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Abstract Geomagnetic disturbances (GMDs) are defined as rapid changes in the magnetic field of the Earth
that can lead to geomagnetically induced currents (GICs). Recent studies have shown that there are two main
populations of GMDs, one in the pre‐midnight sector and one in the dawn sector. The pre‐midnight GMDs have
been related to the substorm current wedge. The dawn population of GMDs has previously been found to occur
during multiple intensification events. We adapt the SOPHIE substorm list to identify more instances of
multiple intensifications. Recent models suggest the formation of a “dawnside current wedge” (DCW) during
the main phase of storms that could lead to dawn sector GMDs. We investigate GMDs at all latitudes using the
SuperMAG local time indices (SMR‐LT), where SMR‐LT are local time measurements of the magnetic field at
low latitudes. During multiple intensification events the dawn sector low latitude magnetic field between 3 and 9
MLT (SMR06) is typically higher than the dusk sector between 15 and 21MLT (SMR18), which is indicative of
a DCW. Statistical analysis of the local time ring current indices during the dawn and pre‐midnight GMDs
shows that the dawn GMDs occur when the difference between the dawn sector and dusk sector SMR values
(SMR06‐SMR18) is largest and thus when there is a DCW.

Plain Language Summary Rapid changes in the magnetic field of the Earth can lead to electrical
currents that flow at the Earth's surface and can cause problems for grounded infrastructure such as pipelines and
high voltage power grids. These rapid changes are called geomagnetic disturbances (GMDs), and have been
previously shown to predominately occur within the dawn and pre‐midnight locations. The pre‐midnight GMDs
have been related to a nightside phenomenon called substorms. The morning population has been shown to
occur during periods of strong periodic variations of the magnetic field called multiple intensifications. We
adapt an existing list of substorms occurrence to identify periods of multiple intensifications. Recent research
has suggested that during a geomagnetic storm, where the magnetic field is compressed, current flows form at
dawn, called the “dawnside current wedge” (DCW), that could lead to GMDs. We investigate the local time
measurements of the magnetic field at low latitudes using the SuperMAG SMR‐LT indices, which is a measure
of the Earth's ring current. Statistical analysis of the SMR‐LT values during the dawn and pre‐midnight GMDs
supports the hypothesis of a dawn current wedge. This finding suggests that dawn and pre‐midnight GMDs form
through different processes but can occur at the same time.

1. Introduction
Space weather events can cause large and rapid variations in the magnetic field of the Earth which can drive
currents that flow though the surface of the Earth called geomagnetically induced currents (GICs). GICs can cause
problems when they flow through grounded infrastructure such as power lines and the rail network (Albertson
et al., 1973; Campbell, 1978; Marshall et al., 2010; Patterson et al., 2024). The causes of GICs are often
investigated via the rapid fluctuations in the magnetic field measured from the ground (dB/dt) which are caused
by electrical currents flowing in the ionosphere (Pulkkinen et al., 2008; Rogers et al., 2021; Viljanen, 1997). The
large dB/dt are called “spikes” or geomagnetic disturbances (GMDs) (Milan et al., 2023; Schillings et al., 2022).
These ionospheric currents are part of larger current systems that flow in the ionosphere and magnetosphere. This
study investigates the ring current during the GMDs using the SuperMAG SMR local time indices (SMR‐LT)
which are measures of the partial ring current separated by magnetic local time (MLT) (Newell &
Gjerloev, 2012).
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GMDs have previously been shown to occur in geomagnetic ground observatory measurements at two main hot‐
spots, pre‐midnight and dawn. The pre‐midnight population has been suggested to be associated with substorm
activity due to the formation of the substorm current wedge and the associated substorm electrojet (Fleetham
et al., 2024; Juusola et al., 2015; Schillings et al., 2022; Weigel et al., 2002).

