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Abstract

Recent Solar Cycle 24 is characterized by the occurrence of three strong disturbances near an equinox. In this contribution, the
responses of the ionosphere to the equinox storms in 2012, 2013 and 2015 driven by coronal mass ejections were analyzed. Due
to the dynamic nature of changes in the ionosphere, the accuracy and resolution of existing global ionosphere models are often
insufficient to reflect the storm-time effects in detail. Bearing this in mind, a new highly accurate and high-resolution regional
ionosphere model was applied to study the response of this layer to severe geomagnetic storms over Europe. New regional
total electron content (TEC) maps were derived exclusively from precise global navigation satellite systems (GNSS) carrier
phase data. Although this study is based on space-geodetic technique, it was also carried out in relation to the observations
provided from European ionosondes. In addition, the regional maps were compared to the final IGS Global Ionosphere Maps,
where the new solution showed a better detail level. The results of storm-time temporal TEC changes provided by GNSS
data were confirmed by NmF2 changes derived from ionosondes. Both data sources confirmed their high compatibility for
studying the disturbed ionosphere. The magnetic storms that occurred on 7,9, 12 and 15 March 2012 were different in nature.
The largest change in the total electron content was observed during the storm of 9 March. This storm was associated with
an interplanetary coronal mass ejection on 7 March that arrived on Earth 2 days later. The other analyzed events in 2013 and
2015 occurred on the same day of year—17 March. They were triggered by coronal mass ejections, which also hit the Earth
magnetosphere at the same time of day. However, again the observed response of the ionosphere to these events was different.

Keywords Total electron content - Ionospheric electron density - GNSS - Ionosonde

1 Introduction

Investigations of ionosphere dynamics and disturbances dur-
ing geomagnetic storms are still of high importance due to
influence of the ionosphere on the space weather. The iono-
sphere, as an active layer, plays an important role in the space
weather due to its sensitivity to the solar activity. In turn,
the space weather affects satellite systems, energy transport,
air traffic and, in consequence, the economy (Schrijver et al.
2015). Therefore, the studies of the ionosphere behavior play
a very important role in understanding and forecasting of the
space weather. The ionosphere is a layer of the atmosphere
consisting mostly of ionized particles, which causes the satel-
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lite electromagnetic signals to be delayed, fluctuations in
signal strength and other adverse effects. The magnitude of
these ionospheric effects largely depends on the state of the
varying ionosphere, its total electron content (TEC) and the
frequency of electromagnetic waves. The dynamic changes
of the ionosphere are most easily divided into regular and
sudden ones. Regular changes are directly related to the peri-
odicity of the factors influencing them, such as the solar cycle
lasting 11 years or seasonal variations. These regular varia-
tions are somewhat easy to model (Bilitza and Reinisch 2008;
Maruyama et al. 2009).

Events such as coronal mass ejections could induce a
series of disturbances in the ionosphere driven by a magnetic
storm. This results in sudden disturbances in the ionosphere.
This phenomenon is often called an “ionospheric storm.” The
behavior of ionospheric storms can be different, as the storms
can be characterized by positive or negative changes in the
electron density. Generally, ionospheric storms are a global
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phenomenon. They happen because, due to a magnetic storm,
the density of electrons increases, leading to the creation of
regions of storm-enhanced plasma density (SED). This phe-
nomenon is closely related to daytime positive disturbances
and manifests several or even a 20-fold increase in the elec-
tron density in comparison with the normal sunset conditions.
Therefore, permanent monitoring of the ionospheric state is
required to mitigate the possible effects this may have on
navigation and communication systems and other space and
ground infrastructure (Maruyama et al. 2009).

All geomagnetic storms are characterized by an intensi-
fication of the ring current, usually resulting in a decrease
in the geomagnetic activity Dst index below a set threshold.
Furthermore, prolonged periods of southward interplanetary
magnetic field (IMF) play a major role in the generation
of geomagnetic storms. According to Wu et al. (2016a),
a large southward IMF can be associated with an inter-
planetary shock wave (sheath) (Wu and Lepping 2016), a
magnetic cloud (MC) or an interplanetary coronal mass ejec-
tion (ICME) (Wu and Lepping 2011) or a combination of
these interplanetary structures.

As it was presented by Belehaki et al. (2017), the correla-
tion between southward interplanetary magnetic field and the
Earth’s magnetic field leads to a strong electric field during
the day. It can cause significant changes in the Earth’s iono-
sphere, which are especially pronounced at low latitudes.
However, as pointed out by Tsurutani et al. (2004), plasma
enhancements are often observed during intense storm-time
eastward electric fields. Then, the range of this plasma
reaches middle latitudes. This phenomenon is called “super-
fountain effect.” The increases of dayside TEC at these
latitudes can amount to up to 80% compared to a quiet day.

In recent decades, the electron density perturbations
are often monitored based on the analysis of observa-
tions from satellite navigation systems, which have become
kind of ionosphere scanners, and are excellent supple-
ments of classical sounding methods. For over 20 years,
space-geodetic techniques such as global navigation satel-
lite systems (GNSS) data from ground permanent networks
governed by International GNSS Service (IGS) and EUREF
Permanent Network (EPN) have allowed to determine the
ionospheric TEC in regional and global scales (Afraimovich
et al. 1998; Hernandez-Pajares et al. 2006; Tsurutani et al.
2004). Earlier, the ionosondes were principal source of the
ionosphere sounding, providing valuable information about
the analytic function of electron density with height, and
also the propagation of perturbations at different altitudes
(Hajkowicz 1992). However, these facilities have limita-
tions arising from their number and information delivery
which has reference only to the conditions in the lower
part of ionosphere over limited areas. In recent years, we
can observe examples of TEC modeling with the additional
use of terrestrial ionosondes, and the obtained results pro-
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vide an excellent, reliable source of information, supporting
the satellite systems in the ionosphere modeling (Belehaki
et al. 2012, 2015). Nevertheless, most of the observation-
based ionosphere models are still based on the observations
from GNSS. Most of them are developed using carrier
phase-smoothed pseudorange data, which is characterized
by low accuracy and requires strong smoothing of the results
(Ciraolo et al. 2007). The recent analyses of these models
evaluate their absolute accuracy at the level of 4—8 TEC units
(TECU) and relative accuracy at only 20-30% (Hernandez-
Pajares et al. 2017). Therefore, these models can be useful to
the general overview of the ionosphere response to a geomag-
netic storm. However, due to the dynamic nature of changes
in the ionosphere, not only during geomagnetic storms, the
resolution of existing models is often insufficient to analyze
the storm-time effects in detail (Astafyevaetal. 2015). There-
fore, in order to have more detailed information about the
ionospheric changes over the selected area, especially in the
studies of disturbed conditions, it is necessary to use more
accurate ionosphere maps based on improved ionosphere
modeling techniques, which are also derived with higher
temporal and spatial resolution. For this reason, two major
approaches to detailed ionospheric TEC estimation based
on carrier phase data were developed. The first one applies
precise point positioning technique, where carrier phase
ambiguities and interfrequency biases are estimated in the
geometry-based positioning model (Ren etal. 2016; Liu et al.
2018; Nie et al. 2018). The second one is based on a direct
carrier phase bias estimation using geometry-free model, and
this approach is applied in this research (see Sect. 3.1).

