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ABSTRACT 

Long-term variability of foF2 and fmin observed at the midlatitude Alma-Ata [43.25oN, 76.92oE] are analyzed for the period 

1957-2017.  

The geomagnetic (Ap) indexes, the near-noon, near-midnight, daily averaged foF2, and near-noon fmin variations are found to be 

in strong dependence from the solar activity; all of them show a dominant pattern of variation with a period of 34-

36 years and linear negative trend. The correlation coefficient between the foF2 and F10.7 long-term variations is very high, up 

to 0. 99 that permit us to believe that the solar activity can be considered to be the main driver for the long-term variations in the 

ionospheric F2-region. 

The long-term course of fmin is similar to those found in F10.7, Ap, and foF2, i.e. the periodicity of 34-36 years is also evident in 

the fmin variations. However, in contrast to the F2-layer parameters, the fmin variation clear demonstrates an upward (positive) linear 

trend that is opposite in sign to the trend found in the F10.7. This means relatively high sensitivity of the fmin values to the 

solar activity changes and significant influence of other trend drivers on them, one of which is the possible impact 

of anthropogenic factors on the state of the lower ionosphere. 

Keywords: Midlatitude ionosphere; upper and lower ionosphere; ionosonde data, long-term trends. 

 

Introduction 

In ninetieth, an effect on HF/VHF radio 

propagation due to the “greenhouse cooling” associated 

with lowering of the F2-layer was predicted [1-3]. 

Using the NCAR Thermosphere/Ionosphere General 

Circulation Model the authors predicted that “the 

thermospheric temperature will be lowered by 30-40K 

and the air density at heights of 200-3000 km will be 

reduced by 20-40%, thus increasing the orbital 

lifetimes of satellites. The height of the ionospheric F2-

layer peak will drop on average by about 15 km, with 

some effect on radio propagation, though the F2-layer 

critical frequency will hardly be affected”. A lot of 

investigations have been carried out to test this 

prediction using ionosonde observations at different 

stations. The long-term variations in the ionosphere 

parameters have been the subject of a number of 

observational [4-18] and modelling [19-21] studies as 

reviewed in [22-30]. Different values for trend in foF2 

have been obtained in the studies, from -0.00022 [9] to 

-(0.01-0.02) MHz/year [31].The most probable causes 

of such discrepancies are: different length of the data 

series for which the trends are determined, different 

methods used to extract long-term trends from 

observations, different time period selections for the 

foF2 trend analyses (different seasons, different phases 

of cycles in solar activity). For example, to analyze the 

foF2 trends it is necessary to exclude as much as 

possible the dependence of foF2 data on solar (and 

geomagnetic) activity effects, it means a special model 

must be used. Regression dependence between foF2 

and solar and geomagnetic indexes is used as a model. 

Then, relative deviations of the observed foF2 values 

from the model (foF2 = (foF2obs – foF2mod)/foF2mod 

(i.e. [18]) or foF2 = (foF2obs – foF2mod)/foF2obs (i.e. 

[15]) or absolute values (foF2 = foF2obs – foF2mod 

(i.e. Bremer [10, 32]) are analyzed in the trend study. 

The first two regression dependences are practiced to 

combine different months and obtain an annual mean 

https://www.doi.org/10.31618/ESU.2413-9335.2019.4.65.278
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foF2 that is used in the analyses, with the final method 

being based on the 11-year running mean foF2 values. 

In our previous work [33] we investigated the 

long-term variations in the near-noon (10-14 LT) 

critical frequency of the ionospheric F2-layer (foF2) 

measured at the mid-latitude station Alma-Ata 

[43.25oN, 76.92oE] over the period from 1957 to 2012. 

The absolute deviations (foF2) of monthly median 

foF2 values from the model foF2 data smoothed by the 

11-year (132 months) running mean method were used 

in that trend study. The second-order polynomial 

dependence between monthly median foF2 values and 

F10.7 was assumed to calculate the model foF2 values. 

