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Abstract. The layering of the ionosphere leads to
the formation of resonators and waveguides of various
kinds. One of the most well-known is the ionospheric
Alfvén resonator (IAR) whose radiation can be ob-
served both on Earth's surface and in space in the form
of a fan-shaped set of discrete spectral bands (DSB), the
frequency of which changes smoothly during the day.
The bands are formed by Alfvén waves trapped between
the lower part of the ionosphere and the altitude profile
bending of Alfvén velocity in the transition region be-
tween the ionosphere and the magnetosphere. Thus,
IAR is one of the important mechanisms of the iono-
sphere-magnetosphere interaction. The emission fre-
quency lies in the range from tenths of hertz to about 8
Hz — the frequency of the first harmonic of the Schu-
mann resonance. The review describes in detail the
morphology of the phenomenon. It is emphasized that
the AR emission is a permanent phenomenon; the
probability of observing it is primarily determined by
the sensitivity of the equipment and the absence of in-
terference of natural and artificial origin. The daily du-
ration of the DSB observation almost completely de-
pends on the illumination conditions of the lower iono-
sphere: the bands are clearly visible only when the D
layer is shaded. Numerous theoretical IAR models have
been systematized. All of them are based on the analysis
of the excitation and propagation of Alfvén waves in

inhomogeneous ionospheric plasma and differ mainly in
sources of oscillation generation and methods of ac-
counting for various factors such as interaction of wave
modes, dipole geometry of the magnetic field, frequen-
cy dispersion of waves. Predicted by all models of the
cavity and repeatedly confirmed experimentally, the
close relationship between DSB frequency variations
and critical frequency f,F2 variations serves as the basis
for searching ways of determining in real time the elec-
tron density of the ionosphere from IAR emission fre-
guency measurements. It is also possible to estimate the
profile of the ion composition over the ionosphere from
the data on the IAR emission frequency structure. The
review also focuses on other results from a wide range
of IAR studies, specifically on the results that revealed
the influence of the interplanetary magnetic field orien-
tation on oscillations of the resonator, and on the facts
of the influence of seismic disturbances on IAR.
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IAR morphology and diagnostic potential

INTRODUCTION

One of the important features of the ionospheric
magnetic plasma structure is the presence of the reso-
nant cavity for Alfvén waves between the base of the
ionosphere and the region of transition to the magneto-
sphere. Above, the resonator is bounded by the profile

bending of Alfvén velocity ¢, =B/\[4mp (B is the

magnetic field, p is the plasma density) at a height from
~1000 to 6000 km. Wave reflection there occurs as a
result of violation of geometrical optics conditions;
therefore, the height of the upper boundary for each
frequency is slightly different (a specific value of height
depends on conditions of the magnetosphere-ionosphere
system). Of particular importance is the ion composi-
tion; this condition can, in principle, be used to gain
information about vertical profiles of ion content (see
Section 4).

The lower boundary of the cavity coincides with the
E-region of the ionosphere at a height of 100 to 150 km.
Reflection from it occurs either due to the high transver-
sal conductivity of the E layer [Lysak, 1991] or, as from
the upper boundary, due to violation of geometrical op-
tics conditions [Belyaev, 1989; Belyaev et al., 1990] at a
sharp Alfvén velocity gradient appearing below the ion-
ization maximum in the F2 layer of the ionosphere. In
fact, both variants may be realized depending on specif-
ic conditions; however, the former is likely to be prefer-
able [Guglielmi et al., 2021]. In this case, the perfect
conductivity of Earth’s surface plays a significant role.
The frequency of Alfvén waves trapped by the cavity
lies in the upper part of the band of ultra low frequency
(ULF) oscillations — below 8-10 Hz.

S.V. Polyakov was the first who paid attention to the
possible existence of the resonant cavity [Polyakov,
1976], naming it the ionospheric Alfvén resonator
(IAR); later on, this term became generally accepted.
Due to dedicated experimental searches carried out by
NIRFI researchers, a decade later P.P. Belyaev [Belyaev
et al.,, 1987] managed to detect the multiband ULF
emission that in its features completely coincided with
the expected features of the IAR emission. In a daily
spectrogram, it has a characteristic form of discrete
spectral bands (DSB) whose frequency and the distance
between them (frequency scale) increase from noon to
midnight and decrease in the morning.

Later on, IAR has been extensively studied by many
Russian and foreign researchers. The main contribution
to the first phase of the research was made by [Trakh-
tengerts, Feldstein, 1991; Lysak, 1991; Belyaev et al.,
1997]. Afterwards, in the literature there were a number
of publications proposing theoretical IAR models (see,
e.g., the review [Lysak, Yoshikawa, 2006] and refer-
ences therein) and analyzing DSB observations in vari-
ous regions [Belyaev et al., 1999; Yahnin et al., 2003;
Pokhotelov et al.,, 2003; Molchanov et al., 2004;
Bosinger et al., 2004; Potapov et al., 2014, 2017; Baru
et al., 2016].

At present, it is clear that the ionospheric Alfvén
resonator is an integral part of the entire ionospheric-
magnetospheric structure. It plays a significant role in
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energy exchange and interaction between these two re-
gions of near-Earth space. In our review, we address
various aspects of the IAR problem, critically describing
earlier results and drawing attention to unresolved re-
search problems. We show that IAR, like the ionosphere
itself, is a permanent phenomenon existing on a global
scale regardless of solar and magnetic activity. Mean-
while, resonator emission characteristics vary in time
and space, following changes in the state of the iono-
sphere in a given region. Diurnal and seasonal varia-
tions in ionospheric parameters, as well as its sporadic
disturbances, produce an emission frequency and ampli-
tude modulation effect.

The purpose of this review is to analyze the current
state of the problem and to discuss still unresolved is-
sues and tasks of future 1AR research. Section 1 briefly
reviews fundamental theoretical models of the resonator
and proposed mechanisms of its excitation. Section 2
describes methods of observation and preliminary anal-
ysis of the IAR emission; Section 3 depicts its morpho-
logical characteristics. Section 4 explores the possibili-
ties and difficulties of using measurements of the reso-
nator emission for diagnosing the state of the ionosphere
and variations in its parameters. Then, we delve into the
influence of external factors on the amplitude and fre-
quency mode of the resonator (Section 5). The final two
sections deal with general aspects of the problem and
formulate conclusions.

1. BRIEF DESCRIPTION OF
THEORETICAL IAR MODELS

In the literature, various versions of the IAR emis-
sion generation model have been proposed [Trakhten-
gertz, Feldstein, 1987; Lysak, 1991; Belyaev et al.,
1989, Polyakov, Rapoport, 1981; Demekhov et al.,
2000; Pokhotelov et al., 2000; Lysak, Yoshikawa, 2006;
Fedorov et al., 2016a, c]. They all are based on the idea
of capturing Alfvén waves in the ionosphere between its
lower part and the region of transition from the iono-
sphere to the magnetosphere, where geometrical optics
conditions are violated. Somewhat aside from the gen-
eral direction is the group of works (see, e.g., [Sche-
kotov et al., 2011]) that attribute the cause of most DSB
events not to the resonator emission but to the spectral
representation of so-called paired pulses, the first of
which is the lightning discharge, and the second results
from the reflection of the first one from the upper
boundary of the ionosphere. In any case, the general
analysis method is to solve the dispersion equation for
electromagnetic waves in ionospheric plasma with re-
gard to boundary conditions. We do not give details of
the calculations, which can be found in the above pa-
pers; instead, we present the main conclusions drawn
from analytical and numerical calculations.

