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The user wants me to translate a Chinese aca-
demic paper title and subtitle to English. The ti-
tle is “A Comprehensive Classification and Anal-
ysis of Geomagnetic Storms Over Solar Cycle 24”
and the subtitle is “/FEIZE” . Let me break this
down: - “A Comprehensive Classification and
Analysis of Geomagne:--
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Abstract

The user wants me to translate a Chinese academic text about geomagnetic
storms into English. Let me analyze the requirements:

1. Critical Requirements:
e Preserve ALL LaTeX commands and placeholders exactly
o Preserve ALL citation commands ([?], 7?7, (?7), etc.) exactly
« PRESERVE ALL --paragraph wrapper tags EXACTLY
e Maintain academic tone and formal scientific writing style
o Use precise technical terminology (glossary provided)
e Preserve section structure and paragraph organization
e Translate all content completely
2. Output Rules:
e Return ONLY the translated text
e Keep one output paragraph per input paragraph
e Maintain exact count and IDs of tags
e Do NOT add Markdown formatting unless present in source
e Preserve original line breaks when meaningful
3. Formatting Guidelines:
e Keep mathematical expressions in original LaTeX format
e Preserve equation numbers and references
e Maintain proper academic paragraph structure
o Use formal scientific language
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4. Glossary:
o #l28%¥3 => machine learning
o REF>S => deep learning

Wait, the glossary seems irrelevant to this text about geomagnetic storms. The
text doesn’ t contain these terms. I should ignore the glossary since it doesn’ t
apply to this specific text.

Let me examine the input text. It appears to be a single paragraph (no tags
visible in the input). The user says “If the input has N paragraph tags, output
must have exactly N paragraph tags with matching IDs”. Since there are no tags
in the input, I should not add any. But wait, the instructions say “PRESERVE
ALL ---paragraph wrapper tags EXACTLY” . If there are none in the input, I
shouldn’ t add them.

Actually, looking at the input again, it’ s just plain text without any tags. So
I should just translate it as a single paragraph without adding any tags.

Let me translate the text carefully:

“A geomagnetic storm is a global disturbance of Earth’ s magnetosphere, oc-
curring as a result of the interaction with magnetic plasma ejected from the
Sun. Despite considerable research, a comprehensive classification of storms for
a complete solar cycle has not yet been fully developed, as most previous stud-
ies have been limited to specific storm types. This study, therefore, attempted
to present complete statistics for solar cycle 24, detailing the occurrence of ge-
omagnetic storm events and classifying them by type of intensity (moderate,
intense, and severe), type of complete interval (normal or complex), duration of
the recovery phase (rapid or long), and the number of steps in the storm’ s devel-
opment. The analysis was applied to data from ground-based magnetometers,
which measured the Dst index as provided by the World Data Center for Geo-
magnetism, Kyoto, Japan. This study identified 211 storm events, comprising
moderate (177 events), intense (33 events), and severe (1 event) types. About
36% of ICMEs and 23% of CIRs are found to be geoeffective, which caused
geomagnetic storms. Up to four-step development of geomagnetic storms was
exhibited during the main phase for this solar cycle. Analysis showed the ge-
omagnetic storms developed one or more steps in the main phase, which were
probably related to the driver that triggered the geomagnetic storms. A case
study was additionally conducted to observe the variations of the ionospheric
disturbance dynamo (Ddyn) phenomenon that resulted from the geomagnetic
storm event of 2015 July 13. The attenuation of the Ddyn in the equatorial
region was analyzed using the H component of geomagnetic field data from sta-
tions in the Asian sector (Malaysia and India). The variations in the Ddyn
signatures were observed at both stations, with the TIR station (India) showing
higher intensity than the LKW station (Malaysia).”

This is already in English! The user provided an English text, not Chinese. Let
me re-read the prompt.
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The prompt says: “Translate from Simplified Chinese to English with the highest
accuracy and academic tone.”

But the text provided is in English. This is confusing. Let me check if there’ s
any Chinese text that I missed. No, the entire block is in English.

Wait, maybe the user made a mistake and pasted the English text instead of
the Chinese text? Or maybe this is a test to see if I can recognize that no
translation is needed?

