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Key Points:
e Statistical model is practical for forecasting geomagnetic storm events based on the characteristics of the incoming solar wind and
the linterplanetary magnetic field.
e Using a regression formula, the model has a coefficient of determination of 0.58, a root mean square error of 21.30 nT, and a mean
absolute error of 15.87 nT.
e While more complex machine learning models may outperform this model, it provides a theoretically sound alternative for
understanding and forecasting geomagnetic storms.
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Abstract: Proper knowledge of the nature of geomagnetic storms and their relationships with the conditions of the space environment
at the outer part of the Earth’s magnetosphere (bow shock nose) is essential to increase our resilience to space weather disturbances. In
this article, we present an analysis of the interplanetary magnetic field (IMF) and solar wind parameters relevant to 100 geomagnetic
storms in Solar Cycle 24. We revisit the relationship between the minimum disturbance storm time index (Dstmin), the minimum
southward IMF (Bs, min), the maximum solar wind density (Nsw, max) and speed (Vimax), and the lag time between the extrema (dT(B;, N),
dT(B,, V)). We end with a regression formula that fits the data, with a coefficient of determination of 0.58, a root mean square error of
21.30 nT, and a mean absolute error of 15.87 nT. Even though more complex machine learning models can outperform this model, it
serves as a theoretically sensible alternative for understanding and forecasting geomagnetic storms.
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compressed by the fast wind (Webb and Howard, 2012; Temmer,
2021). Geomagnetic storms with various levels of intensity can be
induced by such phenomena. The impacts of the storms range
from the disturbance of high-frequency radio communication
(Blagoveshchensky and Sergeeva, 2019; Frissell et al, 2019) to
disruption of the electrical power grid, especially in high-latitude
regions (McNish, 1940; Bolduc, 2002; Pulkkinen et al., 2005;
Kataoka and Ngwira, 2016; Abraha et al., 2020). Consequently,
mitigation of the impacts should include the reliable forecasting
of the geomagnetic storms according to the observed conditions
of the Sun and the sensed configuration of the interplanetary
magnetic field (IMF) around the Earth.

1. Introduction

The Sun is the main driver of space weather because the dynamic
nature of its atmosphere influences the distribution and charac-
teristics of plasma around the Earth. In turn, the configuration of
Earth’s magnetosphere may be altered such that a geomagnetic
storm takes place. Among several phenomena in the Sun’s atmo-
sphere, coronal mass ejections (CMEs) become the main causes of
geomagnetic storms, together with the corotating interaction
regions (CIRs) in interplanetary space, where the slow solar wind is
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ically directed CME carries energetic particles and magnetic fields
that propagate toward the Earth. Before reaching the Earth, an
interplanetary shock (IPS) can be formed by the interaction
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between the fast flow and the ambient solar wind, enhancing the
density, temperature, and magnetic field of the wind. Upon arrival
in the vicinity of the Earth, the IPS may generate a geomagnetic
storm (Kataoka et al., 2005; Kilpua et al., 2017; Pitna et al., 2021).
The occurrence and intensity of geomagnetic storms are deter-
mined by the characteristics of the incoming solar wind and CME,
as well as the southward IMF (negative B; or Bs), during the recon-
nection stage. Both magnetopause reconnection in the dayside
magnetosphere and magnetotail reconnection in the nightside
magnetosphere may occur. At this stage, energetic particles are
injected by the solar wind or the CME into the Earth’s magneto-
sphere. In most cases, CME-driven storms are preceded by a CME.
Coronal mass ejection-driven storms are characterized by sudden
increases in southward Bs, solar wind speed (Vsw), and proton
density (Nsw), often accompanied by a shock (Neugebauer and
Goldstein, 1997). In contrast, CIR-driven storms are marked by
fluctuating increases in Vs, decreases in the Nsw, and fluctuations
in the IMF (Bs; Shen XC et al.,, 2017; Pandya et al., 2019). Denton et
al. (2006) reviewed the distinctions between storm-driven CMEs
and storm-driven CIRs, which are primarily influenced by the solar
wind, and examined the differences in their signatures.

The amount of energized particles in the magnetic field determines
the intensity of the geomagnetic storm generated (Burton et al.,
1975; Kan and Lee, 1979; Akasofu, 1981; Gonzalez, 1990). Thus, the
solar wind or CME parameters and the southward-directed
magnetic field (Bs), as well as ionospheric particles, play important
roles in the generation of a geomagnetic storm (Burton et al,,
1975; Crooker et al., 1977; Kan JR and Lee, 1979; Akasofu, 1981;
Gonzalez, 1990; Zhou XY et al., 2020; Chappell et al.,, 2021; Ren J et
al., 2023). Notably, the solar wind (with varying shapes, such as
CIRs, magnetic clouds, and ejecta) becomes the most prominent
driver of a geomagnetic disturbance during the solar minimum
(Richardson et al., 2001; Richardson and Cane, 2012), whereas the
CME takes this role during the solar maximum (Borovsky and
Denton, 2006; Echer et al., 2008; Wu CC et al., 2016). Some differ-
ences have also been observed between geomagnetic storms
induced by these two drivers (Borovsky and Denton, 2006). Coronal
mass ejection-driven storms are more likely to threaten the electric
power grid, whereas CIR-driven ones can affect space-borne
assets (Pandey and Dubey, 2017).

