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Abstract Based on ray tracing in a smooth ionosphere described by the IRI-2012 model we have inferred
the seasonal-diurnal dynamics of radio noise observed by four mid-latitude high-frequency (HF) radars. In the
calculations, noise is assumed to be homogeneous and stationary, but the main contribution comes from the
radar skip zone boundary due to focusing radiowaves effect. Noise absorption along the ray path is simulated
from the IRI-2012 electron density, and from the molecular nitrogen density and electron temperatures
obtained from the NRLMSISE-00 model. Earth magnetic field is not taken into account both in the absorption
and ray-tracing calculations due to insufficient accuracy of the ionospheric model. The model results are
compared with experimental radar data, and good agreement between the two is demonstrated. It is shown that
experimentally observed seasonal and diurnal dynamics of the noise correlates well with model predictions.
We demonstrated saturation effect at low noise levels. The model makes it possible to estimate the amount of
absorption in D- and E-layers using noise observations at SuperDARN and SuperDARN-like poleward-oriented
radars, especially at mid-latitudes. This is important for the retrieval of long term variations in the electron
density in the lower ionosphere, by using wide coverage provided by these radars' network. The model also
makes it feasible to interpret vertical absorption by experimental noise observations, thereby significantly
expanding the capability of HF radars to monitor the lower ionosphere, and to provide data for joint analysis
with other data, obtained by these radars at E- and F-layer heights.

1. Introduction

Noise level studies have recently become an integral part of theoretical and applied research on lower iono-
sphere dynamics during solar flares and coronal mass ejections through the use of SuperDARN and similar
high-frequency (HF) radars (Berngardt, 2020; Berngardt et al., 2018, 2019; Bland et al., 2018, 2019). HF noise
has traditionally been considered to come from a mixture of several components—anthropogenic, cosmic, and
atmospheric.

For radars with an equatorward field of view, it has been assumed that the main contribution to observed HF
noise originates from tropical lightning discharges and that the signals from these discharges propagate over large
distances through the ionospheric waveguide (Pederick & Cervera, 2014). Modeling based on this notion has
been validated reasonably well, with noise levels predictions close to experimental observations.

In studies by Ponomarenko et al. (2016) and Berngardt (2020), seasonal-diurnal variations of the minimum noise
level were measured by the mid-latitude SAS and EKB radars at a fixed frequency. In this paper we refer to radars,
including SAS, as mid-latitude radars for having geographic latitudes lower than 60°. The fields of view of both
radars point toward the polar regions and the shapes of the seasonal-diurnal dependence as a function of local
solar time are similar. As illustrated in (Figure 1a), they take the form of an oval, the contour of which is deter-
mined by the position of the solar terminator. This stated, there is no obvious reason why the HF noise observed in
mid-latitude poleward pointing radars like SAS and EKB should be closely associated with lightning. In addition,
the ray paths emerging from equatorial sources are so long that the noise should be absorbed almost completely
for daytime conditions. For night time conditions, this may not be obvious owing to a lack of absorption on the
way to the antenna backlobe. We have ran simulations (not shown) for the EKB radar for which the antenna beam
pattern was known quite precisely and found that the signal would remain 10-20 dB stronger in the front lobe
even at night. The only exception was for morning conditions. However, the total attenuation due to absorption in
that case was so large that the fact that the back lobe had less absorption did not matter.
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As a result of the above considerations, Berngardt et al. (2019) suggested that the observed noise pattern was not
so much related to the source of noise in poleward pointing mid-latitude HF radars as it was related to ionospheric
conditions. The authors proposed that in most cases the sources of noise should be considered to be anthropo-
genic and that the noise pattern is dictated by the border of the so-called “skip zone” often observed though
ionospheric ground echoes (Samson et al., 1990). In terms of geometrical optics, the skip zone is an area around
the radar that is free of the hop-propagating rays that can complete a path between a ground point and the radar.
Conversely, this means that points within the skip zone are not sources of noise for the radar (in terms of the wave
optics approach used in this paper, some weak signals can nevertheless be detected even in the skip zone). Skip
zones mark the boundary of a noise region where ray paths are focused by ionospheric effects. Specifically, this
means that both the trajectory of propagation of noise signal and the intensity of the noise focusing at the border
of the skip zone depend on the height distribution of the electron density along the ray path, which has clear and
strong diurnal and seasonal variations. Based on that notion, a model of the noise pattern for poleward pointing
radars at mid-latitudes would have to properly account for the seasonal and daily variations of the noise level
through the proper use of ionospheric and atmospheric models, given that the noise and its pattern both depend
on the atmospheric and ionospheric densities through absorption and ray path focusing/de-focusing, respectively.

Mathematical empirical approaches have been introduced to reproduce noise patterns of the kind shown in
Figure 1a, irrespective of the physical origin of the patterns. One such approach uses the mean daily dynamics
of noise level over the previous 30 days (Bland et al., 2018). Another consists of using special auto-regressive
models (Berngardt, 2020). While these models have their usefulness, no physical model has apparently been built
to this day to reproduce the seasonal-daily dependence of the noise pattern for poleward-oriented radars. In this
paper, we build an approach close to the approach used for interpretation of the noise at equatorward-oriented
radars by Pederick and Cervera (2014, 2016), but built in the absence of strong thunderstorm centers, based on
focusing effect of the homogeneous ground noise only, more adequate to the observations at poleward-oriented
radars. One clear advantage of building such a physical model would be the ability to predict a “quiet-day” curve
at poleward-oriented radars, namely, a curve of the expected noise level for ordinary ionospheric conditions.
Reproducing an observed quiet-day curve would make it possible to estimate the vertical absorption level, allow-
ing for the extraction of the long-period variations associated with the D- and E-layers of the ionosphere. In turn,
building a physical model of noise level would make it feasible to effectively use SuperDARN and similar radars
for estimating the electron density in the lower part of the ionosphere.

With the above in mind, we have developed a physics-based numerical model of the noise at HF frequencies.
We have applied the results of the model to the seasonal-diurnal dynamics of noise level at four mid-latitude
radars, namely, the Canadian SAS SuperDARN radar (52.2°N and 106.5°W), the US BKS SuperDARN radar
(37.1°N and 78.0°W), the French KER SuperDARN radar (Southern French Territory, 49.2°S and 70.1°E), and
the Russian EKB ISTP SB RAS radar (56.5°N and 58.5°E). Each of these radars has a field of view with an
antenna beam pattern that points nearly poleward (Figures 1b and 1c), having front-to-back lobe ratios of at least
10 dB meaning that the influence of tropical thunderstorm centers on the noise production should be negligible.
We describe our model in Section 2. In Section 3, we present its results and compare with observations while
discussing the implications for the plasma densities in the lower ionosphere. Our conclusions are presented in
Section 4.

