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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 ofthe
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 lonosphere 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
ofthis 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 ofthe 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 Urumgi (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 IR1-2012 (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).

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 Orhita (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 - lonosphere response to C3.0-class flare in variations of Doppler frequency shift (Fd)
on an inclined radio path Urumgi - 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 FI07 and F278 (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
EUV 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 -04nm 01-08nm 01-7nm
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 F1l-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 ofthe 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
C26 2339 02:15:00 03:02:00 03:42:00
c22 2339 04:27:00 04:32:00 04:37:00
CL7 2339 10:40:00 10:46:00 10:50:00
C30 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 ofthe radio transmitters were specifically selected so that the radio wave
reflected from the F2-region and the F1l-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 f=7260 kHz (duration
of disturbance - 750s, maximum Doppler shift amplitude reached 2.698 Hz).

Figure 3 - lonosphere response to C5.1-class solar flare in variations of Doppler frequency shift:
a) mX-ray long (0.1 - 0.8 nm) and X-ray short (0.05 - 0.4 nm); b) - EUV (0,1 - 7nm); c) - variations of Doppler frequency shift
on an inclined radio path Urumgi - 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 Urumgi - 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 Mo BpeMeHn GMT
09.03. 2015 C40 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 - lonosphere response to CA4.0-class solar flare March 9, 2015: Doppler frequency shift ()
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 ofthese effects on the intensity ofthe 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 Mb5.2-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 ofthe 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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Figure 5- lonosphere response to M5.2-class solar flare May 8, 2014 in variations of Doppler frequency shift on Urumchi -
Radiopoligon Orhita 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, mb=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 ofthe 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).

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


http://www.kndc.kz

News ofthe National Academy ofsciences ofthe Republic o fKazakhstan

(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 ofthe ionosphere.

Figure 7 - lonospheric response to Mb.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 ofthe 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 ofthe 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.Canwnxos, ' .A.Mak
OTOO «MoHocepa nHctutyTbi» AK HUKIT, Anmartsl, KasaxctaH

. KONBEY PAAVNOTPACCALA XNLWWIKTL, AOMAEPNLIK Xbl/1XY AEPEKTEP1
BOVBIHLIA KYH >XAPKbIJTJAPblI MEH XXEP CLUK1LWCTEPLW LW, MOHOC®EPA/IbLL OCEPNIEP1

AHHOTauua. VoHoctepagarsl aceprecinep XsHe Kyh 6enceHfiniridiv 24 uunkT (2014-2016 »0K.) iwiHge
6onraH C17 - M5.2 KnacTbl KyH TWUTaHy Ke3iHZEe PEHTreH X3He Y/MbTPaky/nH CayneneHydiH acepiHeH >Xyka
Kypbl/bIMblAbl TepbentoTep 3eptTengi. XKymbicTa NoHochepa MHCTUTYTbIHAA 33ipNeHreH LONIepnik enwey 3Aici
KONAaHbINAbI, OHbLL HErisiHAe >XMiNiKTi (asaiblKk aBTONOACTPOMKAaCkIHbIH wrenw (KDOAP) H XyMbiC ApuHLMAI
XaTblp. Byn 3fic eHepkacinTik X3He >Xep acTbl AAPOJbIK XapbinbicTapbl XYPrizy Keswfje MoOHocgepagarsl
Hapa3sblIbIKTapabl KaLbIKTbIKTAH aHbIKTay YLUIH, 3bIMbIpaH TacbIrbiWTapibl YWbIPY Ke3iHe MOHOCHepaHblH YHiH
Tipkey YLUIH )K3He XKep CLI MTa KesiHAe nuTochepasnbik-aTMOChepasibiK-MoHOCthepanbiK GainaHbiCTapabl 3epTTey
KesiHZe KongaHbingbl. OficTiH apThIKLWbIIbITbI XKOrapbl yakbITLIa pyKeaT (25 L, AUCKPEeTTeY XULLIN), Ken caynesnik
CUTHaN >KarfariblHAaa [ONNepnik XWINIKTepAl enweyaiH >orapbl 4304w, Taynik 6oibl Y3gikcis 6Gakblnaygbl
yiibIMAACTbIPY MYMLIHAT 60nbIin Tabblnagpl. donnepnik enweynep Koitali, Kbiprbi3cTaH >xaHe KyBeliT opHanackaH
pafvoxabap TapaTKbILWTapbliHbIH CUTHANAAPbIH NalifanaHa oTbIpbin, TYpAi Kenbey paguoTpaccanapga XYprisingi.

