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Abstract. The paper overviews the main results of
the study of long-term variations in characteristics of the
upper neutral atmosphere and ionosphere, obtained dur-
ing the implementation of Russian Science Foundation
Project No. 22-17-00146 “Experimental and theoretical
study of the coupling neutral and ionized components of
Earth’s atmosphere”. We study and compare long-term
variations in the peak electron density and temperature
of the mesopause region. Their dependences on solar,
geomagnetic, and atmospheric activity, as well as long-
term trends, are analyzed. The analysis is based on data
from long-term measurements with the ISTP SB RAS
complex of instruments. The peak electron density
(N,F2) data was acquired with the Irkutsk analog auto-
matic ionospheric station for 1955-1996 and the Irkutsk
digital ionosonde DPS-4 for 2003-2021. The atmos-
pheric temperatures at mesopause altitudes (T,) were
obtained from spectrometric observations of the hy-
droxyl molecule emission (OH (6-2) band, 834.0 nm,
emission maximum height ~87 km) for 2008-2020. The

analysis uses solar (F10.7) and geomagnetic (Ap) activi-
ty indices, as well as data on variations in the Southern
Oscillation Index (SOI). The study employs simple and
multiple linear regression methods. Annual average
NmF2 values are found to be predominantly controlled
by changes in solar flux. Analysis of regression residu-
als shows that the largest deviations from regression (for
both simple and multiple regression) are observed in
years near the maxima of solar cycles 19 (1956-1959)
and 22 (1989-1991). Annual average temperature vari-
ability in the mesopause region correlates with changes
in the SOI index: day-to-day variability exhibits a posi-
tive correlation with SOI; and intra-diurnal variability, a
negative correlation with SOI. No significant relation-
ship was found between year-to-year variations in the
NmF2 and T, variability.

Keywords: long-term variations, peak electron densi-
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INTRODUCTION

Studying long-term variations in characteristics of
the upper atmosphere is extremely relevant and im-
portant for understanding climate changes at these alti-
tudes. It is well known that long-term (one to several
solar cycles) variations in ionospheric parameters, aver-
aged by month, season or year, are generally due to var-
iations in solar activity [Lastovicka, 2019; Danilov,
Konstantinova, 2020; Bremer, 1998]. Variations in ge-
omagnetic activity can make an additional contribution.
Along with variations associated with solar and geo-
magnetic activity, there may be long-term trends reflect-
ing climatic changes over several solar cycles. Variabil-
ity in ionospheric parameters depends on geomagnetic
and solar activity, as well as dynamic processes in the
lower atmosphere [Forbes et al.,, 2000; Rishbeth,
Mendillo, 2001; Araujo-Pradere et al., 2005; Deminov
et al., 2013]. It has been found in [Rishbeth and Mendillo,
2001; Forbes et al., 2000] that the contribution of geo-
magnetic activity to ionospheric disturbances is compa-
rable to the effect of the lower atmosphere and much
more significant than disturbances caused by short-term
variations in solar activity.

The temperature regime of the mesopause region
(80-100 km) is actively affected by both solar radiation
and energy dissipation of wave processes occurring in
the lower atmosphere. Atmospheric temperature varia-
bility at these altitudes indicates many climatic and me-
teorological processes in the lower and middle atmos-
phere. Seasonal variations in the mesopause temperature
Tm Maximum in winter and minimum in summer, are
the most pronounced; temperature differences can be as
large as 60 K. Day-to-day and intradiurnal temperature
variability is mainly driven by wave processes — mi-
grating planetary waves, tides, and internal gravity
waves (IGWs). The T,, variability caused by atmospher-
ic waves of different time scales also depends strongly
on season and can differ significantly according to the
region of observation [Offermann et al., 2009; Perminov
et al., 20144, b]. Of particular interest are year-to-year
variations and long-term trends in T,,. They are driven by
the combined effect of long-term variations in solar activ-
ity and climatic changes in the lower and middle atmos-
phere [Khomich et al., 2008; Beig, 2011]. Quasi-two-year
oscillations, the effect of solar activity, and a long-term
trend have been found in year-to-year T, variations [Se-
menov, 2008; Khomich et al., 2008; Beig, 2011].
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This paper overviews the main results of the study of
long-term variations in characteristics of the upper neu-
tral atmosphere and the ionosphere, obtained during the
implementation of RSF Project No. 22-17-00146 “Ex-
perimental and theoretical study of the coupling neutral
and ionized components of Earth’s atmosphere”. We
examine and compare long-term variations in the peak
electron density N,,F2 and in the temperature of the
mesopause region T, Their dependences on solar, ge-
omagnetic and atmospheric activity, as well as long-
term trends, are analyzed. The analysis is based on data
from long-term measurements with the ISTP SB RAS
complex of instruments. Data on N,,F2 for 1955-1996
was obtained at the Irkutsk analog automatic ionospheric
station; for 20032021, with the Irkutsk digital ionosonde
DPS-4; T,, data, from spectrometric observations of the
hydroxyl molecule emission (OH band (6-2), 834.0 nm,
emission maximum height ~87 km) in 2008-2020.

The paper is sequel to previous studies that have
simultaneously analyzed seasonal variations in NyF2
and T, [Medvedeva, Ratovsky, 2015, 2017]. Their
common features and differences have been identified.
Year-to-year variations in the parameters considered
have been preliminarily analyzed for 2008-2015 in
[Medvedeva, Ratovsky, 2017].

1. LONG-TERM VARIATIONS
IN NmF2 ACCORDING TO
VERTICAL SOUNDING DATA
FOR 1955-2021

We have examined long-term variations in NF2 in
the ionosphere over Irkutsk (52° N, 104° E) for 1955-
2021. Linear regressions of annual average N,F2 (sepa-
rately for nighttime and daytime) on annual average solar
and geomagnetic activity indices are used to analyze solar
and geomagnetic activity dependences. To analyze long-
term trends, we approximate deviations from regressions
by a linear time trend.

