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Urgency. The urgency is caused by the need to continuously monitor with radio instrumentation dynamic processes
acting in the ionosphere, which arise due to variations in space weather, the impact of high-energy sources of natural
and anthropogenic origin. To meet this challenge, V. N. Karazin National University and Harbin Engineering
University specialists has developed a coherent multi-frequency multi-path radio system for obliquely probing the
ionosphere.

Purpose of Work. The paper illustrates the instrument capability for the study of dynamic processes arising in the
ionosphere during a solar terminator, a moderate earthquake, a strong ionospheric storm, and in the cource of a partial
solar eclipse.

Techniques and Methodology. The system design is base on the software-defined radio (SDR) technology. The
system is capable of receiving radio waves in the 10 kHz — 30 MHz band. The versatile computer software permits us
to adjust the system for solving various problems. The number of the radio propagation paths and their orientation
depends on the problem being solved. The premise upon which this radio system operation is based is measurements of
the Doppler shift of the frequency. The autoregressive algorithm provides a 0.02 Hz root-mean-square Doppler line
error and 7.5-s time resolution. Having the Doppler spectrum time dependencies for various radio paths archived, time
series corresponding to various radio-wave modes undergo further processing.

Results. As an example of successful instrument performance, dynamic processes operating in the course of a dusk
terminator, the moderate (magnitude 5.9) earthquake on July 7, 2018, the strong ionospheric storm on August 26, 2018,
and the partial (0.74 magnitude) solar eclipse over China on August 11, 2018 have been investigated. The ionospheric
response to the impact of energy sources of various nature has been detected and investigated; it was accompanied by
an increase in the number of rays, Doppler spectrum broadening, aperiodic and quasi-periodic variations in the Doppler
shift of the frequency, generation of alternating sign variations in the electron density and wave disturbances having
atmospheric gravity wave and infrasound parameters.

Conclusions. The radio system located at the Harbin Engineering University campus successfully performs continuous
radio monitoring of dynamic processes caused by various energy source in the ionosphere.

KEYWORDS: HF Doppler radar, multipath observations, multi-frequency system, oblique-incidence ionospheric
sounding, Doppler shift, Doppler spectra, solar terminator, earthquake, ionospheric storm, solar eclipse, aperiodic
disturbances, wave-like disturbances, increase in a ray number
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AKTYyaJIbHICTb. AKTyaJIbHICTh O0YMOBIJIEHA HEOOXiTHICTIO OE3MepepBHOTO palio(i3MYHOTO MOHITOPHUHTY AHHAMIYHHX
MPOIIECiB B i0HOC(Epi, BUKIMKAHUX BapiamisMi KOCMIYHOI TIOTO/IH, BILTHBOM BHCOKOCHEPTIHHUX JKEPEN MPUPOJHOTO
it aHTpomoreHHoro moxomxkeHHs. J[ns 1poro ¢axiBusmu 3 XapKiBCHKOTO HAliOHAJBHOTO YHIBEPCHTETY iMeEHi
B. H. Kapazina Ta XapOiHCHKOTO iHXXEHEPHOTO YHIBEpCHUTETY pO3poOJIEHO KOTepPeHTHHH OaraTo4acTOTHHIMA
6araToTpacoBuil pafioOTEXHIYHUI KOMILJIEKC MOXHUIIOTO 30HAYBaHHS i0HOChEpH.

MeTo1o po0OTH € irocTparis mpare3aaTHOCTI KOMIIEKCY Ha MPUKIIaAi BUBYCHHs AUHAMIYHHX MPOIECiB B ioHOChEpi
IpUA PYCi COHSYHOTO TEPMIiHATOpPA, MPOTATOM MOMIPHOTO 3eMIIeTpycy, CHIBbHOI ioHocepHOi Oypi Ta B mepion
YaCTKOBOTO COHSYHOTO 3aTEMHEHHSI.
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Metoan i meromoJorisa. Ilpu po3pobui KOMIUIEKCY BHKOPHCTOBYBANacs TEXHOJOTiS mporpamHoro pamio (SDR).
Komrutexc 3matuumii mpuiiMaté pamiocurHam B miamasoHi dactor 10 x['m—30 MIm. PospobGneno opwurinamsae
nporpaMHe 3a0e3ledeHHs, SKe 3aJeKUTh BiJ Kosa po3B’A3yBaHMX 3amad. KinbkicTe pagioTpac Ta iX OpieHTamis
3anexarh Bif creuudikd po3B’si3yBaHMX 3amad. Y OCHOBI (DYHKI[IOHYBaHHsS KOMIUICKCY JISKATh BHMIPIOBaHHS
JIOILIEPIBCHKOTO 3CYBY YaCTOTH. 32 JOIOMOTOI0 aBTOPETrPECiifHOTO aNropuTMy 3a0e3MedyeThCsl pO3iibHa 31aTHICTh 3a
yactotoro 0.02 I'y Ta 3a wacom 7.5 c. Ilicnst OTpUMaHHs 9aCOBHX 3aJI€KHOCTEH NOIUIEPIBCHKUX CIEKTPIiB IS Pi3HUX
Tpac BUKOHYETHCS ITOJ[ajIblIa 00poOKka YacoOBUX PsIIiB, IO BiAMOBIMAIOTH PI3HUM MOJAAM PaIiOXBHIII.

