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Abstract

This paper investigates the effects of the geomagnetic storms of 25-27 September 2011,
16-18 March 2013, and 6-8 September 2015 over five mid-latitude stations located in Eu-
rope: Dourbes (Belgium), Fairford (United Kingdom), Moscow (Russia), Rome (Italy), and
Roguetes (Spain), and performs a cross-correlation analysis of ionospheric and solar parame-
ters during these storms. We observed the highest fluctuations in ionospheric variables during
the main phase of the storms. In addition, there is strong evidence of pre storm enhance-
ment occurring at least a few hours and more than 24 hours prior to the main phase of the
geomagnetic storms. We found that the TEC and foF2 parameters have a strong dependence
with latitude for the events with Sudden Storm Commencement (SSC) in mid-latitude re-
gions. Relatively low TEC and foF2 is observed in the higher-latitude stations, in particular
at Moscow, which is at the highest latitude among the five stations, because of a decrease in the
n(0)/n(Ny) ratio throughout the storm event. However, for the event with gradual storm com-
mencement, there is no evidence of such dependence. The high correlation of Symmetric-H
and Auroral Electrojet indices with ionospheric parameters indicates that the coupling mech-
anism between magnetosphere and ionosphere produces intense electric field disturbances in
the middle—low latitudes. The storms drive intense solar wind energy into the auroral and
mid-latitude upper atmosphere. This triggers rapid fluctuations in electron density, enhanced
Joule heating and particle precipitation. The F2 layer is uplifted by up to ~200 km and TEC
is enhanced by up to ~200% as compared to the quiet time. Such disturbances degrade HF' ra-
dio communication and GNSS positioning, increase satellite drag and induce geomagnetically
induced currents (GICs) in ground level conductor systems like power transmission lines. So,
the lead and lag relationships obtained in this work can be used to protect sensitive devices on
the ground and in space.
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1 Introduction

Geomagnetic storms are produced when the in-
terplanetary magnetic field (IMF) B, component
turns southward, strengthens (IMF B, < —10 nT),
and remains southward for a substantial length of
time (longer than ~3 hr; [1,2]). As this hap-
pens, a rapid increase of dayside merging pro-
cesses occurs at the magnetopause. When IMF-
B, is strongly negative, open field lines are pro-
duced by day side merging between the IMF and
the geomagnetic field which allow the passage of
mass, energy and momentum from the solar wind
to the Earth’s magnetosphere. This results in more
solar wind energy input into all regions of the
earth—atmosphere system, resulting in a geomag-
netic storm. Geomagnetic storms are an impor-
tant space weather phenomenon that, apart from
affecting ground and satellite-based technological
and high-frequency communications systems, can
severely affect the dynamics and structure of the
Earth’s entire thermosphere and ionosphere. The
ionospheric response to a geomagnetic storm is
called an ionospheric storm that describes the iono-
spheric variations due to geomagnetic disturbances.
Geomagnetic activity observed at the Earth is gen-
erally attributed to the occurrence of Coronal Mass
Ejection (CME) on the Sun and the associated in-
terplanetary shock waves or corotating interaction
regions (CIR) produced by high-speed solar wind
streams in the interplanetary medium [3-7]. CMEs
are expulsions of mass from the Sun and are gen-
erally associated with solar flares or prominences.
Once launched from the Sun, CMEs travel through
the interplanetary medium and, if directed toward
the Earth, reach the Earth in 1-4 days, depend-
ing on their speed. Therefore, in order to predict
the geo-effectiveness of CMEs, one needs to exam-
ine the solar data from near the surface of the Sun
and follow them through to the Earth. This is fa-
cilitated by an examination of ground-based and
space-based multi-instrument data sets.

The ionosphere is the layer of the atmosphere that
lies between 60 km and 1000 km above the Earth’s
surface and has a great importance in high fre-
quency (HF) and satellite communications because
of its electrical and ionic structure. The ioniza-
tion characteristics and electron density distribu-
tion vary according to the location on Earth, time,
solar, geomagnetic and seismic effects. The iono-
sphere consists of three distinct layers, namely D,
E, and F. The F layer is the most significant layer in
the ionosphere and the central part has the great-
est electron density. During day time the F layer
splits into F1 and F2 layers. The F2-layer, hav-
ing the highest electron density, is the most stable
layer for HF communications and it has major im-
portance in satellite communications [8]. The F2

region is considered the most difficult and anoma-
lous ionospheric region to predict [9]. In order to
model this region, several authors have used the F2
critical frequency (foF2) and the F2 region peak
height (hmF2) parameters. These parameters de-
pend on various geophysical parameters including
local time, season, solar and geomagnetic activity
conditions and are believed to describe the overall
behavior of the F2 layer ( [10-19], and references
therein). A better understanding of the variability
and modeling of foF2 and hmF2 parameters is cru-
cial for the development of ionospheric prediction
capabilities, improvements in existing ionospheric
models, and for radio propagation studies. Stud-
ies have shown that there are strong disturbances
induced in the F-region of the ionosphere during
strong geomagnetic storms. These perturbations
cause large enhancements and reduction of electron
density at the F2 region described as positive and
negative ionospheric storm effects respectively (see,
e.g., [20-23]). The occurrence of positive and nega-
tive storm effects depends upon the latitude, local
time, and phase of the storm [20]. The ionospheric
variations can be determined from the total elec-
tron content (TEC) or from the critical frequency
of the F2-layer (foF2), which is a direct measure of
the peak electron density (NmF2) of the F2-region
ionosphere. The positive ionospheric storms have a
high density of electrons and negative storms con-
tain a lower density when compared to a normal
quiet day [24]. The total electron content (TEC) is
used to measure these densities, and is a key vari-
able used in data to record and compare the inten-
sities of ionospheric storms.

