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Abstract A geomagnetic storm is a significant and prolonged disturbance of the Earth's magnetic field
caused by an enhancement of the ring current. Storms are typically identified using magnetic field
measurements from multiple ground‐based magnetometers, and the corresponding dates and times of multiple
storms can be collated to form a storm list. There is currently no quantitative definition of a geomagnetic storm,
so the contents of a particular storm list are highly dependent on the identification criteria that were used to
generate it. The different definitions and identification methods can cause the physical properties of storms in
different lists to vary, and these variations may be significant. We take several storm lists with different
identification methods, and we compare the probability distributions of a range of solar wind variables and
geomagnetic indices between those lists. We also compare the temporal behavior of the storm lists, and discuss
how the differences may affect the way geomagnetic storms are defined and studied. We find that changing the
definition of the quiet time has a direct impact on the start and end times of the storms, and this can result in a
storm being significantly shorter when defined using a more negative quiet time definition. We also find that
changes to the threshold value of minimum magnetic disturbance have a greater impact on the properties of the
identified storms than changes to the quiet time definition. We provide recommendations on which storm lists to
use for different scenarios.

Plain Language Summary A geomagnetic storm is a period of time when the Earth's magnetic field
changes significantly from its usual behavior. This change is caused by particles from the Sun entering the
Earth's magnetic field, increasing the amount of charged particles that are orbiting the Earth, and this results in a
change in the strength of the ring current. The change creates a magnetic field, which affects magnetic field
measurements that are made on Earth. There isn't yet a specific definition of what exactly a geomagnetic storm
is, as the criteria can vary between sources. This means that when a large number of storms are found and a list of
the times that they occurred is created, the contents of the list are highly dependent on how geomagnetic storms
were defined. The differences in the definitions may cause the physical properties of the storms in the resulting
lists to be different, and this could affect the science that is done using the storm lists.

1. Introduction
The solar wind is the plasma that flows outward from the Sun and is made up of highly energized ions and
electrons which originate in the solar corona. As it flows outwards through the solar system, it drags the sun's
magnetic field with it, which is known as the interplanetary magnetic field (IMF). The conditions of the solar wind
and the IMF at Earth are highly variable, both due to the changeable behavior of the Sun as well as the Earth's
relative position in the Solar System.When the IMF is directed southwards, in the opposite direction to the Earth's
magnetic field, the IMF field lines can interact with the field lines of the Earth's magnetic field in a process called
magnetic reconnection (Dungey, 1961; Fu & Sun, 2026; Sonnerup et al., 1981). The open magnetic field lines that
are formed during reconnection allow plasma to cross the magnetopause boundary and enter the magnetosphere,
and the process continues until the IMF is no longer southward pointing (Cowley & Lockwood, 1992; Eggington
et al., 2022; Siscoe & Huang, 1985; Trattner et al., 2007, 2017).

Magnetic reconnection at Earth is commonly described using the Dungey cycle, where the southward pointing
IMF reconnects to the northward geomagnetic field, and the resulting open magnetic field lines are dragged
antisunward across the poles by the solar wind (Dungey, 1961; Fu & Sun, 2026). This is a simple description that
is able to explain many characteristics of the Earth's magnetosphere, however the original model assumed steady
and equal rates of dayside and nightside reconnection. We now know that magnetospheric dynamics are much
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more complex than in the Dungey model, which has lead to improved reconnection models such as the
Expanding/Contracting Polar Cap model (Siscoe & Huang, 1985; Walach et al., 2017) and Dual‐Lobe recon-
nection (Cowley, 1981; Milan et al., 2020).

Charged particles originating in the solar wind and ionosphere are accelerated and transported by a variety of
mechanism in the current sheet, to contribute to the ring current. Both sources of particles are enhanced during
intense periods of magnetospheric activity, which can be caused by coronal mass ejections (CMEs) and stream
interaction regions (SIRs) (Gonzalez et al., 1999; Hutchinson et al., 2011; Kataoka & Miyoshi, 2006; Samwel &
Miteva, 2023). These events allow for large amounts of solar wind plasma enter the magnetosphere. This plasma
moves into the inner magnetosphere from the magnetotail plasma sheet (Cramer et al., 2017), where it can affect
the radiation belts, enter the upper atmosphere, and enter the ring current (Forsyth et al., 2014; Sandhu et al., 2018,
2021). Times of enhanced convection also allow for particles from the ionosphere to enter the magnetotail plasma
sheet and be transported to the ring current similarly to the movement of solar wind particles (Daglis, 2006).
Positively charged ions with energies in the range of ∼10 to ∼100 keV (Daglis et al., 1999) that enter the ring
current will contribute to the total current density, and increase the ring current strength.

The ring current flows westwards around the Earth near the equator and is caused by curvature drift. This drift
causes the particles to drift transversely to the magnetic field lines, and as positive and negatively charged
particles drift in opposite directions there is a separation of charges, which causes the ring current (Daglis
et al., 1999). The charged particles from the solar wind and ionosphere can enter the ring current, and a net gain in
ring current plasma will cause the ring current strength to increase (Kivelson & Russell, 1995; Williams, 1985).
Once the amount of magnetic reconnection with the solar wind decreases, the charged particles in the ring current
can charge exchange with neutrals, which causes them to no longer undergo curvature drift as they become
uncharged, and they can escape the magnetosphere. The ions that are created as a result of these charge exchange
processes typically have low energies, reducing the total energy in the ring current (Dessler & Parker, 1959;
Daglis et al., 1999, references therein).

When the ring current's strength increases it induces a reduction in the measured magnetic field strength at the
Earth's surface, and a significant reduction can be classified as a geomagnetic storm (Akasofu & Chapman, 1961;
Gonzalez et al., 1994). This magnetic disturbance can be measured using several ground‐based magnetometers,
and the data can be used to create a storm index. The indices that are commonly used in the study of geomagnetic
storms are Disturbance Storm Time (Dst) and SYM‐H, which have some differences in how they are determined
but are roughly equal in magnitude at intensities of around − 30 to − 300 nT (Hutchinson et al., 2011; Wanliss &
Showalter, 2006). There are other indices that can be used to study geomagnetic storms, such as the Kp and aa
indices, however in this paper we focus on SYM‐H and Dst as they are the most similar and are commonly used.