PesyabTaTn: YcmimHe (YHKIIOHYBaHHS KOMIUICKCY IPOAEMOHCTPOBAaHO Ha MPHUKIAl TOCTIDKEHHS IMHAMITHHX
MPOIIECiB B i0HOC]EP1 IPpH pyci COHSYHOT'O TEPMiHATOPA, MPOTsroM nomipHoro (M = 5.9) semnerpycy 7 nmumns 2018 p.,
CUIIbHOT 10HOC(hepHOi Oypi 26 cepmHs 2018 p. Ta B mepion yactkoBoro (¢aza 6im3pko 0.74) COHIYHOTO 3aTCMHEHHS
Haj Kuraem 11 cepmus 2018 p. BusiBneHo Ta JocimiikeHO peakiilo ioHochepH Ha BIUIMB JPKepel eHeproBUILICHHS
pi3HOI mpUpPOIH, KA CYNPOBOMKYBaJlacs MOCHICHHSIM 0araToOpOMEHEBOCTI, YIIMPEHHSIM IOIUIEPIBCHKUX CHEKTPIB,
anepioUYHUMHI Ta KBa3iMepiOAWYHUMH BapiallisiMH JOIUICPIBCHKOTO 3CYBY YacCTOTH, TEHEpAaLi€l0 3HAKO3MIHHUX
Bapialiii KOHIEHTpaulii eJeKTPOHIB 1 XBHJIEBHX 30ypeHb 3 MapaMeTpaMH aTMOC(EpHHX TIpaBiTaliiHUX XBWIIb Ta
iH(pPa3BYKY.

BucHoBok: Posmimennii Ha Tepuropii XapOiHCHKOTO iHKEHEPHOTO YHIBEPCUTETY KOMIUIEKC YCIILIHO 3I1HCHIOE
Oe3nepepBHUH pagioQi3MYHNI MOHITOPHHT IUHAMIYHUX IPOIECiB B ioHOC(]epi, BUKIMKAHUX PIZHUMH JDKepelaMu
€HEPrOBHIICHHS.

KJIIOYOBI CJIOBA: BY pomrepiBchkuii pamap, 0araToTpaekTOpHI CIIOCTEpPEXEHHS, 0ararodacToTHa CHCTEMa,
HOXWIe 30HAYBaHHS 10HOC(EpH, IOIUICPIBCHKUH 3CYB, IOIUICPIBCBHKI CIEKTPH, COHSYHHMI TEpMIHATOpP, 3eMIETpYC,
ioHOC(epHa Oyps, COHSYHE 3aTEMHEHHS, arepioAndHi 30ypeHHs, XBUICTIOAI0HI 30ypeHHs, 6araTonpoMeHeBICTh
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AKTyaJIbHOCTb. AKTYaJbHOCTH OOYyCIIOBJI€Ha HEOOXOAMMOCTBIO HEIPEPHIBHOTO Pagno(U3MYECKOr0 MOHHTOPHHIA
OUHAMHYECKUX IIPOLECCOB B HOHOC(Epe, BBI3BAHHBIX BapUalUsIMH KOCMUYECKOH IOTOABI, BO3IEHCTBHEM
BBICOKOYHEPTMYHBIX HCTOYHUKOB IPHPOAHOTO M AHTPOIOIEHHOIO HPOUCXOXKAEHMS. [l 3TOro crenuaaucTaMu u3
XapbKOBCKOTO HaIMOHaJIbHOTO yHUBepcutera MMeHH B. H. Kapasuna n XapOWHCKOTO WH)KEHEPHOTO YHUBEPCHTETA
pa3paboTaH KOTEPEHTHBI MHOTOYACTOTHBIH ~ MHOTOTPACCOBBIH  PagUOTEXHHYECKUH  KOMIUIEKC  HAKJIOHHOTO
30HAUPOBAHUS HOHOC(]EPHIL.

Hensto paboThl sBIsETCS HIUTIOCTpAlMsl pabOTOCHOCOOHOCTH KOMIUIEKCA Ha INpUMepe HW3Y4eHHs AMHAMHYECKUX
MPOLECCOB B MOHOC(hEpe NMpH ABMKEHUH COJHEYHOTO TEPMHHATOPA, B TEUECHHE YMEPEHHOTO 3eMJIETPSCEHUs, CHIBHOM
noHoc(hepHOI OypH U B MEPUO]] YACTHOTO COJIHEYHOTO 3aTMEHUS.

