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Abstract: The ionospheric response at middle latitudes to geomagnetic storms is not yet very well
understood. Total electron content (TEC) variations associated with eight strong geomagnetic
storms between 2015 and 2022 obtained from GNSS receivers in the eastern area of the North
Atlantic (Portuguese continental and insular territory) are studied in an attempt to fill this gap. It
was found that for most of the studied geomagnetic storms, TEC variations are synchronous for the
longitudinal ranges from 27° W and 9° W. In the southern part of the studied region (around 32° N),
the amplitude of TEC variations is, in general, significantly higher than in the northern part (around
39° N). Some of the studied geomagnetic storms were associated with TEC variations that we
interpret as effects of post-sunset equatorial plasma bubbles that travelled well north from their
habitual region. Additionally, though most of the studied storms were accompanied by reports on
different kinds of malfunction of GNSS systems (GPS; GALILEO and other), there is no clear pattern
in their appearance in dependence on the geomagnetic/ionospheric storms’ strength,
commencement time, and its characteristics, in general.

Keywords: TEC; geomagnetic storms; middle latitudes; GNSS

1. Introduction

Our society increasingly depends on satellite-based services as communication,
surveillance, navigation, and timing technologies [1]. Space weather is one of the main
drivers of ionospheric disturbances, which can affect conditions for the propagation of
electromagnetic signal from GNSS (Global Navigation Satellite System), communication,
and other types of satellites. Space weather effects on the ionosphere are notable at high
and low latitudes and, for this reason, are extensively studied and described. However,
as pointed out by [2], based on historical surveys, the current state of knowledge of
properties of ionospheric disturbances is biased for specific geographic regions, in
particular for the middle latitude region.

The mid-latitude region comprises the latitudinal range between ~20° and 50°
latitude, being considered until very recently devoid of significant ionospheric
disturbances and irregularities [3]. Advances in observational techniques and the
increasing use of GNSS data to perform the Total Electron Content (TEC) measurements,
which are widely used for ionosphere diagnostics, show that ionospheric disturbances at
middle latitudes occur more often than previously thought [2-6], including [4,7], based
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on bibliographical research, where a brief review of ionospheric disturbances at mid-
latitudes can also be found.

The strong effects of space weather at high latitudes on the ionosphere are due to
specific geomagnetic field configurations that lead to the coupling of the magnetosphere
and the polar ionosphere. At low latitudes, the space weather influence is mainly due to
higher insolation (and, consequently, ionization) level, and the presence of the equatorial
electrojet (EEJ), a strong electric current in the ionosphere. All these factors lead to
variations (spatial and temporal) of the electric and magnetic fields and associated
convection of the upper atmosphere, resulting in TEC fluctuations and scintillation events.
The ionosphere at middle latitudes is affected by space weather events both directly and
due to couplings with polar and equatorial regions [4,5,8—-11].

Besides the latitude, other factors related with the ionospheric TEC fluctuations must
also be considered, such as seasonal variation, longitude, time of the day, solar cycles, and
geomagnetic activity [12]. In [13], a comparative analysis of studies related to the
latitudinal or longitudinal dependences of ionospheric responses can be found. This work
also focuses on the seasonal impact on the ionosphere and the global effect on TEC values

along three meridians (American, Euro-African, and Asian-Australian) based on six
geomagnetic storms of different intensities to find similarities or differences in TEC
response.

This work intends to contribute to the understanding of geomagnetic storms driving
ionospheric disturbances at middle latitudes, in the longitudinal direction across the
Atlantic Ocean from mainland Portugal to the Azores (~9° W to ~26° W, respectively) and
at different latitudes (mainland Portugal and the Azores at ~40° N versus Madeira at ~30°
N), through the comparative study of eight geomagnetic storms from 2015 to 2022. To the
best of our knowledge, there are few studies for this region, despite being geographically
very attractive, since it is located on the western borders of the coverage of the European
Geostationary Navigation Overlay (EGNOS), the satellite-based augmentation system
(SBAS) for GNSS (such as GALILEO).

The paper is structured as follows: Section 2 describes the data and methods used in
our analysis, Section 3 refers the results obtained, and Section 4 gives a discussion with
the main conclusions.

