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Relationship of variations of the total electron content
of ionosphere in magnetically conjugated regions with precipitation
of high-energy charged particles

Abstract. Purpose. A qualitative and quantitative study of the correlation of space-time changes of the total electron content of the
ionosphere with variations in the energetic electron flux during a significant increase of the solar wind density and velocity. Deter-
mination of the conditions when the increase of the intensity of the flux of energetic electrons can be accompanied by the appear-
ance of large-scale inhomogeneities of the ionosphere observed in magnetically conjugated regions of the Northern and Southern
hemispheres. Methods. The research methodology is based on the construction of the time sequence of electron fluxes spatial dis-
tributions and their subsequent comparison with the maps of the total electron content (TEC) over North America and the TEC
diurnal variations in magnetically conjugated regions. The degree of similarity has been estimated in this paper, and the correspon-
ding correlation coefficients have been obtained. The TEC was calculated from the ground-based Global Navigation Satellite
System (GNSS) observations, and the electron fluxes in the ionosphere were obtained from the in situ measurements by the POES
satellites. The map-making region was selected by the presence of a dense network of GNSS receivers and the presence of stations
in the magnetically conjugated region of the Antarctica, as well as by the favorable configuration of spatial distribution of energetic
particles at the orbital height of POES satellites. The study is based on the two geomagnetic disturbances of the St. Patrick’s Days
in March 2013 and 2015. Results. The satellite and ground-based data during geomagnetic disturbances were processed by using
the developed technique. It is found that the consistency of changes in the total electron content of the ionosphere and electron
fluxes in time and space coincide with the variation range increase of the horizontal component of the geomagnetic field that has
been observed according to the data of ground-based magnetometers and indicates the existence of ionospheric currents in the
geospace. According to the analysis of the two events, the assumption is made that the presence of ionospheric currents formed by
protons and electrons precipitated from the magnetosphere is one of the conditions for the consistency of changes in the total elec-
tron content and electron flux. Conclusions. It is shown that during the geomagnetic disturbances the space-time changes of the
ionospheric inhomogeneities are partially consistent with the variations of the fluxes of energetic electrons that allows the possibil-
ity of using these observations of TEC as indicators of precipitation.
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INTRODUCTION

The paper presents the results of studying the spatio-
temporal distribution of inhomogeneities of the near-
Earth plasma originated through the factors, which
affect the ionosphere “from above”. To them in par-
ticular belongs an ionization of atmospheric gas by
the energetic electrons coming from the magneto-
sphere. The parameters of electron fluxes were deter-
mined by the data of POES satellites (Rodger et al.,
2010), and the ionospheric response was evaluated
through the maps of the total electron content (TEC)
and by comparison of time dependences of TEC in
magnetically conjugated regions.

The ionospheric variations caused by the precipi-
tation of energetic electrons and protons, which es-
sentially increase during geomagnetic disturbances at
high latitudes, are of active interest of scientific com-
munity (Valladares et al., 2017, Yizengaw et al., 2005,
Yizengaw et al., 2006, Figueiredo et al., 2017, Yadav
et al., 2016, Zhang et al., 2017, Ciraolo et al., 2007).
A considerable quantity of diagnostic methods, in
particular studying the total electron content and its
mapping is applied to their study. The TEC mapping
is a powerful instrument of visualization and studying
the ionospheric processes. Global ionospheric maps
for the last two decades are actively used in scientific
practice (Yao et al., 2018, Hernandez-Pajares et al.,
2009). In a number of publications, the continental
TEC maps are applied as indicators of response of an
ionosphere to the powerful tropospheric processes,
such as, for example, typhoons (Chou et al., 2016),
to the wavelike disturbances caused by tsunami (Tang
et al., 2015) or earthquakes (Tsugawa et al., 2011).
Maps of TEC variations have allowed to determine
the characteristic parameters of the travelling iono-
spheric disturbances — propagation velocity, spatial
scale and period, lifetime (Nykiel et al., 2017, Zani-
monskiy et al., 2018), and the height of localization
of inhomogeneities (Nykiel et al., 2019a). The as-
sumption is made that the quasiperiodic structures
on the maps of TEC variations during the ionospher-
ic disturbances can be caused by the fluxes of elec-
trons, which are moving from the magnetosphere
along the geomagnetic field lines (Dudnik, Zani-

