dition (6) has been violated in less than 2 % of cases. Fur-
thermore, relatively low geomagnetic activity usually cor-
responds to the foF2 median [Deminov, Deminova, 2015]. 
Therefore, condition (6) yields typical mean dependences 
of δfoF2 on Apm, without strong and rare deviations. 

In addition to model (5), we have constructed a model 
that is described by regression equation 

δfoF212=b0+b1Ap12  (7) 
for each hour of UT and month, where δfoF2 12 and Ap12 
are 12 -month running mean δfoF2 and Apm values for a 
given hour of UT, centered on a given month. 

Below we present the results of the analysis of prop-
erties of equations (5) and (7) as derived from Slough 
data for 1954–1995 for noon and midnight. The long-
term forecast of geomagnetic activity involves some 
problems [Joselyn, 1995]. Only general trends of its 
variations can be identified. One of these trends is the 
existence of semiannual geomagnetic activity variations 
with maxima during equinoxes [Cliver et al., 2002]. 
This trend can be considered through Apm. Another 
trend refers to variations in geomagnetic activity with 
solar cycle. These variations can be considered through 
Ap12 [Echer et al., 2004]. The choice of the Apm and 
Ap12 indices in (5) and (7) is based on such estimates. 

 
RESULTS 

Figure 1 shows annual variations in the average 
(over 1954–1995) geomagnetic activity index Apave for 
each month, the coefficient a1 of equation (5), and the 
correlation coefficient K between the δfoF2 values cal-
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culated from this equation and measured for noon and 
midnight. Below, for brevity, the coefficient K is called 
the correlation coefficient of equation (5). When calcu-
lating Apave, we take into account condition (6), i.e. ex-
clude the Apm data that do not satisfy this condition. The 
coefficients a1 and K were obtained from Slough data 
for 1954–1995 with the above method.  

Figure 1 shows semiannual variations in Apave 
with maxima during equinoxes, predominantly in 
spring. In spring, relatively high values were ob-
served for the longest time. For example, the condi-
tion Apave>15 held for four months in the first half of 
the year (from February to May) and for two months 
in the second half of the year (September and Octo-
ber). 

In winter at noon, the coefficient a1>0, i.e. an in-
crease in the geomagnetic activity index leads to an in-
crease in δfoF2 and hence foF2med because foF2q does not 
depend on geomagnetic activity (see Figure 1 and equa-
tions (4) and (5)). Such a change in δfoF2 is a positive 
disturbance of foF2med, which is associated with an in-
crease in geomagnetic activity. 

All other months at noon and midnight feature a 
negative disturbance of foF2med (coefficient a1<0) with 
a higher value of |a1| at midnight. In winter at mid-
night, a1 can change sign: a1≈0 in November, a1<0 in 
December, and a1>0 in January. 

The annual variations in the correlation coefficient K 
of equation (5) for noon and midnight are in many re-
spects similar to the annual variations in Apave: they are 

 
Figure 1. Annual variations in the average geomagnetic 

activity index Apave, coefficient a1, and correlation coefficient 
K of equation (5) for midnight (00 LT, solid lines) and noon 
(12 LT, dashed lines)  

maximum in April and minimum on average in winter, 
but in summer there is an additional maximum of K, 
which is absent for Apave (see Figure 1). The statistical 
analysis with the Fisher criterion shows that dependence 
(5) is significant for K>0.3 at a confidence level of 95% 
[Ramachandran, Tsokos, 2009]. It can be seen (Figure 
1) that for midnight the dependence of δfoF2 on Apm is 
not significant in winter (November, December, and 
January) and is significant in all other months of the 
year. At noon, the dependence of δfoF2 on Apm is signif-
icant in a narrower interval – from April to July – since 
the average correlation coefficient K for noon is lower 
than that for midnight. Figure 1 indicates that at mid-
night and noon for significant dependences the condi-
tion a1<–0.3 %/nT holds, i.e. only quite distinct negative 
disturbances of foF2med associated with an increase in 
geomagnetic activity are significant. 

Figure 2 graphically portrays the nature of the de-
pendence of δfoF2 on Apm in January, April, and July for 
noon and midnight. Here, σ is the standard deviation of 
the measured δfoF2 values from those calculated from 
equation (5). 

