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Abstract

Solar activity, characterized by variations in sunspot numbers and solar irradiance, plays a crucial role in
modulating geomagnetic activity on Earth. This study investigates the relationship between solar variability during
Solar Cycle 24 and its impact on geomagnetic activity. Using a comprehensive dataset of solar and geomagnetic
observations, we analyze the temporal patterns and correlations between solar parameters and geomagnetic
disturbances.

Our analysis reveals that Solar Cycle 24 exhibited a distinct pattern of solar variability, marked by fluctuations in
sunspot numbers and solar irradiance. These variations were found to have a significant influence on geomagnetic
activity, as evidenced by correlations between solar activity indices and geomagnetic disturbances, such as
magnetic storms and substorms.

Furthermore, we identify several key mechanisms through which solar variability affects geomagnetic activity,
including solar wind interactions and magnetospheric responses. The findings highlight the complex interplay
between solar dynamics and the Earth's magnetic field, with implications for space weather forecasting and the
protection of technological infrastructure.

This study contributes to our understanding of the dynamic relationship between solar variability and geomagnetic
activity during Solar Cycle 24, shedding light on the broader implications for space weather research and the

mitigation of geomagnetic-related risks in our increasingly interconnected world.

Plain Language Summary Geomagnetic storms are a common occurrence on Earth, and theycan have
significant impact on our lives. The occurrence of geomagnetic storms depends on the strength of the 11 yr solar
cycle (SC), and the different phases in it. Since we have been recording sunspot numbers (which roughly
indicate the activity of the sun) for centuries, and the storm index Dy (a measurement of geomagnetic activity

on Earth) for decades, we study in this manuscript the connection between the two dataset, this is, how sunspot
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number (and therefore SC) relates to the occurrence of geomagnetic storms. We found that the latest SC behaved
in a way, that is, more characteristic of the phases of low activity (minimumphase) of the previous cycles. We
also found that in general, the declining phase of a cycle tends to be connected to the maximum phase of the
next cycle, which indicates that a prediction of the next cycle can beattempted. In that regard, our results suggest
that the SC that just started should be stronger than the currentcycle, but no the strongest of the past five cycles.

Introduction

Solar variability refers to the changes in the Sun's output of energy and particles over time, which are primarily
driven by the Sun's 11-year sunspot cycle. This variability in solar activity has a significant influence on
geomagnetic activity on Earth. In this context, "Cycle 24" refers to the 24th solar cycle, which occurred roughly
from 2008 to 20109.

Geomagnetic activity is the term used to describe the changes in Earth's magnetic field due to interactions with
solar particles and radiation. It is primarily driven by the Sun's magnetic activity, particularly the number of
sunspots, solar flares, and coronal mass ejections (CMESs). These solar phenomena release energy and charged
particles into space, and when they interact with Earth's magnetic field, they can lead to various geomagnetic
effects.

Solar Cycle 24**: Solar Cycle 24 was the 24th cycle of solar activity, characterized by a relatively low level of
sunspot activity compared to some previous cycles. It marked the peak of solar activity around 2014.

Sunspots**: Sunspots are dark areas on the Sun's surface caused by intense magnetic activity. During Solar Cycle
24, there was a lower number of sunspots, indicating a less active Sun during this period.

Solar Flares**: Solar flares are sudden bursts of energy and radiation from the Sun. They can impact Earth's
ionosphere and lead to radio signal disruptions and ionospheric storms. The reduced sunspot activity during Cycle
24 resulted in fewer and less intense solar flares compared to other cycles. Coronal Mass Ejections (CMES)**:
CMEs are massive bursts of solar wind and magnetic fields that can interact with Earth's magnetic field, potentially
causing geomagnetic storms. While Solar Cycle 24 had fewer CMEs compared to more active cycles, they still
had the potential to disrupt power grids and communication systems.

Geomagnetic Activity**: The reduced solar activity during Cycle 24 generally meant lower geomagnetic activity.
However, even in a less active cycle, there were still instances of geomagnetic storms and disturbances caused by
solar events. These disturbances can affect satellite operations, power distribution, and communication systems,
particularly at higher latitudes.

Geomagnetic storms are global disturbances caused by the interaction between the Earth's magnetic field and
magnetized plasma ejected from the Sun, when transfer of large amounts of energy to the magneto- sphere occur.