Metoasl u Metogogorusi. [Ipu pa3paboTke KOMIUIEKCA HCIONB30BAIaCh TEXHOJIOTHs mporpammuoro paano (SDR).
Kommneke cnocobeH mpuHUMaTh paguocurHansl B auanasoHe dactoT 10 k['m— 30 MI'n. Paspaborano opurnHambHOE
IpOrpaMMHOE OOeCIIedeHHe, 3aBUCSIIee OT Kpyra pemaeMbIxX 3aaad. KoandecTBo paguoTpacc u UX OPHEHTANNs 3aBHUCST
OT crmenuUKH pelaeMbIX 3a7ad. B ocHOBe (YHKIMOHMPOBaHWS KOMIUIEKCA JIEKAaT H3MEPEHHsS JOIUIEPOBCKOTO
CMeIeHnsT 9acToThl. [Ipy moMoIM aBTOPErpecCHOHHOTO aaropuTMa OOECIednBaeTCs pa3pelIaomas CllocOOHOCTh 0
gacrore 0.02I'm u mo Bpemenn 7.5 c. Ilocne monydeHHs BPEMEHHBIX 3aBHCUMOCTEH JIOIUICPOBCKHX CIIEKTPOB JUIS
Pa3IMYHBIX Tpacc MPOU3BOAUTCS JalibHeinass o0paboTka BPEMEHHEIX PsIOB, COOTBETCTBYIONIIMX PAa3IHYHBIM MOJaM
ParOBOJTHEL.

PesyabTathl:  VYcnemHoe (YHKIMOHMPOBaHHE KOMIUIEKCA IPOAEMOHCTPHPOBAHO Ha MpPUMEpE HCCIETOBaHMS
JMHAMHAYECKUX TPOLIECCOB B HOHOC(EPE MPH JABIKECHUH COJHEYHOrO TEPMHHATOpA, B TeueHHe ymepenHoro (M ~5.9)
3emiietpsicerns 7 wtons 2018 r., cubHON noHOchepHoi Oypu 26 aBrycta 2018 r. u B mepuona yacTHOTO ((hasa OKOJIO
0.74) comneuynoro 3armenusi Han Kutaem 11 aBrycra 2018 r. OOHapykeHa W HCCIIeIOBaHA peakiys HOHOchepsl Ha
BO3JCHCTBME HWCTOYHMKOB JHEPTOBHIAETCHHS pA3NIUYHON INPUPOIBI, KOTOpas COMPOBOXKIANOCH — YCHICHHEM
MHOTOJTy4E€BOCTH, YIIMPEHHEM JOIUIEPOBCKHX CHEKTPOB, ANEPUOAWIECKHMH W KBA3HUIEPHOAWYECKUMH BapHAIMSIMU
JIOTIEPOBCKOTO CMEIIEHHS YaCTOTHI, TeHepanrel 3HaKOIepeMEeHHbBIX BapHalnii KOHIEHTPAIINH SIEKTPOHOB M BOJHOBBIX
BO3MYILICHHUH C MapaMeTpaMu aTMOC(EpHBIX TPaBUTAIMOHHBIX BOJH U HH(Ppa3ByKa.

BriBoabl: Pa3MenieHHbIN Ha TeppUTOpHH XapOMHCKOTO HHKEHEPHOTO YHUBEPCUTETA KOMITJIEKC YCIEIIHO OCYLIeCTBISET
HETPEPBIBHBIN pagnoPpU3NIECKUii MOHUTOPHUHT JAWHAMHYECKHX MPOIECCOB B HOHOC(EpE, BHI3BAHHBIX Pa3THUYHBIMU
UCTOYHHKAM SHEPIOBLIACICHUA.

KJIIOYEBBIE CJIOBA: BY gomnepoBckuil  pagap, MHOTOTPaccoBO€ 30HAMPOBAaHME, MHOTOYACTOTHBIHA
pPagMOTeXHUYECKHH KOMIUIEKC, HAKJIOHHOE 30HAMPOBAHHE HOHOC(EPHI, AOIUIEPOBCKOE CMEIIEHHE, MOIIIEPOBCKHUE
CIIEKTPHI, COJHEUHBI TEPMHHATOp, 3eMIICTPSICEHHE, HOHOC(eEpHas Oyps, COJIHEYHOEe 3aTMEHHE, alepHOINIECKHe
BO3MYIIIEHHSI, BOTHOOPA3HbIE BO3MYIIEHHUSI, MHOTOJTyIEBOCTD
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INTRODUCTION

The capabilities of probing the ionosphere with radio sounders at oblique incidence for solving the
problems of radio wave propagation, ionospheric physics, and dynamic processes acting in the ionosphere are
greater than the capabilities of digisondes operating at vertical incidence [1, 4, 7 — 22]. In the former case,
intercepted signals from non-dedicated, as well as dedicated transmitters, high-frequency (HF) transmitters, e.g.,
the Super Dual Auroral Radar Network (SuperDARN) of HF radars (see, e.g., [23]), may be used. Observations
at oblique incidence allow the radio systems to study a wide area and provide a global picture of evolving and
changing dynamic structures. The receivers and transmitters operating at different frequencies and located at the
same sites are used for studying the height variations in these processes. The employment of long-distance radio
broadcasting in the high frequency band makes the continuous monitoring of dynamic processes operating at
ionospheric heights inexpensive. The advantage of such observations is that the interference signals, which
would be generated by the dedicated transmitters, are absent. Taking into account the above-mentioned
reasoning, the multi-path multi-frequency radio system has been developed for probing the ionosphere at oblique
incidence. Dynamic processes acting in the ionosphere have already been observed at oblique incidence by many
researchers for a long time [17 — 22].

