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A multi-instrumental analysis of the meridional ionospheric response is presented
over Europe during the two largest ICME-driven geomagnetic storms of solar
cycle #24 maximum. Data from 5 European digisonde stations, ground-based
Global Navigation Satellite System, Total Electron Content (GNSS TEC), the ratio of
the TEC difference (rTEC), as well as Swarm and Thermosphere, Ionosphere,
Mesosphere, Energetics and Dynamics (TIMED) satellite observations have been
used for the investigation of selected intervals (11–17 November, 2012, and
16–25 March, 2015). The storm evolution is monitored by digisonde
foF2 critical frequency (related to the maximum electron density of F2-layer)
and GNSS TEC data. Moreover, Global Ultraviolet Imager (GUVI) measurements
from the TIMED satellite are used to investigate the changes in the thermospheric
O/N2 ratio. Our main focus was on the main phase of the geomagnetic storms,
when during the nighttime hours extremely depleted plasma was detected. The
extreme depletion is observed in foF2, TEC and rTEC, which is found to be directly
connected to the equatorward motion of the midlatitude ionospheric trough (MIT)
on the nightside. We demonstrate a method (beside the existing ones) which
allows the monitoring of the storm-time evolution of the disturbances (e.g., MIT,
SAPS, SED) in the thermosphere-ionosphere-plasmasphere system by the
combined analysis of the worldwide digisonde system data (with the drift
measurements and the ionospheric layer parameters with 5–15 min cadence),
with rTEC and GNSS TEC data, and with the satellite data like Swarm, TIMED/GUVI.
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1 Introduction

The physical processes of the Earth’s plasma environment responsible for the
perturbations of the system and the exact mechanisms of action of solar events affecting
the near-Earth space have been of interest to researchers for decades. The most remarkable
disturbing solar activity events are interplanetary coronal mass ejections (ICMEs) and high-
speed solar wind streams (HSSWS)/corotating interaction regions (CIRs). When they collide
with the Earth’s magnetic �eld, they trigger geomagnetic storms. The two types of
geomagnetic storms have different time courses and result in different magnitudes of
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perturbations. Besides there are several processes that have to be
taken into consideration during the examination of the mid- and low
latitude ionosphere, as follows: photo-production, chemical loss,
and transport by thermal expansion, neutral winds, waves, tides and
electric �elds of internal and external origin (Mendillo and Narvaez,
2009). In addition, several other in�uencing factors must be taken
into consideration, such as: geomagnetic storm size, local time (LT)
of the sudden storm commencement (SSC), time of the day, season,
geomagnetic latitude and longitude (Immel and Mannucci, 2013;
Mendillo and Narvaez, 2010; Mendillo and Narvaez, 2009).

Within the Earth’s plasma environment (ionosphere,
plasmasphere, outer magnetosphere), all regions are closely
related to each other. In the presence of an external forcing (e.g.,
ICME or CIR/HSSWS), perturbations can be observed in each
plasma layer. The F-layer of the ionosphere has the highest
electron density, so electron density changes are the most
pronounced there. The electric �elds generated during
geomagnetically disturbed periods (e.g., prompt penetration of
magnetospheric convection electric �eld-PPEF and disturbance
dynamo electric �eld-DDEF) map along geomagnetic �eld lines
through all these regions and can interact with all of them (see e.g.,
Nava et al., 2016). The Earth’s plasma environment is a very
complex, tightly coupled system, and the effects cannot be
studied and explained in their entirety if we do not consider
them as part of the system.

Geomagnetic storms generate so-called ionospheric storms,
which have similar evolution and phases to those of geomagnetic
storms, but with a faster procession. Ionospheric storms have
already been studied using several types of observations of the
F2-layer: ionosonde data of the maximum electron density
(NmF2); measurements of the total electron content; incoherent
scatter radar measurements of electron and ion densities,
temperatures and plasma dynamics; satellite measurements of
ionospheric/thermospheric parameters along their orbits (see e.g.,
Kane and Makarevich, 2010). Comprehensive reviews of storm
effects in NmF2 and TEC have been given by Prölss (1995) and
Mendillo (2006), for incoherent scatter radar results by Buonsanto
(1999), and for in-situ satellite data by Prölss and Zahn (1974).

In early studies, two different phases of ionospheric storms were
distinguished: positive ionospheric storm phase, when the electron
density is increased, and negative ionospheric storm phase, when the
electron density is decreased with respect to its expected value.
Earlier studies during the past few decades have already found clear
and unambiguous patterns in the ionosphere during geomagnetic
storms, see for example, the great reviews of Sato (1957), Matsushita
(1959), Prölss (1995), Danilov (2013) (for ionosonde data) and
Mendillo (2006) (for TEC data).

The various perturbations in the midlatitude ionosphere during
geomagnetic storms can be linked to various processes detailed
below. For case studies of ionospheric storm effects, it is necessary to
determine the key drivers of the actual events.

(1) During geomagnetic storms, the Joule dissipation of currents
and the absorption of precipitating particles in the auroral
region of the lower thermosphere (100–140 km) are the
cause of the so called auroral heating of the thermosphere
(Prölss, 1995; Danilov, 2013). The location of both the
precipitation boundary and the auroral currents depends on

the geomagnetic activity. For intense storms, it could be found
below L = 2.5 (Mendillo and Narvaez, 2009). There are two
major consequences of high-latitude heating: composition
changes (speci�cally, decrease in the O/N2 ratio) and the
intensi�cation of equatorward winds that can carry the
composition change toward lower latitudes (Buonsanto,
1999). Both processes contribute to the formation of long-
duration negative storm phases. The electron density near
the F2-layer maximum is, approximately, directly
proportional to the O/N2 ratio (Rishbeth and Barron, 1960;
Pirog, 2006). This means, if other conditions are unchanged
(constant pressure), we should detect depletion in electron
density (negative phase) in all regions where O/N2 ratio has
been decreased at F2-layer heights (Danilov, 2013). Under
geomagnetic storm conditions this so-called compositional
disturbance zone at F2-layer heights reaches lower latitudes
because of the intensi�ed heating induced equatorward
meridional winds. Negative phase is most common in the
summer hemisphere (both day and night) due to the
seasonal variation of the background thermospheric wind
circulation, but during intense geomagnetic storms it can be
detected even in winter months. It favors the postmidnight and
morning sectors, because then the background and the storm-
induced circulation coincide and add up and therefore can reach
much lower latitudes (Prölss, 1995; Buonsanto, 1999; Danilov,
2013). This equatorward expansion of the negative phase has
about 50–300 m/s velocity (Danilov and Belik, 1991). Besides
the O/N2 ratio depletion, the increased temperature of the
heated thermospheric gas itself is an important factor in
forming a negative storm phase in the ionosphere (Mikhailov
and Foster, 1997). The increase in temperature leads to an
increase in the recombination coef�cient causing a further
decrease in electron density (see Mikhailov et al., 1995).
Previous studies concluded that at high and middle latitudes
this negative phase type occurs more often, and has much more
dangerous effect on HF propagation (Danilov, 2013).

Long-duration positive ionospheric storm phase can be
generated by the enhanced storm-induced equatorward
meridional winds because they cause the downwelling of the
neutral atomic oxygen and the uplifting of the F-layer along the
magnetic �eld lines due to wind induced vertical ExB drift (Prölss,
1995; Danilov, 2013). A similar drift can also be caused by an
increase in E-�elds of other origin (e.g., from the magnetosphere)
(Danilov, 2013). As the loss-rate decreases with altitude, the density
increases.

(2) The ionospheric F- region plasma is the base of the
plasmasphere (Mendillo et al., 1974), i.e., the plasmasphere is
�lled from the dayside ionosphere and empties into the
nightside F-region through diffusion along the geomagnetic
�eld lines. Under quiet conditions the midlatitude region
maps into the plasmasphere corotating with the Earth.
During storms the footprint of the plasmapause (PP) often
moves to midlatitudes, especially after sunset (Mendillo and
Narvaez, 2009) as the plasmapause moves inward due to the
increased geomagnetic activity, while the plasmasphere can still
remain conjugated with the midlatitude ionosphere during
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daytime hours. Thus, from local noon to dusk the dynamical
plasmaspheric processes may contribute to daytime positive-
phase ionospheric storms (Lanzerotti et al., 1975), which is
followed after sunset by a sharp transition to a depleted state
beyond the footprint of the plasmapause (Mendillo et al., 1974).
After sunset, both the above discussed dynamics and chemistry
cause the onset of a negative phase.