The response of the ionosphere during storm time
is still an active area of research. Blagoveshchensky
and Sergeeva [25] studied the storm of 7-8 Septem-
ber 2017 using many instruments and showed that
the disturbances in the F-region degrade HF prop-
agation conditions. Imtiaz et al. [26] analyzed the
response of the low and mid-latitude ionosphere
during the same event of September 2017. They
reported that the vertical TEC enhancements de-
pend on longitude and are caused by the combined
effect of the CME and the high-speed solar wind
streams. Habarulema et al. [27] studied conjugate
locations over the Europe—African longitude sector.
They found that the TEC response is asymmet-
ric in the two hemispheres, which is related to the
changes in thermospheric composition. Atici and
Sagir [28] used the rate of TEC index obtained from
a global GNSS network to map the ionospheric ir-
regularities during storm time in different latitude
regions. Wang et al. [29] reported that the asym-
metries of the mid-latitude ionosphere in the two
hemispheres occur at the same time but with oppo-
site sign, which is produced by composition, vertical
drift and traveling ionospheric disturbances. Re-
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cently, Themens et al. [30] presented an overview of
the extreme storm of May 2024, in which the storm
enhanced density plumes lifted the ionospheric peak
by 150-300 km and produced GNSS scintillation
over a wide region. These studies show that the
study of the mid-latitude and high-latitude iono-
sphere during storm time is still important.

Ground magnetometers measure the integrated ef-
fect of all these disturbed-time and also quiet-time
ionospheric and magnetospheric currents. Geomag-
netic indices like the disturbance storm time index
(Dst) and Symmetric H-component (SYM/H) in-
dex mainly represent ring current intensity during
geomagnetic storms [31-33], derived using the lon-
gitudinally distributed chain of low latitude ground-
based magnetometers. SYM/H is the same as Dst,
but it has a 1-minute temporal resolution, which
is very useful to study short temporal variations
during the geomagnetic disturbances. SYM/H is
derived by first subtracting the main geomagnetic
field due to internal geodynamic and external Sg-
induced geomagnetic field variations and then aver-
aging residual fields. Therefore, it is a good proxy
for the longitudinally symmetric component of the
ring current. SYM/H is an indication of storm
ring current intensity and AE gives auroral sub-
storm ionospheric current intensities. There are
other important factors like disturbance dynamo
and penetrative electric fields that affect the per-
turbations in the ionosphere. Disturbance dynamo
refers to a mechanism that generates electrical cur-
rents between the magnetosphere and the high-
latitude ionosphere during dynamic interactions be-
tween the solar wind and the earth’s magnetosphere
which further penetrates directly to lower latitude
through the conducting ionosphere [34]. Although
it is one of the processes that contribute to iono-
spheric disturbances during geomagnetic storms, we
are trying to study the broader impact of geomag-
netic storms on the ionospheric parameters without
specifically isolating disturbance dynamo effects.
Also, penetration electric fields are one of the major
disturbance electric fields in the mid-latitude iono-
sphere during geomagnetic storms [35], but here we
have analyzed ionospheric parameters during quiet
periods to establish a baseline and identified vari-
ations that are specifically associated with storm-
time conditions.

Even after all these studies, two questions are still
not answered. First, the cause of the pre-storm en-
hancement, which is a positive ionospheric distur-
bance seen from a few hours to more than a day be-
fore the onset of the storm, is still an unsolved prob-
lem in ionospheric physics [36,37]. Second, most of
the earlier studies are done for a single event or
for a single parameter, which is mostly TEC. Very
few works have measured the time lag between all

three F2-layer parameters (foF2, hmF2 and TEC)
and both the SYM/H and AE indices. Also, storms
with sudden commencement and storms with grad-
ual commencement have not been compared using
the same stations. This is the research gap which
we have tried to fill in this work. The novelty of our
work is that we apply the same normalized cross-
correlation analysis, with time lags up to £4500
minutes, to three intense storms of solar cycle 24
having different types of commencement, using the
same five European mid-latitude ionosonde stations
along with a quiet-time baseline during solar mini-
mum. In this way we obtain the lead and lag times
between the ionospheric parameters and the storm
indices. We also obtain two stationary points in the
correlation curves, which give statistical evidence
of the pre-storm enhancement. The importance of
this study is that these lead times, and the find-
ing that hmF2 responds at almost zero lag, can
be used in space weather early warning systems.
Such systems protect HF communication, GNSS
positioning, satellite operation and ground level in-
frastructure like power transmission lines, which are
affected by geomagnetically induced currents.

In the present study we investigate the solar and
interplanetary conditions that were specific to in-
tense geomagnetic storms of 25-27 September 2011,
16-18 March 2013, and 6-8 September 2015 (mini-
mum SYM/H < —130 nT) in order to understand
the relationships between the solar indices and iono-
spheric parameters associated with intense geomag-
netic storms.

