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Abstract. The paper deals with the effects that accompanied the Super Typhoon Kong-Rey action in the ionosphere over the
People’s Republic of China (PRC). The observations were made using the Harbin Engineering University, PRC,
multifrequency multiple path coherent software defined radio system. The typhoon began on September 29, 2018, and
ceased to exist on October 6, 2018. The ionospheric response to the super typhoon action was clearly observed to occur both
on October 1-2, 2018 (when the typhoon was 2,800-3,300 km from the propagation path midpoints and its energy gained a
maximum value) and on October 5-6, 2018 when the typhoon was 1,000-1,500 km from the midpoints and its energy
decreased by a factor of about 4. The ionospheric effects are more pronounced along the nearest propagation paths, whereas
no effect was detected along the propagation path at the farthest distance from the typhoon. The super typhoon action on the
ionosphere was accompanied by the generation or amplification of quasi-sinusoidal variations in the Doppler shift by a
factor of 2-3, as well as by noticeable variations in the signal amplitude. The Doppler spectra were observed to broaden in a
number of cases. The period of wave perturbations exhibited variability in the ~20 min to ~120 min range, which suggests
that the perturbations in the ionospheric electron density were caused by atmospheric gravity waves (AGWSs) generated by
the typhoon; in addition, the greater the AGW period, the greater the Doppler shift. As the period increased from 20 min to
120 min, the Doppler shift amplitudes increased from ~0.1 Hz to 0.5-1 Hz, whereas the amplitude of quasi-sinusoidal
variations in the electron density increased from a 0.4 to 0.6 of per cent within the same range of the AGW periods. The
Doppler measurements have shown that the dusk terminator and super typhoon acted synergistically to amplify the

ionospheric response to these sources of energy.
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1 Introduction

A violent tropical cyclone arising in the northwestern Pacific Ocean is termed the typhoon. In record-breaking typhoons, the
atmospheric pressure drops down to 870 hPa, whereas the pressure deficit reaches 140 hPa, and the wind speed attains a
maximum of 85 m/s, with 94 m/s maximum gusts.

Recent studies have shown that typhoons significantly influence the upper atmosphere, including the ionosphere.
The coupling of the lower and upper atmosphere occurs via acoustic and atmospheric gravity waves (AGWSs) generated by
typhoons (Hung and Kuo, 1978; Kuester et al., 2008). Such a mechanism for coupling is naturally called the acoustic—gravity
mechanism (Chernogor, 2006, 2012).

Typhoons are accompanied by water vapor condensation, the development of powerful convective lift, and the
appearance of severe thunderstorms (Mikhailova et al., 2000, 2002). Lightning discharges act to generate electromagnetic
emissions that may be capable of heating electrons and perturbing the electron density in the ionospheric D region
(Nickolaenko and Hayakawa, 1995; Chernogor, 2006, 2012). The large enough fluxes of electromagnetic emissions lead to
pitch angle scattering of energetic electrons in the radiation belts via wave-particle interaction, and consequently, part of the
electrons precipitates into the lower ionosphere (Inan et al., 2007; Voss et al., 1984, 1998; Bortnik et al., 2006). As a result,
secondary perturbations in the plasma conductivity (~100-150 km altitude) and in the geomagnetic and electric fields
capable of affecting processes in the magnetosphere can arise. Such a mechanism should be considered the electromagnetic
mechanism (Chernogor, 2006, 2012).

The increase in the quasi-stationary electric field may be of different origin (Mikhailova et al., 2000; Isaev et al., 2002,
2010; Sorokin et al., 2005; Pulinets et al., 2014). Localized ~10°-10-8 A/m? electric currents arise within thunderstorm clouds
at 10-15 km altitude, which disturb the global electric circuit and increase by 1-2 orders of magnitude quasi-sinusoidal electric
fields that are mapped to the ionosphere and magnetosphere and affect the motion of high-energy electrons trapped in the
radiation belts. Under specified conditions, the precipitation of these electrons may occur into the ionosphere, and a repeated
coupling between the subsystems in the ocean—atmosphere—ionosphere—magnetosphere (OAIM) system occur (Chernogor,
2006, 2012). This mechanism for coupling may by termed the electric mechanism (Chernogor, 2006, 2012).

Thus, powerful typhoons are capable of governing the coupling between the subsystems in the OAIM system. A lot
of studies deal with the acoustic—gravity mechanism, and therefore this mechanism has been studied better than the others.

Prasad et al. (1975) were the first to ascertain the influence of meteorological processes, namely, a tropical cyclone on
the ionosphere. Hung and Kuo (1978, 1985) described observations of the manifestations of the AGWs generated by hurricanes.
Krishmam Raju et al. (1981) have studied the influence of infrasound generated by thunderstorms. Boska and Sauli (2001),
Sindelarova et al. (2009), Chernigovskaya et al. (2015) described the observations of AGWs of meteorological origin.