(3) During intense geomagnetic storm events, mainly in the main
phase, at night, a drastic “peeling off” of the magnetospheric
plasma can be seen, and the ionospheric projection of the PP can
penetrate into the midlatitude region also on the dayside. In
such a case, an all-day negative phase storm is expected. Based
on earlier studies like Heilig et al. (2022), it is stated that the
ionospheric footprint of the PP is tightly coupled to the
minimum of the midlatitude (main) ionospheric trough
(MIT). The poleward edge of the MIT in the evening sector
has been observed to coincide with the equatorward boundary
of the soft electron precipitation, and the precipitation has
therefore been proposed as a major source of electrons
building up the poleward wall of the MIT in the evening
sector (Turunen and Liszka, 1972; Rodger et al., 1986;
Voiculescu et al., 2010). During the night the ionospheric
F-layer on the equatorward side of the plasmapause is
maintained by the plasmasphere, but not on the global
convection dominated poleward side (Schunk and Banks,
1975). Consequently, an MIT minimum could be bounded
by a plasmasphere-maintained and the precipitation-
maintained ionosphere. The minimum could be sharpened
by storm-time developed subauroral polarization streams
(SAPS) due to SAPS E-�eld, and by plasma heating
(frictional heating by the drifting plasma) and its
consequences (Rodger et al., 1992; Horváth and Lovell,
2016), and by enhancing recombination due to molecular
composition changes by neutral winds or diffusion from the
aurora oval = composition disturbance zone (1) (Schunk and
Banks, 1975).

MIT is a longitudinally elongated and latitudinally restricted
region of depleted plasma in the ionosphere (He et al., 2011). Its
typical latitudinal extent (width) is 5°–10° (Voiculescu et al., 2010),
10°–15° (Liu and Xiong, 2020), but it can be as wide as 20°. MIT is
typically found somewhere between 55° and 75° geographic latitude
depending on the geomagnetic activity and MLT (e.g., Whalen,
1989; Werner and Prölss, 1997; Voiculescu et al., 2006; Deminov and
Shubin, 2018; Karpachev et al., 2019; Aa et al., 2020; Liu and Xiong,
2020). However, as we will show, in severely disturbed cases it can
move even further equatorward. MIT typically occurs in the dark
hemisphere, thus, it is most regularly observed during winter
months and equinoxes, while in summer, it is mainly restricted
to the midnight sector (Rodger et al., 1992; Voiculescu et al., 2006).

Over the years, the general behavior of the ionosphere during
storms has become well studied. However, each space weather event
and the involved processes are unique, and in many cases the
magnitude of the effects cannot yet be predicted. Consequently,
case studies of extraordinary/high magnitude events are still
important as they can deepen/re�ne our understanding of the
extent of change that can be expected in the individual layers of
the Earth’s plasma in response to a geomagnetic storm.

Furthermore, multi-instrumental comprehensive analysis of the
thermosphere-ionosphere-plasmasphere coupling processes
during individual geomagnetic storms are rare in the literature.
Most studies are based on one or two types of observational data,
however the effects cannot be studied separately since the Earth’s
plasma environment is a very complex, multiplied coupled system.

In this study our aim is to determine the exact connections
between the thermosphere-ionosphere-plasmasphere system during
two intense ICME-caused geomagnetic storm events. We analyzed
the effects through a meridional chain of digisondes (foF2, h’F2 and
drift data) across Europe (Northern Hemisphere) complemented by
GNSS TEC, Swarm satellite observations of the topside electron
density, electron temperature and PP location data, as well as O/N2

ratio observations from TIMED satellite. Another aim is to identify
the processes responsible for the extreme decrease during the night
in the main phase of the geomagnetic storm. The rest of the paper is
organized as follows. First, the utilized data and the applied methods
are introduced. In Section 3 the observations are presented, followed
by the discussion in Section 4. Finally, main conclusions are
summarized in Section 5.

2 Data and method

In the present study our main focus is on the analysis of the
effects in the ionospheric F2-layer during two intense
(Dstmin > �100 nT) ICME related geomagnetic storms. The
storms considered are from the winter/equinox of 2012 and 2015
(the maximum of #24 solar cycle), respectively, with the following
characteristics: 11–17/11/2012 (Dstmin = �108 nT, Kpmax = 6.33)
and 16–25/03/2015 (Dstmin = �223 nT, Kpmax = 7.67).

For the investigation, intervals covering all the pre-storm (24 h
before the SSC), initial, main and recovery phase were selected. We
used the geomagnetic Dst-index to identify the storm phases. A
sudden sharp increase in the data is observed when an SSC occurs,
this is followed by a major decrease in the data (main phase), and
then a slower recovery lasting for several days. The magnitude of the
storm itself is given by the minimum value of Dst. The AE-index
(auroral electrojet index - mainly characterizing the polar region)
increases as the substorm activity intensi�es.

We analyzed individual events to see in detail the processes and
to determine the key drivers of the geomagnetic storm generated
ionospheric perturbations. Using the meridional station chain, the
latitudinal evolution of the effects can be followed. With the
digisonde drift measurements the directions of the associated
plasma drifts can be determined. Using also satellite data, the
thermospheric (with TIMED, GUVI measurements) and
plasmaspheric (with Swarm, Langmuir probe measurements)
processes can be linked to the perturbations observed in the
ionosphere. The measurements and data utilized are listed below:

2.1 Solar and geomagnetic indices

During case studies we typically identify and characterize the
storm events considering the magnitude of geomagnetic indices
such as Kp, Dst and AE. The Kp index represents the geomagnetic
activity of the midlatitudal regions, and it has logarithmic scale.
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The Dst index shows the intensity of the ring current and as we
mentioned above are generally used to separate the geomagnetic
storm’s phases case to case. The AE index describe the evolution
of the auroral electrojets, so it inform us about the processes at
high latitudes.

2.2 Ionosonde data

A meridional ionosonde station chain across Europe was selected to
represent the latitudinal changes. The following 5 stations were chosen
for the analysis (from North to South): Juliusruh (JR), Pruhonice (PQ),
Sopron (SO), Rome (RO), and Athens (AT). In Table 1, information on
the ionosonde stations is given. LT = UT +1. Most of the stations are
operating with a DPS-4D type of ionosonde, a digisonde. Only SO is an
exception where a VISRC-2 type ionosonde operated until 2018, when
the same DPS-4D type digisonde was installed also here (Bór et al.,
2020). Old ionosonde/digisonde data has typically 30/15 min
resolution, respectively, however, in some cases (like at Athens
station) data are available at 5-min cadence.

During this investigation, two ionospheric parameters of the F2-
layer were examined, namely, foF2, h’F2. The foF2 parameter represent
the F2 layer critical frequency associated with the maximum plasma
(electron) density of the F2 layer, while the h’F2 parameter re�ects the
changes in the virtual height of the layer. All digisonde data were
manually checked and corrected with SAO Explorer. Besides, modern
digital ionosondes provide also routine ionospheric drift measurements
in addition to classical vertical ionospheric sounding (for more see the
Supplementary Data section and Kouba et al., 2008; Kouba and Koucka
Knizova, 2012; Kouba and Koucka Knizova, 2016). The ionospheric
drift data for the selected storms of this study were manually processed
for the PQ station. Nowadays, tens of digisondes worldwide measure
ionospheric drifts routinely and store their data in Global Ionosphere
Radio Observatory (GIRO).

Reference values were needed to determine the magnitude of the
storm-time deviations from the nominal state. For this, we chose the
3 closest geomagnetically quiet days (QDs) preceding the storms
investigated (8, 9, 10 November 2012 and 10, 13, 14 March 2015,
respecti721vely) based on the International Q-days (QD) list, and
averaged them. These reference values appear as green lines in
Figure 3; Figure 4; Figure 5; Figure 6.

2.3 TEC data

GNSS TEC IONEX (IONosphere Map EXchange) maps data
(http://ftp.aiub.unibe.ch/ionex/draft/ionex11.pdf) International
GPS Service for Geodynamics (IGSG) with 2-hourly cadence
were used to determine vertical TEC (vTEC) development in
areas surrounding the respective digisondes, each map area of
size 2.5 (latitude) x 5 (longitude) degrees.

For comparison, the National Institute of Information and
Communications Technology (NICT) Ratio of the TEC difference
(rTEC) global maps constructed using the RINEX �les obtained
from thousands of GNSS receivers all over the world were applied
for the European region with a grid of 0.5 × 0.5° and smoothed with a
5 × 5 boxcar. The rTEC value was de�ned as the difference between the
observed TEC and the monthly average quiet TEC value (mean of
10 geomagnetically quietest days), normalized by the average TEC.

2.4 TIMED satellite, global ultraviolet imager
(GUVI) O/N2 measurements

The TIMED satellite has been operating at 625 km altitude
since December of 2001 and focuses its measurements to the
appr. 60–180 km altitude range (neutral thermosphere and
ionosphere) below the satellite (Christensen et al., 2003).
TIMED is orbiting on a circular polar orbit with an
inclination of 74.1° corresponding to 97.8 min period, which
means that a global map of the measurements can be derived
from 14.9 daily orbits.

GUVI measurements provide dayside O/N2 composition
(note that this is a column integrated value for an altitude
range) and temperature pro�le of the Mesosphere and Lower
Thermosphere/Ionosphere (MLTI) region, as well as the auroral
energy inputs (Christensen et al., 2003; Crowley et al., 2006;
http://guvitimed.jhuapl.edu/home_background).

2.5 Swarm satellite measurements

The three Swarm satellites were launched into a polar low-
Earth orbit (LEO) in November 2013. The altitude of Swarm A

TABLE 1 In this table, we can see information about the used 5 digisonde stations. For the geomagnetic coordinates, International Geomagnetic Reference Field
(IGRF-13)-model (for year 2015) based calculator was used.

