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Ionospheric response to the February 27, 2023 intense geomagnetic
storm over Kharkiv and the Akademik Vernadsky station

Abstract. This study aims to investigate ionospheric responses to the February 27, 2023 intense geomagnetic storm over
Kharkiv and the Akademik Vernadsky (hereinafter — Vernadsky) station using ionosondes. The behavior of the key
ionospheric parameters (4., and N ) before, during, and after the geomagnetic storm was investigated. The obser-
vational F2-layer peak electron density and height were compared with those derived by the International Reference
Tonosphere (IRI-2016) model. Significant negative ionospheric storms were identified over Kharkiv during all the
nights after the geomagnetic storm beginning (up to ~70% decrease of the N ). At the same time, during the daytime
hours of February 27, a moderate positive ionospheric storm (up to ~40% increase of the N, ) was registered. Over
Vernadsky Station, during the main phase of the geomagnetic storm, a very strong negative ionospheric storm (up to a
factor of ~4 reduction of the N, .,) was observed both during daytime and night-time. We offer hypotheses of the possible
physical mechanisms (electrodynamics, changes in the neutral composition, partial depletion of the plasmasphere, and
a shift of the ionospheric trough) responsible for the observed ionospheric effects. Further investigations with physical
models of the coupled atmosphere, ionosphere, and plasmasphere are necessary to identify the dominant drivers in each
case. Comparison of the observed ionospheric parameters with the predictions of IRI F2-layer peak sub-models shows that
neither 4,z (AMTB-2013 and SHU-2015), and N, (URSI and CCIR) sub-models can qualitatively reproduce strong
storm-induced ionospheric variations over Kharkiv. Over Vernadsky Station, both /., sub-models underestimate the ob-
served 4, during the storm period, whereas the N _, sub-models are more sensitive to the changes in geomagnetic activ-
ity. Under geomagnetically quiet conditions, the qualitative agreement between observations and the model is satisfactory,
but further improvements of the empirical models are required to reach acceptable accuracy of quantitative predictions.
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1 Introduction

Although the ionospheric effects of geomagnetic
storms have been actively investigated for decades
and the key physical mechanisms responsible for
them have been found, every storm has its unique
features and effects, which cannot be fully repro-
duced by the existing empirical models (Prolss,
2008; Fuller-Rowell, 2011; Borries et al., 2015).
More observations of new storms and additional
comparisons with the models are required to im-
prove the models further.

The February 27—28, 2023 geomagnetic storm
is particularly interesting for models’ testing. The
storm occurred at relatively high solar activity
(F,,, ~160), the highest for the last ~20 years.
During this period, new empirical models for the
F2-layer peak height (4, _,) have been developed
and are widely used as commonly accepted op-
tions of the International Reference lonosphere
(IRI) model (Bilitza et al., 2017; 2022). How-
ever, there is a lack of studies devoted to testing
the accuracy of these models under high solar
activity conditions over Antarctica compared to
other regions of the Earth. Furthermore, it is un-
clear whether the standard IRI models of the
F2-layer peak electron density (N, .,) based on
the data obtained for previous solar cycles can
predict N _, during the maximum of the current
25™ solar cycle with acceptable accuracy.

This study focuses on such validation efforts.
We analyse variations of the ionospheric F2-lay-
er peak in mid-latitudes of the European longi-
tudinal sector, Northern Hemisphere, and in the
sub-auroral latitudes of the American longitudi-
nal sector, Southern Hemisphere, during the pe-
riod of 25—28 February 2023, which encompasses
the pre-storm days, main storm phase, and be-
ginning of the recovery phase.

We employ observations by ionosondes at Khar-
kiv (49.6°N, 36.3°E) and the Ukrainian Antarc-
tic Akademik Vernadsky (hereinafter — Vernads-
ky) station (65.25°S, 295.75°E) and compare them
with AMTB-2013 and SHU-2015 sub-models for
h, ., and CCIR and URSI sub-models for N, _ (Zal-

izovski et al., 2018; Koloskov et al., 2019; 2023;
Bilitza et al., 2022).

This paper is structured as follows: The first
section provides a short overview of the problem
associated with ionospheric modeling under high
solar and geomagnetic activity levels. The second
section describes the space weather conditions,
data, and methods used in this paper. The results
and discussions are presented in the third sec-
tion. The last section concludes the paper.