MoHocdepagars! aybITKynapabl aHblKTay YLUiH Jonaepsik 34acTu, WekKTi ce3iMTanablFbIH aHbIKTay MakcaTbiHAa
C1.7-C3.0 KknacblHbiH 3p TYPAi KapKbIHAbIILITE 3/1a3 KYH XapKblibl Ke3iHAe XWIiNiKTiH gonnepnw biFbiCybl
XaszbanapblHa Tangay >xacangbl, 6ip KYH iwiHge peTimeH opbiH angpl. C3.0 knacbiHAaFbl KYH >KapKblibIHbIH
KapKbIHABIbITBI MOHOCHepada aybiTKynapAblH nainga 601ybl XULIKTL, LONAEPAIK XbIDKY 3AiCiMeH Tipkeyre
6onaTbliH €H a3 LeKTi 60/bin Tabblnadbl. TyTaHy KnacbiHa a3-3.0 emec Twrisgi »<aszbanapbiHia 4ONIEPOBCKOr0
bIFbICYbI XXWiNiKTi MIOHOC(EPHOrO CUrHa.

Jonnep/mk XMIiNIKTIH XblMKYbIHAA NPKeNreH WOHOCGepaHblH €H ailkblH KepiHici KYpT 6acTanybl 6ap KYH
PEHTTEHAIK XXapKblira aiHangpl, KapkblHAbl 6asy epLly aiiTapibikTaid a3 YH 6epgi.

MoHocepaHbIH »oFapFbl 3He TemeHri kabaTTapblHa KYH TyTaHy 3CepiHiH epekLlenikTepiH aHblKTay YLiH
KyBeiT - opbuTaHbIH pagmononmroHsl (fF=15090 kMu, D=3007,211 Km) >k3He Ypymuu - Op6UTaHbIH PagMonoIUroHbI
(f=7260 kI'uy, D=808,546 km). Kenbey pagnoTpaccanapbiHia XWinikTiH LONJepnik XbUDKYbIH 6ip Me3ringe enwey
XYprisingi. PaguoTapaTKbilTapibliH >KMINIKTepi  pagnoToNKbIHAap WoHocepaHbiH F2 >kaHe Fl-alimaFbiHaH
KepiHeTiHAel apHaiibl TaHaanraH. KyseittteH (f=15090 kL) PaguocurHan kabbingay nyHKTiHe MOHOCHepaHbiH 292
KM F2 OGLIKMMHEH Keplle OTbipbin, et ceklpy apkbiibl Kengr 3p TYpni paguoTpaccanapfa XOXK Kkosy
y3aKTbIbIHAArbI eneyni aibipMallblibiK, coHfali-ak f=7260 kIy >uiniringe 179c-taH 240c-ka AewwHn esrepmeni
Ke3eHMeH Tepb6enicTepaiH aiikbIiH Lyr naiiga 60nybl 6enrweHar

PeHTreH aHe yNbTPaKyAnH cayneneHyae AONAEPIiK XMINIKTIH LyrbiHAa naiiga 6onraH keseHAep >kok. byn
YXKIK HycKanapblHaa TepbenicTepAiH HaKTbl LyracbiHbIH Naiga 601ybl KYH XapKblibl PEHTIEH XX3He Y/bTpaKyariy
CayneneHyfiH MOHOC(epacbiHa 3Cep eTy CITWAe pPagMOTONKbIHHBIH - LWarbi/ibicy OWKNMNHAEe —aKyCTUKO-
rpaBMTaUMANbIK TOMKbIHAAPAbIH (AIT) eTywe 6aiinaHbicTbl 60ybl MYMKiH. Ekl TYpni xuinikteri gonnepnik
ayblCyAblH Bapuauus xasbanapblH canbICTbipy F1-noHocthepa avimarbl F2 alimarbiHa kaparaHfa peHTreHAiK X3aHe
yNbTPaKYNriH cayneneHy L, acepiHe aca cesimTan f4en naibimaayra Heri3 Gepegi.