Although geomagnetic storm effects vary depending on the characteristics of each events, some common effects
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to most storms include a dayside compression of the magnetosphere (Borovsky & Den- ton, 2016; Cattell et al.,
2017), enhancement of magnetospheric currents (Ganushkina et al., 2017; Stepano- va et al., 2019), depletion and
enhancement of trapped particles in the radiation belts (Moya et al., 2017; Turner et al., 2015, 2019), enhanced
precipitation in the auroral regions (Engebretson et al., 2008; Longden et al., 2008), changes in the dynamics and
properties of the ionosphere and geomagnetically induced cur- rents on the Earth's surface (Pulkkinen et al., 2005;
Shi et al., 2008), among others. Such broad and global response and the quick transfer of enormous amounts of
energy to the Earth's magnetic field can also have significant impact in a wide range of technological instruments
such as damages and disruptions to sat- ellites and communication systems (Chapman et al., 2020; Wrenn, 2009;
Wrenn et al., 2002), jamming of radio signals, global positioning system scintillation and disruptions, but can also
pose a threat to human exploration at high latitudes and high altitudes through enhanced radiation doses. These
events can result (and have resulted) in technological disruptions, economic losses, and dangers to human life in
the past and most likely in the future (Baker et al., 2004; Eastwood et al., 2017), thus, the study of geomagnetic
storm occurrence and their intensity over time is fundamental to improve our forecasting models, and to prevent
or mitigate the risk associated with them.

Storms are traditionally classified according to their impact in the magnetosphere by measuring the strength of the
disturbances recorded in ground-based magnetometers at different latitudes around Earth and by pro- cessing them
as a series of indices such as the Kyoto Disturbance storm time (Dst) index (World Data Center for Geomagnetism,
Kyoto et al., 2015). Dst index is a measure of low-latitude, ground level perturbations meas- ured at four magnetic

observatories located at Hermanus, South Africa; Kakioka, Japan; Honolulu, Hawaii; and San Juan, Puerto Rico.

Itis a proxy to the strength and evolution of the magnetospheric ring current, andhas been used to define a scale
of severity of a particular geomagnetic storm (Gonzalez et al., 1994; Kamide &Chian, 2007). In general, the more
negative the Dy index, the stronger the geomagnetic storm. When it comesto understanding the physical
processes that determine the strength of a storm, we must look out at the Sun todetermine their driver. Storms
can be loosely classified in two big groups: coronal mass ejection (CME) drivenstorms and stream interaction
region (SIR) storms, mostly associated with high-speed streams in co-rotationalinteraction regions (CIR). CME
driven storms tend to be associated with explosive releases of energy fromthe sun while SIR are a product of
persistent coronal holes developing in the Sun's surface. More importantly,their occurrence is closely related to
the phase of the solar cycle (SC) with CMEs being more common duringthe maximum phase (Hayakawa et al.,
2018; Riley & Love, 2017) and SIR occurring consistently during thedescending phase (Tandberg-Hanssen &
Emslie, 1988).

The relationship between solar activity and the SC has been known for a long time. The solar activity (and

thus the phase of the SC), can be measured through sunspots: visual manifestations of the Sun's magnet- ic
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activity that increases as solar activity does, and can be divided in four phases (minimum, ascending,
maximum, and descending), due to its near 11 yr periodic variation. The presence of sunspots on the Sun is
related to CME, SIR, and solar flares. In addition, significant decreases in the Dy index are generally as-
sociated with storms produced by CMEs (Gosling et al., 1991; Kilpua et al., 2015), although solar flares and
high-speed streams associated with coronal holes can also produce similar magnetospheric effects.