INSTRUMENTATION AND TECHNIQUES

The researchers at the Harbin Engineering University (PRC) and V. N. Karazin Kharkiv National
University have designed and produced the HF multi-path multi-frequency passive radar capable of monitoring
dynamic processes operating in the ionosphere. The radar was placed in operation in May 2018. The experience
of creating radio systems, which was gained in developing the radio instruments at the V. N. Karazin Kharkiv
National University Radio Physics Observatory [18 — 20], was utilized to design the passive radar.

The purpose of this paper is to present a brief description of the ionospheric observations made at oblique
incidence on several frequencies over multiple radio paths from the Harbin Engineering University (45.78° N,
126.68° E) where the passive Doppler radar is located [24 — 32]. The parameters of the midlatitude ionosphere in
the ~100- to 300 — 400-km altitude are measured by using the coherent passive radar at multiple frequencies. The
basic premise upon which the development of the passive radar is based is the software-defined radio (SDR)
technology. The radar is capable of operating within the frequency range of 10 kHz to 30 MHz, and it includes
the active antenna, the LFRX/LRTX boards, the wideband SDR receiver USRP N210, and a PC. The signal
processing is performed with the computer program developed to provide very versatile system performance. The
antenna intercepts signals in the 10-kHz to 30-MHz range and supplies them to the receiver, which selects the
desired HF transmissions from communications and dedicated radio transmitters. The specifics of the study is the
usage of a number of orientations of the propagation paths. In this study, twelve propagation paths of various
orientations have been used. The basic premise upon which the system operation is based is the measurement of
the Doppler shift, fp, of the frequency, which is measurable within the ~0.01-Hz to ~1-Hz range. The passive
radar makes the measurements continuously. The rate at which the radar takes 16-bit samples is equal to
12,500,000 samples/s. The radio frequency of every radio transmission is down-converted to zero, the radar
sampling is decimated by a factor of 500 twice resulting in a rate of 50 samples per second and a 25-Hz band-
pass filtering. The data acquired continuously are stored in the database. In every 20.5-s interval, two thousand
forty eight lines in Doppler spectra are calculated in 0.0122-Hz step, which provides the 0.05-Hz Doppler
resolution. The analysis of the spectra utilizes the Marple autoregressive algorithm [33] that provides a 0.02-Hz
root-mean-square error in the Doppler line shift. The spectra are calculated at a rate of 0.13 s, ten-spectrum
averaged, archived in the database, and fed on the system console at a rate of 0.13 s~%. In real time, the computer
program calculates only signal parameters, that are enough to solve some problems of interest. The Doppler
spectra archived in the database can be retrieved in the future and used to plot sequences of graphs for analyzing
the conditions on the required radio propagation paths.

Another way of analyzing the data is to determine the Doppler shifts, fps, of the amplitude peaks in the
spectra, to extract them from all Doppler spectra, and to form separate sequences for every propagation mode or
polarization state. Subsequently, the time series of the Doppler shifts are subjected to various types of analysis (e.g.,
wavelet analysis, fractal analysis, etc.).

In the current HF Doppler investigations, the Doppler spectra are retrieved from the database and used to
analyze the response of the ionosphere to the release of energy from energy sources of natural origin, e.g., the
solar terminator, the partial solar eclipse over the PRC, ionospheric storms, and other causes of variability in the
ionosphere. Different ionospheric disturbances are produced by different transport processes, which have their
own signatures in series of the Doppler spectra. The arrival of a consecutive disturbance is manifested by change
in characteristic variations in a series of the Doppler spectra. The change is identified by examination of the
Doppler spectrum sequences.
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OBSERVATIONS
1. Solar Terminator.
Fig. 1 shows the plots of the raw Doppler spectra, with universal time along the abscissa and the Doppler
shift along the ordinate. The sequence of panels is read from top to bottom and left to right for
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Fig. 1. Universal time variations in Doppler spectra and amplitude, A, of the signal in relative units observed on 5
December 2018. Dashed lines mark the times of sunset at the ground and at an altitude of 100 km. One-hour interval of
Doppler shift graph consists of 117,600 points. Amplitude, A, of the signal in decibels, dBV, vs. 1 V at the output of the
receiver is presented in each panel.