Hickey et al. (2001, 2011), Kuester et al. (2008), Gavrilov and Kshevetskii (2015), Karpov and Kshevetskii (2017)
studied the coupling of AGWs and the upper atmosphere theoretically.
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Okuzawa et al. (1986), Xiao et al. (2007), Vanina—Dart et al. (2007), Afraimovich et al. (2008), Polyakova and
Perevalova (2011, 2013), Zakharov and Kunitsyn (2012), Suzuki et al. (2013), Chou et al. (2017), Li et al. (2017, 2018), Chum
et al. (2018), Zakharov et al. (2019, 2022) have studied the influence of typhoons and hurricanes on the upper atmosphere and
discuss the major role AGWs play in coupling different atmospheric regions. These researchers invoked various measurement
techniques for probing the ionosphere: GPS technology, ionosondes, rocket techniques, and HF Doppler technique.

Chernogor et al. (2021, 2022) have studied the ionospheric response to the super typhoons Hagibis, Ling-Ling, and
Faxai. The main features of the variations in radio wave characteristics in the 5-10 MHz band have been determined, and
aperiodic and quasi-sinusoidal perturbations in the electron density have been ascertained.

The effect of AGWSs, sudden stratospheric warming events, variations in space weather, and of solar activity on the
coupling between the subsystems in the atmosphere—ionosphere system has been analyzed in the review by Yigit et al. (2016).

The results of recent observations are presented in papers by Kong et al. (2017), Li et al. (2018), Zhao et al. (2018),
Song et al. (2019), Wen and Jin (2020), Chen et al. (2020), Ke et al. (2020), Zhao et al. (2020), Das et al. (2021), Freeshah et
al. (2021), Chernogor et al. (2021, 2022), Zakharov et al. (2019, 2022).

The influence of typhoons on the ionosphere might be expected to significantly depend on typhoon parameters,
local time, season, solar cycle changes, and on the state of atmospheric and space weather. To date, there remains
insufficient knowledge about this influence and therefore the study of the ionospheric response to any new typhoon is of
interest. In this paper, the Super Typhoon Kong-Rey, the most powerful worldwide typhoon in 2018, has been chosen to
analyze the ionospheric response to the typhoon action.

The scientific objectives of this study is to reveal the processes that the typhoon—dusk terminator coupling brings into
play, to derive specifications of wave periods and amplitudes of perturbations in the in the electron density, and to estimate the
space scales of the perturbations launched by the super typhoon Kong-Rey event of September—October 2018 into the
ionosphere over the People’s Republic of China (PRC).The observations were made using the Harbin Engineering University,

PRC, multifrequency multiple path coherent software defined radio system for probing the ionosphere at oblique incidence.

2 General information on the super typhoon Kong-Rey

Table 1 presents basic information on the Category 5 Super Typhon Kong-Rey; part of the information was retrieved from

http://agora.ex.nii.ac.jp/digital-typhoon/summary/wnp/s/201825.html.en. It shows that the typhoon originated on September

29, 2018 and ceased to exist on October 6, 2018. The pressure reached a minimum value of 900 hPa, whereas the pressure
deficit reached a maximum of 105 hPa (see also Figure 1). The wind speed attained a maximum of 215 km/h or 60 m/s, with
77 m/s maximum gusts. The largest radius of the storm wind attained 260 km, and the largest radius of the gale wind was
observed to be 750 km. The length of the typhoon path is estimated to be 4,107 km, with an average speed of 23.6 km/h or
6.6 m/s. The dynamic wind pressure is estimated to attain 2.25 kPa, with 3.8 kPa maximum gust pressure. The kinetic energy

of the rotating air was estimated to be close to 1.65x10%8 J, whereas the mean power was estimated to attain 1.7>10% W. On
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October 1 and 2, 2018, the super typhoon energy was a maximum, and the typhoon approached 600 km off the shores of the
PRC on October 2, 2018 (Figure 1). On October 5, 2018, the typhoon was 250 km off the shores of the PRC, when the
pressure deficit was observed to be ~30 hPa.

Table 1. Basic Parameters of the Super Typhoon Kong-Rey (Courtesy of Asanobu KITAMOTO, Digital Typhoon,
National Institute of Informatics, Japan).