1.1. Data analysis method

To study long-term variations in ionospheric parame-
ters, we have used ionospheric data obtained with Irkutsk
ionosondes in 1955-2021, as well as data on the solar and
magnetic activity indices F10.7 and A, for 1955-2021
[https://omniweb.gsfc.nasa.gov/form/dx1.html]. The period
considered spans six solar cycles (19-24). As the iono-
spheric characteristic we take N,F2 calculated from the
critical frequency f,F2, determined from ionograms of
the ionospheric station AIS or the ionosonde DPS-4
(N,F2 [10° cm®] = 0.124 (f,F2 [MHz])?). We analyze an-
nual average N,,F2 for daytime (10-14 LT) and nighttime
(22-02 LT), as well as annual average F10.7 and A,

The selected solar and geomagnetic activity indices
have been measured for a long time (F10.7 — since
1947, A, — since 1932). They are widely used in opera-
tional and climatic models of the ionosphere and atmos-
phere (for example, the global dynamic model of critical
frequency of the ionospheric F2 layer [Shubin, Demi-
nov, 2019]; the International Reference lonosphere
(IRI) [Bilitza et al., 2017]; the NRLMSISE-00 empirical

model of the atmosphere [Picone et al., 2002]; the em-
pirical model of the horizontal neutral wind in the upper
thermosphere [Drob et al., 2015]). The question as to
whether the use of alternative solar and geomagnetic
activity indices can give other results requires further
research.

To analyze the dependence of N,F2 on solar activity,
we employ a simple linear regression of N,,F2 on F10.7:
NmF2=Ny+N;(F10.7-69). The contribution of geomag-
netic activity is analyzed using the multiple linear regres-
sion of N,F2 on F10.7 and A, NpnF2=No+N;(F10.7-
69)+Na(A, — 4). Here Ng is NyF2 at solar minimum
(F10.7=69 s.f.u. Ag=4); N1, N, are the rates of change in
NmF2 with increasing F10.7 and A, respectively.

The first method of estimating the N,F2 trend in-
volves approximating deviations AN,F2 from the
multiple regression of NyF2 on F10.7 and A, by the
linear time trend: ANF2=ANy+AN; (year — 1955),
ANy is ANF2 in 1955; AN; is the trend rate of
AN F2. The second method of estimating the N.,F2
trend is based on the analysis of cycle-to-cycle varia-
tion in the coefficients of simple regression of N,F2
on F10.7.

1.2. Results of the analysis of long-term varia-
tions in annual average N,F2

The simple linear regression of N,F2 on F10.7 has
demonstrated very high coefficients of determination
(98.36 % during the day and 97.13 % at night), with the
largest regression errors (negative deviations) observed
in 1957-1958 (maximum of solar cycle 19) and 1989-
1991 (maximum of cycle 22). A potential source of the
errors in simple linear regressions on F10.7 might have
been the effect of geomagnetic activity. To test this ver-
sion, we employed a multiple regression of annual aver-
age N,F2 on annual average F10.7 and A,. The results
show that geomagnetic activity has virtually no effect
on errors in simple linear regressions. The coefficients
of determinations of the multiple regressions on F10.7
and A, were 98.41 % for daytime and 97.20 % for
nighttime, i.e. they coincided with the coefficients of
determinations of simple regressions up to 0.1 %.

To identify the causes of errors in the simple linear
regression of N,F2 on F10.7, we analyzed the scatter
diagram of N,F2 as function of F10.7 (Figure 1). Devia-
tions from the regressions at large values of annual av-
erage F10.7 are pronounced. To eliminate the effect of
years with high solar activity, we plotted simple regres-
sions of N,F2 on F10.7 (Figure 2), excluding years for
which annual average F10.7 exceeded 175 s.f.u.

When comparing the results of the two regressions,
the following can be highlighted. When excluding years
with F10.7>175 s.f.u., the rate of increase in N,,F2 rises
with F10.7, and N,,F2 decreases at solar minimum. A
change in the regression coefficients causes negative
deviations from the regression to increase, positive de-
viations to decrease, with daytime values near the max-
imum of cycle 21 (1979-1981) fitting well into the new
regression curve despite the fact that these values were
not considered in the regression with F10.7<175 s.f.u.
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Figure 1. Scatter diagram of annual average N,,F2 as function of annual average F10.7 for daytime (a) and nighttime (b).
Values near maxima of solar cycles 19 (1956-1959), 21 (1979-1981), and 22 (1989-1991) are shown in red, green, and blue
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Figure 2. The same as in Figure 1 except for the years with F10.7>175 s.f.u.

This fact suggests that the cause of regression errors is
not linked to high solar activity per se. The deviation
from the regression curves in the years near the maxi-
mum of solar cycle 22 (1989-1991) have been observed
in previous studies [Lastovicka, 2019; Danilov, Vanina-
Dart, 2010]. This issue is discussed in more detail in
Subsection 1.3.

The first method of estimating the N,,F2 trend ap-
proximates deviations of AN,,F2 from the multiple re-
gression of Ny,F2 on F10.7 and A, by a linear time
trend. When analyzing the trends, we have used two
regressions on F10.7 and A,: (1) with the entire data set
and (2) excluding years with F10.7>175 s.f.u. Time
variations in AN,F2 and their approximations by linear
time trends are illustrated in Figure 3.

