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Abstract –On November 1st and 2nd, 2021, four Halo coronal mass ejections were ejected from the Sun,
releasing billions of tons of high-energy particles into interplanetary space. These were directed towards the
Earth and reached our planet on November 3rd and 4th, 2021, generating the first G3-level extreme
geomagnetic storm since the beginning of the 25th solar cycle. In this study, we investigate the thermo-
spheric and ionospheric responses in the European sector to a G3-level storm using various observational
data from Fabry-Perot interferometer, Ionospheric Connection Explorer/Michelson Interferometer for
Global High-resolution Thermospheric Imaging (ICON/MIGHTI), and Thermosphere Ionosphere Meso-
sphere Energetics and Dynamics/Global Ultraviolet Imager (TIMED/GUVI). The results show positive
ionospheric storms in the middle and low latitudes of Europe which may be associated with the equator-
ward and westward neutral winds induced by heating in the polar region. In contrast, negative storms were
detected at high latitudes in association with the increase in thermospheric density (upwelling). These two
antithetical responses were confirmed by using European ionosonde and total electron contents (TEC)
observation chains distributed over a wide range of latitudes. Finally, we, for the first time, attempt to
identify the imaginary boundary line between the two responses.
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1. Introduction

Geomagnetic storms can occur when solar coronal mass
ejections (CMEs) have a profound impact on the space environ-
ment surrounding the Earth because of the strong solar winds
and interplanetary magnetic field (IMF) interacting with the
Earth’s magnetic field. In particular, when the north-south com-
ponent (Bz) of the IMF points southward near the Earth, it can
lead to a phenomenon called magnetic reconnection, which
causes high-energy particles to precipitate strongly into the
Earth’s ionosphere. Geomagnetic storms can alter field-aligned
currents (FAC), which affect the electrodynamics of the polar
ionosphere. These magnetospheric energy inputs occurring dur-
ing these storm events can lead to the heating of the polar upper
atmosphere, which propagates to lower latitudes to have global

effects (Rishbeth, 1975, 1998; Fuller-Rowell et al., 1994, 1997;
Buonsanto, 1999; Wang et al., 2010).

The heating of the polar thermosphere is of great signifi-
cance. As the thermosphere heats due to Joule heating or auroral
heating, the Earth’s atmosphere expands, transporting neutral
molecular components from lower to higher altitudes. Conse-
quently, the O/N2 ratio is reduced, and the loss process of iono-
spheric plasma in the polar region dominates. Therefore, at high
latitudes, the ionosphere statistically produces negative iono-
spheric storms during geomagnetic storms (Shinbori et al.,
2022). Furthermore, expansion due to heating in the thermo-
sphere is not limited to altitude but extends in the latitudinal
direction as well. The result of this expansion is wave-like prop-
agation in the form of traveling atmospheric disturbances
(TADs), due to which, the ionosphere can also propagate in
the form of waves called traveling ionospheric disturbances
(TIDs) (Rishbeth, 1975; Richmond & Matsushita, 1975;*Corresponding author: kimjh@kasi.re.kr
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Fuller-Rowell et al., 1994; Shiokawa et al., 2007; Borries et al.,
2009; Prölss, 2012).

From another perspective, when the high-latitude thermo-
sphere is heated, neutral atmospheric winds blow toward the
equator, triggering a global cyclic convection process. There-
fore, the equatorward component of the neutral wind may be
dominant and then change westward because of the Coriolis
force in the middle latitudes (Blanc & Richmond, 1980). At this
point, plasmas of the ionosphere in the middle latitudes (bound
by the Earth’s magnetic field lines) can be transported to higher
altitudes by equatorward neutral winds from high latitudes
(Lin et al., 2005; Lu et al., 2008). Plasma transported to higher
altitudes can persist for relatively longer periods, causing posi-
tive storms in mid-latitude regions. Moreover, in sunlit equato-
rial regions, strong fountain effects due to enhanced eastward
equatorial electrojet currents during geomagnetic storms are
added, and a significant positive storm can occur at middle
latitudes (Scherliess & Fejer, 1997).

Although many studies (Thayer et al., 1995; Knipp et al.,
2004; Deng et al., 2011; Zhu et al., 2022) on the ionospheric
responses to the expansion of the thermosphere have been con-
ducted in the past, most have detected and analyzed only one
aspect of the ionospheric storm. In addition, the propagation of
thermospheric winds has been widely studied through sounding
rocket observations in the past (Smith, 1968; Haerendel, 1972;
Rishbeth et al., 1972; Fagundes et al., 1995). It has been reported
that the equatorward wind is dominant at a speed of approxi-
mately �150 to 500 m/s during geomagnetic storms. However,
most studies analyzed wind data from only one location. There-
fore, observational data have spatiotemporal limitations.

In this study, we simultaneously report the thermosphere
and ionosphere responses over Europe during the G3 geomag-
netic storm on November 4, 2021. We cross-checked the
strength of wind blowing in the equatorial direction after polar
heating using Fabry-Perot interferometer (FPI) observations
at high latitudes and an Ionospheric Connection Explorer/
Michelson Interferometer for Global High-resolution Thermo-
spheric Imaging (ICON/MIGHTI) observations at middle lati-
tudes. In addition, through the European Ionosphere
Observation Network, the tendency for negative storms at high
latitudes and positive storms at middle latitudes could be
confirmed simultaneously. Furthermore, this tendency was con-
firmed to propagate to lower latitudes through TID waves.