Studies have been conducted to understand the relationships
between the solar wind (or a CME) and the intensity of geomag-
netic storms (Wu CC et al., 2006; Bakare and Chukwuma, 2010;
Rathore et al., 2014). The ultimate aim is to provide an accurate
prediction of geomagnetic storms as early as possible. Among
other researchers, Verbanac et al. (2011) investigated the relation-
ships between coronal holes as the source of high-speed solar
wind and the geomagnetic storm indices (daily global geomag-
netic activity, Ap; electrojet auroral activity in high latitudes, AE;
and geomagnetic activity in middle-low-equator latitudes, Dst).
They found that the combination of the solar wind speed (V) and
the IMF (B) served as crucial indicators of energy transfer from the
solar wind to the magnetosphere. Nagatsuma et al. (2015) tested
the relationship between the Dst index and solar wind parameters
by using the extreme storm of March 13-14, 1989, as a case study.
At the extreme end of geomagnetic storms, the solar wind
dawn-dusk electric field (vB,) is believed to be an important factor

in characterizing the impact on the magnetosphere (Burton et al.,
1975; Kan JR and Lee, 1979; Akasofu, 1981; Larrodera, 2021).

Several methods are used to understand the relationship between
the solar wind, IMF characteristics, and the induced geomagnetic
storm. Many statistical models have been used to establish predic-
tive models (Kugblenu et al., 1999; Stepanova et al., 2008; Kim et
al., 2014; Podladchikova et al., 2018; Chakraborty and Morley,
2020). On one end, a simple regression model with several variables
becomes an alternative with more easily discernable implications
(Khabarova, 2008). On the other end, machine learning techniques
have been used to forecast incoming geomagnetic storms. The
neural network (NN) has become a tool of choice in some studies
(Kugblenu et al., 1999; Lethy et al., 2018; Chakraborty and Morley,
2020; Park et al, 2021), whereas more recent studies have
combined NNs with other models, such as support vector
machines and long short-term memory networks, into an ensem-
ble model (Xu SB et al., 2020). Depending on the data used, the
reported correlation coefficients (R) of those statistical models
have ranged from 75% to 95%.

Despite its simplicity, the regression model still possesses an inter-
esting feature worth exploring. For instance, Khabarova (2008)
presented a relationship between the minimum Bs, the maximum
density of the solar wind (N) before the storm, the lag time (dt) of
the storm, and the minimum value of the Dst index. The minimum
Dst was assumed to be a function of the dynamic pressure of the
solar wind (P), which was related to the first three parameters
mentioned (N, V, Bs). Khabarova (2008) reported an R of 0.91 for
the case of 30 geomagnetic storms from 1995 to 2001 (—140 < Dst
<—40 nT). Even though the solar wind speed (V) is thought to be a
crucial factor, this parameter was not taken into account in the
model presented by Khabarova (2008).

The reconnection between the IMF and the magnetosphere,
either at the dayside magnetopause or at the nightside magneto-
tail, triggers the transport of energized ions to the inner parts of
the magnetosphere. This movement causes a disturbance of the
ring current system in the magnetosphere. At the low-latitude
region, this disturbance can be represented by a decrease in the
Dst index. The energy injected into the ring current is proportional
to the solar wind speed (Burton et al, 1975) and density
(Khabarova, 2008). When the solar wind with a southward
magnetic field (B, < 0) collides with the magnetosphere, an injec-
tion of energy will occur and a geomagnetic storm will emerge.
Burton et al. (1975) stated that speed is the most dominant solar
wind parameter contributing to the formation of a geomagnetic
storm, especially when the B; is negative. The B, determines the
efficiency of energy injection into ring currents, which is repre-
sented by a significant depression of the geomagnetic disturbance
index (i.e., the Dst index). In contrast, when the B, is positive, the
energy injection is less efficient. We can say that the intensity of a
geomagnetic storm does not directly depend on the solar wind
speed (V) because the relationship is not linear (Rangarajan and
Barreto, 2000; Wu CC and Lepping, 2002).

The solar wind speed is not the only parameter affecting the
intensity of geomagnetic storms. The dynamic pressure exerted
by the solar wind depends on its speed and density. Therefore, we
consider including both parameters in the model. We understand
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that the importance of V and N may vary by case. Previously,
Santoso (2010) analyzed 44 geomagnetic storms from 1996 to
2001 and found that in 20% of the cases, the intensity of the
storms was predominantly affected by V, whereas 41% were
strongly related to N. In the remaining cases (39%), both parame-
ters appeared to be equally influencing. However, a quantitative
exploration of this aspect needs to be performed.

In this work, we aim to develop a statistical model to estimate
geomagnetic storm events based on the characteristics of the
incoming solar wind and the southward IMF. We focus on the
moderate and strong events in Solar Cycle 24. Departing from the
view of Khabarova (2008, and references therein), we apply some
simple models to the data.

Geomagnetic storms can cause disturbances in the geomagnetic
field and ionosphere. Geomagnetic field disturbances can induce
geomagnetically induced currents. These geomagnetically
induced currents are quasi-direct currents with very low frequen-
cies that can cause half-cycle saturation in power grids, leading to
overheating and potentially triggering transformer fires. The most
famous half-cycle saturation event in a power transformer
occurred in the Hydro-Québec transformer in Canada, triggered
by a geomagnetic storm on March 13, 1989, which caused a black-
out in two-thirds of Canada’s territory for 9 h and resulted in
billions of dollars in damage.

