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Solar Cycle 24, the weakest in over a century, exhibited significant deviations
from previous cycles, beginning with a prolonged minimum, weak polar fields,
and asynchronous polar field reversal, leading to hemispheric asymmetry.
Sunspot activity declined by approximately 30% compared to Cycle 23, while
the overall occurrence rate of coronal mass ejections (CMEs) decreased,
although some studies suggest that the rate of halo CMEs relative to total
CMEs may have remained relatively stable. This study investigates the impact
of weaker solar activity on geomagnetic storm dynamics by analyzing CME
properties, solar wind conditions, and their influence on magnetospheric
energy transfer. Key findings indicate that a lower heliospheric pressure in
Cycle 24 caused CMEs to expand more than in Cycle 23, altering energy
transfer to Earth’s magnetosphere. Despite the reduced overall CME rate, the
weaker interplanetary magnetic field (IMF) and solar wind pressure led to
an 80% reduction in intense geomagnetic storms and a 40% reduction in
moderate storms. A detailed epoch analysis revealed a significant delay in the
magnetospheric response in Cycle 24 compared to Cycle 23, highlighting the
role of weakened solar wind forcing. Furthermore, analysis of the Perrault-
Akasofu coupling function (ε) showed that the pressure-corrected energy
transfer parameter (ε**) provides a more accurate estimate of magnetospheric
energy input. These findings highlight how reduced heliospheric pressure and
weaker solar wind conditions during Solar Cycle 24 significantly influenced
geomagnetic storm activity by altering CME expansion and energy transfer
to the Earth’s magnetosphere, thereby enhancing our understanding of solar-
terrestrial coupling processes and improving the predictive capability of space
weather models.

KEYWORDS

geomagnetic storms, coronalmass ejection (CME), solar windmagnetosphere coupling,
solar cycle, magnetosphere

1 Introduction

Coronal Mass Ejections (CMEs) are large-scale eruptions of plasma and magnetic
fields from the Sun’s corona that can travel through interplanetary space and
interact with planetary magnetospheres, including Earth’s. When directed towards
Earth, CMEs can cause significant space weather effects, including geomagnetic
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storms (Gopalswamy et al., 2000; Webb and Howard, 2012;
Chen and Zheng (2013). The geomagnetic impact of CMEs
is largely dependent on their speed, orientation, and the
structure of the embedded magnetic fields. CMEs often
interact with the solar wind, modifying their propagation
characteristics and occasionally producing interplanetary shocks
(Gopalswamy et al., 2000; Gonzalez et al., 1994).

The association between CMEs and other solar activities has
been extensively studied. While some CMEs are associated with
solar flares, not all CMEs originate from flare regions, and the
relationship between these two phenomena is complex (Webb and
Howard, 2012; Thompson and Myers, 2009). Similarly, filament
eruptions often precede CMEs, but their presence is not a
strict requirement for CME initiation. Furthermore, while CMEs
frequently generate magnetohydrodynamic (MHD) shocks as they
propagate through interplanetary space, not all CMEs are associated
with MHD shocks (Gopalswamy et al., 2000; Gonzalez et al., 1994).
These observations indicate that CMEs are a diverse and dynamic
component of solar activity, influenced by multiple factors.

The geoeffectiveness of CMEs is strongly linked to their
interaction with Earth’s magnetosphere. Historically, CME-driven
disturbances have been analyzed through the changes they induce
in geomagnetic indices. A critical parameter in this context
is the H-component of the geomagnetic field, which reflects
the intensity of the horizontal component of Earth’s magnetic
field and is significantly affected during geomagnetic storms
(Kozyra et al., 2003; Daglis et al., 1999; Jordanova et al., 2020).
These storms are primarily driven by the interaction between the
southward interplanetary magnetic field (IMF) and the Earth’s
magnetosphere, leading to energy transfer through the process
of magnetic reconnection (Dungey, 1961). The primary drivers
of geomagnetic storms are the sheaths and magnetic clouds
within interplanetary CMEs (ICMEs), with sheath regions often
exhibiting higher geoeffectiveness than flux ropes (Huttunen et al.,
2002; Huttunen and Koskinen, 2004; Huttunen et al., 2006;
Pulkkinen et al., 2005; Tsurutani et al., 2011).