2. Materials and Methods

The ionospheric disturbances were studied for eight geomagnetic storms between
2015 and 2022, corresponding to the descending phase of the solar cycle 24, whose
maximum was in 2014 and the beginning of the solar cycle 25, which started in December
2019.

2.1. Total Electron Content Data

The TEC series were collected for three locations: Continental Portugal, area around
Lisbon; the Azores archipelago, area around the Santa Maria; and Sao Miguel islands and
the Madeira archipelago, area around Funchal city —see Figure 1.
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Figure 1. Coloured circles show approximate location of GNSS receivers at Continental Portugal
(black) and the Azores (blue) and Madeira (green) archipelagos. Colours of the circles correspond
to the colours of the lines in Figures 2-9.

The TEC data are GNSS TEC data obtained from SCINDA and RINEX files. For the

Lisbon location, there were three data sources:

1.

Data from a GNSS receiver installed in the area of the Lisbon airport between 2014
and 2019. The data are available at [14,15] and described in [16,17]. Since the
calibration procedure was not performed during the installation of this receiver, a
provisional calibration of the TEC records using TEC data from the Royal
Observatory of Belgium (ROB) as a reference was performed, as described in [17] —
hereafter, Lis-SCINDA TEC.

Data from a GNSS receiver installed in the same area during the SWAIR
(https://about.swair.ptech.io/ (accessed on 26 April 2023)) project (calibrated and in
TECu)—hereafter, Lis-SWAIR TEC.

Data obtained from a RENEP (Rede Nacional de Estacbes Permanentes GNSS,
https://renep.dgterritorio.gov.pt/ (accessed on 26 April 2023)) receiver at Lisbon—
hereafter, Lis-RENEP TEC.

For the Azores, there were two data sources:

Data obtained from a RENEP receiver at Furnas (Sao Miguel) —hereafter, Az-RENEP
TEC.

Data obtained from a RAEGE-Az (Associacio Rede Atlantica de EstagOes
Geodindmicas e Espaciais— Acores, https://raege-az.pt/ (accessed on 26 April 2023))
receiver at Santa Maria—hereafter, Az-RAEGE TEC.

For Madeira, there was one data source: data obtained from a RENEP receiver at

Funchal —hereafter, Mad-RENEP TEC.

The coordinates of all these receivers are shown in Table 1.

Table 1. Coordinates of GNSS receivers.

Location Latitude Longitude
Lis-SCINDA 38.7°N 9.14° W
Lis-SWAIR 38.7°N 9.14° W
Lis-RENEP 38.7°N 9.4°W
Az-RENEP 37.8°N 25.3°W
Az-RAEGE 36.8°N 26.6°W

Mad-RENEP 32.7°N 16.9°W
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RENEP provides data in the RINEX 2.11 format. These files were processed and
calibrated using the GNSS Lab (http://www.gnss-lab.org/ (accessed on 26 April 2023))—
see [18-20] and TEQC (https://www.unavco.org/software/data-processing/teqc/teqc.html
(accessed on 26 April 2023, see the website for the updated information about the
manufacturer and currently available versions) software.

RAEGE-Az provides data in the RINEX 3.0 format. These files were processed and
calibrated using software developed by the UPC-IonSAT team [21,22]. This software
allows the reading of RINEX 3.0 files to obtain an ionospheric (geometry-free)
combination of dual-frequency carrier phases L1-L2, download satellites RINEX 3
broadcast ephemeris files in SP3 format to calculate non-calibrated slant TEC (i.e., affected
by the carrier phase bias) from each of the available satellite and receiver, and to use
UQRG GIMs to calibrate slant TEC and calculate vertical TEC, from dual-frequency
carrier phase measurements only.

TEC series for all the receivers were averaged to have 1h time resolution. Variations
of TEC during geomagnetic storms were studied as differences between the observed TEC
and the mean quiet TEC variation: ATEC = TEC - TECqp. TECqp was calculated as an
average daily TEC variation for quiet days (days without geomagnetic disturbances) of
the given studied month. Only ATEC values exceeding the +20 limits were considered to
be statistically significant, where o is the maximum standard deviation for all available
quiet TEC series for a studied month.

