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Abstract. During experiments on the modification
of the high-latitude ionosphere by high-power HF radio
waves of ordinary or extraordinary polarization of the
EISCAT/Heating facility (Tromse, Norway) in 2013,
2016, and 2019, Doppler measurements of diagnostic
HF radio signals over long radio paths were carried out
by the bistatic scatter method. We studied characteris-
tics of Doppler frequency variations in bistatic scattered
radio signals, using the experimental results obtained
along radio paths of different lengths (up to ~8500 km)
and orientation. We examined numerical dependences
of the Doppler frequency variations in a radio signal on
the azimuth of the wave vector of a radio wave incident
onto an artificially disturbed region, on the bistatic scat-
tering angle, and on the azimuthal direction of irregular-
ity motion in an artificially disturbed region of the iono-
sphere. From simultaneous measurements of the Dop-

pler frequency fp of the radio signal along two diagnos-
tic radio paths, we numerically estimated the velocity
vector of irregularities in the artificially disturbed region
of the ionosphere. The total vector velocity of artificial
ionospheric irregularities can be calculated from meas-
urements of the Doppler frequency shift along several
long diagnostic radio paths after preliminary analysis of
experimental observations with the results of trajectory
modeling of diagnostic HF radio signals.

Keywords: radio wave propagation, small-scale ar-
tificial ionospheric irregularities, Doppler observations,
the EISCAT heating facility, modeling.

INTRODUCTION

When the ionosphere is modified by powerful short
(HF) radio waves of ordinary (O-mode) or extraordinary
(X-mode) polarization at altitudes close to the pump
wave reflection, a number of irregularities are formed in
ionospheric plasma, which cause significant changes in
its parameters [Gurevich, 2007; Frolov, 2017; Blago-
veshchenskaya, 2020; Fejer, 1979; Robinson, 1989]. On
exposure to powerful HF radio waves at the pump fre-
quency fy of ordinary polarization, thermal (resonance)
parametric instability (TPI) is excited [Grach,
Trachtenhertz, 1975; Grach et al., 1977, 2016; Dimant,
1977; Vaskov, Gurevich, 1975, 1979; Erukhimov et al.,
1987; Fejer, 1979]. The development of TPI gives rise
to small-scale artificial ionospheric irregularities (SAI-
Is) of electron density along the geomagnetic field with
a transverse size 1,<A0~30+100 m (X, is the wavelength
of heating radio emission in vacuum). SAlls are formed
near the heights of the upper hybrid resonance of the
pump wave hyy for which the condition holds

fu = fun =4 fpze + T

where fyy is the upper hybrid resonance frequency, fe is

the electron gyrofrequency.

In the ionosphere, an HF radio wave of ordinary po-
larization is reflected at a height at which the condition
for the local plasma frequency f, is met

f. = fy(f,—f,). The X-mode pump wave reflection

height is lower than the excitation heights of the upper
hybrid fuy oscillations; therefore, artificial irregularities
during X-heating due to the development of thermal
(resonance) parametric instability cannot be excited
[Stubbe, Kopka, 1983; Robinson, 1989; Gurevich,
2007]. In experiments with the high-latitude
EISCAT/Heating facility emitting an X-mode pump
wave toward the magnetic zenith under quiet geomag-
netic conditions, field-aligned SAlls were first recorded
[Blagoveshchenskaya et al., 2011]. In further experi-
ments with the EISCAT/Heating facility using X-mode
pump waves, a large volume of observational data on
SAIl generation was obtained. It has been established
that in the high-latitude F-region of the ionosphere un-
der X-heating, it is observed under weak geomagnetic
activity when a powerful HF radio wave is emitted
along the geomagnetic field (magnetic zenith) [Blago-
veshchenskaya et al., 2018, 2019; Blagoveshchenskaya,
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2020; Blagoveshchenskaya et al., 2022, 2023 and refer-
ences therein]. Using CUTLASS (SuperDARN) radar
measurements (Hankasalmi, Finland, 62.3° N, 26.6° E)
[Greenwald et al., 1995; Lester et al., 2004], we have
compared SAII characteristics and excitation parameters
of the high-latitude ionosphere with dimensions trans-
verse to the magnetic field 1 ,~7.5+12 m during O- and
X-heating: depending on the ratio of the heating fre-
quency fy to the F2-layer critical frequency f,F2; in the
behavior of power levels Pgp, of bistatic scattered sig-
nals when the SAII generation mode passes from O- to
X-heating; in a change of SAII rise times ts and relaxa-
tion times t,, taking into account the heating frequency fy;
the effect of transverse dimensions I, of scattering SAI-
Is during X-heating on disappearance/observation of
SAlls [Blagoveshchenskaya et al., 2018, 2019].

The possible generation of artificial ionospheric ir-
regularities upon X-heating can be explained by the
theory of generalized Rayleigh-Taylor instability [Kel-
ley, 1989], which is excited in the presence of strong
horizontal electron density gradients with an electric
field of a powerful pump wave (X-mode) directed per-
pendicular to the magnetic field (electron density gradi-
ent) [Blagoveshchenskaya et al., 2023].

lonospheric disturbances have a significant effect on
propagation of electromagnetic waves in a wide fre-
quency range. In the HF band, this effect leads, for ex-
ample, to a change in the radio signal phase path and
hence to a Doppler frequency shift. When HF radio sig-
nals propagate through an artificially disturbed region
(ADR) of the ionosphere, filled with artificial irregulari-
ties, the effect of bistatic scattering is observed, first
mentioned in [Thome, Blood, 1974]. Investigating the
phenomenon of bistatic scattering of diagnostic HF ra-
dio signals by small-scale artificial ionospheric irregu-
larities, produced by powerful HF radio waves of O-
polarization, is an effective method of diagnosing and
experimentally  studying ionospheric irregularities
[Namazov et al., 1975; Nasyrov, 1991; Afraimovich,
1982; Myasnikov et al., 2001; Uryadov et al., 2009;
Frolov et al., 2012; Frolov, 2017; Gershman et al., 1984;
Kalishin et al., 2021; Robinson, 1989; Yeoman et al.,
1997; Frolov et al., 1997]. Experiments with heating
facilities at high and middle latitudes of
EISCAT/Heating facility (Tromsg) and SURA facility
(Nizhny Novgorod) have revealed that the combination
of HF heating of the ionosphere by O-polarization pump
waves and Doppler measurements along diagnostic
paths to 3000 km long is an effective method of study-
ing and diagnosing SAIlls and medium-scale traveling
ionospheric disturbances (TIDs) [Blagoveshchenskaya
et al., 2006].

During bistatic scattering, motion of ionospheric ir-
regularities causes a shift in the scattered signal fre-
quency. In Doppler measurements at one diagnostic
frequency fgiagn, We can determine the projection onto
the direction of the scattering vector Ak=ksk, (differ-
ence between wave vectors of incident k, and scattered kg
HF radio waves) of the velocity of ionospheric irregu-
larities V|, moving in an artificially disturbed region of
the ionosphere [Gershman et al., 1984]. SAII velocities
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during O-heating of the F-region according to meas-
urements of diagnostic HF radio signals by the Doppler
method along radio paths to 3000 km long have been
estimated many times (e.g., [Belenov et al., 1977;
Erukhimov et al., 1979; Nasyrov, 1991; Koloskov et al.,
1999; Uryadov et al., 2004; Borisova et al., 2002]).

The SAII phase velocity and the plasma drift veloci-
ty were observed at a time in experiments [Eglitis et al.,
1998] with simultaneous use of the EISCAT/Heating
facility (Tromse) [Rietveld et al., 2016], three-position
incoherent scatter radars EISCAT UHF (European In-
coherent SCATter Ultra High Frequency) in Tromse,
equipped with a transmitter and a receiver; radars in
Kiruna and Sodankyld [Rishbeth, van Eyken, 1993],
equipped only with receivers; as well as CUTLASS
coherent HF radars in Hankasalmi (Finland) and Pik-
kvibaer (Iceland) [Greenwald et al., 1995]. A good cor-
respondence has been established between the observed
phase velocities of irregularities, generated by the heat-
ing facility, and the plasma drift velocity component in
the CUTLASS radar line of sight. Plasma drift veloci-
ties as measured by EISCAT UHF incoherent scatter
radars [Eglitis et al., 1998] varied from 20 to 270 m/s,
sometimes there were velocities higher than 500-700 m/s.