In the simplest model proposed in [Polyakov,
Rapoport, 1981], the frequency of the nth harmonic of
the resonator is equal to

M

where L is the length of the resonant cavity along a field

C
f ==A(n+®),
= (@)
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ling; ca is the Alfvén velocity under the assumption that
the cavity is homogeneous; @ is the phase factor de-
pending on conditions of wave reflection from the lower
boundary of the resonator. More detailed relations of
IAR frequencies with the F2-region critical frequency of
the ionosphere and the total electron content are given
in [Fedorov et al., 2016¢]. The wave reflection coeffi-
cient depends on the integral Pedersen plasma conduc-
tivity X, in the lower ionosphere at a height of ~100 km
(see, e.g., [Belyaev et al., 1990]):

1-4nzc,/c?
1+4n 3 cy/c”’

| )
and the phase factor shows how the wave phase changes
during reflection. It is equal to a fraction of a quarter
wave length, which is added to an integer of half-waves
in setting the mode of standing Alfvén waves required
for resonance. This means that depending on the @ val-
ue at the lower boundary a node or antinode of electric
field of the wave trapped in the resonator is formed
[Lysak, 1991; Hebden et al., 2005]. It is believed that
during the daytime when the lower ionosphere is sunlit
the solar ultraviolet radiation provides a high intensity
of ion formation and hence an increase in conductivity.
Under these conditions at the lower boundary of the
resonator, a wave field node is formed for all harmon-
ics. On the contrary, during the nighttime under mini-
mum ionospheric conductivity, the phase shift at the
lower boundary leads to the formation of a wave field
antinode therein (Figure 1). Furthermore, the lower ion-
osphere's plasma conductivity changing under the effect
of illumination variations produces daily dependence of
the resonator Q factor [Polyakov, Rapoport, 1981; Nosé
etal., 2017].

In turn, the depth and form of such modulation ap-
pear to depend on the season and the latitude of obser-
vation site. At low latitudes, the Q factor varies very
sharply during the passage of the terminator, but weakly
depends on the season [Nosé et al., 2017]. At middle
and especially at high latitudes, the seasonal dependence

is high and manifests itself in the fact that in winter the
Q factor is less dependent on local time than in summer
[Yahnin et al., 2003].

The upper boundary of the resonator, according to
various sources, is formed either by the maximum of the
Alfvén velocity at an altitude of one to several thousand
kilometers [Lysak, 1991], or simply by the bending of
the velocity profile at the same height [Polyakov,
Rapoport, 1981]. Both lead to violation of the condi-
tions of geometrical optics in this area and partial reflec-
tion of wave energy. Conditions of wave reflection from
the upper boundary can hardly be affected by diurnal
and seasonal variations, but it is deemed that the reflec-
tion coefficient therein may depend on magnetic field-
and Sun-induced disturbances in the magnetosphere
[Belyaev et al., 1997].

Despite the simplicity of the model that yields Formula
(1), the relation between resonant frequencies of 1AR and
ionospheric parameters is quite convincingly confirmed by
measurements. The closest relationship is observed be-
tween variations in the DSB frequency scale and variations
in the electron density at the F2-layer peak, which strictly
defines the critical frequency f,F2 of ionospheric sounding.
We will return to this issue below.

The simplest model of uniform resonant cavity was
further developed using both analytical and numerical
methods. So, Lysak [2004] presented a numerical model
in the form of a radially stratified ionosphere, which
took into account, along with layering, slope of dipole
geomagnetic field lines. In [Lysak, Yoshikawa, 2006;
Lysak et al., 2013], this model was extended by consid-
eration of the realistic vertical profile of ionospheric
conductivity. All the versions of calculations made al-
lowance for the interaction of Alfvén waves trapped by
the resonator with magnetosonic waves propagating
along Earth in the ionospheric waveguide at the level of
the F2 layer as well as with waves excited in the magne-
tospheric Alfvén resonator (field-line resonator). They
also took into account the influence of field-aligned
currents at high latitudes.

1/4 3 3/4 n 5/4 A
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Figure 1. Schematic diagram illustrating the configuration of a perpendicular electric field in a standing Alfvén wave for the
first three eigenmodes captured in IAR in the case of high (left) and low (right) ionospheric conductivity. Bottom horizontal lines
indicate the lower ionosphere; top ones, the upper IAR boundary in the region of transition to the magnetosphere [Hebden et al.,

2005].
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The papers [Sciffer, Waters, 2002; Sciffer et al.,
2005] discuss the role of Hall conductivity in the E layer
for ground-based 1AR emission observation. It has been
shown that in contrast to earlier findings, with inclined
field lines of the external magnetic field a wave can
penetrate to Earth through the ionosphere even at zero
Hall conductivity.

Lysak et al. [2013] exemplifies a numerical calcula-
tion illustrating the IAR effect on the mode of Pcl geo-
magnetic pulsations with a 1-2 Hz frequency. The Pcl
series last longer when their frequency coincides with
the frequency of one of the IAR harmonics; the Pcl
carrier frequency following changes in the resonator
emission frequency. The authors explain this effect by
the fact that Pc1 waves are trapped by the resonator and
borrow its energy. However, this explanation is not
unique. The fact is that at the IAR harmonics the so-
called transparency windows for emissions from the
magnetosphere are formed. On Earth, therefore, there
are mainly those Pcl series whose frequency coincides
with one of the 1AR resonant frequencies. This is relia-
bly supported by experimental facts indicating the ap-
pearance of Pcl packets generally near the IAR emis-
sion harmonics and correlated with them in frequency
[Prikner et al., 2004; Dovbnya et al., 2019a].

Much attention has been given in the literature to the
search for possible sources — the drivers that excite
IAR oscillations. The papers [Trakhtengertz, Feldstein,
1987; Lysak, 1991; Pokhotelov et al., 2001] proposed a
hypothesis about the so-called feedback instability as a
wave energy source in the 1AR cavity. The point is that
the field-aligned current associated with Alfvén waves
trapped by the resonator can cause precipitation of ener-
getic electrons, stimulating additional ionization in the
ionosphere and modulating ionospheric conductivity.
Such a feedback for certain relationships between wave
characteristics and reflection power of the ionosphere
can produce instability feeding the waves captured by
the resonator. Trakhtengertz, Feldstein [1987] also in-
cluded small-scale magnetic convection irregularities
and turbulent heat of ionospheric plasma in the feedback
chain. Nonetheless, this mechanism can work at high
latitudes, but is unlikely at middle and low latitudes,
where the AR emission occurs equally as often as in
the auroral and sub-auroral zones. Moreover, the feed-
back instability leads to excitation of waves with large
wave numbers. These waves do not penetrate to Earth’s
surface. First studies on IAR therefore proposed another
mechanism — excitation of the resonator due to thun-
derstorm activity [Belyaev et al., 1989] — both global
and local. This mechanism is detailed in [Surkov et al.,
2004, 2006; Fedorov et al., 2016b]. Lightning discharge
was simulated as an electric dipole emission. While the
discharge current increases for microseconds, its attenu-
ation is exponential with a time scale of a tenth of a sec-
ond. Such a rapidly increasing and slowly fading pro-
cess has an almost flat spectrum at frequencies lower
than the reverse attenuation time, i.e. of the order of 10
Hz in this case, which fits into the IAR frequency range.
Another possible energy source for driving 1AR oscilla-
tions may be neutral wind fluctuations causing variable
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ionospheric currents in the E layer [Molchanov et al.,
2004; Surkov et al., 2004]. These currents can emit Alf-
vén and fast magnetosonic waves. The former penetrate
into the upper ionosphere and the magnetosphere, and
can be trapped by IAR. The latter propagate along the
ionospheric waveguide and thus transfer energy far
away from the point of generation, where they can
transform into Alfvén waves and feed the resonator
therein.
2. MEASUREMENT