The revealed trend is seen to be negative in all the
cases, which indicates that N,,F2 decreased from 1955 to
2021. Negative trends in N,F2 are consistent with the
main results of the review [Danilov, Konstantinova,

2020] (this issue is discussed in more detail in Subsection
1.3). Note that the identified trends slightly reduce devia-
tions from regressions on F10.7. The trend range is ~10
times wider than the range of deviations from regressions
for all the years and ~4 times wider than the range of de-
viations from regressions for the years with F10.7<175
s.f.u. In both cases, trend subtraction slightly reduces the
standard deviation.

Table 1 lists the obtained coefficients of multiple re-
gressions of Np,F2 on F10.7 and Ay (No, N3, Ny), as well
as the trend rate of AN; for day, night, all years, and
years with F10.7<175 s.f.u. The exclusion of years with
F10.7>175 s.f.u. is seen to produce a noticeable change
in the coefficients. For daytime conditions, N, decreases
by ~7 %, N; increases by ~6 %, N, decreases by ~78 %
(i.e. ~4.5 times), and AN, decreases by ~25 %. For
nighttime conditions, N, decreases by ~4 %, N; increas-
es by ~4 %, N, decreases by ~43 % (i.e. ~1.8 times),
and AN; increases by ~13 %.
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Figure 3. Time variations in AN,,F2 and their approxima-
tions by linear time trends for daytime (a) and nighttime (b).
Red color indicates all years; black, years with F10.7<175
s.f.u. Vertical dashed lines are boundaries between solar cycles

Table 1

Coefficients of regression on F10.7 and A% (No(10° cm™®),
N;(10° cm /100 s.f.u.), Np(10° cm™/10 nT),
as well as the rate of trend AN, (10 ® cm%/100 years)

Period/time of day No N; N, ANy
All years/day 3.75 | 870 | -0.23 | -0.65
Years with F 350 | 9.19 | -0.05 | -0.49
10.7<175/day
All years/night 163 | 2.16 | -0.07 | -0.23
Years with 157 | 225 | -0.04 | -0.26
F10.7<175/night
Table 2

Estimated contributions of F10.7, A;, and trend to N,,F2
Period/time of day F10.7 A, Trend
All years/day 141 | -045 | -0.43
Years with F 10.7<175/day 149 | -0.10 | -0.32
All years/night 35 -0.14 | -0.15
Years with F10.7<175/night 3.6 -0.08 | -0.17

To assess the contributions of solar, geomagnetic ac-
tivity, and long-term trend, we can use the obtained co-
efficients and extreme changes of F10.7=163 s.f.u.,
A,=20 nT, and Y=66 years over the period of interest,
using the formula for multiple regression of N,F2 on
F10.7 and A,, as well as the formula for linear trend
approximation of AN,F2. Table 2 gives assessments of
F10.7, A,, and the trend. The solar activity contribution
is seen to exceed the geomagnetic activity contribution
~25-150 times and the trend contribution ~21-46 times.
Note that exclusion of years with F 10.7>175 leads to a
significant decrease in N, (~4.5 times for the day and

~1.8 times for the night), whereas a change in AN, is
much smaller (~25 % for the day and ~13 % for the night).
This allows us to assume that when using all years, N, re-
flects not so much the geomagnetic activity contribution as
an attempt to compensate for abnormally low N,,F2 at the
maxima of cycles 19 and 22. At the same time, the trend
effect is more stable and in both cases exhibits a negative
trend with comparable coefficients.

The second method for estimating the long-term
trend in NF2 involves analyzing cycle-to-cycle vari-
ations in the coefficients of simple regression of
NmF2 on F10.7 (Figure 4). As expected, the coeffi-
cients for cycles 19 and 22 differ markedly from the
coefficients obtained for other cycles. Under daytime
conditions, Ny for cycles 19 and 22 is ~3.9-10°cm™:
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Figure 4. Cycle-to-cycle variations in coefficients of sim-
ple regression of N,F2 on F10.7 for daytime (a, b) and
nighttime (c, d). Red dots denote cycles 19 and 22; black dots
mark the remaining cycles. The red trend is plotted for all
cycles; the gray trend, for cycles 20, 21, 23, and 24
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for other cycles, it varies within (3.4+3.5)-10° cm™3;
N, for cycles 19 and 22 is 8.3 and 7.7-10° cm /100 s.f.u.;
for other cycles, it varies from 8.7 to 9.4-10° cm /100
s.f.u. Under daytime conditions, the linear trends,
plotted for the coefficients of cycles 20, 21, 23, and
24, are as follows: Ny=—0.13-10° cm%10 cycles and
N;=—0.56-10° cm /100 s.f.u./10 cycles. To assess the
trend contributions of the coefficients to the N,F2
trend, we employ the formula for simple regression
of N,F2 on F10.7: N,,F2 trend = Np trend + Ny(<F
10.7>-69)/100 trend, where <F10.7>=122 s.f.u. is
F10.7 averaged over all the cycles being analyzed.
The estimated trend N,F2=—0.43-10° cm/10 cycles
is close to the estimate obtained by the first method:
AN;=-0.49-10° cm %100 years (10 cycles is approx-
imately equivalent to 110 years). For nighttime con-
ditions, a similar method gave a trend Ny=—0.01-10°
cm*10 cycles, a trend N;=—0.70-10° cm %100
s.f.u./10 cycles, and estimated trend N,F2=-0.38-10°
cm /10 cycles. This estimate significantly exceeds
AN;=-0.26-10° cm %100 years for nighttime condi-
tions. The reason for this difference is associated
with overestimated nighttime trend in N; due to ab-
normally low N; in cycle 23 (the reasons may be re-
lated to the lack of data in this cycle).