It was also shown that the geomagnetic activity 

(described by Ap index) is strongly linked to the solar 

cycle phase, and in that study, we did not exclude 

variation in foF2 related to geomagnetic activity. As a 

result, it was shown that the critical frequency is 

significantly correlated with the solar activity 

demonstrating the 11-year solar cycle, a 30-32-year 

variation, and a stable tendency for the decrease (a 

negative foF2 trend) correlating with the negative trend 

in variation of solar radio flux F10.7. The magnitude of 

the trend was found to be -0.0038 MHz/year for the 

deviations foF2132 that is in the frame of the trends 

found in the studies mentioned above. A dominant 

influence of the Sun on the ionosphere was proposed as 

the main reason for the found foF2 trend, that assumes 

an existence of cyclic variations of solar activity with a 

period of T>55 years.  

The purpose of this paper is to provide further 

analyses of the F2-layer variations and to study long-

term trends (a long-term linear change) in the near-

noon, near-midnight and daily averaged critical 

frequencies F2-layer critical frequencies foF2 

measured at the Alma-Ata station in more extended 

time period, from 1957 to 2017 including the period of 

very deep minimum of solar activity observed in 2008-

2009. In addition to the F2-layer parameters the 

minimum frequency of reflection (fmin) is also used as 

a climatic characteristic of the upper atmosphere/low 

ionosphere (D region) to do the trend analysis in the 

ionospheric absorption.  

Data and methods used 

For the present trend analysis, monthly median 

foF2 and fmin values routinely measured at Alma-Ata 

station [43.250N, 76.920E] have been used. The 

arithmetic means of the foF2 values at the near-noon 

(10-14LT), near-midnight (23-01LT) hours, and daily 

means foF2 are calculated for the analyses; the fmin 

values are taken only for near-noon hours: foF210-14, 

foF223-01, foF2d.av., and fmin11-13 correspondingly. The 

monthly mean solar flux F10.7 and geomagnetic index 

Ap are also used as the indices for solar and 

geomagnetic activity (available at 

http://www.swpc.noaa.gov/) to illustrate their long-

term varioations. The ionospheric data cover about six 

solar cycles (during 1957-2017); solar data are 

available from 1947, geomagnetic data – from 1932. 

As an example, median mean values of foF210-14, 

foF223-01, and foF2d.av. together with the corresponding 

data of solar and geomagnetic activity are shown in 

Figure 1a-e. The dots represent observed data, and the 

thick lines show the fitting of the observed data with 

27-day running mean values illustrating the dominant 

11-year cyclic pattern. It should be also noted that the 

statistical processing of the foF2 data series requires 

their continuity that is not always possible. Since the 

observational time period is so long (60 years), there 

are some observational gaps in the ionospheric data sets 

because of different reasons such those: median 

estimations were subject of significant uncertainties, 

ionosonde repairs, preventive diagnostics, and other 

technical problems. The regression dependences 

between the selected ionospheric parameters and F10.7 

(Figure 1f-h) have been analyzed to define the missing 

data. Thick lines represent the linear regression line for 

these data; dashed lines correspond to the polynomial 

functions of the second degree that best fit the given F2-

layer parameters as function of F10.7 (R2
polinomial  

R2
linear). A higher-order (cubic) regression does not 

provide any significant improvement to the fit: R2 = 

0.81856 (r = 0.91), 0.421752 (r = 0.65), 0.800255 (r = 

0.89) for a second-order regression the critical 

frequencies versus F10.7, R2 = 0.818617, 0.422152, 

0.80028 for a third-order regression, where R2 is the 

coefficients of determination that provides a measure of 

how well the least-square curve fits the observational 

data, r is the correlation coefficient. Assuming the 

second-order polynomial dependence with F10.7, the 

missing foF2 values have been defined from the 

regression equations to fill available gaps in the data 

sets.  

  

http://www.swpc.noaa.gov/
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Figure 1. The long-term variations of the near-noon (b), daily mean (c) and near-midnight (d) monthly median 

foF2 values in Alma-Ata [43.250N, 76.920E] in 1958-2017 together with the corresponding variation of solar 

flux F10.7 (a) and Ap index (e); solid dots - measured data, thick lines show the fitting of the data with 27-day 

running mean values, dashed lines – linear fits. Monthly median near-noon (f), daily mean (g) near-midnight (h) 

and foF2 values versus monthly mean F10.7; thick lines represent the linear regression line for these data, 

dashed lines correspond to the polynomial functions of the second degree. 

