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IONOSPHERIC EFFECTS OF SOLAR FLARES
AND EARTHQUAKE ACCORDING TO DOPPLER FREQUENCY
SHIFT ON AN INCLINED RADIO PATH

Abstract. The effects in the ionosphere and the fine structure of ionospheric response to the action of X-ray and
ultraviolet radiation of C1.7 - M5.2 classes flares occurred during solar cycle 24 (2014-2016) have been studied. The
study was carry out using method of Doppler sounding of the ionosphere on an inclined radio path with a high time
resolution (sampling frequency 25 Hz), which is based on the principle of the phase locked loop (PLL). It was shown
that the intensity of C3.0-class solar flares is a minimum threshold when the appearance of disturbances in the
ionosphere could be detected by the Doppler frequency shift (DFS) method. Solar flares less than C3.0-class were
not reflected in Doppler frequency variations. The most expressed ionospheric response, recorded in the Doppler
frequencies, occurred to X-ray flares with a sharp onset, flares with a smooth increase intensity gave a much less
response. An unusual effect of the appearance of high-frequency component in Doppler frequency records in the
interference beat form has been detected, indicating the occurrence of ionized heterogeneities in the ionosphere
during solar flares. The appearance of high frequency component on the Doppler frequency shift records was also
registered during the M5.1 earthquake. The application of Doppler frequency shift method that use the PLL loop has
greatly expanded the ability to record and analyze the mechanisms of appearance the ionospheric disturbances during
solar flares and earthquakes.
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1. Introduction. Solar flares are manifested themselves by bursts of radiation flux in all ranges of the
electromagnetic spectrum from radio waves to X-rays and is the pulse energy source causing short-term
disturbances in the ionosphere. The main disturbance effect on the ionosphere in solar flares is X-ray and
extreme ultraviolet radiation (EUV). The X-ray flux emitted during the flare can increase by several
orders. The X-ray and EUV bursts lead to a marked increase in the electron concentration in the
ionosphere, depending on the spectral distribution of energy, which eventually, is shown in variations of
Doppler frequency at the respective frequencies in the region of radio wave reflection. Various methods
and instruments are used to investigate ionospheric disturbances, including vertical sounding ionosondes,
incoherent scatter radars, transionospheric sounding by GPS navigation satellite signals, etc. The most
effective of the well-known ionosphere methods is Doppler shift sounding. This study uses the method of
Doppler measurements developed at the Ionosphere Institute [1], which is based on the principle of the
phase-locked loop (PLL). This method was used for remotely detect disturbances in the ionosphere during
industrial and underground nuclear explosions [1-4], for registration of ionospheric signatures to launch
vehicles [5] and study of lithospheric-atmospheric-ionospheric coupling in earthquakes [4]. The advantage
of this method is high time resolution, high accuracy of Doppler frequency measurements under multipath
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signal conditions, possibility to organize round-the-clock continuous observations, which allows to detect
short-term processes in the ionosphere with high time and frequency resolution [6-8]. The purpose of the
study was to investigate the characteristics of ionospheric response to solar flares of different classes
according to the data on Doppler sounding of ionosphere.

2. Methology. Continuous Doppler sounding of the ionosphere was performed during 38 solar flares
that occurred during the period 2014-2016 of 24-th solar cycle. Doppler measurements of signals reflected
from the ionosphere were carried out on a different inclined radio path (sampling frequency 25 Hz), using
signals from radio transmitters located in China, Kyrgyzstan and Kuwait. Information about solar flares
was obtained from the site (www.tesis.lebedev.ru). The intensity of X-ray flux in the energy range
0.5-10 keV (wavelength 0.5-8 A) was analyzed according to the data of satellite GOES-13
(ftp:/ft/ftp.swpc.noaa.gov/pub); radio flux density at 27.8 cm (F27.8) and 10.7 cm (F10.7) - according to
the Callisto solar radio spectrograph data (www.ionos.kz), which located on Radiopoligon Orbita; extreme
solar ultraviolet (0.1-7 nm) - according to the data of extreme ultraviolet spectrophotometer ESP. QUAD
of the NASA Solar Dynamics Observatory (SDO) satellite (http:/p.color.edu/eve/data). Extreme
ultraviolet has the greatest effect on the F2 region of the ionosphere [9] and the lower layer of the
ionosphere (D-region) is most affected by X-ray radiation. lonospheric regions from altitudes of 110 km to
200 km respond to ionizing X-ray as well as ultraviolet radiation. The paper highlights the most
characteristic Doppler frequency shift (DFH) records of X-ray solar flares. The work presents the most
characteristic Doppler Frequency Shift (DSH) records during X-ray solar flares.

