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Abstract Substorms have been identified from negative bays in the AL/SML index, which traces the
minimum northward ground magnetic deflection at auroral latitudes, produced by enhancements of the
westward electrojet. For substorms, negative bays are caused by the closure of the Substorm Current Wedge
through the ionosphere, typically localized to the nightside and centered around 23‐00 magnetic local time
(MLT). In this case, the equivalent current pattern that causes the magnetic deflections is given the name
Disturbance Polar (DP) 1. However, negative bays may also form when the westward electrojet is enhanced by
increased convection, driving Pedersen and Hall currents in the auroral zone. Convection enhancements also
strengthen the eastward electrojet, monitored by AU/SMU index. In this case, the equivalent current pattern that
produces the magnetic deflections is called DP2. Unlike other substorm identification methods, the Substorm
Onsets and PHases from Indices of the Electrojets technique by Forsyth et al. (2015), https://doi.org/10.1002/
2015ja021343 attempts to distinguish between the DP1 and DP2 enhancements that cause substorm‐like SML
bays. Despite this, we find evidence that between 1997 and 2019 up to 59% of the 30,329 events originally
identified as substorms come from enhancements of DP2 on top of the 2,627 convection enhancement events
already identified. We explore ways to improve substorm identification using auroral indices to fully separate
the DP1 and DP2 bays but conclude that there is insufficient information in the auroral indices to achieve this. In
reality, any “substorm” list is a list of magnetic enhancements, auroral enhancements, etc., which may or may
not correspond to substorm activity and should be treated that way.

1. Introduction
The substorm is a magnetospheric process during which magnetic flux is accumulated and then suddenly released
in the magnetotail, typically described as a loading‐unloading process. The classical description of the substorm
includes 3 phases: growth, expansion, and recovery (Akasofu, 1964; McPherron, 1970). The growth phase is
initiated by a southward turning of the interplanetary magnetic field and enhanced dayside reconnection
(McPherron, 1970). This acts to add to the stored magnetic flux in the tail lobes, resulting in a thinning of the
plasma sheet and enhancing the cross‐tail current. The onset of the substorm expansion phase occurs as the
localized brightening of an equatorward arc, followed by its spread poleward and azimuthally (Akasofu, 1964;
Kalmoni et al., 2017). At a similar time, there is the formation of the substorm current wedge (SCW) in the inner
magnetotail, where the intensified tail current is disrupted, and a pair of field‐aligned currents couples the
magnetotail with the ionosphere (Kepko et al., 2015; McPherron et al., 1973). This closure in the ionosphere is
observed as an enhancement of the westward auroral electrojet centered around local midnight (Akasofu
et al., 1965; Heppner, 1954; Weimer, 1994). The detectability of this westward‐directed ionospheric current
connected to the SCW depends on the background conductivity of the ionosphere (El‐Alaoui et al., 2023; Newell
et al., 1996; Wang et al., 2005). This is in part due to the strength of the Hall current of the Cowling current
channel, the signal detectable on the ground, modulated by the conductivity gradient created by the auroral
precipitation from the substorm and the background ionosphere (Amm & Fujii, 2008; Boström, 1964;
Cowling, 1932). Further out, magnetic reconnection creates an isolated plasmoid that is accelerated out and
ejected from the magnetotail (Hones Jr, 1984). During the recovery phase, the magnetosphere returns to its quiet‐
time configuration, although complex auroral features are still observed in the ionosphere (Forsyth et al., 2020;
Opgenoorth et al., 1994; Pulkkinen et al., 1994). During a complete cycle, the substorm is capable of processing
up to ∼1015J of solar‐origin energy (Tanskanen et al., 2002).

The magnetic perturbations measured on the ground can be rotated to equivalent current maps, for example, a
positive northward magnetic deflection is produced by an eastward flowing ionospheric current. There must be a
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degree of care when interpreting these equivalent currents as gradients in conductivity, and the contribution of
more distant currents than those in the ionosphere also affects the observed perturbations (Milan et al., 2017).
However, from decades of study, the magnetic perturbations produced in the polar regions can be largely
decomposed into two main characteristic patterns: the Disturbance Polar (DP) 1 and 2 patterns (Nishida &
Kokubun, 1971). The DP1 pattern is associated with the ionospheric leg of the substorm current wedge (Akasofu
et al., 1965), consisting of a strong westward‐directed ionospheric current centered at midnight magnetic local
time (MLT) (McPherron et al., 1973). The two‐cell DP2 current pattern is produced by the convection of magnetic
flux described by the Dungey cycle (Dungey, 1961). Its ground signature is detectable due to the Hall current
eastward and westward electrojets in the afternoon and morning MLT sectors. It is highly correlated with the
southward component of the interplanetary magnetic field (IMF), Bz, on short time scales and is associated with
general magnetospheric convection. Shore et al. (2018), using data‐driven methods on SuperMAG data, were able
to decompose these two spatio‐temporal patterns, in addition to patterns related to the DPY equivalent current
system (Friis‐Christensen et al., 1985; Friis‐Christensen & Wilhjelm, 1975) and the NBZ field‐aligned current
system (Iijima et al., 1984; Maezawa, 1976), among the six modes that contribute most to the magnetic field
variance throughout Solar Cycle 23. As shown by the Shore et al. (2018) analysis, the DPY spatial pattern is a
single vortex that is approximately centered on the magnetic pole and whose polarity and strength is controlled by
IMF By. When added to the symmetric component of the DP2 pattern, the DPY component controls the relative
strength and shape of the two vortices of the DP2 pattern, creating the so‐called “banana” and “orange” con-
vection cells (e.g., Østgaard et al., 2018). The NBZ pattern appears as twin reversed lobe convection cells on the
dayside polar cap and is associated with periods of purely northward IMF. Additionally, the reanalysis conducted
by Shore et al. (2017) of the single month of February 2001, found that the amplitude of both the DP1 and DP2
modes increased rapidly at substorm onset.

A common way to identify substorms is to detect its ground perturbation due to the ionospheric westward current
of the substorm current wedge (DP1 current pattern). By Ampere's law, this creates a southward magnetic
deflection observable on the ground at auroral zone latitudes. Other methods of identifying substorms include
leveraging auroral imagery, taken from spacecraft (Frey et al., 2004; Liou, 2010) or on the ground using all‐sky
imagers (Nishimura et al., 2010), or from particle injections observed by spacecraft at geosynchronous orbit
(Borovsky et al., 1993; Borovsky & Yakymenko, 2017). Each method comes with its own advantages and dis-
advantages, such as identifying substorms from auroral features that currently require these features to be
observable from the ground or when a spacecraft is suitably positioned to observe them. The advantage of using
magnetic indices is the almost global coverage from the many magnetic observatories and arrays that have been
deployed. However, it should be noted that the observation of one signature associated with the substorm does not
confirm the occurrence of the phenomena and that any two different substorm signatures appear together for less
than 50% of substorms (Lao et al., 2024).