2.2. Space Weather Data

To identify and characterise geomagnetic storms, we used the Dst geomagnetic index
from the OMNI data base (https:/omniweb.gsfc.nasa.gov (accessed on 26 April 2023)) with
1 h time resolution. The geomagnetic storms were selected taking into account the
availability of TEC data for all three locations and the strength of storms (only storms with
min Dst < -90 nT were selected). Please note that in this study we used Dst only as a
marker of a storm, and did not aim at statistical analysis of ATEC in relation to min Dst
(especially considering a small number of analysed geomagnetic disturbances).

3. Results

As mentioned above, studies of TEC irregularities are mainly focused on the northern
hemisphere at high latitudes, the equatorial region, and the South Atlantic Anomaly, with
minor attention to European and North Atlantic middle latitudes. Additionally, relations
between TEC variations and position errors (or other faults) of GNSS systems are not
always addressed [23]. In this work, we focus on the ionospheric response to geomagnetic
storms at the North Atlantic middle latitude region (Portugal, Azores, and Madeira) with
emphasis on TEC variations and consequences for the GNSS signal found in other studies
and reports.

3.1. Geomagnetic Storm of January 2015

The first storm of 2015 was a relatively strong storm (min Dst =-107 nT) that occurred
on 7 January 2015. It was, most probably, related to a CME that occurred four days before,
on 3 January 2015 [24]. Other manifestations of the solar activity occurred in the following
days, such as a coronal hole near the south pole and another at low latitudes in the
northern solar hemisphere. The flare activity was considered medium, and on 5 January,
another CME occurred, but it is unlikely to be related to the storm (see [24]). The storm
was preceded by weak geomagnetic disturbances on 4-5 January 2015 —see Figure 2b.
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Figure 2. Variations of TEC and Dst during January 2015. For this and similar plots, (a) variations
of TEC measured at the three locations: Lisbon (black lines: Lis-SCINDA —solid line, Lis-SWAIR —
dashed line, Lis-RENEp—dotted line), Azores (blue lines: Az-RAEGE —solid line, Az-RENEP—
dashed line), and Madeira (Az-Madeira—green solid line). (b) Variations of Dst. (c) Variations of
ATEC the three locations. Horizontal lines mark +2¢ limits for ATEC.

At the region under study, this geomagnetic storm caused an increase of TEC during
7 January 2015 by 30-40 TECu (Figure 2a,c). The weak geomagnetic disturbances on 3—4
January 2015 had no strong ionospheric consequences (ATEC was inside +20 limits). The
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maximum ATEC values at Lisbon and Azores were approximately the same and lower by
~5 TECu than the maximum ATEC at Madeira. Additionally, ATEC at Madeira has a
second increase in the afternoon hours of 7 January 2015, and also exceeded the 20 limit
on 9 January, during the recovery phase of the storm. Supplementary Figure S1 shows
animations of changes of the average ATEC (in o units) for each location from 6 January
to 10 January 2015 with 1 h cadence.

As one can see, the ionospheric storm began on 7 January 2015 at 10 h UTC, reached
its maximum at 12 h UTC, and the ionosphere began to recover at around 16 h UTC
(except for Madeira). There were no significant ionospheric disturbances during 8 January
2015, but on 9 January 2015, small ionospheric disturbances of ~2o for Lisbon-Azores and
>20 for Madeira were observed. Whether they are related to disturbances in the equatorial
electrojet (EE]) is not yet clear.

This storm provoked TEC fluctuations on 7 January 2015 at high latitudes, with the
consequent degradation of the accuracy of GPS positioning, as reported by [25].

