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Abstract. The magnetic reconnection between the Interplanetary Magnetic Field (IMF) and the Earth’s magnetic field is the main
driver of solar energy input to generate geomagnetic storms. In this work, we employ data from the Global Ionospheric Radio
Observatory (GIRO) to study the effects of the March and April 2023 geomagnetic storms on ionospheric Total Electron Content
(TEC) and F2 layer critical frequency (foF2) over the Jeju Island, South Korea. We investigate the possible ionospheric connection
to solar wind parameters through cross-correlation and continuous wavelet transforms (CWT) analyses. Total electron content and
foF2 show a positive correlation above 0.9 to solar wind proton density (Nsw) without time-lag during both storms. On the other
side, during the storm of March 2023, TEC and foF2 show a negative correlation of 0.8 to the IMF By component with a time-
lag of one hour, while the IMF Bz component and the geomagnetic SYM-H index show a negative correlation of 0.85 and 0.95,
respectively without time lag. Conversely, during the storm of April 2023, the correlation of the IMF Bx component to TEC and
foF?2 are positive with a value of 0.7 with a time-lag of 2.4 hours, while the IMF By and Bz components show a negative correlation
to SYM-H around 0.9 with absence of time-lag. These results show the significant fluctuations in ionospheric parameters over Jeju
Island, South Korea and emphasizes the sensitivity and importance of ionosphere to space weather monitoring for understanding
and mitigating the detrimental effects on communication and navigation systems.
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INTRODUCTION dispersive medium, change in electron density or total
Electron Content (TEC) affects the radio signal propaga-

The magnetic reconnection between the Interplanetary Fion that causes error in GPS con}munica.tion [2]. TEC
Magnetic Field (IMF) and the Earth’s magnetic field is 1S affecFed by different geographlc locations and solar
the main driver of solar energy input to generate ge- events like sqlar flare, geomagnetlc storm, etc. [ ]. The
omagnetic storms. Geomagnetic storm produces large clectrodynamical coupling of magnetosphere with solar
changes in magnetospheric convection currents. The cur- €Vents and incoming solar radiation directly affect the
rent and field in the equatorial and low latitude change Properties of ionosphere. Energetic electrons of solar and
due to direct penetration of electric field [ 1], which affect Magnetospheric origin, and solar extreme ultraviolet ra-
ionospheric plasma distribution. As a result of this dis- diation energizes and ionizes the molecules and atoms in
turbance, there is a dramatic change in electron density the ionosphere. Ionospheric variation plays crucial role
of F region of the ionosphere. The ionosphere being a 1N satellite tracking, navigation, radio wave propagation,
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etc. [4], hence, its study is essential. Some of the useful
parameters to understand ionospheric variations are peak
electron density of F2 layer plasma (NmF2), critical fre-
quency of F2 layer (foF2), and TEC [5]. The increase and
decrease in these parameters are respectively referred as
positive and negative storm effects [6]. In addition, lat-
itude, local time, and the storm’s phase determine when
and how much of the positive and negative storm effects
occur.

In recent years, research has focused on the effects of
storm-time electrodynamics, neutral winds, and the ensu-
ing compositional changes [7]. Apart from this, several
theoretical and observational investigations have been
conducted on storm time ionospheric responses [8, 9].
The association of geomagnetic storms with TEC en-
hancements has been reported from the low latitudes [10]
as well as mid-latitudes [| 1]. According to Liuetal. [12],
seasons, magnetic local times, and magnetic latitudes all
affect how long it takes for TEC reactions to occur after
geomagnetic disturbances. Study of foF2 variability in
the ionosphere is important to improve ionospheric mod-
els, such as the International Reference Ionosphere (IRI)
[13]. The fluctuation of ionospheric foF2 in the African
equatorial latitudes was examined by Akala et al. [14],
who concluded that equatorial foF2 variability rises with
decreasing solar activity throughout the night. Kuznetsov
et al. [15] state that there are differences in the universal
variability of foF2 during years of solar minima and max-
ima.

In this work, we employ data from the Global Ionospheric
Radio Observatory (GIRO) to study the effects of the
March and April 2023 geomagnetic storms of solar cycle
25, on ionospheric TEC and foF2 over the Jeju Island
(33.43° N, 126.3° E), South Korea. The station is located
in northern mid-latitude. We chose Jeju Island for our
research because it is located at mid-latitude in the north-
ern hemisphere, making it an ideal location for observing
geomagnetic disturbances and ionospheric changes. Jeju
Island’s limited industrial activity results in lower levels
of air pollution compared to mainland South Korea. This
makes the island an ideal place for upper atmospheric
studies related to space weather. Monitoring and study-
ing the variations of TEC and foF2 during geomagnetic
storms enhances the ability to predict, prepare for, and
mitigate the impacts of geomagnetic storms on human
technology and infrastructure.