 

Data related to the D region are much more limited 

than those related to the F region. This is due to the fact 

that reflections from layer D in vertical incidence are 

rarely obtained due to the large absorption caused by 

the high frequency of collisions of ions with the neutral 

neutrals of air at given heights. The absorption effect 

appears on the ionogram as an increase in the minimum 

frequency of reflections fmin [34]. It should be noted, 

the minimum frequency of reflection depends, apart 

from the absorption of radio waves in the ionosphere, 

on sensitivity of the recording system of the ionosonde, 

on levels of natural and industrial noise. Hence, the 

complex dependence of the fmin on the technical 

characteristics of the ionosonde makes it impossible to 

use this ionosphere parameter to measure the absolute 

values of the absorption of radio waves. However, as a 

qualitative characteristic, as an indicator of absorption 

of radio waves, the value of fmin is widely used ([35-

36] and references therein).  
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Trends in the F and D regions. Results and 

Discussion. 

In this Section, we present some results of the 

trend study for ionospheric parameters derived from 

ionosonde measurements for the two ionospheric 

regions, for the F and D layers.  

Trends in the F region. As stated above, in the 

study presented here monthly median values of the 

following ionosonde parameters of the F-region are 

used: the F2-layer near-noon (10-14LT), near-midnight 

(23-01LT), and daily means critical frequencies values 

foF2. The foF210-14, foF223-01, and foF2d.av. values of the 

station Alma-Ata have been presented in Figure 1a-e 

together with solar flux F10.7 and Ap index. Two 

things are evident in the figure, firstly the variations of 

all parameters are strictly modulated by cyclic  11-

year variations of solar activity and secondly the foF2 

data are much scattered relative to the smoothed lines 

that can be attributed to various sources other than solar 

activity, including planetary waves and seasonal 

variations. As an example, the great part of seasonal 

variations is evident in Figure 1e where large deviations 

of the foF223-01 values from the smoothed line is caused 

by the fact that summer nighttime foF2 values are much 

higher than winter ones. Since this intraseasonal 

variability has to be taken into consideration in the 

trend analysis, annual running averages of the 

parameters considered were calculated. Figure 2a-e 

demonstrates temporal variations of the calculated 

annual averages (denoted by symbol *) of the F10.7*, 

Ap* indexes, and the F2-layer parameters (foF2*
10-14, 

foF2*
23-01, and foF2*

d.av.) for the whole period of 

observations; variations of the annual averages of 

foF2*
10-14, foF2*

23-01, and foF2*
d.av with F10.7* are 

presented in Figure 2f-h. The main feature of the 

variations is their similarity (Figure 2a-e) and close 

connection between the ionospheric parameters and 

solar activity (Figure 2f-h). The coefficients of 

determination R2 (the coefficients R2 and derived 

regression equations are shown in the figure fields) are 

found to be very high, from 0.97 to 0.99, it means that 

from 97% to 99% of the annual foF2 variations can be 

explained by their relationship with the 11-year cycle 

of solar activity.  

As we did in our previous work [33], the 11-year 

(132 months) running mean values of the annual 

averages of the ionospheric parameters (foF2*
10-

14(132), foF2*
23-01(132), and foF2*

d.av(132).) were 

calculated over the entire data sets according to the 

method set out by Mikhailov [12] to obtain an 

independent picture of long-term trends in the upper 

ionosphere; the 11-year smoothing technique was also 

applied to the F10.7 and Ap data sets (F10.7*(132), 

Ap*(132)); Figure 3 presents these calculated values. 

Figure 3a-e demonstrates that ionospheric parameters, 

solar and geomagnetic indices tend to behave similarly. 

The dots denote the observed data; thick lines represent 

the polynomial functions that best fit the given 

parameters as function of time.  

Note, that geomagnetic activity is strongly 

controlled by the solar activity, both shows a dominant 

pattern of variations with a period of 34-36 years that 

are also reflected in all ionospheric parameters 

considered. This period slightly differs from our earlier 

finding [33] where the period was estimated to be in a 

range of 30-32 years. The extended data sets used in the 

study reveal the period more clearly. Dashed lines in 

Figure 3a-e represent the negative linear long-term 

trends in Ap, F10.7, and in the F2-layer parameters as 

well. Note, that the negative trends, the lowering in the 

critical frequencies, can be also seen in Fig. 1 and Fig. 