Disturbance Storm Time (Dst) is measured using four magnetometer stations. These stations are roughly evenly
spaced around the Earth, in Hermanus, Kakioka, Honolulu, and San Juan, which were chosen as they are located
at a sufficient distance from the auroral and equatorial electrojets to avoid detecting magnetic perturbations
associated with them (Sugiura & Kamei, 1991). Dst has a time resolution of 1 hr and relies on an assumption that
the ring current system is symmetrical, which is no longer fully accepted (Bergin et al., 2020; Campbell, 2004).

SYM‐H is a measure of the symmetrical part of the horizontal component of the terrestrial magnetic field near the
equator (Wanliss & Showalter, 2006). SYM‐H is determined by averaging the measured disturbance at each of six
magnetometer stations, with a latitudinal correction, and has a time resolution of 1 min, significantly higher than
Dst. SYM‐H is found using a set of 10 stations that can be used interchangeably to obtain 6 measurements, using
the assumption that the ring current is parallel to the equatorial plane of the Earth's magnetic dipole
(Iyemori, 1990).

Ring current indices can be used as an imperfect proxy for the ring current energy, where a decrease in the index
implies an increase in the amount of energy stored in the ring current (Sandhu et al., 2021). This can allow for the
ring current to be studied without the need for a large number of in situ spacecraft, although there is a significant
amount of contamination from other current systems.

The two storm indices are sometimes used interchangeably (e.g., Murphy et al., 2018; Ohtani et al., 2001), despite
their differences, and this may bias the results that are found. The calculation of SYM‐H involves mid‐latitude
magnetometer stations, which may cause the measurements to be influenced by local current systems that
would not affect Dst measurements. There is also a systematic difference between Dst and SYM‐H which has
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been found to increase at the peak of geomagnetic storms, and the size of the error correlates with the strength of
the storm, which is caused by the way the measurements from the magnetometer stations are compiled into a
single magnetic perturbation value (Katus & Liemohn, 2013).

Geomagnetic storms are commonly defined using the magnitude of the maximum negative magnetic disturbance
as measured on Earth, typically using SYM‐H or Dst. Based on the behavior of the magnetic field, they are
typically split into three phases: the initial, main, and recovery phases (Echer et al., 2011; Gonzalez et al., 1999;
Hutchinson et al., 2011; Tsurutani et al., 2006; Walach & Grocott, 2019).

The initial phase is the first phase of the storm, but it is also the least well‐defined. The initial phase can be defined
as starting when the solar wind dynamic pressure increases and compresses the magnetopause closer to the Earth
(Gonzalez et al., 1999; Murphy et al., 2018; Shue et al., 1998; Staples et al., 2022), and can also be identified using
measurements of the Earth's magnetic field (Joselyn & Tsurutani, 1990; Perreault & Akasofu, 1978; Walach &
Grocott, 2019). The exact point at which the initial phase begins is not yet widely agreed upon (Collado‐Villa-
verde et al., 2024; Yokoyama & Kamide, 1997). One definition that uses magnetic field measurements is that the
initial phase begins at the time of maximum positive disturbance before the sudden reduction in the magnetic field
strength (Hutchinson et al., 2011), but it can also be defined as the point where the magnetic field is at the quiet
level, before it reaches a maximum positive disturbance (Walach & Grocott, 2019).

The main phase is the period in which the most extreme behavior occurs, and it ends at the time of maximum
negative magnetic disturbance. The main phase is typically a period of strong southward IMF (Bz ≤ − 5 nT)
(Gonzalez et al., 1994; Kumar et al., 2026) which drives rapid magnetic reconnection, allowing energetic particles
in the solar wind plasma enter the magnetosphere, enhancing the ring current strength and causing the decrease in
the surface magnetic field that characterizes geomagnetic storms (Parker, 1962).

The recovery phase is the final phase, where the changes to the magnetosphere that occurred during the storm
gradually return to the ambient level. The recovery starts at the time of maximum magnetic disturbance, which is
the time that is typically identified in storm lists, and ends when conditions return to quiescence. The definition of
the ambient level of Dst or SYM‐H can vary slightly from list to list, however, irrespective of the exact definition,
the recovery phase is the longest of the three phases, sometimes lasting for several days (Walach &
Grocott, 2019).

Many studies have compiled lists of storms in order to study the phenomenon statistically (e.g., Echer et al., 2011;
Kataoka & Miyoshi, 2006; Murphy et al., 2018; Thomas et al., 2016; Turner et al., 2015; Walach & Gro-
cott, 2019). While the details of each list's definition of a geomagnetic storm will vary, the vast majority use look
for the maximum negative disturbance in SYM‐H or Dst to be below a threshold value. This threshold value is
typically set to − 50 nT (Gonzalez et al., 1994, 1999), but other values have been used (Kataoka &Miyoshi, 2006;
Walach & Grocott, 2019). In this paper we investigate the quantitative definitions of geomagnetic storms that are
used when creating storm lists, and we use the term “storm definition” to refer to the numerical criteria that are
used to generate storm lists.

The time of maximum disturbance is the end of the main phase of the storm, and is commonly referred to as the
epoch time. Some lists also identify the start and end of the storms as well as the epoch (Murphy et al., 2018), and
the start and the end of the initial and main phases may also be included in the storm list (Hutchinson et al., 2011;
Walach & Grocott, 2019). Some storm lists may be created by identifying the storms by eye, either wholly or in
part (Hutchinson et al., 2011), which may not involve a strict set of criteria and has ramifications for repro-
ducibility. The resulting lists are a set of timestamps that correspond to the identified storm times, and they are
used widely in literature (e.g., Bower et al., 2025; Coxon et al., 2023; Killey et al., 2025; Sandhu et al., 2021),
which means that a single list can be the basis of a large amount of research, and the way the initial list was created
could have far‐reaching repercussions.

In this paper, we will first discuss the main physics concepts involved with the understanding and the study of
geomagnetic storms, including solar‐terrestrial interactions and the structure and behavior of the Earth's
magnetosphere. We will then go into further detail on the properties and typical behaviors of geomagnetic storms,
and the most common ways that storm lists are created. We will outline the main storm lists that were used in this
investigation in Section 2, and explain briefly how the storms in each list were identified. We will then detail the
methods and techniques that were implemented in order to compare the lists in Sections 3 and 4, and discuss the
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implications of the results in Section 5. Finally we present our conclusions in Section 6, and give suggestions on
how to select a storm list for future research in Section 7.

