ISSN 1991-346X Series physico-mathematical. 3. 2020

NEWS
OF THENATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

PHYSICO-MATHEMATICAL SERIES
ISSN 1991-346X https://doi.org/10.32014/2020.2518-1726.55
Volume 3, Number 331 (2020), 209 — 216

VJIK 550.383
G.I. Gordiyenko, A.F. Yakovets, Yu.G. Litvinov

«Institute of Ionosphere» JSC «NCSRT», Almaty, Kazakhstan,
ggordiyenko@mail.ru, artyak40@mail.ru, yurii-litvinov@mail.ru

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

— 209 ——



News of the National Academy of sciences of the Republic of Kazakhstan

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: foF2¢.14, foF2 2301, foF2ay, and fmin;.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, foF24.v 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?pofinomiar™R%iincar) Where R? 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 1e where large deviations of the foF2,3.9; 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 (foF210.15, foF2"23.01, and foF2",) 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 R? (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 11-year (132 months) running mean values of the annual
averages of the ionospheric parameters (foF2"1.14(132), foF2"2.01(132), and foF2",(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, 76.92°E] 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 foF24.av (med) -0.01884 foF2"q.ay -0.01586 foF2"dav (132) -0.01077
3 | foF223.01 (med) -0.00932 foF2"23.01 -0.00756 foF2"23.01 (132) -0.00364
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The regression dependences of foF2"1.14132), foF2 23.01(132), foF2"4.(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 (R?)
were found to be 0.96, 0.98, and 0.90 for near-noon, daily averaged and near-midnight data
correspondingly figure 4a.
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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
of ~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 Ne AP05131261of Ministry of Education and
Science RK.

A.®D. Sxkosen, I'.U. lNopauenko, FO.I'. IuTBUHOB
EXIIC «Monochepa nactutyteny «¥EF3TO» AK, Anmatsl, Kasakcran
HUOHOC®EPAHBIH F )KOHE D AUMAFBIHJIAFbBI ¥3AK MEP3IM/II BAPUALIMSIJIAPBI

AHHOTanMsi. AJIMaThl CTAaHLIMSCHIHAFbl HOHOC(EPaHBIH Kep YCTI TiK palMo30HJaybIHBIH JIepeKTepl OoMbIHIIa
F2 Honocdepa xabarbinbiH (foF2) jxoHe jxep MaHbIHOAarbl €H TOMEHIl LIAFbUIBICY kHiTiIKTepiHiH (fmin) y3ax
Mep3imai e3repicrepi 3eprrenai [43.25 N, 76.92 E] 1957-2017 xox.

CoHbIMEH Karap, €H a3 MIaFbUIBICY J)KUUIIrT TOMEHT'1 HoHOCc(hepaia 30HANPIICYIL CUTHAIIBIH KYTHUTYbIHA /13, LIy
JICHrelill MEH MOHO30H/IThIH TEXHUKAIIBIK CHIIATTAMANApbIHA Ja OaianblcThl. COHIBIKTAH CUTHAIBIH KYTHLUTYbIHbIH
a0CONIOTTIK MOHIH OCHIHIAH KOJIMeH Oaranay mpoOiieManisl OONbIN TaObUTaAbl. Aaiima, KOJIIATHIP CHUTHAIBIHBIH
JKYTy IeHTeiiHiH HHINKATOPHI pETiH/Ie camaibl cuiarTaMa petiaae fmin mapaMeTpiH naiganaHyra 00iabl.

bacrankel nepextep petinge fof2 memmangwik fof2 (10-14 LT), tepex »xaubiHmarel (23-01 LT) carar
apu(MeTHKAIBIK OpTallia MOHAEP] »oHe HOHOC(hEpaHbIH OaKbUIAYBIHBIH Kapajblll OTHIPFaH KE3EHIHAErl opTaiia
TOYNIKTIK MOHZIEPi KapacThIpbUIAbL. TeMmeHri noHochepaHbIH ©3reprilTiri KyHmi3ri caraT yiriH fmin mepexkTepin
naiianany apkeuUibl 3epTTeireH. KyH paauocoynenceHipy aFbIHBIHBIH opTaria aiiblk MoHmepi F10. 7 xoHe Ap
MHJICKCI KYH YKOHE T€OMarHUTTIK OCJICCH IUTIKTIH CHITaTTaMaIapbl PETIHIE PACCMATPEH.

KyH oHe reoMarHuTTiK OeJICeHAUIIr OOMbIHINIA JepeKTep HOHOC(hEPaHbIH KaFIalbIHA dCep €TETIH (aKTopiap
perinze tapteuiasl. MoHocdepa aiimarbiHbiH F2 mapamerpiiepi, conaaii-ak Ap reOMarHuTTiK OeJICeHALTIKTIH MHACKC]
T = 35 xpUT MEp3IMAUNTIH XOHE CHI3BIKTHIK TEpIC TPEHMAIH aHBIKTAl OTHIPBIN, KYH OEJICEHAUIriHe KaTaH
toyenninikTi cesineni. FoF2 xone F10.7 y3ak mep3imii Bapuanusi apachlHIarbl JeTepMHUHAIMS KodddunueHTrepi
0.99 monnepine xereni, Oy KyH Oencenautiri MoHocdepa aiimarbiHBIH F2 y3aK Mep3iMi ©3reprillTiriHiH HeTi3ri
JipaiiBepi OOJIBINT TaOBIIAABI ICT OOKAKIBI.