Birth 2018-09-29 06:00:00 UTC
Death 2018-10-06 12:00:00 UTC
Lifetime 174 h/7.250 days
Minimum Pressure 900 hPa

Pressure Maximum Deficit 105 hPa

Maximum Wind Speed 215 km/h (60 m/s)

Largest Radius of Storm Wind 260 km
Largest Radius of Gale Wind 750 km

Length of Movement 4,107 km

Average Speed 23.6 km/h (6.56 m/s)

Range of Movement Latitude 25.3°: Longitude 16.7°
Typhoon Kinetic Energy 1.65x10%8 J

Typhoon Power 1.7x<108 W

Rainfall 250-300 mm/h

—25hPa/6h;-40hPa/12h

Maximum Pressure DIop g5 pa / 24 h; 96 hPa/ 48 h

Data Start 2018-09-28 00:00:00 UTC
Data End 2018-10-07 12:00:00 UTC
Data Duration 228 h /9.500 days

3 Analysis of the state of space weather

Before the ionospheric response to the super typhoon action can be detected, it is necessary to perform a comprehensive
analysis of space weather.
Figure 2 accumulates knowledge regarding the state of space weather during the super typhoon Kong-Rey event.

First, consider the parameters of the solar wind (retrieved from https://omniweb.gsfc.nasa.gov/form/dx1.html). Under quiet

conditions, the proton number density is observed to be close to 5x10® m3, whereas on September 29, 2018, and October 1,
3, and 5, 2018, it shows increases up to (15-20) x<10® m=3. On September 26 and 30, 2018, as well on October 3—4, 2018, the
plasma flow speed increases from ~400 km/s to 500-520 km/s. During the same UT period, plasma temperature increases

from ~(2-3) x10* K to ~(1.2-1.5) x10° K, whereas the dynamic solar wind pressure increases from ~1 nPa to 4-5 nPa. The
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By component of the interplanetary magnetic field exhibits temporal variability within the —5.9 nT to 11.6 nT limits, while
the B, component changes from —4.7 nT to 4.0 nT.
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Figure 1: Super Typhoon Kong-Rey (a) trajectory and (b) pressure. (Courtesy of Asanobu KITAMOTO, Digital Typhoon,
National Institute of Informatics, Japan).

On September 26 and 29, 2018, as well as on October 1, 3-4, 2018, the calculated energy input, ea, into the
Earth’s magnetosphere from the solar wind showed increases up to ~5 GJ/s.

The K, index sporadically exhibited increases to 3.0-3.7, whereas the Ds index showed fluctuations from —16 nT
to 16 nT.

Table 2 presents temporal variations in the Fio7 index for the September 26 to October 09, 2018, period.

During the typhoon Kong-Rey event, solar activity and the state of space weather were conducive to observing the
ionospheric effects from the typhoon. Only on October 7, 2018, a moderate magnetic storm started, with Kymax = 5.3, and
Dstmin = —53 nT.

4 Analysis of the State of the lonosphere

The state of the ionosphere was monitored by the ionosonde nearest to Harbin, i.e., the WK546 URSI code ionosonde
located in the city of Wakkanai (45.16°N, 141.75°E) in Japan (Guo et al., 2019a, 2019b, 2020; Chernogor et al., 2020; Luo
et al., 2020). Figure 3 shows UT variations in the main ionogram parameters. The minimum frequency, fmin, Observed on
ionograms exhibited fluctuations around 1.5 MHz. The critical frequencies of the E layer, f.e, were close to 3 MHz during
the day, and gradually decreased to 1.8-2.0 MHz in the evening hours. At night, measurements of foe were impossible. The
blanketing frequency of the sporadic E layer, most often, showed fluctuations within the 3-8 MHz limits, however
sometimes it could attain 13-15 MHz. The ordinary-wave critical frequency foF, was observed to be 4-6 MHz during the
day and to decrease to 3.0-3.5 MHz at night.
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Figure 2: Universal time dependences of the solar wind parameters: proton number density nsw, plasma flow speed Vsw, plasma
temperature Tsw, dynamic solar wind pressure psw, B; and By components of the interplanetary magnetic field, calculated energy
input, ea, into the Earth’s magnetosphere from the solar wind; and Kp- and Ds-indices for the September 26 — October 02, 2018
period.
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Table 2. Daily F10.7 index for the September 26, 2018-October 09, 2018, period ()
Date 0926 09/27 0928 0929 093 10/ 1002 10/ 10/ 10/ 10/ 10/ 10/ 10/09
(2018) 01 03 04 05 06 07 08

Fio.7 693 674 694 689 685 703 671 684 672 687 686 694 687 693

Minimal Frequency
(MHz)

3.0 3_\,,/..»-;;.\#7 —  Sep29,2018 |
% ................ Sep 30,2018 A

2.9 Ry L mm———— Oct 01, 2018
R e Oct 02, 2018

E-layer Critical
Frequency (MHz)

2.0

T

Sporadic-E Critical
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quency

(MHz)

F, Critical Fre

Universal time (h)

150 Figure 3: Universal time variations in ionogram parameters: critical frequencies fmin, fog, foEs, and foF2 for the September 29—
October 2, 2018, period.
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Figure 3: Continued for the October 3-6, 2018 period.