The magnetic indices AU and AL (Davis & Sugiura, 1966), and their SMU and SML generalization to many
stations (Newell & Gjerloev, 2011), were developed to trace the maximum and minimum northward deflections
of the northward component of the geomagnetic field across a range of auroral latitude magnetometer stations. At
substorm onset, a sharp negative bay is observed in the AL/SML index, indicating an enhancement of the
westward auroral electrojet by the substorm. Many automated methods have recently been developed that take
advantage of these indices to identify the onset of the expansion phase of the substorm (Borovsky & Yaky-
menko, 2017; Forsyth et al., 2015; McPherron & Chu, 2017; Newell & Gjerloev, 2011; Ohtani & Gjerloev, 2020).
However, the substorm is not the only magnetospheric phenomenon capable of producing such enhancements of
the westward electrojet (Kamide & Kokubun, 1996). In particular, during periods of enhanced convection, DP2 is
enhanced, and there is an enhancement in both the eastward and westward electrojets. Thus, SML automated
methods may be contaminated with false positive events. Of the techniques mentioned above, it is only the
method of Forsyth et al. (2015) that attempts to explicitly separate the DP2 signature of enhanced convection from
substorms by assessing periods in which the SML and SMU enhancements are similar.

In this study, we examine the Substorm Onsets and PHases from Indices of the Electrojets (SOPHIE) technique
developed by Forsyth et al. (2015), where they attempt to distinguish between the ground signatures of substorms,
which are believed to only enhance the equivalent currents of the DP1 pattern, and periods of enhanced con-
vection due to enhancements of the DP2 current pattern, which are well correlated with periods when the solar
wind directly drives the magnetosphere. We quantify the two current pattern contributions to substorm‐like SML
intensifications across all magnetic local times. In addition to this, we explore the parameter space used for
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filtering out these convection enhancements from “true” substorms, to evaluate the effectiveness of auroral
indices for substorm identification.

2. Data and Method
2.1. SOPHIE Identification of Substorm Events

SOPHIE is a nonparametric technique applied to the auroral indices SML and SMU to identify phases of the
substorm cycle at a temporal resolution of 1 min (Forsyth et al., 2015). The SOPHIE technique for identifying the
phases of the substorm has been used extensively in the literature, particularly in statistical studies of the effects of
substorms, including studies of the magnetotail lobes (Coxon et al., 2018), radiation belts (Forsyth et al., 2016;
Rodger, Clilverd, et al., 2022; Rodger, Hendry, et al., 2022), ring current (Sandhu et al., 2019), field‐aligned
currents (Coxon et al., 2017), ground‐induced currents (Freeman et al., 2019; Smith et al., 2024), and auroral
kilometric radiation (Waters et al., 2022), as well as the influence of the solar wind and interplanetary magnetic
field on substorms (Laitinen et al., 2024; Lockwood, 2023; Walker et al., 2024).

Precisely, SOPHIE identifies substorm expansion phase onsets using an expansion phase threshold (EPT) based
on the yearly percentile rates of decrease of the SML index. The substorm recovery phase is identified similarly,
so that the difference in the number of expansion phases and recovery phases is minimized. The authors then
argue that any period that is not part of an ongoing expansion or recovery phase can be labeled as a potential
growth phase, in which magnetic flux and energy is stored in the magnetotail. In addition, Forsyth et al. (2015)
considered that not all decreases and recoveries of SML are driven by substorms and that similar signatures may
arise due to enhancements in magnetospheric convection. To address this, if the magnitude of the overall rates of
change of SML and SMU during an identified expansion phase is within a factor of 2, that expansion phase and its
following recovery phase are flagged as a Convection Enhancement. For full details on the SOPHIE technique,
please refer to the original manuscript (Forsyth et al., 2015). In this study, we examine the period between January
1997 and December 2019 inclusive using SOPHIE or EPT 90, such that for an SML‐bay to be considered a
candidate substorm onset, the gradient of its decrease must surpass the 90th percentile of negative gradients
observed in that calendar year. This threshold of SOPHIE has been shown to have the best association with other
substorm onset lists (Lao et al., 2024).

As the SOPHIE technique does not dictate the ordering of substorm phases, onsets of the expansion phase can
occur following growth or recovery phases. In this study, we classify an event as an isolated substorm if it follows
the phase ordering of Growth‐Expansion‐Recovery‐Growth. In Figure 1, two isolated events are shown between
17:30 UT on 1997/01/10 and 02:00 UT on 1997/01/11. Here, the first isolated event has its growth phase
beginning around 17:30 UT with the expansion onset occurring at 18:50 UT followed by a recovery phase at
19:02 UT transitioning into another growth phase at 20:41 UT. Isolated substorms occur frequently in SOPHIE
EPT 90 event identification, compromising 54% of all expansion phase events between January 1997 and
December 2019.

The SOPHIE technique can also resolve periods of compound or recurrent substorm activity (e.g., Rodger,
Hendry, et al. (2022); Rodger, Clilverd, et al. (2022); Sandhu et al. (2019)). These periods are characterized by
multiple expansion and recovery phases, with no intermediate growth phase between them. An example of such a
period is shown in Figure 1, with the first onset of the compound event occurring at 16:05 UT on 1997/01/10 and
the second at 16:41 UT. The period of compound activity is ended by the occurrence of a growth phase at 17:28
UT. All onsets in a compound sequence are classified as individual compound substorms, even though the first
onset follows from a growth phase. For SOPHIE EPT 90, 27% of expansion phase events are compound sub-
storms between January 1997 and December 2019, although lower EPTs tend to identify more compound events
(Forsyth et al., 2015).

As described earlier, SOPHIE uses the SMU index for information to filter out events that are not due to substorm
activity. The technique accomplishes this by flagging expansion phases in the time series where the change in
SMU is similar to what is observed in |SML|. Specifically, expansion phases that have a change in |SML| less than
twice that of the change in SMU, that is, |dSMLexpansion phase|/ |dSMUexpansion phase|< 2, are flagged as potentially
misidentified substorms due to enhancements in convection. The following recovery phase after the expansion is
also flagged. In the process of completing this study, we found that the SOPHIE technique mislabeled certain
substorm cases as convection enhancement intervals. These cases were when a negative SML bay formed and a
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decrease was also observed in SMU that met the criteria above. If we consider that SMU is generally reflective of
the strength of convection, a plausible explanation that a decrease in SMU can be observed during an expansion
phase is the scenario that the substorm occurs in the subsequent period after a northward turning in the IMF, such
that dayside reconnection rate and therefore the strength of the convection decreases. As we would normally
expect SMU to increase, rather than decrease, during convection enhancements, we have revised the criteria for a
Convection Enhancement to be as follows.

