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ABSTRACT

In the modern world, the need for accurate knowledge of the state of the high-
latitude ionosphere has increased, the modeling of which is difficult due to the
presence of a large-scale structure. However, the empirical and theoretical
models of the ionosphere developed in recent years have made significant
progress in taking them into account. The situation with small-scale
irregularities is more complicated. In this work, the comparison was
performed between experimental ionograms of vertical, oblique, external and
transionospheric sounding with ionograms, calculated by a computer
simulation taking into account small-scale irregularities. The obtained
conformity has allowed one to conclude that there is a range of parameters
values of these irregularities which can be used in interpreting and predicting
the propagation characteristics of short radio-waves in complicated
conditions, especially during disturbances.

© 2023 Published by Faculty of Engineering

1. INTRODUCTION

account such features as large-scale TIDs (Themens et
al. 2017), patches (Carlson, 2012), and others. As for

Due to climate change and increased economic activity,
the high-latitude zone has become an area of increased
interest in terms of modeling the state of the ionosphere,
which is necessary, first of all, to ensure the propagation
of HF radio waves (Blagoveshchenskii, 2020; Mingalev
et al. 2021). Waves of this particular range are mainly
used on transpolar routes, the number of civil aviation
flights on which is growing (Warring et al., 2017).

The polar ionosphere strongly differs, for example, from
the mid-latitude ionosphere by a large spatial
irregularity, the structure and statistics of which are not
well understood, but at present it is possible to take into
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small-scale irregularities, the situation here is even more
complicated.

The consequences of the presence of these irregularities
are well known, but there are difficulties in directly
measuring their sizes. From the point of view of HF
wave propagation, these consequences are fading,
frequency scattering in ionospheric communication
channels, multipath, and the Fspr phenomenon
(Szuszczewicz, 1987). In a higher frequency range, this
leads to a deterioration in the accuracy of navigation
and positioning systems (Zhbankov et al., 2022).
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For the experimental study of small-scale irregularities,
the methods of ground-based vertical (VS) and oblique
(OS) sounding are traditionally used (e.g., Booker &
Wells, 1938; Bowman, 1990; Hunsucker & Hargreaves,
2003; Ossakow, 1981; Panchenko et al., 2018). lvanov
et al., 2019 showed the possibilities of using various
types of satellite sounding to monitor the state of the
high-latitude ionosphere, in particular, that low-flying
satellite data can be used to track the response of the
ionosphere to disturbances. This indicates a possible
successful mission of small satellites, the use of which
will become real in the near future (Chernyshov et al.,
2020).

To simulate HF propagation, the latest version of the
IRl model, IRI-2016 (Bilitza et al., 2017), is used. Such
modeling showed a good agreement between the
calculated and experimental characteristics of HF
propagation not only under quiet conditions, but also
during disturbances (Blagoveshchensky et al., 2018).
Therefore, in this paper, the original IRI1-2016 model is
used as the base model and also the model IRI-2016
adapted to the parameters of the current diagnostics.

The aim of this work is to simulate the HF propagation
in the high-Ilatitude ionosphere in a model taking into
account small-scale irregularities and to compare the
model values with experimental characteristics in order
to assess the possibility of a more accurate obtaining of
the state of the ionosphere. In contrast to other works,
such modeling and comparison are carried out not only
for the terrestrial (VS and OS) sounding, but also for the
satellite external (ESS) and transionospheric (TIS)
sounding. The corresponding ionograms are used as
experimental data.

2. EXPERIMENTAL CONFIRMATIONS OF
THE EFFECT OF SMALL-SCALE
IRREGULARITIES

Since the work is devoted to modeling the influence of
small-scale irregularities in order to take them into
account during the propagation of short radio waves,
experimental examples are given along with the results
of modeling, a detailed presentation of which is given in
the next section. Examples are given for the main
experimental methods of studying the ionosphere.