155
Figure 4 shows temporal variations in the virtual heights. The virtual heights h. are observed to vary mainly within

the 95-105 km, whereas the virtual heights h, most frequently show variations within the 90-110 km limits, which could
sometimes exhibit an increase to 140-160 km.
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5 Instrumentation and techniques

The study of the effects from the Super Typhoon was conducted using the Harbin Engineering University multifrequency
multiple path coherent software defined radio system for probing the ionosphere at oblique incidence (Guo et al., 2019a,
2019b, 2020; Chernogor et al., 2020; Luo et al., 2020). The system utilizes radio transmissions of broadcasting stations
located in the PRC, the Republic of Korea, Japan, the Russian Federation, and Mongolia, the signals of which are received
and processed at the Harbin Engineering University campus (45.78°N, 126.68°E).

Continuous monitoring of the dynamic processes operating in the ionosphere is done along 14 propagation paths in
the 5 — 10 MHz band (Table 3, Figure 5) as described by Guo et al. (2019a, 2019b, 2020), Chernogor et al. (2020), and Luo
et al. (2020). In the event under study, post-analysis of the data acquired along six propagation paths has shown they are not
suitable for processing.

Monitoring the dynamic processes in the ionosphere is done via calculating the temporal dependences of the
Doppler spectra and signal amplitudes. The Doppler spectra are used to plot the Doppler shift as a function of time, fp(t), for
the main ray or for a few rays.

Spectrum analysis is performed applying the autoregressive technique of Marple (1987), which provides a
frequency resolution of 0.01 Hz over ~20 s intervals with 7.5 s time resolution.

The fo(t) dependences are then used to calculate the trend | (t), the fluctuations sf_ (t) = f, (t)— f (t), and the

systems spectral analysis is performed (Chernogor, 2008) over 60 — 280 min intervals to select harmonics in the T <5 min

and T = 10 — 140 min period ranges.

6 lonospheric results from oblique incidence sounding

The post analysis of the data collected during the Super Typhoon Kong-Rey event has shown that the transmissions from
only eight of the fourteen transmitters in the ~6-10 MHz band are suitable for studying the Super Typhoon Kong-Rey event
(Figure 5). The specifications of the transmitters and radio-wave propagation paths are presented in Table 3. Since the
lengths of the propagation paths are found to be ~1000-2000 km and the frequencies of the sounding radio waves are
relatively small, the sounding waves were reflected either from the E layer or from the sporadic E during the daytime when
the Doppler shift, fp, was observed to be ~0 Hz. Consequently, these measurements were ineffective at observing the
ionospheric dynamics. At night, the radio waves were reflected from the ionospheric F region and only sometimes from the
sporadic E. The Doppler shift of the radio waves reflected from the F region exhibited variations from ~0.1 Hz to ~0.5 Hz
and greater. Therefore, the measurements made during nights, evenings, and mornings could be used for studying
ionospheric dynamics.

The observations suffer another drawback: the transmitters of the broadcasting radio stations did not transmit

continuously.

10
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Figure 4: Universal time variations in ionogram parameters: virtual heights hg , hgg, and hg, for September 29-October 2,

2018, period.

6.1 Hwaseong to Harbin radio-wave propagation path

This transmitter operating at 6,015 kHz is located in the Republic of Korea at a great-circle range, R, of ~950 km from the
receiver; it was switched off from 00:00 UT to 03:30 UT.

On the reference days of September 29 and 30, 2018, the Doppler shift was observed to be less than +(0.2-0.3) Hz
(Figure 6). From 09:00 UT to 15:00 UT, the Doppler spectra showed diffuseness, and the Doppler shift exhibited quasi-

12 16 20
Universal Time (h)

sinusoidal variations with a ~20-30 min period, T, and a ~0.1-0.2 Hz amplitude, fpa, respectively.

11
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Figure 4: Continued for the October 2-6, 2018 period.

Doppler spectra broadening was absent during the interval from October 1 to 6, 2018. On October 1, 2018,
foa = 0.3-0.5 Hz, and T = 20-120 min.

On October 2, 2018, the 20—-80-min period amplitude of the Doppler shift did not exceed 0.1-0.3 Hz. A single 140-
min period wavelet in fpa up to 0.5 Hz took place on October 3, 2018. On October 4, 2018, the amplitude of the Doppler shift
did not exceed 0.2 Hz, while observable quasi-sinusoidal processes were practically absent. On October 5 and 6, 2018, the
Doppler shift exhibited sporadic increases up to 0.5-0.6 Hz and decreases down to —(0.5-0.7) Hz. For the rest of time,

foa = 0.1 Hz, whereas T ~ 20-30 min.
The amplitudes of individual variations in the signal strength did not exceed 10-15 dBV.