2. Data

We compile data associated with 100 geomagnetic storm events
(Dst < =50 nT) that occurred from 2008 to 2020 (see Table ST in
Supplementary Materials). We use the hourly Dst index from the
World Data Center for Geomagnetism, Kyoto University (https://
wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html). The Data Center provided
the final Dst. To characterize the conditions of the space environ-
ment before the storm events, we acquire several parameters
from the National Aeronautics and Space Administration’s
(NASA's) OMNIWeb service (https://omniweb.gsfc.nasa.gov/cgi/
nx1.cgi). Among the parameters relevant to the study of the helio-
sphere, we download the northward-southward IMF, the solar
wind density, and the solar wind speed. These parameters were
derived from measurements by the Wind and Advanced Composi-
tion Explorer (ACE) satellites situated at the Sun-Earth Lagrange
L1 point (1.5 million km from Earth). Time shifting is applied to the
data such that the parameters represent the solar wind conditions
at the Earth’s bow shock nose. Continuous measurement at this
location provides important data for short-term space weather
prediction.

Additionally, we identify the main driver of the geomagnetic
storms, either CMEs or solar wind-induced CIRs. For this purpose,
we depart from the work of Pandya et al. (2019), Chi YT et al.
(2016, 2018), and Hajra and Sunny (2022), in which the drivers of
the storms were determined according to the solar wind data at
L1. We extend the list from Pandya et al. (2019) with storms in
2008-2012 and 2018-2020 so that the data cover the entire Solar
Cycle 24. In this study, the storm-driven CMEs and storm-driven
CIRs are identified by using IMF B, data and solar wind parameters
(N, V, and P) at the L1 point, with insights drawn from the findings
of Neugebauer and Goldstein (1997), Denton et al. (2006), and
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Pandya et al. (2019).

For the identification of CMEs, we refer to the CME catalog
provided by NASA’s Coordinated Data Analysis Workshop
(https://cdaw.gsfc.nasa.gov/CME_list/). This catalog is based on
real-time observations by the Large-Angle Spectroscopic Corono-
graph instrument at the Solar and Heliospheric Observatory
(SOHO/LASCO). We define an Earth-directed ejection as a CME
with a positional angle of 270° and an angular width of more than
30°. Before a geomagnetic storm event, some increases in solar
wind density and speed at the Earth’s bow shock nose are
observed. In parallel with these changes, a depression of the
southward IMF is observed. During an IPS, the interaction
between the solar wind and the magnetosphere determines the
presence or absence of energy injection into the ring current. If
the IMF B, direction during the IPS tends to be southward
(sustained for a long duration and with a strong southward inten-
sity), substantial energy will be injected into the magnetospheric
ring current. All solar wind parameters are involved in dynamic
pressure collisions, and each plays a role in determining the
amount of energy injected into the ring current, although the
exact proportions and dominance of these roles are still uncertain.
Initially, it was known that the energy injected into the ring
current is proportional to E = VB,, indicating that geomagnetic
storm events are predominantly influenced by V. Recently,
however, parameter N has also been considered in studies on
geomagnetic storms stemming from the mechanism of dynamic
pressure. Several research studies have discussed the role of N in
geomagnetic storm formation, in addition to the dominant role of
V (Lyatsky and Tan A, 2003; Khabarova, 2008; Xu D et al., 2009;
Weigel, 2010; Saikin et al., 2016).

On the basis of the hourly data mentioned, we visually identify the
magnitude and the time of Dstmin and the preceding time of the
minimum southward IMF (B,), the maximum solar wind density
(Nmax), and the maximum speed (Vimax). Thus, we can compute the
time difference between Dstin and B, (dT(B, Dst)), between B,
and N (dT(B; N)), and between B, and V (dT(B,, V)). Occasionally,
we cannot identify any peak of V or N before the moment of
Dstmin such that we assume the time difference to be zero. Table
S1 (in the Supplementary Materials) summarizes the parameters
associated with 100 of the geomagnetic storm events analyzed in
this study. Figure 1 shows examples of the shapes of CME-driven
and CIR-driven storm events, with criteria referring to Shen XC et
al. (2017).

To validate our identification of the storm driver, we refer to the
works of Chi YT et al. (2016, 2018), mainly for storms that occurred
before 2016, Pandya et al. (2019) for events from 2012 to 2017,
and Hajra and Sunny (2022) for CIR-driven storms from 2008 to
2019. Among the 100 geomagnetic storms listed in the table, we
match 65 with at least one of the reference catalogs and have 11
mismatches; we can find no comparison for the remaining 24
events. Thus, the overall accuracy of our identification is approxi-
mately 85%. In most of the mismatches, we can identify the
events as CME driven because of the occurrence of CMEs before
the storms, whereas Hajra and Sunny (2022) defined them as CIR-
driven storms.
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Figure 1. (Left) Profiles of a CME-driven storm on February 27, 2014 (a), and (Right) profiles of a CIR-driven storm on July 4, 2015
(https://omniweb.gsfc.nasa.gov/form/dx1.html). The shock arrival in the left profile and the stream interface in the right profile is marked with
vertical dashed lines. In the left profile, all solar wind parameters increased simultaneously at 15:00 UT on February 27, 2014. In the right profile,
only the solar wind speed begins to increase at 15:00 UT, while the solar wind density and pressure start to decrease (Shen XC et al., 2017). The
time is in UT, the format is mm-dd hh, where mm represents the month, dd represents the day, and hh represents the hour.