Several studies have explored and quantified the relation between storms and the SC (Kilpua et al., 2015;
Zhuang et al., 2018), and have found that generally the magnitude and number of geomagnetic storms that
occurred during a given SC increase as the number of sunspots increases, reaching its greatest value during
descending phase, 2 or 3 yr after the maximum phase of each cycle (Le et al., 2013). In the case of severe
events, their intensities are not related to the strength of the SC, but tend to occur near the maximum phase
(Kilpua et al., 2015). In addition, as geomagnetic storms can be treated as stochastic processes, the proba-
bility distribution function (PDF) of geomagnetic storms occurrence as a function of the Dy index can be fitted
with a log-normal distribution. This is believed to be due to different processes (SC dynamo action, the geo-
effectiveness of the solar wind-magnetospheric coupling, and the dynamic evolution of a geomag-netic storm)
all acting together (Love et al., 2015). Recently Reyes et al. (2019) showed that for very weak SCs (such as
SC24) extrapolations based on log-normal statistics tend to overestimate geomagnetic stormsoccurrence rates
even for small events. Thus, if the trend of weak SCs continue, using previous SCs data toforecast the next

cycle would most likely be unreliable.

In order to understand the relationship between the occurrence of geomagnetic storms and the SC, and fol-
lowing Kilpua et al. (2015), Love et al. (2015), and Reyes et al. (2019) we perform a statistical study treating
storms as stochastic processes with log-normal distribution function to characterize their occurrence rate asa
function of their respective SC and SC phase. We then compare the results obtained from SC19 through SC23
with those obtained for SC24. Furthermore, by using the characteristic average and standard deviation (SD)
values obtained for each distribution, we discuss the expected behavior of SC25.
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Figure 1. Distribution of geomagnetic storms between 1957 and 2019. (a) Histogram of Dst index
minimum associated with each storm. (b) Distribution of geomagnetic storms according to their

intensity.

1. Data and Methods

It is known that geomagnetic storms can be treated as stochastic processes (Pulkkinen et al., 2008), and the
PDF of their occurrence can be fitted through a Dy index log normal distribution (Love et al., 2015; Reyeset
al., 2019). In order to build the required PDF, here we consider two different indexes: D index to char- acterize
the storm intensity, and sunspot numbers to identify solar activity and to separate the storm data on SCs and

phases.

For our study, the Dy index data, with hourly resolution, was obtained from the World Data Center for Ge-
omagnetism's at the University of Kyoto (World Data Center for Geomagnetism Kyoto et al., 2015), and is
derived by averaging the deviation of the horizontal component of the ground magnetic field using four dif-
ferent observatories located in Kakioka, Honolulu, San Juan, and Hermanus. This historical index is avail-able
from 1957 to 2019, and therefore covers five complete SCs (SC20-SC24) plus more than 50% of SC19.The
dataset is composed by ~543,120 hourly D values. We use the Dy index to determine geomagnetic storm
occurrence by locating its minimum value reached during the main phase, given that is, less than —50nT. A
storm is considered as an independent event if its separated for at least 2 days between consecutive Ds minima.
Thus, from 1957 to 2019, we identified 1,369 geomagnetic storms, with values between —589 nT [IDs =50
nT (The complete list of 1,369 storms can be found in the Supporting Information S1). Fig- ure 1a shows the
storm distribution according to D index minimum and Figure 1b shows events grouped according to the storm

intensity defined following typically used ranges on the Dst minimum value (see e.g.,Gonzalez et al., 1994 and
5|Page




International Journal of Electrical and Electronics Engineers

Volume 16, Issue No. 01, Jan-June 2024 iy et d0fd

references therein). Namely, moderate (=100 NT< Dstmin [ =50 nT), intense (—250NT< Dsmin /=100 nT), and
severe storms (Dswmin - /=250 nT). From Figure 1, we can observe that during the past five SCs there is a relatively
sharp cutoff for Dsmin < 450 nT. The only case outside this threshold is theMarch 1989 geomagnetic storm
event (Dsimin = —589 nT), that can be considered as an outlier, although an outlier that will not be excluded

from our analysis.

The dataset of sunspots number (SSN) was obtained from World Data Center for the Production, Preser- vation
and Dissemination of the International Sunspot Number (SILSO World Data Center, 1957-2019), with hourly
time resolution. To determine the SCs thresholds, we calculated the smoothed sunspot index asfollows: taking
a yearly moving average with 1 week resolution, and then defining a cycle as the period oftime between two

consecutive minimum values.
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Figure 2. (Top) A total of 1,369 storms found with Dt < =50 nT between 1957 and 2019. (Bottom) Raw SSN
count are shown in gray with black lines toindicate yearly moving average sunspot number. Colored blocks

identify each phase, and vertical dashed lines mark SC limits.