In [Belenov et al., 1977; Avdeev et al., 1994], the to-
tal SAIl drift velocity vector is estimated from meas-
urements of the Doppler shift in bistatic scattered radio
signals at spaced reception along mutually orthogonal
diagnostic radio paths. Calculation methods have been
developed in [Blagoveshchenskaya et al., 2006;
Borisova et al., 2007; Vertogradov et al., 2015]. The
calculation results were compared with three-position
measurements of the phase velocity of ionospheric
plasma by EISCAT incoherent scatter radars [Borisova
et al., 2007]. During heating cycles (November 19,
2003) of powerful HF radio wave emission by the
EISCAT/Heating facility, SAlls were formed at 220-
250 km. Plasma drift was measured by EISCAT radars
at 160-170 km. A satisfactory correspondence was ob-
tained between SAIlI motion directions in the F-region,
calculated from Doppler HF and EISCAT radar meas-
urements. Differences between azimuthal directions
were 4-15 and 15-30 %, and the large deviations of the
values can be explained by different heights of meas-
urements in the ionosphere.

The purpose of this work is to determine the velocity
vector of SAlls, caused by the influence of powerful HF
radio waves of O- or X-polarization on the high-latitude
F-region, from experimental data. We have used multi-
channel Doppler HF measurements performed during
experiments with the EISCAT/Heating facility in Feb-
ruary 2013, October 2016, and October 2019.

As a result of the research we 1) have examined the
features of the behavior of SAlls, produced by powerful
HF radio emission of O- or X-polarization (rise and
relaxation times of SAlls, features of SAIl evolution),
from Doppler observations over long diagnostic radio
paths and have compared with the SAIl characteristics
derived from CUTLASS radar observations; 2) have
simulated the trajectory characteristics of diagnostic HF
radio signal propagation over long bistatic scattering
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paths transmitter — artificially disturbed region (ADR)
of the ionosphere — receiver; 3) have calculated SAII
velocities from Doppler measurements of diagnostic HF
radio signals over long diagnostic radio paths during
heating experiments.

1. OBSERVATION FACILITIES
AND METHODS

Experiments on the impact of powerful HF radio
waves of O- or X-polarization were carried out with the
EISCAT/Heating facility, located in Norway near
Tromse (69.6° N, 19.2° E, L=6.2) [Rietveld et al.,
2016], on February 25, 2013, October 20, 2016, and
October 21, 2019

Artificial ionospheric irregularities over Tromso
were observed along diagnostic radio paths, using the
method of bistatic scattering of diagnostic HF radio sig-
nals by a multichannel Doppler equipment [Kalishin et

Characteristics of diagnostic HF radio paths: names and geogr

al., 2021]. Table 1 lists characteristics of the diagnostic
radio paths: names and geographic coordinates of re-
ceiver and transmitter, frequency of radiation transmit-
ters fgiagn, length of diagnostic paths (transmitter—
receiver (direct path); transmitter—ADR over Tromsg;
ADR— receiver and transmitter—ADR—receiver (bi-
static scattering path)).

Diagnostic HF radio signals were recorded at NIS
Gorkovskaya near St. Petersburg on October 20, 2016
and October 21, 2019 and in St. Petersburg and
Lovozero on February 25, 2013.

A map explaining the geometry of the 2013, 2016,
and 2019 experiments is given in Figure 1.

A powerful HF radio wave of O-polarization on
February 25, 2013 was emitted in the morning at a
frequency fy=5.423 MHz toward the magnetic zenith
in the 10-min heating/5-min pause mode. The SAIl
excitation was recorded from 08:30 to 09:15 UT

Table 1
aphic coordinates of receiver and transmitter, frequency of di-

agnostic transmitters, length of diagnostic paths (transmitter—receiver, transmitter—ADR, transmitter—ADR—receiver).

. . Path Path PP
Receiver Transmitter fdiagn, MHz Path Path transmitter—ADR—
latitude, longitude latitude, longitude transmitter—receiver, Transmitter—ADR, ADR—receiver receiver
D, km D, km D, km D, km
Nashville
36.2° N: 13.845 7850 6830 1150 7980
Gorkovskaya o 15.825
station ur ’IBGHQG V\g
(near lalean -ardens 15.770
St. Petersburg) 25.9°N; 21.675 8570 7662 1150 8810
59.9°N; 30.3°E —80.37° W
Irkutsk 21.800 4380 4515 1150 5660
52°N; 104° E
Lovozero Mascow 12,075 1370 1800 670 2470
68° N; 35° E 55.7°N; 37.6° E
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Figure 1. Geometry of experiments
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(LT=UT+2 hrs) by the bistatic scatter method along two
diagnostic paths equipped with transmitters and receiv-
ers at different stations: Irkutsk — Tromsg — St. Pe-
tersburg (fgiagn=21.8 MHz) and Moscow —Tromse —
Lovozero (fgiagn=12.075 MHz).

On October 21, 2019, EISCAT/Heating emitted at
fy=4.2 MHz with O-polarization at 15:00-15:34 UT and
X-polarization at 15:35-15:48 UT toward the magnetic
zenith (LT=UT+1 hr). The emission cycles were 3-min
heating / 2-min pause. In St. Petersburg, simultaneous
measurements were performed by the bistatic scatter
method along the diagnostic HF paths Hialeah Gardens
— Tromsg — St. Petersburg (fgiagn=15.770 MHz);
Nashville — Tromsg — St. Petersburg (fgiagn=15.825
and fgi,gn=13.845 MHz), whose transmitters are located
in North America.

On October 20, 2016, EISCAT/Heating emitted at
fy=4.543 MHz with O- or X-mode from 14:16 to 16:00
UT (LT=UT+1 hr). SAII excitation in this experiment
was recorded simultaneously by the CUTLASS HF ra-
dar and the method of bistatic scattering of diagnostic
HF radio signals in St. Petersburg. Doppler observations
were made along the Hialeah Gardens — Tromse — St.
Petersburg path (fgiagn=17.750 and fyizgn=21.675 MHz).

2. OBSERVATIONAL RESULTS
2.1. October 20, 2016 experiment

The ionosphere in the October 20, 2016 experiment
was modified by the EISCAT/Heating facility under
quiet geomagnetic conditions and low solar activity
(three-hour magnetic activity index K,=0, Wolf number
W=31). During the experiment, the F2-layer critical
frequencies f,F2 and f,F2 (ordinary and extraordinary
polarization), as observed at the vertical sounding (VS)
station in Tromse, gradually decreased from 5.5 and 6.2
MHz at 14:15 UT to 4.5 and 5.2 MHz at 15:30 UT
(LT=UT+ 1 hr) and then before 16:00 UT f,F2 and f,F2
decreased to 4.1 and 4.8 MHz.

From 14:15 to 16:00 UT, a powerful HF radio wave
of the EISCAT/Heating facility at f,=4.543 MHz of
ordinary or extraordinary polarization was emitted to-
ward the magnetic zenith by phased array antenna No. 2
(PAA-2) with a beamwidth of ~15° (at the level of 3
dB), providing an effective transmitter power P.=150
MW. At 14:15-14:30 UT, the emission was implement-
ed with the O-mode; at 14:30-16:00 UT, with the X-
mode. The transmitter operated in cycles of 10-min
heating — 5-min pause. Before 15:30 UT, the pump
frequency was lower than the F2-layer critical frequen-
cy (ordinary polarization), fy<f,F2. After 15:30 UT, the
heating was performed under conditions f;>f,F2 and
fu<fiF2.

The SAIl characteristics were measured by the
CUTLASS HF radar on October 20, 2016 in a non-
standard mode [Lester et al., 2004]. The CUTLASS
radar transmitted to a narrow-beam antenna in a stereo
mode with a beam width of ~3.3°, oriented to an artifi-
cially disturbed region of the ionosphere over Tromse
(beam 5) at three frequencies ranging from 10 to 20 MHz.
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The time resolution of the measurements was 3 s, the
resolution for the "gate" range was 15 km, the first gate
beginning from 480 km. The frequency range of the
CUTLASS radar transmission was 8-20 MHz, so SAlls
with transverse scales 7.5-18.75 m can be observed.

Study and analysis of SAIl measurement data based
on CUTLASS radar measurements in the October 20,
2016 experiment have been published in [Blagovesh-
chenskaya et al., 2018]. In this study, we compare the
characteristics of SAIl development, using the results of
their simultaneous recording by the CUTLASS radar
and by the method of bistatic scattering of diagnostic
HF radio signals over long paths.