1. ΔSMU> 0 over the expansion interval.
2. ΔSML< 0 over the expansion interval.
3. − ΔSMLΔSMU < 2 over the expansion interval.

If these three criteria are satisfied, then the expansion phase and the following recovery are flagged as a con-
vection enhancement. Figure 1 shows an example period that has been flagged by the amended SOPHIE tech-
nique, with the event beginning at 02:07 UT on 1997/01/11 and ending at 02:40 UT. Here, the flagged expansion
phase lasted 15 min. In the period analyzed, 8% of the identified expansion events were flagged as possible
convection enhancement intervals. All the analysis conducted in this study was completed with this new corrected
logic of SOPHIE when filtering convection enhancements from substorms.

In the original SOPHIE paper (Forsyth et al., 2015), the factor of two used in the convection enhancement cri-
terion 3 above was not fully explored but rather based on expert judgment, which is not uncommon in solar‐
terrestrial physics (e.g., the Newell and Gjerloev (2011) identification of substorm onset as being when
dSML/dt is less than − 15 nT/min or the identification of geomagnetic storms as when Dst drops below − 50 nT).
For symmetric DP2 electrojets, then the convection enhancement factor in criterion 3 would be unity, which
might approximate a summertime case where the morning and afternoon MLT sectors are similarly illuminated
by the Sun and have similar conductances. However, electron precipitation from substorm injections can sustain
an enhanced morning MLT conductance (e.g., Wallis and Budzinski (1981)) and create a relatively stronger
westward DP2 electrojet, as is statistically observed (Shore et al., 2018). Thus, a factor of two is again chosen in
criterion 3 to take account of this, but we shall later explore the effect of varying this factor in Section 3.4.

Figure 1. The SML (Solid Black) and SMU (Dashed Black) indices (nT) plotted as a function of time, with the background
color indicating the substorm phase identified by the Substorm Onsets and Phases from Indices of the Electrojet (SOPHIE)
technique for that period. Green indicates periods of growth, orange ∖‐hatched corresponds to expansion phase that is part of
an isolated substorm, pink /‐hatched corresponds to an expansion phase that is part of a compound substorm, blue ◦‐hatched
indicates a recovery phase and gray corresponds to periods that have been identified as convection enhancement intervals.
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2.2. MLT Distributions of Events

Figure 2 shows the probability distributions of the onset magnetic local time (MLT) of each SOPHIE EPT 90
event type discussed in Section 2.1. That is, from the SOPHIE EPT 90 substorm phase list in the period January
1997 to December 2019 inclusive, we identified the subsets of isolated substorms, compound substorms, and
convection enhancements and, for each subset, the MLT of the station that contributes to SML at the time of event
onset was sorted into a corresponding 1‐hr MLT wide bin. For example, the first compound onset in Figure 1 at
16:05 UT has its contributing station at 21.75 MLT at the onset of the expansion phase, and therefore this
occurrence would be placed in the 21–22 MLT bin. The probability distribution of the onset MLT for each event
type was then calculated by dividing the number of events of a given type in each MLT bin by the total number of
events of that type. Similarly, Figure 2 also shows the probability distribution of the MLT of substorm onsets
identified by Frey et al. (2004) from auroral images in the period from 19 May 2000 to 31 December 2002
inclusive.

Figure 2 shows that the probability distributions of different SOPHIE EPT 90 event types are somewhat different
from each other and to that of the Frey et al. (2004) auroral events. Firstly, the MLT distribution of auroral events
(shown in pink) peaks 1 hr of MLT earlier than that of the SOPHIE isolated substorm events (shown in gold). As
discussed further in Sections 3 and 4, this westward displacement is likely explained by the localized auroral
brightening signature of substorm onset identified by Frey et al. (2004) being associated with the upward field‐
aligned current that sits at the western end of the DP1 substorm electrojet detected by SOPHIE.

Secondly, the isolated substorm distribution is asymmetric with a more eastward extended tail than the symmetric
auroral distribution. Whilst, as argued above, an eastward shift of the isolated substorm distribution is to be
expected, we hypothesize that its MLT asymmetry is because some SOPHIE enhanced convection events are
falsely identified as isolated substorms. The convection enhancement distribution (shown in green) is a broad,
approximately symmetric, distribution centered later at 01–02 MLT. As will be shown in the next section, the
MLT extent of this distribution is consistent with the extent of the westward electrojet of the DP2 ionospheric

Figure 2. The magnetic local time (MLT) probability distribution of the contributing station to SML for different event types.
The blue indicates the total event distribution, orange corresponds to the isolated substorm events, red corresponds to the
compounds substorm events, and green corresponds to the convection enhancements.
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equivalent current pattern, which the SML index is expected to be sampling during periods when magnetospheric
convection is enhanced. Thus, if some convection enhancements are misidentified as isolated substorms, then
these anomalous events will be predominantly in the post‐midnight MLT sector, and the isolated substorm
distribution will be erroneously skewed eastward, as observed.

Thirdly, the compound substorm distribution is intermediate between the isolated substorm distribution and the
enhanced convection distribution. Thus, the above hypothesis suggests that the compound substorm distribution
is even more contaminated by misidentified enhanced convection events than the isolated substorm distribution.
This is plausible because the SOPHIE definition of an isolated substorm is most similar to the classic three‐phase
description of the substorm and is stricter than that of the compound substorm (i.e., an isolated substorm onset
requires a preceding growth phase, whereas each compound substorm onset does not).

In summary, we hypothesize that the isolated substorm distribution in Figure 2 is a weighted sum of the MLT
distribution of true substorms and the MLT distribution of some misidentified enhanced convection events. In the
next section, we attempt to separate out the true substorm distribution.

3. Results
3.1. Decomposition of MLT Distributions

As noted above, the probability distribution of the MLT of isolated substorm onsets identified by the SOPHIE
EPT 90 technique shares some similarities with the probability distribution of the MLT of auroral onsets from
Frey et al. (2004) and some similarities with the probability distribution of the MLT of enhanced convection
onsets from SOPHIE. We thus postulate that the SOPHIE technique has misidentified some enhanced convection
events as isolated substorms, and thus the histogram of the MLT of SOPHIE isolated substorm onsets is a
combination of the histograms of the MLT of true DP1 substorm onsets and DP2 convection enhancements.