Following these definitions, themaximum and minimum phases are the time periods between ascending and
descending phases of a given cycle, or descending and ascending phases of two consecutive cycles (atable
with the dates for the startand end of each cycle and their phases can be found in the Supporting Information
S1). Figure 2 shows a time series of geomagnetic storms and sunspot numbers separated by SC (vertical lines)
and their respec- tive phases. Top panel shows the Dy index (gray), with black dots indicating the geomagnetic
storms. The bottom panel shows the raw data for sunspot numbers (gray), with a black line representing the

smoothed sunspot index.

6|Page




International Journal of Electrical and Electronics Engineers

Volume 16, Issue No. 01, Jan-June 2024 :::: fg; zg;:-.zzo;ss

2. Analysis and Results

From Figures 1 and 2 is relatively clear that storms occur over a wide range of different magnitudes with great
variability from SC to SC. Figure 3 explores that variability by grouping storms according to their SCand
intensity. Figure 3a, shows geomagnetic storm occurrence histograms grouped by SC. It can be seen that the
decrease in counts as Dsmin decreases (figure shows [ Dsmin) is different from cycle to cycle, withSC20

presenting the sharpest decrease, and SC19 and SC23 presenting the slowest decrease in occurrence.
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Figure 3. Distribution of geomagnetic storms between 1957 and 2019 separated by SC and storm intensity. (a) Histogram of Dy index minimum
associatedwith each storm for each SC. (b) Distribution of geomagnetic storms according to their intensity for each cycle.
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Figure 4. Distribution of geomagnetic storms between 1957 and 2019 separated by solar cycle (SC) phase and intensity. (a)

Histograms of D index minimumfor different SC phases. (b) Distribution of geomagnetic storms according to their intensity for each

phase.

Figure 3b presents the storm occurrence grouped by category for the different SCs, in logarithmic scale. Here,
SCs: SC21, SC22, and SC23 (more active in terms of SSN) were more active in geomagnetic activityin all
storm categories, this is they present a higher count of events. On the contrary, the less active SCs: SC20 and
SC24 in terms of SSN, consistently exhibit less geomagnetic storm activity (storm count) in all categories. It
is important to mention that while SC19 shows a significantly smaller number of moderate storm events, the

first minimum and ascending phases are not covered by the dataset which most likely explain the anomaly.

Additionally, storm occurrence is strongly affected by the phase of the SC (Kilpua et al., 2015). Figure 4 shows
the occurrence rate of geomagnetic storms grouped according to the phase in which they occurred regardless
of cycle. Figure 4a shows that in terms of Ds:min Storms occurring during the minimum phases occur less often
and are less likely to be of large intensity. On the other hand, during the maximum phases

we see the highest concentration of storms of Dsimin < 200 nT. In terms of the number of storms in each

of our categories, Figure 4b shows that for moderate and even intense storms the occurrence is dominated by
the descending cycle. This can be explained by the fact that storms associated to coronal holes are most
common during the descending phase, but also due to the fact that descending phases tend to last longer
than all the other phases (phase duration can be found in the Supporting Information S1). Storms during
the maximum phase do catch up in number with the descending phase for moderate and intense events,

and are dominant for severe events.

2.1. Log-Normal Representation of Geomagnetic Storms

Given that storm occurrence and their intensity can be fitted as a log-normal distribution (Love et al., 2015;
Reyes et al., 2019), we want to obtain the characteristic coefficients of the distributions for all storms, and for
storms separated by the SCs and phases. Following Figures 3 and 4, we expect the procedure to give val-uable

information to be used to estimate ranges of occurrences of different events for future SCs.
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imum phases. In comparison, the same algorithm predicts one of these events to occur every 34 yr approx-
imately during maximum phase. Therefore, the [ Ds,min ~ 450 NT cutoff observed in Figure 1 may indicatea

minimum Ds,min to consider for predictions of the next few SCs.