Unlike previous studies, we simultaneously confirmed ther-
mospheric changes and their resulting ionospheric responses
during extreme geomagnetic storms over a wide latitudinal area
using various observational data. In addition, we were able to
delineate the boundary between two ionospheric storms that
exhibited contradictory behaviors. Section 2 presents the data
and analysis methods used and Section 3 presents the results
of the ionosphere and thermosphere reactions. Finally, Section 4
summarizes the study.

2 Data and methods

2.1 Solar and near-Earth space environment data

We provide a brief overview of the four halo CMEs that
occurred on the western limb of the solar disk from November
1–2, 2021. We utilized four CME images from the Solar and

Heliospheric Observatory (SOHO)/Large Angle and Spectro-
metric Coronagraph (LASCO)-C2 coronagraph and the CME
catalog available at https://cdaw.gsfc.nasa.gov/CME_list/.
Figure 1 and Table 1 summarize the characteristics of four halo
CMEs. In Table 1, the first column, “halo type”, distinguishes
the size of halo CMEs based on their angular width. CMEs
with an angular width over 90� were labeled Type II, those over
180� as Type III and those over 270� as Type IV. The second
column indicates the time when the CME occurred, and the
third column displays the “Central Position Angle (CPA)”
which is measured counterclockwise from solar north at 0� to
the center of the angular width where the CME originated. This
angle provides a means to locate the region where the CME
occurred. The fourth column, “angular width,” represents the
angular span of the CME in the plane of the sky. Lastly, the
“linear speed” is obtained by fitting a first-order polynomial
to the height-time measurements and representing the velocity
of the CME as a function of time.

We also examined the space environment data based on the
CME characteristics to obtain information about the geomag-
netic storms that occurred on November 3rd and 4th, 2021.
Figure 2 shows the solar wind velocity, flow pressure, solar
wind-induced interplanetary electric field (IEFy), symmetric dis-
turbance of H components (SYM-H), IMF Bz, and Auroral
Electrojet (AE) index. The AE index was obtained from the
Kyoto University website (https://wdc.kugi.kyoto-u.ac.jp/aedir/),
and the remaining space environment information was down-
loaded from the OMNI webpage (https://omniweb.gsfc.nasa.
gov/form/omni_min_def.html).

2.2 Observational data over the European sector

Observational data were used to ascertain the thermo-
spheric and ionospheric responses of Europe to geomagnetic
storms. First, we utilized data from the FPI installed in Kiruna
(67.8 �N, 20.4 �E geographic coordinates, and 65.42 �N geo-
magnetic latitude) to check the thermospheric wind changes.
It was installed by the Korea Polar Research Institute (KOPRI)
and has been in operation since 2016. Because Kiruna (red star
symbol) is located mainly in the auroral oval region, as in
Figure 3a, we can clearly observe the responses of the thermo-
spheric zonal and meridional winds over this region when
geomagnetic storms occur.

Observing thermospheric wind data near middle latitudes is
also necessary to confirm the change in thermospheric winds
from high to middle latitudes during geomagnetic storms. How-
ever, we could acquire no ground-based observational wind data
near the mid-latitudes in the European sector. Therefore, we
selected and secured thermospheric wind data from the ICON/
MIGHTI satellite as an alternative. The ICON/MIGHTI data
was available for download from the following FTP public
server (ftp://icon-science.ssl.berkeley.edu/pub/). In Figure 3a,
the positions marked with the ‘x’ are the points observed by
the satellite. The ICON/MIGHTI measures neutral wind veloc-
ities from 88 km to 300 km by observing oxygen atom emission
lines (green line – 557.7 nm & red line – 630.0 nm) through
limb scanning. We used only red-line data with altitudes
between 253 and 301 km obtained from the region spanning
20� to 40�N, encompassing the European continent and the
Atlantic Ocean. Although the ICON/MIGHTI observation loca-
tion is slightly biased towards the western side, away from the
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upper atmosphere over the European continent, we considered
the possibility of using their data because, during geomagnetic
storms, the overall direction of the macroscopic atmospheric cir-
culation does not change significantly.

To utilize ICON/MIGHTI wind data in our study, we
employed version 4 and selected data with a quality standard
greater than 0.5 (=caution). Although it is generally recom-
mended to use data with a quality standard of 1.0 (=Good),
we had to use caution standard data because we required
spatiotemporal data in the mid-latitude region. When we ana-
lyzed the data, we could only obtain 11 to 37 data points per
altitude for the 1.0 level quality data from November 2nd to
November 5th. Moreover, on November 4th, which is the day
with the strongest geomagnetic storm according to the Kp
index, there were no observations available at the 1.0-level.
However, for the 0.5-level data, we were able to secure a much
larger number of data points, ranging from 114 to 223 per

altitude. Forbes et al. (2022) similarly utilized data with a qual-
ity standard of 0.5 and noted that it can be used adequately with
proper caution flag verification. Before using the 0.5-level data,
we analyzed the caution codes for each individual dataset from
the ICON/MIGHTI wind data. The caution codes for the ICON/
MIGHTI data can be found in the official documentation, and
each dataset includes various caution flags ranging from 0 to
33. Upon analyzing the caution codes for the 0.5-level data,
we observed the presence of some noticeable caution codes.
Among them, we utilized all data except those with no calibra-
tion performed or with bad calibration codes.

