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Abstract: The ionospheric Alfvén resonator (IAR) is an integral element of the entire ionosphere-
magnetosphere system. It plays an essential role in energy exchange and interaction between the
magnetosphere and ionosphere. The parameters of this resonator reflect the state of the ionosphere.
The purpose of this study was to study three types of IAR frequency modulation (daily, seasonal and
solar-cyclic) and to identify their relationship with solar and magnetic activity. We used the results of
magnetic observations of the IAR emission at the Mondy mid-latitude observatory for the 24th solar
activity cycle from 2009 to 2019. The dependence of the difference in the neighboring harmonics
frequencies (i.e., the emission frequency scale) on solar activity (the sunspot number) and on the
magnetic indices Kp, Dst and AE was studied. The correlation between the frequency scale and the
indices of solar and magnetic activity was investigated at different time scales by comparing the
variations in daily, monthly, and annual averages. The dependence of the IAR frequency scale on solar
activity turns out to be much closer than the same dependence of any of the three magnetic indices.
The closest relationship is exhibited between the annual average values of the frequency scale, on the
one hand, and the sunspot number and the Dst index, on the other. This result is interpreted as a
demonstration of the cumulative effect of solar activity on the state of the ionosphere and, first of all,
on the electron concentration in the F2 region of the ionosphere.
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1. Introduction

The complex structure of the magnetospheric-ionospheric dynamic system includes a whole set
of waveguides and resonators. The most well-known of them are the field-line resonator [1,2], an
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ionospheric waveguide [3], an earth-ionosphere resonator [4], a waveguide under the roof of the
plasmasphere [5]. In the last quarter of the previous century, an ionospheric Alfvén resonator (IAR)
was predicted [6] and discovered [7]. IAR is a cavity between the base of the ionosphere and the region
of transition to the magnetosphere.

The lower boundary of the cavity is a sharp gradient of Alfvén velocity Va = B/(4xp)"? at a level
of about 100—-150 km, which arises due to the fact that the magnetic field B decreases with altitude
much more slowly than the increase in the density of charged particles p, which reaches a maximum
in the F2 region of the ionosphere (250-350 km). Above this layer, the plasma density decreases,
although somewhat more slowly than it increases; and at an altitude of about 1000 to 6000 km, a
maximum of the Alfvén velocity forms, which serves as the upper boundary of the cavity. (The specific
altitude value depends on the state of the magnetosphere-ionospheric system). The frequency of Alfvén
waves trapped in the cavity lies in the upper part of the range of ultra-low-frequency (ULF)
electromagnetic oscillations, below 10 Hz. On the daily spectrogram of magnetic oscillations, IAR
emission has the characteristic form of discrete spectral bands, their frequency and the distance
between them (frequency scale) increase from noon to midnight and decrease in the morning hours. A
typical example of a dynamic emission spectrum is shown in Figure 1.

Spectrogram obs. Mondy 20180101 (Log Scale)
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Figure 1. An example of a daily IAR emission spectrogram. Two components of the
magnetic field are shown: meridional (Bx) and azimuthal (By). The colored bars on the right
allow one to correlate the colors in the dynamic spectrum with the emission intensity in
decibels. The arrow below the time axis shows local midnight.

Subsequently, IAR was actively studied by the joint efforts of many authors. The main
contribution at the first stage of research was made by works [8—10]. The discoverers of the IAR
developed the theory of the emission spectral structure [8]. The presence of the ionospheric Alfvén
resonator was shown to give rise to a rapid accumulation of energy in the upper ionosphere [9]. A
theory was proposed of feedback interactions which are controlled by reflections within the TAR
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resonant cavity [10]. Following these studies, a stream of publications emerged in the literature.
Various theoretical models of IAR were proposed (see, for example, the review [11] and references
therein) and the results of observations of IAR emission in various regions were analyzed [12-20]. By
now it has become clear that the ionospheric Alfvén resonator is an integral element of the entire
ionospheric-magnetospheric structure. It plays an essential role in energy exchange and interaction
between these two regions of near-Earth space.