AND PRELIMINARY ANALYSIS
METHODS

Figure 2 gives a typical example of daily spectro-
gram of resonator emission. Discrete spectral bands
reflect the harmonic structure of the emission. The
emission range is from tenths of a hertz to ~8 Hz — the
frequency of the first harmonic of the Schumann reso-
nance. The emission amplitude is small — it does not
exceed a few pikotesla. In fact, we see the noise whose
intensity is modulated by the resonator. Frequencies
close to the 1AR resonant frequencies stand out from the
continuous background noise spectrum. Unlike Schu-
mann resonances whose first harmonic is shown as a
horizontal line at the top of the spectrogram (Figure 2),
the frequency of each IAR harmonic varies continuous-
ly during the day, passing two-three octaves. The matter
is that Schumann resonances occur in the global spheri-
cal resonator Earth—ionosphere whose parameters do
not change with time (eigenfrequency changes usually
do not exceed 10 %). In contrast, the IAR resonant fre-
quencies are determined mainly by the ionospheric elec-
tron density greatly varying during the day in response to
variations in the solar ultraviolet radiation.

The small amplitude of IAR emission requires high-
sensitive equipment and the absence of external inter-
ference of artificial or natural origin to measure it. The
most commonly used device for recording ULF emis-
sions of this type is an induction magnetometer. It con-
sists of a multiturn coil with the core of an alloy having
high magnetic permeability, a preamplifier, a set of fil-
ters, an analog to digital converter (ADC), and a digital
storage. For precise timing, the device should be
equipped with a receiver of signals from the global nav-
igation satellite system (GPS and/or GLONASS). The
spectrogram shown in Figure 2 has been obtained by
processing records of the induction magnetometer
LEMI-30. Two horizontal or all three orthogonal com-
ponents of ULF magnetic field oscillations are usually
recorded. The magnetometer should be located far from
industrial noise sources and contain a 50 Hz notch filter.

The IAR emission is visualized by constructing a
spectrum of data from the output of the magnetometer.
The most illustrative is the dynamic spectrum, but the
time sequence of usual emission power spectra is more
convenient to track amplitude variations. When con-
structing the dynamic spectrum, the most suitable values
of the spectral window, overlaps, and other parameters
are selected depending on the ADC sampling rate,
which for successful display of all DSB parts must be at
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Obs. MONDY, 8 January 2019
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Figure 2. A daily spectrogram of the resonator emission. Two magnetic field components are given: meridional B, and
azimuthal B,. Color scales on the right allow us to relate colors on the dynamic spectrum to emission intensity in decibels.

Arrows under the time axes indicate the local noon

least 32 Hz; and ADC digit capacity, not less than 24.
Daily emission spectrograms are constructed most often.

Further analysis is usually performed using visual
methods: on a spectrogram with the cursor we measure
frequencies of each DSB at certain intervals, compile
tables that are compared with similar tables of other
geophysical parameters, and conduct statistical and oth-
er types of analysis depending on objectives of the
study.

3. MORPHOLOGY OF IAR EMISSION
3.1. Emission characteristics

As noted above, on a daily spectrogram the emission
has the form of a set of fan-shaped DSB. Under various
conditions there are from two-three to ten bands. The
most pronounced of them are usually the second and third
signal harmonics, i.e. the second and third bands from
below; the first harmonic is often masked by noise of
other low-frequency oscillations, whereas the top bands
gradually merge with the background due to natural sig-
nal amplitude decay as the harmonic number increases.

The most striking feature of DSB behavior is their
diurnal variation. The bands are downmost near the lo-
cal noon, at the same time the spacing between the
bands and their thickness are minimum. The maximum
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DSB frequency always falls on the nighttime, but it is
blurred and can be shifted in time by two-three hours.
Thickness of the bands and distance between them (so-
called frequency scale) at this time are maximum; some-
times, the bands are almost parallel to the time axis, but
are often wave-shaped. The frequency scale and fre-
quency of each of the harmonics may change during the
day 2-3 times. So, at the mid-Iatitude observatory Mondy
(for its coordinates see Table) at solar maximum the
frequency scale from day to night increases, on the av-
erage, from 0.25-0.35 to 0.72-0.9 Hz; and at solar min-
imum, from 0.45-0.65 to 1.0-1.5 Hz. Figure 3 presents
typical emission spectrograms for winter months of so-
lar minimum and maximum.

The DSB amplitude also varies during the day, alt-
hough its variations, unlike the diurnal frequency varia-
tion, are irregular. When the bands become faint or
completely disappear, it is sometimes difficult to under-
stand whether this is due to a decrease in the emission
intensity or due to enhancement of the irregular back-
ground shielding the IAR emission. An unwanted bright
signal is sometimes detected which due to the limited
dynamic range of the entire imaging system obscures
the DSB clearly visible before and completely disap-
pearing on the spectrogram. However, in general, DSB
are best seen at night. In winter, they can be observed
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Coordinates of the observatories and stations whose observations are mentioned in the review

Observatory Geographic coordinates | Corrected ge_omagnetic coor- L parameter
- dinates of magnetic Epoch
(station) o » > A shell

Istok 70.0 88.0 66 163 6.09 2015
Kilpisjérvi 69.0 20.9 66 105 6.01 1993
Sodankyld 67.2 26.4 64 107 5.25 1997
Lehto 64.7 33.9 61 112 4.25 2012
Gakona 62.4 214.8 64 269 4.96 2006
Borok 58.1 38.2 54 113 2.95 2000
Novaya Zhizn 56.0 45.7 52 120 2.62 1985
Karymshina 52.9 158.2 46 227 2.14 2001
Mondy 51.6 100.9 47 175 2.21 2013
Ulaanbaatar 47.9 106.8 43 181 1.93 2015
Crete 35.2 25.2 28 97 1.31 1999
Muroto 33.3 134.2 27 207 1.28 2015
Acad. Vernadsky —65.7 295.7 51 9 2.57 2008

Frequency (Hz)

Frequency (Hz)

21

19
Figure 3. Typical spectrograms of the IAR emission ob-
served by the Observatory Mondy in winter during solar min-

imum on December 26, 2009 (a) and during solar maximum
on February 11, 2012 (b)

17 23

day and night, whereas in summer they occur only for
two-three hours a night.