In addition, to check the thermospheric composition change,
we utilized O/N2 ratio data from the Thermosphere Ionosphere
Mesosphere Energetics and Dynamics/Global Ultraviolet
Imager (TIMED/GUVI), which was developed by the Johns
Hopkins University/Applied Physics Laboratory (JHU/APL).
The O/N2 ratio data may allow us to infer drivers of the change

Figure 1. Images of four CMEs between November 1st and 2nd 2021 from SOHO/LASCO C2. The individual images in (a)–(d) represent
sequentially occurring events; detailed information can be found in Table 1.

Table 1. Characteristics of four CMEs from SOHO/LASCO C2.

No. Halo type Start time (UT) Central PA (�) Angular width (�) Linear speed (km/s)

(a) Type II 2021/11/01/UT 02:00:06 201 274 753
(b) 2021/11/01/UT 18:24:05 228 116 461
(c) 2021/11/01/UT 21:24:05 246 162 830
(d) Type IV 2021/11/02/UT02:48:05 Halo 360 1473
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Figure 2. The state of the space environment during the period November 3–4, 2021, when the G3 geomagnetic storm occurred. The panels
from top to bottom display the solar wind speed, flow pressure, IEFy, SYM-H, IMF Bz, AE index, and Kp index. The red vertical dashed line
indicates the SSC. The first red vertical solid line (1) indicates the main phase start of the geomagnetic storm triggered by type IV halo CME
occurred on November 2nd. Three red vertical solid lines (2–4) indicate the enhancements of the geomagnetic storm due to subsequently
arriving CMEs. The blue vertical solid line marked the recovery phase start of the storm. The black dashed vertical line indicates the date
change.
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in the ionospheric plasma during geomagnetic storms. Further-
more, since the O/N2 ratio data were available on a global map,
it is possible to delineate the difference in the composition of the
thermosphere in the European region we are targeting.

Next, we utilized data from the European Ionosonde Service
(EIS)/European Digital Upper Atmosphere Server (DIAS), a
European ionosonde observation network, to estimate the iono-
spheric changes over Europe by latitude (Belehaki et al., 2015).
This network contains many ionosonde data from northern to
southern Europe and can be accessed on a web page
(http://dias.space.noa.gr/). Also, we obtained the hmF2 values
from the Global Ionospheric Radio Observatory (GIRO) net-
work (Reinisch & Galkin, 2011) using the SAO-X program
database server and analyzed the variation of the hmF2. In this
study, we used seven European ionosonde datasets (Arenosillo,
Athens, Chilton, Dourbes, Juliusruh, Pruhonice, and Rome), as
indicated by the blue triangular symbols in Figure 3a. We also
selected the international quiet days (IQD) to use the quiet per-
iod as a reference and confirmed the ionosphere storm pattern
on the event day.

Finally, we utilized the vertical total electron content
(VTEC) data from the Global Navigation Satellite System
(GNSS) receiver indicated by the black circle symbol in

Figure 3a. GNSS data (https://www.unavco.org/data/gps-gnss/
gps-gnss.html) from 12 sites were selected to track latitudinal
changes in the ionosphere over Europe. Table 2 summarizes
the locations of the ionosondes and GNSS receivers used to
investigate the distribution of ionospheric storms according to
latitude and longitude in Europe and their propagation during
geomagnetic storms. To mitigate errors caused by low satellite
altitudes, we utilized only data with elevation angles greater
than or equal to 30�. The VTEC data allow us to determine
the boundary line between the positive and negative ionospheric
responses to the geomagnetic storms.

3 Results and Discussions

3.1 Responses of Near-Earth Space Environment

As shown in Table 1, three partial halo CMEs occurred
sequentially on November 1st, 2021, at 02:00, 18:24, and
21:24 UT. The fourth CME, which was the largest and fastest
type-IV halo CME, occurred on November 2nd, 2021, at
02:48 UT. In particular, the last halo CME appears to have
played a decisive role in directly affecting the Earth. Li et al.
(2022) reported that the last halo CME caught up with the three
preceding CMEs just before reaching the Earth. Additionally,
they described the potential for stronger turbulence due to
CME-CME interactions among these four halo CMEs. There-
fore, it appears that the most recent Type IV halo CME
(referred to as (d) in Table 1) arrived near Earth at UT 19:36
on November 3rd, 2021, which triggered the onset of the Sudden
Storm Commencement (SSC), which is indicated by the red
vertical dashed line in Figure 2. Here, the SSC refers to the abrupt
increase in the Earth’s magnetic field, which occurs when a fast
solar wind associated with the aforementioned halo CME
reaches Earth (Oyedokun & Cilliers, 2018). When a fast solar
wind reaches the leading edge of the Earth’s magnetosphere,
the magnetopause is compressed, resulting in a sudden elevation
of the Earth’s dayside magnetic field. We identify the point at
which the SYM-H index in Figure 2 begins to increase as the
starting point of the SSC and have indicated it accordingly.