2. Description of the Physics-Based Noise Model

Our model is based on a mechanism proposed by Berngardt et al. (2018, 2019). It assumes that the noise level in
polar-oriented radars operating in the 8—20 MHz range is determined by a focusing of noise signals from various
anthropogenic sources, and that the main sources contributing to the noise are located around the boundary of the
so-called “skip zone.” Near the skip zone, the amplitude of propagating signals is amplified significantly due to
spatial focusing of radiowaves by the ionosphere (Tinin et al., 1992).

Figure 1. (a) Seasonal-diurnal pattern of average noise intensity at the EKB radar (Berngardt, 2020). The lines correspond to the position of solar terminator at

two different heights (at ground level—dashed line and at 300 km height—dot-dashed line); (b and c) fields of view, in AACGMv2 (Shepherd, 2014) geomagnetic
coordinates, of the four mid-latitude radars involved in the current study, for the Northern and Southern hemispheres; and (d) noise propagation and collecting scheme
for the proposed model, illustrating the focusing mechanism for enhancing the intensity, /,(x), around the boundary of the skip zone (equivalently labeled as the “dead

zone” in the cartoon).

BERNGARDT ET AL.

3 0f 20

NIPUOD) PUE SULID ] dY) 298 *[€70Z/S0/Z 1] U0 Arerquy duruQ Ad[ip Y2aL BIUIBIA Aq 8EEL00SUTTOT/6TO1 01/10p/wiod Kapim Areaqriouriuo-sqndnge/:sdny woyy popeojumod ‘6 ‘TT0T X66L1H61

sdny)

110}/w00" K[ 1M K.

ASUADIT SUOWWO)) dANEaL) d[qeorjdde oyy £q pauIoA0S a1 sa[aNIE V() (2SN JO SA[NI 10§ AIRIGIT SUI[UQ) AD[IA\ UO (SUOHIPUOI-P



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Radio Science 10.1029/2021RS007338

Within the framework of this model, the following factors need to be considered:

1. the spatial distribution of the amplitudes of the sources of noise and the noise emission direction pattern for
each source;

the ray path of the radio signals in an irregular ionosphere;

the intensity produced by the focusing of radio signals on the boundary of the skip zone;

the absorption of the signal over the ray path as it passes through the D- and E-regions; and

RAE

the antenna beam pattern of the radar receiver.

In general, each of the above characteristics has its own temporal and frequency dependencies. This stated, in
the following calculations, we assumed that noise sources approximately have an isotropic directional pattern,
equal amplitudes, and are uniformly distributed over the Earth's surface around the radar. In the presence of
intense localized anthropogenic sources (radio stations, industrial sources, railways) or for radars facing thunder-
storm activity centers, this assumption has to obviously break down. However, for radars located at a significant
distance from intense anthropogenic or thunderstorm activity centers, this assumption should be reasonable for
an initial study of the kind offered in that present paper. The ultimate test of the validity of our assumption will,
clearly, rest on a comparison of the theoretical predictions against observations. We expect that individual point
sources, while real, will only make minor contributions to the minimal noise level, measured by a radar, in
general.

To be specific, according to the interpretation suggested by Berngardt et al. (2018, 2019) and Berngardt (2020)
noise propagates from a noise source and focuses just beyond the boundary of the source's skip zone, as illustrated
in Figure 1d. Within that framework the noise received by a radar is a superposition (integral) of noise source
contributions with weights defined by skip zone multiplier /,. calculated for the radar position. The integration is
made over the azimuth 6, elevation a, and range s. It takes into account the antenna beam pattern, signal attenu-
ation with distance and signal attenuation due to absorption in the lower ionosphere. This means that, to a first
approximation, the noise intensity received by the radar, /_ , can be obtained from the expression

> Trev?

Ly~ / Iore [x(a, )] I [x(a, 8, 5) — xo(, 0)] Ai(at, 0)G(ax, 0)s™>cos(a)dadbd s €))
[oXy

where I, _is the noise intensity distribution of the noise source at the ground, /. is the skip zone focusing multi-
plier, s is the distance from the source to the receiver, and s~ is the attenuation in intensity due to distance. Also,
G(a, 0) is the shape of the antenna beam pattern, and A (a, 6) is the absorption over the trajectory of a ray. In these
expressions x is a phase path length along a ray that starts at specific values of @ and a, whereas x, is the phase
path length at the focusing point, namely, at the skip zone boundary. It should be understood that x, does not
depend on s but that x does depend on s because the integration is over the distances of the various noise sources
to the receiver. In other words, the o and 6 integrations are over the receiver angles, while the integration over s
is actually over the distance of the noise sources to the radar.

As a further approximation, we assume that the variations of the various parameters are such that the noise inten-
sity 1

rev

can be described accurately enough with the simpler expression
Lo % IoIr AiGaAR @

where [ is the intensity of ground noise sources and replaces the I if the latter can be assumed to be
isotropic (later in our simulations /) is used as a normalization constant, calculated over 1 year). For further

analysis we will use only relative power /, . in dB, normalized to yearly maximum. After normalization the

rev
I, constant will be excluded, same as all other multiplicative constants, such as antenna gain or receivers
amplification, that are not shown in this formula. Therefore, the constant /; will not affect the seasonal-daily
dynamics of the noise level and can be neglected in the forth coming analysis made in the paper. Its absolute
value relates with the intensity of the background noise, receivers attenuation, and all other possible factors,
considered to be nearly constant over the year. The term Iy is the integral over all distances to the source
of the focusing intensity at the boundary of the skip zone, whereas A, becomes the absorption of the radio
signal power over the whole ray path, and G, is the beam pattern of the receiving antenna integrated over 6,
that is, over all azimuths. Also, Ay is the integrated signal attenuation with respect to distance. Consistent

with this definition, the @ symbol describes an averaging of quantity a over the range. This means that to
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obtain Equation 2 we replaced the average value of the product of the various non-negative parameters in
Equation 1 by the product of the average values of the parameters with a single ray path from the border of
the radar skip zone.