Chiba/Nagara to Harbin, Yamata to Harbin, Hwaseong to Harbin, Goyang to Harbin, Beijing to Harbin,
Shijiazhuang to Harbin, Hailar/ Nanmen to Harbin, Hohhot to Harbin radio propagation paths on 5 December
2018, respectively. Under the Doppler spectrum graph in each panel, also shown is the amplitude, A, of the
signal at the output of the receiver in decibels, dBV, relative to 1 V.
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Fig. 1 illustrates the effect that the dusk terminator has on the time series of the Doppler spectra and the
signal amplitude. The sunset at the ground and at 100-km altitude are designated by the vertical dashed lines.
The important feature to note is that the effects of the dusk terminator started appearing about 1 — 1.5 h before
the sunset at the ground. The dusk terminator effects are observed both during and after this process ceases. The
effects of the solar terminator in the ionosphere are manifested by a variety of processes. First, in the HF Doppler
shift observations, they appear as diffusive spectra. Usually, this effect is due to the scattering of the probing
signals by electron-density irregularities in the ionosphere. The Doppler spectrum broadening reaches 0.5 —1
Hz. Second, the movement of the terminator causes the generation of the atmospheric gravity waves, in the 15 —
30-min period range, which are manifested by Doppler shift variations with an about 0.05 — 0.15-Hz amplitude.
Third, often, a second or even a few rays appear. A positive 0.3 — 0.5-Hz Doppler spectrum shift of the second
mode can be seen over the Beijing to Harbin, Yamata to Harbin, Hwaseong to Harbin, Chiba/Nagara to Harbin,
Goyang to Harbin radio propagation paths. Such magnitudes of the Doppler shift could be caused by electron
density variations of the order of ~1 — 10% in the E and F regions, respectively. Over a 30-min interval (10:30
UT to 11:00 UT), the Doppler shift shows a slow decrease to zero, and the second and the main mode combine at
the end of this period. Next, the Doppler shift exhibits small quasi-periodic oscillations over the same radio
propagation paths.

2. Moderate Earthquake

The submarine earthquake occurred of the coast of Japan at 11:23:50 UT on 7 July 2018, with the epicenter
coordinates 35.107°N, 140.42°E and with the hypocenter at a depth of 40 km. The earthquake magnitude on the
Richter scale was 5.9. The distance between the earthquake epicenter and the City of Harbin was equal to 1,650
km.

Table 1 summarizes data on space weather state, which are needed for interpreting processes acting in the
ionosphere. Presented in Table 1 are the following (from left to right): the sunspot humber W, the 10.7-cm solar
radio flux F10.7, the 3-hr planetary Kp index, the equatorial hourly Dst index, the interplanetary magnetic field
B, component, and the daily activity index Ap. The space weather state on 7 July 2018 was conducive for
observing the effects of the earthquake in the ionosphere. During two days before the earthquake, only two
following disturbances occurred. First, a minor-to-moderate geomagnetic storming occurred on July 5 2018
when the Kp and Dst indices reached maximum values. During extremely low solar activity, storms such as this
could have quite significant ionospheric effects. Second, on 6 July 2018, a small burst in solar radiation
occurred. The fluxes of charge particles measurements were at a level the background noise. The K; index did
not attain 2, except for K, = 3 at the beginning of 6 July 2018. This section deals with the description of time
variations of the Doppler shifts measured over different radio propagation paths. As a reference days, 6 July
2018 and 9 July 2018 are chosen. During all these days, multipath multiple-mode radio propagation occurs.

The seismic activity is the cause of observed aperiodic processes at ranges up to (1 — 2) x 10° km from the
epicenter, with an increase in the number of rays, and a marked broadening of the Doppler spectra (see Fig. 2).
Wave disturbances that were generated by a surface by Raleigh wave propagated from the earthquake. The 1.7 —
9% quasi-periodic variations were observed in the electron density. Oscillation train durations were found to be
in the 26 — 58-min range. A speed of propagation of 3 km/s for these wave-like disturbances was equal to the
speed of a Rayleigh wave. Wave-like disturbances showed 15 — 30-min periods. Such disturbances could be
generated at the epicenter and propagated via atmospheric gravity waves that modify the ionospheric electron
density. The 14 — 34% amplitude was observed in these electron density disturbances. Oscillation train durations
were found to attain about 40-84 min, while the speed about 0.30-0.60 km/s. The most dramatic signature of the
disturbances due to the earthquake is the spectrum broadening toward negative shifts with a 50-116-min delay
which depends on the orientation of the radio path. Such a time delay suggests an approximately 0.3 km/s speed,
and the atmospheric gravity waves generated by the earthquake as the cause of this effect.