The main phase of a geomagnetic storm triggered by the
arrival of the most recent halo CME on Earth began, marked
by the red vertical solid line (1) in Figure 2, immediately after
the SCC caused by the solar wind colliding with the Earth’s
magnetosphere. From this point onward, the AE index also
starts to increase rapidly, which means that not only are high-
energy particles deposited into the auroral oval region, but also
the interplanetary electric field is injected there, resulting in
strong auroral electrojet currents (Baumjohann & Kamide,
1984; Wei et al., 1985). During the main phase of the storm,
the high-latitude thermosphere can be heated by both Joule
heating and auroral precipitation. It is worthwhile noting that
the AE index increased as the IMF Bz stayed southward. In this
storm period, the Kp index reached 7, which was recorded as a
G3 storm.

After the main phase started (1), it can be observed from all
indicators that the intensity of the storm increases again at points
(2), (3), and (4). The three red solid lines (2), (3), and (4) rep-
resent periods when the subsequent arrival of CMEs adds to
their impact on Earth, that is when they further intensify the geo-
magnetic storms caused by earlier arriving CMEs. The criteria

Figure 3. (a) Locations of thermospheric and ionospheric observa-
tions conducted in Europe and the North Atlantic region. (b) Merid-
ional (V) and zonal (U) wind components derived from Kiruna FPI
observations. Also, the annotations corresponding to (1)–(4) in
(b) represent the same meanings as the numbers in Figure 2.
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for defining points (2)–(4) may vary based on different indica-
tors, but our primary approach was to check when the IMF Bz
value transitions into negative. In Figure 2, the fifth panel from
the top displays the IMF Bz values, and we observed the
beginning of the negative transition at points (2)–(4) as defined
by us. Although occasional abrupt switches between posi-
tive and negative values are evident, interpreting all of these
variations can be challenging. For points (2)–(4), we assumed
that a large portion of the impact had surrounded the Earth. A
negative IMF Bz value indicates a southward orientation of
the interplanetary magnetic field, which is favorable for mag-
netic reconnection with the Earth’s magnetic field. Simultane-
ously, if accompanied by strong solar wind speed, it can
generate a powerful electric field throughout the Earth. We refer
to this as the interplanetary electric field extending from dawn to
dusk (IEFy), and we are actually calculating it using the formula
V x Bz. Some studies have shown that during such events, a
strong dawn-to-dusk electric field envelopes the entire Earth,
triggering the Prompt Penetration of Electric Fields (PPEF)
phenomenon almost instantly (Singh et al., 2022; Idosa &
Shogile, 2023).

Moreover, the first and second panels of Figure 2 show the
characteristics of the solar wind. The solar wind has already
covered the Earth with fast and strong pressure after the main
phase. Despite some variations in magnitude, the solar wind
continues with rapid and strong pressure. In other words, even
if the solar wind progresses continuously with relatively minor
changes, its impact on geomagnetic storms can vary depending
on the direction of the IMF Bz. It can either strengthen or
weaken the storms. Particularly, at point (3), the speed or pres-
sure of the solar wind does not show any significant enhance-
ment. However, the IEFy exhibits a sharp increase at this
point. This response is largely influenced by the IMF Bz. The
AE index, which indicates the intensity of geomagnetic storms,
also shows a subsequent increase after this point. Therefore,
while considering the variations in the solar wind and other

indicators, we primarily focused on the direction of the IMF
Bz to identify the intensification point of this event.

Regarding this event, Li et al. (2022) found that a plasma
sheath structure passes through points (1) to (4), and after point
(4), a magnetic cloud passes through the Earth. Here, a magnetic
cloud is one of the phenomena resulting from CMEs, character-
ized by enhanced magnetic field strength, smooth rotation of the
magnetic field vector, and low proton density and temperature
observations (Burlaga et al., 1981, 1982). As the confirmation
of the observed magnetic clouds during this event falls outside
the scope of our study, we did not provide detailed explanations.
For further details, please refer to the study by Li et al. (2022).
Based on their analysis (Li et al., 2022), it was difficult to deter-
mine the cause of the sudden intensification of the storm at
Points (2) and (3). Verifying the structures of CMEs that chan-
ged due to CME-CME interactions using observational data is
particularly challenging. Tentatively, we understand that the
changes at points (2) and (3) were caused by the CMEs shown
in Tables 1 (a) and 1 (c), which arrived after the CME-CME
interaction and had a relatively weaker impact. Lugaz et al.
(2017) comprehensively reviewed the effects of CME interac-
tions, including complex magnetic reconnection, momentum
exchange, and shock propagation, which can lead to various
outcomes. In addition, Scolini et al. (2020) reported multiple
occurrences of interplanetary shocks (IPs) and magnetic ejecta
resulting from CME-CME interactions during the main phase
of a geomagnetic storm that occurred in September 2017. Their
studies provided insight into the impact of CME-CME interac-
tions on geomagnetic storms. We speculate that the events
reported here also involve such complex responses. It is almost
impossible to interpret fully the characteristics of changes in the
near-Earth space environment due to CME-CME interactions
based on only one event. Therefore, we suggest that collecting
more event cases of CME-CME interactions and tracking the
resulting changes in the near-Earth space environment should
be pursued in future studies.