These DSB features are quite understandable from the
point of view of existing ideas about the nature of IAR
and its emission. There are, however, some details that do
not fit the standard model of the resonator. We will dis-
cuss them later, and here we just mention such particular
anomalies in DSB as band splitting into smaller ones,
their halving, merging, as well as differences in behavior
between the bands in different emission components.

4

3.2. IAR geography

Geographic distribution of DSB observed is fairly
wide. Table provides information on the location of the
observatories and stations mentioned in this review. It
lists geographic and corrected geomagnetic coordinates.
The latter have been calculated for a point at a height of
100 km above the observing station for the epoch given
in the last column. It corresponds to the middle of the
observation period at this station. The L parameter of
the magnetic shell adjacent to the station is also given.
We have used the algorithm from [https://omniweb.
sci.gsfc.nasa.gov/vitmo/cgm.htmil].

The IAR emission was first detected at midlatitudes
[Belyaev et al., 1987] at the station Novaya Zhizn, and
later at many other mid-latitude stations — in Russia
from Borok Geophysical Observatory [Dovbnya et al.,
2019a] to the station Karymshina near Petropavlovsk-
Kamchatsky [Molchanov et al., 2004]. At high latitudes,
IAR DSB were observed both in the Arctic at the station
Kilpisjarvi [Belyaev et al., 1999], at Sodankyld Geo-
physical Observatory [Yahnin et al., 2003], at the sta-
tion Gakona [Parent et al., 2010], at the station Istok
near Norilsk [Potapov et al., 2017], and in Antarctica at
the station Academic Vernadsky [Koloskov, Baru,
2012]. DSB were detected both at the low-latitude sta-
tions on island Crete [Bosinger et al., 2002] and at the
station Muroto [Nosé et al., 2017]. A number of papers
have compared DSB observations made at two or more
stations [Demekhov et al., 2000; Pokhotelov, 2003; Ko-
loskov, Baru, 2012; Potapov et al., 2017]. The most
valuable results were obtained from simultaneous meas-
urements with magnetometer chains. Potapov et al.
[2017] have compared simultaneous observations of the
IAR emission at the meridional chain of three stations in
the range of geomagnetic latitudes from 43 ° (Ulaanbaa-
tar Observatory) to 66 ° (station Istok). In [Nosé et al.,
2017], magnetometers were located at low latitudes
along the meridional chain 5.8° long. The results im-
portant for the study of the IAR structure have been
obtained in [lvanov et al., 2017], where simultaneous
observations of electric emission components at five
stations are compared. The chain of stations, spaced
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~50 km apart, was extended along the meridian near the
ionospheric trough.

At middle and high latitudes, the morphological
properties of the AR emission are virtually identical. At
the same time, as evidenced by simultaneous observa-
tions at two mid-latitude stations and one high-Ilatitude
station [Potapov et al., 2017], the frequency mode at
each of the stations reflects ionospheric conditions over
it. Even at remote stations, frequency values can, how-
ever, be both close and vastly different on different
days. At low latitudes, IAR emission properties have
been studied by two groups of authors [Bosinger et al.,
2002, 2004; Nosé et al., 2017]. They have found a hum-
ber of properties that distinguish low-latitude DSB from
mid- and high-latitude ones. It mainly concerns the fre-
quency scale Af of the emission. At low latitudes, it can
vary from characteristic for midlatitudes to much small-
er values. We will discuss these features in more detail
in the following sub-sections.

In general, the results of studies on the spatial distri-
bution of IAR emission show that the ionospheric Alf-
vén resonator is a global permanent phenomenon, but
characteristics of its emission are regional, depending
on ionospheric conditions in a particular region. Special
observations to measure the correlation radius of DSB
characteristics and time variations have not yet been
made. However, the available data, based on the find-
ings obtained in [Potapov et al., 2017; Nosé et al.,
2017], allows us to assess it as lying in the range 500-
1000 km, which is comparable to the correlation radius
(~1000 km) providing a correlation coefficient of not
less than 0.7 between f,F2 variations [Stanislawska et
al., 1997].

3.3. IAR emission dependence on solar cycle,
season, and magnetic disturbance. Diurnal var-
iation in probability of observing DSB

Figure 4 presents histograms of the rate of DSB oc-
currence in 2010-2019 (except for 2015 when no obser-
vations were made). Magnetic measurements in the
ULF band have been made at the mid-latitude observa-
tory Mondy (for coordinates see Table 1), located in the
Eastern Sayan Mountains near the border with Mongo-
lia. The observation period substantially coincides with
solar cycle 24 and includes 2467 days. During 2402
days (over 97 % of the total number of days), there were
at least short DSB intervals. The first histogram (Figure
4, left) shows a cyclic variation in the probability of
observing the IAR emission during solar cycle. The
height of bars is proportional to the ratio of the number
of days, whose daily spectrograms contain at least two-
hour intervals of DSB, to the total number of days for
which there are observations for a given year. In gen-
eral, it is clear that the absence of IAR emission is likely
be an exception. Nonetheless, there is a certain cyclic
variation. The maximum number of days without DSB
was in 2014 — solar maximum in cycle 24.

The second histogram (Figure 4, right) was con-
structed to illustrate the seasonal variation of the rate of
DSB occurrence. On it, as on the first one, the height of
bars indicates the relative number of days that contain at
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least two-hour intervals of DSB, not in years, but in
months over the entire observation period. Like the cy-
clic variation, the rate of DSB occurrence also weakly
depends on season. Yet in summer there are much more
days without DSB traces, especially in June. This is due
to the fact that in some summer days the level of homo-
geneous day noise background increases significantly
[Dovbnya, et al., 2019b]. Its source is understudied;
noteworthy is only one work on the nature of this phe-
nomenon [Gokhberg, 1998].

Another factor influencing the probability of observ-
ing the IAR emission is considered to be magnetic ac-
tivity [Yahnin et al., 2003; Molchanov et al., 2004].
However, provided that highly sensitive observation
equipment is used [Potapov et al., 2014; Polyushkina et
al., 2015], the magnetic activity dependence of the rate
of DSB occurrence on daily spectrograms appears to be
very weak. Most likely, major geomagnetic disturbances
simply mask DSB, as noted in [Molchanov et al., 2004].
On the other hand, such disturbances by modifying ion-
ospheric parameters can affect the resonator's frequency
mode, as shown in [Parent et al., 2010; Semenova,
Yahnin, 2014] and as discussed below.