This paper describes our studies on the response of the
ionosphere layer to the largest geomagnetic storms during
Solar Cycle 24. Three extreme events having immense impor-
tance to space weather were discussed. For analyses, we
applied the new highly accurate and high-resolution regional
ionospheric TEC model based on multi-GNSS carrier phase
data. Our European TEC maps are characterized by 2-min
time interval and 0.2° spacing in both latitude and longitude.
The accuracy of the vertical TEC maps is assumed to be
better than 1 TECU (Krypiak-Gregorczyk et al. 2017b). In
addition, critical frequency foF2 data from two ground-based
ionosondes located in Europe was used for comparisons with
GNSS estimates.

2 Overview of major disturbances
of the Solar Cycle 24

The current Sunspot Cycle 24 is the lowest one since
Cycle 14, in which the maximum smoothed sunspot number
occurred in February 1906. The Sunspot Cycle 24 has two
peaks: the first reached the smoothed sunspot number max-
imum in March 2012 and the second peak, which reached
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Fig. 1 Variability of interplanetary (IMF Bx, By, Bz), ionospheric (AL,
AE, AU) and magnetospheric (Dst) parameters during intense geomag-
netic storms of 7-16 March 2012 (DOY 67-76), 17-19 March (DOY

the highest number of sunspots, took place in April 2014 and
was larger than the first one. In this paper, three very strong
geomagnetic storms that took place near the spring equinox
were selected for a study on regional ionosphere response to
the geomagnetic storm.

It is well known that the geomagnetic storms take place as
aresult of the transfer of solar energy into the magnetosphere
following magnetic reconnection between the southward
IMF Bz component and the antiparallel geomagnetic field
at the magnetopause (Dungey 1963; Gonzalez et al. 1994,
Okpala and Ogbonna 2017). An interplanetary CME reach-
ing to Earth with a preceding shock usually leads to classic
three steps of geomagnetic storm phase: a sudden commence-
ment generated by the shock, the main phase and then a
recovery phase. The studies conducted by many authors have
shown that 95% of strong geomagnetic storms were associ-
ated with coronal mass ejection (Tripathi and Mishra, 2006;
Liu et al. 2015). Moreover, Gonzalez and Tsurutani (1987)
indicated that two structures: interplanetary field strength and
directional components (mainly negative Bz) are essential for
the development of the storm.

2.1 Storms taking place in 2012, 2013 and 2015

The first major geomagnetically active period of the ascend-
ing phase of the Solar Cycle 24 took place from 7 to 16 March
2012. An extensive overview of major solar, interplanetary,

76-78) 2013 and 2015. a the interplanetary magnetic field parameters
(IMF Bx-black, By-blue and Bz component-green), b the auroral elec-
trojet indexes (AL-black, AE-blue and AU-green), ¢ Dst index (red)

magnetospheric, and ionospheric features and causes of this
active period was provided by Tsurutani et al. (2014) and
Belehaki et al. (2017). Figure 1 gives an overview of the
interplanetary data for the analyzed period for the three space
weather events. Starting from the top the panels present: inter-
planetary magnetic field parameters (Bx, By, Bz), the auroral
electrojet indexes (AL, AE, AU) and the disturbance storm-
time index (Dst), which are used to identify the occurrence
and intensity of magnetic storms.

According to the universal definition of the storm as
used in practice, when the intensities reach Dst<— 50 nT,
it signifies the occurrence of a magnetic storm. Thus using
this definition, during the first of the analyzed periods four
storms were identified: on 7, 9, 12 and 15 March with
the peaks intensity of Dst: —98 nT, — 148 nT, —67 nT,
— 79 nT, respectively. The first magnetic storm on 7 March
(DOY 67) was initiated by southward directed interplanetary
sheath fields IMF Bz observed before the first interplanetary
shock, which occurred at 03:28 UT on 7 March. The main
phase of the magnetic storm began when solar wind energy
was transferred to the magnetosphere due to the magnetic
reconnection between the southwardly sheath fields and
the northwardly magnetopause fields, as pointed out by
Tsurutani et al. (2014). This phase started at~2:00 UT on 7
March and reached the maximum at~5:15 UT. The Dst peak
intensity was — 98 nT. The intense southward IMF compo-
nent amounted to~ 17 nT in the sheath behind the shock and

@ Springer



934

A. Krypiak-Gregorczyk

correlated well with the Dst decrease, but with a slight delay.
According to Belehaki et al. (2017), the magnetic storm ini-
tiated on 8 March (DOY 68) was characterized by a different
nature and a different interplanetary cause. At 11:30 UT on
8 March, as a result of shock compression of the magne-
tosphere, an intense sudden impulse occurred (Joselyn and
Tsurutani 1990; Araki et al. 2009; Belehaki et al. 2017). As it
can be seen in Fig. 1, AU index reflecting the directly driven
component of auroral activity and AL index containing
significant contributions from directly driven and substorm
expansion phase activity, increased almost symmetrically.
The reading of the AU index achieved slightly higher values
than the AL index. During the whole directly driven phase,
the IMF Bz parameter reached positive values, and after
the intense sudden impulse, all IMF components presented
strong pulsations. On the next day, the IMF Bz returned to the
south, the AL index fell suddenly and the AU index stayed at
very low values. Due to the magnetic reconnection between
the southwardly sheath fields and the northwardly magne-
topause fields, the solar wind energy was transferred to the
magnetosphere. Thus, the loading—unloading mechanism
in the magnetosphere was fully developed (Tsurutani et al.
2014). The main phase of the storm began and reached a peak
intensity of Dst=—131 nT at 8:00 UT on 9 March (DOY
69). The next event on 12 March (DOY 72) was a “double-
shock™ event: the first one at~12:28 UT on 11 March and
a second one at~08:30 UT on 12 March. In the first case,
the values of magnetic field doubled across the shock. The
second shock on 12 March exhibited an enhanced magnetic
field. The cause of this magnetic storm was the southward
component of the high-intensity magnetic field. The shock
occurring on this day triggered a “supersubstorm.” The AE
index was above 1500 nT. The last storm during this period
took place on March 15 (DOY 75) and was characterized by
the Dst index peaking at around 20:00 UT. The interplanetary
shock occurred at~23:3 UT. Then, the IMF Bz amounted
to~—35 nT, and the Dst index did not exceed — 30 nT.

The first super geomagnetic storm of Solar Cycle 24
occurred on 17 March 2015 (DOY 76) and was called the St.
Patrick’s storm. It should be emphasized that it was a two-step
storm. Namely, the solar event on 15 March 2015 can be con-
sidered the initial cause of the storm. The storm intensified
with the arrival of a coronal mass ejection (CME) at 04:45 UT
(Wu et al. 2016a). The interplanetary magnetic field (IMF)
turned northward. The Bz component increased from + 10
to +26 nT, and an increase in the Dst index amounted from
+10 to +60 nT (Fig. 1). At the same time, the AE magnetic
index reached a small peak of 300 nT. The Bz component
turned southward at around 06:00 UT, reaching the value of
—22 nT at 06:20 UT. At this time, the compression phase
had ended. The AE magnetic index grew reaching the maxi-
mum value of 1016 nT around 09:30 UT, and the Dst index
decreased and reached the minimum value of —97 nT at
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around 10:00 UT. From~09:30 UT until 12:00 UT, there
was a partial recovery phase. The Bz was again northward,
the AE index decreased to ~ 50 nT and the Dst increased from
—97 to —38 nT. Then a large MC field caused the second
storm intensification. The main phase of this storm began
when the IMF Bz started turning southward after 12:00 UT,
and Dst index began gradually decreasing. At around 13:00
UT, the Bz component changed direction for a very short
period, and at this time the AE index reached the maximum
value of 2298 nT. Then the Bz became southward again and
remained southward until 24:00 UT. During this main phase
of the storm that lasted 18 h, the Dst kept falling, reaching
the minimum value (Dst=— 223 nT) at 22:45 UT. During the
recovery phase, the Dst was increasing to — 50 nT and the
magnetic index AE exhibited a few peaks larger than 800 nT
(Liu et al. 2015; Singh et al. 2015).