12
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Figure 5: Layout of the propagation paths used for monitoring dynamic processes operating in the ionosphere.

Table 1. Basic Information on Radio-Wave Paths. The data are retrieved from https://fmscan.org/index.php.

Frequency Transmitter Location (Country) Distance to Path midpoint coordinates
(kHz) coordinates Harbin
(km)

6,015 37.21°N, 126.78°E  Hwaseong (Korea) 950 41.50°N, 126.73°E
6,055 35.47°N, 140.21°E  Chiba/Nagara 1,610 40.63°N, 133.45°E

(Japan)
6,080 49.18°N, 119.72°E  Hailar/Nanmen (PRC) 645 47.48°N, 123.2°E
6,175 39.75°N, 116.81°E  Beijing (PRC) 1,050 42.77°N, 121.75°E
6,600 37.60°N, 126.85°E  Goyang (Korea) 910 41.69°N, 126.77°E
9,500 38.47°N, 114.13°E  Shijiazhuang (PRC) 1,310 42.13°N, 120.41°E
9,520 40.72°N, 111.55°E  Hohhot (PRC) 1,340 43.25°N, 119.12°E
9,750 36.17°N, 139.82°E  Yamata (Japan) 1,570 40.98°N, 133.25°E

13
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Figure 6: Universal time variations in the Doppler spectra and relative signal amplitude, A, along the Hwaseong to Harbin
propagation path for the September 29 — October 2, 2018, period. Vertical dashed lines designate instances of sunrise (two right
red lines) and sunset (two left blue lines) at the ground and at 100 km altitude. The signal amplitude, A, at the receiver output in
decibels, dBV (relative to 1 V), is shown below the Doppler spectra in each panel.
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Figure 6: Continued for the October 3-6, 2018 period.
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6.2 Chiba/Nagara to Harbin radio-wave propagation path

The radio station operating at 6,055 kHz is located in Japan at a great-circle range, R, of ~1,610 km; it was switched off from
15:00 UT to 22:00 UT.

Figure 7 shows that on September 29-30, 2018, the Doppler spectra exhibit significant, up to 1.5 Hz, broadening
and such a diffuseness that the main ray is practically not distinguishable. On October 1, 2018, the Doppler shift exhibited
~60-min period, T, quasi-sinusoidal variations with an ~0.3-0.4-Hz amplitude, whereas the signal amplitude, A(t), showed
~30-min period, T, variations with a 5 dBV amplitude. On October 5 and 6, 2018, the quasi-sinusoidal variations were also
noted in the Doppler spectra, with ~0.4-0.6-Hz amplitudes, fpa, and with ~60-min and 120-min periods, T. On October 6,

2018, the signal amplitude exhibited ~30- and ~60-min period, T, quasi-sinusoidal variations with a ~5-dBV amplitude.

6.3 Hailar to Harbin Radio-Wave Propagation Path

This transmitter operating at 6,080 kHz is located in the PRC at a great-circle range, R, of 646 km; the transmissions were
absent from 02:30 UT to 09:30 UT, whereas the observations of ionospheric dynamics were made impossible during the
14:30-20:00 UT period.

The variations in the Doppler spectra and the Doppler shift during the course of the reference days and October 1-2,

were practically undistinguishable (Figure 8).

6.4 Beijing to Harbin radio-wave propagation path

This radio station operated at 6,175 kHz in the PRC at a great-circle range, R, of ~1,050 km from the receiver. The
transmitter was switched off during 00:00 UT to 09:00 UT and from 18:00 UT to 20:00 UT periods.

On the reference day September 29, 2018, as well as on the next day, the Doppler shift showed small variations
~0.1 Hz (Figure 9), which exhibited increases of up to 0.3-0.5 Hz only over separate time intervals. On October 1, 2018, the
Doppler shift exhibited quite ordered variations, with ~30-min and ~110-min period, T, oscillations, and amplitudes, fpa,
attaining 0.5 Hz. On October 2, 2018, the amplitude fpa decreased to 0.3 Hz, whereas the periods were observed to vary from
20 min to 110 min.

On October 3, 4, and 6, 2018, the Doppler shift exhibited quasi-sinusoidal variations with periods, T, in the 20-min
to 90-min range and with 0.1-0.2-Hz amplitudes, fpa.

After 14:00 UT on October 5, 2018, the Doppler shift amplitude, fpa, was observed to increase to 0.2-0.4 Hz and to
exhibit periods, T, in the range from 20 min to 80 min.

The signal amplitude exhibited temporal variability within the 10 dBV limits.
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6.5 Goyang to Harbin radio-wave propagation path

This transmitter operating at 6,600 kHz is located in the Republic of Korea at a great-circle range of ~910 km from the
receiver; it was switch off from 00:00 UT to 05:00 UT and from 22:20 UT to 24:00 UT.