monskiy, 2018a, Jin et al., 2017, Dudnik, Zani-
monskiy, 2018b, Verkhoglyadova et al., 2016). How-
ever, only in a small number of papers devoted to
studying the time dynamics of spatial distribution of
electron content, different techniques of studying are
used simultaneously. For example, the results of si-
multaneously used data of several global measuring
systems for studying the processes during the geo-
magnetic disturbances are given in (Shinbori et al.,
2018). In this paper, the data of the Global Naviga-
tion Satellite System (GNSS) together with the re-
sults of the satellite-based measurements of the
Earth’s Magnetic Field (EMF) are used, the TEC
spatial changes during the geomagnetic storm are de-
scribed. Some special attention is given to the iono-
sphere over the North America, the TEC maps for
the main ionospheric trough along the geomagnetic
latitude are presented for the first time, the latitudi-
nal trough migration during the storm is described.

In our paper, the conditions of an ionosphere dur-
ing the two geomagnetic disturbances in March 2013
and 2015 on the St. Patrick’s Days are studied. In our
research, the results of data processing for a big net-
work of GNSS stations of the North America, records
of several GNSS stations located in the Antarctic Pen-
insula, and the results of satellite measurements in sifu
of the fluxes of energetic electrons, which were made
by the POES satellites, were used. The main objects of
studying were time-space distributions of the total
electron content of the ionosphere and the electron
fluxes measured at the height of satellite orbits, and the
auxiliary ones — the time series of parameters of the
solar wind and the geomagnetic field been used for de-
scribing the circumstances under which the iono-
spheric disturbances were developed.

DATA AND METHODOLOGY

The TEC maps analyzed in this paper are calculated
using the GNSS continuously operating reference
stations data. Actually, these stations with different
spatial distribution are placed on all continents, and
also on the islands at oceans. A considerable data
array of measurements, which is every day published
in the Internet and contains a huge potential for
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ionospheric investigations, is realized for now not
completely.

For their more effective use, the development of
models describing the influence of atmosphere on the
GNSS signals, on the one hand, and on the other —
development of techniques of processing and inter-
pretation of the results obtained globally, are neces-
sary. Also, it is important to use different methods of
studying the ionosphere in the aggregate, by using to-
gether with the TEC maps the satellite data in sifu as
well, in particular the results of direct measurements
of parameters of fluxes of the charged particles. In
this work, we have analyzed the maps of TEC spatial
distribution and intensity of electron fluxes, recorded
by the POES satellites. Information about the solar
wind gust, which can be considered as a source of
geomagnetic disturbances, has been obtained by the
Advanced Composition Explorer (ACE) space mis-
sion data [www.srl.caltech.edu/ACE/ASC/level2/
IVI2ZDATA SWEPAM.html] at the Lagrange point
L1 of the Sun-Earth system, at distance of about one
and a half million kilometers from the Earth, out of
the zone of essential influence of EME

The POES mission includes several satellites with
the solar-synchronous, close to circular orbits of ap-
proximately 850 km height and the rotation period of
~102 min. On the POES satellites, the measurement
of the fluxes of energetic electrons (being analyzed in
this Paper) and protons are made by the MEPED equip-
ment (Rodger et al., 2010). Satellites allow measur-
ing the intensity and spectral content of the fluxes of
protons and electrons at the altitude of orbit on the
global scale. For this work, it is important that the
particles under some conditions precipitate into the
ionosphere where they cause additional ionization
that can be detected on the TEC experimental distri-
butions. In this work, an attempt to determine these
conditions is made. It will be mentioned that the
time-space distribution of additional electrons dur-
ing the geomagnetic storms can be fixed on maps in
the form of the TEC growth in comparison both with
the background values in quiet days and with the ar-
eas of region with smaller intensity of precipitation.

For the analysis, the common data of six satellites
in March, 2013 and five — in March, 2015 have been
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used. The global logarithmic distribution (here and
after) of the intensity of the electron flux with the en-
ergy above 30 keV, according to the measurements by
the mep90e1 instrument (Rodger et al., 2010) on the
orbit of satellites for 24 hours on March, 17, 2013, is
shown in Fig. 1. This drawing is similar to the ones
presented on the site [https://satdat.ngdc.noaa.gov/
sem/poes/data/plots_ OLD/maps/png/]. The previ-
ous data processing has shown that the electron flux-
es in the quiet and disturbed conditions are distri-
buted over the globe similarly. For the disturbed con-
ditions, intensity and filling of the space between
the two zones of precipitation of electrons are typi-
cal those of an order higher (Dudnik, Zanimonskiy,
2018a). The phenomena in 2015 can be illustrated by
the similar Figures.

