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Doppler vertical sounding of the ionosphere
at the Akademik Vernadsky station

Abstract. The paper aims at providing the technical information about Doppler vertical sounding of the ionosphere that started
at the Ukrainian Antarctic Akademik Vernadsky station since 2017; developing the technique for processing and visualization of
data of vertical sounding of the ionosphere in the form of height-time diagrams of median values of ionospheric parameters;
demonstrating the capabilities of this technique using the results obtained during the first year of observations, namely the
background variations of ionospheric parameters as well as examples of observations of travelling ionospheric disturbances
(TID). The methods used in the paper are the following: the vertical sounding of the ionosphere using the IPS-42 ionosonde
operating at Akademik Vernadsky station since 1982; Doppler vertical sounding of the ionosphere by the portable ionosonde
developed and manufactured in collaboration between the Abdus Salam International Centre for Theoretical Physics (ICTP)
and Institute of Radio Astronomy of the National Academy of Sciences of Ukraine (IRA NASU); calculating the height-time
diagrams of ionospheric parameters obtained using the data of both ionosondes; and original technique for estimating the
median height-time diagrams as background monthly averaged characteristics of the ionosphere. Seasonal and diurnal variations
of plasma frequencies, vertical plasma velocities, as well as the signal-to-noise ratio and the probability of the registration of
signals are shown using the median height-time diagrams of the corresponding parameters for the first year of synchronous
observations by the two ionosondes. The features and potential areas of application of median ionospheric height-time diagrams
are discussed. They can be used to calculate automatically variations of maximum usable frequency for a radio link of the
specified length. Examples of TID registrations in variations of virtual heights of reflection and Doppler frequency shifts (DFS)
of the signals are presented. It is shown that the comparison of TID manifestations in variations of virtual heights and DFS can
be used to select a more appropriate model of TID among the models of perfectly reflecting moving surface or three-dimensional
plasma density waves traveling through a real ionospheric layer. It could be concluded that simultaneous operation of two
ionosondes at the Akademik Vernadsky station has allowed to significantly expand the amount and quality of objective information
about the ionospheric behavior over the Antarctic Peninsula.
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1 Introduction

lonosphere is a partially ionized layer of the Earth’s
atmosphere, where the level of ionization is enough
to substantially affect the propagation of radio waves.
Despite the fact that the ionosphere has been studied
for about a hundred years, our knowledge does not
yet allow obtaining a reliable forecast of ionospheric
conditions even for a relatively short time (e.g., one
day). Therefore, the investigation of ionospheric pro-
cesses and the new methods development for their
visualization, analysis and forecast remain highly re-
levant. One of the most widespread methods for iono-
spheric monitoring is a technique of vertical sound-
ing of the ionosphere (VSI). Ionograms of ground-
based vertical sounders are used to restore the vertical
profile of electron density below its main maximum.
To describe monthly averaged characteristics of the
ionosphere median values of its parameters have been
widely used since the middle of previous century (see,
e.g., Beynon et al., 1961).

For visualization of various processes in the Earth’s
atmosphere, the height-time (HT) plot of different
parameters is obtained using the incoherent scatter
radars (Mitchell et al., 1998), meteorological radars
(Bezvesilniy et al., 2003), lidars (Diettrich et al., 2005).
The same technique also is used for visualization of
VSI data (Haldoupis et al., 2006; Negrea et al., 2016).
The height-time-frequency plots have been described
and applied for studying the behavior of intermediate
layers by Lee et al. (2003). It should be noted, the HT-
diagrams of the intensity of the reflected signal were
averaged over several days to study the variability of
E_ in middle latitudes by Haldoupis et al. (2006).