2 Data and methodology

In this study we have used five ionosonde stations
of the European mid-latitude region, which lie in
five different countries. These are Dourbes (Bel-
gium), Fairford (United Kingdom), Moscow (Rus-
sia), Rome (Italy) and Roquetes (Spain). These
stations are chosen for three reasons. First, they
form a chain in latitude from 40.8°N to 55.47°N
within a narrow range of longitude, so the effect
of latitude on the storm response can be studied
properly. Second, all five stations were working
continuously during all the events studied here, so
there is no gap in the data. Third, all of them
belong to the Global Ionosphere Radio Observa-
tory (GIRO) network, so the instruments and the
data processing are the same for all the stations.
Figure 1 shows the map of the ionospheric sta-
tions used in this study, and Table 1 lists their
URSI codes and geographic coordinates. The ob-
served F2-layer parameters (foF2, hmF2, and TEC)
in this study are obtained from the ionosondes
located at Dourbes (50.1°N, 4.6°E; data tempo-
ral resolution 5 min), Fairford (51.7°N, 358.5°E;
15 min), Moscow (55.47° N, 37.3° E; 15 min), Rome
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Table 1: Geographic coordinates of stations

S.N. Station name URSI code Latitude ("N) Longitude (°E)
1 Dourbes, Belgium DB049 50.10 4.60
2 Fairford, United Kingdom FFO051 51.70 358.50
3 Moscow, Russia MO155 55.47 37.30
4 Rome, Italy RO041 41.80 12.50
5 Roquetes, Spain EB040 40.80 0.50

(41.8°N, 12.5°E; 15 min), and Roquetes (40.8°N,
0.5°E; 5 min) during the geomagnetic storms on
25-27 September 2011, 16-18 March 2013, and 6—
8 September 2015. In order to investigate the
F2-layer behaviors during low solar activity, the
data under geomagnetic quiet-conditions on 17—
19 March 2017 are selected. The data are avail-

able at the Digital Tonogram Data Base (DIDBase,
https://giro.uml.edu/didbase/). The modula-
tion of solar wind (SW) and interplanetary mag-
netic field (IMF) components (B, By, and B.)
high-resolution (1 min) data were obtained from the
OMNI Database (https://omniweb.gsfc.nasa.
gov/form/omni_min.html).

Stations Co-ordinate

70°N ® Dourbes
® Fairford
) Moscow
@ Rome
® Roquetes
60°N
]
=}
=
= I
1 ®
50°N S
40°N = s =
1000 km
30°N 500 mi . RJGC, Esri, HERE, Garmin
15°W 0° 15°E 30°E 45°E 60°E
Longitude

Figure 1: Map of the stations: Dourbes (Belgium), Fairford (United Kingdom), Moscow (Russia), Rome

(Italy), and Roquetes (Spain).

The ionospheric parameters are measured by Low-
ell Digisonde Portable Sounder (DPS-4/DPS-4D)
type digital ionosondes of the GIRO network [38].
These instruments sound the ionosphere by sweep-
ing HF radio pulses over about 1-30 MHz. The
ionograms recorded in this way are scaled auto-
matically by the ARTIST software and are then
checked manually by the observatories which op-
erate the stations. This confirms the authenticity
of the foF2, hmF2 and TEC values used here [39].
The interplanetary and geomagnetic data are taken
from the OMNI database of NASA /GSFC. In this
database the measurements of different spacecraft
are cross-calibrated and are shifted in time to the
bow shock nose of the Earth. Both DIDBase and
OMNI are widely used and well validated data sets.

The three storms of 2011, 2013 and 2015 are se-
lected instead of more recent events for the fol-
lowing reasons. They are among the most intense
and well separated storms of solar cycle 24, with
minimum SYM/H < —130 nT for the SSC events.
They also give a good comparison between two
CME driven storms with sudden commencement
and one storm with gradual commencement caused
by a high-speed stream. Data of all five stations
are available for all these events, and a quiet time
baseline during solar minimum (17-19 March 2017)
is also available near them. The aim of this work
is to find the lead and lag relationship between the
storm indices and the ionospheric parameters and
not to report a particular recent event. So, the con-
clusions of this work do not depend on how recent
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the data are.

The sudden storm commencement (SSC) often
serves as a reference time for the onset of a mag-
netic storm. The reliability of SSC for the storm
onset has been argued for a long time. As a result,
some investigators choose the main phase onset of
the storm instead of SSC as the start time of a storm
(e.g., [40]). Here we use SSC to indicate the onset
of a magnetic storm for storms with a sudden com-
mencement, except for the event on 6-8 September
2015 because it only had a gradual commencement.
The SYM/H index is used to indicate the evolution
and intensity of geomagnetic storms.

25-27 September, 2011

3 Results and discussion

3.1 Results

3.1.1 Event-1: 25-27 September 2011

Almost halfway through the ascending phase of the
24th solar cycle, a G2-level geomagnetic storm with
Kp index of 6 occurred on 26 September 2011 due to
a concentrated blast of electrically-conducting so-
lar wind plasma and tangled magnetic field lines
from region 1302 (N12E47) of the Sun. The region
produced an X1.9 flare, an M7.1 long-duration X-
ray flare and an M5.8 X-ray flare on 24 September
(source: https://www.spaceweatherlive.com/).