2 Data and methods
2.1 Solar and geomagnetic conditions

Figure 1 shows variations in solar and geomagnetic
activity indices from February 25 to 28, 2023. The
solar activity during the investigated period ranged
from medium to high level (solar radio flux index
F,,, = 152—161 sfu). Geomagnetic activity was
enhanced from ~18:00 UT on February 26 to
03:00 UT on February 28 with a maximum value
of the planetary index of geomagnetic activity
Kp o — 71— on February 27; the rest of the period
was relatively quiet (Kp did not exceed 4). Accord-
ing to the National Oceanic and Atmospheric
Administration (NOAA) Geomagnetic Storm Scale,
the February 27, 2023 geomagnetic storm was
classified as G3 (Strong) event. The symmetric
disturbance of the horizontal component of the
geomagnetic field (SYM/H index) reached —161 nT
around February 27 noon, which indicates sig-
nificant ring current disturbances.

2.2 Tonosonde measurements

The data used in the paper were obtained by three
ionosondes, two located at Vernadsky Station
and one at the Observatory of the Institute of
Ionosphere 50 km southeast of Kharkiv (near the
city of Zmiiv).

The hardware and software of the IPS-42 and
SDR-based ionosondes operating at Vernadsky
Station are described in (Broom, 1984) and (Kolos-
kov et al., 2023). The modified ionosonde VISRC-2t,
operating at the Observatory of the Institute of
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Figure 1. Variations of the parameters describing the solar and geomagnetic conditions during February 25—28, 2023.

The panels from top to bottom display the daily sunspot numbers, the daily value of the solar activity index F
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3-hour K, index (green and yellow bars indicate low and moderate levels of geomagnetic activity, respectively), and

the SYM/H index (blue solid line). The time is UTC

Ionosphere, has a transmission power of about
400 W, uses Barker-coded pulses, and provides
sounding every minute (due to the high complex-
ity of manual processing of ionograms, the current
research is based on data obtained at 5-minute
intervals).

More parameters of the ionosondes’ operating
mode are listed in Table.

Ionograms of all three ionosondes were manu-
ally scaled using IonogramViewer2 version 1.6.3
(https://github.com/Albom/IonogramViewer2/
releases/download/v1.6.3/lonogramViewer2-
1.6.3.zip). The obtained critical frequencies of F2,
F1, and E layers and traces were used for elec-
tron density profile inversion using NHPC pro-
gram version 4.30 (Huang & Reinisch, 1996) and
further calculation of the F2-layer peak height.
The validity of such a technique was proven by a

Table. Operating mode parameters of the ionosondes

number of investigations (Bogomaz et al., 2019;
Shulha et al., 2019; Reznychenko et al., 2022;
2023). Due to the time-consuming process of the
ionogram scaling, the calculation of /., over the
Antarctic Peninsula was performed only using
the SDR-based ionosonde data. It should also be
noted that some lack of echoes in the ionograms
from both ionosondes at Vernadsky Station (SDR
and IPS-42) was detected during a strong storm
period on February 27, 2023. The probable reason
for such complete or partial radio signal fade-out
was the intense absorption of high-frequency (HF)
radio waves. Such ionograms were discarded from
the analysis.

2.3 F2-layer peak models

In this study, we compare the ionosonde obser-
vations with the F2-layer peak electron density

Parameter Thg: SDR-based . 1PS-42 The quiﬁed
ionosonde ionosonde VISRC-2t ionosonde
Frequency range 1—16 MHz 1-22.6 MHz 1—16 MHz
Number of frequencies 320 576 750
Virtual height range 92—655 km 0—800 km 80—800 km
Total heights 750 512 1110
Transmitter pulse width 600 ps (16 x 37.5 ps) 41.7 ps 455 ps (13 x 35 ps)

42
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and height (h ., and N _,) predictions for the
same dates by sub-models of the IRI-2016 model
(Bilitza et al., 2017; 2022). The Comité Consul-
tatif International pour la Radio (CCIR) (Inter-
national Radio Consultative Committee, 1967) and
Union Radio Scientifique Internationale (URSI)
(Rush et al., 1989) sub-models were used to ob-
tain N _. Both N _ sub-models depend on the
solar activity indices and were configured with
the “foF2 STORM model” option (Fuller-Rowell
et al., 2000), which was activated for this study.
The SHU-2015 (Shubin, 2015) and AMTB-2013
(Altadill et al., 2013) sub-models were used to
obtain & __,. Both i _, sub-models are also gov-
erned by solar activity indices but insensitive to
changes of the magnetic activity.