For vertical sounding, a typical case of Fspr was chosen
as an example, which was observed on the ionogram
obtained on May 14, 2013 by the DPS-4 ionosonde
located in Tromsg (69.58° N, 19.12° E), UT=00:45
(Figure 1). Also on it, a thin black line shows the N(h)-
profile of the ionosphere processing by the ARTIST-5
program, a thicker one is reconstructed using the
method proposed by the authors. The result of modeling
taking into account small-scale irregularities with

relative amplitude N\%\I =4% is shown in Figure 1 (the

lower panel).
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It is necessary to notice, that phenomenon Fspr
complicates reconstruction of the N(h)-profile, therefore
it was necessary to apply specially developed procedure,
allowing it to make. It can be characterized as a method
of reconstruction of a profile on digitized ionogram.
This method is based on numerical trajectory
calculations in non-uniform magnetoactive
environment. It allows calculating the N(h)-profile on
digitized ionogram in several points to a trace of O-
components. In areas where reflection is absent, the
model IRI-2016 is used as zero approach.
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Figure 1. Real ionogram recorded on the DPS-4
ionosonde in Tromsg on 14.05.2013 (the upper panel)
and the result of numerical simulation taking into
account small-scale irregularities (the lower panel)

The next type is the oblique sounding which allows
obtaining the major characteristic - the maximum used
frequency MUF for the given path. This case is
illustrated by the example of an oblique ionogram on
the Moscow — Murmansk path 1486 km long in a quiet
ionosphere and in the presence of small-scale
irregularities at a frequency of 5.8 MHz in Figure 2.
Ordinary rays are shown in red, extraordinary rays are
shown in green.
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Figure 2. Background ionogram of oblique sounding
(the upper panel) and the result of modeling taking into
account small-scale irregularities (the lower panel)

lonograms of external sounding are unique, giving the
chance to investigate structure of the ionosphere above
the height maximum of the F2 layer. The results of
external sounding are illustrated by the example of an
analog ionogram extracted from the huge data of the
Interkosmos-19 satellite and presented in Figure 3. It
was registered at the receiving point Moscow on April
9, 1981. The satellite was above the point with
coordinates (26.80° N, 32.90° E) at an altitude of 939
km. The high quality of analog ionograms made it
possible to record in detail a very interesting structure in
the ionosphere. It consists of four diffuse clouds of a
characteristic shape, strung like beads on the main trace
of the reflected signal.

It is clear that unusual traces are associated with the
irregularities structure of the ionosphere. Since the
"beads" are located at different heights (and,
accordingly, at different frequencies), the irregularities
are also located at different heights. Because all “beads”
are densely filled with reflected signals, then there are
many small-scale irregularities at different distances.
They can be presented as four layers located at different
heights.

The last type is transionospheric sounding. This type of
sounding is now one of the most developing because of
occurrence of a network of orbital satellites (as with the
orbits close to circular, and with high apogee orbits). An
example of a transionogram for the Satellite-Murmansk
path in a quiet ionosphere and in the presence of small-

scale irregularities is given in Figure 4 for 21.02.2014 at
UT=03.00. Satellite with coordinates 47.11° N, 63.59° E
is located at an altitude of 24260 km. An example is
considered to assess the possibility of using satellites
with high apogee orbits.
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Figure 3. lonogram of external (satellite) sounding (the
upper panel) and the result of its modeling taking into
account small-scale irregularities (the lower panel)
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Figure 4. Simulation of the transionogram for the AES-
Murmansk path in a quiet ionosphere (the upper panel)
and in the presence of small-scale irregularities (the
lower panel)
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3. SIMULATION WITH ACCOUNT FOR
SMALL-SCALE IRREGULARITIES AND
ADDITIONAL EXAMPLES

As noted in the Introduction, the simulation was carried
out using the IRI-2016 model. In this case, the data of
the DIDBase system (foF2 and hmF2) processed by the
ARTISTS procedure (Galkin et al., 2008) were used to
adapt the model.

The algorithm for constructing trajectories is based on
the geometric-optical approximation by solving an
extended system of characteristic equations (method of
characteristics) and is presented in detail in the paper
(Zhbankov et al., 2022). Since a distinguishing feature
of the algorithm is the inclusion in the model of a factor
describing small-scale irregularities, it is necessary to
determine at what sizes of irregularities this
approximation can be applied. Simplification of the
initial wave equations is achieved in cases where the
problem has a small parameter:

pn= max(% ,i] <<1. 1)

where A is the wavelength of oscillations in the
direction of the plasma irregularity, wis the average
frequency of the radio wave, L, is the characteristic size

of the irregularity, and T is the characteristic time of
change in the parameters of the medium. A similar
inequality is proposed by (Kravtsov and Orlov, 1980):
the parameters of the medium, as well as the parameters
of the wave, should not change noticeably in the cross
section of the Fresnel volume

v.n

a
I n

<<1 (2)

where a; is the section of the Fresnel volume, n is the

refractive index. Analyzing these conditions, it can be
argued that both inequalities are satisfied for
irregularities larger than 1 km. This size was taken as
the lower limit of the irregularity scale.