Recent studies comparing Solar Cycles 23 and 24 have shown
significant changes in CME properties, highlighting reduced
magnetic field strength and heliospheric pressure in Cycle 24
(Manoharan, 2012; Pesnell, 2016; Cliver and von Steiger, 2017).
Sunspot activity during Cycle 24 declined by approximately 30%
compared to Cycle 23, a reduction linked to the weakened polar
magnetic fields during the preceding solar minimum (Schrijver
and Liu, 2008; Hathaway and Upton, 2014). Consequently, the
heliospheric magnetic pressure and interplanetary magnetic field
strength declined significantly during Cycle 24 (McComas et al.,
2013; Kakad et al., 2019; Jian et al., 2019). Despite the reduced
solar activity, studies have found that the occurrence rate of CMEs
remained relatively high during Cycle 24 (Yurchyshyn et al., 2015),
with some reports suggesting that CMEs exhibited larger angular
widths and anomalous expansion due to weakened heliospheric
conditions (Gopalswamy et al., 2014; Gopalswamy et al., 2015a).

The expansion speed of CMEs in Cycle 24 has also been a
topic of interest. Dagnew et al. (2020) examined the relationship
between radial and expansion speeds of CMEs and found that the
slope of this relationship increased by 45% in Cycle 24 compared
to Cycle 23, rather than a direct 48% increase in expansion speed.
This understanding highlights the importance of considering the

specific velocity ranges when comparing CME properties across
solar cycles. Additionally, weaker heliospheric conditions in Cycle
24 contributed to altered CME propagation characteristics, affecting
their geoeffectiveness (Gopalswamy et al., 2015a).

Geomagnetic storms caused by CMEs have shown a significant
reduction in intensity during Cycle 24. Observations indicate
an approximately 80% decrease in intense geomagnetic storms
and a 40% decrease in moderate storms compared to Cycle
23 (Selvakumaran et al., 2016). The reduced geoeffectiveness
of CMEs in Cycle 24 has been attributed to their anomalous
expansion and the lower total plasma and magnetic pressure in the
heliosphere (Gopalswamy et al., 2014; 2015a). Furthermore, studies
indicate that magnetic cloud structures within CMEs exhibited
reducedmagnetic content, leading toweaker geomagnetic responses
(Gopalswamy et al., 2015a). The weaker solar cycle has also
been linked to changes in solar wind structures, including an
increase in the magnetopause standoff distance and a decrease in
the energy coupling parameter (Kakad et al., 2019). To advance
the understanding of CME properties and their space weather
effects, it is essential to examine prior research comprehensively.
While previous studies have provided valuable insights into CME
dynamics and their interaction with Earth’s magnetosphere, there
is still much to explore regarding their long-term evolution and
response to varying heliospheric conditions. This study aims
to build upon foundational works (e.g., Huttunen et al., 2002;
Pulkkinen et al., 2005; Tsurutani et al., 2011; Gopalswamy et al.,
2014; Gopalswamy et al., 2015a; Selvakumaran et al., 2016)
and contribute to the broader understanding of how CMEs
influence space weather across different solar cycles. By integrating
observational data with theoretical models, this research seeks to
refine existing frameworks and provide more accurate predictions
for future solar cycles.

In this work, we have meticulously identified the solar sources
(CMEs) associated with each geomagnetic storm during solar cycles
23 and 24. By comparing these sources, we aimed to uncover the
reasons behind the reduced geoeffectiveness observed in cycle 24.
Our analysis focuses on the characteristics of the CMEs, such as
their speed, magnetic structure, and the resulting energy transfer
into themagnetosphere.We also examined how themagnetosphere’s
response, in terms of energy transfer, differed between the two
cycles. This comprehensive approach allows us to establish a clearer
connection between the changes in solar eruption propagation
through the heliosphere and the subsequent geomagnetic storm
activity. By understanding these relationships, we can better predict
and mitigate the impacts of space weather events on Earth’s
technological systems.

2 Data and identification of solar
source

The Dst index is used as the primary metric for identifying
moderate (−50 nT < Dst < −100 nT) and intense (Dst < −100 nT)
geomagnetic storms that occurred during solar cycles 23 and 24
(May 1996 –December 2019).The classification ofmoderate, intense
storms follows the methodology used in González et al. (1994).
The Dst index (Disturbance Storm Time Index) is a measure of
the intensity of the Earth’s ring current, which is influenced by
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the interaction between solar wind and the Earth’s magnetosphere.
It is derived from the horizontal component (H-component) of
the geomagnetic field, measured at four low-latitude geomagnetic
observatories. A more negative Dst value indicates a stronger
geomagnetic storm, as the ring current enhances and depletes the
Earth’s magnetic field. The Dst index data used in this study is
obtained from the World Data Center for Geomagnetism, Kyoto
(http://wdc.kugi.kyoto-u.ac.jp/index.html). Additionally, storms are
considered only if they have recovered to 80% from the prior
magnetic field disturbance, ensuring that distinct storm events are
analyzed separately.