3.2 Changes in the thermospheric winds

The second and third panels of Figure 3b show the merid-
ional and zonal wind components, respectively, from the FPI
observations at Kiruna. We present the AE index information
along with these figures to clarify the impact of geomagnetic
storms. Markings (1), (2), (3), and (4) at the top of the AE index
are the same as those in Figure 2. At the onset of the geomag-
netic storm, the thermospheric meridional wind (V) also
switched to a negative value with a slight time difference
(approximately 50 min). This pattern was repeated twice, indi-
cating changes in thermospheric winds due to Joule and auroral
heating over the auroral oval region (Prölss, 2012; Lu et al.,
2012). A negative value of meridional wind indicates the wind
blowing toward the equatorial direction (southward). We can
confirm a velocity of about �280 m/s after the first energy
inflow, marked with (1).

When geomagnetic storms occur, the equatorward
winds intensify, as observed in many previous studies. The
meridional winds in the middle latitudes measured by sounding
rockets were reported to have a velocity of 100 to 200 m/s in the
equatorward direction (Smith, 1968; Haerendel, 1972; Rishbeth
et al., 1972; Fagundes et al., 1995). Similar equatorward
winds have been reported in FPI observations over high

Table 2. Locations of the ionosondes and GNSS receiver stations.

Station Geog. Lat. (�N) Geog. Lon. (�E) Geom. Lat. (�N)

Ionosonde
Juliusruh 54.60 13.40 54.30
Chilton 51.60 358.7 47.70
Dourbes 50.10 4.60 51.07
Pruhonice 50.00 14.60 49.35
Rome 41.90 12.50 41.81
Athens 38.00 23.50 36.24
Arenosillo 37.1 353.3 27.28

GNSS receivers
PTBB 52.29 10.46 52.24
WROC 51.11 17.06 50.04
WTZA 49.14 12.88 48.80
BRST 48.38 355.50 50.87
LROC 46.16 358.78 48.19
GRAC 43.75 6.92 44.52
AJAC 41.93 8.76 42.45
MADR 40.43 355.75 43.08
DYNG 38.08 23.93 36.25
ROAG 36.46 353.79 39.51
IFR1 33.51 354.87 36.45
DRAG 31.59 33.39 28.42
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(Rishbeth et al., 1972) and mid-latitude regions (Malki et al.,
2018; Loutfi et al., 2020). As shown in the FPI wind data in
Figure 3b, we can clearly see that the wind turned to the equa-
torial direction (approximately �280 m/s) after a geomagnetic
storm occurred, consistent with the previous studies. Mean-
while, although there was a clear change in the equatorward
wind of the FPI after a geomagnetic storm, it was difficult to
find a large change in the zonal wind, and the observation
results during the geomagnetic storm periods were similar to
those of other days. In other words, although accurate interpre-
tation is difficult because of data gaps caused by the nature of
optical observations, the change due to geomagnetic storms in
the middle latitudes is considerably weaker in the case of zonal
winds than in meridional winds.

Another goal of this study is to examine how changes in the
thermospheric wind generated in the auroral oval region propa-
gate to the middle latitudes. The ICON/MIGHTI wind observa-
tions at middle latitudes are presented in Figure 4. Based on the
ICON/MIGHTI results, it was revealed that a strong equator-
ward wind was blowing in the thermosphere on the day of
the geomagnetic storm compared to other days and that the
westward wind was blowing in the zonal direction. Strong
equatorward winds are speculated to be influenced by global
circulation blowing from polar regions. Previous studies

(Fagundes et al., 1995; Yagi & Dyson, 1985; Burnside et al.,
1991) have also reported wind changes in the westward and
equatorward directions near middle latitudes; therefore, our
results are reasonable. Compared to the response seen in the
FPI wind data shown in Figure 3b the ICON/MIGHTI observa-
tions appeared to have propagated to the mid-latitudes after
approximately 5 h. At this time, the speed of the propagating
wave was approximately 245 m/s, which is similar to the prop-
agation speeds reported in previous studies as mentioned earlier.

An Important feature of this study is that the change in ther-
mospheric wind according to the energy input over the auroral
regions was successfully tracked using observational data at
high and middle latitudes. Most previous studies used data
observed at one location to estimate wind changes or did so
through global model simulations (Lu et al., 2001; Wang
et al., 2008). Therefore, we are confident that our observational
results provide strong evidence for estimating changes in global
thermospheric winds related to geomagnetic storms.