We investigate the possible ionospheric connection to
solar wind data through cross-correlation and continu-
ous wavelet transforms (CWT) analyses to determine the
most representative indices and discuss the potential con-
nections during storm-time events.

DATA AND METHODS

Two geomagnetic storms during solar cycle 25 are inves-
tigated: the geomagnetic storm of 23-24 March, 2023,
and the geomagnetic storm of 23-24 April, 2023. The
two storms were chosen based on values of disturbance
storm time index (Dst), minimum Dst for March and
April storms are -163 nT and -213 nT respectively. On
the Dst scale, minor storms have a range of -30 nT to
-50 nT, moderate storms have a range of -50 nT to -
100 nT, intense storms have a range of -100 nT to -
250 nT, and superstorms have a Dst value below -250
nT [16]. The Dst index is estimated from a network
of geomagnetic observatories located near to equatorial
region and quantifies the strength of the equatorial elec-
trojet, a symmetrical global current that forms a ring
around the Earth. Geomagnetic storms lead to the am-
plification of the ring current, resulting in a significant
decrease in the strength of the geomagnetic field. The
TEC and the foF2 data over Jeju Island, South Korea
(Lat=33.43° N, Long=126.3° E) are obtained from the
GIRO repository (https://giro.uml.edu/didbase/
scaled.php.). Solar wind parameters and geomagnetic
indices are taken from OMNIWeb data explorer (https:
//omniweb.gsfc.nasa.gov/form/omni_min.html).

In this study, we used the cross-correlation analysis to
investigate the correlation of TEC and foF2 with solar
wind parameters. Cross-correlation is a method used to
determine the connection between two-time series. It is
used to determine how the two series match up with each
other and at what point the best match occurs. It helps in
identifying lagged effects, such as when one variable in-
fluences another after a certain delay. Consider two-time
series, xi and yi; the cross-correlation r(d) at delay d is
defined as [17],

I‘(d) — Zi[(xi 7i)(yi—d 7)_))]
VI =02/ Eiica =92

wherei=0,1,2, .......... , (N-1) and %, y are means of
corresponding series.

ey

We also employ the continuous wavelet transform
(CWT) to analyse the non-stationary signals in TEC and
foF2, where a continuous time function is divided into
wavelets [18]. The CWT is a signal processing tool that
analyzes and represents non-stationary signals in both
time and frequency domains simultaneously. It reveals
how frequency content changes over time, making it use-
ful for non-stationary signals. CWT offers high resolution
for high frequencies and low resolution for low frequen-
cies, making it ideal for analyzing signals with rapid and
slow changes. It is effective in detecting transient features
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like spikes, edges, and discontinuities. The CWT of the
time series f(t) is determined by the integral transform

[19].

@

o0
Wab) = [ 1) v

In this equation, y¥, (¢) is the complex conjugate of
the mother wavelet function given by

Vap(t) = %‘V (t:lb>

where a and b are scale and translational parameters
which represent the scale and time localization of the
wavelet function.

3

RESULTS AND DISCUSSION

The geomagnetic storm of 23-24 March, 2023 was gen-
erated from a combined effect of a co-rotating interaction
region (CIR) and a coronal mass ejection (CME) occur-
ring on 20-21 March, 2023 [20]. The storm started at G3
(strong) level at 14:40 UTC on 23 March and reached a
peak level of G4 (severe) at 04:16 UTC on 24 March. G-
scale is used by National Oceanic and Atmospheric Ad-
ministration (NOAA) to measure strength of geomagnetic
storm. The storm kept the Earth’s magnetic field dis-
turbed for more than 21 continuous hours. Figure 1 shows
the IMF components Bx, By, Bz (in GSM), and SYM-H
index and the solar wind velocity (Vsw), solar wind pro-
ton density (Nsw), and solar wind plasma pressure (Psw)
parameters during the storm of 23-24 March, 2023. In
this figure, denoted with a vertical red line, we observe the
Sudden Storm Commencement (SSC) occurring at about
06:30 UTC on 23 March, indicating an increase in SYM-
H.

During the main phase of the storm, Bz turns south-
ward at -16.82 nT, SymH reduced to -170 nT, solar wind
velocity (Vsw) increased to 509 km/s, solar wind pro-
ton density (Nsw) increased to 42.27 n/cc, and solar wind
plasma pressure (Psw) increased to 22.75 nPa. According
to Tsurutani et al. [21], the main source of strong mag-
netic storms is the very large values of southward directed
IMF Bz.