The Antarctic Peninsula (AP) region is appropri-
ate area for experimental studies of the troposphere-
ionosphere energy transfer. This region is character-
ized by the quiet mid-latitude ionospheric back-
ground and is affected by the extremely high cyclonic
activity, magnetic anomaly, and rapid variations in
the total ozone content. Analysis of long-term data
sets obtained at the Ukrainian Antarctic Akademik
Vernadsky station (Akademik Vernadsky station) (for-
mer UK Faraday base) has allowed detecting the weath-
er impact on the dynamics of middle and upper at-

mosphere above AP (Zalizovski, 2011). It has been
possible due to long-term continuous meteorologi-
cal, total ozone, geomagnetic and ionospheric obser-
vation, which has been carried out at Faraday/
Akademik Vernadsky station for more than 60 years.

The atmospheric gravity waves (AGW) are the
most effective transport agents for the energy transfer
from low atmospheric layers to the ionosphere. AGW
are propagating in the ionosphere as travelling iono-
spheric disturbances (TID). TID over the AP region
were experimentally studied using the technique of
frequency and angular sounding of the ionosphere
(Beley et al., 1995; Galushko et al., 2008) in the frame-
work of experiments carried out between the Arc-
towski station and the Akademik Vernadsky station in
2004 (Galushko et al., 2007), and the experiment
conducted during 2015—2019 between Palmer sta-
tion and the Akademik Vernadsky station (Paznukhov
etal., 2017).

Measurements of ionospheric parameters are pro-
vided using the VSI techniques at the Akademik Ver-
nadsky station since late 1950-s. A main device for
ionospheric sounding is ionosonde IPS-42. The new
portable Doppler ionosonde was installed at the
Akademik Vernadsky station in 2017 as a supporting
instrument. The Doppler ionosonde allows analyz-
ing the vertical profiles of both the regular and short-
term variations of vertical plasma velocity which is
associated with TID.

The paper aims to provide the technical informa-
tion on Doppler vertical sounding of the ionosphere
that was started at the Akademik Vernadsky station in
2017. We describe the technique for processing and
visualization of data of ionosphere vertical sounding
in the form of height-time charts of median iono-
spheric parameters. The technique provides the back-
ground variations of ionospheric parameters as well
as examples of observations of the TIDs.

2 Methods and data
2.1 Vertical sounding of the ionosphere
The main instrument for ionospheric sounding is

ionosonde 1PS-42 that has been used at Faraday/Aka-
demik Vernadsky station since 1983. In April 2017, the
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new portable Doppler ionosonde (Zalizovski et al.,
2018) was developed and manufactured in coopera-
tion of Institute of Radio Astronomy of National
Academy of Sciences of Ukraine (IRA NASU) and
International Centre for Theoretical Physics (ICTP).
This ionosonde has been installed at the Akademik
Vernadsky station to support existing ionospheric ob-
servations. The main purpose of the newly developed
instrument is to measure height-frequency charac-
teristics of the ionosphere (also known as ionograms).
An important advantage of the instrument is its abil-
ity to measure the Doppler frequency shift (DFS) of
reflected signals on different carrier frequencies and
to estimate the vertical projection of plasma velocity
in a wide range of heights.

The construction principle of the new ionospheric
sounder is based on the design of the DPS4 digisonde
(Reinisch et al., 2007; Reinisch et al., 2018) with the
new software (Software Defined Radio) for iono-
spheric sounding (Morris, 2014). The new ionosonde
provides ionospheric diagnostics continuously.

The ionosonde has been operating with a sampling
rate every 5 minutes since April 2017. This regime
was selected to supplement the regular sounding by
the conventional ionosonde 1PS-42 that obtains one
ionogram every 15 minutes. The experience obtained
during long-term HF experiments with receiving site
at the Akademik Vernadsky station (Zalizovski et al.,
2007; Zalizovski et al., 2015) was used to design an
operation schedule for two ionosondes. The new instru-
ment performs the sounding using a grid of 22 carrier
frequencies with the sounding duration being about
10 seconds for each frequency. This regime allows es-
timating the DFS with resolution of about 0.1 Hz.
Hence the resolution of the estimated vertical plasma
velocity in the HF band is in the range from 0.1 to 1 m/s.
Besides the information about regular plasma veloci-
ties, the selected regime allows studying the wave-like
processes in the ionosphere with periods from 10 min-
utes and more, for example medium- and large-scale
travelling ionospheric disturbances (TID).