Hours (UTC)

Figure 2: Variation in components of the magnetic field (in GSM coordinates), B, (nT), B, (nT) and B,
(nT), solar wind velocity Vs, (km/s), plasma temperature T, (K), geomagnetic indices, SYM/H (nT),
and AE-index (nT) during the geomagnetic storm of 25-27 September 2011. The red curve denotes the

variation during quiet days (18-20 March 2017).

Figure 2 displays the temporal evolution of inter-
planetary parameters B, B,, B, solar wind ve-
locity (Viw), solar wind temperature (Ts,), ge-
omagnetic activity indices AE (Auroral Electro-
jet) index, and SYM/H index for 25-27 September
2011. The differences between the various param-

eters during the event (indicated by black curves)
and quiet days (indicated by red curves) are ob-
served from the figure. At 12:38 (UTC) of 26
September the sudden storm commencement (SSC)
is seen to have occurred when the symmetric hori-
zontal component of the geomagnetic field SYM /H
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rose sharply from 15 nT to the highest point of
62 nT, indicating the beginning of the initial phase.
During this period, all the ionospheric parameters
significantly fluctuate while the north—south inter-
planetary magnetic field B, altered between posi-
tive and negative values a few times with positive
(negative) value indicating northward (southward)
magnetic field, reaching its minimum of —33.61 nT
at 19:07 (UTC) indicating a strong southward mag-
netic field. When the IMF B, turns southward and
becomes stronger, the auroral particle precipitation
and the high latitude currents and convection are
intensified. This causes enhanced Joule heating,
ion-drag forcing, increased ionization at high lat-
itudes and penetration of electric fields to low lat-
itudes [41]. It can be observed that the minima
in the B, curve correlate well with the maxima in
the AE index. At 19:27 (UTC), 20 minutes after

B, reached its minimum, the AE index reached its
peak value of 2636 nT, which matches well with
the result of [42]. Such a high AE index indicates
that a large amount of energy is transferred into the
magnetosphere from the solar wind [43]. The field
components parallel to the ecliptic have no signifi-
cant effect on substorms [44]. Also, when IMF-B,
becomes negative, the electric field linking the mag-
netosphere and the ionosphere increases [45]. The
plasma flow speed started increasing from the ini-
tial phase throughout the main phase as was shown
by [46] and reached its peak value of 738.6 km/s at
20:53 (UTC). Around this time the solar wind tem-
perature had already cooled down, as it had reached
its peak of 1.89 x 10° K earlier at 16:27 (UTC).
The recovery phase started after SYM/H reached
its lowest value of —113 nT at 20:54 (UTC).

25-27 September, 2011
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Figure 3: Changes in ionospheric parameters: F2-region critical frequency (foF2) in MHz, Total electron
content (TEC) in (x10'® m~2), Maximum Ionization Height (hmF2) in km, recorded at stations Dourbes,
Fairford, Moscow, Rome and Roquetes during the geomagnetic storm of 25-27 September 2011. The
black curve denotes the variation during quiet days (18-20 March 2017).
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Figure 3 depicts the variations of three differ-
ent ionospheric parameters: F2-region critical
frequency (foF2), maximum ionization height of
F2-region (hmF2), and Total Electron Content
(TEC) at five different stations: Dourbes, Fairford,
Moscow, Rome and Roquetes. All the stations have
similar variations because they all lie in the mid-
latitude region. The daily variations of the day and
night cycle can be easily noticed in all five stations.
As the sun rises at around 06:30 local time, a sudden
rise in foF2 and TEC is noticed in all the stations
whereas around this time hmF2 is observed to have
almost reached its lowest values around 09:00 (lo-
cal time), indicating a negative correlation between
them.

Relatively low TEC and foF2 are observed in
Moscow, which is at the highest latitude among
the five stations. This is because of a decrease in
the n(O)/n(Ny) ratio throughout the storm event
[47]. The TEC and foF2 graphs clearly show lati-
tudinal dependence, and the stations at Rome and
Roquetes, being at the lowest latitudes, record the
highest values of foF2 and TEC. This is similar to
the results of [48] and [49]. The average of the high-
est critical frequency during the daytime of the 1st
day is about ~10 MHz, which is ~100% higher than
that of the quiet day. The mean highest TEC on
the 1st day is ~25 x 10'® m~2, which is ~200%
higher than that of the quiet day. This indicates
that the positive storm had already started 1 day
prior to the event day. Similar enhancements are
seen throughout the main phase on 26 September,
and they decrease in the recovery phase from 21:00
(local time). The occurrence of a positive storm
before SSC is one of the unsolved problems in iono-
spheric research [36]. On the 1st day the maximum
ionization height (hmF2) remains similar to that of
the quiet day. During the main phase an increase
in hmF2 is observed to be ~50 km more in all sta-
tions. A sudden increase in hmF2 from ~300 km
to ~450 km is observed at the beginning of the re-
covery phase, which is ~200 km more than that of
the quiet day. The plasma vertical drift getting in-
creased by storm-induced circulation is the cause
of the uplifting of the F2 layer [36]. Continuous
substorm activity also enhances the equatorward
winds, which may be another cause of this sudden
increase [50]. The uplifting decreases and almost
coincides with the quiet day on 27 September.