The dawn GMDs have been suggested to be due to omega bands which are an auroral wave‐like feature, in the
shape of an omega, that drift eastward and can occur in the morning sector (Apatenkov et al., 2020; Juusola
et al., 2015; Partamies et al., 2017; Schillings et al., 2022). However, this has been disputed by Zou et al. (2022)
who found GMDs occur for many auroral drivers such as poleward expanding auroral bulges, auroral streamers,
poleward boundary intensifications, omega bands and pulsating auroras. Ngwira et al. (2018) has also suggested
Pc5 waves as a possible cause. A simulation by Sorathia et al. (2023) suggests that auroral streamers are a
counterpart of bursty bulk flows (BBFs) on the dawnside of the magnetosphere which produce rapidly varying
magnetic perturbations on the ground. More recentlyMilan et al. (2024) showed that the dawn spikes occur during
“multiple intensification” convection states. This is described by Milan et al. (2021) as prolonged rapid quasi‐
periodic variations in the auroral activity index, AL, associated with an expanded auroral oval. Milan
et al. (2024) also showed that dawn spikes are not directly related to substorms but are related to streamer‐like
auroral activity occurring within the westward electrojet. The results from Sorathia et al. (2023) are similar to
the multiple intensification events described by Milan et al. (2021). Sorathia et al. (2023) also related BBFs to a
“dawnside current wedge” (DCW) that is distinct from the substorm current wedge and forms due to a dawn‐dusk
asymmetry in the ring current during storm times.

Sorathia et al. (2023) built on the work of Ohtani (2021) who first investigated four GIC events using the
SuperMAG SMR local time indices to study the partial ring current during the events. The events took place
during storms with an enhanced westward electrojet which was initially observed postmidnight and then extended
eastward covering the entire dawn sector. Ohtani et al. (2018) suggested this was related to a “dawnside current
wedge” (DCW) that is closed via downward and upward field aligned currents at its eastern and western ends
respectively. They suggest that the formation of the DCW and expansion toward dayside is an ionospheric
projection of the magnetotail current reduction extending toward the dawnside flank. In Ohtani (2021) they
investigated the SuperMAG geomagnetic indices during the main phase of 693 storms between 1996 and 2018.
They showed that the dawn‐dusk asymmetry of the storm‐time ground magnetic depression is correlated with the
enhancement of the dawnside westward auroral electrojet and suggested this is associated with the DCW driven
by a substorm‐like process. Recently Ohtani et al. (2023) have investigated four scenarios that can cause an
intensification of the dawnside electrojet. They show an event which fits each of their scenarios but suggest that
substorm injection of energetic electrons is the cause of the majority of the events.

The motivation for this study is to statistically investigate the partial ring current, using SuperMAG SMR local
time (LT) indices, during geomagnetic disturbances that could lead to ground induced currents particularly during
multiple intensification convection state. This will allow us to understand how GMDs during multiple intensi-
fication convection state differs from GMDs that occur during typical substorm expansion phases. Section 2
describes a newly adapted SOPHIE substorm list to identify multiple intensification convection state as described
by Milan et al. (2021). SOPHIE (Substorm Onsets and Phases from Indices of the Electrojet) is a well established
substorm list from Forsyth et al. (2015) used in many studies (Clilverd et al., 2021; Coxon et al., 2023; Freeman
et al., 2019). SOPHIE provides continuous classifications of each minute for which substorm phase it occurs in
based on the SuperMAG AL and AU indices. Further description is provided in Section 2. The SuperMAG SMR
data is also described in Section 2. Three example events are shown in Section 3 along with a statistical study on
the SMR local time (SMR‐LT) values at the time of the GMDs. Section 4 discusses the results and Section 5
concludes.

2. Data
Ground based magnetometer data, obtained from the SuperMAG network (Gjerloev, 2012), has been used to
identify GMDs. SuperMAG data are provided at 1 s resolution, have a baseline removed, and are rotated into a N,
E, Z coordinate system, where N is the North‐South geomagnetic direction with positive northward, E is the East‐
West direction with positive eastward and Z is the vertical direction with positive downwards. We use the GMD
list generated by the Bower, Imber, Milan, Schillings, et al. (2024) algorithm which detects GMDs with a
minimum of 50 nT change in 10 s in any direction. The distribution of stations used is shown in Bower, Imber,
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Milan, Schillings, et al. (2024) Figure 4c. We used the data for the years 2010–2021. This gives a list of 136,011
GMD, with 45,208 at dawn between 2 and 9 magnetic local time (MLT), 87,402 at pre‐midnight between 17 and 2
MLT and 3401 on the dayside between 9 and 17 MLT.

