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LONG - TERM VARIATIONS
IN THE F- AND D-REGIONS OF IONOSPHERE

Abstract. The long-term changes in the near-noon, diurnal, and midnight critical frequencies of the ionosphere
F2 layer (foF2) and near-noon minimum reflection frequencies (fmin) were studied using ground-based vertical radio
sounding of the ionosphere at Alma-Ata station [43.25N, 76.92E] for the period 1957-2017. The data on solar and
geomagnetic activity were used as factors affecting the state of the ionosphere.

It was taken into account that the minimum reflection frequency depends both on the absorption of the probe
signal in the lower ionosphere, and on the noise level and technical characteristics of the ionosonde. Therefore, it
seems problematic to estimate the absolute value of signal absorption in this way. However, as a qualitative
characteristic, as an indicator of the absorption level of the probe signal, the parameter fmin can be used.

Arithmetic average values of median foF2 for near noon (10-14 LT), near midnight (23-01 LT) hours and
average diurnal values for this period of ionosphere observation are considered as initial data. The variability of the
lower ionosphere was studied using fmin data for daylight hours. The monthly average values of the solar radio
emission flux F10.7 and the Ap index are considered as characteristics of solar and geomagnetic activity. The
geomagnetic (Ap) indexes, the near-noon, near-midnight, diurnal 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 geomagnetic (Ap) index, the near-noon, near-midnight, daily averaged foF2, and near-noon fmin variations
are found to be in strong dependence from 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 permits us to believe that the solar activity can be considered as a 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 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.

Key words: midlatitude ionosphere; upper and lower ionosphere; D-region, F2-region, long-term trends.

Introduction. In our previous work 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
[43.25N, 76.92E] over the period from 1957 to 2012 [1]. The purpose of this paper is to provide further
analyses of the F2-layer variations and study long-term trends (a long-term linear change) in the near-
noon, near-midnight and daily averaged F2-layer critical frequencies measured at the Alma-Ata station in
more extended time period, from 1957 to 2017 including the period of very deep minimum in solar
activity observed in 2008-2009. In addition to the F2-layer parameters the minimum frequency of
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reflection fmin is also used as a climatic characteristic of the upper atmosphere/low ionosphere (D region)
to do the trend analyses in the ionospheric absorption. The fmin value depends, apart from the absorption
of radio waves in the ionosphere, on technical characteristics of ionosondes that does not give us any
opportunity to use this ionosphere parameter to determine the absolute values of the absorption of radio
waves. However, as a qualitative characteristic, as an indicator of absorption of radio waves, the fmin
value is widely used ([2-3] and references therein).

For the present trend analyses, monthly median foF2 and fmin values routinely measured at the Alma-
Ata station have been used. The arithmetic means of the foF2 values at the near-noon (10-14 LT), near-
midnight (23-01 LT) hours, and daily means foF2 are calculated for the analyses, the fmin values are
taken only for the near-noon hours: foF210-14, foF2 2301, foF2av, and fminn-13 correspondingly. The monthly
mean solar flux F10.7 and geomagnetic index Ap are also used as the indexes for solar and geomagnetic
activities (available at htt://ww.swpc.noaa.gov) to illustrate their long-term variations.

Description of the data, and observation results Trends in the ionospheric F-region. As an
example, median mean values foF210-14, foF223-01, foF2d.av together with the corresponding data of solar
and geomagnetic activity is shown in figure la-e. The dots represent observed data, the thick lines show
the fitting curves. It should be also noted, the statistical processing of the ionospheric data series requires
their continuity that is not always possible because of different reasons (ionosonde repair 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 lines for these data;
dashed lines correspond to the polynomial functions of the second degree that better fit the given F2-layer
parameters (R Zpolmomial>R2ear) where R2 is the coefficient 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. 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 relatively 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 le 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 analyses, annual
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*av) for whole period of observations; variations of the
ionospheric parameters 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.

