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Abstract

The paper presents data from some campaigns at Sura heating facility in 2011-1016. The experiments on probing of the artificial dis-
turbed region of the lower ionosphere were carried out at two observation sites. One of them was located near Vasil’sursk 1 km from
Sura facility (56.1°N; 46.1°E) and the other site was located at the Observatory (55.85°N; 48.8°E) of Kazan State University, 170 km
to the East. Investigation of the features of the disturbed region of the lower ionosphere based on its diagnostics by the methods of
the vertical sounding and oblique backscattering is the main goal of this paper. Ionosphere disturbance was fulfilled by the effect of
the powerful radio wave of the ordinary or extraordinary polarization emitted by transmitters of the Sura facility with effective radiated
power ERP = 50-120 MW at the frequency of 4.3, 4.7 and 5.6 MHz. Pumping waves were emitted with period from 30 s to 15 min. The
disturbed region of the ionosphere in Vasil’sursk was probed by the vertical sounding technique using the partial reflexion radar at the
frequency of 2.95 and 4.7 MHz. For the oblique sounding of the disturbed region the modified ionosonde Cyclon-M, operating at ten
frequencies from 2.01 to 6.51 MHz was used at the Observatory site. On many heating sessions simultaneous variations of the probing
partial reflection signals in Vasil’sursk and backscattered signals in Observatory were observed at the height at 40-100 km below the
reflection height of the pumping wave. These observations were correlated with the pumping periods of the Sura facility. Possible mech-
anisms of the appearance of the disturbance in the lower ionosphere and its effect on the probing radio waves are discussed.
© 2017 Published by Elsevier Ltd on behalf of COSPAR.
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1. Introduction

It is known that ionosphere modification using powerful
radiowaves leads to generation of artificial irregularities of
the plasma density with scales from centimeters to kilome-
ters and more. The results of experimental and theoretical
studies of artificial inhomogeneities are contained in a large
number of publications (Allen et al.,1974; Minkoff et al.,
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1974; Belenov et al., 1977; Gurevich, 1978; Stubbe et al.,
1982; Hedberg et al., 1983; Coster et al., 1985; Stubbe,
1996; Hysell et al., 1996, 2008; Bakhmetieva et al., 1997,
Robinson et al., 1997; Bond et al., 1997; Franz et al.,
1999; Rietveld et al., 2003; Blagoveshchenskaya et al.,
2006; Kagan et al., 2006; Gurevich, 2007, 2012;
Belikovich et al.,, 2007; Frolov et al.,, 2007; Crisham
et al., 2008; Yeoman et al., 2008; and in many others).
For many years methods of vertical and oblique sound-
ing of the ionosphere are applied to study the artificial dis-
turbances in the ionosphere and to measure their
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parameters. In recent years, the enhanced interest has again
been shown in experimental studies of the issues related to
the formation of artificial ionospheric disturbances, includ-
ing their diagnostics, study of the structure and dynamics
of the disturbed region, and determination of the parame-
ters of artificial irregularities with various spatial scales,
which appear in this region (Kagan et al., 2006;
Bakhmetieva et al., 2010, 2012; Blagoveshchenskaya
et al.,, 2011, 2015; Bolotin et al., 2012; Sergeev et al.,
2012; Mishin et al., 2016; Grach et al., 2016). In many
respects, this interest is stipulated by starting the wide
application of methods of chirp-signal probing, using
ionosondes and radio direction finders, developing new
Doppler techniques related in particular to phase measure-
ments, and employing digital signal recording and modern
signal processing methods. Currently, the research of scat-
tering signals continues on paths of different lengths by lin-
ear frequency modulation (LFM) technique. New
compelling evidences of the existence of the “patch” struc-
ture of the disturbed region were obtained, that was cap-
able to scatter radio waves effectively over a wide
frequency range (Uryadov et al.,2008; Vertogradov et al.,
2012). Application and development of new diagnostic
methods of artificially created ionospheric disturbances
have provided some new information about the disturbed
region and its inhomogeneous structure. Methods of the
radio tomography show that the horizontal size of the
region perturbed by the radiation of the heating facility
far exceeds the size defined by the radiation pattern of
the antenna system (Frolov et al., 2010). In the experiments
we have used the vertical sounding and oblique backscat-
tering methods of the disturbed ionospheric region. It
allowed us to study its dynamics in different ionospheric
conditions, and to determine the extent of the disturbed
region and the electron density of artificial irregularities
(Bakhmetieva et al., 1989). Nevertheless, many questions
of these studies are still relevant. One of them is the mech-
anism of occurrence of disturbances in the lower iono-
sphere when a powerful wave reflects in the F-region.
The study of the lower ionosphere response on its artificial
disturbance was the task of the experiments, including the
vertical sounding of the perturbed region and its oblique
sounding from a point located at the latitude close to the
heating facility simultaneously. In the paper, we present
the results of the recent experiments on the diagnosis of
the inhomogeneous structure of the artificially disturbed
ionosphere on short mid-latitude paths by the method of
vertical sounding and oblique backscattering.

2. Experiment description

The data presented in this paper was obtained during
the June and September 2011, October 2014, October
2015 and May 2016 campaigns at Sura facility (56.1°N;
46.1°E) located in Vasilsursk near Niznhi Novgorod, Rus-
sia. Experiments were carried in the morning, afternoon
and evening hours LT. The ionosphere was disturbed using

Sura heating facility. Sura transmitters were operated in O-
mode or X-mode polarization. Pumping waves were radi-
ated at frequencies of 4.3, 4.7 or 5.6 MHz, depending on
the ionosphere critical frequencies with the effective radia-
tion power (ERP) of 50-120 MW. The heating cycle varied
usually from 30s to 15 min including 5s (5 min) heating
and 25 s (10 min) period off (called pause). The use of dif-
ferent time diagram allows one to study the region of the
artificial perturbation of the ionosphere both on long and
short time scales. The time diagram of the heater is shown
in Fig. 1. Pumping radio waves always reflected in the F-
region of the ionosphere. The antenna of the Sura heating
facility was pointed at zenith, or was inclined at 12° to the
south in the magnetic zenith direction.