Milan et al. (2021) analyzed the variation in magnetospheric convection state during the year 2010 using the
orientation and magnitude of the interplanetary magnetic field (IMF) and the auroral upper and lower electrojet
indices AU and AL from the OMNI data set (King & Papitashvili, 2005). They also used the region 1 and 2 field
aligned currents (FACs) from the Active Magnetosphere and Planetary Electrodynamics Response Experiment
(AMPERE) and the polar cap size calculated using boundary between the region 1 and region 2 FACs as
described by Milan et al. (2015). This is done by finding the zero point crossing between the region 1 and region 2
field aligned currents (FACs) from the AMPERE data maps and fitting a circle to these points. Milan et al. (2021)
define eight convection states, quiet, weak, substorm growth phase, substorm expansion phase, substorm driven
phase, substorm recovery phase, recovery bay and multiple intensification. For simplicity this classification
scheme will be referred to as the Milan list throughout the rest of this study.

The convection state of main interest here is the multiple intensification state. An example of the multiple
intensification state is presented in Figure 1a, which shows the variation of AU and AL over a 60 hr period starting
on 28 May 2010, which is also discussed in Milan et al. (2024). Two classic isolated substorms are seen around 4
and 9 hr. These are each around 3 hr in duration, with growth, expansion, and recovery phases an hour each in
duration. Another clear substorm growth followed by expansion phase is seen between 21 and 24 hr, but this is
followed by driven activity. Between 28 and 40 hr this activity takes the form of repeated, short period in-
tensifications of AL, which is clearly different in nature from classic substorm activity. This is the behavior
termed “multiple intensifications” by Milan et al. (2021). Milan et al. (2024) went on to show that this activity is
produced by intensifications of the westward electrojet in the dawn sector, not the substorm electrojet in the pre‐
midnight sector. While substorms are associated with an expansion and contraction of the polar cap, the polar cap
tends to remain uniform in size during multiple intensifications (Milan et al., 2021).

Milan et al. (2024) shows that the dawn GMDs occur most frequently during this multiple intensification state.
Pre‐midnight GMDs do occur during the multiple intensification state, but also during the substorm expansion,
driven phase and the recovery bay state. In order to further investigate the multiple intensification state, we adapt
the SOPHIE (Substorm Onsets and Phases from Indices of the Electrojet) substorm list (Forsyth et al., 2015) to
identify multiple intensification states. This allows us to investigate more active years as the Milan list is only
available for 2010.

The original SOPHIE substorm list classifies periods of growth phase, expansion phase and recovery phase. It
also has a flag denoting enhanced convection. It works by using the SuperMAG SML index and using its rate of
change (dSML/dt) to classify expansion and recovery phases. All other times are growth phase. A manually set
expansion percentile (EPT) value is used to define expansion phases and a recovery percentile (RPT) is iteratively
modified to minimize the difference between the number of expansion and recovery phases. Full details on the
SOPHIE list can be found in Forsyth et al. (2015). It is important to note that for small EPT more substorms are
identified and expansion phase onset is moved to an earlier time (Forsyth et al., 2015). This study uses the EPT 90
list (Forsyth, 2024), a threshold used by Freeman et al. (2019) to give a conservative estimate of the amount of
time spent in the expansion and recovery phase.

Figure 1b shows an example of the substorm phases identified by the SOPHIE algorithm. Blue is the growth
phase, lilac is the expansion phase, pink is the recovery phase and red is the enhanced convection. It successfully
identifies many of the true substorms occurring during the interval, but also misidentifies many of the multiple
intensifications as individual substorms. We also see that anything that is not an expansion or a recovery phase is
labeled as a growth phase, including long periods of quiescence.

This 90 EPT SOPHIE list is the basis of a new SOPHIE‐M list which differentiates between multiple in-
tensifications and substorms. It does this by using the distinction that substorms are associated with variations in
the size of the polar cap, while multiple intensifications are not, hence, we test if the radius of the boundary
between the region 1 and region 2 field aligned current (FACs) is constant and not varying. The values for the
FAC boundary are calculated by Milan et al. (2015) using the AMPERE data, to find the zero point crossing
between the region 1 and region 2 field aligned currents (FACs) and fit a circle to these points. Each fit has an
associated goodness of fit metric as an indication of how reliable the fit is. Figure 1d shows the FAC radius in
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Figure 1.
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degrees colatitude in the northern hemisphere (black) and southern hemisphere (red) for the same period. If the
FAC boundary changes by less than 3° in either hemisphere over five consecutive phases described by SOPHIE,
where each phase must be less than 1 hr in length, the five phases are flagged as multiple intensifications. If four
consecutive phases are less than 1 hr and at least one of the phases, or the phase before or after is enhanced
convection then the phases and the enhanced convection phase are classified as multiple intensification. Less than
an hour in length was chosen based on theMilan et al. (2021) definition of multiple intensifications having periods
of between 30 and 60 min. The number of consecutive phases was chosen by finding the best fit to multiple events
from Milan et al. (2021). We then combine multiple intensification events if there are no growth phases between
them. We ensure that a multiple intensification events starts and ends with a growth phase as defined by SOPHIE.