3. Method

Khabarova (2008) demonstrated that the maximum solar wind
density (N) and the southward-directed magnetic field (Bs) are
important variables for predicting the intensity of a geomagnetic
storm, as indicated by the Dsty,;n. According to data acquired from
1995 to 2001 (around the solar minima), Khabarova (2008) found
the following relationship:

Dstmin = 4.5P + 6.5, (M

with
P =B, —/NdTy. )

Here, dTy represents the time lag or time difference between the
onset of the maximum N and the moment of the Dst i, (the unit
in hours). This relationship can be expanded to include the speed
(V) in the calculation. We assume that the Dsti, follows the equa-
tion below:

Dstoyin = aBZ + BN® + yV© + 6dT(gZ,N)+ €dTg y+¢ 3)

where V and N are the maximum speed (Vinax) and density (Npmax)
of the solar wind before the B, reaches its minimum. The time
difference between the onset of N,y and the minimum B, is indi-
cated by dT(B,, N), whereas the time difference between the onset
of Vimax and the minimum B is denoted by dT(B,, V).

We experiment with several possible values of power g, b, ¢, d, and
e that range from 0.5 to 2.0 and fit the entire dataset by using
linear regression to obtain the coefficients a, B, y, 3, €, and . In

detail, we try all 1875 possible combinations of the exponents and
fit the data using those combinations. For each combination (e.g.,
a=>b=c=d=e=1), we obtain the coefficients and compute the
coefficient of determination (R?), root mean square error (RMSE),
and mean absolute error (MAE) as the measure of fit. The best
combination is assessed based on the R2.

4. Results and Discussion

4.1 Characteristics

In general, the characteristics of the storms in our dataset can be
seen from some statistical figures. The intensity of the storms is
indicated by the median Dstqi, of —85 nT, with an interquartile
range (IQR) of 38 nT. Before the storms, the values of the B, have a
median of —12 nT and an IQR of 6 nT. The median value of the N is
95 particles/cm3, whereas the IQR is 19. In terms of solar wind
speed, the storms are associated with a maximum speed of V, with
a median of 491 km/s and an IQR of 160 km/s. The lag times
between the minimum B, and Dst have a first quartile (Q,), second
quartile (Qy), and third quartile (Qs) of 2, 3, and 5 h, respectively.
The typical time difference between B, and N is slightly lower, as
indicated by a Q; of 1 h, a Q; of 3 h, and a Qs of 5 h. Last, dT(B,, V)
tends to be shorter (Q; of 0 h, Q; of 1 h, and Qs of 3 h). In 41% of
cases, we cannot identify a significant peak of V before the
moment of Dstmin such that we set dT(B,, V) = 0. These statistical
properties of the data, mainly the ones related to the timing of the
storms, dictate that the IMF and solar wind characteristics at L1 (or
the Earth’s bow shock nose) are essential for short-term geomag-
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Table 1. Statistical summary of the storm parameters analyzed in this study.
Dstmin (nT) B, (nT) Nsw (cm=3) Vsw (km/s) dTg, ,, (h) dTg,y,, (h) dTg, pst (h)
CIR and CME-driven storm
Average -85 -12 19 491 3 2 4
StDev 33 5 13 103 3 3 3
Q =101 -14 9 407 1 0 2
Q. -74 =11 15 482 3 1 3
Qs -60 -8 28 569 5 3 5
CIR-driven storm
Average =71 -10 19 489 3 2 4
StDev 23 3 12 94 2 2 3
Q =75 =12 10 419 1 0 2
Q -66 -9 15 486 3 0 3
Qs -56 -7 27 551 5 2 6
CME-driven storm

Average -97 -13 20 489 4 3 4
StDev 36 5 14 109 3 3
Q -116 =17 9 397 1 0 2
Q. -88 -12 14 481 3 2 3
Qs =72 -89 29,5 570 5 4 5

netic storm prediction. A statistical summary of the storm parame-
ters analyzed in this study is shown in Table 1.

Figure 2 visualizes the distribution of CME-driven and CIR-driven
storms over the time span of Solar Cycle 24. The intensity of each
storm is also presented. We can see that the CIR-driven storms are
more common during the solar minima, whereas the majority of
severe storms (Dst < —200 nT) are associated with CMEs. Statisti-
cally, CME-driven storms are preceded by a lower B, depression
and a higher N compared with CIR-driven storms (Gonzalez et al.,
1999; Borovsky and Denton, 2006). However, our dataset does not
show any significant difference between the V associated with
CME- and CIR-driven storms.

4.2 The Best Model

Figure 3 summarizes the results of our experimentation on the
use of a different set of [a, b, ¢, d, e] in Equation (3). We aim to find
simple relationships that can then be interpreted physically. There
are 1875 possible combinations of those parameters, as we

1(@)
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[ CME-driven (48)

_ —_
w (e}
1

—_
N
1

Frequency

0.
2007.5 2010.0 2012.5 2015.0 2017.5 2020.0
Year

consider a € [0, 1, 2], whereas the remaining parameters are [0,
1/2, 1, 3/2, 2. For each pair of parameters (e.g., a and b) with
certain values, we compute the median R? and display it in Figure
3. A higher R? indicates a better combination. The mapped values
of RZ can be used as a guide to choose the parameters, as an alter-
native to a single selection based on the maximum score among
all possible combinations. Our justifications for the model that
provides the best predictions are as follows.