According to our previous work [1], the 11l-year (132 months) running mean values of the annual
averages of the ionospheric parameters (foF2*10-14(132), foF2*23-01(132), and foF2*av(132) were calculated
to obtained 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 and shows that geomagnetic activity is strongly controlled by the solar activity, both
show a dominant pattern of variations with the period ~34-36 years that is also reflected in all ionospheric
parameters considered.
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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 [43.25(N, 76.92CE] in 1957-2017 together with the corresponding variations of solar flux F10.7 (a)
and Ap index (c); solid dots - measured data, thick lines show the fitting lines, dashed lines - linear fits.
Monthly median near-noon (f), daily mean (g), and near-midnight (h) foF2 values versus monthly mean F10.7;
thick lines represent the linear regression lines for these data, dashed lines correspond
to the polynomial functions of the second degree
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Figure 2 - As the Figure 1 but 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.

This period is slightly differs from our earlier finding [1] 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. It should be
mentioned that similar period (31-32 years) has been found in all the solar terrestrial parameters ([4-6],
and references therein) and was interpreted as the 35-year Brutcher climatic periodicity. Note, the negative
trend (dashed line), the lowering in the F2-layer critical frequency, is also seen in figure 3. The long-term
trends found in different ionospheric characteristics (figures 1-3) are given in table.

Table
Trend,
# Parameter Trend, MHz/year ~ Parameter ~ Trend, MHz/year Parameter
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*dav -0.01586 foF2*dav (132) -0.01077
3 Bl (med) -0.00932 foF2*23-01 -0.00756 foF2*23-01 (132) -0.00364
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The regression dependences of foF2*10-14(132), foF2*23-01(132), foF2*d.av(132) on F10.7*(132) were
studied 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 coefficients of determination (R2)
were found to be 0.96, 0.98, and 0.90 for near-noon, daily averaged and near-midnight data
correspondingly figure 4a.

Figure 4 - The regression dependence between foF2*(132) and F10.7%(132)
for the periods 1963-2012, (a), 1972-1984 (b) and 1984-2008 (c)

However, a combination of two groups of points was evident in figure 4 (upper panel) that assumed
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 4a,b. 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. 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 5 - The 132-month smoothed values of fmin and F10.7
where dashed lines represent their linear trends for the whole measuring interval

Trends in the D-region. A similar analysis, as that carried out for foF2, has been carried out for the
fmin data observed at the Alma-Ata station in the years 1957-2017. As it has been already mentioned, the
ionospheric parameter fmin is used as a qualitative characteristic of the ionospheric absorption in the D-
region, and our interest “is there any trend in the fmin data, and if “yes” what is its sign?” For this
purpose, we use the monthly median fmin values for near-noon interval of local time averaging the data
over three hours, from 11:00 LT to 13:00 LT. Then, the fmin data were smoothed using the 11-year
running mean smoothing to suppress effects of the 11-year solar cycle and obtain a picture of long-term
variation in them. Figure 5 shows the fmin(132) and F10.7(132) variation together with the regression
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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 5 clear
illustrates a stable upward (positive) trend in fmin(132) values opposite in sign to the trends observed in
variations F10.7 and foF2. It means relative 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 lowest frequency (fmin) observed at the mid-
latitude ionospheric station Alma-Ata [43.25N, 76.92E] in the period 1957-2017 were used to study long-
term trends in the upper (F2-layer) and lower (D-region) ionosphere.

The geomagnetic indexes (Ap), the near-noon, near-midnight, daily averaged foF2 are found to be in
strong dependence from the solar activity; all of them show a dominant pattern of variation with a period
0f~34-36 years and linear negative trend.

The trend magnitudes 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.

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 variation. 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.

The work was carried out with accordance Grant No AP05131261ofMinistry of Education and
Science RK.

A.®. Akoseu, I'.UN. NopaneHko, KO.I'. JInTBUHOB
EXKLLUC «VoHocgepa MHCTUTYThI» «¥[M3TO» AK, AnmaTbl, KasakcTaH
MOHOC®EPAHbLL, F )XOHE D AMUMATbIHOAbI ¥3AL, MEP31M/1 BAPUALVANAPI

AHHOTaumMa. AnMaTbl CTaHUUACbIHAArbI MOHOChePaHbLL, Xep Y Ni TXX pagnosoHaayblHbL, fepeKTepi 60bIHLWA
F2 WNoHocepa kabaTbiHbiH (foF2) >k3He >Kep MaHblHAarbl €H TeMeHN warbuibicy XuwkTtepwu, (fmin) ysak
mMep3imzi esrepictepi 3eptTengi [43.25 N, 76.92 E] 1957-2017 xok.