3. Results. Doppler measurements during the C3.0-class flare of May 12, 2015 were carried out on an
inclined radio path between points Urumgqi, China (44.133N 86.883E) - Radiopoligon Orbita, Kazakhstan
(43.058N 76.973E). A radio transmitter with a capacity of 100 kW (f=5960 kHz) of a radio broadcasting
station located in Urumcius was used. The radio receiver of the Doppler measurements was located in
Radiopoligon Orbita. A transmitter with a power of 100 kW (f= 5960 kHz) of a radio broadcasting station
located in Urumqi (China) and a radio receiver located on the Radiopoligon Orbita (Kazakhstan), were
used. The distance (D) between the radio transmitter and the radio receiver is 808.55 km. To determine the
radio wave reflection height between Urumqi - Radiopoligon Orbita, an ionospheric electron
concentration profile was used, which was calculated using a model IRI-2012 (figure 1). The reflection
height of the radio wave for the common component, calculated taking into account the electron
concentration profile and the data of model IGRF12, was 179.712 km. (Figure 1a).
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Figure 1 — Profile of electron concentration for time 11:45:00 (GMT) calculated according to model
IRI-2012 (a) and trajectory of radio path of signal transmission (f = 5960 kHz) from Urumchi to Radiopoligon Orbita (b).
The vertical line indicates a point on the curve where the ionosphere electron concentration corresponds to the reflection point
of radio wave at height of 179.712 km, F1-region of ionosphere

Increase the intensity of X-ray and ultraviolet radiation lead to an increase the electron concentration
in the ionosphere during the flare. It’s the rate of change in electron concentration that is being leaded the
response Doppler shift during the flare. Figure 2 show graphs of X-ray, extreme ultraviolet and radio
(right Y-axis), and Doppler frequency shift of ionospheric signal (left Y-axis) during the solar flare. The
obtained data demonstrate the obvious relationship of Doppler frequency shift with dynamic of basic
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indicators of solar activity during C3.0-class flare. The graph shows that the maximum amplitude of
Doppler shift (reflection height 179.7 km) corresponds to the initial step of increasing the rate of the
ionizing EUV and X-ray flow. And as ultraviolet and X-ray intensity maximizes, Doppler frequency shift
variations return to the background level. In contrast to X-ray and EUV, changes of radio flux (F10,7 and
F27,8) during flare were more short-lived with the expressed exit to a maximum, just as in the Doppler
shift.
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Figure 2 — Ionosphere response to C3.0-class flare in variations of Doppler frequency shift (Fd)
on an inclined radio path Urumgqi - Radiopoligon Orbita (left Y-axis) and EUV (right Y-axis); X-ray long (0.1 - 0.8 nm)
and X-ray short (0.05 - 0.4 nm) and solar radiation flux density Fio,7 and F27s (right Y-axis). X-axis — time in seconds
from the beginning of the day May 12, 2015

The pulse effect of flare electromagnetic energy on the ionosphere allows determining inertia-time
constant of the ionosphere at specific heights. The concept of inertia-time constant of ionosphere was first
implemented by E.V. Appleton in 1953 [10]. A comparison the time of exit on a maximum of X-ray and
EUYV relative to the onset ionospheric response to the solar flare by Doppler data is presented in table 2.

Table 2 — Time of an exit to a maximum of Doppler frequency shift, intensity X-ray and EUV radiation
from the beginning of ionospheric reaction to the solar flares

Doppler frequency shift Fd X-ray short X-ray long EUV
0,05 -0,4 nm 0,1 -0,8 nm 0,1 -7 nm
84s 166s 224s 277s

During the C3.0-class solar flare, which occurred on May 12, 2015, the ionosphere time constant for
the height of 179 km, determined by the Doppler method, was 84 seconds, which is much in line with D.
M. Baker, K. Davies calculations [11]. Analysis of the data (table 2) and the graphs (figure 2) showed that
X-ray reached the maximum intensity more rapidly, than the output to the maximum of ultraviolet
radiation. While the time of peak response in the Doppler shift was significantly less. Given that the
Doppler shift changes proportional to the rate change of total electron content [9], it can be assumed that
mainly X-ray short determines the ionospheric response in Fl-region to a flare compared to the EUV,
which has a predominant effect on the F2-region [12]. It is noted that the most expressed response of
Doppler frequency shift occurs to X-ray flares with sharp start. In contrast, X-ray with a smooth escalating
is accompanied by a significantly smaller response in the Doppler frequency shift.
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In order to determine threshold sensitivity of Doppler method for detection of disturbances in
ionosphere, Doppler frequency shift records were analyzed in case of weak solar flares of different
intensity of C1.7-C3.0 class, which occurred sequentially within one day. Table 3 shows the main
characteristics of the 4 solar flares on May 12, 2015 (tesis.lebedev.ru).

Table 3 — Characteristics of C1.7-C3.0-classes solar flares that occurred on May 12, 2015

Solar flare Active Beginning | Maximum End
class area GMT
C2.6 2339 02:15:00 03:02:00 03:42:00
C2.2 2339 04:27:00 04:32:00 04:37:00
Cl1.7 2339 10:40:00 10:46:00 10:50:00
C3.0 2339 11:45:00 11:51:00 11:56:00

It has been established that flares of less than C3.0-class did not impinge on the Doppler frequency
shift recordings. The ionospheric response was recorded only for C3.0-class flares, the intensity of which
may be considered to be a threshold for such ionosphere condition, which is accompanied by Doppler
frequency shift.