Among three possible values, a = 1 provides a better model, as
indicated by the higher R2. The scores vary slightly as b changes,
but either b =1/2 or b = 1 will be a good choice as the power of N.
As Khabarova (2008) explained, many studies have shown that the
more intense the pressure exerted on the magnetosphere, the
more intense will be the storm generated. As Burton et al. (1975)
pointed out, the depression of the Dst is proportional to the
square root of the dynamic pressure. Reasonable choices for the
last two parameters are d = e = 1/2. From the bottom panels of
Figure 2, we can see that the model with e = 1/2 produces a
higher R?, whereas the variation of d only marginally alters the R2.

—240
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Figure 2. The distribution of the geomagnetic storms analyzed in this study, both in time—space (a) and time—intensity space (b).
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Figure 3. The color-coded median R? from the model (Equation (3)) with particular choice of parameter g, b, ¢, d, e.

Although a higher value of d yields a higher score, we prefer to
use 1/2 such that both terms, dT(B, N) and dT(B, V), have the same
dimensions. In the end, we obtain the following equation that fits
the data:

Dty = aB, + BYN + yV + 8,[dTjsy+ € \/dTs, + ¢ ()

with the regression coefficients of a = 4.46, 3 = 2.30, y =0.08, 6 =
0.48, € = 8.99, and ( = 25.89. The R? for this model is 0.58, whereas
the RMSE is 21.30 nT and the MAE is 15.86 nT. To examine how the
scores are affected by the data used for the evaluation, we
randomly select 25 storms and use this subset to recalculate the
score. This process is repeated 10 times to obtain statistically
sound results. Eventually, using Equation (4) and the accompany-

ing coefficients, we obtain an R? of 0.53 £+ 0.13, an RMSE of 20.72 +
4.53 nT, and an MAE of 15.74 + 2.82 nT. Additionally, we categorize
the data based on the major driver, either CME or CIR. The evalua-
tion of Equation (4) when using data from CME-driven storms
yields an R? of 0.49, an RMSE of 25.33 nT, and an MAE of 19.48 nT.
Even lower goodness of fit comes from the evaluation using data
associated with CIR-driven storms, that is, an R? of 0.41, an RMSE
of 16.51 nT, and an MAE of 12.29 nT.

These scores depend on the characteristics of the data. For exam-
ple, more severe storms are CME driven such that we have a
broader range of Dstn, that yields a higher R2. In contrast, CIR-
driven storms tend to be moderate and concentrated at a median
value of Dstyin = —60 nT. Consequently, although the errors are
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reduced, the R? for this dataset is also lower. As mentioned in
Section 3, the overall accuracy of our categorization is 85%,
compared with extensive catalogs found in the literature. We
argue that the difference in driver identification does not affect
our results, especially the relationship represented by Equation
(4).

4.3 Deviating Cases

Figure 4 presents a comparison between the predicted and
observed depression of Dst for 100 geomagnetic storms in Solar
Cycle 24. This cycle is known as a less active one in some regards.
Besides having a smaller amplitude in terms of the number of
sunspots, it has a lower average solar wind speed (Watari, 2018).
The median and average of the absolute error are 15.8 nT and 11.5
nT, respectively. Six geomagnetic storm events are cases in which
the absolute error exceeds 40 nT. Among those deviating cases,
two are identified as CIR-driven storms (2016-08-03, 2018-08-26),
whereas the others are associated with CME-driven storms (2011-
10-25, 2015-03-17, 2015-06-23, 2017-07-16). In terms of intensity,
two are categorized as moderate storms (—100 nT < Dstyin < —50
nT), two are strong storms (—200 nT < Dstyin < —100 nT), and the
remaining two are super-strong storms (Dstmin < —200 nT).

The identification of the local extrema becomes an intricate part
of the data extraction that affects the accuracy of the model. In
these deviant cases, the hourly IMF and solar wind parameters
show complex properties before the dip of the Dst. Multiple
episodes of IMF enhancement increase the difficulty of character-
izing the space environment before the storms. The two super-
strong CME-driven storms have this characteristic (Reiff et al.,
2016; Wu CC et al., 2016). In those cases, abrupt increases in the
solar wind speed are measured approximately one day before the
onset of the minimum Dst. Those increases are followed by shal-
lower declines such that the identification of the maximum
plasma speeds can be inconsistent with the other cases.

4.4 Comparison with Other Studies

Some studies have aimed to establish models of Dst depression
based on the observed IMF and solar wind parameters. Bench-
marking our results with their results is of interest. Kugblenu et al.
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Figure 4. The correlation between observed and predicted Dstpin.
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(1999) used an NN to predict the Dst, with the solar wind, IMF, and
Dst as inputs. The training data consisted of moderate storms (Dst
< =50 nT) from 1972 to 1982 (Solar Cycles 20-21). They obtained
extremely good agreement between the prediction and the
observation, especially during the recovery phase. The correlation
coefficient was more than 0.95, whereas the average relative vari-
ance was 10% or less, meaning that more than 90% of the
observed Dst variance was predictable by that machine learning
model. Stepanova et al. (2008) used feed-forward networks with
one hidden layer to forecast the Dst variation. The solar wind
parameters, polar cap index, and AE index acquired from 1999 to
2000 (Solar Cycle 23) were used as inputs. The majority of cross-
correlation coefficients between the predicted and observed Dst
of strong geomagnetic storms were situated between 0.80 and
0.90.