The SAIl characteristics were measured by the
method of bistatic scattering of diagnostic HF radio sig-
nals at the NIS station Gorkovskaya along the Hialeah
Gardens—Tromse—St. Petersburg path at two diagnos-
tic frequencies fgiagn= 17.750 and 21.675 MHz on Octo-
ber 20, 2016. The results of the SAII observation by the
bistatic scatter method for long radio paths in experi-
ments with X-heating have not been presented before.

Figure 2 presents the results of SAIl observations by
the CUTLASS radar and by the bistatic scatter method
on October 20, 2016 at 14:15-16:00 UT to compare
SAIl parameters measured by different methods during
heating cycles.

Figures 2, a, b1-b3 show radar measurement data
taken from [Blagoveshchenskaya et al., 2018]. Heating
cycles and polarization of the pump frequency fy are
indicated on the time axis. The averaged powers of sig-
nals scattered by SAlls Pgp, in the artificially disturbed
region (ADR) of the ionosphere at three frequencies of
12.4,13.3, and 16.3 MHz, shown in Figure 2, a, reveal a
cycle-to-cycle variation in Pgpy(t) throughout the obser-
vation period. Figure 2, b1-b3 illustrates motions of
Psan depending on range (range gate) and time UT at
three frequencies of 12.4, 13.3, and 16.3 MHz corre-
sponding to backscattering from SAlls with transverse
scales I, from 12.1 to 9.2 m. The signals scattered by
SAlls were recorded in the range gate 780-1080 km
corresponding to measurements in gate numbers from
20 to 40. The results of the CUTLASS radar measure-
ments allow us to estimate spatial dimensions of ADR
in the ionosphere Dapgr in the direction of the radar
beam. For O-heating cycles, Dapr Varies from 180 km
for SAIl with a scale 1,~9.2 m to 165 km for |,~12.1 m.
At X-heating (in the first cycle after O-heating),
Dapr~150 km for 1,~9.2 m and Dapr~120 km for
[,~12.1 m. In subsequent X-heating cycles, Dapr in-
creases.

The minimum transverse size of SAlls responsible
for bistatic scattering of radio waves is determined by
the expression [Erukhimov et al., 1979; Nasyrov, 1991]

1, =A/25in(6/2), 1)
where A=fggn/C is the wavelength of a diagnostic HF
radio wave; 0 is the bistatic scattering angle between
wave vectors of incident k, onto SAIl and scattered kg

by waves; c is the speed of light. Calculated I, and 6 for
the experimental conditions presented in this paper are
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Figure 2. Observations (a, b1-b3) with the CUTLASS co-
herent Doppler HF radar in Hankasalmi, Finland (beam 5
aimed at an artificially disturbed region of the ionosphere
above Tromsg); measurements (c1, c2) by the method of bi-
static scattering of diagnostic HF radio signals (sonograms)
along the Hialeah Gardens—Tromse—St. Petersburg path,
faiagn=17.750 and 21.675 MHz; H is the geomagnetic field
component (d) of the magnetovariation station Tromse. Heat-
ing cycles and the powerful HF radio wave polarization in use
are indicated on the time axis of the bottom panel

listed in Table 2; formulas for the calculations are pre-
sented in Section 3.2. Figure 2, c1, c2 exhibits dynamic

Doppler spectra (sonograms) of diagnostic HF radio
signals along the Hialeah Gardens—Tromse—St. Pe-
tersburg path, fgiagn=17.750 MHz and 21.675 MHz,
measured on October 20, 2016 by the method of bistatic
scattering of diagnostic HF radio signals simultaneously
with observations made by the CUTLASS radar. Also
shown are minimum transverse dimensions of scattering
SAlls 1,=24 and 19-21 m for 17.750 and 21.675 MHz
respectively, calculated from (1), taking into account
bistatic scattering angles of diagnostic radio signals in
ADR over Tromsg for experimental conditions on October
20, 2016 (see Table 2). The zero Doppler frequency shift

fo=0 corresponds to measurements of diagnostic HF
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radio signals propagating from a transmitter to a receiv-
er along the great-circle arc (direct signal) over the Hia-
leah Gardens—St. Petersburg path. Figure 2, c1, c2 in-
dicates that during the measurement period in all cycles
of O- and X-heating bistatic scattered signals moving
from zero mainly to the negative part of the Doppler
spectrum and forming fp tracks in sonograms were rec-
orded. Doppler measurements detect the structure of
SAII behavior in a heating cycle. There were wave vari-
ations in the behavior of the Doppler frequency fp with
2-3.5 min periods, which coincided with the periods of
oscillations of the magnetic field H component (Figure
2, d), measured by the magnetovariation station Tromsg
[https://flux.phys.uit.no/ArcMag/].

Table 3 presents some SAII characteristics measured
by the CUTLASS radar and by the method of bistatic
scattering of diagnostic HF radio signals over a long
radio path on October 20, 2016 during a heating exper-
iment with the EISCAT/Heating facility.

Comparison between characteristics of SAlls gener-
ated by a powerful radio wave with X-mode polariza-
tion of the EISCAT/Heating facility on October 20,
2016, simultaneously measured by the CUTLASS HF
radar and by the bistatic scatter method (see Figure 2
and Table 3), has shown correspondence between SAlI
excitation and development, as well as close values of
the following SAII parameters.

During X-heating, SAII rise times had the same
value t,is<30 s.

The relaxation time of bistatic scattered signals
coincided and had values t,,=60-120 s for f,<f,F2 and
te~120-180 s for f;>f,F2 and f<f,F2.

There was a similar characteristic change in the
power levels Psu, of bistatic scattered signals during the
transition of the SAIl generation mode from O- to X-
heating, as well as a decrease in Psay in the first X-
heating cycle after O-heating and an increase in Pga; in
subsequent cycles.

A characteristic feature of SAIl disappear-
ance/observation at f>f,F2 and fy<f,F2 depending on
transverse dimensions 1. of scattering irregularities is
observed during X-heating. First, irregularities with
smaller dimensions I, disappear. At 15:30 UT, SAlls
with 1,~9.2 m begin to disappear.

Note that backscattering (6=180°) at fgiag,=17.750
and 21.675 MHz occurs by SAlls with transverse di-
mensions 1,~6.9 and 8.4 m. Diagnostic HF radio signals
with f4iagn=17.750 and 21.675 MHz were recorded up to
16 UT on October 20, 2016. Scattering of radio signals
at these frequencies occurred by SAlls with much larger
dimensions 1,~19-20 and 24 m respectively (see Table
2). This fact is consistent with the established patterns
of SAII disappearance during X-heating at f,>f,F 2 and
fu<fyF2 depending on I, as inferred from CUTLASS
radar data [Blagoveshchenskaya et al., 2018].

Simultaneous observations of SAlls on October 20,
2016 by the CUTLASS radar and by the bistatic scatter
method have demonstrated the same characteristics of
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Table 2

Calculated values of scattering angles 6 and transverse dimensions of ionospheric irregularities |, scattering diagnostic sig-
nals with fg,g, along the paths under study and the azimuth of the difference vector Ak=k,—k; in 2016, 2019, and 2013 experi-

ments.
I m 0, deg Azimuth of the
Transmitter Receiver | fgipgn MHz in vi;/v of® for experimental difference AAZy, deg
conditions vector Ak
C 12.400 12.10 180
Moscow Lovozero 12.075 13.80 134 138 +5
C 13.300 11.28 180
Nashville S.Pb 13.845 21-22 30 42 +2.5
Hialeah Gardens S.Pb 15.770 27-28 40 38 +2.5
Nashville S.Pb 15.825 18-19 30 42 +2.5
C 16.300 9.20 180
C 16.600 9.04 180
Hialeah Gardens S.Pb 17.750 24 40 38 +2.5
Hialeah Gardens S.Pb 21.675 19-21 40 38 +2.5
Irkutsk S.Pb 21.800 7.00 102 108 +3
C denotes a transmitter and a receiver of the Doppler HF radar CUTLASS
Table 3

SAII characteristics measured by the CUTLASS radar and by the bistatic scatter method along the Hialeah Gardens — Trom-
so — St. Petersburg radio path at diagnostic frequencies fgiagn=17.750 MHz and fgi,g=21.675 MHz on October 20, 2016 during
O- and X-heating from 14:16 to 16:00 UT.

Time, relation
between fy, f,F2, and f,F2

CUTLASS radar observations

Doppler measurements

14:16-14:26 UT
(LT=UT+1 hr)
O-heating, fy<f,F2

SAlI generation

The rise time t,;e Of bistatic scattered signals for
the O-heating cycle is not determined due to
technical problems.