As it has been marked in the Introduction, continu-
ously operating (permanent) GNSS stations are dis-
tributed over the globe but very nonuniformly. To cal-
culate the global TEC maps, the spatial model in the
form of expansion by spherical functions of the 15th
degree and the 15th order has been used (Herndndez-
Pajares et al., 2009). This representation allows to inter-
polate the TEC values on territories with small number
of stations, but at the same time essentially reduces
the spatial resolution for the territories with large
networks of closely spaced stations, that is character-
istic for Japan, the USA and the Central Europe.

The North America network has the maximum area
of coverage and area of intersection with the energetic
electron fluxes. Moreover, some elements of this net-
work are magnetically conjugated with the stations
located in the Antarctic region. On this basis it was
selected for investigation. Here we analyze the data
of over seven hundred GNSS stations in the United
States of America and Canada in the region marked
by a rectangle in Fig. 1. The elements of this network
which are magnetically conjugated with the Antarc-
tic region stations, and which data were processed in
a special way, are marked by asterisks, diamonds in-
dicate geomagnetic observatories used to investigate
compression of EME

Fig. 2 shows the distribution in the studied region
of the intensity of electrons flux with the energy over
30 keV according to the POES satellites data in geo-
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Fig. 1. Global electron flux distribution in energy range of >30 keV measured by POES satellites during the geomagnetic storm
on March 17, 2013. The rectangle shows the study region. The dashed lines show the isolines of geomagnetic latitude, the aster-
isks indicate magnetically conjugated GNSS stations and diamonds indicate geomagnetic observatories used to investigate com-

pression of EMF
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Fig. 2. Electron flux distribution with energy >30 keV in the study region measured by POES satellites, March 15, 2013 as a
function of (a) geographic coordinates and (b) geographic longitude and geomagnetic latitude. The dashed lines show the iso-
lines of the geomagnetic latitude; triangles — GNSS stations and black circles — geomagnetic observatories used in this Paper

graphical coordinates (Fig. 2, @) and in geographical
longitude and geomagnetic latitude (Fig. 2, b), for
March 15, 2015. The GNSS stations are shown by
triangles on the map of Fig. 2 at the left. We have used
the data of the geomagnetic observatories also shown

on this map. From the literature (Yao et al., 2018), it
is known that the electron flux distribution consistent
with the geomagnetic coordinates. This fact is illus-
trated both in Fig. 1 and in Fig. 2. Therefore, the fol-
lowing Figures are given in geomagnetic latitude.
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Fig. 3. (a) Keogram of the electron flux vs. geomag folat (geomagnetic latitude of footpoint — the point at which line of mag-
netic field reach the surface of the Earth) of POES satellite from March 15 to March 20, 2013. (b) Keogram of the deviations of
TEC (TEC,,—TEC,,). Line 1 shows changes of the solar wind speed. Line 2 shows the time variations of the hourly range of
the horizontal component of the magnetic field at CMO observatory. Line 3 shows time variations of the rate of change of the

intensity of geomagnetic field

The TEC global distribution is shaped similarly (Her- The GPS and GLONASS satellites primary data

nandez-Pajares et al., 2009). available on the Internet and which are collected in
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Fig. 4. (top) Keogram of the electron flux vs. geomagnetic latitude of foot point (geomag folat) of POES satellite from March 15
to March 20, 2015. (bottom) Keograms of TEC variations without spatial trend (latitude-dependence) subtracted using 2" order
polynomial function for March 15 (left) and March 17 (right). Line 1 shows changes of the solar wind speed measured at point
L1. Line 2 shows the time variations of the hourly range of the horizontal component of the magnetic field at BSL station. Line 3
shows time variations of the rate of change of the intensity of geomagnetic field

the dual-frequency receivers of the stations in the
USA, Canada and Antarctic region, were processed
by using the original program developed at the Abdus
Salam International Centre for Theoretical Physics
(Italy) (Ciraolo et al., 2007). As a whole, the data of

more than seven hundred GNSS stations have been
applied. As a result, the information on the total elec-
tron content of the ionosphere over the studied re-
gions for the time intervals of March 13 till March
22, 2013 and 2015 has been added to the database.
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Using this database, the time series, as well as the
map sequences, and the keograms — two-dimension-
al images depending on the time and spatial coordi-
nate, have been made.