Gruet et al. (2018) used a combination of the long short-term
memory NN and a Gaussian process model with data from 2001 to
2014 (Solar Cycles 23-24). This model yielded great accuracy in
forecasting the Dst index from 1 to 6 h ahead, with an correlation
coefficient r always higher than 0.87 and an RMSE lower than 9.86
nT. Lethy et al. (2018) used an artificial NN that was trained on
data from 2007 to 2015 (Solar Cycle 24). Several artificial NN struc-
tures were tested, and the best results obtained were an r of 0.87
for prediction 2 h in advance and an r of 0.86 for prediction 12 h in
advance. For Solar Cycle 24, Podladchikova et al. (2018) reviewed
the performance of the Storm Focus forecasting service and
summarized that in real-time operation, 87% of storms were
correctly predicted, whereas the reanalysis running on final OMNI
data successfully predicted 97% of storms. Recently, Nuraeni et al.
(2022) experimented with a nonlinear autoregressive exogenous
algorithm to predict variations in the Dst index. That model was
trained on data from 1997 to 2000 (Solar Cycle 23). Testing the
model with data acquired in 2021 yielded an RMSE of 5-20 nT
during quiet days and 18-45 nT during disturbed days.

Conversely, simpler models that involve linear statistics (e.g.,
regression) tend to have a lower score. For instance, Kim et al.
(2010) established a model of the Dst index during CME-driven
storms from 1997 to 2003 (Solar Cycle 23) and obtained an r of
0.44 for their prediction. Al-Feadh and Al-Ramdhan (2019) noted
that the r score between the number of sunspots and the Dst
index was —0.28, whereas the r score between the CME sky plane
speed and the Dst index was —0.244. Kim et al. (2014) used CMEs
and solar wind parameters from 1997 to 2003 and a simple model.
They concluded that among the 55 moderate and stronger storms
in Solar Cycle 23, 15 events were incorrectly forecasted when
using CME parameters, whereas 12 other cases could be properly
predicted based on solar wind conditions. In brief, most machine
learning-based Dst prediction models were able to achieve rela-
tively high r scores (0.80 or more), whereas the simpler models
that relied on linear statistics achieved significantly lower r scores.
In our study, the r score achieved for the fitting was ~0.70, which
is relatively good. However, the score is likely to be lower when
the testing dataset is somewhat different from the dataset we
used for the fitting.

4.5 Physical Interpretation

Both CMEs and CIRs can lead to geomagnetic storms (Umar et al.,
2023; Anoke-Uzosike et al., 2024). In the solar wind—-magneto-
sphere coupling, as the merging rate on the dayside changes and
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the reconnection rate in the geomagnetic tail fluctuates, the solar
wind dynamic pressure determines the overall size and shape of
the magnetosphere. Statistical studies generally suggest that the
best predictor of geomagnetic storms (the Dst index) is not
predominantly dependent on N (Burton et al., 1975; Ballatore and
Gonzalez, 2003). They consider that the energy of the ring current
is proportional to the upstream parameter: VBs , where V is the
solar wind speed and Bs is the southward direction component of
the IMF. However, recent studies have shown that N plays an
important role as a mediator in the transfer of energy from the
solar wind to the magnetosphere that triggers geomagnetic
storms through solar wind dynamic pressure, Pgy, = 16726 e~6 N2
(nPa), where N, is the solar wind proton density (cm~3) and V is
the solar wind speed (km s~'; Lopez et al., 2004; Borovsky and
Denton, 2006; Khabarova, 2008; Xie XH et al., 2008; Weigel, 2010;
Rathore et al., 2014; Umar et al., 2023). Weigel (2010) concluded
that N modifies the geoefficiency, or the ability of the solar wind
electric field, VBs, to create geomagnetic storms. The impulse
response method also predicts that N can explain differences in
geoefficiency, such as the inverse of the solar wind dynamic pres-
sure. Although the geoefficiency effect is substantial, its influence
is small in relation to large geomagnetic storms because large
geomagnetic storms also have high density. Rathore et al. (2014)
showed that N and temperature are not notably effective in
producing geomagnetic storms. Instead, N and V have a competi-
tive effect in producing geomagnetic storms, especially on a large
scale. Cheng LB et al. (2020) analyzed the superstorm that
occurred on March 31, 2001, and found that the solar wind
density played a substantial role in transferring solar wind energy
into the magnetosphere, along with the southward magnetic
field, and that the solar wind speed supported the conclusion
obtained by Kataoka et al. (2005) and Weigel (2010).

Equation (3) in this work is used based on the understandings
derived from the results of prior researchers (i.e., Lopez et al.,
2004; Borovsky and Denton, 2006; Khabarova, 2008; Xie D et al.,
2008; Weigel, 2010; Rathore et al., 2014; Umar et al., 2023) through
polynomial equations. This polynomial equation describes the
competitive effect of N and V parameters in generating each
geomagnetic storm (Rathore et al., 2014). Regarding the time lag
(d7), Khabarova (2008) and Weigel (2010) showed its role in the
interaction between the solar wind and the magnetosphere in
generating geomagnetic storms as follows: When the impulse
response model is used, which incorporates the time lag in the
response of the Dst index to solar wind variations, the solar wind

Supplementary Materials

electric field gives the best results or the same results as the
suggested complex coupling function. Weigel (2010) indicated
that (1) the proper place for N to appear in the model may be in
the transfer function rather than in the coupling function; and (2)
if correlation studies do not include a time lag, then the complex
coupling function will be a better predictor than the solar wind
electric field alone, but its advantage diminishes when the time
lagis included in the model.