On the reference day September 29, 2018, the Doppler shift showed fluctuations within the +(0.2-0.3) Hz limits
(Figure 10). The next day, the Doppler spectrum broadening was observed to occur from 12:00 UT to 16:00 UT whereas the
Doppler shift exhibited quasi-sinusoidal ~20—24-min period, T, 0.1-0.2-Hz amplitude, fpa, variations.

The Doppler £0.6 Hz spectrum broadening was observed to occur on October 1, 2018, while the Doppler spectra
exhibited ~20-120-min period, T, ~0.1-0.7-Hz amplitude, fp,, variations; considerable, up to 20 dBV, variations were noted
in the signal amplitude.

On October 2, 2018, the Doppler shift exhibited significant, +£(0.2-0.3) Hz, variations, with a quasi-period, T, of 24
min and amplitude, foa, of ~0.2 Hz. Considerable fluctuations in the Doppler spectra, the Doppler shift, and in the signal
amplitude were noted on October 3, 2018. On October 4, 2018, from 14:00 UT to 20:00 UT, the Doppler shift showed
changes within the —0.3 Hz to 0.3 Hz limits, the quasi-sinusoidal processes were expressed weakly, and the signal amplitude
fluctuated wildly, by 30 dBV. On October 5, 2018, the variations in the Doppler shift did not exceed +0.2 Hz, the
fluctuations in the signal amplitude were also insignificant. The Doppler shift was observed to increase up to +(0.3-0.5) Hz
during the October 6, 2018 11:00-14:00 UT period, whereas from 15:00 UT to 18:00 UT, the quasi-sinusoidal oscillations in
the Doppler shift were observed to occur with a ~20-min period, T, and ~0.1-Hz amplitude, fpa, while quasi-sinusoidal

variations in the signal amplitude, A(t), were observed to occur with a ~55-80-min period, T, and ~7-8 dBV amplitude.

6.6 Shijiazhuang to Harbin radio-wave propagation path

This radio station operating at 9,500 kHz is located in the PRC at a great-circle range, R, of ~1,310 km from the receiver.
Figure 11 shows that the value of the Doppler shift, fo(t), was close to zero on each night. The Doppler shift was
observed to be negative, attaining a minimum of —(0.20-0.25) Hz, two to three hours before the sunset at the ground. During
the night of September 29, 2018, the signal amplitude was observed to fluctuate wildly within the 20 dBV limits and to be
accompanied by fluctuations in the Doppler shift. A second ray shifted by —0.5 Hz with respect to the main ray was observed
to appear during the 16:00-20:00 UT period. From September 30, 2018, through October 6, 2018, nighttime, the signal
frequency approached the maximum usable frequency and ionospheric signal was about to penetrate the ionosphere, which
resulted in a 10-20 dBV decrease in the signal amplitude, whereas the Doppler spectra became low informative. These
circumstances have significantly hampered the search for the ionospheric response to the super typhoon action. Nevertheless,
the Doppler shift exhibited considerable, attaining —1 Hz, variations on October 1, 2018. Significant variations in the
Doppler shift were noted at the beginning of the October 2, 2018, night and after midnight on October 3, 4, 5, and 6, 2018; in

particular, the ray shifted by —0.5 Hz was observed to occur.
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6.7 Hohhot to Harbin radio-wave propagation path

This transmitter operating at 9,520 kHz is located in the PRC at a great-circle rang, R, of ~1,340 km; it was switched off
from 16:00 UT to ~22:00 UT.

The frequency of this radio wave became greater than the maximum usable frequency and the radio wave
penetrated the ionosphere during the second half of the nights. Consequently, the observation of became impossible. The
Doppler spectra exhibited substantial variations (+0.5 Hz) on September 29, 2018, from 12:00 UT to 16:00 UT (Figure 12).
During the night of September 30, 2018, the reflection of radio waves took place from the sporadic E layer, resulting in
fo(t) = 0 Hz. During October 1, 2018, nighttime, the Doppler shift fo(t) ~ 0 Hz as well. During the course of the October 2,
2018, night, the Doppler shift was observed to change from —0.3 Hz to 0.3 Hz, the signal amplitude was observed to exhibit
considerable variability, up to 20 dBV, In the course of the October 3—-6, 2018 nights, the measurements were ineffective,

whereas fp(t) ~ 0 Hz at daytime.

6.8 Yamata to Harbin radio-wave propagation path

This radio station operating at 9,750 kHz is located in Japan at a great-circle range, R, of ~1,570 km. The transmitter was
switch off from 16:00 UT to ~22:00 UT.