-2

Finally, taking into account that power attenuates with propagation trajectory length s as s~2, we can estimate:

Smax
AR ~ / s2ds ~ S 3)
S

This result is valid as long as S < S__(maximal radar range).

max

At a fixed frequency, we can assume /; to be constant. This holds if we can assume to first order that the various
noise sources are not only isotropic, but also homogeneous, incoherent, and equal in intensity. This is a rather
rough assumption, but, as shown below, it proves to be sufficient for an adequate modeling of the noise pattern.

2.1. The Propagation Trajectory

Propagation trajectories were obtained with the use of wave optics based on a calculation made at fixed
pre-determined starting values of the elevation angles within 0°-90° with 0.09° steps. For a given azimuthal
direction or radar beam we could describe the system in terms of spherical coordinates for the radial distance p
and the elevation angle ¢. We restricted the calculations to the HF limit for the index of refraction, n, and did not
include absorption in the calculations, that is, we used the ordinary wave expression given by

n=1-1/f; C)

where f, and f; are the plasma frequency and radar frequency, respectively. For this situation the differential
equations leading to phase and group delays as a function of starting elevation angles can be described by the
following set of equations (Kravtsov & Orlov, 1983):

P
aP, . 0fe
oF _Jedfe | 1 p

ds  f20R, R, ? 5)

P, . 0f
Wy _ L (Ledfe _pp
ds R, \ f20¢

S

v =wo+ [Pds
So

A

where R is the radius vector describing the position of the wave impulse at a particular point in the trajectory
and where F is the wave impulse, while y is the phase path (or eikonal). Integration was carried over the trajec-
tory variable s with starting and end points at S, and S, and with y,, being associated with the initial value of the
eikonal. In such calculations, the regions where phase delay goes through an extremum (minimum) correspond to
the regions of focusing, that is to say, they describe the borders of the skip zone for different propagation modes.

In model numerical calculations we assumed that the radio waves propagated in a plane made of a given azimuth
in one direction and a number of elevations angles that followed a globe arc within a spherical Earth model.
This stated, our ionospheric model remained inhomogeneous in the propagation plane, as it depended on the
distance to the source and on elevation angle. In other words, the ionospheric propagation model remained a
function of latitude and altitude. Specifically, we used the IRI-2012 (Bilitza et al., 2014) ionospheric model for
our purpose. This model is not a recent one, but it corresponds well to the time period of interest to our mode-
ling (the year 2013). Note that, except for the D-region, we used the default options posted in https://irimodel.
org/IRI-2012/00_iri2012_readme.txt. As described below in some detail, for the D region, we explored three
different options.
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It has become apparent in more recent years that IRI can produce significant errors at high latitudes (Bjoland
et al., 2016; Themens et al., 2014). Other models exist, that are reported to be more accurate especially in those
regions (Shubin, 2017; Themens, Jayachandran, McCaffrey, Reid, et al., 2019; Themens et al., 2017). Neverthe-
less, having focused for the statistical study on regular, mostly quiet geomagnetic conditions, we have deemed
that the IRI model remained quite adequate. Indeed, IRI has frequently been a standard model for all the radars
of interest to the present study, this for all directions of interest (beams), whether the look direction was poleward
or off-poleward. Taking into account both the high-latitude and the mid-latitude ionosphere in both hemispheres,
this has proven to be very important for the ray-tracing task.

Finally, we also note that, in order to work with a smooth and continuous ionosphere along ray trajectories, it
was necessary to assume that the signal propagation plane did not depend on the starting elevation angle when
seeking numerical solutions to the set of differential Equation 5. While correct for the middle(central) beams of
the radar antenna pattern, this was not strictly true for the extreme ones, since the antenna beam pattern is actually
described by a conical shape (Shepherd, 2017). But, as will be shown later, this rough approximation is sufficient
for carrying the model calculations forward with reasonable accuracy.

For the specific ray path calculations we used a grid with step sizes of 222 km (equivalent to 2° in latitude at
Earth's surface) in distance and 3 km in height in the propagation plane. For calculations between grid points,
an interpolation was performed using two-dimensional local quadratic B-splines to obtain continuous values
and smooth spatial derivatives. When later adding absorption effects we used the NRLMSISE-00 model for the
neutral atmosphere, from which we extracted the molecular nitrogen density and the electron temperature inter-
polated between grid points in the same way.

2.2. Modeling the Focusing Near the Skip Zone Boundary

2.2.1. Determining I_F

In a two-dimensional situation such as the one used here, the focusing of the radio waves emitted from a point
source can be described analytically near the skip zone, if the ionospheric peak can be approximated by a parab-
ola. In that case, if we neglect insignificant multipliers, the signal amplitude A .(x) over the phase path length x
has a well-known dependence given by (Tinin et al., 1992):

2/3
Ap(x) ~ %Ai(% x—x]> 6)

where Ai() is the Airy function describing the shape of the signal focusing versus phase path length, and where

1 ex\"”
PN 7
(2k20a2> ™

is a quantity inversely proportional to the size of the focusing area associated with the second derivative of the
phase path length over the elevation angle a. Here, k is wavenumber. Note that Equation 6 does not take into
account the decay of the wave field with distance and strong horizontal spatial gradients of electron density.

By integrating Equation 6 over the range, and taking into account that noise sources are independent, it therefore
follows that the range-integrated power I, corresponding to the total power of the noise superposed from various
noise sources homogeneously placed at different ranges is given, to a first approximation, by:

1_F~%/Ai2(ﬁ—;1)d;1 ®)

where the integration is made over the dimensionless quantity 7 = 2%3x/A and 77 > 1.

This means that the focusing power Tr in Equation 2 thus can be approximated reasonably well with the simple
expression:

]FNK )
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2.2.2. Determination of the Skip-Zone Position

To find the propagation path of the focusing signal in an arbitrary ionosphere, it is necessary in the context of
wave optics to extract the dependence of the phase delay y on the elevation angle a. We use the fact that, at the
focal points, the phase delay dependence on the elevation angle is weakest, meaning that the derivative of the
phase becomes zero (Tinin et al., 1992). Since we considered many possible ray paths, the focal points spread into
a small area. Qualitatively, the size of such an area is a measure of the number of rays arriving at the receiving
point with the same phase, thereby adding to the total amplitude of the received noise signal through constructive
interference of the rays. In terms of our model, this size is inversely proportional to the cubic root of the second
derivative of the phase delay over the elevation angle (Equation 7) at the point where the first derivative becomes
zero (i.e., near the skip zone border), so that the power of the focused signal is proportional to the size of this area
(Kravtsov, 1968).