Name of the
station

Station
ID

Geomagnetic
latitude (deg)

Geomagnetic
longitude (deg)

Geographic
latitude (deg)

Geographic
longitude (deg)

High mid-
latitude

Juliusruh JR055 53.95° N 99.48°E 54.6° N 13.4° E

Middle
latitude

Pruhonice PQ052 49.32° N 98.61° E 50° N 14.6° E

Sopron SO148 46.67° N 99.75° E 47.63° N 16.72° E

Low mid-
latitude

Rome RO041 41.7° N 93.76° E 41.8° N 12.5° E

Athens AT138 36.17° N 103.33° E 38° N 23.5° E
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and C (�ying side-by-side with ca. 1.5° longitudinal difference)
was around 460 km in March 2015, while Swarm B was operating
at around 520 km altitude, with a 91 min orbiting period. Swarm
satellites provide in-situ measurements of the electron density
and temperature observed by Langmuir probes, as well as the
location of the MIT from which the footprint of the nightside
plasmapause can be derived.

3 Observations

In our previous article (Berényi et al., 2018), the characteristics
of the 2012 November and 2015 March storm were described in
detail, the course of the storms was investigated in several aspects
using data from the Sopron ionosonde station. In this article, we
discuss the meridional evolution and characteristics of the two

FIGURE 1
The geomagnetic Dst, Kp and AE indices are plotted for the 2012 November storm (A), and for the 2015 March storm (B). In the upper diagrams the
daily variation of the Dst index is presented, in the middle panel the Kp index, while in the bottom the daily variation of the AE index is shown. The UT of the
SSC was at 23:12 for the 2012 storm marked with a red dotted line. In the 2015 storm, the �rst storm commenced at UT 04:45, while the second SSC was
at 20:54 (red dotted lines).
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investigated storms using several types of measurements, detailed in
Section 2.

According to the ACE satellite data, in the case of storm from
2012 November, the geomagnetic disturbance started with two
ICMEs shock arrivals at 22:16 UT on 12 November (source:
SWPC PRF 1942, 19 November, 2012; https://izw1.caltech.edu/
ACE/ASC/DATA/level3/icmetable2.htm). The storm started with
a Sudden Storm Commencement (SSC) at 23:12 UT (00:12 LT) on
12 November On Figure 2A the evolution of the interplanetary
magnetic �eld (IMF) Bz component and the solar wind (SW) speed
data are plotted (1-min resolution is on Supplementary Figure S1A).
During the SSC time, short southward turning of the Bz appeared
which 1 h later turned northward and lasted until ca. 13 h. In the
meanwhile the SW speed from 300 km/s after the SSC went up to
420 km/s and it oscillated around this value through the whole storm
interval. Early on 14 November the storm reached its maximum
magnitude (major storm), which was caused by a prolonged period
of negative Bz (Figure 2A) from 8 h to 18 h, attributed to a
combination of lingering ICME effects and a solar sector
boundary crossing that occurred at approximately 02:45 UT.

Right after that a negative polarity coronal hole associated high
speed solar wind stream (HSSWS) arrived. The main phase of the
geomagnetic storm started on 14 November (Dstmin = �108 nT,
Kpmax = 6.33), this can be distinctly seen in Figure 1A in the
evolution of the geomagnetic Dst, Kp and AE indices.

The 2015 March geomagnetic storm started with an SSC at
04:45 UT (05:45 LT) on 17 March, around equinox. The
magnitude of this storm was (on day 17 March):
Dstmin = �234 nT, Kpmax = 7.67 (see also Figure 1B). More
information about this ICME generated geomagnetic storm can
be found in the article of Wu et al. (2016). On Figure 2B the IMF
Bz and SW speed values were displayed (1-min resolution is on
Supplementary Figure S1B). The most signi�cant episodes: right
after the SSC the northward Bz turned southward around 7 UT,
this followed by a northward turning around 10, then from noon
until midnight a prolonged southward Bz can be observed. The
SW speed values increased from an initial 400 km/s to 600 km/s
around noon on17 March, and peaked at 700 km/s on the night of
18 March. On the days after the ICME the Earth was inside the
�ow of HSSWS (Nava et al., 2016). A subsequent geomagnetic

FIGURE 2
The interplanetary magnetic �eld (IMF) Bz component and the solar wind speed data can be seen for the two investigated storm intervals. (A) Is for
the 2012 November, (B) is for the 2015 March storm. The SSC times are with red dotted lines (Supplementary Figure S1 is the same, except that it is with 1-
min resolution).

Frontiers in Astronomy and Space Sciences frontiersin.org06

Berényi et al. 10.3389/fspas.2023.1092850

https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://doi.org/10.3389/fspas.2023.1092850


disturbance which is connected to a HSSWS (see Figure 1B)
started at 20:54 UT on 21 March, which does not appear in the
value of the Dst index, but is clearly visible in the Kp and AE
index (see Figure 1B) (Nava et al., 2016). Several articles have
been published in recent years about this storm, also known as St.
Patrick’s Day storm, which is the largest storm of the solar cycle
24 (e.g., Astafyeva et al., 2015; Cherniak and Zakharenkova, 2015;
Zhang J.J. et al., 2015; Zhang S.R. et al., 2015; Li et al., 2016; Wu
et al., 2016; Nayak et al., 2016; Nava et al., 2016; Kalita et al., 2016;
Tulasi et al., 2016; Hairston et al., 2016; Jin et al., 2017; Polekh
et al., 2017; Zhang S.R. et al., 2017a; Zhang S.R. et al., 2017b and
references therein; Berényi et al., 2018; Huang et al., 2018;
Habarulema et al., 2018; Kumar and Kumar, 2019; Ratovsky
et al., 2019; Lu et al., 2020).

3.1 Digisonde data over Europe

The main results presented in the following were derived from
ionosonde and digisonde measurements across a meridional station
chain introduced in Section 2. In this section, the evolution of the
ionospheric foF2, h’F2 is shown. Using data of European ionosonde
stations for comparison, our primary goal is to check whether the
ionosonde recorded effects at Sopron station (Berényi et al., 2018)
were local or regional/global. Furthermore, we would like to
illustrate how an ionospheric storm develops from North to
South, along a geomagnetic meridian. Through this
demonstration, the turning point of the ionospheric phase
development can be determined (see Buonsanto, 1999; Kane,
2005). In a general case, over the auroral region a negative

FIGURE 3
On the upper diagrams the Dst-index values and on the lower diagrams the storm-time foF2 (with red line, A)) and h’F2 (with light blue line, B)) with
the reference foF2, h’F2 values of selected 3 quiet days [with dotted green (A) and pink line (B)] are portrayed for storm 2012 over the meridional station
chain.
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ionospheric storm phase can be observed, while over lower latitudes
(closer to the equator) this turns into a positive phase (the exact
latitude of the phase reversal depends e.g., on the season, LT, the
strength of the geomagnetic storm, meridional winds, etc.). First, we
present ionosonde observations for the extended 2012 and
2015 storm periods.

3.1.1 Geomagnetic storm 11-17/11/2012
The �rst phenomenon known from previous studies, which can

appear in foF2 even 24 h before the SSC during the daytime hours, is
called the pre-storm enhancement (Kane, 2005; Bure�ová and
La�tovi�ka, 2007; Danilov, 2013). This can be also observed in all
the 5 digisonde stations, though it is not very well pronounced (see
Figure 3). On the contrary, during the night on 11/12 November all
station data show negative phase, except for AT where no change
can be detected.

On the right panel of Figure 3, the virtual height of the F2-layer
(h’F2) is presented, not any signi�cant daytime change at any station
can be seen on 12 November, however a quite signi�cant increase
can be observed during the night starting at 21:00 UT, just before
the SSC.

Right after the SSC at 23:12 UT, an increase in electron density
(foF2 parameter) can be seen during that night and then during the
day on 13 November at all stations. This is the main phase of the
ionospheric storm, but the geomagnetic storm main phase starts
only later on the following day. At the beginning of the following
night, still positive phase at all stations can be seen, but around
midnight it turns negative at JR, PQ and SO. Besides, a signi�cant
increase in h’F2 appears already around 20:00 UT which lasts even
throughout the next day (14 November).

During the daytime hours in the main phase of the geomagnetic
storm (14 November) a negative ionospheric storm phase was
observed at all stations. In the meantime, the F2 layer was
extremely uplifted, up to 680 km at stations SO, PQ and JR
(Figure 3, right panel). In this case, we observe a negative
ionospheric storm phase during a relatively weak (i.e., closer to
moderate) geomagnetic storm. This event can be considered as an
atypical storm, since the main phase of the geomagnetic storm is
delayed by 1 day. In a regular storm, the main phase typically starts
with a signi�cant positive or negative ionospheric storm phase
within a few hours after the SSC.

Note. during this storm the ionosonde at Sopron provided
observations only up to 8 MHz, but the negative ionospheric
response during the main phase of the geomagnetic storm clearly
shows up.

This storm can be identi�ed as a Regular Positive Phase (RPP)
storm type following the nomenclature introduced by Mendillo and
Narvaez (2010) according to the meridional evolution of foF2. Their
classi�cation is based on the local time of the SSC, which was in this
case around midnight (00:12 LT) on 13 November The signi�cant
increase of foF2 (electron density) lasted from around 10–11:00 to
20:00 LT at all stations, and this positive phase was followed by a
negative phase on 14 November.