In order to optimize the analysis of the increased
volume of VSI data, we have developed an approach
that allows presenting the average characteristics of
the ionosphere for the sufficiently long time period

(about a month) in the form of median height-time
diagrams. The technique for their calculation is de-
scribed below.

2.2 A technique for calculating
the height-time diagrams

Algorithm for constructing the HT-diagram of the
median values of an ionospheric parameter is very
similar to the algorithm for calculating the dynamic
diagram. The only difference is that instead of dy-
namic non-averaged data, the monthly median value
of the parameter for each height-time cell is calcu-
lated and plotted. Below we briefly describe the pro-
cedures required to construct a diagram.

The result of VSI is the height-frequency charac-
teristic of the ionosphere, or ionogram, which is a
2-dimensional matrix containing information pa-
rameter values. For the ionosonde developed by IRA
NASU both the level of reflected signal and DFS are
measured and stored in the form of two matrices, for
the IPS-42 ionosonde only the binary value repre-
senting the presence of the reflected signal can be ob-
tained. Both ionosondes cannot detect the polariza-
tion of the received signals because they use linearly
polarized antennas oriented in the same plane.

The first stage of processing is "cleaning” proce-
dure that aims at excluding the noise from the iono-
grams. It is worth noting that the algorithm and pa-
rameters for "cleaning” procedure should be chosen
individually for each instrument location based on
the quality of its ionograms. The quality, in turn, is
determined not only by the characteristics of the
equipment but the noise conditions at the site of
measurements.

At the next stage, the maximum reflected frequen-
cy for each virtual height is estimated. This value is
considered to represent plasma frequency and de-
picted in color on the HT-diagram in the corre-
sponding height-time cell. Because of the absence of
the discrimination of O- and X-mode signals in both
ionosondes, the frequency of X-mode is interpreted
as the plasma frequency in most of the cases.

HT-diagrams of vertical velocity are constructed
from the estimations of the Doppler frequency shift
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F, converted to virtual vertical plasma velocity using
F.c
f
and where the reflected signal is present in this cell.
In this equation f is the carrier frequency, ¢ — the
light speed. The new ionosonde provides the infor-
mation about signal-to noise ratio for each cell. This
information can be useful for analyzing the propaga-
tion conditions and distinguishing reflections from
different ionospheric layers. HT-charts of signal-to-
noise ratio are built similarly to the HT-diagrams of

plasma frequencies and vertical velocities.

The final processing step is calculating and con-
structing the median HT-diagrams. For that the me-
dian value of the information parameters are calcu-
lated for each height-time cell. To obtain a reliable
median value, only the cells with a certain minimum
number of data points have been selected. As a rule,
the minimum number was chosen to be greater or
equal to five. Obtained HT-diagrams allow analyzing
the background diurnal variations of the ionospheric
parameters as a function of time and virtual height.

1
equation V, = Y for the height-time cells when

3 Results and discussion

3.1 Median HT-diagrams

The median monthly "virtual height-time" diagrams
of plasma frequencies of the extra-ordinary wave,
vertical plasma velocity, signal-to-noise ratio, and
probability of the presence of the reflected signal at
the Akademik Vernadsky station are shown in Fig. 1.
The IPS-42 data were used to create HT-diagrams
of plasma frequencies shown in the first column of
Fig. 1. The HT-diagrams shown in the second, third
and fourth columns are constructed using the data
from the new Doppler ionosonde.

The big seasonal and diurnal variations of the ion-
ospheric parameters are seen over the Antarctic
Peninsula. From May till August the reflections from
E region (90—150 km) are absent during the night
time. The height of the lower boundary of F2 region
rises above 300 km near midnight. During the day-
time reflections from E region appear and the virtual
height of the lower border of F region goes down to
200 km.

An asymmetry in the daily variation of the iono-
sphere parameters can be observed in the behavior of the
plasma frequencies during equinoctial months (Sep-
tember, October, February, March, partially April). It
manifests as the time shift of the higher values to the
evening (see Fig. 1, column 1).