Geoeffective CMEs are defined as those capable of producing
at least a moderate geomagnetic storm. Several methodologies are
employed to associate CMEs with specific geomagnetic storms.
The solar sources of these CMEs are identified based on flare
locations, obtained from the Solar Geophysical Data (SGD) reports
(Gopalswamy et al., 2007). The CMEs associated with these flares
are identified through running coronagraph image sequences from
the Solar and Heliospheric Observatory (SOHO) and the Solar
Terrestrial Relations Observatory (STEREO) (http://cdaw.gsfc.nasa.
gov/CME_list/index.html). The STEREO mission, which consists
of two satellites in Earth’s orbit (one leading and one trailing),
allows for the continuous tracking of CMEs from the Sun to 1 AU
(astronomical unit) during solar cycle 24. The heliospheric imager
(HI) onboard STEREO is utilized to correlate the time of density
disturbances at 1 AU with CME arrival times, ensuring accurate
identification of geoeffective CMEs in solar cycle 24. In some cases
where the primary sources did not provide sufficient data, additional
source locations were obtained from the Kane and Richardson
list (https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2.
html). The mass and width of geoeffective CMEs were sourced from
the CME catalog (http://cdaw.gsfc.nasa.gov/CME_list/index.html),
as detailed in Gopalswamy et al. (2009). The solar wind plasma
and magnetic parameters, with 1-min resolution, were extracted
from CDAWeb (http://cdaweb.gsfc.nasa.gov/cgi-bin/eval1.cgi).
Due to data gaps in the SOHO mission, the CME association for
three moderate and six intense storms could not be determined
in solar cycle 23. Similarly, in solar cycle 24, the solar sources
for three moderate storms and two intense storms could not be
identified. With all the details, the complete catalogue of CME
associated geomagnetic storms for solar cycle 23 and 24 is prepared
with Dst minimum, source location, CME speed, angular width,
ICME type, and magnetospheric input energy. The complete list
is given in Supplementary Table S1.

3 Observations and analysis

A total of 257 geomagnetic storms were identified during solar
cycle 23 (May 1996 to January 2008) and cycle 24 (April 2008 to
December 2019) using the Dst index. Of these, 101moderate storms
and 76 intense storms occurred in cycle 23, while 59 moderate
storms and 21 intense storms occurred in cycle 24. The geomagnetic
storm catalog (Supplementary Table S1) for both cycles include
details such as the date of occurrence, minimum Dst, solar source
location, CME speed, CME angular width, interplanetary magnetic
structure, and magnetospheric energy input. The classification of
CMEs at 1 AU is based on their magnetic structure, particularly

the presence of a magnetic cloud (MC) or ejecta (EJ) and the
associated sheath region.The classification ofMC and EJ is based on
established in-situ criteria such as smooth rotation of the magnetic
field, low plasma beta, and enhanced magnetic field strength for
MCs, whereas ejecta exhibit irregular magnetic field and plasma
signatures. Sheath-only events (S) are characterized by turbulent
and compressed solar wind regions without a distinct MC or EJ
(e.g., Burlaga et al., 1981; Cane and Richardson, 2003). CMEs with
a well-defined MC and sheath are categorized as MC-S, those with
an ejecta and sheath as EJ-S, and those consisting primarily of a
sheath region without a clear MC or ejecta as S. For cycle 23, we
identified 70 MC/MC-S, 82 EJ/EJ-S, and 25S events, while in cycle
24, there were 38 MC/MC-S, 29 EJ/EJ-S, and 13S events. Ejecta-
associated structures contributed significantly to geomagnetic storm
activity in cycle 23, whereas magnetic clouds were more dominant
in cycle 24. Figure 1 illustrates the distribution of geomagnetic storm
occurrences in comparison to the Sunspot Number (SSN) for both
solar cycles. The storm frequency in cycle 23 follows the SSN trend
more closely than in cycle 24, where the peak storm occurrence
deviates from the SSNmaximum.This discrepancy likely arises from
the selective consideration of CME-induced storms and a reduction
in the background heliospheric magnetic field, as suggested in
previous studies (Gopalswamy et al., 2014; Selvakumaran et al.,
2016). These findings indicate variations in the interplanetary
conditions influencing geomagnetic storms across the two cycles.
Furthermore, the transition from ejecta-driven storms in cycle 23 to
magnetic cloud-driven storms in cycle 24 highlights a shift in CMEs
and their interactions with Earth’s magnetosphere. The reduced
heliospheric magnetic field strength in cycle 24 emphasizes the
broader solar and heliospheric influences on geomagnetic activity.

