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Abstract. The work presents results of the diagnostics of travelling ionospheric disturbances (TIDs) over the
Antarctic Peninsula obtained by using two different techniques. The first method is based on ground-based multi-
positional GNSS TEC measurements, and the second one is bistatic coherent ionospheric HF radio sounding between
“Akademik Vernadsky” and “Palmer” Antarctic stations. A comparison of Doppler frequency shifts of the probe HF
signal received at “Palmer” station with the dynamics of TEC variations has been made. Quasi-periodic variations
associated with the propagation of TIDs were registered simultaneously in both types of the data. A case study
performed in this paper has shown that the parameters of the ionospheric disturbance estimated by two methods are
in a good agreement, given a specific choice of ionospheric pierce point (IPP) trajectories of GNSS links near the
reflection point of the HF probing signal and TID motion direction collinear to the radiopath and perpendicular to
IPP trajectories.
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Ionocdepnuii Biaryk Ha nomupenns AI'X 3a ganumu F'HCC BumiproBans i korepenTHoro BY 3oHayBaHHs
HA/l AHTAPKTHYHUMU cTaHUissMu «BepHaacskuii» i «Ilaamep»

A. O. Comin, 0. M. SImnonschkuii, B. B. [Tasnyxos, C. b. Kamees, O. B. Konockos, I. 1. [Tikynik, A. B. 3anizos-
ceknit, A. C. Kamees

Pedepart. [IpencraBneno pe3yabTaTtu IiarHOCTHKH PyXoMHX ioHOC(hepHuX 30ypens (PI3) Hag AHTapKTHYHEM
HiBOCTPOBOM, sKi OyJI0 OTPUMaHO ABOMA pi3HUMH MeTonamu. [lepinii Meton 6Ga3yeThcst HA Ha3eMHHUX Oarato-
no3uniianx 'HCC BuMiproBanHAX noBHOTO enexTporHoro BMicty (IIEB), a npyruit — ne nqBomosuniiine xore-
peutae BU panio3onayBanHs ioHOC(EpH MiXK aHTapKTHYHUMHU CTaHUIsIMH «AkaneMik BepHaacpkuity i «Ilan-
Mep». [IpoBeseHo MOpiBHSAHHS Bapianiil JOMIEpiBCHKOTO 3CyBY YacToTH npodHoro BY curnamy, npuitHsaTOro Ha
cranuii «Ilaamep», 3 quHamikoro Bapiamiit [IEB. KBasinepionnuni Bapiaiii, acouiifoBani 3 nmommupeHasm P13,
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OyJ10 3apeecTpOBaHO OJHOYACHO B 000X THIAX AaHUX. Po3riusHyTHi y poOOTI BUIIAOK [TOKA3aB, [0 TapaMeTpu
ioHOC(epHOTO 30ypeHHs, OTPUMaHi J1BOMa METOJIaMH, 100pe y3Tro/KYIOTECS, BPAaXOBYIOUH CHEIiaTbHUH BHOIp
TpaekTopiit migionocdepuux Touok [HCC cymyTHHKIB m0OMM3y TOUKH BiAOUTTS nmpoduoro BYU curnay, i mo-
mupenHi PI3 B HanpsMKy KoniHeapHOMY paJioTpaci Ta HepIeHIUKYISIPHOMY TPAaeKTOPil pyXy migioHocdepHol
TOYKH.

Honocdepusiii oTkauk Ha pacnpocrpanenne AI'B no nannpim 'HCC uzmepennii u korepentnoro BU
30HAMPOBAHUS HA/l AHTAPKTHYECKUMH cTaHnusimu «Bepuaackuiin» u «Iaamep»

A. A. Conmg, 10. M. SImnonsckuii, B. B. [1aznyxos, C. b. Kamees, A. B. Komockos, U. U. ITuxynuk, A. B. 3anu-
30Bckuii, A. C. Kamiees.