Given the instructions, I
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Abstract

A geomagnetic storm is a global disturbance of Earth’s magnetosphere, occurring
as a result of the interaction with magnetic plasma ejected from the Sun. Despite
considerable research, a comprehensive classification of storms for a complete
solar cycle has not yet been fully developed, as most previous studies have been
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limited to specific storm types. This study therefore presents complete statistics
for solar cycle 24, detailing the occurrence of geomagnetic storm events and
classifying them by intensity type (moderate, intense, and severe), complete
interval type (normal or complex), recovery phase duration (rapid or long), and
the number of steps in the storm’ s development. The analysis was applied
to data from ground-based magnetometers, which measured the Dst index as
provided by the World Data Center for Geomagnetism, Kyoto, Japan. This
study identified 211 storm events, comprising moderate (177 events), intense
(33 events), and severe (1 event) types.

About 36% of ICMEs and 23% of CIRs are found to be geoeffective, which
caused geomagnetic storms. Up to four-step development of geomagnetic storms
was exhibited during the main phase for this solar cycle. Analysis showed the
geomagnetic storms developed one or more steps in the main phase, which were
probably related to the driver that triggered the geomagnetic storms. A case
study was additionally conducted to observe the variations of the ionospheric
disturbance dynamo (Ddyn) phenomenon that resulted from the geomagnetic
storm event of 2015 July 13. The attenuation of the Ddyn in the equatorial
region was analyzed using the H component of geomagnetic field data from
stations in the Asian sector (Malaysia and India). The variations in the Ddyn
signatures were observed at both stations, with the TIR station (India) showing
higher intensity than the LKW station (Malaysia).

Key words: (Sun:) sunspots -Sun: activity -(Sun:) solar-terrestrial relations
-Sun: coronal mass ejections (CMEs)

1. Introduction

The Sun is a variable magnetic star that exhibits changes over a wide range of
timescales from mere seconds to billions of years. The Sun undergoes a natural
activity cycle, known as the solar cycle, which normally completes its course
in approximately 11 yr. The increase in the number of sunspots and solar
flares during periods of high solar activity (SA) leads to a higher probability of
coronal mass ejections (CMEs) and solar wind disturbances. An Interplanetary
Coronal Mass Ejection (ICME) and Corotating Interaction Region (CIR) can be
the primary drivers for geomagnetic storms when there is interaction between
Earth’ s magnetic field and charged particles such as electrons and protons that
are released from the Sun. Geomagnetic storms are defined as a temporary
major disturbance that occurs when the solar wind, which contains a sudden
influx of charged particles, interacts with the Earth’s magnetic field, causing it to
fluctuate rapidly (Gonzalez et al. 1999; Basciftci 2021). This results in a decrease
in the Disturbance storm time (Dst) index, where minimum negative values
indicate a stronger disturbance. The Dst index, which has been available since
1957, is a standard measurement for geomagnetic storms. The index primarily
reacts to the effect of the geomagnetic field ring current (Sugiura 1963; Rostoker
1972). This Dst index is used for monitoring a geomagnetic storm’ s progress
as it reflects the variation of its real-time intensity. Previous research indicates
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that occurrences driven by ICMEs are predominant during the solar maximum,
while those driven by CIRs are predominant during the solar minimum and
declining phases of the solar cycle (Borovsky & Denton 2006).

Scientific studies of geomagnetic storms are crucial to enable the mitigation
of hazards associated with technological space weather systems, including vul-
nerabilities in power grids, satellite operations, radio communications, and the
integrity of metal pipelines used in oil and gas industries (Balan et al. 2016).
Previous research has mostly focused on estimating the intensity of geomagnetic
storms and determining their minimum peak values. Four main categorizations
of storms can be observed based on the Dst index, namely its intensity, inter-
val, duration, and step development. Figure 1 [Figure 1: see original paper]
illustrates the three distinct phases of a storm: initial, main, and recovery. The
Earth’ s magnetosphere experiences compression when there is a sudden incre-
ment in charged particles from the solar wind approaching Earth, which signifies
the initial phase of a geomagnetic storm. This phase usually begins with a short
duration and minimum Dst peak, most often initiated by a sudden storm com-
mencement (SSC) (Telloni et al. 2021). The main phase commences with the
rapid intensification of the ring current, which is driven by the energization of
particle injections.