The last of the analyzed storms was the one of 17 March
2013 (DOY 76). This event, like the previous one, took place
on St. Patrick’s Day. This storm was triggered by a coronal
mass ejection that occurred on 15 March (Wu et al. 2016b).
The changes in IMF parameters (Bx, By and Bz) indicate the
shock arrival at 06:00 UT on 17 March, which caused the
sudden commencement (SC) of the storm. With the begin-
ning of the storm, there was a sudden drop in the Dst values.
The double-phase minimum Dst~ — 107 nT at around 10:30
UT and 12:00 UT was observed. The first southward turning
of Bz occurred almost immediately after the shock arrival
at~06:00 UT and stayed southward throughout the main
phase of the storm. However, at this time (06:00-24:00 UT),
there were fluctuations with several northward turnings. Dur-
ing the storm, the By component changed amplitude from
—10 to 10 nT, while an immediate onset of intense auroral
activity is seen in the AE index. At about 15:30 UT on 17
March, a MC occurred indicated by intense magnetic fields
with a general lack of Alfvén waves and discontinuities (Tsu-
rutani etal. 1988; Verkhoglyadovaetal. 2016). Then, the IMF
Bz turned southward in the MC. The Dst index noted the sec-
ond decrease, reaching — 132 nT at around 20:30 UT on 17
March, creating the second main phase storm (Fig. 1).

2.2 Data and methods used

An analysis of the ionosphere response to the selected geo-
magnetic storms was carried out based on a new regional
ionospheric model developed at the Institute of Geodesy
of the University of Warmia and Mazury in Olsztyn
(UWM). The new model is based on precise un-differenced
dual-frequency GPS+GLONASS carrier phase data. This
approach is based on a single-layer ionosphere approxima-
tion and uses a three-step procedure. Firstly, a carrier phase
bias BfGF of geometry-free linear combination is estimated
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with the use of least squares approach. The observation equa-
tion is:

LYo = —&crAIF + Big: ()

with

BfGF = )‘1Nikl - )‘2Nik2 - (blil - bliz) - (bLl-,i - bLZ’i)
(2)

where L{FGF is geometry-free combination of dual-frequency
carrier phase signals transmitted by satellite £ and received
by receiver i, All.k is ionospheric delay, B{‘GF is carrier phase
bias and &gr is a factor relating the ionospheric delay to L/
signal. Note that the carrier phase bias consists of differences
between the carrier phase ambiguities Nik1 and Nl.kz, and also
receiver and satellite hardware delays b (interfrequency bias)
(Eq. 2). Here, the unknown parameters are coefficients of
the function parameterized for the ionosphere and carrier
phase bias BfGF for each continuous observational arc. The
ionosphere is parameterized every 10 min using spherical
harmonics expansion. The resulting coefficients are treated
as nuisance parameters. However, the estimated bias is used
in the second step to calculate precise ionospheric delays
A Iik (Eq. 2). This can be done for every observational epoch,
e.g., at 30 s. Then, the ionospheric delays are converted to
vertical TEC at ionosphere pierce points (IPPs). In the third
step, TEC at IPPs is modeled with a spline function to provide
the final ionosphere maps. For details on our method, see
Krypiak-Gregorczyk et al. (2017a) and Krypiak-Gregorczyk
and Wielgosz (2018). Note that we assume the carrier phase
bias to be stable in time for a few hours. However, it consists
of hardware delays that, according to recent reports, may
show some small subdaily variations (Zhang et al. 2017).
Nevertheless, our tests demonstrate that the precision of the
estimated B{‘GF is better than 1 TECU even under disturbed
ionospheric conditions (Krypiak-Gregorczyk and Wielgosz
2018).

The highly accurate and high-resolution model was ana-
lyzed for the three tested periods representing the disturbed
ionosphere conditions: 1-16 March 2012 (DOYs 61-76),
10-19 March 2013 (DOYs 69-78) and 10-19 March 2015
(DOYs 69-78). For TEC calculation, the data processing
from over 200 stations of ground GNSS networks: EUREF
Permanent Network (EPN) and European Position Determi-
nation System (EUPOS), with 30-s sampling interval and an
elevation mask of 30°, was carried out. The mapping of the
vertical TEC at the ionospheric pierce point (IPP) locations
is based on a single-layer model approach and its associated
mapping function (Schaer 1999). Next, a thin-plate splines
interpolation is applied for accurate ionospheric TEC mod-
eling and providing the vertical regional TEC maps. These
maps are characterized by a 2-min interval and the region
limited by — 10° and 38° in geographic longitude and 36°

and 64° in geographic latitude, with 0.2° spacing in both
directions. The previous results show that the accuracy
of these regional TEC maps is better than 1 TEC unit
(Krypiak-Gregorczyk et al. 2017b). Note that TEC derived
from GNSS data is often denoted as GNSS-TEC. It should
be mentioned that since 1 January 2017, we have been
providing our results of this European ionosphere model on
the Web site http://ginpos.uwm.edu.pl/iono/index_en.php
(Krypiak-Gregorczyk et al. 2014).

The quality of the presented highly accurate and high-
resolution ionosphere model was tested by a comparison to
the broadly used Global Ionosphere Maps (GIMs) provided
by the IGS. This commonly available product offers 2.5° by
5.0° spatial resolution and temporal resolution of 2 h. IGS
GIMs are developed as an official product of the IGS Iono-
sphere Working Group by performing a weighted mean of
the various Analysis Centers (AC) TEC maps: CODE, ESA,
JPL, UPC and NRCan. According to Herndndez-Pajares et al.
(2011,2017), IGS maps are characterized by estimated accu-
racy ranging from a few TECU to approximately 10 TECU.

Furthermore, an analysis of ionosphere disturbances based
on data from the new regional model and IGS reference
GIMs was carried out in relation to observations provided
from European ionosondes. The behavior of the peak elec-
tron density NmF2 during selected periods was analyzed.
For this purpose, the critical frequency data (foF2) of the
ground-based ionosondes were used to calculate NmF2. It
should be noted that foF2 is the most fundamental of all
parameters characterizing the state and variations of the iono-
sphere. These data were provided by the European Digital
Upper Atmosphere Server (DIAS). The main goal of the
DIAS project is to collect a European digital ionosonde
data describing the state of the upper atmosphere, based
on real-time information and historical data collections pro-
vided by most of the operating ionospheric stations in Europe
(Belehaki et al. 2006). The foF2 data is provided with a 15-
min time resolution. In the discussed studies, the data from
selected two European ionosondes were used due to its avail-
ability during the selected disturbed periods. The locations
of Juliusruh (54.6°N; 13,4°N) and Rome (41.8°N; 12.5°N)
ionosondes are presented in Fig. 2.