The published works contain a fairly complete morphological description of the IAR emission;
they also include an analysis of the relationship between the emission characteristics and other
geophysical phenomena. In particular, the close relationship between the harmonic frequency set of
the emission and the critical radio sounding frequency foF2 of the F2 region of the ionosphere was
measured, analyzed in detail and explained [13,15,17,21-23]. (The fact is that the resonance
frequencies of the [AR depend primarily on the concentration of electrons Ne in the ionosphere and the
frequency foF2 is rigidly connected with this concentration: Ne = 1.24 x 10%(foF2)?, here N. is measured
in particles per cubic centimeter, and the critical frequency is in megahertz.) However, all the above-
mentioned works used observational data for a limited time interval, and the equipment used was not
always sufficiently sensitive and noise-immune to be able to register the IAR emission on any day,
regardless of the season and phase of the solar cycle. This hinders the successful study of such an
important object for the physics of the ionosphere-magnetosphere system as the ionospheric Alfvén
resonator. The properties of its emission contain a response to the processes of interaction between the
ionosphere and magnetosphere. It can be expected that the data from measurements of the IAR
harmonic structure will eventually serve as an additional tool for studying the upper atmosphere, just
as in recent decades the measurement of total electron content using satellites of global navigation
systems has become such an instrument.

The aim of this work was to study three types of IAR frequency changes during the solar cycle:
daily, seasonal, and solar-cyclic frequency modulation. The task was to reveal, on this basis, the
dependence of the emission frequency on solar and geomagnetic activity on all three time scales.

2. Methods for measurement and preliminary analysis

Discrete spectral bands in Figure 1 reflect the harmonic structure of the emission. The entire
emission range occupies the interval from tenths of a hertz to about 8 Hz that is the frequency of the
first harmonic of the Schumann resonance. But sometimes the frequency range of the IAR goes beyond
8 Hz. The emission amplitude is small; it does not exceed several picotesla. In fact, we see noise, the
intensity of which is modulated by the resonator. Frequencies close to the resonance frequencies of the
IAR are distinguished from the continuous spectrum of the noise background. In contrast to the
Schumann resonances (the first harmonic of which is visible as a horizontal band at the upper edge of
the spectrogram, Figure 1), the frequency of each of the IAR harmonics changes continuously
throughout the day, passing two or three octaves. The fact is that Schumann resonances arise in a global
spherical earth-ionosphere resonator, the parameters of which almost do not change over time. In
contrast, the resonance frequencies of the IAR are determined mainly by the electron concentration in
the ionosphere, which varies greatly during the day in accordance with changes in the ultraviolet
radiation flux from the Sun.

The low amplitude of the IAR emission requires the use of highly sensitive equipment for its
measurement and the absence of external interference of artificial or natural origin. The most
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commonly used device for recording ULF emission of this kind is an induction magnetometer. It
consists of a multi-turn coil with a high permeability alloy core, a preamplifier, a set of filters, an
analog-to-digital converter (ADC), and a digital storage device. In this work, we used the observation
data from a mid-latitude magnetic station located far from sources of industrial interference on the
territory of the Mondy Solar Observatory. Geographic coordinates of the Obs. Mondy are 51.62°N,
100.91°E, corrected geomagnetic coordinates are 47.48°, 174.86° (epoch 2015). Magnetic station is
equipped with a highly sensitive induction magnetometer LEMI-30 [24]. This magnetometer has a
magnetic noise level of less than 0.2 pT-Hz 2 at 1 Hz. For timing, the device is equipped with a signal
receiver from the global navigation satellite system. Two horizontal components of ULF oscillations
of the magnetic field were recorded. The magnetometer was located away from sources of industrial
noise and included a 24-bit ADC with a 64 Hz sampling rate and a 50 Hz notch filter. The observations
were carried out almost continuously throughout the entire solar cycle 24. This made it possible to
collect material that allows one to confidently analyze a variety of emission characteristics based on a
long series of high-quality measurements.

