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Abstract

In this paper, we examine both the global and local distribution of the iono-
spheric response represented by Total Electron Content (TEC) for a geomag-
netic storm that occurred on 17 March 2015. The behaviour of the measured
TEC and median TEC data was compared to analyze in detail the recorded
ionospheric disturbance. Selected energy flux data show an increase in particle
precipitation in the polar latitudes of both hemispheres, which are strongest in
the midnight longitudinal sector. The results of the spatial distribution of TEC
response as well as the behaviour of the ionosphere at individual points show
that i) in the analysis of the Northern Hemisphere as a result of the additional
ionization from particle precipitation in the night hours a positive ionospheric
response is observed; ii) in the region of the polar oval in both hemispheres, the
dependence of the response on local time illustrates the change of the predom-
inant mechanism of the ionospheric response; and iii) spatial distributions of
median TEC and measured TEC allow for a detailed analysis of the observed
effects of Equatorial Ionization Anomaly (EIA), associated with the positive
anomalies observed in TEC in the equatorial region.
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Introduction. It is well known that the so-called geomagnetic storms are
some of the most important events for solar-terrestrial physics due to their im-
pact on the positioning accuracy of GNSS receivers, radio communication, and in
some rare cases even disruption of power grids [1]. As a result of the interaction
between the solar wind and the magnetosphere-ionosphere system during geo-
magnetic storms, ionospheric disturbances occur which are manifested in terms of
large deviations of ionospheric behaviour from the regular quiet time behaviour.
The ionospheric density or electron content is found to be either enhanced (posi-
tive storm) or depleted (negative storm) depending on the local time of the storm
commencement, season, latitude, and longitude of observation [2]. The positive
ionospheric changes during the main phase of the geomagnetic storm are a result
from changes in the equatorward winds, while the negative ionospheric response
is a result of increases of molecular nitrogen [3]. The strongest geomagnetic storm
of 24th Solar Cycle namely, the St. Patrick’s geomagnetic storm recorded on 17
March 2015 has been well studied by scientists working in the field of space physics
and solar-terrestrial physics [1, 4–8]. The effects on the ionospheric response re-
sulting from this storm, observed at mid and low-latitude, are related to two of the
main physical processes: (i) the prompt penetration of magnetospheric convection
electric field (PPEF), and (ii) the dynamo effects of the storm winds disturbance
dynamo electric field (DDEF). The main purpose of this study is to examine the
ionospheric anomalies during St. Patrick geomagnetic storm in March 2015 by
comparing the variations in the measured, median and relative values of TEC on
a global and regional scale.

Data. As already mentioned, for the purposes of ionospheric studies it
is of great importance to trace and analyze the behaviour of the electron den-
sity in disturbed conditions caused by the interaction of charged particles from
the Sun and the Earth’s magnetosphere. To study the behaviour of the iono-
sphere under the influence of geomagnetic disturbances, several basic parameters
were used, characterizing the behaviour of the geomagnetic storm as well as the
phases of its development. In this study, the indices Kp and Dst received from
Goddard Space Flight Center were used (https://omniweb.gsfc.nasa.gov/).
Another parameter used to determine the amount of particle precipitation in the
auroral region is obtained from the OVATION Prime Real-Time model and pro-
vides information about energy flux [9]. All of these parameters indicate dis-
turbed conditions, which is a possible indication of ionospheric anomalies. This
type of ionospheric disturbances have been analyzed based on data for TEC by
the Center for Orbit Determination in Europe (CODE) which are provided by
ftp://ftp.unibe.ch/aiub/CODE/. It is accepted that daily and seasonal vari-
ability of ionospheric quantities and their dependence on long-term changes in
solar activity are given by the monthly median of hourly values. The advantage
of using the median value over the average one is due to the elimination of the
influence of several extreme values recorded during geomagnetic disturbances [10].
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Fig. 1. Geomagnetic indices Kp and Dst for the period 16–21 March
2015

Traditionally to characterize the quiet geomagnetic conditions at selected month
the medians are used [11]. Anomalies in electron density are estimated by intro-
ducing the quantity relative deviation. This characteristic allows to determine
with sufficient accuracy the type of ionospheric response (positive or negative) in
each specific case [12].

Geomagnetic conditions. In order to assess the variations of the geomag-
netic field caused by the interaction of charged particles from the Sun and the
Earth’s magnetosphere, the two indices Dst and Kp have been selected. The pre-
sented behaviour of the Dst index (blue colour) in Fig. 1 shows that in the hours
after 6 UT on 17 March (the beginning of the storm) the index starts to decrease,
reaching a minimum value of around –220 [nT] around 22 UT on 17 March (the
maximum of the storm). According to the accepted classifications for the Dst
index, this storm is of the intense storm type [13]. It gives the impression that
during the entire period 18–20 March, Dst index remains relatively high (around
–50 nT), which corresponds to disturbed geomagnetic conditions. The other pa-
rameter, namely the Kp index, shown in Fig. 1 (red colour) illustrates a similar
manifestation of the geomagnetic storm analogous to that of the Dst index. In
the hours around 6 UT on 17 March, the Kp index shows values above 5, which
is an indicator of a disturbance. The maximum value of Kp is in the hours be-

tween 12 UT-23 UT on 17 March, reaching 7
2

3
. The recovery phase lasts several

days. According to the accepted classification of the National Oceanic and At-
mospheric Administration (NOAA), the studied geomagnetic storm is G3 Strong
(https://www.swpc.noaa.gov/noaa-scales-explanation).