5. Conclusions

In this study, we perform a statistical analysis of the IMF and solar
wind parameters associated with 100 geomagnetic storms (Dst of
<=50 nT) in Solar Cycle 24. We experiment with a model that
relates the minimum Dst to certain parameters, namely the mini-
mum southward IMF (B,), the maximum solar wind density (N) and
speed (V), and the lag between the extrema (dt(B, N), dT(B, V)).
On the basis of the analysis, we find that the Dstmin is estimated
by a linear combination of Bumin, \/Nmaxs Vinaxs VdT(B N), and
\JdT(B,, V). The fitting scores obtained are an R? of 0.58, an RMSE of
21.30 nT, and an MAE of 15.87 nT. The inclusion of Vin the calcula-
tion significantly improves the fit compared with a simpler rela-
tionship, as in Khabarova (2008). However, some deviations are
noticeable. Super-strong storms, such as the St. Patrick’s Day
storm of March 17, 2015, and the storm on June 23, 2015, are
underestimated by the best model we have in this study. Multi-
episodic enhancement of the IMF observed in those cases compli-
cates the identification of the local extrema such that inconsistency
arises. Despite its simplicity, the model presented in the present
study complements the overall understanding of the complex
relationship between solar activity and its effects on Earth’s
magnetic field. It may help us recognize patterns and relationships
between various solar parameters and the resulting geomagnetic
disturbances. Beyond that, it is useful for predicting the occurrence
and intensity of geomagnetic storms, which is vital for mitigating
their potential impacts.
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Table S1. The list of 100 geomagnetic storms used in this study and the associated IMF and solar wind parameters. For most of the cases, our
classification is comparable to Chi et al. (2016), Pandya et al. (2019), or Hajra and Sunny (2022).