The culmination of this phenomenon is observed
from November to January, when the maximum of
ionization is shifted to the midnight, and minimum
to the daytime. This effect was observed for the first
time at Halley station (Bellchambers, Piggott, 1958),
and since that time got the name of Weddell Sea
anomaly (WSA). But the strongest inversion of the
daily variation is observed at the Argentine Islands
where the Akademik Vernadsky station is located. It
should be noted that WSA is the most remarkable ex-
ample of how the dynamics of neutral atmosphere
can impact the upper ionosphere, in particular the
electron peak density and total electron content. The
correct explanation of WSA as a result of thermo-
spheric wind impact was made for the first time by
Kohl, King (1967). This behavior is associated with
the presence of the equatorward component of the
thermospheric wind at night, which transfers the
plasma upward due to the ion drag mechanism. In
the daytime, on the contrary, the increase in plasma
concentration is depressed by the poleward compo-
nent of the thermospheric wind leading to plasma
downwelling.

It is interesting that the plasma vertical velocity
measured by the new ionosonde for the midnight
hours of November-January (Fig. 1, column 2) is
close to zero. We suppose that it does not mean that
the plasma does not move upward, but the plasma
motion is a part of the dynamical equilibrium, which
provides the stable F layer at this time. Due to stable
parameters of F layer the phase path of signals re-
flected from it are constant, therefore signal’s DFS
remain near zero.

It can be noted that the regular dynamics of the F
layer and the values of the plasma vertical velocity
shown at second column of Fig. 1 are in a good agree-
ment. When the F layer moves down in the morning
the regular values of DFS are positive in all the height
range. And vice versa, when the layer moves upward
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Akademik Vernadsky station, March 2018
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Figure 1. Median HT-diagrams of (from left to right) frequencies reflected from the ionosphere (plasma frequencies), vertical
plasma velocity, signal-to-noise ratio, and probability of the reflected signal presence over the Akademik Vernadsky station from
April 2017 to March 2018 (from top to bottom) according to data of ionospheric sounding at the Akademik Vernadsky station

in the evening, the plasma velocities are negative in
all the height range.

It is worth noting also that HT-diagrams are a good
tool for studying the regular behavior of the sporadic
E layers (E) of the ionosphere (heights below 150
km). The maximum of their occurrence is observed
during summer months (Fig. 1, all columns). However
E_is present in all seasons mostly during the daytime.
Two downward trends per day in the E_heights can be
recognized on HT-diagrams in summer (Fig. 1, all
columns, December 2017 — February 2018). Some
authors associated this behavior with the impact of
tidal waves on the E_(e.g. Haldoupis, 2006).

Vertical velocities on the E_layer heights estimated
by the new ionosonde are equal to zero at all times.
Taking into account the resolution of the instrument,
one may easily conclude that vertical velocities of the
E_ layer are usually smaller than 10 m/s.

3.2 Automatic estimation
of the maximum usable frequency

The considered median HT-diagrams of plasma fre-
quencies can be used for alternative calculation of

62

maximum usable frequency (MUF) for radio links of
the specified length without additional manual or
auto-scaling. The currently used approach is to esti-
mate median values for foF2 and M(3000) para-
meters from the scaled of ionograms. The value of
MUF(3000) is suggested as a product of fo F2 and
M(3000). Actually, the product of two median values
is not equal to the median value of the product.

Therefore, it seems to be better to estimate median
values of MUF(D) for specified distance D using
raw ionograms. In this case, the value of foF2 should
be recalculated into MUF value for each virtual
height and specified distance D. That can be done
using the similar triangle theorem (Davies, 1990).
Estimated values of MUF(D) for each virtual height
can be used for building the HT-diagrams of MUF(h,
D) (example is shown at Fig. 2, left panel). For HT-
diagram the value of MUF(D) can be found as a
maximum in height profile for each time domain.
Finally, the median value of MUF(D) can be calcu-
lated using the set of MUF(D) values calculated for
specified time.