VHTepepeHUMANbl  COKTbITbICTap  TYPIHAEr  JONMepnik >KWMiNikTepdiH yakbiTwa — BapuauusanapbiHbIH
)asbanapblHAa Xorapbl XXULI KN KypayLblHbIH Naiiga 601ybIHbIH epeKLUe 3cepi aHbIKTanfbl, 011 noHochepasa KyH
XapKblgapbl KesiH4e noHaanraH 6ipTekTiNiKTIH Naliga 601ybIH KyanaHabIpagb.

C4.0 XaHe M5.2 knaccTarbl KYH TyTaHy KesiHAe WMOHOC(epasibiK CUrHANLbIH XUINITiHIH AOMAEpNiK birbicy
BapuaumanapbiHAa XOorapbl XMiNiKTi KypaMmaaybIWTbiH Naiiga 6onysl 6yn 6i3giH angbiHrbl 6akbinaynapaaH, coHaan-
aK afebueTTe cunaTTanraH anTapnblKTad epekLIeNeHeTLl eTe cupek acep. VoHocdepanbik curHangsiH MXKOK
XasbanapblHga >Xorapbl XMWLWKN KypaywblHbIH nNaiiga 6onybl, COHAal-ak ep cliwiwa kesiHge mb=5.1
MarHuTyfacbl TpKenreH, 6ipak TeMeHri MoHochepasa KyH >KapKblfgapbl dX3HE Kep CLULILa Kesl e KOCbIMLia
MoHZanraH 06/bicTapAbliH Nainga 6oy MexaHU3MAepi 3pTY i eKeHiH KepceTegi

XXOAP inmeriH nalifanaHa OTbIpbIN, >KWIAIKTIH LONNAEPAIK >KbUDKYbIH TipKey 3giciH kongaHy, KYH
XapKblgapbl X3He dXep CliLilla Ke3BAe WOHOCc(epada YiMbITKynapibiH naiga 601y MexaHU3MAEpiH Tangay
MYMLUHALLIH ef3yip KeHeliTeai.

TYViiH cesaep: AONNEPAiK XWiNiK bIrbiCybl, MOHOCHEPA, KyH XapKblapb, Kep CLULLLIA.
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MOHOC®EPHbBIE 3P PEKTbI CO/THEUHbBIX BCIbIWEK U 3EMI'IEUTP$:|CEHI/IIZ
no JAHHbIM JOMNEPOBCKOIO CABUTAYACTOTbl HA HAK/TOHHOW PAONOTPACCE

AHHoTauua. MccnefosaHbl 3ddeKTbl B MOHOCHEPE 1 TOHKas CTPYKTypa OTKIMKA MOHOCKepbl Ha BO3aeicTBue
PEHTTEHOBCKOrO W Y/bTPaMONeTOBOr0 M3/y4YeHWidi BO BPEMS COMHEYHbIX BeMblwek knacca CLl.7 - M5.2,
npousoLlegwnx 3a nepmog 2014-2016 rr. B TeyeHne 24 LKA COMHEYHOM aKTMBHOCTU. B paboTe Mcrnonb3oBamm
METOZ, AOMIEPOBCKUX U3MEPEHWI, pa3paboTaHHbIN B IHCTUTYTe MOHOCKEPbI, B OCHOBE KOTOPOrO NEXWT NPUHLMN
paboTbl netnm ha3oBoOil aBTOMOACTPOVKM 4acToThl (PAMY). 3TOT MeToh MPUMEHSNICA A1 AMCTaHUMOHHOMO
06Hapy>KeHNs BO3MYLLEHWI B MOHOCHEPE NpW NPOBEAEHUM MPOMbILLIEHHBIX U NOL3EMHbIX SAEPHbIX B3PbIBOB, 41
perncTpaLmm oTKAMKa MOHOCHEPbI MPU 3amycKax pakeTOHOCUTENeW 1 Mpu uccnefoBaHnn nMTocepHo-aTMochepHo-
MoHOCtepHbIX CBA3EA Mpu 3eMneTpaceHnsaX. MNpeMmyLLecTBOM MeTOAa ABNSETCS BbICOKOE BPEMEHHOE paspeLueHune
(4actoTa guckpetmsaumm 25 I'u), BbICOKas TOYHOCTb M3MEPEHUS 4OMNePOBCKMX YacTOT B YC/IOBUAX MHOTO/Ty4eBOro
CWUTHa/1a, BO3MOXHOCTb OpraHv3auym KpyrfioCyTOYHbIX HerpepbiBHbIX HabnoaeHWiA. [JonnepoBckue M3MepeHus
MPOBOAM/N HA Pa3HbIX HAK/OHHBIX pagMoTpaccax, WCMoMb3ysa CUrHanbl PafvoBeLlaTeNbHbIX MepesaTynKos,
Haxogsawwmxcs B Kutae, KbiprobisctaHe n KyseiiTe.