1.3. Discussion of long-term variations in an-
nual average N,,F2

Analysis of long-term variations in annual average
NmF2 has revealed abnormally low N,,F2 in 1957-1958
(maximum of cycle 19) and 1989-1991 (maximum of
cycle 22). For daytime, the most abnormal is 1991 when
the deviation from regression was —2.5-10° cm™ or —16
% of the expected value. For nighttime, the most ab-
normal is 1957, —0.85-10° cm™® or —16 % of the ex-
pected value. Analysis of the cycle-to-cycle variations
in the coefficients of simple regression of N,F2 on
F10.7 has shown an abnormally low rate of change in
NmF2 with increasing F10.7 (N,) in the cycles consid-
ered. In cycle 22, this coefficient turned out to be 15 %
lower than N, derived by averaging over cycles 20, 21,
23, and 24. The fact that N,,F2 near the maximum of
cycle 21 (1979-1981) fits well into the regression curve
plotted for the years with F10.7<175 s.f.u. (i.e. without
NmF2 near the maximum of cycle 21) suggests that the
reason for the deviation from the regression in cycles 19
and 22 is not related to high solar activity per se.

The deviation from the regression curves near the
maximum of solar cycle 22 (1989-1991) has been ob-
served in previous studies. Lastovicka [2019] has found
that the rate of increase in annual average f,F2 and f,E
with increasing F10.7 was higher in 1996-2014 (cycles
23 and 24) than in 1976-1995 (cycles 21 and 22). Not-
ing that the mechanism of this difference has not been
identified yet, Lastovicka [2019] has put forward two
potential reasons for this difference: (1) change in the
ratio between F10.7 and solar ionizing radiation; (2)
change in the ratio between ionospheric parameters and
solar ionizing radiation. The second reason may be
linked to variations in the neutral atmosphere parame-
ters (temperature, chemical composition, wind). Danilov

and Vanina-Dart [2010] have found that the deviation
from the moving 11-year regression of f,F2 (at sun-
set)/f,F2 (14 LT) on F10.7 begins to increase after 1980,
peaking at the maximum of solar cycle 22. A change in
the wind regime in the thermosphere was taken as a
possible reason for the detected increase. Identifying the
reason for the deviation from regression in cycles 19
and 22 (solar or atmospheric) is an urgent problem since
other deviations from regression (including the long-
term trend) can be explained by the same reason.

The wuse of alternative solar activity indices
[Lastovicka, BureSova, 2023] has shown that the differ-
ence between rates of increase in annual average f,F2
with increasing index in 1996-2014 and 1976-1995 de-
pends essentially on the choice of solar activity index. For
F10.7 and the sunspot number, the difference was maxi-
mum; for the indices La (solar flux in the Lyman-alpha
line), Mgll, and Hell, it was smaller; and for F30, it was
minimum. Thus, the results obtained in [Lastovi¢ka, Bu-
reSova, 2023] have confirmed the first version
[Lastovicka, 2019]: the reason for the anomaly at the
maximum of cycle 19 is a change in the ratio between
F10.7 and solar ionizing radiation. In turn, the reason for
the change in this ratio at the maximum of cycle 19 re-
mains unclear so far.

The regression analysis has identified a negative
trend in annual average N,F2: under daytime condi-
tions, N, F2 decreases at a rate of 0.49-10° cm™ over
100 years or by 0.32:10° cm ™ over the 66-year period
considered. As for average N.,F2, the trend rate is ~8 %
over 100 years or a decrease by ~5 % over the 66-year
period of interest. For nighttime conditions, a negative
trend has also been found: the trend rate was 0.26-10°
cm® over 100 years (or ~11 % relative to average
NmF2). Given the quadratic dependence of N,F2 on
f,F2, the N,F2 trend can be recalculated into the f,F2
trend: Af,F2/<f,F2>~0.5AN,F2/<N,F2>, where paren-
theses mean averages over the 66-year period. The re-
calculation yields f,F2 trends: —-0.26 MHz over 100
years during the day and —0.23 MHz over 100 years at
night.

The obtained trends in N,F2 and f,F2 were com-
pared with the trends presented in the review [Danilov,
Konstantinova, 2020]. On the one hand, the authors
show small f,F2 trends from —0.0028 to —0.0002 MHz
per year (from -0.28 to —0.02 MHz over 100 years)
[Bremer et al., 2012; Mielich, Bremer, 2013]. The larg-
est trend from the presented range agrees well with the
results of our work. On the other hand, the review pre-
sents the trends that are several times or even an order
of magnitude higher than those we have obtained. The
results of the analysis of f,F2 trends in [Cnossen,
Franzke, 2014] show that all statistically significant f,F2
trends are negative, and their absolute values range from
0.008 to 0.033 MHz/year (the latter value is more than
by an order of magnitude higher than the trend we have
estimated). Zhang [2018] has presented electron density
trends in the F-region from incoherent scatter data. Ac-
cording to the data, the N,F2 trend is 5 % per decade,
which is ~5-6 times higher than the N.,F2 trend we
have estimated (8—11 % for 100 years).
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Given that the range of the N,,F2 or f,F2 trend is much
narrower than the range of deviations from regression, the
discrepancies between the small trends are quite under-
standable. At the same time, it is difficult to explain the
trends that are several times or even by an order of magni-
tude higher than those we have derived. For example, the
NmF2 trend equivalent to 5 % over a decade would give a
change of ~33 % in regression coefficients over six cycles,
which would be visible to the naked eye. We have shown
that the cycle-to-cycle variation in regression coefficients
can be ~15 %, yet such a variation is not a trend, but an
anomaly in a certain cycle.