In order to determine the effects of the solar flares on the upper and lower layers of ionosphere,
simultaneous of the Doppler measurements were made on the inclined radio path of Kuwait —
Radiopoligon Orbita (f=15090 kHz, D=3007.211 km) and Urumchi — Radiopoligon Orbita (f=7260 kHz,
D=808,546 km). The frequencies of the radio transmitters were specifically selected so that the radio wave
reflected from the F2-region and the F1-region of ionosphere. The height of reflection of the radio wave
was determined by the method described above. The radio frequency f=7260 kHz was reflected from the
height 185.650 km. A radio signal from Kuwait came to the reception area in two hops, reflecting from
292 km of F2 region of the ionosphere. According to the GOES-13 and SDO satellite (NASA) data,
during the C5.1-class flare on July 07, 2016, there were bursts in the X-ray and ultraviolet fluxes (Figure
3). The response of ionosphere to the flare was recorded on the DFS records at f=15090 kHz (duration of
disturbance - 324s, Doppler shift amplitude - 1.302 Hz) and on the DFS records at =7260 kHz (duration
of disturbance - 750s, maximum Doppler shift amplitude reached 2.698 Hz).

Ch.1-class solar flare July 7, 2016
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Figure 3 — Ionosphere response to C5.1-class solar flare in variations of Doppler frequency shift:
a) — X-ray long (0.1 - 0.8 nm) and X-ray short (0.05 - 0.4 nm); b) — EUV (0,1 - 7 nm); c¢) — variations of Doppler frequency shift
on an inclined radio path Urumgqi - Radiopoligon Orbita (7260 kHz) and Kuwait - Radiopoligon Orbita (15090 kHz).
X-axis — time in seconds from the beginning of day July 7, 2016
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Figure 3c shows a significant difference in the duration of DFS perturbations on different radio paths,
as well as appearance of a distinct zug with oscillations with periods from 179s to 240s (f=7260 kHz).
Comparison of DFS variation records at two different frequencies suggests that the Fl-region of the
ionosphere is more sensitive to X-ray and ultraviolet radiation than the F2-region. Noted, that there are no
periods in X-ray and EUV fluxes that could correlate with periods that had arisen in the zugs of Doppler
frequency variations (figure 3). This suggests that the appearance of a clear zug of oscillations in DFS may
be due to the passage of acoustic gravity waves (AGW) at the heights of radio wave reflection at a
moment of X-ray and ultraviolet effects on the ionosphere.

Analysis of monitoring results of DFS at radio path Urumgqi - Radiopoligon Orbita (860 km) and Red
River - Radiopoligon Orbita (164 km) revealed the appearance of high-frequency component in the
interference beat form on the Doppler records during two solar flares. The characteristics of solar flares
are shown in table 3.

Table 3 - Characteristics of solar flares March 9, 2015 and May 8, 2014

Date Solar flare Active area Beginning Maximum End
dd, mm, yy class o BpeMenu GMT
09.03. 2015 C4.0 2297 10:02:00 10:08:00 10:16:00
05,08. 2014 M5.2 2056 10:59:00 10:07:00 10:18:00

Data processing allowed us to identify the appearance a high-frequency component on the DFS
records about 2.5 minutes before the main ionospheric response to C4.0-class flare and after it
(figure 4a).The calculation of amplitude dynamic spectrum of the high-frequency component revealed
Doppler frequencies in the range of 0.66 Hz to 12.5 Hz. (figure 4b).
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Figure 4 — Ionosphere response to C4.0-class solar flare March 9, 2015: Doppler frequency shift (a)
on an inclined radio path Red River — Radiopoligon Orbita and (b) dynamic spectrum of DFS amplitude
in the range of 0,66 -12,5 Hz. X-axis — time in seconds past 00 hour (GMT)

The appearance of high frequency component in DFS variations was also recorded during M5.2-class
flare August 5, 2014 (figure 5). Comparison of figures 4 and 5 shows the dependence of the expression
and duration of these effects on the intensity of the solar flares. In a case of C4.0-class flare the duration of
a high frequency disturbance in ionosphere was approximately 400 seconds, DFS amplitude reached 1Hz,
and for the M5.2-class flare with perturbation duration of more than 1,000 seconds, the DFS reached
magnitude of 3Hz. The appearance of high-frequency variations in DFS during solar flares of the C4.0 and
M5.2 classes is quite a rare effect, significantly different from our previous observations, as well as those
described in the literature.
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fd{t}, Hz Radio path: Urumchi - Radiopoligon Orbita August 8, 2014
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Figure 5 — Ionosphere response to M5.2-class solar flare May 8, 2014 in variations of Doppler frequency shift on Urumchi -
Radiopoligon Orbita radio path. The upper graph (red) is variations of DFS and its low frequency component (black line).
The lower graph (blue) is a high frequency component in variations of DFS. For ease of analysis,
the lower chart is shifted along the Y axis. X-axis — time in seconds past 00 hour (GMT)