The original SOPHIE classified extended periods of growth phase. These are removed in the SOPHIE‐M list and
re‐classified into growth and quiet phase using the 1 min resolution OMNI data set (King & Papitashvili, 2005).
OMNI Bz is used to determine when the interplanetary magnetic field IMF changes from northward to southward
closest to the end of a growth phase. Any time before that change is classed as a quiet phase in SOPHIE‐M to
reduce the number and duration of growth phases, as a growth phase must coincide with southward IMF.
Figure 1c shows the SOPHIE‐M classification of phases for the same period. The classic substorms are still
identified now including a quiet phase before. This does remove some growth phases entirely if there is northward
IMF at the end of the phase, such as around 10–11 hr in Figure 1c. The multiple intensification identified by
SOPHIE‐M is longer than the period identified in theMilan list. It includes some driven phase along with the main
rapid variations however does not regularly include classic substorms.

Along with the newly developed SOPHIE‐M list we use the SuperMAG SMR indices. As with SymH, SMR does
also have some contribution from other current systems but is designed to monitor the ring current. The ring
current is not always symmetric particularly during the main phase of a geomagnetic storm but does become more
symmetric in the late recovery phase (Newell & Gjerloev, 2012) therefore we use the local time measurements of
SMR, (SMR‐LT) which are measures of the partial ring current separated by magnetic local time (MLT). They are
calculated using all available ground magnetometers from the SuperMAG network at geomagnetic latitudes
(MLAT) between − 50 and 50°. The baseline removed north component of the magnetic field is used and a
correction is applied based on the magnetic latitudes for all stations. Four equally sized local time sectors are used
centered at 00, 06, 12 and 18MLT. The average of each sector's corrected magnetic field data is SMR‐LT. SMR is
the average of all the SMR‐LTs (Gjerloev, 2012; Newell & Gjerloev, 2012). We note that each LT sector will
have a different number of observations due to the sparsity of the magnetometer network.

3. Results
We use the Bower, Imber, Milan, Schillings, et al. (2024) list of GMDs and see which SOPHIE‐M phase they
occur during. Figure 2 shows the frequency of the GMDs for the different phases as classified by the SOPHIE‐M
list on a magnetic latitude‐MLT grid with noon at the top. The number in the top right corner of each panel shows
the number of GMDs detected, the percentage of time between 2010 and 2021 that each phase occurs and the
percentage of all GMDs that occur in that phase. It is important to note that SOPHIE‐M is still over classifying
growth time as 50% of the time is classified as growth although this is an improvement on the SOPHIE list. As
Milan et al. (2024) showed, the GMDs occur mainly at pre‐midnight during the expansion and recovery phase and
during the multiple intensification a dawn population is also seen. Few GMDs occur during the quiet (4.5%) and
growth phases (5.3%) or during enhanced convection (2.7%). A population of GMDs occurring during quiet times
in the 07 to 10 MLT sector has previously been attributed to Kelvin‐Helmholtz waves during periods of low
geomagnetic activity but fast solar wind (Milan et al., 2023). 59% of GMDs occurred during multiple in-
tensifications, though this phase only accounted for 6% of the total time. The dawnside population during quiet
times peaks on the dayside around 7–8 MLT, as opposed to the dawn population of the other phases that peak
closer to 5 MLT.