3.1.2 Event-2: 16-18 March 2013

A G3-class (Kp = 7) Earth-directed Coronal Mass
Ejection (CME) event was observed on 17 March
2013, which is one of the strongest geomagnetic
disturbances recorded during the 24th solar cycle
with peak intensity of SYM/H ~—132 nT. Figure 4
displays the temporal evolution of interplanetary

parameters B, B, B, solar wind velocity (Viu),
solar wind temperature (T, ), geomagnetic activity
indices AE (Auroral Electrojet) index, and the sym-
metric horizontal component of the geomagnetic
field (SYM/H) for 17-18 March 2013.

This storm was triggered by an Earth-directed coro-
nal mass ejection [51] associated with an M1.1-type
solar flare from the sunspot 1692 (NO9WO03) on 15
March 2013 at 07:00 UT. The incoming CME en-
hances the B, (north—south) to strong northward
and the solar wind speed rose to 600 km /s at around
06:00 UT on 17 March 2013, while the magnetic
field components also vary significantly. The sud-
den enhancement of solar wind density and velocity
because of the CME hitting the magnetosphere trig-
gers the magnetopause current, which enhances our
terrestrial magnetic field, which is registered as a
sudden storm commencement (SSC) on SYM/H as
shown in Figure 4. An immediate onset of intense
auroral activity is seen in the AE index, reaching a
magnitude as high as 2000 nT, indicating the gen-
eration of an energy source in the high-latitude re-
gion. The initial phase lasted for approximately one
hour and the main phase began around 07:00 UT,
as identified by the decrease in SYM/H implying
the ring current intensification, and the SYM/H in-
dex reached a first minimum of around —110 nT
around 10:00 UT on 17 March. Then it stayed
nearly steady until it attained a second minimum
of about —132 nT at ~20:30 UT before recovery,
which means that the main phase lasted for around
13 hours. The recovery phase lasted for more than
3 days as indicated by an increase in the SYM/H
index. There is a directional discontinuity (DD) at
~01:12 UT on 18 March (shown by a blue vertical
line) clearly observed in the IMF components, so-
lar wind temperature, and solar wind velocity. The
IMF B, turns northward after the directional dis-
continuity which contributes to a prompt magnetic
storm recovery. This northward turning causes a
cessation of auroral activity due to reduced dayside
merging [52]. Directional discontinuities in Inter-
planetary Coronal Mass Ejections are an important
factor in determining the geo-effectiveness of the
event since they are characterized by sharp changes
in coupling functions [53]. A gradual decrease in
auroral activity and then a total cessation during
the northward IMF interval is observed [54]. The
SYM/H index is observed to recover completely af-
ter about 3 days. This geomagnetic storm is caused
by the double action of southward IMF B, in the
sheath causing the storm onset and southward IMF
B. in the MC intensifying the storm.

Figure 5 shows the F2-layer parameters (foF2,
hmF2, and TEC) between 16-18 March 2013. The
top panel shows foF2, the middle panel shows
hmF2, and the bottom panel shows TEC obtained
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from ionograms of Dourbes, Fairford, Moscow,
Rome, and Roquetes. Similar to event 1, Moscow,
being at higher latitude, has the lowest TEC and
foF2 among the five stations, for reasons similar
to those mentioned above in event 1, because of a
decrease in the n(O)/n(N2) ratio throughout the

storm event [47]. Latitude dependence can be ob-
served in the graphs of TEC and foF2 as pointed out
in [48] and [49]. Similarly, the ionosonde stations at
Rome and Roquetes, being at the lowest latitudes,
record the highest values of foF2 and TEC.

16-18 March, 2013

T T T =

Vsw

A - L

Hours (UTC)

Figure 4: Variation in components of the magnetic field (in GSM coordinates), B, (nT), B, (nT) and
B, (nT), solar wind velocity Vs, (km/s), plasma temperature Ty, (K), geomagnetic indices, SYM/H
(nT), and AE-index (nT) during the geomagnetic storm of 16-18 March 2013. The red curve denotes

the variation during quiet days (1820 March 2017).

The average of the highest critical frequency during
the daytime of the 1st day is about ~10 MHz, which
is ~100% higher than that of the quiet day. The
mean highest TEC on the 1st day is ~25x10' m~2,
which is ~200% higher than that of the quiet day.
The lowest values during the nighttime are also
higher than those of the quiet day, being 5 MHz
for foF2 and ~5 x 10! m~=2 for TEC. Here also the
positive storm had already started 1 day prior to the
event day. Similar enhancements remain through-
out the main phase on 17 March and they decrease
when the recovery phase starts at around 20:30
(local time). On 16 and 17 March the maximum
ionization height (hmF2) shows only a slight incre-
ment. During the main phase an increase in hmF2
is observed to be ~100 km more in all stations, and
a sudden increase from ~250 km to ~350 km is ob-

served at 11:00 (local time). On 18 March, hmF2
remained quiet throughout the day.