Note that the aforementioned results, as well as
those reported in [Potapov et al., 2014; Polyushkina et
al., 2015], are very inconsistent with previously pub-
lished findings [Belyaev et al., 1997; Yahnin et al.,
2003; Molchanov et al., 2004]. The papers observed a
significant dependence of the probability of DSB occur-
rence both on solar cycle phase and on season. At the
same time, in terms of the seasonal dependence not of
the probability of occurrence but of the duration of DSB
observation during the day, the results obtained in
[Potapov et al., 2014; Polyushkina et al., 2015] are fair-
ly consistent with those of [Yahnin et al., 2003; Mol-
chanov et al., 2004]. In all these papers, a strong sea-
sonal variation in IAR emission duration with maximum
in winter and minimum in summer was observed. These
differences and, on the contrary, agreement between the
results in different studies can easily be explained, in
our opinion, by observation conditions and characteris-
tics of measuring equipment in use. If observations were
made with insufficiently sensitive magnetometers
and/or in a noisy place, weak and short-term DSB parts
were simply indistinguishable because of their small
amplitude. This led to the apparent effect of the total
absence of the emission in summer, especially during
solar maximum, when natural noise generated by mag-
netic disturbances was added to artificial noise. During
these periods, the signal/noise ratio decreased to mini-
mum values. Highly sensitive equipment with proper
filtering of low-frequency noise could detect the pres-
ence of DSB even under conditions of moderate dis-
turbance at solar maximum; and only at very high dis-
turbances the IAR emission bands were shielded by
irregular noise. But when in the ionosphere there are
conditions under which the energy of waves, trapped by
the resonator, cannot penetrate to Earth (it happens in
the daytime, away from the winter solstice), even sensitive
magnetometers are helpless, and their results coincides
with measurements of less sensitive instruments.
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There are different points of view on the causes of
the absence of the emission in summer daytime and at
solar maximum. Belyaev et al. [1997] believe that dur-
ing periods of high solar activity the resonator Q factor
is reduced dramatically. Its cause is a smooth decrease
in plasma density at the upper boundary of the resonator
due to intense solar radiation and energetic particle
fluxes. This blurs the Alfvén speed maximum therein. In
the daytime in the lower layers of the ionosphere, wave
absorption increases. Both boundaries lose their ability
to efficiently reflect waves, and the resonant properties
of the cavity disappear. A similar view is held by Nosé
et al. [2017]. From observations at the low-latitude sta-
tion Muroto, they have found a distinct diurnal variation
in the probability of DSB occurrence with a plateau at
night hours and early in the morning and with a sharp
decrease at 05-06 LT. Seasonal variation at this station
is rather uneven and has a diffuse peak from May to
September. The authors attribute both the dependences
to changes in the IAR Q factor and to variations in the

generation source of waves, trapped by the resonator, —

global thunderstorm activity. We may probably agree
with this explanation of seasonal variation. However,
the cause of such a sharp diurnal variation in the rate of
DSB occurrence can hardly be a change in the Q factor
since according to the estimates made by the authors, it
changes during the day by no more than 40 %. Mol-
chanov et al. [2004] explain the absence of the emission
in the summer daytime by the diurnal variation in an-
other possible source — the E-layer neutral wind whose
velocity is minimal in spring and early summer.

In papers [Potapov et al., 2014; Polyushkina et al.,
2015], seasonal variations in DSB daily length were
compared with the duration of shading of the D (height H
is 70 km), E (H=110 km), and F2 layers (H is taken to be
equal to 200 km) over the Observatory Mondy, where the
observations were made. The comparison has shown that
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the DSB length is closest to the duration of night in the D
layer. In the spring of 2011 and in the fall of 2010, the
mean length of DSB coincides, on average, with the dura-
tion of night in this layer. However, in winter and spring
IAR works for a few hours longer [Polyushkina et al.,
2015]. The season-dependent change in the local time of
the commencement of the emission is marked in Figure 5
(left) with filled circles; its end, with open circles. The
top dashed line indicates the time of sunrise as a function
of season at the height of the ionospheric D layer over the
observatory; the bottom one, the time of sunset at the
same height. We can see that the IAR emission is gener-
ally a night phenomenon; DSB are observed mostly when
the lower ionosphere is shaded, but sometimes, especially
in winter months, with a little elevation of the Sun above
the horizon the emission begins and ends respectively
before sunset and after sunrise, spanning 5-6 hrs of day-
light. For the latitude of the Observatory Mondy, this
ensures 24-hour observation of DSB in some days of
December and January.

Thus, there is every reason to believe that the dura-
tion of shading of the lower ionosphere is the main fac-
tor affecting the duration of the IAR emission observed
on Earth. This is confirmed by Figure 5 (right), which
shows the dependence of the DSB length during the day
on the duration of shading of the D layer. This result
seems surprising because the resonator cavity does not
cover the D layer. We can, however, assume that the
presence of the D layer nevertheless somehow modifies
the boundary condition at the bottom wall of the resona-
tor, and the illumination of the layer affects reflection,
propagation, and absorption of waves in the lower iono-
sphere. It nonetheless remains unclea to hold on the
waves,r whether the illumination of the lower iono-
sphere leads only to a decrease in its transparency for
Alfvén waves or to their complete absorption in the iono-
sphere. In the former case, IAR in the daytime continues
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which, however, cannot penetrate to Earth; in the latter,
the wave activity in the resonator stops for a while. An
answer to this question could be given by low-orbit sat-
ellite observations. The measurement data published to
date is fragmentary and ambiguous [Zhao, Ni, 2006;
Dudkin et al., 2014; Surkov, Pilipenko, 2016]. One pos-
sible explanation for the lack of reliable observations of
IAR emission in the ionosphere is given in [Pilipenko et
al., 2017]. Nonetheless, there is evidence of satellite
observations of structures similar to DSB, although at
night, but in the sunlit high-latitude ionosphere [Chaston
et al., 2002], as well as during the day in the low-
latitude ionosphere [Simdes et al., 2012]. In the second
of these papers, the frequency range of spectral bands is
much wider than that according to ground-based obser-
vations — from one to twenty or thirty hertz.

3.4. Features of IAR emission spectrograms

In most cases, IAR DSB are observed in both hori-
zontal components. The vertical component is rarely
used to study IAR, although there are traces of the emis-
sion there as well. Emission intensities in the meridional
and azimuthal components may vary at different sta-
tions. For example, in Kamchatka the emission ampli-
tude was much higher in the azimuthal component
[Molchanov et al., 2004]; in the Observatory Mondy,
the intensity of the bands is usually somewhat higher in
the meridional component [Potapov et al., 2014]. This
difference may be due to both the relative position of
thunderstorm sources and the different nature of the
underlying surface. At the same time, the brightness
ratio between the bands can vary at one station from day
to day or even within 24 hours (Figure 6, a). Further-
more, the behavior of the bands can vary quite consider-
ably on spectrograms of different components — the
number of bands can even mismatch (Figure 6, b). Quite
often there are also other anomalies in the behavior of
DSB: their merging, or vice versa, splitting and branch-
ing (Figure 6, c). In those cases when the frequency of
the upper harmonics exceeds the fundamental frequency
(~8 Hz) of the Schumann resonator Earth—ionosphere,
there are interesting effects of interaction between oscil-
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lations of the two resonators (Figure 6, d). All these
features are difficult to explain with existing models,
but some of them can be understood by taking into ac-
count the actual geometry of the magnetic field in the
model of plane-layered ionosphere. For example, Erma-
kova et al. [2008] have made model calculations, taking
into account inclination of geomagnetic field lines,
which provided explanation of some anomalies in the
DSB behavior: different frequency scale of the resonant
structure in the meridional and azimuthal field compo-
nents, the presence of several DSB frequency scales,
and shift of the main frequency bands in one component
relative to another.