COHbIMEH KaTap, eH a3 LarbInbICy XX WL M TeMeHN MoHochepasa 30HAUPAEYLUT CUTHANABIH XYTbINybIHA fa, WY
[eHrell MeH MOHO30HATbIH TeXHUKaNbIK cMnaTTamanapbiHa fa 6ainaHbicTbl. COHAbIKTaH CUTHaNAbIH XXYTbINybIHbIH
abCcoNoTNK M3HLW OCbIHAAM XONMeH 6aranay npobnemasnbl 60nbin Tabblnagbl. Anaiija, KOAWaTbIp CUTHa/bIHbIH
XKYTY [eHTeLIHLL, MHANKATOPbI PeTLL e cananbl cunatTama peTwge fmin napameTpw naviganaHyra 6onagbl.

Bactankbl fepektep penHpe fof2 megmaHabik fof2 (10-14 LT), Tepek >kaHblHparbl (23-01 LT) carat
apudMeTUKaNbIK opTalla MIHAepi XX3He MoHocdepaHblH 6aKbllayblHbIH Kapasibin OTbIpraH KeseHiHAeri opTtawla
TIYNIKTIK M3HAepi KapacTbipbligbl. TeMeHri MoHochepaHblH e3repriwTiri KYHgisri carat Ywid fmin gepekTepiH
nanjanaHy apkblibl 3epTTe/ireH. N H PajguoCcaynenieHAipy arbiHbIHbIH opTalla ainbik MaHgepi F10. 7 >aHe Ap
MHAEKC KYH>X3He reoMarHUTIK 6e/iceHAINIKTIH cunaTTaManapbl peTiHAe paccMaTpeH.

N H >XK3He reoMarHUTTIK 6eficeHpiniri 6oMblHLWA AepeKTep MOHOCchepaHbIH XarfjaiblHa acep eTeTiH hakTopnap
peTiHge TapTbiiabl. VioHochepa alimarbiHbIH F2 napameTp/iepi, coHAan-ak Ap reoMarHUTTiK 6e/1CeHALW KT, MHAEKCI
T ~ 35 bl Mep3iMAINIriH Xa3He CbI3bIKTbIK Tepic TPeHAIH aHbIKTall oTbIpbiN, ~H 6enceHginiriHe kataH
TayenginikTi ceswega. FoF2 xaHe F10.7 y3ak Mep3imii Bapvaums apacbliHgarbl geTepMuHaumna KoagpuumeHTTepi
0.99 mMaHpaepLue xeTegi, 6yn KYH 6enceHawn MoHocgepa aimarbiHbiH F2 y3ak Mep3imAi e3repriiTiriHiH Herisri
fpaliBepi 60nbIn Tabblnagbl gen 6o/mkaiigpl.

Byn HaTwke 6ip arblHaH KYH 6enceHAiniriHe >korapbl TayenflW K, eKiHLWi XarblHaH 6acka (hakTopsapabiH
TemMeHN MoHocthepaHbIH XarfjaibiHa, aHTPoNoreHAwWw akTopnapra acepL 6o/mxangpl.

TYWiH cesnep: opTallanbIKTbl MOHOCHEPA; XKOraprbl 3He TeMeHri uoHocthepa; D-06/bic; F2-06/bIC; y3aK
Mep3iMai TpeHaTep.
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A.®. Akoseu, I'.UN. MNopaneHko, FO.I'. JInTBUHOB
OTOO «HCTUTYT noHochepbi» AO «<HUKNT», AnmaTbl, KasaxcTaH
AONTOBPEMEHHbBIE BAPNAUMN B OBNACTU F U D NOHOCDEPDI

AHHOTauuA. WccnegosaHbl  [ONTOBPEMEHHbIE  M3MEHEHUSA  OKOJIOMONYAEHHbIX, CPEfHECYTOYHbIX U
NOMTYHOUHbIX KPUTUYECKMX 4acToT cnod F2 wnoHochepbl (foF2) n 0KoNononyaeHHbIX MUHUMAasbHbIX 4acToT
oTpaxkeHnsa (fmin) No faHHbIM Ha3eMHOr0 BEPTUKANIbHOIO Pajno30HAMPOBaHUA MOHOCHEPBI Ha cTaHUMK Anva-ATa
[43.25N, 76.92E] 3a nepuog 1957-2017 rr.