The appearance of high frequency variations in Doppler frequencies of ionospheric signal was also
recorded during the earthquake. For an example we will consider the results of Doppler frequency shift
registration during the earthquake occurred on March 15, 2015 at 14:01:01 by GMT, my=5.1 Epicenter
coordinates: 42.92N and 76.89E. The earthquake occurred 30 km south from Almaty town and felt in
Almaty town with intensity 4 by MSK-64 scale (www.kndc.kz). Figure 6 shows the epicenter location
relative to the radio path Red River - Radiopoligon Orbita. Design azimuth in direction from transmitter to
receiver was 72,144 °, distance from transmitter to receiver - 204 km. Calculation of the trajectory of radio
waves for frequency f=4010 kHz was carried out by the computer program according to the IGRF12
model for the common component taking into account the magnetic field (calculation of radio path was
performed by V.M.Krasnov).
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Figure 6 - Layout of radio path Red River (Tx) — Radiopoligon Orbita (Rx) relative to
the earthquake epicenter March 15, 2015

The following parameters of the radio track were determined by calculation: height of reflection of
radio waves (182.26 km), distance from the reflection point of the transmitter (110.43 km), distance from
the epicenter of the earthquake to the projection of the reflection point of radio waves to the Earth
(93.7 km), azimuth (262°), distance from the epicenter to Radiopoligon Orbita (16.8 km), azimuth (23.7°),
distance from the epicenter to the point of radio waves reflection (84.22 km), azimuth (264 748°). This
location of the epicenter relative to the radio path makes it possible to detect disturbances from the
different ionospheric layers: from F2-region (estimated height 182.26 km) and the lower ionosphere
layers. Analysis of the Doppler measurements showed that 5 minutes after earthquake, high frequency
variations appeared on the records of the Doppler frequency shift as the outcome of additional beams
arrival, which formed interference beat with a large amplitude beam at the input of Doppler radio receiver
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(figure 7a). Calculations demonstrated a marked increase in the Doppler dynamic power spectrum in the
range of 5-12 Hz in 4 min 51s after mainshock (figure 7b). Note that this time is quite sufficient to
propagate the perturbation from the lithosphere to the heights of the ionosphere.

Radio path: Red River - Radiopoligon Orbita 15.03.2015
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Figure 7 — Ionospheric response to M5.1 earthquake in variations of Doppler frequency shift
a) - high frequency variations of Doppler frequency shift (dark plot section);
b) - dynamic power spectrum of Doppler frequency shift variations (f=5-12 Hz).
X-axis — time from the beginning of the day March 15, 2015

The reflection of smaller-amplitude radio wave appears to have occurred when the radio signal
passing above the earthquake epicenter. According to [13], additional ionized layers may be formed in the
lower ionosphere at heights of 40-80 km above the earthquake preparation zone, which is in the opinion of
by pulling the metal ions from the troposphere into the upper atmosphere by means of an anomalous
electric field. There were no disturbances in the Doppler frequency shift associated with the earthquake
preparation on March 15, 2015. In particular, this can be explained by the fact that the projection on Earth
of the radio wave reflection point was not under the earthquake epicenter, but at a distance of 93.7 km in
the north-east direction along the radio path Red River - Radiopoligon Orbita.

4. Resume. The effects in the ionosphere and the fine structure of ionospheric response to the action
of X-ray and ultraviolet radiation of C1.7 - M5.2 classes flares occurred during solar cycle 24 (2014—
2016) have been studied. The study was carry out using method of Doppler sounding of the ionosphere on
an inclined radio path with a high time resolution (sampling frequency 25 Hz), which is based on the
principle of the phase locked loop (PLL). It was shown that the intensity of C3.0-class solar flares is a
minimum threshold when the appearance of disturbances in the ionosphere could be detected by the
Doppler frequency shift (DFS) method. Solar flares less then C3.0-class were not reflected in Doppler
frequency variations. The most expressed ionospheric response, recorded in the Doppler frequencies,
occurred to X-ray flares with a sharp onset, flares with a smooth increase intensity gave a much less
response. Against the background of disturbances in the ionosphere in solar flares, the appearance of zugs
was recorded, which are detected during the passage of acoustic-gravitational waves (AGV) in the
ionosphere. An unusual effect of the appearance of high-frequency component in Doppler frequency
records in the interference beat form has been detected, indicating the occurrence of ionized
heterogeneities in the ionosphere during solar flares. The appearance of high frequency component on the
DFS records was also registered during the M5.1 earthquake, though the mechanisms of the occurrence of
additional ionized regions in the lower ionosphere in earthquake and solar flares are different. The
application of Doppler frequency shift method that use the PLL loop has greatly expanded the ability to
record and analyze the mechanisms of appearance the ionospheric disturbances during solar flares and
earthquakes.
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H.M.Canuxos, I'./I.I1ak
JATOO «Honochepa uncturytey AK HIIKUT, Anmater, Kazakcran