2. Data
In this investigation we use both SYM‐H from the OMNI data set and Dst data from Kyoto WDC for 1981 to
2024. Although both SYM‐H and Dst measure the disturbance in the Earth's magnetic field caused by changes to
the ring current, the data and methods used to derive them have differences that may affect how geomagnetic
storms are identified when using one index over another, which is why we use both indices.

2.1. Storm Lists

Here we introduce the lists we use by order of publication, and a concise list of the main properties of the lists is
given in Table 1. In this paper we only consider lists that identify storms using SYM‐H or Dst thresholds. There
are also identification methods that use a minimum rate of change of SYM‐H or Dst (e.g. Balan et al., 2017;
Partamies et al., 2013), and we may investigate these in a future paper. We acknowledge that these storm lists
were created for specific purposes and were not made to be compared in this way. The aim of this investigation is
not to criticize any of the storm lists we compare, but to simply highlight the differences between them and make
readers aware of the potential consequences of using storm lists outside of their designed context without ensuring
the lists are suited to the purpose.

KM06 is made up of Lists A, B, and C from Kataoka and Miyoshi (2006), which originally separated the storms
into different lists based on whether they were driven by CMEs or SIRs. For this investigation we combine the
three lists to obtain a single, longer list. For the storms associated with CMEs and SIRs, the arrival time of the
shock/stream interface is given, and the time separation between the shock/interface and minimum Dst was used
to define the time of the storm, with a threshold value of − 100 nT imposed on the minimum Dst value. Due to the
relative cadences of Dst and SYM‐H that were previously mentioned, the time of minimum Dst can only be given
to the nearest hour, so caution is required when comparing this list to lists that were derived from SYM‐H data.

This is also the case for the next list, E11 (Echer et al., 2011), which covers the longest timespan of all the lists we
considered, from 1957 to 2008, however, to be able to use SYM‐H data to analyze the storms in this list we
removed the storms that occurred before 1981. This allows for the behavior of geomagnetic storms to be
investigated over many solar cycles. The storm epoch times were determined using a Dst threshold of − 50 nT.

Tu15 (Turner et al., 2015) covers only a time range of 2012–2015. This short time period means that the list will
not be useful when studying the occurrence of geomagnetic storms over time, however the properties of the
storms themselves can be compared to the other lists. The storms were found using a SYM‐H threshold value of
− 50 nT to identify the epoch, which was then confirmed by eye. Storms with overlapping main phases were
removed, and the epoch time of storms with complex signatures were taken to be the lowest SYM‐H value.

Th16 (Thomas et al., 2016) was generated using data from Kyoto WDC, from which the time of main phase onset
and the time of minimum SYM‐H were determined. Some of the times were then manually adjusted, using a
SYM‐H threshold of − 50 nT, however, the details of these adjustments or the way in which the time of main

Table 1
Details of the Storm Lists That We Use in This Investigation, Alongside the Shortened Labels That We Use in This Paper

Original paper Our label Index Threshold value (nT) Time period covered Number of storms

Kataoka and Miyoshi (2006) KM06 Dst − 100 1996–2004 55

Echer et al. (2011) E11 Dst − 50 1957–2008 933

Turner et al. (2015) Tu15 SYM‐H − 50 2012–2015 51

Thomas et al. (2016) Th16 SYM‐H − 50 2001–2013 139

Murphy et al. (2018) M18 SYM‐H and Dst − 50 1996–2022 443

Gabrielse et al. (2019) G19 SYM‐H − 50 2008–2016 161

Walach and Grocott (2019) WG19 SYM‐H − 80 1981–2024 538

Hua et al. (2022) H22 SYM‐H − 50 2013–2018 118
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phase onset was defined is not clear. Storms with minimum SYM‐H of less than − 200 nT were also removed from
the list.

M18 (Murphy et al., 2018) originally consisted of storms from 2012 to 2016 using a SYM‐H threshold of − 50 nT,
and was then expanded to cover a time period from 1996 to 2022. The expanded list did not use a pre‐defined
SYM‐H or Dst threshold to identify the storms, and instead found the storms based on the overall behavior of
the magnetic field measurements, and used solar wind data to identify the start and end of the storms. In both lists
the epoch time was defined as the time of minimum Dst, and all the times are given with hourly resolution. In this
investigation we use the expanded list, but we use the original list's threshold value by removing all of the storms
that do not cross − 50 nT. We also use the original, un‐thresholded list where there are differences between the
two, and in these cases we refer to the original list as M18*.

G19 (Gabrielse et al., 2019) uses a SYM‐H threshold of − 50 nT to define a geomagnetic storm, and sets the epoch
time as the time of lowest SYM‐H within 24 hr of crossing the threshold value. The time of most positive SYM‐H
in the 24 hr prior to the epoch is defined as the main phase onset, and the end of the recovery phase is defined as
the time when SYM‐H recovers to 80% of the minimum. G19 covers a time period from 2008 to 2016, and also
gives the driver of each of the storms—CME, HSS (high‐speed stream), both, or other.

WG19 (Walach & Grocott, 2019) uses SYM‐H data, a storm threshold of − 80 nT and a quiet time definition of
15 nT to identify the start and end time of each of the three storm phases, using an algorithm similar to that used by
Hutchinson et al. (2011). We also considered the lists created by Wharton et al. (2020) and Sandhu et al. (2021),
however, they use the same algorithm as the WG19 list, so we do not examine these lists explicitly. Additionally,
we create a derived storm list using the same algorithm, but we change the threshold to − 50 nT; we call this list
WG19‐50 in the text. WG19 is the only list in our selection which specifically identifies the start and end of all
three phases of each storm.

H22 (Hua et al., 2022) identifies storms using a SYM‐H threshold of − 50 nT, with the lowest value used when
multiple events occurred within 2 days of each other. The original investigation focussed on electron fluxes from
2 days before the epoch time to 4 days after, so we took these times to be the start and end of the storms as the list
only specifies the time of minimum SYM‐H.