During this main phase, the dynamics of Earth’ s magnetic field experience
significant changes, and this phase typically lasts a few hours. The intensity of a
geomagnetic storm is measured when the Dst values descend to a minimal value,
indicating the end of the main phase and the beginning of the recovery phase.
During the main phase of a geomagnetic storm, several crucial mechanisms play
a role, including solar wind interactions, compression of the magnetosphere,
magnetic reconnection, energy transfer, particle acceleration, auroral activities,
and magnetic field disturbances.

Review of past literature revealed that geomagnetic storms were observed to fre-
quently develop in two-steps during the main phase (Kamide et al. 1998; Ghag et
al. 2024). Geomagnetic storms that exhibit a two-step development show a two-
step buildup in the ring current and a corresponding two-step Dst peak during
their main phase. During this main phase, the strength of the Earth’ s magnetic
field is noticeably reduced, a phenomenon which is caused by an increase in the
number of particles in the magnetosphere. The recovery phase begins when
the ring current initiates its decay, a process that is a result of the merger of
various energetic particle loss mechanisms, where this phase can span from tens
of hours up to a week. The degradation of the ring current is attributable to
various factors including interaction of the Coulomb and wave-particle processes
(Raghav et al. 2018). Additionally, several factors can influence the duration
of the recovery phase of a geomagnetic storm. These factors include the storm’
s intensity, the location of the storm’ s impact, the state of the Earth’ s mag-
netic field before the storm, and the space weather events that occur during or
after the geomagnetic storm. During these geomagnetically active periods, the
thermosphere winds produced in the auroral zone extend toward mid and low
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latitudes, thereby driving an ionospheric disturbance dynamo (Ddyn) (Blanc &
Richmond 1980; Younas et al. 2021). The Ddyn effect caused by a geomagnetic
storm can be observed using geomagnetic data (Le & Amory-Mazaudier 2005;
Bulusu et al. 2020).

Determining the entire storm duration is crucial as it can impact ground infras-
tructure through its time-integrated effects. In addition, understanding storm
categorization is also vital because of its impact on the ionosphere during ge-
omagnetic storm events (Blagoveshchenskii 2013; Liu & Shen 2017). These
considerations highlight the significance of storm categorization and underscore
the motivation behind the present study, which aimed to analyze the compre-
hensive statistics of geomagnetic storm response growth from 2009 to 2019 (solar
cycle 24), based on Dst evolution from the initial phase, through the main phase,
and onto the recovery phase.

Additionally, this study attempts to investigate the ICME-driven and CIR-
driven geoeffectiveness that cause geomagnetic storms with different intensities.
Furthermore, this paper also presents a case study that showed the equatorial
magnetic signature of the ionospheric disturbance dynamo (Ddyn) effect that
resulted from the geomagnetic storm event, utilizing data from the equatorial
region.

2. Materials and Methods

The occurrence of geomagnetic storms for events that happened from 2009
to 2019 was identified based on the Dst index compiled by the Data Analy-
sis Center for Geomagnetism and Space Magnetism, Kyoto University, Japan
(wde.kugi.kyoto-u.ac.jp/wdc/Sec3.html). Geomagnetic storms with a peak Dst
value equal to —50 nT or less were selected. The selected geomagnetic storms
were first classified into four types: moderate, intense, severe, and great, based
on the range of the Dst index intensity, as shown in Table 1 . Figure 1 [Figure
1: see original paper] illustrates a complete interval, including the initial, main,
and recovery phases. Each complete storm interval was analyzed to separate
the normal intervals from the complex events. In this study, a complex interval
refers to a non-smooth interval, characterized by many noise peaks in the main
phase.

Additionally, a multi-storm is also considered as a complex storm when there is
a continuous interval following the end of the recovery phase from the previous
storm. Veselovsky & Lukashenko (2013) categorized a geomagnetic storm as
complex when one event exhibits an isolated decrease in Dst and a superposition
of several storms occurs, particularly when the next storm arrives before the
previous storm has fully recovered. In contrast, a normal interval shows a clear
variation in each storm phase without any complex disturbance or multi-storms.
Examples of normal and complex intervals are provided in the Results and
Discussion (Figure 5 [Figure 5: see original paper]). Additionally, each interval
in this study was also categorized into rapid recovery or long recovery. The
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duration for a rapid recovery phase must be less than 5 days; otherwise, it
would be categorized under long recovery (Telloni et al. 2021). In our analysis,
recovery phase was considered to have ended when the Dst value rose above
—10 nT (Partamies et al. 2013; Blagoveshchensky et al. 2018).