3.1 Characteristics changes in solar source
properties

Figure 2 illustrates the distribution of CME source locations
for Solar Cycles 23 and 24, along with the intensity of the
associated geomagnetic storms. Our analysis shows that most
intense geomagnetic storms are associated with CMEs originating
near the disk center. This is likely because CMEs launched from
this region have a higher probability of interacting with Earth’s
magnetosphere due to their central trajectory. However, CMEs
originating from the far disk (closer to the limb) tend to have higher
initial speeds on average, which is a crucial factor in generating
intense geomagnetic storms. The greater speed of limb-originating
CMEs increases their geoeffectiveness by enhancing their ability
to compress the magnetosphere upon impact. This distinction
emphasizes the dual influence of both theCME’s launch position and
its initial speed on storm intensity.These observations are consistent
with previous studies on moderate geomagnetic storms in the first
half of Solar Cycle 24 (Selvakumaran et al., 2016), underscoring the
significance of CME source location and speed in determining storm
intensity.

Figure 3 presents the distribution of CME speeds associated
with moderate and intense geomagnetic storms across both solar
cycles, along with the average speeds for each category. Although the
number of geoeffective CMEs varies between Solar Cycles 23 and 24,
the averageCME speeds linked tomoderate and intense storms show
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FIGURE 1
Geomagnetic storm occurrences displayed with Sunspot Number (SSN) data for both solar cycles.

FIGURE 2
CME source locations for Solar Cycles 23 and 24, shown with the intensity of the associated geomagnetic storms. The left panel indicated the source
location for solar cycle 23 and right panel for Solar cycle 24.

onlyminor differences, indicating a general consistency between the
two cycles.This alignswith earlier reports indicating that the average
CME speeds for these storm categories did not significantly change
between different phases of the two cycles (Gopalswamy et al., 2014;
Gopalswamy et al., 2022; Selvakumaran et al., 2016; Pant et al.,
2021). In Solar Cycle 23, 80 geomagnetic storms were associated
with halo CMEs, whereas in Cycle 24, 35 such storms were recorded.
While some studies suggest anomalous CME expansion during
propagation in Cycle 24, the average initial CME width, including
halo CMEs, does not differ significantly between the two cycles.
The inclusion of halo CMEs in the analysis indicates that the
average width of CMEs associated with moderate storms remains
largely unchanged between the two cycles (Selvakumaran et al.,
2016). This trend holds for all geomagnetic storms, where the
average CME width follows a similar pattern to that of moderate

storms (Gopalswamy et al., 2014; Gopalswamy et al., 2015a;
Gopalswamy et al., 2015b; Selvakumaran et al., 2016). Thus, despite
differences in geomagnetic storm occurrence, the initial physical
properties of CMEs, such as their speed and width, remain
comparable between the two cycles.

4 Discussion

4.1 Superior magnetosphere energy
transfer estimation

The Perrault-Akasofu coupling function (ε) is a fundamental
parameter used to estimate energy transfer into the magnetosphere
during interactions between the solar wind and the Earth’s
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FIGURE 3
CME speed distribution associated with moderate and intense storms across both solar cycles. The title 23 and 24 in the figure refers to the solar cycle
23 and 24 respectively.

magnetosphere. This function plays a crucial role in understanding
the energy input during extreme space weather events, as it
highlights the peak energy transferred into the magnetosphere.
However, different versions of ε exist, incorporating density and
pressure corrections to refine the estimation of magnetospheric
energy transfer. To ensure clarity and precision in our analysis,
we have introduced the terms ε∗ for the regular energy
estimation and ε∗∗ for the pressure-corrected estimation. To
clarify this distinction, we define ε∗ and ε∗∗ using the following
equations:

ε∗ = VB2 sin4(θ/2)Rcf2

ε∗∗ = VB2 sin4(θ/2)Rcf2 xf(P)

where:

• V is the solar wind speed,
• B is the interplanetary magnetic field (IMF) magnitude,
• Rcf is the distance at which the balance between solar

wind kinetic plasma pressure and the magnetospheric
magnetic pressure

• θ is the IMF clock angle, and
• f(P) is a function that accounts for the solar wind dynamic

pressure correction.