For the storm lists that do not specify a start or end time for the storms, we impose set lengths for the recovery
phase, and the initial and main phase combined. We use methodology based on Thomas et al. (2016) and set the
pre‐epoch length to one and a half days and the post‐epoch length to 3 days. This is applied to the storms in KM06,
E11, and Tu15. The pre‐epoch length of the storms in G19 and Th16 are set to one day + the length of the main
phase, due to the start of the main phase being specified in the lists. We acknowledge that this will affect the
properties of the resulting geomagnetic storms in these lists, but it is necessary to be able to compare the storm
lists to one another.

In Figure 1, a single geomagnetic storm event is shown, with the colored bars indicating how the storm would be
identified by each storm list. The yellow, red, and green sections indicate the initial, main, and recovery phase,
respectively, or the pre‐epoch and post‐epoch phases for storm lists which do not identify the phase times. From
this we can see that the different geomagnetic storm identification methods and their subsequent storm lists result
in very different subsets of the same storm. This means that any subsequent work will therefore be biased to
certain parts of each storm, depending on the storm list used.

In addition to the storm lists previously mentioned, we also considered lists created by Loewe and Prölss (1997),
Yokoyama and Kamide (1997), Zhang et al. (2006), Reeves et al. (2003), Yermolaev et al. (2010), Hutchinson
et al. (2011), and Manu et al. (2023), but we were ultimately unable to include these in our investigation due to the
lists not being easily accessible.

3. SYM‐H Distribution of Different Lists
We compare the contents of each storm list, that is, the physical properties of the storms that each list identifies.
We take all of the SYM‐H data between the start and end time for each storm in each list to be the contents of the
list, or from one and a half days before the epoch to 3 days after the epoch for the lists that do not give start and end
times. We use a bootstrapping algorithm to verify that the resulting probability density functions were due to an
underlying physical property of the storms within the lists and not simply due to the small sample size.
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Bootstrapping is a method of resampling a data set to create a large number of subsamples, which reduces the
amount of uncertainty in the results. Using the technique employed by Love et al. (2015), we choose our sub-
samples to be the same length as the original storm list and to be made up of storms chosen randomly with
replacement. The total number of subsamples we generate is determined using the formula N ∼ n(log n)2 (Babu
& Singh, 1983), where N is the total number of subsamples, and n is the size of the original data set, which in this
case is the number of geomagnetic storms in a particular storm list.

After we obtain our larger data sets we find the mean distribution and standard deviation of the probability density
distribution of each subsample. To verify that the shape of the probability density function is indicative of the true
distribution and not influenced by the size of the histogram bins, we use a Kernel Density Estimation method of
plotting the distribution curve and comparing the shape of the curves with the histograms. This comparison can be
found in Supporting Information S1. We find no significant difference between the two distributions so use
histograms for our analysis going forwards.

3.1. Storm Times

Figure 2 shows the distribution of storm time SYM‐H values for all the storm lists compared with the distribution
of all the SYM‐H values between the start of the first storm and the end of the last storm in the list, which we refer
to as the background. From Figure 2, we can see that the distribution of SYM‐H values for all the storm lists favor
more negative values than the background, as expected. The M18, Th16, Tu15, E11, and KM06 distributions all
have the same overall shape, with a single peak at around − 20 nT with the distribution decaying more slowly on
the negative side than the positive side. The KM06 distribution is the flattest, and the M18 distribution is the most
similar to the background distribution.We do not see the single peaked structure in the twoWG19 distributions; in
Figure 2a there is a clear dip in the SYM‐H distribution at − 15 nT, which is also seen in Figure 2b. From this we
can infer that the probability density function of the WG19 lists is a superposition of multiple different probability
density functions.

We test our inference by splitting the WG19 distribution by the times identified to be the start and end of the three
storm phases and plot Figure 3 which shows the initial, main and recovery phase distributions which have very
different structures. The initial phase has a narrow peak at around 10 to 0 nT, and the main and recovery phases
have wide distributions that do not go above the quiet level. In Figure 3d, we can see that the double‐peaked
structure seen in Figure 2 is due to the superposition of the three phase distributions. On the left side are the
distributions for the original WG19 list that uses a quiet time definition of 15 nT, and on the right side is the
distribution of the WG19‐0 list which was generated using the same algorithm as the original list, but uses a quiet
time definition of 0 nT. We can see that the position of the trough corresponds directly to the definition of quiet
time that was used to generate the list.

Figure 1. Diagram showing how the geomagnetic storm that occurred on 01/10/2012 would be identified differently by the
methods used to generate the various storm lists. The green, orange, and pink sections indicate the initial, main, and recovery
phase, respectively, or the pre‐epoch and post‐epoch phases for storm lists which do not identify the phase times.
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To test if this effect is seen in the other lists, we split the all storms into pre‐ and post‐epoch phases and plot
Figure 4. We can see that the pre‐epoch distribution favors higher values of SYM‐H than the post‐epoch dis-
tribution, and that the overall distributions for all the lists are also superpositions of multiple distributions, but
they are not as distinct as the WG19 distributions.

The Wasserstein distance (Kantorovich, 1960; Vaserstein, 1969) is defined as the area between two Empirical
Cumulative Distribution Functions (ECDFs), and a larger Wasserstein distance indicates a greater difference
between the distributions. We compute ECDF of each storm list, which is given in Supporting Information S1,
and find the Wasserstein distance for each pair of lists. The results are given in the form of a heatmap as shown in
Figure 5.

From Figure 5, we find that G19 and E11, and H22 andM18 are the most similar to one another, and that Tu15 and
KM06, and H22 and KM06 are the most different. We also see that KM06 is consistently different to the other
lists, and that WG19 is more different to every list than WG19‐50, except for KM06. WG19‐0 was generated
using the same algorithm as the original WG19 list, with the definition of the quiet time changed to 0 nT from
− 15 nT. By comparing the WG19, WG19‐0, and WG19‐50 Wasserstein distances, we can see that the change of
threshold value has a much larger effect on the SYM‐H distribution in the resulting storm list than a change in

Figure 2. Difference between the storm time SYM‐H distributions for each storm list. The colored distributions show the mean distribution, and the standard deviation of
the bootstrapped subsamples is shown by the error bars. The dotted line shows the distribution of all the SYM‐H data for the time between the start of the first storm and
the end of the last storm in the list, which is called the background distribution.