We seek to isolate the DP1 histogram by estimating the DP2 histogram and removing it from the SOPHIE isolated
substorm histogram. To estimate the DP2 histogram, we rescale the histogram of the MLT of SOPHIE convection
enhancements by multiplying the corresponding probability distribution shown in Figure 2 by increasing integer
values until the number of convection enhancements in any bin exceeds the number of isolated substorm events
from SOPHIE in that bin. The estimated DP2 histogram is shown by the dashed‐dot green line in Figure 3 and the
SOPHIE isolated substorm histogram is shown by the solid gold line. The rescaling assumes that there exists some
MLT where DP2 enhancements exclusively occur and no DP1 substorm onsets occur. We then subtract the
estimated DP2 histogram from the SOPHIE isolated substorm histogram to yield the estimated histogram of the
MLT of true DP1 substorm onsets, shown by the dashed‐dotted gray line. It is lacking the post‐midnight MLT
“bump” and has a shape similar to the Frey et al. (2004) onset distribution but shifted eastward.

3.2. Interpretation of the Decomposition Results

Figure 4c shows the resulting probability distributions of the DP1 and DP2 enhancements, with the DP1 dis-
tribution transformed into a PDF using the same method of dividing each MLT bin by the total number of events.
Additionally, the MLT probability distribution of the Frey et al. (2004) auroral onsets is also plotted. Shown in
Figures 4a and 4b are the Shore et al. (2018) empirical orthogonal function (EOF) representations of the DP1 and
DP2 equivalent current patterns from a reanalysis of the Northern Hemisphere surface external and internal
magnetic field during Solar Cycle 23. In these subplots, increasingly red (blue) indicates a larger southward
(northward) magnetic deflection observed on the ground due to the DP1 and DP2 current patterns. Below the
Onset MLT probability distributions, are the spatial amplitude profiles from auroral latitudes (65 ° − 75°MLat)
of the DP1 pattern and DP2 pattern (d) of Shore et al. (2018), where greater than zero indicates the contribution to
a southward magnetic deflection and less than zero indicates the contribution to a northward magnetic deflection,
the concentric rings on (a) and (b) indicate the latitudes from which we derived the profiles. The spatial amplitude
profiles seen in Figure 4d are the mean of the latitudinal profiles between the two rings in Figures 4a and 4b. The
spatial resolution of the Shore et al. (2018) profiles increases as the latitude decreases, that is, there are more dots
in each concentric ring that go away from the center; therefore, each latitudinal profile between 65 ° − 75°MLat
was resampled to a 1 MLT resolution grid centered on the half‐hours of each MLT before taking the mean.

Figures 4c and 4d show that the extent of the probability distributions for the location of the DP1 and DP2 events
is in good agreement with the extent of the southward deflections of the DP1 and DP2 Spatial Amplitude profiles
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across the auroral latitudes. This result validates the decomposition of SML‐bay events into DP1 and DP2
contributions, since the bulk of each event distribution lines up with the region of maximal southward magnetic
deflection (that sampled by the SML index) from each spatial pattern. The DP1 Spatial Amplitude profile differs
from the DP1 perturbation probability of occurrence on their duskward edge, with a non‐zero contribution to
southward magnetic deflections from the DP1 patterns still observable around ∼18MLT. However, since these
are spatial profiles of north‐south magnetic deflections, we do not expect a one‐to‐one correspondence to
probabilities of event occurrence.

The probability distribution of the DP1 perturbation is more akin to the auroral onsets than the isolated substorms
originally identified, sharply peaking before midnight (0.28 at 22–23MLT for Frey et al. (2004) and 0.22 at 23‐00
MLT for the resolved DP1 perturbations) and rapidly dropping to zero in the afternoon and morning MLTs. We
note that there is an offset of 1 hr MLT east for the DP1 probability distribution compared to the Frey et al. (2004)
distribution. This is likely due to the auroral signature originating near the westward edge of the Substorm Current
Wedge, where the downward‐propagating electrons provide the upward field‐aligned current, whereas the SML
signature originates from a horizontal current connecting the eastward and westward legs of the substorm current
wedge. It should be noted that the probability distribution of the onset MLTs and the positive amplitudes of the
Spatial Amplitude profiles of the DP1 and DP2 events overlap in the midnight sector. As such, magnetic de-
flections in this region could be due to enhancements related to either current pattern, complicating the identi-
fication of substorms.

3.3. Decomposition of Other SOPHIE EPT 90 Event Types

As mentioned in Section 2.1, in addition to isolated substorms and enhanced convection events, the SOPHIE
technique also identifies compound substorms whose onset need not be preceded by a growth phase. Furthermore,
as SOPHIE identifies the timing of the recovery phases nonparametrically, similarly to how it identifies expansion
phases, and does not enforce that an expansion phase is directly followed by a recovery, other event types are also

Figure 3. The Onset MLT histogram of the Isolated substorms (Orange), the Scaled Convection enhancement distribution
(Dashed‐Dot Green) and the residual distribution when subtracting the Scaled Convection enhancements from the Isolated
substorms (Dashed‐Dot Gray).
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possible. One of these event types occurs in an order in which an identified expansion has no counterpart recovery
but instead proceeds immediately into a growth phase, following a Growth‐Expansion‐Growth regime.
Furthermore, recovery phases may be placed before an expansion phase following an isolated substorm regime,
following a Growth‐Recovery‐Expansion‐Recovery‐Growth order. These events, which we have labeled Other
substorms, account for 3,061 additional events between January 1997 and December 2019 (0.09% of all SOPHIE
EPT 90 events) or an additional∼130 events per year. The occurrence of these events shows a trend similar to that
of the Solar Cycle (not shown), but their occurrence is not explored in this study. Furthermore, SOPHIE‐identified
substorms may occur recurrently after a SOPHIE‐identified convection enhancement similar to the compound
example shown in Figure 1, where the first expansion phase and associated recovery are instead a convection
enhancement and the second event an identified substorm expansion and recovery. We have labeled any
expansion phase events occurring directly after a convection enhancement without an intervening growth phase as
an After Convection substorm. Note that a convection enhancement may occur during a set of compound events,
thus splitting the series into two, with the events of the first part labeled as compound substorms and the events
after the convection enhancement labeled as After Convection substorm. There are 886 events classified as After
Convection Onsets between January 1997 and December 2019 (0.03% of all SOPHIE EPT 90 events).