2. YEAR-TO-YEAR VARIATIONS
IN NnF2, Tr,, AND THEIR
VARIABILITIES IN SOLAR
CYCLE 24

2.1. Data and analysis method

The analysis uses experimental data on the OH rota-
tional temperature T, (OH band(6-2) 834.0 nm, ~87
km), derived from spectrometric measurements at the
ISTP SB RAS Geophysical Observatory (51.8° N,
103.1° E, Tory) with 10 min resolution, and the peak
electron density N,F2, obtained from vertical sounding
data by the Irkutsk digisonde DPS-4 (52.3° N, 104.3° E)
operating in monitoring mode with 15 min resolution.
Measuring and data processing techniques are detailed
in [Semenov, et al., 2002; Khomich et al., 2008;
Medvedeva et al., 2014]. The OH rotational temperature
displays the temperature of the atmosphere at the meso-
pause; the period of interest is 2008-2020. For each
year, we have calculated annual average T, and N,F2
and their variabilities oT,, and oN,F2. The analysis
involves data on F10.7 and A, from the GSFC/SPDF
OmniWeb interface on the website [http://omniweb.
gsfc.nasa.gov/form/dx1.html], as well as data on SOI var-
iations in the format of the Climatic Research Unit of
East Anglia University [https://crudata.uea.ac.uk/cru/
data/soi/, Ropelewski, Jones, 1987]. Negative values of
this index indicate an El Nifio phase; positive values, a
La Nifia phase. The El Nifio — Southern Oscillation
(ENSO) is the main climatic signal that determines the
year-to-year variability in the global ocean—atmosphere
system. We have studied and compared annual average
Tm and N,F2, as well as their day-to-day and intradiur-
nal variabilities, calculated using the method presented
in [Medvedeva, Ratovsky, 2017].

To calculate annual average T,, and oT,, for each
year, we have adopted the method detailed in [Offer-
mann et al., 2009; Perminov et al., 2014a, b;
Medvedeva, Ratovsky, 2015, 2017]. As a characteristic
of atmospheric variability, we have used standard devia-
tions of T, in annual and nighttime variations, which
allow us to analyze the manifestation of wave processes
of various time scales in the upper atmosphere. Day-to-
day temperature variations are generally caused by mi-
grating planetary waves; the main contribution to the
nighttime variability is made by tides and IGWs. The
time period 2008-2020 includes 2185 nights of observa-
tions. To determine average T, and day-to-day T, we

isolated seasonal variations from the set of averages for
each night of observations, and then analyzed tempera-
ture residuals. Seasonal variations were computed using
the least square method:

_ 3
T=T +ZA1 cos( 27
n=1

365.25

(ts @, )j' (1)

where T is the annual average temperature, t is the day of
the year, A, and ¢, are n harmonic amplitudes and phases.
The approximation was carried out by the sum of the first
three harmonics of the seasonal variation with periods of
12, 6, and 4 months.

The main contribution to the nighttime variability in
Tm is made by tides and IGWs. Intradiurnal temperature
variations were analyzed using the method described in
[Offermann et al., 2009, Perminov et al., 2014a, b;
Medvedeva, Ratovsky, 2015]: the square of this stand-
ard deviation can be represented as the sum of squared
standard deviations

o’ =65+ G;W +ol (2)

characterizing activity during the night of tides o, IGW
ogu’» a5 Well as fluctuations in the dark current of the spec-
trometer receiver o,2, which are determined when the en-
trance slit of the device is closed. The values ogy and oy
were sequentially calculated after isolating the harmonics
corresponding to the 24, 12, and 8 hr diurnal tide compo-
nents from a series of nighttime temperatures by the least
square method. This procedure was carried out for each
night of observations. The oy and o, thus calculated were
utilized as parameters describing temperature variability
due to tides and IGWs.

As a characteristic of ionospheric variability we used
oNnF2. For the analysis, the relative disturbances
AN,F2 were calculated which represent the relative
difference between observed N.,F2.,s and the moving
27-day median NpF2 meq:

AN F2=(N_F2,, —N_F2 )/
IN,,F2,,., -100%.

Root-mean-square AN,,F2 was chosen as the parameter
of ionospheric variability:

oN,F2 = [(AN, F2?). (4)

The obtained values of AN,,F2 were analyzed in
the same time periods as T, to do this, we isolated
wave disturbances with T>24, 8<T<24, and T<8 hrs.
The values of AN,F2 were analyzed separately for
daytime and nighttime; the day—night boundary was
determined from the passage of the terminator across
the earth. Day-to-day (T>24 hrs) variations in NF2
can be caused by geomagnetic disturbances, planetary
waves, as well as short-term solar activity variations.
Variations with periods 8<T<24 hrs correspond to the
first three harmonics of thermal tides (24, 12, and 8
hrs) and can be triggered by tidal waves from the
underlying atmosphere and by geomagnetic storms.
The most rapid variations (T<8 hrs) are associated
with traveling ionospheric disturbances (TIDs),
which can be generated by IGWs propagating from
the lower layers.

®3)

med
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Variabilities in T,, and N,,F2 corresponding to dif-
ferent periods are further designated as day-to-day
(T>24 hrs), tidal (8<T<24 hrs), and IGW (T<8 hrs) vari-
abilities.

To analyze year-to-year variations of ionospheric
variability in oNy,F2 and their relationship with solar
and geomagnetic activity variations, we have performed
multiple regression analysis between oN,F2 and annual
average F10.7 and A,. The equation for multiple regres-
sion of cN,F2 on F10.7 and A, has the form

oN,F2 =0, + o, (F10.7-69)/10+0, (A, —4), (5)

where o is the regression constant at F10.7=69 s.f.u.
and A;=4 nT; oF and o, are regression slopes indicat-
ing the rate of change in oN,F2 with increasing
F10.7 and A, respectively. The constant o, fits solar-
geomagnetic conditions during the deep solar mini-
mum of 2009 (F10.7=69 s.f.u., A,=4 nT).