It is obvious that in a complex ionosphere there can be several focusing regions (modes). To find the positions
(elevation angles) of the groundscatter modes, we analyzed all the possible propagation trajectories by calculating
the phase delay i for each elevation angle a;. After calculating the dependence of the phase delay on the elevation
angle y(a) the elevation angles q; of the rays getting to the skip zones were determined from the position where
the phase delay reached its minimal value:

dy(a)
p L — =0
da a=q; ( ! O)
We should add that the local dependence y(a) was fitted to a parabola to make the evaluation of the second deriv-
ative of y(a) easier for the determination of A (Equation 7).

We obtained a collection of angles a; corresponding to different groundscatter modes. In a regular, spherically
layered, non-magnetized, parabolic ionosphere, there is usually no more than one ground-scatter mode—there
is only one local minimum of the phase-elevation characteristic. In a more complex but more realistic heteroge-
neous multi-layer ionosphere, there can be several groundscatter modes, with the presence of a magnetic field
possibly adding extra possibilities. Just with the propagation of ordinary rays, we found many instances of multi-
ple ground-scatter modes, each with its own phase, group delay and central elevation angle a.

Examples of electron density profiles at different local times, as well as phase and group delay for single-mode
(black line) and multi-mode (red and green lines) signals, calculated using the IRI-2012 model, are shown in
Figures 2a—2c. Modeling was carried out for the EKB radar (56.5°N, 58.5°E), for the northern direction of radio
wave propagation (azimuth 0, beam 2), for 1 June 2013. It can be seen from the figure that several modes corre-
spond to several well-defined (E and F) layers in the electron density.

When multi-mode noise trajectories were obtained, we chose the mode (trajectory) that contributed the most
to the noise signal intensity, after having taken signal absorption and antenna pattern attenuation into account.
Following this, the modeled noise level was chosen to be the intensity of the mode with maximum intensity after
taking all factors into account, namely, propagation, absorption, and antenna beam pattern.

2.3. Antenna Pattern

Another important parameter of the model is the signal attenuation due to the antenna pattern G,. The attenuation
can reach several tens of dB, and therefore it is very important to take it into account at low and high elevation
angles. In this paper, we have dealt with the data from several radars: EKB from ISTP SB RAS, and SAS, KER,
and BKS from SuperDARN. Every one of these radars has a different type of antenna and a different G,.

Taking into account that the azimuthal width of the antenna beam pattern is defined by a phased array geome-
try and size considerations (that much is similar for all the radars under consideration), the integrated antenna
multiplier G, has been taken to simply be proportional to the antenna pattern in the elevation plane, that is to say:

Gala) = /G(a, 0)dO ~ G(a)AO (11)
Q
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Figure 2. (a—c) Examples of electron density profile (a), phase path (b), and group path (c), calculated using the IRI-2012
model for the EKB radar for the north-facing direction on 1 June 2013; (d) model radar antenna beam patterns in the elevation
plane used in our various simulations: Log-Periodic Dipole Array (LPDA) beam model at 10 MHz for the EKB, SAS,

and KER radars (Arnold et al., 2003; Berngardt et al., 2020), and Twin Terminated Folded Dipole (TTFD) beam model at

14 MHz for the BKS radar (Sterne et al., 2011).

where A® is the azimuthal beam width of the phased array antenna beam pattern and is the same for all the radars
considered here. In addition, G(a) is the antenna beam pattern of a single antenna in the elevation plane.

Figure 2d shows the model antenna beam patterns of the various radars at 10-14 MHz frequency that were used
for our modeling. It should be noted that the main difference between the various antenna beam patterns comes
from the fact that the EKB, SAS, and KER radars use Log-Periodic Dipole Array antennas at the top of masts
approximately 15 m above the ground (Arnold et al., 2003; Berngardt et al., 2020), while the BKS radar uses
Twin Terminated Folded Dipole antennas at a lower height (Sterne et al., 2011). This significantly increases the
amplitude of the vertical lobe on the BKS radar and broadens its elevation antenna pattern as compared to the
EKB, SAS, and KER radars.

2.4. Noise Absorption Over the Trajectory

Another important parameter affecting the radio noise intensity is the absorption of the signal over the propaga-
tion trajectory. The absorption per unit length L[dB] was calculated within the framework of a classical model by
Zawdie et al. (2017) in which frequencies are considered to be high enough to justify neglecting magnetic field
effects:

20 e? HeVe

L[dB] = -
[dB] log(10) 2eomec 2 + (21 fo)?

12)
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where, as before, f is the operating frequency of the radar, n, is the electron density, and m,, c, €, are the electron
mass, the speed of light in vacuum and the dielectric constant of vacuum, respectively, while v, is the effective
electron collision frequency. Since v, is only effectual in the lower part of the ionosphere we considered it to be
equal to the electron collision frequency with molecular nitrogen v, n,. Following Schunk and Nagy (2000), it
was assumed to be given by

Ve & Ven, =2.33- 107" - ny, (1 -1.21- 10’47}) T. (13)

where ny, is the molecular nitrogen density and 7}, is the electron temperature. The accuracy of this approximation
has been discussed in detail by Zawdie et al. (2017).

The total absorption of the radio wave L.

int

[dB] was calculated as the integral of the unit absorption over the prop-
agation trajectory S, namely (Zawdie et al., 2017):

LildB] = / LIdBlds (14)
S

In the simulations, the absorption was taken into account only for the D- and E-layers, namely, in the 60—120 km
altitude range, where significant contributions to the absorption were possible if n, was potentially large enough
and where the collision frequency could compete with f,. For our model simulations, we describe the absorption
factor A, in Equation 2 with

A; = exp (%Lm,[dBo (15)

2.4.1. Weighting the Factors That Control the Absorption

To evaluate the absorption of the radio signal from the above expression, we used well-known empirical models,
namely, the IRI-2012 model for a determination of the electron density n,, and the NRLMSISE-00 model for a
determination of the effective electron collision frequency based on the density of molecular nitrogen ny, and the
electron temperature T,. As already mentioned at the end of section 2.1, in the plane of the propagation trajectory
of the radio signal, the absorption was tabulated over a grid which had 222 km range resolution and 5 km height
resolution. For calculations between grid points, interpolation was performed with two-dimensional local quad-
ratic B-splines to obtain continuous values required for trajectory calculations.