KOJIBEY PAIJMOTPACCAJIA KUIJIIKTIH JOIVIEPJIIK KBLJI’KY JEPEKTEPI
BOMBIHIIA KYH )KAPKBLIJIAPbI MEH )KEP CLJIKIHICTEPIHIH HOHOC®EPAJIBIK 9CEPJIEPI

Annoranusi. Monocdepanarsl acepnecinep xxone Ky Oencenpinirinig 24 nukmi (2014-2016 xok.) iminge
6omran C1.7 - MS5.2 wiacTel KYH TYTaHy Ke3iHJIE PEHTI€H >KOHE YJBTPAKYJriH COYJIENEeHYIIH oCepiHeH XyKa
KYPBUIBIMBLIBI TepOernicrep 3eprreni. XKymbicra Monocdepa MHCTUTYTBIHIA S3IpJCHICH JOIUIEPIIiK euliey oici
KOJITaHBUIBI, OHBIH HETi3iHJe >KUUIKTI (azanblk aBronoacrporkacsHbiy ireridi (QKDAP) H xymbic npuHIMI
JKaTelp. Bys1 onic ©HEepKaciNTiK JKoHE >Kep acThl SAPOJIBIK JKapbUIBICTApIbl JKYPri3y Ke3iHae HoHOocdepasarsl
Hapa3bUIBIKTApIbl KAIBIKTBIKTAH aHBIKTAY YIIiH, 3bIMBIPaH TACHIFBIIITApPB! YIIBIPY Ke3iHJAe MOHOC(EpaHbIH YHIH
TIpKey VILIIH JKOHE Xep CUIKiHici Ke3iHae JHuToc(hepalbiK-aTMochepalbIK-HoHOChepanblK OaiianbicTapabl 3epTTey
Ke3iH/I¢ KOJIAAHBULABL. OJICTiH apTHIKIIBUIBFBI KOFAPHl YaKbITIIA pyKcat (25 Tl AUCKPETTey KULIITi), KO COyIIeNiK
CUTHaJl JKardalblHAA JOIJIEPIK JKUUTIKTEpAl OJIIEYIiH MXOFapbl IOJAIr, TOyJiK OOHbI Y3MiKCi3 OaxbuIaybl
yibIMIacTeIpy MYMKiHZIr Oombin Tabbutansl. JJorutepiik emmeynep Keitaid, Kplpreizcran sxone KyBelT opHanackan
panroxabap TapaTKbIIITapbIHBIH CUTHAIAAPHIH NaliadaHa OTEIPHII, TYPIl Kesdey paguoTpaccaiapia KYpri3iiii.

Honocdepanarsl aybITKy1apbl aHBIKTAY YIIIH JOIUIEPIIK SICTIH MIEKTI Ce3IMTaNIBIFbIH aHbIKTay MaKCcaThIHAA
C1.7-C3.0 xnachHBIH 9p TYPJl KapKbIHABUIBIFEI 9Jci3 KyH KapKpuIbl Ke3iHIE >KUUIIKTIH JOIUIEPIIK BIFBICYBI
»kasbanapblHa Tajnay JKacauabl, Olp KyH imiHzge periMeH opbiH angsl. C3.0 KiacklHAArbl KYH JKapKbUIBIHBIH
KapKbIHJBUIBIFBI MOHOC(Epana aybITKyJIap/blH Maiaa OOJybl KHIMIKTIH JOIUICPIIK JKBUDKY SIICIMEH TipKeyre
OomaTteiH €H a3 mekTi Ooibin Tadbutanel. TyTaHy kiacbiHa a3-3.0 emec TUrizai jkaz0ajapbiHIA JOMIIEPOBCKOTO
BIFBICYBI )KUUIIKTI HOHOC(EPHOTO CHUTHAJL.

Jomnepimik >KUUTIKTIH KBUDKYBIH/IA TIpKeJITreH MOHOC(epaHbIH €H alKbIH KepiHici KypT OacTaimysl 6ap KYH
PEHTIeHIIK )KapKblIFa allHaJI/Ibl, KApKBIHABI 0asty epIy aiTapibIKTai a3 YH Oepai.

HonocepaHbIH JKOFapFbl KoHE TOMEHI'T KabaTTapblHa KYH TYTaHy SCEpiHIH €peKIIENIKTEePiH aHbIKTay YIIiH
Kyse#iT - opouransis paguononurons! (f=15090 k', D=3007,211 km) »xoHe YpymMuH - OpOUTaHBIH PaANOIIOIUTOHBI
(f=7260 xI'u, D=808,546 km). Kenbey panuoTrpaccanapblHaa )XUUTIKTIH AOIUIEPIIK XKBUDKYBIH Oip Me3riije ejmey
Kyprizingi. PaamoTapaTKeluiTapslH OKAUTIKTEpl paauoTONKBIHIAp uoHochepanbiH F2 xone F1-alimareiHan
KepiHeTiHzel apHaiibl Tapnanral. Kyseiirren (f=15090 k') Pagnocurnan kaOeiinay mMyHKTiHE HOHOC(EpaHbIH 292
kM F2 OwuikTiriHeH KepiHe OTBIPBIN, €Ki CeKipy apKbpUIbl Kenai. ©Op Typii paguorpaccanapaa KK kosy
Y3aKTHIFBIHIAFBl eyl albIpMAIIBUIBIK, coHpai-aK f=7260 k['1 skwuiniriage 179c-tan 240c-ka neitiHri e3repmerni
Ke3eHMEH TepOericTepaiH alKbIH IyT Haiaa 00ybl OeiriieH .