Table 1. Space weather state

Kp Dst (nT) B, (nT) Ap
Date W Fio07 - : :
max min max min max min

4 July 2018 0 68 1+ 1- 14 2 5.4 -3.9 4
5 July 2018 0 68 5- 0+ 15 -23 3.1 -0.9 17
6 July 2018 0 71 4— 1- 12 -12 1.0 2.6 7
7 July 2018 0 72 2 1- 5 -10 0.7 -3.7 5
8 July 2018 0 72 1+ 0+ 2 —4 15.3 3.1 4
9 July 2018 0 73 1- 0 4 -2 6.4 -8.9 2
10 July 2018 0 72 2+ 0+ 20 0 4.4 4.2 6
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Fig. 2. Same as Fig. 1, but acquired during the submarine earthquake of Richter magnitude 5.9 that occurred of the coast of
Japan at 11:23:50 UT on 7 July 2018, with the epicenter coordinates 35.107°N, 140.42°E and with the hypocenter at a depth
of 40 km. The distance between the earthquake epicenter and the City of Harbin was equal to 1,650 km.

As can be seen in Fig. 2, the Doppler shift of the frequency was negative over the Hohhot to Harbin
propagation path from 09:00 UT to 12:00 UT on July 7, 2018 (right-hand bottom panel), which means that the
reflection level shifted upward, while the electron density in the ionosphere decreased. Over the 12:00 — 13:00
UT period, the Doppler shift of the frequency over all paths was becoming positive, and the reflection level
shifted downwards. This was caused by an increase in the electron density. Quasi-periodic variations of the
Doppler shift of the frequency were superimposed on its slow increases and decreases.

3. lonospheric Storm

The magnetic storm of August 25-26, 2018 was the greatest in that year.

The state of the space weather over the interval August 23-29, 2018 was as follows. The peaks in the solar-
wind electron density, Nsw, occurred on August 24, 25, and 26, 2018. The largest enhancement, from 3—4 cm= to
15-20 cm3, occurred during the night of August 25/26, 2018, when the solar-wind velocity varied from 300 km
st to 600 km s™1. On August 26, 2018, the solar-wind temperature increases from 5x10* K to 3 x10° K. During
August 25-26, 2018, the solar wind dynamic pressure increases from ~0.3 nPa to 3 nPa, while the kinetic
pressure of the solar wind remains almost an order of magnitude less, down to 0.6 nPa. The B, component of the
interplanetary magnetic field attains maximum values of —6 nT and -9 nT on August 24 and 25, 2018,
respectively. These large negative B; values indicate the onset of the magnetic storm at Earth.
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During the night of August 25/26, 2018, the parameter of Akasofu, a function showing the rate of the solar
wind energy input into the Earth's magnetosphere, indicates an increase of anywhere from ~1 GJ s t0 30 GJ s
and greater. The geospace storm emerges. The magnetic-activity index AE grows from ~100 nT to 1,500 nT, the
Kp index from ~1 to 7, but the Dst index first increases from 0 to ~20 nT and then, after 17:00 UT on August 25,
2018, begin to decrease to approximately — 170 nT. The Dst index exhibits negative values over a few next days.
The Kp index shows a new increase to a maximum of 6 on August 27, 2018. This means that the magnetic storm
of alternating intensity extends from August 25 to August 28, 2018. The state of space weather is shown in Table
2. As can be seen from Table 2, the solar activity was enhanced, and strong magnetic storm occurred (Kpmax =
T+, Apmax = 67, Dstmin = 174 nT).

Analysis of the state of the ionosphere is based on the data acquired with the DPS-4 digisonde operating in
the Republic of Korea (37.14°N, 127.54°E), which provided universal time dependence of the F, layer critical
frequency, foF2. The foF2 values observed from 22:00 UT on August 25, 2018 to 14:00 UT on August 26, 2018
exceed the foF2 values observed over the respective time interval on the reference days of August 28/29, 2018 by
a factor of 1.3-1.7 times. This indicates that a positive ionospheric storm occurred. Moreover, the storm was
accompanied by repeated decreases of 1.5 -2 MHz in f,F, values. This means that the ionospheric storm was
multi-phase, positive excursions in f,F alternated with negative gaps in the f,F2(t) dependence.

The ionospheric storm following a decrease in the Dst index at approximately 20:00 UT on August 25,
2018 was at first accompanied by an insignificant increase in the electron density, N. The next bursts in the
electron density occurred at about 00:23 UT, 02:45 UT, 07:45 UT, 10:23 UT, and 12:45 UT on August 26, 2018.
These bursts in the electron density alternated with density decreases by a factor of 1.8 — 2.3 times. Hence, this
storm most distinctive feature is its multi-phase nature, two positive storms alternated with three negative
storms. It should be remarked that the nature of positive and negative storms has been discussed in several
papers [34 — 38].