Figure 4. The DP1 (a) and DP2 (b) spatial patterns obtained by Shore et al. (2018). In these figures, the darker color indicates
a greater amplitude of the deviation to the θ component ground magnetic field, with red indicating a southward deviation and
blue northward. Subplot (c) shows the Onset MLT distributions obtained from the analysis of the SOPHIE technique in this
study. In addition to the obtained DP1 (Dashed‐Dot Gray) and DP2 (Solid Green) perturbation distributions, the Frey
et al. (2004) auroral substorm Onset MLT distribution is also plotted in pink. Subplot (d) shows the mean amplitude of the DP1
(Dashed‐Dot Gray) and DP2 (Solid Green) patterns at auroral latitudes by MLT, these profiles were obtained by taking
longitudinal cuts of the Shore et al. (2018) profile.
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Using the decomposed MLT probability distributions of DP1 and DP2 to fit the onset MLT histograms, it is
possible to evaluate the contribution of DP1 and DP2 to the different types of events that populate the SOPHIE
EPT 90 phase list. The results of the fitting are shown in Figure 5, where we have fit the four different SOPHIE
substorm types (Isolated substorms (panel a), Compound substorms (panel b), After Convection substorms (panel
c) and Other substorms (panel d)). The fitting was completed by using a linear combination of the DP1 and DP2
probability distribution functions, scaled so that the sum of their scaling must equal the number of events of the
fitted SOPHIE event type. For example, when fitting the Compound substorms, the combinations that were
evaluated were 0 × pdf (DP1) + 8736 × pdf (DP2), 1 × pdf (DP1) + 8735 × pdf (DP2),
2 × pdf (DP1) + 8734 × pdf (DP2), …, 8736 × pdf (DP1) + 0 × pdf (DP2). The quality of the fits was
evaluated by calculating a goodness of fit value for each fit carried out with the parameter used in this study being
the chi‐square value given by

χ2 =∑
N

i

[ymeasi − ymodeli (v)]2

ϵ2i

where ymeasi is the count observed in each MLT of the original distribution, ymodeli is the count evaluated in each
MLT bin of the fitted distribution, and ϵi is the estimated uncertainty in the data. In the study conducted, we take ϵi
as the standard error of the count in each MLT bin, that is, it is the square root of the count based on Poisson
counting statistics. The combination that had the lowest chi‐square value was selected as the best fit, in the case of
the Compound substorms, this was the linear combination 1689 × pdf (DP1) + 7047 × pdf (DP2), which had
a chi‐square of 37.

The reconstruction of the distribution for each type of event is shown as a cyan dashed line in each subplot of
Figure 5, and with the chi‐square goodness‐of‐fit value for the reconstruction in the legend of each subplot. There

Figure 5. The reconstruction of MLT distributions of the full spectrum of SOPHIE event types using the obtained DP1 and
DP2 MLT distributions from Figure 4. (a) Reconstruction of the isolated substorms, (b) the reconstruction of compound
substorms, (c) the reconstruction of substorm expansion phases that directly follow on from a convection enhancement and
(d) the reconstruction of substorms that do not fit into the other categories.
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is no desired threshold for this value; however, the “best fit” by the linear combination of DP1 and DP2 prob-
ability distributions for each SOPHIE event reconstruction was selected by minimizing the chi‐square goodness‐
of‐fit. The distribution that is best fit by a combination of the DP1 and DP2 distributions is the isolated substorms,
shown in Figure 5a, with a chi‐square goodness of fit value of 0.005. However, this is to be expected, as this is the
distribution from which we decomposed the DP1 events. The worst fit is to the Onset MLT distribution of After
Convection onsets, shown in Figure 5c, with a chi‐square goodness‐of‐fit value orders of magnitude larger than
the other distributions being fitted and for which the peak at 4MLT is not reproduced. As a result of the fitting, we
can distinguish the number of events due to DP1 or DP2 for each SOPHIE event type. For example, of the 17,646
isolated substorm events, between January 1997 and December 2019, 10,281 were identified due to enhancements
of the DP1 current pattern, and the remaining 7,365 due to an enhancement of DP2. Taking the sum of all event
types and the DP1 and DP2 current pattern contributions to these, including those originally identified as con-
vection events, we find 32,956 westward electrojet enhancement events between January 1997 and December
2019 (∼ 1430 events per year). SOPHIE originally categorized these into 30,329 substorms (92% of events) and
2,627 convection enhancements (8% of events). With our decomposition, we find that 41% or 13,427 events are
due to enhancements of the DP1 current pattern (∼ 590 events per year) and 59% or 19,529 are due to en-
hancements of DP2 (∼ 840 events per year).

3.4. Sensitivity of the Decomposition to the Detection Threshold for Convection Enhancement Events

As discussed in Section 2.1 above, both the original SOPHIE technique and the amended technique used here
employ an author‐set threshold to decide which SML bays are due to enhanced convection rather than substorm
expansion. Currently, this threshold has a value of two based on expert judgment, as discussed above in Sec-
tion 2.1, but now we examine the sensitivity of substorm and convection enhancement identification to this value.

Figure 6 shows the breakdown of SOPHIE event types for integer values of the convection event threshold
between unity and ten (a table with the underlying data is included in Supporting Information S1). We observe
that 32,956 SML bay events are identified between January 1997 and December 2019, invariant of the convection
event threshold used. The division of these 32,956 events identified into the five types of events varies signifi-
cantly as the threshold increases. Note that threshold 2 corresponds to the MLT distributions plotted in Figure 2,

Figure 6. Event numbers identified by the SOPHIE technique as the threshold value for identifying convection enhancements
is modified. A value of 2 means that for a given event, the absolute rate of decrease in SML must be more than twice that of
the rate of increase in SMU to be classed as a substorm rather than a convection enhancement. Previously published SOPHIE
lists have used a threshold of 2.
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without the After Convection and Other substorms. As expected, more events are classified as convection en-
hancements than substorms as the convection event threshold increases, since the magnitude of the change in
SML required for an event to be labeled as a substorm becomes greater. We observe that convection events make
up less than 2% of the events when using a threshold value of 1. This increases to 48% when using a threshold
value of 10. Similarly, the number of After Convection substorms increases as the convection event threshold is
increased, although this number seemingly saturates at 6% of events at a threshold of 7 and above. As the number
of identified substorms decreases as the threshold increases, this does not happen homogeneously across isolated
and compound substorms that reduce at different rates. Compared to their Threshold 1 value, isolated substorms
have reduced by 45% when using a Threshold of 10, whereas compound substorms have reduced by 67%, an
indication that compound events have a higher degree of DP2 contamination than isolated substorms.