3.2. Geomagnetic Storm of March 2015

This storm, called the St. Patrick’s geomagnetic storm of 2015, occurred on 17 March
2015. It is very well described in the literature (e.g., [8,26-29]), since it was the most severe
storm of the solar cycle 24 [30]. TEC variations during this storm for the Iberian Peninsula
were previously described in [5]: this geomagnetic storm resulted in a positive-negative
ionospheric storm (increase of TEC (positive ATEC) during the day of the storm and
decrease of TEC (negative ATEC) during the following day). A comparison of the TEC
variations for Lisbon, Azores, and Madeira (Figure 3a,c) shows that for all locations, the
TEC variations are synchronous (have the same dynamics and very similar amplitudes
inside time intervals of 1 h), though the amplitude is higher for the most southern location,
Madeira, probably due to the effect of EEJ. Supplementary Figure S2 shows the variations
of an average ATEC (in o units) for each location from 16 March to 20 March 2015 with 1
h cadence.

March 2015
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Figure 3. Variations of TEC and Dst during March 2015 (see detailed description in Figure 2a—c).

The ionospheric storm started in the morning of 17 March 2015 first at Lisbon, then at
Azores and Madeira. Maximum ATEC were observed in the afternoon of 17 March 2015 near
and after the local sunset. TEC variations during the night were small, but starting from
midday of 18 March 2015, ATEC decreased below -2 for all locations.

A fast recovery to the quiet level was observed on 19 March 2015, but on 20 March 2015,
there was another decrease of TEC due to a partial solar eclipse that was observed at this
region around 09:00 UT, with the maximal obscuration of 60% at Lisbon, 65% at Madeira, and
70% at Azores. This eclipse or, more precisely, the atmospheric gravity waves generated by
the Moon’s shadow passing through the atmosphere, caused traveling ionospheric
disturbances (TIDs) occurring over Europe [31-33]. The results of our analysis support a
conclusion of [32] that the recovery of the ionisation rate was faster at higher latitudes: as one
can see from Figure 3c: ATEC at Madeira (~30° N) was larger in the absolute values and
recovered slower compared to TEC at ~40° N (Lisbon and Azores).

One of several examples of the impact of this storm on GNSS systems can be found in
[34]. Based on measurements of 15 reference stations from the ASG-EUPOS network (Poland),
the results have found degradation of the position quality determined by GNSS and decreased
GNSS accuracy due to ionospheric perturbations in Central Europe. Strong GNSS
disturbances with reflexes on positioning errors were detected in Norway [35]. Those
examples are supported by the study of [36], based on 5500 GNSS stations installed
worldwide. The results show that the overall impact on GNSS positioning was more severe at
high latitudes and related to ionospheric plasma irregularities. At low latitudes, the
degradation was associated with various ionospheric disturbances, such as the equatorial
ionosphere anomalies.
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3.3. Geomagnetic Storm of June 2015

The second strongest geomagnetic storm of cycle 24 was due to three consecutive
CMEs, the first two associated with a filament and the third with a solar flare of the M2.6
intensity [37]. The severe storm of 23 June 2015 was studied globally based on TEC values
of GIMs, COSMIC radio occultation, and IGS stations [38]. During the initial period of the
storm, the response of the ionosphere was asymmetric concerning the hemispheres,
mainly due to seasonal effects, with a negative phase of the storm observed in most of the
northern hemisphere and a positive phase in the southern hemisphere and western
longitudes of the northern hemisphere, over the North Atlantic Ocean. The effect of this
storm on TEC for the Iberian Peninsula was also described in [5].

This ionospheric storm was caused by a two-fold geomagnetic storm with the main
Dst decrease on 22-23 June 2015 and a secondary decrease on 25 June 2015 —see Figure
4b. As a result, two positive—negative ionospheric storms were observed on 22-23 June
2015 and 25-26 June 2015, respectively (Figures 4a,c and S3). The amplitude of ATEC was
above 20 (in absolute values) for the main storm and about 20 for the secondary storms
for all studied locations. No significant differences in the ionospheric behaviour at
different latitudes and longitudes were found.
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Figure 4. Same as Figure 2a—c, but for June 2015.

As was reported in [39], post-sunset equatorial plasma bubbles were generated and
reached ~30—45° N at the European sector during this geomagnetic storm. It seems that
the sharp increase of TEC (Figure 4a—c) observed at all three locations in the late evening
of 23 June 2015, and most strongly at Madeira, is related to this set of plasma bubbles.