3 Results and discussion

3.1 Results of observations over Kharkiv
and Vernadsky Station

Figure 2 shows diurnal variations of the key iono-
spheric parameters (4, ., and N _) obtained us-
ing ionosondes at Kharkiv and Vernadsky Sta-
tion and calculated by the IRI-2016 model. It
can be seen that for the period of February 26—
28, the N _,trends obtained with the SDR-based
ionosonde and IPS-42 demonstrate a good
agreement in determining the critical frequencies
(/) and complement each other.

3.1.1 Variations of the F2-layer peak parame-
ters over Kharkiv. It is worth mentioning that
variations of both peak electron density and peak
height over Kharkiv are representative of high
solar activity conditions. The 4 _, and N _, val-
ues are significantly higher than those obtained
for the same region, local time, and near seasons
under low solar activity conditions (e.g., Kotov et
al., 2016; 2018; Panasenko et al., 2021). The smal-
lest values of s ., were ~250 km, and they ap-
peared in the early morning hours as expected
(Prolss, 2004). Then, A ., values increased until
reaching a daytime maximum around noon
(~280 km during quiet geomagnetic conditions,
while for the disturbed day on February 27,

h, o Was ~310 km). On February 25, around
sunset, A __, values experienced a reduction of ~5—
10 km and then started to increase at ~16:30 UT
and reached a maximum of ~425 km by ~18 UT.
On February 26, the post-sunset increase of /.,
also started at 16:30 UT, but reached the maximum
(~ 470 km) ~3 hours later than the previous day. On
February 27, by 18 UT, & ., reached ~525 km.
On February 28, during the storm’s recovery phase,
h ., variations closely mirrored those on Febru-
ary 25. Similar variations were independently
observed by ionosondes in the European region
(Bojilova & Mukhtarov, 2023; Aa et al., 2023).

The daytime uplift of the F2 layer in the early
hours of February 27 caused a positive iono-
spheric storm: a ~40% increase of N ., (from ~7
to ~14 UT) compared to the corresponding pe-
riod of a geomagnetically quiet day on February
25. The uplift could result from daytime penetra-
tion of the eastward electric field (e.g., Kotov et
al., 2019).

Significant negative ionospheric storms (~70%
decrease of N ., compared with the pre-storm
values on February 25) were seen during all three
nights after the magnetic storm started. During
the first night (February 26—27), the N, _, reduc-
tion was probably caused by the mid-latitude
ionospheric trough’s motion towards lower lati-
tudes (Matyjasiak et al., 2016) or by partial de-
pletion of the plasmasphere, which led to the
reduction of the downward H* ion flux which is
responsible for the increase of N _, at middle
latitudes during winter nights (Kotov et al., 2016;
2018). Enhanced recombination by increased
molecular nitrogen density is not a likely cause
because not enough time had passed since the
storm’s beginning. During the second night
(February 27—28) and the third night (February
28—29), all three mentioned factors could con-
tribute to the N _, reduction.

In general, the changes observed during the
geomagnetically disturbed period over Kharkiv are
consistent with the existing knowledge regarding
the effects of geomagnetic storms on the iono-
sphere. In particular, the effects of the penetra-
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Figure 2. Comparison of the experimental results obtained for Kharkiv and Vernadsky Station with the IRI-2016
model values during February 25—28, 2023. Open circles show the VISRC-2t ionosonde data (Kharkiv). Full blue
squares denote the SDR-based ionosonde data (Vernadsky Station). Full pink triangles denote the IPS-42 ionosonde
data (Vernadsky Station). The dotted green lines show 4, ., variations from the SHU-2015 sub-model, and the dashed
black lines are from the AMTB-2013 sub-model. The solid red lines show N, ., variations from the URSI sub-
model, and the dot-dashed blue lines are from the CCIR sub-model. The time for the considered stations is
uT ~ LT-2hours and UT. ~ LT+4hours

Kharkiv Vernadsky
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tion of short-time electric fields of magnetosphe-
ric origin, heated neutral atmosphere (Prolss, 2004;
Arslan Tariq et al., 2024), and partially depleted
plasmasphere (e.g., Kotov et al., 2018). A more
detailed analysis of the possible physical mecha-
nisms responsible for the effects observed in the
ionosphere over Kharkiv for this event will be
the subject of further work.