3.1.3 Event-3: 6-8 September 2015

An unforeseen powerful coronal hole solar wind
stream sparked a moderate G2-class (Kp = 6) ge-
omagnetic storm on 8 September 2015, with peak
intensity of SYM/H —83 nT occurring at 02:00 UT
on 8 September. Figure 6 shows the temporal
evolution of solar wind parameters, the interplane-
tary magnetic field components B, By, B, solar
wind velocity (Vi,,), solar wind temperature (T.,),
AE index and SYM/H, from 6-8 September 2015.
It can be inferred from the graph that there had
been a pre-storm enhancement on 6-7 September,
with solar wind parameters fluctuating repeatedly
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on those days. The incoming solar wind has trig-
gered magnetic field components to vary signifi-
cantly. These values oscillate to either side of the
reference value for the B, and B, components dur-
ing the event. However, the B, component’s value
oscillates below the reference value till the recovery
phase (02:00 UT, 8 September). Similarly, solar
wind speed rose to 620 km/s at around 17:00 UT
on 7 September. The sudden enhancement of so-
lar wind density and velocity sets off the magne-
topause current, represented by SYM/H as shown

in Figure 6, which amplifies our terrestrial mag-
netic field [55]. Intense auroral activity is seen as
the AE index reaches a magnitude as high as around
2800 nT at 16:00 UT on 7 September, indicating the
generation of energy sources in the high-latitude re-
gion. Likewise, T}, rose 2 hrs prior to the event,
which might be due to the pre-storm effect. How-
ever, the temperature of the solar wind before the
storm disturbance is found to be higher than dur-
ing the main phase (MP) of the event, indicating
pre-storm phenomena [56].

16-18 March, 2013
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Figure 5: Change in ionospheric parameters, F2-region critical frequency (foF2) in MHz, Total electron

content (TEC) in (x10'® m~2), Maximum Ionization

Height (hmF2) in km, recorded at stations Dourbes,

Fairford, Moscow, Rome and Roquetes during the geomagnetic storm of 16-18 March 2013. The black
curve denotes the variation during quiet days (18-20 March 2017).

Values of the ionospheric parameters foF2, hmF2
and TEC of the five different stations during the
2015 geomagnetic storm are plotted in Figure 7.
As we have chosen all the stations lying in the
mid-latitude region, the variation of the parame-
ters is almost the same for all stations. The value

of foF2 increases slightly during the main decreas-
ing phase of SYM/H and decreases during its in-
creasing phase. foF2 in Roquetes has its peak value
of 8.7 MHz at 19:25 LT (7 September), which is
about 3.5 MHz more than in quiet days. During
the main phase, the maximum increase in hmF2 is



Samyam Pudasaini et al./ BIBECHANA 23 (3) (2026) 137-153

146

observed to be ~205 km more at the Fairford sta-
tion as compared to the quiet day. The increase in
hmF?2 is observed to be only ~135 km in the Rome
and Moscow stations, and there is only a slight in-
crease at the Roquetes and Dourbes stations. The
plasma vertical drift getting increased by storm-
induced circulation is the cause of the uplifting of
the F2 layer [36]. The spikes on the graph decrease
and almost coincide with the quiet day in the later
hours of 8 September. The maximum value of TEC

during the main phase is ~40 x 1016 m~2, which is
about 32 units more than in quiet days, whereas
during the recovery phase its value decreases to
~27 x 106 m~2. This increase of TEC during the
main phase is due to auroral activity, the influx of
plasma and the seasonal effect, as TEC content is
highest during the equinox seasons [57]. The TEC
and foF2 graphs do not show any latitudinal depen-
dence, which contradicts the result shown by [4§]
and [49].

06-08 September, 2015

Hours (UTC)

Figure 6: Variation in components of the magnetic field (in GSM coordinates), B, (nT), By (nT) and
B, (nT), solar wind velocity Vs, (km/s), plasma temperature Ty, (K), geomagnetic indices, SYM/H
(nT) and AE-index (nT) during the geomagnetic storm of 6-8 September 2015. The red curve denotes

the variation during quiet days (1820 March 2017).

3.1.4 Cross-correlation analysis

For all the cross-correlation analyses shown in this
paper, the y-axis represents the normalized correla-
tion coefficients and the x-axis represents the time
lag. Each unit in the z-axis is equivalent to a time
lag of 15 minutes, and the range is from —4500 to
44500 minutes. In all cases the ionospheric parame-
ter is kept fixed and copies of the solar storm indices
are shifted (lagged). The correlation coefficient at
each point of lag is calculated, normalized and plot-
ted in the graph. Figure 8 shows the analysis with
SYM/H and Figure 9 shows the analysis with the
AE index. The average of the highest values and
their time lags are given in Table 2.

In the top block of Figure 8, the cross-correlation
between TEC and SYM/H is analyzed. For the two

events with SSC, the maximum anti-correlation is
not observed at one point only but at two differ-
ent points. In 2011 these two points are at time
lags of —1878 minutes (1 day 7 hours and 18 min-
utes) and —450 minutes (7 hours and 30 minutes).
In 2013 they are at —1623 minutes (1 day 3 hours
and 3 minutes) and —300 minutes (5 hours). But
for the event of 2015, which has gradual commence-
ment, only one minimum is observed, with an av-
erage correlation of —0.736 at a time lag of —492
minutes (8 hours and 12 minutes). The quiet day
shows only a moderate anti-correlation with a lag of
about 7 hours. Hence, at least 5 hours of lead in the
variation of total electron content is observed when
compared with the SYM/H index. Almost equal ev-
idence of TEC leading SYM/H by just more than
one day is also obtained from the analysis. This ex-
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plains the occurrence of a positive storm 1 day prior
to the sudden storm commencement. The middle
block shows the analysis between foF2 and SYM /H,
and the same pattern is seen here. In 2013, foF2
leads SYM/H by —60 to —285 minutes with cor-
relations up to —0.80, and a second minimum is
again seen at a lead of more than a day. In 2015 an
average correlation of —0.734 is observed at a lag

of —408 minutes (6 hours 48 minutes). The bot-
tom block shows the analysis between hmF2 and
SYM/H, and here the result is different. The high-
est anti-correlation is observed at zero lag, being
—0.795 in both 2013 and 2015. This shows that the
maximum ionization height responds along with the
ring current and not before it.