These geomagnetic and ionospheric storms caused problems with the precision of
the GNSS positing, well described in [40]. This study also covers GNSS positioning
deteriorations during the St. Patrick’s storm of 2015 and the geomagnetic storm of August
2018 (Greenland region only), described below.

3.4. Geomagnetic Storm of May 2017

An Earth-directed CME on 23 May 2017 resulted in a geomagnetic storm from 27
May to 29 May 2017, initially due to fast changes in solar wind speed and pressure increase
at the shock front [41].

Contrary to the storms of 2015 discussed above, the ionospheric storm of 28-29 May
2017 was a negative—positive storm. This is probably because the geomagnetic storm
commencement took place on the late evening of 27 May 2017 and the geomagnetic storm
was already well developed to the local morning hours of 28 May 2017 (Figure 5b),
resulting in a strong decrease of TEC during this day: ATEC were ~—20 for Lisbon and
Azores and <-20 for Madeira—see Figures 5a,c and S4. On the following day, the ATEC
was above +3¢ for all three locations.
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Figure 5. Same as Figure 2a—c, but for May 2017.

An interesting event was observed in the morning of 30 May 2017: a sharp increase
of TEC between 08:00 and 09:00 UTC was observed at all three locations, but it reached
the threshold of 20 for Lisbon and Madeira only. As one can see from Figure 5¢, almost
all days between 25 May 2017 and 3 June 2017 had small “jumps” in TEC at about these
hours, but only on 30 May 2017 and only for the Lisbon and Madeira locations were these
“jumps” of a significant amplitude. We suppose that these TEC variations are not related
to a storm effect (the geomagnetic conditions were quiet on 30 May 2017, see Figure 5c,
but caused by post-sunset equatorial plasma bubbles that survived until the morning
hours and went too northward during those days, similarly to the case of the late evening
of 22 June 2015 (Figure 4c).

The study performed by [42] based on in situ and satellite observations (Swarm B
and DMSP F15 & 16) of this storm revealed structures corresponding to a plasma blob
over the Asian sector. The Earth-directed CME reached Earth on 27 May 2017, and after
the impact, it caused two more episodes. On [43], the authors reported a range error of
1.6-3.2 m at the GPS (Global Position System) L1 frequency during the quietest periods of
the storm (20-10 TECu) and a 37 m range error at the GPS L1 frequency for 20-45 TECu
values over the India sector [43]. These values demonstrate the degradation of the
performance of GNSS receivers, which is critical for many GNSS applications.
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3.5. Geomagnetic Storm of September 2017

At the beginning of September of 2017 (starting from 3 September 2017), the active
region NOAA 2673 increased its activity, being the origin of several solar M flares, radio
bursts, and CMEs. The geomagnetic storm started at early hours of 7 September 2017 and
lasted until 9 September 2017 —Figure 6b. The minimum Dst value reached during this
storm is =122 nT.
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Figure 6. Same as Figure 2a—c, but for September 2017.
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The ionospheric response to this storm in the studied region consisted of a strong
positive ionospheric storm on 7 September 2017 (ATEC > 20 at all studied location) and a
weak positive ionospheric storm on 8 September seen at Lisbon and Madeira (ATEC for
the Azores did not reach the 20 limit) —Figures 6c and S5. Additionally, on 7 September
2017, there was an afternoon increase of TEC with ATEC < 20 for Lisbon and Azores (~40°
N) and ATEC > 20 for Madeira (~30° N). On the third day of the storm, 9 September 2017,
a negative ionospheric storm took place, but with a small amplitude |ATEC| <20 (Figure
6a,c).

On 6 September 2017, the Earth-directed CME from an X9.3 flare provoked
ionospheric disturbances with consequences for the EGNOS system and GNSS receivers
[44]. During this event, the availability of EGNOS was reduced by 10%, with limited usage
for the safety of life applications, such as services to aviation, maritime, and land-based
users [44]. In this paper, the authors describe other examples of how ionospheric
perturbations have an impact on GNSS systems, such as the loss of GNSS receivers with
links to the GNSS satellite (designated by the loss of lock) and the Automatic Identification
System (AIS), an automatic tracking system to improve the safety at sea. In Svalbard, the
effect on the GPS positioning was also evaluated and reported in [45]: due to this
ionospheric storm, significant increments of the positioning error were observed during
scintillation events. Signal interferences on ground GNSS stations for the European
longitude sector (20° N to 70° N) affecting the GNSS single and the dual positioning for
Galileo, GLONASS, and GPS were also studied in [46]; the dual frequency systems were
the most affected ones.