Figure 7 shows the Onset MLT probability distributions for isolated substorms identified using different con-
vection enhancement thresholds. We observe that these probability distributions continue to show additional
events in the morning MLTs as the threshold for the convection enhancement classification increases, though
there is a marginal increase in the peak at 23‐00 MLT (∼0.01 difference between thresholds 1 and 10). This
implies that varying the convection enhancement threshold is insufficient to reduce the number of DP2 events
classified as isolated substorms.

The decomposition of events into contributions from DP1 and DP2 described above in Section 3.1 was applied to
the distributions of each threshold. This was completed using the Isolated substorm and Convection enhancement
MLT probability distributions evaluated for each threshold (not shown). Similarly to Section 3.1, the four sub-
storm event types (Isolated substorm, Compound substorm, After Convection substorm, and Other substorm)
were divided into their underlying DP1 and DP2 current pattern contributions. Figure 8 shows the split of the
events identified by the SOPHIE technique into originally identified substorms and convection enhancements.
We also show the relative contributions of DP1 and DP2 that result from the fitting described above reapplied to
the subsets of substorm and convection events for each threshold. Note that previously published event lists
derived from the SOPHIE technique correspond to the SML/SMU Threshold of 2. As discussed above, we

Figure 7. Isolated Substorm probability distribution for various convection event filtering thresholds used.
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observe the trend of more events being classed as convection enhancements rather than substorms as the threshold
value increases. Additionally, as the threshold increases, more events are classified as DP2 rather than DP1.

We observe that the number of SOPHIE identified substorms and DP1 perturbations do not intersect or converge
for any value of the convection enhancement threshold. The number of events due to enhancements of the DP1
equivalent pattern is always less than the number of SOPHIE identified substorms; as such, the contributions of
DP1 and DP2 can always be decomposed from the MLT distribution of SOPHIE substorm events. This implies
that SOPHIE identified substorms are not solely due to enhancements of the DP1 current (or the closure of the
Substorm CurrentWedge through the ionosphere), regardless of the threshold value used. However, while there is
some contamination of SOPHIE identified substorms by convection enhancement events, this contamination is
likely greater for other methods that make no attempt to identify events with enhancements in SMU.

4. Discussion
In this study, we have examined the contribution of enhancements of the DP1 and DP2 current patterns to
substorm‐like SML bays by inspecting event MLT distributions as identified by the SOPHIE technique (Forsyth
et al., 2015). Our results indicate that there is a notable contribution to substorm‐like SML bays due to en-
hancements of the DP2 current pattern. Moreover, as SOPHIE is only one of many techniques applied to the AL/
SML index for substorm identification, albeit one that attempts to filter by leveraging the SMU index also, any
technique using these indices will be populated with “DP2 events.”

To decompose the contribution of the DP1 pattern to SOPHIE identified substorms, we have assumed that
SOPHIE convection enhancement events are a good proxy for enhancements of only the DP2 equivalent current
pattern. The enhancement of the westward electrojet related to the DP2 pattern is largely expected to occur at

Figure 8. Numbers of substorms and convection enhancements originally identified by SOPHIE (Solid) and also their
breakdown into DP1 or DP2 (Dashed) as a function of threshold used for convection enhancement filtering. Blue
corresponds to the number of candidate expansion phases identified that is, all periods which satisfy the SOPHIE EPT 90
condition of a decrease in SML that exceeds that 90th percentile of the yearly decrease in SML. Orange corresponds to the
number that were identified as a substorm, red corresponds to the number of candidate events identified as a convection
enhancement interval, dashed gray corresponds to the number of all candidate events that were due to the DP1 pattern, and
dashed yellow corresponds to the number of all events that were due to the DP2 pattern.

Journal of Geophysical Research: Space Physics 10.1029/2024JA033592

LAO ET AL. 12 of 19

 21699402, 2025, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JA

033592 by B
ritish A

ntarctic Survey, W
iley O

nline L
ibrary on [28/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



morning MLTs; however, the work of Shore et al. (2018) shows that the enhancement of the westward electrojet
due to DP2 can also occur in the midnight MLT sector. In agreement with this, Figure 3 shows that both the DP1
and DP2 events have non‐zero probabilities of occurrence at night‐side MLTs, with the extent of the SOPHIE
convection events (green line of Figure 4c) matching the extent of the spatial amplitude profile of DP2 resolved by
Shore et al. (2018) at auroral latitudes (Figure 4d). Moreover, SOPHIE makes use of the SMU index sampling the
eastward electrojet to identify convection enhancements and, as it is unlikely for the formation and closure of the
SCW to produce an enhancement of current in an eastward direction, we can be confident that the convection
enhancements are due to enhancements of DP2 only and are minimally “contaminated” DP1‐type events.

We have also assumed that substorms would primarily cause magnetic perturbations consistent with those of
equivalent currents of the DP1 current pattern, with the formation of the substorm current wedge that closes
through the ionosphere driving the enhancement of the westward electrojet (McPherron et al., 1973). This
assumption is evidenced by the similarity of the decomposed DP1 distribution to that of auroral substorm onsets,
as identified by Frey et al. (2004) and the extent of this distribution (gray dashed line in Figure 4c) that matches
the extent of the spatial profile of the Shore et al. (2018) DP1 pattern from auroral latitudes (Figure 4d). The work
of Shore et al. (2018) found that this pattern showed a sharp increase in amplitude at the onset of the substorm, was
poorly correlated with the IMF Bz, and was never the dominant spatial mode contributing to ground magnetic
field variance over a whole month during Solar Cycle 23, consistent with the interpretation of the substorm being
a loading‐unloading phenomenon of the magnetosphere.

There is a systematic shift between the observed MLT distributions, with the auroral onsets peaking 1 MLT
westward of the SML identified onsets. This is consistent with the aurora being colocated with the upward FAC of
the SCW, with the current carried by downward traveling electrons, while the peak southward ground magnetic
perturbation is due to the westward flowing ionospheric current. Recent studies have indicated that the onset of
auroral beads, one of the first auroral signatures of substorms (Kalmoni et al., 2017; Nishimura et al., 2016),
coincides with ULF magnetic pulsations on the ground (Rae et al., 2012; Smith et al., 2020). However, these
pulsations appear to be distinct from the large‐scale perturbations that result in negative bays in AL/SML.