The GNSS data have been downloaded from the follow-
ing servers ftp://cddis.gsfc.nasa.gov/pub/gps/data/daily and
the IGS GIMs from ftp://cddis.gsfc.nasa.gov/gnss/products/
ionex/. The ionosonde data are available online at http://dias.
space.noa.gr.

3 Analysis on the ionosphere response
to the analyzed storms

The three selected events of the Solar Cycle 24 are charac-
terized by the duration of the shock—sheath—-ICME passage
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Fig.2 Example of TEC map derived from UWM model on stormy
(DOY 76) day at 9:00 UT, 17 March 2015 and locations of Juliusruh
and Rome ionosondes used in the analysis

from~4 to 9 h. According to Verkhoglyadova et al. (2016),
the study of temporal ionosphere responses in global scale
needs ionosphere data with temporal resolution of at least
1 h. The study presented in this paper concerns the changes
of the ionosphere in a regional scale; hence, an even higher
temporal and spatial resolution of the ionosphere maps is
necessary. For comparison, the ionospheric TEC variations
obtained from well-established IGS GIMs are also presented.
For clarity, from this point on, TEC derived from UWM maps
is denoted as UWM-TEC, whereas TEC derived from IGS
maps is denoted as IGS-TEC.

3.1 Space weather events on March 2012

In order to investigate the ionosphere response to geo-
magnetic storms in March 2012, the temporal changes of
UWM-TEC for the three meridians representing the Euro-
pean region (0°, 12°E and 24°E) were investigated. The
meridian 12°E was chosen due to the location of Rome
ionosonde whose data were used for this research. Figure 3
presents temporal variations of UWM-TEC for individual
15 grid points of the regional ionosphere maps. Each panel
presents UWM-TEC for all analyzed days with respect to
average (background) UWM-TEC profiles for quiet days
(from 1 to 6 March 2012). The positive phases of the storm
(in magenta) and negative ones (in cyan) have been marked in
this figure. The largest UWM-TEC was observed at the low-
est of the presented latitudes (42°N). According to Tsurutani
etal. (2004, 2014) and Mannucci et al. (2005), this effect may
indicate the absorption of the electric field contributing to a
TEC raise and considerable enhancement at middle latitudes
during daytime. In addition, the largest UWM-TEC values
have been reached for the longitude 12°E. As it can be seen
in all panels, the whole days of 7 and 8§ March (DOYs 67,
68) were characterized by positive changes of UWM-TEC.
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However, the level of these changes was different depending
on the latitude and the UWM-TEC level on the stormy day.

During the disturbed day of 9 March (DOY 69), the high-
est UWM-TEC was observed at the 42°N latitude. With the
increase in the latitude, the UWM-TEC values decreased,
reaching the 58°N latitude, a 2.5-fold decrease. In addition,
at 50°N latitude, a clear evolution from the negative to the
positive phase of the storm is visible. This negative phase
of the storm is observed at all analyzed longitudes and lat-
itudes above 50°N. This different nature of the storm on 9
March was associated with an ICME on 7 March that arrived
on Earth 2 days later (Belehaki et al. 2017). On the next
day, at higher latitudes, the recovery phase followed, and a
clear increase in UWM-TEC was visible, while at the lower
latitudes, for which the positive phase was observed, UWM-
TEC decreases. The reduction of UWM-TEC deepens on 11
March (DOY 71), equating the state of the ionosphere in
the quiet period. The event on 12 March (DOY 72) caused
a significant 1-day UWM-TEC increase in relation to both
the previous day and preceding quiet ionosphere period. The
last storm was preceded by increased UWM-TEC, followed
by its reduction, bringing the negative phase lasting from
sunrise to the afternoon. Then, the positive phase started,
which remained until midnight. The next day was character-
ized by negative changes in the UWM-TEC values, which
have reached half of the values of the reference/background
period.

The variations of NmF2 observed at the Rome ionosonde
from 7 to 16 March 2012 (DOYs 67-76) are presented in
Fig. 4. The NmF2 values were recorded every 15 min. The
blue line denotes actual NmF2 for all the selected days, and
the red line denotes its average value from 1 to 6 March
2012 (quiet background period). The period from 7 to 12
March is characterized by positive disturbances in the NmF2
values in relation to the quiet reference. The NmF2 distur-
bances turned positive before noon on 7 March (DOY 67),
reaching the highest increase in NmF2 at 12:00 UT, amount-
ing to 60% of the quiet-time level. Then, positive changes
began to decrease, reaching quite-time level at about 22:00
UT. However, at this time the NmF2 peaks also occurred
at 14:00 and 16:30 UT. Another large increase took place
after 6:00 UT. On this day, one can observe two peaks: the
first before noon and the second after noon at 14:45 UT.
After the second increase in NmF2, there was a reduction
in positive changes until 10:15 UT on the next day. Then,
the increase in NmF2 took place, reaching the maximum
positive change on that day at 13:30 UT. In the following
hours, the NmF2 values reached the level of quiet days. On
10 March (DOY 70), positive changes again reached a sig-
nificant increase at around 11:00 UT. This increase in NmF2
values was close to the level of 7 March. After 16:00 UT, the
NmF2 decreased, sometimes presenting the negative phase
of the disturbances. On 11 March (DOY 71) from 11:15 UT
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Fig.3 Variations in the UWM-TEC during the 7-16 March 2012 (DOY's 67-76) with respect to its average for reference quiet days, positive phase

of the storm—magenta, negative phase of the storm—cyan

Fig.4 Variations in NmF2
measured by the Rome
ionosonde (the average of NmF2
for quiet days from 1 to 6 March
2012—red line, the NmF2
values for analyzed days—blue
line)
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67 68

to 12:15 UT, an increase in NmF2 was observed in relation to
the average of quiet days. In the afternoon only single peaks
of positive NmF2 changes were visible. The last large peak
of positive changes in the analyzed period was observed on
March 12 (DOY 72) at 12:00 UT and remained higher than
on quiet days until 17:15 UT. Then NmF2 decreased to the
quiet period level. The storm, which took place on March 15
(DOY 75), was characterized by a clear decrease in NmF2
starting from 5:45 UT. These negative disturbances lasted
until 16:45 UT. Next, the NmF2 disturbances turned posi-
tive and persisted until midnight, but the whole day after the
storm was characterized by negative changes in NmF2.

75

71 72 73 74

DOY 2012

69 70 76

Figure 5 presents a comparison of the differential TEC
derived from new regional UWM maps and IGS GIMs dur-
ing the analyzed period (7-16 March 2012). The top panel
shows the differential map providing the information about
the difference of UWM-TEC during the stormy period in
relation to the background quiet days (1-6 March 2012), cal-
culated as ATEC =TECstorm — TECquiet. These maps are
derived for 13°E longitude, as this is an average for both
ionosondes. The maps show clear TEC increase during dis-
turbances on 7, 9, 12 and 15 March 2012 (DOYs 67, 69, 72,
75). Each of these events is characterized by a positive phase
of the storm at about the same time at all latitudes. The largest
positive effect of the analyzed storms can be observed on 9
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Fig.5 Differential UWM-TEC (top panel) and IGS-TEC (bottom panel) maps for 13°E longitude during the stormy period (7-16 March 2012/DOY's
67-76) in relation to the background quiet days (the red dotted line reflects the location of the Rome ionosonde)

March 2012 (DOY 69). There was a significant increase in the
UWM-TEC; however, larger positive disturbances occurred
at lower latitudes. The other stormy events were character-
ized by moderate positive disturbances. In addition, this map
shows that the positive phase of the storm on 15 March (DOY
75) was preceded by a decrease in the UWM-TEC values
from about 11:00 UT at all latitudes. This positive phase
began at around 18:00 UT and lasted until 22:00 UT. The
UWM-TEC increase was observed only up to 57°N latitude.
On the next day, at about 8:00 UT one can observe a decrease
in UWM-TEC lasting until 18:00 UT. This was the largest
decrease in the UWM-TEC in the analyzed period.