MpuHUManoce BO BHUMaHWE, YTO MUWHUMaIbHasA 4actoTa OTPaKEHMA 3aBUCUT KaK OT MOr/oWeHus
30HAMPYIOLLErO CMTHANa B HYKHeW noHocdepe, Tak U OT YPOBHSA LUYMOB M TEXHNUYECKNX XapaKTepUCTMK MOHO30HAA.
MosaToMy oueHUTb abCoMOTHOE 3HayeHWe MOI/IOWEHNS CUrHana TakuMM  CNoco6om  MpeAcTaBnseTcs
npobnematuyHbiM. OfHaKO, KaK KayeCTBEHHas XapakTepuCTUKa, KaK WHAMKATOpP YPOBHA  MOr/IOWEHMNA
30HAUPYIOLLLErO CUrHana, napameTp fmin MOXHO UCNoNb30BaTh.

B KayecTBe WCXOAHbIX AaHHbIX PACCMOTPEHbI apUMETUYECKN CpeAHUe 3HayeHusa MeamaHHbIX foF2 ans
oKonononyfeHHbix (10-14 LT), oKonononyHouHbiX (23-01 LT) u4acoB W cpefHeCyTOYHble 3HadyeHUs 3a
paccmaTpvBaemMblii nepuog HabnwgeHUin unoHochepbl. VI3MEHUMBOCTb HWXKHeN WOHOChepbl uUcCnefoBaHa C
NCMNoNb30BaHMEM flaHHbIX fmin ana gHeBHbIX YacoB. CpefHEMeCAYHbIe 3HA4YeHUA NOToKa pagnonsnydeHnsa ConHua
F10.7 1 nHaekc Ap paccmaTpeHbl Kak XapaKTepuUCTUKM COMTHEYHOW 1 FeoMarHUTHON aKTUBHOCTU.

MpuBnekanvcb gaHHble MO COMHEYHOW N FeOMarHUTHOM aKTUBHOCTU KaK (haKTopbl, OKasblBatoLiue BANSAHNE Ha
cocTosiHMe uoHocdepbl. MonydeHo, 4TO napameTpbl F2 o061acTu MOHOCEPbl, a TaKXKe WMHAEKC FeoMarHWTHOW
aKTUBHOCTU Ap WCNbITbIBAOT CTPOryl0 3aBMCMMOCTb OT CO/THEYHON aKTMBHOCTW, 06HapyXuBas MepuofMyHOCTb
T ~ 35 neT 1 NvHelHbI oTpuLaTeNnbHbI TpeHs. KoathdhuumeHTbl geTepMUHaLMM B3aMMOCBA3M JONTONEPUOLHbIX
Bapvaunii foF2 n F10.7 gocTturatoT 3HadeHwin 0.99, 3To npegnonaraeT, YTO COSIHEYHAs AKTUBHOCTb SB/SETCA
OCHOBHbIM fpaliBepoM A0/IrOBPEMEHHOW N3MEHUYMBOCTU F2 061acT MOHOCHEPDI.

3HaueHns fmin, obHapyxmnBas nofobHo napametrpam F2 o6nactm nmoHoctepbl ~35-1€THIOK NEPUOJNYHOCTD,
[EMOHCTPUPYIOT NOMIOXKNTE/NbHbIV TPeHA B Habnogaemblii nepuog 1957-2017 rr. JaHHbIl pesynbTart npegnonaraet
C OA4HOI CTOPOHbI BbICOKYHO 3aBMCUMOCTb OT CO/THEYHOW aKTUBHOCTW, C APYrOli CTOPOHbI BIMSIHNE APYTUX (haKTopoB
Ha COCTOSIHME HUXHeW MoHoChepbl, BO3MOXXHO (DaKTOPOB aHTPOMNOreHHbIX.

KnioueBble c/oBa: CpefHenpoTHas MOHocHepa; BepXHAS W HWKHAS MoHocdepa; D-obnacTb; F2-06nacTb;
[ONTOBPEMEHHbIE TPeHAbI.
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