Pedepar. [IpencraBineHbl pe3ylnbTaThl AUATHOCTHKHU MepeMeraonmxcs noHochepHsix Bozmymiennii ([IMB) nHax
AHTapKTHYIECKHUM IIOTYOCTPOBOM, KOTOPBIE OBLIHM MONyYSHBI ABYMS pa3sHbBIMU MeTonaMH. [1epBeIii METo OCHOBAaH
Ha Ha3eMHBIX MHOTOIIO3HUIIMOHHEIX H3MEPEHHSX ITOJIHOTO eKTpoHHoro coaepskanus (II19C), a BTopoii — 310 ABYX-
MO3UIMOHHOE KorepeHTHoe BU panmoszonampoBanne HOHOC(HEPH! MEKAy aHTAPKTHUECKHMHU CTAaHIMAMH «AKaje-
muk Bepranckuit» u «[lammepy. [IpoBeneHo cpaBHEHHE BapHaIiil JOTUIEPOBCKOTO CABUTA YacTOTHI MpoOdHOTO BU
CUTHaJa, MpUHATOrO Ha ctaHiuu «llanvep» ¢ nuHamukoit Bapuanuii [19C. KBasunepuonudeckue Bapuanum, acco-
nuupyemeie ¢ pacnpoctpanenueM [1MB, Oputn 3aperncTpupoBaHbl OJHOBPEMEHHO B 00OWX THIIAX NaHHBIX. Pac-
CMOTPEHHBIN B paboTe cirydail mokasai, 4To mapaMeTphl HOHOC(HEPHOTO BO3MYILEHHUS, TOTyIESHHBIE IBYMSs METOAA-
MU, XOPOILIO COTTIACYIOTCS, yUYUTBIBAs CIICIHAIbHBIN BEIOODP TpaekTopuii mogunoHocdepHbx Touek [[HCC cryTHHKOB
BOJM3M TOYKHU OTpaxkeHus npoOHoro BY curnana u newkennu [1MB B HanpaBieHnH, KOJUIMHEAPHOM PaJHoOTpacce U
HNEPIEHANKYTIPHOM TPACKTOPHH PACTIPOCTPAHEHNH MTOAUOHOC(HEPHOI TOUKH.

1. Introduction

Quasi-periodic fluctuations of ionospheric electron density caused by propagation of atmospheric
gravity waves (AGW) represent special interest for investigations of dynamic processes in the ionosphere
(Hocke, 1996). Travelling ionospheric disturbances (TIDs) play a significant role in the ionospheric
dynamics and the Antarctic Peninsula region is one of the most interesting places for their investigation,
since this area is a known hot spot of gravity wave activity (Grocott et al., 2013). It is one of the most
meteorologically active regions on the Earth, which makes it a good place for studying troposphere-
ionosphere interaction and propagation of weather disturbances from the ground level to ionospheric
heights (Yampolski et al., 2004; Zalizovski et al., 2007). Also, this region is located at middle geomagnetic
latitudes where background ionospheric variations are low, which facilitates detecting ionospheric responses
to AGW propagation.

At the Ukrainian Antarctic station “Akademik Vernadsky” (UAS) the vertical ionospheric sound-
ing has been being carried out for more than 50 years. Routine measurements of total electron content
(TEC) using L-band signals of the global navigation satellite system (GNSS) began in 2009 (permanent
GPS station VNAD). These data together with observations from PALM and DUPT GNSS ground sta-
tions (see Fig. 1) make it possible to detect and reconstruct parameters of wavelike ionospheric irregu-
larities. A statistical analysis of the characteristics of acoustic gravity waves (AGW)/travelling iono-
spheric disturbances registered in the Antarctic Peninsula region during several years has been per-
formed by the co-authors earlier. The primary diurnal and seasonal occurrence patterns and main char-
acteristics of AGW/TIDs have been determined for this region (Sopin et al., 2012; Galushko et al.,
2016).

In January — March of 2004 test measurements of TID parameters were performed on an HF radio
link between UAS and “Henrik Arcktowski” (Poland) Antarctic stations (Galushko et al., 2007). It was
shown that TID characteristics, such as period, propagation direction and velocity can be obtained with the
help of the frequency-and-angular (FAS) HF sounding technique (Beley et al., 1995; Paznukhov et al.,
2012). To continue the study of TID phenomena a new data-acquisition system for bistatic coherent HF
sounding of the ionosphere was installed in 2015. HF transmitter operating within frequency range (f,)
from 2 to 10 MHz was deployed at the UAS and receiving system was installed at the U.S. Antarctic station
“Palmer” establishing approximately 53 km long radiolink. In the present study variations of the parameters
of the ionospherically reflected HF signal on this quasi-vertical radio path have been used to estimate TID
characteristics and to compare them with the results of the TID diagnostics obtained from multisite GNSS
TEC measurements.
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Fig. 1. Location of GNSS stations in the Antarctic Peninsula region (http://sopac.ucsd.edu/map.shtm).