SpaceWeather 10.1029/2025SW004857

PATRICK ET AL. 7 of 20



quiet time definition. The full set of Wasserstein distances we computed can be found in Supporting
Information S1.

3.2. Quiet Times

Although storm lists provide time stamps that relate to the time of geomagnetic storm occurrence, they can also be
used to investigate non‐storm time, or quiet time, by simply removing the times that they define as being in a
geomagnetic storm from the data set. Due to the way some storm lists deal with complex or extreme storms, this
could result in very different quiet time distributions. For example, Th16 removes any storms with SYM‐H
minima below − 200 nT, which would result in these extreme storms being defined as “quiet time” in our
methodology.

We determine the probability distribution of the quiet time as defined by each of the storm lists, for the time
between the end of the first storm in the list and the start of the final storm. This allows us to compare not only the

Figure 3. Probability Distributions of the three storm phases identified by WG19, using a quiet time threshold of − 15 nT in
the left column and 0 nT in the right column. The top row shows the probability density of the initial phase of the storms, the
second row shows the distribution of the main phase, the third row shows the distribution of the recovery phase, and the
fourth row shows the sum of the distributions of the three phases, given by the solid colored line, and the three phase
distributions as the dotted and dashed lines.
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Figure 4. Pre‐ and post‐epoch SYM‐H probability distributions for each storm list. The columns are (from left to right): pre‐
epoch distribution, post‐epoch distribution, overall distribution of the entire storm. Each row has a separate storm list, and all
the plots are given on the same axes and so can be directly compared.
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possible effects of selecting a particular storm list for an investigation due to the properties of the storms but also
what the identification method may have missed.

We find the probability density functions of the quiet times for each list in the same way as we do for the storm
times. Figure 6 shows the probability density distribution of all non‐storm times for each storm list, plotted
alongside the background distribution. The distributions of all the lists show the same general single‐peaked
shape, where the quiet time distribution is lower than the background for more negative SYM‐H values, and
becomes higher than the background at larger values of SYM‐H. This trend is not as clear in the KM06 distri-
bution, as the quiet and background distributions are almost identical, likely due to the more negative threshold
value and the shorter storm list created as a result. We can also see that the Th16 distribution is similar to the
distributions of the other lists, which implies that the exclusion of storms with SYM‐H minima less than − 200 nT
does not have a large effect on the quiet time distribution. This is to be expected, as (Thomas et al., 2016) only
found eight storms with minima less than − 200 nT in the time period that their list covered.

4. Temporal Properties of Storms
We use a superposed epoch analysis (SEA) where the time of minimum SYM‐H is set as the epoch. Each of the
storms in a particular list is overlaid with the others, centered on the epoch, which allows for the median behavior
of the storms in a certain list to be found, as well as the interquartile range.

Figure 7 shows the median and interquartile range of the SYM‐H of the storms in the relevant list. For ease of
understanding, the data is cropped to a time period between one day before the epoch and 3 days after the epoch,
as this is the period covered by all of the storms in all of the lists, and it also allows for the temporal behaviors to be
seen clearly.

In Figure 7, we can see that the storms in all the lists have the same overall behavior in the time period that we
have focused on. The depth of the dip at the epoch and the steepness of the recovery is directly connected to the
threshold value required to identify a storm, which can be seen by the fact that KM06 has the steepest gradients
due to having the most negative threshold value of − 100 nT, whereas the storm lists which used a threshold of

Figure 5. Heatmap of the Wasserstein distances between each pair of storm lists. The larger the Wasserstein distance the
brighter the color, and the more different the lists are.
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− 50 nT have a shallower gradient. In both WG19 plots we can see that the lower quartile has a slight “elbow” at
around − 0.75 days which is not present in the other plots, and this is very likely due to the fact that 21 of the
storms have pre‐epoch times of less than one day, which results in a widening of the lower quartile due to the loss
of data. This shows that the specific definitions of the storm phases that were used to create WG19 can result in
noticeable differences with storm lists that do not specify the start and end of storms.

We then calculate the median temporal behaviors of each subsample and find the median and interquartile range
of these medians. The result of this is compared with Figure 7. Both methods result in almost identical plots,
implying that our results are free from selection effects.

Figure 8 shows the SEA of E11 and KM06 using Dst data, as this is what was used to generate the storm list. It is
clear that the overall shape of the storm trace is very similar to those plotted using SYM‐H data, however the
hourly resolution of Dst results in a lower level of detail. We also see that in Figure 7 the upper quartile of both
E11 and KM06 reaches values greater than zero, however in Figure 8 the maximum value of the upper quartile in
both lists does not cross zero. This discrepancy between the Dst and SYM‐H data is small and understood (Bergin
et al., 2023; Katus & Liemohn, 2013; Sandhu et al., 2021), but could still pose issues if Dst and SYM‐H are
assumed to be interchangeable.

4.1. Storm List Overlaps

We find the percentage overlap between storm lists by determining if, for each storm in List A, there is a storm
that occurs at the same time in List B. We defined “storms that occur at the same time” as storms with their epochs

Figure 6. Quiet time probability distribution functions for each of the storm lists, where the colored lines are the mean
distribution of quiet time SYM‐H and the dotted line indicates the background distribution.
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Figure 7. Superposed epoch analyses of each of the storm lists, with the median shown as a solid line and the interquartile range as the shaded region. The storms have
been cropped to a period of one day before the epoch and 3 days after the epoch to make the behaviors and differences between the lists more visible. Only the original
WG19 list with a quiet level of − 15 nT has been included in this plot because the overall shape of the different WG2019 storms does not differ significantly between
lists. The superposed epoch analysis of the individual WG19 lists can be found in the Supporting Information S1.

Figure 8. Superposed epoch analyses of KM06 and E11, generated using Dst data. The storms have been cropped to a period
of 1 day before the epoch and 3 days after the epoch.
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within 12 hr of one another to account for any slight discrepancies caused by identification methods. The per-
centage overlaps are shown in Figure 9. We also only compare lists in the time period over which they overlap,
and the number of days each pair of storm lists overlap is given in Supporting Information S1.