In Figure 3 during the main phase of the geomagnetic storm at
night hours (18:00–02:30 UT), a negative ionospheric storm phase
can be observed at the SO, PQ and JR stations. The electron density
decreased below the detectability level (disappeared from the

ionograms) at these stations. Along with this electron density
drop, the virtual height of the F2-layer increased up to 400 km
(from the 250–280 km QD value) before the observed fade-out (see
Figures 1, 3, as well as the Supplementary Table S1). On the contrary,
at RO and AT stations, a signi�cant increase of the foF2 parameter
(electron density) with respect to the reference days could be seen
during the night. Furthermore, the h’F2 was not as increased at RO
and AT during this period as at the other stations. In Supplementary
Table S1 the exact time and duration of the fade-outs, the start time
of the decrease/increase and the minimum/maximum values are
tabulated (the foF2 value in MHz).

From 15 November, during the early recovery phase, a so-called
early recovery phase enhancement effect was detected in foF2 at
stations AT, RO, SO and PQ (see Figure 3). This effect with
increased electron density around noon lasts 3-day long, most
signi�cantly at Rome and Athens station, but observable at the
other stations, too (see Figure 3). On the other hand, during the
nighttime hours of 15 November a negative phase appears at all
stations, while on 16 November only JR and PQ are negative, SO
does not show any clear trend, and RO and AT are positive.

During the recovery phase, no deviation from the reference quiet
time h’F2 was seen during daytime, however there was a quite
signi�cant increase during the night, �rst of all at the PQ station, but
less pronounced also at SO and JR.

3.1.2 Geomagnetic storm 16-25/03/2015
The evolution of the 2015 March geomagnetic storm started on

day 17th. The local time of the SSC was at 05:45 on 17 March (these
are marked with a red dotted line in Figure 4). After the SSC, during
the main phase of the ionospheric and geomagnetic storm, a positive
phase of the ionospheric storm started at all stations. These kinds of
storms are called Regular Positive Phase (RPP) storms because in the
main phase of the storm, the electron density (foF2) increases, with
no delay (Mendillo and Narvaez, 2010). At the same time, there is
also a signi�cant increase in height of F2-layer (h’F2) during daylight
hours at all stations, but much less pronounced at RO and AT (see
the right panel of Figure 4).

The most signi�cant increase in the virtual height of the F2-layer
occurred from around 20:00 UT (21 LT) on 17 March. The highest
peak of the h’F2 parameter was observed at Pruhonice at 587.6 km at
22:45 UT. This main phase pattern in h’F2 parameter lasts until
21 March, and appears signi�cant at SO, PQ and JR stations (see
Figure 4).

Besides, during the evening/night on 17/18 March, a sharp
decrease in the electron density was observed, the start of the
negative phase began at noon at JR and it occurred later and
later with decreasing latitude. The depletion was the most
pronounced at PQ, SO and RO (see Figure 4 and Supplementary
Table S2). The electron density decreased below the detectability
level (disappeared from the ionograms) for a short period at RO and
SO station. In Supplementary Table S2 the exact time and duration
of the fade-outs, the start time of the negative phase and the time of
the observed minimum value are tabulated. Along with this electron
density drop, the virtual height of the F2-layer increased up to
483 km (from the 250–280 km QD value) before the fade-out at
Sopron (see Figure 4).

Depletions in the foF2 parameter value (negative phase)
compared to the main phase value can be observed on the next
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days (during the early recovery phase) at SO, PQ and JR stations
(middle - and high midlatitude), during both days and nights. Even
at AT and RO, for a short period positive phase occurred around
9 UT, then it is turned into a signi�cant negative phase around
11 UT. At RO and AT stations (low mid-latitude) the depletion
became really signi�cant (see Figure 4) only on 20 March. It can be
stated that in the early recovery phase the low mid-latitude and the
high mid-latitude regions behave differently.

A subsequent geomagnetic disturbance, associated with a
HSSWS (see Figures 1, 4) started at 20:54 UT on 21 March,
occurred during the recovery phase of the �rst storm and
generated a positive ionospheric storm. Decreased electron
density during the daytime and nighttime of 21th can be
observed at all stations, but most signi�cantly at RO. In the
h’F2 parameter just a slight increase can be seen right after the
SSC during the night, mostly at AT and RO stations. Meanwhile on
22 March no change was observed at JR, and only a slight increase in
foF2 at PQ, SO, RO, AT. During the night the storm turns negative
at all stations, except for RO and AT, where no change was observed.

During the remaining days in the recovery phase: on 23 March
no changes at JR and PQ were detected, but a slight increase in
foF2 at SO, RO, AT can be seen around noon. During the night just
JR showed no changes, the others were positive. On 24 March no
changes were observed in foF2 at all stations during the day, but at
night just JR did not show changes, the other stations had positive

phase. On 25 March the situation was the same as on day 23. The
h’F2 parameter did not show any deviation from the QD curve
during these days.

3.2 GNSS TEC data

To provide a wider context for the ionosonde observations,
changes in the total electron content (TEC) data was compared with
the foF2 values measured by the ionosondes. TEC data are presented
similarly to Figures 3, 4 for a better comparison. The TEC represents
the total electron content as an integrated value between the receiver
on the ground and the GNSS satellite (MEO orbit, at around
20,000 km altitude), therefore it contains not just the whole
ionosphere, but also most of the plasmasphere (Hofmann-
Wellenhof and Lichtenegger, 2001).

In Figure 5 the TEC values (red) along with their corresponding
references (green) for the 2012 November storm are plotted. Before
the SSC time, on 11 and 12 November a small positive deviation can
be seen during the day at all stations, while during the night on
11 November no signi�cant deviation was observed. On the
following night (12 November) a slight negative phase appeared
at RO, SO and PQ. On 13 November, the day after the SSC, very
impressive positive ionospheric storm phase developed at all stations
during both day and night. In the main phase of the geomagnetic

FIGURE 4
In the upper diagrams the Dst index values and in the other diagrams (A) the storm-time foF2 (red line) and (B) the storm-time h’F2 (light blue line)
and the corresponding reference foF2 and h’F2 values (green (A) and pink (B), respectively) are portrayed for the 2015 storm along the meridional chain.
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storm (14 November) all stations turned negative except for RO,
where there until 12 UT the TEC variation followed the mean
variation. Later a slight decrease started and lasted until 18 UT. Also
AT behaved differently, because here a TEC enhancement took place
during the whole day. In the recovery phase (15–17 November)
during the day positive phase was detected. On the contrary, during
the nighttime hours on 15 November negative phase, and on
16 November no change was observed at all stations.

In Figure 6 the 2015 March storm can be seen in the TEC data.
On the pre-storm day and night (16 March) no deviation from the
reference values can be seen at any stations. In the main phase of the
storm (17 March) signi�cant positive phase is detected during the
day at all stations, but during the night the storm phase is turned
negative at all stations, except at JR where �rst a positive phase and
then after midnight no deviation can be seen. During the early
recovery phase between 18 and 20 March, a negative effect in TEC is
detected during both day and night at all stations. Interestingly at
RO and AT on 18 March between around 06–12 UT the TEC is
increased with respect to the QD value, then rapidly decreases and
stays decreased during the following 3 days. On 21 March the same
effect was repeated during the day, but at night JR station showed no
deviation, while all the other station data was negative. On 22 March
(the day after the 2nd SSC) a positive ionospheric storm phase
appeared in TEC during the day at all stations, but during the
nighttime hours there was no effect. Between 23 and 25 March a
slight positive phase can be seen during the day and night at all
stations, except at JR where there is no effect during the night of
23 March.

The more speci�c connections are explained in the Discussion
Section 4 below.

3.2.1 rTEC maps of the storms
In Figure 7 the Ratio of the TEC difference (rTEC) maps are

shown for (geomagnetic) main phase of the two storms during the
nighttime hours (18–04:00 UT). These maps show the relative
deviation of TEC from its QD value (10 quietest days of the
month). These rTEC maps clearly present the evolution of the
nighttime negative phase along the examined stations in Europe.

In the case of the 2012 storm as shown in Figure 7A, the reduced
electron density region moves from higher to lower latitudes,
reaching its minimum latitude around midnight near the Athens-
Rome line. Meanwhile, it is also nicely seen that the low-midlatitude
Athens-Rome region remains in a positive phase throughout the
night. In the 00:00 and 02:00 UT maps the depleted electron density
zone is nicely drawn out in blue, and it can be seen that JR, PQ, SO
stations are all located within it.

For the 2015 storm, a very strong positive phase (red color in
Figure 7B) is visible at 18 UT on 17 March spreading in a NW-SE
direction, its boundary shows up in yellow along the line connecting
the Black See and North-France (see Figure 7B). SO, PQ to the North
is green, indicating that there is no deviation from the expected
value, while JR is in negative phase. Interestingly, there is a narrow
but strong positive-phase region at high latitudes (over
Scandinavia). As we move into the night, at 22:00 UT the
negative phase moves towards the equator and the positive phase
region also decreases in strength in the Athens-Rome line. At 00:00,
the depleted plasma has gone even lower, and this is when both
Rome and Athens go into negative phase at night, so the low mid-
latitude region is also under the in�uence of this negative storm
effect, which lasts until 04:00 UT.