The storm steps were further classified into step development numbers: one-
step, two-step, three-step, and four-step, during the main phase as the Dst
reached its minimum value (Vieira et al. 2001). One-step storms represent
the normal sequence of geomagnetic storm phases, comprising an initial phase,
a main phase with one single peak in the Dst value, and a recovery phase.
Two-step storms exhibit a double peak decrease in their Dst value during the
main phase. Accordingly, three-step and four-step storms are characterized by a
decrease in the Dst value by three and four steps, respectively. Figure 2 Figure
2: see original paper depicts each phase of a geomagnetic storm with a one-
step decrease in the Dst value during the main phase. Otherwise, Figure 2(b)
shows a multiple peak case with a two-step storm during the main phase, which
ended at the minimum Dst value. In instances where multiple negative dips
occur during the main phase, these dips are counted as step numbers, identified
as the second, third, and so on. When there are subsequent decreases in the
Dst index following the peak value, but the peak is more positive than before,
these occurrences are not counted as storms but rather as part of the recovery
phase. The condition for identifying one step from another is that the duration
between them must be at least 3 hr (Kamide et al. 1998). A summary of the
geomagnetic storm categorization is presented in Figure 3 [Figure 3: see original
paper], illustrated in the form of a flow chart.

Data from OMNI Web Data were used to obtain the value of planetary K
index (Kp), component z of the interplanetary magnetic field, and solar wind
speed. Identification of a CME was based on the data acquired from the SOHO
LASCO CME catalog (Gopalswamy et al. 2010). ICMEs were identified using
the Richardson and Cane catalog (Richardson & Cane 2010) and Wind ICME
catalog (Nieves-Chinchilla et al. 2018). CIRs were identified based on three
main steps in which the solar wind speed Vsw > 500 km s—1 (potential HSSs),
exploring the solar coronal image with wavelength of 193 A and observing the
enhanced ram-pressure [Psw], density [Nsw], and IMF magnitude [B0]. More
details on the CIR event identification can also be found in Hajra & Sunny
(2022). The current system in the ionosphere such as the ionospheric disturbance
dynamo (Ddyn) can be affected by solar wind disturbances during geomagnetic
storm events. The expression of the ionospheric disturbance dynamo (Ddyn) is
represented as follows (Le & Amory-Mazaudier 2005; Bulusu et al. 2020):

Ddyn = HS - HEDst

where Hg is the observed component of the geomagnetic field during the storm
period, and Hp, is the H component of the geomagnetic field during the nearest
quiet day. Meanwhile, Ep_, is mean nighttime H component value variations
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observed at MAGDAS stations along the magnetic equatorial region (Uozumi
et al. 2008; Hamid et al. 2013).

3.1. Distribution and Categorization of Geomagnetic
Storms During Solar Cycle 24

Figure 4 [Figure 4: see original paper] shows the distribution of all geomagnetic
storms during solar cycle 24, which comprised moderate, intense, and severe
storms, along with the corresponding sunspot numbers. The total number of
geomagnetic storms for the period of 2009-2019 was 211 storms, which included
177 moderate storms (84%), 33 intense storms (15%), and 1 severe storm (1%),
with no great storm (0%) recorded. Overall, the statistics of geomagnetic storms
showed that moderate-type occurrences appeared to be dominant over the years.
The division of the SA level depends on the sunspot numbers.

Statistics presented in Figure 4 affirm that there was less storm activity, with
only moderate storms during the beginning and end of the low SA levels for solar
cycle 24, specifically in 2009-2010 and 2018-2019. Meanwhile, during periods
of high SA levels (2011-2014), a higher number of storm activities was observed
compared to periods of low SA levels, and this included the observation of one
severe storm in 2015.