3.1.2 Variations of F2-layer peak parameters
over Vernadsky Station. Regular variations of
F2-layer peak parameters at Vernadsky Station
differ from those at Kharkiv. It should be noted
that February is the end of Antarctica’s local
summer, when the ionosphere is sunlit most of
the day, which is in contrast with the winter
conditions over Kharkiv.

Given the larger tilt of the Earth’s magnetic
field in the sub-auroral latitudes, even small en-
hancements of high-latitude convection, which
typically occurs permanently at low enough mag-
netic activity (Kp > 2), can have a noticeable
effect on the variations of #__, and N, _, param-
eters over Vernadsky Station. Hence, the N .,
behavior is much more variable than that for
Kharkiv, even within the pre-storm period of
February 25—26.

Unfortunately, due to the strong ionospheric
absorption of the ionosonde radio signals, there
are no data for Vernadsky Station for most of the
storm period of February 27. Nevertheless, exam-
ining the accessible data reveals that, in contrast
to Kharkiv, a strong negative ionospheric storm
developed during the daytime of February 27
(both for SDR-based ionosonde and IPS-42).
The main source of such a strong (up to a factor
of 4) reduction of N _, is likely a decrease in O/N,
ratio caused by the increased thermosphere tem-
perature in high latitudes by enhanced Joule heat-
ing and precipitation of particles in the auroral
zone (Prolss, 2004). The equatorward shifts of the
mid-latitude ionospheric trough by enhanced high-
latitude convection can be an additional possible
reason for strong negative ionospheric storms (a de-
crease in N ., at least 3 to 4 times) observed during
the nights of February 27 and 28 (Yang et al., 2022).

3.2 Comparison of observations
with empirical model predictions

Figure 2 shows that the IRI #__, sub-models rep-
resent the average behavior of /4, and are insensi-
tive to the storm over both Kharkiv and Ver-
nadsky Station. This is unsurprising for the 4 __,
models because they are independent of the mag-
netic activity and governed by the F, . index only.
The IRI N ., sub-models reproduce the iono-
spheric storm effects over the Antarctic Penin-
sula very well. At the same time, they do not
show the real storm-related changes in variations
of N ., for mid-latitudes of the European region
despite the “STORM?” option being turned on.

3.2.1 Results of comparison for Kharkiv. The
SHU-2015 sub-model shows poor agreement with
the i _, observations over Kharkiv, even for the
pre-storm days, both during daytime and night-
time. The AMTB-2013 sub-model agrees better with
the observations during the daytime before and after
the storm-timed period (on February 25, 26, and
28, respectively). In contrast, during the daytime of
the disturbed period (February 27), AMTB-2013
underestimates the #__, values by ~30 km. During
the night-time, AMTB predictions are unsatisfac-
tory. Discrepancies between the observations and
sub-model predictions vary from ~50 to ~200 km,
depending on the level of geomagnetic activity.

Both the IRI NV __, sub-models (URSI and CCIR)
provide quite good qualitative agreement with the
Kharkiv ionosonde observations during the day-
time and night-time of the pre-storm day of Febru-
ary 25. At the same time, large discrepancies
(~2 times) are seen for the night-time periods of
February 26 and 28 and during the daytime of the
disturbed period (February 27). Notable differences
between the observations and sub-model predic-
tions are also seen during the daytime of Febru-
ary 26 and 28, when the N _, sub-models un-
derestimate the N, ., by ~35%.

3.2.2 Results of comparison for Vernadsky
Station. The F2-layer peak height predictions ob-
tained by the AMTB-2013 sub-model are more
consistent with the daytime observations than the
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SHU-2015 sub-model. The latter, in turn, shows a
better agreement with observations during the night-
time of quiet days. Both £ __, sub-models signifi-
cantly (by ~100 km for SHU-2015 and ~120 km for
AMTB-2013) underestimate the F2-layer peak
height during the disturbed period of February 27.

The IRI N ., sub-models provide a relatively
good agreement with the daytime Vernadsky iono-
sonde observations, including the intense storm
period. Unfortunately, large gaps in the iono-
sonde data for February 27 do not allow to draw
detailed conclusions on the observations/model
differences for the storm day. At the same time,
some underestimations (by ~40%) during the af-
ternoon hours for the pre-storm and post-storm
days of February 25 and 28 are observed, as well
as in the evening hours (around 22:00 UT) at the
onset of the geomagnetic storm on February 26.