The relaxation time of bistatic scattered signals
1,e<30 s.

SAIl generation (according to fgiagn=21.675
MHz) with t,;5<30 s,

trer is not determined due to the overlap of
fp of outshifted and main tracks.

14:31-16:00 UT X-heating;
before 15:30 UT fy<f,F2,
after 15:30 UT

fu>f,F2 and f<f,F2

SAII generation
At X-heating, t;i<30 s.

SAII generation with t;;5,<30 s.

14:31-14:41 UT
first X-heating cycle
after O-heating
fu<f,F2

A decrease in Pspy by 4-15 dB and a decrease in
DADR-

A decrease in Pgay by 10 dB

for fgiagn=21.675 MHz.

Dapr is not determined from Doppler
measurements.

14:31-15:30 UT X-heating
as f, approaches
foF2, fu<foF2 and fu<f,F2

Psan increases (on average) by ~10-12 dB per
period.

Direct signal power level Ppgs of an HF radio
wave has an effect on a change in Psay; (¥).
For f4iagn=17.750 MHz, the levels of Ppg
and Pga;, do not change until 15:41 UT.

For f4iagn=21.675 MHz, the levels of Ppg
and Pga; remain unchanged until 14:56 UT.
After 15:01 UT, with a decrease in Ppg by
20 dB, Psa;; decreases by 10-15 dB

Relaxation time of bistatic scattered signals
tre~60-120 s.

t,~60-120 s.

15:31-16:00 UT, X-heating
fy>f,F2 and f<f,F2

First, SAlls with smaller scales weaken and then
disappear (1,=9.2 m, Figure 2, a and b3), but Psa,
and Dapr increase. Larger-scale SAlls (1,=11.3 and
12.1 m)

SAlls with 1.~19-20 and 24 m (Table 3)
were recorded before 16 UT.

For fiagn=17.750 MHz, a decrease in Pgy
by 15 dB is observed with a decrease in Ppg
by 30 dB and for fgsgn=21.675 MHz.

Psan decreases by 10 dB with a 20 dB de-
crease in Pps.

1,,~120180s.

1,,~120-180 s

The decrease in the power levels of direct Ppg and scattered Psay signals at fgi,g,=21.675 MHz (Figure 2, c2) after 15:10 UT
is explained by a change in the number of jumps of the propagation trajectory of diagnostic signals over a long path crossing
seven time zones in the noon—dusk direction. Regular diurnal variations of the F2-layer parameters in the distribution of the
ionosphere along the path (a decrease in the electron density N, and an increase in the height of the F2-layer maximum h,F2)
lead to an increase in the number of jumps and hence to a decrease in the power of radio signals incident on ADR in the iono-
sphere over Tromse and received in St. Petersburg (see Section 3).
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the behavior of SAlls, generated by powerful HF radio
emission with X-mode such as rise and relaxation times
of Psay, the temporal behavior of Pga; depending on the
relation of fy, f,F2, and f,F2.

Recording of HF radio signals, bistatically scatted
by SAlls excited by the EISCAT/Heating facility, from
American transmitters in St. Petersburg allows us to
detect SAlls with transverse dimensions I, 2-3 times
larger than at the same diagnostic frequencies of trans-
mitters from Europe or Asia due to the bistatic scatter-
ing angle <40°,

2.2. October 21, 2019 experiment

On October 21, 2019 at fy=4.2 MHz, the
EISCAT/Heating facility emitted pump waves of ordi-
nary polarization at 15:00-15:34 UT and extraordinary
polarization at 15.35-15.48 UT (LT=UT+1 hr) toward
the magnetic zenith. Emission cycles are 3-min heating —
2-min pause. In the experiments, PAA-2 was employed
with a beamwidth of ~15° (at 3 dB). The effective pow-
er of the facility P.~200 MW. The electric field
strength of a pump wave at 200-220 km E~0.6-0.67
V/m. Experimental threshold values of the electric field
strength E of EISCAT/Heating facility pump waves
required to generate SAlls E~0.29 V/m for O-mode and
E~0.53-0.6 V/m for X-mode [Borisova et al., 2017],
thus the level of radiated energy in the ionosphere is
sufficient to generate SAlls. The ADR transverse size
determined from the threshold power of the HF radio
wave from the heating facility was ~50 km for X-
heating and ~ 90 km for O-heating. The experiment was
performed during low solar and quiet magnetic activity
(W=0, Ky=1). Critical frequencies f,F2 at 15-16 UT,
according to the data from the vertical sounding iono-
sonde in Tromsg, varied from 4.3 MHz to 4.0 MHz. For
the pump frequency fy of a powerful HF radio wave in
the O-mode, the conditions f,<f,F2 held, and when
switching the pump wave polarization to the X-mode
the conditions f,F2<fy<f,F2 were met, where f,F2 and
f,F2 are the F2-layer critical frequencies of ordinary and
extraordinary components. Accordingly, under the con-
ditions considered SAlls can be generated both during
O- and X-heating of the high-latitude F-region over the
EISCAT/Heating facility.

From 15:20 to 15:50 UT, Doppler measurements
were carried out of diagnostic HF radio signals propa-
gating along the paths Nashville—Tromse—St. Peters-
burg at two frequencies fgiagn=13.845 and 15.825 MHz
and Hialeah Gardens—Tromsg—St. Petersburg at
faiagn=15.770 MHz (see Figure 1, Table 1).

Figure 3 presents sonograms of diagnostic HF radio
signals measured on October 21, 2019 from 15:18 to
15:58 UT along the paths Nashville—Tromseg—St. Pe-
tersburg, fgiagn=15.825 MHz (Figure 3, a) and
faiagn=13.845 MHz (Figure 3, c), and Hialeah Gardens—
Tromse—St. Petersburg, fi.g:=15.770 MHz (Figure 3, b),
the diagnostic frequency fgiagn, and the minimum trans-
verse size |, of scattering SAlls calculated for expe-
rimental conditions on October 21, 2019 (see Table 3).
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Figure 3. Sonograms of diagnostic HF radio signals dur-
ing the October 21, 2019 heating experiment: the Nashville—
Tromsg—St. Petersburg path, fg.g,=15.825 MHz (a) and
faiagn=13.845 MHz (c); the Hialeah Gardens—Tromse—St.
Petersburg path, fgiags=15.77 MHz (b); the geomagnetic field
H component of the magnetovariation station Tromse (d).
Operation intervals of the heating facility and pump wave
polarization are indicated

Heating cycles and polarization of the pump wave
frequency fy are indicated on time axes. The zero
Doppler frequency shift f;=0 corresponds to a di-
rect signal. Interference in sonograms in the form
of vertical stripes at 15:33:30 and 15:48:30 UT is
associated with the operation of oblique chirp sig-
nal and vertical ionospheric sounding transmitters
located directly on the territory of NIS Gor-
kovskaya near the multichannel Doppler equip-
ment. During operation cycles of the EISCAT/Heating
facility's transmitter, bistatic scattered signals at f shift-
ed to the negative side of the Doppler spectrum were
recorded over all diagnostic radio paths. In sonograms,
Doppler scattered signals formed tracks with a spectral
scattering width 1.5-2.5 Hz and wave variations in fp(t)
with 2-3 and 14 min periods. The periods of fy oscilla-
tions coincided with the periods of magnetic field H-
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component oscillations measured by the magnetovariation
station Tromse [https:/flux.phys.uit.no/ArcMag /] (Figure
3, d).

In general, there is one track of fp(t) in the sono-
grams. Variations in fp(t) correlate along the three diag-
nostic paths. This fact suggests that HF radio signals at
three frequencies are scattered by SAlls of one spatial
ionospheric region disturbed by EISCAT/Heating pow-
erful HF radio emission. Figure 3 shows a decrease in
the power of direct signals Pps near zero frequency and
bistatic scattered Pspa at outshifted frequencies fp for a
signal from Nashville, fg.n=15.825 MHz, after 15:33
UT (see Figure 3, a), and for a radio signal from Hiale-
ah Gardens's transmitter, f4iag=15.770 MHz, after 15:37
UT (see Figure 3, b) (it is explained by an increase in
jumps in propagation trajectories of diagnostic HF radio
signals during the day over the paths crossing seven
time zones in the noon—dusk direction, see Figure 5).
At fiiagn=13.845 MHz, the number of propagation trajec-
tory jumps remains unchanged until 16:00 UT.

According to Doppler measurements on October 21,
2019, the parameters of the behavior of bistatic scat-
tered signals by SAlls generated in heating cycles were
recorded over long paths.