The coefficient of determination is an important
characteristic of any regression. For multiple regression
of oN,F2 on F10.7 and A,, the coefficient of determina-
tion indicates what percentage (%) of year-to-year var-
iations oN,,F2 can be explained by concurrent variations
in solar and geomagnetic activity (F10.7 and Ay). In the
case of a simple regression on F10.7 or A,, the coeffi-
cient of determination shows how much the ocN,F2 var-
iation can be explained by variations only in solar or
geomagnetic activity (only F10.7 or Ay). For the analy-
sis of N,F2 variations, we employed multiple regres-
sions of ocN,,F2 and annual average N,F2 on F10.7 and
A, as well as simple regressions on F10.7 and A,. To
study oT,,, we adopted the same procedure and addi-
tionally included SOI in the analysis.

2.2. Results of the analysis of year-to-year var-
iations in the peak electron density and its varia-
bility in solar cycle 24 and their discussion

Figure 5, a illustrates year-to-year variations in an-
nual average N,F2 (circles) with the linear regression
results superimposed on annual average F10.7 for day-
time (black, gray) and nighttime (blue, light blue) condi-
tions. Panel b exhibits variations in F10.7 (black curve)
and A, (blue curve).

The F10.7 variations are seen to be ahead of the A,
variations by ~1 year during the increase phase and by
~2 years during the declining phase. The analysis has
shown that the regression of annual average N,,F2 on
F10.7 is almost perfect, and the asymmetry of solar and
geomagnetic activity variations did not worsen the re-
gression. Calculations have revealed that the coefficient
of determination for the simple linear regression of an-
nual average N,F2 on F10.7 is very high (99.5 % for
daytime and 98 % for nighttime). This means that the
contribution of geomagnetic activity to year-to-year
variations in annual average N.,,F2 for 2008-2020 is
negligible compared to the contribution of solar activity.

Figure 6 depicts year-to-year variations in cNy,F2 and
their approximation by multiple regression on F10.7 and
A,. Table 3 lists determination coefficients for the multiple

regression RZ, calculated from (5), the simple regression
R? on F10.7, and the simple regression R: on A,.
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Figure 5. Variations in annual average N,,F2 (circles) with
linear regression results superimposed on annual average
F10.7 for daytime (black, gray) and nighttime (blue, light
blue) conditions (a); year-to-year variations in F10.7 (black)
and A, (blue) in solar cycle 24 (b)
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Figure 6. Year-to-year variations in oNF2 (circles) and
their approximation by multiple regression on F10.7 and A,
for daytime (black, gray) and nighttime (blue, light blue) con-
ditions: a — day-to-day variability; b — with tidal periods;
¢ — with IGW periods

The multiple regression has been found to significantly
increase the coefficient of determination as compared to
the simple regression for four of the six variability
types; in Table 3, these values are highlighted in bold
with underscore. Thus, the coefficient of determination
increases from 66 to 92 % for daytime day-to-day N,,F2,
from 19 to 48 % for day-to-day tidal cN,F2, from 27 to
65 % for nighttime tidal oN,F2, and from 48 to 83 %
for nighttime oNyF2 with IGW periods. This indicates
that the solar and geomagnetic activity contributions to
ionospheric variability of these types are comparable.
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Table 3
Determination coefficients for multiple R’, and simple

regressions RZ, R: of ionospheric variability oNy,F2
on F10.7 and A,

Variability oN,oF2 | RZ2,, % RZ,% | R, %

Day

Day-to-day 91.9 65.6 66.0

Tidal 48.0 8.8 19.1

IGW 92.6 83.2 1.3
Night

Day-to-day 29.6 19.1 23.1

Tidal 64.6 27.4 10.6

IGW 82.7 47.7 5.6

For daytime oNy,F2 with IGW periods the coefficient of
determination for the simple regression on F10.7 is 83
%, and the multiple regression gives an increase of 10
%, which suggests that the solar activity contribution
dominates. For nighttime day-to-day oNjF2, none of
the regressions yields a coefficient of determination >30
%, which indicates a small contribution of both solar
and geomagnetic activity.

Thus, the regression analysis has demonstrated that
there is a positive correlation of daytime day-to-day
oNnF2 with both solar and geomagnetic activity, which
was expected since diurnal solar flux variations and
geomagnetic storms increase ionospheric variability.
For daytime day-to-day variability, the coefficient of
determination increases from 66 % for simple regres-
sion of cN,F2 on A,, to 92 % for multiple regression of
oN,F2 on F10.7 and A, which can be attributed to the
comparability of the effects of geomagnetic and solar
activity on oN,F2. The comparability of geomagnetic
and solar activity contributions to N,F2 variability is
inconsistent with the results obtained in [Forbes et al.,
2000; Rishbeth, Mendillo, 2001]; the authors have con-
cluded that variability in the ionosphere due to day-to-
day variations in solar activity is lower than that in ge-
omagnetic activity. This discrepancy can be explained
by two reasons. First, in solar cycle 24, geomagnetic
activity was atypically low. Rishbeth and Mendillo
[2001] have utilized A;=13 nT as typical (or moderate)
geomagnetic activity, whereas in cycle 24 the highest
annual average A,=12.3 nT, which is ~1.8 times lower
than in solar cycle 23. Another reason can be different
methods of estimating solar and geomagnetic activity
contributions. Forbes et al. [2000] have employed mul-
tiple regression of daily average N,F2 by the annual
component of variations, the semiannual component of
variations, F10.7 averaged over 81 days, and day-to-day
F10.7. It was the last regression component that was
used to assess the contribution of day-to-day variations
in solar activity to cN,F2. Unlike [Forbes et al., 2000],
we have analyzed multiple regression of oNF2 on
F10.7 and A,. Currently, it is difficult to say which
method is more valid, but the following conclusion can
be drawn. If the geomagnetic activity contribution had
been dominant, we would not have received a signifi-
cant increase in the coefficient of determination for the
multiple regression on F10.7 and A, as compared to the
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simple regression on A,