The bottom panel presents the differential map providing
the information about the IGS-TEC. The general nature of
the observed changes during the analyzed period shows com-
patibility with UWM-TEC. However, the level of IGS-TEC
variations during these storms is clearly lower, and its maxi-
mum differences occur at lower latitudes than in the case of
the new model.

As it is well known, GNSS-TEC is the integrated num-
ber of electrons along the radio wave propagation path from
the GNSS satellites to the receiver. Hence, it is clear that this
parameter depends to a large extent on the peak electron den-
sity in F layer (NmF2). Therefore, the response of the iono-
sphere to the disturbances perceived in terms of the NmF2
and GNSS-TEC should be to some extent similar. It is a com-
monly accepted assumption that TEC and NmF2 are highly
correlated, and thus, TEC can be used for studies of F2 layer
dynamics (Mendillo 2006; Prolss 2006; Zolotukhina et al.
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2017). However, it should be emphasized that approximately
two-third of TEC comes from the topside ionosphere. This
is a region above the ionization maximum (Mendillo 2006;
Liu et al. 2016). According to Yizengaw et al. (2006) and
Astafyevaetal. (2015), the F layer and the topside ionosphere
do not always react in the same manner during geomagnetic
storms. Many authors have proven that the TEC variation
depends on ionospheric peak density variability, topside elec-
tron density and temperature fluctuations, and changes in the
plasmasphere (Klimenko et al. 2015; Liu et al. 2016).

For clarity, red dotted line at 42°N latitude was plotted
in the differential maps. This line reflects the location of the
ROME ionosonde. In the next step, profiles of differential
UWM-TEC and IGS-TEC for this latitude were subjected
to temporal analyses. Due to 15-min time resolution of the
foF2 data, the temporal profiles from UWM and IGS maps
were also created with a 15-min interval. Figure 6 presents
the differential UWM-TEC profiles (top panel) and IGS-TEC
profiles (middle panel) during the stormy period (7-16 March
2012/DQOYs 67-76) in relation to the background quiet days.
The bottom panel presents the differences of F-layer maxi-
mum electron density measured by the ionosonde in Rome.
The nature of NmF2 changes during the storm corresponds
to both UWM-TEC and IGS-TEC changes for latitude of
42°N. During the analyzed period, both positive and neg-
ative disturbances observed by UWM map and IGS GIMs
have a very high compatibility with the differences of NmF2.
Despite the general compatibility of the presented profiles
from UWM and IGS maps, the former one presents a higher
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Fig.6 Profiles of differential UWM-TEC (a), IGS-TEC (b) and NmF2 (c) for the location of the Rome ionosonde during the stormy period (7-16

March 2012/DOYs 67-76) in relation to the background quiet days

level of detail similarly to the ionosonde data. The IGS-TEC
reflects only the general nature of changes, while the high-
resolution model is characterized by a better representation
of the dynamics of changes in the ionosphere.

3.2 Space weather event on March 2013

The general behavior of UWM-TEC at different latitudes
for 17-19 March 2013 (DOYs 76-78) covering the geo-
magnetic storm (17 March, DOY 76) and 2 days after this
event is shown in Fig. 7. As a reference to the analysis, a
quiet ionosphere background period from 10 to 16 March
2013 was selected, and the average UWM-TEC of these
quiet days was calculated. On the stormy day, the increase in
UWM-TEC can be observed in all cases. The highest level
of UWM-TEC was observed at the lowest latitude of 42°N in
all three analyzed longitude sectors. On the dayside, positive
UWM-TEC deviations reaching 55 TECU with a double peak
structure are observed. This second peak occurred during

the MC passage (Verkhoglyadova et al. 2016). This behav-
ior of the ionosphere is observed up to 50°N latitude. The
decrease in UWM-TEC with respect to the average of quiet
days started at midnight on 18 March (DOY 77) and lasted
for two consecutive days. Above 50°N latitude, the positive
effect is visible from 8:00 UT and lasts until 16:00 UT. Then,
with the decrease in UWM-TEC, the negative phase of the
storm begins. A slight increase in UWM-TEC in relation to
the reference values is observed only from 16:00 UT to 20:00
UT on 18 March. On the higher latitudes, the positive effect
is also observed from 20:00 UT on 17 March (DOY 76) to
the sunrise on 18 March (DOY 77).

The response of the ionosphere to this event at the latitudes
of 42°N and 54°N was analyzed based on the variations in the
F-layer maximum electron density measured by the ionoson-
des in Rome and Juliusruh. These changes are presented in
Fig. 8, where the blue line corresponds to the changes in
the disturbed period, and the red line is the average of the
quiet days. The bottom panel shows changes in the NmF2
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Fig.7 Variations in UWM-TEC during 17-19 March 2013 (DOYs 76-78) with respect to its average reference quiet days, positive phase of the

storm—magenta, negative phase of the storm—cyan

measured by the Rome ionosonde. These values began to
increase in relation to the respective reference values on
17 March at sunrise. This condition lasted until the end of
the day. The maximum NmF2 was reached at 12:00 UT,
then started to decrease, and another increase occurred at
about 18:00 UT. The positive phase lasted until midnight;
then, NmF?2 started to decrease in relation to the reference
values, and the negative phase was continued for the next
2 days. These observations correspond well with the UWM-
TEC changes obtained from the new regional ionosphere
maps.

The top panel in Fig. 8 shows the variations in the F-layer
maximum electron density measured by Juliusruh ionosonde.
The positive phase of the storm started at 8:00 UT and lasted
until 16:00 UT. Then, the UWM-TEC values fell below the

@ Springer

reference level and the negative phase lasted for the next
2 days. The observed disturbances correspond to the changes
of UWM-TEC presented in Fig. 7, in the panel describing the
disturbances at 54°N latitude and the 12°E longitude.

In the next step, the differential UWM-TEC and IGS-TEC
were compared. Top panel in Fig. 9 shows the differential
UWM-TEC map, while the differential IGS-TEC map is
presented in the bottom panel. These maps provide infor-
mation about TEC variations during the stormy day and two
subsequent days in relation to the background ionosphere
(10-16 March 2013). Both models present an evident TEC
increase on the stormy day at all latitudes. The increase
began at 8:00 UT, and the positive phase of the storm reached
its peak at 12:00 UT. However, the highest positive effect
was observed at latitudes below 54°N for IGS-TEC, while



lonosphere response to three extreme events occurring near spring equinox in 2012, 2013 and... 941

20 T
JULIUSRUH

76 77 78
DOY 2013

Fig.8 Variations in NmF2 measured by the ionosondes in Rome and
Juliusruh (average of NmF?2 for quiet days from 10 to 16 March 2013
(DOYs 76-78)—red line, NmF2 values for analyzed days—blue line)

the differential UWM-TEC data reached the highest values
at about 54°N. In the afternoon, these changes were getting
close to zero at 15:00 UT.