FIGURE 5
The meridional evolution of the storm-time GNSS TEC (with red line) with the reference TEC derived from selected 3 quiet days (with green line) are
portrayed for storm 2012. SSC time is marked with a red dashed line.
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3.3 GUVI measurements

The TIMED satellite GUVI measurements were used to examine
the variation of the daytime thermospheric O/N2 composition
during the evolution of the considered ionospheric storms. In
Figures 8, 9 the three QDs as a reference are shown (Figure 8A;
Figure 9A) and also 3 days from the storm (Figure 8B; Figure 9B) to
present the main features. The whole storm intervals are plotted in
Supplementary Figure S2 and Supplementary Figure S3 (note that
time runs from right to left).

For the 2012 November storm the GUVI data presented in
Figure 8 do not show any deviation in the O/N2 ratio from the QD
level over the examined stations during the daytime hours in the pre-
storm phase (12 November). On 13 November (the day after the
SSC) around noon (in LT) a slight increase in the O/N2 (yellow) can
be seen over Europe. In the main phase (when the Dst minimum
value occurred), on 14 November around 12 LT, a signi�cant
decrease (blue) in the GUVI measured O/N2 ratio can be
observed all over Europe. On 15 November there is no deviation
(green), but on 16 and 17 November a slight increase appears in
GUVI data marked with yellow (see Supplementary Figure S2).

St. Patrick’s Day storm 2015 (Figure 9): during the pre-storm
phase was on 16 March, the O/N2 ratio shows a decrease (blue) in
the subauroral region, e.g., over JR station. After the SSC, during the
main phase of the geomagnetic and ionospheric storm, on 17 March
in the daytime GUVI data do not show any signi�cant departure
from the reference values.

On the contrary, during the following day, on 18 March, a quite
deep depletion was observed in the O/N2 ratio at JR, PQ and SO, but

most signi�cantly over the JR station. This effect also happens on the
two following days just the same way, with one difference. On
20 March a slight depletion (light blue) showed up also at RO and
AT stations (see Supplementary Figure S3). On 21 March, when the
second SSC happened, another slight decrease follows in the GUVI
data over JR, PQ, SO. During the next day, on 22 March, right over
the JR station a slight decrease can be observed. On 23–25 March
SO, PQ and JR stations are in the slightly depleted O/N2 region (light
blue) during the day.

3.4 Swarm satellite measurements

While ground ionosondes are good at monitoring the
temporal variation of ionospheric parameters at �xed
locations, LEO observations can provide pole-to-pole
latitudinal pro�les of the considered parameters recorded
during around 45 min. The location of the plasmapause (PP),
more precisely the location of ionospheric phenomena
conjugated with PP, such as the MIT can also be monitored
by LEO satellites (e.g., Heilig and Lühr, 2013; 2018; Heilig et al.,
2022). Swarm observations are only available for the 2015 storm
event. Figure 10 shows the change in the topside electron density
(top panel) for three orbits of Swarm B, each separated by 9.5 h
(in UT). All measurements were taken at around 21 h MLT but
along different meridians. Thus this plot represents primarily
the temporal evolution of the topside electron density at
21 h MLT, but the pro�les are also in�uenced by longitudinal
effects.

FIGURE 6
The meridional evolution of the storm-time GNSS TEC (with red line) with the reference TEC of selected 3 quiet days (with green line) are portrayed
for storm 2015. SSC time is marked with red dashed line.
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A deepening density minima (marked by vertical dashed lines
on the Northern Hemisphere) can be observed in both
hemispheres, moving progressively equatorward as the
geomagnetic storm main phase develops. These are the
minima of the MIT that is typically well observed in the
nighttime ionosphere during equinoxes. Poleward of MIT, the
erosion by the increased ExB drift continued along the whole day,
while at lower latitudes at the altitude of Swarm B (505–525 km) a
general increase was observed. The presented pro�les were all
taken following the SSC (04:45 UT). The latest pro�le
corresponds to the time of the maximum of the plasmasphere
erosion (most equatorward MIT).

Sharp MIT minima are accompanied by an enhanced electron
temperature (bottom panel). This is a well-known feature of sub-
auroral dynamics and appears mainly as a result of frictional heating
by the intense westward drift that in turn are driven by an intense
substorm (precipitation) associated poleward electric �eld (e.g.,
Heilig et al., 2022).

MIT minimum in this MLT sector is tightly coupled to the
footprint of the plasmapause (Heilig et al., 2022). Thus the
equatorward movement of MIT re�ects the shrinking of the
plasmasphere due to the increased magnetospheric convection
and intensi�ed substorm-related sub-auroral electric �eld (see
also in Supplementary Figure S4).

FIGURE 7
The rTEC values are plotted for the nighttime hours (18:00–04:00 UT) on 14 November, 2012 (A), and on 17 March, 2015 (B).
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The time evolution of the MIT minimum position based on
Swarm in-situ observations made on the Northern Hemisphere is
presented in Figure 11. The two colors depict observations of Swarm
B and C satellites. Right after the SSC, MIT started to shift
equatorward. This decrease lasted the whole day, and by the end
of the day MIT approached 45° magnetic latitude. The lowest
latitude of the MIT position actually observed (by Swarm B) was
46.3°. This observation took place on 18 March at 00:15 UT (21.9 h
MLT) at �43.2° longitude.

As shown in the lower panel, the MLT difference between
Swarm B (red) and C (blue) observations was fairly stable,
around 1.5 h on the average. The MIT position is well-known to
have a strong MLT dependence (e.g., Heilig et al., 2022). The MIT
latitude decreases during afternoon and also during nighttime until
4–6 h MLT. Here this dependence is re�ected in the latitude
difference between Swarm B and C observations, Swarm B
observations are consequently equatorward of Swarm C
observations by 2.3° on the average.

FIGURE 8
The GUVI measured O/N2 ratio for the 2012 November storm. In the upper plot (A) reference data for 3 quiet days are shown; in the lower plots (B)
data of 3 selected days from the storm interval are presented, namely, the day of SSC (12 November), the main phase of the ionospheric storm
(13 November), and the main phase of the geomagnetic storm (14 November) (Note: a plot of GUVI data for the whole storm can be found in
Supplementary Figure S1).

FIGURE 9
The GUVI measured O/N2 ratio for the 2015 March storm. In the upper plot (A) reference data for 3 quiet days are shown; in the lower plots (B) data of
3 selected days from the storm interval are presented, namely, the day of pre-storm phase (16 March), the main phase of the ionospheric and
geomagnetic storm (17 March), and 1 day from the recovery phase (18 March) (Note: a plot of GUVI data for the whole storm can be found in
Supplementary Figure S2).
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At the time of the minimum observation, MLT at Sopron was
0.72 h. Estimating from the MLT difference between Sopron and
Swarm B (1.1 h) and the rate of decrease (2.3°/1.5 h = 1.53°/h), the
MIT minimum at 0.72 h MLT was located around 45.6°. The
formula (their Equation 4) of Deminov and Shubin (2018) for the
MLT dependence yields a somewhat higher MIT latitude (45.9°).
However, these values are already lower than the latitude of
Pruhonice and very close to that of Sopron.

The MIT position is also known to depend on the geographic
longitude (e.g., Heilig et al., 2022). In the American sector MIT
appears a few degrees higher than in the European or Asian
sector. The Equation 5 of Deminov and Shubin (2018) estimates
this difference to 0.98°, while according to the statistical results of
Karpachev et al. (2019), this difference could easily be 2°–3°.
Using these adjustments the MIT at Sopron could have moved
down as low as to magnetic latitude 44.6°, maybe even below 42°.

The width of the most equatorward MIT was 3.6° as observed by
Swarm B. This width is shared between the equatorward wall (1.9°)
and the poleward wall (1.7°). This means that on 17 March during
the night MIT (but at least its equatorward wall) should have
reached the Sopron station. Thus, the Sopron ionosonde
observed the depleted plasma associated with the MIT structure.
It is also clear that the MIT could not approach Athens, located at
36.1° magnetic latitude.

3.5 Digisonde drift measurements

Digisonde drift measurements from Pruhonice station were
analyzed manually in order to determine the true horizontal and

vertical motion of the F-layer during the two storm intervals. For the
detailed analysis method of the manual correction see the
Supplementary section. Now we are going to detail the
phenomena found in the manual drift data for each storm
separately.

The �rst signi�cant manifestations of the 2012 November storm
event can be seen on the drifts in the night from 13 to 14 November
(Figure 12A). On 13 November around 20:30 UT a pronounced
episode of westward drift begins. Roughly until 14 November 10:
00 UT we observe dominantly horizontal westward drifts. The speed
of the observed drifts is signi�cantly higher than the horizontal
speeds observed under quiet conditions (<100 m/s, according to
Kouba and Koucka Knizova, 2012). The detected maximum speeds
exceed even 350 m/s.

The quality of the skymap is very good and corresponds to the
assumption of one drift velocity vector in the area above the station.
Estimated vectors are determined reliably.