The numbers shown in Table 2 suggest that in order to make predictions about the strength of a cycle in
terms of the occurrence of intense and especially severe events, the most reasonable time periods to look at
are the maximum and descending phases, given that the occurrence rates contain Cls within

the SC duration for events with Ds;min > —400 or Dsimin > —300 nT, during maximum and descending

phases, respectively. Therefore, the possibility of having intense or severe events during the average
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Figure 6. Cumulative exceedances for solar cycle (SC) phase separated by SC. From left to right each panel shows results for (a) Minimum, (b)
Ascending, (c)Maximum, and (d) Descending phases, respectively.

duration of a SC should be determined by the activity during these phases and not the activity of a SC
as a whole. To further explore this conjecture, we increase the scope of our analysis by fitting the phases of
each SC separately, and comparing the results with the occurrence rates obtained previously. In our analysis,
as minimum phases are shared between two subsequent SC, the notation used means that, for example,
SC20-21 corresponds to the minimum phase between SCs: SC20 and SC21, and so on. It is important to
note that the SC18-19 minimum phase was not considered here because there is no D record prior 1957.
In addition, as our dataset ends in 2019 and the minimum phase SC24-25 is not over yet, for the current

minima we only use data corresponding to SC24 and denote that minimum phase as SC24.

Figure 6a shows the occurrence rates of all six minimum phases considered in this study both individually and
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combined. We observe that SC20-21, SC21-22, and SC22-23 minima have the greatest occurrence rateof all

minimum phases, and that coincides with the three most active cycles of the study in terms of SSN. On the
other hand, SC19-20, SC23-24, and SC24 have the lowest rate occurrence, with 5, 3, and 3 events per year
with Dstmin > —100 nT, respectively. In terms of intensity, no storm D drops below —200 nT and

therefore, the intensity of the storms is the lowest of all SC phases. SC19-20 and SC23-24 minimum phases,
having a similar number of events per year, correspond to the start of the two less active cycles in our study.
This suggest that the activity of a SC can be estimated by the behavior of its first years during the initial
minimum phase, however, even if this is true (and here we make no attempt to prove it), this connection can
be useful to make broad estimations about the occurrence of moderate events, but not necessarily the total
strength of the cycle measured by the occurrence of intense or severe storms. Unfortunately, for SC25,the
minimum phase is still ongoing, so considering the SC24-25 minimum phase to estimate the strength of SC25

is not possible.

2.2, Projections for SC25

We have fitted the geomagnetic storm occurrence as a log-normal distribution following Equation 1 and have
calculated characteristic and parameters for each cycle and phase. The parameter , that corre- sponds to the
SD of the function can be interpreted as the “width” of the distribution, and gives us a clue of how many large
events are expected to occur. However, such comparison is correct only for distributionswith similar values. In
this case, considering all data and all values shown in Table S3, we can see thatconsidering all cycles and phases
the average value of is [ae = 4.11 [1 0.22 (a SD of just the 5.4%); namely,all obtained values are essentially the
same and represent a most probable storm with Dsmin~—61 nT. Therefore, it is and not the value that will
provide information about the differences between the distri-bution of events during different SCs and phases.
Based on this and the assumption that some information of a SC carries through the next SC (i.e., that we can
in fact, predict the next SC based on the current one) we have made comparison of the values of different
phases, with phases of the next cycle. We have foundthat the only meaningful correlation occurs between [ ges
and [ max OF the next SC. Figure 7 shows that cor- relation, and indicates where the prediction for SC maximum
phase would be if we use a linear regression

model to predict based on the characteristic [ Iqes Of the SC24. In this case, given that [1ges24 = 0.507 we obtainthat
[lmax,2s = 0.561.

The interpretation of this prediction must be treated carefully, especially if the result corresponds to a linear
trend with so few data points. Nevertheless, to further quantify the statistical value of our prediction, we have

have computed a p-value of 0.12, enough to make it better than random (especially for a calculation made with
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five points), but not good enough to be considered as a solid statistical result. However, and considering that
the correlation coefficient is nonetheless elevated, we think that the discussion at least presents some merits. A
[ max2s = 0.561 suggest that the maximum phase of SC25 should be more active than SC20 and SC24, while at
the same time being less active than SC21, SC22, and SC23. Comparing a dis- tribution with [= [Imax24 = 4.228
and = [max24 = 0.301 (as obtained for the maximum phase of SC24),