C uenbto onpefeneHVs NoporoBoi YyBCTBUTEIBHOCTM JOM/IEPOBCKOrO MeTOofa [/15 BbISB/IEHWS BO3MYLLEHWI B
noHoctepe 6bin BbINOAHEH aHANM3 3anuceld 4ONIePOBCKOro CABUra 4acToTbl NPy cabbiX COMHEYHbIX BCbILLIKAX
pasHoi MHTEeHCcMBHOCTK Kracca C1.7-C3.0, nocnefoBaTesibHO MPOM30LLEALLNX B TeUYeHne 0fHOro AHA. lMokasaHo,
YTO WHTEHCWMBHOCTb COJIHEeYHbIX BCrblweK knacca C3.0 ABNAeTCs MWHMMaIbHBIM MOPOroM, Korga MosiBNeHue
BO3MYLLEHWA B MOHOC(EPE MOXHO 3aperncTpupoBaTb METOAOM [OM/EPOBCKOr0 CABUFa 4acTOTbl. BcCnbiwku
Knaccom MeHbLe C3.0 HMKAK He 0TPasnIMCh Ha 3anuncsax 4OMNAepoBCKOro CABMra 4acToTbl MOHOCKEPHOro CUrHasa.

Havbonee BbIpaXeHHbIi OTKAMK WMOHOCHEPbI, 3aperMcTPUpPOBaHHbIA B [OMJEPOBCKOM CABWIE YacTOTbl,
MPOUCXOAMN HA COJHEYHble PEHTTeHOBCKME BCMbILLKU C PE3KUM HayasioM, BCMbILWKW C MIaBHbIM HapacTaHWeM
VHTEHCVBHOCTM AaBa/v 3HAYNTENbHO MEHbLUNIA OTKMK.