Sometimes the DSB branching leads to the appear-
ance of the fine structure of the emission in frequency:
each band splits into several thinner ones (Figure 7; see
also Figure 3 in [Ermakova et al., 2011]). In this case,
the frequency scale of the fine structure bands is 3-5
times smaller than the scale of the original structure.
The fine structure was first detected at low latitudes
(Crete) and was initially considered a feature of IAR
spectra at these very latitudes [Bosinger et al., 2004].
Then, however, it was also found at midlatitudes: at the
station Novaya Zhizn [Ermakova et al., 2011], at the
observatories Borok and Mondy [Dovbnya et al.,
2013a)]. The IAR emission with a very small value of the
frequency scale was also observed at Far-Eastern low
latitudes — in Japan at the station Muroto [Nosé et al.,
2017]. A typical difference in frequencies between adja-
cent harmonics therein at night and in decline of solar
activity was ~0.25 Hz. Unlike Bosinger et al. [2004],
Nosé et al. [2017] do not consider this value of the fre-
quency scale of harmonics a feature of the fine struc-
ture. Indeed, at solar maximum even at midlatitudes in
the daytime the frequency scale may be reduced to 0.25
Hz. At the latitude of the station Muroto, as estimated
by Nosé et al. [2017], regular values of the frequency
scale may be even lower than 0.18 Hz. At the same
time, as seen in Figure 10, a of the same paper, on other
days of the observation period the frequency difference
between adjacent harmonics could be much higher (0.5—
0.7 Hz), equating to the frequency scale of the emission
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Figure 7. An example of DSB splitting with formation of
a fine structure (Observatory Mondy, April 10-11, 2010)

at higher-latitude Japanese stations Nishiyama and Oku-
ra. Approximately the same picture is described in
[Bosinger et al., 2004]. The bands spaced by 0.5 Hz
apart and their fine structure with a scale of ~0.12 Hz
were observed almost simultaneously.

This may argue for the hypothesis put forward by
Ermakova et al. [2011] about the role of a nonlocal
ionosphere in the appearance of the fine structure: a
signal may come from a remote region of the iono-
sphere with different parameters as compared to the
local ones.

But in other cases, the additional structure appears
not as a result of the splitting, but separately from the
main pattern of the 1AR emission, it is usually found
under the upward lower band of primary emission, as
shown in Figure 8 [Dovbnya et al., 2013b]. To explain
this phenomenon, an assumption was made about the
presence, along with the main resonator IAR, of an ad-
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ditional above-the-ionosphere resonator in which Alf-
vén waves are trapped at the vicinity of the geomagnetic
field lines connecting the upper IAR boundary in the
Northern Hemisphere with the upper IAR boundary in
the Southern Hemisphere. Like IAR, the above-the-
ionosphere resonator is open, so that the oscillation en-
ergy in it can seep into Earth, although it is entirely in
the magnetosphere. The estimated eigenfrequencies of
this resonator, obtained in [Dovbnya et al., 2013a], are
consistent with observations. The characteristic fre-
quencies are located between IAR frequencies and ei-
genfrequencies of MAR (magnetospheric Alfvén reso-
nator) [Pilipenko, 2003] (field-line resonator [Hasega-
wa, Chen, 1974; Southwood, 1974]).
4. POTENTIAL

FOR DIAGNOSTICS
OF THE IONOSPHERE

Since the frequency of IAR emission bands and their
frequency scale appeared to be directly related with ion-
ospheric parameters, shortly after the detection of IAR it
was proposed to use this relation for ground diagnostics
of the ionosphere — its central region (F2 layer)
[Yahnin et al., 2003; Koloskov, Baru, 2012; Fedorov et
al., 2016c¢] and upper regions [Belyaev et al., 1990].

As for the F2 layer, there is extensive experimental
evidence [Parent et al., 2010; Koloskov, Baru, 2012;
Potapov et al., 2014, 2017; Potapov, Polyushkina, 2020a]
of the close relationship of resonant frequencies and the
IAR frequency scale with the critical frequency f,F2 of
ionospheric radio sounding, and hence with the maxi-
mum electron density in this layer Ne=1.24-10 “(f, F2)?,
where N, is measured in cm>; and the critical frequency,
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Figure 8. A dynamic spectrum of electromagnetic oscilla-
tions (Observatory Mondy, September 06, 2010), presumably
excited in the above-the-ionosphere Alfvén resonator
[Dovbnya et al., 2013b]

in MHz. Simplest IAR model (1) assumes that the fun-
damental frequency of the resonator is determined by
the time of wave transit between the base of the iono-
sphere and the Alfvén velocity bending at a height 1-3
thousand kilometers. The main contribution is made by
the time of passage through the wave path segment in
which the Alfvén velocity c, =B/ /4t N, is mini-
mal. This segment coincides with the maximum of the
N, vertical profile because the magnetic field B and the
effective ion mass mies change much slower than the
abrupt change in ionization near its maximum.

Figure 9 shows the dependence of the DSB frequen-
cy scale Af on N, in the F2-layer maximum, experimen-
tally measured at the Observatory Mondy. The N, val-
ues were calculated from measurements of f,F2, made
by a digital ionosonde [Potapov et al., 2014]. The linear
correlation coefficient between Af and N, 2 r= 0.88 for
the total volume of 99 measurements taken in different
months over the period 2010-2011.

Potapov et al. [2017], using simultaneous mid- and
high-latitude 1AR emission observations, have analyzed
in detail the correlation of diurnal variations in the in-
verse critical frequency (f,F2)* of the ionosphere with
variations in resonant frequencies f; and the 1AR fre-
quency scale Af. The correlation coefficient in some
cases was as high as 0.99, not decreasing below 0.88.
This would allow us to accurately track diurnal variations
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in the electron density at maximum ionospheric ioniza-
tion through the simplest analysis of AR emission spec-
trograms, i.e. by measuring frequencies f; of spectral
bands or the distance Af between them. In reality, how-
ever, this is not yet possible because parameters of the
relationship between (f,F2)™ and f;, as well as Af, vary
considerably from day to day. For example, according
to [Potapov et al., 2017], mean deviations of the slope
coefficient of the linear regression between variations of
these values may reach 36 %.

This suggests that the standard model of IAR
proved to be insufficiently adequate for accurate ex-
planation of the relationship between F2-layer critical
frequency variations and measured spectral parame-
ters of the IAR emission. Other, more complex, mod-
els, briefly reviewed above, do not solve the problem
because they all are based on the scheme explaining
the observed DSB by the action of the resonator. This
just leads to the close relationship between Af and
f,F2, but this scheme itself cannot explain the sudden
changes in characteristics of this relationship. Chang-
es in the frequencies observed may be caused by a
change in the resonator geometry such as variations
in the dipole structure [Lysak et al., 2013] or slope of
geomagnetic field lines [Ermakova et al., 2008], but
these factors do not change significantly from day to
day or from hour to hour. Identifying possible causes
of the abrupt changes in the regression coefficients of
the relationship Af(fy) requires additional theoretical
insights.

Potapov and Polyushkina [2020a] have adopted an-
other method of estimating the electron density in the
ionosphere from ground-based measurement without
radio sounding, which sometimes, especially at high
latitudes, does not yield results because of auroral dis-
turbances. It is proposed to perform the multivariate
regression analysis, involving, along with the IAR DSB
frequency parameters, additional predictors such as
magnetic and solar activity indices, local time, seasonal
factor determining the duration of ionosphere shading
on a given day, etc. Predictions of the critical frequency
and minimum Alfvén velocity in the F2 layer, obtained
by the ionospheric model IR1-2012 are also used. As a
result, we can have a more accurate estimate of the elec-
tron density than that predicted by IRI-2012.