The observation period lasted from October 2009 to June 2019. Of all the data for this 3195 day
period, data for 2509 days were suitable for processing; the remaining 686 days the equipment did not
work for various reasons. The primary processing consisted in constructing the daily dynamic spectra
of the output signal from the magnetometer in the range of 0—8 Hz, see Figure 1. Preliminarily, the
most suitable values of the spectral window, overlap and other parameters were selected, consistent
with the parameters of the ADC used. Of the 2509 spectrograms obtained, 2444 contained at least
small portions of the spectral bands of the IAR emission. For further processing, we selected days with
clear spectral bands around local midnight (17 UT). There were 1442 such spectrograms.

Further analysis was carried out by visual methods: the frequency values of each of the spectral
bands at certain points in time were measured on the spectrogram using a cursor. Details of the
processing method can be found in [19,22]. For the purposes of this study, we measured the band
frequencies corresponding to local midnight, since it is at this time that the maximum development of
the phenomenon can be expected. The frequencies of the harmonics (bands) of the emission approach
the maximum values at local midnight. Then, for each moment in time, the frequency difference
averaged over the observed bands was calculated as an estimate of the frequency scale Af of the
resonator. For a limited observation interval, the band frequencies were also measured at 11 UT (18
LT—dusk) and 23 UT (06 LT—dawn). The data obtained were entered into tables, which were
compared with similar tables of other geophysical parameters; monthly and annual average values
were calculated, and statistical and other types of analysis were carried out. Details will be provided
in the following sections.

The solar cycle is an approximately 11-year change in the Sun’s activity measured usually in
terms of sunspots number or 10.7 cm radio flux intensity. At the minimum between two cycles, the
large-scale dipolar magnetic field of the Sun reverses its polarity. See [25] for details. The 24th cycle
of solar activity (Figure 2), within which the data of our observations lie, began in December 2008 and
ended according to preliminary data [26] in December 2019. Thus, the observation period analyzed
here (October 2009—June 2019) is only 14 months shorter than the total 132-month duration of the
solar cycle 24. The ascending phase of the cycle took about two years from mid-2009 to mid-2011.
The double high of the cycle lasted from mid-2011 to the end of 2014. Finally, the decay phase took
the remaining 4 years—from 2015 to 2018. Years 2009 and 2019 may be referred as years of the
minima between solar cycles 23 and 24, and between cycles 24 and 25, respectively. Over the entire
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cycle, there were 48 X-class solar flares. Overall, this was the weakest cycle since the Dalton
minimum [27] of solar activity in 1790-1830. Data on sunspot numbers are collected by the World
Data Center WDC-SILSO, Royal Observatory of Belgium, Brussels [28] and available from the
OMNIWeb website [29].
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Figure 2. Variation in the number of sunspots during the solar cycle 24. Thin broken line
shows mean monthly values of sunspot numbers. The solid thick line is a 13-point moving
average.

There is no single index that would describe all aspects of geomagnetic activity. So we used three
geomagnetic indices: Kp, AE, and Dst. Kp index characterizes geomagnetic activity averaged over the
whole planet and is calculated from measurements of magnetic stations in a wide range of latitudes.
This index is available from FTP server of the GFZ German Research Centre for Geosciences [30] and
from the OMNIWeb website [29]. AE index describes the auroral activity associated with the intensity
of auroral electrojets, it increases during the development of substorm and storm disturbances. Dst
index shows the intensity of the ring current, which intensifies during magnetospheric storms. Both
AE and Dst indices are available from the Kyoto University World Data Center for Geomagnetism [31]
and from the OMNIWeb website [29].