The Rcf is given by the equation.

Rcf = (
B2

0

4πρv2
)

1
6

RE

The pressure correction function f(P) is introduced because
previous studies (e.g., Kan et al., 1979; Enfjord and Østgaard,
2013) have shown that solar wind pressure variations significantly

influence the energy transfer process. The corrected energy
transfer function (ε∗∗) is expected to provide a more accurate
measure of magnetospheric energy input during geomagnetic
storms. A detailed examination of energy transfer during the
main phase of geomagnetic storms was conducted using these
refined coupling functions. Figure 4 illustrates the distribution
of estimated ϵ∗ and ϵ∗∗ values during the peak Dst minimum
and their integrated and averaged values throughout each storm’s
main phase. Notably, the integrated energy transfer values show
an order-of-magnitude increase compared to peak estimates,
gives the importance of considering both integrated and average
energy transfer rather than relying solely on peak values. This
observation aligns with the understanding that storm energy
is distributed over an extended duration, rather than being
concentrated in a single peak event. The total energy transfer is
computed by integrating the energy transfer function over the
main phase of each storm, from the sudden storm commencement
to the minimum Dst index. This calculation helps quantify the
overall energy transfer during the storm’s progression, with the
starting point represented by the sudden storm commencement
and the endpoint marked by the time at which the minimum
Dst index occurs.

The probability density distributions of ϵ∗ and ϵ∗∗ for all
storms in solar cycles 23 and 24, as shown in Figure 5, highlight
the improved confinement of ϵ∗∗. This suggests that the pressure-
corrected energy transfer function provides a more consistent and
reliable estimation of magnetospheric energy input. The narrower
distribution of ϵ∗∗, when compared to ϵ∗, further reinforces its
accuracy by demonstrating a reduced standard deviation and an
improved correlation with key geomagnetic activity indices. The
statistical significance of these findings suggests that ϵ∗∗ can
serve as a more reliable predictor of energy transfer, especially
during major storm events characterized by fluctuating solar wind
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FIGURE 4
Distribution of the estimated ε∗ and ε∗∗ at the peak Dst minimum, along with their integrated and averaged values during the main phase of each
geomagnetic storm. The figure in the left panel refers to solar cycle right panel for solar cycle 24.

conditions. The connection between coronal mass ejections (CMEs)
and geomagnetic storms is well-established in space weather studies,
with the southward IMF component (Bz) playing a pivotal role in
storm intensification. To assess the validity of the refined coupling
functions, their correlation with the product of solar wind speed
and southward IMF component (V∗Bz) was analyzed. V in different
contexts is clarified as follows: when referring to geomagnetic
storm drivers, V represents the speed of the solar wind: when
considering shock-related influences, V specifically denotes the
speed of the shock propagation, which is different from the bulk
solar wind speed.

To further ensure the accuracy of the magnetospheric energy
input estimation, we examined the relationship between V∗Bz and
ε∗, ε∗∗. The primary relationship between CMEs and geomagnetic
storms is driven by the presence of a southward Bz component
in the interplanetary magnetic field. This connection has been
demonstrated in numerous studies, including those by Gonzalez
et al. (1994), Zhang et al. (2007), Gopalswamy (2008), Echer et al.
(2008a), Echer et al. (2008b), and Cid et al. (2013). The rate at
which the ring current is injected, influencing the storm’s overall
strength, is determined by V∗Bz, southward Bz duration, and the
speed of the shock. The correlation analysis between V∗Bz and the
two energy transfer estimates revealed a coefficient of 0.62 for ϵ∗,
whereas the correlation with ϵ∗∗ improved significantly to 0.75
given in Figure 6. This increase suggests that the pressure-corrected
function offers a superior representation of energy input into the
magnetosphere, capturing additional variability that is otherwise
unaccounted for in traditional estimates. Figure 7 presents ε∗, ε∗∗,
and their ratio, color-coded. V∗Bz and Rcf serve as the axes for
plotting. The distribution of ε∗ appears more scattered than that of
ε∗∗. The ratio highlights the tendency for energy to converge toward

higher values, suggesting that ε∗∗ provides a better correlation
with V∗Bz and Rcf.