RESULTS

The results of the studies for the two events are given
sequentially in a similar way. Fig. 3 illustrates the re-
sults, which concern those of March, 2013. The up-
per part of the Figure shows the keogram (a two-di-
mensional pattern in the “day time — geomagnetic
latitude” coordinates) of the logarithm of electron
flux intensity recorded by the mep90el instrument
versus geomagnetic latitude and time within five con-
secutive days. This instrument has been chosen be-
cause firstly, the electron flux intensity for it is maxi-
mum, and secondly, the electrons are detected by this
sensor over the North America within a wide range of
latitudes from 30° to 80° North.

Line 1 in Fig. 3 shows the time variations of solar
wind speed in point L1 of the Sun-Earth system
from March 15 till March 20. Line 2 shows for each
hour the range of variation of horizontal component
of EMF (Danskin, Lotz, 2015) in the CMO high-
latitude magnetic observatory. The data are taken
from the site INTERMAGNET — the global net-
work of observatories for monitoring the geomagne-
tic field (http://www.intermagnet.org/activitymap,/
activitymap-val-eng.php?year=2013&month=03&
day=17&component=h).

On the electron flux keogram, the variations of its
spatial pattern at the initial and main phase of the
storm on March 15 to 20 are clearly seen. At the be-
ginning of an active phase, at the end of March, 16,
an essential electron flux increase in the North had
occurred, which lasted till March 18. At the end of
March 17, the electron flux was extended towards
South (the electron flux increase was also observed at
lower latitudes as well). At the maximum of geomag-
netic field variations (Line 2), the “merging” of two
maxima (in quiet geomagnetic conditions located
approximately at 65° and 50°) into one has occurred
in spatial distribution of electron fluxes, and its in-
tensity was essentially increased.
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It should be noted that the electron content, un-
like the electron flux intensity, has a significant regu-
lar diurnal variation. To single out the studied varia-
tions related to irregular events, the two techniques
can be used. First, calculate the map of difference of
TEC spatial distributions within the disturbed and
quiet days. This technique has been used when
analysing the events of geomagnetic storm on March
17, 2013. For the referential TEC maps, those for
March 15 have been used. Secondly, it is possible to
eliminate the regular component of TEC spatial dis-
tribution by modelling its polynomial on latitude
and, if necessary, on longitude. The second technique
is more appropriate for using if during the studied
geomagnetic event its activity changes gradually and
the choice of quiet days is not obvious. The second
technique has been used when analysing the events of
March 17, 2015.

To single out the studied large-scale ionospheric
inhomogeneities, the technique of subtraction of the
TEC spatial trend represented by the latitudinal the
2-nd order polynomial function was used. After the
trend removal we have the quasi 1D TEC spatial dis-
tribution, which depends only on geomagnetic lati-
tude that allows constructing the keogram of inho-
mogeneities.

At the bottom of Fig. 3, the keogram of TEC de-
viations is shown (values for March 17 minus values
for March 15 (TEC,,—TEC,,)) — the dependence
on time of day and geomagnetic latitude of the total
electron content of an ionosphere over the North
America. This keogram has common features with
the electron flux keogram that suggests the presence
of common origin of these space-time features. How-
ever, the electron flux spatial distribution cannot be
investigated in detail because the POES satellites or-
bit covers nonuniformly the analyzed space. More-
over, the time distribution of these satellites also is
very non-uniform. Therefore, the electron flux keo-
gram is constructed by means of interpolation that
significantly reduces the space-time resolution capa-
bility. On the other hand, the TEC maps over the
North America, which have been obtained in this
study, have the spatial resolution of about one hun-
dred kilometers and that for time — 30 sec. Hence,
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Fig. 5. Diurnal variations of TEC over the Antarctic Peninsula (GNSS stations uthw () and vnad (d)) and North America (sta-
tions vald (a) and npri (c)) on March 2013 (top) and 2015 (bottom). Gray lines correspond to disturbed days and black lines -

averaged TEC for 12—16 March

we may hope for implementation of the possibility of
a more detailed study of the processes during geo-
magnetic disturbance.

It was observed that the geomagnetic storms of the
Saint Patrick’s Days in 2013 and 2015 had some dis-
tinctive features because of the difference in the dy-
namics of increase of solar wind density and speed
being the reason for the near-Earth space disturban-
ces. Further, the results of the analysis of the event of
March 17, 2015 are given.