Day of storm Time (UT) Dstmin (nT) B, (nT) N (cm~3) V (km/s) dT7g. y (h) dTg.y (h) dTs. pst (h) Driver-Storm
28/02/2008 23 =52 =51 15.4 498 6 2 5 CIR
09/03/2008 6 -86 -10.6 16.3 487 2 1 1 CIR
27/03/2008 22 -56 -54 36 642 6 1 3 CIR
04/09/2008 5 =51 -8.7 13.8 488 3 0 2 CIR
11/10/2008 12 -54 -11.0 28.1 352 1 0 3 CIR
22/07/2009 7 -83 =145 285 341 2 0 2 CIR
15/02/2010 23 -58 -12.0 12.2 325 0 0 4 CME
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Continued from Table S1
Day of storm Time (UT) Dstimin (nT) B, (nT) N (cm=3) V (km/s) dTg y (h) dTg. v (h) dTg. ps (h) Driver-Storm
06/04/2010 15 -81 -6.8 25 569 2 2 5 CME
12/04/2010 2 -67 -8.0 11.3 441 0 5 1 CIR
02/05/2010 19 =71 -8.2 377 402 3 0 7 CIR
29/05/2010 13 -80 -13.8 9.8 359 8 10 1 CME
04/08/2010 2 -74 -6.1 77 597 0 7 2 CME
11/10/2010 20 =75 -11.6 36.4 365 5 2 8 CME
04/02/2011 22 -63 -15.9 27.7 445 2 0 1 CME
01/03/2011 15 -88 =121 38.0 382 7 4 2 CME
11/03/2011 6 -83 -10.0 14.5 383 10 0 9 CME
06/04/2011 19 -60 -87 12,5 536 3 3 5 CME
28/05/2011 12 -80 -10.7 89 508 2 0 2 CME
05/07/2011 1 =59 -8.7 3.6 409 0 0 6 CIR
06/08/2011 4 =115 -19.3 26.8 611 1 1 6 CME
10/09/2011 5 =75 -17.1 376 482 3 0 12 CME
17/09/2011 16 =72 =72 29.5 537 2 0 5 CME
26/09/2011 24 -118 -24.1 244 594 3 0 5 CME
25/10/2011 2 -147 -13.1 25.2 495 4 4 2 CME
01/11/2011 16 —66 -7.9 8.8 432 3 0 3 CME
09/03/2012 9 —145 -16.4 7.1 678 4 4 3 CME
24/04/2012 5 -120 -154 235 416 2 10 10 CIR
15/07/2012 17 -139 -18.7 20.7 665 5 10 6 CME
01/10/2012 5 -122 -19.2 322 394 14 1 3 CME
09/10/2012 9 -109 -14.9 6.7 391 3 0 4 CME
13/10/2012 8 -90 =104 6.0 482 1 2 4 CME
14/11/2012 8 —-108 =174 14.8 397 1 3 4 CME
26/01/2013 24 -52 -8.1 8.0 496 2 1 1 CIR
01/03/2013 11 =55 =134 13.0 473 1 0 2 CIR
17/03/2013 21 -132 -14.4 134 680 2 1 1 CME
29/03/2013 17 -59 -89 103 478 3 0 1 CIR
01/06/2013 9 -124 =174 39.0 405 3 1 6 CME
29/06/2013 7 -102 -11.9 1.2 404 8 8 7 CME
06/07/2013 19 -87 -11.2 76 352 0 1 9 CME
27/08/2013 22 =59 -10.0 235 407 2 0 2 CIR
02/10/2013 8 -72 -838 229 625 0 0 3 CME
30/10/2013 24 -56 -8.1 8.5 373 6 3 2 CIR
08/12/2013 9 —66 -9.8 34.0 488 1 0 5 CIR
19/02/2014 9 =119 -12.9 9.8 474 3 2 3 CME
27/02/2014 24 -97 -12.0 29.7 481 4 2 2 CME
12/04/2014 10 -87 -89 74 350 1 4 3 CME
30/04/2014 10 —-67 -8.1 9.8 308 1 1 0 CME
27/08/2014 10 -79 -13.1 14.8 303 1 2 4 CIR
12/09/2014 24 —-88 -11.3 193 651 1 4 2 CME
22/12/2014 5 =71 -14.9 24.6 407 2 2 3 CME
23/12/2014 23 -57 -5.0 23 527 5 1 8 CME
07/01/2015 12 -107 =174 294 475 2 2 2 CME
18/02/2015 1 -69 -12.0 10.8 410 6 7 3 CIR
24/02/2015 8 -58 -5.6 123 492 2 0 2 CIR
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Continued from Table S1
Day of storm Time (UT) Dstrmin (nT) B, (nT) N (cm™3) V (km/s) dTg. y (h) dTg. v (h) dTg. pst (h) Driver-Storm
02/03/2015 9 -64 -85 1.2 574 4 0 2 CIR
17/03/2015 23 -234 -18.1 33.7 614 9 3 8 CME
11/04/2015 10 -85 -85 1.2 574 4 0 2 CME
16/04/2015 24 -88 -6.0 7.0 664 4 1 1 CIR
13/05/2015 7 -82 -8.9 9.9 597 0 0 1 CR
08/06/2015 9 -67 -14.4 15.1 468 1 0 2 CIR
23/06/2015 5 -198 -22.2 40.4 673 0 0 9 CME
05/07/2015 6 -74 -14.0 37.4 475 4 0 9 CR
13/07/2015 16 —68 -74 7.3 642 1 6 6 CIR
23/07/2015 9 =72 -11.0 8.0 400 3 2 2 CME
16/08/2015 8 -98 -84 8.2 514 4 2 1 CME
27/08/2015 21 -103 -10.8 14.0 362 2 5 2 CME
09/09/2015 13 -105 -10.2 14.0 527 4 3 3 CME
07/10/2015 23 -124 -11.2 294 462 1 7 8 CR
07/11/2015 7 -87 -9.9 7.8 677 6 1 2 CME
20/12/2015 23 -166 -17.0 62.7 418 12 7 1 CME
01/01/2016 1 -116 -15.8 255 465 9 8 4 CME
20/01/2016 17 =101 -15.8 24.1 461 6 6 4 CIR
03/02/2016 3 -57 -83 27.0 358 5 1 1 CIR
18/02/2016 1 -62 -6.6 6.3 552 4 4 7 CR
06/03/2016 22 -99 -12.7 320 552 3 0 2 CIR
08/05/2016 8 =95 =115 15.1 485 1 0 6 CIR
03/08/2016 16 -52 -15.1 16.5 430 3 1 1 CR
23/08/2016 22 =73 =111 13.6 433 1 1 2 CIR
02/09/2016 3 -59 -5.9 6.7 570 3 5 CIR
29/09/2016 10 -65 -5.2 43 692 0 0 3 CR
13/10/2016 18 =110 -20.8 305 437 11 7 1 CME
01/03/2017 22 —61 -4.6 19.0 649 8 0 3 CIR
27/03/2017 15 -70 -8.6 26.6 523 6 0 5 CR
22/04/2017 17 =51 -4.8 5.8 703 0 10 3 CME
28/05/2017 8 =125 -22.8 62.1 401 5 2 6 CME
16/07/2017 16 -72 -20.2 43.8 506 5 0 3 CME
08/09/2017 2 =122 —24.2 6.4 690 10 0 1 CME
28/09/2017 6 -75 -7.0 7.1 669 6 3 2 CIR
08/11/2017 2 -73 -7.2 322 526 5 0 7 CR
20/04/2018 10 —66 =135 49.5 426 4 0 1 CIR
06/05/2018 3 -57 -6.8 36.1 547 3 0 8 CIR
26/08/2018 7 =175 -16.8 20.3 412 3 6 1 CR
11/09/2018 1 -60 =79 7.8 570 1 2 2 CME
07/10/2018 22 -53 -8.3 46.3 503 5 0 6 CIR
05/11/2018 6 -53 -6.5 225 571 6 0 1 CR
14/05/2019 8 —65 -12.7 10.1 537 5 1 2 CME
05/08/2019 21 -53 -79 19.9 489 1 0 13 CIR
18/02/2020 17 -52 -8.8 14.2 395 0 0 2 CME
20/04/2020 13 =59 -14.4 345 371 2 2 2 CME
25/07/2020 0 =52 -8.0 9.8 375 5 0 3 CIR
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