The campaign on June 19, 2011 was carried out from
9:00 to 15:00. The pump frequency (O-mode) was set to
4.7 MHz. The heater beam was pointed to zenith. In cam-
paign on September 2011 the pump frequency (X-mode)
was set to 5.6 MHz. The heater beam was pointed to a
zenith angle of 12°. ERP amounted to about 80 MW in
June 2011 and 50 MW in September 2011.

In the campaign on October 8-9, 2014 observations
were carried out from 09:00 to 15:00 LT. The pump fre-
quency (O-mode) was set to 5.6 MHz. The heater beam
was pointed to a zenith angle of 12°. ERP amounted to
about 120 MW. According to the ionosonde data, the
observations were characterized by relatively quiet state
of the ionosphere with critical frequencies of the iono-
spheric layers foE = 2.5-3.1 MHz, foF; =4.0-4 MHz and
JfoF>=8.8-9.5 MHz.

In the campaign on October 7, 2015 from 10:00 to 12:30
LT Sura facility emitted X-mode of pumping wave at the
frequency of 4.3 MHz with ERP 80 MW. The heater beam
was pointed to zenith.

In the campaign on May 19, 2016 the pump frequency
(O-mode) was set to 4.785 MHz with ERP =70 MW.
The heater beam was pointed to a zenith angle of 12°.
The observations were conducted from 13:30 to17:10 LT.

The partial reflection radar (PRR) was located about
1 km from the Sura antenna. It was used to probe vertically
the ionospheric plasma at the frequency of 2.95 MHz
Sometimes the probing wave frequency was 4.7 MHz In
the observation on October 7, 2015 PRR emitted probing
frequencies at 2.95 and 4.7 MHz by rotation. This radar
was used for vertical sounding of the ionosphere. It
detected signals reflected and scattered from the all iono-
spheric regions. PRR emitted a linear polarized pulsed

5s—on,25s - off

5 min heater on 5 min heater off 5 min 5 min heater on

Fig. 1. The time diagram of the Sura heating of the ionosphere. The total
heating cycle was 15 min including 5 min heating and 5 min off period. In
the following 5 min, heating was carried out with a period of 30 s that
included 5 s of heating mode and 25 s off period.
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signal with a duration 30 pus and repetition rate of 25 or
50 Hz. Signals of both O- and X-polarizations, reflected
and scattered from the ionosphere, were received. Their
quadratures were digitally recorded with height step of
1.4 km and served as basis for determination of the probe
wave amplitude and phase. CADI and other ionosondes
monitored the ionosphere condition each 5-15 min.

Oblique sounding of the disturbed ionosphere was per-
formed by modified ionosonde Cyclon-M in the Observa-
tory of Kazan University (55.85°N; 48.8°E). It is located
near Kazan at distance from the Sura heating facility of
about 170 km. To probe the ionosphere disturbed region
in the oblique sounding mode the Cyclon-M ionosonde
operated at ten frequencies from 2.01 to 6.51 MHz with a
frequency step of 500 kHz and a repetition rate of 50 Hz.
Cyclon-M facility is presented in detail by Ackhyurin
et al. (1995), Bolotin et al. (2012) and Sergeev et al.
(2012). One ionosonde channel always operated at the Sura
frequency. Note, that Sura—Observatory path is almost lat-
itudinal. The path is situated in the plane which is practi-
cally perpendicular to the plane of the magnetic meridian
passing through the Vasilsursk. This arrangement is very
convenient for receiving signals back scattered by artificial
ionospheric field aligned irregularities. The Cyclon-M
ionosonde was switched over periodically to the routine
ionogram mode. The electron density profile was retrieved
from them according to the standard procedure.

Simultaneous observation using PRR and Cyclon-M
ionosonde were conducted on June 19, 2011 from 07:00
to 10:00 LT and on September 1315, 2011 in the morning
and evening hours (from 08:00 to 12:00 and from 14:00 to
21:00, respectively), on October 8-9, 2014 from 9:00
to13:30 LT and on May 19, 2016 from 13:30 to 17:00 LT.

The ionosphere condition in the experimental cam-
paigns in 2011, 2014 and 2016 was generally quiet. Effects
of the Spread-F and Sudden Ionospheric Disturbances
were not observed. Fifteen-minute ionograms for the mea-
surement periods were similar to those in Fig. 2. The peri-
ods were geomagnetically quiet and Kp-index did not
exceed 1-2. The reflection heights of probing waves chan-
ged little with time. A slightly different ionospheric condi-
tion was on October 7, 2015. On the previous day a weak
magnetic storm with Kp = 3-4 began. Variations of the
reflection height of the pumping and probing radio waves
and the critical frequency of the layer were observed.
Fig. 5a) shows variations of the reflection height of the
O-mode of the probing wave at 2.95 MHz on October 7,
2015.

3. Experimental results

3.1. Vertical sounding of the disturbed ionosphere.
Vasil’sursk observations

The results of the experiments presented in this article
supplement the information on the perturbation of the
lower ionosphere discussed in Bakhmetieva et al. (2010,

2012). During the pumping sessions signals of both polar-
izations, similar to the diffuse reflection probing waves
appeared after heating off for 3-20 s at altitudes both below
and above the height of the specular reflection of the prob-
ing wave. These signals, called by us additional, correlated
with the Sura pumping periods as depicted in Fig. 2. Addi-
tional signals were detected during both 5 min (top panel)
as well as with 5s (bottom panel) heater period. Fig. 2
shows two intervals of the virtual height-time-amplitude
plot for the probing wave frequency at 2.95 MHz It illus-
trates an appearance of echoes called additional signals
from 09:29 to 10:00 — top panel and from 11:31 to 12:00
— bottom panel on October 8, 2014. The pump frequency
(O-mode) was set to 5.6 MHz. The heater beam was
pointed to a zenith angle of 12°. Rectangles on the top hor-
izontal axis show heating periods.