The upper part of Fig. 4 shows the keogram of the
logarithmic intensity of the electron flux depending
on geomagnetic latitude and time within five con-
secutive days in March, 2015. Below in Fig. 4, the

TEC keograms for March 15 and 17 in 2015 are
shown. Line 1 in Fig. 4 shows the time variation of
the solar wind speed. Line 2 shows for each hour, the
range of variation of horizontal component of EMF
in the BSL middle-latitude magnetic observatory,
which illustrates development of the storm.

The electron flux keogram shows well the spatial
structure changes of this flux at the initial and main
phase of the storm from March, 15 till March, 20.
The solar wind speed grew gradually with a one-mo-
ment sharp increase on the morning of March 17,
unlike of the events in March, 2013. Thus, the elec-
tron flux extended towards southern direction, the
merging of two maxima in the electron flux spatial
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Fig. 6. Maps of TEC variations over the US in quiet (left) and disturbed conditions (right) in March 2013. Variations during the
initiation of St Patrick’s Day storm are about five times more intense than in relatively quiet conditions and are concentrated in

the northern part of the map

distribution occurred, and the intensity essentially
increased, as well as the magnetic field variations es-
sentially grew. The next maximum of magnetic field
variations corresponds to the increase in electron flux
intensity and to the spatial flux maximum southern
displacement, which is characteristic for the periods
of geomagnetic perturbations (see, e.g., (Shinbori et
al., 2018)).

The materials accumulated in this study made it
possible to begin testing the working hypothesis,
which consists in the fact that during geomagnetic
disturbances the influence on the ionosphere from
above manifests itself in the same or in similar way in
magnetically conjugated regions, while other sources
of disturbances generate ionospheric heterogeneities
in the Northern and Southern hemispheres of the
Earth independently. Moreover, the scatter of the pa-
rameters of the ionosphere generated by impact from
above is assumed to be approximately the same, while
this scatter in the quiet condition can be of different
levels, in particular due to the greater meteorological
activity in the region of the Antarctic Peninsula
(Yampolski et al., 2004).

Consider the behavior of TEC during geomagnetic
disturbances in the magnetically conjugated region
of Antarctica. The small number of permanent sta-
tions in the Antarctica does not allow calculating the
TEC maps with acceptable resolution for this region,
so let us limit the comparison of the daily TEC calcu-
lated for magnetically conjugated GNSS stations lo-
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cated in both hemispheres. The corresponding results
are presented in Fig. 5. The top panel is based on data
obtained in 2013 and the bottom panel — in 2015. The
left column of both panels shows results for GNSS sta-
tions in North America and the right column shows
results for Antarctic stations. The daily TEC depen-
dencies on disturbed days are shown in gray lines.
The black lines show the average daily TEC values for
five quiet days preceding the storm, and vertical bars
show the standard error of measurement.

The figures show that despite the fact that the av-
erage daily TEC time series in the magnetically con-
jugated regions are significantly different, on March
17, similar synchronous changes in TEC variations
were recorded during the geomagnetic disturbance.
Such type of effects was mentioned in the literature,
for example (Yue et al., 2016; Foster, Rideout, 2007).
For both disturbed days, significant increases in TEC
occurred approximately from 18 to 22 UTC, which
were absent on quiet days. The synchronous behavior
of these peaks suggested that they could be related to
the precipitation of charged particles, which should
coincide in time for the same L-shells. Unfortunate-
ly, it was not possible to recover the intensity of elec-
tron fluxes according to POES mission and quantita-
tively confirm this hypothesis, since the satellites did
not fly over these GNSS stations between 18 and
22 UTC. This fact highlights a significant lack of data
from satellites, spatio-temporal distribution of which
is very uneven.
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TEC maps described above have a spatial resolu-
tion of about 150 kilometers above Canada, about
70 kilometers above the US and can be updated ev-
ery 30 seconds. The Internet availability of data
from more than thousand continuously operated
GNSS stations in the US makes it possible to con-
struct maps of TEC variations using the method de-
veloped by the authors (Nykiel et al., 2017; Nykiel
et al., 2019b). High resolution TEC maps are pro-
posed to be used as a marker of charged particles
precipitation into the ionosphere.

Two examples of these maps, for quiet and distur-
bed conditions at March 2013 are shown in Fig. 6,
and at March 2015 — in Fig. 7.