Figure 1. AL and AU indices for 60 hr after the start of 2010/05/28 showing phase classification by: (a) Milan list (b) SOPHIE and (c) SOPHIE‐M. Dark blue is the
growth phase, lilac is the expansion phase, pink is the recovery phase, red is enhanced convection, yellow is multiple intensification, white is quiet, orange is recovery
bay, pale blue is driven and blue is weak. The Milan list uses the OMNI AL and AU indices where the SOPHIE list uses the SuperMAG SMU and SML indices. Panel
(d) shows the radius of the boundary between the region 1 and region 2 field aligned current (FACs), calculated byMilan et al. (2015). The northern hemisphere is shown
in black and southern hemisphere is shown in red.
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Figures 3–5 show examples of GMD events. Each figure shows the SML and SMU index in panel (a) with the
colors indicating the phase classification from SOPHIE‐M as in Figure 1c. Panel (b) shows the Sym‐H index with
colors indicating the phase of a geomagnetic storm fromWalach and Grocott (2019). Panel (c) shows the AsymH
index from OMNI. AsymH is a measure of the maximum difference between the 6 low latitude magnetometers
used to calculate symH. Panel (d) shows the Bx, By, and Bz components of the IMF in GSM coordinate system
shown in blue, red, and black, respectively. Panel (e) is the radius of the boundary between the region 1 and region
2 FACs based on Milan et al. (2015). Panel (f) is the MLT, with midnight at the center, of the GMDs color coded
by the direction of the magnetic field the GMD is in. Z direction is black, E direction is blue and N direction is red.
Panel (g) is the SMR‐LT data (Newell & Gjerloev, 2012), SMR06 is green, SMR12 is yellow, SMR18 is red and
SMR00 is blue.

The difference between SymH and SMR is that SymH only uses a fixed set of 6 stations where as SMR uses all
available ground magnetometers between geomagnetic latitudes of − 50 and 50°. The extra benefit of SMR comes
from the fact that with more stations the values can be calculated for different local time sectors allowing further
investigation of variations on a consistent and global basis (Newell & Gjerloev, 2012).

Event 1 occurred from 14 to 17 July 2012 (Figure 3), during a geomagnetic storm event. Times are quoted as hours
since the start of 14 July. The arrival of a solar wind pressure step at around 18 hr lead to a positive excursion in
the Sym‐H and SMR‐LT indices, due to an increase in the magnetopause current. Variable, but mainly north-
wards, IMF until 30 hr produced low‐amplitude fluctuations in Sym‐H and SMR‐LT. At 30 hr the magnetic cloud
arrived with IMF Bz roughly − 15 nT, only returning to typical levels around 65 hr. This resulted in a negative
excursion in Sym‐H and SMR of up to − 168 nT, which declined as Bz reduces. The radius of the R1/R2 FACs was

Figure 2. Occurrence frequency of GMDs for different phases as found by SOPHIE‐M as a percent of the number of GMD in
each phase (a) Quiet (b) Growth (c) Expansion (d) Recovery (e) Multiple intensification and (f) Enhanced convection. The
maximum percent of GMDs is given in the lower right hand corner and this is the darkest color on the color scale. The
number in the top right shows the number of GMD included in the plot followed by the percentage of time between 2010 and
2021 that each phase occurs and the percentage of the GMD that occur in that phase. Plots are in MLAT and MLT with noon
at the top. Concentric circles are 10° latitude.
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Figure 3. Event 2012/7/14. (a) SML and SMU color‐coded with the phases from SOPHIE‐M. (b) SymH color‐coded based on the Walach and Grocott (2019) storm list.
Green is the initial phase, Orange is the main phase and blue is the recovery phase (c) AsymH (d) IMF components z in black, x in blue and y in red (e) colatitude of FAC
boundary, northern hemisphere in black and southern hemisphere in blue (f) GMDs location in MLT with midnight at the center and (g) SMR indices SMR06 in green,
SMR12 in yellow, SMR18 in red and SMR00 in blue.
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Figure 4. Event 2015/3/17. Same format as Figure 3.
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Figure 5. Event 2015/6/22. Same format as Figure 3.
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enhanced and uniform throughout the storm. Rapid fluctuations were seen in SML during the storm, such that
much of this interval is classified as “multiple intensifications” by SOPHIE‐M. At the start of the main phase
GMDs were seen in a region straddling 00 MLT as seen in Figure 3f around 30 hr. Subsequently, GMDs were
seen in the dawn region, concentrating around 06 MLT between 35 and 60 hr onwards. Another small burst of
dawn GMDs was seen between 75 and 78 hr. These dawn GMDs are associated with the variability in SML, that
is, this SML activity is produced in the dawn sector and is not associated with substorms (Milan et al., 2024).
During the periods when dawn GMDs are observed, the SMR06 index is not as enhanced than the other three local
time indices, indicating an asymmetric ring current.