Coronal Mass Ejections (CMEs) are generally known to follow
the solar activity cycle, as indicated by the sunspot number (e.g.,
Webb and Howard, 1994; Gopalswamy et al., 2010). However,
something peculiar happened during solar cycle 24: space weather
became verymild, as evidenced by the paucity ofmajor geomagnetic
storms and high-energy Solar Energetic Particle (SEP) events
(Gopalswamy et al., 2014; Gopalswamy et al., 2015a). The number
of major geomagnetic storms decreased by a factor of three
in cycle 24 compared to the corresponding epoch in cycle 23.
Several studies suggest that the diminished solar wind pressure
and magnetic pressure were major contributors to the reduced
geoeffectiveness observed during solar cycle 24 (Gopalswamy et al.,
2014; Gopalswamy et al., 2015a; Selvakumaran et al., 2016;
Kakad et al., 2019; Gopalswamy et al., 2022). Given this reduction
in solar activity, accurate energy transfer estimations into the
magnetosphere become even more critical. Our findings indicate
that the pressure-corrected energy transfer estimation (ε∗∗) offers
a more precise methodology for assessing magnetospheric energy
input. This improved approach provides essential insights into
geomagnetic storm dynamics and contributes to the refinement
of predictive space weather models, ultimately aiding in the
development of strategies to mitigate space weather impacts on
technological infrastructure.

4.2 Super epoch analysis

Epoch analysis has become a key tool in the study of
geomagnetic storms, providing a means to aggregate and
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FIGURE 5
Probability density distribution of magnetospheric energy transfer (ε∗ and ε∗∗).

FIGURE 6
Correlation between V∗Bz and ε∗ and ε∗∗ for all storms during Solar Cycles 23 and 24. The left panel indicates for solar cycle 23 and right panel for
solar cycle 24.

compare multiple storm events to detect common trends and
behaviors. This technique involves aligning storm events based
on their onset (0 hour), enabling the identification of recurring
features and anomalies that might be missed when studying
individual storms. Such analysis is crucial for understanding
the average behavior of geomagnetic parameters before, during,
and after a storm, offering a clearer picture of the overall
storm dynamics and their impacts. Furthermore, examining
both moderate and intense geomagnetic storms allows for a
more comprehensive understanding of how different storm
magnitudes influence geomagnetic activity and the Earth’s
magnetosphere.

Super epoch analysis is carried out for 257 geomagnetic storms
that occurred during solar cycles 23 and 24, utilizing both the
Dst index and the associated interplanetary electric field (IEFy)
to capture the dynamics of geomagnetic disturbances during
these periods. This analysis was crucial in offering insights into
the behavior of geomagnetic storms across the two solar cycles.
As shown in Figure 8, which compares the super epoch analysis
for both cycles, the storms from solar cycle 23 are represented
on the left, and those from solar cycle 24 are on the right. The
black line at 0 hour provides a clear reference point for the onset
of the geomagnetic storms, allowing us to track the changes in
geomagnetic parameters over time.
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FIGURE 7
Color-coded representation of ε∗, ε∗∗, and their ratio, plotted
against V∗Bz and Rcf.

The epoch analysis revealed a marked difference in the time
taken to reach the average minimum Dst index between the two
solar cycles. Specifically, the average minimum Dst for solar cycle
23 was reached within approximately 6 h, while for solar cycle 24,
it took almost 15 h to achieve the same minimum. This substantial
delay in themagnetospheric response during solar cycle 24 indicates
a slower reaction of the Earth’s magnetosphere compared to the
previous cycle. Such a delay is likely due to several factors, including
weakened solar activity and altered heliospheric conditions during
solar cycle 24, which have been shown to affect the magnetosphere’s
response to solar wind pressure (Kalegaev et al., 2014; Kakad et al.,
2019; Janardhan et al., 2015). These findings align with the broader
understanding that solar cycle 24, which experienced lower solar
wind pressure and a reduced background magnetic field in the
heliosphere, resulted in a slower magnetospheric response to
geomagnetic storms (Liu et al., 2016; Borovsky, 2018). Moreover,
studies by Ingale et al., 2019 confirm that solar wind pressure during
this period was significantly reduced, which contributed to a slower
magnetospheric response compared to earlier cycles.

The implications of these delayed responses extend beyond
the mere observation of geomagnetic storm timing. The slower
reaction of the magnetosphere in solar cycle 24 suggests that
the overall stability and intensity of geomagnetic storms may be

influenced by variations in solar and heliospheric conditions. This
insight is critical for understanding the long-term behavior of
space weather phenomena and their potential impacts on Earth’s
space environment. Such slower responses could alter the predicted
intensity, duration, and impacts of geomagnetic storms, with
possible consequences for satellite operations, power grid stability,
and other space weather-related technologies. These implications
give the importance of further studies and improved forecasting
models that can incorporate solar cycle variability when assessing
the potential for space weather disturbances (Chen et al., 2015;
Kretzschmar et al., 2013; Owens et al., 2021).