Then, in the case of IGS map, TEC had been increasing
from 16:00 UT, reaching the second peak around 19:00 UT.
The UWM map observed this increase a little later. However,
this second peak also occurred at around 19:00 UT. For both
models, this peak was characteristic only at latitudes below
44°N, and its maximum value occurred at latitudes below
36°N. In addition, the second peak in TEC amounted to 50%
of its level observed during the first peak. Despite the overall
compatibility of the changes in the ionosphere observed by

Fig.9 Differential UWM-TEC 64°N [r T

both TEC maps, there is a clear difference in the character of
the second peak, with TEC fluctuations seen in UWM-TEC.

The next day was characterized by the negative phase at
all latitudes, and the largest negative changes were observed
at 12:00 UT, for both models. On this day, there are sig-
nificant differences in TEC variations presented by both
models. These negative changes also continued on the fol-
lowing day, but the level of TEC changes was much lower.
In the case of UWM-TEC, the storm recovery phase is
clearly visible, while IGS-TEC almost does not reflect this
phase of the storm. Figure 9 shows the clear differences
in the ionosphere response to the analyzed geomagnetic
storm.

In addition, the ionospheric TEC behavior was also eval-
vated against variations of NmF2 measured by ground
ionosondes in Rome and Juliusruh. The red dotted line
reflects the location of the Rome ionosonde, and the blue
dotted line reflects the location of the Juliusruh one. The
top and middle panels in Fig. 10 present the UWM-TEC
and IGS-TEC profiles for the location of Juliusruh, while
the bottom panel shows the differences of NmF2 measured
by the ionosonde in Juliusruh. As is evident, UWM-TEC
profiles better follow NmF2 variations, as compared to IGS-
TEC. In all of the analyzed profiles, the positive storm phase
is clearly visible and reached a peak at 12:00 UT on the
first stormy day. On the next day, there is a sharp drop
in TEC values starting around 6:00 UT. This drop in the
case of IGS-TEC is rather gentle, while UWM-TEC presents
more rapid decrease, which reflects the effect visible in the
ionosonde profile. Furthermore, on the third day at 6:00UT,
both UWM and ionosonde profile present a sharp gradient in
the ionosphere, while again in the case of IGS-TEC this gra-

TECU
(top panel) and IGS-TEC [ ]
(bottom panel) maps for 13°E 20
longltude during the stormy 54°N
period (17-19 March
2013/DOYs 76-78) in relation
to the background quiet days
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Fig. 10 Profiles of differential
UWM-TEC (a), IGS-TEC (b)
and NmF2 (c¢) for the location of
the Juliusruh ionosonde during
the stormy period (17-19 March
2013/DOYs 76-78) in relation
to the background quiet days

Fig. 11 Profiles of differential
UWM-TEC (a), IGS-TEC (b)
and NmF2 (c) for the location of
the Rome ionosonde during the
stormy period (17-19 March
2013/DOYs 76-78) in relation
to the background quiet days
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Fig. 12 Variations in UWM-TEC during the 17-19 March 2015 (DOYs 76-78) with respect to its average for the reference quiet days, positive

phase of the storm—magenta, negative phase of the storm—cyan

dient is less pronounced. Also, on 19 March, both TEC and
NmF2 relative values approached zero, reflecting the recov-
ery phase. Moreover, despite the general compatibility of the
profiles, it can be stated that the UWM-TEC profile better
describes the ionosphere response to the storm, as compared
to the ionosonde data.

Figure 11 shows the profiles of differential TEC from
UWM map (top), IGS map (middle) and NmF2 (bottom)
for the location of the Rome ionosonde. As one can see,
ionosphere variations have a different character than those
observed for the Juliusruh ionosonde. The nature of the TEC
changes observed during the three analyzed days corresponds
to the NmF2 variations over Rome. The positive as well as
negative phases of the storm show great compatibility. Dur-
ing the storm, the TEC profiles present two peaks: the first

one after 12:00 UT and the second one after 18:00 UT. The
next day was characterized by the negative phase observed
by both models and the ionosonde, and the largest negative
changes were observed at 9:00 UT. On the following day, the
storm recovery phase is clearly visible in all profiles. Nev-
ertheless, the profiles created from the UWM maps for the
Juliusruh and Rome ionosondes show clearly more details,
thus closer reflecting the response of the ionosphere to the
disturbances.

3.3 Space weather event on March 2015
The general dynamics of ionospheric disturbances over

Europe during the Saint Patrick storm (2015) is shown in
Fig. 12. The reference quiet ionosphere was obtained as
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UWM-TEC average from 10 to 16 March 2015. After the
commencement of the main phase of the storm (~7:30 UT),
the first UWM-TEC enhancement is visible on all analyzed
grid points. During the next 4 h, UWM-TEC at 42°N lati-
tude increased twice, reaching a peak at around 12:00 UT.
As the latitudes increases, the UWM-TEC level decreases.
However, for all peak points, UWM-TEC is twice as large as
at the start of the main storm phase. At the latitudes above
54°N, the peak values were reached at around 11:00 UT.
In all the analyzed cases, this positive storm phase is very
clearly visible. The observed UWM-TEC variations corre-
spond to the coronal loop passage, and the increase in the
electron content corresponds to the sheath passage (Verkho-
glyadova et al. 2016). After reaching its peaks, UWM-TEC
decreased, approaching the background values, and at the
58°N latitude reached values below this level. Then, there
was a pronounced increase in UWM-TEC, leading to the
second peak of this day. At the latitudes of 42°N and 46°N,
the peak values were reached at around 18:00 UT. Then,
there was a decrease in UWM-TEC visible during a MC
passage. At these latitudes, the positive phase turned into
the negative phase at around 22:00 UT and remained so for
the next 2 days. However at 12°E, a positive storm phase
appeared again at about 5:00 UT; however, it was a minor
one. Next, at about 11:00 UT, UWM-TEC started to drop
again and the negative storm phase lasted until the end of
the analyzed period. At 50°N latitude and above, the second
peak of UWM-TEC was reached after 14:00 UT. At latitude
54°N and at 58°N, the peak slightly exceeded the average
quiet-time level. Moreover, at higher latitudes there is no
positive phase of the storm before noon on 18 March (DOY
77), but only a small, several-hour increase in UWM-TEC
above the background level after midnight, on 17/18 March
(DOY 76/77) and 18/19 March (DOY 77/78).

In the case of this event, as during the storm of 2013,
the variations in the F2 layer maximum electron density
observed by Juliusruh and Rome ionosonde were analyzed.
The changes in the NmF2 values derived from the Rome
ionosonde are presented in the bottom panel in Fig. 13. The
positive phase of the storm is clearly visible with two peaks
on the disturbed day at 12:00 UT and 18:00 UT on 17 March
2015 (DOY 76), which perfectly correspond to the UWM-
TEC peaks. In the case of ionosondes data, one more peak at
around 22:00 UT is clearly visible, which was not observed
in the TEC maps. In addition, on 18 March (DOY 77) at sun-
rise, an increase in the NmF2 values is observed, lasting until
around 10:00 UT. Then, the peak was reached, followed by
a NmF2 sudden decline and the negative phase of the storm
began, lasting until the end of the analyzed period.