Rise times of Psa from the beginning of the heating
cycle on October 21, 2019 t;ie~10 s when the O-mode
pump frequency fy was emitted and t,;.>30 s when the
X-mode pump wave was used.

During the first X-heating cycle at 15:35-15:38 UT
(after the O-heating cycle), under conditions f;>f,F2
and fy<f,F2, bistatic scattered signals reached maximum
power in t;~40-50 s after the beginning of emission.
During subsequent X-heating cycles in the presence of
weak bistatic scattered signals during pauses, Psay in-
creased earlier — in 30-50 s after the start of the heat-
ing cycle.

According to Doppler measurements of fp(t) at
faiagn=13.845 MHz during the O-heating cycle at 15:30—
15:33 UT and during subsequent X-heating cycles at
15:35-15:38 UT and 15:40-15:43 UT, power levels of
bistatic scattered signals Psa 0=—48 dB; Psai x=—55
dB and Psay_x=—50 dB respectively were observed (see
Figure 3, c). Variations in Psay for fgiagn=15.825 MHz
for the three cycles Psai_ o=—63 dB, Psa x=—75 dB, and
Psai x=—65 dB (see Figure 3, a).

Thus, we can see a decrease in the power of bistatic
scattered signals Psa; When switching the pump wave
emission mode from O-mode to X-mode during the first
cycle and an increase in Pgay during the subsequent X-
heating cycle (conditions of constant Ppg level during
X-heating were selected).

With the start of the transmitter emission during X-
heating cycles, Psa; exceeds the natural noise level in
tise- Further during the heating cycle, Psa; continues to
increase to a certain maximum level. During the X-
heating cycle, Psa; varies a lot. Depending on the dura-
tion of the cycle period, several maxima of Psa; may be
recorded.

At outshifted frequencies fp(t) on October 21, 2019
(see Figure 3), the relaxation time of artificial irregulari-
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ties after the end of the X-heating cycles t,~120 s. The
relaxation time of the irregularities on this day was lim-
ited to the duration of the pauses between transmitter
emissions.

Consequently, according to Doppler measurements
during X-heating the SAIl parameters were observed
which coincided with those recorded by the CUTLASS
radar:

¢ increased ts and ty;

» the characteristic behavior of Pgay(t) when
switching from O-heating to X-heating and further in
subsequent heating cycles.

That day, an increased relaxation time of Pga; was
also recorded, and after the end of O-heating cycles
t=60-100 s. In [Yampolskii, 1989; Nasyrov, 1991;
Blagoveshchenskaya et al., 2007; Frolov et al., 2008;
Hysell et al., 1996], the relaxation time of artificial ir-
regularities excited by an O-mode pump wave from the
SURA heating facility was studied. According to meas-
urements of diagnostic HF signals scattered by artificial
irregularities (with transverse dimensions from a few
meters to several Kilometers), after switching off the
ionosphere heating transmitter, the presence of two SAII
relaxation stages was recorded — the so-called rapid
relaxation lasting for 10-20 s and slow relaxation last-
ing to several minutes. Effects of bistatic scattering of
diagnostic HF signals on ionospheric irregularities with
scales 1,~8+20 m whose diffusion explains the rapid
relaxation of SAlls were examined. The slow relaxation
of artificial irregularities was recorded under conditions
of ionosphere illumination over the SURA facility and
the proximity of the dusk terminator at ionospheric
heights to the magnetically conjugate point. One possi-
ble explanation was the formation of a waveguide chan-
nel for electromagnetic wave propagation between con-
jugate regions (along a magnetic field line) due to pro-
cesses in the vicinity of the terminator [Yampolskii,
1989; Nasyrov, 1991; Blagoveshchenskaya et al., 2007;
Frolov et al., 2008; Hysell et al., 1996]. The recorded
wave processes with periods in the range of magnetic
pulsations Pc3-4 [Blagoveshchenskaya et al., 2007] in-
dicate the presence of Alfvén waves in the magnetic
flux tube, which can cause secondary instability over
the SURA facility. The development of secondary in-
stability can shed light on changes in the properties of
the generated artificial turbulence and an increase in
natural ionospheric irregularities with scales 1,>100 m.

The dusk terminator on October 21, 2019 at 15:00—
16:00 UT was located along the geodetic line connect-
ing Tromse (69.6° N, 19.2° E) and the magnetically
conjugate point (61.2° S, 66.7° E at altitudes from
Earth's surface to 100 km in the ionosphere). The F2-
layer ionosphere over Tromsg was illuminated, so we
can assume that the long relaxation times of SAlls in
ADR over Tromse during O-heating on October 21,
2019 (more than 10-20 s) can be explained by the influ-
ence of interaction processes between the ionospheric
regions over Tromsg and the ionospheric region adja-
cent to it under conditions when they are located near
the solar terminator boundaries.
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2.3. February 25, 2013 experiment

The EISCAT/Heating facility on February 25, 2013
emitted in the morning at a frequency f,=5.423 MHz of
ordinary (O-mode) polarization toward the magnetic
zenith in the mode of 10 min heating — 5 min pause.
Phased array antenna No. 1 with beamwidth of ~5-7°
was employed. The effective power of the facility
P.#~450 MW. The horizontal size of ADR in the F2
layer in the threshold power of the heating facility's HF
radio wave was ~ 75 km. The experiment was conduct-
ed during low solar and quiet magnetic activity (W=25,
K,=1). SAIl excitations in the ionosphere over Tromse
were observed from 08:30 to 09:15 UT (LT=UT+2 hrs)
by the method of bistatic scattering along the diagnostic
paths Irkutsk—Tromsg—St. Petershurg, fgign=21.8
MHz, and Moscow—Tromsg—Lo0ov0zero, fgiagn=12.075
MHz (the map in Figure 1). In the experiment, we used
diagnostic radio paths with various receivers and transmit-
ters. Both paths are fully illuminated. Values of f,F2 over
the heating facility during this period were 5.7-6.0 MHz,
fy <foF2; therefore, SAlls can be generated in the iono-
sphere during cycles of emission of a powerful HF
radio wave.

Figure 4 presents sonograms measured by the Dop-
pler method along two diagnostic paths on February 25,
2013 from 08:30 to 09:15 UT (Figure 4, a, b). Along the
time axis are emission cycles of the facility's transmit-
ter. Minimum transverse dimensions |, of scattering
SAlls are given for the conditions of measurements

12.075 MHz

Doppler frequency, Hz

i 08‘30 08.40 08.50 Time, UT 09‘00 09.10

Figure 4. Sonograms obtained along the diagnostic paths
Irkutsk—Tromsg—St. Petersburg, fgiagn=21.8 MHz, on Febru-
ary 25, 2013 at 08:30-09:15 UT (a); Moscow—Tromsg—
Lovozero, fgi,g=12.075 MHz (b); the geomagnetic field H

component of the magnetovariation station Tromse (C)
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carried out along the paths Irkutsk—Tromseg—St. Pe-
tersburg, fyiagn=21.8 MHz (I,~7 m), and Moscow—
Tromse—Lovozero, fgi.g:=12.075 MHz (1,~13.8 m).
During operation of the EISCAT/Heating facility,
bistatic scattered signals at frequencies fp shifted toward
the negative direction from fp=0 corresponding to the
direct signal of propagation over the transmitter—
receiver path were recorded in the negative part of the
Doppler spectrum. Note the large number of external
interference recorded during measurements, which were
caused by the operation of transmitters of vertical and
oblique chirp sounding stations located on the territories
of the receiving stations Gorkovskaya and Lovozero.
Transmitting and receiving antennas of the complexes
on the territories of the stations are placed in close prox-
imity to the multichannel Doppler equipment. In sono-
grams, bistatic scattered signals featured a 1.3-1.5 Hz
Doppler spectrum width and ~3-4 and 17 min wave
variations in fp. There is a correlation between fp(t) var-
iations along both diagnostic paths, which coincided
with the periods of oscillations of the magnetic field H
component (Figure 4, ¢), measured by the magnetovari-
ation station Tromse [https://flux.phys.uit.no/ArcMag/].