3. Results
Figure 3, which shows the time variation of monthly average values of the frequency scale Af for
the entire observation period, clearly indicates that, in addition to the daily frequency modulation,

which is clearly visible in the spectrogram in Figure 1, IAR emission is also subject to seasonal and
solar-cyclic modulation.
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Figure 3. Variations in monthly mean values of Af over an almost 11-year observation
period. Vertical lines show the standard deviations of the calculated values of Af; the dashed
line is a 13-point moving average.

The minimum of the averaged cyclical variation of the frequency scale (starting from the second
half of 2013 and including the entire 2014) exactly coincides with the phase of the maximum of solar
cycle 24, and the maxima of Af values are reached in the year of the cycle minimum (2009 and 2019).
The peak of the seasonal variation of Af corresponds to the winter months, and the minimum to the
summer months. Further, we will consider in more detail all three periods of modulation of the
frequency scale of the IAR emission and their relationship with variations in solar and magnetic activity.

3.1. Daily and seasonal modulation

The daily modulation of both the TAR resonance frequencies and the frequency scale Af of the
emission was studied in detail in previous works [13,15,21-23,32]. In [17,18,33] this dependence was
modeled basing on the ionosphere parameters reconstructed from the IRI model. The resonance
frequencies and their difference are inversely proportional to the square root of the electron
concentration Ne in the F2 region of the ionosphere, since these frequencies are determined primarily
by the value of the Alfvén velocity in the region of the minimum of its altitude profile, which coincides
with the F2 layer. The same conclusion explains the inverse dependence of the above frequencies on
the critical frequency foF2, since foF2~(Ne)""2. The correlation between these values is very high: the
linear correlation coefficient between the hourly values of (Af) ! and foF2 usually does not fall below
0.8.

Here we will pay attention to the depth of the daily modulation of the IAR emission frequency
and its possible dependence on solar and magnetic activity. As one can see in Figure 1, the entire “comb”
of spectral bands shifts up and down during the day, from the minimum values of the frequency of all
bands and the distance Af between them near the local noon, to the maximum values at midnight or
early morning hours. From day to day and depending on the season, the position of the frequency
extremes may shift in one direction or the other by one or two hours. The frequency modulation depth
also changes. It can be measured relatively accurately only in the winter months, since the rest of the
time, especially with moderate and high solar activity, the spectral bands are weakly expressed or not
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observed at all in the daytime, when the ionosphere is illuminated over the observation station [17].
The difference between the Af values at midnight (0 LT) and evening (18 LT) relative to the midnight
Af'value can give a rough indication of the depth of frequency modulation. (The relationship between
midnight and evening values of Af'and the regression relationship between them are shown in Figure
4a.) We tracked changes in the frequency modulation depth throughout the observation period. The
result is presented in Figure 4b, which shows the monthly averages of xmod calculated from Afmidnight
and Afask measured on individual days of a month &, = (Af, e = Moust) ! Movianigne» the solid

broken line shows variations of the xkmod indicator of the depth of the daily frequency modulation; the
dashed line segments show the areas where xmod could not be estimated. Only those months were taken
for which Afmidnigh: and Afausk measurements were available for three or more days. Error bars show
standard deviation of averages. It can be seen that at the ascending phase of the solar activity cycle
(2010-2012), a fairly regular seasonal variation in the depth of diurnal modulation is observed. At the
peak of activity since the second half of 2013, this regularity is disrupted. It recovers only in 2016, a
year and a half after the start of the decay phase, and continues until the end of the cycle. There are
very significant changes in the modulation depth: from 0.25-0.4 in the winter months to 0.7-0.75 in
the spring-summer and autumn.
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Figure 4. (a) Ratio between evening and midnight values of Af; the dashed line shows the
regression. (b) Changes in the depth of Af daily modulation for the entire observation
period; solid line shows changes in the kmod parameter; dashed line segments mean no data.