2. To interpretation of the period of 34-36 years it 

should be mentioned that the period of 31-33 years has 

been found in all the solar terrestrial parameters ([37, 

38, 39] and references there in). A possibility is that this 

period of 31-33 years is the solar origin of the 35-year 

Bruchner climatic periodicity ([40, 41] and references 

there in). 
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Figure 2. As the Figure 1but for the annual averages of the F10.7, Ap, and foF2 values.  
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Figure 3. The 132-month smoothed values of the annual averages of the ionospheric F2-layer parameters, F10.7 

and Ap.  

 

Additionally (as an example), assuming the 

second-order polynomial dependence between foF2*10-

14 and F10.7* (see Fig. 2b) the effect in foF2*10-14 

related to the solar activity was removed to define the 
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deviation foF2*10-14.Then, the residual foF2*10-14 

were smoothed using the 11-year running mean 

smoothing. The foF2*10-14(132) long-term variations 

and foF2*10-14(132) linear trend are shown in Fig. 3f. 

One can see that the foF2*10-14(132) shows variation 

similar to those seen in Figs. 3a-e. Long-term trends in 

different ionospheric characteristics are shown in Table 

1. 

 

Table 1 

THE EXPERIMENTAL TRENDS DERIVED FROM TREND ANALYSIS OF DIFFERENT F2-LAYER 

CHARACTERISTICS OBSERVED AT THE ALMA-ATA STATION [43.250N, 76.920E]. 

# Parameter 
Trend, 

MHz/Year 
Parameter 

Trend, 

MHz/Year 
Parameter 

Trend, 

MHz/Year 

1 foF210-14(med) -0.02822 foF2*
10-14 -0.02439 foF2*

10-14 (132) -0.01758 

2 foF2d.av (med) -0.01884 foF2*
d.av -0.01586 foF2*

d.av (132) -0.01077 

3 foF223-01 (med) -0.00932 foF2*
23-01 -0.00756 foF2*

23-01 (132) -0.00364 

4 - - - - foF2*
10-14 (132) -0.00554 

The generally negative trends and the same order 

of magnitude of the trends in all foF2 characteristics are 

found (Table 1, lines 1-3) independently of the fact 

whether the solar activity effects are excluded or not. 

One exception, the trend in the near-noon foF2*10-

14(132) values is a third of the near-noon foF2*10-

14(132) trend, about -0.00554 MHz/year that is close to 

the trend obtained in our previous study [33], -0.0038 

MHZ/year. 

Figure 4 (left panel) illustrates the regression 

dependence of foF2*10-14, foF2*23-01, and foF2*d.av. on 

F10.7*(132) for the period 1963-2012 (the 11-year 

smoothing technique that was applied to the foF2* data 

sets reduced the available period for study to between 

1963 and 2012), the solid lines show the linear 

approximations of the points. The coefficients of 

determination (R2) are equal to 0.96, 0.98, and 0.99 for 

near-noon, daily averaged and near-midnight data 

correspondingly. However, a combination of two 

groups of points is evident in Fig.4 that assumes some 

different dependence between the parameters on 

different phases of the 34-36 years cycle (the period 

1972-1984, and 1984-2008), when the foF2*(132) 

values increase to their maximum and then decrease to 

their minimum values. Examples of the regression 

dependences between foF2*(132) and F10.7*(132) for 

the two time periods are shown in Figure 4 (two right 

panels). It is distinctly seen in both cases that 99% of 

the variations in the ionospheric parameters can be 

explained by linear dependence between them and solar 

activity, R2=0.992-0.999. So, the solar activity can be 

considered to be the main driver for the long-term 

variations in the ionospheric F2-region. 
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Figure 4. The regression dependence of the 132-month smoothed foF2*10-14, foF2*23-01, and foF2*d.av. values on 

F10.7*(132) for the whole measuring interval (1963-2012, upper panel), and for the periods of increasing 

(1972-1984, middle panel) and decreasing (1984-2008, bottom panel) of the solar activity. 