3.
3.1. Trajectory characteristics

Modeling

To analyze the measurements by the HF radio chan-
nel model [Borisova et al., 2002], we have calculated
ray trajectories of propagation of diagnostic HF signals
along transmitter—ADR paths over Tromse—receiver,
taking into account bistatic scattering by small-scale
field-aligned irregularities in the ionosphere over the
EISCAT/Heating facility. The HF radio channel model
is designed to solve the wave equation and calculate
signal propagation trajectories in an anisotropic inho-
mogeneous and nonstationary medium. Integration
along the radio signal propagation beam is carried out
by the geometrical optics method, taking into account
smooth horizontal irregularities of the ionosphere, in the
framework of the two-scale expansion approximation.
Spatial and temporal variations in the electron density of
the ionosphere N, along the radio wave propagation path
are described by the global ionosphere model based on
the combination of known global models of ionospheric
layers E, F1, F2 and interlayer valleys describing regu-
lar dependences of N, variations on latitude, longitude,
altitude, time of day, day of the year, solar and magnetic
activity, given by the Wolf number W and the three-
hour index K, [Chernyshev, Vasilyeva, 1975; Anu-
frieva, Shapiro, 1976; Rawer et al., 1978]. The model
also accounts for the features of the high-latitude iono-
sphere: the main ionospheric trough and sporadic ioni-
zation in the E and F layers [Blagoveshchenskii,
Zherebtsov, 1987]. Input parameters of the model are
W, K,, time of day t, day of the year, geographic coordi-
nates of diagnostic signal transmitter and receiver, diag-
nostic signal frequency fgi.gn, geographic coordinates of
the HF heating facility, pump frequency fy. Electron
density distributions with height Ng(h) are represented
by a set of nine quasi-parabola segments with continu-


https://flux.phys.uit.no/ArcMag/

Determination of the vector velocity

ous values at junctions of both the functions Ne(h) them-
selves and its first derivatives dN(h)/dh. The introduced
quasi-parabolic approximation of the N(h) profile al-
lows for exact integration of the eikonal equation. When
modeled at a given integration step, the ionospheric
parameters are considered constant. The integration step
in the longitudinal direction along the great-circle arc is
10-100 km and 5-30 km in height in the ionosphere.
When reflecting from Earth, the effect on the reflection
coefficient of the underlying land — sea surface is
examined.

At each integration step, the following radio wave
characteristics are calculated: ray trajectories (beam
coordinates, mode, vertical and azimuthal angles, etc.),
group and phase paths, Doppler frequency variations,
and wave vector components.

Calculation of propagation characteristics along the
research bistatic scatter paths transmitter—ADR—
receiver involves searching for solutions to two propa-
gation problems: transmitter—ADR and ADR—
receiver. In the ionosphere at altitudes of ADR location
over a heating facility (in this work, EISCAT/Heating),
incident waves of diagnostic signals are bistatically
scattered by SAlls and further propagate to a receiver.
The boundary condition for connecting the solutions of
the two propagation problems is to fulfill the conditions
for the formation of a cone of specular scattering by
incident and scattered waves, for which the relation is
valid [Gershman et al., 1984]

ko H=k,-H, 2

where Kk, and k; are the wave vectors of incident and scat-
tered waves respectively; H is the geomagnetic field vec-
tor. The trajectories that implement the reception of diag-
nostic HF radio signals in a receiver are found by sorting
through radiation angles. The results of 3D modeling of
radio signal propagation trajectory along the transmitter—
ADR — receiver path in Figures 5, 6 are shown in a single
coordinate plane range — height with the junction in the
ADR location range. These figures display isolines of ion-
ospheric plasma frequencies along radio paths.

The trajectory characteristics of HF radio signals
were calculated for heliogeophysical conditions that
took place during the heating experiments. Examples of
modeling propagation trajectories of diagnostic signals
from transmitters, located in North America, for geo-
physical conditions on October 21, 2019 (W=0, Ky=1,
t=15.20 UT) are given in Figure 5. With the distribution
of natural ionospheric gradients along radio paths, diag-
nostic HF radio signals can propagate from a transmitter
to ADR along a multi-hop trajectory with reflection
from the F2 layer. For the Nashville transmitter at
faiagn=15.825 MHz, propagation to ADR is realized by
3F2 modes with reflection from the F2 layer and 3F2
modes with "deflection" (without intermediate reflection
from Earth’s surface). For the Hialeah Gardens trans-
mitter (15.770 MHz) there may be 3F2 modes with de-
flection and 4F2 hop modes. For the Nashville signal
with f4i,g0=13.845 MHz, propagation to ADR is possible
with 3-4F2 modes, a waveguide mechanism in the E-F
channel, and deflection modes with reflection from the
F2 layer. After bistatic scattering by ionospheric irregu-
larities to a receiver (St. Petersburg), signals propagate
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without intermediate reflection.

Vertical angles of diagnostic signal wave vector kg
directions calculated in ADR on October 21, 2019 var-
ied from 80° to 90° (from vertical). Under conditions of
regular dusk gradients of F2-layer electron density dis-
tribution along radio paths, there may be propagation
trajectories of HF signals from the Nashville and Hiale-
ah Gardens transmitters with deflection. This type of
propagation provides a higher level of wave field inci-
dent on ADR and hence a higher level of Pgu, of bistat-
ic scattered signals. Simultaneous scattering of several
(two or three) modes over long radio paths with close
directions of incident wave vectors k, onto ADR leads
to an increase in the spread of fy and to the inability to
identify tracks of individual modes in sonograms. In the
case of separating the angles of incidence of wave vec-
tors of individual propagation modes, several fy tracks
corresponding to different propagation modes and rec-
orded by the bistatic scattering method are observed in
sonograms, for example, along paths shorter than 3000 km
(e.g., [Belenov et al., 1977; Borisova et al., 2007, 2009;
Blagoveshchenskaya et al., 2006]). In this experiment,
vertical angles of incidence kg of various multi-hop tra-
jectories onto ADR were close to ~80°-90° and did not
allow us to identify individual “tracks” of bistatic scat-
tered signals and the component of vertical motion of
irregularities along the magnetic field.

A decrease in the power of direct signals Pps and at
outshifted frequencies of Pgay for transmitters from
America on October 21, 2019 with frequencies
faiagn=15.825 MHz after 15:33 UT (see Figure 3, a) and
faiagn=15.770 MHz after 15:37 UT (see Figure 3, b) is
explained by model data. To fulfill the condition for the
formation of a specular scattering cone over Tromse for
an incident radio wave and scattered in the direction of
St. Petersburg during the rise of the F2-layer peak
height for signals at frequencies above 15.5 MHz, the
reflection height from the F2 layer should be increased.
Consequently, propagation paths of HF radio waves
change (in this experiment along a path of given length,
trajectories with deflection disappear and appear with a
larger number of jumps, which leads to a decrease in the
signal level). At the same time, the propagation mecha-
nism at 13.845 MHz remains unchanged until 16 UT.

Results of the trajectory modeling for experimental
conditions on February 25, 2013 are presented in Figure 6.
Despite the difference between lengths of the bistatic
scatter radio paths (2470 and 5660 km) and the values
of diagnostic frequencies, propagation of radio signals
from Moscow to Lovozero, fgg=12.075 MHz, and
from Irkutsk to St. Petersburg, fyag:= 21.8 MHz is im-
plemented by the same 2F2 trajectory modes. Figure 6
demonstrates the possibility of receiving bistatic scat-
tered signals with hop trajectories propagating to ADR
over Tromse and then, after bistatic scattering, to the
receiver. With the distribution of F2-layer natural gradi-
ents along radio paths during the day, the range of
heights in which diagnostic HF radio signals fall on
ionospheric irregularities over Tromsg was 200-220 km
in the F layer. The vertical angles of the diagnostic sig-
nal wave vector kg orientation in ADR for trajectories
realizing the reception of bistatic scattered signals by
receivers varied from 85° to 90°.
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Figure 5. Propagation paths of diagnostic HF signals during the heating experiment on October 21, 2019: the Nashville—
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Figure 6. Propagation trajectories of diagnostic signals on February 25, 2013 at 08.30 UT. ADR is formed at heights of the F
layer in the region of reflection of a powerful pump wave (f,=5.423 MHz)

The simulated results have shown that the available
geometry of the experimental radio paths in October
2019 and February 2013 ensures stable reception of
bistatic scattered signals if artificial irregularities devel-
op at F-layer heights.

3.2. Motion of ionospheric irregularities in
ADR

When calculating the SAIl velocity vector, it is as-
sumed that the scattering region is uniform for various
diagnostic radio signals.