The geomagnetic storm of 23-24 April, 2023 was a G4
level storm, originated by a coronal mass ejection (CME)
associated with an M1.7 solar flare that erupted on 21
April [22]. The SSC of the storm is clearly seen in Figure
2 at 08:56 UTC, 23 April, with an enhanced SYM-H, so-
lar wind proton density, and solar wind plasma pressure.
After the SSC, the Bz is oriented southward and reduces
to — 25 nT, then, the Bz is directed northward with max-
imum value reaching to 31.5 nT, and turns southward to

-33 nT few hours later. During this storm, the Sym-H is
reduced to -233 nT, the Vsw increased to 748.6 km/s, the
Nsw increased to 30.25 n/cc, and the Psw increased to
19.5 nPa.

Dungey [23] and Cowley [24] suggested the southward
IMF can re-connect with the geomagnetic field and de-
velop geomagnetic storms. The size of Bz going southern
from northward is greatly reliant on the severity of the
storm, and variations in F2 layer parameters during a ge-
omagnetic storm are significantly dependent on the storm
strength [25]. A comprehensive examination of the iono-
sphere’s responses reveals that during storms, F2 values
dropped simultaneously in the equatorial and mid-latitude
regions. Low to moderate changes in ionospheric F2 dur-
ing the pre-storm period may also indicate the impend-
ing arrival of major ionospheric disturbances during the
main phase. The ionospheric F2 reaction at low and mid-
latitudes does not differ significantly between the main
phase of storm and the pre-storm period.

Figure 3 shows variation of TEC and foF2 during the
geomagnetic storm of 23-24 March, 2023. Before SSC
both TEC and foF2 show normal diurnal pattern, with
minimum values before sunrise and the values slowly in-
crease and become maximum at noon. Peak values of
TEC and foF2 are 49.3 TECU and 13.925 MHz respec-
tively. During the period of storm both TEC and foF2
show depletion, both at night side and day side. Figure
4 shows variation of TEC and foF2 during geomagnetic
storm of 23-24 April. Both TEC and foF2 have the same
pattern as in 23-24 March storm. Peak values of TEC
and foF2 before storm are 47.3 TECU and 12.575 MHz
respectively. During the period of storm both TEC and
foF2 show depletion, having peak values of 33.7 TECU
and 7.6 MHz respectively, at local noon time.

During a geomagnetic storm, the increased energy and
momentum in the upper atmosphere at higher altitudes
cause heating via Joule heating. This leads to changes in
the thermospheric contents and the formation of moving
atmospheric disturbances, which move towards the equa-
tor. This leads to changes in the density, composition, cir-
culation, and dynamics of the ionosphere-thermosphere
system, which causes fluctuations in the total electron
content (TEC) and electron plasma densities [26]. Prompt
penetration electric fields are the primary factor driving
the positive ionospheric storm phase, while the negative
ionospheric storm phase occurs in the midlatitude region
due to a combination of factors including the equatorward
shift of midlatitude density trough, disturbance dynamo
electric fields, compression of the plasmapause in the
equatorial region, and changes in chemical configuration

[27].

Figure 5 shows the correlation of TEC and foF2 with
solar wind parameters and geomagnetic index during
storm of 23-24 March, 2023. TEC and foF2 show pos-
itive correlation of about 0.95 with Nsw, with no time
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FIGURE 1: Solar wind parameters during geomagnetic storm of 23-24 March, 2023. From top to bottom, we show
the (a) X-component of IMF, (b) Y-component of IMF, (c) Z-component of IMF, (d) Symmetric H-component
(SYM-H) index (e) solar wind velocity, (f) solar wind proton density, and the (g) solar wind plasma pressure.
Vertical red line indicates SSC and dash green line indicates end of main phase of storm.
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FIGURE 2: Solar wind parameters during geomagnetic storm of 23-24 April, 2023. From top to bottom, we show
the (a) X-component of IMF, (b) Y-component of IMF, (¢) Z-component of IMF, (d) Symmetric H-component
(SYM-H) index (e) solar wind velocity, (f) solar wind proton density, and the (g) solar wind plasma pressure.