One source of uncertainty in the absorption calculation comes from accounting for the electron density in the
D-layer, which is no easy task, to say the least (Bilitza & Reinisch, 2008; Danilov et al., 2002). Even the stand-
ard Reference ionospheric model, IRI-2012, includes several different models for electron density at heights
65-110 km. To demonstrate the complicated task at hand, Figure 3a shows a comparison of the monthly average
level of electron density at 75 km height between three electron density models for March 2013. While we used
the standard IRI-Ne D-layer model incorporated in the older IRI-95 model (Bilitza, 1981, 1997), two other
models were also inserted in its place into the IRI-2012 calculations: the FIRI Faraday-International Reference
Ionosphere (Friedrich & Torkar, 2001) and Danilov's model (Danilov et al., 1995). All three D-region models
were obtained from the OUTF(14,*) array from the IRI code.

Figure 3a shows that there are clearly important differences in the D region between the models. In particular, the
nighttime electron density level could be significant (as demonstrated, e.g., in Gomonov et al. (2019)) and should
be taken into account when simulating the diurnal variation of the absorption. Taking this into account leads us
to conclude that the diurnal variation of the absorption inferred from the radar measurements is associated not
with the absolute value of the electron density, but with its variation over its minimum (nighttime) value. This
means that the absolute electron density of the D-layer cannot be correctly determined through coherent scatter
radar absorption data using noise level observations without a very careful analysis of the latter and without an
absolute calibration of these observations on a long term basis. A comparison between observations and numer-
ical prediction is done in the next subsection.

Before a detailed comparison we want to illustrate the effect of seasonal variations on absorption, Figures 3b
and 3c show plots of the unit absorption per kilometer of the trajectory L[dB] as a function of altitude that were
calculated for May and November of 2013 to the North of the EKB radar (azimuth 0°, radar beam 2), using

BERNGARDT ET AL.

9 of 20

NIPUOD) PUE SULID ] dY) 298 *[€70Z/S0/Z 1] U0 Arerquy duruQ Ad[ip Y2aL BIUIBIA Aq 8EEL00SUTTOT/6TO1 01/10p/wiod Kapim Areaqriouriuo-sqndnge/:sdny woyy popeojumod ‘6 ‘TT0T X66L1H61

110}/w00" K[ 1M K.

ASUADIT SUOWWO)) dANEaL) d[qeorjdde oyy £q pauIoA0S a1 sa[aNIE V() (2SN JO SA[NI 10§ AIRIGIT SUI[UQ) AD[IA\ UO (SUOHIPUOI-P



A~ . .
M\\JI Radio Science 10.1029/2021RS007338
AND SPACE SCIENCE
01-31/03/2013, Ne(75km)
A G 3 T T T T T T T T T
) e L l l l l l — = IRI-Ne model ||
8 | ~—— FIRI model
4010 L - = Danilov model | |
T L —
g e —
@ g ]
E 2.5%X10° [~ g e e AN oo e e ]
s L |
2 2.0x10° 7 ------------------------ o
1.5x10° T et —
l.()><l()x """""""" J """ Tt ittt vttt st , T ]
. : \ .
5.0><107 STITPCEPVEPEETY EEr Y el aaE L L L e L el e R L
\ i
0.0 L T O
0 2 4 6 8 10 12 14 16 18 20 22 24
LST
May 2013
B) — 15 T T T I T | ’I I T T | T
E L N — 06LT] -
= AN .= 12T |
S ; \ — = 18LT
.S - ’I " — = 23LT| A
205 : _
@] .
2 - ke - -
< 0 L | = e~ L
November 2013
C) — 08 T T T I T I T . I T T | T
£ I Lk 3 — O06LT|
5 06 / g ] - 12LT |
= / \ - — I8LT|A
£ 04 / \ — - 23LT |
E o2k / 2 ]
—8 ’ | . / TN ~. _./ ‘\\\ _
ol | AT T ——,— |
50 60 70 80 90 100 110 120 130
Height (km)
Maximal absorption level (at 10MHz, EKB) dB/km
D) dec
ot 1.4
oc
= 1.2
T aug 1
[=]
= jun 0.8
) 0.6
apt 0.4
feb 0.2
5 10 15 20
LST, hours

Figure 3. (a) Comparison between the monthly average and median electron densities at 75 km altitude extracted from the three different models listed in the legend.
(b—d) Modeling results for beam 2 of the EKB radar (0° azimuth) for the year 2013, based on the standard IRI-Ne option of the model IRI-2012. (b) Modeled absorption
profile per 1 km propagation trajectory for May 2013. Panel (c) same as panel (b), but for November 2013. (d) Seasonal-daily variation of the maximum value of the
absorption per 1 km of the radio signal trajectory in the ionosphere.
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the standard IRI-2012 model to describe the D-layer. The radiowave propagation path used for the calculation
corresponds to the trajectory of the groundscatter signal propagation, that is, to the trajectory from the skip zone
boundary to the radar. The absorption values are close, in the end, to the results obtained by (Zawdie et al., 2017).

Figure 3d also shows the full seasonal-daily variation of the maximum value L__ [dB] of absorption per km of

max
the trajectory in the ionosphere

Luax[d B] = M ax (—L[d B]);—60.120km] (16)

The calculation is based on the standard IRI-2012 D-layer model for the EKB radar site. As can be seen, the
maximum absorption is observed in the summer under daytime conditions. This is the result of the ionization
of the lower part of the ionosphere being greatest at that time of day and year. It contrasts with winter and/or
nighttime conditions when the lower ionosphere in non-disturbed regular conditions should have only weak ioni-
zation if any at all, according to the empirical models. Monitor measurements of these variations in non-regular
conditions over the large area covered by radars field of views, is one of the tasks the suggested technique can
be used for.