On 14 November around 00:00 UT, a signi�cantly increased
value of the vertical drift velocity component (to the tens of m/s) and
its very rapid changes is added to the above-described effect. The
drift measurement cadence was 15 min. The dramatic changes are
visible in every consequent measurement, it is obvious that the
period of the vertical drift velocity variation is signi�cantly smaller
than 15 min and cannot be studied (described) in more detail due to
the limitations of the drift measurements.

During the day-time on 14 November both described
manifestations practically disappeared. The value of the vertical
velocity component no longer �uctuates quickly, and the value of the
horizontal (westward) component drops to small values. Here it is
necessary to note that the quality of measured skymaps during the

FIGURE 10
Meridional pro�les of the topside electron density (top panel) and electron temperature (bottom panel) observed by Swarm B on 17 and 18 March,
2015. Vertical dashed lines indicate the location of MIT on the Northern hemisphere.
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day-time is signi�cantly lower than during the night-time.
Therefore, information about the value of westward drift should
be taken with a large margin. In most cases, the daytime skymap
quality is not suf�cient to determine the horizontal drift components
with good reliability.

The second signi�cant episode is observed during the night of
14/15 November This episode has similar characteristics, again
between approx. 21:00 UT and 03:00 UT there is increased
activity of the vertical component – larger values and rapid
variations. In the horizontal components, a signi�cant increase in
the westward component can be seen again in the time interval
between 23:00 – 08:00 UT. In this episode, the maximal measured
values of the westward component exceed 250 m/s. It can be seen
that the observed manifestations in the case of the second episode
are smaller than in the case of the �rst.

In the drift measurements of 2015 March storm (Figure 12B),
the �rst signi�cant manifestations of the storm are observed on
17 March around 20:00 UT. The measurements show very quick
variations of all observed parameters. The variations are
signi�cantly faster than the cadence of measurements and
therefore the �uctuation period cannot be resolved. The value
of the vertical drift velocity component exceeds the extreme
values of +/- 50 m/s.

Unfortunately, in this phase of the storm, the actual extreme
ionospheric situation (the values of foF2 and h’F2) does not allow
successful realization of drift measurement in most cases.
Between 22:00 UT and 01:00 UT successful measurements
are rare.

During day-time 18 March no signi�cant manifestations of the
storm are observed in the drift measurements.

The next episode is coming at night 18/19 March. Rapid changes
occur in the vertical component between 23:00 UT and 06:00 UT, and
the amplitude of the vertical drift is signi�cantly greater than values
under normal conditions. In the horizontal component, we observe a
pronounced westward peak between about 18:00 UT and 06:00 UT. The
maximum detected values signi�cantly exceed 200 m/s.

The last signi�cant episode is observed the following night. On
20 March at around 00:00 – 04:00 UT the features described for the
previous episode are repeated. It is interesting that this episode is
signi�cantly shorter than the previous one (roughly half) but the
manifestations are more pronounced (on both the westward and the
vertical components).

Drift activity affected by the storm is apparently observable also the
following night (21 March, approx. 00:00 – 05:00 UT) on the westward
component. The maximum detected velocity value is close to 200 m/s.
In this case, however, the insuf�cient number of high-quality
measurements does not allow proving a clear connection to the storm.

4 Discussion

In this section, we attempt to de�ne the cause-effect
relationships in order to gain a more detailed understanding of
the response of the terrestrial ionosphere-plasmasphere system to
geomagnetic storms. Our main focus was on the main phase of the
geomagnetic storm, when during the night extremely depleted

FIGURE 11
Evolution of the MIT minimum position (quasi dipole magnetic latitude) on the course of the 2015 event (A); magnetic longitude (B) and MLT (C) of
the in-situ Swarm observations. Red and blue colors depict Swarm B and C observations, respectively.
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plasma was detected. Case studies are still important to shed light on
deeper relationships that cannot be easily extracted from multi-
event-based statistical investigations.

4.1 Pre-storm phase

In the pre-storm phase of the 2012 storm (11–12 November -
Dstmin = 0 nT; Kpmax = 1,33; AEmax = 134 nT) foF2 and TEC show a
slight positive deviation at all stations, while by the 2015 storm
(16 March - Dstmin = 0 nT; Kpmax = 3,77; AEmax = 300 nT) no
deviation from the reference value is detected. However, the O/N2

data for this storm shows a decrease in the subauroral region already in
this phase (16 March). Earlier studies (e.g., Kane, 1973a; Araujo-Pradere
and Fuller-Rowell, 2002; Kane, 2005; Bure�ová and La�tovi�ka, 2007)
found a pre-storm feature (positive effect) in foF2 24 h before the SSC,
however other authors doubt its presence (Mikhailov and Perrone,

2009). Bure�ová and La�tovi�ka (2007) examined 65 strong
geomagnetic storms from the period of 1995–2005 and found that
about 20%–25% of the storms had a signi�cantly strong pre-storm
effect. Similarly to the �nding of Liu et al. (2008), we found a slight pre-
storm enhancement in both TEC and foF2 in the 2012 storm case.
Other authors suggested that this effect could be related to some
different channel of penetration of the energy from the
interplanetary environment and magnetosphere to the ionosphere
(Danilov and Belik, 1991; 1992; Blagoveshchensky and Kalishin,
2009), but this needs veri�cation.

4.2 The main phase of ionospheric and
geomagnetic storm

On the day right after the SSC (on 13 November 2012 -
Dstmin = �29nT; Kpmax = 4,77; AEmax = 674 nT and on

FIGURE 12
The manually corrected digisonde drift measurement of F-region for the 2012 November (A) and 2015 March (B) storm at Pruhonice station.
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17 March, 2015 - Dstmin = �234nT; Kpmax = 7,7; AEmax = 1570 nT)
we observed a positive ionospheric storm phase at all station in both
foF2 and TEC in both storms. This behavior is consistent with the
average winter ionospheric response (in foF2 and TEC) to
geomagnetic storms observed in previous studies (e.g., Matsuhita,
1959; Prölss, 1995; Buonsanto, 1999; Mendillo, 2006; Danilov, 2013).
Astafyeva et al. (2015) examined the St. Patrick’s Day storm’s main
phase (17–18 March) globally with multi-instrument measurements
(e.g., Swarm VTEC, GUVI, GNSS TEC), and they found that the
daytime positive phase during the day of 17 March at lower latitudes
was due to increased O/N2 ratio. This �nding was also investigated
and supported by Nayak et al. (2016); Kalita et al. (2016). The AE-
index mostly exceeded 500 nT and increased often up to 1,500 nT
during the day, which indicates the possibility of intense Joule
heating of the thermosphere, which can cause positive storm
phase by two ways: 1) the uplift of the layer through enhanced
meridional winds, and then lift the ionization to greater heights
(Prölss and Zahn, 1974). 2) the downwelling of atomic [O] causing
the increase of O/N2 ratio (see also in Introduction). Nava et al.
(2016); Polekh et al. (2017) found also that the positive ionospheric
effects at middle and low latitudes are related to different inputs of
energy (as we see in AE-index; Figure 1B), and as they described the
high latitude heating of the thermosphere travelled toward the
equator with the velocity of 460 m/s during 17 March (along
120°E, see Polekh et al., 2017). Besides, Zhang S.R. et al. (2017a)
found PPEF signatures on dayside over American sector, appearing
as poleward/upward ion drift, and the observations showed
meridional wind equatorward surges during also daytime hours.
The upward ion drift could also contribute to the daytime positive
phase (Zhang S.R. et al., 2017a). The diurnal evolution of the positive
phase was different, dual peak can be seen at all stations. The �rst
peak was at noon with maximum half hour delay, the second was
around 18 h (UT). The second peak was observed (station-hour):
JR-17 h, PQ and SO-17:30, RO and AT-18 h (UT). This could
connected to the propagation of storm-induced electric �eld from
north to south (e.g., PPEFs). After Kumar and Kumar (2022),
eastward/westward PPEFs are associated with the southward/
northward IMF Bz. The southward turnings of the IMF Bz
component (induce eastward PPEF) can cause electron density
increase during the daytime hours (Kumar and Kumar, 2022).
There were two signi�cant southward Bz episodes: around 8 and
14 (UT) during this time, which could support the above detailed
assumption, but this needs veri�cation.

For the 2012 November storm, the GUVI data show a slight
increase in the O/N2 over Europe on 13 November around LT noon
(Figure 8), which could contribute to the positive phase in foF2
(Figure 3). There was a second peak (after the SSC) in AE-index with
~600 nT, which here indicates also the Joule-heating of the
thermosphere. The generated processes here also could contribute
to the positive phase similarly to 2015 storm by two ways.
Unfortunately, there is no digisonde drift episode, which could
strengthen the presence of uplifting of the layer or the enhanced
equatorward meridional winds. This assumption needs veri�cation
also with Horizontal Wind Model 2007 (HWM07, Huang et al.,
2018). Kumar and Kumar (2022) found that the PPEFs were
contributors in the electron density increase during the day of
13 November, 2012. Interestingly, this day is the main phase of
the ionospheric storm, and normally it develops on the course of the

main phase of the geomagnetic storm, but by the 2012 storm, the
geomagnetic storm’s main phase was delayed by 1 day.