By Hotmke Oip KaFbIHaH KYH O€JICEHIIITIHE YKOFaphl TOYEIIUTIKTI, eKiHIIi KaFsHaH 0acka (hakTopiapabiH
TOMEHII HOHOC(EepaHbIH JKaFJaibIHa, aHTPOIIOTCHIIK (haKTOpJIapFa dCEPiH OOJKAMIBL.

TyiiiH ce31ep: opTamambIKThl HOHOC(hEpa; MKOFapFbl JKOHE TOMEHTI moHocdepa; D-o06mbic; F2-06mbic; y3ak
Mep3iMIi TPEHATED.
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A.®. SAxosen, I'.'U. 'opauenxo, FO.I'. IuTBUHOB
JATOO «MucTtuTyT noHochepsn» AO «HLIKUT», Anmarsl, Kazaxcran
JOJITOBPEMEHHBIE BAPUALIUU B OBJIACTHU F U D TOHOC®EPBI

AnHotanusi. VccnenoBaHbl  JONTOBPEMEHHBIE W3MEHEHHMS  OKOJIONONYAEHHBIX, CpPEIHECYTOYHBIX U
MOJYHOYHBIX KpHUTHUECKHX dYacToT ciosi F2 wnonocteprr (foF2) m oxosiomosyneHHBIX MHHHUMAaJbHBIX YacTOT
otpakeHus (fimin) Mo JaHHEIM HA3eMHOT'O BEPTHKAJIBFHOTO PaJNO30HINPOBAHUS HOHOC(EPH Ha cTaHIMKA AnMa-ATa
[43.25N, 76.92E] 3a mepuon 1957-2017 rr.

[IpuHNManock BO BHMMaHME, YTO MHHMMAajbHAs YacTOTa OTPAKCHMS 3aBHCUT Kak OT IIOTJIONICHUS
30HIMPYIOLIETO CUTHANIA B HIDKHEH HOHOC(EPE, TAK U OT YPOBHS IIIyMOB U TEXHUYECKHX XapAKTEPUCTUK HOHO30H[A.
ITosToMy oueHWTh abCOMIOTHOE 3HAYCHHE IOTJIOIIEHHWS CHUTHAJIA TakUM  CIIOCOOOM  IPEACTaBIIseTCS
npobnematuunbiM.  OnHAKO, KaK KAayeCTBEHHAs XapaKTePHCTHKA, KaKk HWHIMKATOp YPOBHS IOTJIOICHUS
30HJMPYIOIIEro CUTHala, napaMeTp fmin MOXHO HCIIOJIb30BATh.

B kayecTBe HMCXOIHBIX JaHHBIX PACCMOTPEHBI apu(MeTHYecKu cpenHHe 3HaueHus MeauaHHblx foF2 mms
okonononyaeHHbix  (10-14 LT), okonononyHounsix (23-01 LT) wyacoB W cpenHecyTOYHble 3HAueHMs 32
paccMarpuBaeMblii repuoj] HaOnopeHuid uoHocdepbl. M3MeHUMBOCTH HWXXKHEH HOHOC]epbl HccienoBaHa C
WCIIOJIb30BaHMEM JMaHHBIX fmin Juis THEBHBIX dyacoB. CpeqHeMecsYHbIe 3HaYeHHsI 0TOKa paguounsiydenus: ConmHua
F10.7 n manexc Ap paccMaTpeHBI Kak XapaKTepUCTUKH COTHEYHON M TeOMarHUTHOW aKTUBHOCTH.

[IprBnekanuchy AaHHBIE IO COJIHEYHON M T€OMarHUTHON aKTHBHOCTH Kak (haKTOPBI, OKAa3bIBAIOLINE BIUSHHUE HA
cocrossare MoHoc(epsl. [lomyueHo, uro mapamerpel F2 obmactu moHOC]EpH, a TakkKe HHICKC T€OMarHUTHON
AKTUBHOCTH Ap HCIHBITBIBAIOT CTPOTYI0 3aBHCHMOCTH OT COJHEYHOH aKTHBHOCTH, OOHApyXXHBas NEPHOJUYHOCTD
T =~ 35 et u nuHEHHBIH OTpHHATeNbHBIA TpeH. K03(h(DUIMEHTsI NeTepMUHALIMN B3aMMOCBSI3H JOJITOIIEPUOIHBIX
Bapuaruii foF2 m F10.7 gocturaror 3Hadenuit 0.99, 3TO mpeamonaraeT, 4TO COJIHEYHAs AKTUBHOCTH SIBJISETCS
OCHOBHBIM JIpaiiBEpOM JI0JrOBPEMEHHON M3MeHuYnBocTH F2 o6nmactu noHochepsi.

3nayenus fmin, oOHapyxuBas momoOHO mapamerpam F2 obOnactu moHOC(EpPHI ~35-TETHIOW MEPHOAUIHOCTD,
JIEMOHCTPHUPYIOT MOJOXKUTEIBHBINA TpeH 1 B HaOmogaembiil iepuon 1957-2017 rr. JlaHHbI pe3ynbTar mpeanoaraet
C OJIHOW CTOPOHBI BBICOKYIO 3aBUCHMOCTb OT COJTHEYHOW aKTHBHOCTH, C JPYTOH CTOPOHBI BIMSIHUE JPYTHX (aKTOPOB
Ha COCTOSTHHE HIKHEH HOHOC(Eephl, BO3MOXKHO (PaKTOPOB aHTPOIIOT €HHBIX.

KitioueBble ci0Ba: cpeqHEIMpOTHAs HOHOc(epa; BEpXHsA M HIDKHsS noHocgepa; D-obnacts; F2-o0macts;
JIOJTOBPEMEHHBIE TPEH/IBI.
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