The examples of estimations of MUF(D) for the
distances from 0 till 3000 km for the April 2018 using
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Akademik Vernadsky station, April 2018
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Figure 2. Examples of automatic recalculation the MUF for reflection from specified virtual height in the form of HT-diagrams
(a—d), and as a function of time (e—h) for the radio paths of the length: (a), (¢) 0 km; (b), (f) 1000 km; (c), (g) 2000 km and (d),

(h) 3000 km

the median HT-diagram of plasma frequencies are
shown in Fig. 2. The left panel shows the median val-
ues of MUF (h, D) for each virtual height. Using this
representation we can estimate the median value of
the virtual height providing reflection on the radio
link of length D at the specified frequency. Right
panels demonstrate the diurnal variation of median
MUF(D) calculated using the technique mentioned
above. Those calculations were made for the model
of plane stratified ionosphere. Nevertheless the Earth’s
curvature was taken into account to estimate the an-
gle of incidence of the HF wave on the ionosphere.
The average difference of 0.6 MHz between foF2 and
fxF2 for the Akademik Vernadsky station location
was considered, so the estimations of MUF for wave
of O-polarization are shown in Fig. 2.

3.3 Observation of travelling
ionospheric disturbances

As it was shown earlier (e.g., Zalizovski, 2011),
Antarctic Peninsula region is a very suitable place to
study the impact of neutral atmosphere on the up-
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per atmosphere. An effective transport agent for
that is atmospheric gravity waves (AGW) manifest-
ing themselves as travelling ionospheric disturbanc-
es in the near-Earth plasma. Therefore, the new
tools for estimating the parameters of the AGW/
TID in this region could make a significant contri-
bution to the study.

As mentioned above, the 5S-minute sampling rate
of the new ionosonde was selected with a goal to
detect and reconstruct characteristics of AGW/
TID over the Akademik Vernadsky station. Let us
consider the TID observed on HT-diagrams of both
ionosondes operating at the Akademik Vernadsky
station at a certain moment of time (Fig. 3). As one
can see, quasi-periodic variations associated with
TID are observed in both virtual height (top panel)
and DFS (bottom panel). The vertical velocity of
TID can be estimated from variations of virtual
heights. In the case shown by black line (Fig. 3, up-
per panel) the period of variation is equal to ~1 hour
and downward phase velocity is equal to ~50 m/s.
It means that the group velocity has an upward di-
rection.
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Figure 3. Example of TID observed at the Akademik Vernadsky station on 8 April 2017 in variations
of virtual heights (top panel) and DFS converted to vertical speed (bottom panel). Different curves
correspond to frequencies from 1.60 to 3.76 MHz. Black line at the top panel shows the vertical

movement of the equal phase surface

Comparison of the top and bottom panels allows
us to conclude that TID are observed in both varia-
tions. However, the waves with periods 1 hour and
more are better observed in height variations, and
waves with periods less than 1 hour are better ob-
served in variations of DFS.

It should be noted that we have two parameters
connected with the motion of the ionospheric plas-
ma. The first one is the change of virtual height of
reflecting surface shown at the top panel in Fig. 3.
The second is the vertical plasma velocity estimated
using DFS for each virtual height of reflection point
that manifests the group speed of the waves (the bot-
tom panel in Fig. 3).

64

The main parameter measured by an ionosonde is
the virtual height h' of the reflection point for the

signal calculated as h’ = %, where c is speed of light

and 7 is the measured time delay of the reflected sig-
nal. It could be expressed as:

hy
I _cfd

where £ _is a true height of signal reflection, Vgr isa
group velocity. Since Vgr in the ionospheric plasma is
smaller than speed of light ¢ (Davies, 1990), virtual
height h' is bigger the true h.. The change of virtual
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heights associated with TID can be estimated as a
time derivative of the h’ variations shown on the top
panel of Fig. 3 as:

d" cd 1
V/is——=-Z—|l——qdl.
' de 2dt I [vg, ( )}

Expressing the group velocity through the refrac-
tive index, we obtain:

p__1df 1
Ve = 2dtj(n(l)Jdl’ M

L

where n — refractive index, L — trajectory of the sig-
nal (upward and back).