The depth of the daily modulation of the IAR frequency scale weakly depends on the geomagnetic
activity. The largest linear correlation coefficient » = 0.44 was obtained between the monthly mean
values of xkmod and auroral activity, characterized by the AE index. Increasing the AE increases the
modulation depth slightly. Variations in the monthly mean number of sunspots / have no effect on the
course of the monthly mean values of xmod.

The reason for the seasonal variation in the frequency of the IAR emission is, as in the case of the
diurnal variation, the seasonal variation in the electron concentration in the F2 region of the ionosphere.
Judging by Figure 3, in the solar activity cycle, the seasonal frequency modulation, as well as the
variation in the depth of diurnal modulation, is most pronounced at the growth and decline phases of
the cycle.
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Figure 5 shows the cycle-averaged seasonal variation of the frequency scale of the IAR emission.
To plot the graph, the average value Zi(Afij)/12 for the corresponding j-th year was subtracted from
each monthly average value Afj;, after which the cycle-averaged S: values of the seasonal frequency-
scale variation were calculated (this procedure has excluded the cyclical variation of Af'):

S, =Z[Afij—Z(Aﬁ/)/l2J/9, (1)

here Afi means the average for the i-th month of the j-th year value of the frequency scale Af, calculated
from the measurements of harmonic frequencies at midnight local time (17 UT);i=1, 2, ..., 12;j=1,
2,..., 9. We used the measurement results for 9 full years, from 2010 to 2018.
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Figure 5. Cycle-averaged seasonal modulation of the IAR emission frequency scale.

3.2. Dependence on solar and magnetic activity

Now we consider the relationship between the frequency structure of the IAR emission and the
indices of magnetic and solar activity at different levels of averaging of the compared parameters. The
Af values measured at local midnight (17 UT) will be used as the daily values of the AR frequency,
which will be compared with the simultaneous (in universal time) daily values of the magnetic indices
Kp, Dst, and AE. As monthly averages of the frequency scale Af and magnetic indices, we used
averages calculated for the days of each month when Af measurements were available. We calculated
the monthly averaged sunspot numbers and geomagnetic indices by averaging them over the same
days that we used to average Af. Finally, the IAR frequency-scale and geomagnetic indices annual
averages were calculated by simple yearly averaging of the obtained monthly values. The annual
averages of solar activity are taken from the OMNI website [29]. All annual averages are presented in
Table 1.
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Table 1. List of the annual averages of parameters used in the analysis.

2009* 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019*
Af 1.81 1.19 0.86 0.80 0.76 0.66 0.86 1.13 1.40 1.56 1.61
w 10.3 24.9 80.76 84.39 93.71 113.6 69.78 39.82 21.88 7.08 6.42
Dst  0.77 -10.51 -12.47 -1047 -11.62 —-10.86 —1049 —8.92 -9.31 —5.00 —-5.09
AE 39 125 146 169 159 149 190 189 178 98 -
Kp 537 13.5 15.5 16.5 14.9 16.1 19.0 18.8 18.0 14.1 13.8

* Averages for these years were calculated by averaging monthly values over a part of the year (see text).