 

Trends in the D region. A similar analysis, as that 

carried out for foF2 in the years 1957-2017, has been 

carried out for all the years in the fmin data observed at 

the station Alma-Ata [43.25oN, 76.92oE]. As it has been 

already mentioned in Section 1, the ionospheric 

parameter fmin is used as a qualitative characteristic of 

the ionospheric absorption in the D-region, and our 

interest is understand “is there any trend in the fmin 

data, and what its sign?” For this purpose, we use the 

monthly median fmin values for the near-noon interval 

of local time (11-13 LT) averaging the data over three 

hours, from 11:00 LT to 13:00 LT. F10.7 dependence 

of the measured fmin for the period is shown in Figure 

5a where each point represents a monthly median, and 

dashed line corresponds to the linear fit for these data, 

the correlation coefficient is r = 0.61. The correlation 

algorithm shown in Fig. 5a is used to calculate some 

missing data in the fmin data sets (e.g. caused by 

technical reasons), and by this way to restore their 

continuity. 

 

  



38  Евразийский Союз Ученых (ЕСУ) #8(65), 2019  

a.

Y = 0.05145 * X + 11.9355

R2 = 0.37  (r =  0.61)

60 80 100 120 140 160 180 200 220 240 260 280

Solar flux (F10.7)

0

5

10

15

20

25

30

35

40

45

fm
in

, 
M

H
z

Alma-Ata,
1958 - 2017

 c.
1/1/58 1/1/68 1/1/78 1/1/88 1/1/98 1/1/08 1/1/18

Date (dd/mm/yy)

20

50

80

110

140

170

200

230

260

290

S
o
la

r 
fl

u
x
 (

F
1
0

.7
)

1958 - 2017

 

b. 
1/1/58 1/1/68 1/1/78 1/1/88 1/1/98 1/1/08 1/1/18

Date (dd/mm/yy)

5

10

15

20

25

30

35

40

fm
in

, 
M

H
z

1958 - 2017
Y = 0.00165*X + 17.67

 d.
1/1/62 1/1/70 1/1/78 1/1/86 1/1/94 1/1/02 1/1/10 1/1/18

Date (dd/mm/yy)

14

16

18

20

22

fm
in

(1
3

2
),

 M
H

z

90

100

110

120

130

140

150

S
o
la

r 
fl

u
x
, 
F

1
0
.7

(1
3
2
)

1963 - 2012

F10.7

fmin

Y = 0.0033163 * X + 16.846

 

Figure 5. The monthly median near-noon fmin dependence on the solar activity index F10.7 (a) and their long-

term variations (b, c). The 132-month smoothed values of fmin and F10.7 (d) where the dashed lines represent 

their linear trends for the whole measuring interval. 

 

Figure 5b demonstrates the fmin time series in the 

whole period considered where the clear 11-year 

periodicity is evident in the fmin variation that is well 

correlated to that observed in the solar activity (Fig. 5c). 

In addition we note that, while F10.7 shows a negative 

time trend for the period in question, the fmin values 

are experiencing a weak positive trend.  

Then, the fmin data sets were smoothed using the 

11-year running mean smoothing to suppress effects of 

the 11-year cycle of the solar activity in the fmin data, 

and to obtain a picture of long-term variation in them. 

Figure 5d shows the smoothed fmin and F10.7 

variations together with the regression lines (dashed 

lines), and demonstrates that the long-time course of 

fmin(132) is similar to those found for F10.7 and foF2 

(Figures 1-3) in the event that the periodicity of 34-36 

years is also evident in the fmin(132) variation which 

is found in variations of the F2-layer parameters. 

However, Figure 5d clear illustrates a stable upward 

(positive) trend in fmin(132) values in the period 1963-

2012 (49 years), opposite in sigh to the trends observed 

in variations F10.7 and foF2. 