The projection of the SAII velocity V onto the direc-
tion of the vector Ak of difference between wave vec-
tors of incident ky, and scattered ks waves Ak=kKj is
determined from the expression [Gershman et al., 1984]
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fo

b ¢
fagn 25IN(0/2)

where fp is the Doppler frequency shift; fgi.g is the di-
agnostic radio wave frequency, c is the speed of light; 6
is the bistatic scattering angle; yo and v, are vertical an-
gles; Az, Az, are azimuths of ky and k;; for the scatter-
ing angle the expression is valid

Vi = ©)

diagn

€0S 0 = C0S Y, COS Y, COS( AZ, — Az, )+ @
+siny, sinys.

From bistatic measurements of Doppler frequency
shifts fp, two projections of the velocity of irregularities
Vi and V, are calculated along two diagnostic radio
paths. From V,; and V., the amplitude V and the azi-
muthal direction Az, of the velocity vector of iono-
spheric irregularities V are determined provided that
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ADR dimensions are neglected [Blagoveshchenskaya et
al., 2006; Borisova et al., 2007]

V =V, /cos{arctg[ (cosa.—B)/sina |}, )
Az, = Az, —arctg[ (coso.—P)/sina |,

where Vu/V o, 0=Azq—Az, are the angles between

azimuthal directions of Ak; and Ak, (Azq and Azy)

along the first and second diagnostic paths respectively.

3.2.1. Numerically estimated effect of the radio sig-
nal scattering angle and the azimuth of motion of iono-
spheric irregularities in ADR on calculation of velocity
amplitude

The parameters o and B in (5) are found from exper-
imental measurements of fy and from calculations of
azimuthal directions of the wave vectors kg, ks, and Ak
(Azy, Azys, 0, Azyq, and Azy,) at the bistatic scattering
height. The value of the parameter 3 depends on the
experimental values of the Doppler frequency shift fp
and the scattering angle 6. Assume that the observed
value of fp is determined only by the effect of moving
irregularities in ADR.

Figure 7 illustrates changes in the projection of the
irregularity velocity onto the difference vector in per-
cent dV,(AB) depending on the deviation of the real
0,a and calculated 6., scattering angles A6=0,e,—0caic
for the diagnostic paths of interest (see Table 1). For
0>0.5°, dV,(AO) are close to linear approximations.
Deviations of the scattering angle by 1°-5° for transmit-
ters located in America cause significant errors in defin-
ing V,k and hence o and B. The error in determining Vax
decreases sharply to 3 % if the deviations A6<0.3°.

The azimuth angle of propagation of a radio wave
bistatically scattered by ionospheric irregularities to-
ward St. Petersburg Az s~147° (or 98° in Lovozero). Its
value can vary from 145° to 150° in view of ADR's hor-
izontal dimensions ~55 km when using PAA-2 on Oc-
tober 21, 2019. In the February 25, 2013 experiment,
when the facility transmitted to PAA-1, Az in the di-
rection of St. Petersburg varies from 146° to 148°; and
in the direction of Lovozero, from 97° to 99°. At a dis-
tance of 1150 km (670 km to Lovozero), these varia-
tions can be ignored and for a bistatic scattered signal
the azimuth of propagation Az, to the receiver can be
considered constant.

lonospheric irregularities in N, over a long path of
diagnostic signal propagation can lead to significant
deviations of radio wave Az in the vicinity of ADR
from the great-circle arc. The calculated values of the
scattering angles 6 and the error in Az, of wave vectors
for bistatic scattered radio waves under conditions of the
experiments in 2019 and 2013 are listed in Table 2. In
view of (4), taking into account that in the experiments
the vertical angles y, and vy are smaller than 10°, we
find that errors in calculating the scattering angle 6 are
determined by the error in estimating the azimuth of a
diagnostic wave incident on ADR A0~AAz,. Thus,
changes in the scattering angle primarily result from
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Figure 7. Variation in the SAIl velocity projection onto
the difference vector of scattering dV,,(A0) as function of
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one Ogare, AB=0,¢4—0cqc TOr diagnostic bistatic scattering paths
with different scattering angles 6

variations in the azimuth Az, of a wave incident on ADR.

Blagoveshchenskaya et al. [1991], using experi-
mental measurements of diagnostic HF radio signals
from transmitters located in North America (paths long-
er than 6000 km) in St. Petersburg, have examined the
patterns of azimuth deviations from the great-circle arc.
The diagnostic HF radio signals were received in the
evening in winter. The research results have shown that
the azimuth deviations ~5°-10° are observed under quiet
geomagnetic conditions. Under conditions of moderate
disturbance, the deviations may be as large as 20°-30°.

For a specific location of the heating facility and the
receiver, the azimuth angle Az of ks has been found.
The angles yo, vs, Azxo, AZys are related by equation of
bistatic scattering cone (2). The bistatic scattering angle
0 is calculated according to (4). The results indicate that
under quiet geomagnetic conditions deviations of AAz
by 5°-10° will cause the angle 6~+0.25° to change.
Taking into account the data presented in Figure 7, the
error in calculating the SAII velocity modulus (assuming
AAZ~5°-10°) from Doppler measurements of transmit-
ters from North America will be smaller than 2-3 %.

Thus, in October 2019 from 15:20 to 15:48 UT (un-
der quiet geomagnetic conditions), calculations of the
amplitude of |V| from (5) depend largely on the accura-
cy of fp measurement. The error in determining the
Doppler frequency shift Afp~1.5+2.5 Hz for the ob-
served values of fp~2+4 Hz can cause errors in calculat-
ing the projection of the SAII velocity |V| onto the dif-
ference vector V~40+100 %.

The greatest changes in the parameter 3 occur if the
SAII motion is directed perpendicular to one of the dif-
ference vectors Ak (i.e. fp~0) or if the diagnostic fre-
quencies fgiagn1 and fgiagn2 are close. In this case, the azi-
muth of SAIl motion Az, can confidently be calculated
with minimum reliability of the calculation of the V
amplitude.

The value of the parameter a depends on the accuracy
in determining the scattering angles 6, and 6,. The error
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Figure 8. Calculated Doppler frequency shifts fp depending on the azimuth of motion of irregularities in ADR over Tromse
along diagnostic paths for experiments on October 21, 2019 (a) and February 25, 2013 (b). The velocity of ionospheric irregulari-

ties |V|=100 m/s

in calculating the velocity of irregularities V increases
sharply for bistatic scattering paths if measurements are
performed along diagnostic radio paths with close scat-
tering angles 6;~6, and hence 0~0.

To explain the effect of the SAIl motion azimuth
Az, on the change in the Doppler frequency shift fy of
diagnostic HF radio signals along bistatic scattering
paths, Figure 8 presents data from model calculations
fo=fp(Azy). For the diagnostic HF radio paths of obser-
vations in the October 21, 2019 experiment Nashville—
Tromse—St. Petersburg, f 4i,g=13.845 MHz, 15.825
MHz, and Hialeah Gardens—Tromse—St. Petersburg,
faiagn=15.77 MHz, the dependences fp(Azy) are shown in
Figure 8, a. For the Irkutsk—Tromsg—St. Petershurg
path, fgisg= 21.8 MHz, and Moscow—Tromse—
Lovozero, fgiagn=12.075 MHz, measurements of fp(Azy)
in the February 25, 2013 experiment are illustrated in
Figure 8, b. The dependence fp(Azy) was calculated un-
der the condition of constant amplitude of the velocity
of ionospheric irregularities V=100 m/s. A changing in
|V| leads to a proportional change in fp The data in Fig-
ure 8 shows the conditions when along the bistatic scat-
tering paths in the 2013 and 2019 experiments shifts in
fp of the same or different signs depending on the mo-
tion direction of irregularities in the vicinity of ADR
can be observed. For example, for radio signals from the
Hialeah Gardens and Nashville transmitters, a negative
shift in fp is simultaneously observed when SAlls move
in the azimuth sector 135°-305°. A negative shift in fp
along the Irkutsk—Tromse—St. Petersburg and Mos-
cow—Tromse—Lovozero paths is simultaneously rec-
orded if SAlls move in the azimuth sector 60°-225°.