From the data in Figures 1 and 2 it follows that in 
January the Apm values were less than 20 nT at 
Apave=12.6 nT. These values of Apm were too low to 
cause systematic deviations of δfoF2 from the quiet lev-
el; therefore, in January the dependence of δfoF2 on Apm 
is not significant for noon and midnight. In April, Apm 
reached 30 nT at Apave=17.3 nT, thereby providing a 
relatively high average level of geomagnetic activity 
and a wide range of its variations. Therefore, in April, 
the dependence of δfoF2 on Apm is significant for noon 
and midnight. For midnight, this dependence is most 
pronounced, providing the highest value of the coeffi-
cient K=0.64 during the year (see Figure 1). In July, Apm 
could even exceed 30 nT, but the average value was 
relatively low (Apave=13.6 nT); higher Apm values were 
observed less often than in April. Presumably for this 
reason, the dependence of δfoF2 on Apm is significant in 
July but less pronounced than that in April.  

For midnight, the dependence of δfoF2 on Apm is 
significant almost throughout the year. The sole excep-
tion constitutes winter months. We can therefore expect 
that the linear dependence of δfoF212 on Ap12 is also 
significant for midnight (see equation (7)), where δ 
foF212 and Ap12 are 12-month running means of δfoF2 
and Apm, centered on a given month. The explicit form 
of regression equation (7), derived from Slough data for 
midnight for all months in 1954–1995 is 

δfoF212=2.3–0.51Ap12±2.3, K=0.65,  (8) 
where K is the correlation coefficient between δfoF212 
values measured and calculated from this equation. A 
similar regression equation for noon is 

δfoF212=1.5–0.24Ap12±1.7, K=0.49.  (9) 
From the values of the correlation coefficient K it fol-
lows that the dependence of δfoF212 on Ap12 is signifi-
cant for midnight and noon; it is more pronounced for 
midnight than for noon. This also follows from the 
higher absolute value of the coefficient b1 for midnight 
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in these equations: b1=–0.51, whereas for noon b1=–0.24. 
It can also be seen that a negative disturbance (coeffi-
cient b1<0) is typical for δfoF212 at noon and midnight. 
This is due to the fulfillment of the condition a1 <0 in 
(5) for noon and midnight almost throughout the year, 
except probably for winter months (see Figure 1). 

More clearly, the dependence of δfoF212 on Ap12 can 
be seen from the data in Figure 3. It is obvious ( Figure 
3) that the values of δfoF212 lie mainly in the range –10–
0 % at midnight and –5–0% at noon, and regression 
equations (8) and (9) reflect this regularity. Consequent-
ly, at noon and midnight, the typical deviations of 
δfoF212 from the background value, which are associated 
with the Ap12 rise, do not exceed 5 and 10 %. In many 
cases, such slight deviations can be ignored. It makes 
sense to take them into account only when analyzing 
ionospheric effects with relatively low amplitude, in-
cluding long-term variations and earthquake effects. 

So, the results of the analysis of medians of the F2-
layer critical frequencyfofoF2med based on Slough data 
for 1954–1995 for noon and midnight allow us to estab-
lish that the dependence of foF2med on geomagnetic ac-

tivity is sufficiently distinct for δfoF2 – relative devia-
tions of these medians from the quiet level. For equi-
noxes and summer, an increase in the monthly average 
geomagnetic activity index Apm leads to a decrease in 
δfoF2. For midnight, this regularity is more pronounced 
than for noon. This regularity is also valid for the annual 
average Apm and δfoF2. 

 
DISCUSSION 

In the above method of separating the dependence of 
the F2-layer critical frequency monthly median foF2med 
on geomagnetic activity, we use approximate solar and 
geomagnetic activity indices F12, Apm, and Ap12 (see 
equations (1), (5) and (7)), for which a long-term fore-
cast is possible. These indices are likely to be optimal 
for the long-term forecast of foF2med. This conclusion is 
based on the results of comparison of the exact indices 
P and ap(τ) with the approximate indices F12 and Apm, 
where P=F1+F81, F1 is the solar radio flux at 10.7 cm on 
a given day and F81 is the flux value averaged over 81 
days and centered on a given day; ap(τ) is determined 
by equation (3) for τ≈0.8 [Deminov, Deminova, 2015]. 