4 Conclusions

The behavior of the key ionospheric parameters
(F2-layer peak electron density and height before,
during, and after the strong (Kp 1) magnetic
storm of February 27, 2023, was investigated us-
ing the data from ionosondes located at Kharkiv
and Vernadsky Station. The main results are as
follows:

1. Over Kharkiv, significant negative ionospher-
ic storms (up to ~70% decrease of the N _,) were
observed during all nights after the storm’s begin-
ning. A moderate positive ionospheric storm (up
to ~40% increase of the N, _,) occurred during the
main phase of the magnetic storm in the daytime
of February 27.

2. Over Vernadsky Station, the N __, behavior
was much more variable than that for Kharkiv,
even within the pre-storm period of February
25—26. Despite data gaps for most of the storm
period for Vernadsky Station on February 27, a
very strong negative ionospheric storm (up to a
factor of ~4 reduction of the N _) was detected
during the daytime. Strong negative ionospheric
storms (a decrease in N, _, at least 3 to 4 times) were
observed during the nights of February 27 and 28.

3. The results of observations over both Khar-
kiv and Vernadsky Station agree well with the
current understanding of the magnetic storms’
impact on the ionosphere. The vertical and hori-
zontal motion of the ionosphere driven by pen-
etration of the magnetospheric electric field,
changes in the neutral composition, and partial
depletion of the plasmasphere, which all were
caused by the magnetic storm, are speculated as
the likely key drivers of the observed ionospheric
storms. Further investigations with physical models
of the coupled atmosphere, ionosphere, and plas-
masphere are needed to understand which driv-
ers were dominant in each case.

4. Comparison of ionospheric parameters ob-
tained by ionosondes with predictions by the mod-
ern sub-models of the International Reference
Ionosphere model shows that neither 4 ., nor
N, ., sub-models can qualitatively reproduce storm-
induced changes in the ionosphere over Kharkiv.
Over Vernadsky Station, the AMTB-2013 model
showed a better agreement with the daytime ob-
servations, whereas the SHU-2015 agrees well
with measurements during the night-time of qui-
et days. At the same time, both 4 __, sub-models
significantly underestimate the observed 4 _, dur-
ing the storm period, especially because, for this
ionospheric parameter, the IRI model does not
provide a “STORM?” option. On the contrary,
the IRI N _ sub-models, for which a “STORM”
option is provided, are more sensitive to the geo-
magnetic activity changes. The reproducing of
the quiet-time variations is good enough qualita-
tively. However, more improvements of the em-
pirical models are still needed to achieve accept-
able accuracy in quantitative predictions.

Data and software. The lonogramViewer2 pro-
gram can be downloaded from the repository on
GitHub (retrieved December 5, 2023 from https://
github.com/Albom/IonogramViewer2). The NHPC
program can be downloaded from the UMass Lo-
well Space Science Lab website (retrieved De-
cember 5, 2023 from https://ulcar.uml.edu/Soft-
ware Utilities/NHPC/NHPC430.Z1P). Interna-
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tional Reference Ionosphere (2016) online ver-
sion is available on the Community Coordinated
Modeling Center website (retrieved December
15, 2023, https://ccmc.gsfc. nasa.gov/modelweb/
models/iri2016_vitmo.php). Sunspot number da-
ta are provided by Solar Influences Data Analy-
sis Center (a part of the Royal Observatory of
Belgium) and available on SIDC website (re-
trieved December 5, 2023 from http://www.sidc.
be/silso/DATA/SN_d tot V2.0.txt). The K, in-
dex was obtained from the World Data Center
for Geomagnetism (https://wdc.kugi.kyoto-u.ac.
jp/aedir/), F, , solar flux index via FTP Server
(retrieved June 19, 2024, ftp://ftp.swpc.noaa.gov/
pub/indices/old_indices/), SYM/H index was
taken from the OMNIWeb (retrieved December
5, 2023, https://omniweb.gsfc.nasa.gov/form/omni_
min.html).
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Peakuiisg ionocdepun Ha iHTeHCHMBHY reoMarHiTHy Oypio 27 mororo 2023 poky
Haj XapKoBOM Ta CTaHUi€l «Akanemik BepHaacbkmii»