Event 2 occurred from 17 March 2015 to the 20 March 2015 (Figure 4) with time quoted from the start of 17 July.
This event is during the well studied St Patrick's’ geomagnetic storm. The solar wind pressure step took place
around 6 hr causing an increase in Sym‐H. The magnetic cloud with mainly southward IMF arrived around 13 hr
causing a decrease in Sym‐H and SMR to − 300 nT, which returned to nominal levels around 35 hr. During this
period the maximum difference in then SMR‐LT indices was approximately 250 nT as seen by the AsymH index.
Through the main phase of the storm the radius of the R1/R2 FACs was enhanced, along with rapid fluctuations
seen in SML leading to a SOPHIE‐M classification of “multiple intensification” through this period. A second
“multiple intensification” interval is identified during the recovery phase starting around 36 hr although the
variations in SML are less rapid and have a small magnitude. The main population of GMDs during this event
occurred at dawn during the first “multiple intensification” interval during the period of maximum difference
between SMR06 and SMR18 indicating an asymmetric ring current. The second “multiple intensification” in-
terval had fewer GMDs associated with it, it can be seen that there is less variability in the SMR‐LT values and the
IMF components were less intense than during the first period. The end of the time period had many pre‐midnight
groups of GMDs as would be expected from typical substorm identified by SOPHIE‐M.

The final example event is from 22 June 2015 to the 25 June 2015 (Figure 5), with times quoted from the start of
22 June. The event started with a classic substorm around 6 hr that had few GMDs associated with it. There was a
positive excursion of Sym‐H at around 20 hr likely due to the arrival of a solar wind pressure step. A geomagnetic
storm then began with a decrease in the Sym‐H and SMR of around 200 nT. This was preceded by northward IMF
with a change to southward IMF at around 27 hr. The geomagnetic storm began the late recovery phase around
40 hr with the return of Sym‐H to more constant levels of greater than − 100 nT. The SOPHIE‐M list identified
four period of “multiple intensification” where there are rapid fluctuations in the SML index. The radius of the R1/
R2 FACs was less uniform through the intervals likely due to the northward IMF periods and the fit from Milan
et al. (2015) does not working optimally due to weak FACs. This effect is particularly visible around 62–70 hr.
The radius was clearly enhanced through the first and second “multiple intensification” intervals. The main
population of GMDs occurred around 20 hr with the largest disturbance in SymH with the GMDs on the dayside.
A small dawn group of GMDs preceded this main population and this group coincides with a time when SMR06
was greater than SMR18, indicating an asymmetric ring current. This is also true for the two dawn groups at
around 27 and 35 hr. The multiple intensification period found by SOPHIE‐M around 55 hr is more likely two
substorms rather than multiple intensification, as it does not contain many rapid variations in SML. At the end of
the time period shown another multiple intensification phase occurred and dawn GMDs again occurred when the
SMR06 was higher than the other SMR indices.

In the example events, the dawn GMDs occur when the SMR06 and SMR18 values have the greatest difference
between them. To test this statistically we investigate the difference between the dawn and dusk side low latitude
currents (SMR06‐SMR18) and the midnight and dayside low latitude currents (SRM00‐SMR12) at the time of
each GMD from the Bower, Imber, Milan, Schillings, et al. (2024) list between 2010 and 2021. Each panel in
Figure 6 shows three intensity maps of SMR00‐SMR12 against SMR06‐SMR18 with histograms at the top and
right of the SMR06‐SMR18 values and SMR00‐SMR12 values respectively. Figure 6a is for GMDs that occur on
the day side between 9 and 17 MLT, Figure 6b is for GMDs that occur at dawn between 2 and 9 MLT and
Figure 6c is for GMDs that occur in the pre‐midnight sector between 17 and 2 MLT. These MLT ranges are the
same as those used by Milan et al. (2023). There are a substantially fewer day GMDs (3401) than dawn (45,208)
or pre‐midnight (87,402).