2. Techniques and Instruments

GPS TEC measurements

In this work data from four permanent GPS stations: “Palmer” (PALM, 64.78°S, 64.05°W),*Vernadsky”
(VNAD, 65.25°S, 64.25°W), “Duthiers Point” (DUPT 64.81°S, 62.82°W), and “Prospect Point”’(PRPT
66.01°S, 65.34°W) have been used.

The parameters of travelling ionospheric disturbances, such as velocity and propagation direction, are
estimated using “dynamic approach” to the problem of TIDs diagnostics using GNSS measurements proposed
by Galushko et al. (2016). This method is based on using the space and time derivatives of TEC variations
I(x,y,t) calculated at the penetration points with time varying horizontal coordinates xp(t), y (t). If TEC pertur-
bation moves in a frozen-in manner and has a plane amplitude front, it can be represented in the following form:

I(x, y, ) =I(x sina+ y cosa— V).
The disturbance propagation direction o (azimuth) and its velocity V can then be found as:
sina (£) =y (#) / y(¢) and cosa. (¢) = yy(t) /y(2),

dy, (1)
dt

1
Vt) = —— t

dx,, (1)
dt

y(@) =£r; (O +7, ),

where spatial y, Y, and temporal /" gradients can be numerically estimated as (/, x, y, (i = 1,2,3) - TEC
variations and coordinates of corresponding observation point (GNSS station), respectively):
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1) = At
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HF Doppler measurement system

The system used for the bistatic coherent ionospheric sounding consists of the probing HF transmitter
deployed at UAS and two coherent receivers located at “Vernadsky” and “Palmer” stations installed in May
2015. The distance between stations is approximately 53 km and the bearing is almost meridional (azimuth
~10°). The transmitter is based on a commercial transceiver “ICOM-718”. Fig. 2a shows the transmitting
system which includes antenna tuner, power supply and a specially designed modulator. This system can be
controlled using a personal computer that allows advance scheduling of frequencies and operating modes.

A half-wave folded dipole antenna used for the transmission is mounted on top of the main station building
(Fig. 2b).

a)
Fig. 2. Transmitting system (a) and half-wave folded dipole antenna at “Vernadsky” station (b).

The receiving loop antenna was deployed at UAS on top of the “VLF hut” 400 m away from the
transmitter (Fig. 3). Similar active loop antennas were installed at the “Palmer” station.

Fig. 3. Receive loop HF antenna over the “VLF hut” at UAS.

The receiving system at “Palmer” station is a chain of 3 coherent receivers (Fig. 4) which allows
measuring angles of arrival and Doppler frequency shift (DFS) of the probing signal.
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Fig. 4. Block diagram of the receiving system installed at “Palmer” station.

The system is based on software defined radio devices (USRP-210) which are synchronized by the
external 10 MHz reference source “OctoClock-G”. The data are low-pass filtered and sampled at
100 Msamples/second rate and transferred to the analysis computer, where it is band-pass filtered and
decimated to 200 Hz rate with which it is saved in data files. The current software design allows simultaneous
reception of three channels at three frequencies. Hardware band pass filters (1-12 MHz) are installed at the
front end of the system to reduce the effect of out-of-band noise and interference.

Processing systems at the both receiving sites allow calculating dynamic spectrums of the CW probe
signals in near real time. Observations of quasi-periodic variations of the Doppler frequency shift allow
estimating TID parameters such as time period and apparent velocity along the “UAS-Palmer” direction.

3. Observation results

The analysis of the measured data on “UAS-Palmer” radio link has shown that quasi-periodic DFS
variations are present during most of the observation time. An example of variations observed by both HF
and GNSS instruments is presented in the Fig. 5 and Fig. 7 for the geomagnetically quiet conditions
(beginning of 13th November 2015).
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b)
Fig. 5. Doppler spectrogram of HF signal (f =5.555 MHz) recorded at *“Palmer” (a)
and UAS (b) stations on 2015.11.13, 6-9 UT.
Fig. 5 shows three one-hour spectrograms of the HF data collected on November 13, 2015 during
6-9 UT time interval. The upper panels present data for “Palmer”, while lower panels for “Vernadsky”
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station. The traces of the “ground-wave” signal (with zero Doppler shift) and ionospherically reflected
radio waves are clearly seen in the spectrograms. It is evident from the figures that during 7-8 UT the
narrow spectral maximum quasi-periodically fluctuates with a period of approximately 30 min and
amplitude of about 0.3 Hz. The similar spectral features can also be seen in the spectrograms from UAS
making it possible to detect a time shift between DFS fluctuations of the two positions. Estimated variations
of DFS of the HF signal received at “Palmer” and “Vernadsky” stations on 2015.11.13 at 6-9 UT (Fig. 6a)
demonstrate a very similar behavior.