On the other hand, we have direct measurements
of DFS F of the same signals that could be described
as (Davies, 1990):

fdp

cdt

f d
——— | n()dl,
cdt{()

D

where fis the carrier frequency. We convert DFS
F, to virtual plasma velocity (shown at the bottom

1Fc

panel of Fig. 3) as v/ = - in other words:

1d
& S j n(l)dl . Q)
L

By comparison of (1) and (2) it can be concluded
that the difference between two values V' and V' of
velocity estimation depends on the dynamics of the
refractive index along the signal trajectory. In the case
of the layer moving as a whole, or if the layer can be
considered a thin reflecting surface, the time derivate
of the refractive index along the trajectory is zero, so
V/and V! depend on the derivate of trajectory length,
or on the height of the reflection point 4 _for the verti-
cal propagation. In this case Vr/ and Vr’ ' should be
equal or close to each other, which means the ap-
proximation of TID as a wave on a thin reflecting
surface can be used as the most adequate. In the op-
posite case, when the time derivate from refractive
index along the trajectory is not zero and cannot be
neglected, the values of V/ and V' are significantly

different. This means the approximation of TID as a
three-dimensional plasma density wave traveling
through a real ionospheric layer should be used as the
more appropriate.

4 Conclusions

The simultaneous operation of two different iono-
sondes at the Akademik Vernadsky station allows us
to significantly expand the amount and quality of the
objective information about the ionosphere behavior
over the Antarctic Peninsula.

The technique to construct median HT-diagrams
described in this paper allows to analyze the varia-
tions of the averaged characteristics not only in time
but also in height. Median HT-diagrams can be used
to study regular processes in the ionosphere. They
can be also useful for comparison of the ionosphere
conditions between different geographical locations
or time intervals, for automatic estimation of MUF
for the radio links of the specified length, as well as
information about the background variations that
can be taken into account for estimating the param-
eters of ionospheric disturbances.

Combining the data sets of two different ionoson-
des at the Akademik Vernadsky station can be con-
sidered as a new additional powerful tool for study-
ing the travelling ionospheric disturbances over the
Antarctic Peninsula. For example, the comparison of
the variation of DFS and virtual heights can be used
to select the most suitable model describing the spe-
cific type of TID observed.
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JlonmnuiepiBchKe BepTHKAIbHE 30HAYBaHHs ioHOChepn
Ha YKpaiHchKiii anTapKTHuHil cTaHuii «Akanemik Bepaaacekuii»