06-08 September, 2015

|— Dourbes Falrford

Moscow

Rome Roguetes — — —- Fairlard {GD}l

foF2

1 | | i [ WA v 1 1 1 1

0 3 &6 9 12

15 18 21 24 27 30 33 3

39 42 45 48 51 57 60 63 66

150 1 1 [ I I il
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72
h
. I T T l 1 T I |m T I T l l T | . I T T I T T I !
L = '8 1
| | | | ;
25 I,‘l ’ , h ,

o 201 "v.l I W I 1
15+ |v' vl JM\ : P | : i .
10 o Ty | . : ' La' “*,f -

1 ! ! ] | e 20 il | ! ! 1 I I ;
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 T2
hr

Local Time (Hours)

Figure 7: Change in ionospheric parameters, F2-region critical frequency (foF2) in MHz, Total electron
content (TEC) in (x10'% m~2), Maximum Ionization Height (hmF2) in km, recorded at stations Dourbes,
Fairford, Moscow, Rome and Roquetes during the geomagnetic storm of 6-8 September 2015. The black
curve denotes the variation during quiet days (18-20 March 2017).

Figure 9 shows the cross-correlation of the same
parameters with the AE index, and the results are
similar but with positive correlation. TEC and foF2
lead the AE index from nearly zero up to a few
hours. For example, in 2015 the highest correla-
tion of TEC with AE is 0.749 at a lag of —17.6
units, and that of foF2 with AE is 0.65 at a lag
of —14.4 units. A second and weaker maximum is
again observed at a lead of more than 24 hours.

This second maximum is highest for Moscow in the
event of 2011, which indicates a strong pre-storm
effect in the station at the highest latitude during
the event caused by the most intense flare (X1.9).
Like the case of SYM/H, hmF2 correlates with the
AE index at nearly zero lag, the difference being
only about £2 hours depending upon the type of
storm. The two stationary points obtained at the
same time lags in all the analyses of TEC and foF2
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Figure 9: Cross-correlation of the ionospheric parameters with the AE index: TEC & AE (top), foF2 &
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(4th). The z-axis is time lag (1 unit = 15 min); the y-axis is the correlation coefficient.

give statistical evidence of the pre-storm enhance-
ment. But hmF2 always follows the storm indices
at the same time and shows no such effect.

[48] and [49]. This happens because of the de-
crease in the n(0)/n(Ny) ratio at higher latitudes
as suggested by [47]. The storm with gradual com-
mencement (2015) did not show such dependence,

3.2 Discussion

The three events studied here give a common pic-
ture of the response of the mid-latitude ionosphere.
The events with Sudden Storm Commencement
(2011 and 2013) show a strong latitudinal depen-
dence. The stations at higher latitude have lower
values of Total Electron Content (TEC) and F2-
region critical frequency (foF2), while the stations
at lower latitude have higher values, as shown by

as such storms are typically associated with high-
speed streams from coronal holes and lack signifi-
cant correlations with sunspot numbers and solar
flares [58]. In all events, a positive storm trend
initiated a day before the storm, persisted through-
out the main phase, and diminished during the re-
covery phase. Despite Events 1 and 3 sharing the
same seasonal conditions, the presence of an SSC
in Event 1 and its absence in Event 3 led to dis-
tinct pre-storm enhancements, and Moscow, posi-

Table 2: Average of the highest cross-correlation values of all five stations in each storm event and their

respective time lags. The values ranging from —1 t

o 1 represent normalized correlation coefficients, and

1 unit of time lag represents a time lag of 15 minutes

2011 2013 2015
TEC & SYM/H —0.573 at =30 —0.701 at —108.2 —0.736 at —32.8
foF2 & SYM/H —0.640 at —127.6 —0.748 at —103.8 —0.734 at —27.2
hmF2 & SYM/H —0.570 at —128.6 —0.795 at 0 —0.759 at O
TEC & AE 0.679 at —55 0.665 at 0.8 0.749 at —17.6
foF2 & AE 0.635 at —16.6 0.658 at 3.8 0.737 at —14.4
hmF2 & AE 0.608 at —37.4 0.650 at 27.4 0.721 at 4.8
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tioned at the highest latitude, experienced higher
foF2 and TEC on the previous day than on the
event day in Event 1, giving strong evidence of pre-
storm enhancement. So, the strongest pre-storm
effect is seen in the event which was caused by the
most intense flare (X1.9), which hints that the pre-
storm enhancement may depend on the intensity of
the flare. However, the pre-storm phenomena are
not caused by the magnetospheric electric fields,
the disturbance dynamo electric fields or the so-
lar flares alone. They rather point to a coupling
mechanism between the interplanetary features and
the thermosphere—ionosphere system, which contin-
uously changes the dynamics, electrodynamics and
chemistry of the ionosphere on a global scale before
the arrival of the shock [37]. Energetic particles
produced during flares and in fast ICME shocks can
also penetrate deep into the atmosphere and affect
the mid-latitude ionosphere within an hour up to
four days after the flare [59]. So, the exact cause of
these enhancements is still debatable.