[ns BbIACHEHNA OCOBEHHOCTEN BO3LEVCTBMA CO/THEYHOM BCMBLILKU HA BEPXHME W HWDKHME CIOM MOHOCHEpSI
OblIn NPOBefeHbl OAHOBPEMEHHbIE WM3MEPEeHMs [OMNSIePOBCKOrO CABWMra 4acTOTbl Ha HaK/IOHHbIX pajunoTpaccax
KygeWT - PagmnononunroH Op6uTta (f=15090 kI'u, D=3007,211 k™) 1 Ypymun - PagnononuroH Opéuta (f=7260 KIu,
D=808,546 km). YacToTbl pagmornepesaTymkoB Obiv CreLuaibHO BblbpaHbl Tak, YToObl PafMOBOSHbI OTPaXaIUCh
oT F2 n F1-o06nactu noHocgepsl. Pagnovactorta f=7260 kIl oTpaxanacb oT BbicOTbl 185,650 kM. PagnocurHan us
Kyseiita (f=15090 KIL) Npuxoann B MyHKT NpueMa ABYMS CKauykamu, OTPaXasicb OT BbICOThI 292 kM F2-06nactu
MOHOC(EpPLI. YCTaHOB/EHA CYLLECTBEHHAs pasHMLa B 4INTENBHOCTM BO3MYLLEHMA [CY Ha pa3HbIX paguoTpaccax, a
TakkKe MOSIB/IEHUE OTYET/IMBOIrO Uyra KonebaHuii ¢ M3MeHstowmmca nepmogom oT 179¢ go 240c Ha dactoTe
f=7260 k', OTMeYeHo, YTO B PEHTrEHOBCKOM W YNbTPa(hMONETOBOM M3/yYeHUN OTCYTCTBYHOT NepUoAbl, KOTOpble
BO3HWK/IN B Lyrax Bapuauuii [ON1epOBCKO/ YacTOTbl. 3TO NO3BONSAET NPeANON0KNTbL, UTO NOAB/EHWE YETKOrO Lyra
KonebaHwin B Bapraumax ACY MOXeT 6biTb CBA3AHO C MPOXOXAEHWEM aKyCTUKO-TpaBUTaLMOHHBIX BOSH (AlB) Ha
BbICOTaX OTP@KEHWS pajMOBOMHbI B MOMEHT BO3AECTBUA Ha WOHOCHEPY SHEPTrUM PEHTrEHOBCKOIO W
YyNbTPaPUONETOBOr0 U3/Ty4EHWNA COMMHEYHON BCMbIWKX. CpaBHEHWE 3anuceii Bapuauuii LOMIEPOBCKOrO CcApvra
4aCTOTbl Ha ABYX Pa3sHbIX 4acTOTax JaeT OCHOBaHWe nonararb, 4To F1-0651acTb MOHOCHEPBI 60/ee YyBCTBUTENbHA K
BO3[eliCTBUIO PEHTTEHOBCKOI0 U YNbTPathnoneToBOro U3nyyeHus, Yem obnacts F2.

O6Hapy>KeH HeObblUHbIA 3PEKT MOSBMEHUA BbICOKOYACTOTHOW COCTAaBAAIOWEA Ha 3anucsiX BPEMEHHbIX
Bapuauuii - [ONNEPOBCKMX 4AacTOT B BMAE WHTeP(EPEHLMOHHbIX 6UeHWA, KOTOPbIA CBUAETENbCTBYET O
BO3HWKHOBEHUM MWOHU3MPOBAHHbIX HEOLHOPOAHOCTEN B MOHOCHEPE MpW COMHEYHbIX BCMbilKax. [losBneHue
BbICOKOUACTOTHOM COCTaBMAOLLEl B BapuaLumax 4OMIEPOBCKOr0 CABMIa YacToTbl MOHOCHEPHOro CUrHana BO BPEMS
COMHeYHbIX Benbiwek C4.0 n M5.2 knacca - 3TO [OBO/IbHO PeAKWil 3(hPeKT, CYLUECTBEHHO OT/IMYAOLLMIACS OT
Npesblaylunx HawmMx HabMogeHnil, a TakkKe OMUCaHHbIX B fiuTepatype. [1osiBNeHWE BbICOKOYACTOTHOM
COCTaB/IAIOLLEN Ha 3anucsx [OMMepoBCKOro CABUIa YacTOTbl MOHOCHEPHOro curHana Obl1o 3apercTpupoBaHo
TaKKe BO BpeMs 3eMIETPACEHWMS MarHuTygoin mb=5.1, x0T MeXaHu3Mbl BO3HWKHOBEHMUS [OMO/HUTE/NbHbIX
VOHM3MPOBaHHbIX 061aCTel B HXKHEN MOHOCHEPE NP 3eMIETPACEHNN N COMHEYHBIX BCMbILLKAX Pas/nyHbI.

MpuveHeHMe MeToAa LOMNIEPOBCKOr0 CABMIa YacTOTbl HA HAKIIOHHOW paguoTpacce, B OCHOBE KOTOPOrO NIEXMWT
NpyHUMN paboTbl netan PAMY, CyLlecTBEHHO paclUMpUI0 BO3MOXHOCTM PErMcTpauun 1M aHaamsa MexaHu3MOoB
MOSIB/IEHNS BO3MYLLEHUIA B MOHOCHEPE MPU COMTHEYHbIX BCMbILLKAX Y 3eMIETPACEHUAX.

KntoueBble cnoBa: JONNEPOBCKWIA CABUT HaCTOTbI, MOHOCKEPA, COMHEYHbIE BCMbILLKW, 3eMNETPACEHME.
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