With regard to the changes in NmF2 measured by the
Juliusruh ionosonde, a significant increase is visible after
10:00 UT on the disturbed day, reaching its peak before noon.
Then, the NmF?2 values decrease and the negative phase of the
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Fig. 13 Variations in NmF2 measured by ionosondes in Rome and
Juliusruh (the average of NmF2 for quiet days from 10 to 16 March 2015
(DOYs 76-78)—red line, the NmF2 values for analyzed days—blue
line)

storm began, which lasted for the next 2 days. A significant
50% decrease in NmF2 was observed. Only at sunrise on
18 and 19 March, there was a short-lived increase in the
analyzed NmF2, approaching the level from the quiet period.
The discussed variations of the electron density observed
by the Juliusruh ionosonde correspond with the changes of
UWM-TEC for the location of this ionosonde.

As in the case of earlier storms, the differences in UWM-
TEC and IGS-TEC have been analyzed. TEC variations on
17 March 2015 (DOY 76) and two subsequent days are pre-
sented in Fig. 14 in relation to the average/background quiet
days (10—16 March 2015). The first increase in UWM-TEC
is visible at about 09:00 UT at all latitudes. This event was
observed until 13:00 UT for both models. However, the peak
in UWM-TEC is visible at latitudes below 56°N, while the
corresponding peak in IGS-TEC occurs below 50°N only.
Then at around 14:00 UT, a short-term UWM-TEC decrease
was observed. From about 16:00 UT, a positive UWM-TEC
deviation was observed at latitudes below 54°N and below
46°N for IGS-TEC, reaching in both cases the highest val-
ues at 18:00 UT. From 20:00 UT, the disappearance of the
positive phase is noticeable. Starting from 01:00 UT on
March 18 (DOY 77), the negative phase of the storm began
to appear at lower latitudes. Between 01:00 UT and 07:00
UT, the deviations of UWM-TEC with respect to the back-
ground period had vanished. Next, both models observed an
increase in differential TEC values. Then from 11:00 UT
on, a strong negative storm started to dominate at the most
latitudes in the IGS map, whereas for UWM-TEC, the neg-
ative storm phase was clearly visible at the latitudes below
44°N only. At the end of the day, the negative changes started
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Fig. 14 Differential UWM-TEC 64°N [T [TECU]
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(bottom panel) maps for 13°E
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to be less visible for both models. This condition persisted
for the greater part of the next day. In addition, at about
18:00 UT at latitudes below 44°N, in the case of UWM-
TEC, there was a sudden short-lived increase in the negative
effects.

As in the case of the storm of 2013, the profiles of
differential TEC for location of the Juliusruh ionosonde
show a slightly different nature of the storm as observed
by two independent models (Fig. 15). It should be noted
that the deviations of NmF2 observed by the Juliusruh
ionosonde largely reflect the same nature of ionosphere vari-
ations that can be observed from UWM-TEC. At about
10:00 UT, a temporary drop in the electron content fol-
lowed by a second peak 2 h later is observed only in the
case of UWM-TEC and ionosonde profiles. While the pos-
itive storm phase is observed in all profiles, UWM-TEC
and ionosonde data show its peak at about 11:00 UT. And
this peak is visible one hour earlier in the IGS-TEC profile.
Moreover, the IGS-TEC profile shows a smooth decrease
in the TEC values, which does not reflect the dynamic
nature of changes in the ionosphere presented in other pro-
files. For instance, a small peak at 6:00 UT on the second
day is completely missing in the IGS data. On that day,
from about 8:00 UT to 15:00 UT, the negative phase of
the storm is clearly visible in all profiles. However, UWM
and Juliusruh ionosonde profiles detect small changes in
the slope that are not present in IGS-TEC. Nevertheless, all
profiles present the similar ionosphere response after 15:00
UT.

In the case of the Rome ionosonde data, the analyses are
more difficult due to frequent gaps in NmF2 data during

06 UT 12UT 18UT O00UT 06UT 12UT 18UT 00UT 06UT 12UT

18UT
77 78
DOY 2015

the two main peaks in the electron density (Fig. 16). The
presented differences reflect the positive phase of the storm
in all profiles. The first peak is observed at 12:00 UT and the
second at 8:00 UT on the second day. In addition, a sudden
appearance of the negative phase of the storm on 18 March
is well marked in all profiles. However, the IGS-TEC profile
shows rather smooth changes taking place in the ionosphere,
while UWM-TEC presents some finer structures, similar to
the ionosonde data.

In addition, the correlation coefficients between varia-
tions of NmF2 and TEC derived from UWM and IGS maps
were calculated. Table 1 shows that the correlations between
variations of NmF2 and UWM-TEC during all analyzed
periods are higher than between NmF2 and IGS-TEC. The
advantage of UWM-TEC is more pronounced in case of
mid-latitude ROME ionosonde, though the correlation never
exceeds 82%. However, according to Liu et al. (2016), in
fact TEC variations do not always correlate well with NmF2
variations during geomagnetic storms, due to the TEC
variability dependent on the lower and topside ionosphere
as well as the plasmasphere.

4 Discussion and summary

The three discussed geomagnetically active periods occurred
during the same solar illumination conditions. All of them
took place near the spring equinox, and moreover, the events
in 2013 and 2015 occurred on the same day of the year. This
leads to similar ionospheric conductivity profiles; however,
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Fig. 15 Profiles of differential
UWM-TEC (a), IGS-TEC (b)
and NmF2 (c¢) for the location of
the Juliusruh ionosonde during
the stormy period (17-19 March
2015/DOYs 76-78) in relation
to the background quiet days

Fig. 16 Profiles of differential
UWM-TEC (a), IGS-TEC (b)
and NmF2 (c¢) for the location of
the Rome ionosonde during the
stormy period (17-19 March
2015/DOYs 76-78) in relation
to the background quiet days
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Table 1 Correlations between

NmF2 variations and both Model Storms
UWM-TEC and IGS-TEC 7-16 March 2012 17-19 March 2013 17-19 March 2015
during all analyzed periods
Juliusruh Rome (%) Juliusruh (%) Rome (%) Juliusruh (%) Rome (%)
UWM - 77 81 82 82 80
IONEX - 70 78 69 81 74

these storms are associated with very different IMF condi-
tions.

The presented storms have been analyzed to assess the
capability of the new regional ionospheric model to repro-
duce complex behavior of the ionosphere. The general impact
of space weather events on the total electron content over
Europe is presented in Sect. 3. The analysis of the tempo-
ral changes taking place in the ionosphere showed a very
good agreement between the results provided by our regional
ionosphere model and those derived from the ionosondes.
In general, the nature of the temporal ionosphere changes
observed with the use of two independent sources was very
similar. To further investigate the ionospheric disturbances
during the selected storm event, the detailed variations of the
UWM-TEC values on stormy days are presented in Figs. 17
and 18. These maps showing the storm-time response of the
ionosphere over Europe were derived as an average over
European sector (from 10°W to 35°E).

Figure 17 shows maps of local time-latitude UWM-TEC
distributions for four events on 7, 9, 12 and 15 March 2012.
Figure 17a presents a typical behavior of the ionosphere dur-
ing stormy days. Again, as a reference, a quiet period of the
ionosphere from 1 to 6 March 2012 was selected. The middle
panel (b) presents the UWM-TEC distribution during stormy
days on March 2012. Note that the maps showing the quiet
and disturbed ionosphere are presented in the same scale. The
maps of differences between an active and quiet ionosphere
are presented in the bottom panel, and a different scale is
used.