PeHTreH »oHe yIBTPaKyJTiH CoylelieHyAe JOIUICpPIiK JKUUTIKTIH MyrblHAA Naiaa OoiFaH Ke3eHaep KoK. by
KJTK Hyckanapsiaia TepOenicTepiiH HaKThl I[yTrachIHBIH Maiiia 60iysl KyH KapKbUIbl PEHTTSH JKOHE YIbTPAKYJITiH
COyJeNeHyIiH HWOHOcepacklHa ocep €Ty COTIHIE paJAWOTONKBIHHBIH IIAFBUIBICY OWIKTITIHIE aKyCTHKO-
rpaBUTAMSIIBIK TONKBIHAApAbIH (AI'T) eryiHe OaimaHbICTBl OOybl MYMKiH. EKi Typii >KHUTIKTEri aoriepiiik
aybICyIbIH BapHalus >kaz0anapbiH cajiblcTeipy Fl-monocdepa aiimarsl F2 aiimarblHa KaparaHIa peHTIEHIIK YKOHE
YIIBTPaKYIITiH CoyJICNIEHYAIH dcepiHe aca ce31MTall IeN NaibIMaayFa Heri3 Oeperi.

WHuTepdepeHMsIbl  COKTBIFBICTAD  TYPIHAETl JOIJIEPIK OSKUUIIKTEpAIH YakbITIIa BapUalWsUIapbIHBIH
yKa30anapbIHAA JKOFaphl XKHUUTIKTI KYpayIIbIHBIH Hakaa O0ybIHBIH epeKIlIe dcepi aHBIKTalAbl, 01 HoHOochepana KyH
JKapKbU1Iapbl Ke3iH/1e HOHAANFaH OIpTEeKTUTIKTIH Haliaa O0IybIH KyaJIaH/IbIPaIbl.

C4.0 xone MS5.2 xiaccrarbl KYH TYTaHy Ke3iHIE HMOHOC(EpalbIK CHUTHAJJIBIH JKUUIITiHIH JOIUIEPIIK BIFBICY
BapHalUsUTAPBIH/IA KOFAPBI KUUTIKTI KypaMIaybIIITHIH Maiiia 00aysl Oy Oi311iH alIbIHFEI OaKbUIAyIapaH, COHIAM-
aK oneOMeTTe CHUNATTAIFaH alTapibIKTali epeKIilesieHeTiH oTe cupek acep. Monocdepanbik curnamapiy KK
»ka30anapblHAa JKOFAapbl JKUUTIKTI KypaylIBIHBIH Maiina Oouybl, COHJal-ak Jkep CulkiHici ke3iHge wmb=5.1
MarHuTyJachl TipKenreH, Oipak TeMeHri noHocdepasa KYH >KapKbUIIaphl )KoHE JKep CUIKiHICI Ke3iHAe KOChIMINa
MOH/IaNFaH 00JIBICTAp IbIH ITakia 60Ty MeXaHU3MAEPl OPTYPIIl eKeHiH KepceTe i

KDAP inMerin mnaipanaHa OTBIPBIN, >KUUIIKTIH JIOMIUICPIIK JKBUDKYBIH TIpPKEY oJiCiH KOJjJaHy, KYH
JKapKbpUIIapbl KQHE JKep CUIKIHICI Ke3iHxe HoHocdepana YHBITKYIapIblH Iaiaa 0oy MexXaHU3MIEpiH Tajnay
MYMKIH/ITH e1oyip KeHeHTe .

Tyiiin ce3mep: KomIepIliK )KUUIIK BIFBICYBI, HOHOC(EPaA, KYH JKapKbUIIAPHL, JKep CUIKiHiCI.
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HOHOC®EPHBIE Y®®EKTbHI COJTHEYHBIX BCHOBIIIEK U 3EMJETPACEHU
IO JIAHHBIM JOIJIEPOBCKOI'O CJIBUTA YUACTOTHI HA HAKJIOHHOM PATMOTPACCE