Regression analysis has shown a positive correlation
of nighttime day-to-day oN,F2 with both solar and ge-
omagnetic activity; however, sensitivity to geomagnet-
ic/solar activity was ~3—4 times lower than for daytime
variability. Such low sensitivity leads to a low coeffi-
cient of determination, which indicates that only ~30 %
of year-to-year variations in nighttime and diurnal
oNnF2 can be explained by simultaneous variations in
solar and geomagnetic activity. The absence of an in-
crease in nighttime variability with geomagnetic activity
or even its decrease have been observed in a number of
previous studies [Ratovsky et al., 2015; Altadill, 2007;
Mikhailov et al., 2000; Araujo-Pradere et al., 2005;
Deminov et al., 2013]. Among the reasons explaining
this behavior, the authors pointed to the increase in
chemical control (or recombination rate) with increasing
geomagnetic activity, which reduced the amplitude of
nighttime disturbances of N,F2. Another reason may be
related to nighttime disturbances of N,,F2 triggered by
so-called CIR storms (storms initiated by a compression
region in front of high-speed streams) [Buresova et al.,
2014; Ratovsky et al., 2022]. CIR storms can occur at
low A, and can enhance nighttime oNy,,F2 during geo-
magnetic minima. For geomagnetic activity of this kind,
A, cannot be a suitable indicator. In this case, the coeffi-
cient op in (5) includes contributions from both mete-
orological and geomagnetic activity, which is not identi-
fied with A,

2.3. Results of the analysis of year-to-year var-
iations in T,, and 6T, in solar cycle 24 and their
discussion

Initially, multiple linear regressions of T,, and oTy,
on F10.7 and A, were plotted in the same way as it was
done for N,F2 according to (5). Unlike N,F2, no signif-
icant relationship with F10.7 and A, was found in varia-
tions of annual average T, and oT,,. It was then decided
to involve an additional parameter describing conditions
of the lower atmosphere in the analysis, for which SOI
was chosen. Analysis of multiple regression of T, and
oTn on SOI and F10.7 (7), as well as Ty, and 6Ty, ONn
SOl and A, (6) was carried out and the determination
coefficients for regression of each type were calculated.

O1m=00+05SOI+ca(Ay—4), (6)

6Tm=00+65SOl+o(F10.7-69)/10. @)

Figure 7 depicts year-to-year variations in meso-
pause temperature variability oTy, and their approxima-
tions by multiple regression on SOI and A, (a—c), varia-
tions in annual average T, and their approximation by
multiple regression on SOI and F10.7 (d), as well as
variations in annual average SOI (). Analysis of multi-
ple regression of T, on SOl and F10.7, as well as of
oTm on SOI and A, has shown that the highest determi-
nation coefficients were obtained for multiple regression
on SOI and A,; the approximation results are presented
in Figure 7 (a—c).

Table 4 lists determination coefficients for multiple
(RZ,) and simple (RZ, R} ) regressions of 6T, on F10.7
and Ay, as well as for multiple regression of 6T, on SOI
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and A, (RZ,). It has been found that the inclusion of

SOl in the analysis significantly improves the quality of
approximation, which can indicate that the El Nifio/La
Nifia phenomena have an effect on parameters of the mid-
latitude upper atmosphere. Compared to the regression
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Figure 7. Year-to-year variations in Ty, (black curve) and
their approximations by multiple regression on SOI and A, (blue
curve): a — day-to-day variability; b — with tidal periods; ¢ —
with IGW periods; d — variations in annual average T,, (black
curve) and their approximation by multiple regression on SOI
and F10.7 (blue curve); e — variations in annual average SOI

Table 4
Determination coefficients for multiple ( RFZA) and simple

(RZ, R2) regressions
of 6Ty, on F10.7 and A,, as well as for multiple regression of
6Tmon SOl and A, (RZ,)
Type of variability

RZ,, % | RE% | R % | RZ, %
m
Day-to-day 32.2 5.9 32.2 66.7
Tidal 7.0 2.6 6.6 56.8
IGW 6.2 5.3 3.1 35.5
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of 6Ty on F10.7 and A,, the coefficients of determina-
tion increase significantly from ~32 to 67 % for day-to-
day 6Ty, from ~7 to 57 % for tidal 6T,,, and from ~6 to
36 % for o T, with IGW periods. Day-to-day T, driv-
en by the influence of migrating planetary waves, corre-
lates with SOI, with a peak of variability in the La Nifia
phase (maximum SOI in 2011), and a minimum in the
El Nifio phase. Intradiurnal variability generated by
tides and IGWs (Figure 7, b, ¢) demonstrates a negative
correlation with SOI; the lowest variability is observed
near the La Nifia phase (2011-2012).