There were only few studies of trend in the D-

region until the 2019-s. Historical results, which were 

obtained by using various datasets derived from several 

different methods of measurements and modeling, were 

reviewed by Lăstovička and Bremer [42]. It was found 

that below about 85-90 km all data provided a positive 

trend in electron densities at fixed heights in qualitative 

agreement with the cooling and thermal contraction of 

the mesosphere. Bremer [27] investigated the 

ionospheric absorption measurements in the LF, MF, 

and HF ranges at oblique incidence of different 

distances (distances between transmitter and receiver 

are from about 170 km to 500 km, and 1710 km), only 

positive trends were deduced. Note, along with these 

results our results show the same tendency, the positive 

trend in the long-term variation of the fmin data. So, we 

can conclude from the above data analysis that the long-

term evolution of fmin demonstrates a clear 

dependence on solar activity index F10.7, but in 

contrast to F10.7 the fmin data shows a small positive 

trend which is statistically significant, although it is not 

significantly different from zero. It means relatively 

high sensitivity of the fmin values to the solar activity 

changes and significant influence of other trend drivers 

on them that is very possible the impact of 

anthropogenic factors on the state of the lower 

ionosphere.  

Conclusion. 

The F2-layer critical frequency (foF2) and the 

lowest frequency (fmin) observed at the midlatitude 

ionospheric station Alma-Ata [43.25oN, 76.92oE) in the period 

1957-2017 were used to study long-term trends in the upper (F2-

layer) and lower (D-region) ionosphere. The geomagnetic (Ap) 

indexes, the near-noon, near-midnight, daily averaged foF2, and 

near-noon fmin variations are found to be in strong 

dependence from the solar activity; all of them show a 

dominant pattern of variation with a period of 34-36 

years and linear negative trend. 

The same order of the trend magnitudes in the 

foF2 variations are found to be of the same order 

independently of the fact whether the solar activity 

effects in the data sets are smoothed or not; the trends are 

statistically significant and lie within of -0.018 to -0.028, -0.011 to 

-0.019, -0.0036 to -0. 0093 MHz/year for near-noon, daily 

averaged and near-midnight values correspondingly. Residual 

foF2 values (an example for near-noon hours), where variations 



Евразийский Союз Ученых (ЕСУ) # 8 (65), 2019 39 

in foF2 related to the solar activity cycles have been removed, 

show the linear trend of -0.00554 MHz/year. The correlation 

coefficient between the foF2 and F10.7 long-term variations is 

very high, up to 0. 99 that permit us to believe that the solar activity 

can be considered to be the main driver for the long-term 

variations in the ionospheric F2-region. 

 The long-term course of fmin is similar to those found in 

F10.7, Ap, and foF2, i.e. the periodicity of 34-36 years is also 

evident in the fmin variations. However, in contrast to the F2-layer 

parameters, the fmin variation clear demonstrates an upward 

(positive) linear trend that is opposite in sign to the trend found in 

the F10.7. This means relatively high sensitivity of the 

fmin values to the solar activity changes and significant 

influence of other trend drivers on them, one of which 

is the possible impact of anthropogenic factors on the 

state of the lower ionosphere.  
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ABSTRACT 

An XRF method was developed for determination of Fe, Co, Ni, Mn, Mo, Sc, Gd, Tb and Pr in endo-

fullerenes. The synthesis of endofullerenes was carried out in a direct current arc in helium medium. The content 

of endofullerenes of 3d metals in the soot was increased by introduction of two graphite electrodes made of 

phthalocyanine of 3d metals and lanthanides into the arc. The extraction of endofullerenes of 3d metals and 

lanthanides by N,N dimethylformamide in presence of 0.2% vol. hydrazine hydrate has increased the yield of 

endo-fullerenes of lanthanides and 3d metals by 2–3 times. The hydroxylation of endofullerenes of 3d metals 

obtained from the fullerene dimethylformamide extract was carried out with concentrated Н2О2. It was established 

that the yield of the water-soluble endofullerene product depends on concentration of Н2О2 in the solution and 

duration of the process. 
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The endofullerenes of 3d-metals and lanthanides 

can be used for medical purposes: for NMR 

tomography and for magnetically controlled delivery of 

drugs to the diseased organ. The endofullerenes are 

used in drugs for treatment of neurodegenerative 

diseases such as Alzheimer disease, Parkinsonism and 

others. Usually, endofullerenes are produced by arc or 
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