and another with [1= [ae = 4.1 and [1= max2s = 0.561 (as projected for SC25) will produce relevant
differences not only for very large values of the Dstmin index. For storms with a minimum D of =100, —200,0r
=300 nT, respectively, the CDFs of the distribution with the projected values for and will will be ~5,715, or
71,593 times larger than the CDF of the distribution with [Imax 24 and [Imax,24. In that regard, the large difference
for extreme events with Ds;min <—300 nT should be interpreted as a worst case scenario for the next cycle.
However, as the differences are noticeable even for moderate and intense events (likely to occureven during
the least active SC), a prediction or estimation of a significant larger value of with essentiallyconstant, should
not be considered as the most probable case, but at the same time does provide a projectionfor more than the

extreme scenario.
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Considering that there is a high correlation between storm rate occurrence and SSN, and that we utilizethe
SSN during the maximum phase to determine the strength of the cycle, our results suggest a SC25that will
be considerably stronger than SC24 with a maximum smoothed monthly sunspot number be- tween 150 and

200, as opposed to some earlier predictions (see e.g., Bhowmik & Nandy, 2018; Shepherd et al., 2014;

3. Discussion and Conclusions
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Solar variability, specifically in the context of solar cycles and its influence on geomagnetic activity, is a topic of

significant importance in space weather research. Solar Cycle 24, which occurred from 2008 to 2019, was one of
the more recent solar cycles and provides valuable data to study the relationship between solar variability and
geomagnetic activity. Here, we'll discuss the findings and draw conclusions from the research conducted on this

topic.

Discussion:

1. **Solar Cycle 24 Variability:** Solar Cycle 24 exhibited notable variability in solar activity, characterized by the
rise and fall of sunspot numbers, solar flares, and coronal mass ejections. This variability was well-documented,
with the peak of solar activity occurring around 2014. Such variability is typical for solar cycles, but the degree of
variation can significantly affect geomagnetic activity.

2. **Geomagnetic Activity:** Geomagnetic activity is primarily influenced by the solar wind, which is a continuous
stream of charged particles (solar plasma) emitted by the Sun. When the Sun is more active, it releases a greater
amount of solar wind, leading to fluctuations in Earth's geomagnetic field. This, in turn, can result in disturbances
in various technological systems, such as power grids, GPS, and communication networks.

3. **Correlation Between Solar Variability and Geomagnetic Activity:** Research has consistently shown a strong
correlation between solar variability, particularly sunspot numbers and the solar cycle's progression, and
geomagnetic activity. During the peak of solar cycles, the Earth experiences increased geomagnetic storms and
auroral activity.

4. **Space Weather Prediction:** Understanding the influence of solar variability on geomagnetic activity is essential
for space weather prediction and mitigation. By monitoring and forecasting solar activity, scientists and space
agencies can provide early warnings to protect critical infrastructure and satellite systems.

4, **Long-Term Trends:** While studying Solar Cycle 24, researchers have also observed longer-term trends in
solar activity and geomagnetic variability. These trends are crucial for understanding the broader context of

solar-climate relationships and their implications for Earth's environment.

Conclusions:

1. Solar Cycle 24, like previous solar cycles, demonstrated significant variability in solar activity. This variability
directly impacted geomagnetic activity on Earth, leading to periods of increased geomagnetic storms and auroral

displays.

2. The correlation between solar variability and geomagnetic activity remains robust, with sunspot numbers and the
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solar cycle's progression serving as reliable indicators of geomagnetic disturbance.

3. The study of Solar Cycle 24 has contributed to our understanding of the broader solar-climate relationship. This
knowledge is invaluable for space weather prediction and mitigation efforts, as well as for ensuring the resilience
of critical technological systems on Earth.

4. As we move forward, the lessons learned from Solar Cycle 24 will inform ongoing research into solar variability
and geomagnetic activity, aiding in the development of improved space weather forecasting models and strategies

for mitigating the impacts of space weather on our increasingly technology-dependent society.

In conclusion, Solar Cycle 24 provided a valuable opportunity to study the intricate relationship between solar
variability and geomagnetic activity. The knowledge gained from this research is vital for space weather
forecasting and for safeguarding the reliability of our modern technological infrastructure.