In quiet conditions, the TEC variations form vari-
ous spatial patterns depending on the presence of
tropospheric or thermospheric disturbance sources.
On average, over several tens of minutes, variations of
TEC have a uniform spatial picture. However, the de-
pendence of the level of TEC variations on the lati-
tude during the storm is revealed. The conditional
boundary, to the north of which the TEC dispersion
increases substantially, extends about 48° north lati-
tude (Figs. 6 and 7). This boundary moves to the
south from the beginning of the storm to its active
phase for several hours. Details on the construction
and application of maps of TEC variations are pre-
sented in publications (Nykiel et al., 2019b, Zani-
monskiy et al., 2019).
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DISCUSSION OF THE RESULTS

The sequence of events during the geomagnetic storm
of St. Patrick’s Day in 2013 can be described as fol-
lows. On March 15, 16 and 17, the Advanced Com-
position Explorer spacecraft registered several in-
creases in the velocity of the solar wind protons, the
maximum of which occurred on March 17 (Line 1 in
Fig. 3). The slight intensification of the solar wind on
March 15 and 16 led to an increase in the electron
flux recorded on the POES satellites (top panel in
Fig. 3), but did not disturb the spatial structure which
is characteristic for quiet geomagnetic conditions.

Ataround 05:27 UTC on March 17, the wind speed
at L1 point began to increase significantly. At about
6 UTC, that is, after 30—40 minutes, a rapid increase
in the range of variations of the horizontal component
of the geomagnetic field at high latitudes began. This is
illustrated by Line 2 in Fig. 3. The increase in the level
of these variations is a consequence of the increase in
the magnitude of the ionospheric electric currents
(Danskin, Lotz, 2015; Levitin et al., 1982).

Line 3 in Fig. 3 is the graph of the rate of change of
the modulus of intensity of the geomagnetic field. It
is averaged according to the data of 10 geomagnetic
observatories located in the middle and low latitudes
(Fig. 1). Thus, charged particles of the solar wind,
moving at a speed of just over 600 km/s, reached the
Earth’s magnetosphere after 06 UTC. Starting from
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Fig. 7. Maps of TEC variations over the US in quiet (left) and disturbed conditions (right) in March 2015. Variations during the
initiation of St Patrick’s Day storm are about three times more intense than in relatively quiet conditions and are concentrated

in the northern part of the map
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this moment (as shown in the top panel in Fig. 3), the
intensity of electron fluxes increased significantly.
These effects were observed until the end of the day
on March 17.

On March 18, during the recovery phase of storm,
variations of horizontal component of the geomag-
netic field gradually decreased to the background level.
At the same time, the number of electrons recorded by
POES satellites remained greater than the background
level, with one spatial maximum in the distribution.
The distribution of electron flux across geomagnetic
latitude, characteristic of quiet conditions (Dudnik,
Zanimonskiy, 2018b), resumed in April almost si-
multaneously with the returning of solar wind pa-
rameters to values typical of the quiet Solar activity.

Let us return to the analysis of the spatio-temporal
distributions of electron flux and TEC. At approxi-
mately 06:30 UTC on March 17, POES satellites re-
corded an increase in the electron flux at 65 degrees
geomagnetic latitude (Fig. 3 upper panel). Then, the
increase in flux spread both in the northern and
southern directions. After 07 UTC, the increase of
total electron content over North America began
(along 60 degree of latitude, Fig. 3 lower panel).

The value of TEC gradually increased at 10 UTC,
compared to quiet conditions. Thus, correlation of
the spatial distribution of TEC with the distribution
of electron flux increased. At the beginning of the
day, until about 05 UTC, there was very small corre-
lation. By 08 UTC the correlation coefficient was 0.5
and reached its maximum ~0.74 at about 11 UTC.
Further, the correlation decreased and the geomag-
netic perturbation went into the stage of negative
storm (Verkhoglyadova et al., 2016), and the studied
parameters become anticorrelated. Note that a slight
increase in the solar wind speed on March 15 did not
affect the daily cycle of TEC variations. The next
small increase on March 16 may be associated with
TEC variations, approximately two times smaller
than observed on March 17.

The events of the geomagnetic storm of St. Pat-
rick’s Day in 2015 can be described as follows. On
March 17, at 04:04 UTC, the spacecraft at the Lag-
range L1 point registered an increase in the velocity
of the solar wind protons (Line 1 in Fig. 4). At 04:48
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UTC, solar wind particles reached the Earth’s mag-
netosphere, which led to an increase in the variation
of the geomagnetic field. Line 3 in Fig. 4 represents
the time series of the rate of change of the intensity
modulus of the geomagnetic field, averaged from 10
observatories in the middle and low latitudes (Fig. 1).
44 minutes is the time when the solar wind propa-
gates over a distance of 1.5 million kilometers at a
speed of just over 550 km/s. Then, with a delay of sev-
eral hours, a significant increase in the range of varia-
tions of the horizontal component of the geomag-
netic field at mid-latitudes (Line 2 in Fig. 4) was re-
corded. As noted above, the increase in the level of
these variations is a consequence of the increase ion-
ospheric currents. As the keogram in the top panel of
the Fig. 4 shows intense electron fluxes existed for
the next two days.