The ionospheric storm led to an increase in the number of rays, Doppler spectrum broadening, and
significant Doppler shifts over the ray paths. The magnitude of alternating-sign aperiodic variations in the
Doppler shift of the frequency and the amplitude of their oscillations have been shown not to exceed 0.6 —
0.7 Hz and 0.5 - 0.6 Hz, respectively (see Fig. 3). The magnetic storm has been established to be accompanied
by multi-phase ionospheric storm lasted over 16 hours, from 22:00 UT on August 25, 2018 to 14:00 UT on
August 26, 2018. The distinctive feature of this ionospheric storm is that two positive storms alternated with
three negative storms. Through the course of the storm, increases in the reflection level of each radio path by
~50 — 100 km and reflection height oscillations with amplitude of ~30 — 40 km were repeatedly observed. Rises
in the levels of reflection were followed by lowerings of the reflection heights by many tens of kilometers. A rise
and a lowering of the levels of reflection were caused by a decrease by a factor of 1.5 — 2 and an increase by a
few times in the electron density.

The maximum increase in the E-region electron density attained 1.5 times and in the F region 3 times. The
relative amplitude of oscillations in the electron density attained many tens of percent. On the reference days, the
amplitude of oscillations in the Doppler shift of the frequency was a few times less. The oscillations observed in
the Doppler shift of the frequency were apparently due to the generation of the atmospheric gravity waves in
high latitudes and by their subsequent propagation from high to middle latitudes where the observational
facilities are located. The speed of the wave disturbances was equal to approximately 275 — 480 m s and the
period to ~60 min.

The synchronicity in the variations for all paths provide evidence for the ionospheric disturbance to be
large-scale, if not a global-scale one. The scale of the disturbance was no less than (1 —2)x10% km. On the
reference days, similar variations in the parameters of the Doppler spectra were absent. Hence, the variations
observed in the Doppler shift of the frequency were caused by the ionospheric storm.

It should be remarked that another magnetic storm with Kpmax of ~5 and Dstmin 0f ~-50 nT occurred on
August 27, 2018, when the ionospheric disturbances were considerably smaller than on August 26, 2018.

Table 2. Space Weather State

Kp Dst (nT) B, (nT) Ap
Date w F10.7 - - -
max min max min max min
23 August 2018 15 70 2— 0+ -4 -15 1.4 -3.4 4
24 August 2018 r. | 29 72 3- 0 8 -11 0.6 -1.8
25 August 2018 . | 31 72 4+ 1- 19 —49 1.2 -3.0 12
26 August 2018 . | 26 71 7+ 3 60 | -174 35 -4.7 67
27 August 2018 r. | 12 70 6— 1+ —48 -70 4.8 -5.3 25
28 August 2018 r. | 11 70 4- 0+ 27 —47 2.7 -15
29 August 2018r. | O 71 2+ 1- -31 -40 4.2 -1.8
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Hailar Nanmen (China) (6080 kHz) to Harbin on August 26, 2018 Hohhot (9520 kHz) to Harbin on August 26, 2018
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Fig. 3. Same as Fig. 1, but for the Hailar to Harbin, Goyang to Harbin, Hwaseong to Harbin, Beijing to Harbin,
Hohhot to Harbin, Yamata to Harbin, Chiba to Harbin radio propagation paths (panels from top to bottom and left to
right) on 26 August 2018.

4. Solar Eclipse

The solar eclipse under study, Saros 155 [https://eclipse.gsfc.nasa.gov/SEsaros/SEsaros.html], was
observed in Asia, North Europe, Greenland, and in the North of the North America on 11 August 2018. The
eclipse showed maximum magnitude, M, of 0.7368 at (70.4°N, 174.5°E) in the East Siberia Sea. Within the
People's Republic of China and its vicinity, the eclipse showed lesser magnitudes, 0.073 to 0.516. The
magnitudes referred to below correspond to the magnitudes at the radio propagations path midpoints. The
corresponding obscurations, An, varied from 0.024 to 0.415. One of the event features is that the eclipse was
observed before and during the sunset interval.

The analysis of the space weather state could be used to distinguish between the solar eclipse effects and
the effects due to the dusk terminator. The state of space weather, prior to the solar eclipse, during, and after it, is
shown in Table 3. As can be seen from Table 3, the solar activity was low, and the magnetic disturbances were
insignificant. The conditions were conducive to observing effects of the solar eclipse. Consequently, they could
not significantly affect the estimation of the eclipse effects. Thus, the detection of the effects caused by the solar
eclipse with the effects from the dusk terminator in the background should be easier.

As can be seen in Fig. 4 , the eclipse is associated at first with a negative and then with a positive Doppler
shift of smaller magnitude, the generation of oscillations in the range of atmospheric gravity wave periods, and
an increase in a ray number.

The results obtained in this work expand the results presented in the monograph [39].
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Table 3. Space Weather State
Kp Dst (nT) B, (nT) Ap
Date W Fio7 - - -
max min max min max min
8 August 2018 0 70 2— 1- 10 -6 2.8 -2.6 4
9 August 2018 0 70 1+ 0+ -10 3.6 -2.9 4
10 August 2018 0 70 1+ 0+ -1 1.0 -1.8 3
11 August 2018 0 67 4- 1+ -16 2.9 -3.1 10
12 August 2018 0 68 2 1- 10 -9 3.6 2.1
13 August 2018 | O 68 1+ 0+ 0 ~14 1.4 -3.0
14 August 2018 | 12 69 1+ 0+ 16 -2 1.3 1.7
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Fig. 4. Same as Fig. 1, but during the solar eclipse of August 11, 2018.