In addition to the delay in reaching the minimum Dst index,
our analysis also revealed significant changes in the magnetospheric
structure during solar cycle 24.The studies byKakad et al. (2019) and
Ingale et al. (2019) suggest that themagnetosphere expanded during
solar cycle 24, reaching a local Chapman-Ferraro (LCF) distance of
10.6 Earth radii (RE), compared to 10.2 RE in solar cycle 23 and
9.8 RE in solar cycle 22. This expansion of the magnetosphere is
consistent with the observed changes in solar wind pressure and
the interplanetary magnetic field (IMF), which directly influence
the magnetosphere’s response. A deeper understanding of these
structural changes is crucial for predicting the impacts of future
geomagnetic storms and for designing space weather mitigation
strategies (Ferradas et al., 2023). These findings also corroborate
with thework of Borovsky, (2018), who demonstrated that variations
in solar wind conditions lead to significant structural shifts in the
magnetosphere, influencing storm dynamics.

One of the major findings of our study is the estimated 46%
reduction in energy transfer to the magnetosphere during solar
cycle 24 compared to cycle 23. This reduction was determined by
comparing the integrated energy transfer values for both cycles,
highlighting a significant decline in magnetospheric energy input.
The observed decrease is consistent with previous studies that
have reported a weaker heliospheric environment in cycle 24. This
reduction in energy transfer has several important implications.
Firstly, it has led to a decrease in both the frequency and
intensity of major geomagnetic storms, indicating a less active
space weather environment. Additionally, the recovery phase for
geomagnetic disturbances has become longer, as demonstrated
by our super epoch analysis, suggesting that the magnetosphere
responds more slowly to perturbations. This reduction in energy
transfer has profound implications for the dynamics of geomagnetic
storms, affecting their intensity and the extent of the associated
disturbances in Earth’s magnetosphere. The reduced energy transfer
also suggests a less effective coupling between the solar wind
and the magnetosphere, a phenomenon that has been studied
extensively in other works (Li et al., 2011). The slower buildup
of geomagnetic storm intensity during solar cycle 24 further
supports these findings, which suggest that weakened solar activity
and decreased solar wind pressure can significantly alter space
weather dynamics.

Our study builds upon the foundational work of
Gopalswamy et al. (2014) and Selvakumaran et al. (2016), while
also situating its findings within the broader body of research
on geomagnetic storms. Significant contributions from previous
studies, including those by Kalegaev et al. (2014), Kakad et al.
(2019), and Janardhan et al. (2015), as well as more recent
investigations by Kretzschmar et al. (2013), have advanced our
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FIGURE 8
Super epoch analysis of all 257 geomagnetic storms that occurred during Solar Cycles 23 and 24.

understanding of the magnetospheric response to solar wind
variations. Placing our results in this wider scientific context
enhances the interpretation of geomagnetic storm dynamics over
solar cycles 23 and 24. Furthermore, continuous monitoring and
systematic analysis remain essential for refining predictive models
of space weather and assessing the impact of solar activity on the
Earth’s magnetosphere (Kretzschmar et al., 2013; Yermolaev et al.,
2021). The findings of Guo et al. (2011) further support this
necessity, underscoring the critical role of long-term observations
in quantifying the influence of solar activity on geomagnetic storm
intensity.

5 Summary and conclusion

This study provides a comprehensive analysis of geomagnetic
storm activity during solar cycles 23 and 24, identifying key
differences in storm characteristics, energy transfer processes, and
the underlying solar drivers. Using the Dst index, a detailed
catalog of moderate and intense geomagnetic storms was compiled,
documenting critical parameters such asminimumDst, CME speed,
angular width, solar source location, and magnetospheric energy
input. A significant shift in the dominant magnetic structure of
CMEs at 1 AU was observed, with geomagnetic storms in one cycle
primarily driven by ejecta-dominated structures, while magnetic
clouds were the predominant drivers in the other. This transition
suggests fundamental changes in the nature of solar eruptions and
their interaction with Earth’s magnetosphere across solar cycles.