 
Figure 2. Dependences of the relative values of the F2-layer critical frequency δfoF2 median on Apm for three months at midnight 

(upper panel) and noon (lower panel): as derived from Slough data for 1954–1995 (dots); as calculated from regression equation (5) 
(solid lines)  

 
Figure 3. Running annual mean δ foF212 versus Ap12 at midnight (00 LT) and noon (12 LT): as derived from Slough data for 

1954–1995 (dots); as calculated from regression equations (8) and (9) (solid lines)  
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The foF2 median for a particular month at fixed univer-
sal time corresponds to a certain day of this month (for 
an odd number of measurements of foF2 during this 
month) such that foF2=foF2med, and the exact activity 
indices are determined for this day of the month. The 
analysis of Slough data for 1954–1995 has revealed that 
there is no systematic difference between exact and ap-
proximate solar activity indices, and, for example, for 
noon P≈1.0F12±15 with the correlation coefficient 
K=0.96 [Deminov, Deminova, 2015]. Therefore, F12 is a 
quite adequate indicator of solar activity in the long-
term forecast of foF2med. The results reported in [Demi-
nov, Deminova, 2015] allow us to conclude that there is 
a systematic difference between ap(τ) and Apm and in 
average ap(τ)≈0.8Apm all year round. Hence, there is a 
certain relationship between ap(τ) and Apm, which al-
lows us to use Apm as a geomagnetic activity indicator 
for the long-term forecast of foF2med. 

To separate quiet conditions, we take the inequality 
ap(τ)<7, which coincides with that adopted in [Pietrella, 
Perrone, 2008; Deminov et al., 2009; Pietrella, 2012]. It 
is often considered that ap(τ)<9 corresponds to quiet 
conditions [Fuller-Rowell et al., 2000; Deminov et al., 
2015]. An additional analysis has shown that both these 
conditions give almost identical results for Slough station. 

Deviations of foF2 (in percent) from the quiet level, 
caused by geomagnetic storms, have a number of regu-
larities: at middle latitudes at all hours of the day they 
are more positive in local winter than in local summer; 
for equinoxes and summer, these deviations are largely 
negative, and at midnight they are greater than at noon 
[Buonsanto, 1999]. Negative deviations of foF2 from the 
quiet level during a geomagnetic storm are also called 
the negative phase of an ionospheric storm. This iono-
spheric storm phase is attributed to corresponding varia-
tions in temperature and composition of the thermo-
sphere [Buonsanto, 1999]. Deviations of the foF2 medi-
an from the quiet level obtained from Slough data have 
similar properties: they are negative in all seasons, ex-
cept for winter; and other conditions being equal, such 
negative deviations at midnight are greater than at noon 
(see Figures 1 and 2).  

The difference between ionospheric storm properties 
and deviations of the foF2 median from the quiet level is 
more likely to be quantitative and is due to the fact that 
the condition Ap<32 generally holds for the foF2 median 
as derived from Slough data, whereas the ionospheric 
storm is usually related to disturbances with Ap>48. As 
a result, effects of geomagnetic disturbances for the foF2 
median do not exceed 35 % (see Figure 2), for iono-
spheric storms they can be an order of magnitude 
stronger [Buonsanto, 1999]. Regression equation (5), 
which reflects the linear dependence of δfoF2 on Apm for 
the foF2 median, is derived taking into account the rela-
tively low amplitudes of δfoF2 variations. For iono-
spheric storm effects, these dependences are presented 
in the form [Wrenn, Rodger, 1989; Pietrella, 2012] 

ln(foF2/foF2q)=exp(c0+c1ap(τ)).  
In the linear case, this equation has the form of (5) when 

foF2 is replaced by foF2med and ap(τ) by Apm, thus indi-
rectly showing that the dependences of the foF2 median 
on geomagnetic activity and ionospheric storm effects 
are due to the same reasons. 