We start with the daily averaging scale. Figure 6a shows scatter plots of simultaneous
measurements of Af'and geomagnetic indices Dst and AE. Both plots show a triangular shape of the
point cloud. The connection between Af and indices Dst and AE is weak, but the plots show clearly
that the highest values of Af are observed at the lowest geomagnetic activity (AE <200 and Dst > —30),
i.e., in the magnetically quiet times. And, conversely, at the highest activity (AE > 500 and Dst < —40),
we see only low values of the frequency scale Af. To assess the reliability of the dependence of the IAR
frequency structure on the magnetic activity, we divided the entire array of hourly data into quartiles
according to the AE values and plotted the Af distributions for each quartile. The distributions for the
first and fourth quartiles are shown in Figure 6b on the top and bottom panels, respectively. It can be
seen that the distribution for the fourth quartile is shifted relative to the first one towards larger values
of Af. The difference in the position of the distribution maxima is 0.35 Hz, which, however, is less than
the standard deviation in determining the position of the maxima (0.42 Hz). Thus, we can only speak
about the tendency of the dependence of Af on AE. The connection between Af and Dst and Kp turned
out to be even weaker.
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Figure 6. (a) Scatter plots of simultaneous daily measurements of Af and geomagnetic
indices AE and Dst; (b) Histograms of Af distributions for the first quartile of AE index
(quiet conditions, upper panel) and the fourth quartile (high-disturbed conditions, bottom
panel). Solid lines show Gauss fitting of the distributions.
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At the level of monthly average values, the relationship between Af and magnetic activity
becomes more obvious, although it remains only a trend. The linear correlation coefficients between
the monthly averages Af'and the magnetic indices for the entire sample of 117 months are 0.38 for AE,
0.35 for Dst, and 0.27 for Kp.

The relationship between the inverse value of the monthly average frequency scale Af and the
monthly sunspot number looks more convincing exhibiting a correlation coefficient » = 0.66, Figure
7a. It turns out to be closer than the relationship between the monthly average Dst index and the sunspot
number (r = 0.29), Figure 7b. The correlation of the monthly mean Kp and AE with solar activity is
even weaker (0.09 and 0.04, respectively).
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Figure 7. Scatter plot of (a) inverse monthly Afaverages and sunspot numbers; (b) monthly
averages Dst and sunspot numbers.

One can finally be convinced of the significant influence of solar activity on the IAR frequency
regime only by comparing the average annual values of the frequency scale and the sunspot number
during the 11-year cycle. Figure 8a,b show the results of such a comparison. Two equal representations
are given: Af (W) and Af (W), where W is the average annual sunspot number. Regression relations
are presented. In both concepts, the connection between the frequency scale of the IAR emission and
the solar-cycle activity looks quite convincing, especially in comparison with the relationship between
solar and magnetic activity, which is much weaker even on the time scale of the solar cycle. For
comparison, Figure 8c shows the dependence of the average annual Dst index on the sunspot number;
linear and logarithmic approximations are shown. This index has the closest connection with W
compared to Kp and AE indices: for them, linear correlation coefficient is 0.41 and 0.5, respectively.
Note that the calculation of averages Af, W and Dst for 2009 and 2019 was carried out according to
the data of the last 3 and first 6 months of the year, respectively.

AIMS Geosciences Volume 6, Issue 4, 545-560.



555

16 (a) (b) 2009 (c)
TAT’Q'?gZM(W+ 68) @2014 | 1@ 2009 Coeff.of determination R?=10.92 0 _‘\l Coeff.of determination R? = 0.76
o o '.‘ Af~2.4-0350hW i Dst=077-275nW
] - 4! Linear r=0.74
@2013 1o @309 \
@2012 Y P H
. — - =
A 12 OQ’@@O‘H . . ‘\p 2017 -~ 407
= e I N, 3 %gﬁ
—~ n 7 - 12 0\2010 % \\\\\
3 o K ~ 2016 e SR
~ 2016 " -8 N T
020'9 1 . T
08 ~ ~. A 2018 \?
H2017 020;3011 1 A L8R
’ 08 1 =
| @dais Btz _ 20T0 S2023 offte
® 2009 @201 727 AR
T | T I T I T T T T T I T T T I T I
0 40 80 120 0 40 80 120 0 40 80 120
Sunspot Number W Sunspot Number W Sunspot number W
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number W; (b) frequency scale Af versus W; (c¢) yearly averaged Dst index versus W.
Dashed lines are (a and c) linear regression and (b and c) logarithmic regression.