3. Results and Discussion
3.1. Comparison Between Simulations and Experimental Observations

For the years 2013 and 2014, we have compared the observed noise level for our four mid-latitude radars with
calculations based on our noise level model using three different D-layer models included into the international
reference ionospheric model IRI-2012: (a) the standard IRI-Ne (Bilitza, 1997) model, (b) the FIRI model (Friedrich
& Torkar, 2001), and (c) the Danilov model (Danilov et al., 1995). For the comparison we used the following
technique: using experimental data we determined the low cut-off levels, specific for each radar, to highlight
seasonal-daily dynamics of the noise shown in (Berngardt, 2020; Ponomarenko et al., 2016) as they related with
the solar terminator. By using this cut-off level, in fact, we cut the saturation effects in the low-intensity noise, as
shown and discussed below in this paper. After choosing a cut-off level, we calculated the dynamic range of the
resulting noise levels (from the maximal to the minimal values). We used it to determine the level of the model
noise, after normalizing its maximum yearly value to O dB. As a result the dynamic range of the truncated model
noise and truncated experimental noise became the same, allowing usto compare them. The comparisons are
shown in Figure 4.

A detailed comparison can be made with more confidence for the data associated with the EKB and SAS radars,
because the data from these radars came from noise level observations at a fixed frequency close to 10 MHz on
a 24 hr per day basis. From the results displayed in Figures 4a—4d and 4i—41 for the EKB and SAS radars respec-
tively, it can be seen that using the standard IRI-Ne D-layer model leads to a significant overestimation of noise
absorption, while the FIRI and Danilov models offer a better qualitative agreement between model calculations
and observations in regions away from the regions of low noise prediction by the model (i.e., the uniformly dark
central areas in the panels that describe the computational results).

Data from the BKS and KER radars are harder to use for a comprehensive analysis because they come from a
variety of daytime and nighttime sounding conditions. Nevertheless, the daytime data that were retrieved (for
14 MHz at BKS and for 10 MHz at KER) demonstrate a good agreement with our model, particularly for the KER
radar and especially when using Danilov's model of the D-layer.

As one can see, the KER radar (southern hemisphere) seasonal-daily noise has a distribution that differs signif-
icantly from the northern hemisphere EKB, SAS, and BKS radars. This difference appears to come from the
difference in hemispheres that are to be associated with different seasons and atmosphere/ionosphere conditions.
Indeed our model shows a good correspondence with the observations in both the northern and southern hemi-
spheres, implying that the model that we formulated based on Equation 2 has validity.

To make quantitative estimates, we used correlation analysis. As the analysis of both linear(Pearson) and range(-
Spearman) correlations has shown, the experiment correlates with Danilov's model of D-layer significantly better
(0.55-0.70 for Pearson and 0.56—0.74 for Spearman) than with random values (0.09-0.47 and 0.11-0.54 correspond-
ingly). We tested the correlation of the experimentally measured data with random values (uniformly distributed
within cut level limits), and the correlation of the experimental data with model predictions. The significant increase
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Figure 4. Comparison between observations and simulations of noise level seasonal-daily dependence for 2013 based on three different D-layer models, namely,
IRI-2012, FIRI, and Danilov. Panels (a—d) show EKB radar, 10 MHz, at 0° azimuth with the top panel for observations and the next three panels for each model. Panels
(e—h) same as panels (a—d), but for the KER radar at 10 MHz for a 180° azimuth. Panel (i) shows SAS observations reported by Ponomarenko et al. (2016). Panels (j—I)

same as panels (b—d), but for the SAS radar at 10 MHz for a —23° azimuth. Panels (m—p) same as panels (a—d), but for the BKS radar at 14 MHz at 0° azimuth.
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Figure 5. Simulated seasonal-diurnal variation of parameters associated with the propagation of radio waves for the EKB radar in 2013 at 10 MHz. We used the
standard IRI-Ne model for the D-layer. (a) Noise reflection height; (b) noise reflection elevation angle; (c) radar range to most effective noise source (to skip-zone);
(d) antenna pattern attenuation at calculated elevation angle; (e) resulting model noise level; and (f) total absorption over the calculated trajectory due to ionospheric

absorption.

in correlation coefficients allows us to conclude that the model could be used to explain the seasonal-daily dynamics
of the noise. The closely similar values of both the linear and range correlation coefficients allow us to expect a linear
dependence between the model and experimental observations. The highest increase of the correlation (0.54-0.74
for model vs. 0.09-0.14 for random values) is observed at the EKB and SAS radars, with their 24 hr measurements
of the noise at a fixed frequency. For the KER and BKS radars, providing only half-time measurements, this increase
of the correlation coefficients is significantly weaker (0.60-0.71 for model vs. 0.26-0.54 for random values). RMSE
of the model depends on the radar and form 0.9-6.6 dB. The table of results is given in Table S1.

3.2. Relationship Between Propagation Parameters and Noise Variations

For a qualitative analysis, it is useful to demonstrate the relationship between the propagation parameters and the
seasonal-diurnal variation of the noise level. Figure 5 shows the simulated results of seasonal-diurnal variation of
various propagation parameters at the EKB radar. It can be seen from the figure that:

¢ the annular shape of the noise level (Figure 5e) is controlled mainly by the total absorption over the propa-
gation trajectory (Figure 5f): in other words, the more absorption there is, the less noise is seen, with the two
patterns matching very well;

« the total absorption over the trajectory, in turn, is related to the trajectory elevation angle (which changes the
propagation length of the signal in the absorbing layer)—the higher the elevation angle, the shorter this length
and the higher the noise level (Figure 5b).

¢ the total absorption is also related to the unit absorption in the regular D- and E-layers—the stronger the
absorption, the lower the noise level(Figure 5f vs. Figure 3d). We should note that preliminary modeling has
shown that the absorption below 85 km altitude is comparable to the absorption above 85 km; and

 the attenuation of the noise level in the winter daytime is associated with antenna pattern attenuation at high
elevation angles(Figure 5d vs. Figure 5b).
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3.3. Saturation Effect and Quiet Day Curve

As could be inferred from Figure 5, the central region embedding summer daytime conditions seems to be asso-
ciated with noticeably weaker noise levels than expected from the model calculations. The predictions for weak
noise levels are based on strong absorption during sunlit conditions so that little noise from ground sources should
be expected to be found. We have carried out more detailed comparisons to assess this situation. For the purpose
at hands, we focused on only two radars (EKB and SAS) because these were radars that used a fixed sounding
frequency (10 MHz) on a continuous basis throughout the day. This allows for a numerical comparison between
the model and observations: Figure 6 shows some detailed examples of daily variations of the noise on the EKB
and SAS radars for different dates and their comparison with our proposed model when we use the Danilov
D-layer model for taking into account absorption at lower altitudes, the IRI-2012 ionosphere model for taking
into account propagation effects, and NRLMSISE-00 neutral atmosphere model for calculating the electron colli-
sion frequency.