The dawn GMDs have a more dispersed intensity map than the pre‐midnight or day GMDs. The difference is clear
in the SMR06‐SMR18 histograms which peaks at around 60 nT for the dawn GMDs and around 0 for the pre‐
midnight and day GMDs. SMR00‐SMR12 histograms all peak at similar values with means of 11.8 nT, 10.9
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and 24.3 nT for day, dawn and pre‐midnight. The pre‐midnight GMD population has the highest mean and is also
more skewed than the other data with more GMDs occurring for a positive difference. Pre‐midnight GMDs are
more likely to occur if SMR00 is greater than SMR12.

4. Discussion
Geomagnetic disturbances during different substorm phases have been investigated using an adapted version of
the SOPHIE substorm list (Forsyth et al., 2015) to identify multiple intensification phases, which were described
by Milan et al. (2021) as periods of prolonged rapid quasi‐periodic variations in AL associated with an expanded
auroral oval. The new SOPHIE‐M list is not perfect, as seen in Figure 3 some multiple intensification periods can
be misclassified as growth and enhanced convection thus increasing the number of GMDs in the growth and
enhanced convection phases. Some smaller substorm features are also missed due to the classification criteria of
the SOPHIE 90 EPT, resulting in misclassification of related GMDs. There is also ambiguity over the exact start
and end time of the multiple intensification phase as it has been taken from the start and end time of phases as
described by SOPHIE. The actual start and end time of a multiple intensification may occur during a phase
identified by SOPHIE. This issue is most clearly seen when looking at the time during the phases that the GMDs
occur.

Figure 6. (Main) SMR00‐SMR12 against SMR06‐SMR18 for each GMD time. Top and right are histograms of the SMR06‐
SMR18 values and SMR00‐SMR12 values respectively. (a) day GMDs (b) dawn GMDs and (c) pre‐midnight GMDs.
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Figure 7 shows histograms of the time during the phase that the GMDs occur when the phases have all been
normalized to a duration of an hour in order to see at what point throughout the phase the GMDs occur. From
Figures 7a–7f GMDs occur throughout the quiet, growth and multiple intensification phases, toward the
beginning of the recovery and enhanced convection and toward the end of the expansion phase. It would be
expected that the GMDs should occur toward the beginning of the expansion phase as this is when the largest
change in the magnetic field is expected to happen and this is the case for the GMDs that occur during the Milan
list defined expansion phase (Figure 7g). The reason GMDs occur toward the end of the SOPHIE‐M list
expansion phase is because of how the SOPHIE list defines the start of the expansion phase, as discussed above;
the start of the phase is incorrectly shifted earlier for large events that will cause the most GMDs. SOPHIE‐M is
useful however as the Milan list is only available for 2010 and it allows us to investigate other years. It also does
well at representing the amount of time that is spent in each convection state.

Milan et al. (2024) showed that the multiple intensification phase occurs for 1.4% of 2010 whereas the SOPHIE‐
M list has multiple intensifications for 6% of 2010–2021. An increase is expected because 2010 was a quiet year
near solar minimum and more multiple intensifications would be expected in more active years. For 2010
SOPHIE‐M has multiple intensification phase occurring 3.67% of the time. This is higher than Milan et al. (2024)
likely because of the fit from Milan et al. (2015) is not working optimally due to weak FACs and the over‐
selection of expansion and recovery periods by the SOPHIE list. The expansion phase occurs for a smaller
percentage of the time here than in Milan et al. (2024) but the percent of GMDs with in the expansion phase is
similar.

Figures 3–5 show three examples of multiple intensification phases as identified by SOPHIE‐M. For each event it
can be seen that the SMR‐LT indices become more variable and less comparable to each other during the multiple
intensifications suggesting an asymmetric ring current. The statistical analysis in Figure 6 shows that the dawn

Figure 7. Histograms of the time during the phase that the GMD occur with phases all normalized to their SOPHIE‐M list
phase (a) Quiet (b) Growth (c) Expansion (d) Recovery (e) Multiple intensification and (f) Enhanced convection. Milan list
(g) Expansion (h) Multiple intensification and (i) recovery or recovery bay.
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GMDs typically occur when the difference between SMR06 and SMR18 is 50 nT with SMR06 being higher (less
negative) than SMR18. This asymmetry of the dawn‐dusk ground magnetometers has been shown to be a
characteristic feature of the main phase of geomagnetic storms (Ohtani, 2021). Ohtani et al. (2018) suggested the
formation of a dawnside current wedge (DCW) based on 4 geomagnetic storm events. They show that there is a
significant intensification of the westward electrojet which initially takes place post‐midnight and later extends
covering the dawn sector. They suggested that the closure of the DCW is by field aligned currents and hence a
wedge current is formed. Ohtani (2021) then performed a statistical study on the SuperMAG SMR‐LT index
during the main phase of 693 geomagnetic storm between 1996 and 2018. They showed that during the main
phase of the storms the ratio of SMR06/SMR is usually smaller than SMR18/SMR, where SMR is the average of
the 4 SMR local time values. They suggested the formation of two westward auroral electrojets, one at dawn
associated with the dawn‐dusk asymmetry and one at midnight associated with day‐night asymmetry.