Specifically, small-scale irregularities were specified by
the sum of 25 components described by formula (3),

AN, = ZSi(r,6,¢)c0{—%t+ Pyi (r —Ry) + poiRyO + pwiRo(p+(I)0i} 3)

with relative amplitude A%zg%, wavelength A,
randomly distributed in the range from 2 to 20 km,
random values of initial phases @ and guiding angles

nand &. The qualitative correspondence of the

obtained inhomogeneous structure to small-scale
irregularities was checked visually in the course of
calculations and is shown in the Figures below.
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Particular attention in the study was paid to the number
of rays arriving at the receiving point at a fixed
frequency, the possibility of determining the key
parameters of the ionosphere from such ionograms, and
the energy of the incoming signals.

To exclude possible random effects of the appearance of
sufficiently large inhomogeneous structures associated
with the method of specifying irregularities, a large
number of model experiments were carried out.

The distributions of the electron density in the plane of
the magnetic meridian and the trajectory of rays of
ordinary polarization are given below for the cases
presented in the Figures in the previous section. Figure
5 shows this distribution for beams reflected at a
frequency of 6.0 MHz in the presence of irregularities
for conditions corresponding to Figure 1 (the lower
panel). It can be seen that the received signal does not
consist of a single beam (as it would be in ideal
conditions), but of a set of a large number of beams
propagating along independent trajectories with a
sufficient spread over the effective height.

Another example for May 05, 2016 is shown in Figure
6.
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Figure 5. Two-dimensional distribution of the electron

density in the plane of the magnetic meridian and the

trajectory of a part of the rays of ordinary polarization
reflected at a frequency of 6.0 MHz

The comparison of two ionograms with the simulation
results shows that the agreement is almost complete.

Thus, the results of comparing real ionograms with
model ones allow one to conclude that our assumptions
about the mechanism of the influence of small-scale
inhomogeneous structures on the propagation of vertical
sounding radio waves, as well as the proposed methods
for their modeling, are correct.

In the process of numerical modeling, it was found that
the ionogram is most affected by the relative amplitude
of irregularities (degree of ionospheric disturbance) and
the approximate height of the onset of turbulence
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development. Thus, by varying these parameters and
achieving visual correspondence of the obtained model
ionogram with the experiment, it is possible to
approximately obtain the value and height of the onset
of turbulence development.
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Figure 6. Real ionogram recorded on the DPS-4
ionosonde in Tromsg on May 14, 2013 (the upper panel)
and the result of numerical simulation taking into
account small-scale irregularities (the lower panel)

These examples allow one to make two additional
important remarks about the use of experimental data
and models. In recent years, a discussion about the
methods of processing ionograms has flared up with
renewed vigor. The use of new processing methods can
lead to significant differences in N(h) profiles,
especially when the ionograms are very noisy, as in
these examples. The results of comparing the N(h)-
profiles obtained by the ARTIST5 and Autoscala
methods (Galkin et al., 2008; Pezzopane and Scotto,
2004) showed (on a large statistics) advantage of
Autoscala by comparison of automatic and manual
processing. A program Autoscala was developed for the
automatic scaling of fOF2 and MUF(3000)F2 in the
National Institute of Geophysics and Vulcanology
(INGV). The INGV software is based on an image
recognition technique and can operate without
polarization  information.  Krasheninnikov ~ and
Leshchenko, 2021 also compared these two methods
according to the data of the Moscow station (55.5° E,
37.3° N) for four months of 2018 and found that the
processing of ionograms by the ARTIST procedure
systematically underestimates the hmF2 height. The

second remark concerns the use of the IRl model. If
there is at least one ionosonde along the HF propagation
path, then the model can be adapted to the parameters of
the current diagnostics. In these examples, this is done
for one station. It is appropriate to add that the IR-TAM
model has been developed (Galkin et al., 2012), in
which the IRl model is adapted to the global foF2 map.
Pignalberi et al., 2021 compared the accuracies of the
IRI model and the IRTAM procedure on a vast amount
of statistical material. Among the 5 selected stations
from different latitude zones, for which the comparison
was carried out in more detail, two stations Sondrestrom
and Thule belong to the high latitude zones. It is shown
that for all levels of solar activity, there is a significant
improvement in accuracy of foF2 for IRTAM compared
to IRI. This improvement is especially significant in the
equinoctial and winter months.