In Fig. 2 (top panel), in the heating sessions one can see
a new reflection appears at the virtual height 180 km that is
below the height of the specular reflection of the O-mode
probing signal. This height refers to the true altitude
120 km. This additional “sublayer” signal is noticeably sep-
arated from the specular mode. This signal appeared 20—
25 s after the heating on, and it disappeared 5 s after heat-
ing off. Similar “sublayer” signals or reflections were
observed in June 19, 2011.

Fig. 2 illustrates a development of the additional signals
during the 5s heating sessions (see the bottom panel).
These signals showed two features. One of them is an after-
effect, when the amplitude of the signal has reached the
maximum value 5-10 s after the end of the heating session,
and the second is the cumulative effect, when an increase of
the signal amplitude was observed in each subsequent heat-
ing session. Similar features of the additional signals in
time of short heater on periods were discussed
(Bakhmetieva et al., 2010, 2012).

Fig. 3 shows the height-time-amplitude plot for the
probing wave frequency at 2.95 MHz illustrating the
appearance of additional signals from 09:58:00 to
10:00:34 on October 9, 2014. The pump frequency (O-
mode) was set to 5.6 MHz. The heater beam was pointed
to a zenith angle of 12°. Rectangles on the top horizontal
axis show heating periods. Fig. 3 shows the appearance
of strongly-enhanced additional signals correlating with
the pumping wave period at the heights of 200-450 km.
Note, that according to the N(/) profile calculated from
the ionogram the virtual height /# =200 km corresponds
to the true height 120-130 km. That is signals come from
the E region and bottom part of the F; region. Intensive
additional signals were detected at 5 min heater period as
rule. Note, the signals appeared at beginning at the altitude
immediately adjacent to the height of reflection of the
probing wave and then propagated to the higher altitudes.
On the whole, rise and decay times of the additional signal
corresponded to those obtained in other observations and
to results of the experiments performed at the same path
and reported with allowance for the ionospheric states in
(Bakhmetieva et al., 2010, 2012; Sergeev et al., 2012;
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Fig. 2. Two intervals of the height-time-signal amplitude plot for the probing wave frequency at 2.95 MHz illustrating the appearance of echoes called

additional signals from 09:29 to 10:00 —

(a) and from 11:31 to 12:00 — (b) on October 8, 2014. The pump frequency (O-mode) was set to 5.6 MHz The

heater beam was pointed to a zenith angle of 12°. Rectangles on the top horizontal axis show heating periods. Note, that X-mode of the probing wave was
reflected at the bottom part of the E-region near virtual height 4 ~ 100 km. Partial reflection signals scattered by natural irregularities of the D region are
depicted below 100 km. O-mode of the probing wave reflected in the E region at the height at 150 km and in the F; near 4 = 200-250 km. Additional
signals were detected during both 5 min (a,b) as well as 5 s (b) heater period. After that “sublayer” additional signals were observed at the virtual height

h ~ 180 km (b).

Bolotin et al., 2012). Usually the additional signal devel-
oped to stationary level in 20-80 s and relaxed in 30-80 s.
Sometimes two time decay constants were observed. Note,
that two-stage feature of the scattered signal decay was
observed in many experiments on oblique sounding of
the artificially disturbed ionosphere (Belenov et al., 1977;
Hysell et al.,1996; Robinson et al., 1997).

Fig. 4 presents two ionograms measured by ionosonde
DPS-4 (left) at 07:31:00 UT or 10:31:00 LT on October
8, 2014 and by Cyclon-M ionosonde at 09:57:00 LT on
October 9, 2014. It is seen that the critical frequency of
the F, layer was 10.2 MHz (left ionogram) and 7.8 MHz
(right ionogram), so the O-mode of the pumping wave
reflected at the virtual height /4~ 250 km (true height

z =180-200 km) on October 8, 2014. The O-mode of the
probing wave at the frequency 2.95 MHz reflected at the
height 4 = 150-200 km (true height z = 120 km). On Octo-
ber 9, 2014 the pumping wave reflected at the virtual height
h ~ 280 km. The probing wave reflected at the same true
heights as on October 8, 2014. We present these ionograms
to point out that the additional signals are caused by heat-
ing effects in the lower ionosphere.

Fig. 5 presents the height-time-amplitude plot for two
probing wave frequencies at 2.95 and 4.7 MHz (top and
bottom panel respectively) on October 7, 2015. The figures
show the absence of additional signals in the pumping per-
iod. The pump frequency (X-mode) was set to 4.3 MHz
and ERP amounted to 80 MW. The heater beam was
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Fig. 3. The height-time-signal amplitude plot for the probing wave frequency at 2.95 MHz illustrating the appearance of additional signals from 09:58:00
to 10:00:34 on October 9, 2014. The pump frequency (O-mode) was set to 5.6 MHz. The heater beam was pointed to a zenith angle of 12°. Rectangles on
the top horizontal axis show heating periods. Intensive additional signals were detected at 5 min heater period as a rule. They occupied a range of heights

from 200 to 450 km. Their rise and decay times were about a minute.

pointed to zenith. Rectangles on the top horizontal axis
show heating periods. On the top panel one can see signif-
icant variations in the reflection height of the probing wave
without correlation with heating periods. Both O- and X-
modes of the probing wave at frequency 2.95 MHz
reflected in the E-region of the ionosphere (virtual height
h =250 km and more for O-mode and # = 100 km for X-
mode). The probing wave at frequency 4.7 MHz reflected
in the F-region and the virtual reflection height decreased
over time. It was 1 = 450-330 km for O-mode (true height
z=220-200 km) and /& =400-300 km (z=210-170 km)
for X-mode. We note that the frequency of the second
probing wave exceeded the heater frequency so that at this
frequency it was difficult to expect the heating effect. I fact,
it was a test experiment using capabilities of the partial
reflection radar at two probing frequencies.