Pedatella and Liu [2012] have made numerical cal-
culations with WACCM (Whole Atmosphere Communi-
ty Climate Model) and have shown that the El Nifio —
Southern Oscillation (ENSO) can cause significant year-
to-year variability in migrating and nonmigrating tides
in the mesosphere and lower thermosphere region
(MLT). The authors have concluded that the tides exhib-
it the greatest response to ENSO. Pedatella and Liu
[2013] have concluded that ENSO can be considered as
a potentially significant source of variability in the up-
per atmosphere. Thus, the observed increase in intradi-
urnal temperature variability of the mesopause region
during the El Nifio phase may be associated with inten-
sification of tidal waves in the upper atmosphere. Anal-
ysis of day-to-day oT,,, determined by migrating plane-
tary waves, has revealed its correlation with SOI varia-
tions, with maximum variability during the La Nifia
phase (maximum SOI in 2011), and minimum variabil-
ity during the El Nifio phase (Figure 7, a). This contra-
dicts the conclusion drawn in [Pedatella, Liu, 2013;
Sassi et al., 2004] that a significant increase in activity
of planetary waves occurs during El Nifo. Pedatella and
Liu [2013] from model calculations have concluded that
at low latitudes during El Nifio westward abnormal zon-
al-mean winds occur in the altitude range 40-60 km;
and eastward ones, at 60-90 km. The opposite situation
is observed during the La Nifia phase. Sassi et al. [2004]
have also revealed that ENSO causes the low-latitude
stratosphere and mesosphere to vary. Nonetheless, Gar-
cia-Herrera et al. [2006] did not find significant varia-
bility in atmospheric parameters at low latitudes. A pos-
sible reason for this discrepancy may be linked to the
use of different models in [Pedatella, Liu, 2013; Sassi et
al., 2004; Garcia-Herrera et al., 2006], as well as to the
choice of ENSO events for analysis. In [Offermann et
al., 2009; Perminov et al., 2014a, b], differences in 6T,
have been found for different regions. We can assume
that the reason for the discrepancy between our result
(an increase in day-to-day oT,, during the La Nifia
phase) and the conclusions drawn in [Pedatella, Liu,
2013; Sassi et al., 2004] (an increase in the activity of
planetary waves during the El Nifio phase) may be lati-
tude and longitude differences between the regions con-
sidered.

Analysis of multiple regression of annual average T,
on F10.7 and A, has not revealed their significant correla-
tion (coefficient of determination is 9.1 %). The best co-
efficient of determination (18.1 %) is obtained from mul-
tiple regression of annual average T, on SOI and F10.7.
The results of the analysis are presented in Figure 7, d.
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Low coefficients of determination are associated with the
behavior of the annual average mesopause temperature in
2009-2011: none of the indices reproduces a sharp in-
crease in 2009-2010 and a sharp decrease in 2010-2011.
Sun et al. [2019] have examined the effect of the EI Nino
— Southern Oscillation on the total electron content (TEC)
of the ionosphere and have shown that the contribution of
the ENSO cold phase in 2010 and 2011 to quasi-biennial
fluctuations in TEC variations is significant. A possible
reason for the considerable variations in annual average T,
in 2009-2011 may be the cold phase of La Nifa and the
highest SOI values over the past 70 years (Figure 7, e).

To study the relationship between 6T, and oNF2,
we calculated the correlation and determination coeffi-
cients between the year-to-year variations in these char-
acteristics at night. The calculations found out that there
was a low negative correlation with coefficients of —
0.229 for day-to-day variability, —0.284 for tidal varia-
bility, and —0.046 for variability with IGW periods. The
corresponding determination coefficients were 5.2, 8.1,
and 0.2 %. Thus, no significant relationship was found
between year-to-year variations in oT,, and oNyF2 at
night. Comparison between year-to-year variations in
oNpF2 and SOI also revealed no significant relationship
between these characteristics.

CONCLUSION

The study of long-term variations in annual average
NmF2 over the 66-year period has led to the following
conclusions.

The main factor of variations in the annual average
daytime and nighttime values is solar activity variation
(determination coefficients of 98 % during the day and 97
% at night). Taking geomagnetic activity into account has
practically no effect on regression errors. Approximation
of deviations from the AN,,F2 regression by a linear time
trend has found negative trends in long—term variations of
NmF2: 0.49:10° ¢cm™/100 years during the day and
0.26-10° cm /100 years at night. The trend range is ~10
times narrower than the range of deviations from regres-
sions for all years and ~4 times narrower than the range
of deviations from regressions for years with F10.7<175
s.f.u. In both cases, trend subtraction slightly reduces the
standard deviation. The greatest deviations from the re-
gressions on F10.7 are observed in the years near maxima
of solar cycles 19 and 22. This fact has been observed in
previous studies, and the reason for the deviations is cur-
rently debatable. Comparison of the obtained trends in
NmF2 with the trends presented in the review [Danilov,
Konstantinova, 2020] has indicated that they agree with
small trends in f,F2; at the same time, the review shows
trends that are several times or even by an order of mag-
nitude higher than those we have derived. The analysis
has revealed that cycle-to-cycle variations in regression
coefficients can be ~15 %,; yet, such a variation is not a
trend, but an anomaly in a certain cycle.

Using radiophysical and spectrometric measure-
ments at the ISTP SB RAS complex of instruments in
solar cycle 24, we have studied year-to-year variations
in Np,F2, T, and their variability. As a result of multiple
regression analysis, the following conclusions have been
drawn. The main contribution to year-to-year variations
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in annual average N,F2 is made by solar activity; the
contribution of geomagnetic activity is negligible. For
four of six types of ionospheric variability, the contribu-
tions of solar and geomagnetic activity are comparable.
For daytime oN,F2 with IGW periods, the influence of
solar activity prevails. For nighttime day-to-day oN,F2,
the contribution of both solar and geomagnetic activity is
insignificant. Analysis of year-to-year variations in cT,,
has shown that the inclusion of SOI in the multiple re-
gression analysis can cause a significant increase in the
coefficients of determination: the highest were obtained
for multiple regression on SOI and A,. This may suggest
that the El Nifio/La Nifla phenomena have an effect on
characteristics of the mid-latitude upper atmosphere.
Day-to-day o Ty, correlates with SOI, with peak variability
during the La Nifia phase (2011-2012). Maximum intra-
diurnal oTy, is observed near the El Nifio phase. For an-
nual average T, the highest coefficient of determination
(18.1 %) is given by multiple regression on SOI and
F10.7. No significant relationship has been found be-
tween year-to-year variations in cN,F2 and o Ty,
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