For the oblique sounding, Figure 7 gives a picture of the
rays leading to oblique ionograms of Figure 2.
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Figure 7. An example of modeling an oblique ionogram
on the Moscow-Murmansk path in a quiet ionosphere
(the upper panel) and in the presence of small-scale
irregularities (the lower panel)

It can be seen that the presence of small-scale
irregularities leads to smearing of traces in which there
are rays passing through the F2 layer of the ionosphere.
The value of such an important parameter as the
maximum usable frequency (MUF) is also noticeably
increasing. This parameter determines the most
favorable radio frequencies. Another consequence is an
increase in the number of beams with different delay
times, which leads to an additional deterioration in the
quality of radio communications.
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When modeling the external sounding ionogram shown
in Figure 3, its other feature was also taken into account,
namely, a highly developed non-uniform structure that
creates separate “beads”. Some fairly weak small-scale
irregularities are unable to describe such a phenomenon.
We assumed that there may be a case here when such
irregularities are the result of the appearance of
powerful disturbances with dimensions of 100 km or

more and A% >20%. The numerical simulation of

this ionogram was carried out under this assumption of
the joint existence of large- and small-scale
irregularities. Figure7 (the upper panel) shows a good
agreement between the experimental and model
ionograms. For a more visual representation of the
nature of the ionospheric conditions in this case, Figure
8 displays the two-dimensional distribution of the
electron density and the trajectories of some rays of
ordinary polarization reflected at a frequency of 14
MHz.
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Figure 8. Two-dimensional electron density distribution
with several layers of small-scale irregularities and
trajectories of a part of rays of ordinary polarization
reflected at a frequency of 14 MHz

Another example shown in Figure 9 concerns the high-
latitude zone. It represents the ionogram obtained on the
satellite "Kosmos-1809" on May 17, 1987 UT=22:36 in
the northern hemisphere from a height of 937 km.

At frequencies above 2.5 MHz, a blurring of the main
trace is observed, apparently associated with small-scale
irregularities. The simulation results support this
assumption well. The absence of scattering at lower
frequencies indicates that the inhomogeneous structures
are located quite compactly in a limited height range.

Thus, the proposed scheme for modeling the effect of
small-scale irregularities on external sounding
ionograms does not contradict the experimental data and
can be used in the process of interpreting the results of
HF propagation in the upper ionosphere.
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Figure 9. lonogram obtained on the satellite "Kosmos-
1809" 17.05.1987 UT=22:36 (the upper panel) and the
result of numerical simulation (the lower panel). The
gray color shows the digitized O-component trace and
the N(h)-profile of the ionosphere reconstructed from it

Figure 10 shows the low-altitude pattern of
transionospheric sounding beams, leading to the
ionograms of Figure 4. The red color shows the
trajectories of direct rays, the lighter color shows the
two-hop, previously reflected from the Earth.

It can be seen that the presence of inhomogeneous
structures in the region of the maximum of the F2 layer
leads to multiple beams, including two-hop ones, and
smearing of traces on the transionogram in the region
located not far from the “breakdown frequency”.
However, the very value of this important parameter,
which determines the critical frequency foF2,
practically does not change.
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4. CONCLUSION

Modeling the process of propagation of short radio
waves in the high-latitude ionosphere is an important
means of interpreting observations and predicting them.
Modern models of the ionosphere allow one to take into
account many large-scale structures at high latitudes.
However, there are experimental facts that can only be
explained by the influence of small-scale irregularities.
The paper considers the main sounding methods
0o 5 5 Y \ ‘ associated with HF propagation (vertical, oblique,
0000 1500 2000 2500 3000 external, and transionospheric), and simulates
X, km propagation in a model with small-scale irregularities
(with dimensions greater than 1 km). The choice of the
parameters of these irregularities made it possible to
obtain a correspondence between the model and
experimental ionograms for all considered types of
sounding. This allows one to conclude that small-scale
E 400 irregularities can cause noticeable distortions of traces
on ionograms. The choice of the parameters of these
irreqularities made it possible to obtain a
correspondence between the model and experimental
ionograms for all considered types of sounding.
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Figure 10. Profiles of the ionosphere along the path and
trajectory of the rays for the transionograms of Figure 4.
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