Fig. 6 shows the height-time-amplitude plot for probing
wave frequency at 2. 95 MHz on May 19, 2016. The pump
frequency (O-mode) was set to 4.3MHz with
ERP =70 MW. The heater beam was pointed to zenith.
An unexpectedly strong perturbation is observed in the
probing wave reflected in the lower ionosphere virtual
height at 100-150 km (E region) and at 180-220 km (bot-
tom part of the F; region). The figure shows wave-like vari-
ations of the reflection height of the probing wave at
h ~ 200 km. The reflected signal amplitude increased by
20-30 dB during the heating period. It is seen also how
the range of reflection heights of the probing wave has sig-
nificantly expanded in the E-region at the height near
100 km after the second heating session.

Presented results showed that perturbations of the FE-
layer of the ionosphere and the lower part of the layer F)
most likely influenced the probe wave at the frequency of

2.95 MHz Growth of the electron density in the lower iono-
sphere during the heating period and an evolution of its
inhomogeneous structure could cause the emergence of
additional signals during pumping period. Estimates made
on the basis of the electron density profile recovered from
the vertical sounding ionograms showed that these signals
could appear due to an increase of the electron density of
5-10% in this session. Such an increase of the electron den-
sity corresponds to theoretical estimations of the heating of
the E-region by passing radio waves with ERP about 80—
100 MW.

3.2. Oblique sounding of the disturbed ionosphere. Kazan
observations

The aim of these observations was to study the back
scattered signals (BSS) from the anisotropic irregularities
of the ionospheric plasma excited by its pumping together
with the study of perturbations in the lower ionosphere by
its vertical sounding. Observation using the modified
Cyclon-M ionosonde to detect the signal back scattered
from artificial anisotropic irregularities were conducted in
some campaigns. These experiments were carried out on
June 19, 2011 from 07:00 to 10:00 LT and in September
13-15, 2011 in the morning and evening hours (from
08:00 to 12:00 and from 14:00 to 21:00, respectively), in
October 8-9, 2014 from 9:00 to13:30 LT and in May 19,
2016 from 13:30 to 17:00 LT. Backscattered signals were
not observed in each experiment. It was not always possible
to explain their absence.

The BSS signals were almost never observed when an
intensive blanketing sporadic E layer developed on the
trace between the points of Vasil’sursk (site of the Sura
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Fig. 4. Two ionograms measured by ionosonde DPS-4 (left) at 07:31:00 UT or 10:31:00 LT on 8 October 2014 and by ionosonde Cyclon-M at 09:57:00 LT
on 9 October 2014. It is seen that the critical frequency of the F, layer was 10.2 MHz (a) left ionogram) and 7.8 MHz (b) right ionogram), so the O-mode
of the pumping wave reflected at the virtual height s ~ 250 km (true height z = 180-200 km) on 8 October 2014. The O-mode of the probing wave at the
frequency 2.95 MHz reflected at the height # = 150-200 km (true height z = 120 km). On 9 October 2014 the pumping wave reflected at the virtual height
h ~ 280 km. The probing wave reflected at the same true heights as on 8 October 2014.

facility) and the Observatory (site of the Cyclon-M). In this
case sporadic E-layer reflected almost all the ionosonde
probing frequencies. Sometimes BSS were not observed
even under favorable ionospheric state and at high ERP
of the Sura facility. For example, just very weak backscat-
tered signals were detected from time to time in October 8-
9, 2014 when ERP was 120 MW. On May 19, 2016 scat-
tered signals were not observed at all. For this reason, we
present only some results of the observation of back scat-
tered signals using Cyclon-M on June and September
2011. They have already been partially presented
(Bakhmetieva et al., 2012).

During oblique sounding of the perturbed region of the
ionosphere in the frequency range 2.01-6.51 MHz signals
due to backscatter of radio waves on the of artificial field
aligned irregularities were observed. Back scattered signals
were received at almost all probing wave frequencies. Fig. 7
shows the delay-time-amplitude plot of the backscattered
signals only at the probing frequencies of 2.51 MHz — (a),
47MHz — (b) and 5.51 MHz - (¢) observed by Cyclon-
M ionosonde during the pumping period for the heating
session at 18:48:00 LT on September 13, 2011. The bottom
panel d) shows the ionogram concerned for this session
when Cyclon-M was operated in routine ionogram mode.
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Fig. 5. The height-signal amplitude plot for two probing wave frequencies at 2.95 MHz — (a) and 4.7 MHz — (b) on October 7, 2015. The transmitter of the
partial reflection facility emitted probing frequencies alternating between 2.95 and 4.7 MHz The pump frequency (X-mode) was set to 4.3 MHz The heater
beam was pointed to zenith. Rectangles on the top horizontal axis show heating periods. Critical frequencies varied from 2.61 to 2.9 MHz in the E region,
from 3.9 to 2.9 MHz in the F; region and from 4.68 to 5.33 MHz in the F region simultaneously with a decrease in the height of the region from 500 to
300 km. One can see the absence of the additional signals during the pumping period.

Back scattered signal is marked by the red oval on the
ionogram. The interval of group delays corresponding to
the receiving signals was equal to 1000—1400 ps. The pump-
ing wave frequency (O-mode) was set to 4.7 MHz. It is
shown as red columns on the Figure. ERP was about
50 MW.

After the end of the heating the scattered signals gradu-
ally disappeared. In the session at 18:48 LT the scattered
signals at probing frequencies of 2-4 MHz appeared in
the delay range from 1000 to 1100 ps, which is seen well
in the ionogram shown in Fig. 7. At the probing frequency
of 5.51 MHz, the scattered signal appeared in both polar-
izations of the probing radio wave with delay at 1100—
1150 ps. X-mode of the scattered signal was adjacent to

the same mode of the specular signal, whereas the O-
mode was strongly diffusive and occupied the delay interval
1200-1800 ps. Without Sura heating at this frequency, the
specular reflection of the O-mode component of the prob-
ing wave was almost absent since the frequency 5.51 MHz
exceeded the critical frequency of the F layer.