The range of Apm variations largely determines 
properties of the dependences of δfoF2 on Apm for the 
foF2 median. In winter months (December, January, 
February), the average values of Apave and the range of 
Apm  variations are minimum. Exact values of the geo-
magnetic activity indices ap(τ) for the foF2 median are 
even smaller, for example, for December Apave=12.1 
and ap(τ)=0.8Apave=9.7. The condition ap(τ)<9 is often 
referred to as quiet geomagnetic conditions [Fuller-
Rowell et al., 2000; Deminov et al., 2015]. The weak 
deviation of geomagnetic activity for the foF2 median in 
winter from quiet conditions seems to be the main rea-
son for the absence of a significant dependence of δfoF2 
on Apm for this season. Nevertheless, even for such low 
geomagnetic activity, the general trend continues to-
ward the occurrence of positive disturbances in the day-
time hours in winter (see Figure 1). 

Other months are characterized by a negative dis-
turbance of the foF2 median when an increase in Apm 
causes a decrease in δfoF2, significant at least at mid-
night. It is most pronounced for equinoctial conditions 
because under these conditions the average values and 
the range of Apm variations are maximum (see Figures 1 
and 2). The negative disturbances of the foF2  median is 
likely caused by a change in temperature and composi-
tion of the thermosphere due to an increase in geomag-
netic activity, as with the negative phase of the iono-
spheric storm. Other conditions being equal, such 
changes in thermospheric parameters in summer and 
equinoxes extend to lower latitudes than those in winter, 
thereby ensuring the predominance of the ionospheric 
storm negative phase during these periods (Prolss, 1977; 
Buonsanto, 1999]. 

The predominance of the negative disturbance of the 
foF2 median all year round, except for winter, leads to 
the fact that a significant negative disturbance, which is 
more pronounced at midnight than at noon, is typical for 
the annual average δfoF2 values. The amplitude of 
δfoF212 in absolute value does not exceed 5–7 % at 
noon and 10–13 % at midnight for the conditions ana-
lyzed based on Slough data (see Figure 3). Such slight 
deviations of δfoF212 from background associated with 
geomagnetic activity Ap12 increase should probably be 
considered only when analyzing effects in the iono-
sphere with relatively low amplitude, including long-
term variations or earthquake effects. 

 
CONCLUSION 

We have proposed a method of separating the con-
tribution of geomagnetic activity to the median of the 
F2-layer critical frequency foF2med. It is based on the 
analysis of this contribution to δfoF2 – the ratio 
foF2med/foF2q in percent, where foF2q is the F2-layer crit-
ical frequency for quiet conditions. Values of foF2q and 
δfoF2 depend on solar and geomagnetic activity respec-
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tively. These dependences can be taken into account 
through the approximate indices F12 (annual average 
solar radio flux at a wavelength of 10.7 cm) and Apm 
(monthly average geomagnetic activity index Ap), 
thereby facilitating the use of this method for forecast-
ing foF2med.  

This method with the use of Slough data for 1954–
1955 for noon and midnight allowed us to establish that 
for midnight the dependence of δfoF2 on Apm is signifi-
cant (at a confidence level of 95 %) in equinoxes and 
summer, and for noon it is less pronounced and signifi-
cant from April to July. In equinoxes and summer at 
noon and midnight, negative disturbances of δfoF2 pre-
dominate, i.e. an increase in Apm causes a decrease in 
δfoF2. The predominance of a negative disturbance of 
the foF2 median for the main part of the year leads to the 
fact that a typical feature of the annual average δfoF212 
is a significant negative disturbance, which at midnight 
is stronger than at noon. The amplitude of δfoF212 in 
absolute value does not exceed 5–7 % at noon and 10–
13 % at midnight for the conditions we analyze. Such 
slight deviations of δfoF212 from background, which are 
associated with increasing geomagnetic activity Ap12, 
should probably be considered only when analyzing 
ionospheric effects with relatively low amplitude, for 
example, long-term changes in the ionosphere or earth-
quake effects. 

The Slough data on foF2 and the solar and geomag-
netic activity indices were taken from Space Physics 
Interactive Data Resource (SPIDR) [http://spidr.ngdc. 
noaa.gov/], the World Data Center for Solar-Terrestrial 
Physics , Chilton [http://www.ukssdc. ac.uk/wdcc1/], 
and World Data Center for Geomagnetism, Kyoto 
[http://wdc.kugi.kyoto-u.ac.jp/]. The work is partially 
supported by the Russian Foundation for Basic Re-
search (Grants No. 17-05-00427 and No. 17-55-45094) 
and Program 1.7 of the Presidium of the Russian Acad-
emy of Sciences. 
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