From Figure 9 it is clear that KM06 and WG19 have the lowest percentage overlaps with all the other lists, with
their highest overlap percentages being each other. This is due to their higher threshold values, which reduce the
amount of storms the lists identify.

By comparing the overlaps between WG19 and WG19‐50, we can see that lowering the SYM‐H threshold
required to identify a storm from − 50 to − 80 nT reduces the number of storms found by roughly 62%. We can
repeat this with the overlaps between E11 and KM06, where E11 containing 100% of the storms that are also
found in KM06, whereas KM06 contains only 33.4% of the storms in E11. The reduction in Dst threshold from
− 50 to − 100 nT has reduced the number of storms identified by roughly 66%.

We can also see that although all the storms in WG19‐0 are also in WG19, only 90.3% of the storms in WG19 are
also inWG19‐0. This is likely due to the length of the storms becoming longer due to the end point of the recovery
phase being defined as when SYM‐H reaches the quiet level.

5. Discussion
We analyzed the physical properties of the storms in each list by looking at the probability distributions of SYM‐
H both during and outside of geomagnetic storms. We found that the double peaked shape of the distributions for
the WG19 lists with − 15 nT SYM‐H threshold were significantly different to the shape of the other lists. SYM‐H
can be used as a proxy for ring current energy (Sandhu et al., 2021), so the difference in SYM‐H distributions
between storm lists implies that the ring current energy distribution varies significantly between storm lists.

We defined the background distribution as the distribution of all the SYM‐H data between the start of the first
storm in the list and the end of the last storm and compared it with the distribution of the storms in the list. This

Figure 9. The percentage of storms in the list on the x‐axis that are also in the list on the y‐axis, for the time period over which
both storm lists overlap. Storms are defined as being in both lists if there is a storm in List A that has its epoch within 12 hr of
a storm in List B. The brighter the color the more different the storm lists are.
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allowed us to see how different the geomagnetic storm SYM‐H distribution was to the distribution of all time. We
would expect the storm distribution to be skewed to more negative values than the background, as they are times
of extreme geomagnetic activity. We found that all of the distributions were more negative than the background
distributions, however the M18 and Tu15 distributions are surprisingly similar to the background. This implies
that these lists do not identify conditions as extreme as the other lists. This could have impacts on forecasting if the
lists that are used to train models do not identify the most extreme conditions, as these are the events which can
cause the most disruption (Kappernman & Albertson, 1990; Pirjola, 2000; Smith et al., 2022). This is a known
issue in machine learning called Class Imbalance, and has been discussed in the context of geomagnetic storms
previously (e.g., Smith et al., 2024).

We then found the probability distribution of the three storm phases of theWG19 storms and found that the double
peaked structure was due to the superposition of the distributions of the three storm phases, which were explicitly
defined in the algorithm used to generate the WG19 lists. By comparison with the distributions of the WG19
(0 nT) variant, we showed that the position of the trough was directly connected to the definition of the quiet time
SYM‐H value used to define the storms, as this was used to identify the start and end of the storms. This means
that the main and the recovery phases cannot have SYM‐H values greater than the quiet time value, which causes
a dip in the probability density at the bin containing the quiet time value. The fact that changing a single value in
the algorithm could have such a large impact on the physical properties of the storms in the resulting list shows
that the choice of storm definition can have a significant effect on the results that are drawn, and we intend to
quantify this in other data sets in future work. The initial phase has a significantly different distribution to the main
and the recovery phase, which is likely due to main phase being when the ring current strength increases, and the
recovery phase when the ring current strength decreases (Akasofu & Chapman, 1961; Gonzalez et al., 1994),
whereas the initial phase can contain a decrease in ring current strength as well as an increase (Gonzalez
et al., 1999; Perreault & Akasofu, 1978). We also find that the overall distributions of all the lists are superpo-
sitions of the pre‐ and post‐epoch distributions, which suggests that there are physical differences between the
storm phases that could be used to create more robust definitions, and that these differences persist across the
different geomagnetic storm identification methods.

TheM18 list, which was the only other list to specify the start and end times of storms, used solar wind parameters
and magnetic measurements to identify the start and end of the storms, which meant that the start and ends were
less strictly constrained in SYM‐H than storms in WG19.

The storm lists that were created using Dst data, KM06 and E11, have similarly shaped distributions, but KM06
has a wider and flatter distribution than E11. This is due to the KM06 Dst threshold value of − 100 nT, compared
to the E11 threshold value of − 50 nT. This causes the KM06 list to be skewed to more extreme events than E11,
and the rest of the storm lists, as KM06 has the most negative Dst or SYM‐H threshold value required to identify a
geomagnetic storm.

By comparing the Wasserstein distances between pairs of lists, we found that KM06 was the most different to the
other lists, being the most similar to WG19. These two lists have similar SYM‐H thresholds of − 100 and − 80 nT.
We also see the effect of changing the threshold value by comparing the distances for the WG19 and WG19‐50
lists. WG19 is more different thanWG19‐50 for every list other than KM06, which shows that the choice of SYM‐
H threshold used to define a geomagnetic storm can affect the list in a way that may be significant, as the only
difference between the definitions used to generate WG19 and WG19‐50 is the threshold value.

We defined the quiet time to be the time between the end of a storm and the start of the next storm for each storm
list, and also compared these distributions to the background distribution. We found that for most of the storm
lists, the quiet time distribution favored more positive SYM‐H values than the background, which would be
expected because the quiet distribution is the background distribution with the geomagnetic storms removed. The
KM06 quiet distribution was almost the same as the background distribution, which is unexpected but likely due
to the low number of storms in the list.

We also found that the quiet time distribution of Thomas et al. (2016) was similar to the other storm lists, despite
the methodology including a step where extreme storms with minima below − 200 nT were removed. In the time
period covered by the original storm list only eight of these extreme storms were found, so the consequences of
removing them from the storm list were minor. However, if a longer time period was considered using the same
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methodology, the likelihood of finding extreme geomagnetic storms would increase. This would result in a
greater discrepancy between “quiet time” as defined using the storm list and a true definition of quiet time.