A characteristic feature of these observations is that two signals were received, the Doppler shift of which were
shifted by 1 Hz from September 29, 2018, through October 3, 2018 and by 0.5 Hz from October 4, 2018 through October 6,
2018, as can be seen in Figure 13.

During all the days, the Doppler shift exhibited insignificant variations at daytime, whereas in the evening it became
negative. The Doppler shift and the Doppler spectrum variations were observed to be significant (from —1 Hz to 1 Hz) on
September 29 and 30, 2018. On October 1, 2018, the Doppler spectra exhibited diffuseness, while the signal amplitude A(t)
variability was observed to attain 30 dBV. During October 2, 2018 nighttime, the Doppler shift was observed to vary from —
0.4 Hz to 0.4 Hz, while the variations in A(t) also attained 30 dBV. The Doppler spectra and the Doppler shift showed
insignificant temporal variability on October 3 and 4, 2018; at the same time the signal amplitude exhibited 20-30 dBV
variations.

On October 5 and 6, 2018, the magnitude of the Doppler shift attained +0.2 Hz, while the signal also exhibited

considerable variations in amplitude, up to 30 dBV.
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Figure 12: The same as in Figure 6 but for the Hohhot to Harbin radio-wave propagation path at 9,520 kHz for the September 29
— October 2, 2018 period.
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7 Discussion
7.1 lonospheric effects from the super typhoon

The Doppler spectra and the Doppler shift observed during sunlit hours exhibited insignificant temporal variability through
the course of the typhoon action, since the radio waves in the ~6-10 MHz band were reflected from the ionospheric E region
or from the sporadic E. At night, the radio waves were reflected from the ionospheric F region, and the Doppler shift was
observed to attain up to 0.5-1 Hz. The temporal variations in the Doppler shift were also generated by the movement of the
solar terminator.

The diurnal variations of the signal amplitude were observed to attain 30 dBV, and the signal amplitude A(t) at
night was three orders of magnitude greater than during the day, which is due to the disappearance of the absorbing D region.

The ionospheric effects from the super typhoon Kong-Rey are discussed further below. The super typhoon Kong-
Rey’s power gained a maximum value during the second half of October 1, 2018. The Doppler shift and the Doppler spectra
showed the greatest variations during the October 1, 2018 night, despite the propagation path midpoints were located
~2,800-3,300 km away from the super typhoon. As should be expected, the greatest effects were observed to occur along the
propagation paths emanating from the transmitters located closest to the typhoon, i.e., the radio stations Chiba/Nagara,
Goyang, and Yamata (Japan) and Hwaseong (Republic of Korea). The ionospheric effects from the super typhoon Kong-Rey
were absent along the Hohhot to Harbin radio-wave propagation path located at the farthest range to the typhoon on October
1, 2018.

On October 2, 2018, the super typhoon Kong-Rey approached ~600 km off the propagation path midpoints, and its
power reduced by a factor of 2 by night. As a result, the ionospheric response to the typhoon action also reduced noticeably.

The ionospheric effects were either weak or absent during the daytime of October 2, 2018 and on October 3 and 4,
2018. An increase in the amplitude of the Doppler shift and, partly, in the signal amplitude variations were observed to occur
on October 5, 2018, as well as along a number of propagation paths on October 6, 2018. During the October 5 and 6, 2018
nights, the typhoon was located at a range of ~1000-1500 km from the propagation path midpoints, and its power was
reduced by a factor of ~3, as compared to that observed on October 1, 2018.

7.2 Wavelike disturbances

Wavelike disturbances in the ionosphere were also observed to occur on the reference days of September 29 and 30, 2018.
The amplitude of the Doppler shift was observed to noticeably (factor of ~2—3) increase on October 1-2 and 5-6, 2018. In a
number of cases, variations in the signal amplitude were observed to increase as well. Based on the periods (from 20 min to
120 min), the wavelike disturbances in the ionosphere are caused by atmospheric gravity waves (Gossard and Hooke, 1975).
Given known fpa and T, the amplitude, dna, Of quasi-sinusoidal variations in the electron density can be estimated on

a relative scale. To do this, one can use the following equation (Chernogor et al., 2020; Guo et al., 2020):
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:———’ 1
N g L f (1)
where
K — 1+cos6 ; &zzr—zo ;tan9=i, @)
2(1+ 2§tan29) cos’ 0 o 2z,

c is the speed of light, 6 is the angle of incidence with respect to the vertical at the basis of the ionosphere, zo is the altitude
of the beginning of the layer giving a contribution to the Doppler shift, z, is the altitude of reflection, ro is the mean Earth’s
radius, L is the thickness of the atmospheric region giving a contribution to the Doppler shift.