As we would expect the enhancement of the eastward electrojet to be correlated with that of the westward
electrojet during periods of enhanced convection and uncorrelated during a substorm expansion, we explored the
capability of using the SMU index within the SOPHIE technique to distinguish between non‐substorm and
substorm‐related changes in SML. In Section 3.4, we tested various thresholds to filter out convection en-
hancements from substorms. Figure 8 indicates that regardless of the value of the threshold used to classify
convection enhancement intervals or DP2 events, the number of identified substorms and DP1 events does not
converge, which means that there is still a contribution of the DP2 pattern regardless of the selected threshold.
This has two significant implications: (a) even when leveraging SMU/AU, the auroral indices alone are unable to
distinguish the substorm from other magnetospheric phenomena; (b) the substorm can produce enhancements of
the westward electrojet, at MLTs much different from the expected location of DP1. This could be due to
localized conductivity enhancements in the ionosphere, either from the propagation of precipitated particles
superposing with solar illumination (particularly during the Northern Hemisphere summer) or increased pre-
cipitation at these locations, further complicating the identification of true positive substorm events.

Isolated substorm studies using the Polar Ionospheric X‐ray Imaging Experiment (PIXIE) by Østgaard
et al. (1999) observed that the precipitation of the high‐energy electrons that cause the X‐ray aurora has a localized
maximum toward morning magnetic local times (5–9 MLT). The authors noted that this localized maximum was
delayed in response to the onset of the substorm, with the physical interpretation that these precipitating electrons
have drifted from the injection region in the midnight sector before being scattered into the loss cone in the dawn
sector. This precipitation will lead to an increased conductivity in the ionosphere, and as the westward convection
electrojet is already colocated at morning MLTs, one can imagine a situation where the current flowing is
increased and as a result producing a magnetic signature similar to the substorm negative bay in SML at a location
unusual for a true positive identification from ground magnetometer data. However, since the precipitation was
due to the substorm process, it would be misleading not to identify such an event as a substorm, although the
enhancement of SML was not due to the closure of the substorm current wedge via the ionosphere. This resultant
signature would be dependent on the timing and rate of ionization, and as such there is more to be explored
between the relationship of the Substorm X‐ray aurora and ground magnetic perturbations.
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Since it is possible to identify convection enhancements as shown here and in previous work (Shore et al., 2017,
2018) at MLTs where we expect substorms, they cannot simply be filtered out by using the MLT location of the
contributing station to SML. Therefore, lists using the SML index alone (Borovsky & Yakymenko, 2017; Newell
&Gjerloev, 2011; Ohtani &Gjerloev, 2020) will be populated with false positives, events identified as substorms,
but the enhancement in SML is due to convection enhancements or other magnetospheric phenomena. Figure 9
shows the onset MLT distributions from the Frey et al. (2004), Newell and Gjerloev (2011), Ohtani and Gjer-
loev (2020) and SOPHIE (All events and Only Substorms) from the interval 19May 2000 and 31 December 2002.
In Figure 9, we observe that the MLT distributions of the SML identified events are more similar to each other
than to the Frey et al. (2004) MLT distribution. This is in part due to the Frey et al. (2004) events being identified
from auroral images, therefore unlikely to be contaminated with DP2 events which do not have the accompanying
auroral features that a “true” substorm does. It should also be noted that the MLT distribution of substorm‐related
Pi2 pulsations (Yeoman et al., 1994) is more similar to that of auroral onsets and our decomposed DP1 distri-
bution, being symmetric and centered on midnight MLT.

As we have shown above that SOPHIE is contaminated with DP2 events and that these can occur within the MLT
window of Ohtani and Gjerloev (2020), therefore it is probable that these other onset lists are also contaminated
with DP2 events. This issue is one possible source of ambiguity in conducting statistical substorm studies, as the
dynamics of other magnetospheric phenomena could be included in with “true” substorms, particularly when
relating localized effects throughout the magnetosphere with respect to the substorm. As such, despite consid-
erable progress being made in understanding the characteristic features and consequent effects of the substorm,
some conclusions from studies using substorm lists built from magnetic indices may be incomplete because these
studies may be considering non‐substorm intervals, including other phenomena that are capable of enhancing the
electrojets. This ranges from the importance of the phenomenon in the energization and variability of the ring

Figure 9. Onset MLT histograms of SOPHIE (All Events in Blue, Substorms in Orange) Newell and Gjerloev (2011) (Green
Dashed‐Dot), Ohtani and Gjerloev (2020) (Orange Dashed‐Dot) and Frey et al. (2004) (Pink Dashed‐Dot) events from 19
May 2000 to 31 December 2002. Note that the reduction of events in the Ohtani and Gjerloev (2020) is partly due to the MLT
cut‐off requirement.
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current (Sandhu et al., 2019) and the radiation belts (Forsyth et al., 2016; Rodger, Clilverd, et al., 2022) to its
influence on ground‐induced currents (Freeman et al., 2019).

One possible route to improve our confidence in identifying substorm intervals could be the use of additional data
sets to supplement the auroral indices. One such way of achieving this is by including the behavior of the driver,
that is, the solar wind, when identifying substorms. Previous studies have indicated that substorms typically occur
after the solar wind has been southward for 22 of the preceding 30 min (Morley & Freeman, 2007). Moreover, the
work of Shore et al. (2018) showed that the amplitude of the DP2 pattern is much better correlated with shorter
time responses to the IMF than the DP1 pattern. However, taking this approach may have the effect of increasing
the number of missed substorm identifications from auroral indices, due to the underlying assumption that
substorms cannot occur during strong steady driving.

Another approach integrating other data sets than just the auroral indices was taken by Milan et al. (2021), where
they distinguish the AL enhancements due to the substorm from other magnetospheric phenomena by applying
the Expanding and Contracting Polar Cap (ECPC) paradigm to event identification. They made use of proxies for
the dayside reconnection rate, cross‐polar cap potential, as well as the auroral indices to identify the magneto-
spheric convection state in the year 2010, evaluating between periods of quiet, substorm interval (including the
separate phases) and directly driven periods. This approach led to the finding of a lower rate of occurrence of
substorms, approximately 550 events per year, than that by Borovsky et al. (1993) or Frey et al. (2004) from
injections and auroral intensifications, which identified approximately 1,500 events per year. For reference,
during the period analyzed, SOPHIE identified ∼1430 SML enhancement events per year, of which ∼1320 per
year were initially identified as substorms; however, our reanalysis showed that only ∼590 of these per year were
due to enhancements of the DP1 pattern, similar to the number identified by Milan et al. (2021). In the same
period, Newell and Gjerloev (2011) identify ∼1700 substorms per year and Ohtani and Gjerloev (2020) identify
∼950 isolated substorms per year using the SML index, still many more than the proposed number of DP1 events
from our reanalysis.