SUMMARY AND CONCLUSIONS

1. The multi-frequency coherent passive radar that has been developed at the Harbin Engineering
University, People’s Republic of China (PRC) for sounding the ionosphere remotely over different radio paths
has shown a high efficiency of observing dynamic processes occurring in the ionosphere.
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The passive radar at the City of Harbin is situated near the 120°E meridian. At this meridian, the facilities
included in the Meridian Space Weather Monitoring Project are situated [40]. The joint use of radio
instrumentation in the Meridian Project and the passive radar at the Harbin Engineering University in
collaborative studies will permit an accurate specification of the near-Earth environment under conditions of
magnetospheric/ionospheric disturbance.

2. The radar proved to be capable of probing the dynamics of the ionosphere modified by the dusk
terminator. The sensitivity of the Doppler variations to dynamic processes occurring in the ionosphere is greater
than the sensitivity of amplitude variations. The sunset terminator has caused Doppler spectrum widening, the
generation of the atmospheric gravity waves, and an increase in the number of rays reflected from the
ionosphere.

3. The radar proved to be capable of probing the dynamics of the ionosphere modified by the earthquake
having a moderate Richter magnitude of 5.9 in the ~(1 — 2) x 10%-km range from the epicenter. The seismic
activity is the cause of observed aperiodic processes that occurred in Japan on July 7, 2018 at ranges up to (1 —
2) x 10% km from the epicenter, with an increase in the number of rays, and a marked broadening of the Doppler
spectra. Wave disturbances that were generated by a surface by Raleigh wave propagated from the earthquake.
The 1.7 — 9% quasi-periodic variations were observed in the electron density. Oscillation train durations were
found to be in the 26 — 58-min range. A speed of propagation of 3 km/s for these wave-like disturbances was
equal to the speed of a Rayleigh wave. Wave-like disturbances showed 15 — 30-min periods. Such disturbances
could be generated at the epicenter and propagated via atmospheric gravity waves that modify the ionospheric
electron density. The 14 — 34% amplitude was observed in these electron density disturbances. Oscillation train
durations were found to attain about 40-84 min, while the speed about 0.30-0.60 km/s. The most dramatic
signature of the disturbances due to the earthquake is the spectrum broadening toward negative shifts with a 50—
116-min delay which depends on the orientation of the radio path. Such a time delay suggests an approximately
0.3 km/s speed, and the atmospheric gravity waves generated by the earthquake as the cause of this effect.

4. Using the coherent multi-path radio facility for oblique-incidence probing the ionosphere, observations
have been made of radio wave characteristics in the ~6 — 10 MHz band and of disturbances in the ionosphere
over the People's Republic of China during the strong geomagnetic storm (Kp = 7+) on August 25 — 26, 2018.
Aperiodic and quasi-periodic variations in the Doppler shift of the frequency have been detected. The
ionospheric storm led to an increase in the number of rays, Doppler spectrum broadening, and significant
Doppler shifts over the ray paths. The magnitude of alternating-sign aperiodic variations in the Doppler shift of
the frequency and the amplitude of their oscillations have been shown not to exceed 0.6 —0.7 Hz and 0.5 —
0.6 Hz, respectively. The magnetic storm has been established to be accompanied by multi-phase ionospheric
storm lasted over 16 hours, from 22:00 UT on August 25, 2018 to 14:00 UT on August 26, 2018. The distinctive
feature of this ionospheric storm is that two positive storms alternated with three negative storms. Through the
course of the storm, increases in the reflection level of each radio path by ~50 — 100 km and reflection height
oscillations with amplitude of ~30 —40 km were repeatedly observed. Rises in the levels of reflection were
followed by lowerings of the reflection heights by many tens of kilometers. A rise and a lowering of the levels of
reflection were caused by a decrease by a factor of 1.5 — 2 and an increase by a few times in the electron density.

The maximum increase in the E-region electron density attained 1.5 times and in the F region 3 times. The
relative amplitude of oscillations in the electron density attained many tens of percent. On the reference days, the
amplitude of oscillations in the Doppler shift of the frequency was a few times less. The oscillations observed in
the Doppler shift of the frequency were apparently due to the generation of the atmospheric gravity waves in
high latitudes and by their subsequent propagation from high to middle latitudes where the observational
facilities are located. The speed of the wave disturbances was equal to approximately 275 — 480 m s and the
period to ~60 min.

5. The solar eclipse of August 11, 2018is associated at first with a negative and then with a positive
Doppler shift of smaller magnitude, the generation of oscillations in the range of atmospheric gravity wave
periods, and an increase in a ray number.
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