Based on Figure 4, it can be observed that the occurrences of geomagnetic
storms are closely related to the variations of sunspot numbers. In this solar
cycle, the dual peak variation of sunspots was observed in 2011 and 2014, where
both peaks of the geomagnetic storm occurrences were observed to be a year
after the highest value of SA, which was in 2012 and 2015. Le et al. (2013)
found that the occurrence of geomagnetic storms increased as sunspot numbers
increased, and that geomagnetic storms peaked two or three years after the peak
of SA (sunspots). This inconsistency of peak year between sunspot numbers and
storm occurrence during the study aligns with the findings of a previous study
that used data from solar cycle 23. The study by Echer et al. (2011) also
reported that two peaks of geomagnetic storms were observed during solar cycle
23, where the first peak occurred around solar maximum and the second peak
during the beginning of the declining phase.

In solar cycle 24, about 36% and 23% of geomagnetic storms are found to occur
due to the ICMEs (ICME-driver) and CIRs (CIR-driver), respectively. When
categorized by storm type, 25% of ICMEs and 21% of CIRs resulted in moderate
storms, while 10% of ICMEs and 1% of CIRs caused intense storms, with only 1%
of ICMEs leading to severe storms. Most of the hypotheses in previous studies
stated that the stronger storms during the maximum and early declining phase
were caused by CME or large active region activity (Gonzalez et al. 2007; Echer
et al. 2008). In contrast, weaker storms during the declining phase were reported
to be contributed by CIR activity. It is apparent that more than half of the
moderate storms are impacted by both CME and ICME drivers, with minimal
disparity between the two. Nevertheless, a noteworthy observation indicates
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that the majority of intense storms are primarily caused by ICME drivers when
compared to the CIR drivers. Additionally, in previous study during the solar
cycle 23, statistics show that 22% of CIRs were geoeffective and caused moderate
storms, while 2.5% of CIRs resulted in intense storms (Chi et al. 2018).

Figure 5 [Figure 5: see original paper| presents examples of the general profile
for a complete geomagnetic storm interval which consists of the initial phase,
the main phase (including the step number), and the recovery phase. Figure
5(a) shows a clear one-step storm (2015 January 7) which had a minimum Dst
of —107 nT and was categorized as an intense storm, with a long recovery
phase that lasted 10 days. In contrast, the storm (2016 January 1) displayed
in Figure 5(b) was characterized by the Dst index as a two-step storm where
the first step showed a Dst of —58 nT (moderate storm), and the second step
showed a Dst of —116 nT (intense storm), with a rapid recovery phase that only
lasted 4 days. Figure 5(c) presents a more complex storm (2015 September 9),
with three-step storms. The first and second steps were classified as moderate
storms, with Dst values of —50 nT and —75 nT, respectively. The third step
with the minimum Dst value of —105 nT exceeded the intense storm threshold,
and it had a long recovery phase that ended after 10 days. Figure 5(d) depicts
a similar storm situation with four-step storms (2015 August 27) that had a
rapid recovery which ended after 3 days. The first three storm steps were of
moderate type with Dst values of —57 nT, —79 nT, —92 nT, respectively, and
the fourth step was of intense type with a Dst value of —103 nT. According
to Richardson & Zhang (2008), the number of storm steps is not necessarily
directly related to the number of interplanetary activities involved during the
storm’ s growth. Based on this example of storm categorization, the statistics
of all storm occurrences during solar cycle 24 are presented in Figure 6 [Figure
6: see original paper].

Figure 6(a) displays the variations in the number of geomagnetic storm steps
along with the sunspot numbers from 2009 to 2019. Concerning the number
of storm steps in solar cycle 24, it was found that 79 intervals featured a one-
step storm, 48 intervals had two-step storms, 8 intervals experienced three-step
storms, and 3 intervals exhibited four-step storms. The analysis revealed that,
throughout the year, one-step storms predominated, accounting for 57% of the
total, followed by two-step storms which constituted 35%. Previous studies by
Kamide et al. (1998) and Richardson & Zhang (2008) found 29% and 59% of
storms, respectively, were predominantly classified as one-step storms, and these
storms were limited to a single storm type, which was intense (—200 nT < Dst
< —100 nT). Additionally, Kamide et al. (1998) also analyzed all storm types
and found that 40% were categorized as one-step storms and 53% as two-step
storms, with their data covering approximately three previous solar cycles.