As might have been expected from Figure 5, the various panels in Figure 6 show a satisfactory agreement between
the observations and the model at high noise levels, but there is generally a strong disagreement when the model
noise level is predicted to be low. We see two possibilities that could explain this situation. One is that there
may well be a saturation effect associated with analog and digital sensitivity levels of the radars. Alternatively,
or even in association with instrumental noise, cosmic noise could be a factor, as it can sometimes be as high as
20 dB below anthropogenic noise, as shown in Figures 2 and 39 of the ITU-R P.372-14 (2020) report. Cosmic
noise comes from much higher elevation angles and could make a significant contribution when anthropogenic
noise is not too strong because of absorption. Also tropical thunderstorm centers signals coming from backlobe
could affect this saturation level. We have not queried this question any further as the focus of the present paper
is anthropogenic sources from the ground. Our model of these contributions produces the bright arc patterns in
Figure 4. The important message is that these arcs fit well with the notion of noise from anthropogenic sources.

To demonstrate that saturation effects are real, we introduce Figure 7. Figures 7a and 7b show the results of a
statistical comparison between the model and the observations using the EKB and KER radar data in the year
2013. The color shows the number of cases when a particular combination of experimental and model noise
values was obtained.

Consider Figure 7a first: clearly, when the observed noise level is less than 20 dB, there is no connection between
the predicted noise level and the observed one. However, when the observed noise level is greater than 20 dB
there is a linear relation between prediction and observations. From this it should be clear that the measured EKB
noise levels are saturated below 20 dB, thereby having nothing to do with ionospheric absorption. By contrast,
above 20 dB, the effects of ionospheric absorption are seen. The clear implication is that the model cannot be used
below 20 dB in the EKB case because of noise saturation effects affecting the observations.

Figure 7b shows that a similar effect takes place for the KER radar. In that case, however, the saturation level is
higher (32 or 33 dB), and the physical information that can be extracted from noise variations is for noise levels
that are weaker by about 8-10 dB.

Figures 7c and 7d display similar information in a somewhat different way through monthly statistics. For those
panels, we kept track of the radar data that could be suitably compared with a numerical interpretation of the
observations by the proposed model (as per the numbers inferred from panels (a and c), meaning a noise level
above 20 dB for the EKB radar and above 32 or 33 dB for the KER radar). This being the case, Figure 7c shows
that the probability that the noise level at EKB be 20 dB above the numbers expected from our simulations is
always above 60% at all times of the year, with a somewhat higher value (closer to 80%) in June. The numbers
are different for KER, as seen from Figure 7d. We note that the statistics are too weak to give any significance
to the June peak in that case (a change from 32 to 33 dB would put the peak well inside a region of minimum
probability).

From our analysis of Figures 7a—7d we may conclude that about a half of the daily noise data at EKB is suitable
for the numerical interpretation. These periods where the simulations work reasonably well are usually associated
with a weak D-layer ionization level. They come mainly from nighttime and autumn-winter months. This much
is clear after we take another look at Figure 4. The smaller size of the data set in KER is caused by its smaller
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Figure 6. Comparison of model (red line) and measured daily noise variations (black line) on radars EKB (beam 2, (a—d)) and SAS (beam 7, (e-h)), at 10 MHz.
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by the model). (c and d) Monthly statistics of radar data available for adequate numerical analysis within the framework of the proposed model: for EKB (c) and KER
(d) radars. (e) Vertical absorption at 10 MHz calculated from experimental EKB noise data using the suggested model.

dynamical range (Figure 7b), itself most likely caused by a lower level of distributed surface anthropogenic
sources around the radar (Figure 1c), which is isolated in the Southern Indian Ocean.

With the above reservations concerning extra noise sources in mind, the proposed model can be used to build a
quiet day curve (the results of which are presented through the red traces in Figure 6). However, for the model to
be put to good use, we need to take into account the saturation effect of the radar sensors at low noise levels. The
saturation level clearly differs for each specific radar (Figures 7a and 7b), and its mechanism and dynamics should
be studied in the future. The constant absolute difference(offset) between model and experiment is related to not
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taking into account a number of constant multipliers in the modeling. The lower experimental noise level than
predicted by the model can be result of electron density increases unaccounted for by the ionospheric models. As
shown above, this model depends on a number of factors, namely, (a) the trajectory of propagation of the noise
signals (or ground-scatter signals), (b) the antenna pattern in the elevation plane of propagation, as well as (c) the
mode of the received signal as it is affected by propagation in a three-dimensionally inhomogeneous ionosphere.
The model used for the “quiet” ionospheric D-layer is also significant in the construction of the quiet day curve.
The comparison of observations with model simulations (Figure 4) shows that the use of the traditional IRI-2012
model leads to significant overestimation of the noise level. The Danilov model of the D-layer leads to better fits
to observed noise levels than the other models, at least for the EKB radar (Figure 4).

3.4. Implications for the Modeling of Ionospheric Absorption

Based on the use of Equation 2 for the construction of our model, one can exclude all propagation effects (antenna
pattern attenuation G,, radio wave attenuation with distance A_R, and focusing effects I_F) on the noise level vari-
ations Iy ., as well as exclude attenuation variations in the elevation angles through propagation for a trajectory
through an angle « in the D-layer (valid for a thin non-refracting absorption layer). In other words the intensity is
essentially “fixed” through the relation

I rcov
IngxaldB] = 10 - log,, ( %) (17)
IonTrGaAR

while the vertical absorption becomes

Ar.vert[dB] = (IN‘fXd[dB] — Max (IN,fxtl[dB])) ° Sin(a) (18)

where the maximum value is calculated over the year to calibrate absorption when it reaches a minimum. As

a result, one can obtain an estimate for the equivalent vertical absorption A, . near the radar. Figure 7e shows

tvert

the seasonal-daily dynamics of the vertical absorption A, near EKB based on this approach to the analy-

tvert
sis of the noise observations at 10 MHz. As one can see, the vertical absorption goes through a maximum at
summer daytime. This corresponds well, qualitatively, to the D-layer absorption expected from the IRI-2012 and

NRLMSISE-00 models, as shown in Figure 3d.