In the main phase of the geomagnetic storm in 2012
(14 November) during the daytime extremely depleted electron
density was observed in foF2 at all stations. A similar decrease
was observed also in TEC at all stations but with lower magnitude,
except for AT and RO where it turned into negative only after 12 UT
(see Figures 3, 5). Kane (2005) also found a deep decrease in electron
density over the surrounding stations at midlatitude during the main
phase of a similar storm (Dstmin = �589 nT). He also found that the
magnitude of the Dst is not proportional to the magnitude of the
negative effect in the ionosphere at middle and high-latitude. Pirog
et al. (2006) strengthened it, where the analyzed geographic latitude
range was similar to our case. The decrease of foF2 during the main
phase of a geomagnetic storm is a known response of the ionosphere
in winter, but usually during intense storms (Dstmin<= �100 nT) can
reach lower latitudes (Danilov, 2013). According to the GUVI
measurements around 12 LT a signi�cant decrease of O/N2 ratio
was observed over Europe by GUVI (marked by blue in Figure 8).
Generally, the main cause of a negative ionospheric storm is related
to the depletion in the O/N2 ratio, which is generated by the storm-
time Joule-heating of the auroral thermospheric neutral gas leading
to the formation of composition disturbance zone (with decreased
O/N2 rate) this zone is transported by the enhanced thermospheric
meridional winds (TADs) equatorward (Seaton, 1956; Prölss and
von Zahn, 1974; Mikhailov et al., 1989; Mikhailov et al., 1995; Prölss
et al., 1995; Bunonsanto, 1999; Astafyeva et al., 2015). The third peak
in AE-index with 1,000 nT happened at ~01:00 UT. This energy
input could generate also Joule-heating of the thermosphere and this
strengthen the possibility of our hypothesis. This is strengthening
our earlier assumption that the main reason for the negative phase is
due to the decreased O/N2 ratio transported to lower latitudes (up to
Sopron station) by meridional neutral winds (Berényi et al., 2018).

4.3 Deep electron density depletion during
the night of 14 November and 17 March

Signi�cantly eroded ionospheric plasma was detected during the
nighttime hours in the main phase of the geomagnetic storms (from
18:00 UT on 14 November 2012 and from 20:43 on 17 March 2015)
with short duration fade-out of the layers in the ionograms at some
stations (detailed in section 3.1). The foF2 and TEC data show a clear
negative phase at JR, PQ and SO stations in the 2012 November
storm. On the contrary, a strong positive phase mainly in foF2 but
slightly also in TEC at AT and RO stations was detected during the
whole night of 14 November The rTEC maps of storm 2012
(Figure 7A) show the variation during the nighttime hours (18–4:
00 UT) on 14 November These rTEC maps show clearly how the
reduced electron density region moves from the higher latitudes
equatorward, reaching its minimum latitude around midnight along
the Athens-Rome line. Between 00:00 and 02:00 UT, the depleted
electron density region is very nicely drawn out, and it can be seen
that JR, PQ and SO stations are fully located within it. In the
meantime, the low-midlatitude Athens-Rome region remains in the
positive phase throughout the night. Based on our observations and
the �ndings of previous studies like Yizengaw et al. (2005), we can
assume, that this nighttime positive phase at AT and RO region, is
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caused by plasmasphere-ionosphere coupling due to the enhanced
downward ExB drift (leading to a maintaining effect by the
plasmasphere), which in the meantime led to a strong erosion of
the plasmasphere. For the 2012 storm the drift measurements from
PQ during that night shows the presence of a strong westward
motion of F-layer plasma (v ~ 350 m/s) indicating the presence of
the ionospheric trough (MIT) (see also Heilig et al., 2022). Thus we
can conclude based on foF2 and drift data that the equatorward
motion of the MIT region (so the PP footprint) was the main cause
of the detected sharp electron density decrease in foF2, GNSS TEC
and rTEC data during the night of the geomagnetic storm main
phase at SO, PQ and JR stations. Another contributor was possibly
also the depleted O/N2 ratio, GUVI measurements show signi�cant
depletion above Europe during daytime, which could corotate with
Earth (by westward winds) into the night sector, causing long-lasting
negative phase (see Figure 8).

During the 2015 St. Patrick’s Day storm both foF2 and TEC
decreased at all stations during the night. In the rTEC maps, a very
strong positive phase is visible at 18 UT on 17 March at lower
latitudes, its boundary located along the line connecting the Black
See and N-France (shown by yellow in Figure 7B). SO, PQ are in the
green area, indicating that there is no deviation from the quiet level,
as con�rmed by the foF2 value (Figure 4). At the same time, JR is in
negative phase, the foF2 shows signi�cantly decreased electron
density. It should be noted that the start time of the negative
phase in TEC (and rTEC) was delayed by 3 h comparing it with
the foF2 parameter at the same location. Based on the Swarm data
(Figure 11) the MIT has already reached that latitude and it moved
further to lower latitudes later, so it possibly caused the negative
effect at JR. Previous studies indicated that the afternoon appearance
of MIT may be linked to a plasmaspheric plume (see Heilig et al.,
2022). According to the observed rTEC values, as we move into the
night at 22:00 UT (note that in reality most possibly this happened
~01:00 UT based on the aforementioned 3 h delay in rTEC), the
zone with depleted electron density moves towards the equator, and
even the positive phase region has been pushed back in the Athens-
Rome line. By 00:00, the depleted zone moved even lower, at this
time both Rome and Athens go into negative phase based on the
foF2 data, indicating that the low mid-latitude region is also under
the in�uence of MIT. The location of the MIT reached the 44.6°

magnetic latitude (or maybe even below 42°) at 0.72 h MLT based on
Swarm electron density and temperature measurements (Figures 10,
11) and the method described in Heilig et al. (2022). This sharp MIT
minima was also accompanied by increased electron temperature
with more than 5000 K (Figure 10), which was also observed by Liu
et al. (2016), Zhang S.R. et al. (2015, Zhang S.R. et al. (2017a) during
16–19:30 UT on 17 March, which was presumably caused by strong
frictional heating due to large plasma drifts. The equatorward
motion of the minima of MIT is indicating that the
plasmasphere was shrinking (see also Supplementary Figure S4),
and the stations (JR, PQ, SO) went outside the plasmasphere where
the ionosphere was not �lled any more from the plasmasphere
leading to extremely decreased electron density (detailed in Section
2). The severely depleted ionosphere was conjugated to the depleted
outer magnetosphere (plasma trough) (see also Heilig et al., 2022).
The F-layer drift measurement (at PQ) detected an intense ~500 m/s
speed westward drift from appr. 20–02:00 UT (see Figure 12B)
which is associated with the MIT formation mechanism. The effect

of MIT lasts until 04:00 UT. Our �ndings are in good agreement
with the results of previous articles like Nayak et al. (2016), who
examined the equatorward motion of the MIT in the American
sector (reached up to 40° N latitude) and Huang et al. (2018) also
observed obvious westward disturbances in the zonal wind over
central China (Asia, 38.7°N, 111.6°E). From 22:00 -02:00 UT strong
westward neutral wind appeared, and at 03:00 UT a poleward wind
surge of ~100 m/s appeared due to the poleward Coriolis force
arising from the signi�cant westward wind amplitudes (see Zhang
S.R. et al., 2015; Tulasi et al., 2016; Huang et al., 2018). These were
found to be driven by strong SAPS westward ion drift of >500 m/s
peaking in the MIT and were accompanied by > 50 m/s upward ion
drift in the E� and F-layers during SAPS periods at 22:43 UT at
subauroral and midlatitudes (Zhang S.R. et al., 2015; Zhang S.R.
et al., 2017a). But at lower latitudes poleward winds might not be
driven by SAPS, most probably these wind changes are associated
with travelling atmospheric disturbances (TADs) originated from
the disturbance source region in the southern hemisphere (Huang
et al., 2018).

After the observation of Zhang S.R. et al. (2017a) the SED plume
over America (Millstone Hill) 20–24 UT can be linked to the positive
phase over Southern Europe (AT and RO) from 18–22 UT: the
westward winds could bring the plasma from Europe to North
America leading to the detected SED plume over there (see Figure 4;
Figure 7B) within a few hours, however, PPEF may also play some
role in its formation (Liu et al., 2016). Investigation of Liu et al.
(2016) and model results of Lu et al. (2020) con�rm this possibility.
Interestingly, a strong positive-phase region appeared at high
latitudes (over Scandinavia), which can represent the poleward
boundary of the MIT. The data show positive deviation, partly
because the electron density was quite low in that region during
QDs, while during the subsequent storm a quite signi�cant increase
took place in association with the equatorward movement of
the MIT.

To speak about the lower latitudes, previous studies found the
cumulative effect of enhanced meridional wind and changes in the
electric �elds, during night of the main phase at the 30–40°N zone.
At low latitudes (like RO and AT) the detected variations in the
ionosphere were governed by the superposition of disturbed electric
�elds (DDEFs), and the PPEF, which triggered the drop of foF2 in
the evening on 17 March and the morning on 18 March (see
Astafyeva et al., 2016; Jin et al., 2017; Polekh et al., 2017). For
the St. Patrick‘s Day storm, the ionospheric effects of PPEF to low
latitudes and the ionospheric disturbance dynamo (DDEF) were
examined and discussed by several other papers: Le Huy and
Amory-Mazauider, (2008); Lu et al. (2012); Abdu et al. (2013);
Nava et al. (2016); Nayak et al. (2016); Ramsingh et al. (2015); Ram
et al. (2016); Kalita et al. (2016). This could contribute to the
nighttime electron density decrease at lower latitudes (AT, RO).