Meanwhile, in this current study, approximately 6% of the storms observed in
2012, 2015 and 2019 were classified as three-step storms, and the remaining 2%
of storms were identified as four-step storms, which were observed in 2010 and
2015. Notably, all step numbers were also found to occur in 2015 as it was also
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the peak year for geomagnetic storm occurrences in this complete solar cycle 24.
Veselovsky & Lukashenko (2013), who conducted an analysis on solar cycle 23,
also found that the contribution of storm events with multiple steps was larger
during the maximum and the declining phases of the solar cycle.

In the case of single peak storms, 89% typically manifest as moderate storms,
while 11% display intense storms. Conversely, multiple peak storms in two or
more steps comprise 79% moderate, 27% intense, and 2% severe storms. Vieira
et al. (2001) observed that 28% of intense storms exhibited a one-step pattern in
the previous solar cycle. Additionally, research by Kamide et al. (1998) covering
solar cycles 20, 21, and 22 found that 50% of intense storms displayed a two-step
pattern. This shows a higher percentage of intense storms with multiple steps
when compared to the current solar cycle.

Furthermore, within the normal interval, 63% are classified as moderate storms,
18% as intense storms, and a mere 1% as severe storms. Conversely, within the
complex interval, 89% are identified as moderate storms and 11% as intense
storms. It is evident that moderate storms predominate at both types of inter-
vals. Complex storms with multiple steps usually occur during the maximum
phase due to the superimposition of SAs during periods of disturbance. This ob-
servation aligns with solar cycle 24, where the analysis revealed that during the
maximum and declining phases, multiple numbers of steps were observed with
instances of up to four-step storms in one complete interval of a geomagnetic
storm.

Analysis indicates that 43% and 42% of single peak storms are attributable
to ICME and CIR drivers, respectively. For multiple peak storms, 57% are
influenced by ICME drivers, while 58% are driven by CIR. Notably, both drivers
demonstrate a comparable contribution to the occurrence of single peak and
multiple peak storms, with no significant difference observed. On the other
hand, storms driven by CIRs demonstrate a 52% normal interval and a 48%
complex interval. In contrast, storms caused by ICMEs exhibit a 73% normal
interval and a 27% complex interval.

The presentation of results next proceeds with an analysis of the storm statistics
based on normal and complex intervals, which are presented in Figure 6(b) and
(¢), respectively. Throughout both types of intervals, no discernible significant
trend or variation in the number of geomagnetic storms was observed over the
years, for both rapid recovery and long recovery phases, across the entirety of
solar cycle 24. Over the course of the 11 yr of the solar cycle, there were 98
normal intervals, of which 58 intervals displayed rapid recovery and 40 intervals
exhibited long recovery phases. In contrast, among the 40 complex intervals
identified, 18 intervals exhibited rapid recovery while 22 intervals showed long
recovery phases. In light of this analysis, it was evident that most storms with
complex intervals showed a prolonged recovery phase.

According to Veselovsky & Lukashenko (2013), prolonged recovery phase can
be attributed to multiple factors, including several small magnetic clouds, nu-
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merous solar flare eruptions, CMEs, and filaments passing along Earth’ s orbits
during the next solar rotation. The analysis indicates that storms exhibiting
rapid recovery are attributed 60% to ICME drivers, while 46% are associated
with CIR drivers. Conversely, storms characterized by a long recovery phase
are attributed to ICME and CIR drivers in 40% and 54% of cases, respectively.
Study by Matamba & Habarulema (2018) found that a storm being CIR-driven
had a longer recovery period compared to a storm being ICME-driven. Statis-
tics reveal that 47% of storms exhibit a moderate type and 7% demonstrate an
intense type, undergoing a rapid recovery phase. In contrast, 36% of storms
manifest a moderate type, 9% have an intense type, and 1% have a severe type,
experiencing a long recovery phase.

Single and multiple interplanetary disturbances that are capable of causing com-
plex geomagnetic storms may originate from the Sun, and these disturbances
can arise from the same or different areas of active regions, depending on several
conditions (Veselovsky & Lukashenko 2013). For normal intervals, the step de-
velopment was observed to show up to three-steps, with 3 intervals of three-step
storms observed with long recovery phase. In Figure 6(d), a total of 58 intervals
was categorized as normal intervals with rapid recovery phases. These include
38 intervals exhibiting one-step storms, 19 intervals with two-step storms, and
a single interval featuring three-step storms. In contrast, Figure 6(e) shows 40
normal intervals with long recovery phases, comprising a compilation of 24 in-
tervals with one-step storms, 13 intervals with two-step storms, and 3 intervals
with three-step storms.