3.5. Discussion on Model Accuracy

In this paper we used the IRI-2012 model. The model is admittedly rather old, and improvements have been made
in IRI-2016 (Bilitza et al., 2017) while some new models of the high-latitude ionosphere have been developed
(Shubin, 2017; Themens, Jayachandran, McCaffrey, Reid, et al., 2019; Themens et al., 2017). Our study has
shown the basic path to the modeling of the minimal noise. The impact of newer models will be tested in the
future through their inclusion in our simulations. It should also be kept in mind that each model can only approx-
imate reality, so that calibration with ionosondes or SuperDARN groundscatter data would have to be taken into
consideration in future modeling efforts so as to provide better and more accurate ray-tracing. Using only iono-
spheric models could cause up to tens of percent uncertainties in the electron density (Bjoland et al., 2016; Liu
et al., 2019; Themens, Jayachandran, & McCaffrey, 2019). In ray-tracing parameters, such as elevation angle, the
error/uncertainty could have even greater impact since, particularly at night, the electron density could be so low
that focusing could not take place at all, meaning no ground scatter signals in the radar data.

The contribution to absorption due to magnetic field effects on the ray paths can be estimated by using the fact
that the magnetic field correction to absorption involves the factor (1 + ¢) where

€ = 2Wees * cos(0)/ 27 fo), (19)

where w, s the electron cyclotron frequency, and € is the angle between the radiowave trajectory and the magnetic
field. This expression for the magnetic field correction can easily be derived, for example, from Equation 2 in the
paper by Zawdie et al. (2017). It can be shown from this that not taking into account the magnetic field in oblique
propagation at mid- and high-latitudes (6 ~ 90°) has a less than 15% effect, which is less than errors caused by the
ionospheric model. This justifies not taking into account the magnetic field. The same reasoning is used to justify
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not taking the magnetic field into account in the ray-tracing algorithms (Equations 4 and 5). That is to say, in the
first approximation we can neglect magnetic field effects as long as w, < 27, as Ginzburg (1970) had indicated
in the past. This assumption holds true to first order for the frequencies used in our work.

The assumption of homogeneous and stationary noise sources in Equation 2 also could be a source of errors.
For example, it clearly cannot be justified near thunderstorm activity centers in equatorward-oriented radars
(Pederick & Cervera, 2014, 2016).

Finally, when calculating focusing effects to first order (Equation 6), we expect that spatial gradients over latitude
and longitude are small. This is correct for IRI, but could be incorrect in the actual ionosphere. In the presence
of strong gradients and medium-size irregularities the model could be modified following the prescription posted
by Afanasiev et al. (1998), but this would need a much more accurate ionospheric model than what we have used
at this point.

4. Conclusion

In this paper, we have developed a numerical model of the seasonal-diurnal dynamics of the radio noise at
polar-oriented HF-radars. The model has focused on four HF mid-latitude coherent scatter radars—EKB from
ISTP SB RAS, and SAS, BKS and KER from SuperDARN. The numerical results have been compared with
observations.

The results from our simulations give credence to the model proposed earlier in Berngardt et al. (2018, 2019)
for interpreting the radio noise level in terms of the spatial focusing of ground sources of anthropogenic origin
in the vicinity of the “skip zone” propagation boundary. Using the IRI-2012 and NRLMSISE-00 models, it has
been shown here that seasonal-diurnal variations of the noise level can be explained within the framework of this
model through a combination of propagation, absorption and antenna pattern factors.

We have demonstrated that the seasonal-diurnal patterns observed in radio noise (with a maximum in the region
of the solar terminator) is associated with variations in the total absorption of the signal over the propagation
trajectory to the border of the skip zone. We have also shown that an observed decrease in the noise intensity
in the winter noon area in the EKB and SAS radars (not detected with the BKS radar) can be explained by an
additional attenuation of the signal by the antenna beam pattern at high elevation angles.

The agreement with observations is particularly good near the terminator where the noise level is greatest. This
has allowed to us compare the absorption computed from different D region models and compare the resulting
noise levels with observations. We found that the absorption levels, when integrated along the ray paths, were
too high when using the standard IRI-2012 D-layer model. However, the agreement with observations based on
the use of the FIRI (Friedrich & Torkar, 2001) and Danilov (Danilov et al., 1995) D-layer models was much
better.

The above notwithstanding, in spite of a good qualitative agreement of the seasonal-diurnal model variations
with observations, quantitative simulation results demonstrate that the model predicts far less noise than observed
away from the terminator during sunlit conditions. There are only two possible explanations: either the model
produces too much absorption, or there is another source of noise that does not involve ground-based anthropo-
genic sources. In the former case, one would have to face the fact that the model produces realistic amounts of
absorption at other times, particularly near the terminators. In the latter case there are two possibilities, both of
which must be present but were not considered for our model based on ground sources: cosmic background noise,
which comes from above and would favor larger elevation angles, and instrumental noise, that is, saturated noise
counts. The ability to measure absorption variations from radar noise measurements depends on the surrounding
anthropogenic noise level—the higher the noise level, the stronger absorption events the radar can study. For
radars with low anthropogenic noise level, such as KER, it may be difficult to study strong vertical absorption
events from the noise data.

The main message to carry from the present study is that (a) the mechanism proposed in (Berngardt
et al., 2018, 2019) does very well near the terminator where the noise level is at its strongest. Also, (b) there are
additional noise sources to worry about, be they instrumental or of cosmic origin. Finally, (c) the present model
should provide a useful tool for the assessment of absorption on a day-to-day basis. This means that we could
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use the present numerical model or its successors to extract important information from the dynamics of noise
measured by pole-oriented coherent scatter radars in the 8—20 MHz range.

It should be kept in mind that the results presented here can only be considered as preliminary, as they use refer-
ence ionospheric model IRI-2012 to calculate the propagation trajectory. For more correct calculations of the
propagation path one really ought to take into account actual ionospheric refraction, estimated either from radar
data (using, e.g., ground-scatter signals in combination with measured elevation angles) or from ionospheric
electron density measurements by ionosondes. This approach will be considered in future studies.

Data Availability Statement

The data of EKB radar were obtained using the equipment of Center for Common Use “Angara” http://ckp-rf.ru/
ckp/3056/ and available at http://sdrus.iszf.irk.ru/ekb/page_example/simple.
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