Plasma bubbles are ionospheric phenomena typical over equatorial and low
latitudes. However, as we discussed above, recent studies, e.g., such as those in [9],
suggest that plasma bubbles can extend to other regions, such as middle latitudes. In these
cases, the Travelling Ionospheric Disturbances (TID) could play a role in enabling the
latitudinal extension of the bubbles. As demonstrated by the authors in [9], during this
storm, the TIDS facilitated the latitudinal extension of the bubbles over China and adjacent
areas (20°-45° N and 80°-110° E). Another example of TID influence, but of different
origin, was found in [47], where fluctuations on TEC indicate TID propagation from high
latitudes to lower latitudes.

3.6. Geomagnetic Storm of August 2018

This geomagnetic storm was provoked by a CME that occurred on 20 August 2018
and impacted the Earth on 25 August 2018 during the daytime, but the Dst index started
to drop only in the late afternoon, reaching its minimum of =175 nT around 06:00 UTC of
26 August 2018 —Figure 7b. As a result, TEC variations in the studied region during 25
August 2018 (see Figures 7a,c and S6) were insignificant until the afternoon of 25 August
2018, but then rapidly increased and reached the maximum at around midnight 25-26
August 2018 (a positive storm with ATEC = 20 for Azores and Madeira and ATEC < 20 for
Lisbon). On the following day, 26 August 2018, the ionospheric storm was a negative one
(IATECI > 20 for Azores and Madeira and |ATECI < 20 for Lisbon); however, on 27
August 2018, there was another positive ionospheric storm with ATEC > 20 for all three
locations. ATEC variations observed for Madeira on 29 and 31 August 2018, to our mind,
are not related to the geomagnetic storm directly, but caused by disturbed conditions in
EE]J.
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Figure 7. Same as Figure 2a—c, but for August 2018.

As reported in [48], from 25 August 2018 to 26 August 2018, intense ionospheric
irregularities occurred in the equatorial region, observed at both sides of the equator, and
extended considerably to higher latitudes (40°-45°). Considering the study by [49], the
TEC increase for middle latitudes was more significant in the southern hemisphere
(Africa) than in Europe.

Despite the intensity of ionospheric disturbances and the significant increase in
electron density recorded, especially in the storm’s main phase, no loss of lock or other
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problems were reported for any of the GNSS systems. In terms of impact on GNSS
navigation systems, this corresponds to a weak space weather event, contrary to what
occurred to the geomagnetically-induced currents, whose effects were strong [50].

3.7. Geomagnetic Storm of November 2021

This geomagnetic storm is considered to be the first geomagnetic storm of the solar
cycle 25. It provoked ionospheric variations with latitudinal and longitudinal
dependences in Europe [51]. Several C and M flares occurred during 1 November 2021,
leading to a CME on 2 November 2021. The geomagnetic event was a short-living storm
that lasted just one day, 4 November 2021 —Figure 8b.
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Figure 8. Same as Figure 2a—c, but for November 2021.

The ionospheric response in the studied region can be classified as a 2-day-long (4
and 5 November 2021) positive ionospheric storm that was observed at all three locations,
with ATEC > 20 for Lisbon and Madeira and ATEC < 20 for Azores (see Figures 8b,c and
S7). Additionally, in the afternoon hours of 4 November 2021, a secondary TEC maximum
was observed (<20) at all three locations. The TEC variations observed during this storm
at all three locations were synchronous.

To our knowledge, no disturbances in the GNSS signal were reposted for this storm.

3.8. Geomagnetic Storm of November 2022

Due to a M5.2 flare and following disturbances in the solar wind that occurred on 7
November 2022, a geomagnetic storm started in the morning hours of 7 November 2022
and a Dst minimum of -92 nT was registered around 18:00 UTC —Figure 9b.