This is in agreement with the results found here as the multiple intensification phases typically occur during the
main phase of geomagnetic storms as shown by (Milan et al., 2024). We also find that the pre‐midnight GMDs,
that are thought to be associated with substorms, occur when SMR00 is greater than SMR12 although the relation
is not a strong as the SMR06/SMR18 for the dawn GMDs, which is in agreement with the formation of the
substorm current wedge. Ohtani et al. (2021) investigated isolated substorms and showed that the mid‐latitude
magnetic field increases on the nightside and decreases on the dayside, correlated with the nightside westward
auroral electrojet intensity. Ohtani (2021) therefore suggests that it is the substorm wedge current system that is
the primary cause of the day‐night asymmetry of ground magnetic depression.

Our results are also in agreement with the modeling results of Sorathia et al. (2023). They showed that a dawn‐
dusk asymmetry of low latitude ground perturbations could be caused by mesoscale bursty bulk flows in the
dawnside inner magnetosphere. Milan et al. (2024) showed that dawn GMDs are produced by eastwards‐drifting
auroral omega bands and streamers, which could be the auroral manifestation of these BBFs. Sorathia et al. (2023)
go on to suggest that the DCW could explain the preference for dawn geomagnetically induced currents. We have
shown here that a DCW is a related to dawn GMDs with the large difference between the SMR06 and SMR18
values at the time of dawn GMDs.

5. Conclusion
The SOPHIE 90 EPT substorm list has been adapted to identify periods of multiple intensifications which are
prolonged rapid quasi‐periodic variations in the AL index associated with an expanded auroral oval. The multiple
intensification convection state occurs 6% of the time between 2010 and 2021 but contains 59% of geomagnetic
disturbances (GMDs) with magnitudes of over 50 nT in 10 s as found by Bower, Imber, Milan, Schillings,
et al. (2024). Pre‐midnight GMDs occur primarily in the substorm expansion and recovery phases and occur
during intervals of day‐night asymmetry in the low latitude current and are likely associated with the substorm
current wedge. Recent models suggest the formation of a “dawnside current wedge” (DCW) during the main
phase of storms that could lead to GMDs. We have shown that dawn GMDs occur most frequently during the
multiple intensification state and are associated with a large dawn‐dusk asymmetry in the low latitude current
likely associated with a DCW.

Data Availability Statement
The 1‐s cadence (“high fidelity”) SuperMAG data were obtained through the SuperMAG portal at https://
supermag.jhuapl.edu/mag/?fidelity=high (Gjerloev, 2012). The high resolution (1‐min) OMNI data used in this
study were obtained from the NASA Goddard Space Flight Center (GSFC) Space Physics Data Facility
OMNIWeb portal at https://omniweb.gsfc.nasa.gov/form/om_filt_min.html (King & Papitashvili, 2005). The
AMPERE current map data used by (Milan et al., 2015) to determine the field‐aligned current boundary used in
this study can be obtained from https://ampere.jhuapl.edu/download/ (Anderson et al., 2002). The FAC radius
data can be accessed via https://doi.org/10.25392/leicester.data.11294861.v1 (Milan, 2019). The SOPHIE list
2010–2022 90 EPT is available at https://doi.org/10.5522/04/27014701.v1 (Forsyth, 2024). The Bower, Imber,
Milan, Schillings, et al. (2024) GMD list is available at https://doi.org/10.25392/leicester.data.26954074.v1
(Bower, Imber, & Milan, 2024). The SOPHIE‐M list created using the algorithm described and used in this paper
is available at https://doi.org/10.25392/leicester.data.28143227.v1 (Bower et al., 2025).
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