Vertical red line indicates SSC and dash green line indicates end of main phase of storm.

lag. However, TEC and foF2 show negative correlation 6 shows correlation of TEC and foF2 with solar wind
of range 0.75 to 0.95 with IMF components and geomag- parameters and geomagnetic index during storm of 23-24
netic index,with no time lag to time lag of 1 hour. Figure April, 2023. TEC and foF2 show positive correlation of
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FIGURE 3: Variations in (a) TEC, and (b) foF2, in Local Time (LT) during 23-24 March, 2023. Vertical red line
indicates SSC and green line indicates end of main phase of storm in LT.
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indicates SSC and green line indicates end of main phase of storm in LT.
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FIGURE 5: Correlations-delay plots (a) TEC and solar wind parameters, (b) foF2 and solar wind parameters, during
23-24 March, 2023.

about 0.95 with Nsw, with no time lag, and of 0.7 with show that during the period of storm both TEC and foF2
IMF-Bx component with negative time lag of 2.3 hours. show depletion, due to a various factors such as the equa-
However, TEC and foF2 show negative correlation of torward shift of midlatitude density trough, disturbance
range 0.8 to 1 with IMF y and z-components, By and Bz, dynamo electric fields, compression of the plasmapause
respectively and SymH, with no time lag. These results in the equatorial region.
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FIGURE 6: Correlations-delay plots (a) TEC and solar wind parameters, (b) foF2 and solar wind parameters, during
23-24 April, 2023.

23-24 March 2023

TEC (TECU)

0 246 810121416182022 0 2 4 6 8 10 12 14 16 18 20 22 24
= Power Spectrum

Time (Hour)

0 0.2

N
S

Global Wavelet Spectrum

4 o L
0 2 46 810121416182022 0 2 4 6 8 10 12 14 16 18 20 22 24 0 20 40

foF2 (MHz)
3

Power Spectrum

Period (Hour)  (b)

® AN =

0 2 46 810121416182022 0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4

Time (Hour)

0 0.2

FIGURE 7: Wavelet scalogram of (a) TEC and (b) foF2, during storm of 23-24 March, 2023.

Figure 7 shows the result of the scalogram of TEC and
foF2, during storm of 23-24 March, 2023. In the scalo-
gram of TEC, there is strong wavelet power density of
about 32 units, of low frequency, from 06:00 LT to 12:00
LT, on March 24. In the scalogram of foF2 there is strong
wavelet power density of about 2 units, of low frequency,
from 03:00 LT to 11:00 LT, on March 24. Figure 8 shows
the result of the scalogram of TEC and foF2, during storm

of 23-24 April, 2023. In the scalogram of TEC there are
very strong wavelet power density of about 145 units, of
low frequency, from 09:00 LT to 20:00 LT, on April 23,
and again from 07:00 LT to 15:00 LT, on 24 April. In the
scalogram of foF2, there are strong wavelet power den-
sity of about 4 units, of low frequency, from 07:00 LT to
13:00 LT, on April 23, and again from 01:00 LT to 10:00
LT, on 24 April. Power areas of high and low intensities
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FIGURE 8: Wavelet scalogram of (a) TEC and (b) foF2, during storm of 23-24 April, 2023.

at different times and scales in the scalogram show the
variation of TEC and foF2 during storm periods. High in-
tensity and low frequency indicate large variation of TEC
and foF2 at slower rate, while high intensity and high fre-
quency signifie large variations at faster rate. Changes in
TEC and foF2 during geomagnetic storms have a signif-
icant negative impact on navigation and communication
systems by causing delays, mistakes, and signal loss. In
order to minimize these impacts and ensure the safety and
reliability of these systems, real-time monitoring and pre-
dictive modeling of space weather are essential.

CONCLUSIONS

The main conclusions from our study are as given:

* There is depletion in TEC and foF2 during peri-
ods of both storms of March and April, 2023. It
is due to Joule heating which leads to changes in
the thermospheric contents and the movement of
atmospheric disturbances towards the equator. It
changes the density, composition, circulation, and
dynamics of the ionosphere-thermosphere system,
which causes fluctuations in the total electron con-
tent (TEC) and electron plasma densities [28].

TEC and foF2 show good positive correlation with
solar wind proton density (Nsw) with no time lag,
during storm periods. However, TEC and foF2
show negative correlation with SymH (geomag-
netic index), and components of IMF. This can

be attributed to the fact that negative ionospheric
storm phase occurs in the midlatitude region due to
the equatorward shift of midlatitude density trough,
disturbance dynamo electric fields, compression
of the plasmapause in the equatorial region, and
changes in chemical configuration [29].

L]

CWT analysis of TEC and foF2 show strong power
density during periods of both storms. The maxi-
mum wavelet power on the scalogram corresponds
to high peaks on the global wavelet spectrum.
Time-frequency analysis of TEC and foF2 during
storm provides frequency and location of the event
in the time series.
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