At the probing frequency of 5.51 MHz, the backscat-
tered signal was of the strongly diffusive type and occupied
the delay interval 1200-1800 ps. Weak scattered signals at
the frequency 5.51 MHz were obtained during pumping
periods of 5.

Scattered signals appeared 5-30 s after the start of the
pumping. They reached a steady state within 5-10s as a
rule. After the end of the pumping session scattered signals
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Fig. 6. The height-time-signal amplitude plot for probing wave frequencies at 2.95 MHz on May 19, 2016. The pump frequency (O-mode) was set to
4.785 MHz with ERP =70 MW. The heater beam was pointed to a zenith angle of 12°. It is shown that strong perturbation is observed in the probing
wave reflected in the lower ionosphere at the virtual height of 100-150 km (E region) and at 180-220 km (bottom part of the F; region). The figure shows
wave-like variations of reflection height of the probing wave at i ~ 200 km. Both rise and decay times of these signals were about 30 s. The signal
amplitude increased by 20-30 dB during the heating period. After that it is seen the range of reflection heights of the probing wave in the E-region near
100 km has significantly expanded at the height after the second heating session.

disappeared, their time decay varied from 5-10 s to 50 s. In
the evening, after 19:00, the decay process, on the whole,
was longer.

Fig. 8 shows the height-time-signal amplitude plot for
O-mode of probing wave frequencies at 2.95 MHz on
September 13, 2011. Additional and BSS signals shown
on Fig. 7 were observed simultaneously.

Thus, using the results of multi-frequency oblique
sounding of the disturbed region of the ionosphere from
the observation point located 170 km from the Sura heat-
ing facility at a nearly-latitudinal path, we can make the
following conclusion. Back scattered signals from artificial
field-aligned irregularities of the ionospheric plasma appear
in the pumping period. The transverse scale of these irreg-
ularities, are determined by the Bragg backscattering con-
dition as /,=A/2n where n is a refractive index. Using
n=0.4-0.5 calculated according to N(z)- profile of the elec-
tron density we find the transverse scales are about 60—
190 m.

Let’s pay attention to that fact that the true height of
scattering of the probing wave at the lowest frequency
2.01 MHz, at which the backscattered signal was received
did not exceed 100-120 km. These values were obtained
according to the ray-tracing calculations performed for this
path with allowance for the magnetic field. In this way the
difference between the reflection heights of the pumping
and probing wave was not less than 100 km. Scattered sig-
nals emitted on frequencies at 4-6 MHz were detected from
heights of 40 km below the height of the reflection of the
pumping wave. These differences in the heights of the
reflection of the powerful wave and the scattered signal cor-
responds to propagation of the artificial perturbations
down with an effective velocity amounted to 3 km/s.

4. Discussion

The main goal of these studies was the investigation of
the features of the disturbed region of the lower ionosphere
on the basis of its diagnostics by the methods of the vertical
sounding and oblique backscattering methods. On the
basis of these observations in two mid latitude points and
with considering results [Bakhmetieva et al., 2010; 2012]
one can see some key points.

In both observation points signals were not observed
during heating in cases where the difference between the
critical frequency of the F, layer and powerful wave fre-
quency was greater than 1 MHz Modification of the iono-
sphere by X-mode of the pumping wave led to the
appearance of additional and backscattered signals
sometimes.

Backscattering signals with both polarizations were
obtained at the Observatory reception point in the case
of oblique sounding of the perturbed region. At the same
time, in the case of vertical sounding at the Vasilsursk
point, X-mode additional signals were obtained along with
the O-mode only in those cases, where the difference
between the scattering altitudes of the probing and pump-
ing radio waves did not exceed 40-70 km.

The tilt of the antenna diagram of the heating facility at
12° south did not fundamentally effect on the results of the
observations in these experiments. Said tilt corresponds to
the propagation of powerful radio waves in the direction of
the magnetic zenith, that, according to (Gurevich, 2007,
2012), should lead to increased interaction of powerful
radio waves with the ionospheric plasma. A possible exam-
ple of this can be found on Fig. 6 when the amplitude of the
additional signal increased by 20-30 dB during the pump-
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Fig. 7. Backscattered signals (BSS) at the probing frequencies of 2.51 — (a), 4,7 — (b) and 5.51 — (c) MHz observed by ionosonde Cyclon-M on Observatory
site for session at 18:48:00 LT on September 13, 2011. Y axis is the BSS time delay. The pump frequency (O-mode) was set to 4.7 MHz ERP was about
50 MW. The bottom panel — d) shows the ionogram concerning this session. Back scattered signal is marked by the red oval. The heater beam was pointed
to zenith. BSS were received at almost all probing wave frequencies from 2.01 to 6.51 MHz One can see weak BSS at the frequency 5.51 MHz were
obtained during 5 s heating periods. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

ural internal gravity waves manifestations. It is doubtful
that they were excited by exposure of radiation of the Sura
facility on the ionosphere. With oblique sounding of the

ing period. After that Fig. 6 shows wave-like variations of
reflection height of the probing wave with a period about
15 min at & ~ 200 km. It is probable the variations are nat-
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disturbed region at the Observatory point the amplitude of
the backscattered signal was significantly smaller than the
specular signal amplitude.

The amplitude of the additional signal in the vertical
sounding in some cases was comparable with the amplitude
of the reflection specular signal.

The height range with which backscattered signals in the
Observatory and additional signals in Vasil’sursk were
received, was practically the same. It can be stated that
the lower limit of this range was at 40-120 km below the
altitude region of the resonant interaction of a powerful
wave with ionospheric plasma.