At approximately 08:30 UTC, POES satellites re-
corded an increase in electron flux by 60 degree of
latitude (Fig. 4 upper panel). Further increase in the
flux spread in the south direction. The distribution of
TEC over North America on March 17, 2015 (the
bottom right diagram in Fig. 4) was characterized by
significant variability and practically no correlation
with electron flux distribution.

In the TEC distribution, a small minimum at about
55 degrees of geomagnetic latitude was observed dur-
ing 15 March, which is typical for quiet geomagnetic
conditions (keogram for March 15, bottom left in
Fig. 4). Also, in contrast to 2013, a correlation of
TEC distributions and electron flux was observed up
to 0.5 under quiet conditions on March 15, 2015.
The electron flux distribution of quiet conditions re-
covered in early April.

The results of our study can be summarized as fol-
lows. The observed spatio-temporal distribution of
total electron content is consistent with the distribu-
tion of energetic electrons fluxes under the following
conditions:

o there are ionospheric currents, associated with
the flux of electrons;

« fluxes of electrons are of sufficiently high inten-
sity;

e geomagnetic perturbations do not exceed a cer-
tain level.
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The explanation of these conditions is quite obvi-
ous. Currents along magnetic field lines are associ-
ated with fluxes of charged particles precipitating
from the magnetosphere during geomagnetic storms,
which increase the electron concentration in the ion-
osphere. In quiet conditions after a storm, the amount
of energetic particles in the magnetosphere decreases
and the effect of additional ionization drops to a neg-
ligible level. During a strong geomagnetic storm,
other factors change the total electron content, such
as the emission of lower energy particles that are not
detected by POES satellites in situ.

The differences in the details of two events analyzed
in the work are caused by different dynamics of the pa-
rameters of solar wind before its main maximum. They
took place on the background of similarity in general
characteristic of powerful geomagnetic storms.

CONCLUSIONS

As a result of the research the following conclusions
are made.

1. During the geomagnetic storms of St. Patrick’s
Days in 2013 and 2015 large-scale ionospheric inho-
mogeneities of total electron content elongated along
geomagnetic latitudes appeared.

2. Ionospheric inhomogeneities change their spa-
tial structure during a geomagnetic storm. These
changes are partially consistent with changes in the
structure of energetic electron fluxes measured by
POES satellites.

3. Comparison of the data of two satellite systems,
GNSS and POES, confirmed the hypothesis of the in-
crease of the total electron content of the ionosphere
simultaneously with the precipitation of charged par-
ticles and the increase of ionospheric currents.

4. TEC data from dense networks of GNSS sta-
tions, in particular located in magnetically conjugat-
ed regions, used as a marker of the precipitation of
charged particles may provide additional information
to satellite in situ measurements.
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3B’430K Bapianiii MIOBHOTO eJIEKTPOHHOTO BMICTY ioHOC()epH B MATHITOCTIOTyYeHHX
perioHax 3 BUCUNIAHHSAM BHCOKOEHePriiiHUX 3apsPKeHUX YACTHHOK