3.3 Changes in the thermospheric composition

Figures 5a and 5b show the global distribution of the O/N2
ratio from TIMED/GUVI on the quiet day, November 3,
before the geomagnetic storm occurred, and on the G3-level

Figure 4. The thermospheric winds presented include error bars at 253–301 km altitudes, as observed near middle latitudes by ICON/MIGHTI
satellite. The square symbols represent the hourly averaged values. The vertical black dashed lines denote the points where the dates change,
while the horizontal lines indicate 0 m/s for each altitude. Additionally, the green vertical line and arrow indicate significant change points in
the meridional wind (U) fields.
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geomagnetic storm day, November 4, respectively. It is evident
that the value of the O/N2 ratio decreased during the geomag-
netic storm in all high-latitude regions of the northern and
southern hemispheres. The decrease in the O/N2 ratio may result
from a rapid increase in the density of N2 because the thermo-
sphere at high latitudes heated up and expanded the atmosphere
to higher altitudes. The increase in N2 makes a major contribu-
tion to the depletion of the ionospheric plasma via the fast
recombination of molecular ions, resulting in a lower-than-usual
electron density in the high-latitude ionosphere. The decreased
O/N2 ratio values observed by TIMED/GUVI are clear indica-
tions that the thermosphere responded to the geomagnetic
storm.

A detailed examination of the O/N2 ratio data in the
European region revealed that the thermospheric composition
changed rapidly along a specific latitude line, as shown in the
right panel of Figure 5b. At latitudes lower than this particular
line, values similar to the ordinary O/N2 ratio were observed,
while considerably lower values were observed at higher
latitudes. We speculated that these changes in thermospheric
density may have had a significant effect on the conditions of
the ionosphere.

3.4 Evidence from the ionospheric responses

Finally, we analyzed ionospheric changes over Europe
using an observation network distributed by latitude. Figure 6a
shows the ionosonde and the GNSS receive stations from which
we obtained the critical frequency of the F2 layer (foF2), the
peak height of the F2 layer (hmF2) data, and the VTEC data,
respectively. To facilitate the understanding of the timing of
geomagnetic storms for each phase, we have marked them as
(1)–(4) and R at the top of Figure 6b–6d, which corresponds
to the markings shown in Figure 2. In addition, we have shown
the reference line of the quiet period, which is the average of the
diurnal variations in foF2, hmF2, and VTEC corresponding to
the IQD dates, as a black solid line and the changed value on
the day of the geomagnetic storm as a red solid line. We placed

the high-latitude data at the top and arranged them in sequential
latitude order so that the characteristics of the latitude-specific
changes could be easily captured. For hmF2, there was no reli-
able data from the Rome ionosonde’s SAO dataset, so we did
not include it in Figure 6.

If the foF2 value of the red solid line in Figure 6c is greater
(less) than that of the black solid line, it can be said that a
positive (negative) ionospheric storm has occurred. It is chal-
lenging to precisely interpret the sudden changes in foF2 and
VTEC shown in the figures and pinpoint their exact origins
among points (1)–(4). The complexity arises from the time it
takes for energy to move from high to mid-latitudes and the
interactions of various factors. In this study’s scope, determining
the exact starting point for these changes remains difficult.
However, a possible scenario is that these effects began accu-
mulating during the main phase’s onset (point 1) and continued
to impact lower latitudes thereafter.

We note from Figure 6c that the two opposing ionospheric
storms appeared simultaneously at different latitudes with a
border between Pruhonice and Rome stations. Similarly,
12 GNSS VTEC datasets are plotted in Figure 6d, and two
opposing ionospheric storms also appear, centered at specific
latitudes (between the LROC and GRAC stations). Based on
these observations, we drew a virtual blue dashed line in
Figure 6a, which is the boundary or reference line for opposing
ionospheric storms. In other words, based on this boundary,
negative storms occurred at higher latitudes, and positive storms
were observed at lower latitudes. Notably, the blue dashed line in
Figure 6a and the yellow dashed line in Figure 5b are located at
very similar latitudes. The maximum electron density values of
the F2 layer and the GNSS VTEC values indicated the same
location with respect to the boundary between the two iono-
spheric storms. This boundary line is not coincidental but pro-
vides extraordinary evidence for separating the two opposing
ionospheric storms.

It has been suggested that the upwelling of the thermosphere
at high latitudes leads to a reduced O/N2 ratio, resulting in a
negative ionospheric storm that lowers the electron density in

Figure 5. O/N2 ratio values observed by TIMED/GUVI. (a) The day before the geomagnetic storm; (b) the day the geomagnetic storm
occurred.
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the ionosphere (Rishbeth, 1998). On the other hand, at middle
latitudes equatorward of the boundary line, the thermospheric
expansion is not effective, but thermospheric winds blow in
the equatorial direction, resulting in a positive ionospheric storm
that increases the electron density in the ionosphere. When the
equatorward wind blows in the middle latitude region, ions
move to higher altitudes due to collisions with plasmas bound
to the Earth’s magnetic field lines. Based on the model study
with a thermospheric equatorward wind of 100 m/s from the
Horizontal Wind Model (HWM), Balan et al. (2009) realized
that the super-fountain effect can occur at low and middle
latitudes. They reported that during a geomagnetic storm, the
equatorward wind and fountain effect combine to generate a
strong positive ionospheric storm at low and middle latitudes.
In short, the lifetime of the plasmas becomes prolonged at high
altitudes, increasing electron density in the low- and middle-
latitude ionosphere.