On the basis of these and other features of the evolution
of signals reflected and scattered by the disturbed region of
the ionosphere, it is important for us to find out the mech-
anism that causes the appearance of signals at altitudes well
below the reflection height of the powerful wave. This
mechanism is not completely understandable. There is no
doubt that the signals at the Observatory point are due
to the backscattering from anisotropic irregularities (Bragg
scattering). It was shown theoretically in (Gurevich, 1978,
2012) and proven reliably in many experiments performed
by different research teams (see detailed reviews (Frolov
et al., 2007; Belikovich et al., 2007) that these irregularities
are formed in the resonance region of the interaction
between a high-power O-mode wave and the ionospheric
plasma. Irregularities with transverse scale more than
100 m are caused by the self-focusing instability (Vas’kov
and Gurevich, 1979). They can be excited by radio waves
of both pumping modes including passing waves without
reflection from the ionosphere with sufficient radiation
power.

But E region heights are not located in the resonance
region. Therefore, the question about how field-aligned
irregularities appeared in this region remains unclear. In
terms of the order of magnitude, the velocities of the down-
ward propagation of the disturbances are close to or higher
than the speed of the ionospheric heating along the geo-
magnetic field. This mechanism seems unlikely.

In papers (Bakhmetieva et al.,2010; Sergeev et al., 2012),
where possible mechanisms of development of an artificial
disturbance at the altitudes of the E region were discussed,
it is concluded that the main features of the additional sig-
nals do not contradict the concept that the additional sig-
nals could be due to perturbations of the E layer of the
ionosphere by the radio waves passing through the layer
(with the corresponding growth of the electron density)
and the lower part of the F; layer. When the power of
the heating facility was 70-120 MW, the electron density
in the E region could increase by 5-10%, which should lead
to an increase in the amplitude of the scattered probing
wave. The rise time of such disturbances in the E region
is 30-90 s (Gurevich, 1978, 2012). It is probable that “sub-
layer” additional signals which were observed at the height
of the E region are also due to the increase of the electron
density. Enhancement of natural irregularities with dimen-
sions over 200 m and the development of plasma instabili-
ties during heating (Gurevich, 2012) could maintain the
additional signal in short heating sessions.

For short heating periods additional signals have been
observed as an aftereffect, when the amplitude of the signal
have reached its maximum value 5-10 s after the end of the
heating. A cumulative effect has also been observed,
when there was an increase in the signal amplitude in each
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subsequent heating session. Probably, these features of the
development in time of heating effects can be provided by
the development of plasma instabilities.

This brief discussion shows that the appearance during
the pumping of backscattered signals (oblique sounding)
and additional signals (vertical sounding) at altitudes of
the E region is not yet satisfactorily explained. It can be
seen that additional theoretical studies in this direction
are required. We plan to do it in the near future.

5. Conclusion

In this paper we gave a small overview of the experimen-
tal investigations of the artificial disturbance in the lower
ionosphere using Sura heating facility. Perturbation diag-
nosis was carried out by vertical sounding at the frequency
of 2.95 MHz and oblique sounding at the frequency of
2.01-6.51 MHz Under modification of the ionosphere by
O-mode and sometimes by X-mode of the pumping wave
of the Sura facility at frequencies of 4.3, 4.7 and
4.785 MHz with an effective power of 50-120 MW artificial
disturbances on the probe signal were obtained. Additional
(in Vasil’sursk) and backscattered (in Observatory) signals
were received in two points separated by 170 km. The arti-
ficial disturbances propagated at altitudes of 40-120 km
downward from the height of the reflection of the powerful
waves that is significantly below the height of the resonant
interaction of high-power radio waves with ionospheric
plasma. They are probably related to the development of
irregularities and the perturbation of the electron density
in the E region.

Acknowledgments

The experimental studies using Sura facility were sup-
ported by the Russian Science Foundation under grant
#14-12-00556. A processing of the results of measurements
and a preparation of the manuscript were carried out with
the partial support of the Ministry of Science and Educa-
tion of the Russian Federation on grants #3.1844.2017
and #5.8092.2017.

Data used in the preparation of the manuscript are
available from the corresponding author.

References

Akchyurin, A.D., Minullin, R.G., Nazarenko, V.I., Sherstyukov, O.N.,
Sapaev, S.A., Zykov, E.Yu., 1995. The ionospheric complex GCyclony.
Tonosonde networks and stations. World data center-A for solar-
terrestrial physics, Boulder. Report UAG-104, pp. 35-36.

Allen, E.M., Thome, G.D., Rao, P.B., 1974. HF phased array observa-
tions of heater-induced spread-F. Radio Sci. 9, 905-916.

Bakhmetieva, N.V., Goncharov, N.P., Ignat’ev, Yu.A., Korotina, G.S.,
Tolmacheva, A.V., Shavin, P.B., 1989. Spatial-temporal characteristics
of inverse scattering signals from an artificial disturbed region.
Geomag. Aeron. 29 (5), 701-705.

Bakhmetieva, N.V., Bubukina, V.N., Ignat’ev, Yu.A., Bochkarev, G.S.,
Eremenko, V.A., Kol'tsov, V.V., Krasheninikov, 1.V., Cherkashin,
Yu.N., 1997. Investigation by backatter radar of artificial irregularities

produced in ionospheric plasma heating experiment. J. Atm. Sol. Ter.
Phys. 59 (18), 2257-2263.

Bakhmetieva, N.V., Belikovich, V.V., Vyakhirev, V.D., Frolov, V.L.,
Kalinina, E.E., 2010. Backscattering og radio waves by artificial
irregularities og plasma in the lower ionosphere. Radiophys. Quantum
Electron. 55 (1-2), 95-109.

Bakhmetieva, N.V., Frolov, V.L., Vyakhirev, V.D., Kalinina, E.E.,
Bolotin, I.A., Akchurin, A.D., Zykov, E.Yu., 2012. Formation of
artificial plasma disturbances in the lower ionosphere. Radiophys.
Quantum Electron. 55 (1-2), 95-109.

Belenov, A.F., Bubnov, V.A., Erukhimov, L.M., Kiselev, Yu.V., Kom-
rakov, G.P., Mityakova, E.E., Rubstov, L.N., Uryadov, V.P., Frolov,
V.L., Chugunov, Yu.Y., Ykhmatov, B.V., 1977. Parameters of
artificial small-scale ionospheric irregularities. Radiophys. Quantum
Electron. (Engl. Transl.) 20, 1240-1250.