Annotanmsi. MccnenoBansl 3¢ ¢ekTsl B HoHOC(hEpe 1 TOHKAs CTPYKTYpa OTKIMKa HOHOC(EPH! Ha BO3/IEiCTBHIE
PEHTTEHOBCKOTO W YJIBTPA(QHOIIETOBOTO H3IYyYCHHH BO BpeMs CONHEYHBIX Bembimek kimacca C1.7 - MS5.2,
npousomenmux 3a mnepuon 2014-2016 rr. B TedeHue 24 mUKIa COTHEYHON aKTHBHOCTH. B paboTe mcmoip3oBaimn
METOJ TOTICPOBCKHUX M3MEPEHHH, pazpaboTaHHbIi B MHCTHTYTE HOHOC]EPHI, B OCHOBE KOTOPOTO JICKUT IIPHHITUT
pabotel meTiu (asoBoit aBTOmOACTPOMKH dacToThl (DPAITY). DTOT METOm NPUMEHSUICS IS TUCTAHIIMOHHOI'O
oOHapy>XeHHUs] BO3MYIIIEHUH B HOHOC(Epe MPH MPOBEIESHNH MPOMBIIIICHHBIX W TOA3EMHBIX SIIEPHBIX B3PBIBOB, IS
pETUCTpAIH OTKIIMKA HOHOC(EPHI MTPH 3aIlyCKax paKeTOHOCUTENEH U TP MCCIEI0BaHNH TUTOC(HEPHO-aTMOC(HEPHO-
nOHOC(EPHBIX CBsI3el NP 3eMIIeTpsCeHUsX. [IpenMyIecTBOM MeTo/ia SIBJISIETCS] BHICOKOE BPEMEHHOE pa3pelieHue
(dactoTta auckpernszanuu 25 I'1), BBICOKast TOYHOCTh U3MEPEHHUS JOIUIEPOBCKUX YAaCTOT B YCIOBHUSIX MHOTI'OJIYYE€BOIO
CUTHAJIa, BO3MOXKHOCTh OpPraHU3allMKd KPYIIIOCYTOYHBIX HEMPEPBIBHBIX HAOMIOMeHUA. J[OMIepOBCKHEe H3MEPEHUs
NPOBOAMIM Ha pasHbIX HAKIOHHBIX paguoTpaccax, HMCIONb3ys CHIHAIBI DPaJMOBEIIATENbHBIX IE€PEAaTINKOB,
Haxogsmuxcs B Kurae, Keipreizcrane u Kyseiire.

C 1enpio ompeneeHrs TOPOTOBON YyYBCTBUTEIFHOCTH JAOIUIEPOBCKOTO METOMA JUIA BBISBIICHHUS BO3MYIICHUHA B
noHocdepe OBUT BBITIOTHEH aHAIN3 3alHCeil JOIUIEPOBCKOTO CIIBUTA YACTOTHI MPH CIA0BIX COTHEYHBIX BCIIBIIIKAX
pasHoii mHTeHcHBHOCTH Kitacca C1.7-C3.0, mocnenoBaTenbHO MPOU3OMIEANINX B TEUCHHE OTHOTO OHA. [lokazaHo,
YTO WHTCHCHBHOCTH COJHEYHBIX BCHbBIIEK kiacca C3.0 sBiseTcs MUHHMAJIBHBIM IOPOTOM, KOTAA IOSBICHUE
BO3MYILEHUHA B HOHOC(Epe MOXKHO 3aperHCTPUPOBATH METOAOM JOIUIEPOBCKOTO CABHIa YacTOTHI. Bcmblku
kiaccoM MeHbie C3.0 HUKaK He OTPa3HIIMCh Ha 3aMUCSIX IOIUIEPOBCKOTO CABUIA YaCTOThI HOHOC(EPHOTO CUTHAJA.

Haubonee BbIpaXeHHBII OTKIMK HOHOC(EPHI, 3apPErHCTPHUPOBAHHBIA B JIOIUIEPOBCKOM CJIIBUTE 4YacCTOTBHI,
MMPpOUCXO0ANJT Ha COJHCYHBIC PCHTTCHOBCKHC BCIIBIIIKK C PE3KUM HadajlOM, BCIBIIIKKA C IIJIABHBIM HapaCTaHUEM
HMHTCHCUBHOCTH AaBaJIkM 3HAYUTCIIbHO MEHBIINH OTKJIHK.