Substituting T = 20 min and fpa= 0.1 Hz in (1) and taking into account (2) yield dna~ 0.4%. If T =30 min and
foa = 0.2 Hz, then dna = 1.2%. Also, T = 60 min and fpa = 0.5 Hz give dna = 6%.

Thus, the super typhoon action in the ionosphere leads to an increase in the amplitude of variations in the electron
density, depending on the period of quasi-sinusoidal disturbances, by units to several tens of per cent.

In addition, the amplitude of quasi-sinusoidal variations is observed to increase in the Doppler shift along many
propagation paths under the super typhoon action in the course of the movement of the solar terminator. Such an effect
during the dawn terminator is not observed reliably.

Consequently, the synergistic action of the dusk terminator and typhoons takes place on the ionosphere. An effect
analogous to the one described above was observed earlier by Edemsky and Yasyukevich (2018) who made use of GPS

technology for probing the wave disturbances.

7.3 Comparison of ionospheric effects from typhoons

A multifrequency multiple path coherent software defined radio system developed at the Harbin Engineering University has
been in routine use for several years for the determination of variations in radio wave characteristics in the 5-10 MHz band
and in ionospheric parameters, which accompanied the movement of the super typhoon Hagibis (Chernogor et al., 2021),
Ling-Ling and Faxai (Chernogor et al., 2022), Lekima, Kong-Rey, et al. The response of the ionosphere to typhoon action
has been shown to be dependent not only on the parameters of typhoons, but also on the state of atmospheric and space
weather, local time, and on other geophysical parameters. Not only are common manifestations in the response found, but
also individual manifestations that are characteristic of the given super typhoon. The common manifestations include: (1) the
aperiodic (chaotic) character of the ionospheric response; (2) the magnitude of the response shows an apparent abatement
with increasing distance between the typhoon and the propagation path midpoints; (3) the response exhibits a maximum with
distance between the typhoon and the propagation path midpoints approaching a minimum; (4) Doppler shift spectrum
broadening up to +1 Hz due to an increase in the number of rays; (5) the occurrence of quasi-sinusoidal variations in the
Doppler shift with amplitudes of ~0.1-0.5 Hz and periods of 2-5 min and 10-100 min; (6) the generation or enhancement of

infrasound (periods T ~ 2-5 min) and atmospheric gravity waves (periods T ~ 10-100 min); (7) disturbances of the electron
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density amplitudes in the these wave fields attain ~1 % and ~10%, respectively, and greater; (8) aperiodic perturbations (for

the most part, increases) in the electron density could attain a few tens of per cent.

8 Conclusions

(1) The Harbin Engineering University multifrequency multiple path coherent software defined radio system for probing the
ionosphere at oblique incidence have been used to detect the ionospheric effects over the People’s Republic of China during
the September 29, 2018, to October 6, 2018 super typhoon Kong-Rey event. The movement of the super typhoon was
accompanied by significant variations in radio wave characteristics in the 5-10 MHz band.

(2) The ionospheric response to the super typhoon action was clearly observed to occur on October 1-2, 2018 when
the typhoon was 2,800-3,300 km away from the propagation path midpoints and the super typhoon Kong-Rey energy gained
a maximum value, and on October 5-6, 2018 when the typhoon was 1,000-1,500 km away from the midpoints and its
energy decreased by a factor of about 4.

(3) The ionospheric effects are more pronounced along the nearest propagation paths, whereas no effect is detected
along the propagation path at the farthest distance from the typhoon.

(4) The super typhoon action on the ionosphere was accompanied by the generation or amplification of quasi-
sinusoidal variations in the Doppler shift by a factor of 2-3, as well as by noticeable variations in the signal amplitude. The
Doppler spectra were observed to broaden in a number of cases.

(5) The period of wave perturbations exhibited variability in the ~20 min to ~120 min range. It meant that the
perturbations in the ionospheric electron density were caused by atmospheric gravity waves (AGWS) generated by the
typhoon: the greater the AGW period, the greater the Doppler shift. As the period increased from 20 min to 120 min, the
Doppler shift amplitudes increased from ~0.1 Hz to 0.5-1 Hz.

(6) As the AGW period increases, the amplitude of quasi-sinusoidal variations in the electron density increases from
0.4 to 0.6 of per cent.

(7) The Doppler measurements have shown that the dusk terminator and super typhoon acted synergistically to

amplify the ionospheric response to these sources of energy.

Code Availability. Software for Passive 14-Channel Doppler radar may be obtained from the website at
https://dataverse.harvard.edu/dataset.xhtml?persistentld=doi:10.7910/DVN/MTGAVH (Garmash, 2021).

Data Availability. The data sets discussed in this paper may be obtained from the website at
https://dataverse.harvard.edu/dataset.xhtml?persistentld=doi:10.7910/DVN/VHYOL2 (Garmash, 2022).
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