3.2.2 Determining the velocity vector of ionospheric
irregularities in ADR from observational results

To calculate the SAII velocity vector V from (3) and
(5), the Doppler frequency shifts fy of diagnostic signals
at a 30 s interval are preliminarily identified in experi-
mental data by the highest value of the spectral power
distribution Psay (fp), which formed the tracks fp(t) in
sonograms.
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Figure 9, a presents median values of fp(t) for sono-
grams (see Figure 3, a—c) of the radio signals from
transmitters of Hialeah Gardens, fgiagn=15.77 MHz, and
Nashville, f4iagn=15.825, 13.845 MHz, measured on Oc-
tober 21, 2019. Calculations of V for the period 15:20—
15:50 UT were carried out from measurements of fp
along the paths Hialeah Gardens, fgjag,=15.77 MHz, and
Nashville, fgiagn=13.845 MHz — the first pair of
faiagn=15.770 MHz, f4i2n=13.845 MHz; along the paths
Hialeah Gardens, fgiagn=15.77 MHz, and Nashville,
faiagon=15.825 — the second pair of fg,gn=15.77 MHz,
faiagn=15.825 MHz (Figure 9, b1, b2).

The data presented in Figure 9, b1, b2 demonstrates
a good correspondence between the azimuthal directions
Az, of SAIl motion, which were calculated from fp ob-
servations along two pairs of diagnostic bistatic scatter-
ing paths. The mean values of the SAIl motion direction
Az, were similar: for the first pair Azy~(218+1)° and for
the second pair Azy~(217+6)°.

The mean values of the SAII velocity amplitude |V|
and deviation A|V| for six heating cycles on October 21,
2019 Az,~175+100, 150+70, 140450, 130+50, 150+40,
and 130£50 m/s. Figure 9, ¢ for two pairs of calcula-
tions shows estimated SAIl moduli |V| and deviations
A|V]|~50+100 m/s.

According to observations along the three paths (see
Figure 9), wave oscillations of fp(t) with t~2+3+14 min
were recorded, some of which were less than or equal to
the heating cycle period; the oscillation range was ~1.5—
2.5 Hz and was close to the spectral width of the out-
shifted Doppler frequencies Afp~1.5+2.5 Hz. In a simi-
lar variation in fp(t), errors in determining simultaneous
values of f along different diagnostic radio paths can
cause large errors. SAIl V in the presence of wave varia-
tions in fp(t) was also calculated using pre-averaged fp
for a 180 s heating cycle. The SAIl motion directions
Az, for both pairs of calculations in this variant were
(217£1)° and coincided with the results of 217° and
218° obtained from 30 s averaging data. The results of
calculations of |V|sa are presented in Figure 9, ¢ (with
crossed-out triangles for 180 s averaging). The data
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Figure 9. Median values of fp of diagnostic HF signals scattered by ADR irregularities on October 21, 2019 along paths for
North American transmitters (a); SAIl velocity vectors calculated from Doppler measurements along the paths Hialeah Gar-
dens—Tromsg—St. Petersburg, f4iagn=15770 kHz, and Nashville—Tromse—St. Petershurg, f 4.gn=13845 kHz (b1); Hialeah Gar-
dens—Tromsg—St. Petersburg and Nashville—Tromse—St. Petersburg, f4.q:=15825 kHz (b2); average |V| and calculations of
[V| from average |fp| per heating cycle (c). The emission periods of the HF heating facility are indicated on the time axis

(Figure 9, c) suggests that there is agreement between tions in fp(t) with periods close to the intervals of heat-

the average values of V calculated from the data on fy, ing cycles, [V| of SAIl motion can be estimated from
averaged over 30 or 180 s intervals. With wave varia-  average fp per cycle.
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For the February 25, 2013 experiment, Figure 10, a
presents median values of fp at a 30 s interval, diagnos-
tic HF signals along the paths Irkutsk—Tromse—St.
Petersburg, fgiagn=21.8 MHz, and Moscow—Tromse—
Lovozero, fgiagy=12.075 MHz. Figure 10, b presents the
results of calculation of the SAII velocity vector V from
Doppler measurements along two diagnostic radio paths
on February 25, 2013. Averages of the SAIl velocity
modulus V| and deviation A|V| for three heating cycles
on February 25, 2013 are shown in Figure 10, c. Periods of

EISCAT/Heating emission are indicated on the time axis.

According to the calculation results, SAlls moved in
the azimuthal direction (184+7). For February 25, 2013,
Figure 10, c displays averages of velocity |V| and devia-
tion A|V| for each heating cycle, which were 70+20,
110+30, 50+15 m/s respectively. Averages of the
azimuthal direction Az, in three cycles Azy~225°, 228°,
and 230°.
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Figure 10. Median values of the Doppler frequency shift fy of diagnostic HF signals in the February 25, 2013 experiment (a);
SAII velocity vectors calculated from Doppler measurements along the paths Irkutsk—Tromse—St. Petersburg and Moscow—
Tromse—Lovozero (b); average |V| and calculations of |V| from average |fp| per heating cycle (c). Periods of HF heating facility

emission are indicated on the time axis
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On February 25, 2013, Doppler scattered signals had
wave variations in fp(t) with 3-4—-17 min periods and an
oscillation range fp~1.5+5.0 Hz. The spectral width of
the signals was Afp~1.0+2 Hz. Calculations of |V|san
averaged per cycle are shown in Figure 10, c¢ for fp
averaged over 30 s and over a 600 s heating cycle. The
values of Az, according to fp, averaged over the 600 s
heating cycle, in three cycles were Az,~223°, 226°,
and 230°.

Averages of |V|sa were 100-200 m/s in the evening
on October 21, 2019 and |V|sa~50+110 m/s in the
morning on February 25, 2013. The calculated values of
|V|san are within the range of irregularity drift velocities
5-380 m/s, observed, for example, in [Borisova et al.,
2007; Sivokon, 2020; Eglitis et al., 1998; Blagovesh-
chenskaya et al., 2006; Yampolskii et al., 2019].

DISCUSSION AND CONCLUSION

During the 2013, 2016, and 2019 experiments, the
high-latitude ionosphere was modified by powerful HF
radio waves of ordinary or extraordinary polarization
emitted by the EISCAT/Heating facility (Tromsg,
Norway).

In experiments with the EISCAT/Heating facility on
October 20, 2016, the SAII behavior was simultaneous-
ly observed by the CUTLASS HF radar and Doppler
measurements over radio paths 6000-9000 km long.
Comparing the characteristics of SAlls, simultaneously
measured during X-heating by the CUTLASS HF radar
and by the method of bistatic scattering of diagnostic
HF radio signals over long radio paths (see Table 3) has
shown similar parameters of SAIl development (rise
and relaxation times, Psay;, behavior of Pgay over time)
depending on the relations between fy, f,F2, and f,F2.

The frequency range of the CUTLASS HF radar
emission is 8-20 MHz; therefore, radio signals are
backscattered by SAlls with minimum transverse scales
I, from 7.5 to 19 m. Doppler observations of 14-18
MHz diagnostic frequencies over long bistatic scattering
paths of the North America—Tromse—St. Petersburg
transmitter from azimuthal directions 280°-305° expand
the range of detection of SAlls with transverse scales
I, to 19-28 m (8-11 m during backscattering).

In sonograms measured in 2013, 2016, and 2019, bi-
static scattered signals exhibited wave variations in fp(t)
with ~2-4 and 14-17 min periods coinciding with the
periods of the geomagnetic field H-component oscilla-
tions measured at the magnetovariation station Tromse
[https://flux.phys.uit.no/ArcMag/]. Thus, the SAIl mo-
tion is modulated by field line oscillations in the iono-
sphere over Tromsg. To estimate the SAII velocities V
over the cycle period in the presence of wave variations
in fp(t), it is sufficient to calculate them from previously
estimated average fp for each cycle.

The results of modeling of trajectory characteristics
of diagnostic HF radio signal propagation over long
paths, obtained by the ionospheric HF radio channel
model, have shown that in the evening of the October
2019 experiment HF radio wave trajectories took place
without intermediate reflection from Earth's surface
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(with deflection or waveguide character). This fact sig-
nificantly increases the power level of radio waves, in-
cident on the scattering region, and bistatic scattered
signals. We have determined vertical and azimuth angles
of arrival of wave vectors at heights of bistatic scattering in
ADR in order to calculate bistatic scattering angles.

From measurements of Doppler shifts fy of diagnos-
tic HF radio signals by the bistatic scattering method,
SAIl velocity vectors V in the ionosphere have been
calculated simultaneously along several paths. We have
analyzed possible errors in calculating the modulus V
and azimuth Az, of ionospheric irregularities, using the
method considered.

From the model results and experimental data we
have found that in the evening hours of October 21,
2019 average velocities of ionospheric irregularities
varied from 100 to 200 m/s in a southwesterly direction.
In the morning hours of February 25, 2013, SAlls
moved southward. The velocities |V|sa; varied from 45
to 108 m/s.
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Russian Science Foundation (Grant No. 22-17-00020),
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