| T o

[ - - -2,
wet=3L 53172300
0B - Y 4
soor o
0.4
500 il
032 £ }
E 400 ;}’
o H .4
ace- 1 ,",;_;g...)"
02 3
200+
04
oo
08 - L -
-6 “40 -20 o 20 40 &0 ; = L T L ‘E' =
Time UT Time shift, min Freguency. WHz
a) b) <)

Fig. 6. (a) Time variations of DFS of the HF signal (f, =5.555 MHz) recorded at “Palmer” and “Vernadsky”
stations on 2015.11.13 at 6-9 UT. (b) Cross-correlation function of DFS variations at UAS and “Palmer”
during 8-9 UT. (c¢) lonogram obtained at UAS on 13.11.2015 at 7 UT (03 LT).

The time delay between DFS at “Palmer” and UAS estimated using the cross-correlation function
(Fig. 6b) is equal approximately 4 minutes. It allows determining a projection of the wave vector along
“UAS-Palmer” radio link. Taking into account that HF signals received at “Palmer” station were reflected
close to a mid-point of the radio path the corresponding apparent velocity along the “UAS-Palmer” direction
was estimated as ~112 m/s.The data of the simultaneous vertical ionospheric sounding (see Fig. 6¢) indicate
that the reflection of the probing signal occurred at the altitudes of F2 ionospheric layer. Such characteristics
suggest that the observed variations were likely produced by the propagation of medium-scale AGW/TID.

Additionally, TEC fluctuations obtained from GNSS links whose ionospheric pierce points (IPPs)
were located in close vicinity to the mid-point of the HF radio path have been considered. For time period
of 7-8 UT the closest to the region of HF sounding were IPPs of the GPS satellites PRN03 and PRN32
therefore they were selected for further analysis. Trajectories of IPPs of GNSS links observed at PRPT for
passes of these satellites are shown in Fig. 7a with dotted lines, and the period of 7-8 UT is highlighted with
bold grey lines. The dashed circles show isolines of the distances of 200 and 50 km from mid-point of the
HF radio path. The smoothed detrended TEC variations obtained from PRN03 and PRN32 at the stations
PALM, DUPT and VNAD on 2015.11.13 at 6:30-8:30 UT are shown in Fig. 7b and 7c correspondingly.
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Fig. 7. a) Trajectories of the ionospheric pierce points of GNSS ground-to-satellite links observed at PRPT in the
vicinity of the “UAS-Palmer” on 13.11.2015 at 7-8 UT. The coordinates of IPPs were calculated using the thin-shell
height H=300 km. b, ¢) TEC variations obtained from PRNO3 (b) and PRN32 (c) at stations PALM, DUPT and
VNAD on 2015.11.13 at 6:30-8:30 UT.
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Similar quasi-periodic TEC variations with amplitude of about 0.1 TECU in all three spatially sep-
arated GNSS receivers can be seen in the data from each satellite. The similarity and quasi-periodic char-
acter of the TEC variations, and time shift between them confirm the presence of wavelike disturbances.
Taking into account the high correlation between the data from different stations, the frozen-in propagation
of the disturbance was supposed. The detrended TEC variations from these three stations, namely DUPT,
PALM and VNAD, have been used to determine the propagation parameters of the ionospheric disturbanc-
es using equations (1).

The angular histograms of the disturbance propagation direction (azimuth) reconstructed using data
of the GPS satellites PRN03 and PRN32 on 13.11.2015 from 7 to 8 UT are shown in Fig. 8. The histograms
are attached to IPPs of GNSS links corresponding to GPS satellites observed at VNAD (dashed-dotted line)
at 7:30 UT. It should be noted that azimuths were calculated using only those TEC measurements that sat-
isfied the condition |y | ~| 7, |>15-10* TECU/km, which is a requirement for the necessary accuracy of
the azimuth calculation (o< 10°) (Galushko et al., 2016).
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Fig. 8. Trajectories of the IPPs of GNSS link corresponding to GPS satellites PRN03 and PRN32 for VNAD
(dashed-dotted line) and PRPT (bold grey line) on 13.11.2015 from 7 to 8 UT and the histograms
of the reconstructed disturbance propagation direction (azimuth).