Jnst BBIACHEHUS] 0COOCHHOCTEH BO3/ICHCTBUS COJHEYHON BCIBIIIKM Ha BEpXHHE M HIKHHUE CJIOW MOHOC(EpHI
ObUTM TIpOBEIEHB! OJHOBPEMEHHBIE M3MEPEHMs JOIUIEPOBCKOTO CABHIA YaCTOTHl HAa HAKJIOHHBIX paJuoTpaccax
KyseiiT - Pagnononuron Op6ura (f=15090 k', D=3007,211 xm) n Ypymuu - Pagnononuron Opoura (f=7260 kI,
D=808,546 xm). YacTOTHI pagronepeIaTINKOB OBUIH CIEIHAIBHO BHIOPAHBI TaK, YTOOBI PaIHOBOIHEI OTPAXKAIUCH
ot F2 u Fl-o6nactu nonocoepsr. Pagnouacrora f=7260 kI’ oTpaxanacek ot BeIcOTH 185,650 kM. Pagmocurnan u3
Kygeiita (f=15090 xI'1) mpuxomuit B MyHKT MpHeMa ABYMs CKauyKaMH, OTPakasCh OT BBICOTHI 292 kM F2-o0macti
noHocdepsl. YCTaHOBIIEHA CYIIECTBEHHAS pa3sHHIA B JUIMTEIbHOCTH Bo3MmymieHnit JJCY Ha pa3HBIX paguoTpaccax, a
TaKXKe TIOSABJICHHE OTYETIMBOIO Ifyra KojieOaHWA ¢ wW3MeHsommMcs nepuonoMm oT 179¢ mo 240c Ha wacrorte
f=7260 xI'n. OTMEUeHO, YTO B PEHTITEHOBCKOM M YJIbTPA(UOIETOBOM H3IyYSHUH OTCYTCTBYIOT IEPUOJIbI, KOTOPBIE
BO3HUKIIU B yrax Bapnaunﬁ ﬂOHﬂepOBCKOﬂ YacTOTEL. JTO ITO3BOJISIET MPEANOJIO0XKUTD, YTO MOABJICHUE YETKOI'O 1yra
kosiebanuii B Bapuanusix JJCY MoxxeT ObITh CBS3aHO C MPOXOXKIEHUEM aKyCTHKO-TpaBHTalMOHHBIX BOJH (AI'B) Ha
BBICOTAX OTP@KCHUS paJUOBOJIHEI B MOMEHT BO3JCHCTBHS Ha HOHOC(hEpy OSHEPrHMH PEHTICHOBCKOTO U
YIBTPaHOJIETOBOTO HM3IYYEHUH COJHEYHOW Bembllikd. CpaBHEHME 3amuceldl Bapualuil JOIIEPOBCKOTO C/ABUTA
YacTOTHI Ha IBYX pa3HbIX 4acTOTaxX JaeT OCHOBAHME Ioyarath, 4to F1-o01acTs noHocdepsl 6osee 4yBCTBUTENbHA K
BO3CHCTBUIO PEHTTEHOBCKOTO U YIBTPA(PHOIETOBOTO H3ITydeHHS, 4eM 00macTs F2.

OOHapyXeH HEOOBIYHBIH IPQPEKT MOSBICHUS BBHICOKOYACTOTHON COCTABISIONMIEH Ha 3alHCAX BPEMEHHBIX
BapWaluii JOIUIGPOBCKUX YaCTOT B BUAC HWHTEPPEPCHIMOHHBIX OWEHHWH, KOTOPBIH CBUAETENBECTBYET O
BO3HMKHOBEHHH WOHM3WPOBAHHBIX HEOAHOPONHOCTEHl B HMOHOC(hEpe NpH CONHEYHBIX BCIBIIIKaxX. l[losBieHue
BBICOKOYACTOTHOW COCTABJISIFOILCH B BapHAlUAX IOIUIEPOBCKOTO CIIBUTa YaCTOTHI HOHOC(EPHOro CHIHANA BO BPEeMs
comHeuHblx Bemblmek C4.0 m MS5.2 kimacca — 3TO JOBOJBHO PEeOKUil 3PQEKT, CyIEeCTBEHHO OTIMYAIONIMICS OT
NpeAbIAyIUX HaInuX Ha6J’IIOZ[eHPII>i, a TaKXXC OIMMCAaHHBIX B JIMTECpATypE. IlosiBneHue BBICOKOYACTOTHOM
COCTaBJISIIOIIIEH Ha 3alMCAX JOIUIEPOBCKOIO CJIBUTA YacTOThI MOHOC(EPHOro CHrHaja ObUIO 3aperucTpHUpOBaHO
TaKKE€ BO BpEMs 3CEMIICTPACCHUA MaFHHTyZLOﬁ mb=5.1, XOTd MEXAaHU3Mbl BO3HHUKHOBCHHUS OOIIOJIHUTCIIBHBIX
MOHHU3MPOBAHHBIX 00J1acTell B HIDKHEW HOHOC]Epe IPH 3eMIICTPSICEHUH U COJTHEYHBIX BCIBIIIKAX PA3IHYHBL

[Tpumenenne MeToa OIUIEPOBCKOTO CBUra YacTOThI HAa HAKJIOHHOM paguoTpacce, B OCHOBE KOTOPOTO JIEXKHT
npuHoun paborsl nermu OAITY, cymiecTBEeHHO paclIMpHIO BO3MOXKHOCTH PETMCTPALMM M aHAIM3a MEXaHH3MOB
TIOSIBIICHVSI BO3MYIIICHHH B HOHOC(EPE TIPU COTHEYHBIX BCIIBIIIKAX U 3EMIICTPICEHUIX.

KuroueBble ¢JI0Ba: JOTUIEPOBCKUI COBUT YaCTOTHI, HOHOC(EPa, COTHEYHBIEC BCIBIIIKH, 3MIICTPSICEHHUE.
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