Certain advances have also been made in the use of
measurements of DSB frequency parameters for diag-
nosing the upper ionosphere. Belyaev et al. [1990]
pointed to the theoretical possibility of such diagnostics.
A practical attempt to obtain information about parame-
ters of the upper ionosphere with IAR was made only a
quarter of a century later in [Potapov et al., 2016].

Measurements from the mid-latitude observatory
Mondy and the high-latitude observatory Sodankyla
were used. The authors solved the inverse problem of
reconstructing vertical profiles of ions at heights from
2000 to 6000 km from the results of comparison be-
tween the IAR frequency scales measured from DSB
spectrograms and calculated on the basis of IRI-2012,
extrapolated to a height of 10000 km. Unlike homoge-
neous model (1), used for F2-layer electron density di-
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agnostics, the authors considered continuous variations
in magnetic field B(l), effective ion mass m(l), and
electron density Ng(I), where 1 is the distance along the
longitudinal axis of the resonator. The frequency scale
of the emission harmonics in this case has the form

Af:(i 4nmieﬁ(l)Ne(l)le |

B(I)
where I; and |, is the position of the upper and lower
walls of the resonator respectively. All the parameters
were calculated to the height I*=2000 km with IR1-2012
and above 2000 km (to 10000 km) with an interpolation
formula similar to that applied in [Lysak, 2004],
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here No+, Npesr, Nn+, Ny are concentrations of oxy-
gen, helium, nitrogen, and hydrogen ions at the
height I"'=2000 km (according to IRI1-2012); the pow-
er p is fixed at p=1; Re is the Earth radius (6371 km);
m jefr IS measured in amu. Coefficients in the extrapo-
lation formulas were selected so that to minimize the
deviation of Afg,., calculated by Formula (3), from
Afness. FOr this purpose, the problem of searching for
the minimum of function F(by, by, b3)=|Afac—Afmeas|
was solved numerically. The idea is that the coeffi-
cients thus optimized will yield vertical ion profiles
that are the closest to the real ones. Of course, like
any inverse problem, it can admit of ambiguous solu-
tions. It is therefore necessary to impose additional
conditions and limitations on the solutions selected.
For example, such an additional requirement may be
the condition of positive derivative of the function
describing the profile of the relative proton density at
the upper boundary of the region considered.

As a result, Potapov et al. [2016] obtained vertical
profiles of the content and absolute concentration of
oxygen, hydrogen, and helium ions; traced changes in
the calculated profiles during the transition from day-
time to nighttime (Figure 10). We can see, for example,
that over the Observatory Mondy the relative content of
oxygen ions at a height of over 2000 km at any time
does not exceed 35 %, and decreases sharply with in-
creasing height. At the same time, at high latitudes dur-
ing the early evening hours it is reduced from more than
70 % at 2000 km to 20 % at 4000 km, decreasing by
night. Interestingly, the maximum content of oxygen
ions is 2—4 times higher in Sodankyld than in Mondy.
The time when this maximum is reached is shifted from
16 LT in the auroral zone to 20 LT in the mid-latitude
observatory.

L +Re
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5. INFLUENCE OF EXTERNAL

FACTORS

In one of the above sections, we have discussed the
influence of seasonal and diurnal variations, as well as
solar and magnetic activity on IAR emission. There are,
however, other external factors that affect the IAR
mode. One of them unexpectedly appeared to be the
interplanetary magnetic field (IMF) vector direction.
Guglielmi and Potapov [2017] have suggested that IAR
is supplied with energy not only from below (thunder-
storms, neutral winds, etc.), but also from above by
electromagnetic waves from the magnetosphere and
even from interplanetary medium. The above article
presents the results of an indirect test of the proposed
hypothesis.

Prerequisites are as follows. As is known, there is
the so-called foreshock ahead of near-Earth shock
wave front. It occupies an area bounded by the shock
wave front and by the field line tangential to it. The
foreshock is formed by the IMF field lines threading
the front. Particles reflected from it move along these
lines, exciting oscillations in a range from millihertz to
several kilohertz, and are blown by the solar wind to
the shock front. Some of them can penetrate further
into the magnetosphere, and along geomagnetic field
lines fall on the upper wall of IAR. In the meridional
plane, the position of the foreshock relative to the
equator depends on the relation between vertical B,
and radial B, IMF components. If in the Sun-
magnetosphere coordinate system the product of
B,B,>0, the foreshock region is mainly above the equa-
tor; at B,B,<0, below it. Accordingly, we can assume
that in the former case electromagnetic waves excited
in the vicinity of the foreshock preferably penetrate
into the Northern Hemisphere; in the latter, into the
Southern Hemisphere. Using available observations of
IAR activity at an observatory located in the Northern
Hemisphere, we can experimentally check whether
activity of 1AR oscillations is really higher at B,B,>0
than at B,B,<0.

This hypothesis was tested using observational data
on ULF oscillations from the Observatory Mondy over
the period of March 01, 2010 to May 31, 2011 [Gug-
lielmi, Potapov, 2017]. It was thought that on a given
day the IAR emission was observed if on a daily spec-
trogram there was at least a five-hour interval of clear-
cut DSB (as opposed to the two-hour criterion adopted
for construction of the distribution in Figure 5 of this
review). Calculation has shown that the emission was
observed for 297 days of the total number of days (457).
Then, the estimated probability of occurrence of the
emission p=0.65. Further AR observations were com-
pared with daily average IMF components B, and B,
taken from the OMNIWEB database [https://omniweb.
gsfc.nasa.gov/ow.html] for each day from March 01,
2010 to May 31, 2011. Given 28 days with zero B, or B,
omitted, the final sample was 429 days. Cases of B,B,>0
and B,B,<0 is 194 and 235 days respectively. Thus, the
probability of IAR occurrence p;=0.73 when B,B,>0
and p, =0.59 when B,B,<0. In terms of the size of the
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Figure 10. Estimated vertical profiles of relative content of hydrogen, oxygen, and helium ions over observatories Mondy
(MND) and Sodankyld (SGO), obtained by analyzing IAR emission spectrograms [Potapov et al., 2016]