Pedepar. Meta poOOTH MoJjsira€ y HalaHHI TEXHIYHOI iH(opMallil 11010 AONIUIEPiBCbKOrO BEPTUKATBHOIO 30HAYBaHHS i0-
HocdhepH, po3ITovaToro Ha YKpaiHChKili aHTapKTUYHIl cTaHIIii «AKageMik BepHancbkuii» y 2017 polii; Orrcy MeTOIUKHA 00-
poOKHU Ta Bi3yasizallii JaHUX BEPTUKAIbHOTO 30HAYBaHHS i0HOC(EPU y BUIJISII MeliaHHUX BUCOTHO-YACOBUX Jliarpam; ae-
MOHCTpALlil MOXJIMBOCTEN JOMIIIEPiBCbKOTO 30HAYBaHHS ioHOChEpHU Ha NMPUKIIa/li pe3yJbTaTiB, 110 OTPUMAaHI MPOTATOM Mep-
11I0T0 POKY poOOTH CUCTeMU Ha cTaHllii «AKanemik BepHancbkuii», a came, (DOHOBMX Bapialliii mapamMeTpiB ioHocdepu Tpo-
TATOM POKY, a TAKOX PEECTpalliil pyxoMux ioHochepHux 30ypeHsb (P13). B po6oTi 3acTocoBaHO HACTYITHI METOIN: KIIaCUIHE
BepTUKAJIbHE 30HIYBaHHS ioHOC(hEpU 3a IOMOMOrol ioHO30HIYy IPS-42, 1110 BUKOPUCTOBYETHCS Ha CTaHINI «AKaaeMik
Bepnancekuii» 3 1982 poxy; momnmiepiBcbke BEepTUKATbHE 30HIYBaHHS ioHOC(hEPH 3a TOTTOMOTOI0 TTIOPTATUBHOTO iOHO30HTY,
10 OyB CTBOPEHUH Y CIiBPOOITHUITBI Mk MizXKHapoZHUM LIEHTPOM TeopeTrdHOi Bizuku im. Admyc Canama (Abdus Salam
International Centre for Theoretical Physics, ICTP) i PagioacTpoHoMiyHnM iHCTUTYTOM HallioHansHOI akaneMii HayK YKpaiHu
(PI HAHY); mobGynoBa BUCOTHO-49aCOBUX JiarpaM IapaMeTpiB ioHOC(epH, OTpUMMaHUX 3a JOITOMOT0I0 000X 10HO30HIIB; a
TaKOX OpUTiHAIbHA METOIMKA PO3PaXyHKY MeIiaHHUX BUCOTHO-YACOBUX JiarpaM K ()OHOBUX CEPETHbOMICIIHUX XapaKTe-
pUCTUK ioHOCchepu. Ha mpukiani MeaiaHHIMX BUCOTHO-YaCOBHX JiarpaM MoKa3aHO Ce30HHO-I000BI Bapiallii Iia3MoOBHX Yac-
TOT, BEPTUKAJIbHUX IIBUIKOCTEH TJ1a3MH1, a TAKOX BiIHOIIEHHS CUTHAJI-IIIYM Ta MMOBIPHOCTI peecTpallii BitOUTUX CUTHAJIIB
3a MepIINii pik CyMicHOT poOOTH ABOX i0HO30HIiB. HaBemeHo 0co6IMBOCTI Ta pO3IIISTHYTO chpepy MOTEHIIIITHOTO 3aCTOCYBaH-
H$1 MEllaHHUX BUCOTHO-4YacOBUX Aiarpam. Tak, BACOTHO-YAaCTOTHI AiarpaMu MOXYTb OYyTH BUKOPUCTAHI /151 aBTOMATUYHOTO
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PpO3paxyHKy Bapialliii MaKCMMaIbHUX 3aCTOCOBHUX YyacToT (M3Y) mist pamio3B’ 13Ky Ha JiiHii 3agaHoi TpoTsKHOCTI. HaBeneHo
npukiaanu peectpaiii P13 y Bapiaiisix mirounx BUCOT BiIOWUTTS, a TaKOX TOMILICPiBCbKUX 3¢yBiB yactotu (J13Y) curHamis.
[MoxazaHo, 110 mopiBHAHHA NposBiB PI3 y Bapiamisx aitounx Bucot Ta JI34 MoxHa BUKOPUCTOBYBATHU IIJIsSi BUOODPY OiTbIIT
angekBaTHOI Mozeni PI3: ineanbHo BinOMBaw4oi CXBMILOBAHOI TTOBEPXHi a00 XBWJIb 00’€MHOI IIITLHOCTI TUIa3MHU, 1110 TTOIIH-
PIOIOThCS Kpi3h ioHOC(EepHUII 1ap. Y SIKOCTi BACHOBKY MOXHa 3a3HAUMTH, 1110 OJHOYACHA poOOTa IBOX iI0HO30H IiB Ha CTaH-
1ii «AkaneMik BepHaacbkuii» 103BoJIMIIA CYTTEBO PO3LIMPUTH 00’ €M Ta SIKiCTh 00’ €KTUBHOI iH(DopMallii Tpo cTaH ioHochepu
Hag AHTAPKTUYHUM MTiBOCTPOBOM.

Kiouosi ciioBa: ioHocdepa, JonIiepiBCbKe 30HAyBaHHS, ioHOrpaMa, MeliaHHe 3HaYeHHsI, BUCOTHO-4YacoBa jJiarpaMa, pyxoMi
ioHoc(epHi 30ypeHHsI
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