Now consider the dependence of the average annual values of the IAR frequency scale on
magnetic activity (Figure 9a—c). The plots confirm once again that the Dst index is the most correlated
with the AR frequency; the coefficient of linear correlation of its mean annual values with Af'is 0.88
(Figure 9a). The correlation of the other two indices of magnetic activity, AE and Kp, is much weaker,
their correlation coefficients do not exceed 0.7 (Figure 9b,c).
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Figure 9. Scatter plots of (a) frequency scale Af versus yearly averaged Dst index; (b)
frequency scale Af versus yearly averaged AE index; (c) frequency scale Af versus yearly
averaged Kp index. Dashed lines are linear regression between analyzed parameters.

4. Discussion

We have shown that the frequency resonance structure of IAR emission, characterized by its
frequency scale (distance Af between adjacent harmonics), changes significantly in the solar activity
cycle. These changes and their relationship with solar activity are most clearly manifested in the
cyclical variation of the mean annual values of Af'and their dependence on the number of sunspots. At
shorter time scales, this relationship is much less pronounced. In our opinion, this indicates the inertia
of the processes of solar radiation impact on the Earth’s ionosphere. Long-term changes in the electron
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concentration, the height of its maximum, and the ionic composition, in addition to the response to the
daily and seasonal changes in X-ray and ultraviolet radiation, accumulate changes associated with the
total solar activity in the cycle. This is the cumulative effect of solar activity. At the same time, shorter-
period variations in the number of sunspots from month to month, being almost unrelated to variations
in short-wave radiation, have little effect on the state of the ionosphere and weakly correlate with the
IAR frequency regime.

As for the magnetic activity, of the three considered indices, only Dst has a noticeable correlation
with both the number of sunspots (Figure 8c) and the frequency structure of the IAR (Figure 9a), but
only on the time scale of the solar cycle. This index is closely related to solar flares that cause magnetic
storms and amplification of the ring current, the intensity of which is measured by Dst. The number of
flares has a distinct cyclical course. It is possible that we were unable to identify the actual effect of
the solar flare activity on the IAR regime on a shorter time scale due to the fact that we used the
averaged values of the Dst index, and not the minimum ones, which are directly related to magnetic
storms, as echoes of flares. Similar considerations apply to the other two magnetic activity indices.
Averaging can smooth out and even hide the influence of magnetic disturbances, which we have no
doubt about: it was demonstrated in [23,34]. In addition, since we used mid-latitude observatory data,
the influence of the auroral AE index could not be very noticeable.

Looking at Figure 9 one can notice that the points on all of three plots are distributed unevenly:
points presented years of higher activity are grouped in the bottom left or right corner. We checked the
correlation between Af and Dst, AE, Kp separately during higher and lower solar activity. The results
are presented in Table 2. Linear correlation coefficient during minimum and declining phases (2009—
2010 and 2016-2019) turned out to be much higher than during period of high solar activity (2011-2015).
So we have two different regimes of connection between IAR frequency and geomagnetic activity.
Probably this fact reflects different mechanisms of solar action on the ionosphere.

Table 2. Linear correlation coefficients between Af and geomagnetic indices during
periods of high and low solar activity.

Solar activity Kp AE Dst
High (2011-2015) 0.38 0.43 0.24
Low (2009-2010 and 2016-2019) 0.80 0.84 0.92