Belikovich, V.V., Grach, S.M., Karashtin, A.N., Kotik, D.S., Tokarev,
Yu.V., 2007. The “Sura” facility: study of the atmosphere and space (a
review). Radiophys. Quantum Electron. 50 (7), 497-526. http://dx.doi.
org/10.1007/s11141-007-0046-4.

Blagoveshchenskaya, N.F., Borisova, T.D., Kornienko, V.A., Leyser, T.
B., Rietveld, M.T., Thidé, B., 2006. Artificial field-aligned irregularities
in the nightside auroral ionosphere. Adv. Space Res. 38 (11), 2503—
2510.

Blagoveshchenskaya, N.F., Borisova, T.D., Yeoman, T.K., Rietveld, M.
T., Ivanova, I.LM., Baddeley, L.J., 2011. Artificial small-scale field-
aligned irregularities in the high latitude F region of the ionosphere
induced by an X-mode HF heater wave. Geophys. Res. Lett. 38 (8),
L08802.

Blagoveshchenskaya, N.F., Borisova, T.D., Yeoman, T.K., Héggstrom,
1., Kalishin, A.S., 2015. Modification of the high latitude ionosphere F
region by X-mode powerful HF radio waves: experimental results from
multi-instrument diagnostics. JASTP 135, 50-63.

Bolotin, I.A., Frolov, V.L., Akchurin, A.D., Zykov, E.Yu., Yusupov, K.
M., 2012. Diagnostics of artificial ionospheric irregularities using
short sounding radio paths. Radiophys. Quantum Electron. 55 (1-2),
59-70.

Bond, G.E., Robinson, T.R., Eglitis, P., Wright, D.M., Stocker, A.J.,
Rietveld, M.T., Jones, T.B., 1997. Spatial observations by the
CUTLASS coherent scatter radar of ionospheric modification by high
power radio waves. Ann. Geophys. 15, 1412-1421.

Coster, A.J., Djuth, F.T., Jost, R.J., Gordon, W.E., 1985. The temporal
evolution of 3-m striations in the modified ionosphere. J. Geophys.
Res. 90, 2807-2818.

Chrisham, G., Yeoman, T.K., Sofko, G.J., 2008. Mapping ionospheric
backscatter measured by SuperDARN HF radars — Part 1: A new
empirical virtual height model. Ann. Geophys. 26, 823-841.

Franz, T.L., Kelly, M.C., Gurevich, A.V., 1999. Radar backscattering
from artificial field-aligned irregularities. Radio Sci. 34, 465-475.
Frolov, V.L., Bakhmet’eva, N.V., Belikovich, V.V., Vertogradov, G.G.,
Vertogradov, V.G., Komrakov, G.P., Kotik, D.S., Mityakov, N.A.,
Polyakov, S.V., Rapoport, V.O., Sergeev, E.N., Tereshchenko, E.D.,
Tolmacheva, A.V., Uryadov, V.P., Khudukon, B.Z., 2007. Modifica-
tion of the earth’s ionosphere by high-power high-frequency radio

waves. Phys. Usp. 50 (5), 315-324.

Frolov, V.L., Komrakov, G.P., Kunitsyn, V.G., Padokhin, A.M.,
Vasiliev, A.E., Kurbatov, G.A., 2010. Sounding of the perturbed
ionosphere of a radiation of the SURA heating facility by signals of
GPS navigation satellites. Radiophys. Quantum Electron. 53 (7), 379-
400.

Grach, S.M., Sergeev, E.N., Mishin, E.V., Shindin, A.V., 2016. Dynamic
properties of ionospheric plasma turbulence driven by high-power
high-frequency radiowaves. Phys. Usp. 186 (11), 1091-1128. http://dx.
doi.org/10.3367/UFNe.2016.07.037868.

Gurevich, A.V., 1978. Nonlinear Phenomena in the Ionosphere. Physics
and Chemistry in Space, vol. 10. Springer-Verlag, New York Inc., p.
380.

Gurevich, A.V., 2007. Nonlinear effects in the ionosphere. Phys. Usp. 177
(11), 1145-1177.


http://refhub.elsevier.com/S0273-1177(17)30532-X/h0010
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0010
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0015
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0015
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0015
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0015
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0020
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0020
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0020
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0020
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0020
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0025
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0025
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0025
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0025
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0030
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0030
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0030
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0030
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0035
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0035
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0035
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0035
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0035
http://dx.doi.org/10.1007/s11141-007-0046-4
http://dx.doi.org/10.1007/s11141-007-0046-4
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0045
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0045
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0045
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0045
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0050
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0050
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0050
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0050
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0050
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0055
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0055
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0055
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0055
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0060
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0060
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0060
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0060
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0060
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0065
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0065
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0065
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0065
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0070
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0070
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0070
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0075
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0075
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0075
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0080
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0080
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0085
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0085
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0085
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0085
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0085
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0085
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0090
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0090
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0090
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0090
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0090
http://dx.doi.org/10.3367/UFNe.2016.07.037868
http://dx.doi.org/10.3367/UFNe.2016.07.037868
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0100
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0100
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0100
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0105
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0105

1930 N.V. Bakhmetieva et al. | Advances in Space Research 61 (2018) 1919-1930

Gurevich, A.V., 2012. Nonlinear Phenomena in the lonosphere. Springer-
Verlag, Berlin and Heidelberg GmbH & Co. K, Berlin, Germany, p.
372.

Hedberg, F., Derblom, H., Thide, B., Kopka, H., Stubbe, P., 1983.
Observation of HF backscatter associated with the heating experiment
at Tromso. Radio Sci. 18, 840-850.

Hysell, D.L., Kelley, M.C., Yampolski, Y.M., Beley, V.S., Koloskov, A.
V., Ponomarenko, P.V., Tyrnov, O.F., 1996. HF radar observations of
decaying artificial field-aligned irregularities. J. Geophys. Res. 101,
26981-26993.