As we speculated and anticipated, the F2 layer from high to
mid-latitudes appears to be significantly elevated, as clearly
observed in Figure 6b. However, it is worth noting that at high
latitudes, the heating effect of the thermosphere could cause its
expansion, which might result in the higher altitudes of the

F2 layer. At lower latitudes, the effect of the thermospheric
expansion on the elevation of the F2 layer becomes less signif-
icant compared to the influence of the wind pattern. The fact
that the F2 layer remains at higher altitudes in mid-latitudes
indicates, it is conceivable that the equatorward wind played a
substantial role in displacing the plasma to higher altitudes
along the magnetic field lines, as supported by the observational
evidence we presented. Hence, although the increase in hmF2
was observed across all latitudes, the specific causes of the
elevation might vary regionally. Interestingly, the abrupt change
in the O/N2 ratio along the blue dashed boundary line we envi-
sioned suggests that both the thermospheric expansion and the
wind-induced effect might have occurred simultaneously in
the European region.

In addition, the model of Bravo et al. (2019) demonstrated
that wave-like perturbation of foF2 propagates from high
latitude to low latitude at a speed of about 300 m/s. Various
studies have reported the propagation of wavelike perturbations
(Richmond & Matsushita, 1975; Shiokawa et al., 2007; Borries
et al., 2009; Prölss, 2012). In fact, Figure 6c shows wave-like
perturbations that have a pattern of gradual propagation from
high latitudes to lower latitudes. As observed from the variation

Figure 6. (a) Locations of observation equipment used over Europe. The blue dashed line is the imaginary boundary where the pattern of the
ionosphere storm changes. (b) and (c) Variations in hmF2 and foF2 values from ionosondes. The black solid lines represent the IQD reference
day and the red ones are those on the event days. (d) Variations in VTEC values from GNSS receivers. The (1)–(4) and R markers indicated at
the top of (b)–(d), along with the storm phases used in Figure 2 illustrate the state of geomagnetic storms.
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in the AE index in the top panel, the intensity of the storm
weakened and strengthened three times from (2) to (4) after
the start of the main phase of the geomagnetic storm (1).
Repetitive changes in the energy input at high latitudes may
have provided optimal conditions for wave-like perturbations
to propagate to the middle latitudes, which may be directly
reflected onto the ionosphere. Hence, it can be inferred that
repetitive fluctuations in storm intensity contribute to wave-like
perturbations created in this manner. Furthermore, by tracking
the wave-like perturbation from Juliusruh to Athens, we esti-
mated a propagation speed of ~300 m/s which is a very similar
velocity to previous research results. Therefore, the foF2 peak
perturbations from the ionosonde latitudinal chain presented in
this study can be regarded as sufficient evidence for wave prop-
agation. However, wavelike perturbation propagation was not
clearly observed in the VTEC data, as shown in Figure 6d. This
is likely due to the longitudinal distribution of the GNSS
stations in which the local time influence contributed strongly.
In fact, the furthest east (DRAG) and west (IFRI) stations are
about 40 degrees apart in longitude. Upon examining the posi-
tive storm occurrence time in Figure 6d, it was observed that a
positive storm appeared in the DRAG station data approxi-
mately three hours earlier despite the two stations being
relatively close in latitude. This effect is likely due to the longi-
tudinal difference and may explain why wave-like perturbations
do not appear to propagate southward in the VTEC data plot.
Another possibility is that wave-like perturbations may be atten-
uated during the process of mapping slant TEC observed by
GNSS receivers into VTEC. Due to the different satellite obser-
vations of wave phases, such phase differences might conceal
perturbations. Furthermore, according to some recent studies
(Zakharenkova et al., 2016; Ren et al., 2022), wave-like pertur-
bations such as TID (Traveling Ionospheric Disturbances)
generated during geomagnetic storms have been observed with
TEC variations on the order of approximately 1 TEC unit.
Given the significant variations on such a small scale, it is also
plausible that these perturbations were masked or obscured.

The high-latitude ionosonde (Juliusruh, Dourbes, Pruhonice,
and Chilton) foF2 data indicated a clear negative storm from
06:00 to 15:00, November 4 (Fig. 6c). In contrast, the VTEC
data of the high-latitude GNSS stations (PTBB,WROC,WTZA,
and BRST) showed a suppressed positive storm rather than a
clear negative storm (Fig. 6d). Since the VTEC data contain
the electron densities along the full ionosphere-plasmasphere,
the plasmaspheric contribution may have erased the negative
storm feature in the ionosphere. During this period, it is specu-
lated that the O/N2 ratio decreased due to the expansion of the
thermosphere, causing a negative ionospheric effect in the F2
layer, whereas the plasma density in the plasmasphere may have
increased. Nishimura et al. (2022) reported a proportional rela-
tionship between the plasma plume density variations during
magnetic storms and VTEC variations. Additionally, some stud-
ies have reported the structure and evolution of plumes using
VTEC values (Foster et al., 2002, 2014; Goldstein & Sandel,
2005). Although we could not track the plume density variations
in the plasmasphere in this study, we speculate that the high-
latitude VTEC results were suppressed because of the related
impact of plume density variations.