Pedepat. Mera. SIkicHe Ta KiJIbKiCHE JOCIIKEHHSI KOpEJsilii TPOCTOPOBO-YaCOBUX 3MiH MOBHOTO €JIEKTPOHHOTO BMICTY 3
BapiallisiIMU1 MTOTOKY €HEPTiHUX eJIEKTPOHIB i/l Yac iCTOTHOTO 30i/IbILIEHHS IIIIbHOCTI i IIBUAKOCTi COHSIYHOTO BiTpy. BusHa-
YEHHS YMOB, 3a IKUX 301IbIIIEHHS IHTEHCUBHOCTI TOTOKY €HEPriiiHUX €JIEKTPOHIB MOXe CYIPOBOIXKYBATUCS BUHUKHEHHSM
BEJIMKOMACIITAOHUX HEOTHOPITHOCTEH ioHOC(hepH, 110 CIOCTEPIraloThCsl Y MaTHITOCTIONYYeHUX perioHax MiBHIYHOI Ta IMiB-
JIEHHOI MiBKy/1b. MeToau. Metoauka 10CiIxKeHb IPYHTYETbCS Ha MOOYI0BI 4aCOBOI MOCIiIOBHOCTI TPOCTOPOBUX PO3IOIiTIB
MOTOKY €JIEKTPOHIB Ta iX MOAAIbILIOMY MOPiBHSIHHI 3 KapTaMM MTOBHOTO efieKTpoHHoro BMicTy (ITEB) Han ITiBHiuHOIO AMepu-
Koto Ta 1060oBuM xoaoM ITEB y marHitrocnonydyeHux perioHax. B po6oTi BUKOHAHO OLIIHKM CTYIEHsI MOAiOHOCTI Ta OTpUMaHi
BiNlMOBiHI KopesliitHi KoediuieHTu. [ToBHUIT eIeKTPOHHUI BMICT pO3paxoBaHO 3a TaHUMU Ha3eMHUX CITIOCTEPEKEHb CUT-
HaJliB TJI00abHOI HaBiraniitHoi cymyTHruKoBoi cuctemu (THCC), a nani mpo MoTik eeKTpoHiB B ioHocdepi oTpuMaHi 3 BU-
MmipiB “in situ” cymyraHukamu Mmicii POES. Perion gociimkeHb BUOpaHO 3a yMOBaMU HasIBHOCTI TYCTOI MepeXi MpuitMadinB
T'HCC ta npucyTHOCTI IepMaHEHTHUX CTaHIIil Y MarHITOCIIOIyYeHOMY PeTioHi B AHTapKTHIIi, a TAKOX CITPUSATIMBOI KOHi-
rypatii mpocTOpOBOTO PO3MO/IiTY MOTOKIB EHEPTiMHUX YACTUHOK Ha BUCOTI opOiTu cynyTHUKiB POES. JlocnimkeHHsI BUKOHA-
HO Ha MPUKJIAJi 1BOX reoMarHiTHux 30ypeHb qHs CB. [latpuka B 6epesni 2013 i 2015 pokiB. Pe3yabsraTtu. 3a qonomororo
PpO3po0JIeHOT METOIUKH OTTpallbOBAHO CYITYyTHUKOBI Ta Ha3eMHi JaHi ITiJl Yac reoMarHiTHUX 30ypeHb. BusiBiieHo, 1110 y3roaxe-
HICTb 3MiH [MOBHOTO €JIEKTPOHHOT'O BMicTy i0HOC(epH Ta MOTOKIB €JIEKTPOHIB y Yaci i MpocTopi crniBnaaae i3 30i1blIEHHAM
po3Maxy Bapiallili TOPU30HTATbHOT KOMITOHEHTH TEOMAarHiTHOTO TOJISI, SIKa CTIOCTEePIraeThCs 3a JAHUMU Ha3eMHUX MarHiTO-
METPIiB i BKa3y€e Ha iCHyBaHHSI CTPYMiB B3IOBX JIiHiii FTeOMarHiTHOTO MOJIsi B TEOKOCMOCI. 3a JaHUMU aHali3y IPOsIBiB IBOX
TeOMarHiTHUX 0yp copMyIbOBaHO MTPUMYILIEHHS, 1110 HAsSIBHICTh LIUX CTPYMiB, sIKi (DOPMYIOThCSI TOTOKAMU BUCOKOEHEPTiii-
HUX 3apsKEHUX YACTMHOK TPY BUCUMAHHI 3 MarHitocdepu, € ofHi€l0 3 MPUYMH Bapialliii TOBHOTO €JIEKTPOHHOTO BMiCTY.
Bucnoku. [TokasaHo, 1110 Mii yac reoMarHiTHUX 30ypeHb IMTPOCTOPOBO-YaCOBi 3MiHM HEOAHOPIAHOCTEM iOHOC(HEepU YaCTKOBO
Y3TO/IKeHi 3 BapiallisiIMU TTOTOKIB €HEePTriiHUX €JEKTPOHIB, 1110 JTOMYCKAE MOXJIUBICTH BUKOPUCTAHHS JTaHUX CITOCTEPEXKEHb
T1EB y posi iHIMKaTOpPiB BUCUIIAHbD.

Karouogi caosa: ionochepa, [modanbHa HairauiitHa cynytHukoBa cuctema (THCC), POES, npoctopoBuii po3nouii, Kope-
JISA11isl, TEOMArHiTHI 30ypeHHSI.
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