A key finding of this study is the variation in the correlation
between storm occurrences and Sunspot Number (SSN) across
the two cycles. While solar cycle 23 exhibited a strong correlation
between SSN and geomagnetic storm frequency, this relationship
weakened significantly in cycle 24.This divergence is likely due to the
exclusive consideration of CME-associated storms and the overall
reduction in the heliospheric magnetic field strength. The observed

shift from ejecta-dominated storms to magnetic cloud-dominated
storms, coupled with a decline in background solar wind conditions,
underscores the critical role of evolving heliospheric dynamics in
modulating geomagnetic activity.

The analysis of CME source locations and kinematic properties
provides further insights into storm intensity and geoeffectiveness. It
was found that CMEs originating near the solar disk center are more
likely to produce intense geomagnetic storms, while those from
the far-disk regions tend to have higher initial speeds, influencing
their impact on Earth’s magnetosphere. Notably, despite significant
differences in the frequency and intensity of storms between
cycles 23 and 24, the average initial speeds and angular widths
of CMEs remained remarkably consistent. This stability suggests
that variations in geomagnetic storm intensity and occurrence are
not primarily dictated by CME properties alone but are strongly
influenced by interplanetary magnetic field variations and solar
wind-magnetosphere coupling efficiency.

A crucial contribution of this study is the refined assessment
of energy transfer from the solar wind to the magnetosphere using
the pressure-corrected Perreault-Akasofu coupling function (ε∗∗).
This analysis revealed a substantial reduction in magnetospheric
energy transfer during cycle 24 compared to cycle 23, primarily
due to weakened solar wind pressure and lower interplanetary
magnetic field strength. This reduced energy input led to a more
expanded magnetosphere and a slower response to geomagnetic
disturbances, highlighting the profound impact of heliospheric
conditions on storm dynamics.

In conclusion, this study highlight the need for continued
research into the varying dynamics of geomagnetic storms across
different solar cycles. Understanding the mechanisms behind delayed
magnetospheric responses and altered energy transfers is crucial for
improving space weather forecasting models and for mitigating the
impacts of geomagnetic storms on technological infrastructure. The
integration of findings from a diverse range of studies will provide
a more comprehensive understanding of how solar and heliospheric
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conditions influence geomagnetic activity, ultimately enhancing our
ability to predict and respond to space weather phenomena.

6 Summary

Solar Cycle 24 has been observed as the weakest solar
cycle in over a century. It commenced with an unusually
deep and prolonged minimum following Cycle 23, characterized
by a weak polar magnetic field and asynchronous polar field
reversal, leading to hemispheric asymmetry (e.g., Manoharan, 2012;
Pesnell, 2016; Cliver and von Steiger, 2017). Several observations
indicate that the Sun’s overall magnetic field was significantly weaker
in Cycle 24 compared to previous cycles (e.g., Hathaway, 2015 and
references therein). The interplanetary magnetic field also exhibited
a substantial decline, leading to the lowest recorded solar wind
power. Due to the weak polar magnetic field during the Cycle 23/24
minimum, sunspot activity in Cycle 24 was also diminished, with
the sunspot number declining by approximately 30% compared
to Cycle 23.

However, the occurrence rate of coronal mass ejections (CMEs)
and the number of halo CMEs, which are among the most energetic
CMEs, did not show a significant decline in Cycle 24. A notable
difference, however, was an 80% reduction in intense geomagnetic
storms and a 40% reduction in moderate storms compared to
Cycle 23 (Selvakumaran et al., 2016). Gopalswamy et al. (2014)
suggested that the reduced geoeffectiveness of CMEs in Cycle
24 was due to lower heliospheric pressure, which caused CMEs
to undergo anomalous expansion in the inner heliosphere. This
expansion is supported by observations indicating increased CME
width beyond a certain distance from the Sun, along with a decrease
in total heliospheric pressure (plasma + magnetic). Further, the
compression of CMEs closer to the Sun and their subsequent
expansion in the inner heliosphere were analyzed to confirm
this behavior.

To understand the reduced geoeffectiveness of geomagnetic
storms, we analyzed the changes in solar-source flux ropes and their
transformation into interplanetary flux ropes, alongside the energy
input to the magnetosphere. Utilizing observations from SOHO,
STEREO, ACE, and WIND, we identified the solar sources (CMEs)
responsible for individual geomagnetic storms in Solar Cycles 23
and 24. This study investigates the characteristics of these sources
and their efficiency in transferring energy to the magnetosphere,
helping to establish the reasons behind the weaker geomagnetic
storm activity in Cycle 24.
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