4.4 Recovery phase

During the recovery phase (on 15–17 November 2012 -
Dstmin = �40;-27;-13nT; Kpmax = 1,33; 2,77; 3; AEmax = 119; 310;
328 nT and 18–20 March 2015 - Dstmin = �200;-99;-81 nT; Kpmax =
6; 5;4,77; AEmax = 1,043; 1,134; 611 nT) all station’s TEC and
foF2 data showed a positive phase in the 2012 storm case, while
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they showed a signi�cant negative phase in the 2015 St. Patrick
storm case. Yizengaw et al. (2005) examined a geomagnetic storm
from 31 March, 2001 (Dstmin = �380 nT) and found also an
extended, long-lasting negative phase during the recovery phase.
The reason for the long-lasting negative phase during storm
2015 can be the great extension of composition disturbance zone
to low latitudes as suggested by Danilov (2013 and references
therein). These statements are also con�rmed by our analysis of
GUVI data. On 18 March, 2015, a quite deep depletion was observed
in O/N2 ratio over Juliusruh (Figure 9) accompanied by
foF2 decrease (Figure 4). The effect also re-occurs on 19 March,
moreover the foF2 parameter data show a slight depletion also at
PQ, SO and RO on 20 March. Nava et al. (2016), Huang et al. (2018)
and Chernigovskaya et al. (2021) also found this depletion in
electron density (18–20 March). They found that, during the
recovery phase the important role in dynamics of the midlatitude
ionosphere may belong to the wave-like thermospheric disturbances
of molecular gas, propagating westward for several days causing
electron density decrease along the trajectories of propagation.
Besides, after the investigation of Kumar and Kumar (2019)
another contributor to formation of the negative phase can be
related to DDEFs. As for the 2012 storm, a negative phase
changed to a positive one, which is believed to be caused by
travelling atmospheric disturbances (TADs) (Danilov, 2013).
These are generally brought by the same storm-time equatorward
meridional wind discussed above, and have velocity of about 440 m/s
(Mansilla, 2003). These processes uplift the layer to greater altitude,
where the loss rate is lower, beside there is downwelling in atomic [O],
resulting in an increase in electron density. On 16–17 November a
slightly increased O/N2 was observed by GUVI (marked with yellow
in Figure 8), which could contribute to the daytime positive effect in
foF2 around 10–15 UT at all investigated stations (Figure 3; see also
article of Illes-Almar et al., 1987; Pirog et al., 2006).

The 2015 storm was followed by a second SSC by an HSSWS
happened on 21 March at night. During that day, a negative phase
was detected at all stations in both TEC and foF2 but not any
disturbance was observed in GUVI data. One day later
(Dstmin = �56 nT; Kpmax = 6.33; AEmax = 1078 nT) a slight
positive phase was present both in TEC and in foF2 at all
stations. During the remaining days in the recovery phase,
foF2 data do not show signi�cant departure from the QD values,
while in TEC a slightly positive effect was recorded. The possible
reason for the late recovery phase behavior may be linked to the fact
that the examined European stations were then inside the
plasmasphere during the daytime. Thus the effect of the
composition change could have been suppressed by other factors.
Another possible reason could be that the HSSWS caused electron
density increase during the �rst 2 days. Nava et al. (2016) found that
the HSSWS event is added some energy into the magnetosphere,
extending the lifetime of the recovery phase.

We detail the observed diversities between foF2 and TEC during
the daytime and nighttime of the two storms in the Supplementary
section. The differences between the behavior of the foF2 parameter
and TEC can be linked to the fact that TEC includes the plasma not
only from the topside ionosphere (from above the height of
foF2 parameter - hmF2) but also from plasmasphere. It is
generally accepted that about 2/3 of the integrated TEC comes
from the region above hmF2 (Mendillo, 2006). Due to this fact TEC

is the best for portraying, assessing and understanding the overall
behavior of the near-Earth thermal plasma (ionosphere and
plasmasphere) (Mendillo, 2006). It has to be mentioned here that
TEC plots used for this study (on Figures 5, 6) are based on a TEC
grid map (not from individual GNSS stations). The plotted values
are taken at a grid point (closest to each ionosonde station) of these
TEC maps, so it is a smoothed interpolated value that can also be a
reason for that it is less sensitive than the foF2 measured at
individual stations.

In future studies, we found important to compare these results
with some existing models/simulations in order to analyze and test
the aforementioned processes: with NRL ionosphere/plasmasphere
model SAMI3 (Huba et al., 2017), the thermosphere-ionosphere-
electrodynamic general circulation model (TIEGCM, see the article
of Lu et al., 2020), Horizontal Wind Model 2007 (HWM07, Huang
et al., 2018), Global Self-consistent Model of the Thermosphere,
Ionosphere, and Protonosphere (GSM TIP, Ratovsky et al., 2019)
and also with the simulations of Fuller-Rowell et al. (1994) and
Forbes and Roble et al. (1990). It is important mainly for the
2012 storm case where we do not have Swarm satellite
measurement, and Fabry–Perot interferometer neutral wind
observations to con�rm our assumptions about the possible
ionospheric effect drivers.

5 Conclusion

During the evolution of two ICME-related geomagnetic
storms, we investigated the extent of disturbances in the
ionosphere. Our supreme aim was to �nd connections between
geomagnetic storm induced processes in the ionosphere and to
determine the evolution of the effects over Europe through a
meridional chain of digisondes. We used various measurements
(GNSS TEC, GUVI, Swarm, digisonde drift data) to �nd the
possible cause of the detected features. The results of this study
are summarized below:

[1] On 13 November 2012: the thermospheric composition
changes and PPEFs contributed to the evolution of the
daytime positive phase at all stations. Drift measurements
from Pruhonice indicate the presence of the ionospheric
trough (MIT) between 20:30–10:00 UT, re�ected in the
westward motion of the F-layer plasma with a velocity of
350 m/s, which was the main cause of the depletion in
foF2 during the postmidnight sector at JR, PQ and SO.
[2] On 17 March 2015, a daytime positive ionospheric storm
developed at all stations except at JR. We can conclude that the
negative phase at JR is a consequence of the equatorward
motion of the MIT during the daytime. By GUVI data we
assume that the composition change possibly had no effect. We
assume that the possible cause of the positive phase was mainly
connected to the Joule-heating of the auroral thermosphere,
which lifted up the plasma through enhanced equatorward
winds to altitudes where chemical loss rate of ions are slow.
Besides, after previous studies, one of the cause was most
possibly the PPEFs. The observed virtual height variation
and the vertical drift data along with previous studies also
con�rms the uplifting scenario.
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[3] On 14 November 2012: in foF2 data the negative phase is
extremely signi�cant at all stations from 6 UT till the afternoon
hours. Based on the GUVI data, this effect is related to a very
strong decrease in O/N2 ratio during the day.
[4] During the night of the 14 November, 2012 we found that
the presence of the midlatitude ionospheric trough (MIT) was
the primary reason for the formation of the negative phase at
JR, PQ, SO stations. The rTEC maps and the drift
measurements at PQ also con�rms the presence of a
nighttime trough. In addition, based on the GUVI data the
daytime compositional disturbance zone seems to extend
equatorward during the night, contributing to a more
pronounced electron density drop.
[5] The location of MIT minima (coincides with the ionospheric
footprint of the PP) is likely reached the latitude of Sopron at
night of 14 November according to the data. On the contrary AT
and RO remained inside the plasmasphere, appearing as increase
in foF2. It is in line with previous studies.
[6] Swarm data together with the digisonde drift
measurements support our hypothesis that the extreme
decrease in foF2 and TEC at night of 17 March is related
to the equatorward motion of the MIT along with the intense
SAPS westward ion drift, as MIT went down to 44.6° (or even
below 42°) geomagnetic latitude at 0.72 h MLT. This condition
resulted in an even pronounced electron density drop in the
ionosphere above SO and PQ. The decreased O/N2 ratio also
contributed to the depletion effect.
[7] After the observation of previous studies, the SED plume
over America (at subauroral latitudes) between 20 and 24 UT
on 17 March can be linked to the positive phase (SED) from
18–22 UT in foF2 and rTEC over Southern Europe (RO and
AT): the westward winds could bring the plasma from Europe
to North America leading to the detected SED plume over
there.
[8] By the 2012 storm” recovery phase, the variation from the
daytime positive to negative phase in foF2 and TEC is probably
due to the change in the neutral composition.
[9] The foF2 and TEC data are similar in their main patterns
during the two investigated geomagnetic storms.
[10] The combined analysis of Swarm, rTEC, drift and
foF2 measurements give another method beside the existing
ones of previous researchers to monitor the evolution and
movement of the ionospheric features like MIT (the
ionospheric footprint of the plasmapause), SED and SAPS.
This can deepen our understanding of the processes during
different geomagnetic storms, and could be use in the future
in space weather prediction models.
[11] In future studies, we found important to compare these
results with some existing models/simulations in order to analyze
and test the aforementioned processes.
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