It can be seen that ionospheric irregularities propagate predominantly in the southern direction with
average azimuths of about 175 and 165 degrees for PRN0O3 and PRN32 satellites correspondingly. The
average velocities of the disturbances are approximately 98 and 100 m/s for PRNO3 and PRN32 respectively.
The spatial scale A of the wave-like irregularities computed using velocity, azimuth, and positions of the
disturbance’s amplitude front is in the range of 180-260 km. All estimated parameters obtained for both
satellites are very similar and consistent with the time period (T=A/V) and apparent velocity along the
“UAS-Palmer” direction estimated from DFS variations (see Table 1). The obtained characteristics
correspond to those of medium-scale AGW/TIDs (Hocke, 1996). It should be also noted that the distance
between IPPs of PRN03 and PRN32 is about 200 km (see Fig. 8) suggesting that the width of the amplitude
front is also of the same or larger size.

Table 1.

Parameters of TIDs estimated using GNSS (TEC) and HF (DFS) observations 2015.11.13 7-8 UT.
The last column shows projections on the line of sight direction “UAS-Palmer” for wavelength and apparent velocity.

TEC measurements HF data
PRNO3 PRN32 DFS
T, [min] 27-35 32-34 ~30
a 175° 165° -
Vm, [m/s] 98 100 112
A, [km] 175-235 220-260 201
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In the examined case the motion of IPPs of the GNSS links is almost perpendicular to the propagation
direction of the disturbance (see Fig. 8). For this geometry TEC variation distortions due to IPP motion (the
Doppler-like effect) should be minimal and the observed temporal fluctuations of TEC are caused mainly
by TID propagation, i.e. TEC variations follow the waveform of an actual ionospheric disturbance and
correspond to the ones that would have been observed at a fixed IPP. For further analysis, DFS variations
and the rate of change (ROT) of detrended TEC have been compared (Fig. 9).
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Fig. 9. Variations of DFS (solid line) of the HF signal received at “Palmer” station on 2015.11.13 at 6:30-8:30 UT and
the rate of change of detrended TEC (dotted line) for GPS satellite PRNO3 (left) and PRN32 (right)
obtained at VNAD (upper panel) and PRPT (lower panel) stations.

It is worth noting that the periods of the variations observed with the two methods during the interval
7-8 UT are very similar. The observed time shifts between DFS and ROT fluctuations at spatially separated
points correspond to North-South propagation of the ionospheric disturbance. These time shifts and
corresponding IPP positions have been used to estimate wave parameters of the disturbances. The algorithm
used to calculate the velocity and propagation direction is similar to D1-GPS method described in
Afraimovich et al. (2006). It allows estimating the propagation parameters knowing the time shifts between
similar extremums of variations at three observation points and their positions in space. In our case we used
the positions of IPPs of PRN03 (PRN32) observed at VNAD and PRPT, taken at the time corresponding to
the ROT minimum (maximum) as the first two registration points. The third registration point was the mid-
point of the HF radio path. The calculated propagation direction (azimuth) is about 0=165-195° and the
velocity range is V=80-145 m/s. The obtained characteristics are in a good accordance with estimated using
GNSS-derived TEC and DFS fluctuations (see Table 1).

4. Conclusions

A bistatic coherent HF ionospheric sounding system was installed at the Antarctic Peninsula with a
transmitter located at “Vernadsky” and a receiver at “Palmer” stations in May 2015. This system is used for
detecting wavelike ionospheric disturbances and estimating their periods and the meridional projection of
the wave vectors. Simultaneous observations of the same travelling ionospheric disturbances have been
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also conducted using GNSS-derived TEC technique. A case study performed in this work has shown that
the spatial and temporal parameters of the ionospheric disturbances assessed by the two methods are in a
good agreement. In the case under consideration the wavelike disturbances propagated almost in the
meridional direction from North to South with the azimuthal angle of about 170 degrees. Their time period
was 30 min; velocity and spatial scale were estimated to be about 100 m/s and 230 km, correspondingly.

The results demonstrate that the effectiveness and accuracy of the TID diagnostics could be
significantly improved by performing simultaneous measurements using both Doppler HF and GNSS-TEC
techniques. The proposed technique will be used to determine regular variations of TID parameters and to
establish the relationship between TID parameters and tropospheric weather and geomagnetic activities,
and to identify their sources.
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