As a result, a 2-day-long positive ionospheric storm has been developed at the
studied region (Figures 9a,c and S8) with ATEC > 20 on 7 November 2022 at all locations
and on 8 November 2022 only at Madeira (ATEC < 20 at Lisbon and Azores). This
geomagnetic storm has been preceded by several days of a disturbed geomagnetic field
(3-5 November 2022) with Dst = -50 nT. These disturbances may be a source of TEC
variation observed on 3-5 November 2022 at all locations, but most prominently at
Madeira.
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Figure 9. Same as Figure 2a—c, but for November 2022.

This minor storm provoked perturbations in the SBAS systems: EGNOS for GALILEO
and the Wide Area Augmentation System (WAAS) for GPS. Significant disturbances affected
some services provided by both systems. In Europe, EGNOS availability was reduced over
Scandinavia, and for America, the WAAS availability affected Canada [52].

4. Discussion and Conclusions

The ionospheric response to eight geomagnetic storms with Dst < =90 nT between 2015
and 2022 was studied for a mid-latitudinal region of the eastern North Atlantic: Lisbon at the
Continental Portugal, and Madeira and Azores archipelagos (i.e., between 32° N and 39° N in
latitudes and between 27° W and 9° W in longitude). GNSS-based total electron content (TEC)
data were used to characterise ionospheric conditions.

For most of the studied geomagnetic storms, the induced TEC variations during the day
of a storm are synchronous for all three studied locations despite there being about a 1 h
difference in the local (solar) time. On the other hand, in some cases, ionospheric disturbances
were observed first at the most eastern part of the studied region (Lisbon, or Lisbon and
Madeira) and then, the TEC variations “travelled” westward to Azores with a delay of about
1h.

In many studied cases, the amplitude of TEC variations at Madeira was larger than in the
other two locations, probably due to its lower latitude and, as a result, a proximity to the
equatorial electrojet. Additionally, for some storms (e.g., June 2015 and May 2017), features
that may be related to a northward transition of post-sunset equatorial plasma bubbles were
observed.
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For some of the storms, there are differences in the ionospheric response between the
west (Azores) and east (Lisbon and Madeira) parts of the studied region (e.g., storms of May
2017 and November 2021).

For some of the storms, there are differences (not just in the amplitude of TEC variations,
but in an appearance of certain features) in the ionospheric response between the northern
(Azores and Lisbon) and southern (Madeira) parts of the studied region (e.g., storms of
January and March 2015).

Almost all the studied geomagnetic storms caused positive or positive-negative
ionospheric storms.

Two of the eight studied geomagnetic storms (May 2017 and August 2018) started during
the local night-time and resulted in negative—positive ionospheric storms. More studies are
needed to confirm or discard this probable relation between the ionospheric storm type and
the time of the geomagnetic storm commencement.

During some of the studied months (e.g., August 2018 or November 2022), significant
TEC variations observed during geomagnetically quiet days (before or after a storm). Since, in
most cases, these variations are stronger at the most southern station (Madeira), we guess that
they are related to the dynamics of EEJ. On the other hand, we cannot exclude an effect
described in [53]: a propagation of ionospheric disturbances from high to middle latitudes
during geomagnetically quiet conditions.

Finally, there is no clear dependence between the strength of a geomagnetic storm and
the strength and the type of a following ionospheric storm, as well as the appearances of
different type of discontinuities in the work of GNSS systems. Even though six out of eight
(75%) studied storms were accompanied by reports of different kinds of failures in one or
many of the operational GNSS systems, some of the storms were nevertheless completely
“invisible” from the GNSS point of view (such as, for example, the storm of November 2021).
We believe that this ambiguity is due to the lack of systematic and uniform collection and
analysis of data on the GNSS systems failures.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/atmos14060949/s1: Figures S1-S8: Animations showing
average ATEC variations (in o units —semi-transparent colour scale) for the studied locations for
each of the analysed storms. Figure S1—January 2015, S2—March 2015, S3—]June 2015, S4 —May
2017, S5—September 2017, S6—August 2018, S7—November 2021, S8 —November 2022. Non-
transparent grey —no data.
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