Hysell, D.L., 2008. 30 MHz radar observations of artificial E region field-
aligned plasma irregularities. Ann. Geophys. 26, 117-129.

Kagan, L.M., Nicolls, M.J., Kelley, M.C., Frolov, V.L., Belikovich, V.V.,
Bakhmet’eva, N.V., Komrakov, G.P., Nedzvetski, D.I., Uryadov, V.
P., Yampolski, Yu.M., Galushko, V.G., Koloskov, A.V., Zalizovski,
A.V., Kascheev, S.B., Blagoveshenskaya, N.F., Kornienko, V.A.,
Borisova, T.D., Gurevich, A.V., Vertogradov, G.G., Vertogradov, V.
G., Trondsen, T.S., Donovan, E., 2006. Optical and radio frequency
diagnostics of the ionosphere over the Sura facility: review and results.
Radiophys. Radioastron. 11 (3), 221-241.

Mishin, E., Watkins, B., Lehtinen, N., Eliasson, B., Pedersen, T., Grach,
S., 2016. Artificial ionospheric layers driven by high-frequency
radiowaves: an assessment. J. Geophys. Res.: Space Phys. 121 (4),
3497-3524. http://dx.doi.org/10.1002/2015JA021823.

Minkoff, J., Kugelman, P., Weissman, 1., 1974. Radio frequency scattering
from a heated ionospheric volume, 1. VHF/UHF field-aligned and
plasma-line backscatter measurements. Radio Sci. 9, 941-956.

Rietveld, M.T., Kosch, M.J., Blagoveshchenskaya, N.F., Kornienko, V.
A., Leyser, T.B., Yeoman, T.K., 2003. Ionospheric electron heating,
optical emissions, and striations induced by powerful HF radio waves
at high latitudes: aspect angle dependence. J. Geophys. Res.—Space
Phys. 108 (A4), 1141. http://dx.doi.org/10.1029/2002JA009543.

Robinson, T.R., Stocker, A.J., Bond, G.E., Eglitis, P., Wright, D.M.,
Jones, T.B., 1997. O- and X-mode heating effects observed simultaneously

with the CUTLASS and EISCAT radars and low power HF
diagnostics at Troms0. Ann. Geophys. 15, 134-136.

Sergeev, E.N., Zykov, E.Yu., Akchurin, A.D., Nasyrov, [.A., Ver-
togradov, G.G., Vertogradov, V.G., Kim, V.Yu., Polimatidi, V.P.,
Grach, S.M., 2012. Results of integrated studies of the perturbed
ionosphere region using short-wave ranging in a wide frequencyband
and artificial RF radiation of the ionosphere. Radiophys. Quantum
Electron. 55 (1-2), 79-93.

Stubbe, P., 1996. Review of ionospheric modification experiments at
Tromso. J. Atmos. Terr. Phys. 58, 349-368.

Stubbe, P., Kopka, H., Lauche, H., Rietveld, M.T., Brekke, A., Holt, O.,
Jones, T.B., Robinson, T., Hedberg, A., Thidé, B., Crochet, B., Lotz,
H.-J., 1982. Tonospheric modification experiments in northern Scan-
dinavia. J. Atmos. Terr. Phys. 44 (12), 1025-1041.

Uryadov, V.P., Vertogradov, G.G., Ponyatov, A.A., Vertogradov, V.G.,
Kubatko, S.V., Cherkashin, Yu.N., Krasheninnikov, I.V., Komrakov,
G.P., Valov, V.A., 2008. Structure and dynamics of the region of the
ionosphere with artificial small-scale irregularities from comprehensive
measurements of the characteristics of the scattered radiowaves.
Radiophys. Quantum Electron. 51 (12), 910-922.

Vas’kov V.V., Gurevich A.V., 1979. Self-focusing and resonance instabil-
ity in the F region of the ionosphere. In book “Thermal nonlinear
phenomena in plasma” (in Russian), Gorky, IPF RAN, pp. 81-138.

Vertogradov, G.G., Vertogradova, E.G., Uryadov, V.P., Vertogradov, V.
G., Komrakov, G.P., Krasheninnikov, I.V., Cherkashin, Yu.N.,
Valov, V.A., Bredikhin, D.V., Makarov, A.V., 2012. Cluster structure
of artificial ionospheric turbulence according to the data of the radar
measurements by the radio-direction finder ionosonde. Radiophys.
Quantum Electron. 55 (1-2), 1-13.

Yeoman, T.K., Chisham, G., Baddeley, L.J., Dhillon, R.S., Karhunen, T.
J.T., Robinson, T.R., Senior, A., Wright, D.M., 2008. Mapping
ionospheric backscatter measured by the SuperDARN HF radars —
Part 2: Assessing SuperDARN virtual height models. Ann. Geophys.
26, 843-852.


http://refhub.elsevier.com/S0273-1177(17)30532-X/h0110
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0110
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0110
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0115
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0115
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0115
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0120
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0120
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0120
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0120
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0125
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0125
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0125
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0130
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0130
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0130
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0130
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0130
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0130
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0130
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0130
http://dx.doi.org/10.1002/2015JA021823
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0140
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0140
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0140
http://dx.doi.org/10.1029/2002JA009543
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0150
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0150
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0150
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0150
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0155
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0155
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0155
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0155
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0155
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0155
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0160
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0160
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0165
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0165
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0165
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0165
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0170
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0170
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0170
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0170
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0170
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0170
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0180
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0180
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0180
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0180
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0180
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0180
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0185
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0185
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0185
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0185
http://refhub.elsevier.com/S0273-1177(17)30532-X/h0185

	The lower ionosphere response to its disturbances by powerful �radio waves
	1 Introduction
	2 Experiment description
	3 Experimental results
	3.1 Vertical sounding of the disturbed ionosphere. Vasil’sursk observations
	3.2 Oblique sounding of the disturbed ionosphere. Kazan observations

	4 Discussion
	5 Conclusion
	Acknowledgments
	References