Meanwhile, for complex intervals, observations revealed storms of up to four-
steps. Figure 6(f) presents 18 complex intervals with rapid recovery phases,
comprising a combination of 5 intervals with one-step storms, 10 intervals with
two-step storms, 2 intervals with three-step storms and 1 interval with four-step
storms. Additionally, Figure 6(g) shows a total of 22 complex intervals with long
recovery phases which can be clustered into 12 intervals with one-step storms, 6
intervals with two-step storms, 2 intervals with three-step storms, and 2 intervals
with four-step storms. Notably, it was only in 2015, the year that marked the
peak of geomagnetic storm occurrences, that a variety of step numbers could be
observed. Step development reached up to four-step storms during this time.

In summary, most of the previous studies on geomagnetic storms have mainly
focused on the average characteristics of a single storm event, where these stud-
ies generally assume a smooth, single storm at the main phase followed by a
slow and relatively steady increase in the Dst value during the recovery phase.
However, the analysis in this present study revealed that many cases of geo-
magnetic storms were followed by multiple decreases in Dst before fully recov-
ering to pre-storm levels. Kamide et al. (1998) in their study found that most
intense geomagnetic storms exhibited two-step development. Other past stud-
ies also identified geomagnetic storms with three-step development during the
main phase (Chukwuma 2010; Olabode & Ariyibi 2020). Additionally, Vieira et
al. (2001) found that 20% of intense storms, out of 49 selected events, had three
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or more steps that were driven by magnetic clouds. This step development of
geomagnetic storms in the ring current can culminate in an intense storm due
to the superposition of two successive moderate storms.

3.2. Case Study of the Impact of Geomagnetic Storms on
Ddyn

A geomagnetic storm event is a space weather phenomenon that mainly occurs
in the Earth’ s environment. This event is primarily triggered by space weather
activities that occur on the Sun’ s surface, such as CME. In general, the storm
can produce impact on the Earth’ s ionosphere, which is significant primarily
due to plasma ejection (Hamid et al. 2023). For this reason, further analysis
was conducted through a case study to observe the contribution of CME to
geomagnetic storm events and their subsequent influence on the electric current
in the ionosphere with the presence of Ddyn. The partial halo CME on 2015
July 10 was selected as it is related to the geomagnetic storm event that occurred
on 2015 July 13.

Figure 7(a) [Figure 7: see original paper| shows the coronagraphic image of the
partial halo CME on 2015 July 10, (03:12 UT), which is a type of CME that
is seen as a partial circular halo around the Sun when it is viewed from Earth.
Figure 7(b) illustrates the variations in solar wind speed (Vsw), IMF-Bz, Kp
index, and Dst index from 2015 July 10 to July 21. The solar wind showed a
sudden increase in speed from 300 km s—1 to 600 km s—1 on 2015 July 11,
indicating the onset of the solar wind’ s entry into the Earth’ s magnetosphere.
Concurrently, as the pressure increased due to the CME, the Bz turned south-
ward, reaching —8 nT, where this orientation of the interplanetary magnetic
field indicated an enhanced interaction between the solar wind and Earth’ s
magnetosphere. The duration of the geomagnetic storm’ s main phase can be
described by the length of time or duration the Bz component remains negative
(Tang et al. 1989; Ghag et al. 2024). An earlier study revealed that as the Bz
becomes more negative, the Dst value also tends to be high, indicating intense
geomagnetic storms (Rathore et al. 2014; David et al. 2022). An SSC was ob-
served in this interval, indicated by a Dst value of 20 nT, which was brought
about by the enhancement in the magnetopause current. During the same pe-
riod, the Kp index reached a value of 5 during the first step of the geomagnetic
storm, corresponding to a Dst value of —35 nT. Subsequently, the value of the
Kp index increased to 6 during the second step of the geomagnetic storm, with
a Dst value of —68 nT. As the geomagnetic storm entered the recovery phase
that lasted around 6 days, the solar wind speed, IMF Bz, Kp, and Dst index
returned to normal.