Pedepar. MeToro pobOTH € AOCTiIKEHHS peakilii ioHocchepu Ha iIHTEHCUBHY TeoMarHiTHy 0ypio 27 mrotoro 2023 poky
Haja XapKOBOM Ta CTaHIli€0 «AkaaeMik BepHaacbkuii» 3a JOITOMOTOI0 i0HO30HAIB. JLlOCTiIKeHO MOBEAIHKY KITIOUOBUX
napameTpiB ioHocdepu (4, ., i N ) 0o, min yac i micnsa reoMarditHoi Oypi. I1poBeneHO MOPIBHAHHA pe3yJbTaTiB
criocTepekeHb BUCOTM MakcuMywmy mapy F2 ioHocdepu Ta KOHIIEHTpallii €JeKTPOHIB Ha Iili BUCOTiI 3 JaHUMM,
OTpUMaHUMM 3a gonomoroio moaeni International Reference Ionosphere (IRI-2016). BusiBneHo 3Ha4Hi HeraTUBHI
ioHoctepHi Oypi (10 ~70% 3HMUXeHHS N, ) Hal XapKOBOM IPOTATOM YCiX HOYeil 3 MoYaTKy reoMarHiTHoi Gypi.
BonHovac y neHHi roguHu 27 JTIOTOr0O criocTepiranacs moMipHa mo3uTuBHA ioHochepHa Oyps (1o ~40% 30inblleH-
Ha N ). Han cranuiero «AkaneMik BepHaachkuit» IpOTATOM TosoBHOI (ha3u reoMarHiTHoi Oypi criocrepiranacs
NlyXe CHJIbHA HeraTuBHa ioHocdepHa Oyps (3MeHIIeHHsA N . npubIM3HO y 4 pasn) 4K y IeHHi, TaK i B HiYHi roau-
Hu. HaBemeHo rimore3u 1010 MOXIIMBUX (i3MIHMX MEXaHi3MiB (€JIeKTpOoIMHaMIiKa, 3MiHU HENTpaJbHOTO CKJIALIy,
YaCTKOBE CIYCTOILICHHS IIazMocdepu Ta 3MillleHHs i0HOC(EepHOro IIpoBaily), BiINOBiZaJbHUX 3a CIIOCTePeXyBaHi
ioHocepHi edekTu. st BUSBISHHS JOMiHYIOUOro ApaiiBepa B KOXKHOMY BUIAAKy HEOOXiAHI MOAAIbII JOCTiIKEeH-
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HSI 3a IONOMOro0 (hi3MUHUX MOJeIei OB’ I3aHUX MixkK cob0t0 atMocdepu, ioHocdepu Ta ruiasmochepu. [TopiBHSIH-
HSI CIIOCTEPEXYBaHUX IMapaMeTpiB ioHocdepu 3 MPOTHO3aMM CydyacHUX cyomopeneit Makcumymy iapy F2 ioHo-
cdepu moneni IRI cBimunts, wo 4, ., (AMTB-2013 i SHU-2015), ta N, ., (URSI i CCIR) cyOmoneni He 3naTHi
SIKICHO BiATBOpUTH 3MiHUM B ioHOcCdepi, CIpUYMHEHi reoMarHiTHUMU OypsiMu Haja XapkoBoM. Han craHui€ro
«Axaznemik BepHancekuit» obuasi cyomoneni s, ., HETOOLIHIOIOTL BUCOTY MakKCMMyMy o0jacTi F2 ionochepu mpo-
TATOM 30ypeHMX MNepiofis, Todi AK cyoMozmeni N, ., MoKas3anu Kpally YyTJIMBICTh 10 3MiH T€OMAarHiTHOI aKTUBHOCTI.
Y reoMarHiTHO CHOKIiAHUX yMOBaXx SIKiCHE Y3rOJKEHHSI MiX pe3yJbTaTaMM CIIOCTEPEKEeHb Ta MOJAEIIOBAHHS € 3a10-
BUIbHUM, ajie JJIs1 JOCSATHEHHSI MPUAHSATHOI TOYHOCTI KiJIbKICHMX IPOTHO3iB MOTPiOHI AOMATKOBI BAOCKOHAJIECHHS
EeMITipUYHUX MOJIEIICH.

KirouoBi cioBa: Bucota makcumyMmy 1iapy F2, reomarHitTHa Oypsi, eMIlipyyHa MOJeJb, iOHO30H, ioHOochepa, KOH-
LIEHTpAllisl eJIEKTPOHIB
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