The cross-correlation analysis gives numerical sup-
port to these findings. There is a robust correla-
tion of the Symmetric-H and Auroral Electrojet in-
dices with the ionospheric parameters, attributed
to the coupling mechanism between the ionosphere
and magnetosphere generating extreme electric field
disturbances in middle-low-latitude regions. The
cross-correlation of TEC and foF2 with the solar
storm indices gives two stationary points of high-
est correlation, in which the ionospheric parame-
ters lead the storm indices. This strongly suggests
that the storm had its effect on the ionosphere at
least a few hours before the main phase. But hmF2
correlates with the indices at nearly zero lag. The
changes in TEC and foF2 can be positive or nega-
tive and they do not always agree with the seasons
or with the phases of the storm [20]. This does
not mean that there is a direct cause and effect re-
lationship between the changes in TEC and foF2.
Both of them have the geomagnetic disturbance as
a common source. So, there is no doubt that the
overall perturbations of the F2-layer parameters are
caused by the geomagnetic storm. The mid-latitude
ionosphere exhibits diverse, altitude- and region-
dependent storm effects arising from multifaceted
coupling processes [24,60]. The lead times obtained
here and given in Table 2 are of a few hours to
more than a day for TEC and foF2, while for hmF2
the lag is nearly zero. This shows that TEC and
foF2 can be used as early indicators of a storm and
hmF2 can be used as an indicator at the time of the
storm. Such information is useful for monitoring
and predicting the effects of geomagnetic storms on
HF communication, GNSS positioning, satellite op-
eration and the risk of geomagnetically induced cur-
rents in ground level conductor systems like power
transmission lines.

Limitations of the study

This study has some limitations, which should be
kept in mind while using the above results. First,
the stations used here lie only in the European mid-
latitude sector, so the results have to be tested for
other longitudes and for the southern hemisphere.
Second, only three storm events (two with SSC and
one gradual) and one quiet time baseline are ana-
lyzed here, so the results are based on case studies
and not on statistics of many events. Third, the
ionogram parameters are scaled automatically, and
such scaling has larger uncertainty during disturbed
conditions even after manual checking. Fourth,
cross-correlation gives the lead and lag time and the
association between the parameters, but it does not
prove the cause and effect. The separate contribu-
tions of the prompt penetration electric fields and
of the disturbance dynamo have also not been iso-
lated in this work. These points can be taken up
in future work using a larger number of events and
physics based models.

4 Conclusion

In this work, we have studied the cross-correlation
of ionospheric parameters with the Symmetric-H
and Auroral Electrojet indices during the geomag-
netic storms of 25-27 September 2011, 16-18 March
2013, and 6-8 September 2015 over five European
mid-latitude stations. It is observed that the val-
ues of Total Electron Content (TEC) and F2-region
critical frequency (foF2) for the events with the
presence of Sudden Storm Commencement (SSC)
had a strong latitudinal dependence in the mid-
latitude region, with stations at higher latitude hav-
ing relatively lower values and those at lower lat-
itudes having relatively higher values, while the
event with gradual storm commencement showed
no such dependence. The positive storm started a
day before the events, remained so throughout the
main phase, and then decreased during the recov-
ery phase. The cross-correlation analysis of TEC
and foF2 with the solar storm indices shows two
stationary points of almost equal correlation magni-
tude, which strongly hints at the occurrence of pre-
storm enhancement at least a few hours prior to the
main phase of the geomagnetic storm, whereas the
Maximum Ionization Height of the F2 layer (hmF2)
showed no pre-storm effect, as its highest correla-
tion with the storm indices occurred mostly at zero
time lag.

A strong correlation of the Symmetric-H and Au-
roral Electrojet indices with the ionospheric pa-
rameters is observed, because the coupling mech-
anism between the ionosphere and magnetosphere
produces extreme electric field disturbances in the
middle-low-latitude regions. The highest correla-
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tion between the ionospheric parameters is mostly
observed for Event 1 a day prior to the main phase.
This might be because Event 1 was caused by the
most intense solar flare (X1.9) among the selected
events, which resulted in the strongest pre-storm
effects. Events 1 and 3 have the same seasonal
conditions, but their pre-storm enhancements are
completely different. This is due to the nature of
the two events, as Event 1 has SSC and Event 3
does not. Moscow, which is at the highest lati-
tude, was affected by the pre-storm enhancement
much more in Event 1 than in the other events.
In practical terms, the storm-driven injection of
solar-wind energy documented here, rapid electron-
density fluctuations, Joule heating, particle precip-
itation, F2-layer uplift and TEC enhancements of
up to ~200% is precisely the chain that disturbs HF
radio links, degrades GINSS accuracy, raises satellite
drag, and drives geomagnetically induced currents
in ground-level sensitive systems, including electric
power transmission lines. The quantified lead times
of TEC and foF2 relative to SYM/H and AE there-
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