Behaviour of Power Index. To represent the influence of particle pre-
cipitation for the Northern Hemisphere and Southern Hemisphere, as well as the
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total Energy Flux, data from the OVATION Prime model, whose data are derived
from electron and proton flux measurements from the SSJ4 detectors on the DMSP
satellites, as well as OVATION Prime-2013-nowcast data, were used [14,15]. From
the sum of the energies for both hemispheres shown in Fig. 2 (upper panel) it can
be seen that the beginning of the geomagnetic storm can be determined at 06 UT
17.03.2015 when the Power Index (PI) sharply increases. A possible explanation
for the observed phenomenon is given by Kamide and Kusano [16], who sug-
gest that “an intense storm can result from the superposition of two successive,
moderate storms, driven by two successive, southward IMF structures”. Similarly
to the geomagnetic indices, the Power Index for the entire period also remains
higher as compared to before the geomagnetic storm. This result suggests that it
is possible that energy flows will continue to flow into the Polar Regions during
the entire period 18–20 March.

The bottom panels of Fig. 2 present the latitudinal dependence of energy flux
entering into both hemispheres at two selected longitudes. The results from the
graph show that during the period 18–20 March there is particle precipitation
in the polar latitudes of both hemispheres, which are strongest in the midnight
longitudinal sector. This fact confirms that the recovery phase of the geomagnetic
storm does not occur under quiet conditions. In the Southern Hemisphere, the
positive response associated with the particle precipitation into the polar oval has

Fig. 2. Earth Power Index OVATION Prime-2013 nowcast – upper panel and OVA-
TION Prime Real-Time model, energy measured at flux in ergs/(cm2/s) bottom panel
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Fig. 3. Comparison between measured ТЕС (red colour), relative TEC (black colour) and
median TEC (blue colour) on 17 March at point with coordinates 60◦N, 210◦E – left panel.
Analogous to the left panel, but at point with coordinates 45◦S, 90◦E and for the period

17–18 March – right panel

a more complex character due to the strong deformation of the Earth’s magnetic
field.

Ionospheric response. In order to study in detail the influence of parti-
cle precipitation in auroral region in both hemispheres on the electron density,
the ionospheric response for the period 17–18 March is presented at two selected
points corresponding to the most significant positive anomalies in the Power In-
dex. Figure 3, left panel, illustrates a comparison between the measured TEC, the
median TEC (MED) and the relative deviation of the TEC (rTEC) for the point
located in the Northern Hemisphere with coordinates 60◦N, 210◦E on 17 March.
Figure 3, right panel is analogous to the left part of Fig. 3 and presents a compar-
ison of the behaviour of the three characteristics, but for a point in the Southern
Hemisphere with coordinates 45◦S, 90◦E and for the period 17–18 March. The
left part of Fig. 3 shows an increase of rTEC and TEC in the hours after 6 UT
on 17 March, which indicates the beginning of the ionospheric anomaly because
of the geomagnetic storm that occurred.

The results presented in Fig. 3, right panel show that at the point with
coordinates 60◦N, 210◦E, the additional ionization occurs in the nighttime hours
and its maximum is at about 10 UT. This coincides with midnight local time, after
which the TEC decreases even though the Power Index increases, which is due to
the shift of the midnight zone. After the onset of the day, a negative ionospheric
response has already been observed, due to the predominance of the mechanism
of increased recombination due to the heating of the neutral air.

Figure 4 shows the spatial distributions of median TEC (left column panels)
and measured TEC (right column panels) for the final phase of the storm (from
18 UT to 00 UT on 17–18 March). Figure 4 (right column) shows that at 18
UT, a visible expansion of the Equatorial Ionization Anomaly (EIA) especially in
the longitudes between 30◦W and 30◦E, as well as a shift of the northern maxi-
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Fig. 4. Spatial distribution of: a) left column panels – median TEC, and b) right column
panels – measured TEC at 18 UT and 22 UT on 17 March and 00 UT on 18 March

mum in the north direction is observed. The observed increases at low latitudes
are localized in the afternoon and evening hours and characterized the poleward
movement of the enhanced equatorial crests. The presented maps at 22 UT and
00 UT show an increase but no apparent EIA expansion. The expansion of the
EIA can be explained by the effects of the “perturbed dynamo” in the equatorial
region, which affects the “fountain effect” and which manifests itself with a certain
delay necessary to reach the equator of the anomalous meridional wind, which,
due to Coriolis acceleration, passes into the zonal [17,18].

Conclusion. This study presents the global and regional distribution of
electron density anomalies resulting from the geomagnetic storm that occurred
on 17 March 2015 [19,20]. For the purposes of this work, comparisons are shown
between the measured, median values and relative deviation of the TEC for two
selected points from each hemisphere, for which a maximum value of the incoming
radiation from the Sun, measured by the Power Index, was obtained. The results
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of this comparison for the point in the Northern Hemisphere with coordinates
60◦N, 210◦E show an increase of rTEC and TEC in the hours after 6 UT on 17
March – which corresponds to the ionospheric response as a result of the recorded
geomagnetic storm. The other point, located in the Southern Hemisphere with
coordinates 60◦N, 210◦E, shows that the additional ionization occurs in the night-
time hours. In local time, the maximum at this point coincides with midnight,
after this moment the TEC decreases, which is due to the shift of the midnight
zone.

Another key result of the present analysis is related to the comparison between
the spatial distribution of median TEC and measured TEC for the period 18 UT on
17 March to 00 UT on 18 March. The presented spatial maps trace the evolution
of the EIA phenomenon and its effect on ionospheric variations at low and mid
latitudes. In the hours around 18 UT, the TEC values show an extension of the
EIA effect, reaching mid-latitudes, especially in the longitudes between 30◦W and
30◦E. The presented maps at night hours show an increase in TEC, but without
the presence of an EIA extension. The observed increases at low latitudes are
localized in the afternoon and evening hours.
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