There is also the approach taken by Haiducek et al. (2020) to integrate multiple data sets. In this case they
combined multiple already existing substorm lists, based on the AL index, MPB index (Chu et al., 2015), auroral
images and particle injections, to more robustly identify events for the month of January 2005. They achieved this
by convolving each onset list with Gaussian kernels, that is, they turned an onset time (a unit impulse in time) into
a Gaussian onset window centered at the onset time. A substorm onset period was then identified as when a
combination of different signatures identified at approximately the same time. This was integrated in the Hai-
ducek et al. (2020) method in a way such that a threshold value was required to be surpassed for a substorm to be
identified, but the height of the peak of the Gaussian window from a single signature would not break this
threshold. As such, this method requires overlap of multiple detection signatures to indicate a substorm. A full
mathematical description of the convolution and combination is available in the full text (Haiducek et al., 2020),
where they also evaluate the ability of an MHD model to reproduce the characteristics of substorms. Although a
promising pathway for robust identification, a major limitation of this route is the lack of a common description of
the substorm by the community or a set of “true” substorms to compare against and tune the parameters for the
threshold and kernel width. We also note that the level of co‐occurrence of onsets identified from MPB, AL,
particle injections and auroral enhancements within 30 min between different substorm signatures is remarkably
low, with less than a 50% overlap between pairs of lists based on these identifiers (Lao et al., 2024).

This study highlights some important considerations when conducting studies of substorms. Firstly, it indicates
the importance of the separation of AL/SML bays that are due to the substorm and other magnetospheric phe-
nomena. Currently, only SOPHIE (Forsyth et al., 2015) and Milan et al. (2021) attempt to do this by comparing
the AL/SML bay with another feature. Ohtani and Gjerloev (2020) makes an attempt at this by limiting identi-
fications to within 23‐03 MLT, but our results show there are still a large number of DP2 driven magnetic bays in
this local time sector. However, leveraging the SMU index as the SOPHIE technique does is not sufficient to
completely isolate the DP1 and DP2 modes of magnetospheric response. Auroral indices are a simplification of a
diverse set of observations related to a multitude of processes across multiple scales. This simplification may
discard critical data that means that auroral indices do not have enough information to be used to robustly identify
substorms. Highlighted above are some possible pathways that could result in a more robust substorm identifi-
cation schema by including multiple data sets. However, while a promising idea, this is not simple as one must
account for the differences in data cadences, coverage, and the time interval covered by the different data sets
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being used. Moreover, Lao et al. (2024) showed that in the period when there were the auroral indices, mid‐
latitude indices, auroral imagery, and geosynchronous particle observations available, for a given substorm
there is a less than 50% chance that two or more methods will identify it as one. Our study also highlights that
caution must be observed when identifying substorms in the dawn sector. Although it is more likely for these
events to be DP2 related, it is possible that “true substorms” are detected in this region, highlighting the limi-
tations of a blunt approach such as the one by Ohtani and Gjerloev (2020). When conducting case studies of
events identified in this region, we recommend the verification of a true substorm occurrence using another
indicator.

Lists of “substorms” are inherently useful in solar terrestrial physics, providing a common baseline for both case
and statistical studies of a variety of processes that are part of or result from the phenomena associated with
substorms. However, all of these lists have their limitations. Firstly, there is no quantifiable consensus within the
solar terrestrial physics community as to what a substorm is, but rather a set of qualitative descriptions of substorm
effects, such as the rapid closure of open flux in the magnetotail, brightening and westward expansion of the
auroral, injections of energetic particles at geosynchronous orbit, and the formation of magnetic bays at high and
mid‐latitudes. These effects are not necessarily unique to substorms and may arise from other activity, such as
pseudobreakups and steady magnetospheric convection events, and thus may appear in substorm identification
lists. SOPHIE attempts to mitigate one of these effects (enhanced magnetospheric convection) and does remove a
large number of potential substorms by comparing SML and SMU, but our work shows that this is not perfect.
However, we would contend that it provides a better mitigation than limiting identifications to a set of MLT
sectors, given the large overlap between the MLT distributions of DP1 and DP2 driven effects. In truth, any list of
“substorms” is, in fact, a list of magnetic enhancements, auroral enhancements, particle enhancements, etc. Which
may or may not align with substorm activity and should, ultimately, be treated in that way.

5. Summary
In this study, we have used the SOPHIE technique (Forsyth et al., 2015) to quantify the respective contributions of
the DP1 and DP2 current patterns to the formation of substorm‐like SML bays. This was achieved by evaluating
and manipulating the onset MLT, defined as the location of the station that contributes to SML at onset, of various
classes of events identified in the SOPHIE phase list. Using the onset MLT distribution of convection en-
hancements identified by SOPHIE as an indicator of the DP2 event distribution, we were able to decompose a
contribution from both DP1 and DP2 to the onset MLT distribution of isolated substorms. We find that although
the SOPHIE technique attempts to filter out convection enhancements, 59% of the events originally identified as
substorms are instead due to enhancements of the DP2 current pattern, rather than DP1 which is associated with
the ionospheric leg of the Substorm CurrentWedge. Finally, we explored different values for the threshold used to
distinguish between convection enhancements and “true” substorm events and found that no value can distinguish
convection events entirely.

We come to the conclusion that the auroral indices, even when filtering events by magnetic local time, are unable
to provide sufficient information to robustly identify substorms from enhancements of magnetospheric con-
vection. There is still an invaluable use case for substorm lists using auroral indices in finding events for case
studies, which can then be verified as true substorms via other substorm signatures, for example, particle in-
jections, auroral enhancements. However, caution must be exercised when conducting statistical studies related to
the substorm phenomena when using these lists as the effects of other magnetospheric modes and phenomena are
not entirely removed.

Data Availability Statement
The SMU and SML indices were obtained from the SuperMAG website (https://supermag.jhuapl.edu/). The
SOPHIE Forsyth et al. (2015) substorm phase lists used in this study are available in Supporting Information S1
and at the following link: https://doi.org/10.5522/04/28271201.v1. The Frey et al. (2004), Newell and Gjer-
loev (2011) and Ohtani and Gjerloev (2020) substorm onset lists were accessed from the SuperMAG products
webpage (https://supermag.jhuapl.edu/substorms/) and were downloaded on Oct 2021, Feb 2024 and Feb 2024
respectively. The data to reproduce the Shore et al. (2018) polar plots and to create the longitudinal mean profiles
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were accessed from the Supporting Information S1 of Shore et al. (2018). The code and modified data sets for the
analysis and visualization completed in this study are available at Lao (2025).
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