It should be emphasized that at 4:30 UT on 7 March there
was an increase in auroral activity, and according to Pro-
Iss (1995) this should have immediately triggered a negative
storm phase. However, in this case it did not happen. The
rising TEC reached its peak at about 11:00 LT at latitudes
above 40°N, and then, the highest values in daytime were
achieved at noon at latitudes lower than 40°N. This effect
may indicate the dayside super-fountain effect. According to
Tsurutani etal. (2014), the absorption of the electric field con-
tributes to TEC decrease at the magnetic equator during dusk
local times, and to its rise and considerable enhancement at
middle latitudes during daytime (Tsurutani et al. 2004; Man-
nucci et al. 2005; Tsurutani et al. 2014). After 14:00 LT, as in
Belehaki et al. (2017), the bulge of the composition is visible,
starting in the auroral zone. It can be presumed that this is

the effect of substorm intensification. On this day, there was
the second peak of TEC level at around 18:00 LT.

The differential UWM-TEC map provides more informa-
tion about the occurred disturbances, clearly showing the
above-mentioned TEC peaks. As presented in Fig. 17, the
storm on 9 March had a completely different nature than
on 7 March. A clear TEC increase is observed during day-
time, the largest one in this period. The TEC values began to
grow at sunrise, reaching the highest level at around 11:30
LT at latitudes below 40°N. The differential map confirmed a
significant increase in UWM-TEC on this day, emphasizing
more than a two-time increase in TEC at low latitudes (below
36°N).

The next disturbed day (12 March) was characterized by a
sudden increase in TEC at about 10:30 LT, reaching peak val-
ues at about 11:00 LT. A rapid decrease in TEC was observed
from 15:00 LT. This phenomenon is perfectly reflected by
the differential map. The last disturbance, characterized by
the smallest TEC changes, presents a completely different
response of the ionosphere. The map showing this disturbed
day clearly indicates two TEC peaks: the first peak occurred
after 12:00 LT and the second one at around 18:00 LT. The
analysis of the differential map confirms the occurrence of
these anomalies. In addition, Fig. 17 reveals that the increase
in the TEC value was preceded by a reduction of TEC after
6:30 LT at all observed latitudes. At around 13:00 LT, at
latitudes below 42°N, there was a slight increase in TEC val-
ues in relation to its average for quiet days. While the second
peak at around 18:30 LT is clearly visible, the increased TEC
lasted until the end of the day.

UWM-TEC disturbance dependency on time and latitude
for two St. Patrick storms in 2013 and 2015 is presented in
Fig. 18. The top panel shows the typical behavior on quiet
days as reference for March 2013 and 2015. This reference
is derived from average ionosphere for quiet days from 10
to 16 March for each year. At latitudes lower than 40°N, the
second TEC peak appeared at around 16:00 LT. In order to
study the storm-time response of the ionosphere, the TEC
variations during the magnetic storm on 17 March 2013 are
presented in the middle panel. Morning TEC did not show any
pronounced storm-driven effects. During a sheath passage,
there is an increase in TEC at midlatitudes. Its maximum was
achieved at 11:00 LT in the north (60°N), and just before noon
in the south (34°N). As presented in Verkhoglyadova et al.
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Fig. 17 Storm-time UWM-TEC deviations: a quiet-time background ionosphere, b storm-time ionosphere, ¢ storm-time TEC deviation for 7,9, 12

and 15 March 2012
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Fig. 18 Storm-time UWM-TEC deviations: a quiet-time background ionosphere, b storm-time ionosphere, ¢ storm-time TEC deviation for 17

March 2013 (left) and 2015 (right)

(2016), the second TEC increase occurred during the MC
passage. This second peak is observed at around 18:00 LT at
the latitudes lower than 50°N. However, its maximum values
reached 45 TECU and thus about 15 TECU less than during
the first peak. The presented differential map in the bottom
panel confirms these events. In addition, it can be seen that
the increase in TEC values relative to the quiet days during
the first peak amounted to 22 TECU and 13 TECU during
the second peak.

In the top panel of Fig. 18, the quiet-time reference iono-
sphere is presented. During the background quiet period
(10-16 March), TEC presented a gradual increase with its
maximum reaching up 40 TECU. In the middle panel, a very
clear TEC increase starting from 8:00 LT is presented. From
10:00 LT, the TEC values oscillate at the level of 60 TECU.
This increase in TEC values corresponds to the sheath pas-
sage, as it has been noted by Verkhoglyadova et al. (2016).
These observed TEC variations correspond to the coronal
loop passage and auroral activity seen in the AE index. At
about 11:00, the first TEC peak is visible, later on TEC
decreases. After 14:00 LT, TEC decreases at all latitudes and
then reaches its peak at 17:00 LT. A sharp drop in TEC is vis-
ible during a MC passage, and then, a pronounced negative
storm signature occurred in the evening. The differential map
presented in the bottom panel (Fig. 18b) allows to clearly

indicate the positive phase of the storm. In addition, two
peaks of this positive effect were clearly visible in a trans-
parent manner. It should be emphasized that the TEC increase
during the second peak was twice as large with respect to the
first one; moreover, this peak corresponds to the coronal loop
passage and auroral activity seen in AE index.

5 Conclusions

In this paper, the dynamics of the ionosphere during geo-
magnetic storm periods in March 2012, 2013 and 2015 was
analyzed. The strong geomagnetic storms occurred near an
equinox and were driven by coronal mass ejections. The
largest change in the total electron content during the stormy
period of 2012 was observed on 9 March and was associ-
ated with an ICME from 7 March, which arrived on Earth
2 days later. The two events in 2013 and 2015 took place
on the same day of year and were triggered by coronal mass
ejections which hit the Earth at the same time of day. How-
ever, the response of the ionosphere to these two events had
a completely different nature.

The impact of the space weather events during the selected
periods of GNSS-TEC variations was analyzed using new
regional ionosphere maps developed at UWM in Olsz-
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tyn. The quality of the highly accurate and high-resolution
regional ionosphere model was evaluated by a compari-
son to the widely used IGS GIMs. In addition, temporal
TEC variations were compared with the variations of the
NmF2 parameter observed by European ionosondes. This
approach made it possible to assess the capability of the
new high-resolution regional ionosphere model to reproduce
the complex behavior of the ionosphere. The analysis of the
temporal TEC changes provided by UWM maps in relation
to NmF2 changes derived from ionosondes confirmed the
high compatibility of these techniques for the disturbed iono-
sphere. In general, in all cases, UWM-TEC better reflects
the changes in the disturbed ionosphere than IGS-TEC, as
compared to the ionosonde data. This is also proved by the
correlations between variations of NmF2 and UWM-TEC
that are higher than between NmF2 and IGS-TEC during all
analyzed periods.

It should be emphasized, as stated by Astafyeva et al.
(2015), that widely available ionosphere maps with a time
resolution of 1-2 h and low spatial resolution of several
degrees may not be sufficient to analyze the storm-time
effects in detail. In order to have more detailed information
about the storm-time spatial and temporal TEC variations,
more accurate and high-resolution ionosphere maps should
be used. The presented results showed that the regional iono-
sphere model based on phase observations provides useful
information on the response of the ionosphere to the geo-
magnetic disturbances. Therefore, the application of this new
high-resolution model can provide more complete informa-
tion about the ionosphere response to magnetic disturbances
than the currently available TEC maps.
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