sample, the root-mean-square calculation error p is tion of the technosphere on near-Earth space, responsi-
5$=0.024. Consequently, the difference between proba- ble for the HM effect, are tentatively shown in [Sama-
bilities of observing the 1AR emission in the Northern  dani et al., 1981; Guglielmi, Zotov, 2007; Zotov, Gug-
Hemisphere Ap=p;—p,=0.14 at northern (p;) and south-  lielmi, 2010].
ern (p,) location of the foreshock is almost six times While statistically the magnetic disturbance has little
greater than the standard error; the three sigma rule is  effect on the rate of occurrence of IAR emission, in par-
valid more than enough. The conclusion about the influ-  ticular events, especially in auroral conditions, the sud-
ence of IMF orientation on IAR activity should there-  den ionospheric disturbances associated with magneto-
fore be recognized as statistically significant. Of course,  spheric phenomena can significantly affect the frequen-
the difference between p; and p, is relatively small. This  cy and amplitude IAR modes [Semenova, Yahnin, 2005,
is most likely due to the fact that the extramagneto- 2014; Semenova et al., 2008]. Parent et al. [2010] have
spheric sources that excite IAR act together with more  carefully analyzed the February 28, 2006 event. They
powerful sources located in the atmosphere and lower  used simultaneous data from the induction magnetome-
ionosphere. ter of the Observatory Gakona (see Table) and HAARP
An alternative explanation is that the fluctuations instruments located in close proximity — a digisonde, a
that penetrate into the magnetosphere from outside do  riometer, and an all-sky camera. From ~16 LT, DSB on
not supply energy for the ionospheric resonator, but the magnetometer spectrogram behaved ordinarily, in-
serve only as triggers releasing free energy stored in the  creasing in frequency in accordance with the evening
resonator, which is in a metastable state. There are some  decrease in the ionospheric critical frequency, measured
reasons for this explanation. For example, electromag- by the digisonde. When a substorm began at 22 LT,
netic pulses of industrial origin from time to time affect DSB disappeared either because of suppression of reso-
IAR as a kind of triggers. Guglielmi et al. [2011] give  nant conditions by the substorm due to precipitation of
examples of a sharp enhancement, and conversely a  particles or because of the spectrum of strong oscilla-
sudden disappearance of IAR emission at moments of  tions in the Pc1/PilB range. After the substorm, DSB
the start of hour in the universal time (effect of hour  appeared again, but harmonics shifted to lower frequen-
marks — HM). It is clear that these HM themselves  cies with a concurrent decrease in the frequency scale.
bear no relation to natural processes in the ambient me-  Calculations showed that this was due to the sharp in-
dium. Nonetheless, they are a kind of clock signals syn-  crease in the F2-layer electron density, caused by sub-
chronizing the work of technological systems around  storm electron precipitation.
the world. The physical mechanisms of the impulse ac- Other examples of the external influence on the IAR
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emission are cases when a relatively weak acoustic
pulse from an earthquake brought about an abrupt
change in the IAR excitation mode [Guglielmi et al.,
2006]. In some cases, at the moment of arrival of seis-
mic waves from an earthquake, the emission intensified,
which was manifested in a sharp enhancement in DSB
brightness; in other cases, the emission broke down and
the harmonic structure of the bands disappeared [Pota-
pov et al., 2008]. Grimalsky et al. [2010] have reported
on such earthquake precursors as ionospheric disturb-
ances, manifested in the occurrence of IAR emission.
To explain causes of such effects of seismic activity to
the mode of the ionospheric Alfvén resonator, the well-
known facts of the ionospheric response to processes of
preparation of earthquakes and earthquakes themselves
through acoustic, electromagnetic, electrostatic disturb-
ances propagating upward from a seismic source are
used (see [Potapov et al., 2008]).

6. DISCUSSION

We have described the results of the research into
such an interesting geophysical object as the ionospher-
ic Alfvén resonator, focusing mainly on morphological
characteristics and their physical interpretation. Togeth-
er, these results indicate that IAR is an independent
structure of the magnetosphere-ionosphere system and
plays an important role in the interaction between the
two main parts of the system — the magnetosphere and
the ionosphere. The 1AR emission is a permanent global
phenomenon whose characteristics determined by local
ionospheric parameters depend on the local time and
geographic location. As on the entire ionosphere, the
external influence both from above (solar activity, parti-
cle precipitation from the magnetosphere) and from
below (seismic activity, thunderstorms, neutral winds) is
exerted on IAR. Some of these external actions serve as
an energy source for resonant oscillations. The main
sources are likely to be thunderstorm activity and winds
in the upper atmosphere, but the electromagnetic emis-
sion flux from the magnetosphere and interplanetary
medium may also make its own contribution.

The close relationship between 1AR and ionospheric
parameters defines the substantial potential of frequency
resonator structure measurements both for ground-based
diagnostics of the electron density in the ionospheric F2
layer and for the vertical profile of the ion composition
above the ionosphere to a height of 4 to 6 thousand kil-
ometers. We assume that like the total electron content
that has become one of the main indices of the state of
the ionosphere-magnetosphere system in recent decades,
the AR emission frequency scale Af will also be widely
used in ionospheric research.

Of particular note is the clear-cut frequency and am-
plitude modulation of IAR emission. The frequency
variation that appears on the spectrogram as a bright
fan-shaped DSB structure is particularly impressive. In
this review, we focused on amplitude variations of the
emission. Potapov and Polyushkina [2020b] have dis-
cussed in detail the frequency modulation of three types:
diurnal, seasonal, and solar-cyclic. The frequency and
amplitude variations in the emission are driven by
changes in local properties of the ionosphere. The main
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factors affecting the amplitude-frequency IAR mode is
the electron density in the F2-region, which determines
the harmonic frequency, the lower-ionosphere conduc-
tivity influencing the resonator Q factor and conditions
of wave propagation to Earth’s surface, and the vertical
profile of electron and ion densities, which defines, to-
gether with the ionic composition, the Alfvén velocity
profile along the axis of the resonator. As noted in
[Guglielmi, Potapov, 2021], the IAR emission modula-
tion has not a deep physical meaning. It is just that an
observer, making diurnal rotation together with the ad-
jacent local part of IAR, feels effect of diurnal varia-
tions in solar radiation on the state of the ionosphere.
This may be superimposed by effects of solar activity
variations and, in particular at high latitudes, by magnet-
ic disturbances.

CONCLUSION

Here we focus on the still unsolved problems in the
IAR research. As for the possibilities of practical appli-
cation of information on the DSB frequency structure to
ionospheric plasma diagnostics, the main problem is the
absence of theoretical explanation of the interdiurnal
jumps in numerical parameters of the relationship be-
tween emission characteristics and ionospheric condi-
tions. If within 24 hours the relationship between the
frequency scale Af of IAR emission and the electron
density N, in the ionospheric F2 layer remains steady
and close, during the transition from one day to another
parameters of this relationship may vary considerably;
with the correlation between Af and N, in the following
days remaining high. It is necessary to determine what
affects the relationship between Af and N, in addition to
the factors considered in the existing models.

We cannot so far regard as satisfactory the available
explanations of the anomalies in DSB behavior: differ-
ence in the frequency structure between different emis-
sion components, merging or splitting of the bands. The
question about the fine structure of the bands is also still
unclear. There is a need for additional simultaneous
measurements in several regions to confirm or reject the
hypothesis about the nonlocal ionosphere to explain the
fine structure.

There are few satellite measurements of IAR emis-
sion so far, especially those correlated with ground-
based observations. Consistent observations in the iono-
sphere and on Earth could answer a number of questions
about conditions of wave propagation to Earth’s surface
and their reflection from the lower boundary of the res-
onator; and could more accurately determine the posi-
tion of this boundary. In particular, Potapov et al. [2021]
have paid attention to the fact that the harmonic fre-
quencies having an electric field node (and magnetic
field antinode) beneath (Figure 1, left) form a sequence
of odd numbers 1, 3, 5, 7 etc., and have suggested that
only such modes can be observed on Earth. The har-
monics with frequencies proportional to the positive
integers 1, 2, 3, 4 (Figure 1, right) can only be observed
in the ionosphere, they do not penetrate to Earth. This
hypothesis can be tested by comparing DSB observa-
tions from the ground and from a satellite in the iono-
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