Among the VTEC stations located at relatively lower
latitudes, as seen in Figure 6d, the data from DYNG and DRAC

showed a remarkably similar pattern of intense positive storms
despite being geographically distant from each other by approx-
imately 8 degrees in latitude. In contrast, data from ROAG and
IFG1 between the two stations (DYNG and DRAC) showed
completely different patterns. This difference is probably due
to their location, as ROAG and IFG1 are the easternmost sta-
tions. Notably, the intensity of the positive storms in DYNG
and DRAC appeared to be considerably stronger than the data
from other stations at different locations.

To obtain a more accurate interpretation, we examined the
VTEC maps (Fig. 7) generated from the data of five ionosonde
stations obtained from the DIAS database as snapshots.
Belehaki et al. (2015) presented a methodology for obtaining
a TEC (Total Electron Content) map of the European region.
They used the Topside Sounders Model (TaD) to determine
the topside ionospheric profile from the altitude of the maxi-
mum electron density observed in the ionosphere with reference
to the ionosonde values. Additionally, the real-time state of the
ionosphere was adjusted by collecting the surrounding TEC
parameters calculated from the GNSS (Global Navigation
Satellite System) receiver at the ionosonde location, rather than
relying solely on ionosonde data. The topside ionospheric pro-
filer used in this process is based on an empirical formula
derived from topside-sounding data observed by the Alouette/
ISIS satellite. The performance of the resulting TEC map was
reported to have an error of 3 TECU (1 TECU = 1016 m�2)
when compared with the GNSS data and 98.8% accuracy when
compared with the ISIS1 topside ionospheric profile values.
Despite potential slight discrepancies with actual GNSS obser-
vations, the EIS/DIAS TEC data incorporates both ionosonde
and GNSS data, rendering it highly valuable for inferring and
referencing the overall characteristics of the entire European
region. Consequently, we have chosen to utilize the validated
EIS/DIAS TEC dataset for the European sector in our study.

Figure 7a shows the VTEC maps taken every 2 h from UT
02:00 to UT 12:00 on November 3, 2021, before the storm.
Figure 7b shows a snapshot captured during the main phase
on November 4, 2021, for the same UT period. Some maps
include markers indicating the locations of the ionospheric sta-
tions to aid in understanding their positions. In the maps during
the main phase of the storm, it was found that from UT 08:00 to
UT 10:00, an intense positive storm occurred at the DYNG and
DRAC stations. Therefore, it is reasonable to conclude that the
strong increases in the GNSS VTEC features observed at
DYNG and DRAC (Fig. 6d) are valid.

Moreover, this intense positive storm in the region can be
attributed to the combined effects of the positive ionospheric
storm caused by the TID with the TAD, and the equatorial iono-
spheric anomaly (EIA) extending from the equator to higher
latitudes during the main phase of the geomagnetic storm. This
phenomenon, also known as the super-fountain effect, has been
observed in various studies (Kelley et al., 2004; Abdu et al.,
2007; Balan et al., 2009; Lu et al., 2013; Fagundes et al.,
2016) as a cause of intense positive storms around middle
latitudes. Especially, during geomagnetic storms, the Prompt
Penetration Electric Field (PPEF) can have an immediate global
effect, which can enhance the eastward electric field in the sunlit
region. This effect ultimately strengthens the E�B drift motion
in the dayside ionosphere, and the equatorward neutral wind
during storm periods can further contribute to a more powerful
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Equatorial Ionization Anomaly (EIA) formation (Lu et al.,
2013). As a result of the mechanism behind the occurrence of
this super-fountain effect, we conclude that a strong positive
ionospheric storm occurred in the relatively low-latitude
regions.

4 Summary and conclusion

Numerous studies have examined the responses of the
thermosphere and the ionosphere to geomagnetic storms. How-
ever, most of these studies have been limited to specific regions
or focused only on the thermospheric density or wind response
as well as on the ionospheric responses. In this study we utilized
observational data from high to middle latitudes, to confirm that
thermospheric winds and neutral compositions exhibit signifi-
cant variation during geomagnetic storms. Moreover, it was also
observed that there exist opposite negative and positive iono-
spheric storms in the European longitudinal sector and the bor-
der between these storm responses was identified. Remarkably,
all observational responses of the thermosphere and ionosphere
converged in the same border location between the two
opposing ionospheric storms. This finding revealed a previously

unknown regional connectivity between two opposing iono-
spheric storms, challenging previous assumptions that such
storms could only appear in distant regions. Therefore, while
negative and positive ionospheric storms may appear as separate
events when observed at individual stations, this study proposes
that in the examined events, changes in thermospheric compo-
sition and wind effects from high to mid-latitudes occur simul-
taneously, indicating they cannot be considered entirely distinct
events and are suggested to be interconnected.

Thus, our study provides a new insight into how the thermo-
sphere and ionosphere respond to geomagnetic storms and the
potential for opposite ionospheric storms to appear in specific
regions. Furthermore, by analyzing thermospheric wind data
from high to mid-latitudes during geomagnetic storms, we were
able to provide further verification for existing theories. Future
studies will focus on further verifying the existence of the
opposite storm phases in specific regions through the statistical
analysis of the observational data on the thermospheric and
ionospheric responses to geomagnetic storms.
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