The study continued to observe the general effect in the presence of Ddyn as-
sociated with this geomagnetic storm which exhibited a one-step development
as it is one of the dominant storm types in the current solar cycle. Figure 8
[Figure 8: see original paper] illustrates the variations of the Dst index, Ae in-
dex, and Ddyn in the Asian sector, as indicated by data from stations (¢) LKW
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(Malaysia) and (d) TIR (India). Due to data availability, this study focused
solely on observing the effects on this sector during this selected storm event.
Figure 8(a) illustrates the variations of the Dst index and Ae index, showing a
correlation between the two, whereby as the Dst index reached a minimum, the
Ae index increased to a high value, confirming the disturbance in the Earth’ s
ionosphere. The shaded part in Figure 8(b) and (c) represents the nightside of
the local time at each station, while the non-shaded part represents the dayside.

Within a single interval, two storms were observed, categorized as weak and
moderate types. The first drop in the Dst index (first vertical dashed line)
occurred at 15:00 UT on 2015 July 11, reaching a value of —35 nT, indicative of
a weak storm. Immediately after this event, the Ddyn at the LKW station was
not significant during the local daytime, from 10:00 UT (06:00 LT) to 03:00 UT
(11:00 LT). However, the presence of the southward Ddyn was clearly observed
at the TIR station, with a value of —40 nT, from around 02:00 UT (07:30 LT)
to 07:00 UT (12:30 LT).

The Dst began to drop again and reached its minimum value on 2015 July
13 (second vertical dashed line), indicating the commencement of the second
geomagnetic storm with a value of —68 nT (moderate storm) at 15:00 UT. A
few hours after the peak, the auroral activity started to weaken again, falling to
a value of less than 500 nT at around 23:00 UT during the recovery phase. At
the LKW station, a small fluctuation that showed a southward disturbance of
the Ddyn was observed, reaching a value of —20 nT from 01:00 UT (09:00 LT)
to 07:00 UT (15:00 LT). Contrastingly, at the TIR station, a strong signature
of the Ddyn could be clearly observed, with a value of —50 nT from 02:00 UT
(07:30 LT) to 08:00 UT (13:30 LT).

The observed variations in the Ddyn showed different intensity because of the
differing impacts of the weak and moderate geomagnetic storm types. Addi-
tionally, the attenuation of the Ddyn can also vary across different longitudes
(Le & Amory-Mazaudier 2005; Joshi & Rao 2020). However, the analysis of
data from these two stations, which are both located in the same sector (Asian
sector), revealed a higher value of Ddyn at the TIR station compared to the
LKW station, with a notable difference of 30 nT.

4. Conclusion

In this study, the statistical analysis of geomagnetic storms and their classifica-
tions based on type, step development, and phases were conducted using the Dst
index as a parameter. From 2009 to 2019, a total of 211 geomagnetic storms was
observed, comprising 177 moderate, 33 intense, and one severe storm, with no
storms categorized as great. Each identified geomagnetic storm had a complete
interval which included an initial phase, a main phase, and a recovery phase.
Over the span of 11 yr, there were 58 normal intervals with rapid recovery, 40
normal intervals with long recovery, 18 complex intervals with rapid recovery,
and 22 complex intervals with long recovery.
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Additionally, the study identified 79 intervals with one-step storms, 48 intervals
with two-step storms, 8 intervals with three-step storms, and 3 intervals with
four-step storms during their main phases. Besides, 36% and 23% of storms are
caused by ICME-driven and CIR-driven, respectively. The analysis conducted
also included examination of a moderate storm that was triggered by a partial
halo CME on 2015 July 10. This geomagnetic storm, which had a normal
interval, exhibited a two-step development during its main phase, where the
first peak Dst was —35 nT (15:00 UT, 2015 July 11) and the second peak Dst
was —68 n'T (15:00 UT, 2015 July 13), followed by a long recovery phase which
lasted 6 days.

Corresponding to the period after the first Dst peak when the Ae < 500 n'T, the
Ddyn showed clear attenuation only at the TIR observatory station. However,
after the second Dst peak, during weak auroral activity, the signature of Ddyn
was clearly observed in both stations, with a higher value of Ddyn at the TIR
station ( —50 nT) compared to the LKW station ( —20 nT) during the dayside
of the local time.
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