It is known that one of the noticeable effects of the solar cycle on the ionosphere is a change in
the ionic composition, especially in the upper regions of the ionosphere. Possibly, this can serve as an
additional factor (in addition to changes in the electron density), leading to the observed cyclic
variation of the frequency of the IAR emission. Indeed, the ionic composition and its height profile
significantly affect the Alfvén velocity profile along the axis of the resonator and, consequently, the
resonant frequencies. Earlier it was even proposed to diagnose the relative abundance of ions by
measuring the frequency structure of the IAR. In [8], the possibility of such a diagnosis was
substantiated, and in [35], a practical attempt was made to estimate the altitude profile of the ionic
composition from measurements of the IAR emission. The authors used magnetic observations made
during the epoch of minimum solar activity at mid-latitude and auroral stations. Profiles of the relative
abundances of hydrogen, oxygen and helium ions were obtained. It would be useful to repeat these
estimates for other phases of the solar cycle.
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It should be noted that the IAR emission depends on the state of the ionosphere in a more complex
way than, for example, the critical frequency foF2 of ionospheric radio sounding. The latter, as noted,
is rigidly related to the electron concentration Ne in the F2 region, being proportional to the square root
of the electron density at the maximum of the height profile Ne. It does not depend on any other
ionospheric parameters. On the contrary, for the IAR frequency scale, the electron concentration is
only the main determining parameter, but the value of Af'is also influenced by the form of the height
profiles of Ne, the ionic composition, and the intensity of the geomagnetic field, since all these
parameters determine the conditions for the propagation of Alfvén waves along the axis of the resonator.

A striking example of the absence of a continuous correspondence between the variations 1/Af
and foF2 is Figure 10, which shows the simultaneous changes in the monthly mean values of these
parameters from March 2010 to May 2011.The figure shows that if in the interval from September
2010 to May 2011 two parameters change in general in agreement, then before that, from March to
September 2010, they vary out of phase. As previously shown [19], although within one day the
relationship between 1/Af'and foF2 is usually close (the correlation coefficient does not fall below 0.8),
but on different days this relationship, while remaining close, can significantly change their regression
coefficients. This is precisely what can lead to the fact that the variations of the monthly mean values
1/Af and foF2 can differ significantly.
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Figure 10. An example of simultaneous variations of the monthly mean values of 1/Af'and
foF2 from March 2010 to May 2011.The solid green line shows the variations of the
reciprocal of the IAR frequency scale, and the dashed blue line shows the variations of the
critical frequency foF2 of ionospheric radio sounding.

If one strives to obtain useful information about the state of the ionosphere from ground-based
data by remote methods, then one should compare all the relationships considered in the article with
similar dependences also for the critical frequency f0F2 and the total electron content TEC. The authors
leave this task for future research, since there have not yet appeared any works in the literature analyzing
the behavior of /0F2 and TEC for the 24th solar cycle. An exception is an interesting article [36] on the
impact of solar flares of 23—24 cycles on TEC, but it includes only a small interval of the 24th cycle.

We have not touched here on other possible ways of indirect influence of solar activity on the
radiation of AR, for example, thunderstorm activity, which is considered the main source of energy
for powering the IAR [37]. However, we should note that the main goal of this work was to reveal the
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effects of periodic modulation of TAR emission and compare them with the modulation of solar and
magnetic activity.

5. Conclusion

In this study, we used the results of magnetic observations of the IAR emission from the Mondy
mid-latitude observatory for the period of the 24th solar activity cycle from 2009 to 2019 to reveal the
dependence of the emission frequency scale on the sunspot number and the magnetic indices Kp, Dst
and AE. Since it turned out that the emission frequency undergoes diurnal, seasonal, and cyclical
variations, the degree of correlation between the frequency scale and the indices of solar and magnetic
activity was studied at different time scales by comparing the variations in daily, monthly, and annual
mean values. The dependence of the IAR frequency scale on solar activity is much closer than the
same dependence of any of the three magnetic indices. The closest relationship was found between the
average annual values of the frequency scale, on the one hand, and the number of sunspots and the Dst
index, on the other.

The found regularities of the relationship between the frequency regime of the IAR and the solar
and magnetic activity in the solar cycle can be used to refine the models of both the IAR itself and
various ionospheric models. We hope that the results obtained here will contribute to understanding
the mechanisms of the effect of solar radiation on the state of the ionosphere and the processes
occurring in it. Moreover, we believe that over time, information on the IAR frequency structure
obtained with induction magnetometers will be routinely used to monitor the state of the ionosphere,
just as in the recent past TEC measurements with GPS signal receivers began to be used for this.
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