We employed an SEA technique to compare the median behavior of the storms in each of the lists within a time
range of 1 day before the time of minimum SYM‐H and 3 days afterward. The overall behavior of the storms is
consistent over all the lists that we have considered—there is a clear and sharp decrease in SYM‐H at the epoch,
and a gradual increase back to quiescence afterward. This shows that each of the lists identifies geomagnetic
storms that have a common overall behavior that is not significantly impacted by changes in storm definition,
however there are still some small differences. The steepness of the SYM‐H decrease is influenced by the
threshold value, as this sets the maximum value at the epoch, and the rate at which the SYM‐H returns to the
ambient level also differs between lists. In Figure 1 we can see that the temporal extent of storms in each list can
vary significantly, however, due to our choice of time period these differences are not clear. By comparing our
findings with those from the probability distributions, we can see that a SEA does not highlight the differences
between the storm lists as well as the other methods we have considered.

By comparing the Dst and SYM‐H SEAs for the KM06 and E11 lists, we showed that while the overall behavior
of the storms is very similar in both indices, the SYM‐H data includes finer detail than the Dst data. This is
consistent with the findings of previous papers (Hutchinson et al., 2011; Wanliss & Showalter, 2006). SYM‐H
and Dst are commonly assumed to be approximately equal, as they both give indications of the behavior of
the ring current, and have been used interchangeably (Brenner et al., 2021; Fok et al., 2011; Ohtani et al., 2001;
Zhang et al., 2007). Most notably for this work, the M18 storm list was generated by using a threshold value
defined using SYM‐H, but gave the time of minimum Dst for each storm. Our findings have shown that Dst and
SYM‐H may not always be interchangeable when using them for measurements of extreme conditions, as well as
the fact that Dst has hourly resolution so will not be sensitive to processes which occur on shorter timescales
(Bergin et al., 2023; Katus & Liemohn, 2013; Sandhu et al., 2021). It has been previously found that Dst is unable
to identify all storms, including long SIR driven storms (Borovsky & Shprits, 2017), and that there is a difference
of around 20% in the measured SYM‐H and Dst value during a storm (Katus & Liemohn, 2013).

From the temporal behavior of the storms shown in the superposed epoch analyses it can be seen that the E11 list
is very similar to the two WG19 lists. However, when comparing probability distributions, the E11 list appears to
be much more similar to the M18 list. This suggests that, when studying the behaviors and properties of
geomagnetic storms, several methods of comparison should be used and the results compared, as certain storm
lists can appear to be very different from each when compared using one method, but appear very similar when
using another.

The time period covered by each storm list should also be taken into consideration when selecting a storm list, as
the solar cycle can have significant impacts on the types of storms that occur, for example, CMEs are more likely
to occur at solar maximum, whereas SIR occurrence peaks during the declining phase (Borovsky & Den-
ton, 2006), and this could have impacts on the physical properties of the geomagnetic storms.

We calculated the percentage overlaps of each pair of storm lists and found that changes in the minimum SYM‐H
or Dst threshold for storm identification had a significant impact on the number of storms that are found in the
same time period. By changing the threshold from − 80 to − 50 nT (WG19 and WG19‐50) we found that the
number of storms identified storms decreases by approximately 62%, and a change from − 50 to − 100 nT (E11
and KM06) leads to a 66% decrease.

6. Conclusions
Storm lists are typically used to study periods of extreme geomagnetic activity. Many studies that have included
the use of a storm list have chosen to use only one list, often without discussion of any possible effects of this
choice. We show that the choice of storm list can have significant effects on the lengths and probability distri-
butions of the storms that are included in an investigation, and suggest that the consequences of a choice of storm
list should be considered.

Using probability distributions we find that the way in which the start and the end of geomagnetic storms is
defined can have a large impact on the physical properties of the storms that they identify. By imposing a strict
quiet time SYM‐H cutoff to be the end of the storms, the distribution of the WG19 lists shows a double peaked
structure that is not seen for the other lists. We find that this structure is due to a superposition of the distributions
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of the three storm phases, with the initial phase having a significantly different shape to the main and recovery
phases. We also show that the SYM‐H distribution of storms in lists that do not define the times of the different
phases are also superpositions of multiple distributions, and that the pre‐ and post‐epoch SYM‐H distributions are
physically distinct in all lists.

Finally we show that the overall temporal behavior of geomagnetic storms in a time period from one day before
the epoch to 3 days after is largely the same across storm lists, and is not significantly affected by the choice of
either Dst or SYM‐H, except for the loss of fine detail due to the lower resolution of Dst data.

We also find that the minimum threshold value of SYM‐H or Dst has a significant impact on the number of storms
that are identified over the same time period, with a change in threshold from − 50 to − 80 nT resulting in a
decrease in the number of storms identified by approximately 62%. This is of interest as the threshold value is a
significant parameter in storm lists that identify geomagnetic storms in this manner.

7. Recommendations
Based on our findings, we have made some suggestions on how to choose a storm list. These recommendations
will not be able to cover all possible use cases, so it is possible that modifications will be required for a specific
case‐study. Table 2 shows the types of studies that each storm list is best suited for, as well as types of studies
where certain lists should be avoided, and we explain these recommendations in detail below.

Table 2
Recommended Uses and Use Cases That Should Be Avoided for Each List

Storm list Recommended uses Use cases to avoid (and reason)

Kataoka and
Miyoshi (2006)

• Study of extreme storms
• Studies involving storm drivers

• General study of all types of storm (Uses a threshold of − 100 nT )
• Study of phenomena during storms (States the time of maximum magnetic
disturbance only)

• Studies where this is the only list used (Significantly different to other storm lists)
• Studies that require high time resolution (Created using Dst data)

Echer et al. (2011) • Study of storms over a long period of time
• Comparisons between solar cycles

• Studies that require the exact storm identification process (Storms were identified
visually)

• Studies of phenomena during storms (States the time of maximum magnetic
disturbance only)

• Studies that require high time resolution (Created using Dst data)

Turner et al. (2015) • No specific recommendations • Studies that require at least a solar cycle worth of data (Covers 3 years)
• Studies of phenomena during storms (States the time of maximum magnetic
disturbance only)

Thomas et al. (2016) • Studies that focus on the main phase • Studies of extreme storms (Excludes storms with minimum SYM‐H ≤ − 200 nT )
• Studies that include the initial and/or recovery phase (Gives time of main phase
onset and maximum magnetic disturbance)