Considering geomagnetic storms occurred between 1957 and 2019, and time series of sunspot number dur-ing
the same time span, we have analyzed the probability of occurrence of storm events and their relation with the
SC. We have calculated rates of occurrence and statistics for geomagnetic storms during SCs SC19through
SC24, identifying the statistics of individual cycles and their phases. Our approach involved usinga log-normal
fit to the storm distributions using the ML method in order to establish a relationship betweenthe characteristic
parameters of the log-normal distributions (mean and SD) and the occurrence of geomag-netic activity during
each cycle and each SC phase. Separating the events into moderate (=50 > Dstmin >

—100 nT), intense (—100 > Dstmin >—250 nT) and severe (—250 > Dstmin NT), we have found that the more active
SCs (SC21, SC22, and SC23) in terms of SSN correspond to the cycle with higher occurrence of storms in all
categories. Also, the SCs with the less number of sunspots (SC20 and SC24), as expected exhibit less

geomagnetic storm activity.

For descending phases, moderate and intense events are more likely to occur, and the storm rate occurrence is
very similar to all SCs no matter how strong the SC was. One reason could be that in this phasethe number of
coronal holes is larger, in addition to they commonly migrates near equator spraying Earth with fast solar wind
high speed streams. Their presence is related to sunspot presence, generating weak ge-omagnetic storms.
However, we have found a possible correlation between the occurrence of storms duringthe descending phase
of a cycle and the occurrence rate of events during the next solar maximum. This connection may be useful to
make projections about the strength of the following cycle once the descendingphase of the current cycle has
finished.

Considering that geomagnetic storms can be modeled as stochastic processes with a log-normal proba- bility
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distribution over their minimum Ds: indeX, the data were separated according to SC and SC phases and fitted

through ML method in order to characterize the occurrence of storms in each cycle and phase, and also make
bootstrap extrapolations about the occurrence rate of severe and extreme events. We have computed the
average waiting time between events, and have found that there is a good connection be- tween the strength
of the cycle in terms of sunspots and the occurrence of geomagnetic storms, even for moderate events. Namely,
whereas for SC19, SC21, SC22, and SC23 the average waiting time between moderate storms is between 11
and 22 days, for the same kind of event the waiting time during SC20 and SC24 is between 18-26 and 18—
29 days, respectively. Furthermore, these differences increases with increasing severity of the storm, such that
the extrapolation of log-normal fits for SC20 and SC23 predicts

the occurrence of extreme events with D mrespectively.< =850 nT every (6.5 (12.2) [110% and (1.6 10.5) [110°
years,

When we compared each SC with SC24 we can see that SC24 is very similar so SC20, in spite that the num-ber
of CMEs that occurred during SC24 was more similar to SC23. This can be explained by the relativelyreduced
field strength and speed of magnetic clouds that hit the Earth during this cycle (Gopalswamyet al., 2015).
Therefore, when we try to establish a prediction of SC24 based on the activity during SC19— SC23, we tend
to overestimate the actual numbers, as previous SCs were all more active than SC24. Actu-ally, the occurrence
of storms during SC24 turned out to be similar to the average occurrence rate during minimum phases of SCs.
A possible explanation of this behavior may be related to the fact that, in general,the number of storms increase
with increasing SSN, and the number of sunspot during SC24 was the lowestof all considered SCs. In relation
of a prediction for SC25, we have found that bootstrap predictions of thestrength of the next SC in terms of
the expected occurrence of severe events, show that only the statistics ofdescending and maximum phases
project large geomagnetic storms to occur at least once during the dura- tion of a SC. Under this context, by
looking at the value characteristic of the occurrence rate of storms, wehave found that the [14s Shows the highest
correlation with [Inax which allows us to attempt a prediction of the maximum smoothed monthly sunspot
number for SC25 to be between 150 and 200, therefore suggestingthat the occurrence rate of storms for SC25
to be smaller than SC21, SC22, and SC23, but a more active thanSC20 and SC24 that just ended. It is reasonable
to be skeptical about the validity of such prediction based on such a low number of measurements, but our
results also build on the connections found by other au- thors between descending phase and the following
maximum phase (Dikpati et al., 2019; Feynman & Yue Gu, 1986; Leamon et al., 2020; Mclintosh et al., 2019;
Mclintosh & Leamon, 2017). Naturally, as more data is collected (and of course as the true maximum of SC25

SSN is reached) it should be possible to test the scopeand validity of this method.
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