Murphy et al. (2018) • Studies of phenomena during/outside storm times
• Study of storms over a long period of time
• Comparisons between solar cycles

• Studies that require a predefined SYM‐H or Dst threshold (Extended lists
identifies storms using magnetic field behaviors)

• Studies that require high time resolution (Defines the time of maximum magnetic
disturbance using Dst data)

Gabrielse et al. (2019) • Studies that focus on the main and/or recovery
phase

• Studies that involve the storm driver

• Studies involving the initial phase (States the time of main phase onset, maximum
magnetic disturbance, and the end of recovery phase)

• Studies that require at least a solar cycle worth of data (Covers 8 years)

Walach and
Grocott (2019)

• Studies that require storm definitions to be easily
altered

• Studies of phenomena during/outside storm times
• Study of storms over a long period of time
• Comparisons between solar cycles
• Study of specific storm phases

• Studies of storm driver, unless used in conjunction with a catalog of drivers (Uses
magnetic indices to identify storms)

Hua et al. (2022) • No specific recommendations • Studies of phenomena during storms (States time of maximum magnetic distur-
bance only)

• Studies that require at least a solar cycle worth of data (Covers 5 years)
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Firstly, Walach and Grocott (2019) specifies strict start and end points for each of the storm phases, which is not
available from the other lists, and this allows for more in‐depth research of specific parts of a geomagnetic storm.
The algorithm can also be easily applied to any time period where SYM‐H data is available (Coxon &
Walach, 2025), and the parameters for identifying a storm can be adjusted to generate lists with different
properties. When the SYM‐H threshold is changed from − 80 to − 50 nT, the resulting list is in agreement with the
other storm lists that use a threshold of − 50 nT. TheWG19 algorithm could therefore be used to extend the shorter
− 50 nT lists to longer time periods, as well as better constraining the start and end of the storms. Overall, WG19 is
a list that would be well suited for most applications, and the algorithm can be altered for specific case studies.

The period of the solar cycle that a storm list covers should be taken into account when choosing either a pre‐made
storm list or a definition to apply to a different data set. The occurrence rates of CMEs and SIRs, the main drivers
of geomagnetic storms, vary throughout the solar cycle, and a list that only covers a short time period may be
biased toward one solar wind driver over the other. It is also known that CMEs produce a larger perturbation in the
magnetic field than SIRs (Denton et al., 2006), so more extreme storms are more likely to be driven by CMEs than
by SIRs. Therefore, both the portion of the solar cycle that a storm list covers and the threshold value required to
identify a storm should be taken into account as these may introduce biases with regards to the drivers of the
storms. We will investigate the impacts of storm drivers on the properties of the storms in a future paper. The lists
that cover entire solar cycles (or multiple cycles) and are less likely to be biased are WG19, M18, Th16, and E11.

We have considered two storm lists that explicitly state the driver responsible for each storm, Kataoka and
Miyoshi (2006) and Gabrielse et al. (2019), however KM06 is significantly different from the other lists in both
probability distribution and SEA, and caution should be taken if this list is to be used. G19 states if a storm is due
to a CME, HSS, or other, and is not significantly different to the other lists, but covers only 2008 to 2016. We
suggest that if the drivers of geomagnetic storms is an area of interest for a time period outside of the range
covered by G19, CME and SIR catalogs, such as the SOHO LASCO CME catalog (http://cdaw.gsfc.nasa.gov/
CME_list), the STEREO ICME and SIR catalogs (https://stereo‐dev.epss.ucla.edu/l3_events), and the list by Chi
et al. (2018), should be used alongside another storm list.

Another reason to carefully consider the time period covered by a storm list is the particular solar cycle that is
covered by the list. If the research topic is not constrained to a specific solar cycle, we recommend use of a storm
list that covers multiple solar cycles, such as WG19. M18 also covers multiple solar cycles, however it contains
storms where the end time is cited to be prior to the start time, and care should be taken to check the validity of the
storms. If a shorter time period is required, the different strengths of each cycle should be taken into account, for
example, the difference between cycle 22 and cycle 24.

Due to the fact that a list of storm times also implicitly defines a list of non‐storm times, storm lists may be used
when studying the magnetosphere outside of geomagnetic storms. In such cases, care must be taken to avoid storm
lists such as Thomas et al. (2016) where extreme or complex storms are not included in the final list. We suggest
use of a list that does not remove extreme storms and that explicitly states the start and end times of each storm,
such as WG19 or M18.

Finally, we suggest that multiple storm lists should be considered and compared using at least two methods in
order to identify any biases that may be introduced. A method of comparing the temporal behaviors, such as a
SEA, and a method of comparing the physical properties of the storms, such as a probability distribution, should
be considered prior to the selection of a storm list so that the effects of the storm identification criteria can be
properly understood.
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The OMNI SYM‐H data used in the study was downloaded from Coordinated Data Analysis Web, NASA via
https://cdaweb.gsfc.nasa.gov/ (King & Papitashvili, 2020). Dst data was used to study storm lists that were
generated using Dst data and was downloaded from WDC for Geomagnetism, Kyoto via https://wdc.kugi.kyoto‐
u.ac.jp/dstdir/ (Sugiura &Kamei, 1991). OMNI CDF files were read in Python using cdflib version 1.2.3 (Stansby
et al., 2022). Data Analysis was carried out using NumPy version 2.3.4 (Harris et al., 2020). Kernel Density
Estimation was applied to the SYM‐H distributions for comparison with histograms using Scikit‐learn version
1.5.0 (Pedregosa et al., 2011) Figures 2–9 (and all figures in Supporting Information S1) were created using
Matplotlib version 3.10.6, via https://doi.org/10.5281/zenodo.16999430, available under the Matplotlib license at
https://matplotlib.org/ (Hunter, 2007). The software used to generate the alternate versions of Walach and
Grocott (2019) is preserved at https://github.com/johncoxon/storm‐lists (Coxon & Walach, 2025). The software
used for data analysis and generation of Figures 2–9 (and all figures in Supporting Information S1) is preserved at
https://github.com/apatrick01/Storm‐Lists (Patrick, 2025).
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